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ABSTRACT

The mast cell has been implicated in the pathogenesis of a num ber of allergic 
diseases, including asthma. Recent studies have indicated that chloride ions 
may have a functional role in mast cell activation and, therefore, the aim of 
this study was to examine the role of chloride ions in m ast cell secretion.

The initial experim ents on unpurified  rat peritoneal m ast cells (RPMC) 
show ed  th a t the  im m uno log ically  d irec ted  lig an d , an tib o d y  to 
im m unoglobulin  E (anti-IgE), required  extracellu lar ch loride ions for 
optim um  histam ine secretion. In contrast, replacem ent of extracellular 
chloride did  not alter the m ast cell secretory response to the non- 
immunological secretagogues, com pound 48/80, calcium ionophore A23187 
and substance P.

Radiotracer studies on purified RPMC using the isotope, ^^chloride, found that 
anti-IgE-stimulation evoked a rapid and significant uptake of chloride ions 
com pared to non-stim ulated cells. The m agnitude of the induced chloride 
uptake correlated significantly w ith  the m agnitude of the stim ulated  
histam ine secretion. Other mast cell secretagogues failed to induce chloride 
uptake but still caused significant RPMC degranulation. These findings were 
consistent with the initial extracellular chloride replacement studies.

The chloride channel blocker, 5-nitro-2-((3-phenylpropyl)-amino)-benzoic acid 
(NPPB) dose-dependently inhibited both anti-IgE-stimulated chloride uptake 
into RPMC and histamine secretion from RPMC. This suggests that chloride 
uptake may occur via chloride channels. The N a+/K +/2C 1" co transport 
inhibitor, furosemide, lowered anti-IgE-induced chloride uptake at a relatively 
high concentration, although the more potent N a+/K +/2C 1" c o tra n sp o rt 
inhibitors bum etanide and piretanide had no effect. This indicates that the 
N a+ /K + /2C 1" cotransport system is not involved in m ast cell secretion. 
How ever, the three drugs did had have distinct m odulatory actions on 
histam ine secretion from a variety of activated mast cell types. In addition, 
furosemide was found to have a similar inhibitory profile to the anti-asthma 
drug, disodium  cromoglycate. These two compounds may, therefore, stabilise 
mast cells through similar mechanisms.

In conclusion, this study has dem onstrated that chloride ions m ay have a 
physiologically relevant role in m ast cell secretion. Therefore, agents that 
inhibit m ast cell chloride uptake may have beneficial therapeutic effects in 
mast cell-related diseases.

IV



TABLE OF CONTENTS

TITLE

DEDICATION

ACKNOWLEDGEMENTS

ABSTRACT

CONTENTS

I

n

m

IV

V-XII

CHAPTER 1

1.1

1.2

1.3

1.3.1
1.3.2

1.4
1.4.1
1.4.2

1.4.3
1.4.4

1.5

INTRODUCTION

HISTORICAL ASPECTS

DISTRIBUTION AND ORIGIN OF MAST 
CELLS AND BASOPHIL LEUCOCYTES

DEVELOPMENT OF MAST CELLS 
AND BASOPHIL LEUCOCYTES 
Development of mast cells 
Development of basophil leucocytes

MAST CELL HETEROGENEITY
Mast cell heterogeneity in rats and mice
Microenvironmental control of rodent
mast cell phenotypes
Mast cell heterogeneity in the hum an
Microenvironmental control of hum an
mast cell phenotypes

THE ROLE OF MAST CELLS IN 
HEALTH AND DISEASE

1-44

2-3

3-4 

4
4-7
7-8

8
8-10
10-11

11-12

12

13-14

V



1.6 ACTIVATION OF MAST CELLS
1.6.1 Immunological activation of mast cells
1.6.1.1 IgE structure and synthesis 14-16
1.6.1.2 FcgRl and FcgRll 17-18
1.6.1.3 FcgRl-directed mast cell activation 18
1.6.2 Non-immunological activation of

mast cells 19

1.7 MAST CELL MEDIATORS 19
1.7.1 Preformed granule-associated mediators
1.7.1.1 H istam ine 20-21
1.7.1.2 5-Hydroxtryptamine 21
1.7.1.3 Neutral proteases 21-22
1.7.1.4 Acid hydrolases 22
1.7.1.5 Proteoglycans 22-23
1.7.1.6 Chemotactic factors 24
1.7.2 Newly generated mediators 24
1.7.2.1 Arachidonic acid metabolites (eicosanoids) 24
1.7.2.1.1 PGD2  25
1.7.2.1.2 Leukotrienes 25
1.7.2.1.3 Platelet activating factor 26
1.7.2.3 Cytokines 26-27

1.8 SIGNAL TRANSDUCTION PATHWAYS
CONTROLLING MAST CELL SECRETION 27

1.8.1 The role of calcium
1.8.1.2 Calcium and histamine release 28
1.8.1.3 Calcium pools involved in

histamine secretion 29-31
1.8.2 The role of phosphoinositol metabolism 31-32
1.8.3 The role of phospholipase A2  32
1.8.4 The role of phospholipase D 33
1.8.5 The role of serine esterases 33
1.8.6 The role of cyclic nucleotides 33-34
1.8.7 The role of G-proteins 34-35
1.8.8 The role of protein tyrosine

phosphorylation 35
1.8.9 The role of chloride ion channels 35-36

VI



1.9 AIMS OF THE PRESENT STUDY 36

CHAPTER 2 METHODS AND MATERIALS 45-65

2.1 ANIMALS 46

2.2 HUMAN SUBJECTS 46

2.3 BUFFERS 46
2.3.1 Full HEPES buffered Tyrode's (FHT) 46
2.3.2 BSA Tyrode's (BSA-FHT) 47
2.3.3 2 X Calcium Tyrode's (2 x FHT) 47
2.3.4 Calcium-free Tyrode's (CFT) 47
2.3.5 10 X Calcium-free Tyrode's (10 x CFT) 47
2.3.6 2 X Chloride-free Tyrode's (2 x GIFT) 47
2.3.7 Calcium-, chloride-free Tyrode's (CCIFT) 47
2.3.8 Glucose-free Tyrode's (CFT) 47

2.4 ISOLATION AND PURIFICATION
OF MAST CELLS AND BASOPHIL 
LEUCOCYTES

2.4.1 Peritoneal mast cells 48
2.4.2 Purification of rat peritoneal

mast cells 48
2.4.3 Guinea pig mesenteric mast cells 48-49
2.4.4 Human lung parenchymal mast cells 49
2.4.5 Hum an bronchoalveolar lavage

mast cells 49
2.4.6 Human basophil leucocytes 49-50

2.5 MAST CELL NUMBER AND PURITY 50

2.6 HISTAMINE RELEASE EROM ISOLATED 
MAST CELLS AND BASOPHIL LEUCOCYTES

2.6.1 Histamine release from isolated mast
cells and basophil leucocytes 50-51

2.6.2 Histamine release from isolated mast 
cells and basophils: effect of extracellular

VII



calcium and chloride ions 51
2.6.3 Histamine release from isolated mast 

cells and basophils: effect of varying
extracellular calcium concentration 51-52

2.6.4 Histamine release from isolated mast
cells and basophils: effect of the metabolic 
inhibitor, antimycin A 52

2.6.5 Inhibition of histamine release from
isolated mast cells and basophils 52-53

2.6.6 Inhibition of histamine release from rat
peritoneal mast cells: tachyphylaxis studies 53

2.7 HISTAMINE ASSAY
2.7.1 Manual assay 53
2.7.2 Automated assay 54

2.8 RAT PERITONEAL MAST CELL 
CHLORIDE UPTAKE

2.8.1 Rat peritoneal mast cell chloride uptake 54-56
2.8.2 Rat peritoneal mast cell chloride uptake:

effect of anti-IgE 56
2.8.3 Rat peritoneal mast cell chloride uptake:

effect of compound 48/80 and substance P 56
2.8.4 Rat peritoneal mast cell chloride uptake:

effect of A23187 56
2.8.5 Rat peritoneal mast cell chloride uptake: 

effect of A23187, compound 48/80 and
substance P at 10 and 30 min 57

2.8.6 Rat peritoneal mast cell chloride uptake: 
effect of antimycin A on anti-IgE-
stimulated chloride uptake 57

2.8.7 Rat peritoneal mast cell chloride uptake: 
effect of chloride transporter inhibitors
on passive uptake 57

2.8.8 Rat peritoneal mast cell chloride uptake:
effect of chloride transporter inhibitors on 
anti-IgE-stimulated uptake 58

2.8.9 Rat peritoneal mast cell chloride uptake:

VIII



effect of NPPB on anti-IgE-stimulated
uptake at 5 min 58

2.9 ACTIVE SENSITISATION OF RATS
2.9.1 Sensitisation of rats with the nematode

Nippostrongylus brasiliensis 58-59
2.9.2 Preparation of Eg larvae of

Nippostrongylus brasiliensis 59

2.10 MATERIALS
2.10.1 Immunologically-directed secretagogues 59
2.10.2 Other secretagogues 59
2.10.3 Com pounds that inhibit histamine

secretion 60
2.10.4 Compounds that inhibit chloride ion

transport 60
2.10.5 Metabolic blocker 60
2.10.6 Materials for buffers 60-61
2.10.7 Materials for histamine assay 61
2.10.8 Materials for chloride uptake experiments 61
2.10.9 Other materials 61-62

2.11 STOCK SOLUTIONS OF DRUGS 62

2.12 STATISTICAL ANALYSIS 63

CHAPTER 3 THE ROLE OF CHLORIDE IONS IN THE 
MAST CELL SECRETORY RESPONSE 
TO VARIOUS STIMULI 66-93

3.1 INTRODUCTION 67-71

3.2 METHODS AND MATERIALS 71

3.3 RESULTS
3.3.1 Extracellular chloride ion requirement

for secretagogue-induced histamine

IX



release from rat peritoneal mast cells
3.3.1.1 Anti-IgE-mediated secretion 71-72
3.3.1.2 Basic secretagogue-mediated secretion 72
3.3.1.3 A23187-mediated secretion 72
3.3.2 Extracellular chloride ion requirement

for secretagogue-induced histamine 
release from hum an lung mast cells 
and basophil leucocytes

3.3.2.1 Anti-IgE- and A23187-mediated secretion
from hum an lung mast cells 73

3.3.2.2 Anti-IgE-mediated secretion from
hum an basophil leucocytes 73

3.3.3 Chloride uptake studies on secretagogue-
stimulated rat peritoneal mast cells

3.3.3.1 Effect of anti-IgE 74
3.3.3.2 Effect of basic secretagogues 74-75
3.3.3.3 Effect of A23187 75

3.4 DISCUSSION 75-80

CHAPTER 4 THE EFFECT OF CHLORIDE TRANSPORT
INHIBITORS ON RODENT MAST CELL 
HISTAMINE RELEASE AND CHLORIDE 
UPTAKE 94-140

4.1 INTRODUCTION 95-100

4.2 METHODS AND MATERIALS 100

4.3 RESULTS
4.3.1 Effect of chloride transport inhibitors and 

DSCG on rodent mast cell histamine release
4.3.1.1 Effect of chloride transport inhibitors and 

DSCG on anti-IgE-stimulated histamine
release from rat peritoneal mast cells 1 0 1 - 1 0 2

4.3.1.2 Tachyphylaxis studies on anti-IgE- 
stimulated histamine release from rat

X



peritoneal mast cells 102-104
4.3.1.3 Effect of chloride transport inhibitors and 

DSCG on compound 48/80-stimulated 
histamine release from rat peritoneal
mast cells 104

4.3.1.4 Effect of chloride transport inhibitors and
DSCG on A23187-stimulated histamine
release from rat peritoneal mast cells 105

4.3.1.5 Effect of chloride transport inhibitors and
DSCG on concanavalin A-stimulated 
histamine release from mouse peritoneal
mast cells 105-106

4.3.1.6 Effect of furosemide, bumetanide and 
DSCG on anti-IgG-stimulated histamine 
release from guinea pig mesenteric
mast cells 105-106

4.3.2 Effect of chloride transport inhibitors and
DSCG on chloride uptake into rat peritoneal
mast cells 106

4.3.2.1 Effect of chloride transport inhibitors and
DSCG on passive chloride uptake into
rat peritoneal mast cells 106

4.3.2.2 Effect of chloride transport inhibitors and
DSCG on anti-IgE-stimulated chloride
uptake into rat peritoneal mast cells 106-107

4.4 DISCUSSION 108-113

CHAPTER 5 THE EFFECT OF CHLORIDE TRANSPORT 
INHIBITORS ON HUMAN LUNG MAST 
CELL AND BASOPHIL LEUCOCYTE
HISTAMINE RELEASE 141-173

5.1 INTRODUCTION 142-149

5.2 METHODS AND MATERIALS 149

XI



5.3
5.3.1

5.3.2

5.3.3

5.4

RESULTS
Effect of chloride transport inhibitors 
and DSCG on anti-IgE-stimulated 
histamine release from hum an 
basophil leucocytes 
Effect of chloride transport inhibitors 
and DSCG on anti-IgE-stimulated 
histamine release from hum an 
lung mast cells
Effect of loop diuretics and NPPB on 
anti-IgE-stimulated histamine release 
from hum an BAL mast cells

DISCUSSION

149

149-150

150-151 

151

151-159

CHAPTER 6 GENERAL SYNOPSIS AND OVERVIEW

REFERENCES

174-179

180-218

APPENDIX 1 MODELS FOR COUPLING SODIUM 
AND CHLORIDE ION MOVEMENT 
ACROSS EPITHELIA 219-220

APPENDIX 2 STRUCTURES OF SELECTED DRUGS

APPENDIX 3 LIST OF ABBREVIATIONS

221-225

226-228

XII



Chapter  1

CHAPTER 1



Chapter 1

INTRODUCTION

1.1 HISTORICAL ASPECTS

The earliest observation of the m ast cell w as probably m ade by Von 
Recklinghausen in 1863 [1]. However it was Ehrlich who identified the cell by 
microscopy in 1878 [2]. He noted that the cell's cytoplasm appeared to be 
stuffed with a granular matrix. Ehrlich named the cell "Mastzellen", derived 
from the German word "masten" which means to fatten or to feed. When the 
cell was stained with blue aniline dyes, a shift in the colour spectrum  from 
blue to pinkish-purple was observed. This phenom enon is now known as 
metachromasia. Ehrlich went on to identify the peripheral blood basophil [3], 
which is often regarded as the circulating equivalent of the mast cell.

The first recorded link between the mast cell and a pathological condition was 
m ade by Unna in 1894 [4]. He noted that the cutaneous lesions of urticaria 
pigmentosa (a benign skin tumour) consisted almost entirely of mast cells.

The mast celTs role in immediate hypersensitivity (also called anaphylaxis) is 
now well documented [5]. Fortier and Richet were the first to dem onstrate 
this phenom enon in 1903 [6 ]. They injected dogs w ith sea anemone toxin. 
Those dogs that did not die following the initial injection exhibited a 
dram atic reaction upon a second toxin injection. A lthough histam ine {p- 
imidazolyethylamine) was first isolated from tissue by W indaus and Vogt in 
1907 [7], it was Dale and Laidlaw in 1910 who initially made the link between 
histam ine and anaphylaxis [8 ]. They showed that histamine mimicked some 
of the characteristics of anaphylaxis when injected into animals and tissues 
[8,9]. O ther studies by Dale [10] and Schultz [11] found that sensitisation of 
tissue w ith  antibody could elicit an anaphylactic reaction. Therefore, 
histam ine was identified as an im portant m ediator of anaphylaxis, while the 
antigen-antibody reaction was identified as the initiating stim ulus for this 
phenom enon .

However, it was not until the 1950 's that Riley and West proposed that the 
mast cell was the source of tissue histamine, based upon correlation studies of 
tissue histamine content and mast cell number [12,13].
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F urther confirm ation of the m ast cell's involvem ent in im m ediate  
hypersensitivity reactions was provided by Ishizaka et al in the late 1960's. 
They identified a novel serum  antibody, im m unoglobulin E (IgE) [14,15]. 
Furthermore, they demonstrated that the mast cell expressed surface receptors 
for th is im m unoglobulin  [16,17]. Hence, the m ast cell's role in the 
pathogenesis of IgE-mediated hypersensitivity reactions had been clearly 
established.

1.2. DISTRIBUTION AND ORIGIN OF MAST CELLS AND BASOPHIL 
LEUCOCYTES

M ast cells are found in all vertebrate connective tissues, bu t in larger 
num bers in the lung, skin and the gastrointestinal tract [18,19]. They are often 
located adjacent to blood vessels, close to or w ithin nerves and beneath 
epithelial surfaces [20-22]. Mast cells can also be found free on mucosal and 
serosal surfaces (enabling their relatively easy isolation by w ashing the 
peritoneal cavity of the rat [23], or by bronchoalveolar lavage of the hum an 
[24]). Basophils circulate in the blood and are not usually found in connective 
tissue. In hum ans, basophils are the least common blood granulocyte, 
constituting about 0.5 % of total leukocytes [25,26]. Com pared to hum ans, 
guinea pigs and rabbits have a greater proprtion of circulating basophils, 
while mice and rabbits have a smaller proportion [27,28].

Mouse m ast cells and basophils originate from a common pluripotent stem 
cell in the bone m arrow [29]. Kitamura et al unequivocally dem onstrated the 
origin of m ast cells using genetically mast cell-deficient m utant mice and 
their congenic norm al (+ /+) litterm ates [30-33]. Examples of the former 
include the m utants WBB6 F1 - W / ( W / W ^ )  [30] and WCB6 F i-S //S /^

(Sl/Sl^)  [31]. The W /W ^ mice have a double gene dose of m utant alleles at 
the W locus (chromosome 5) while the S l /S l ^  mice have m utant alleles at 
the SI locus (chromosome 15). Both m utations give rise to m acrolytic 
anaem ia, sterility, lack of hair and a profound deficiency in m ast cells 
(reviewed in reference 34). When W/W^ mice received bone m arrow  cells 
from either their norm al counterparts (WBB6 F%-+/+) or from C57BL/6-

bgJ/bgJ "beige" mice, the mast cell-deficient m utants developed tissue mast 
cell populations [30]. Mast cells from beige mice have giant cytoplasmic 
granules [35,36] which serve as specific markers. Thus, the m ast cells that



Chapter 1

developed in W / W ^  mice transplanted with beige mice bone m arrow cells 
could be identified conclusively as being of donor origin [30]. These and 
subsequent studies [37,38] clearly dem onstrated the bone m arrow origin of 
m ouse mast cell precursors.

H um an in vitro studies have shown that both mast cells [39] and basophils 
[39-43] develop from a bone marrow-derived progenitor cell that expresses the 
cluster of differentiation (CD) surface protein, CD34. Therefore, in common 
w ith their mouse counterparts, hum an mast cells and basophils are thought 
to arise in vivo from a pluripotent progenitor in the bone m arrow [39].

1.3 DEVELOPMENT OF MAST CELLS AND BASOPHIL LEUCOCYTES

Historically, mast cells and basophils were thought to be intimately related in 
term s of lineage. This assum ption was based on their striking similarities; 
both cells stain metachromatically [2,3], both express the same surface receptor 
for IgE [16,17] and the two cells are major repositories of histamine [12,13]. 
However, mast cells and basophils differ in many aspects of their morphology 
[44], functional activation [45] and expression of cell-surface structures [46]. 
The m ain differences between these two histaminocytes are sum m arised in 
Table 1.1.

1.3.1 Development of mast cells

Most of the progeny of multipotential stem cells (erythrocytes, eosinophils, 
neutrophils, platelets and basophils) complete their differentiation w ithin the 
bone m arrow [47-49]. In contrast, morphologically unidentifiable precursors of 
m ast cells leave the bone marrow, migrate in the blood, invade tissues and 
then differentiate and proliferate into morphologically identifiable m ast cells 
[48,49].

Insight into mast cell differentiation was greatly aided by the in vitro studies 
of G insburg et al [50-52]. G insburg observed tha t m urine lym phoid 
progenitors (thymus, thoracic duct or lymph node cells) in the presence of 
serum, fibroblasts and unidentified growth factors, could be cultured to give 
rise to large populations of almost pure m ast cells [50-52]. The principal 
grow th factor required for mast cell differentiation and proliferation was
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subsequently identified as a cytokine, interleukin (IL)-3 [53,54]. IL-3 is a 28 kDa 
glycoprotein that is produced by activated T lym phocytes undergoing  
antigenic or mitogenic stim ulation [55,56]. In vivo, ÏL-3 is involved in the 
m ast cell response to parasitic infection. Norm al rodents infected w ith 
nem atodes (such as Nippostrongylus brasiliensis [57]) undergo a T cell- 
dependent hyperplasia of mucosal mast cells in the intestinal mucosa [58,59]. 
T cell-depleted a thymic mice [60] and rats [61] fail to exhibit this response. 
However, if athymic mice are given repeated intraperitoneal injections of IL- 
3 , they develop the characteristic hyperplasia [62].

A second T cell-derived cytokine, IL-4 (a 20 kDa glycoprotein) [63], acts as a 
costim ulator w ith IL-3 in the in vitro proliferation of both  m urine bone 
marrow-derived [64-66] and murine peritoneal mast cells [67-71]. In vivo, IL-4 
also acts as a m odulator of m ast cell proliferation. Anti-IL-4 antibodies 
injected into mice on days 0 and 7 of Nippostrongylus brasiliensis in fection  
cause a 50% reduction in the ensuing mast cell hyperplasia [72].

Two fu rther T cell factors have been im plicated in m urine m ast cell 
proliferation in vitro. IL-9 [73-75] and IL-10 [76] both enhance IL-3-dependent 
m ast cell proliferation. In addition, IL-10 synergises w ith IL-4 to engender 
mast cell growth [76]. This synergy occurs in the absence of IL-3, suggesting an 
alternative pathway for mast cell proliferation.

T cell-depleted athym ic mice have sim ilar num bers of skin m ast cells 
com pared to norm al congenic mice [60,77]. Therefore, T cells are not an 
absolute requirem ent for mast cell development. Fujita et al sustained bone 
m arrow  cultured m ast cell proliferation using a m onolayer of the NIH-3T3 
fibroblast cell line, in the absence of IL-3 and IL-4 [78]. Fibroblast cell lines 
derived  from norm al m ouse embryos engendered the grow th of bone 
m arrow  cultured m ast cells (BMCMC) derived from norm al mice [79]. 
However, these fibroblast lines were unable to support the growth of BMCMC 
derived from W /W ^ mice [79]. In contrast, BMCMC from Sl/Sl^ m ice  were 
m aintained by the NIH-3T3 fibroblast cell line, im plying that Sl/S l^  bone 
m arrow  cells function normally [80]. Fibroblast cell lines originating from 
Sl/Sl<^ embryos did not induce cellular proliferation from norm al congenic 
bone m arrow cells [80]. Therefore, it was proposed that the SI gene product 
expressed by fibroblasts was necessary for fibroblast-dependent m ast cell
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proliferation, and that the Sl/Sl^  mast cell depletion arises from a defect in 
fibroblasts [80].

The W  locus was found to be identical the c-kit proto-oncogene [81,82], the 
cellular counterpart of the viral oncogene of the feline sarcoma virus H24- 
FeSV [83]. The c-kit gene encodes a 145-kDa transm em brane receptor w ith 
cytosolic tyrosine kinase activity {c-kit receptor) [84,85]. The W m utant allele 
of W / mice encodes a non functional c-kit protein which is not expressed 
on the cell surface [86,87]. The SI locus encodes the ligand for c-kit receptor [8 8 - 
90], and S//S/^-derived fibroblasts do not express this ligand. Therefore, 
a lth o u g h  ]N/W^ and Sl/S l^  mice have distinct genetic m utations, their 
resulting phenotypes are identical.

The gene product encoded by the SI locus has also now been cloned by three 
groups and named stem cell factor [91], mast cell growth factor [92] and kit 
ligand [89]. Hereafter, the ligand is referred to as stem cell factor (SCF). SCF has 
a transm em brane portion, which explains w hy direct contact betw een 
fibroblasts and cultured mast cells was necessary for most fibroblast cell lines 
to stim ulate proliferation [93]. The extracellular dom ain of SCF can exist in 
soluble form [94].

The precise mechanism by which SCF promotes survival of SCF-dependent 
cells is not known. However, two recent studies have show n that SCF 
m aintains BMCMC from mice by inhibiting program m ed cell death, also 
know n as apoptosis [95,96]. Apoptosis is a distinctive form of cell death, 
characterised morphologically by nuclear condensation and degradation of 
DNA into oligonucleosomal fragments [97].

In total, m urine m ast cell developm ent occurs through tw o independent 
pathw ays. The first is T cell-dependent, and appears to be im portant in the 
rapid production of mast cells at inflammatory sites because this pathw ay can 
be "induced". The second is fibroblast-dependent, and appears to be essential 
for constitutive mast cell production [98].

Unlike the m urine mast cell, studies on hum an mast cell developm ent have 
been ham pered by difficulties in growing and m aintaining cultures [99]. 
Experiments have shown that neither m urine IL-3 nor hum an IL-3, IL-4 or 
IL-5 can stimulate significant mast cell differentiation in hum an cord blood or
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fetal liver cultures [100-105]. Furtherm ore, Valent et al have show n that 
hum an lung mast cells do not have surface IL-3 receptors [106]. However, 
m urine NIH-3T3 fibroblasts (but not hum an fibroblast lines) were found to 
engender the proliferation of cells that resembled hum an skin mast cells [107]. 
As NIH-3T3 fibroblasts produce SCF, further studies using recom binant 
hum an material showed that SCF can prom ote developm ent of m ast cells 
from hum an cord blood [108], fetal liver cells [109], bone m arrow [110] and 
peripheral blood m ononuclear cells [110]. In vivo, SCF adm inistration to 
prim ates causes a significant increase in m ast cell num bers at the skin 
injection site, as well in the bone marrow, mesenteric lymph node, liver and 
the spleen [1 1 1 ].

In total, SCF is a major effector in hum an m ast cell differentiation and 
proliferation, while IL-3 appears to be less important.

1.3.2 Development of basophil leucocytes

Unlike mast cells, basophils complete their differentiation and m aturation in 
the bone m arrow [47-49]. Based on cytogenetic evidence [112] and in vitro 
studies [100,113], basophils are thought to share a common precursor w ith 
other granulocytes. In addition, hum an basophils and eosinophils have 
sim ilar developm ental profiles. Both cells exhibit sim ilar kinetics of 
production and peripheral circulation, as well as sharing m any granular 
proteins and cell markers [114,115]. Furthermore, cultured haem atopoietic 
cells often give rise to m ixed colonies of basophils and eosinophils 
[113,116,117].

Hum an basophils can be routinely cultured from bone m arrow [118-120], cord 
blood [43,100,102,104], peripheral blood [113,116,117,121,122], and leukaemic 
cell lines [123-125]. IL-3 is the principal growth factor responsible for basophil 
differentiation [118,119,125], although other cytokines are also im portant, 
including IL-4 [43,100], granulocyte-macrophage colony-stim ulating factor 
(GM-CSF) [116,121,123], nerve growth factor (NGF) [123,124] and IL-5 [43,126]. 
In vivo, repeated IL-3 and GM-CSF administration to primates results in a T 
cell-dependent increase in basophil numbers. During the second week of 
adm inistration, the basophil-leucocyte proportion increases by up to 40 % 
[127].
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C om pared to the hum an, m uch less is know n about roden t basophil 
development. In vivo, rats [128] and mice [129] infected with Nippostrongylus 
brasiliensis have increased basophil numbers. This induced basophilia does 
not occur in nude athymic rats [130], suggesting that basophil developm ent 
depends on T cells. However, a recent study has shown that IL-3 does not 
m aintain the survival of mouse basophils [131], indicating that perhaps these 
cells are less responsive to IL-3, compared to hum an basophils, or that mouse 
basophils have a limited life span, even in the presence of suitable cytokines 
[131].

A lthough SCF has an im portant role in rodent m ast cell developm ent, 
basophils do not seem to respond to the c-kit ligand. In vivo, W s/W s  m utant 
rats (with a small deletion of the c-kit gene) exhibit a norm al increase of 
basophils following Nippostrongylus brasiliensis infection [132]. In vitro, 
cultured mouse basophils (in the presence of SCF and IL-3) do not express the 
c-kit receptor [131]. Human basophils also appear to express few [133] or no c- 
kit receptors [134].

In conclusion, basophil ontogeny differs markedly from that of mast cells, and 
the m any studies detailed above support the concept that the two cells have a 
separate lineage.

1.4 MAST CELL HETEROGENEITY

Early pharmacological and biochemical studies concentrated on rat peritoneal 
cells due to their abundance and simplicity of isolation and purification. 
How ever, developm ent of enzym atic dispersion techniques has enabled 
studies to be carried out on many vertebrate targets including the heart [135], 
intestine [136,137] lung [136-138], mesentery [139] and skin [137,140]. Such 
studies have shown that mast cells from different species and even different 
tissues from a particular animal m ay exhibit m arked variations in their 
histochemical, biochemical and functional properties.

1.4.1. Mast cell heterogeneity in rats and mice

The first recognition that certain rat intestinal mast cells were atypical in their 
staining characteristics was made in 1906 by Maximow [141]. Enerback et al
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greatly extended this work, and identified two distinct m ast cells in the 
gastrointestinal tract of the rat [142,143]. Mast cells located in the lower layer of 
the intestinal wall resemble those in other connective tissues and the serosal 
cavities (connective tissue mast cell(s), CTMC) while cells in the mucosa 
(mucosal mast cell(s), MMC) display different properties, MMC are smaller in 
size, m ore variable in shape, possess fewer granules and have a lower 
histamine and 5-hydroxytryptamine content [144].

CTMC contain heparin [145], a highly sulfated proteoglycan which ionically 
associates w ith histamine in the mast cell granules. In contrast, MMC mainly 
contain chondroitin sulfate di-B [146], a proteoglycan of lower overall charge. 
The m ast cell's characteristic m etachrom atic stain ing  results from the 
interaction of cationic dyes with the anionic proteoglycan matrix. Differences 
in the charge distribution of the proteoglycan matrix account for the different 
staining characteristics of CTMC and MMC. CTMC can be fixed with formalin 
[142] and stain with safranin following exposure to alcian blue [146], while 
MMC are unstable to formalin fixation [142] and do not counterstain w ith 
safranin [146].

Biochemically, the two subtypes differ in the neutral protease content of their 
granules. CTMC contain a chymotrypsin-like neutral protease term ed rat 
mast cell protease (RMCP)-I [147] and carboxypeptidase A, an enzyme that 
hydrolyses the carboxy-terminal peptide bond in polypeptide chains [148]. In 
contrast, MMC contain an imm unologically distinct chym otryptic neutral 
protease, named RMCP-II [147].

W hen m ast cells are stim ulated im m unologically, arachidonic acid is 
liberated from cellular lipid stores. Metabolism of arachidonic acid then 
proceeds along either the cyclooxygenase pathw ay to prostaglandins and 
thromboxanes, or the lipoxygenase pathw ay to leukotrienes. CTMC isolated 
from the peritoneal cavity metabolise arachidonic acid via the cyclooxygenase 
pathw ay to produce prostaglandin (PC) D2  w ith little or no production of 
leukotrienes [149]. MMC isolated from the intestine synthesise comparable 
amounts of PGD2  and the leukotrienes (LT) B4  and C4  [150].

The response of these subtypes to non-imm unological stim uli provides a 
striking exam ple of m ast cell heterogeneity. C om pound 48/80 is often 
described as the "classical mast cell degranulating agent", bu t it is highly
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specific in its action. Compound 48/80 is a potent histam ine releaser from 
CTMC while MMC are unresponsive [151]. Agents that inhibit histam ine 
secretion can also produce differential responsivity. These include the anti
asthma drug, disodium cromoglycate (DSCG), which is a potent inhibitor of 
im m unologically-m ediated histam ine release from CTMC, bu t is inactive 
against MMC [152].

Essentially, mouse mast cell phenotypes are comparable to those of the rat. 
Mouse CTMC and MMC exhibit the same distinct histochemical staining 
characteristics [153]. Their respective granules contain different neutral 
proteases. Mouse CTMC granules have three proteases w ith chymase activity, 
namely mouse mast cell protease (MMCP)-3, -4, -5 as well as MMCP- 6  which 
has tryptase activity [154]. A recent study has shown that the neutral protease 
present in rat CTMC, RMCP-I, has a high degree of hom ology (90 %) w ith 
MMCP-4 [155]. Mouse MMC granules contain two chymases, MMCP-1 and -2 
[154].

A lthough mouse CTMC resemble those of the rat, in that they synthesise 
heparin [156] as well as carboxypeptidase A [157], their respective responses to 
some secretagogues and inhibitory agents differ. For example, com pound 
48/80 is considerably less active on mouse CTMC [158] and DSCG has no effect 
on immunologically-stimulated mouse peritoneal mast cells [159].

1.4.2 M icroenvironmental control of rodent mast cell phenotypes

Rodent MMC populations expand rapidly during T cell-dependent immune 
responses to certain intestinal parasites [58,59]. In contrast, developm ent of 
CTMC does not depend upon T cells, as athymic nude mice have similar 
num bers of CTMC compared to norm al animals [60,77]. IL-3 (produced by 
activated T cells) is thought to be a critical signal for the population expansion 
of MMC.

As discussed in section 1.3.1, m ature tissue m ast cells are derived from 
progenitor cells that have m igrated from the bone m arrow. The eventual 
m ast cell phenotype is thought to arise from the specific blending of factors 
produced w ithin the local environm ent [160]. In support of this concept, 
studies using m utant mouse cell lines have dem onstrated that phenotypic 
changes can be induced when one cell type is transplanted to a new location.
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BMCMC have a MMC-like phenotype [161], but when they are injected into 
the peritoneal cavity of genetically mast cell-deficient W/W^ mice, the cells 
acquire CTMC characteristics [162]. The phenotypic change may also occur in 
the opposite direction. Thus, mouse CTMC derived from norm al congeners 
become MMC-like when injected into the stomach m ucosa of W/W^ mice 
[163,164].

CTMC develop in vivo in close proximity to fibroblasts located w ithin the 
connective tissue matrix. In vitro, the fibroblast-derived grow th prom otor, 
SCF, alters the characteristics of BMCMC from a MMC-like to a CTMC-like 
phenotype [165]. Furthermore, SCF has recently been shown to promote mast 
cell adhesion to fibronectin [166] and also to act as a mast cell chemoattractant 
[167]. Therefore, this m ultifunctional cytokine appears to orchestrate the 
homing of mast cell progenitors to specific locations, as well as prom oting 
mast cell differentiation and m aturation to a specific phenotype.

1.4.3 Mast cell heterogeneity in the human

Heterogeneity in hum an mast cells has been clearly dem onstrated although 
the rat m ast cell nomenclature is inappropriate. Hum an mast cells have been 
classified according to the neutral protease content of their granules [168]. 
Some m ast cells contain measurable amounts of both tryptase and chymase 
(MCxc)/ while other hum an mast cells contain only tryptase (MCj). Although 
most anatomical sites contain a mixture of both subtypes, M C jc predom inate 
in the skin and the small intestinal submucosa, while MCy predom inate in 
the lung and the intestinal mucosa [168].

Hum an m ast cells also vary in the proteoglycan content of their granules. 
Skin m ast cells contain heparin [169], while intestinal mucosal m ast cells 
appear to synthesise chondroitin sulfate E and no heparin [170]. Lung mast 
cells have been shown to contain heparin and chondroitin sulfates [171], 
although at present it is not clear if both proteoglycans occur together in a 
single mast cell subtype.

H um an m ast cells may have quantitative differences in their ability to 
generate arachidonic acid m etabolites. U pon im m unological activation, 
intestinal and hum an lung m ast cells have been reported to synthesise 
similar am ounts of PGD2  and LTC4  [172]. Another report found that hum an

11
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lung mast cells predominantly synthesise PGD2  [173]. Preferential selection of 
a particu lar subtype during the purification process m ay explain these 
discrepancies. Skin mast cells, however, show a marked preference for PGD2  

production rather than LTC4  [174].

Functionally , hum an m ast cells differ in their response to various 
secretagogues and inhibitory agents according to their anatomical location. 
For example, skin mast cells release significant amounts of histam ine when 
stim ulated  w ith  com pound 48/80, while adenoidal, colonic, lung and 
tonsillar mast cells are unresponsive [137]. DSCG has a m oderate inhibitory 
effect on im m unologically-stim ulated h istam ine release from  hum an 
colonic, lung, uterine and bronchoalveolar lavage mast cells [136,175,176] and 
no effect on skin mast cells [175,177].

1.4.4 Microenvironmental control of human mast cell phenotypes

The development of the M Cj subtype appears to be T-cell dependent, because 
M Gy num bers are reduced in the intestinal m ucosa and subm ucosa of 
patients suffering either from congenital im m unodeficiency diseases, or 
acquired immunodeficiency syndrome. MCyc num bers in these patients are 
unaffected [178].

M icroenvironmental factors may affect the hum an m ast cell phenotype in a 
similar way to that of rodents. In vitro studies have shown that co-culture of 
cord blood w ith 3T3 fibroblasts results in the development of ultrastructurally 
m ature hum an mast cells which contain both chymase and tryptase (MCyc) 
[108,179]. Interestingly, cells that develop from suspension culture in the 
presence of SCF are ultrastructurally immature and contain tryptase but no 
chym ase (M Cj) [108]. Therefore, the developm ent of the M C jc  su b ty p e  
appears to depend either upon additional grow th factors or the actual 
fibroblast-mast cell progenitor interaction. At present, there is no evidence 
from in vitro studies that hum an mast cells can change phenotypes.

12
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1.5 THE ROLE OF MAST CELLS IN HEALTH AND DISEASE

The distribution of mast cells in connective and mucosal tissues places these 
cells in the immediate vicinity of pathogenic invasion. Therefore, mast cells 
are strategically located to mount host defence mechanisms.

In rodent helm inth immunity, mast cells and the antibody, IgE, are thought 
to co-ordinate the pathological changes know n to occur in the infected 
intestine. Following infection w ith intestinal nematodes, high levels of IgE 
are produced by B lymphocytes [180], and a T cell-dependent m ast cell 
hyperplasia occurs in the intestine [58,59]. IgE fixes onto the mast cell surface 
via specific receptors. Subsequent exposure of the mast cell to the helm inth 
antigen will trigger mast cell degranulation. Studies on parasitised rats [181] 
and sheep [182] have shown that there are large num bers of degranulating 
mast cells at the site of nematode infection. Mast cell derived mediators could 
have some direct toxicity on helm inths [183], as well as orchestrating the 
infiltration of other inflam m atory cells [184], ultim ately resulting in the 
expulsion of the offending parasite out of the gut.

Several studies have suggested that dermal mast cells are involved in wound 
healing [185,186]. Mast cell-derived histamine and tum our necrosis factor- 
(TNF-a) may encourage fibroblast proliferation and new collagen synthesis, 
w hereas histam ine and heparin may prom ote new blood vessel formation
[187]. Cultured rodent mast cell lines actually synthesise and secrete various 
types of collagen and laminin, which are components of basement membrane
[188]. Thus, m ast cells could co-ordinate and contribute to norm al in vivo 
tissue repair.

G astric m ast cells m ay have a physiological role in gut hom eostasis. 
H istam ine stim ulates parietal cells to secrete gastric acid via histam ine 
receptors (H2 ) on the parietal cell surface (reviewed in reference 189). While 
m ast cells are major repositories of histamine, this amine is also found in 
enterochrom affin-like cells located in the stomach. At present, the relative 
contribution of each cell to gastric acid secretion is unresolved.

Essentially, the exact physiological function of m ast cells rem ains unclear. 
H ow ever, considerable interest in m ast cell biology has arisen from an 
appreciation of the cell's pivotal role in immediate hypersensitivity reactions.

13
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In susceptible individuals, a normally innocuous foreign substance acts as an 
allergen and stimulates plasma cells to secrete allergen-specific IgE. These 
antibodies attach to specific mast cell surface receptors. Subsequent exposure 
to the same foreign substance triggers the mast cell to release a num ber of 
potent mediators. Allergic conditions such as rhinitis [190], urticaria [191], 
allergic conjunctivitis [191], atopic derm atitis [192] and the early phase of 
atopic asthma [193,194] (see Fig. 1.1) are characterised by this acute reaction.

Following initial mast cell activation, num erous other inflam m atory cells 
(basophils, eosinophils, neutrophils and lymphocytes) m ay be recruited to the 
site of inflammation, producing a wide range of biological effects. This so 
called "late phase" reaction is initiated by a prior IgE-dependent event, but 
occurs in the absence of additional allergen and is no longer IgE-dependent 
[195]. Examples include the cutaneous [196] and asthmatic [194] late phase 
responses. Recent observations that hum an m ast cells secrete cytokines 
[197,198] has indicated that mast cells may contribute to the developm ent of 
the late phase response. Specifically, cytokines located in an inflam m atory 
zone could recruit, prime and activate the inflammatory cells responsible for 
the late phase reaction [199].

Mast cells may be involved in non IgE-directed pathological states, as elevated 
mast cell num bers have been observed in a variety of chronic inflammatory 
disorders. These include rheum atoid arthritis [200], interstitial cystitis [201], 
sarcoidosis [202], psoriasis [203], pulmonary fibrosis [204] and ulcerative colitis 
[205].

1.6 ACTIVATION OF MAST CELLS

1.6.1 Immunological activation of mast cells

1.6.1.1 IgE structure and synthesis

IgE is central to the initiation of allergic responses through its binding to high 
affinity receptors (FcgRI) on the mast cell surface. This im m unoglobulin is 
one of five hum an antibody subtypes identified, the others being IgA, IgD, IgG 
and IgM. The IgE content of serum constitutes a small fraction of the total 
antibody present. Typically, the IgE serum concentration is in the order of 50-
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300 n g /m l, compared to an IgG serum  concentration of 10 m g /m l [206]. 
Structurally, IgE resembles other antibodies as it has two identical heavy 
chains and two identical light chains folded into globular domains (see Fig. 
1.2). Each light and heavy chain has a variable and constant region and the 
w hole m olecule is stabilised by in tra-chain  d isu lfide  bonds. IgE is 
distinguished from other antibodies by the sequence of its (e) heavy chain 
constant region. Like the jU-chain of IgM, the IgE heavy chain region consists 
of four constant domains (Cel-Ce4), one more than in IgA, IgD or IgG [207]. 
The Ce3 domain contains the FcgRI binding site [208].

Induction of IgE synthesis commences w ith an allergen/  antigen penetrating 
the body. On reaching the lymphatic system, the allergen is processed and 
expressed on the surface of antigen presenting cells, usually m acrophages, 
skin Langerhans cells and dendritic cells. These cells present processed 
antigen to T helper lymphocytes (expressing the CD4 antigen), which in turn 
secrete various cytokines instigating the proliferation and m aturation of B 
lym phocytes. U ltim ately, IgE antibody-secreting  p lasm a cells and  B 
lymphocyte memory cells are produced. As plasma and memory cells have 
specific receptors for the invading antigen, any subsequent encounter will 
resu lt in a rap id  and substan tia l p ro lifera tion  of these term inally  
differentiated B lymphocytes [209].

T he lper cell-derived IL-4 is the principal cytokine responsib le  for 
orchestrating the conversion of B lymphocytes from IgM to IgE secreting cells 
[210]. This so called immunoglobulin "isotype switching" also requires direct 
contact between T helper cells and B lymphocytes [211]. B lymphocytes have 
been found to express the CD40 glycoprotein on their cell surface [212], while 
activated T helper cells express the ligand for CD40 [213]. Therefore, the CD40 
ligand delivers a contact-dependent signal to B lymphocytes which, in the 
presence of IL-4, leads to immunoglobulin isotype switching to IgE.

Recent studies have shown that hum an mast cell lines and freshly isolated 
hum an  skin and lung m ast cells also express the CD40 ligand [214]. 
Furthermore, lung mast cells support IgE production in the presence of IL-4. 
Therefore, mast cells may provide the appropriate signals for peripheral IgE 
production , stim ulating ongoing allergic reactions in the absence of T 
lymphocytes [214]. Mast cells in athymic rats express similar num bers of IgE 
receptors and acquire similar amounts of cell-bound IgE compared to their
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norm al counterparts [215]. Although the serum concentration of IgE is lower 
in athymic rats, these findings clearly demonstrate that T lymphocytes are not 
essential for either IgE production or IgE occupation of the Fc^RI receptor.

Studies on mice and hum an cell lines have shown that IgE production is 
regulated by specific cytokine secretion from two distinct subsets of T helper 
cells (Th) (reviewed in reference 216). In mice, the Thl subset functions as an 
initiator of delayed hypersensitivity reactions [217] and secretes interferon-y 
(IFN-y), IL-2 and tum our necrosis factor-^ (TNF-p) [218]. The Th2 subset 
initiates B lymphocyte-clonal expansion into IgE-secreting cells as it secretes 
IL-4, as well as IL-5 and IL-10 [218]. Furthermore, Thl-derived IFN-y inhibits 
the growth of Th2 cells [219], suppresses the in vivo synthesis of IgE [220] and 
promotes the differentiation of Thl cells [221]. Th2-derived IL-4, in contrast, 
induces differentiation of Th2 cells [221]. Therefore, IgE production appears to 
be controlled by the preferential selection of the Th2 subset and the cytokines, 
IL-4 and IFN-y, have reciprocal roles in the regulation of IgE production. It is 
in teresting that hum an subjects w ith either im m ediate hypersensitiv ity  
disorders (atopies) or helminth infections have elevated num bers of Th cells 
w ith the Th-2 cytokine secretion phenotype, com pared to healthy controls 
(reviewed in reference 2 2 2 ).

The low affinity IgE receptor (Fc^RII), which is synonymous w ith the CD23 
protein, may also have a regulatory role in IgE synthesis [223]. IL-4 enhances 
CD23 expression on B lymphocytes, T lymphocytes and monocytes [224-226]. 
Monoclonal antibodies to CD23 inhibit T lymphocyte-B lymphocyte conjugate 
form ation [223]. As CD23 has recently been show n to bind w ith  CD21 
(expressed on follicular dendritic cells and T and B lymphocytes) [227] this 
CD21-CD23 pairing may facilitate direct contact between T and B lymphocytes. 
In addition, the soluble form of CD23 (sCD23) m ay have a role in IgE 
synthesis. sCD23 enhances ongoing spontaneous IgE synthesis from atopic- 
derived B lymphocytes [228], synergises w ith suboptimal IL-4 concentrations 
in IgE production from normal B lymphocytes [229] and together w ith IL -la  
promotes the differentiation of plasma cell precursors [230].

The FcgRII receptor may also be involved in inhibition of IgE synthesis, 
because studies on a hum an plasmacytoma cell line have show n that IgE 
occupation of this receptor causes a reduction in IgE secretion [231].
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1.6.1.2 FCgRI and FCgRII

Following secretion from plasma cells, circulating IgE fixes to specialised cell 
surface proteins on haematopoietic cells. Binding occurs via the Fcg region of 
IgE, accordingly the two receptors identified for this imm unoglobulin have 
been nam ed FcgRI and FcgRII.

M ast cells and basophils express the FcgRI receptor [16,17], which binds IgE 
w ith a high affinity of about 1 0 ^̂  [232,233]. FcgRI can only engage one IgE
molecule at a time [234,235]. Until recently it was thought that FcgRI was 
found exclusively on mast cell and basophil membranes. However, hum an 
epiderm al Langerhans cells [236] and eosinophils [237] have also been shown 
to express this receptor.

M any inflam m atory cells express the low affinity IgE receptor, Fc^RII, 
includ ing  B lym phocytes, T lym phocytes, m acrophages, m onocytes, 
Langerhans cells, eosinophils and platelets (reviewed in reference 238). The 
IgE binding affinity is in the range of lO^-lO^ M”̂  for hum an B lymphoblastoid 
cell lines [239], hum an peripheral blood lym phocytes [240], and rat 
macrophages [241]. A slightly higher affinity of lO^M 'I is seen with rodent B 
lymphocytes [242-4].

Cloning and sequence analysis of these two receptors has dem onstrated that 
FcgRI and FcgRII are structurally  unrelated even though  they share a 
common ligand [245,246].

The mast cell FcgRI is now known to be a tetrameric complex consisting of 1 
a ,  1 p, and 2 identical disulfide-linked y subunits (reviewed in 247). The 
relative m olecular mass of the receptor is around 87 000. The a , p, and y 
subunits have masses of 45 000, 33 000 and 9 000 respectively. Isolated 
com plem entary DNA (from rodents and hum ans) for the a  [248-251], p 

[251,252], and y [251,253,254] subunits has enabled the amino acid sequence of 
each subunit to be determined. Thus, predictions from the hydrophobicity 
index of the amino acid sequences have shown that both the a  and y subunits 
contain one leader peptide and one transmembrane domain. The p subunit 
lacks a leader sequence and has 4 membrane spanning regions. Monoclonal 
antibody studies have demonstrated that the amino- and carboxy- termini of 
the p subunit are cytoplasmic [252]. In total, the FcgRI complex has 7
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transm em brane dom ains. Fig. 1.3 represents a proposed m odel of this 
receptor.

In rodents, efficient expression of FcgRI on the cell surface requires 
transfection of a, P and y genes [251,254], while cotransfection of hum an a  and 
y genes alone is sufficient for receptor expression [254].

Com plem entary DNA constructs encoding the hum an a  subunit leader 
peptide and extracellular domain have been transfected into the COS-7 cell 
line. The transfected  cells secrete soluble IgE-binding po lypep tides, 
dem onstrating that this a  region contains the IgE binding site [255]. In 
addition, this dom ain contains m ultiple glycosylation sites. However, these 
carbohydrates are not essential for IgE binding because unglycosylated a  
transfects still secrete polypeptides capable of binding IgE.

At present, little is known about Fc^RI subunit function in triggering  
exocytosis. Phosphorylation of residues in the P (threonine and serine) and y 
(tyrosine and threonine) subunits has been show n to occur im m ediately 
following antigen stimulation [256]. This phosphorylation may couple initial 
FcgRI engagement with subsequent biochemical activity.

1.6.1.3 FCgRI-directed mast cell activation

IgE binding to the FcgRI receptor does not induce m ast cell degranulation. 
However, subsequent invasion of the antigen responsible for the prim ary B 
lym phocyte p ro liferation  results in the offending an tigen  fixing to 
mem brane-bound IgE. Antigen cross-linking of two or more FCgRI receptors 
causes aggregation of the receptors, and this aggregation is the initiating event 
in mast cell degranulation [257,258]. Monovalent antigens capable of binding 
cell-fixed IgE cannot induce mast cell secretion, as they are unable to engender 
receptor aggregation [259].

In vitro, m ast cell degranulation is achieved when cells are incubated w ith 
chemically dimerised IgE [260], IgG antibody directed against IgE heavy chains 
(anti-IgE) [261], concanavalin A (a lectin able to crosslink FcgRI via 
carbohydrate moieties) [262] and anti-receptor antibody (IgG antibody prepared 
against FCgRI) [257,258]. All these ligands are effective at cross-linking adjacent 
FcgRI receptors.
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1.6.2 Non-immunological activation of mast cells

Mast cell secretion can be mediated by non-IgE-directed ligands. Broadly, these 
agents can declassified according to whether their mode of action is selective 
or non-selective.

Non-selective liberators include the detergents Triton X-100 and Tween-20 
[263]. They totally disrupt the plasma membrane, thereby evoking release of 
the intracellular contents and causing irreparable cell damage.

Selective m ast cell secretagogues are non-cytotoxic, stim ulating secretion 
w ithout the loss of characteristic cytoplasmic markers, such as the enzyme 
lactate dehydrogenase. M any selective releasers have been identified  
(reviewed in reference 264), including the polybasic ligand compound 48/80 
[137,151] and the calcium ionophores, ionomycin [265] and A23187 [266]. The 
mast cell response to selective secretagogues often varies according to the 
anatomical location and the species, as discussed in sections 1.4.1 and 1.4.3.

Physiological examples of selective releasers in vitro include neuropeptides 
[267], the complement-derived anaphylatoxins, C3a and C5a [267-269], serum 
protein fragments [270] and granulocyte granular components [271]. Cytokines 
may also stim ulate m ast cell degranulation. Recent in vitro studies have 
show n that recom binant SCF and TNF-a induce histam ine release from 
hum an skin and rat CTMC, respectively [272,273]. In addition, unidentified 
histamine releasing factors (HRFs) are also known to be produced by a variety 
of cells. The HRFs are cytokine-like peptides and may provide alternative 
physiological mechanisms for mast cell degranulation [274].

1.7 MAST CELL MEDIATORS

Activation of m ast cells results in the release of a wide range of chemically- 
diverse inflam m atory mediators. These m ediators are either derived from 
the m ast cell granules or are synthesised de novo. As discussed in section 1.4, 
the secretory m ediator profile of a particular m ast cell population m ay vary 
according to the species an d /o r the tissue.
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1.7.1 Preformed granule-associated mediators

1.7.1.1 Histamine

Histamine is the main biogenic amine stored in mast cells. Rat serosal mast 
cells contain 10-30 pg per cell [18,158], rat mucosal mast cells 1-2 pg [151] and 
hum an mast cells 1-3 pg [136,137]. Histamine is synthesised from histidine in 
the Golgi apparatus of m ast cells by the enzymatic activity of histidine 
decarboxylase [275] (see Fig. 1.4). Once formed, histamine ionically associates 
with the acidic residues of the glycosaminoglycan side chains of proteoglycans 
[276,277]. During degranulation, histamine dissociates from the proteoglycan- 
protein complex by cationic exchange with extracellular sodium  ions [277]. 
Exocytosed histamine is then metabolised within minutes (see Fig. 1.4).

The biological effects of histamine arise from the amine's interaction w ith 
cell-specific H%, H 2  and H 3  receptors [278]. H^-m ediated effects include 
contraction of bronchial, ileal and uterine smooth muscle and microvascular 
oedema [279] caused by contraction of endothelial cells located in postcapillary 
venules [280]. Intraderm al injection of histamine causes a "triple response" 
characterised by local erythema (arteriolar vasodilatation by histamine), a 
flare response (axon reflex vasodilatation m ediated by neuropeptides) 
followed by a central wheal form ation (contraction of epithelial cells by 
histam ine). These effects are m ediated predom inantly  by H^ receptors 
although the triple response is only abolished by a combination of H^ and H 2  

antagonists [281].

Gastric acid secretion from parietal cells is stim ulated by H 2  receptor 
activation [282]. H 2  receptors also have imm unoregulatory effects as receptor 
occupancy inhibits a variety of lymphocyte functions, including antibody 
synthesis by B cells, lymphocyte proliferation and T cell cytokine production 
[283]. Furtherm ore, H 2  receptor stim ulation can initiate T-suppressor cell 
function [284], induce the chemotaxis of eosinophils and neutrophils [285,286] 
and inhibit im m unologically-induced histam ine secretion from basophils
[287].

H 3  receptors were first identified in the rat cerebral cortex, w here it was 
shown that histamine inhibited its own release from histaminergic neurones
[288]. Subsequently , it w as dem onstra ted  that the release of o ther
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neurotransm itters, both in the central and peripheral nervous system, was 
also inhibited by histamine via H 3  receptors (reviewed in references 278 and 
289). Thus, H 3  receptors occur as autoreceptors on histam inergic nerve 
endings and as heteroreceptors on non-histaminergic axon terminals. In vivo 
studies suggest that H 3  receptor activation in the central nervous system may 
control sleep and arousal [290,291], while H 3  receptor activation in the airways 
may prevent the release of neuropeptides, such as substance P [292].

1.7.1.2 5-Hydroxytryptamine

5-hydroxytryptam ine (5-HT) or serotonin is stored w ith  histam ine in the 
granular proteoglycan matrix of rodent CTMC [293]. Rodent MMC contain 
much smaller quantities of 5-HT compared to rodent CTMC [144] and hum an 
mast cells do not store this amine [294]. Rodent CTMC can synthesise 5-HT 
from tryptophan [295]. In addition, they can also actively take up the amine 
from the extracellular environment [296].

There is some evidence to suggest that 5-HT and histam ine m ay be 
differentially secreted. Pretreatment of rat peritoneal mast cells w ith tri-cyclic 
antidepressant drugs was claimed to induce preferential 5-HT release in 
response to secretagogue stimulation [297,298]. However, this effect has more 
recently been attributed to differential uptake of the amines [297].

In the central nervous system, 5-HT acts as a neurotransm itter [299]. In the 
periphery, 5-HT contributes to the acute broncho- and vaso-spasmic response 
following allergen challenge of sensitised rodents [300].

1.7.1.3 Neutral proteases

Neutral proteases are the major protein constituents of the mast cell granular 
matrix, and are released in parallel w ith histam ine during degranulation 
[301]. H um an foreskin mast cells (which have the M C jc phenotype) contain 
35 pg/cell of tryptase and 4.5 pg/cell of chymase, while hum an lung m ast cells 
(which have the MC-p phenotype) contain 10.8 p g /ce ll of tryptase [302]. 
Neutral proteases cleave peptide bonds with maximal activity at neutral pH.

Hum an tryptase is a tetrameric endopeptidase of 134 kDa and each subunit 
has an active enzymatic site [303]. The active tetrameric form is stabilised in
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mast cell granules by ionic association with heparin and to a lesser extent by 
chondroitin sulfate [304]. Once dissociated from heparin, tryptase rapidly 
converts into inactive monomers and this may provide a mechanism for 
limiting the enzyme's biological effects [304]. The precise function of tryptase 
in vivo has not clearly been established. In vitro studies have show n that 
tryptase generates the C3a anaphylatoxin from C3 [305], destroys high 
m olecular weight kininogen [306] and fibrinogen [307], and also degrades 
calcitonin gene related peptide [308].

Hum an chymase is a monomer of 30 kDa [309]. Unlike tryptase, the stability of 
chymase is not dependent on heparin, although it is probably associated with 
heparin in m ast cell granules [310]. In vitro, hum an chym ase converts 
angiotensin I to angiotensin II [311], inactivates bradykinin [312] and attacks 
basem ent membrane at the dermal-epithelial junction of hum an skin [313]. 
Chymase also catalyses the activation of IL-lp to biologically active IL-1 [314].

In rats, there are two chymotrypsin-like enzymes that distinguish mast cell 
subtypes. CTMC contain RMCP-I, which accounts for 24-30 pg of protein per 
cell (25 % of the total protein) [315]. Cultured MMC contain RMCP-II, which 
accounts for 26 pg of protein per cell [316]. As w ith hum an tryptase and 
chymase, the precise in vivo functions of RMCP-I and RMCP-II are unclear. 
In vitro studies have show n that RMCP-I degrades basem ent m em brane 
collagen (type IV) and fibronectin, generates a neutrophil chemotactic factor 
and converts angiotensin I to angiotensin II (reviewed in reference 317). 
RMCP-II is thought to be involved in the expulsion of intestinal parasites 
[318].

1.7.1.4 Acid hydrolases

Mast cells contain a num ber of hydrolases, which have optim um  activity at 
acidic pH. These include p-hexosaminidase [319,320], P-D-galactosidase [320], 
p-glucuronidase [319,320] and arylsulfatase [320,321].

1.7.1.5 Proteoglycans

Proteoglycans are macromolecules composed of glycosaminoglycan chains 
covalently linked to a protein core [322]. The glycosam inoglycan chains 
consist of disaccharide repeating units of uronic acid and hexosam ine
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moieties. These chains are variably sulfated and hence give rise to a net 
negative charge. The m ast cell proteoglycans, heparin  and chondroitin  
sulfate, bind histamine, neutral proteases and acid hydrolases in the granules 
and m ay facilitate the uptake and storage of these m ediators [276]. Upon 
degranulation, the neutral proteases remain associated w ith heparin at the 
cell surface, while histamine and the acid hydrolases rapidly diffuse away 
[304].

The biological effects of heparin include inhibition of blood coagulation [323], 
regulation of tryptase activation [304], modulation of growth factors [324], and 
inhibition of the complement cascade [325].

Recent studies have show n that heparin has anti-allergic properties, as 
inhaled heparin  attenuates antigen-induced bronchoconstriction in sheep 
[326] and hum ans [327]. In vitro, heparin selectively inhibits anti-IgE-induced 
histam ine secretion from hum an uterine and rat peritoneal m ast cells w ith 
no effect on A23187-induced secretion [327].

H eparin  also inhibits the activity of a num ber of eosinophil pro- 
inflam m atory  m ediators that have been im plicated in airw ay hy p er
reactivity. These include major basic protein, eosinophil cationic protein and 
eosinophil major basic protein [328,329]. The late phase of asthm a is 
characterised by a m arked eosinophilia, which may result in p art from 
chemotactic action of platelet factor 4 [330]. Heparin has been shown to bind to 
this cationic protein [331].

In m arked conflict to established theories, it has been suggested that the mast 
cell m ay have an anti-inflammatory role in asthma [332]. Mast cell-derived 
heparin  m ay limit eosinophil recruitm ent and also the actions of cationic 
proteins in vivo [333]. Furtherm ore, conventional anti-asthm atic treatm ent 
w ith p2  agonists may, in fact, exacerbate chronic inflammatory processes in 
the airways [333], because these drugs inhibit mast cell secretion [334,335]. 
A lthough there is some evidence to support this theory [336,337], it does not 
take into account the potent inflammatory effects of other mast cell secretory 
products.
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1.7.1.6 Chemotactic factors

In vitro studies have shown that m ast cells release eosinophil chemotactic 
factor of anaphylaxis (ECF-A). Specifically, rat peritoneal m ast cells [338], 
guinea pig lung [339] and hum an lung [340] tissues release this peptide 
following immunological activation. As late phase reactions in the skin and 
lung are characterised by eosinophil recruitment, mast cell ECF-A secretion 
may contribute to the eosinophilia.

A second chemotactic agent, neutrophil chemotactic factor of anaphylaxis 
(NCF-A) m ay also be m ast cell-derived. A llergen-induced bronchial 
provocation results in a sustained increase in plasma NCF-A concentration 
[341]. In vitro immunological challenge of guinea-pig lung [342] and hum an 
lung fragments [343] also results in release of NCF-A.

1.7.2 Newly generated mediators

Activation of mast cells can also lead to cellular synthesis of a num ber of 
po ten t inflam m atory agents. M ediators arising from arachidonic acid 
metabolism are rapidly synthesised and secreted, beginning w ithin m inutes 
of activation and lasting up to 30 min. In contrast, synthesis of m ast cell 
cytokines occurs hours after activation, although preformed cytokines m ay be 
secreted more rapidly.

1.7.2.1 Arachidonic acid metabolites (eicosanoids)

Mast cell eicosanoid synthesis begins with the liberation of arachidonic acid 
(5,8,11,14-eicosatetraenoic acid) from membrane phospholipids. This reaction 
is catalysed by the enzymatic action of phospholipase A 2  [344] and is the rate 
limiting step in eicosanoid synthesis [345]. In addition, a recent study on rat 
peritoneal mast cells has shown that arachidonic acid is also mobilised by the 
sequential action of phospholipase D, phosphatidate phosphohydrolase and 
diacylglcerol lipase [346]. Arachidonic acid is then rapidly  m etabolised 
p ro d u c in g  e ither p ro s ta g la n d in s  and  th rom boxanes th ro u g h  the  
cyclooxygenase pathw ay or leukotrienes via the lipoxygenase pathw ay 
(reviewed in reference 347), as detailed in Fig. 1.5. Eicosanoids exert their 
biological effects by acting on specific receptors (reviewed in reference 348).
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1.7.2.1.1 PCD;

PGD 2  is the main cyclooxygenase product released following immunological 
and calcium ionophore activation of hum an and rat m ast cells [149,150,172- 
174,349]. In contrast, substance P selectively stimulates histam ine secretion 
from rat peritoneal and hum an skin mast cells w ithout concomitant release 
of PGD 2  [350,351]. Com pound 48/80 stim ulates PGD 2  release from rat 
peritoneal mast cells [349] but not from hum an skin mast cells [351].

The biological actions of PGD2  include bronchoconstriction [352], peripheral 
vasodilatation [353], inhibition of platelet aggregation [354], production of a 
wheal and flare response in hum an skin [355] and augmenting LTB^-induced 
accumulation of neutrophils in hum an skin [356].

1.7.2.1.2 Leukotrienes

The products of the lipoxygenase-directed m etabolism of arachidonic acid 
include LTB4 , LTC4  and LTD4 . Immunologically-stimulated rat mucosal mast 
cells p roduce  LTB4  and LTC4  [150]. Purified hum an lung m ast cells 
predom inantly  release LTC4  upon immunological challenge [174] as well as 
small amounts of LTB4  [357].

In vitro, LTB4  is a potent chemotactic agent for hum an and rat neutrophils
[358]. This leukotriene also enhances the expression and release of CD23 from 
B lymphocytes, and potentiates IL-4-mediated B lym phocyte proliferation
[359]. In vivo, cutaneous injection of LTB4  causes a transient wheal and flare, 
followed by a delayed infiltration of neutrophils [360].

The biological responses to LTC4  and LTD4  arise from the contractile potency 
of these leukotrienes. Specifically, their biological effects include constriction 
of arterial, arteriolar, intestinal and bronchial sm ooth muscle, increased 
vasoperm eability  due to contraction of endothelial cells and enhanced 
bronchial m ucus secretion (reviewed in reference 361). LTC4  and LTD4  are 
over 1 0 0 0  times more potent constrictors of hum an bronchial smooth muscle 
than histam ine both in vivo and in vitro [362,363].
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1.7.2.2 Platelet activating factor

In addition to the eicosanoids, cellular activation can result in the generation 
of the ether-linked phosholipid, platelet activating factor (PAF) (l-O-alkyl-2- 
acetyl-sn-glyceryl-phosphorylcholine). The biosynthesis of PAF occurs in a 
concerted two-step process, phospholipase A 2  hydrolyses phospholipids to 
produce 1-O -alkyl-sn-glyceryl-phosphorylcholine (lyso-PAF), then  an 
acetyltransferase enzyme acetylates lyso-PAF generating PAF [364].

PAF is released from mouse BMCMC following antigen activation [365,366]. 
Activated hum an lung mast cells generate PAF, although this lipid-derived 
mediator is not secreted [367]. PAF is released from a variety of other activated 
inflammatory cells, including rabbit basophils [368], hum an neutrophils [379], 
hum an alveolar macrophages [370], hum an eosinophils [371] and hum an and 
rabbit platelets [372].

The biological actions of PAF in vitro include the activation of hum an 
platelets [373] and hum an eosinophils [374]. PAF also induces histam ine 
release from hum an basophils [375] and rat peritoneal m ast cells [376], 
although m ast cells isolated from hum an lung, skin or uterus fail to respond 
to PAF [375,377]. PAF exhibits chemotactic activity for eosinophils, and it has 
therefore been suggested that this lipid-derived m ediator m ay have an 
im portant role in the developm ent of the characteristic eosinophilia in 
allergic asthm a [378]. In addition, PAF may have a role in the cutaneous 
response following antigen-mediated mast cell activation [379,380].

1.7.2.3 Cytokines

Cytokines are multifunctional proteins produced by many activated cell types. 
They alter the behaviour of target cells through their action on specific cell 
surface receptors [381]. Essentially, cytokines influence m any physiological 
and pathophysiological processes including cellular p ro lifera tion  and 
d ifferentiation , cellular phenotype expression, regu la tion  of im m une 
responses, control of host defences against viral and parasitic infections, tissue 
remodelling and bone formation (reviewed in references 382 and 383). The 
main biological activities of the cytokines discussed in this section are listed 
in Table 1.2.
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The first direct demonstration of a mast cell population releasing a cytokine 
was reported in 1986 [384]. The Abelson murine leukaemia virus-transform ed 
tum origenic mouse mast cell line constitutively produced GM-CSF mRNA 
and  released GM-CSF. Subsequently , cu ltu red  m ast cells stim ula ted  
immunologically or with the calcium ionophore A23187 have been show n to 
secrete IL-1 [385], IL-3 [386], IL-4 [385,386] and IL- 6  [385,386].

Studies on cytokine release from freshly isolated mam m alian m ast cells are 
essentially still in their infancy. Mouse peritoneal m ast cells show increased 
transcription a n d /o r secretion of TNF-a [387-389] and transform ing grow th 
factor (TGF-P) [389,390].

H um an skin mast cells contain preformed TNF-a which is released following 
cellular activation [198]. Im m unologically-activated skin m ast cells also 
appear to produce IL- 8  [391]. Purified hum an lung m ast cells secrete IL-4 
following immunological challenge [197] and contain preformed TNF-a [392]. 
A recent immunohistochemical study comparing bronchial biopsies of atopic 
asthmatics and non-asthmatics confirmed that lung mast cells contain both 
IL-4 and TNF-a, as well as IL-5 and IL- 6  [393]. Furthermore, asthmatic subjects 
had  increased num bers of m ast cells that stained for IL-4 and TNF-a 
compared to normal subjects.

1.8 SIGNAL TRANSDUCTION PATHWAYS CONTROLLING MAST
CELL SECRETION

M ast cell IgE-receptor engagem ent is probably linked to the activation of 
guanine nucleotide binding proteins (G-proteins), tyrosine kinases and 
serine / threonine kinases. These m em brane signal transducers regulate  
intracellular messengers such as phospholipases and adenylate cyclase. The 
signal pathw ay then extends into a network of interactions involving protein 
phosphorylations, ultim ately resulting in m ediator release. Fig. 1.6 is a 
sum m ary of the signal transduction pathways discussed below.
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1.8.1 The role of calcium

1.5.1.1 Calcium and histamine release

M ast cells, like many other cell types, have a low intracellular concentration 
of free calcium ions (ca. 0.1 |xM), compared to the extracellular concentration 
{ca. 1 mM). This large concentration gradient is m aintained by the limited 
calcium perm eability of the cell membrane and also by active transport of 
calcium out of the cell [394].

M any studies have show n that calcium ions are involved in m ast cell 
activation. Artificial elevation of the intracellular calcium concentration by 
calcium ionophores [265,266], microinjection of calcium into the cytoplasm 
[395] and fusion of mast cells with calcium containing vesicles [396] all initiate 
m ast cell histamine release. Furthermore, radiotracer studies w ith ^^Ca [397] 
and fluorescent calcium dye m easurem ents [398] have established that 
immunological activation of rat peritoneal mast cells results in a net increase 
in cytosolic calcium concentrations.

The raised cytosolic calcium signal is translated into intracellular messages 
w hen the cation binds w ith  high affinity to specific proteins such as 
calmodulin (CaM) (reviewed in reference 399). CaM is w idely distributed in 
eukaryotic cells and binds up to four calcium ions per molecule. Calcium 
receptor occupancy induces conformational changes in the protein, revealing 
active sites that reversibly interact with many target enzymes. These include 
cyclic nucleotide phosphodiesterases, adenylate and guanylate cyclases, 
methyltransferase, phospholipase A2  and various kinases [399].

A num ber of studies on rat peritoneal mast cells implicated CaM in the mast 
cell secretory process. For example, CaM has been isolated from these cells 
[400] and CaM antagonists inhibit secretagogue-induced histam ine release 
[401,402]. In addition, CaM has been linked to the phosphorylation of three 
in trace llu lar pro teins of m olecular w eight 42, 50 and 6 8  kD. [403] 
Phosphorylation is calcium-dependent and occurs prior to histamine release. 
Term ination of secretion coincides with the phosphorylation of a fourth 78 
kD protein. Thus, CaM may control early and late exocytotic events.
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1.8.1.3 Calcium pools involved in histam ine secretion

An increase in cytosolic free calcium can arise either by influx of external 
calcium across the plasm a m em brane or by the release of calcium from 
intracellular sources. Secretagogue stim ulation of rat peritoneal m ast cells 
requires external calcium for optim um  histam ine release [404], suggesting 
that extracellular calcium contributes to the secretory event. However, the 
secretory response is not totally abolished in calcium-free media. At present, 
the relative contribution of internal and external calcium to the m ast cell 
secretory response has not been resolved.

Electrophysiological studies on rat peritoneal mast cells have dem onstrated 
that secretagogue stim ulation (antigen, compound 48,/80 and substance P) 
results in a biphasic increase in cytosolic calcium concentrations ([Ca]j) 
[405,406]. The initial rapid and transient increase was independent of external 
calcium and hence attributed to calcium release from internal stores. The 
second sustained phase of elevated [Ca]j (0.3-0.8 |xM) was abolished when 
external calcium was rem oved. Subsequently, two distinct calcium influx 
pathw ays were shown to cause this sustained elevated [Ca]j. The first is a non 
specific cation channel (50 pS) which may be activated by G-proteins [405-407]. 
The second pathway is activated by depleting intracellular calcium stores and 
has therefore been nam ed ferae (calcium  release activa ted  calcium )
[405,406,408]. Intracellular application of inositol 1,4,5-tris-phosphate (Ins 
l,4,5Pg) (see below) also activates this pathway, although it is not thought 
directly to gate the current, rather Ins l,4,5Pg depletes intracellular calcium 
stores and thus has a secondary effect. I^rac is highly specific because very 
small currents result in large changes in [Ca]j.

O ther electrophysiological stud ies on im m unologically-stim ulated  rat 
peritoneal mast cells have failed to demonstrate significant changes in ionic 
conductance across the cell m em brane [409]. However, crosslinking of IgE 
rec ep to rs  increases m em brane  calcium  p e rm e ab ility  [397], and  
electrophysiological evidence of secretagogue-induced cationic conductances 
supports the theory that calcium influx occurs through calcium ion channels 
[405-408,410].

A series of experiments on the rat basophilic leukemia cell line, RBL-2H3, 
have isolated a 60 kDa m em brane bound protein  that forms a calcium
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channel [411]. The anti-asthma drug, DSCG, binds to this 60 kDa protein and 
was used as an affinity matrix to purify the channel. Insertion of this purified 
protein into a non-secreting variant of RBL-2H3 cells restored their secretory 
capacity [412]. Calcium channel activity could also be dem onstrated in 
artificial m em branes by m ixing the 60 kDa pro tein  w ith  purified  and 
aggregated IgE receptors [413]. A second membrane protein of 110 kDa has 
been isolated from RBL-2H3 cells [414] and this also exhibits IgE-receptor- 
dependent calcium activity [415]. The relationship between these two putative 
calcium channels is at present unknown. RBL-2H3 cells exhibit mucosal mast 
cell characteristics [416] and are insensitive to the inhibitory actions of DSCG. 
Therefore, the drug's b inding capacity to these calcium channels cannot 
account for the drug's potent inhibitory effect on histam ine secretion from 
CTMC.

The intracellular location of mast cell calcium stores has not been identified. 
In other cell types, calcium is mobilised from the endoplasmic reticulum  (Ins 
l,4 ,5P g  sensitive) and the m itochondria (Ins 1,4,5?^ insensitive) [417].

E x p erim en ts  ex am in ing  the  effects of the  ca lc ium  ch e la to r, 
ethylenediaminetetra-acetic acid (EDTA), on rat peritoneal mast cell secretion 
suggest that there are two distinct calcium pools [418]. Secretion induced by 
basic secretagogues, antigen, concanavalin A and A23187 is abolished by 
prolonged exposure to EDTA, bu t is potentiated by brief exposure to the 
chelator. Furthermore, these releasing agents induce significant secretion in 
the absence of extracellular calcium. Secretion follow ing brief EDTA 
preincubation may remove calcium from relatively superficial intracellular 
stores, thereby inducing the mobilisation of additional intracellular calcium. 
E ssen tia lly  th is trea tm en t m ay enhance the "ca lcium -independen t " 
com ponent of m ast cell secretion. Prolonged EDTA preincubation may 
remove calcium from less superficial calcium stores.

A recent study on rat peritoneal mast cells has com pared the actions of 
secretagogues on ionised and bound intracellular calcium [419]. Free ionised 
calcium changes were m onitored using fura-2 , a fluorescent calcium probe. 
Ionomycin induced a rapid and 10 fold increase in [Ca]j, while both antigen 
and com pound 48/80  induced  m odest increases in [Ca]j (2-3 fold). 
Interestingly, antigen-induced elevations in [Ca]i were more prolonged than 
the other two secretagogues and the corresponding degranulation w as much 
slower. Using electron microscopic cytochemistry techniques, bound calcium
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w as detected in the cytoplasm , granules, granule m em brane, p lasm a 
m em brane and the nucleus. Ionomycin significantly increased calcium levels 
in the cytoplasm, nucleus and plasma membrane. Antigen decreased calcium 
levels in the granules, cytoplasm and plasm a membrane, while com pound 
48 /80  low ered calcium levels in the granule m em brane and plasm a 
membrane. Thus, antigen and compound 48/80 stim ulation may sequester 
loosely bound calcium in order to propagate more distal events in the signal 
transduction pathway.

A lthough elevated [Ca]j appears to be relevant in physiological m ast cell 
activation, under certain circumstances, exotcytosis can be triggered w ithout 
an accompanying rise in [Ca]i [409,420,421]. Hence, although the calcium signal 
appears to play an integral part in mast cell secretion, other signals m ust be 
involved in the activation of exocytosis.

1.8.2 The role of phosphoinositol metabolism

The breakdown and resynthesis of phosphotidyl inositols (Ptd Ins) occurs in 
m any cell types following ligand/receptor interaction [417,422]. A simplified 
version of Ptd Ins metabolism in shown in Fig. 1.7. Receptor activation causes 
a m em brane G-protein to interact w ith a phosphoinositidase, phospholipase 
C (PLC). PLC converts membrane phosphatidyl-4,5-bisphosphate (Ptdlns 4 ,5 P2 ) 
into Ins l,4,5Pg and diacylglycerol (DAG). Ins l,4,5Pg mediates calcium release

from the endoplasmic reticulum by binding to a specific receptor [423,424] and 
m ay also stim ulate calcium influx via an action on m em brane calcium  
charmels [425]. DAG activates the cytosolic protein kinase C (PKC) [426] which 
is translocated to the cell membrane following DAG activation [425]. M ultiple 
forms of both PLC [427] and PKC [428] have been identified in various tissues, 
im plying tha t different isoform s of these enzym es m ay have d istinct 
biochemical functions.

Ptd Ins breakdown has been clearly demonstrated in RBL-2H3 cells following 
immunological activation [429]. Ptd Ins turnover is accompanied by a rise in 
[Ca]i, and a close correlation exists between the extent of Ptd Ins breakdown, 
the increase in [Ca]i and the secretion of histamine [430]. However, an increase 
in Ins 1,4,5P3 alone is not sufficient or essential for histamine release from 
RBL-2H3 cells [430].
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A  num ber of observations have im plicated DAG and PKC in m ast cell 
secretion. Antigen stim ulation of rat mast cells [431], and cultured hum an 
basophils [432] results in the rapid accum ulation of DAG, and antigen- 
stim ulation of m ouse cultured  m ast cells causes PK C-m ediated kinase 
activity, which is maximal at 30 s and precedes histam ine release [433]. In 
addition, the phorbol ester, 12-0-tetradecanylphorbol-13-acetate (TPA) mimics 
the action of DAG on PKC, and this agent synergises w ith sub-optim al 
concentrations of antigen and calcium ionophores to stim ulate secretion 
from rat peritoneal mast cells [434], hum an basophils [435,436] and RBL-2H3 
cells [437]. W hile all these studies dem onstrate that PKC has a positive 
m odulatory effect on histam ine secretion, other experim ents on RBL-2H3 
cells suggest PKC exerts a negative feedback control on the calcium signal 
[420]. A lthough TPA potentiates antigen-induced serotonin release, it also 
inhibits both elevation of [Ca]i and formation of Ins l,4,5Pg [420,430]. This

bidirectional activity may be mediated by distinct isoforms of PKC.

The precise cellular targets of PKC are at p resen t unknow n. PKC 
phosphorylates proteins at either serine or threonine residues [438] and has 
recently been shown to act on a calmodulin-binding protein, m yristoylated 
a lan ine-rich  k inase  su b s tra te  (MARCKS) [439,440]. PK C -m ediated  
phosphorylation causes translocation of mem brane-bound MARCKS protein 
to the cytoplasm. This displacement results in the rearrangem ent of the actin 
cytoskeleton because the MARCKS m olecule functions as an actin  
crosslinking protein [441]. Interestingly, DCSG-induced inhibition of rat mast 
cell secretion is associated w ith  the phosphorylation of a MARCKS-like 
protein [442].

1.8.3 The role of phospholipase A2

As discussed in section 1 .7.2.1, activation of phospholipase A 2  (PLA2 ) 
generates free arachidonic acid w hich m ay be m etabolised to form  
leukotrienes, prostaglandins and thromboxanes. In addition, exogenous PLA2  

induces histam ine release from rat peritoneal m ast cells [443-445] and 
basophils [446]. Furthermore, the PLA2  inhibitor, p-bromophenacyl brom ide, 
prevents antigen-induced histam ine release from rat peritoneal m ast cells 
[447] and basophils [446,448]. Therefore, as well as instigating the generation of 
lipid m ediators, PLA2  may mediate biochemical pathw ays involved in mast 
cell activation.
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1.8.4 The role of phospholipase D

Antigen stimulation of rat peritoneal mast cells [449,450] and RBL-2H3 cells 
[451] results in substantial phospholipase D (PLD)-mediated hydrolysis of 
p h o sp h a tid y lch o lin e  to form  p h ospha tid ic  acid (PA). S ubsequent 
dephosphorylation of PA by phosphatidic acid phosphohydrolase (PA-PHase) 
produces DAG. A recent study on RBL-2H3 cells has attributed initial and 
rapid cellular DAG generation to the action of PLC, while PLD-mediated DAG 
synthesis occurs 3 min after antigen stim ulation [452]. Furtherm ore, this 
latent DAG formation does appear essential for antigen-induced secretion 
because the PA-PHase inhib itor, propranolo l, inhib ited  IgE-m ediated 
histam ine secretion.

1.8.5 The role of serine esterases

The observations that serine protease inhibitors prevent immunologically- 
induced histamine release from rat peritoneal mast cells [4535,4546] indicates 
that cellular degranulation involves serine esterase activity. Exogenously 
applied a-chym otrypsin induces histamine secretion from rat peritoneal mast 
cells [455] suggesting that the mast cell serine esterase has a -chym otryp tic  
properties. In support of this, a recent study  using a fluorescent a -  
chym otrypsin substrate show ed that immunological activation of rat mast 
cells activated a membrane serine esterase [456].

1.8.6 The role of cyclic nucleotides

The cyclic nucleotides, cyclic 3',5'-adenosine m onophosphate (cAMP) and 
cyclic 3',5'-guanosine m onophosphate (cGMP), regulate biological responses 
in a num ber of cell types. Specifically, cAMP and cGMP activate protein 
kinases which phosphorylate serine and threonine residues [457,458]. The 
m em brane-associated enzym e, adenylate cyclase, transform s adenosine 
triphosphate (ATP) to cAMP following receptor occupancy and G protein 
activa tion  [459]. Sim ilarly, guany la te  cyclase transfo rm s guanosine  
trip h o sp h a te  (GTP) to cGMP [459]. In tracellu la r cyclic nuc leo tide  
concentrations are controlled by the action of phosphodiesterases (PDE) that 
hydrolyse and hence inactivate both cAMP and cGMP [460]
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The role of cAMP in mast cell secretion is complex, and data are contradictory. 
E levated cytosolic cAMP concentrations have been observed follow ing 
immunological-activation of rat peritoneal [461] and hum an lung [462] mast 
cells, although other studies have not detected any change in cAMP levels 
[463].

Electrophysiological studies on rat peritoneal m ast cells have show n that 
increasing the intracellular cAMP concentration induces a slowly developing 
curren t indistinguishable from the delayed chloride curren t seen after 
secretagogue stimulation [405]. This suggests that cAMP may mediate chloride 
influx into the cell, and hence provide the electrical driving force for calcium 
ion influx (see section 1.8.8). This hypothesis im plies that cAMP has a 
stim ulatory  function in m ast cell secretion. H ow ever, pharm acological 
evidence indicates that cAMP may exert a negative m odulatory effect. Agents 
that elevate cAMP levels, such as p -ad ren o cep to r agon is ts , in h ib it 
im m uno log ica lly -induced  secre tion  from  h u m an  lu n g  m ast cells 
[334,464,465]. Rat peritoneal m ast cell exocytosis is unaffected by p- 
adrenoceptor agonist treatm ent [466], although PDE inhibitors suppress mast 
cell activation, presum ably  by m aintaining elevated cytosolic cAMP 
concentrations [467]. The conflicting data on cAMP actions could reflect 
tran sduction  heterogeneity  betw een d ifferent m ast cell popu lations. 
A lternatively, cAMP m ay have more than one effect on the m ast cell 
secretion process [405].

1.8.7 The role of G-proteins

G-proteins function as intermediaries in transmembrane signalling pathways. 
Structurally, G-proteins consist of three subunits a , p, and y. In the inactive 
state, the a  subunit is bound to guanosine 5 '-diphosphate (GDP) and is 
associated w ith the p and y subunits. Interaction of the G-protein w ith  an 
appropriate agonist-receptor complex instigates the dissociation of GDP and 
perm its binding of the more prevalent guanine nucleotide, GTP. GTP binding 
w ith the a  subunit promotes the dissociation of a-GTP from the Py-complex 
[468]. In this dissociated state, the a  and py subunits m odulate  various 
effectors, including adenylate cyclase, phospholipases and ion channels [469]. 
Slow hydrolysis of a-bound GTP by a GTPase intrinsic to the a  subunit leads 
to reassembly and inactivation of the G-protein [469].
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Electrophysiological and permeabilisation experiments on rat peritoneal mast 
cells have shown that G-protein activation is a sufficient stim ulus for mast 
cell degranulation [421,470]. Two G-proteins are thought to act in series to 
control stimulus-secretion coupling. The first, Gp, couples receptor activation 
to PLC activation. The second appears to operate at events more distal to 
receptor engagement, and has been named Gp (reviewed in reference 471).

1.8.8 The role of protein tyrosine phosphorylation

Phosphory lation  of p ro te in  tyrosine residues has been dem onstra ted  
following immunological activation of RBL-2H3 cells [472,473]. Furthermore, 
pro tein  tyrosine kinase (PTK) inhibitors prevent IgE-m ediated histam ine 
release from RBL-2H3 cells [474,475], basophils [476] and hum an lung mast 
cells [476]. Mast cell targets for PTK activity include aggregated FcgRI receptors 
[256], PLC [477] and several as yet unidentified cytosolic proteins [478].

1.8.9 The role of chloride ion channels

As discussed in section 1.8.1, electrophysiological evidence suggests that mast 
cell activation results in cellular calcium influx via ion channels [405-408,410]. 
N eu ro n a l cell calcium  en try  is o rd in arily  coup led  to m em brane 
depolarisation, which is required to open the voltage-operated calcium 
channels [479]. However, mast cell and RBL-2H3 cell calcium entry increases 
w ith  m em brane hyperpolarisation rather than  depolarisation  [406,480]. 
Therefore, in order to support calcium influx, the membrane potential m ust 
be sufficiently negative to drive calcium entry. A gonist- and cAMP- 
stim ulation of rat peritoneal mast cells induces a delayed chloride current ( 2  

m in post-stimulus) [405]. This current was reduced by the putative chloride 
channel blockers, 4,4'-diisothiocyano-2,2'-stilbenedisulfonate (DIDS) and 5- 
nitro-2-((3-phenylpropyl)-amino)-benzoic acid (NPPB) [405,481]. Activation of 
the chloride current could hyperpolarise the cell sufficiently to support 
increases in [Ca]j and may provide the electrical driving force for calcium 
influx [405,481].

Chloride channel activity has also been observed in RBL-2H3 cells following 
immunological activation [482]. NPPB blocked channel activity and inhibited 
im m unologically-induced serotonin release. Interestingly, DSCG w as also
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effective at inhibiting channel activity, although the drug does not inhibit 
immunologically-mediated RBL-2H3 secretion.

A recent rad io tracer study  using the isotope ^^chloride found  that 
immunological-activation induced a significant chloride influx uptake into 
rat peritoneal mast cells [483]. This uptake was not reduced by DIDS. However, 
the N a+ /K + /2C 1" cotransporter inhibitor, furosem ide, decreased the 
immunologically-induced chloride uptake.

1.9 Aims of the present study

The purpose of this study was to investigate the role of chloride ions in mast 
cell histam ine secretion. The extracellular chloride ion requirem ent for 
various mast cell secretagogues was examined and compared to ^^chloride 
cellular uptake m easurem ents. In addition, the actions of chloride ion 
transport inhibitors on mast cell histamine release and chloride uptake were 
studied, to assess further the relationship betw een secretion and chloride 
ions. In view of the considerable functional variation between different mast 
cell phenotypes, the effects of chloride ion transport inhibitors on various 
mast cell populations were compared.
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Fig. 1.1
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Fig. 1.3

COOH

COOH

N’H, COOH COOH

Model of the high affinity receptor for IgE (FceRI)
Each am ino acid residue is represented by a circle. The p ositions of the am ino acid resid u es in 
the a  and y su bunits that are identical in rat, m ou se and hum an are indicated  by filled  circles. 
The sequence of the hum an (3 subunit w as not know n at the time of publication.

Adapted from reference [247]
38



Chapter 1

Fig. 1.4
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Fig 1.5
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HÔ

&I
PROSTAGLANDIN F„

G lu ta th ione

LEUKOTRIENE A,

G LU TAM IC A C ID  

I O ^  NH:

O ' Nn,' 'S /'S i'

'2 -■ o I ÇYSTEINE
-  1

OH
LEUKOTRIENE

OH
PROSTAGLANDIN Dj

COOH

THROMBOXANE A,

COOH

THROMBOXANE B,

G LYCINE

LEUKOTRIENE C^

CO

OH PROSTAGLANDIN I 
(PROSTACYCLIN)

COOH

GLYCINE

LEUKOTRIENE D

COOH

6-KETO PROSTAGLANDIN F,, LEUKOTRIENE Ê
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Fig. 1.6
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Fig. 1.7
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Table 1.1 Comparison of mast cells and basophil leucocytes

CHARACTERISTIC MAST CELLS BASOPHILS

M orphology
Size

Nucleus

Cytoplasmic granules 

Cytoplasmic lipid bodies

6-12 pm 

Round or oval 

Many and small 

Common

5-7 pm 

Segmented 

Few and large 

Rare

Surface receptors
FcgRI

c - k i t

Interleukin-3

Yes

Yes

Yes (mouse) 

N o (human)

Yes

N o

Yes

Natural history
Origin

Site of maturation 

Mature cells in circulation 

Proliferative potential 

Life span

Mature cells recruited into 

tissue from circulation

Haematopoeitic stem cells 

Peripheral tissue 

N o  

Yes

Weeks to months 

N o

Haematopoeitic stem cells

Bone marrow

Yes

N o

D ays

Yes (during immunological 

inflammatory responses)

Function
Immediate hypersensitivity Involved

Rejection of intestinal parasites Involved

Rejection of ticks Involved

Augmentation of acute infection Involved

Cutaneous basophil N o

hypersensitiv ity

Involved

?

Involved

N o

Involved

Adapted from reference [160]
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Table 1.2 Main properties of cytokines released from mast cells

CYTOKINE BIOLOGICAL FUNCTIONS

IL-1

IL-3

IL-4

IL-5

IL- 6

IL- 8

GM-CSF

TNF-a

TGF-P

major component of the acute-phase response, 
producing fever, sleepiness and hypotension 
synergises with other cytokines to activate T 
and B lymphocytes 
induces cytokine production

regulates the growth or differentiation of
(a) haematopoietic progenitor cells
(b) mast cells

co-stimulation of B lymphocyte growth 
B cell isoswitch to IgE production 
mast cell growth

growth and differentiation of eosinophils 
chemotaxis of eosinophils

growth and differentiation of T lymphocytes
activation of T lymphocytes
stimulates B cell immunoglobulin production

chemotaxis and activation of neutrophils 
chemotaxis of basophils and lymphocytes

growth and differentiation of granulocyte/ 
macrophage lineage 
stimulatory factor for endothelial cells 
enhances the function of m ature neutrophils, 
eosinophils and m onocytes/m acrophages

induction of fever and endotoxic shock 
recruitment and activation of cells responsible 
for the inflammatory response (lymphocytes, 
monocytes and neutrophils) 
haemorrhagic tum our necrosis

promotes production of connective tissue 
components such as collagen and fibronectin

Adapted from references [382], [383] and [389]
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METHODS AND MATERIALS

2.1 ANIMALS

Throughout the present study, male Sprague Dawley rats (200-400 g), female 
MF 1 mice (25-50 g) and Dunkin-Hartley guinea pigs (400-800 g) of either sex 
were used. All animals were obtained either from closed, random  bred 
colonies kept in the Joint Animal House, University College London or from 
commercial breeders (Olac/Charles River).

2.2 HUMAN SUBJECTS

Hum an lung tissue was supplied by Mr N.L. W right of St George's Hospital 
(London), at the tim e of resection for bronchial carcinom a. H um an 
bronchoalveolar lavage fluid was provided by Dr L.G. Heaney of Queen's 
University (Belfast). Peripheral blood was obtained by venipuncture from 
normal healthy volunteers by a qualified phlebotomist.

2.3 BUFFERS

All experiments (unless otherwise stated) were carried out using modified 
Tyrode's solution buffered w ith N-2-hydroxyethyl piperazine-N '-2-ethane 
sulfonic acid (HEPES) as detailed below. All buffers were m ade up  in glass- 
distilled water and the pH  adjusted to 7.2-7A  by addition of NaOH (4 M).

2.3.1 Full HEPES-buffered Tyrode’s (FHT)

CaCl2 .2 H 2 0  1.0 mM (147 mg/1)
Glucose 5.6 mM (1.0 g/1)
HEPES 10 mM (2.9 g/1)
KCl 2.7 mM (201 mg/1)
NaCl 137.0 mM (8.0 mg/1)
NaH 2 P 0 4 .2 H 2 0  0.4 mM (62.5 mg/1)
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2.3.2 BSA Tyrode's (BSA-FHT)

FHT containing bovine serum albumin (BSA) (1 m g/m l).

2.3.3 2 X Calcium Tyrode's (2 x FHT)

FHT containing CaCl2  2 H 2 O at 2 x the norm al concentration (2.0 mM, 294 
m g / 1).

2.3.4 Calcium-free Tyrode's (CFT)

FHT with the omission of CaCl] 2 H 2 O.

2.3.5 10 X Calcium-freeTyrode's (10 x CFT)

A ten fold greater concentration of FHT with the omission of CaCl2  2 H 2 O.

2.3.6 2 X Chloride-free Tyrode's (2 x CIFT)

Full HEPES-Tyrode's containing CaCl2  2 H 2 O at 2 x the normal concentration 
(2.0 mM, 294 mg/1), with the omission of NaCl and the addition of sodium  
isethionate (137 mM, 20.3 g/1).

2.3.7 Calcium- chloride-free Tyrode's (CCIFT)

FHT w ith the omission of CaCl2  2 H 2 O and NaCl and the addition of sodium 
isethionate (137 mM, 20.3 g/1).

2.3.8 Glucose-free Tyrode's (CFT)

FHT w ith the omission of glucose.
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2.4 ISOLATION AND PURIFICATION OF MAST CELLS

2.4.1 Peritoneal mast cells

Peritoneal m ast cells from rats and mice were isolated using a sim ilar 
m ethod. The anim als w ere sacrificed by asphyxiation under a rising 
concentration of carbon dioxide, followed by cervical dislocation. The 
abdom inal skin was rem oved and FHT (15 ml per rat, 5 ml per mouse) 
supplem ented with heparin (5 un its/m l) was injected into the peritoneal 
cavity. The abdomen was massaged gently (2 min per rat, 30 sec per mouse) 
and then it was cut open along the midline. Peritoneal cells were recovered 
using a plastic Pasteur pipette and collected in plastic test tube. Peritoneal cells 
that were heavily contaminated w ith blood were discarded. The cells were 
pelleted by centrifugation ( 1 0 0  x g, room temperature, 2  min), washed twice in 
the appropriate buffer and either purified or used directly for functional 
studies.

2.4.2 Purification of rat peritoneal mast cells

Rat peritoneal cells were isolated in BSA-FHT containing heparin  (5 
units/m l). The cells were pelleted as above and resuspended in BSA-FHT (1 
ml). A Percoll solution (4 ml) containing 9 parts Percoll and 1 part 10 x CFT 
was mixed w ith the cells. FHT (1 ml) was carefully layered on top of the 
Percoll-cell suspension. The suspension was centrifuged (150 x g, 4 °C, 25 
min). Mast cells were concentrated in the lower third of the Percoll gradient 
while peritoneal macrophages and leucocytes were suspended in the upper 
third. The supernatant was therefore aspirated, leaving the pure m ast cell 
suspension in the bottom  third of the tube. This was carefully rem oved, 
placed in a clean test tube and diluted with BSA-FHT. The cells were washed 
three tim es using  BSA-FHT to rem ove the rem ain ing  Percoll and 
resuspended in the relevant buffer ready for experimentation.

2.4.3 Guinea-pig mesenteric mast cells

The animal was sacrificed by cervical dislocation. The abdomen was cut open 
and the m esentery was detached from the small intestine. Fat and any 
attached lym ph nodes were removed from the m esentery. The tissue was 
rinsed in FHT to remove blood and cut into fragm ents (1-2 mm^) w ith
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scissors. The chopped tissue was digested (37 °C, 60 min w ith gentle shaking) 
in BSA-FHT (10 m l/g  tissue) containing collagenase (120 un its/m l). After 
digestion, the tissue was further disrupted by expression through a 1 0  ml 
syringe. The dispersed cells were filtered through cotton gauze and recovered 
by centrifugation (150 x g, 4 °C, 3 min). The cells were washed twice in FHT, 
then used for functional studies without further purification.

2.4.4 Human lung parenchymal mast cells

Macroscopically norm al hum an lung tissue was obtained at the tim e of 
resection. The pleura was removed and the tissue was cut into segments. 
These segments were washed thoroughly using FHT in order to remove 
blood. Airways and blood vessels were dissected free and the parenchym al 
tissue was cut into fragments (1-2 mm^) using scissors. The tissue fragments 
were digested in BSA-FHT containing collagenase (160 u n its /m l, 10 m l/g  
tissue, 37 °C, 2 x 90 min, w ith gentle stirring). After digestion, the tissue was 
further disrupted by expression through a 20 ml syringe. The dispersed cells 
were filtered through Nitex gauze and recovered by centrifugation (150 x g, 4 
°C, 8  min). The cells were washed twice in FHT and used for functional 
studies w ithout further purification.

2.4.5 Human bronchoalveolar lavage mast cells

Bronchoalveolar lavage (BAL) was carried out by washing the m iddle and 
lower airways of volunteers with sterile saline. The bronchoscope was gently 
wedged into the orifice of a segmental bronchus and up to 2 0 0  ml of sterile 
saline was washed into the lung. The fluid was recovered by gentle suction 
into a sterile container. The washings were filtered through cotton gauze and 
centrifuged (200 x g, 4 °C, 10 min). The supernatant was discarded and the cell 
pellet was resuspended in BSA-FHT. The cells were washed once in BSA- 
FHT, then used for functional studies (resuspended in BSA-FHT) w ithout 
further purification.

2.4.6 Human basophil leucocytes

Peripheral venous blood was obtained from healthy volunteers. H eparin (25 
un its/m l) was added immediately to prevent coagulation. The heparinized 
blood was mixed with Dextravan ( 6  % dextran in 0.9 % NaCl, average mol. wt.
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70 000) supplemented with glucose (30 m g/m l) in a ratio of 4:1. The mixture 
w as left to stand (60-90 m in, room tem perature). The top plasm a layer 
containing platelets and leucocytes was aspirated  and the cells w ere 
centrifuged (150 x g, 4 °C, 5 min) to pellet the leukocytes. The supernatant 
containing platelets was discarded and the leukocyte pellet was washed twice 
in FHT, before use in functional studies without further purification.

2.5 MAST CELL NUMBER AND PURITY

Total m ast cell num ber and purity  was assessed by metachromatic staining 
w ith alcian blue (1 % w /v  alcian blue, 0.9 % w /v  NaCl, 0.5 M HCl, 0.1 % v /v  
Tween 20). An aliquot of the rat peritoneal mast cells was mixed with the dye 
in the ratio 9:1 and incubated in a water bath (37 °C, 15 min). The cells were 
then counted in an im proved N eubauer haemocytometer. Mast cell purity  
was determined by comparing the number of stained cells to the total number 
of cells counted.

2.6 HISTAMINE RELEASE FROM ISOLATED MAST CELLS AND
BASOPHIL LEUCOCYTES

2.6.1 Histamine release from isolated mast cells and basophil leucocytes

Isolated mast cells and basophils were resuspended in the required volume of
prew arm ed FHT. Aliquots (200 pi) were added to polystyrene test tubes
containing FHT (250 pi) and the cell suspensions were equilibrated in a water
bath (37 °C, 5 min). A solution of the appropriate releasing agent (50 pi) was
added to the cells and the reaction was allowed to proceed for 1 0  m in 

8 A L :  j& D m iO
(basophils: 20 minj. The reaction was term inated by the addition of ice-cold 

0 ST/mIj 0fK£r6
FHT Q. ml), followed by centrifugation (peritoneal: 150 x g, 4 °C, 2.5 min; 
others: 200 x g, 4 °C, 4 min). The supernatants were decanted into test tubes 
and the residual cell pellets were resuspended in buffer (BAL mast cells: 1 ml; 
others: 1.5 ml). Cell pellet solutions were either boiled for 10 m in (manual 
histamine assay) or treated w ith 70 % v /v  perchloric acid (final concentration 
0.4 M) (automated assay) to release residual histamine.
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The histam ine content of both  the supernatan ts and cell pellets was 
determ ined by fluorometric assay (see section 2.7). H istam ine release was 
expressed as a percentage of the total amount of the amine originally present 
in the cells. Thus:

Histamine release (%) = 100 x HS/(HS + HC)

where HS is the am ount of histam ine in the supernatant and HC is the 
corresponding histamine content of the cell pellet. In all experiments, values 
were corrected for the spontaneous histamine release occurring in the absence 
of any stimulus.

2.6.2 Histamine release from isolated mast cells and basophils: effect of 
extracellular calcium and chloride ions

The effect of extracellular calcium and chloride on secretagogue action was
studied by stimulating isolated mast cells and basophils in the presence and
absence of these ions. Thus, cells were resuspended in either prew arm ed CFT
or CCIFT. Aliquots (200 |il) of cells in CFT were added to test tubes containing
either 2 x FHT or CFT (250 fxl). Aliquots (200 |il) of cells in CCIFT were added
to test tubes containing either 2 x CIFT or CCIFT (250 |il). All cell suspensions
were equilibrated in a water bath (37 °C, 10 min). The releasing agent was
dissolved either in CFT or CCIFT. The CFT solution (50 pi) was added to the 2
X FHT and CFT cell suspensions. The CCIFT solution (50 pi) was added to the
2 X CIFT and CCIFT cell suspensions. The cells were incubated w ith the [basophAJs
stimulus for 1 0  min^ then secretion was terminated by the addition of ice-cold 
CCIFT (1 ml), followed by centrifugation (150 x g, 4 °C, 2 min). The 
supernatants were decanted and the cell pellets were resuspended in CCIFT 
(1.5 ml). Thereafter sam ples w ere processed and h istam ine contents 
determined as described in section 2 .6 .1 .

2.6.3 Histamine release from mast cells and basophils: effect of varying 
extracellular calcium ion concentration

In stud ies designed to investigate  the effect of d ifferen t calcium  
concentrations (0.1-10 mM) on histam ine release, isolated m ast cells and 
basophils were resuspended in prewarmed CFT or CCIFT. Aliquots (200 pi) of 
the CFT cell suspension were added to test tubes containing 2 x the required
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calcium concentration made up in CFT (250 jil). Aliquots (200 pi) of the CCIFT 
cell suspension were added to test tubes containing 2  x the required calcium 
concentration m ade^j?  ^ C ^ g T  J 2 5 ^ ^ ^  All tubes were equilibrated in a 
w ater bath (37 °C,^10 &iin). The releasing agent was dissolved in CFT or 
CCIFT. The CFT solution (50 pi) was added to calcium concentrations made 
up in CFT, while the releasing agent dissolved in CCIFT (50 pi) was added to 
CCIFT calcium concentrations. After 10 min, secretion was term inated by 
addition of ice-cold CCIFT (1 ml). Thereafter samples were processed and 
histamine contents determined as described in section 2 .6 .2 .

2.6.4 Histamine release from isolated mast cells: effect of the metabolic 
inhibitor, antimycin A

In experiments investigating the effect of antimycin A on histam ine release, 
rat peritoneal mast cells were resuspended in either prew arm ed FHT or GFT. 
Aliquots (200 pi) of cells were preincubated (37 °C, 10 min) w ith FHT (250 pi) 
or GFT (200 pi) containing antimycin A (50 pi, final concentration 0.1-1 pM, 
dissolved in GFT). Cells suspended in FHT were then challenged w ith  
secretagogue dissolved in FHT (50 pi), while cells suspended in GFT plus 
antimycin A were stim ulated w ith secretagogue dissolved in GFT (50 pi). 
After 10 min, secretion was term inated by addition of ice-cold GFT (1 ml). 
Thereafter samples were processed and histam ine contents determ ined as 
described in section 2 .6 .1 .

2.6.5 Inhibition of histamine release from isolated mast cells and 
basophils

Isolated m ast cells and basophils were aliquoted (BAL m ast cells: 120 pi; 
others: 200pl, 37 °C) into test tubes containing a solution of the inhibiting 
agent (BAL mast cells: 150 pi; others: 250 pi, 37 °C). Cells were preincubated 
for 0, 10 and 30 min prior to addition of the secretory stim ulus (BAL mast 
cells: 30 pi; others: 50 pi, 37 °C). The reaction was allowed to proceed for 10 
min (basophils, BAL m ast cells: 20 min), then term inated by centrifugation 
(peritoneal: 150 x g, 4 °C, 2.5 min; BAL mast cells: 200 x g, 4 °C, 10 min; others: 
200 X g, 4 °C, 4 min) The samples were processed and histam ine contents 
determined as described in section 2 .6 .1 .
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The results were expressed in term s of the percentage inhibition of the 
control release occurring in the absence of inhibitor. Thus:

Inhibition (%) = 100 x (CR - IR)/CR

where CR represents the control release and IR the release in the presence of 
the inhibitor.

2.6.6 Inhibition of histamine release from rat peritoneal mast cells: 
tachyphylaxis studies

In tachyphylaxis experim ents, rat peritoneal m ast cells w ere initially  
incubated with the inhibitor or FHT (4 ml, 37 °C, 10 min). The incubation was 
term inated by the addition of ice-cold FHT (4 ml) and the cells were recovered 
by centrifugation (150 x g, 4 °C, 2.5 min). Thereafter, inhibition studies were 
carried out as described in section 2.6.5.

2.7 HISTAMINE ASSAY

2.7.1 Manual assay

The principle of the histamine assay was first described by Shore et al [484]. 
Histamine reacts with o-phthaldialdehyde (OPT) under alkaline conditions to 
form a fluorescent condensation product (see Fig. 2.1). This product can be 
stab ilised  by acidification and the fluorescence m easu red  using  a 
commercially available spectrophotometer. In this study, each sample (1.5 ml) 
was first treated w ith NaOH (1 M, 200 pi), followed by OPT (1% w /v  in 
m ethanol, 75 pi). The mixture was imm ediately mixed by vortexing and 
allowed to react for 4 min. The reaction was terminated by the addition of HCl 
(3 M, 100 pi). The resu ltin g  fluorescence w as m easu red  in  a 
spectrophotom eter (Perkin Elmer LF 5B) using an excitation w avelength of 
360 nm  and an emission wavelength of 440 nm. Detected fluorescence is 
directly proportional to histamine concentration. The limit of sensitivity of 
this assay is ca. 5 n g /m l of histamine.
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2.7.2 Automated assay

Tissue m ast cell preparations and basophils could not be assayed for 
histam ine m anually due to the presence of cellular debris. Furtherm ore, 
some peritoneal mast cell samples contained drugs which interfered w ith the 
fluorescence detection. These sam ple w ere assayed on a com m ercial 
autoanalyser (Technicon Autoanalyser II). The autom ated assay selectively 
extracts histam ine from the sample before the condensation reaction w ith 
OPT.

Samples for analysis were first treated w ith perchloric acid (0.4 M final 
concentration) to free residual histam ine and to precipitate proteins and 
drugs in the sam ple. After vortex m ixing, sam ples w ere centrifuged 
(peritoneal: 200 x g, 10 min; others: 200 x g, 15 min) and the supernatants 
decanted ready for automated analysis. Briefly, samples were m ade alkaline 
and the histamine extracted into salt-saturated butan-l-ol. The organic phase 
was then separated, washed once in a less alkaline medium, made less polar 
by the addition of M-heptane and the histamine back-extracted into dilute HCl. 
The amine was reacted with OPT under alkaline conditions and the product 
stabilised by acidification. The fluorescence detected was recorded on a chart 
recorder. The limit of sensitivity of this assay is ca.l n g /m l of histamine.

2.8 RAT PERITONEAL MAST CELL CHLORIDE UPTAKE

2.8.1 Rat peritoneal mast cell chloride uptake

The methodology for rat peritoneal mast cells chloride uptake experiments 
was developed by Friis et al [483]. The cell m edium  contained the norm al 
concentration of chloride ions (141.7 mM) together w ith radioactive chloride 
as Na ^^Cl (4.5-7.3 mM, specific activity 0.075-0.088 M Bq/m l). Triplicate 
aliquots of cells were sampled at each time point and incubation periods 
ranged from 1  to 1 2 0  min.

Purified rat peritoneal mast cells were resuspended in FHT to a cell density of 
0.7 to 1.3 X 10^ cells/m l and preincubated in a water bath (37 °C, 5 min). The 
secretory stimulus (at 1 0  x the required concentration) and ^^chloride were 
added simultaneously to the cells. In addition, ^^chloride alone was added to
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cells to determine passive chloride uptake (that occurring in the absence of 
any stimulus). The incubation was terminated by transferring aliquots (100 pi) 
to 0.4 ml m icrocapped centrifuge tubes containing silicone oil (100 pi) 
followed by centrifugation (16 000 x g, room temperature, 25 sec). The residual 
radioactive chloride that was not taken up by the cells rem ained on the 
surface of the silicone oil. The tubes were frozen (-70 °C) and the tips 
containing the cell pellets were cut off and placed in tubes containing NaOH 
(1 M, 50 pi). After vigorous mixing, the samples were left to digest in the dark 
(room tem perature, 12-24 h). Scintillation counting m edium  ( 1  ml) was 
added, and the samples were left for a further 12-24 h before counting in a 
liquid scintillation spectrometer (Beckman LS 1801).

All values of ^^chloride cellular uptake were corrected for counts at "zero" 
time. This represents ^^chloride trapped in the extracellular space. "Zero" 
time counts were obtained by centrifugation of aliquots ( 1 0 0  pi) rem oved 
immediately after the stimulus and ^^chloride had been added to the cells. 
The cell pellets were then processed as described before.

The specific activity of chloride in the extracellular m edium  was used to 
calculate the chloride uptake in n m o l/ 1 0  ̂ cells.

Hence for each 100 pi cell aliquot:

Cl concentration (nmol) = sample count IBq) x Cl concentration tnm ol/m l)
specific activity (Bq/ml).

The sam ple count was recorded in counts per m inute (cpm). Based on 
efficiency determ inations, cpm where converted into disin tegrations per 
m inute (dpm) (Icpm = 1.059 dpm, as 141 610 cpm = 150 000 dpm). Dpm  were 
converted into disintegrations per second (dps), as 1  dps is equivalent to 1  

Becquerel.

The chloride uptake was then calculated per million mast cells.

Hence:

Chloride uptake = (Cl concentration/100 pi cell aliquot (nmol)) x (N/10^) 
(n m o l/ 1 0  ̂ cells)

where N  is the number of mast cells in each 100 pi cell aliquot.
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Concurrent w ith the chloride uptake studies, the appropriate  histam ine 
release experiment was carried out according to the protocols outlined in 
section 2 .6 .

2.8.2 Rat peritoneal mast cell chloride uptake: effect of anti-IgE

To investigate the effect of anti-IgE on cellular chloride uptake, purified rat 
peritoneal mast cells were resuspended in FHT (2.1 ml) and preincubated (37 
°C, 5 min). ^^Chloride (60 pi) and anti-IgE (240 pi) were added to the cells 
simultaneously. For passive chloride uptake, ^^chloride (60 pi) and FHT (240 
pi) were added. Aliquots (100 pi) of cells were taken at 0 m in up to 120 min. 
Uptake was term inated and the samples were processed as described in 
section 2 .8 .1 .

2.8.3 Rat peritoneal mast cell chloride uptake: effect of compound 48/80 
and substance P

To investigate the effect of com pound 48/80 and substance P on m ast cell 
chloride uptake, rat peritoneal mast cells were resuspended in FHT (1.58 ml) 
and preincubated (37 °C, 5 min). ^^Chloride (40 pi) and the secretagogue (180 
pi) were added sim ultaneously to the cells. For passive chloride uptake, 
36chloride (40 pi) and FHT (180 pi) were added. Aliquots of cells were 
removed at 0 min up to 4 min. Uptake was term inated and the samples were 
processed as described in section 2 .8 .1 .

2.8.4 Rat peritoneal mast cell chloride uptake: effect of A23187

To examine the effect of calcium ionophore A23187 on cellular chloride 
uptake, purified rat peritoneal m ast cells were resuspended in FHT (1.75 ml) 
and preincubated (37 °C, 5 min). ^^Chloride (50 pi) and the secretagogue (200 
pi) were added sim ultaneously to the cells. As before, passive uptake was 
determined by treating cells w ith ^^chloride (50 pi) and FHT (200 pi). Aliquots 
of cells were removed at 0 min up to 10 min. Uptake was term inated and the 
samples were processed as described in section 2 .8 .1 .
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2.8.5 Rat peritoneal mast cell chloride uptake: effect of A23187, 
compound 48/80 and substance P at 10 and 30 min

To compare the actions of the three non-imm unological ligands at longer 
incubation times, purified rat peritoneal mast cells were resuspended in FHT 
(1.055 ml) and preincubated (37 °C, 5 min). ^^Chloride (25 pi) and the 
secretagogue (120 pi) were added sim ultaneously to the cells. As before, 
passive uptake was determined by treating cells w ith (25 pi) and
FHT (120 pi). Aliquots of cells were removed at 0, 10 and 30 min. Uptake was 
terminated and the samples were processed as described in section 2 .8 .1 .

2.8.6 Rat peritoneal mast cell chloride uptake: effect of antimycin A on 
anti-IgE-stimulated chloride uptake

To assess the metabolic requirem ent of anti-IgE-induced chloride uptake, 
purified rat peritoneal mast cells were resuspended (1.315 ml) in either FHT 
or GFT containing antimycin A (0.1-1 pM, final concentration). The cells were 
preincubated in a water bath (37 °C, 1 0  min) before the addition of ^^chloride 
(35 pi) and anti-IgE (150 pi, dissolved in FHT or GFT as appropriate). The 
passive chloride uptake in both buffers was obtained by taking aliquots of cells 
incubated with ^^chloride (35 pi). Aliquots (100 pi) were removed at 0 m in up 
to 30 min. Uptake was term inated and the sam ples were processed as 
described in section 2 .8 .1 .

2.8.7 Rat peritoneal mast cell chloride uptake: effect of chloride transport 
inhibitors on passive uptake

To study  the action of chloride transport inhibitors on passive uptake, 
purified rat peritoneal mast cells were resuspended in FHT (1.315 ml) and 
preincubated in a water bath (37 °C, 5 min). The test d rug  (150 pi) and 
^^chloride (35 pi) were added simultaneously to the cell suspension. Passive 
uptake was determined by treating cells w ith ^^chloride (25 pi) and FHT (150 
pi). Aliquots (100 pi) of cells were taken at 0 min up to 30 min. Uptake was 
terminated and the samples were processed as described in section 2 .8 .1 .
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2.8.8 Rat peritoneal mast cell chloride uptake: effect of chloride transport 
inhibitors on anti-IgE-stimulated uptake

In studies investigating the actions of various chloride transport inhibitors on 
chloride uptake, purified rat peritoneal mast cells were resuspended in FHT 
(1.165 ml) and preincubated in a water bath (37 °C, 5 min). The test drug (150 
pi), ^^chloride (35 pi) and anti-IgE (150 pi) were added simultaneously to the 
cells. In parallel, the control anti-IgE-stim ulated chloride uptake was 
ascertained by adding ^^chloride (35 pi), anti-IgE (150 pi) and FHT (150 pi) to 
the control cells. Passive uptake was determ ined by treating cells w ith 
^^chloride (35 pi) and FHT (300 pi). Aliquots (100 pi) of cells were taken at 0 
min up  to 30 min. Uptake was terminated and the samples were processed as 
described in section 2 .8 .1 .

2.8.9 Rat peritoneal mast cell chloride uptake: effect of NPPB on anti-IgE- 
stimulated uptake at 5 min

In studies investigating the effect of a various concentrations of NPPB on 
anti-IgE-stimulated chloride uptake, purified rat peritoneal m ast cells were 
resuspended in FHT (0.62 ml). NPPB (80 pi), ^^chloride (20 pi) and anti-IgE (80 
pi) were added simultaneously to the cells. ^^Chloride (20 pi), anti-IgE (80 pi) 
and FHT (80 pi) were added to anti-IgE control cells and 36chloride (20 pi) and 
FHT (160 pi) were added to passive uptake cells. As the highest concentration 
of NPPB contained 0.05 % dimethylsulfoxide (DMSO), the effect of DMSO on 
anti-IgE-stim ulated chloride uptake w as also exam ined. Therefore, to 
preincubated cells (0.62 ml, 37 °C), DMSO (0.5 %, 80 pi), ^^chloride (20 pi) and 
anti-IgE (80 pi) were added. Aliquots (100 pi) of cells were taken at 0 and 5 
min. Uptake was terminated and the samples were processed as described in 
section 2 .8 .1 .

2.9 ACTIVE SENSITIZATION OF RATS

2.9.1 Sensitization of rats w ith the nematode N i p p o s t r o n g y l u s
brasiliensis

Sprague Dawley rats {ca. 200 g) were sensitized by subcutaneous injection of 
third stage (L3 ) larvae (2500 larvae per rat) of Nippostrongylus brasiliensis in
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sterile physiological saline (SPS) (see Fig. 2.2). The larvae were obtained either 
from faecal cultures derived from previously infected rats, as described in 
section 2.9.2, or were provided by Mr S.M. Pickersgill, Department of Pure and 
A pp lied  Biology, U niversity  of Leeds. The ra ts w ere  read y  for 
experimentation 2 1  days post injection and rem ained sensitized for a further
3-4 weeks.

2.9.2 Preparation of L3  larvae of N ippostrongylus brasiliensis

Faeces were collected from the rats 5-7 days following injection of the L3  

larvae. The faeces were rinsed with tap water, and ground w ith an equal 
w eight of activated charcoal. The mash was m oistened w ith  tap  w ater, 
transferred to petri dishes and incubated (25 °C, 14-21 days, dark). During this 
period the mash was regularly moistened. To isolate the L3  larvae, the mash 
was placed in a glass funnel filled with warm  tap water and lined w ith two 
layers of gauze, woven with one layer of lens tissue. The larvae sedimented 
into a graduated test tube (60-90 min). The isolated larvae were washed 3-4 
times with SPS, counted and resuspended in an appropriate volume of SPS, 
ready for injection.

2.10 MATERIALS

2.10.1 Immunologically-directed secretagogues

Concanavalin A (Jack bean) Sigma, Poole
Rabbit anti-serum to hum an IgE DAKO, High Wycombe
(anti-human IgE)
Sheep anti-serum to guinea pig IgG ICN, High Wycombe
(anti-guinea pig IgG)
Sheep anti-serum to rat IgE ICN, High Wycombe
(anti-rat IgE)

2.10.2 Other secretagogues

Compound 48/80 Sigma, Poole
Ionophore A23187 Sigma, Poole
Substance P Peninsula, St Helens
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2.10.3 Compounds that inhibit histam ine secretion

DSCG
Theophylline

Gift from Fisons, Loughborough 
Sigma, Poole

2.10.4 Compounds that inhibit chloride ion transport

4-Acetamido-4'-isothiocyano- 
stilbene-2,2'-disulfonate (SITS) 
Bum etanide 
Chlorothiazide

DIDS
Furosem ide
H ydrochlorothiazide

NPPB

Piretanide

Sigma, Poole 

Sigma, Poole
Gift from Merck, Sharp and 
Dohme, H oddesdon 
Sigma, Poole 
Sigma, Poole
Gift from Merck, Sharp and 
Dohme, Hoddesdon 
Gift from SmithKline Beecham, 
Brockham Park
Gift from Hoechst, Milton Keynes

2.10.5 Metabolic blocker

Antimycin A Sigma, Poole

2.10.6 Materials for buffers

Bovine serum  albumin 
(Fraction V) (BSA)
Calcium chloride
Glucose
H eparin
HEPES
pH  standards
Potassium chloride
Sodium chloride
Sodium dihydrogen orthophosphate 
Sodium hydroxide

Sigma, Poole

BDH Chemicals, Lutterw orth 
BDH Chemicals, Lutterw orth 
C.P. Pharmaceuticals, W rexham 
Sigma, Poole
BDH Chemicals, Lutterworth 
BDH Chemicals, Lutterw orth 
BDH Chemicals, Lutterw orth 
Fisons, Loughborough 
BDH Chemicals, Lutterw orth
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Sodium isethionate Fluka, Gillingham

2.10.7 Materials for histamine assay

B utan-l-ol 
n-H eptane 
Hydrochloric acid 
M ethanol 
OPT
Perchloric acid (70 %) 

Triton X-405

Fisons, Loughborough 
Fisons, Loughborough 
Fisons, Loughborough 
BDH Chemicals, Lutterworth 
Sigma, Poole
Rhone Poulenc Chemicals,
M anchester
Sigma, Poole

2.10.8 Materials for chloride uptake experiments

36Chloride, as Na^^Cl

Microcapped centrifuge tubes 
Scintillation solution (INSTA GEL)

Silicone oil (Versilube F 50)

Amersham International,
A m ersham
Sarstedt, Leicester
Packard Instrum ent Company,
High Wycombe
GE Silicones, Waterford, USA

2.10.9 Other materials

Absorbent gauze 
Acetic acid, glacial 
Activated charcoal 
(particle size 0.85-1.70 mm) 
Collagenase (Type lA) 
Dextran 70 in 0.9 % NaCl 
DMSO
Disposable polystyrene tubes
Ethanol
Lens tissue
(mesh size 0.85-1.70 mm) 
Nitex gauze 
(mesh size 50 |im)

Smith and Nephew, Brierfield 
Fisons, Loughborough 
BDH Chemicals, Lutterw orth

Sigma, Poole
Baxter, Thetford
BDH Chemicals, Lutterw orth
Sarstedt, Leicester
BDH Chemicals, Lutterw orth
W hatman, M aidstone

Cadisch and Sons, Poole
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Percoll Pharmacia, Uppsala, Sweden
SPS (0.9 % NaCl) Baxter, Thetford

2.11 STOCK SOLUTIONS OF DRUGS

Anti-rat IgE was obtained in lyophilised form. It was solubilised in distilled 
water ( 2  ml) and aliquoted into microcapped centrifuge tubes, then stored at 
-20 °C until required. Ionophore A23187 was dissolved in DMSO (10 mM), 
and substance P was dissolved (1 mM) in glacial acetic acid (0.1 %). Both stock 
solutions were stored at -20 °C until required. Com pound 48/80 was initially 
solubilised in distilled water ( 1  m g/m l) before dilution using the appropriate 
buffer.

Furosemide, bum etanide and piretanide were dissolved in NaOH (1 M) to a 
concentration of 33 mM. After drug dilutions, the pH  of the reaction mixture 
was in the range of pH  7.2-7.4.

Chlorothiazide and hydrochlorothiazide were initially dissolved in DMSO to 
a concentration of 100 mM. NPPB was also dissolved in DMSO (40 mM). After 
serial dilution using FHT, the final concentration of DMSO in the test drugs 
was 0.05 %. Therefore, experiments using these drugs were designed to 
include a 0.05 % DMSO control to assess the effect of the solvent on cellular 
secretion.

All other compounds used were soluble in buffer.

2.12 STATISTICAL ANALYSIS

All values are given throughout this project as mean ± standard error of the 
m ean for the num ber (n) of experiments carried out. The points on the 
graphs are the means of n  experiments noted and the vertical bars represent 
the standard error of the individual means. Statistical analysis of individual 
means was assessed using the Student's paired t-test. Values of p < 0.05 are 
considered significant. D enotation by asterisks ** and *** represent a 
significance of p < 0.05, p < 0.01 and p < 0.001 respectively.
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To compare whole sets of means in chloride uptake studies, statistical analysis 
was carried out on orthonormalised raw data (i.e. on orthogogonal contrasts) 
[485], using split plot m ultiple analysis of variance (MANOVA) (SPSS®). The 
"within subjects" factor was time, while the different cellular treatm ents were 
designated as the "between subjects" factor. In all cases, the Greenhouse- 
Geisser epsilon factor was used to adjust the num ber of degrees of freedom 
when indicated by significance in the Mauchley sphericity test [485]. The 
criterion for statistical significance for each test was set at p < 0.05. To 
compare whole sets of means in histam ine release studies the split p lot 
MANOVA was used as before. The "within subjects" factor w as d rug  
concentration, while the cellular environm ent or preincubation time was the 
"between subject" factor. Values of F are quoted (the ratio of the mean square 
due to treatments between groups, and the mean square due to error w ithin 
groups). F values < 0.05 are considered significant.

C orrelation coefficients (rg) were calculated using the Spearm an's rank 
m ethod. Critical values for rg were obtained from estim ates using the 
Edgeworth approximation [486]. P values of < 0.05 are considered significant.
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THE ROLE OF CHLORIDE IONS IN THE MAST CELL SECRETORY 
RESPONSE TO VARIOUS STIMULI

3.1 INTRODUCTION

Agonist-induced mast cell secretion is controlled by a variety of inter-related 
second messengers as discussed in section 1.8. In addition, the m em brane 
potential may regulate cellular function through the electrical driving force 
for ions involved in intracellular transduction pathw ays [405,481]. Mast cell 
activation results in changes in the resting m em brane potential [487] 
although the ionic nature of the changes has not been fully resolved. 
Furtherm ore, studies determ ining the significance of m em brane ionic 
conductances to mast cell activation are still preliminary.

Ion channels and electrogenic carriers control the ionic perm eability of the 
plasm a m em brane and, consequently, their activities establish the resting 
membrane potential. In the majority of cells, the resting potential depends on 
the ionic gradient of potassium maintained across the plasma membrane. For 
RBL-2H3 mucosal-like mast cells, resting membrane potential values of -55 
mV[488] and -94 mV [489] have been reported and these values are relatively 
close to the hypothetical potassium  equilibrium  potential of -90 mV. This 
negative resting potential has been attributed to the action of a potassium - 
selective inwardly rectifying channel [409], although there is some evidence 
that the N a+/K + ATPase may be involved [490]. For rodent mast cells, the 
resting membrane potential has been shown to fluctuate from 0 mV to -30 
mV [409] and different authors have proposed that the potential is set by the 
Na+/Ca+ exchanger [409] or the Na+/K+ ATPase [409,490,491].

C hanges in m em brane potential follow ing cellular activation can be 
m easured using microelectrodes or fluorescent dyes. Such changes reflect 
alterations in the ionic permeability of the membrane due to m ovem ent of 
ions through channels or electrogenic carriers.

Whole-cell configuration patch clamp recordings on rat peritoneal m ast cells 
have shown that compound 48/80, substance P and antigen induce a delayed 
outw ard membrane current ( 6  min post stimulus) corresponding to an influx 
of ch loride  ions [405,481]. The chloride cu rren t caused  m em brane
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hyperpo larisa tion  and it w as p roposed  th a t this a lte ra tion  in the 
m embrane potential provided the electrical driving force for calcium entry. A 
more recent study found that very low concentrations of substance P (5 pM) 
induced brief chloride current pulses that w ere dependent upon  the 
extracellular chloride concentration [492]. A lthough the m ast cells did not 
degranulate, it was suggested that low concentrations of substance F prim ed 
the cells for subsequent activation.

Electrophysiological studies on RBL-2H3 cells have dem onstrated  that 
immunological activation leads to the induction of a chloride current [485]. 
Inhibition of chloride channel activity was found to correlate closely w ith 
inhibition of the cells' secretory response, endorsing the hypothesis that 
chloride conductance may have a significant role in mast cell secretion.

Fluorescent dye measurements on rat peritoneal mast cells have also shown 
that com pound 48/80 induces membrane hyperpolarisation [487,491]. The 
observed hyperpolarisation  was reduced in a chloride-free m edium , 
supporting the theory that increased chloride conductance is responsible for 
this phenomenon [491].

The purpose of this study was to investigate further the role of chloride ions 
in m ast cell secretion. Specifically, the chloride flux across the plasm a 
m embrane of activated mast cells was monitored isotopically. Four m ast cell 
secretagogues with distinct mechanisms of action were studied, namely anti- 
IgE, compound 48/80, substance P and the calcium ionophore A23187.

IgE-dependent exocytosis is relatively slow, occurring over a period  of 
minutes [493]. It is strictly dependent on the presence of extracellular calcium
[404] and is pertussis toxin (PTX) insensitive [494]. In contrast, the basic 
secretagogues, compound 48/80 and substance P, induce rapid degranulation 
w ithin tens of seconds [493,495]. Secretion is not strictly dependent on 
extracellular calcium [493,496] but is inhibited by PTX [494]. Hence, anti-IgE 
and the basic secretagogues appear to mediate mast cell secretion via different 
signal transduction pathways.

Compound 48/80 consists of a mixture of polymers synthesised by condensing 
N -m ethy l-p -m ethoxypheny lethy lam ine  w ith  e thanal [497], p ro ducing  
substituted phenylethylamine units (see appendix 2). In separate studies, the
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histam ine releasing activity has been attributed to the hexamer [498] or the 
tetra- and tri-decamer [499] units. Interestingly, the later study showed that 
tetra- and tri-decamers induced mast cell secretion only in the presence of 
extracellular calcium and two other units, the decam er and nonam er, 
induced mast cell secretion in the absence of extracellular calcium.

The undecapeptide substance P, (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu- 
M e t-N H 2 ), is w idely distributed in m am m alian nervous tissue w here it 
functions as a neurotransmitter [500]. Substance P is also present in peripheral 
endings of prim ary sensory nerves [501] and the peptide is released following 
antidrom ic stim ulation [502]. In addition to its neurom odulatory  effects, 
substance P may also m ediate neurogenic inflamm ation [503]. Specifically, 
substance P activation of mast cells in the skin [504] and airways [505] may be 
an im portant com ponent of the neurogenic inflam m atory response. The 
finding of m ast cells in close association with peptidergic neurones supports 
this theory [506]. Furtherm ore, antidromic stim ulation of sensory nerves 
induces m ast cell deg ran u la tio n  [507]. The in flam m atory  reaction  
accom panying this electrical stim ulation is reduced w hen m ast cells are 
pretreated w ith compound 48/80, indicating that mast cell-derived histamine 
may in part contribute to neurogenic inflammation [508].

Injection of substance P intraderm ally into hum an skin induces a flare and 
wheal response [509]. On a molar basis, substance P is about 100 times more 
potent than histamine in producing this reaction [510]. The flare response is 
m ediated by an axon reflex involving prim ary afferent neurones (C-fibres) 
[511]. In addition, activated m ast cells also contribute to the observed 
vasodilatation because H i antagonists block the flare reaction [510]. Mast cells 
may degranulate at the point of substance P application, or alternatively at the 
effector end of the axon reflex. In support of the latter, activation of C-fibres 
using capsaicin causes degranulation of skin mast cells [512]. Capsaicin does 
not directly activate m ast cells, therefore the observed degranulation is 
thought to arise from the action of neuropeptides released from C-fibres.

The structural requirem ents for basic secretagogue-induced rat peritoneal 
mast cell secretion appear to be twofold. Firstly, the molecule should contain 
positively charged moieties, such as the arginine and lysine residues of 
substance P or the amino groups of com pound 48/80. Secondly, the basic 
groups should be coupled to a hydrophobic moiety, such as the C-terminal
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sequence of substance P or the benzene rings of compound 48/80 [513]. The 
positively charged moieties may interact with negatively charged sialic acid 
residues located on the cell surface [514]. Hydrolysis of sialic acid residues 
reduces the m ast cell secretory response to basic secretagogues w ithout 
altering the response to IgE-dependent stimulation or to calcium ionophores 
[514].

The observations that com pound 48/80, substance F and other polybasic 
molecules exhibit similar histamine releasing characteristics [493-494] implies 
that these agents have a common non-specific action on m ast cells. Binding 
studies using radiolabelled compound 48/80 suggest that the molecule does 
not interact w ith specific m em brane receptors [515]. A lthough substance P 
receptors have been identified on murine lymphocytes [516] and nanom olar 
concentrations of the neuropeptide are sufficient to enhance lym phocyte 
im m unoglobulin synthesis [517], substance P only stim ulates m ast cell 
degranulation in the micromolar concentration range [495,496]. This indicates 
that mast cells do not express specific substance P receptors.

Studies on ATP-permeabilised cells [518] and electrophysiological evidence
[405] suggest that com pound 48/80 and substance P activate G-proteins, 
thereby inducing  m ast cell degranulation  via a recep to r-independen t 
mechanism . Further experim ents have show n that these agents interact 
directly w ith  the C-term inus of the G-protein a  subunit [519,520]. The 
increased GTPase activity induced by these agents was dose-dependent, PTX 
sensitive and inhibited by the compound 48/80- and substance P-functional 
antagonist, benzalkonium  chloride. However, different mast cell populations 
exhibit m arked heterogeneity in their response to basic secretagogues. In the 
rat, com pound 48/80 and substance P induce degranulation from mast cells 
isolated from the peritoneal cavity, while mucosal mast cells do not respond 
to these agents [151,521]. In the human, both compound 48/80 and substance P 
are active on mast cells isolated from the skin [137,495] but they have no effect 
on hum an lung m ast cells [137]. Essentially, the proposed  G -protein 
mechanism does not explain w hy the activity of polyam ines and peptides 
should be limited to the G-proteins of specific mast cells subtypes.

The carboxylic acid antibiotic, A23187, is a lipid soluble molecule that 
complexes w ith certain m etal cations and transports them  across biological 
m em branes (reviewed in reference 522). A23187 preferentially  b inds to
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divalent cations at pH  = 7.4 and is therefore capable of stimulating calcium- 
dependent biological processes w ithout disturbing pre-existing balances of 
sodium  and potassium. A23187 stimulates non-cytotoxic histam ine release 
from m ast cells which is attributable to an ionophore-m ediated entry  of 
calcium ions [266].

3.2 METHODS AND MATERIALS

All methods and materials used in this study were as described in chapter 2. 
Rats sensitised with Nippostrongylus brasiliensis were used for experiments 
investigating im m unologically-induced histam ine secretion and chloride 
uptake. Non-sensitised animals were used for all other experiments. When 
not quoted, the spontaneous histamine secretion (secretion occurring in the 
absence of any stimulus) was less than 10 %. For chloride uptake studies, the 
percentage purity  of rat peritoneal mast cells varied from 91.2 % to 100 %. 
Unless otherwise stated, histam ine release values for the chloride uptake 
experiments were determined following 1 0  min incubation with the stimulus

3.3 RESULTS

3.3.1 Extracellular chloride ion requirement for secretagogue-induced
histamine release from rat peritoneal mast cells

3.3.1.1 Anti-lgE-mediated secretion

The im m unologically-directed ligand, anti-IgE, induced m axim al dose- 
dependent histamine release in the presence of both extracellular calcium ( 1  

mM) and chloride (142 mM) ions (Fig. 3.1). The secretory response was 
significantly reduced in the absence of extracellular calcium. Thus, maximum 
anti-IgE-mediated histamine release (1/200 dilution) decreased from 32.6±5.4 
% to 6.7+1.1 %. under these conditions The secretory response in the absence 
of both extracellular calcium and chloride was similar to that obtained in 
calcium-free buffer.

Fig. 3.1 clearly dem onstrates that the omission of extracellular chloride 
reduced the anti-IgE secretory response compared to that observed in the
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presence of the anion. Thus, maximum secretion decreased from 32.6±5.4 % 
to 16.5±2.8 %. Split plot analysis of variance (MANOVA) of all concentrations 
tested indicated that this reduction was statistically significant; F1 0 4  = 5.26, p = 
0.045. As illustrated in Fig 3.2, the reduced anti-IgE response in chloride-free 
buffer could not be abrogated by increasing the extracellular calcium 
concentration. The omission of external chloride ions shifted the calcium 
concentration-effect to the right and depressed the maximum.

3.3.1.2 Basic secretagogue-mediated secretion

Com pound 48/80 and substance P-stimulated secretion was comparable in 
chloride-free buffer and full HEPES buffer (Figs. 3.3 and 3.4). Removal of 
ex trace llu lar calcium  low ered  h istam ine  release in d u ced  by bo th  
secretagogues. For com pound 48/80 (0.75 |ig /m l), the m axim um  secretion 
decreased from 69.2±1.6 % to 39.2±4.7 %, while for substance P (50 |iM), 
secretion decreased from 64.0+ 3.7 % to 23.8+5.6 %.

Substance P secretion in chloride- and calcium-free buffer was comparable to 
that obtained in calcium-free buffer. In the absence of both ions, compound 
48/80-mediated secretion appeared to be elevated with respect to calcium-free 
buffer. However, MANOVA showed that this was not statistically significant, 
Fio,l = 0.37, p = 0.555.

3.3.1.3 A23187-mediated secretion

The dose-response curve for A23187-induced secretion was characteristically 
bell-shaped in full HEPES buffer (Fig. 3.5), w ith a maximal histam ine release 
of 66.7±2.4 % (0.5 |xM). In chloride-free buffer, the response was essentially 
comparable to that observed in full HEPES buffer, although at the highest 
concentration (3 |iM) secretion rem ained maximal (72.1±1.5 %). A23187- 
induced secretion in calcium-free and calcium- and chloride-free buffer was 
negligible except at the highest concentration.
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3.3.2 Extracellular chloride ion requirement for secretagogue-induced
histamine release from human lung mast cells and basophil 
leucocytes

3.3.2.1 Anti-IgE- and A23187-mediated secretion from human lung mast 
cells

Anti-IgE-stimulated histam ine secretion from hum an lung m ast cells was 
dose-dependent and maximal in the presence of both extracellular calcium 
and chloride (Fig. 3.6). As observed w ith rat peritoneal mast cells, removal of 
ex ternal chloride a ttenua ted  the anti-IgE response. A t the h ighest 
concentration (1/100 dilution), histamine release was reduced from 27.0±4.5 
% to 15.9±2.2 %. MANOVA treatm ent of all concentrations tested showed 
that the attenuation was statistically significant; Fg î = 9.94, p = 0.014. The anti- 
IgE response was reduced further in both calcium-free and calcium- and 
chloride-free buffer. Thus, histam ine releases at the highest concentration 
were 5.1±2.7 % and 4.1±1.6 %, respectively.

A23187-stimulated secretion was comparable in full HEPES and chloride-free 
buffer (Fig. 3.7). Secretion was reduced in calcium-free buffer and the further 
omission of extracellular chloride produced a similar dose-response curve.

3.3.2.2 Anti-IgE-mediated secretion from human basophil leucocytes

As observed w ith rat peritoneal and hum an lung mast cell, anti-IgE-mediated 
secretion from basophils was dependent on the presence of extracellular 
chloride (Fig. 3.8). Maximal secretion (1/500 dilution) decreased from 49.9 ±
4.5 % in full HEPES buffer to 14.5±4.6 %. MANOVA treatm ent of all 
concentrations dem onstrated that the attenuated response was statistically 
significant; Eg,! = 25.1, p  = 0.001. The anti-IgE response was reduced further in 
calcium-free and calcium- and chloride-free buffers (5.6±3.7 % and 3.1+2.1 % 
respectively, at 1/500 dilution).

The inhibitory effect of external chloride omission on anti-IgE-stim ulated 
basophil secretion was not reversed by increasing the extracellular calcium 
concentration (Fig. 3.9). and the calcium-concentration effect was shifted to 
the right.
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3.3.3 Chloride uptake studies on secretagogue-stimulated rat peritoneal 
mast cells

3.3.3.1 Effect of anti-IgE

Stimulation of purified rat peritoneal mast cells w ith anti-IgE induced a rapid 
uptake of extracellular chloride ions compared to unstim ulated cells (Figs. 
3.10, 3.11 and 3.12). For both treated and untreated cells, equilibration of 
intracellular and extracellular ^^chloride was complete after 2 h incubation 
(Fig. 3.10). Therefore, Figs. 3.10, 3.11 and 3.12 dem onstrate that m ast cell 
activation with anti-IgE increases the rate of chloride ion uptake. MANOVA 
treatm ent of the data illustrated in Fig. 3.11 show ed that the anti-IgE- 
stimulated chloride uptake was significantly elevated compared to the passive 
uptake; F = 37.16, p <0.001. The concomitant anti-IgE-mediated histam ine 
release was 25.5±2.4 %.

Anti-IgE-mediated histam ine release was essentially complete 6  m in after 
stim ulation (Fig. 3.12) and anti-IgE-induced chloride up take w as near 
maximal after 10 m in (Fig. 3.10). The m agnitude of anti-IgE-stim ulated 
histam ine release correlated significantly w ith the m agnitude of chloride 
uptake at 10 min incubation; rg = 0.617, p < 0.005 (Fig. 3.13). This correlation 
was not observed betw een the spontaneous histam ine release and the 
corresponding chloride uptake; rg = 0.3036 (Fig. 3.14).

The metabolic inhibitor, antimycin A, inhibited anti-IgE-stimulated chloride 
uptake and histamine release (Fig. 3.15). At 10 m in incubation, antimycin A 
lowered the stimulated chloride uptake from 56.4+10.5 to 19.2+4.0 n m o l/10^ 
cells and anti-IgE-induced histamine secretion was reduced from 22.4+2.1 % to 
3.9±1.1 %. MANOVA trea tm en t of all chloride up take  da ta  po in ts 
dem onstrated that antimycin A significantly reduced the effect of anti-IgE; 
Fio,l = 8.04, p = 0.018. Passive chloride uptake was unaffected by antimycin A 
(Fig. 3.16).

3.3.3.2 Effect of basic secretagogues

Both compound 48/80 and substance P induced significant histam ine release 
from purified rat peritoneal mast cells after 4 min incubation (36.6±8.1 % and 
29.4±3.2 %, respectively) H ow ever, Figs. 3.17 and 3.20 show tha t these
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secretagogues do not stimulate significant chloride ion uptake compared to 
unstim ulated cells (compound 48/80 MANOVA; Fs,! = 0.16, p = 0.698 and 
substance P MANOVA; Fg î = 0.1, p = 0.945). Similarly, at 10 and 30 m in 
incubation, compound 48/80- and substance P-mediated secretion (23.6+4.7 % 
and 18.5±2.9 %, respectively) was not accompanied by an elevated chloride ion 
uptake (Fig. 3.18 MANOVA; = 0.42, p = 0.540 and Fig. 3.21 MANOVA; ¥e,i 
= 1.58 p = 0.255, respectively). Furtherm ore, no com parative increase in 
chloride uptake was observed when the concentration of com pound 48/80 
was increased from 0.1 pg /m l to 1.0 |xg/ml (Fig. 3.19 MANOVA; Fg î = 0.29, p 
= 0.608), although the secretagogue induced substantial histam ine release 
(68.8+3.5 %).

3.3.S.3 Effect of A23187

A23187-stimulated histamine release from purified rat peritoneal m ast cells 
(24.0±3.8 %) was not associated with a significant increase in chloride uptake 
compared to untreated cells (Fig. 3.22 MANOVA; Fg,! = 2.14, p = 0.182). At 30 
min incubation, A23187 (0.1 pM) suppressed passive chloride uptake (Fig. 
3.23). This inhibitory effect was more obvious when the A23187 concentration 
was increased to 0.6 p,M (Fig. 3.24). Thus, passive chloride uptake was 
significantly reduced at both 10 and 30 min incubation (MANOVA F6 ,i = 
25.18, p = 0.02), while the concomitant histam ine release was substantial 
(68.7+4.4 %).

3.4 DISCUSSION

In accordance w ith previous observations [266,493], rat peritoneal mast cell 
secretion induced by anti-IgE and A23187 was dependent on the presence of 
extracellular calcium ions. Com pound 48/80 required external calcium for 
optim um  secretion, although the agent exhibited a large residual component 
of release in the absence of added calcium. This finding is consistent w ith 
previous studies [493,499], one of which attributed the calcium -independent 
component of secretion to the action of the decamer and nonamer units [499]. 
substance P-induced secretion was also reduced in calcium-free buffer and this 
finding is in agreem ent w ith the hypothesis that com pound 48/80 and 
substance P have a common mechanism of action on m ast cells [519,520]. 
H ow ever, earlier studies found that substance P-induced secretion w as
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enhanced in a calcium-free environm ent [496] and  there is no obvious 
explanation for the discrepancy between the results of this study and previous 
findings.

As discussed in section 1.8.1, an elevation of free-ionised calcium initiates 
histam ine release from m ast cells. An influx of extracellular calcium  is 
thought to contribute to the net increases in cytosolic calcium following mast 
cell activation. Specifically, calcium ion influx has been show n to occur 
through receptor-operated calcium-selective channels [405,406,408] and also 
through non specific cation channels [405-407]. These channels are voltage- 
independent, since m em brane depolarisation does not prom ote calcium  
influx into the cell [405].

This study  has clearly dem onstrated that the im m unologically-directed 
ligand, anti-IgE, requires extracellular chloride ions for optim um  histam ine 
release from basophils, rat peritoneal and hum an lung m ast cells. Antigen- 
induced histamine secretion from rat peritoneal mast cells is also dependent 
on external chloride ions [483]. In contrast, the response of rat peritoneal mast 
cells to non-immunological secretagogues was unaffected by the omission of 
extracellular chloride ions.

The anti-IgE-mediated secretory response in the absence of both extracellular 
calcium and chloride ions was similar to that obtained in calcium-free buffer. 
This finding implies that the inhibitory effect of external chloride omission is 
linked to physiological calcium influx pathways. If chloride ion influx was 
involved in a separate biochemical event, the omission of this anion from 
calcium-free buffer would attenuate further anti-IgE-stimulated secretion.

In the p resen t study, sodium  chloride w as substitu ted  w ith  equim olar 
am ounts of sodium  isethionate. It has been suggested that the effects of 
chloride ion substitution m ay be a consequence of the replacem ent anion 
binding to calcium [523]. As mast cell histamine secretion is dependent on the 
presence of extracellular calcium, the effect of chloride ion substitution could 
result from the changes in both chloride and calcium ion activities. However, 
isethionate does not affect the activity of calcium ions in solution (J.C. 
Foreman, personal communication). Furtherm ore, the inhibitory effect of 
chloride ion removal on anti-IgE-induced secretion could not be reversed by 
increasing the extracellular calcium concentration. M oreover, it is unlikely
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that sodium  isethionate causes a non-specific suppression of the mast cell 
secretory response because non-immunological activation rem ains maximal 
in the presence of this salt.

The chloride uptake studies dem onstrated that only anti-IgE-stim ulation 
induced a significant uptake of chloride ions into rat peritoneal m ast cells. No 
increase in m em brane chloride ion perm eability was observed for other 
histamine releasing agents, even though the m agnitude of histamine release 
was comparable to that of anti-IgE. These findings are in agreement w ith the 
chloride ion replacement studies which showed that only anti-IgE-induced 
histam ine release was sensitive to the presence of extracellular chloride. 
Com pound 48/80 and substance P-mediated secretion occurs within tens of 
seconds of stimulation and is complete w ithin 1 min [493,495]. It was not 
possible to examine the movement of chloride ions before 1  m in because of 
the practical lim itations of the isotopic technique. However, the chloride 
replacem ent studies indicated that extracellular chloride ions are not 
involved in basic secretagogue-induced secretion, and it is therefore unlikely 
that exam ination of earlier tim epoints w ould have show n a significant 
elevation in chloride uptake.

The intracellular chloride ion concentration of rat peritoneal mast cells can be 
estim ated  from  the anti-IgE -stim ulated chloride up take , w hich  w as 
approximately 100 nm ol/10^ cells at equilibration. This value corresponds to 
an uptake of 0.1 pm ol/cell. Assuming that a mast cell is a perfect sphere, its 
volume can be calculated from the equation; volume = 4 / 3 7 ir^, where the 
radius, r, of a mast cell is approximately 10 |iM. Thus, an estimate of both the 
volume of a cell and the num ber of m oles/cell allows the in tracellular 
chloride concentration to be calculated. Hence, for rat peritoneal m ast cells, 
the intracellular chloride concentration was calculated as being 24 mM. This 
value is similar to the intracellular chloride concentration of RBL-2H3 cells, 
that was estimated to be 30 mM from electrophysiological recordings [482]. 
Therefore, the calculated intracellular chloride ion concentration for rat 
peritoneal mast cells is physiologically realistic, indicating that the anti-IgE- 
stimulated chloride ion uptake values are likely to be quantitatively relevant.

The rate of anti-IgE-stimulated chloride uptake was relatively slow compared 
to the previously docum ented antigen-induced uptake, w hich w as near 
maximal 1 min post stimulus [483]. This difference may reflect the dissimilar
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kinetics of secretion exhibited by these two immunological stimuli. Antigen- 
induced histamine release is rapid and essentially complete within 1  m in of 
cell stim ulation [493]. In contrast, anti-IgE-induced secretion is slower, 
increasing regularly over the 10 min incubation period (reference 493 and this 
study).

Antigen-induced chloride uptake was previously found to be unaltered in a 
calcium-free medium, even though histamine release was reduced [483]. This 
finding led to the proposal that chloride uptake was not a consequence of 
secretion. In this study, the m agnitude of anti-IgE-induced secretion 
correlated significantly w ith the m agnitude of chloride uptake, while the 
spontaneous histamine release was not linked to the corresponding chloride 
uptake. This observation provides indirect evidence that secretion is coupled 
to the increased chloride permeability of the membrane.

The anti-IgE-induced chloride uptake measured in this study is different from 
the chloride conductance's measured electrophysiologically because the latter 
occurred following stimulation of rat peritoneal m ast cells w ith com pound 
48/80 and substance P, in addition to antigen [405,481]. Furthermore, the onset 
of the chloride current started 2-3 m in after the application of the stimulus, 
which is slower than the onset of anti-IgE-stimulated chloride uptake. There 
is no obvious explanation for the exclusivity of the anti-IgE-induced chloride 
uptake. The results suggest that FcgRI receptor aggregation in the membrane 
is an im portant stimulus for initiating chloride influx, as basic secretagogues 
appear to trigger mast cell secretion by activating G-proteins [519,520] and 
A23187 in itiates secretion by directly  elevating in tracellu lar calcium  
concentrations [266,522].

Electrophysiological assessm ent of the m ast cell chloride conductance 
discussed above revealed that the current could be induced by internal 
application of both cAMP and GTP-y-S, a non hydrolysable G -protein 
analogue [405,481]. High intracellular calcium concentrations (above 1 pM) 
also activated the chloride current, but the response was slower and weaker 
than the two other treatments. From these results, it was concluded that G- 
proteins could be involved in regulating the chloride conductance. The action 
of cAMP was thought to be indirect because its effect was not immediate. 
A ntigen-induced chloride uptake m ay in part be regulated by elevated
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intracellular cAMP concentrations as the dibutyryl analogue of cAMP induces 
a small and slow increase in chloride uptake [483].

Although it was beyond the scope of this study to investigate the factors that 
regulated anti-IgE-induced chloride uptake, the process w as significantly 
reduced by incubation of the cells w ith antim ycin A together w ith the 
simultaneous removal of glucose. Antimycin A prevents cellular production 
of ATP, hence, the increased chloride perm eability induced by anti-IgE 
activation was dependent on efficient mast cell production of ATP. This 
finding contrasts w ith  previous observations tha t an tigen-stim ulated  
45calcium uptake occurs in the absence of secretion w hen oxidative 
phosphorylation and glycolysis are inhibited [373].

Chloride channel activity should theoretically be unaffected by antimycin A. 
However, the results suggest that the chloride uptake process is regulated by 
ATP production. This effect could, however, be indirect. For exam ple, 
inh ib ition  of o ther ion m em brane tran spo rt processes such as the 
Na+/K +/A TPase or the Ca+ATPase would alter the mem brane potential and 
could therefore interfere with non ATP-dependent ion pathw ays (in this case 
chloride m ovem ent through channels). In rat peritoneal m ast cells, the 
Na+/K+/A TPase is inhibited by metabolic blockers which prevent potassium  
uptake [524] and ouabain causes depolarisation of the resting m em brane 
potential due to its inhibitory action on this pum p [487,490]. The plasm a 
membrane potential depends on the ionic gradient of potassium  m aintained 
across the membrane. The internal concentration of potassium  is high in 
relation to the extracellular environm ent, hence m ovem ent of potassium  
ions into or out of the cell has little effect on the potassium  concentration 
ratio and the potassium equilibrium is restored by a change in the membrane 
potential. Thus, any change in N a+/K +/A TPase activity could significantly 
affect other plasm a m em brane ionic conductances stim ulated by cellular 
activation. This hypothesis could account for the reduced anti-IgE-stimulated 
chloride uptake in the presence of antimycin A.

Antimycin A did not have any effect on passive chloride uptake. However, 
cellular adjustm ents in intracellular chloride concentration could have 
occurred before the chloride m easurements were taken, as the cells were 
preincubated with antimycin A for 10 min. This protocol was designed to be
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consistent w ith the m ethod used for assessing the effect of the metabolic 
inhibitor on anti-IgE-stimulated chloride uptake.

The inhibition of chloride uptake by antimycin A could, in itself, also suggest 
that the uptake is a consequence, rather than a cause of histamine release. As 
such, the effect would have no biological relevance and suppression of release 
by any mechanism would prevent the apparent uptake. This mechanism can, 
how ever, be discounted since histam ine release induced by A23187 and 
polycations was not accompanied by any inward chloride movement.

The unexpected finding that A23187 (0.6 pM) inhibited passive chloride 
uptake at longer incubation times (10 and 30 min) could further indicate that 
chloride ion influx is sensitive to the membrane potential. A previous study 
on rat peritoneal mast cells has shown that A23187-treatment (2 |xM) causes 
significant depolarisation, while compound 48/80 initiates hyperpolarisation 
of the membrane [491]. Similarly, A23187-stimulation of thymic and splenic 
lymphocytes causes m arked depolarisation of the plasm a m em brane [525]. 
Lower concentrations of A23187 (0.1-0.2 |iM) did not inhibit chloride uptake, 
except at the 30 m in incubation timepoint. Therefore, if the depolarising 
action of A23187 is responsible for inhibiting chloride ion uptake, its action is 
lim ited to higher concentrations.

In sum m ary, this study  has show n that anti-IgE-induces a rap id  and 
significant uptake of chloride ions com pared to unstim ulated  cells. The 
process is ATP-dependent and is correlated to the m agnitude of histam ine 
release. Extracellular chloride ions are required for optim um  anti-IgE- 
m ediated secretion from mast cells, emphasising further that chloride ions 
m ay play a major support role in immunological activation of m ast cells. The 
increase in membrane chloride permeability could result from m ovem ent of 
chloride ions through channels or alternatively could be due to the activity of 
electroneutral carriers, such as the Na+/K+/2C1" cotransporter or the HCOg" 
/C l"  exchanger. Chloride transporter inhibitors were therefore used  to 
examine the nature of the anti-IgE-induced chloride uptake and these results 
are presented in chapter 4.
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Fig. 3.1 Concentration-response curves for anti-IgE-stimulated 
histamine release from rat peritoneal mast cells in the 
presence of calcium (1 mM) and chloride (142 mM) and 
absence of calcium and chloride (n=6)
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Fig. 3.2 Effect of extracellular calcium on anti-IgE-stimulated 
(1/100 dilution) histamine release from rat peritoneal mast 
cells in the presence (142 mM) and absence of chloride ions 
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Fig. 3.3 Concentration-response curves for compound 48/80- 
stimulated histamine release from rat peritoneal mast 
cells in the presence of calcium (1 mM) and chloride (142 
mM) and absence of calcium and chloride (n=6)
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Fig. 3.4 Concentration-response curves for substance P- 
stimulated histamine release from rat peritoneal mast 
cells in the presence of calcium (1 mM) and chloride (142 
mM) and absence of calcium and chloride (n=6)
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Fig. 3.5 Concentration-response curves for A23187-stimulated 
histamine release from rat peritoneal mast cells in the 
presence of calcium (1 mM) and chloride (142 mM) and 
absence of calcium and chloride (n=6)
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Fig. 3.6 Concentration-response curves for anti-IgE-stimulated 
histamine release from human lung mast cells in the 
presence of calcium (1 mM) and chloride (142 mM) and 
absence of calcium and chloride (n=5)
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Fig. 3.7 Concentration-response curves for A23187-stimulated 
histamine release from human lung mast cells in the 
presence of calcium (1 mM) and chloride (142 mM) and 
absence of calcium and chloride (n=4)
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Fig. 3.8 Concentration-response curves for anti-IgE-stimulated 
histamine release from human basophil leucocytes in the 
presence of calcium (1 mM) and chloride (142 mM) and 
absence of calcium and chloride (n=5)
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Fig. 3.9 Effect of extracellular calcium on anti-IgE-stimulated 
(1/1000 dilution) histamine release from human basophil 
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Fig. 3.10 Chloride uptake com parison of anti-IgE-treated (1/100
dilution) and untreated rat peritoneal mast cells up to 2h
(n=4)
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Fig. 3.11 Chloride uptake comparison of anti-IgE-treated (1/100 
dilution) and untreated rat peritoneal mast cells up to 30 
min (n=20)
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Fig. 3.12 Chloride uptake com parison of anti-IgE-treated (1/100
dilution) and untreated rat peritoneal mast cells up to 10
min (n=3)
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Fig. 3.13 Correlation diagram of rat peritoneal mast cell 
histamine release and chloride uptake induced by anti- 
IgE (1/100 dilution) at 10 min (n=20)
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Fig. 3.15 Effect of antimycin A (1 |iM) on anti-IgE-induced chloride
uptake into rat peritoneal mast cells (n=6)
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Fig. 3.17 Chloride uptake comparison of compound 48/80-treated
(0.1-0.2 pg/ml) and untreated rat peritoneal mast cells
up to 4 min (n=5)
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Fig. 3.19 Chloride uptake comparison of compound 48/80-treated
(1 pg/ml) and untreated rat peritoneal mast cells at 10
and 30 min (n=4)
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Fig. 3.21 Chloride uptake comparison of substance P-treated (20
juM) and untreated rat peritoneal mast cells at 10 and 30
min (n=4)
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Fig. 3.23 Chloride uptake comparison of A23187-treated (0.10 pM)
and untreated rat peritoneal mast cells at 10 and 30 m in
(n=4)
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Chapter 4

THE EFFECT OF CHLORIDE TRANSPORT INHIBITORS ON RODENT 
MAST CELL HISTAMINE RELEASE AND CHLORIDE UPTAKE

4.1 INTRODUCTION

The aim of this study was to investigate the effects of chloride transport 
inhibitors on rodent m ast cells. These effects were compared w ith the well 
docum ented action of DSCG on rodent m ast cells. Chloride ion m ovem ent 
across cell membranes occurs via ion channels or membrane protein carriers. 
Much of the information regarding chloride ion transport has come from 
studies on chloride-transporting epithelia of the kidney nephron (reviewed 
in references 526 and 527). For reasons of electroneutrality, a chloride- 
transporting epithelium transports an accompanying cation (usually sodium), 
or it exchanges chloride for another anion (e.g. bicarbonate). Chloride 
cotransporters can be distinguished on the basis of pharmacological probing as 
described below.

The Na+/K+/2C1" cotransporter was first recognised in the Ehrlich ascites 
tum our cell in 1980 [528]. Subsequently, N a+ /K + /2C h cotransport has been 
identified in epithelia that transport chloride against an electrochemical 
potential difference. These include the kidney nephron, shark rectal gland, 
flounder intestine, pancreatic acinar cells and parotid acinar cells (reviewed in 
references 526, 527, 529 and 530). In addition, the cotransporter has been 
identified  in non-epithelial cells including avian, hum an  and ferret 
erythrocytes, hum an and ham ster fibroblasts, cultured endothelial cells, squid 
giant axon and rabbit cardiac myocytes [529,530].

In the kidney tubule, the epithelial cell Na+/K+/2C1" cotransporter is located 
on the apical (mucosal) surface that faces the lum en, rather than on the 
basolateral (serosal) surface that faces the blood supply of the tissue (see 
appendix 1). Its function is to facilitate reabsorption of sodium and chloride 
ions. Thus, Na+-K+-Ch entry at the luminal surface is coupled to the exit of 
sodium  ions (via the N a+/K +A TPase) and chloride ions (via a chloride 
channel) at the basolateral surface. In this system, potassium  ions recycle at 
the lum inal m em brane, en tering  via co transport and  leaving via a 
conductance pathway [526,527,529].
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The absorption model described above can be changed into a secretory 
mechanism  by placing the N a+/K +/2C1" cotransporter in the basolateral 
m em brane rather than the apical membrane (see appendix 1). Secretion of 
sodium and chloride ions by the shark rectal gland and cultured epithelial 
cells has been attributed to the basolateral activity of the N a+/K +/2C 1" 
cotransporter [529].

In addition to the role of the N a+ /K + /2C 1" co transporter in ep ithelial 
absorption and secretion, this carrier may also have an im portant role in 
volume regulation. In general, cellular volume is regulated by the osmotic 
balance maintained by the Na+/K+ ATPase (reviewed in reference 531). Many 
cells possess additional and diverse m echanism s for volum e regulation 
including Na+/K+/2C1" and K+/Cl" cotransport and Na+/H+ and HCO 3 "/Cl" 
exchange [531]. Extensive studies on avian erythrocyte volume regulation 
have show n that the N a+ /K + /2C 1" cotransporter has a critical role in 
maintaining osmotic balance [532]. Increased N a+/K ‘''/2C1" carrier activity also 
occurs following cell shrinkage of rat and ferret erythrocytes, Ehrlich ascites 
tum our cells and rabbit cardiac monocytes [530,533].

Little is known about the mechanisms that regulate Na+/K+/2C1" cotransport 
at the molecular level, although a variety of endogenous ligands have been 
shown to activate the carrier [530]. The second messenger, cAMP, m odulates 
N a+/K +/2C 1" cotransport in a num ber of cells. For example, intracellular 
cAMP elevation stimulates cotransport in the shark rectal gland [534] and 
avian erythrocytes [535] while it inhibits cotransport in hum an [536] and ferret 
[537] erythrocytes. Theoretically, Na+/K+/2C1" cotransport is a passive process 
and there should therefore be no direct requirement for ATP [528]. However, 
metabolic depletion blocks cotransport activity in the squid axon [538], Ehrlich 
ascites tum our cells [528] and hum an [539] and avian erythrocytes [532]. 
Accordingly, ATP is thought to be a regulator of Na+/K+/2C1" cotransport and 
it has been speculated that a phosphorylated form of the transport protein is 
the active entity [539].

A characteristic feature of all Na+/K+/2C1" cotransport systems is inhibition by 
the sulfam oylbenzoic acid class of "loop" diuretics such as furosem ide, 
bum etanide and piretanide [526,529,530]. These drugs act instantaneously, 
completely reversibly and require the presence of all three ions for their 
interaction w ith the cotransporter [530]. Binding studies using radiolabelled
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bum etanide have shown that both sodium  and potassium  ions stimulate 
binding whereas chloride ions have a biphasic effect, stim ulating at low 
concentrations (up to 10 mM) and inhibiting thereafter [540]. Therefore, 
bumetanide may bind after the interaction of sodium, potassium  and the first 
chloride ion with the carrier, competing with chloride ions for the second low 
affinity chloride binding site.

Historically, sulfamoylbenzoic acid diuretics were used in the treatm ent of 
hypertension and congestive heart failure for more than 2 0  years before the 
Na+/K+/2C1" cotransport system was recognised. Their major site of action is 
the thick ascending limb of the loop of Henle (TALH), where these drugs 
exert their effects by inhibiting salt reabsorption in the nephron, thereby 
increasing renal loss of water (reviewed in reference 541).

Recent in vivo studies have reported the unexpected finding that inhaled 
furosemide prevents bronchoconstriction in asthmatic subjects induced by a 
wide range of stimuli (reviewed in reference 542). These include exercise, 
distilled water, adenosine, sodium metabisulfite and allergen. In contrast, the 
drug has no effect on bronchoconstrictor agents that act directly on smooth 
muscle such as histam ine, m ethacholine and PGF2 a- As the anti-asthm a 
drug, DSCG, has a similar profile of inhibitory activity in vivo, it has been 
suggested that the bronchoprotective effect of these two drugs may result 
from a common mechanism of action [542]. Moreover, bum etanide does not 
inhibit sodium  m etabisulfite- or exercise-induced bronchoconstriction in 
asthmatic patients, indicating that furosemide's bronchoprotective effect is 
probably unrelated to Na+/K+/2CT cotransport inhibition.

In order to demonstrate cotransport activity, the system under investigation 
should be inhibited by loop diuretics with an order of potency of bum etanide 
> piretanide > furosemide [527]. For example, in the rabbit TALH, the IC5 0  

values for bumetanide, piretanide and furosemide are 0.1 |iM, 1 jiM and 3 |xM 
respectively [543]. Bumetanide completely blocks Na+/K+/2C1" cotransport at a 
concentration of 5 |iM in most tissues and has therefore become the inhibitor 
of choice for most in vitro studies of this carrier system [530]. Loop diuretics 
have a variety  of other actions at concentrations > 100 pM, including 
inhibiting the Na+/K+ ATPase [544], OH"/CL exchanger [545], K+/CL exit [546] 
and carbonic anhydrase [527].
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A  second, chem ically  un re la ted  g roup  of loop d iu re tics  is the 
dichlorophenoxyacetic acid derivative, ethacrynic acid and its related  
compounds (reviewed in reference 547). Perfusion studies have indicated that 
the principal site of action of ethacrynic acid and its congeners is the TALH 
[547]. In vivo, the major circulating forms of ethacrynic acid are the L-cysteine 
and glutathione adducts. The ethacrynic acid-L-cysteine moiety is considerably 
more potent than ethacrynic acid in abolishing chloride conductance in the 
TALH [548]. Studies on avian erythrocytes have confirmed that ethacrynic 
acid is a N a+/K +/2CL cotransport inhibitor (IC5 0  = 180 |liM) although the L- 
cysteine adduct was considerably more active (IC5 0  = 0.7 |xM) [549].

Ethacrynic acid is an avid alkylating agent and in vitro testing shows that it 
can interact with a variety of proteins and inhibit their function [550,551]. 
Specifically, the olefinic moiety of the drug interacts w ith thiol groups of 
cysteine protein residues. Consequently, the pharmacology of ethacrynic acid 
is complex and the drug appears to have m any cellular effects including 
changes in oxygen consumption, ATP production and cell volume (reviewed 
in references 449 and 552).

A net transport of sodium  chloride across biological m em branes can arise 
from the combined action of the N a+ /H +  antiporter and the H C O a'/C l" 
antiporter (see appendix 1). This double exchange system is thought to operate 
in many epithelia, including the small intestine, gall bladder, proximal tubule 
of the kidney nephron  and the TALH of the k idney neph ron  [526]. 
Characteristic features of this system are, by definition, its sensitivity to 
inhibitors of N a+ /H +  exchange and HCO g"/CL exchange. The form er 
com ponent is inhibited by high concentrations of am iloride [553] and the 
latter is particularly sensitive to the action of stilbene sulfonates such as DIDS 
and SITS [553].

The HCO 3 VCL exchanger has an important physiological role in erythrocyte 
transport of carbon dioxide from the tissues to the lung  (review ed in 
reference 554). Briefly, carbon dioxide has a limited aqueous solubility and is 
therefore transported in the form of carbonic acid (H2 CO 3 ), following reaction 
with water. This enables the erythrocyte to increase its carbon dioxide carrying 
capacity as the acid rapidly dissociates into the more soluble H C 0 3 '  and H+ 
ions. The HCO 3 "/Cl" exchanger is therefore critical in controlling erythrocyte
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HCOg" entry and exit. Both DIDS and SITS are specific inhibitors of the 
erythrocyte HCOg /C h  antiporter [555].

The HC 0 3 "/Cl" exchanger is also involved in the pH  regulation of eukaryotic 
cells. Specifically, a sodium -dependent HCO 3 "/Cl" exchange m echanism  has 
been identified in a num ber of cell types, including hamster fibroblasts, squid 
axon and snail neurones (reviewed in references 556, 557 and 558). This 
transport m echanism  m ediates HCO 3 " influx (and Cl" efflux) resulting in 
cytoplasm ic alkalisation. A sod ium -independent HCO 3 "/C l" e x ch a n g e  
m echanism has also been identified in a num ber of cell lines [558]. This 
process prom otes H CO 3 " efflux (and Cl" influx) causing  cytoplasm ic 
acidification.

In addition to their action on the HCO 3 "/Cl" exchanger, DIDS and SITS inhibit 
chloride channel activity in the striated barnacle muscle [559] and the Torpedo 
electric organ [560]. Therefore, stilbene sulfonates are often used as putative 
chloride channel blockers.

A Na+ZCl" cotransport system is thought to operate in the early distal tubule 
(EDT) of the rat kidney nephron [561] and flounder urinary  b ladder (see 
appendix 1) [562]. The exclusion of other cotransport systems has been based 
upon pharm acological probing. For example, inhibitors of N a+/K +/2C 1" 
cotransport do not inhibit sodium and chloride transport in these tissues and 
coupled N a+/H + and HCO 3  /CI" uptake can be excluded because HCO 3  /CI" 
exchange is not inhibited by stilbene sulfonates [561,562]. Furtherm ore, 
N a + / Cl" cotransport in the rat kidney and flounder b ladder is effectively 
in h ib ite d  by  th ia z id e  d iu re tic s , such  as c h lo ro th ia z id e  an d  
h ydroch lo ro th iaz ide  [561,562]. C linically, th iazides are u sed  in the 
management of fluid overload associated with pulm onary and cardiac disease 
[541]. Their clinical efficacy is attributed to a reduction of sodium  chloride 
reabsorption in the EDT, because the Na+/Cl" cotransporter is the major route 
for NaCl reabsorption in this section of the kidney nephron [541]. The 
Na+ZCl" cotransporter may also be involved in cellular volum e regulation 
because chlorothiazide-treatm ent of rabbit cardiac m onoctyes results in 
significant decreases in cell volume under isotonic conditions [533].

As discussed previously, chloride ion m ovem ent across the basolateral 
mem brane of epithelial cells in the TALH occurs through ion channels. The
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search for a potent chloride blocker in the rabbit TALH lead to the discovery 
of NPPB, w hich inhibits chloride conductance across the basolateral 
m em brane at a concentration  of ca 0.1 pM (see appendix  1) [563]. 
Electrophysiological studies have subsequently shown that NPPB inhibits 
transm em brane chloride conductances in m any cell types. These include 
airway epithelial cells [564], colonic smooth muscle cells [565], T lymphocytes 
[566], fibroblasts [567], and pancreatic duct cells [568]. NPPB's mode of action 
has been studied in excised membrane patches of colonic carcinoma cells [569]. 
This has show n that the d rug  induces channel noise and sim ultaneously 
reduces the open probability of the channel.

4.2 METHODS AND MATERIALS

All methods and materials used in this study were as described in chapter 2. 
Rats sensitised with Nippostrongylus hrasiliensis were used for experiments 
investigating im m unologically-induced histam ine secretion and chloride 
uptake. Non-sensitised animals were used for all other experiments. W hen 
not quoted, the spontaneous histam ine secretion (secretion occurring in the 
absence of any stimulus) was less than 10 %.

For inhibition studies on mast cell histamine release, rat peritoneal m ast cells 
were stim ulated with a 1/200 dilution of stock anti-rat IgE, 0.1 |Xg/ml of 
com pound 48/80 or 0.1 pM A23187. Mouse peritoneal m ast cells were 
stim ulated w ith 10 jig /m l of concanavalin A, while guinea-pig mesenteric 
mast cells were stimulated w ith a 1/100 dilution of anti-guinea-pig IgG. For 
tachyphylaxis studies, rat peritoneal mast cells were stimulated w ith a 1/100 
dilution of stock anti-rat-IgE. For all inhibition and tachyphylaxis studies, the 
secretagogue-induced control release (CR) of histamine release is quoted in 
the legend.

For chloride uptake studies, the percentage purity of rat peritoneal m ast cells 
varied from 91.5 % to 100 %. For the corresponding inhibition studies on 
mast cell histamine release, the cells were stimulated with a 1/100 dilution of 
stock anti-rat IgF. Unless otherwise stated, histam ine release values for the 
chloride uptake experiments were determ ined following 10 m in incubation 
with the stimulus.
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4.3 RESULTS

4.3.1 Effect of chloride transport inhibitors and DSCG on rodent mast cell 
histamine release

4.3.1.1 Effect of chloride transport inhibitors and DSCG on anti-IgE- 
stimulated histamine release from rat peritoneal mast cells

Furosem ide inhibited  anti-IgE-stim ulated h istam ine release from  rat 
peritoneal mast cells (Fig. 4.1). The inhibition was dose-dependent, maximal 
at 1000 |iM (86.6±5.2 %) and 60 jxM furosemide was required to elicit a 50 % 
reduction in the control anti-IgE-induced histamine release (IC5 0 , Table 4.1). 
Furosemide's inhibitory action was m arkedly reduced w hen the cells were 
preincubated with the drug for 10 and 30 min prior to anti-IgE stimulation. 
MANOVA assessm ent of the inh ib ition  values for 0 and 10 m in 
preincubation demonstrated that the observed tachyphylaxis was significant 
(F6,i = 19.95, p = 0.001).

In contrast to furosem ide, bum etanide poten tiated  anti-IgE-stim ulated 
histam ine release (Fig. 4.2). The dose-dependent potentiation w as greatest 
w hen the cells were not preincubated w ith the d rug  and a m axim al 
potentiation of 216.1±28.3 % was observed at the top test concentration (1000 
pM)

Piretanide inhibited anti-IgE-stimulated histamine release at concentrations 
above 100 pM (Fig. 4.3), although the attenuation only reached ca 35 % at the 
top concentration (1000 pM). Essentially, preincubating the cells w ith the drug 
for 10 and 30 min prior to anti-IgE stimulation did not appreciably alter the 
response.

Ethacrynic acid inhibited anti-IgE-stim ulated histam ine release (Fig 4.4). 
W ithout preincubating, the IC5 0  value was 550 pM and a maximal inhibition 
of 58.8±5.1 % was observed at 1000 pM. Preincubation of the cells w ith the 
drug for 10 and 30 min increased the inhibitory effect as illustrated by the 
decrease in IC5 0  values to 140 pM and 50 pM respectively (Table 4.1), and an 
increase in the maximum inhibition.
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Consistent w ith previous findings and similar to the action of furosemide, 
DSCG's inhib itory  action on anti-IgE-induced h istam ine release w as 
significantly reduced following drug preincubation (Fig. 4.5, MANOVA test 
result for 0 and 10 min preincubation values; = 57.98, p > 0.001). However, 
DSCG w as more potent than furosem ide at inhibiting imm unologically- 
induced histamine release. Thus, maximal inhibition was observed at 100 |iM 
(77.1±7.1 %) and the drug had an IC5 0  value of 5 pM (Table 4.1).

NPPB was a potent inhibitor of anti-IgE-induced histamine release (Fig. 4.6). 
The IC5 0  value was 6 |llM  (Table 4.1) and a maximal inhibition of 82.3±6.1 % 
was observed at 20 pM. As shown in Fig. 4.6, the residual DMSG content (0.05 
%) of the 20 pM test concentration did not affect the control anti-IgF-mediated 
histamine release. Preincubation of the cells w ith NPPB for both 10 and 30 
min reduced the drug's inhibitory action.

DIDS and SITS both inhibited anti-IgF-mediated histamine release w ith IC5 0  

values of 40 and 90 fxM respectively (Table 4.1). Increased inhibition was 
obtained when both drugs were preincubated with the cells for 10 m in before 
anti-IgF stimulation. Thus for DIDS, the IC5 0  value decreased to 18 |iM and 
for SITS the value decreased to 35 pM. For both com pounds, additional 
preincubation (30 min) did not result in a further increase in inhibition.

Chlorothiazide and hydrochlorothiazide had no effect on anti-IgF-stimulated 
histamine release from rat peritoneal mast cells (Figs. 4.9 and 4.10)

4.3.1.2 Tachyphylaxis studies on anti-IgE-stimulated histam ine release from 
rat peritoneal mast cells

The inhibitory effect of both DSCG and furosemide was significantly reduced 
when each drug was preincubated w ith rat peritoneal m ast cells prior to 
im m unological stim ulation. Therefore, experim ents w ere conducted  to 
determ ine w hether the mechanism behind this tachyphylaxis phenom enon 
was com m on to both  drugs. To study this, cells w hich w ere rendered  
tachyphylactic to DSCG (pretreated with 100 pM DSCG for 10 min), were then 
exposed sim ultaneously to furosemide and the immunological stim ulus and 
the resultant inhibition was noted (0 min + DSCG, Fig. 4.11). The same cells 
were also pretreated with furosemide for 10 min to assess w hether there was 
any residual tachyphylactic effect of furosemide preincubation (10 m in +
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DSCG, Fig. 4.11). As a positive control, concurrent with the above experiment, 
the same cell population was exposed simultaneously to furosemide and anti- 
IgE (0 min. Fig. 4.11) and also pretreated w ith furosemide for 10 min prior to 
immunological stimulation (10 min. Fig. 4.12). In order to check that DSCG- 
pretreatm ent did not alter the inhibitory action of agents that do not exhibit 
the tachyphylaxis phenom enon, the above procedure  w as repeated , 
substituting theophylline for furosemide. In addition, the effect of DSCG- 
pretreatm ent on DSCG's inhibitory action was also studied.

The tachyphylactic studies described above were repeated with cells that were 
rendered tachyphylactic to furosemide (pretreated with 100 |iM furosemide 
for 10 min).
Rat peritoneal mast cells which were pretreated with DSCG were significantly 
less responsive to the inhibitory effects of furosemide compared to control 
cells (Fig. 4.11). Thus, furosemide's maximal inhibition of anti-IgE-mediated 
histamine release at 100 jiM was reduced from 41.4+7.1 % to 9.9+3.S %. The 
residual inhibitory effect in DSCG-treated cells was further reduced when the 
cells were preincubated for 10 m in w ith furosemide. In fact, this treatm ent 
resulted in poten tiation  of anti-IgE-induced histam ine at the top two 
concentrations. This response was, however, sim ilar to the tachyphylaxis 
induced in non-treated cells after 10 m in preincubation with furosemide.

Rat peritoneal m ast cells w hich w ere p retreated  w ith DSCG w ere also 
significantly less responsive to the inhibitory effects of DSCG com pared to 
control cells (Fig. 4.12). As observed w ith furosem ide, DSCG-treated cells 
retained some sensitivity  to DSCG's inhibitory  action. The incom plete 
tachyphylaxis could be a consequence of removing the drug from its binding 
site during the initial desensitisation procedure as the DSCG-treated cells 
were washed before the histam ine release study. DSCG-treated cells which 
were preincubated w ith DSCG for 10 m in prior to anti-IgE-stimulation were 
unresponsive to the inhibitory effect of the drug, as were control (untreated) 
cells that had been preincubated with the DSCG.

In control experiments, DSCG-treatment of rat peritoneal m ast cells had no 
effect on the inhibition induced by theophylline following 0 and 10 m in 
preincubation with the drug (Fig. 4.13).
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Furosem ide-treated cells were significantly less responsive to the inhibitory 
effect of DSCG over the concentration range 1 to 100 |liM compared to control 
cells (Fig. 4.14). Thus, DSCG's maximal inhibition of anti-IgE-m ediated 
histamine release at 100 |xM was reduced from 82.5±9.5 % to 60.5±6.5 %. The 
residual inhibitory effect in furosemide-treated cells was abolished w hen the 
cells were preincubated for 10 min with DSCG. Complete tachyphylaxis was 
also induced in control cells that had been preincubated in DSCG for 10 min 
prior to anti-IgE stimulation.

Fig. 4.15 shows that furosemide pretreatm ent rendered rat peritoneal mast 
cells significantly less responsive to the inhibitory effect of furosemide. As 
before, this treatm ent did not totally abolish the inhibitory effect of the loop 
diuretic and 10 m in furosem ide preincubation was required to induce 
maximal tachyphylaxis.

Furosem ide pretreatm ent of rat peritoneal m ast cells d id  not affect the 
inhibitory action of theophylline (Fig. 4.16). Hence, inhibition was comparable 
for fu ro sem ide-trea ted  and  u n trea ted  cells at 0 m in theophy lline  
preincubation  and at 10 m in theophylline preincubation. Bum etanide 
potentiation of anti-IgE-stimulated histamine release was also unaffected by 
furosemide pretreatm ent of rat peritoneal mast cells (Fig. 4.17).

4.3.1.3 Effect of chloride transport inhibitors and DSCG on compound 
48/80-stimulated histamine release from rat peritoneal mast cells

C om pound 48/80-stim ulated histam ine release was inhibited by DSCG at 
concentrations above 10 pM (Fig. 4.18) with a maximal inhibition of 90.1±3.1 
% at the highest concentration (1000 |xM). The ICg^ value was 120 |iM (Table 
4.2). Furosemide only inhibited compound 48/80-mediated histam ine release 
at the highest concentration (1000 fxM, 32.7+16.0 %) and the ICg^ value was 500 
|iM (Fig. 4.18, Table 4.2). Bumetanide and piretanide potentiated com pound 
48/80-stim ulated histam ine release in the concentration range 1 to 100 |xM 
(Fig. 4.18). Both drugs inhibited the induced secretion at 1000 |xM by 45.3±13.5 
% for bum etanide and 10.5±4.3 % for piretanide.

Ethacrynic acid, NPPB, DIDS and SITS all inhibited com pound 48/80- 
stim ulated histam ine release with IC5 0  values of̂ ûO pM, 9 pM, 3 pM and 1.5 
pM respectively (Fig. 4.19 and Table 4.2).

104



Chapter 4

4.3.1.4 Effect of chloride transport inhibitors and DSCG on A23187- 
stimulated histamine release from rat peritoneal mast cells

DSCG and furosemide had a moderate dose-dependent inhibitory effect on 
A23187-stim ulated histam ine release and the m axim al inhibition w as 
41.9±8.3 % and 35.6±17.9 % respectively (Fig. 4.20). Bumetanide had no effect 
on A23187-mediated histam ine release except at the highest concentration 
(1000 |iM), w hich caused potentiation of the A23187-induced secretory 
response (45.2±4.2 %, Fig. 4.20). P iretanide elicited a dose-dependent 
potentiation of A23187-induced histam ine release and at 1000 |iM  the 
potentiation reached 76.3±17.4 % (Fig. 4.20).
Ethacrynic acid, NPPB, DIDS and SITS all inhibited A23187-stimulated 
histam ine release w ith  IC5 0  values of >300 jxM, 8 |iM, 500 jxM and 500 |iM, 
respectively (Fig. 4.21 and Table 4.3).

4.3.1.5 Effect of chloride transport inhibitors and DSCG on concanavalin 
A-stimulated histamine release from mouse peritoneal mast cells

Furosem ide inhibited concanavalin A -stim ulated histam ine release from 
mouse peritoneal m ast cells at concentrations above 10 pM (Fig. 4.22). 
Maximal inhibition was 72.0+4.1 % and the IC5 0  value was 300 pM (Table 4.4). 
In contrast, bum etan ide poten tiated  the induced histam ine release at 
concentrations above 10 pM (Fig. 4.23). P iretanide had  little effect on 
concanavalin  A -stim ula ted  h istam ine release except a t the h ighest 
concentration, which caused moderate inhibition (25.8±7.3 %, Fig. 4.24).

Ethacrynic acid caused a dose-dependent inhibition of concanavalin A- 
stimulated histamine release with an IC5 0  value of 10 pM (Fig. 4.25 and Table 
4.%4). Complete inhibition of the stimulated secretion was obtained w ith 100 
pM of the drug. In contrast, DSCG had no appreciable action on concanavalin 
A-stim ulated histam ine release (Fig. 4.26) and NPPB only had  a m oderate 
inhibitory effect which was maximal at 10 pM (33.4±5.7 %, Fig. 4.27).

DIDS and SITS caused a dose-dependent inhibition of concanavalin A- 
m ed iated  h istam ine  release w ith  IC 5 0  values of 35 pM and 25 pM, 
respectively (Figs. 4.28 and 4.29, Table 4.4). At the top test concentrations (1000 
pM), both DIDS and SITS abolished the secretory response completely.
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Chlorothiazide and hydrochlorothiazide had no effect on concanavalin A- 
stimulated histamine release from mouse peritoneal mast cells (Figs. 4.30 and 
4.31)

4.3.1.6 Effect of furosemide, bumetanide and DSCG on anti-IgC- 
stimulated histamine release from guinea pig mesenteric mast 
cells

DSCG had no effect on anti-IgC-stimulated histamine release from guinea pig 
m esenteric m ast cells (Fig. 4.32). At concentrations below  1000 pM, 
furosem ide and bum etanide were also inactive (Fig. 4.32). At 1000 pM, 
furosemide potentiated the induced response by 11.5±5.2 % and bum etanide 
caused 26.6+9.3 % potentiation. Theophylline was used as a positive control to 
confirm that histamine release was subject to pharmacological attenuation. 
At 2000 pM, the drug caused 70.2+4.3 % inhibition of the induced secretion.

4.3.2 Effect of chloride transport inhibitors and DSCG on chloride
uptake into rat peritoneal mast cells

The h istam ine inhibition studies show ed that the chloride tran sp o rt 
inhibitors, furosemide and NPPB, attenuated anti-IgE-stimulated histam ine 
release. Therefore, the effect of these drugs on chloride uptake into rat 
peritoneal mast cells was investigated and compared to the actions of DSCG, 
bum etanide and piretanide. Initially, the effect of these drugs on passive 
chloride uptake was investigated before studying their activities on anti-IgE- 
stimulated chloride uptake.

4.3.2.1 Effect of chloride transport inhibitors on passive chloride uptake 
into rat peritoneal mast cells

Furosemide (700 pM, Fig. 4.33), bumetanide (100, 50 pM, Figs. 4.34 and 4.35), 
piretanide (100 pM, Fig. 4.36), DSCG (100 pM, Fig. 4.37) and NPPB (10 pM, Fig. 
4.38) all had no effect on passive chloride uptake into rat peritoneal m ast cells. 
MANOVA comparison of each drug treatment and the corresponding passive 
chloride uptake demonstrated that the drugs had no statistically significant 
effect (Table 4.5). In addition, these drugs did not induce mast cell secretion 
(see Figs. 4.33 to 4.38).
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4.3.2.2 Effect of chloride transport inhibitors and DSCG on anti-IgE- 
stimulated chloride uptake into rat peritoneal mast cells

Furosem ide (700 |iM) reduced anti-IgE stim ulated chloride uptake into rat 
peritoneal mast cells (Fig. 4.39). MANOVA testing showed that this reduction 
was statistically significant (Table 4.6). In addition, furosemide inhibited anti- 
IgE-stim ulated histam ine release by 45.2+4.9 %. W hen the furosem ide 
concentration was lowered to 50 pM, the drug  had no effect on anti-IgE- 
stimulated chloride uptake (Fig. 4.40, Table 4.6). However, this concentration 
inhibited anti-IgE-induced secretion by 16.2±1.7 %.

B um etanide had no effect on anti-IgE-stim ulated chloride up take  at 
concentrations of 100 pM and 50 pM, although the drug potentiated the 
induced histamine release by 49.9+17.3 % and 47.8±12.1 %, respectively (Figs 
4.41 and 4.42, Table 4.6). Piretanide (100 pM) did not alter anti-IgE-stimulated 
chloride uptake and the drug had no effect on anti-IgE-stimulated histamine 
release (Fig. 4.43, Table 4.6).

DSCG lowered anti-IgE stimulated chloride uptake at concentrations of 100 
pM and 30 pM and inhibited the secretory response by 40.4+4.8 % and 35.3+4.6 
%, respectively (Figs. 4.44 and 4.45). MANOVA assessment of the attenuated 
chloride uptake up to 30 m in showed that for both concentrations the 
reduction was not statistically significant (Table 4.6). However, MANOVA 
analysis of the 1 and 10 m in values indicated tha t the reduction  was 
significant for both concentrations (100 pM DSCG; F6,i = 6.77, p = 0.041 
and 30 pM DSCG; F6,i = 13.85, p = 0.01). This modification of the data used in 
the MANOVA assessment was made because the mast cell secretory response 
is essentially complete 10 min after stimulation.

NPPB (10 pM) significantly reduced anti-IgE-stimulated chloride uptake (Fig. 
4.46, Table 4.5) and inhibited anti-IgE-mediated histam ine release. Fig. 4.47 
dem onstrates that the NPPB-m ediated inhibition of anti-IgE-stim ulated 
chloride up take and histam ine release w ere dose-dependent over the 
concentration range 5 to 20 pM. Furtherm ore, the attenuation of chloride 
uptake correlated w ith the magnitude of the inhibition of histamine release.
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4.4 DISCUSSION

This study has shown that furosemide inhibits anti-IgE-stimulated histamine 
release from rat peritoneal mast cells. The effect is subject to m arked 
tachyphylaxis w hen the cells are preincubated w ith furosem ide prior to 
stimulation and in this respect the drug is similar to DSCG. The tachyphylaxis 
experim ents indicate that furosem ide and DSCG m ay share a comm on 
cellular target. Both drugs had some inhibitory action on  A23187- and 
com pound 48/80-stim ulated histamine release from rat peritoneal mast cells, 
although these effects were only apparent at concentrations of 100 |iM and 
1000 pM. Thus, DSCG's and furosemide's inhibitory action on rat m ast cells 
appears to be connected to FcgRI receptor activation.

Furosem ide inhibited concanavalin A -stim ulated h istam ine release from 
m ouse peritoneal mast cells. However, the IC5 0  value of 300 pM was m uch 
h igher than that observed for im m unologically-stim ulated ra t peritoneal 
m ast cells (IC5 0  = 60 pM), suggesting that furosemide has a less-specific action 
on immunologically-activated mouse m ast cells compared to rat peritoneal 
m ast cells. In contrast, and consistent with previous observations [159], DSCG 
had no effect on concanavalin A-stimulated histam ine release from  mouse 
p e rito n e a l m ast cells. Both co m p o u n d s w ere  in a c tiv e  a g a in st 
im m unologically-stim ulated histam ine release from guinea pig  m esenteric 
m ast cells. In total, this study has dem onstrated that furosem ide and DSCG 
have a similar inhibitory profile on activated rodent mast cells.

This study has also clearly demonstrated that the loop diuretics, furosemide, 
bum etanide and piretanide have distinct m odulatory effects on activated 
roden t m ast cells. Piretanide had little effect on anti-IgE-stim ulated rat 
peritoneal m ast cells, while bum etanide actually po ten tiated  the induced 
histam ine secretion. It is therefore unlikely that furosem ide 's inhibitory 
action on anti-IgE-stimulated histamine release is related to the drug 's action 
on the N a+/K +/2C1“ cotransport system. Bumetanide's m arked potentiation 
of the secretory response was not altered by furosem ide-pretreatm ent of rat 
peritoneal mast cells. This implies that the two loop diuretics have separate 
cellular targets, which have distinct (and opposing) m odulatory effects on rat 
peritoneal mast cell secretion.
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Furosemide inhibited anti-IgE-stimulated chloride uptake into rat peritoneal 
m ast cells at a high concentration (700 fxM), w hich is consistent w ith a 
previous study on antigen-induced chloride uptake [483]. However, when the 
concentration was reduced to 50 |iM, the drug had no effect on the stimulated 
chloride uptake even though there was significant inhibition of histam ine 
release. Typically, furosem ide inhibits the N a+ /K + /2C 1“ co transporter at 
concentrations of ca. 3 |xM [529,543]; therefore the N a+/K +/2C1" carrier is 
probably not involved in anti-IgE-stimulated chloride uptake into mast cells. 
The observations that bum etanide and piretanide had no effect on anti-IgE- 
stimulated chloride uptake further supports this conclusion.

Previous studies on intact cells have shown that furosemide inhibits chloride 
channel activity in the rat lacrymal gland [570] and the frog cornea [571] at the 
relatively high concentration of 1000 |xM. This may therefore account for 
furosemide's attenuation of anti-IgE-stimulated chloride uptake at 700 pM. 
O ther stud ies on isolated channels have failed to dem onstra te  that 
furosemide is a chloride channel blocker [543,572] and it has been suggested 
that the drug will reduce chloride conductance in whole cell preparations as a 
result of decreasing cytosolic chloride activity [572]. This theory is unlikely to 
apply to furosem ide's a ttenuation of anti-IgE-stim ulated chloride uptake 
because the reduction reflects a decrease in m em brane perm eability to the 
anion, which should not be appreciably affected by cytosolic chloride activity.

A ntigen-stim ulated chloride uptake into rat peritoneal m ast cells was 
unaffected by furosemide (700 |xM) when the cells were preincubated with the 
drug for 5 min prior to stim ulation [483]. This observation is interesting as 
this study  has show n that furosem ide's inhibitory  action on anti-IgE- 
stim ulated histam ine release is m arkedly reduced w hen the cells were 
preincubated w ith the drug. A lthough furosemide's inhibition of histam ine 
release does not appear to correlate precisely w ith  inhibition of chloride 
uptake, these findings do show that the two effects may be indirectly related.

DSCG (30 and 100 jiM) show ed some attenuation of anti-IgE-stim ulated 
chloride uptake. Inside-out patch clamp studies on RBL-2H3 cells have shown 
that DSCG is a potent blocker (IC5 0  = 10 p.M) of antigen-induced chloride 
channel activity [482,573]. In these experiments, DSCG was applied to the 
cytosolic side of the membrane. DSCG is not thought to cross cell membranes 
as it is highly hydrophilic [574] and extracellular application of DSCG has no
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effect on immunologically-stimulated m ediator release from RBL-2H3 cells 
[575]. Considering these two factors, DSCG chloride channel inhibition may 
therefore be a physiological irrelevance. Certainly, in this study, DSCG had a 
grea ter effect on anti-IgE -stim ulated histam ine release th an  on the 
corresponding chloride uptake. Thus, the attenuation of chloride uptake 
could be an indirect effect and a consequence of other actions of the drug.

DSCG's precise inhibitory mechanism of action on rat peritoneal mast cells 
has yet to be determined. Early studies on rat peritoneal m ast cells revealed 
that DSCG prevented imm unologically-stim ulated ^^calcium uptake [576]. 
The potencies for the inhibition of histam ine release and inhibition of 
45calcium uptake were similar. It was therefore postu lated  tha t DSCG 
interacted w ith a calcium channel linked to FcgRI receptor activation. A 
recent whole cell patch clamp study on activated rat peritoneal m ast cells has 
shown that DSCG only inhibits non-specific calcium currents and I^rac high 
concentrations (200-1000 pM) [577]. This suggests that DSCG's m ast cell 
stabilising effect is not a direct consequence of the drug's action on calcium 
channels. The same study also showed that DSCG inhibited cAMP-stimulated 
chloride currents at concentrations > 200 |iM. As discussed above, the fact that 
a relatively high concentration of DSCG is required to inhibit chloride 
conductance indicates that the DSCG's potent inhibition of histam ine release 
from this histaminocyte is a result of other actions of the drug.

An alternate hypothesis for DSCG's inhibitory action has come from protein 
phosphorylation studies on rat peritoneal mast cells [403]. Com pound 48/80 
and anti-IgE-stim ulation of rat peritoneal m ast cells results in the rapid 
phosphory lation  of three pro teins w ith in  tens of seconds of cellular 
stim ulation (relative molecular masses; 42 kDa, 59 kDa and 6 8  kDa). These 
proteins are therefore thought to be involved in the initiation of secretion. A 
fourth protein (78 kDa) is phosphorylated 30 to 60 seconds after stim ulation 
and this macromolecule may be involved in the term ination of secretion. 
DSCG was found to increase, transiently, the phosphorylation of a 78 kDa 
protein and dephosphorylation of this protein appeared to parallel the onset 
of functional tachyphylaxis in the mast cell [578]. Therefore, DSCG's action on 
this protein m ay explain the drug's inhibitory action on rat peritoneal mast 
cells. Recent work suggests that the 78 kDa macromolecule is in fact the 
MARCKS protein, which is a specific PKC substrate [442].
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Ethacrynic acid had a general inhibitory action on secretagogue-induced 
h istam ine  release from  ro d en t m ast cells. P revious stud ies have 
dem onstrated that the d rug  inhibits antigen- and A23187-induced histamine 
release from rat peritoneal mast cells [579,580]. In addition to its action on the 
N a+/K +/2C1“ cotransporter, ethacrynic acid inhibits oxidative and glycolytic 
ATP production [449]. M ast cell secretion is associated with an increase in 
cellular ATP-utilisation, therefore ethacrynic acid's inhibitory action almost 
certainly arises from a decrease in ATP production [580]. This would account 
for the drug's non-specific action on secretagogue-induced histamine release 
from mast cells. In addition, any effect of ethacrynic acid on the N a+/K +/2CP 
cotransport system w ould be secondary to the drug 's attenuation of ATP 
production.

The chloride channel blocker, NPPB, was the most potent inhibitor of anti- 
IgE-stimulated chloride uptake into rat peritoneal mast cells, suggesting that 
chloride influx occurs th rough  chloride channels. This hypothesis is 
consistent w ith electrophysiological observations which have dem onstrated 
that NPPB (10 pM) inhibits chloride channel activity following secretagogue 
stimulation [481]. Moreover, NPPB's inhibitory action on anti-IgE-stimulated 
histam ine release (IC5 0  = 6  pM) may be a consequence of the drug's well 
docum ented chloride channel blocking action. In support of this theory, 
NPPB-induced attenuation of chloride uptake correlated with the m agnitude 
of inhibition of histamine release.

NPPB w as found to inhibit A23187- and com pound 48 /80-stim ulated  
histamine release from rat peritoneal mast cells (IC5 0  values of 8  pM and 9 
pM respectively), suggesting that the drug has a rather non-specific mast cell 
stabilising action. The results presented in chapter 3 showed that both A23187- 
and com pound 48/ 80-stimulation of rat peritoneal m ast cells did not cause 
significant chloride uptake, although these secretagogues did cause significant 
histamine release. Chloride uptake does not appear to be involved in mast 
cell histam ine secretion induced by non-im m unological ligands. It was 
therefore disappointing that NPPB-inhibited the response m ediated by these 
agents. Theoretically, if the drug's principal action is on chloride channels, 
then m ast cell secretagogues tha t do no t u tilise  increased chloride 
conductance should be refractory to the effects of NPPB, Electrophysiological 
studies on rat peritoneal m ast cells have show n that both antigen and 
compound 48/80 induce increased chloride conductances across the mast cell
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m embrane [405,481]/ so NPPB's attenuation of com pound 48/80-stim ulated 
histam ine release is consistent w ith the electrophysiological recordings. It 
should be noted that NPPB was slightly more potent at inhibiting anti-IgE- 
stimulated histamine release compared to the other agents and this may, in 
part, explain the discrepancies between the chloride uptake data and the 
inhibition of histamine release experiments.

A study on insulinom a cells found that NPPB (50 pM) blocked oxidative 
phosphorylation by acting on mitochondrial anion channels [581]. This effect 
may account for the drug's non specific inhibition of secretagogue-induced 
histamine release from rat peritoneal mast cells. However, NPPB's inhibitory 
action was apparent at m uch lower concentrations, and NPPB's inhibition of 
anti-IgE-stimulated histamine release exhibited tachyphylaxis following drug 
preincubation, w hich is not consistent w ith  the action of an oxidative 
phosphorylation uncoupler. For exam ple, m ast cell preincubation  w ith  
ethacrynic acid increased the drug's inhibitory action on anti-IgE-stimulated 
histamine release. Furthermore, NPPB had only a weak inhibitory action on 
concanavalin A-induced histamine release from mouse peritoneal m ast cells, 
indicating that the drug shows some species specificity.

A recent whole-cell patch-clam p study on RBL-2H3 cells has indicated, 
somewhat surprisingly, that NPPB may inhibit calcium currents in addition 
to chloride currents [582]. The effect of NPPB on calcium currents was 
observed at concentrations of 20-100 |iM. As NPPB has previously been 
shown to inhibit oxidative phosphorylation at 50 |iM [581], the drug's modest 
potency on RBL-2H3 calcium currents m ay be due to non-specific actions 
rather than direct calcium ion channel blockage.

DIDS and SITS both inhibited secretagogue-induced histamine secretion from 
rat and mouse peritoneal m ast cells. The drugs appeared to be exceptionally 
potent on com pound 48/80-induced histam ine release. However, this may 
occur because of a direct chemical interaction of DIDS's and SITS's anionic 
moiety with the positively charged polyamine. Hence, both DIDS and SITS 
probably negate the histamine releasing activity of compound 48/80.

As DIDS and SITS inhibit HCO 3 VCP exchange [553,555] and chloride channels 
[559,560], their inhibitory action on rodent mast cell secretion may result from 
a change in membrane ion fluxes. However, the finding that antigen-induced
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chloride uptake into rat peritoneal mast cells was unaffected by DIDS, even 
though the drug inhibited antigen-induced histamine release [483], suggests 
that stilbene sulfonate inhibition of histam ine release is not connected to 
inh ib ition  of chloride ion m ovem ent. It shou ld  be m entioned  that 
electrophysiological recordings on rat peritoneal m ast cells have shown that 
DIDS does inhibit secretagogue-induced chloride currents [405,481], so the 
precise effect of stilbene sulfonates on mast cells remains unclear.

In addition to their^action on the HCO 3  /C l" exchanger, DIDS and SITS also 
react w ith free sul(ydryl groups, and such agents are known to inhibit mast 
cell activation [583]. However, a previous study has shown that glutathione 
protection of thiol groups on the mast cell membrane does not attenuate the 
inhibitory action of these com pounds [584]. Thus, it is improbable that the 
inhibitory effects of DIDS and SITS are m ediated by their interaction w ith 
membrane suljydryl groups.

The Na+/Cl" transport blockers, chlorothiazide and hydrochlorothiazide had 
no effect on im m unologically-stim ulated histam ine release from rat and 
m ouse peritoneal m ast cells. It is therefore unlikely that this carrier is 
involved in immunological mast cell activation.

In sum m ary, anti-IgE-stimulated chloride uptake into rat peritoneal m ast 
cells is sensitive to the action of the chloride channel blocking drug, NPPB. 
This suggests that chloride ion influx occurs through chloride channels. The 
inhibitory action of NPPB on anti-IgE-induced histam ine release may 
therefore be related to the d rug 's channel blocking activity. Anti-IgE- 
stim ulated chloride uptake is unlikely to result from the action of the 
N a+ /K + /2C 1" cotransport system  because the response is unaffected by 
appropriate concentrations of the loop diuretics. DSCG and furosemide have 
a similar spectrum  of inhibitory action on activated rodent m ast cells and 
these drugs may therefore have a common mechanism of action. In view of 
furosem ide's recently dem onstrated bronchoprotective action in vivo [542] 
the in vitro effects of chloride transporter inhibitors on hum an lung mast 
cells and basophils were investigated and these results are presented in 
chapter 5.
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Fig. 4.1 Effect of furosem ide on anti-IgE-stim ulated h istam ine
release from rat peritoneal mast cells fo llow in g  0 ,1 0  and
30 min drug preincubation (n=4)
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Fig. 4.2 Effect of bumetanide on anti-IgE-stimulated histamine 
release from rat peritoneal mast cells following 0,10 and 
30 min drug preincubation (n=4)
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Fig. 4.3 Effect of p iretanide on anti-IgE -stim ulated h istam ine
release from rat peritoneal mast cells fo llow in g  0 ,1 0  and
30 min drug preincubation (n=4)
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Fig. 4.4 Effect of ethacrynic acid on anti-IgE-stimulated histamine 
release from rat peritoneal mast cells following 0,10 and 
30 min drug preincubation (n=5)
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Fig. 4.5 Effect o f DSCG on anti-IgE-stimulated histam ine release
from rat peritoneal mast cells fo llow in g  0 ,1 0  and 30 m in
drug preincubation (n=5)
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Fig. 4.6 Effect of NPPB on anti-IgE-stimulated histamine release 
from rat peritoneal mast cells following 0,10 and 30 min 
drug preincubation (n=5)
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Fig. 4.7 Effect o f D ID S on anti-IgE-stimulated histam ine release
from rat peritoneal mast cells fo llow in g  0 ,1 0  and 30 m in
drug preincubation (n=6)
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Fig. 4.8 Effect of SITS on anti-lgE-stimulated histamine release 
from rat peritoneal mast cells following 0,10 and 30 min 
drug preincubation (n=6)
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Fig. 4.9 Effect of chlorothiazide on anti-IgE-stimulated histam ine
release from rat peritoneal mast cells fo llow in g  0 ,10  and
30 min drug preincubation (n=3)
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Fig. 4.10 Effect of hydrochlorothiazide on anti-IgE-stimulated 
histamine release from rat peritoneal mast cells following  
0,10 and 30 min drug preincubation (n=3)
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Fig. 4.11 Tachyphylaxis study: effect of DSCG pretreatment (100 
|iM, 10 min) on furosemide inhibition of anti-IgE- 
stimulated histamine release from rat peritoneal mast cells 
following 0 and 10 min furosemide preincubation (n=5)

■g

1000

0 min (CR= 18.1+2.1 %)

0 min + DSCG (CR= 17.2±1.9 %)

10 min (CR= 21.5+2.3 %)
10 min + DSCG (CR= 20.7±2.7 %)

I I I ni| 1 I I 11 iii|
1 10 100 

Furosemide (|xM)
Ceils were preincubated in buffer (open symbols) or DSCG (closed symbols), treated with furosemide without 
preincubation (circles) or with 10 min preincubation (squares) and then challenged w ith anti-IgE. Asterisks 
denote statistical differences of paired data between furosemide inhibition of the control release of DSCG- 
untreated and DSCG-treated cells.

Fig. 4.12 Tachyphylaxis study: effect of DSCG pretreatment (100 
jiM, 10 min) on DSCG inhibition of anti-IgE-stimulated 
histamine release from rat peritoneal mast cells following  
0 and 10 min DSCG preincubation (n=5)
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Cells were preincubated in buffer (open symbols) or DSCG (closed symbols), treated with DSCG without 
preincubation (circles) or with 10 min preincubation (squares) and then challenged with anti-IgE. Asterisks 
denote statistical differences of paired data between DSCG inhibition of the control release of DSCG- 
untreated and DSCG-treated cells.

119



Chapter 4

Fig. 4.13 Tachyphylaxis study: effect of DSCG pretreatment (100 
pM, 10 min) on theophylline inhibition of anti-IgE- 
stimulated histamine release from rat peritoneal mast cells 
following 0 and 10 min theophylline preincubation (n=5)
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Cells were preincubated in buffer (open symbols) or DSCG (closed symbols), treated with theophylline 
without preincubation (circles) or with 10 min preincubation (squares) and then challenged with anti-IgE.

Fig. 4.14 Tachyphylaxis study: effect of furosemide pretreatment 
(100 |iM, 10 min) on DSCG inhibition of anti-IgE- 
stimulated histamine release from rat peritoneal mast cells 
following 0 and 10 min DSCG preincubation (n=5)
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preincubahon (circles) or with 10 min preincubation (squares) and then challenged w ith anti-IgE. Asterisks 
denote statistical differences of paired data between DSCG inhibition of the control release of furosemide- 
untreated and furosemide-treated cells.
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Fig. 4.15 Tachyphylaxis study: effect of furosemide pretreatment 
(100 )iM, 10 min) on furosemide inhibition of anti-IgE- 
stimulated histamine release from rat peritoneal mast cells 
following 0 and 10 min furosemide preincubation (n=5)
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without preincubation (circles) or with 10 min preincubation (squares) and then challenged with anti-IgE. 
Asterisks denote statistical differences of paired data between hrrosemide inhibition of the control release of 
furosemide-untreated and furosemide-treated cells.

Fig. 4.16 Tachyphylaxis study: effect of furosemide pretreatment 
(100 |iM, 10 min) on theophylline inhibition of anti-IgE- 
stimulated histamine release from rat peritoneal mast cells 
following 0 and 10 min furosemide preincubation (n=5)
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Cells were preincubated in buffer (open symbols) or furosemide (closed symbols), treated with theophylline 
without preincubation (circles) or with 10 min preincubation (squares) and then challenged with anti-IgE.
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Fig. 4.17 Tachyphylaxis study: effect of furosemide pretreatment 
(100 |liM , 10 min) on bumetanide potentiation of anti-IgE- 
stimulated histamine release from rat peritoneal mast cells 
(n=4)
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without preincubation and then challenged with anti-IgE.
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Fig. 4.18 Effect of loop diuretics and DSCG on com pound 48/80-
stim ulated histam ine release from rat peritoneal mast
cells (n=4)
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Fig. 4.19 Effect of ethacrynic acid, NPPB, DIDS and SITS on 
compound 48/80-stimulated histamine release from rat 
peritoneal mast cells (n=4)
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Fig. 4.20 Effect of loop diuretics and DSCG on A23187-stimulated
histam ine release from rat peritoneal mast cells (n=4)
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Fig. 4.21 Effect of ethacrynic acid, NPPB, DIDS and SITS on 
A23187-stimulated histamine release from rat peritoneal 
mast cells (n=4)
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Fig. 4.22 Effect o f furosem ide on concanavalin  A -stim ulated
histamine release from m ouse peritoneal mast cells (n=6)
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Fig. 4.23 Effect of bumetanide on concanavalin A-stimulated  
histamine release from mouse peritoneal mast cells (n=5)
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Fig. 4.24 Effect of piretanide on concanavalin A-stim ulated  
histamine release from mouse peritoneal mast cells (n=6)
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Fig. 4.25 Effect o f ethacrynic acid on concanavalin A -stim ulated
histamine release from mouse peritoneal mast cells (n=6)
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Fig. 4.26 Effect of DSCG on concanavalin A-stimulated histamine 
release from mouse peritoneal mast cells (n=6)
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Fig. 4.27 Effect of NPPB on concanavalin A-stimulated histamine 
release from mouse peritoneal mast cells (n=4)
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Fig. 4.28 Effect o f DIDS on concanavalin A -stim ulated histam ine
release from m ouse peritoneal mast cells (n=6)
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Fig. 4.29 Effect of SITS on concanavalin A-stimulated histamine 
release from mouse peritoneal mast cells (n=6)
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Fig. 4.30 Effect of chlorothiazide on concanavalin A-stimulated 
histamine release from mouse peritoneal mast cells (n=5)
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Fig. 4.31 Effect of hydrochlorothiazide on concanavalin A- 
stimulated histamine release from mouse peritoneal mast 
cells (n=5)
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Fig. 4.32 Effect of DSCG, furosemide and bumetanide on anti-IgC- 
stimulated histamine release from guinea pig mesenteric 
mast cells (n=5)
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Fig. 4.33 Effect of furosem ide (700 juM) on rat peritoneal m ast cell
passive chloride uptake (n=3)
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Fig. 4.34 Effect of bumetanide (100 pM) on rat peritoneal mast cell 
passive chloride uptake (n=3)
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Fig. 4.35 Effect of bum etanide (50 |iM) on rat peritoneal mast cell
passive chloride uptake (n=4)
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Fig. 4.36 Effect of piretanide (100 pM) on rat peritoneal mast cell 
passive chloride uptake (n=3)
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Fig. 4.37 Effect o f DSCG (100 jiiM) on rat peritoneal m ast cell
passive chloride uptake (n=3)
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Fig. 4.38 Effect of NPPB (10 pM) on rat peritoneal mast cell passive 
chloride uptake (n=3)
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Fig. 4.39 Effect of furosem ide (700 |iM) on anti-IgE-stim ulated
chloride uptake into rat peritoneal mast cells (n=6)
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Fig. 4.40 Effect of furosemide (50 |iM) on anti-IgE-stimulated 
chloride uptake into rat peritoneal mast cells (n=4)
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Fig. 4.41 Effect of bum etanide (100 |iiM) on anti-IgE -stim ulated
chloride uptake into rat peritoneal mast cells (n=5)
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Fig. 4.42 Effect of bumetanide (50 pM) on anti-IgE-stimulated 
chloride uptake into rat peritoneal mast cells (n=5)
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Fig. 4.43 Effect of p iretanide (100 |iM ) on anti-IgE -stim ulated
chloride uptake into rat peritoneal mast cells (n=6)
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Fig. 4.44 Effect of DSCG (100 |liM) on anti-IgE-stimulated chloride 
uptake into rat peritoneal mast cells (n=4)
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Fig. 4.45 Effect of DSCG (30 jiM) on anti-IgE-stim ulated chloride
uptake into rat peritoneal mast cells (n=4)
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Fig. 4.46 Effect of NPPB (10 |iM) on anti-IgE-stimulated chloride 
uptake into rat peritoneal mast cells (n=6)
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Fig. 4.47 Effect of NPPB (5,10 and 20 jiiM) on anti-IgE-stimulated
chloride uptake into rat peritoneal mast cells at 5 min
(n=4)
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7.9±6.8 38.8±11.6 62.5+4.8

6.3+3.0 37.3+9.6 72.2+6.9
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Table 4.1 Drug concentrations required to elicit 50 % (IC50) and 25 
% (IC25) inhibition of anti-IgE-stimulated histamine 
release from rat peritoneal mast cells without drug 
preincubation

D r u g IC 5 0  (|liM) IC 2 5  (m

Furosemide 60 2 0

Bumetanide na na

Piretanide na 400

Ethacrynic acid 550 150

DSCG 5 2

NPPB 6 2

DIDS 40 10

SITS 90 25

C hlorothiazide na na

H ydrochlorothiazide na na

na (not applicable) denotes that the test drug did not inhibit anti-IgE-stimulated histamine 
release by 25 % and/or 50 %

Table 4.2 Drug concentrations required to elicit 50 % (IC50) and 25 % 
(IC25) inhibition of compound 48/80-stimulated histamine 
release from rat peritoneal mast cells

D r u g _______________________________ IC 5 o (|iM )__________________ IC 2 5 (M-M)______________

Furosemide no, SCO

Bumetanide flCX. 5DO

Piretanide na na

Ethacrynic acid QCO 50
DSCG 120 30

NPPB 9 6

DIDS 3 1.5

SITS 1.5 0.5

na (not applicable) denotes that the test drug did not inhibit com pound 48/80-stim ulated  
histamine release by 25 % and/or 50 %
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Table 4.3 Drug concentrations required to elicit 50 % (IC50) and 25 % 
(IC25) inhibition of A23187-stimulated histamine release 
from rat peritoneal mast cells

Drug ICsoCM-M) IC25(M-M)

Furosemide na 550

Bumetanide na na

Piretanide na na

Ethacrynic acid 3 0 0 i5"0

DSCG na 175

NPPB 8 5

DIDS 5 0 0 I6D

SITS •500 160

na (not applicable) denotes that the test drug did not inhibit A23187-stimulated histamine 
release by 25 % and/or 50 %

Table 4.4 Drug concentrations required to elicit 50 % (IC50) and 25 
% (IC2 5 ) inhibition of concanavalin A-stim ulated  
histamine release from mouse peritoneal mast cells

Drug ICsoCgM) IC25(M-̂
Furosemide 300 100

Bumetanide na na

Piretanide na 1000

Ethacrynic acid 10 3

DSCG na na

NPPB na 7

DIDS 35 15

SITS 25 9

C hlorothiazide na na

H ydrochlorothiazide na na

na (not applicable) denotes that the test drug did not inhibit anti-IgE-stimulated histamine 
release by 25 % and/or 50 %
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Table 4.5 Statistical analysis of chloride uptake into drug-treated 
and untreated rat peritoneal mast cells at 1,10 and 30 min 
using split plot analysis of variance (MANOVA)

Drug MANOVA test result

Furosemide (700 |LiM) F4 4  = 2.83, p = 0.168

Bumetanide (100 pM) F4 4  = 0.5, p = 0.832

Bumetanide (50 |iM) F6 ,i = 1.09, p = 0.337

Piretanide (100 pM) F4 l̂ = 0.04, p = 0.858

DSCG (100 pM) F4 4  = 0.89, p = 0.399

NPPB (10 pM) P4 ,i = 0.92, p = 0.391
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Table 4.6 Statistical analysis of anti-IgE-stimulated chloride uptake 
into drug-treated and untreated rat peritoneal mast cells 
at 1, 10 and 30 min using split plot analysis of variance 
(MANOVA)

Drug MANOVA test result

Furosemide (700 gM) FlO,l = 8.74, p = 0.015

Furosemide (50 jiM) p6 ,i = 0.05, p = 0.833

Bumetanide (100 |xM) Fg l̂ = 0.25, p = 0.631

Bumetanide (50 |iM) Fg l̂ = 2.31, p = 0.167

Piretanide (100 |iM) FlO,i = 0.34, p = 0.573

DSCG (100 \lM) Fg l̂ = 2.26, p = 0.183

DSCG (30 |iM) Fg,! = 4.88, p = 0.069

NPPB (10 îM) FlO,l = 8.62, p = 0.015
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Chapter 5

THE EFFECT OF CHLORIDE TRANSPORT INHIBITORS ON HUMAN 
LUNG MAST CELL AND BASOPHIL LEUCOCYTE HISTAMINE RELEASE

5.1 INTRODUCTION

A sthm a is one of the comm onest pulm onary diseases in industrialised  
countries, affecting more than 5 % of the population. In spite of a m arked 
increase in prescribed asthma therapy [585], the incidence and severity of the 
disease are actually increasing [586].

In the past, the principal defect in asthma was thought to result from the 
abnormal contractility of airway smooth muscle, giving rise to the common 
symptoms of intermittent wheeze and shortness of breath. Thus, asthma was 
considered to be prim arily  a disease of acute and reversible airw ay 
obstruction. C onsequently, research and therapeutic  a tten tion  focused 
prim arily  upon  m echanism s leading to acute bronchospasm . H ow ever, 
studies on airway smooth muscle from asthmatic subjects have found no 
convincing evidence for increased contractile responses to spasmogens such 
as histam ine in vitro [587], implying that there is no abnorm al change in 
asthmatic airway smooth muscle. Furthermore, although it has been known 
for m any years that fatal asthm a is associated w ith m arked inflam m atory 
changes in the submucosa of the airways [588], it is only relatively recently 
that airway inflammation has been demonstrated in mild asthmatic subjects. 
For example, direct bronchoscopy reveals that the airways of mild asthmatics 
are often reddened and swollen, indicating acute inflammation [589]. BAL has 
shown that asthmatics have an increased num ber of lymphocytes, m ast cells 
and eosinophils compared to non-asthmatic controls (reviewed in reference 
590). Bronchial biopsies have also provided evidence of increased num bers, 
and activation, of mast cells, macrophages, eosinophils and T-lymphocytes 
[590].

A sthm a is now  considered to be characterised by reversible airw ay 
obstruction, airway inflammation and an increase in airway responsiveness 
to a v a rie ty  of s tim u li (h y p erresp o n siv en ess) [591]. B ronchial 
hyperresponsiveness is related to the severity of the disease [592] and animal 
experiments suggest that the degree of hyperresponsiveness is also associated 
with the extent of inflammation of the airways [593]. A lthough the precise
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pathogenesis of asthma has yet to discovered, a num ber of précipitants or 
triggers have been identified. These include allergens [594], respiratory  
infections [595], exercise [596], aspirin [597] and chemical irritants such as 
sulfur dioxide [598].

In atopic individuals, exposure to inhaled allergen results in acute airway 
obstruction, which is maximal at 15 m in and may last up to 3 h. This acute 
reaction is characterised by smooth muscle contraction, plasma exudation and 
an increase in m ucus production. The initial response is followed by a 
recovery period over the next 1  to 2  h and then a further progressive fall in 
resp ira tory  function m ay occur. This "late phase" asthm atic reaction 
(maximal betw een 6  and 1 2  h) is associated w ith  the recru itm ent of 
inflam m atory cells into the airways and the developm ent of bronchial 
inflam m ation. There is also an increase in airway hyperresponsiveness, 
which will perpetuate and positively reinforce the asthmatic inflamm atory 
processes. A further recovery then occurs, 24 to 36 h after the initial allergen 
challenge [193,194,599].

Many different inflammatory cells are involved in asthma (see Fig. 1.1 and 
below), although the precise contribution of each cell type has yet to be fully 
defined [600].

The mast cell has an important role in initiating the acute asthmatic response 
to allergen because of the cell's capacity to be activated by IgE-dependent 
m echanism s. In vitro and in vivo s tud ies have p rov ided  convincing 
evidence that mast cell-derived mediators such as histamine, PGD2  and LTC4  

are largely responsible for the immediate bronchoconstriction provoked by 
allergen (reviewed in reference 601). There is no direct indication that mast 
cells are involved in the characteristic increase in asthmatic airway reactivity, 
although there is a significant correlation between am ounts of histam ine in 
the airways of asthmatics and the sensitivity of the airways to methacholine 
(a marker of airway reactivity) [602]. In addition to bronchospasmic mediators, 
m ast cells secrete chemotactic factors (see section 1.7.1.6 ), and possibly 
cytokines (see section 1.7.2.3), that may recruit and prime other inflammatory 
cells. Accordingly, the mast cell may contribute indirectly to the late phase 
asthmatic response and the underlying chronic inflammatory processes that 
occur in asthmatic airways.
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Eosinophil infiltration into the asthm atic airways during  the late phase 
response to allergen is a distinctive aspect of the disease [603]. Moreover, there 
is a close association between eosinophil counts in peripheral blood or BAL, 
and airway hyperresponsiveness [604]. Activated eosinophils release a variety 
of mediators [605] including PAF and LTC4 , both of which have been linked to 
increased mucus production and airway reactivity in hum ans [606,607]. In 
addition, eosinophils are thought to be responsible for loss of epithelial 
integrity, which is a characteristic feature of asthma. Eosinophil-derived 
products such as major basic protein, eosinophil-derived neurotoxin and 
eosinophil cationic protein are directly toxic to epithelial cells and alter their 
function in vitro [608]. Eosinophil-derived peroxidase in the presence of 
hydrogen peroxide and halide can also generate reactive oxygen species that 
are toxic to epithelial cells [609].

M acrophages are the most num erous im m une and inflam m atory regulator 
cells on the surface of the normal lung [610]. Large num bers of macrophages 
are also present in the airways of asthmatic subjects and their num bers may 
increase after exposure to allergen [611]. Alveolar m acrophages process 
allergen for presentation to T-lymphocytes. They are, however, less effective 
than macrophages from other sites, such as the peritoneum  [612]. In contrast, 
dendritic cells, which are specialised m acrophage-like cells located in the 
airw ay epithelium , are very effective antigen-presenting cells and m ay 
therefore play  a crucial role in the allergen-induced response [612]. 
Macrophages express the low affinity IgE receptor [238] and are capable of 
releasing an array of mediators and cytokines that may be involved in allergic 
inflammation (reviewed in reference 613). For example, macrophages secrete 
GM-CSF, which primes and prolongs the life span of eosinophils [614]. In 
addition, activated macrophages release thromboxanes, TNF-a and various 
ox idative  species th a t m ay co n tribu te  d irec tly  to the increased  
bronchovascular permeability seen in the airways of asthmatics [615,616].

T lymphocytes secrete an array of cytokines, which are capable of influencing 
other inflammatory cells (reviewed in references 617 and 618). In particular, T 
lym phocyte-derived  IFN-y, IL-3, IL-4 and IL-5 are all thought to have an 
im portant role in atopic allergic disease. IL-4 and IFN-y closely regulate B cell 
p roduction  of IgF (see section 1.6.1.1). IL-5 is essential for term inal 
differentiation of eosinophils and this cytokine also prim es the m ature 
eosinophil for efficient effector function [382,383]. IL-3 and IL-4 are im portant
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regulators of mast cell and basophil function (see section 1.3 and 1.4). Recent 
studies have suggested that the manifestation of allergic diseases such as 
asthm a m ay involve the preferential expansion of the Th-2 lym phocyte 
subset, which secrete IL-3, IL-4, IL-5 and GM-CSF, with fewer T helper-1 cells, 
whose cytokine profile includes IL-2 and IFN-y [617]. This mechanism would 
account for the B lymphocyte isotype switching to IgE synthesis and the 
preferential recruitment of eosinophils and mast cells.

Basophil leucocytes are thought to infiltrate the lower airways following 
inhaled allergen and contribute to the late phase response. Evidence for this 
has come from a recent BAL study on asthmatic subjects [619]. The results 
showed that the basophil was the predom inant histam ine-containing, IgE- 
bearing cell found in BAL, 12 to 17 h after the initial allergen bronchial 
challenge. As allergen levels are lower during the late phase response 
com pared to levels present at the initiation of the response, it has been 
suggested that basophils may be activated in vivo by the cytokine, HRF [620]. 
HRF has been found in late phase fluids in the skin [621] and airways [622]. In 
the upper airway, the sensitivity of a donor's basophils to HRF was found to 
correlate w ith the severity of the late phase response in that individual [623]. 
Therefore, H RF-m ediated basophil activation m ay be an im portan t 
component of the late phase inflammatory response [620].

For some time there has been speculation that defects in airway neuronal 
m echanism s may be relevant in the pathogenesis of asthma. Autonom ic 
nervous control of the airways is complex. In addition to cholinergic and 
adrenergic innervation, non-adrenergic non-cholinergic (NANG) nerves 
have been identified in the respiratory tract (reviewed in reference 624). It is 
possible that abnormalities in autonomic control may contribute to airway 
hyperresponsiveness, although current thinking suggests that these effects 
may be secondary to the underlying causes of asthm a [624]. At present, 
research is focusing on NANG nerves, which release various neuropeptides 
in response to axon reflexes (reviewed in reference 625). These peptides 
include substance P (a potent inducer of microvascular perm eability and 
mucus secretion), neurokinin A (a potent bronchoconstrictor) and calcitonin 
gene-related peptide (an effective and long acting dilator of bronchial vessels). 
Thus, the release of these peptides from exposed sensory-nerve endings could 
augment the inflammatory response in the asthmatic airways [625].
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Therapeutic m anagem ent of asthm a depends to a certain extent on the 
severity of the disease (reviewed in reference 626). Asthma medications can 
be broadly classified into two groups. The first group act prim arily  as 
bronchodilators and include /3 2 -adrenergic agonists, theophylline  and 
anticholinergic drugs. The second group are considered to have an ti
inflam m atory properties and include DSCG, nedocrom il sodium  and 
glucocorticoid steroids. The reader is referred to reference [627] for a detailed 
synopsis of the proposed mechanisms of action of these drugs.

The observation made in 1988, that inhaled furosemide prevented exercise- 
induced bronchoconstriction in asthmatic subjects, was the first indication 
that furosemide may have a potential role in the treatm ent of asthma [628]. 
Subsequently, inhaled furosemide was found to protect asthmatics from a 
variety  of bronchoconstrictor agents, including allergen, ultrasonically  
nebulised distilled w ater, cold air, sodium  m etabisulfite, adenosine 5'- 
m onophosphate and bradykinin [542,629,630]. In contrast, furosem ide was 
found to have no inh ib ito ry  effect on stim uli tha t act as d irect' 
bronchoconstrictors on airway sm ooth muscle. These include histam ine, 
methacholine and PGF2 a [542,629].

At present, the m echanism  underly ing  the bronchoprotective effect of 
furosem ide is unknow n and the drug may have a m ultifactorial m ode of 
action. As discussed in chapter 4, the principal effect of furosemide and other 
loop diuretics is their inhibition of electrically neutral transport of sodium, 
potassium  and chloride ions across cell m em branes. The N a+/K +/2C 1" 
cotransporter is found in both reabsorptive and secretory epithelia and it is 
therefore possible that furosemide's bronchoprotective effect results from its 
action on this ion carrier.

In vitro stud ies on the canine tracheal ep ithelium  have show n that 
furosemide inhibits chloride ion transport when applied to the serosal rather 
than the mucosal surface [631,632], consistent with the basolateral location of 
the Na+/K+/2C1" cotransporter. It has been suggested that inhaled furosemide 
does not reach the basolateral mem brane of airway epithelial cells in vivo, 
since the airway epithelium  has tight junctions which w ould prevent the 
drug 's access to the basolateral surface. Therefore, it was proposed that 
furosemide's action on the Na+/K+/2C1” cotransporter could not explain its 
bronchoprotective effect. In support of this, oral furosemide treatm ent was
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found to have no effect on exercise-induced bronchoconstriction [628]. In 
addition, the observations that bum etanide has no bronchoprotective action 
on adenosine 5’-monophosphate-, methacholine- or exercise-induced asthma 
indicate that furosemide's action is unrelated to Na+/K+/2C1" cotransport 
inhibition. However, a recent study has show n that inhaled p iretanide 
prevents m etabisulfite-induced bronchoconstriction in asthm atic subjects
[633]. Thus, furosemide's inhibition of N a+/K +/2C 1‘ cotransport cannot be 
excluded as a possible m echanism  of action. Bum etanide's ineffective 
bronchoprotective action may be due to the kinetics of the drug 's transit 
through the airways.

In vitro, furosem ide does not inhibit histam ine-, potassium  chloride- or 
hyperosm olar saline-induced contraction of bovine tracheal sm ooth muscle
[634]. Furosem ide is also w ithout effect on hyperosm olar saline-induced 
contraction of hum an bronchial rings [634] and acetylcholine-, neurokinin A- 
and toluene diisocyanate-induced contraction of guinea pig airway smooth 
m uscle [635]. It is therefore unlikely that furosem ide acts directly as a 
bronchodilator in vivo.

Furosemide may have some effect on airway nerves. In vitro, furosemide and 
bum etanide dose-dependently inhibit contraction caused by cholinergic and 
NANC nerve stim ulation. The a ttenuation  of the latter response by 
furosemide and bum etanide suggests that these drugs may inhibit the release 
of neuropeptides from C-fibres [635].

Studies on the hum an cough response have attem pted to dem onstrate an 
inhibitory effect of furosemide on airway afferent nerves. Inhaled furosemide 
reduces the cough response to nebulised low chloride hyperosmolar solutions 
in normal volunteers, although the drug is inactive against capsaicin-induced 
cough in the same subjects [636,637]. The hyperosm olar-induced cough 
response is thought to arise from the stimulation of afferent nerve endings in 
hum an airways. In support of this, heart-lung transplantation recipients do 
not exhibit a cough response follow ing hyperosm olar challenge [638]. 
Furosemide also inhibits PGF2 a-induced cough in normal volunteers, but is 
not active against PGF2 a-induced bronchoconstriction [639]. These differences 
may be related to the fact that PGP2 a stim ulates chloride secretion across 
canine tracheal epithelium [640] and thus furosemide could be altering the 
local concentration of chloride ions in the vicinity of the cough receptor
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(myelinated afferent nerve fibres) at the airway surface [542]. In addition, the 
cough response and inhaled aerosol-induced bronchoconstriction may be 
m ediated by separate mechanisms [642]. Therefore, furosemide's protective 
effect on these two pathophysiological processes may be unconnected.

Furosemide has been shown to m odulate the production of arachidonic acid 
derivatives. Specifically, furosemide increases the urinary output of PGE2  in 
hum ans [642]. It is therefore possible that inhaled furosemide may stimulate 
an increase in PGE2  production, particularly from epithelial cells, which are 
an im portant source of this prostanoid in the airways [643]. PGE2  is a 
bronchodilator bu t can also induce paradoxical bronchoconstriction in 
asthm atics via activation of sensory nerves in airways [644]. PGE2  has, 
however, been shown to protect asthmatic subjects against nebulised distilled 
w ater and allergen-induced bronchoconstriction [645,646]. H ow ever, if 
furosemide was acting via increased PGE2  production, this does not explain 
the differential bronchoprotective action of the drug. Furtherm ore, the 
specific cyclooxygenase inhibitor, flurbiprofen, has recently been shown to 
enhance fu rosem ide 's a tten u a tio n  of sod ium  m etab isu lfite -induced  
bronchoconstriction  in asthm atic subjects [647]. This suggests th a t 
furosemide's bronchoprotective action is unconnected w ith the generation of 
PGs. In conflict w ith the above finding, another cyclooxygenase inhibitor, 
indomethacin, seems to reverse the inhibitory effect of furosem ide against 
exercise-induced bronchoconstriction [648]. Therefore, the role of arachidonic 
acid derivatives in the bronchoprotective effect of furosem ide rem ains 
controversial.

The observation that acetazolamide, a specific carbonic anhydrase inhibitor, 
a ttenuates hyperventila tion-induced  bronchoconstriction [649] m ay be 
relevant to furosem ide's action on hum an airways. Both furosem ide and 
bum etan ide  inhibit carbonic anhydrase in vitro [527]. H ow ever, high 
concentrations of both drugs were required (1000 |iM) and it is doubtful that 
their effect on carbonic anhydrase has any clinical significance.

The finding that inhaled furosem ide attenuates both  the early and late 
bronchoconstriction response to allergen [650-652] indicates that furosemide 
may have some inhibitory action on inflam m atory cells, particularly m ast 
cells. In vitro, furosem ide inh ib its an tig en -in d u ced  h istam ine  and  
sulfidopeptide leukotriene release from hum an lung mast cells [653]. Other in
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vitro studies have shown that furosemide inhibits the release of superoxide 
anions from activated hum an epithelial cells [654], alveolar macrophages [654] 
and eosinophils [655]

Furosem ide's profile of inhibitory action on various bronchoconstrictor 
agents in vivo is similar to that observed w ith DSCG [542]. It is therefore 
possible that furosemide and DSCG have a common mechanism  of action 
[542]. Hence, the aim of this study was to compare the action of furosemide 
w ith DSCG and other chloride transport inhibitors on im m unologically 
activated hum an basophil leucocytes and hum an lung mast cells in vitro.

5.2 METHODS AND MATERIALS

All methods and materials used in this study were as described in chapter 2. 
For inhibition studies on m ast cell histam ine release, hum an basophil 
leucocytes were stimulated with a 1/1000 dilution of stock anti-hum an IgE. 
H um an lung and BAL mast cells were stim ulated w ith higher anti-hum an 
IgE concentrations of 1/100 and 1/300 dilutions, respectively. For all 
experiments, the spontaneous histamine secretion (secretion occurring in the 
absence of any stimuli) was less than 1 0  %.

5.3 RESULTS

5.3.1 Effect of chloride transport inh ib itors and DSCG on anti-IgE-
stim ulated histam ine release from hum an basophil leucocytes

Furosem ide had no effect on anti-IgE-stim ulated histam ine release from 
hum an basophil leucocytes except at the highest test concentration (1000 pM) 
which caused a slight potentiation of the induced secretion (16.7+2.9 %) (Fig.
5.1). Bumetanide potentiated the induced secretion at concentrations above 10 
|iM (Fig. 5.2), although the effect was not as marked as that observed for anti- 
IgE-stim ulated histam ine release from rat peritoneal m ast cells (Fig. 4.2, 
chapter 4). Piretanide had no action on anti-IgE-stimulated histamine release 
from hum an basophil leucocytes (Fig. 5.3), while ethacrynic acid inhibited the 
induced histam ine release w ith an IC5 0  of 35 |LiM (Fig. 5.4, Table 5.1). The 
inhibition was dose-dependent and, at the highest concentration (1000 |iM), 
the induced secretion was completely abolished.
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As observed w ith furosemide, DSCG had no action on anti-IgE-mediated 
histam ine release from basophils except at the highest concentration ( 1 0 0 0  

|xM) which potentiated the stimulated histamine release by 12.1±3.1 % (Fig. 
5.5). NPPB had a weak inhibitory action on anti-IgE-induced histam ine 
release from basophils (Fig. 5.6). At the highest NPPB test concentration (20 
|xM), maximal inhibition was 15.7±9.7 %. Both DIDS and SITS had a moderate 
inhibitory effect on anti-IgE activated basophils (Figs. 5.7 and 5.8). For DIDS, 
maximal inhibition at 100 |iM was 36.3+5.5 %. SITS was less effective as the 
maximal inhibition was 29.2+7.1 % (100 fiM)

5.3.2 Effect of chloride transport inhibitors and DSCG on anti-IgE- 
stimulated histamine release from human lung mast cells

Furosem ide inhibited anti-IgF-stim ulated histam ine release from  hum an 
lung m ast cells (Fig. 5.9). The m odest inhibition was dose-dependent and 
maximal when the cells were not preincubated with the drug. At the highest 
concentration (1000 |xM), furosem ide's a ttenuation reached 35.5±4.8 %. 
Bum etanide also inhibited  anti-IgF-stim ulated histam ine release from 
hum an lung m ast cells (Fig. 5.10). In contrast to furosemide, bum etanide's 
inhibition was greatest when the cells had been preincubated w ith the drug 
for 30 m in prio r to stim ulation. For this cellular treatm ent, m axim al 
inhibition was 29.7+5.2 % at 1000 |iM.

Piretanide had a weak inhibitory action on anti-IgF-activated hum an lung 
mast cells at concentrations above 10 pM (Fig. 5.11). Inhibition was greatest 
when the cells were not preincubated with the drug and maximal inhibition 
was 16.6+7.2 % (1000 pM). Ethacrynic acid had a potent inhibitory effect on 
anti-IgF-stimulated histamine release from hum an lung mast cells (Fig. 5.12). 
The inhibition was dose-dependent and was enhanced when the cells were 
preincubated w ith the drug  prior to stim ulation. Thus, the IC 5 0  values 
increased from 100 jiM to 50 pM and 30 jiM following 10 and 30 min drug 
preincubation, respectively (Table 5.2).

DSCG had a m oderate inhibitory action on anti-IgF-stim ulated histam ine 
release from  hum an lung m ast cells (Fig. 5.13). The dose-dependent 
inhibition was greatest when the cells were not preincubated w ith the drug 
and, at 1000 |iM, the inhibition reached 41.6+6.7 %. NPPB caused a dose- 
dependent inhibition of the stim ulated response (Fig. 3.14). The inhibition
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was unaffected by drug preincubation and the IC5 0  value was 1 0  pM (Table
5.2). M aximal NPPB-mediated inhibition for all cellular treatm ents was 
obtained at the 2 0  pM concentration and was ca. 63 %.

DIDS and SITS were most effective at inhibiting secretion w hen these agents 
were preincubated with hum an lung mast cells for 30 m in prior to anti-IgE- 
stim ulation (Figs. 5.15 and 5.16). Thus, maximal inhibition for DIDS (1000 
pM) was 89.7±8.7 % and for SITS (1000 pM) was 90.7+6.1 %. When both drugs 
w ere added sim ultaneously w ith anti-IgE to the hum an lung m ast cells, 
inhibition was only observed at concentrations greater than 10 pM.

5.3.3 Effect of loop diuretics and NPPB on anti-IgE-stimulated
histamine release from human BAL mast cells

Furosem ide and bum etanide had a m odest inhibitory effect on anti-IgE- 
stim ulated histam ine release from hum an BAL m ast cells (Figs. 5.17 and 
5.18). Furosem ide was slightly more potent and maximal inhibition at the 
highest concentration (1000 pM) was 24.8±2.8 %. Bum etanide's m aximal 
inhibition was 19.3+2.3 % (1000 pM). Piretanide had no effect on anti-IgE- 
activated BAL m ast cells (Fig. 5.19). NPPB inhibited anti-IgE-stim ulated 
histam ine release from BAL mast cells (Fig. 5.19). Maximal inhibition at 10 
pM was 43.9+16.4 % and the IC2 5  value was 5 pM (Table 5.3).

5.4 DISCUSSION

H um an basophil leukocytes and hum an lung mast cells require extracellular 
chloride ions for m axim um  histam ine release follow ing im m unological 
activation (see Figs 3.6, 3.8 and 3.9, chapter 3). Therefore, the action of chloride 
transport inhibitors on these mast cell phenotypes may provide an indication 
of the relevance of chloride movement to histamine secretion. The action of 
chloride transport inhibitors on hum an m ast cells is of further interest 
because of the possible clinical uses of these compounds in m ast cell-related 
diseases, particularly allergic asthma.

The finding  tha t furosem ide enhanced anti-IgE -stim ulated h istam ine 
secretion from hum an basophils at the highest concentration tested is 
consistent w ith a previous study on basophils from normal non-atopic adults
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[656]. This in vitro result implies that furosemide is unlikely to inactivate 
infiltrating basophils in the asthmatic airways in vivo. However, a recent 
study  on basophils from atopic adults dem onstrated  that furosem ide 
inhibited both anti-IgE and antigen-stimulated histamine release [657]. Blood 
from atopic volunteers was passively sensitised w ith the house dust mite 
allergen, Dermatophagoides pteronyssinus or gram ineous pollen allergens, 
according to the sensitivity of the indiv idual donor. Furosem ide was 
particularly active on anti-IgE-stimulated secretion and 25 |iM of the drug 
caused ca. 80 % inhibition. The discrepancy between the atopic study and the 
norm al studies (reference 656 and the results presented in this thesis) brings 
in to question the validity of assessing the action of potential anti-asthmatic 
drugs on cells isolated from normal volunteers. Evidence suggests that mast 
cells isolated from the sites of inflam m ation have an altered functional 
phenotype [393] possibly as a result of microenvironm ental changes in the 
concentration of cytokines. It is logical to predict that functional changes in 
the m ast cell response w ould be a consequence of altered biochem ical 
pathw ays in the signal transduction pathw ays of the m ast cell. Hence, 
furosem ide m ay indeed have an inhibitory action on im m unologically- 
activated basophils in the airways of asthmatic individuals. However, the 
resu lts discussed above do require  confirm ation by an independen t 
laboratory.

Im m unologically-activated hum an basophils appear m ore resistant to the 
po ten tia ting  action of bum etanide than im m unologically-activated rat 
peritoneal mast cells. Nevertheless, the finding that bum etanide significantly 
potentiates activated basophil secretion in vitro, indicates that bum etanide 
may enhance immunologically-triggered m ediator release from basophils in 
vivo. In view of the current theory that activated basophils contribute to the 
late asthmatic response [619,620], inhaled bum etanide may have a detrimental 
effect on allergic asthmatic airways. As piretanide had no inhibitory action on 
anti-IgE-stim ulated release and furosem ide's effect was negligible, it is 
unlikely that bum etanide's potentiating effect is connected to inhibition of 
the Na+/K+/2C1" cotransporter.

DSCG had a similar action on activated basophils as furosemide, and had no 
effect on anti-IgE-induced histam ine secretion, except at the highest 
concentration (1000 |xM) which caused slight potentiation. A previous study 
has shown that DSCG has a negligible action on activated basophils [176,658],
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although  this study did not show that DSCG potentiated  the induced 
secretion at 1000 (xM

NPPB had  a w eak inhib itory  action on im m unolog ically -stim ulated  
histam ine release from hum an basophils. This result is surprising because of 
the observed potent suppressive effect of extracellular chloride removal on 
anti-IgE-stimulated histamine release from basophils (see Figs. 3.8 and 3.9, 
chapter 3). Accordingly, a chloride channel blocker would be expected to have 
a m arked inhibitory  action on basophil secretion. The m ost obvious 
explanation for these conflicting observations is that NPPB could have a 
greater specificity for mast cell membrane chloride channels com pared to 
basophil chloride channels. Implicit in this postulate are the assumptions that 
chloride uptake is directly related to histamine release from histaminocytes 
and that NPPB acts exclusively as a chloride channel blocker. Data presented 
in chapters 3 and 4 on rat peritoneal m ast cells are consistent w ith these 
assum ptions. The extensive research into the ontology of m ast cells and 
basophils (discussed in section 1.3) has shown that the two cells have distinct 
developm ental pathways. Indeed, the basophil appears to share a common 
precursor cell w ith the eosinophil. Therefore, mast cells and basophils m ay 
express distinct chloride channels with dissimilar specificities for the chloride 
channel blocker, NPPB. Thus, the weak inhibitory action of NPPB on 
immunologically-activated basophils may result from a less specific action of 
the drug on basophil chloride channels.

The loop diuretics, furosemide, bumetanide and piretanide inhibited anti-IgE- 
stim ulated histamine release from hum an lung and BAL m ast cells w ith an 
order of potency furosem ide > bum etanide > piretanide. It is therefore 
unlikely that the inhibitory action on these hum an m ast cells is related to 
inhibition of the Na+/K+/2C1" cotransporter because such an effect would, by 
definition, resu lt in an order of potency bum etanide > p ire tan ide  > 
furosem ide.

Furosem ide only had a m odest inhibitory action on im m unologically- 
activated hum an lung m ast cells, inhibiting secretion at concentrations 
greater than 10 |xM. A previous study on passively sensitised hum an lung 
fragm ents found that the drug caused a significant reduction (ca. 40 %) in 
antigen-induced histam ine release at a concentration of 0.1 |iM. Passive 
sensitisa tion  w as carried  out using  the house d u st m ite allergen.
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Dermatophagoides pteronyssinus. This same allergen was used in the in vivo 
bronchial challenge studies which identified furosemide's bronchoprotective 
action on the early and late asthmatic reactions [650-652]. Thus, furosemide's 
m odest effect on isolated hum an lung mast cells may be due to the fact that 
the d rug  was tested on mast cells isolated from lung parenchym a that had 
been rem oved from non-atopic individuals. For reasons of practicality, the 
atopic status of the lung donors was unknown. Prelim inary studies on rat 
peritoneal mast cells have indicated that both DSCG and furosemide have a 
greater inhibitory action on immunologically-stim ulated histam ine release 
from  cells isolated from rats that are sensitised w ith N ip p o s tro n g y lu s  
brasiliensis compared to cells isolated from non-sensitised rats (unpublished 
personal observation). Therefore, furosemide's potential inhibitory effect on 
m ast cell secretion may be linked to the atopic status of the species under 
investigation.

In this study, anti-IgE-stimulated histam ine release from hum an lung and 
BAL m ast cells was designed to be in the order of ca. 25 %. For each 
experim ent, a quantitatively similar control anti-IgE-stim ulated histam ine 
release enabled each drug's inhibitory potency to be compared with the other 
test com pounds. In addition, a control release of > 20 % is required for 
accurate and consistent inhibition values, due to the sensitivity limitation of 
the histam ine assay using o-phthaldialdehyde. However, it is likely that 
m uch lower levels of mast cell secretion give rise to clinical sym ptom s in  
vivo. Hence, the in vitro level of anti-IgE-stimulated histam ine release from 
hum an lung and BAL mast cells can be considered to be "unphysiological". In 
vitro data should therefore be used with caution to explain in vivo effects of a 
drug. N evertheless, furosem ide clearly has some inhibitory  action on 
im m unologically-activated airway m ast cells. Furtherm ore, furosem ide's 
inhibitory potency may be greater in vivo, where the m agnitude of mast cell 
degranulation is probably very much lower. In support of this theory, DSCG's 
inhibitory potency on com pound 48/80-stim ulated histam ine release is 
related to the strength of the stimulus; the greater the stimulus, the smaller 
the degree of inhibition achieved with the drug [659].

DSCG was found to have a m oderate inhibitory effect on immunologically- 
activated hum an lung mast cells in this study. Previous studies have shown 
that DSCG has a modest effect on isolated hum an lung mast cells stimulated 
w ith anti-IgE [136,175,176,658]. This study has also show n that cellular
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preincubation  w ith DSCG caused a reduction in the drug 's inhibitory 
response, which is consistent w ith previous findings [136,175]. DSCG has a 
greater inhibitory effect on immunologically-activated hum an BAL mast cells 
[176]. In contrast to the drug 's action on hum an parenchym al m ast cells, 
DSCG preincubation (10 min) significantly enhances the inhibitory action 
[176]. BAL mast cells are located superficially within the bronchial mucosa or 
free within the bronchial lumen. They are, therefore, ideally placed to interact 
w ith inhaled allergen and their subsequent activation is likely to result in the 
release of inflam m atory m ediators d irectly  onto the airw ay surface. 
Consequently, the mast cells obtained from BAL may significantly contribute 
to the initial events which follow the inhalation of allergen. Furtherm ore, 
these superficially located mast cells w ould have the greatest exposure to 
inhaled DSCG in vivo. Thus, the finding that DSCG's inhibitory potency is 
greater on BAL mast cells compared to lung parenchymal mast cells may be 
relevant to the underlying mechanism of the drug. Unfortunately, because of 
tim e constraints, it was not possible to ascertain w hether furosem ide 
preincubation w ould have enhanced the drug's inhibitory action on BAL 
m ast cells and it would have been interesting to compare furosemide's action 
on this mast cell type to DSCG's inhibitory action.

BAL fluid was obtained from non-atopic volunteers. Furosemide may have a 
greater inhibitory effect on m ast cells isolated from atopic asthm atics, 
particularly as in vitro experiments on basophils isolated from atopic donors 
have show n that the d rug  has a po ten t action on im m unologically- 
stim ulated cells compared to non-atopic donors [657]. It would therefore be 
interesting to compare the action of furosemide on mast cells isolated from 
atopic and non-atopic individuals.

The accum ulated evidence presented in this thesis strongly suggests that 
furosemide and DSCG have a common inhibitory m echanism of action on 
activated mast cells. Table 5.4 summarises the effect of furosemide and DSCG 
on a variety of mast cell phenotypes and shows that they have a similar in 
vitro inhibitory profile. Structurally, the two com pounds appear dissimilar 
(see appendix  2), although DSCG has a dicarboxylic acid m oiety and 
furosemide has a single carboxylate functional group. However, the common 
actions of DSCG and furosemide cannot be attributed directly to the presence 
of these acidic functional groups because bum etanide, piretanide and NPPB 
also have carboxylate moieties and the action of these chloride transport
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inhibitors on activated mast cells are not comparable with those of DSCG and 
furosemide (see Tables 5.4, 5.5. and 5.6).

DSCG [574] and furosem ide [660] are highly hydrophilic com pounds, 
suggesting that they are unlikely to penetrate the m ast cell in significant 
quantities. The precise extracellular site of action of DSCG (and hence 
furosemide) has yet to be established. As discussed in chapter 4, previous 
reports have attributed DSCG's action to an interaction w ith a calcium- 
transporting  protein [576], an interaction w ith the PKC-specific substrate, 
MARCKS protein [442] and the drug's induction of phosphorylation of a 78 
kD protein  involved in dow n-regulation of the secretory response [578]. 
A lthough this study has shown that DSCG and furosemide both inhibit anti- 
IgE-induced chloride uptake into rat peritoneal mast cells, their respective 
inhibitory effects did not correlate w ith the potent inhibitory action of each 
d ru g  on an ti-IgE -stim ulated  h istam ine release. H ence, DSCG's and 
furosemide's inhibition of chloride uptake into mast cells is almost certainly 
a consequence of more direct actions of these compounds on mast cells.

DSCG and furosemide are only active on indirect bronchoconstrictor agents, 
which indicates that these drugs share a common m ode of action in vivo 
[542]. In addition to their potential action on mast cells, furosemide and DSCG 
may inhibit the action of other inflammatory cells in vivo. In vitro studies 
have show n that DSCG preincubation of hum an neutrophils, eosinophils 
and m onocytes inhibits the activation of these cells [661]. Furosem ide 
prevents the release of hydrogen peroxide from activated guinea pig 
eosinophils in vitro [655] and the release of superoxide anions from activated 
alveolar macrophages and airway epithelial cells in vitro [654]. It is therefore 
possible that the bronchoprotective effects of DSCG and furosemide on the 
late phase response to allergen arises from a combined action on various 
inflammatory cells that have been implicated in the asthmatic response.

The finding that bum etanide m oderately inhibited anti-IgE-stim ulated 
histamine release from hum an lung and BAL mast cells is perhaps surprising 
in view of previous observations that the drug potentiated immunologically- 
induced secretion from hum an leukocytes, and rat and m ouse peritoneal 
m ast cells. M oreover, the d rug 's effect on pu lm onary  m ast cells is 
inconsistent w ith  in vivo observations that inhaled bum etanide has no 
action on m ethacholine-, exercise- and sodium  m etab isu lfite-induced
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bronchoconstriction in asthmatic subjects [542]. In this respect, the finding 
that bum etanide has an inhibitory effect on activated hum an m ast cells 
nullifies the theory that furosem ide's bronchoprotective action in vivo is 
related to its dem onstrated mast cell stabilising action in vitro. Bum etanide 
may have pharmacokinetic a n d /o r catabolic characteristics that are different 
from those of furosemide, which may directly cause bum etanide's lack of 
efficacy on bronchoconstrictor agents in vivo.

The observations that piretanide had only a weak inhibitory action on 
im m unologically-activated  hum an lung m ast cells and  no action on 
im m unologically-activated bronchoalveolar m ast cells is also surprising  
because a recent study has shown that inhaled piretanide prevents sodium  
metabisulfite-induced bronchoconstriction in asthmatic subjects [633]. Again, 
the in vitro piretanide results imply that furosem ide's in vivo efficacy is 
unrelated to its action on mast cells. However, it would be more appropriate 
to compare the effects of loop diuretics on mast cells in vitro to the actions of 
these diuretics on allergen-induced bronchoconstriction in vivo because the 
mast cell has been directly implicated in this asthmatic response [601]. Clearly, 
further studies need to be carried out in order to confirm that piretanide has a 
similar bronchoprotective profile to that observed w ith furosemide. It should 
also be noted that, at present, there is no evidence that furosemide has a 
beneficial effect in clinical asthm a although clinical trials are currently  
underway [542].

Table 5.5 compares the accumulated data acquired on the actions of loop 
diuretics on a variety of activated mast cells. The finding that bum etanide and 
p ire tan ide  have distinct inhibitory profiles on activated m ast cells is 
in teresting because structurally  these com pounds are very sim ilar (see 
appendix 2). The two diuretics differ only at position 3 of the benzoic acid 
ring; bum etanide has a butyl amine group, while piretanide has a slightly less 
basic pyrrole ring. This alteration at position 3 can result in m arked changes 
in the effects of these two compounds on activated mast cells. For example, 
bum etanide significantly potentiates anti-lgE-stim ulated histam ine release 
from rat peritoneal mast cells, while piretanide inhibits the response at high 
concentrations.

The H C O s'/C l" antiporter inhibitors, DIDS and SITS, both had a m oderate 
inhibitory action on immunologically activated hum an lung m ast cells and
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hum an  basophils. Table 5.6 sum m arises the actions of these stilbene 
sulfonates on rodent and hum an histaminocytes and shows that DIDS and 
SITS appear to have a non-specific action. It is therefore possible that their 
inhibitory effect is related to pH  regulation, as this fundam ental cellular 
mechanism is probably controlled by similar ion transport pathways in all the 
cells tested. A recent study on RBL-2H3 cells has shown that antigen and 
ionom ycin activation resulted in cytoplasmic acidification [662]. It was 
therefore proposed that these secretagogues stim ulated an increase in a 
sod ium -independen t HCOg /C l" exchange mechanism  (see introduction, 
chapter 4), which w ould cause HCOs" efflux. Cl" influx and thus, cellular 
acidification. W ithin this context, DIDS 's and SITS's inhibitory action on 
activated m ast cells m ay therefore arise from their ability to alter pH  
regulation processes.

As expected, ethacrynic acid significantly a ttenuated  im m unologically- 
stim ulated histam ine release from hum an basophils and hum an lung mast 
cells. Ethacrynic acid inhibits ATP and glycolytic ATF-production and the 
drug 's action on these hum an histam inocytes is consistent w ith previous 
observations that secretion is dependent on ATP utilisation [580].

The chloride channel blocker, NPPB, significantly inhibited  anti-IgE- 
stim ulated  histam ine release from hum an lung and BAL m ast cells, 
indicating that chloride ions may be involved in the hum an lung m ast cell 
secretory response. NPPB's effect on hum an lung m ast cell secretion is 
consistent w ith  the chloride ion replacement experiments, which showed 
that anti-IgE-induced histamine release from this mast cell type was markedly 
reduced in the absence of extracellular chloride (Fig. 3.6, chapter 3).

A recent study on guinea pig eosinophils has show n that extracellular 
chloride is required for opsonised zymosan-induced eosinophil generation of 
hydrogen peroxide although this eosinophil response was not inhibited by 
NPPB [655]. LTB4 -induced generation of hydrogen peroxide from eosinophils 
did not, however, depend upon the presence of extracellular chloride ions, 
although this response was inhibited by NPPB [655]. This study indicates that 
NPPB m ay have cellular stabilising effects which are unrelated  to its 
established chloride channel blocking action. The data sum m arised in Table
5.5 shows that NPPB shows some specificity in its action on a variety of 
activated mast cells. Hence, the drug's inhibitory profile argues against the
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possibility that NPPB is acting as a general mast cell stabilising agent. NPPB is 
highly lipophilic due to its apolar phenyl ring (see appendix 2), and the drug 
m ay therefo re  act on in trace llu la r b iochem ical pa th w ay s a n d /o r  
m itochondrial anion channels [581] in addition to blocking m em brane 
chloride channels.

In sum m ary, this study has shown that furosemide's inhibitory action on 
activated hum an lung and BAL m ast cells may, in part, contribute to the 
drug 's in vivo attenuation of bronchoconstriction induced by a variety of 
indirect stimuli. This study has also provided further indirect evidence that 
furosem ide and DSCG m ay have a comm on m echanism  of action on 
activated  m ast cells, because of their sim ilar inhib itory  profiles on 
im m unologically  stim ula ted  hum an  basophils and lung  m ast cells. 
Furtherm ore, the observation that furosemide has a greater inhibitory effect 
than  bum etanide and piretanide on activated hum an airw ay m ast cells 
indicates th a t furosem ide 's action is unrela ted  to inh ib ition  of the 
Na+/K+/2C1" cotransporter. However, NPPB was a more potent inhibitor of 
imm unologically-stim ulated histamine release from airway m ast cells than 
furosemide and this finding may be relevant to the developm ent of future 
mast cell "stabilising" drugs.
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Fig. 5.1 Effect of furosem ide on anti-IgE-stim ulated h istam ine
release from human basophil leucocytes (n=5)
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Fig. 5.2 Effect of bumetanide on anti-lgE-stimulated histamine 
release from human basophil leucocytes (n=4)
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Fig. 5.3 Effect of piretanide on anti-lgE-stimulated histamine 
release from human basophil leucocytes (n=4)
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Fig. 5.4 Effect of ethacrynic acid on anti-IgE-stimulated histam ine
release from human basophil leucocytes (n=5)
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Fig. 5.5 Effect of DSCG on anti-IgE-stimulated histamine release 
from human basophil leucocytes (n=5)
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Fig. 5.6 Effect of NPPB on anti-IgE-stimulated histamine release 
from human basophil leucocytes (n=4)
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Fig. 5.7 Effect of D ID S on anti-IgE-stimulated histam ine release
from human basophil leucocytes (n=4)
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Fig. 5.8 Effect of SITS on anti-lgE-stimulated histamine release 
from human basophil leucocytes (n=4)
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Fig. 5.9 Effect of furosem ide on anti-IgE-stim ulated h istam ine
release from human lung mast cells fo llow ing 0 ,10  and 30
m in drug preincubation (n=6)
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Fig. 5.10 Effect of bumetanide on anti-IgE-stimulated histamine 
release from human lung mast cells following 0,10 and 30 
min drug preincubation (n=6)
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Fig. 5.11 Effect of p iretanide on anti-IgE-stim ulated h istam ine
release from human lung mast cells fo llow ing  0 ,10  and 30
min drug preincubation (n=5)
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Fig. 5.12 Effect of ethacrynic acid on anti-lgE-stimulated histamine 
release from human lung mast cells following 0,10 and 30 
min drug preincubation (n=5)
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Fig. 5.13 Effect of DSCG on anti-IgE-stimulated histam ine release
from hum an lung mast cells fo llow in g  0, 10 and 30 m in
drug preincubation (n=4)
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Fig. 5.14 Effect of NPPB on anti-IgE-stimulated histamine release 
from human lung mast cells following 0, 10 and 30 min 
drug preincubation (n=5)
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Fig. 5.15 Effect of D ID S on anti-IgE-stimulated histam ine release
from hum an lung mast cells fo llow in g  0, 10 and 30 m in
drug preincubation (n=4)
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Fig. 5.16 Effect of SITS on anti-IgE-stimulated histamine release 
from human lung mast cells following 0, 10 and 30 min 
drug preincubation (n=4)
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Fig. 5.17 Effect of furosem ide on anti-IgE-stim ulated h istam ine
release from hum an bronchoalveolar lavage m ast cells
(n=3)
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Fig. 5.18 Effect of bumetanide on anti-IgE-stimulated histamine 
release from human bronchoalveolar lavage mast cells 
(n=3)
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Fig. 5.19 Effect of p iretanide on anti-IgE -stim ulated h istam ine
release from hum an bronchoalveolar lavage m ast cells
(n=4)
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Fig. 5.20 Effect of NPPB on anti-IgE-stimulated histamine release 
from human bronchoalveolar lavage mast cells (n=5)
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Table 5.1 Drug concentrations required to elicit 50 % (IC50) and 25 %
(IC25) inhibition of anti-IgE-stimulated histam ine release
from human basophil leucocytes

Drug_________________________ IC5 o(|iM)_____________  IC2 5 (|iM)

Furosemide na na

Bumetanide na na

Piretanide na na

Ethacrynic acid 35 3.5

DSCG na na

NPPB na na

DIDS na 10

SITS na 70

na (not applicable) denotes that the test drug did not inhibit anti-IgE-stimulated histamine 
release by 25 % and/or 50 %

Table 5.2 Drug concentrations required to elicit 50 % (IC50) and 25 % 
(IC25) inhibition of anti-IgE-stimulated histamine release 
from human lung mast cells without drug preincubation

Drug_________________________ IC5 o(|lIM)______________ IC2 5 (|hM)___________

Furosemide na 250

Bumetanide na 500

Piretanide na na

Ethacrynic acid 100 25

DSCG na 60

NPPB 10 2

DIDS na 100

SITS 400 200

na (not applicable) denotes that the test drug did not inhibit anti-IgE-stimulated histamine 
release by 25 % and/or 50 %
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Table 5.3 Drug concentrations required to elicit 50 % (IC50) and 25 % 
(IC25) inhibition of anti-IgE-stimulated histamine release 
from human bronchoalveolar lavage mast cells

Drug_________________________ IC5 o(gM)______________ IC2 5 (M-M)___________

Furosemide na 1000

Bumetanide na na

Piretanide na na

NPPB na 5

na (not applicable) denotes that the test drug did not inhibit anti-IgE-stimulated histamine 
release by 25 % and/or 50 %
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Table 5.4 Comparison of the inhibitory action of DSCG and 
furosemide on secretagogue-induced histamine release 
from various mast cell types

Cell Type Stim ulus
DSCG Furosem ide

Rat peritoneal mast cells anti-IgE -H -4- 4-4-4-

Rat peritoneal mast cells compound 48/80 + -l--t- 4-

Rat peritoneal mast cells A23187 + 4-

Mouse peritoneal mast cells concanavalin A - 4-4-4-

Guinea pig mesenteric mast cells anti-IgC - -

Human basophil leucocytes anti-IgE - -

Human lung mast cells anti-IgE 4-4- 4-

The symbols +++, ++ and + represent a potent (> 70 %), moderate (> 40 %) or 
weak (> 20 %) inhibitory drug action at the top test concentration. The 
inhibitory action refers to each drug 's effect w hen added  to the cells 
simultaneously with the stimulus. The symbol - denotes that the drug had no 
effect on the stimulated secretion.
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Table 5.5 C om parison  o f the action  of lo o p  d iu retic s  on
secretagogue-induced  h istam ine release from  various
mast cell types

Cell type Stim ulus Drugs

Furosemide Bumetanide Piretanide

Rat peritoneal mast cells anti-IgE + + + © 4-

Rat peritoneal mast cells compound 48/80 4- 4-4- -

Rat peritoneal mast cells A23187 -t- © ©

Mouse peritoneal mast cells concanavalin A 4-4-4- © 4-

Guinea pig mesenteric mast cells anti-IgC - - nd

Human basophil leucocytes anti-IgE - © -

Human lung mast cells anti-IgE 4-4- 4- 4-

Human bronchoalveolar anti-IgE 4- 4- -

lavage mast cells

The symbols +++, ++ and + represent a potent (> 70 %), moderate (> 40 %) or 
weak (> 20 %) inhibitory drug action at the top test concentration. The 
inhibitory action refers to each drug 's effect w hen added  to the cells 
simultaneously with the stimulus. The symbol - denotes that the drug had no 
inhibitory action. The symbol © denotes that the d rug  had a significant 
potentiating action (> 35 %). The abbreviation nd denotes that the drug was 
not tested.

172



Chapter  5

Table 5.6 Comparison of the inhibitory action of DIDS, SITS and 
NPPB on secretagogue-induced histamine release from 
various mast cell types

Cell type Stim ulus Drugs
D ID S SITS N P P B

Rat peritoneal mast cells anti-IgE -H - + 4-4-4- 4- 4- 4-

Rat peritoneal mast cells compound 48/80 -|- -h + 4-4-4- 4-4-4-

Rat peritoneal mast cells A23187 + + 4-4- 4-4—k

Mouse peritoneal mast cells concanavalin A +  -k 4- 4-4-4- 4-

Human basophil leucocytes anti-IgE + 4- -

Human lung mast cells anti-IgE 4- 4- -k -k 4- -k -k

Human bronchoalveolar 
lavage mast cells

anti-IgE nd nd 4-4-

The symbols +++, ++ and + represent a potent (> 70 %), moderate (> 40 %) or 
weak (> 20 %) inhibitory drug action at the top test concentration. The 
inhibitory action refers to each drug 's effect w hen added to the cells 
simultaneously with the stimulus. The symbol - denotes that the drug had no 
inhibitory action. The abbreviation nd denotes that the drug was not tested.
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GENERAL SYNOPSIS AND OVERVIEW

This study has investigated the role of chloride ions in mast cell secretion. 
The radioisotope ^^chloride was used to examine membrane chloride fluxes 
following mast cell activation, and these results were compared to histamine 
release  experim en ts carried  ou t in an ex trace llu lar ch lo ride-free  
environment. Chloride ion transport inhibitors were then used to investigate 
the nature of chloride ion fluxes across the mast cell membrane, and also to 
study further the relationship between chloride ion uptake and histam ine 
release.

Initial studies showed that anti-IgE-mediated activation of rat peritoneal mast 
cells required chloride ions in the extracellular environm ent for optim um  
histam ine release. In contrast, the om ission of chloride ions from  the 
extracellular media did not alter the mast cell response to com pound 48/80, 
substance P or A23187. In accordance with these chloride replacement studies, 
radiotracer experiments showed that only anti-IgE caused a significant uptake 
of chloride ions into rat peritoneal mast cells, compared to non-stim ulated 
cells. Compound 48/80, substance P and A23187 induced significant histamine 
release, but the degranulation was not accompanied by any appreciable change 
in m em brane perm eability to chloride ions. Essentially, these findings 
indicate th a t cellular up take of chloride ions m ay have a role in 
immunological activation of mast cells. In support of this, the m agnitude of 
anti-IgE-stim ulated histam ine release was found to correlate significantly 
with the m agnitude of chloride ion uptake.

Electrophysiological studies on rat peritoneal m ast cells have show n that 
secretagogue-stimulation of rat peritoneal mast cells results in the activation 
of a delayed chloride current [405,481]. The increase in m em brane chloride 
conductance occurred approxim ately 6 m in after cellular stim ulation w ith 
com pound 48 /80  and substance P, in add ition  to antigen . These 
electrophysiological recordings are inconsistent with the results of the present 
radiotracer experiments, because only anti-IgE-activation caused significant 
chloride uptake and the effect was evident 1 min after cellular stimulation. At 
present, there is no obvious explanation for these discrepancies.
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The precise function of chloride ion influx in m ast cell degranulation 
rem ains unclear. It has been proposed that an influx of chloride ions may 
provide the electrical driving force for calcium ion entry following agonist 
stimulation [405,481]. Alternatively, it has been suggested that activation of a 
m em brane chloride channel may be involved in volume regulation [663]. 
Mast cell degranulation is associated w ith an increase in plasma membrane 
area and, thus, the activation of a chloride current may be required in order to 
prevent significant membrane strain. It may, therefore, be pertinent that a 
lymphocyte chloride channel with similar electrophysiological properties to 
that of the rat mast cell has been shown to be activated by osmotic stress [664]. 
Interestingly, the activity of the lymphocyte chloride channel was found to be 
dependent on the presence of ATP and, in this aspect, activation of the 
lym phocyte channel is similar to the observed anti-IgE-induced chloride 
uptake into rat peritoneal m ast cells, which was also ATP-dependent. 
Furtherm ore, a recent study on volum e-activated chloride currents in 
endothelial cells has found that DSCG dose-dependently inhibits chloride 
current, w ith an IC5 0  of 310 |iM [665]. DSCG reduces anti-IgE-induced chloride 
uptake into rat peritoneal mast cells, and, thus, the drug m ay be acting on 
chloride channels that are involved in volume regulation during m ast cell 
degranulation.

An additional theory is that chloride ion uptake is a consequence of 
in trace llu lar pH  regulation  d u ring  the m ast cell secretory  process. 
Immunological- and ionomycin-activation of RBL-2H3 cells has been shown 
to cause cytoplasmic acidification [662], and it is possible that this occurs as a 
result of bicarbonate efflux coupled to chloride influx.

In this study, pharm acological probing indicated that anti-IgE-m ediated 
chloride uptake into rat peritoneal m ast cells occurs th rough  chloride 
channels, because the chloride channel blocker, NPPB, caused a dose- 
dependent reduction in chloride uptake. Concurrent h istam ine release 
studies showed that NPPB also inhibited anti-IgE-mediated secretion, and the 
m agnitude of inhibition was sim ilar to the reduction in uptake. Hence, 
NPPB's m ast cell stabilising effect may be directly related to its action on 
chloride channels. However, the drug also inhibited com pound 48/80- and 
A23187-induced histam ine release from rat peritoneal m ast cells. This 
suggests that NPPB may have additional effects. At concentrations greater 
than those used in this study, NPPB has been show n to prevent cellular
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oxidative phosphorylation [581] and to inhibit calcium currents in RBL-2H3 
cells [582].

A previous report on rat peritoneal mast cells suggested that antigen-induced 
chloride uptake may arise from the activity of the N a'''/K +/2C h cotransporter, 
because uptake was inhibited by a relatively high concentration of furosemide 
[483]. This study has shown that anti-IgE-induced chloride uptake is also 
inhibited  by a high concentration of furosem ide, b u t the m ore po ten t 
N a+/K +/2C k cotransport inhibitors, bum etanide and piretanide, had no effect 
on this uptake. It is therefore unlikely that chloride influx into m ast cells is 
mediated by the actions of the Na+/K+/2C1" cotransporter.

This study has found, however, that furosemide, bum etanide and piretanide 
have distinct m odulatory effects on histamine release from a range of m ast 
cells, isolated from different species including the hum an. The most striking 
example of this was their differing effects on anti-IgE-activated rat peritoneal 
mast cells; furosemide was a potent inhibitor of histamine release, piretanide 
only inhibited release at high concentrations and bum etanide potentiated the 
histam ine release. In view of their common mechanism  of action on the 
Na+/K+/2C1" cotransporter, these results were surprising and appear to be 
unconnected to the inhibition of chloride ion movement across the mast cell 
m em brane.

Furosemide and DSCG exhibited similar inhibitory profiles on secretagogue- 
induced histamine release from a variety of mast cell types. The tachyphylaxis 
studies on anti-IgE-activated rat peritoneal mast cells indicated that these 
com pounds could share a common inhibitory mechanism of action. Thus, 
DSCG and furosemide may interact with the same membrane-binding site or, 
alternatively, they m ay have separate m em brane-binding targets that are 
linked to the same inhibitory transduction pathway.

In vivo studies on asthmatic subjects have shown that inhaled furosem ide 
has a p ro tec tiv e  action  aga in st a num ber of in d ire c tly -ac tin g  
bronchoconstrictor agents [542]. In this respect, furosemide is similar to DSCG 
and the two drugs m ay therefore have a common m ode of action in vivo 
[542]. This study has show n that furosem ide and DSCG have a m odest 
inhibitory action on im m unologically-activated hum an lung m ast cells, 
which may, in part, explain their in vivo attenuation of bronchoconstriction.
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Bum etanide also produced a lim ited inhibition of histam ine release from 
im m unologically-activated hum an lung m ast cells. As the m ast cell is 
thought to contribute significantly to the early asthmatic reaction [601], this in 
vitro  finding is inconsistent w ith the in vivo observations tha t inhaled 
bum etanide has no bronchoprotective effect [542]. Bum etanide may have 
pharmacokinetic or catabolic properties that are distinct from those exhibited 
by furosemide and, hence, these factors could account for its lack of efficacy in 
vivo. It is interesting to note that NPPB was a more potent inhibitor of 
immunologically-activated hum an lung mast cells than DSCG, furosemide or 
bum etanide.

The HCO 3 VCl" exchange inhibitors, DIDS and SITS, had a inhibitory action 
on a range of activated mast cells. The HCO 3  /C l"  exchanger has been 
implicated in a num ber of fundamental cellular processes including volume 
regulation [531] and the control of intracellular pH  [556-558]. The observation 
that secretion from RBL-2H3 cells is associated with cellular acidification [662] 
could indicate that pH  regulatory processes are involved in m ast cell 
degranulation. Hence, it is possible that the inhibitory action of DIDS and 
SITS on m ast cell secretion arises from their action on the HCO 3  /C P  
antiporter. However, the finding that DIDS has no effect on antigen-induced 
chloride uptake into rat peritoneal m ast cells [482] does not support this 
hypothesis.

Electrophysiological recordings on rat peritoneal mast cells have shown that 
DIDS inhibits secretagogue-induced chloride currents [405,481]. However, the 
chloride current occurs approxim ately 2 - 6  m in after agonist stim ulation, 
w hen secretion is essentially complete. It is therefore unlikely that DIDS's 
inhibitory action on histamine release results from its action on this delayed 
current.

In sum m ary, this study has indicated that the uptake of chloride ions may 
have a functional role in the m ast cell d eg ran u la tio n  process. 
Immunologically-induced chloride uptake into mast cells appears to occur 
th rough  chloride channels and also correlates w ith  the m agnitude of 
histamine release. Inhibition of this chloride uptake process could, therefore, 
be a viable target for the development of novel mast cell "stabilising" drugs. 
This study has also provided indirect evidence that furosemide and DSCG 
may have a common inhibitory mode of action on activated mast cells and
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this finding may provide the basis for future investigation into the, as yet, 
elusive action of DSCG on mast cells.

Hopefully, this project has contributed to the em erging literature on the 
changes in ion membrane fluxes that occur during mast cell activation. There 
are, however, many aspects of the role of chloride ions in mast cell secretion 
that require further investigation. Specifically and im portantly, the precise 
function of the chloride ion in the secretory process needs to be clarified. It is 
also im portant to study the relationship betw een chloride ion influx and 
in trace llu lar transduction  pathw ays, as such inform ation  w ould  be 
invaluable in defining the exact physiological function of chloride ions in 
m ast cell secretion.
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LUMEN BLOOD

Loop ^
D iu r e t ic s ^ \^

Na+
2cr

Nâ

(a)
N P PB

»cr

N PPB

Cl: (b) Loop
D iu retics

A m ilor id e

Na" Na"

D ID S /S IT S

T h ia z id e s

Na

cr
(d )

Na"

cr

Models for coupling sodium and chloride ions movements across 
epithelia (a) Absorption via N a+ /K + /2C L  co-transport, (b) secretion via 
Na+/K+/2C1" co-transport, (c) absorption via double exchange (N a+/H+ and 
HCO3-/CI-) and (d) absorption via N a+/C h co-transport. Thick (open) arrows 
denote the site of action of chloride transport inhibitors.
Adapted from references [526], [529], [541], [563] and [564]
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Mast cell secretagogues

A p p e n d ix  2 S tr u c tu re s
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Chloride transport inhibitors and mast cell stabilising drugs
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Abbreviation Full name

Anti-IgE
ATP
BAL
BMCMC
BSA
C3a/C5a
[Cai]
CaM
cAMP
CCIFT
CD
CFT
cGMP
GIFT
CR
CTMC
DAG
DIDS
DMSO
DSCG
FCF-A
FDT
FDTA
F

FcgRI
FcgRII
FHT
GDP
GFT
GM-CSF
G-protein
GTP
H 1 /H 2 /H 3

HFPFS
HRF
5-HT
IC50

IC25

'■cracIc 
IFN-y 
%

Immunoglobulin G raised against imm unoglobulin E
Adenosine 5'-triphosphate
Bronchoalveolar lavage
Bone marrow-cultured mast cell
Bovine serum albumin
Complement fragments
Intracellular calcium ion concentration
Calm odulin
Cyclic 3% 5'-adenosine monophosphate 
Calcium-, chloride-free Tyrode's buffer 
Cluster of differentiation 
Calcium-free Tyrode's buffer 
Cyclic y , 5'-guanosine monophosphate 
Chloride-free Tyrode's buffer 
Control release of histamine 
Connective tissue mast cell 
Diacylglycerol
4,4'-Diisothiocyanostilbene-2,2'-disulfonate
Dimethylsulfoxide
Disodium cromoglycate
Eosinophil chemotaxis factor of anaphylaxis
Early distal tubule
Ethylenediaminetetra-acetic acid
The MANOVA ratio of the m ean square due to 
treatments between groups, and the mean square due 
to error within groups
High affinity receptor for IgE
Low affinity receptor for IgE 
Full-HEPES buffered Tyrode's 
Guanosine 5'-diphosphate 
Glucose-free Tyrode's buffer
Granulocyte-macrophage colony-stimulating factor 
Guanine nucleotide binding protein 
Guanosine 5'-triphosphate 
Sub-types of the histamine receptor 
Hydroxyethyl piperazine-N'-2-ethane sulfonic acid 
Histamine releasing factor 
5-hydroxytryptamine
Drug concentration giving 50 % inhibition of the 
control secretion
Drug concentration giving 25 % inhibition of the 
control secretion
Calcium current (calcium release activated calcium)
Interferon-y
Im m unoglobulin
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IL Interleukin
Ins 1 ,4 ,5 P3 Inositol 1,4,5-tris-phosphate
L3 Third stage of Nippostrongylus brasiliensis larvae
LT Leukotriene
MARCKS Myristoylated alanine-rich C-kinase substrate
MANOVA Multiple analysis of variance
MCt Mast cells containing tryptase
MCtc Mast cells containing tryptase and chymase
MMC Mucosal mast cell
MMCP Mouse mast cell protease
n Number of experiments
NANC Non-adrenergic, non cholinergic
NCF-A Neutrophil chemotactic factor of anaphylaxis
NGF Nerve growth factor
NPPB 5-nitro-2((3-phenylpropyl)-amino)-benzoic acid
OPT o-Phthaldialdehyde
P Probability
PA Phosphatidic acid
PAF Platelet activating factor
PA-PHase Phosphatidic acid phosphohydrolase
PDF Phosphodiesterase
PG Prostaglandin
PKC Protein kinase C
PLA2 Phospholipase A2

PLC Phospholipase C
PLD Phospholipase D
Ptdlns 4 ,5 P2 Phosphatidylinositol-4,5-bisphosphate
PTK Protein tyrosine kinase
PTX Pertussis toxin
RMCP Rat mast cell protease
rs Spearman correlation coefficient
SCF Stem cell factor
SITS 4-Acetamido-4'-isothiocyanostilbene-2,2'-disulfonate
SUSlà WCB6 F 1 -S //Sl^ m utant mice
SPS Sterile physiological saline
TALH Thick ascending limb of the loop of Henle
TGF-P Transforming growth factor-p
Th T-helper lymphocyte
T h l/T h 2 Subsets of T helper lymphocytes
TN F-a Tumour necrosis factor-a
TNF-P Tumour necrosis factor-p
TPA 12-0-Tetradecanylphorbol-13-acetate
W / W ^ WBB6 F%- m utant mice
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