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SOME STUDIES ON THE EFFECT OF
ADENOSINE 5'-TRIPHOSPHATE (ATP) ON M AST CELLS
Zeina H. Jaffar
ABSTRACT
Exogenous ATP has long been known to induce the exocytotic release of
histamine from rat peritoneal mast cells. The nucleotide is thought to act through
specific receptors by inducing the formation of lesions in the cell membrane which
permit the influx of extracellular calcium ions and thereby initiate secretion. The
present study demonstrates some further characteristics of this effect.
ATP induced a dose-dependent release of histamine and prostaglandin D2
from rat serosal mast cells. The release process was relatively slow, non-cytotoxic,
optimal at physiological pH and completely dependent on external calcium. At high
concentrations, strontium and barium ions could substitute for calcium. The action
of ATP was highly tissue and species selective. In particular, tissue mast cells from
the guinea pig and man were totally unresponsive. This study has also shown that
viable and functional mast cells may be isolated from the rat urinary bladder. The
bladder cells were responsive to a variety of diverse stimuli including the
nucleotide. In addition, ATP was employed as a cell permeabilizing tool for
introducing certain intracellular effectors into the cytosol of rat mast cells, in an
attempt to probe internal events leading to histamine release.
Secretion evoked by ATP was largely unaffected by antiasthmatic chromones
but was inhibited by structurally related flavonoids and cyclic AMP-active drugs.
Use of appropriate agonists and antagonists indicated that the effects of ATP on rat
mast cells were not mediated through classical purinergic receptor subtypes as
defined from smooth muscle studies. ATP thus appears to act through a novel
purinoceptor or binding site present on certain types of mast cells.
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Chapter 1

CHAPTER ONE

INTRODUCTION

1.1

Historical Aspects
M ast cells were first described in 1878 by Paul Ehrlich [1] who

identified them on the basis of the metachromatic staining properties of their
dense cytoplasmic granules and hence named them "mastzellen" (German,
masteri) meaning "well-fed" cells. Ehrlich also discovered the blood basophil
leukocyte, a circulating counterpart of m ast cells [2 ].
The first indication of the association of the m ast cell w ith a
pathological condition was reported by Unna in 1894 [3] w ho observed that
cutaneous lesions of urticaria pigmentosa consisted almost exclusively of mast
cells.
Considerable attention has now been focused on the role of the mast
cell in immediate hypersensitivity reactions. The phenom enon of anaphylaxis,
however, was first described by Portier and Richet in 1902 [4] who observed
the developm ent of anaphylaxis in dogs given an injection of sea anemone
toxin. These w orkers recognized that the animals were not im m unized or
protected (phylaxis) after the injection but instead became hypersensitive,
developing a fatal systemic reaction upon a subsequent injection of the toxin.
Thus, the term anaphylaxis was used to describe this reverse condition.
Extensive w ork then developed to determine the factors involved in
anaphylactic reactions. In 1910, in a classic series of experiments, Dale and
Laidlaw

[5]

dem onstrated

that

histamine

produced

the

sym ptom s

of

anaphylaxis w hen injected directly into animals and isolated tissues. The amine
was, therefore, considered to play a major role in immediate hypersensitivity.
Much later, in the same laboratory, it was concluded that histamine was a
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hum oral m ediator of the acute allergic response, since m any of the symptoms
of antigen injection into a sensitized animal could be reproduced by this
m ediator

[6 ]. The

amine

(p-imidazolylethylamine)

was

first

chemically

synthesized in 1907 [7] and was later nam ed histam ine (Greek, histos) because
of its ubiquitous presence in animal tissues.
The presence of reaginic antibody in the serum of allergic individuals
was first dem onstrated by Prausnitz and Kiistner in 1921 [8 ]. They showed
that an intraderm al injection of fish extract into a sensitive subject gave an
erythema-wheal reaction and that this reactivity could be passively transferred
to a norm al individual by injecting the serum of sensitive patients. These
findings indicated that the atopic individuals have antibodies that mediate
immediate hypersensitivity reactions, and the active factor responsible for the
transfer of the hypersensitivity was called reagin.
In the 1930's, it was found that the sulphated mucopolysaccharide
heparin was a constituent of m ast cells and that it reacted w ith appropriate
dyes to induce metachromasia [9]. However, it was not until 1953 that
histamine was first recognized by Riley and W est [10] to be predom inantly
located within mast cells. This discovery provided an im portant advance in
the understanding of the role of histamine in physiology and pathology.
Another major contribution to this field was m ade in the late 1960's by the
Ishizakas

[11] who

identified

a novel

and

distinct class of antibody

immunoglobulin, immunoglobulin E (IgE). They dem onstrated that m ast cells
contained surface receptors for the antibody IgE and described the association
of this reaginic antibody to the immediate hypersensitivity response [1 2 ].
1.2

Role of the M ast Cell in H ealth and Disease
The m ast cell plays a central role in the im m unopathology of immediate

hypersensitivity reactions. Activation of the cell leads to the release of a variety
of spasmogenic and

vasoactive chemical m ediators which produce the

immediate clinical symptoms of allergy and anaphylaxis. Mast cells have thus
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been im plicated in the aetiology of asthma [13], rhinitis [14], conjunctivitis [15]
and urticaria [16]. There is also increasing evidence linking m ast cells to the
pathogenesis of a variety of inflammatory conditions such as rheum atoid
arthritis [17], coronary artery disease [18] and disorders of the gastrointestinal
tract [19]. Recent studies, however, have illustrated that m any of these allergic
and inflam m atory conditions are complex processes involving a num ber of
different types of inflammatory cell.
M ast cells are widely distributed throughout the hum an body but are
predom inantly found in areas exposed to environm ental antigens, particularly
in the loose connective tissue located near blood vessels, nerves and lymphatics
and beneath epithelial surfaces such as those of the skin, respiratory system
and gastrointestinal tract [20]. In addition, large num bers of free m ast cells are
found in the serosal cavities of rodents particularly the rat. Thus, m ast cells are
uniquely located to participate in allergic responses and in the body's defence
mechanism s, the classic example of the latter being the elimination of
helm inthic parasites. Such infestations have been show n to be paralleled by
m ast cell hyperplasia, increased IgE levels and eosinophilia [21].
A lthough m ast cells were traditionally considered im portant only in
im m ediate hypersensitivity, they have recently been show n also to function in
delayed-type hypersensitivity, cytotoxicity, fibrosis and imm unoregulation. Mast
cell m ediators m ay in addition facilitate angiogenesis and influence blood flow
and vascular permeability [2 2 ],
1.3

Activation of Mast Cells
M ast cells are characterized morphologically by the presence of large

num bers of secretory granules which contain, according to species, a variety
of biogenic substances including histamine, 5-hydroxytryptamine, neutrophil
and eosinophil chemotactic factors, heparin or a related glycosaminoglycan and
hydrolytic enzym es [23,24]. Activation of the mast cell leads to the release of
the granules and their associated preformed mediators, and also evokes the de
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novo generation

of

further

bioactive

substances

such

as

leukotrienes,

prostaglandins and thromboxanes [25,26,181].
The m ast cell and the circulating basophil m ay be activated to release
their chemical mediators by a variety of immunological and non-immunological
stimuli.
1.3.1

Immunological activation
The pathophysiological stimulus for the exocytotic release of mediators

from the m ast cell is produced by the combination of specific antigen with
reaginic antibody fixed to the cell surface. In m an, such antibody is usually the
IgE-antibody, but under certain conditions IgG m ay also sensitize m ast cells for
m ediator release [28].
The production of the antibody IgE involves the interaction of antigen
or allergen with antigen-presenting cells and then w ith T- and B-lymphocytes.
Lymphocytes are the integral cell components of the im m une system. Upon
contact with the antigenic material, B-cells differentiate into IgE antibodysecreting plasm a cells and another population of B-memory cells. The T-cells
are stimulated to produce either suppressor T-cells, which inhibit IgE synthesis,
or helper T-cells which augment the process [29,30]. W hen B-cells m ature into
plasma cells, IgE antibody possessing the antigenic determ inant is released into
the circulation. Thus, on prim ary exposure to a causative allergen, such as grass
pollen and house dust mites, susceptible individuals produce specific IgE
antibodies to these agents. Secreted IgE can then bind to high affinity receptors
on the m ast cell or basophil through its Fce region leaving free the recognition
site (Fab) for the antigen. At this stage, the cell is said to be sensitized.
Subsequent exposure to the same allergen results in the cross-linking of
adjacent IgE molecules and the consequent secretion of mediators of allergy and
anaphylaxis [31,32]. A possible reason for the abnormal or selective synthesis
of this antibody in the atopic subject could be that the mechanism whereby
suppressor T-lymphocytes usually inhibit the production of reaginic antibody
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m ay be deficient in these individuals and that these subjects respond with
antibody production on contact with normally innocuous foreign substances [3335].

Recent studies of hum an lymphocytes [36] have dem onstrated that

production of IgE by normal B cells is regulated by cytokines produced by
antigen-stim ulated T-cells: they are increased by interleukin-4 and decreased
by interferon- 7 . The final quantity of IgE secreted depends on the relative
quantities of these cytokines produced by each T-cell.
M uch of the present knowledge on the high affinity receptor for IgE
w as provided by studies on rat peritoneal m ast cells and cultured rat basophilic
leukaem ia (RBL) cell lines [37,38]. The receptor was show n to be a glycoprotein
containing ca. 13% carbohydrate. It was also dem onstrated to consist of three
subunits (a, p and 7 ), having an overall molecular w eight of 87,000 (a 45,000,
P 33,000 and

7

9,000). The a, p and

° 2/ Pi/ P2/ the tw o

7

7

subunits are all further divided into cq,

chains being identical (Fig.1.1). The a subunit of the

receptor is directed to the surface of the cell and binds IgE, while the p and
7

subunits, which could not be labelled from the cell surface, are thought to be

buried in the cell membrane. Moreover, autoradiographic and radioassay
studies on IgE binding to normal m ast cells and basophils dem onstrated that
each of these cells possess approximately 105 IgE receptors.
Mast cells and basophils are activated to release their m ediators by
bivalent and polyvalent [39] but not monovalent antigens [40]. These antigens
cross-link adjacent IgE molecules by combining w ith the Fab regions thus
indirectly bringing about aggregation of the Fce receptors on the surface of
these cells.
A part from antigens, mast cells and basophils may also be activated
to secrete by a num ber of other immunological stimuli. These include antiIgE, which is IgG antibody directed against the Fce region of IgE, antibodies
to the IgE receptor [308,241] and the lectin concanavalin A which binds to
carbohydrate residues in the antibody [43,44].
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1.3.2

Non-immunological activation
Secretion from m ast cells, according to species, m ay be induced

experimentally by a w ide range of pharmacological stimuli. Generally, these
diverse agents can be divided into two main categories: selective and nonselective releasers.

The non-selective liberators are cytotoxic agents such as

Triton X-100 and Tween 20 [49,99]. These compounds act by disruption of the
m ast cell m em brane, thereby liberating all of the intracellular contents including
histamine. The selective releasers liberate histamine by the sequential exocytosis
of secretory granules and without the loss of characteristic cytoplasmic markers
such as the enzym e lactate dehydrogenase. These secretagogues include the
polybasic ligands com pound 48/80, substance P, poly lysine, polymyxin and
peptide 401 [46-49], the anaphylatoxins C3a, C4a and C5a [50], the plasma
substitute dextran [125], the calcium ionophores ionomycin and ionophore
A23187 [52-54], sodium orthovanadate [55], adenosine 5'-triphosphate (ATP)
[147,148] and a variety of drugs and miscellaneous organic molecules [42,56].
These diverse agonists provide useful pharmacological tools for studying the
biochemical processes involved in mast cell activation.
1.4

Ultrastructural Changes Following Mast Cell Activation
M am malian m ast cells appear in connective tissues as round, oval or

elongated spindle-shaped cells, with a diameter of 10-30 pm. The cytoplasm
of these cells is packed with secretory granules, each granule is an average of
0.2-0.4 pm in diameter. Granules from different species vary strikingly in
appearance. In the rat, the granules tend to be hom ogeneous in appearance,
while those from the guinea pig and hum an m ast cells are m ore heterogenous
show ing a considerable diversity in structure [57-60]. Four basic granule
patterns have been identified by Dvorak [58,61] scroll, crystal, particle and
mixed. W ithin individual mast cells, the cell granules m ay have a uniform
substructural type or the cell may contain a mixture of granules of various
patterns. Each granule is surrounded by an individual m em brane that is
impermeable to inorganic cations.
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A similar ultrastructure is exhibited by m ast cells of different species
with respect to the nucleus, mitochondria, Golgi bodies and rough endoplasmic
reticulum [62,63]. In hum an m ast cells, the nucleus is generally round and the
nuclear chromatin is often aggregated beneath the nuclear m embrane.
The morphological changes involved in rat m ast cell degranulation
have been well documented

[64,65]. The process occurs by sequential

exocytosis. Basically, there is an initial fusion of the plasm a m em brane and
the m em branes of the most peripherally located granules. These granules may
then be expelled from the cell. The interaction of more internal granules with
adjacent perigranular membranes then follows. As these changes spread
throughout the cell, an extensive labyrinth in open communication w ith the
external environm ent is created. Although, some granules are extruded during
exocytosis, the majority remain within the confines of the cell. Loss of the
perigranular membrane and contact with the extracellular m edium leads to the
release of associated histamine and other ionically-bound m ediators, possibly
through a simple exchange process with external sodium ions. A similar
process of intracellular channel formation through fusion of num erous granules
is observed in hum an lung m ast cells upon stimulation [60,66-68]. Unlike the
rat m ast cell, however, the granules may swell and undergo partial matrix
dissolution before the complex netw ork of channels eventually opens to the
exterior through multiple narrow points of fusion with the plasm a membrane.
1.5

M ast Cell H eterogeneity
Over the past decade it has become increasingly apparent that mast

cells derived from different species and even from given tissues w ithin a single
animal may exhibit m arked variations in their histochemical, biochemical and
functional properties [256-258].
The matrix of the m ast cell granule comprises heparin or a related
glycosaminoglycan linked to a core of basic protein. The resulting anionic
complex is able to combine selectively with certain cationic dyes such as
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toluidine or alcian blue. This interaction m ay result in a shift in the colour
spectrum of the dye and a consequent metachromatic staining of the granules.
Such metachromasia is a characteristic and diagnostic property of the m ast cell
[210,258]. It has become clear, however, that different conditions of fixation and
staining may be required to demonstrate m etachrom asia in various types of
m ast cell.
One of the m ost striking examples of the heterogeneity of m ast cells
is provided from studies by Enerback and his co-workers [210] on the
distribution and properties of m ast cells in the gastrointestinal tract of the rat.
The m ast cells in the lower layer of the intestinal wall resemble those found
in other connective tissues whereas those located in the mucosa exhibited very
different properties. These mucosal m ast cells (MMC) are smaller than the
connective tissue m ast cells (CTMC), possess fewer granules and have a lower
content of histamine and 5-hydroxytryptamine (5-HT, serotonin). They have a
shorter life-span than the CTMC, increase in num ber rather than undergo
secretion on systemic administration of polyamines, proliferate in a thymus
dependent fashion in response to certain parasitic infections and have the
unusual property of concentrating IgE antibodies in the cell cytosol. The MMC
also contain a unique proteolytic rat m ast cell protease II (RMCP II) rather than
the RMCP I for CTMC.
In addition, the granules of the MMC contain the highly sulphated
glycosaminoglycan chondroitin sulphate di-B rather than heparin. These
properties require that special fixation and staining techniques be used to reveal
the MMC. Most importantly, they may become resistant to metachromatic
staining after fixation in some common, formalin-based fixatives. Differences in
the charge distribution of the proteoglycan m atrix m ay also be revealed by
sequential counter-staining with combinations of dyes such as alcian blue and
safranin. M aturation of the CTMC is accompanied by an increasing degree of
sulphation of the matrix and a corresponding increase in affinity for safranin
[69]. In contrast, the MMC which have a lower degree of sulphation of their
proteoglycan m atrix, stain only with alcian blue and have no affinity for
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safranin under the same staining condition [209]. In a similar m anner, heparincontaining m ast cells m ay be stained with berberine. This cationic dye forms
a highly fluorescent complex with the anionic polym er and as such may be
used to reveal CTMC. Again, the MMC do not stain w ith this reagent [70,71].
Rat MMC are also functionally quite distinct from CTMC. In particular,
they do not release histamine in response to classical polycationic m ast cell
degranulating agents such as compound 48/80 and are resistant to prototype
anti-allergic agents such as disodium cromoglycate [256,204]. A sum m ary of
these various properties is illustrated in Table 1.1. It should be em phasized that
the above discussion applies exclusively to the rat and that the full extent of
mast cell heterogeneity in other species remains unclear.
In m an, heterogeneity based on fixation and staining characteristics is
much less obvious than in the rat. Histochemical studies on hum an MMC from
the intestinal and nasal mucosa and CTMC from the intestinal subm ucosa, skin
and cartilage have dem onstrated that, unlike the rat, both cell types contain a
heparin proteoglycan [73]. However, the hum an MMC, like those of the rat, are
resistant to staining following fixation with formaldehyde. Two types of hum an
mast cells m ay also be distinguished by their different protease composition
[74]. Those containing the enzyme tryptase alone (termed MCT) are found
predom inantly in the mucosa of the small bowel, and those containing tryptase
together w ith chymase (termed MCtc ) are located in the subm ucosa of the gut
and in the skin. Thus, these cells may respectively bear some similarity to the
MMC and CTMC of the rat [74].
Although Fox et al. [19] found little functional variation betw een isolated
mast cells from hum an lung and gut, recent studies [75] have indicated that
some differences do exist between these cell types, particularly in their
responsiveness to anti-allergic compounds. Also, in a parallel study, Lawrence
et al. [76] show ed that hum an skin mast cells exhibit functional characteristics
distinct from the pulm onary and intestinal cells. In particular, the hum an
cutaneous cells dem onstrated a different optim um tem perature for release (23-
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30 °C rather than 37 °C) and uniquely responded to a num ber of stimuli
including substance P, com pound 48/80, the f-met peptide and m orphine
sulphate.
1.6

M ast Cell M ediators
The role of the m ast cell in allergy and inflammation is dictated by

the mediators released upon activation and the tissues into which they are
secreted. Chemical mediators of the m ast cell are either preform ed and stored
in association with the granule or are synthesized de novo following cell
activation.
1.6.1

Preform ed m ediators
The constituents of the m ast cell granule m ay differ according to the

cell type and also with respect to the species from which the cell is derived
[51]. The matrix of the granule is comprised largely of heparin or related
glycosaminoglycans [42]. In the rat, the highly sulphated proteoglycan heparin
has a molecular weight of 650,000 and consists of a central protein core,
comprising alternating serine and glycine residues to which are attached
glycosaminoglycan side chains of molecular weight 40-60,000. The latter are
made up of a series of disaccharide units composed of either glucuronic or
iduronic acid and glucosamine (Fig. 1.2). The amino sugar m ay be sulphated
or acetylated [24]. M ast cells from the hum an lung contain heparin of a lower
molecular weight in the region of 60,000. These cells and rat serosal m ast cells
contain ca. 2.4-7.8 and 25 pg of heparin per cell, respectively [27,45]. H eparin
provides the m ast cell with its characteristic metachromatic properties. Mast
cells are the sole source of extracellular heparin which serves a major role as
an anticoagulant agent. The highly acidic property of heparin, together with its
capacity to exclude water, confers upon the molecule the property to inactivate
other stored preform ed mediators and to package them in an orderly array. In
addition to heparin, a related class of proteoglycan term ed chondroitin
sulphates is contained within m ast cells. In rodents, chondroitin sulphates are
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located in m ast cells derived from mucosal sites and those cultured from bone
m arrow, whereas heparin is predom inantly found in m ast cells isolated from
connective tissue areas [77-79].
Histamine has long been recognized as a characteristic constituent of
the m ast cell granule and probably represents the best know n and m ost well
understood mediator. As an extracellular product, histamine functions as an
autacoid or local hormone that is rapidly m etabolized via two enzymatic routes,
m ethylation by methyltransferase (70%) or oxidation by diamine oxidase
(histaminase, 30%) [80]. Rat serosal m ast cells contain 10-30 pg of histamine
base per cell while hum an lung m ast cells and basophil leukocytes contain 1 5.5 and 1-3 pg, respectively [19,81,82]. Once released into the surrounding
tissues, histamine produces many varied effects characteristic of acute allergic
reactions. In particular, it induces increases in vascular permeability, contraction
of sm ooth muscle, vasodilation, a stimulation of gastric acid secretion and
m ucus production, flush and headache. These effects of histamine are mediated
via three distinct receptor subtypes, classified as H v H 2 and H 3 [83-85]. The
latest class of histamine receptor, the H 3-receptor which is present in the central
nervous system, was confirmed recently with the aid of highly H 3-selective
ligands [84]. Stimulation of H ^receptors causes vasodilation and contraction of
bronchial and gastrointestinal smooth muscles [264]. In general, occupation of
H2-receptors results in inhibition of lymphokine production, T-lymphocyte
cytotoxicity and lymphocyte proliferation. Histamine, via H2-receptors also
enhances neutrophil and eosinophil chemokinesis and, m ore prominently,
prom otes the secretion of gastric acid through the stim ulation of H2-receptors
on parietal cells [265,267]. The latter effect has led to the widespread use of the
selective H 2-receptor antagonists, cimetidine [59] and ranitidine [269], for the
treatm ent of gastric ulcer disease. Further, the recent introduction of more
specific H^-receptor antagonists exemplified by terfenadine and astemizole,
which are relatively free of side effects, has provided effective control of acute
allergic conditions such as rhinitis and urticaria [271,272]. The therapeutic
success of these antihistamines in the treatm ent of such conditions indicates
that m ast cell activation with release of the amine plays a major role in the
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pathogenesis of allergic diseases.
In addition to histamine, 5-HT, which derived its nam e serotonin from
its first isolation from hum an serum and its vasoconstrictor activity [273], is
found in connective tissue mast cells of rodents. H um an m ast cell granules,
however, do not contain 5-HT [274]. This spasmogenic and vasoactive amine
is also found stored within the granules of hum an platelets and is a wellestablished neurotransm itter of the central nervous system [275].
Other granule-associated mediators of the m ast cell include a wide
range of enzym es [24,267]. These m ay be hydrolytic in nature such as
arylsulphatases, p-glucuronidases and exoglycosidases, which are loosely bound
to the m atrix and are released in parallel with histam ine following activation
of both hum an and rat m ast cells. A group of proteolytic enzymes with
maximal activity at neutral pH, termed neutral proteases, are also found to
reside in the lysosomal granules of m ast cells. In both rat and hum an mast
cells, neutral proteases comprise up to one third of the total protein of the
granule, b ut unlike the exoglycosidases, remain firmly complexed to heparin
after degranulation. H um an lung m ast cells contain a trypsin-like neutral
protease (tryptase, molecular weight 144,000) while rat m ast cells contain a
chymotrypsin-like enzyme (chymase or RMCP I, molecular w eight 26,GOO29,000) [276]. RMCP II, although a neutral protease, differs from chymase in
that it is almost entirely localized to m ast cells of mucosal sites [277]. Other
neutral proteases include carboxypeptidases, a dipeptidase and kininogenase
[278].
Mast cells also contain various peptide and protein factors chemotactic
for neutrophils
anaphylaxis

and

eosinophils.

The

eosinophil

chemotactic

factor

of

(ECF-A) polypeptides consist of a heterogenous family of

oligopeptides of molecular weight ranging from 300 to 5,000. These factors have
been show n to be released from human [279] and guinea pig [280] lung tissues
and from rat peritoneal mast cells [281] following immunological stimulation.
The neutrophil chemotactic factor of anaphylaxis (NCF-A) is a protein of a
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m uch higher molecular weight of 600,000-750,000 [282]. Release of both ECFA and NCF-A from m ast cells following activation will stim ulate cellular
infiltration characteristic of the late phase reaction of allergic and inflammatory
conditions.
1.6.2

N ew ly generated m ediators
In addition to the preformed, granule-associated mediators further

bioactive agents m ay be synthesized and released in response to immunological
and non-immunological stimulation of m ast cells. The m ost im portant of these
products are the prostaglandins, thromboxanes and

leukotrienes. These

m ediators are generated by the oxidative metabolism of endogenous arachidonic
acid, and are hence known collectively as eicosanoids. Arachidonic acid is a
norm al component of the m em brane phospholipid and is liberated from this
source by the activation of the enzyme phospholipase A2 following cellular
stimulation. Once released, free arachidonic acid is m etabolized to produce
either prostaglandins (PGs) and thromboxanes (TXs), via the cyclooxygenase
pathw ay, or leukotrienes (LTs), via the lipoxygenase pathw ay [81,283] (Fig. 1.3).
Cyclooxygenase is a specific m em brane-bound cellular enzyme that
catalyses the addition of molecular oxygen to arachidonic acid, followed by
ring closure to generate sequentially the two relatively unstable endoperoxides
PGG 2 and PGH2. These intermediates m ay then be converted to form the
prim ary

prostaglandins

PGD2, PGE2 and

PGF2a, in

addition

to

PGI2

(prostacyclin) and TXA2 [284,285]. The major cyclooxygenase product generated
by activation of both hum an and rat m ast cells is PGD2. Other prostaglandins
and thromboxanes are produced in smaller quantities [172].
A second enzyme, 5-lipoxygenase, initiates the synthesis of leukotrienes.
Arachidonic acid is initially converted into 5-hydroperoxy-eicosatetraenoic acid
(5-HPETE) which reacts further to produce 5-monohydroxyeicosatetraenoic acid
(5-HETE) or the unstable epoxide intermediate LTA4. LTA4 is converted into
LTB4 by the action of a hydrolase that inserts a molecule of w ater or,
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alternatively, is converted into LTC4, by addition of the tripeptide glutathione.
The sequential peptidolytic cleavages of the glutathione generate LTD4 and
LTE4 [284-286]. The mixture of LTC^ LTD4 and LTE4 comprise the classical
slow-reacting substance of anaphylaxis (SRS-A).
The eicosanoids possess a broad spectrum of biological actions. PGD2,
PGF2a, LTB4, LTC^ LTD^ LTE4 and TXA2 are potent constrictors of hum an
bronchial sm ooth muscle. In term s of potency, however, the leukotrienes are
the m ost powerful bronchoconstrictor agents of this group. They are two or
three orders of m agnitude more active than histam ine in producing contraction
of bronchial smooth muscle, particularly the small peripheral airways
[25,289,278]. Prostacyclin and PGE2, in contrast, have bronchodilatory activity.
Furtherm ore, both cyclooxygenase and lipoxygenase products exert potent
effects on blood vessels and platelets [278]. TXA2 causes platelet activation
whereas prostacyclin prevents the aggregation induced by a variety of stimuli.
In addition, LTB4 has potent chemotactic activity for neutrophils and
eosinophils [290].
There is at present convincing evidence to suggest that m ast cells,
particularly those cultured and differentiated in vitro from m ouse bone m arrow
in the presence of interleukin-3, can generate a unique phospholipid 1-O-alkyl2-acetyl-sn-glyceryl-3-phosphorylcholine designated platelet-activating factor
(PAF) [291]. Also, it has recently been reported that purified hum an lung mast
cells can synthesize PAF upon immunological stim ulation [292]. PAF affects an
array of cell types, yet the capacity to aggregate platelets rem ains one of its
m ost prom inent features [293]. PAF has now been dem onstrated to be involved
in a num ber of pathological conditions. In particular, there is substantial
evidence implicating PAF in asthma, for in addition to inducing the symptoms
of asthm a in animals and humans, PAF is generated in association with such
sym ptom s, presum ably from eosinophils which appear particularly equipped
to synthesize this lipid m ediator [294].
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1.6.3

C ellular m ediators
It has become increasingly recognized in recent years that allergic

asthma, rhinitis and dermatitis are more than simple allergic conditions
involving type I hypersensitivity reactions to allergens. They are now known
to involve a num ber of inflammatory and other cells, producing not only
various chemical m ediators but also m any cellular products w ith wide-ranging
effects on both target and effector cells. The net result of this is the generation
of a chronic inflamm atory process which, in the long term , m ay be more
im portant in the pathogenesis of allergic diseases than the acute type I reaction
involving m ast cell activation.
In the past few years, an increasing num ber of reports have
dem onstrated that m ast cells can secrete a variety of cytokines, such as
granulocyte/m acrophage colony-stimulating factor and interleukins, in response
to IgE-mediated stimulation [295,296]. Young et ah [297] first indicated the
production of a cytotoxic tum our necrosis factor (TNF)-related protein by
m urine m ast cells. This cytokine is related to, but distinct from, both TN Fa and
lymphotoxin, and m ay be a novel cytokine. Cytokines are a group of low
molecular w eight proteins produced by a wide range of cells in the body. They
are cell regulators and play an im portant role in m any physiological responses
in addition to the pathophysiology of various diseases. If present in an
inflammatory zone, these cellular m ediators could recruit, prim e and activate
neutrophils, m acrophages and eosinophils, increase im m unoglobulin secretion,
and enhance the production and differentiation of further m ast cells [298].
These novel findings place the m ast cell back into the m iddle of the overall
allergic reaction, not only in initiating the immediate reaction b u t possibly in
controlling the more chronic inflammatory events of the late phase reaction.
In addition to its clinical importance the m ast cell has also provided
a model system for the study of the biochemical processes involved in
stimulus-secretion coupling.
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Biochemical Events Involved in Mast Cell A ctivation
Given the central role of the m ast cell in im m unopathology, intense

effort has been directed towards elucidating the biochemical events involved
in m ediator release. Most of the current information concerning the biochemical
process has been obtained from studies using purified m urine m ast cells, and
these data do not always necessarily extend to the hum an cells.
1.7.1

Role of calcium

1.7.1.1 Calcium and histam ine secretion
The intracellular concentration of free calcium ions in m ost cell types
is approxim ately 0.1 |iM, whereas the physiological concentration of the cation
in the extracellular milieu is m uch higher {ca. 1 mM). In m ost resting cells, this
large concentration gradient is m aintained by the restricted perm eability of the
plasma m em brane to calcium and by the operation of specific mechanisms for
extrusion of the cation [299]. The m ain expulsion

mechanism in m ast cells

appears to be through the operation of a sodium-calcium antiporter [300].
The essential event which links stimulation of m ast cells to histamine
secretion is the increase in the level of free calcium ions in the cell cytosol.
The cation is now well recognized as a ubiquitous intracellular second
messenger involved in initiating the secretory response in a variety of nonexcitable cells. The term stimulus-secretion coupling has been coined to
emphasize this role of calcium [301].
In pioneering experiments Mongar and Schild [174] dem onstrated that
optimal anaphylactic secretion of histamine from m ast cells in fragments of
guinea pig lung required the presence of extracellular calcium ions. This
observation was subsequently extended to various tissues from different species
and to isolated m ast cells and basophil leukocytes [175,176,304]. Direct evidence
for the central role of calcium in m ediator release has been provided by simple
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microinjection of the cation into rat mesenteric m ast cells [306]. This procedure
induces degranulation of the

cells similar to

that observed

following

immunological stimulation. The effect could not be reproduced by introduction
of m agnesium or potassium ions into the cells nor by direct mechanical
damage. Histamine secretion m ay also be induced by fusion of m ast cells with
phospholipid vesicles (liposomes) containing calcium, but not magnesium or
potassium [307]. Calcium may also be introduced into the cells by means of
calcium ionophores such as ionomycin and ionophore A23187 [308]. These
com pounds form lipid-soluble complexes with the metal cation and promote
the transfer of the ion across lipid bilayers or biological membranes.
In addition, m ast cells have been show n to undergo exocytosis when
exposed to high concentrations of calcium after preincubation in a m edium
free of divalent cations [309]. This effect increased w ith the concentration of
calcium and was not mimicked by magnesium. It was thus suggested that the
initial treatm ent increased the permeability of the plasm a membrane so that
w hen calcium was reintroduced at high concentrations, sufficient amounts of
the cation were able to penetrate the cell and initiate secretion. Also, m ast cells
release histamine w hen permeabilized with ATP in the presence of extracellular
calcium ions [150].
Histamine secretion evoked by a variety of secretagogues is inhibited
by lanthanum and other ions of the lanthanide series [310,311]. Lanthanum
ions have been employed in the study of various calcium -dependent processes
[312,313]. Lanthanum has an ionic radius similar to that of calcium and is able
to displace competitively the divalent cation from superficial sites in the cell
membranes. By virtue of its higher valency, lanthanum binds to these sites with
a greater affinity than calcium and so blocks subsequent movements of calcium
across the membrane.
In total, the above data clearly dem onstrate that an increase in the
concentration of calcium ions in the m ast cell cytosol is both necessary and
sufficient for the initiation of secretion.
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1.7.1.2 Calcium pools involved in histamine secretion
Extracellular calcium
It has been proposed that activation of the m ast cell transiently
increases the perm eability of the plasma membrane to calcium ions, that is
opens receptor-m ediated gates or channels in the bilayer [243,310]. Influx of
the cation from the external environment triggers the release process. The first
step in the internalization of calcium appears to involve the binding of the ion
to superficial sites on the cell membrane [188,189]. This pool of calcium
equilibrates w ith the extracellular environment and eventually migrates into the
cell through appropriate channels to initiate secretion. Lanthanide ions
(discussed above) presum ably competitively antagonize the binding of calcium
to these sites. Moreover, it has been shown that stim ulation of rat m ast cells
with IgE-directed and other ligands evokes a correlated uptake of radioactive
calcium from the external milieu [315]. Also, more recent studies have
employed the fluorescent probe quin -2 to directly dem onstrate a rise in the
concentration of cytosolic calcium ions following activation of m ast cells with
various agonists [316,317].
Intracellular calcium
While optim al histamine release is dependent on the presence of
extracellular calcium, submaximal secretion may be obtained from rat mast
cells in the absence of the added cation [176,242]. Different secretagogues vary
in their potency under these conditions. Most agonists including IgE-directed
ligands and ionophores elicit some release of histamine but polybasic agents
such as com pound 48/80 and peptide 401 are particularly effective [308,318].
The release from mast cells in the absence of exogenous calcium is
normally attributed to the mobilization of intracellular or sequestered stores
of the cation. Consistently, the cells are rendered unresponsive by prolonged
treatm ent with chelating agents which are believed to deplete these reservoirs
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[318,320]. Direct evidence that this treatm ent does indeed remove calcium from
sequestered stores in the m ast cell has come from studies employing the
antibiotic chlortetracycline which combines with the cation to form a highlyfluorescent adduct [321]. Thus, treatm ent with chelating agents produced a
parallel reduction in the fluorescence signal due to the calcium-chlortetracycline
complex in m ast cells preloaded with the antibiotic, indicative of removal of
m em brane-bound calcium. Similarly, the mobilization of intracellular calcium
following cell activation in the absence of the added cation has been more
directly dem onstrated by using the probe quin-2 [318].
The location of the putative calcium stores involved in m ediator release
rem ain uncertain. Such reservoirs m ight be deeply buried w ithin the cell
m em brane or attached to the inner surface of the membrane. They may also
be associated with proteins in the cell cytosol or sequestered within the
endoplasmic reticulum or mitochondria. However, secretion in calcium-free
m edia is inhibited by lanthanide ions which are thought not to penetrate into
the cytosol, thus suggesting that the putative stores may be associated with the
cell membrane [311]. Moreover, the secretory response is potentiated by brief
pretreatm ent of the cells with chelating agents (in contrast to the inhibitory
effect of prolonged

exposure

to

these compounds), and

inhibited by

supraoptim al concentrations of calcium. The former treatm ent is believed to
remove calcium from superficial, regulatory sites in the mast cell membrane
resulting in its destabilization and thereby facilitating the release into the
cytosol of more internal stores of the cation. Conversely, high concentrations
of calcium causes saturation of the regulatory sites, thus stabilizing the
m em brane and possibly restricting influx of the cation [318].
1.7.1.3 Calcium and calmodulin
Once a rise in the intracellular concentration of calcium ions is initiated,
it is not precisely known how the cation brings about secretion. However,
m any of the effects of calcium in non-excitable cells appear to be m ediated
through its interaction with the specific binding protein, calmodulin [190-192].
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Calmodulin, which is ubiquitously distributed in eukaryotic cells, is
highly acidic and has a molecular w eight of 17,000. Each molecule of
calmodulin can bind up to four calcium ions in reversible m anner and with
high affinity. This binding induces significant conformational changes in the
protein, thus exposing hydrophobic sites on the surface of the molecule through
which it can combine with and activate a variety of target apoenzymes or
effector proteins [191,192].
A num ber of neuroleptic drugs, particularly those of the phenothiazine
family, are able to combine with the calcium-calmodulin complex. These
com pounds prevent interaction of the complex w ith its target apoenzymes and
thus block calmodulin-dependent reactions. Im portantly, these calmodulin
antagonists have been found to inhibit histamine secretion from m ast cells and
hum an basophils [325,326]. The rank order of potency of the drugs against
histamine release induced by compound 48/80 correlates approximately with
their reported anti-calmodulin activity. Furtherm ore, the inhibitory effect on
histamine secretion appears to operate at a site distal to calcium m ovem ent into
the cell. These data provide preliminary evidence for the involvement of
calmodulin in histamine release. The precise nature of this involvement is still
uncertain b ut various enzymes associated with m ast cell biochemistry have in
other cell systems been shown to be regulated by calmodulin. Such enzymes
include

cyclic

nucleotide

phosphodiesterase,

calcium/magnesium-ATPase,

phospholipase A2, adenylate and guanylate cyclase, methyltransferases, myosin
light chain kinase, phosphorylase b kinase and a variety of kinases involved in
the phosphorylation of membrane proteins [325,326]. Thus, calmodulin controls
m any key events involved in exocytosis including the regulation of calcium
homeostasis,

the

synthesis

and

degradation

of

cyclic

nucleotides,

the

organization of the cell cytoskeleton and protein phosphorylation [325-327].
On the theme of protein phosphorylation, pharmacological activation
of rat mast cells has been shown to result in a rapid, calcium-dependent
phosphorylation of three specific proteins of molecular weight 68,000, 59,000
and 42,000 [328]. This phosphorylation accompanies or precedes histamine
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secretion from the cells. The natural termination of the release process involves
the phosphorylation

of a further protein of molecular w eight 78,000.

Calmodulin, by activating a number of specific kinases, m ay therefore be
involved in both the induction and termination of exocytosis.
1.7.2

Phospholipid m etabolism
Considerable attention has recently been focused on the phospholipids

of the m ast cell mem brane and how changes in these lipids m ight play a role
in stimulus-secretion coupling.
1.7.2.1 P hosphatidylinositol turnover
It has become increasingly recognized that m any agonists which employ
calcium as a second messenger also initiate parallel changes in the metabolism
of the endogenous membrane lipid phosphatidylinositol (PI) [329-331]. Early
studies in m ast cells were performed by m easuring the incorporation of [32P]
or [3H] inositol into PI, phosphatidylcholine and phosphatidic acid. Indeed, the
PI response has been demonstrated following activation of these cells by a
variety of immunological and pharmacological stimuli [332,333]. More recently,
Beaven et al. [334] have shown IgE-mediated PI turnover in RBL cells and
Ishizaka et al. [335] demonstrated antigen induced turnover in cultured hum an
basophils.
In recent years, the role of PI turnover in signal transduction was
examined in several cell types, and the results suggested an essential role of
the PI response in calcium mobilization [336-338]. Firstly, PI is converted in
the cell m em brane to the 4-monophosphate (PIP) and the 4,5-bisphosphate
(PIP2) by ATP-dependent specific kinases. Stimulation of the m ast cell leads
to activation of a phospholipase C (PLC) probably through a GTP-binding
regulatory protein. PLC then converts PIP 2 into inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG). IP3 is rapidly degraded to yield inositol 1,4bisphosphate (IP2). Alternatively, IP3 may be transform ed to inositol 1,3,4,5-
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tetrakisphosphate (IP4). DAG is phosphorylated by a specific kinase to yield
phosphatidic acid (PA). The latter combines with cytidine diphosphate (CDP)
to produce CDP-DAG which finally reacts with inositol to regenerate PI and
the cycle continues as depicted in Fig. 1.4.
The products of PIP2 breakdown, namely IP3 and DAG, are believed
to function synergistically as second messengers in cell activation in a diversity
of systems [338-340]. DAG activates the enzyme protein kinase C (PKC) which
is

ubiquitously

distributed

in

mammalian

tissues

and

capable

of

phosphorylating a range of cellular proteins. Conversely, IP3 is thought to be
released into the cytosol where it directly mobilizes calcium from intracellular
stores,

probably

from

the

endoplasmic

reticulum

[336-339].

Thus,

phosphoinositide turnover initiated by receptor activation serves to cause a
rise

in

the

intracellular

calcium

concentration

and

to

activate

PKC.

Correspondingly, a rapid rise in internal calcium, as evidenced by quin-2
fluorescence m easurements, is one of the earliest changes detectable after
receptor stimulation and such activation also results in a pronounced increase
in membrane-associated PKC activity [341]. In addition, there is evidence for
the activity of IP 4 in either potentiating the action of IP 3 or in modulating
calcium entry [342].
Early studies have indicated that PI turnover in m ast cells stimulated
by various ligands was independent of extracellular calcium [332,333]. These
findings are im portant since if an inositol phosphate is supposed to generate
the calcium signal, the PI response should occur independently of the presence
of this cation. However, recent studies employing RBL cells showed that
hydrolysis of inositol phospholipids following cell activation was largely
dependent upon calcium [334]. Moreover, both PI turnover and secretion from
rat m ast cells induced by ATP were found to be totally dependent on the
presence of external calcium ions [152]. At present, therefore, the exact
relationship between the PI response and the subsequent generation of the
calcium signal in mast cells and basophils is not entirely clear.
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The precise role in mast cell stimulus-secretion coupling for PKC, the
enzym e activated by the product of PIP2 breakdow n, DAG, also remains to
be clarified. Evidence for the involvement of PKC in the secretory process has,
however, been provided by the use of phorbol esters such as phorbol- 12 myristate-13-acetate (PMA) which directly activate PKC by substituting for
DAG. At low concentrations, such compounds w ere found to be poor histamine
releasers, but potentiated secretion by suboptim al concentrations of calcium
ionophores and IgE-directed ligands in rat peritoneal m ast cells [345], RBL cells
[346] and hum an basophils [343,344]. These data suggest that there is a
synergistic interaction between the activity of PKC and the calcium signal in
providing the secretory response in m ast cells and basophils. PKC, however,
can also negatively modulate secretion from m ast cells and basophils. Indeed,
pretreatm ent of RBL cells with PMA blocks the receptor dependent rise in the
intracellular concentration of calcium [200]. PMA has also been show n under
certain conditions to inhibit histamine release from RBL cells [186] and from
m ast cells [381]. Phorbol esters appear, therefore, to inhibit the calcium and,
possibly, inositol phosphate signals within the cell under certain conditions.
These results m ay be interpreted either in term s of PKC having tw o roles; one
to interact positively with the calcium signal and one to suppress it, or
alternatively phorbol esters may exert an effect other than through PKC
activation.
1.7.2.2 Phospholipid m ethylation
In addition to the metabolism of PI, it has been suggested that the
m ethylation of endogenous membrane phospholipids m ay play an im portant
general role in the transduction of biochemical signals across cell membranes
[347,348]. Commonly, two membrane-bound enzymes (methyltransferases I and
II) convert phosphatidylethanolam ine (PE) to phosphatidylcholine (PC) by
successive N-methylation. Methyl transferase I is located on the cytoplasmic face
and transfers a methyl group from the donor S-adenosyl-L-methionine to PE
to form phosphatidyl-N-monomethylethanolamine (PME). The enzyme is
dependent on magnesium ions. Methyltransferase II is located on the external
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surface of the m em brane bilayer and catalyses two successive N-methylations
of PME to form PC. The basic series of reactions is illustrated in Fig. 1.5. This
sequential methylation causes reorientation of the phospholipid from the
cytosolic to the outer surface of the membrane, an effect associated with an
increase in m em brane fluidity [349]. Such a change in microviscosity m ay
facilitate calcium fluxes. Alternatively, PC may be metabolized further by
activation of a calcium -dependent phospholipase A2 (PLA2), thus generating
lyso-PC (a know n fusogen) and, in the case of arachidonyl-PC, free arachidonic
a d d [350].
The m ethylation of phospholipids has now been dem onstrated following
IgE-mediated activation of hum an lung m ast cells, cultured hum an basophils,
RBL cells and rat peritoneal m ast cells [351-354]. In rat m ast cells, exogenous
phosphatidylserine (PS) may enter the sequence following decarboxylation to
PE [352] (Fig. 1.5). Immunological activation of these cells induces a rapid rise
and fall in m ethylated lipid which is followed temporally by calcium influx and
histamine secretion. Inhibitors of methyltransferases block all three processes in
highly correlated fashion. In total, these results strongly suggest that
transm ethylation is a prim ary event in immunological histam ine secretion and
caldum transport, though the phenomenon does not seem to apply to nonimmunological activation. Thus, stimulation of rat m ast cells w ith com pound
48/80 or ionophore A23187 did not produce an increase in phospholipid
m ethylation [355,356]. Similarly, inhibitors of methyltransferases did not prevent
histamine secretion from rat mast cells treated with ATP or polymyxin B [357].
Finally, it should be noted that while the transm ethylation sequence
has been reported in the mast cell by some laboratories these findings have
not been confirmed by others and remain the source of dispute [358-360].
1.7.3

Arachidonic acid metabolism
Both the PI response and the transmethylation sequence provide

potential routes to the production of arachidonic acid. Thus, the activation of
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PLA2 or, PLC in concert with diacylglycerol lipase, generates free arachidonic
a d d which m ay be metabolized via the lipoxygenase or cyclooxygenase
pathways to form a num ber of potent inflammatory mediators, prindpally
prostaglandins, thromboxanes and leukotrienes [25,181]. Since drugs which
inhibit the latter pathw ay such as 5,8,11,14-eicosatetraynoic acid (ETYA) and,
more

specifically,

5,8/1 1,14-henicosatetraynoic

acid

(HTYA),

4,7,10,13-

icosatetraynoic a d d (ITYA) and 5,8,11-eicosatriynoic a d d (ETI) also block
histamine secretion, it has been proposed that the lipoxygenase pathw ay also
produces intermediates essential to the release process itself [361-364]. These
intermediates, which include 5-HETE and 5-HPETE, are found to produce a
dose-dependent enhancement of IgE-mediated secretion, and are thought to act
prior to calcium translocation [345,346]. Inhibitors of the cyclooxygenase
pathw ay such as aspirin and indom ethadn, which are non-steroidal anti
inflammatory drugs, have no effect or even potentiate histam ine release
[361,365,367].
1.7.4

Changes in intracellular cyclic nucleotide levels
It is well recognized that the cydic nucleotides, adenosine S'^'-cyclic

m onophosphate (cyclic AMP, cAMP) and guanosine 3',5'-cyclic m onophosphate
(cyclic GMP, cGMP) are involved in the m odulation of biological responses in
a variety of cell types. In some systems the nucleotides act as second
messengers but in many cells the compounds, in particular cyclic AMP, serve
as regulators of calcium homeostasis [2 4 2 ,3 6 8 ,3 7 0 ]. Two extreme types of
behaviour have been characterized and cyclic AMP m ay either augm ent or
oppose the secretion induced by calcium.
Immunological activation of rat peritoneal m ast cells produces a rapid,
transient elevation in the intracellular level of cyclic AMP which precedes the
onset of m ediator release. Indeed, stim ulation of these cells with anti-IgE has
been shown to induce an early and a late rise in both cyclic AMP and cyclic
GMP [356,371,372]. The secondary increase in cyclic AMP and all changes in
cyclic GMP were abolished by the cyclooxygenase inhibitor indomethacin. Since

Chapter 1

37

prostaglandins may activate adenylate and guanylate cyclase, the later responses
were thus attributed to the secretion of these newly synthesized products
[371,372]. The early, indomethacin-resistant elevation in cyclic AMP was,
however, considered to be a prim ary event in m ast cell activation. Evidence in
support of this model was provided by use of adenosine analogues modified
in either the purine or ribose ring. The former activates adenylate cyclase
through a receptor (the 'R' site) located on a regulatory protein on the external
surface of the cell membrane. This receptor is also activated by adenosine and
inhibited by low concentrations of theophylline [373,374]. In contrast, analogues
m odified in the ribose ring express inhibitory effects through a second receptor
(the T ' site) located directly on the catalytic subunit of the adenylate cyclase
on the inner face of the membrane. Immunologically induced m ediator release
from the m ast cell is enhanced by adenosine w ith characteristics typical of
stim ulation of the 'R' site [375,376]. Further, both adenosine and its purine
analogue

N 6-phenylisopropyladenosine

(PIA)

produce

a

parallel,

dose-

dependent enhancement of immunologically induced secretion and elevation of
cyclic

AMP

[371].

In

contrast,

the

ribose

m odified

derivative

2',5'-

dideoxyadenosine (DDA) induced a correlated suppression of these responses
[371]. These findings indicate that the immunological activation of the m ast cell
adenylate cyclase, and the consequent early rise in cyclic AMP, is an integral
event in the release process [371,372]. It was, thus, suggested that bridging of
IgE receptors activates adenylate cyclase, the interaction betw een the receptors
and the catalytic subunit being m ediated, as in other systems, by combination
of guanosine 5'-triphosphate (GTP) with a specific guanine nucleotide-binding
protein [371,377]. The elevation in cyclic AMP is then thought to activate
specific protein kinase isoenzymes with consequent phosphorylation of proteins
essential to the secretory mechanism [378].
Historically, pharmacologically elevated levels of cyclic AMP in mast
cells and basophils have been associated with the prevention of exocytosis.
Agents which are active in this respect include cholera enterotoxin, cyclic AMP
analogues,

certain

prostaglandins

and

theophylline

[41,125,243,319,369].

Theophylline at high concentrations (1 mM) acts as a phophodiesterase inhibitor
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and causes intracellular levels of cyclic AMP to rise by preventing the
enzymatic destruction of the cyclic nucleotide. However, lower concentrations
of theophylline (10 |iM) may inhibit histamine secretion by acting as a
competitive antagonist of adenosine [373]. There is also evidence that padrenoceptor activation, which causes a rise in cyclic AMP levels, inhibits
antigen induced histamine release in hum an and guinea pig lung fragments
[379,380]. To explain disparate effects of pharmacologically and immunologically
induced elevations in cyclic AMP levels, the former essentially inhibiting
secretion, it has been argued that these processes may generate the cyclic
nucleotide w ithin discrete pools inside the m ast cell [371,372]. This m ay then
lead to the preferential activation of protein kinase isoenzymes associated with
either the initiation or the inhibition of the release mechanism [378].
It should be noted, however, that an early rise in intracellular cyclic
AMP levels appears to be produced only by IgE-directed ligands. In particular,
stimulation of rat m ast cells with compound 48/80 or ionophore A23187 did
not lead to changes in the concentration of the nucleotide [179,382]. However,
secretion induced by these agents is also potentiated by adenosine [376] but
w ithout producing any accompanying changes in cyclic AMP levels [179]. Thus,
the potentiating effects of adenosine and analogues such as PIA on histamine
release appear to be unrelated to their effects on adenylate cyclase. Moreover,
in contrast to previous reports, immunological activation of purified hum an
lung m ast cells and basophils induced histamine release but failed to elicit any
changes in cyclic AMP levels. A variety of cyclic AMP-active drugs, however,
elevated the cellular content of the nucleotide and prevented m ediator release
[383]. These results suggest that increases in cyclic AMP in these cell types m ay
be associated with the inhibition of the release but not the initiation of the
secretory process.
1.7.5

Activation of serine esterases
It has long been known that membrane proteolytic enzymes, such as

a putative serine esterase, may be activated following stim ulation of m ast cells
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and basophils [385-388]. Inhibitors of serine esterases have been found to
prevent IgE-dependent histamine release from rat m ast cells [387,388] and from
guinea pig and hum an lung fragments [384,389] but only if they are present
at the time of Fce receptor cross-linking. Thus, it appears that activation of the
enzymes m ay be an essential step in the secretory process. Serine esterase
inhibitors have also been dem onstrated to prevent the IgE-dependent rise in
cyclic AMP and phospholipid m ethylation in purified rat m ast cells [356,390].
This implies that bridging of IgE receptors activates m em brane associated
proteases prior to activation of adenylate cyclase and methyltransferases. Also,
in further support of the potential involvement of serine esterases in the release
process, a-chym otrypsin [391] and rat m ast cell chymase [392] have been shown
to induce histamine secretion from rat m ast cells.
1.7.6

Intracellular ATP and phosphorylation of proteins
For m any years it has been known that an intracellular supply of ATP

is required for histamine release [270,394-396]. Johansen and his co-workers
[314,394-396] demonstrated that during antigen-induced release from rat m ast
cells, the cellular content of ATP decreased and aerobic glucose oxidation was
stimulated, indicative of an increased utilization of cellular ATP during the time
of secretion. Thus, it seems necessary that the nucleotide is synthesized as the
release takes place. Indeed, an increased rate of oxidative ATP-synthesis was
observed during and immediately after secretion [305]. Inhibitors of oxidative
phosphorylation such as antimycin A and cyanide inhibited the antigenstimulated histamine release but only partially [302,303]. M ast cells have
relatively few mitochondria and it appears that the oxidative-ATP synthesis is
not an absolute requirement for secretion. However, the cells are active
glycolytic metabolizers and removal of glucose produced a partial inhibition of
IgE-mediated secretion. Removal of glucose and inhibition of oxidative
phosphorylation together totally blocked histamine release, and restoration of
either glycolysis or oxidative metabolism will partially reverse the inhibition
[302,303]. Thus, these results indicate that intracellular ATP is needed for
secretion and that this ATP m ay come from both glycolysis and oxidative
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phosphorylation.
Intracellular ATP may be required for a num ber of cellular processes
that are involved not only with secretion itself but also w ith the maintenance
of cellular integrity. There is evidence (as discussed before) for the involvement
of several ATP utilizing kinases in histamine release such as cyclic AMPdependent kinase, kinase C and phosphoinositide kinases. In addition, a
num ber of ATPases m ay be involved in calcium -transporting mechanisms with
the m ast cell.
Protein phosphorylation appears to be an essential part of the secretory
mechanism. Stimulation of rat mast cells w ith anti-IgE, com pound 48/80 or the
calcium ionophore A23187 results in the phosphorylation, via a calciumdependent process, of several membrane proteins. More specifically, proteins
w ith molecular weights of 42,000, 59,000, 68,000 and 78,000 daltons are the
predom inant ones that are consistently phosphorylated upon activation of mast
cells [117,118,328,393]. Phosphorylation of the 42,000, 59,000, and 68,000 proteins
w as observed at the start of the activation process. However, phosphorylation
of the protein of 78,000 daltons was delayed, occurring as secretion was being
term inated. The proteins were then dephosphorylated at different rates after the
peak of phosphorylation was observed. Addition of the prototype anti-allergic
drug, disodium cromoglycate, and other related inhibitors of histamine release
to the m ast cells transiently increases the phosphorylation of the protein of
78,000 daltons [118,393]. In the light of these observations, phosphorylation of
the former three membrane proteins was suggested to be involved in the onset
a n d /o r continuation of histamine secretion, while the 78,000 dalton protein is
concerned w ith the inactivation or termination of the release process.
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1 .1

Some properties of mucosal and connective tissue m ast cells
from the gastrointestinal tract of the rat.

Mucosal m ast cells

Connective tissue m ast cells

Small, variable shape, sparsely granulated

Large, uniform, densely granulated

Uni- or bilobed nucleus

Unilobed nucleus

Soluble granular proteoglycan matrix

Less soluble proteoglycan matrix

Chondroitin sulphate

Heparin

Low content of histamine and 5-HT

High monamine content

Metachromasia may be blocked by
conventional aldehyde fixation

Metachromasia preserved by
aldehyde fixation

Berberine negative

Berberine positive

Stain with alcian blue but do not
counterstain with safranin

Counterstain with safranin

Proliferative, non-secretory polyamine response

Secretory polyamine response

Short life span

Long life span

Proliferative response to nematode infections

No proliferative response

IgE in cytosol

No IgE in cytosol

Contain rat mast cell protease II

Contain rat mast cell protease I

Cromoglycate insensitive

Cromoglycate sensitive

Theophylline insensitive

Theophylline sensitive

From Pearce [72].
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5 nm

1

Fig. 1.1

Diagram of the high-affinity receptor for IgE, showing the relationships

between the subunits in the membrane. Shaded areas represent carbohydrate. Source:
H. Metzger, J-P. Kinet, R. Perez-Montfort, V. Rivnay and S.A. Wank: Progress in
Immunology, 5, P493, Academic press, New York, (1983).
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IdUA SO,

IdUA SO,

GlcUA

GlcUA

Gal

Gal

Xyl

Xyl

Glycosaminoglycan
(GAG)

Peptide core

Xyl

Xyl

Gal

Gal

GlcUA

GlcUA

O

^ Serine
Glycine
n: Ra t h e pa r i n = 7 0 - 1 40
H u m a n h e pa r in = - 30
* G l y c o s a m i n o g l y c a n initiation s e q u e n c e

Fig. 1.2 Schematic representation of structure of heparin. Xyl = xylose; Gal = galactose;
GlcUA = glucuronic acid; IdUA = iduronic acid; GlcNH2 = glucosamine; S 04 = sulphate.
Source: T. Ishizaka: Allergy, Principles and Practice (Eds. Middleton, Reed, Ellis, Adkinson
and Yunginger), vol 1, P71, The C.V. Mosby Co., (1988).
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Arachidonatc

PA

DAG

Eicosanoids
KINASE C PROTE IN
P H O SP H OR Y LA T IO N

-►RESPONSE
CALCIUM
RELEASE

Ligand

protein

PLC

Receptor

PIP

CDP-DAG
PIP

+ PI

Fig. 1.4 Sequence of reactions involved in phosphoinositide breakdown. I = inositol; PA
= phosphatidic acid; CDP-DAG = cytidine diphosphodiacylglycerol; DAG = diacylglycerol;
PLC

=

phospholipase

C;

PIPj

=

phosphatidylinositol-4,5-bisphosphate;

PIP

=

phosphatidylinositol-4-phosphate; PI = phosphatidylinositol; IP3 = inositol-1,4,5-trisphosphate;
IP = inositol-1,4-bisphosphate; IP = inositol-4-phosphate and inositol-1-phosphate; IP4 =
inositol-1,3,4,5-tetrakisphosphate. Source: J.C. Foreman: Textbook of Immunopharmacology
(Eds. M.M. Dale and J.C. Foreman), P19, Blackwell Scientific Publications, (1989).
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Phosphatidylserine
Phosphatidylserine
decarboxylase
CO

Phosphatidylethanolamine
Me

Methyltransferase

Mg 2 +

Phosphatidyl-N-monomethylethanolamine
Me,

Methyltransferase II
*

Phosphatidylcholine
Phospholipase A:
Ca5

Fatty
acid

Lysophosphatidylcholine

Fig. 1.5

Sequence of reactions involved in phospholipid m ethylation
in rat m ast cells. From H irata et al. [352].
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CHAPTER TWO
M ATERIALS A N D M E T H O D S

2 .1

ANIMALS
Sprague-Dawley rats (200-350g), Porton mice (20-50g), Syrian hamsters

(120-180g) and Dunkin-Hartley guinea pigs (300-500g) of either sex were used
in this project. They were obtained from closed, random -bred colonies kept in
the Joint Animal House, University College London.
2.2

HUMAN TISSUE
H um an lung and colonic tissues were supplied by surgeons of the

Middlesex and University College Hospitals (London) respectively, at the time
of resection, generally for bronchial or colonic carcinoma. H um an uterine tissues
were obtained from the Elizabeth Garrett Anderson Hospital (London) following
surgery for uterine carcinoma, and hum an foreskins w ere provided from
circumcisions by surgeons of the Middlesex and University College Hospitals.
2.3

MATERIALS
All chemicals, reagents and apparatus used throughout this study are

listed below w ith their source of supply.
2.3.1

H istam ine Liberators
Allergen

From N. brasiliensis

Adenosine 5'-triphosphate (ATP)

Sigma, London

Com pound 48/80

Sigma, London

Concanavalin A (Con A)

Sigma, London

Ionomycin

Calbiochem
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Rabbit anti-serum to hum an IgE

Dako

(anti-human IgE)
Sheep anti-serum to rat IgE

ICN Im muno Biologicals

(anti-rat IgE)

2.3.2

Substance P

Peninsula

Triton X-100 (TX-100)

Sigma, London

Anti-allergic Compounds
8 -Bromo

cyclic AMP (Br-cAMP)

Sigma, London

Chrysin

Sigma, London

Dibutyryl cyclic AMP (Bu2 cAMP)

Sigma, London

Disodium cromoglycate (DSCG)

Gift from Mr P. Sheard,
Fisons PLC

Isobutyl methyl xanthine (IBMX)

Sigma, London

Nedocromil sodium

Gift from Mr P. Sheard,
Fisons PLC

2.3.3

2.3.4

Quercetin

Sigma, London

Theophylline

Sigma, London

Metabolic Blockers
Antimycin A (AmA)

Sigma, London

2-Deoxy-D-glucose (2-DG)

Sigma, London

P2-Purinoceptor Agonists
a,p-methylene ATP (a,p-meATP)

Sigma, London

p/y-methylene ATP (p/y-meATP)

Sigma, London

2-methylthio ATP (2-me.S.ATP)

Gift from Dr T. Heeley,
Ciba Geigy PLC
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2.3.5

P2-Purinoceptor Antagonists
Phentolamine mesylate

Ciba Laboratories, UK

Cibacron blue 3GA

Sigma, London

(Reactive blue 2, RB2)
Suramin

Gift from Dr T. Heeley,
Ciba Geigy PLC

2.3.6

Phosphonucleotides
Adenosine 5'-diphosphate (ADP)

Sigma, London

Adenosine 5'-monophosphate (AMP)

Sigma, London

Cytidine 5'-triphosphate (CTP)

Sigma, London

Guanosine 5'-triphosphate (GTP)

Sigma, London

Guanosine 5'-0-(3-thiotriphosphate)

Sigma, London

(GTP-y-S)

2.3.7

Thymidine 5'-triphosphate (TTP)

Sigma, London

Uridine 5'-triphosphate (UTP)

Sigma, London

C om pounds For Buffers
Barium chloride

Fisons

Bovine serum albumin (BSA)

Sigma, London

Calcium chloride

H opkins & Williams

Ethylenediaminetetraacetic acid

BDH Chemicals

(EDTA)
Foetal calf serum (FCS)

Gibco Biocult

Glucose

BDH Chemicals

Heparin (5000 units/m l)

C.P. Pharmaceuticals

N-2-hydroxyethy lpiperazine-N'-

Sigma, London

2-ethane sulphonic acid (HEPES)
Hydrochloric acid

Fisons

Lanthanum chloride

BDH Chemicals
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2.3.9
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M agnesium chloride

Fisons

Potassium chloride

Fisons

Sodium hydroxide

BDH Chemicals

Sodium chloride

BDH Chemicals

Strontium chloride

BDH Chemicals

Chemicals For Histamine Assay
Butan-l-ol

Fisons

n-Heptane

Fisons

M ethanol

BDH Chemicals

o-Phthaldialdehyde (OPT)

Sigma, London

Perchloric acid (72%)

May & Baker

Triton X-405

Sigma, London

Materials For Cell Fixation And Staining
Absolute alcohol

James Burrough Ltd.

Alcian blue

BDH Chemicals

Chloroform

BDH Chemicals

Formalin saline

Hopkins & Williams

Glacial acetic acid

BDH Chemicals

Microscope slides

BDH Chemicals

Safranin O

BDH Chemicals

Toluidine blue

BDH Chemicals

Trypan blue

BDH Chemicals

2.3.10 Radioactive Materials
Prostaglandin D2 [3H]

Am ersham , UK

radioim m unoassay (RIA) kit
Cyclic AMP [125I]
radioim m unoassay (RIA) kit (dual range)

Am ersham , UK
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2.3.11 Miscellaneous
Absorbent gauze

Frank Sammeroff Ltd.

Carbon dioxide

British Oxygen Company

Charcoal (granular activated)

BDH Chemicals

(particle size 0.85-1.70 mm)
Collagenase (Type 1A)

Sigma, London

Dextran 70 (MW 110,000)

Fisons

Dimethyl sulphoxide (DMSO)

Hopkins & Williams

Disposable cuvettes (1 cm path length)

Sarstedt

Disposable polystyrene tubes

Sarstedt

Disposable syringes

Sabre

Eppendorf tubes

Sarstedt

Ethidium brom ide

Sigma, London

Finnpipettes

Buckley Scientific

Hyaluronidase (Type 1-S)

Sigma, London

Inositol 1,4,5-trisphosphate (IP3)

Sigma, London

Lens tissue

W hatman

Magnetic stirrer bar (4 mm)

Rank Brothers Ltd.,
Bottisham, Cambridge

Nylon scrubbed wool

Fenwal Laboratories

Percoll

Pharmacia Fine Chemicals

Quartz cuvette (5 m m path length)

Perkin Elmer,
Beaconsfield, Bucks.

2.4

BUFFERS AND STOCK SOLUTIONS

2.4.1

Buffers
All experiments were carried out using modified Tyrode's solution

buffered with N-2-hydroxyethylpiperazine-N'-2-ethane sulphonic acid (HEPES).
Further modifications of buffers were m ade for different experiments as
illustrated below. The pH of all solutions was adjusted to 7.2-7.4 by addition
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of either NaOH (4 M) or HC1 (3 M), except for those buffers designed for
investigating the effect of pH or for the ethidium brom ide technique.
Buffers

C om position

1. Full Tyrode's (FT)

NaCl (137 mM), glucose (5.6 mM),
HEPES (10 mM), KC1 (2.7 mM), MgCl2
and CaCl2 (1 mM)

2. Heparin-Tyrode's

FT + heparin (50 u nits/m l)

3. BSA-Tyrode's

FT + BSA (1 m g/m l)

4. Buffers for examining
the effect of Ca2+
a. Ca2+- and Mg2+-free

FT w ithout Ca2+ and Mg2+

(CMF) Tyrode's
b. 2x EDTA Tyrode's

CMF-Tyrode's + EDTA (2x 0.1 mM)

c. 2x Ca2+ and Mg2+ Tyrode's

CMF + Ca2+ and Mg2-1- (2x 1 mM)

5. Buffers for examining the
effects of various cations
a. Calcium-free

FT w ithout Ca2+

Tyrode's
b. 4x La3+, Sr2+, Ba2+
or Ca2+ Tyrode's

Calcium-free Tyrode's + required
concentration of the cation (4x 0.01, 0.1,
1, 5, 10, or 20 mM)
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c. 4x Mg2+ Buffer

CMF + required concentration of Mg2+
(4x 0.01, 0.1, 1, 5, 10 or 20 mM)

6.

Buffers for the ethidium bromide
technique to detect cell permeabilization

a. EDTA buffer with pH

CMF-Tyrode's with EDTA (2 mM)

adjusted to 7.8
b. BSA buffer with pH

CMF-Tyrode's with BSA

(1

m g/m l)

adjusted to 7.8

7. Buffers for examining
the effect of pH
These are Ca2+ (4x 20 mM, 10 mM and 20 mM) and Ca2+-free Tyrode's
solutions with pH adjusted to 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5.

8.

Buffers for examining the
effect of metabolic blockers

a. Glucose- and Calcium-

FT without glucose and calcium

free Tyrode's
b.

8x

calcium

Buffer (a) + required concentration of
Ca2+ (8 x 1 mM, 10 mM and 20 mM)

c.

8x

glucose

Buffer (b) + glucose (8 x 5.6 mM)

d.

8x

AmA

Buffer (b) + AmA (8 x 1 pM)

e. 8 x 2-DG

Buffer ft) + 2-DG (8 x 5 mM)

9. Physiological saline (0.9%)

NaCl 153 mM (9.0 g/1)
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2.4.2

Stock Solutions
Stock solutions of anti-rat IgE were prepared by adding distilled water

(2 ml) to commercial lyophilized anti-rat IgE serum and then aliquoting the
solution (10-50 pi) into Eppendorf tubes. The tubes were stored at -20 °C until
required. Dilutions could then be m ade in appropriate buffers to the desired
final concentration.
Com pound 48/80 was m ade up as a stock solution in distilled water
of 1 m g /m l concentration and stored at 4 °C for up to two weeks.
The ionophore ionomycin was m ade up as a stock solution (10 mM)
in dimethyl sulphoxide (DMSO) and stored in appropriate aliquots at -20 °C
until required.
Substance P was prepared as a stock solution (5 mM) in 0.1% glacial
acetic acid and stored in appropriate aliquots at -20 °C until required.
Antimycin A (1 mM) was dissolved in DMSO and aliquots (20 pi) were
diluted with appropriate buffers (2 ml) to give a concentration of 10 pM from
which further dilutions were made.
A stock solution of 90% Percoll was freshly prepared by mixing 9 parts
of Percoll w ith

1

part of lOx concentration full Tyrode's (0.5 ml) and stored at

4 °C until required.
Other com pounds including ATP were dissolved to provide appropriate
stock solutions in the required buffers on the day of use.
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2.5

ISOLATION OF MAST CELLS

2.5.1

Peritoneal And Pleural Mast Cells
Peritoneal m ast cells were obtained by direct lavage from the rat, mouse

and ham ster in a similar way. In general, the animal was anaesthetized using
C 0 2 and allowed to expire under the anaesthetic. Abdominal skin was removed
and heparinized Tyrode's solution (15 ml per rat, 10 ml per ham ster and 5 ml
per mouse) was injected into the peritoneum. After applying gentle massage
to the abdom en

(2

min), a midline incision was m ade to expose the peritoneal

cavity. Peritoneal cells were then recovered using a plastic pipette and collected
into polystyrene test tubes. The cells were pelleted by centrifugation (MSE
m inor "s" centrifuge 1000 rpm , 2 min, at room tem perature RT). Supernatants
were discarded and cell pellets were washed twice and resuspended in the
required volume of the appropriate buffer for the experiment. The cells were
then used for functional studies w ithout further purification. Pleural m ast cells
of the rat were recovered in a similar m ethod following injection of heparinized
buffer (10 ml) into the pleural cavity through the diaphragm . One rat or
ham ster provided up to 50 experimental samples of peritoneal or pleural cells
compared to 5-10 samples from one mouse.
2.5.2

Rat And Guinea Pig Mesenteric And Lung Mast Cells
The mesentery was dissected from the small intestine and any attached

lym ph nodes were removed. The lung was rem oved from the chest cavity and
dissected free of major airways and blood vessels. After w ashing in FT buffer,
the m esentery or lung was cut into small pieces w ith scissors and further
chopped using an autom ated Mcllwain tissue chopper. The chopped tissue (1
m m 2) was then incubated at 37 °C in BSA-Tyrode's solution containing
collagenase (160 units/m l for guinea pig,

120

u n its/m l for rat) for a

predeterm ined optim um period (60 min for mesentery and 90 min for lung) in
a shaking w ater bath. At the end of the digestion period, the tissues were
disrupted by expression through a syringe

(10

ml) and the resulting suspension
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was filtered through a m oistened gauze to remove tissue debris. The cells were
recovered by centrifugation (MSE coolspin, 1000 rpm , 5 min, 4 °C) and washed
with heparinized BSA-Tyrode's. Finally, the cells were washed and resuspended
in the appropriate buffer ready for use w ithout further purification.
2.5.3

Rat Urinary Bladder Mast Cells
The urinary bladder was dissected from the rat, cut open and washed

free of urine in FT buffer. After several washes, the bladder was cut into very
small pieces (1 mm 2) with scissors. The cut tissue was then incubated at 37 °C
in BSA-Tyrode's buffer containing collagenase (120 un its/m l) for 75 min in a
shaking water bath. The rest of this procedure was essentially identical to that
used for isolating m esentery and lung m ast cells (section 2.5.2). A m inim um of
5 rat urinary bladders were used per dispersion.
2.5.4

Rat Intestinal Mast Cells
The whole small bowel, from beneath the stomach to the colon, was

dissected out and flushed clean of faecal m atter with Tyrode's buffer using a
syringe (10 ml). The intestine was cut into smaller sections of about 3 cm long
and these were opened longitudinally. Peyer's patches and the m esentery were
removed along w ith any loose mucus. The tissue sections were then cut further
into thin strips of about 2 m m wide and washed in prew arm ed CMF-Tyrode's
(3x 100 ml, 37 °C, 10 min w ith stirring) to remove any rem aining mucus. After
washing, the tissue fragments were digested in FT buffer supplem ented with
20% FCS and collagenase (40 units/m l, 2x 100 ml, 37 °C, 60 m in with gentle
stirring). After each dispersion, the suspension was filtered through m oistened
gauze, followed by a nylon wool column consisting of nylon scrubbed wool

(1

g) packed in a syringe (10 ml). The cells were pelleted by centrifugation (1000
rpm , 3 min, RT), resuspended in FT buffer containing 10% FCS and then kept
in a water bath (37 °C). At the end of the second digestion, the tissue was
subjected to a further disruption by expression through a syringe

(1 0

ml) and

the cells were recovered and resuspended as before. The different portions of
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cells from the two dispersions were finally pooled, washed and resuspended
in the required volume of the appropriate buffer ready for use w ithout further
purification.
2.5.5

Rat Cutaneous Mast Cells
The abdominal skin was shaved using an open razor and a section of

skin (usually ca. 4x 3 cm) was excised. The skin was dissected free of
underlying fat, washed in buffer and cut into small pieces with scissors. The
tissue fragments (ca.

1

mm 2) were then incubated at 37 °C in BSA-Tyrode's

buffer (50 ml) containing collagenase (160 units/m l) and hyaluronidase (500
units/m l) for 4 hours in a shaking w ater bath. The suspension was gently
gassed throughout the incubation period with a m ixture of oxygen (95%) and
carbon dioxide (5%). At the end of the dispersion period, the tissues were
disrupted by expression through a syringe

(1 0

ml) and the resulting mixture

was filtered through moistened gauze, followed by a nylon wool column to
remove tissue debris. Cells were then recovered by centrifugation (1000 rpm,
5 min, 4 °C), washed once in heparinized BSA-Tyrode's and finally washed and
resuspended in the appropriate buffer for the experiment ready for use without
further purification.
2.5.6

Human Lung Parenchymal Mast Cells
Macroscopically normal hum an lung, obtained from resection, was

dissected free of major airways and blood vessels. The tissue was cut into
small pieces w ith scissors and further chopped using a Mcllwain chopper. The
chopped tissue (1 mm2) was washed in FT buffer to remove blood and mucus
and then recovered by filtration through m oistened gauze. The small tissue
fragments were then incubated at 37 °C in BSA-Tyrode's containing collagenase
(160 units/m l, 25 m l/g of tissue) for 90 m in with gentle stirring. The
incubation process was carried out in a room m aintained at 37 °C and a
magnetic stirrer was used for constant mixing. The rest of this procedure was
essentially identical to that used for isolating rat mesenteric and lung m ast cells
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(section 2.5.2).
2.5.7

H um an Colonic M ast Cells
Macroscopically normal hum an colonic tissue was dissected into two

sections: the mucosa, which was discarded, and the subm ucosa plus the
underlying muscle layers. The submucosa was washed in FT buffer (37 °C, 2x
10 m in, w ith stirring) to remove any faecal m atter and m ucus. The tissue was
then cut into small pieces with scissors and further chopped using a tissue
chopper. The tissue fragments (1-2 mm 2) were then incubated at 37 °C in BSATyrode's (25 m l/g tissue) containing collagenase (120 u nits/m l) for 2x 60 min
w ith gentle stirring. The rest of this procedure was similar to that used for
isolating rat intestinal m ast cells (section 2.5.4), except that cells were extracted
in FT solution containing 1 m g/m l BSA rather than FCS and that passage
through a nylon wool column was not necessary.
2.5.8

H um an Uterine M ast Cells
Macroscopically normal hum an uterine m yometrial tissue was first

separated from the endometrium by blunt dissection. The tissue was washed
in FT solution (37 °C, 2x 10 min, with stirring) to rem ove any mucus. It was
then cut into small fragments (1-2 mm2) with scissors and an autom ated tissue
chopper. This was followed by digestion at 37 °C in BSA-Tyrode's (25 m l/g
tissue) containing collagenase

(1 2 0

units/m l) for

2x

60 min, w ith stirring.

Thereafter, uterine cells were recovered in a similar w ay as hum an colonic mast
cells (section 2.5.7).
2.5.9

H um an Cutaneous Mast Cells
H um an foreskin tissue was dissected free of underlying fat, washed

w ith buffer and cut into small pieces with scissors. The tissue fragments (1-2
m m 2) were then incubated at 37 °C in FT solution containing collagenase (160
u n its/m l) and hyaluronidase (500 units/m l) for 3x 2 hours w ith gentle stirring.
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After each dispersion, the suspension was filtered through m oistened gauze and
the cells were pelleted by centrifugation (1000 rpm , 3 min, RT), resuspended
in FT buffer and kept in a water bath (37 °C). At the end of the third digestion
period, the tissue was subjected to a further disruption by expression through
a syringe (10 ml) and the cells were recovered and resuspended as before. The
different portions of cells from the three dispersions were finally pooled,
washed and resuspended in the required volume of the appropriate buffer
ready for use w ithout further purification.
2.5.10 Human Basophil Leukocytes
Peripheral blood was obtained by venipuncture from norm al hum an
donors by a qualified medical practitioner and heparin (25 u nits/m l) was
added imm ediately to prevent coagulation. The heparinized venous blood (20
ml) was then mixed with dextran 70 (in 0.9% NaCl, 5 ml) containing glucose
(30 m g /m l of dextran) in a 1:4 ratio. This mixture of blood w ith the clinical
isotonic saline was left to stand at room tem perature for 45-60 min, the time
required for the formation of a sharp interface between the erythrocytes and
the platelet-leukocyte-rich supernatant. The supernatant was aspirated and
centrifuged (1000 rpm , 3 min, RT) to sediment the basophils, leaving the
platelets in the supernatant. After discarding the supernatant, the leukocyte
pellet was w ashed twice and resuspended in the required volum e of the
appropriate buffer ready for use without further purification.
2.6

MAST CELL CHARACTERIZATION

2.6.1

Cell Counts and Viability

2.6.1.1 Preparation of Cells for Counting
In order to count the num ber of m ast cells in any cell suspension, the
cells were first stained with alcian (0.1% ,w /v in 0.7 M HC1) or toluidine
(0.005%, w /v ) blue. The dye (10 (il) was mixed with the cell suspension (90 pi)
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in a polystyrene tube and left in a water bath (37 °C) for 10 m in before
counting.
The trypan blue exclusion test was used to determine the total num ber
of nucleated cells and their viability. Cells were treated similarly to the above
method except 150 pi cell suspension was added to 50 pi Trypan blue (0.1%).
Dead cells were stained this way whereas living cells actively excluded the dye.
2.6.1.2 Cell Counting with a Haemocytometer
Mast cells were counted using an im proved N eubauer haemocytometer
(Fig. 2.1). The chamber is divided into five large squares and the volume
contained by each of these separated areas under a coverslip is lO"4 ml. Cells
were loaded into the haemocytometer by capillary action and the num bers in
all five squares were counted separately. Only stained cells were counted in
evaluating m ast cell numbers whereas both stained and unstained cells were
counted after Trypan blue treatm ent for obtaining the percentage viability of
the cell population. The num ber of the cells/m l is determ ined as follows:
C ells/m l = average num ber of cells per square x 104 x the dilution factor
2.6.2

Cell Fixation and Staining
For fixing and staining rat urinary bladder m ast cells, cytocentrifuge

smears (Cytospin

2,

a minimum of 1000 cells/slide) were first m ade and air-

dried. They were then fixed in Cam oy's solution (30 min) and formol saline
(24 hours) and stained as follows:
1. Distilled water

(1

min)

2. Alcian blue (0.1% in 0.7 M HC1)

(30 min)

3. HC1 (0.7 M)

(5 min)

4. Safranin O (0.5% in 0.125 M HC1)

(5-7 min)

5. Distilled water

(1

min)
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6.

M ount in Canada Balsam
Cam oy's solution was prepared by mixing ethanol, chloroform and

glacial acetic acid (v/v) in the ratio 6:3:1 respectively. Formol saline was
prepared by adding formalin (10%, v /v ) to physiological saline (0.9%).
To assess formaldehyde sensitivity in any given cell preparation, counts
were perform ed in both formaldehyde and C am oy's fixation groups using a
calibrated eyepiece (15x GK, Wild Heerbrugg) on a W ild H eerbrugg optical
microscope. The num ber of mast cells was expressed as a percentage of the
total nucleated cell num ber in each fixation group. The percentage of
form aldehyde sensitive, and therefore insensitive m ast cells, was calculated by
dividing the percentage of mast cells observed in the form aldehyde group by
the percentage in the Cam oy's group. Similarly, the percentage of safranin
positive m ast cells was evaluated by dividing the num ber of counterstained
m ast cells by the observed total (alcian blue positive + safranin positive) in the
C am oy's group.
2.6.3

Histamine Content of Mast Cells
Since direct metachromatic staining of rat urinary bladder m ast cells

in suspension was unsatisfactory, an indirect m ethod for determ ining the
histam ine content of these cells was employed. First, the total num ber of
nucleated cells in a given suspension was assessed by the Trypan blue
exclusion test. The percentage of m ast cells was then determ ined by counts
m ade on stained cytocentrifuge smears. Finally, the cell suspension was assayed
for histam ine and by comparison with known standards, the histamine content
was evaluated.
2.7

PURIFICATION OF PERITONEAL MAST CELLS
In studies involving the measurement of prostaglandin D2 and cyclic

AMP levels, and the ethidium bromide technique for determ ining membrane
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permeabilization, it was essential to use purified preparations of m ast cells.
Cells obtained from the peritoneal cavity of the rat or ham ster consist of only
4-5% m ast cells. Mast cells were purified by gradient centrifugation over
Percoll. Mixed peritoneal cells from 3-5 animals were recovered as described
previously (section 2.5.1). The cells were pelleted and resuspended in
heparinized BSA-Tyrode's (1 ml). A stock solution of Percoll (4 ml, section
2.4.2) was mixed with the concentrated cell suspension in a polystyrene tube
by gentle inversion of the tube for a few minutes, and then BSA-Tyrode's (1
ml) was carefully layered over the Percoll-cell mixture. This mixture was then
centrifuged (MSE chilspin, 1000 rpm, 4 °C) for 25 min. At the end of the
gradient form ation and cell separation period, pure m ast cells which gathered
in a layer at the bottom of the tube were pelleted. This was easily perform ed
since other cells formed a compact layer on top of the gradient and were
rem oved by aspiration. The m ast cell fraction was w ashed once in heparinized
BSA-Tyrode's and then in the appropriate buffer, before resuspending in the
required volume for the experiment.
Staining w ith Alcian blue showed that the purification procedure
yielded

m ast

cells of 90-98% purity. The

trypan

blue

exclusion

test

dem onstrated that greater than 95% of the purified cells were viable.
2.8

ACTIVE SENSITIZATION OF RATS

2.8.1

Sensitization of Rats with Nippostrongylus brasiliensis
Third stage larvae (L3) of the nematode parasite N. brasiliensis were

harvested from cultures described below, or on some occasions, w hen cultures
yielded insufficient larvae, obtained from Mr D. Pedley, D epartm ent of
Agricultural Zoology, University of Leeds. Rats (150-200g) were injected
subcutaneously in the hind leg with a population of L3 (ca. 2,500) in sterile
physiological saline (SPS, 0.2-0.3 ml). The rats were ready for use 21 days after
injection and rem ained sensitized for a further 3-4 weeks. The life cycle of the
nem atode in the rat is briefly outlined in Fig. 2.2.
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2.8.2

Preparation of Secretory A llergen
N. brasiliensis secretory allergen was prepared using the method of

Keller [255]. Briefly, rats were injected as above with a population of L3 (4,0006,000) and sacrificed

6 -8

days after infection. The abdom en was opened by a

midline incision and the gut was rem oved, cut open and the contents were
filtered through layers of moistened gauze into sterile saline using the
apparatus illustrated in Fig. 2.3. W orms were allowed to migrate dow nw ards
into the graduated glass tube (60-90 min). The worms were then washed (5
times) and incubated (37 °C, 5 hours) w ith SPS (lOx volume of the worms,
w ith gentle agitation).

The resultant supernatant containing the allergen (1

w orm equivalent per ml, W E/m l, as defined by Ogilvie [133]) was aliquoted
(0.5 ml) into Eppendorf tubes and stored at -20 °C until required.
2.8.3

Preparation of T hird Stage Larvae of N. brasiliensis
Faeces of infected rats were collected 7 days after injection of the

animals w ith L3 (2,500). The faeces (15g) were moistened and ground, using
a m ortar and pestle, with an equal weight of activated charcoal to form a
mash. This mixture was then transferred to petri-dishes as illustrated in Fig.
2.4, and kept in the dark in an incubator (25 °C) for 7-21 days. To isolate the
larvae, the entire contents of the petri-dishes were transferred to layers of
gauze interleaved with lens tissue (Fig. 2.5). The larvae were allowed to
sedim ent (60-90 min) through warm tap w ater into a graduated glass tube and
then washed (5 times) with SPS. Finally, the larvae were resuspended in the
appropriate volume of saline (6,5000-12,500 larvae/m l) ready for injecting into
rats.
2.9

PASSIVE SENSITIZATION OF HUMAN MAST CELLS
H um an m ast cells from dispersed lung, skin, colonic and uterine

fragments were suspended in heparinized Tyrode's buffer containing BSA (0.1
%). High IgE titre serum (gift from Mr B. H udspith, Middlesex Hospital,
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London) was added to achieve a final concentration of 250 units /m l. The
suspensions were incubated (37 °C,

2

hours and then 4 °C, overnight), washed

three times with buffer and resuspended in the required volum e of the
appropriate buffer.
2.10

PROCEDURE FOR HISTAMINE RELEASE EXPERIMENTS

2.10.1

Effect of Histamine Liberators
In general, isolated m ast cells were resuspended in the required volume

of the appropriate prew arm ed Tyrode's buffer. Aliquots (to a final volume of
500 pi) were added to polystyrene tubes containing an equal volume of
Tyrode's appropriately modified according to the experiment, and the
suspensions were allowed to equilibrate in a w ater bath (37 °C, 5 m in unless
otherwise specified). A solution of the releasing agent was then added,
secretion allowed to proceed for a further 45 m in (ATP) or 10 m in (other
secretagogues) and the reaction was term inated by addition of ice-cold buffer
(peritoneal and pleural: 2.5 ml, other cells: 0.5 ml), w ith the exception of rat
intestinal cells to which prew arm ed buffer (37 °C) was added. Cells and
supernatants were recovered by centrifugation (MSE Coolspin, 1000 rpm , 2 min,
4 °C). The supernatants were separated from the cells by im m ediately decanting
into clean test tubes. The cell pellets were resuspended in Tyrode's buffer
(peritoneal and pleural: 3 ml, other cells: 1 ml) and allowed to stand in a
boiling w ater bath (10 min) to release residual histamine. Histamine was then
determ ined in both the supernatant and cell pellet fractions by fluorometric
assay (section 2.10). Histamine release was expressed as a percentage of the
total content of the amine originally present in the cells and was calculated as
the ratio: [(histamine in supernatant)/(histam ine in supernatant + histamine in
cell pellet)] x

100.

In all experiments, values were corrected for the spontaneous release
occurring in the absence of any inducer.
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Various modifications of this general procedure, adapted for different
study purposes, are outlined below.
2.10.2 Effect of Inhibitors of Histamine Release
Aliquots of cells (to a final volume of 500 pi) w ere allowed to
equilibrate as above, and a solution of the inhibiting agent (250 pi, at twice
the

desired

final

concentration)

was

added

for a

defined

period

of

preincubation time before the addition of the releaser. Some inhibitors required
no preincubation and hence were added to the cells sim ultaneously w ith the
secretory stim ulus. The reaction was allowed to proceed for 45 m in (ATP) or
10 m in (other secretagogues) and then terminated as before. Histam ine was
determ ined and the results were expressed in terms of the percentage inhibition
of the control release, thus given as the ratio:

[(histamine release in absence

of inhibitor - histam ine release in presence of inhibitor)/(histam ine release in
absence of inhibitor)] x

100.

2.10.3 Effect of Metabolic Inhibitors
To investigate the metabolic requirements for histam ine release, cells
were preincubated in the absence of glucose but in the presence of 2-DG (5
mM) or AmA (1 pM). They were then challenged with ATP. Three standard
conditions of ATP were employed as follows.
(a) ATP (1000 pM) in the presence of 20 mM Ca2+
(b) ATP (500 pM) in the presence of 10 mM Ca2+
(c) ATP (250 pM) in the presence of 1 mM Ca2+
Briefly, cells resuspended in prewarm ed glucose and Ca2+-free
were aliquoted (125 pi) into tubes containing appropriate Ca2+
8x

buffer

buffer (75 pi,

desired concentration of Ca2+), and were preincubated (20 min) with the

appropriate solution (2-DG, AmA, glucose or glucose-free Tyrode's, 75 pi). A
solution of ATP (250 pi, 2x desired concentration ), prepared in glucose and
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Ca2+-free buffer, was then added and secretion was allowed to proceed for 45
min. The reaction was term inated w ith 2.5 ml ice-cold buffer (glucose and Ca2+free) and histamine was determ ined as before.
2.10.4 Effect of Temperature on Histamine Release
Cells, resuspended in Ca2+-free Tyrode's, were aliquoted (125 pi) into
tubes containing appropriate Ca2+ buffers (125 pi, 4x desired concentration of
Ca2+) and allowed to equilibrate (15 min) at the following temperatures: 0, 20
(RT), 37 and 45 °C, before being challenged with ATP (250 pi, 2x desired
concentrations) prepared in Ca2+-free buffer. The reaction was term inated and
histamine determ ined as before. The three standard conditions of ATP
described above were used.
2.10.5 Kinetic Studies
To determ ine the kinetics of the release process, aliquots of cells in
tubes containing appropriate Ca2+ buffers were stim ulated w ith the secretagogue
and the reaction was term inated after fixed periods of time (1-45 min) by the
addition of ice-cold buffer (2.5 ml). The three standard conditions of ATP were
employed and histamine was determ ined as before. In these experiments, it was
necessary to determine the spontaneous release at each time interval.
2.10.6 Effect of pH
Cells resuspended in Ca2+-free Tyrode's (pH 7.3) were aliquoted (50
pi) into tubes containing buffers (900 pi) at the appropriate pH and the
appropriate Ca2+ concentrations and allowed to equilibrate (10 min) before
being challenged with a solution of ATP (50 pi, 20x desired concentrations)
prepared in Ca2+-free buffer (pH 7.3). The reaction was term inated by the
addition of ice-cold buffer (2 ml) of the corresponding pH. The three standard
conditions of ATP were used and histamine was determ ined as before.
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2.10.7 Calcium Dependence of the Release Process
To determine the dependence of the release on extracellular calcium,
cells were preincubated in either the presence of Ca2+ (1 mM) or the absence
of Ca2+ b ut presence of the calcium chelator EDTA (0.1 mM), prior to
stimulation.
In brief, cells were resuspended in CMF-Tyrode's and aliquots (200 pi)
were added into tubes containing the appropriate solution (CMF, CMF + EDTA
or Ca2+ + Mg2+ buffer, 250 pi, 2x desired concentration of EDTA, Ca2+ and
Mg2*). The cells were allowed to preincubate in the appropriate m edium (5
min) before being challenged with the secretagogue (50 pi, lOx desired
concentration). The reaction was term inated with ice-cold CMF-buffer (2.5 ml)
and histamine was determined as before.
2.10.8 Effect of Varying Concentrations of Ca2+, Ba2+, Sr2+, Mg2* or La3+
In addition to investigating the effect of different calcium concentrations
(0.01-20 mM) on histamine release from m ast cells treated w ith ATP (31-1000
pM), various other metal cations were also tested to examine their ability to
substitute for calcium in inducing secretion. Briefly, aliquots of cells (to a final
volume of 500 pi) in Ca2+-free Tyrode's (or CMF in the case of Mg2*) were
added to tubes containing an equal volume of the appropriate buffer (125 pi,
containing 4x desired concentration of the cation), and the suspensions were
allowed to equilibrate (37 °C, 5 min). A solution of ATP (250 pi, 2x desired
concentration) was then added, and the reaction allowed to proceed for a
further 45 m in before terminating with ice-cold Ca2+-free buffer (or CMF, 2.5
ml). Histamine was then determined as before.
It is im portant to note, however, that these cations m ay form metal
complexes with the agonistic ATP4-. To counteract this effect, a further
investigation was perform ed in which m ast cells were w ashed after treatm ent
w ith the nucleotide (to remove any ATP4" not associated with the cell
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membrane), before addition of the metal ion. Briefly, aliquots of cells were
incubated with ATP (125 pM) in the absence of extracellular cations for 5 min
(to be permeabilized). The cells were then immediately w ashed by addition of
5 ml prew arm ed CMF-buffer, followed by centrifugation (1000 rpm , 2 min, RT).
After discarding the supernatants, the cell pellets were resuspended in Tyrode's
buffer containing the cation (1 mM) and allowed to incubate for a further 45
min. The reaction was term inated and histamine was determ ined as before.
The study was further extended to examining the effect on histamine
release of pretreating cells w ith ATP for increasing periods of time prior to
the addition of calcium ions. Thus, aliquots of cells were preincubated with
ATP (125 pM) for various time intervals (0-60 min) in the absence of Ca2+ and
Mg2+. Calcium (1 mM) was then added and secretion was allowed to proceed
for a further 45 min. The reaction was term inated and histamine was
determ ined as before.
2.10.9 Effect of GTP-y-S and IP 3
An attem pt to introduce GTP-y-S and IP3 into m ast cells perm eabilized
w ith ATP was carried out in order to examine intracellular events leading to
histamine release. In brief, aliquots of cells (to a final volume of 500 pi) were
allowed to equilibrate (37 °C, 5 min). Solutions of GTP-y-S or IP 3 (50 pi, lOx
desired concentration) and ATP (50 pi, lOx final concentration of 100 pM) were
then added. The response was examined in the absence of Ca2+ and Mg2+. The
reaction was allowed to proceed for 45 min before being term inated by the
addition of ice-cold CMF-buffer (2.5 ml). Histamine was determ ined as before.
2.11

HISTAM INE ASSAY PROTOCOL

2 .1 1 .1

M anual Assay
The fluorescence of the alkaline condensation product of histamine with

o-phthaldialdehyde (OPT, Fig. 2.6) was first described by Shore et al. [87] as the
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basis for the assay of histamine. Briefly, to each sam ple (3 ml) of supernatant
or pellet fraction, NaOH (400 pi, 1 M) was added followed by OPT (100 pi, 1%
in methanol). The mixture was imm ediately mixed by vortexing and allowed
to react for 4 m in at room tem perature. The reaction was term inated by the
addition of HC1 (200 pi, 3 M) followed by vortex mixing, which brings the
sam ple to pH 2 and thus stabilizes the fluorescent adduct. The sample was
transferred to a plastic cuvette (3 ml, 1 cm path length) and fluorescence was
m easured at room tem perature using a Perkin Elmer LS-5B luminescence
spectrometer. The wavelengths of excitation and emission were set at 360 nm
and 440 nm respectively. The sensitivity of the m anual technique is limited to
the detection of ca. 5 n g /m l of histamine.
2.11.2 A utom ated Assay
In some instances, for example, w hen certain com pounds such as
reactive blue

2

interfere w ith the fluorescence of the m anual assay, or when

cellular debris is present in samples of tissue m ast cells, histamine was assayed
using an autom ated commercial autoanalyzer (Technicon Autoanalyzer II). This
functions by selectively extracting histamine from a sample before condensation
w ith OPT and m easurem ent of fluorescence. The samples were first prepared
for analysis by acidification with perchloric acid (72%, 33 pl/m l) to a final
concentration of 0.4 M, followed by mixing. This treatm ent acts to precipitate
out any protein that could otherwise interfere with the efficiency of extraction,
and samples w ith visible precipitation were sedim ented (MSE coolspin, 2000
rpm , 15 min, RT). The samples (m inim um of 0.5 ml required) were loaded into
sam ple cups and assayed in autom ated sequence. Briefly, samples were made
alkaline and the histamine was extracted into salt-saturated butanol. The
organic phase was separated, washed once w ith a less alkaline m edium , made
less polar by the addition of n-heptane and the histamine back-extracted into
dilute HC1. The amine was then reacted with OPT under alkaline conditions
to generate the adduct which was stabilized by acidification. Finally, the
fluorescence was recorded by a chart recorder. This autom ated technique, with
a greater sensitivity than the m anual method, can detect lower levels of
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histamine (ca.
2.12

0 .5

ng/m l), and is thus preferred under such conditions.

ETHIDIUM BROMIDE TECHNIQUE FOR DETERM INING
CELL PERMEABILIZATION
To detect the ability of ATP to induce perm eabilization of peritoneal

m ast cells of the rat and hamster, m easurements of the uptake of the normally
im perm eant fluorescent dye, ethidium brom ide, were perform ed using the
m ethod of Tatham et ah [109]. The ethidium cation (Mr 314) undergoes an
enhancem ent of its fluorescence emission when it binds to nuclear DNA
following entry into cells and can therefore be used as a probe to determine
the presence of permeability lesions in the cell membrane.
2.12.1 Preparation of M ast Cells
Mixed peritoneal mast cells from the rat or ham ster were recovered
by direct lavage, as described before, and then purified by gradient
centrifugation over Percoll (section 2.7). The purified cells w ere washed and
resuspended in a pH 7.8 CMF-Tyrode's containing BSA (1 m g/m l). The cell
suspension was adjusted to a population of approxim ately 5 x 10s ml -1 in
buffer.
2 .1 2 .2

M easurem ent of Fluorescence
Stock solution of ethidium bromide in w ater was diluted to a

concentration of 100 pM in CMF-Tyrode's (pH 7.8) containing EDTA (2 mM)
and kept in the dark at 37 °C. Equal volumes (200 pi) of cell suspension and
diluted dye solution (to a final concentration of 500 pM) were then placed in
a quartz cuvette (5 mm pathlength) m aintained at 37 °C and equipped with an
electronic

stirrer

(Model

1100,

Rank

Brothers,

Bottisham,

Cambridge).

Fluorescence measurements were perform ed with a Perkin Elmer LS-5B
luminescence spectrometer using excitation and emission wavelengths of 310
and 580 nm respectively. After stirring (using 4 m m stirrer bars) for
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approximately 2 m in, solutions (in CMF-buffer, 37 °C) of ATP and the
detergent Triton X-100 (used as a positive control) were added in a minim um
volume to a final concentration of 250 pM and 0.1 p i/m l respectively, and the
effects on fluorescence followed for up to ca. 10 min. To check the
reproducibility of the data the two agents were tested on 3-4 separate
occasions.
2.13

DETERM INATION OF PROSTAGLANDIN D 2 LEVELS

2.13.1 Procedure for PG D 2 Release
Mixed peritoneal m ast cells were isolated from 3-5 rats and purified
to greater than 95% hom ogeneity as outlined in section 2.7. The num ber of
m ast cells was then assessed by metachromatic staining w ith toluidine or alcian
blue dye and counting in an improved N eubauer haemocytometer. Aliquots of
cells (to a final volum e of 1 ml, ca. 2.5 x 105 cells/m l) were stim ulated with
secretagogue and incubated (37 °C) for the required periods of time. Samples
were then centrifuged (1000 rpm , 2 min, RT) and aliquots of supernatants (500
pi) were pipetted into appropriately labelled Eppendorf tubes and immediately
snap-frozen in liquid nitrogen to prevent further synthesis or degradation of
PGD2. The tubes were stored at -20 °C until required for PGD 2 assay. The rest
of the supernatants (500 pi) were separated from the cell pellets by decanting
into fresh polystyrene tubes and then diluted with buffer to a final volume of
2 ml. Cell pellets were reconstituted with 4 ml buffer, and the histamine
content of both fractions was determ ined as before.
2.13.2 PGD 2 Assay Protocol
PGD 2 release was determ ined by radioim m unoassay (RIA) using a
commercially available assay kit. The assay system is based upon competition
between unlabelled PGD 2 and a fixed quantity of tritium labelled PGD 2
([3H]PGD2), for binding to a limited quantity of a specific antibody which has
a high affinity for the prostanoid. The amount of radioactive ligand bound by

72

Chapter 2

the antibody, will be inversely proportional to the concentration of added non
radioactive ligand. M easurement of the protein-bound radioactivity enables the
am ount of unlabelled PGD 2 in the sample to be determined.
A set of PGD 2 standards and the experimental samples (100 pi) were
pipetted into appropriately labelled polystyrene tubes (12x 75 mm). In addition
to samples and standard tubes, three other tubes were also prepared and these
were labelled: total count (TC), non-specific binding (NSB), and zero standard
(B0). Into all the tubes, the tracer ([3H]PGD2, 100 pi) was added, followed by
the antiserum (100 pi, except into NSB tube) and diluted assay buffer (100 pi
into standard and sample tubes, 200 pi into TC and B0 tubes, and 300 pi into
NSB tube). The tubes were then vortex mixed and left to incubate (4 °C)
overnight. The next day, dextran-coated charcoal (500 pi) was added into each
tube (except the TC tube, to which 500 pi of assay buffer was added instead).
The tubes were vortexed, left to stand in an ice-water bath (10 min) and
centrifuged (2000 rpm , 10 min, 4 °C). After centrifugation, the supernatants
were immediately decanted into scintillation vials. The above treatm ent
separates the protein-bound PGD 2 from the unbound ligand by adsorption of
the free PGD 2 on to the dextran-coated charcoal. M easurem ent of the
radioactivity in the supernatant quantifies the am ount of radioactive ligand
bound by the antibody. Scintillant (5 ml, Optiphase "Safe", LKB) was added
into each vial, mixed thoroughly with the supernatant, and the radioactivity
m easured in a p-scintillation counter (Packard Model 3255 Tris-carb Liquid
Scintillation Spectrometer, 4 min).
The assay of samples and standards was perform ed in duplicate, and
it was sometimes necessary to dilute the samples prior to assaying so that
they fall within the range of the standards (3-200 p g /m l PGD2). The average
counts per m inute (cpm) for each set of duplicate tubes were obtained and
the normalized percent bound for each standard and sample was calculated
using the following relationship:
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%B/B 0 = (Standard or Sample cpm - NSB cpm) x 100
B0 cpm - NSB cpm

A standard curve was plotted and the concentration of unlabelled PGD 2
in the sample was then measured from the curve. The results were expressed
as ng PGD 2 /1 0 6 m ast cells.
2.14

DETERMINATION OF INTRACELLULAR CYCLIC AMP LEVELS

2.14.1

Experimental Procedure
Mixed peritoneal m ast cells were recovered from 3-5 rats and purified

to greater than 95% homogeneity (section 2.7). In general, aliquots of cells (100
pi, ca. 2.5 x 105 cells/m l) in Eppendorf tubes were stim ulated with an equal
volume of the test compound, and the reaction was allowed to proceed at 37
°C for various predeterm ined periods of time (2-600 sec) before term ination by
addition of ice-cold ethanol (200 pi) followed by im m ediate vortexing. This
treatm ent disrupts the cells and prevents further synthesis or degradation of
cyclic AMP. Samples were then centrifuged (1000 rpm , 10 min, 4 °C) and 350
pi of supernatants were w ithdrawn, placed in a fresh set of appropriately
labelled tubes and kept in a hot room (37 °C) overnight (or longer if necessary)
to evaporate. The dry residue was then dissolved in assay buffer (200 pi) and
stored at -20 °C until required for cyclic AMP assay.
The above procedure was employed for determ ining cyclic AMP levels
in cells stim ulated with anti-IgE and theophylline only. However, ATP, a
related com pound to cyclic AMP, was found to cross-react at the high external
concentration (250 pM) employed in the experiment w ith the antiserum of the
RIA kit used (section 2.13.2). In order to prevent this interference, a slight
alteration to the above procedure was made, in which the added ATP was
removed from the samples by washing the cells imm ediately after stimulation
and prior to the addition of ethanol. In addition, due to the length of time
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required for washing the cells after stimulation w ith ATP, it was necessary to
employ m uch longer incubation periods (2 -1 0 min) than those used for antiIgE and theophylline. Briefly, aliquots of cells (100 pi) in polystyrene tubes
were stim ulated with an equal volume of ATP (to a final concentration of 250
pM). Secretion was allowed to proceed for the specified times and the reaction
was term inated by the addition of ice-cold buffer (10 ml). The tubes were then
centrifuged (1000 rpm , 2 min, 4 °C), supernatants were discarded and cell
pellets were w ashed by resuspending in ice-cold buffer (5 ml) followed by
centrifugation as before. After discarding the supernatants, ice-cold ethanol (400
pi) was imm ediately added to the cell pellets and the tubes were vortex mixed.
Samples (400 pi) were then transferred to Eppendorf tubes, centrifuged (2000
rpm , 10 min, 4 °C), and supernatants were pipetted into fresh appropriately
labelled tubes. The rest of this procedure was as described above.
2.14.2 Cyclic AMP Assay Protocol
Cyclic AMP content of the samples was determ ined by RIA using a
commercially available cyclic AMP [125I] assay kit (dual range). The assay is
based on the competition between unlabelled cyclic AMP and a fixed quantity
of

125I-labelled

cyclic AMP for a limited num ber of binding sites on a cyclic

AMP specific antibody. Separation of the bound from the free antibody was
achieved with a second antibody, Amerlex-M preparation.
Standards and sam ples were acetylated prior to assaying to achieve
higher sensitivity; using this approach cyclic AMP m ay be m easured in the
range 2-128 fm ol/tube (0.7-42 pg/tube). Briefly, samples and standards (300
pi) were pipetted into appropriately labelled glass tubes (12x 75 mm), the
acetylation reagent (15 pi) was then added and the tubes were vortexed
immediately. Aliquots of samples and standards (100 pi) were then transferred
into corresponding polystyrene tubes. Two other assay tubes were prepared and
labelled total counts (TC) and zero standard (B0), and into all tubes the tracer
([125I]cAMP, 100 pi) was added, followed by the antiserum (100 pi, except into
TC). All tubes were then vortex mixed thoroughly, covered w ith plastic film
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and incubated overnight (between 15-18 hours) at 4 °C. The next day, AmerlexA second antibody reagent was added to each tube except TC, the tubes were
vortexed and then incubated for 10 m in at room tem perature. After the
incubation period, the antibody bound fraction was separated by centrifugation
(2000 rpm , 10 min, RT). The supernatants were discarded and the radioactivity
present in each tube was determ ined by counting for 60 seconds in a gamma
counter (Nuclear Enterprise 1600 Gamma counter).
The assay of samples and standards was perform ed in duplicate, and
it was sometimes necessary to dilute the samples prior to assaying so that
they fall w ithin the range of the standards. The average counts per m inute for
each set of replicate tubes was obtained and their percent bound for each
standard and sam ple was then calculated using the following relationship:
% B/B0 = (Standard or Sample cpm) x 100
B0 cpm

2.15

HAEMOLYSIS OF RAT ERYTHROCYTES PROCEDURE
Blood (2 ml) was collected from the neck of the rat into a polystyrene

tube containing heparin (100 jil, 250,000 units/m l). The blood sample was
mixed gently w ith heparin and centrifuged (1000 rpm , 15 min, RT). The plasma
was carefully removed, including the buffy coat of leukocytes, and the cell
pellets were suspended in calcium-free Tyrode's solution (10 ml). Aliquots of
cells (200 |il) were then added to tubes containing appropriate calcium buffers
(900 |il) and then challenged with a solution of the stim ulus (1100 |il, 2x
required concentration). The tubes were left to stand at am bient tem perature
for either 25 m in (ATP) or 5 min (TX-100) before centrifugation (1000 rpm , RT,
5 min). Supernatants were carefully decanted into fresh polystyrene tubes and
their haemoglobin content measured colorimetrically at 543 nm using a Perkin
Elmer Coleman 55 Spectrophotometer. An appropriate blank was used as
reference, and for complete haemolysis, cells (200 jil) were suspended in
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distilled w ater (2 ml). The % haemolysis was assessed as the ratio: [(absorbance
reading

of

experimental

supernatant)/(absorbance

reading

of

complete

haemolysis in H20 supernatant)] x 100.
2.16

STATISTICAL ANALYSIS
All values are given throughout this project as m eans ± SEM for the

num ber (n) of experiments noted. The points on the graphs represent the
m eans and the vertical bars denote SEM. Statistical evaluation of results was
m ade by use the Student's t-test for related measures. Values of p < 0.05 were
considered to be significant. Denotation by asterisks *, **, *** represent
significance level of p < 0.05, p < 0.01 and p < 0.001 respectively.
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CHAPTER THREE
SOME CHARACTERISTICS OF THE EFFECTS OF
ADENOSINE 5'-TRIPHOSPHATE (ATP) O N RAT
PERITONEAL M AST CELLS A N D ERYTHROCYTES

3.1

INTRODUCTION
In 1927 Fiske and Subbarow [131], curious about the occurrence of

purine com pounds in muscle extracts, discovered and characterized ATP. The
purine was first thought to be involved only in muscle activity bu t was
subsequently found to be present in all cell types - animal, plant and microbial.
Since its discovery, biochemical research on the role of intracellular ATP in
metabolism has show n this compound to be one of the m ost im portant low
molecular w eight materials in living matter. The central role of ATP in
biological processes was perceived in 1941 by Lipmann [132]. ATP is generated
mainly from glycolysis and oxidative phosphorylation, and is consum ed in
muscle

contraction, cell motility, active transport and a m ultitude of

biosynthetic pathways.
ATP is a nucleotide consisting of a heterocyclic purine base (adenine),
a 5-carbon sugar (D-ribose) and three phosphate groups (see structure in the
appendix). ATP is a ubiquitous intracellular constituent and occurs not only in
the cell cytosol, but also in mitochondria and the cell nucleus. Cytoplasmic ATP
in m ost cells is greater than 5 mM in concentration. At physiological pH , ATP
exists essentially as the tetrabasic acid ATP4-. However, in physiological salt
solutions this is a m inor component of the total ATP, m ost of which is
complexed to the bivalent cations Mg2+ and Ca2+ which are norm al constituents
of these solutions.
The intracellular role of ATP has been recognized for m any years and
is well docum ented. However, there is currently a w idespread interest in the
role of extracellular ATP in physiological processes. The ubiquity of intracellular
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ATP may suggest that any cell could potentially serve as a source of
extracellular ATP. The presence of ATP in the extracellular fluid can result
from cell lysis, selective permeabilization of the plasma m em brane or exocytosis
of secretory granules. Two particular areas that could serve as a source of ATP
are focused upon as follows.
1. Purinergic nerve terminals
ATP can be released during nerve stimulation from synaptic vesicles
by degranulation. The release of purines from synaptic regions of peripheral
tissues was dem onstrated clearly for the first time by Burnstock et al. [134].
The release of nucleotides has also been dem onstrated from brain slices [135]
and synaptosome preparations [136].
2. Other cells, in particular those in or adjacent to the circulating blood
Blood platelets contain about 40 nmol of ATP and ADP per mg of
protein in their dense granules [137]. ATP is released into the plasm a by
degranulation, following platelet activation by thrombin formed during the
blood coagulation cascade. Platelets can also be stimulated to release their
granule contents by various other stimuli, including ADP, PAF, collagen, and
adrenaline. Moreover, the adrenal medulla, which contains nucleotides in
storage granules, also discharges its contents by degranulation and may thus
contribute to the local release of ATP into the plasma. ATP represents
approximately 15% of the dry weight of adrenal granules [138]. The release
of ATP has also been dem onstrated from vascular endothelial and smooth
muscle cells in culture [139]. Such release in vivo is another potential source
of ATP in plasma. Furthermore, extracellular ATP has been detected in the
blood perfusing working muscle beds [140-143] and in the plasm a flowing
through m icropunctures of single blood vessels, or from a small incision m ade
in hum an skin [144].
Thus purine nucleotides can be released from several cell types and
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m ay then interact with specific receptors on the surface of various cells. A
biological activity of extracellular ATP was reported for the first time in 1929
by Drury and Szent-Gyorgyi, who show ed that its intravenous injection into
guinea pigs induces a transient slowing of the heart rate [145]. Since then,
exogenous ATP has been shown to have a variety of potent pharmacological
actions and to influence m any biological processes including lymphocyte
function, neurotransmission, vascular tone, cardiac function and muscle
contraction.
Extracellular ATP has also long been know n to induce the exocytotic
release of histamine from rat peritoneal m ast cells [146-149]. It is thought to
act by inducing the formation of lesions in the cell m em brane which perm it
the influx of extracellular calcium ions [150]. The agonist form of ATP that
interacts w ith receptors to allow Ca2+ movem ents and consequent secretion is
the tetrabasic anion ATP4- [151], a m inor equilibrium com ponent in solutions
containing Mg2+ and Ca2+ to which ATP is norm ally complexed. The optimal
concentration of ATP4- for inducing secretion is reported to be 2-3 pM which
requires the addition of 100-150 pM ATP in the presence of 1.8 mM Ca2+ and
1 mM Mg2+ [152]. Higher concentrations of ATP cause a depression of
secretion. Consistently, the nucleotide is found to prom ote leakage of water
soluble metabolites from the m ast cell cytosol. This correlates with the self
inhibition of secretion which occurs as the concentration of ATP is raised above
its norm al optimum. Thus, ATP applied at a concentration optimal for secretion
is permissive of phosphate movement, whereas at inhibitory concentrations a
further leakage of nucleotides and other phosphorylated metabolites occurs
(w ithout the loss of proteins) [153].
A num ber of other cell types are also perm eabilized by ATP. These
include certain transformed epithelial cell lines [154], macrophages [155] and
lymphocytes [156]. However, the extracellular application of ATP is not the
only technique employed for permeabilizing m ast cells or other mammalian
cells. There are several well established m ethods of cell permeabilization,
including high-voltage electric discharge [157], use of patch pipettes [159,160],
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and the application of streptolysin-O [162], Sendai virus [164,165], digitonin
[158,166], P-escin [167], or saponin [168,111]. With these techniques, the
exocytotic site becomes accessible to normally im perm eant solutes, while the
cells retain sufficient structural integrity to undergo a norm al secretory process.
The sizes of the lesions generated by the majority of these techniques are listed
below (Table 3.1).

Table 3.1

Techniques for cell permeabilization

Method

Effective filtration
diameter

Reference

ATP4"

Variable dimensions

150,153

Sendai virus

Approx. 1 nm

164

Streptolysin-O

Greater than 13 nm

163

Hi voltage discharge

2-4 nm

158

Patch pipette

pm dimensions

161

From Gomperts et al [169].

The lesions generated by ATP, high-voltage discharge and Sendai virus
are similar in dimensions to the common aqueous molecular solutes. They do
not, in general, provide the means to manipulate the protein composition of the
cytosol, whereas the larger lesions generated by digitonin, p-escin, saponin,
streptolysin-O and patch pipettes do.
Membrane permeabilization with extracellular ATP is a lim ited m ethod,
applicable only to those cells having appropriate receptors. However, a
particular feature of the use of ATP as a permeabilizing agent lies in the
possibility of resealing the induced lesions. This can be achieved w ithin seconds
by the addition of an excess of Mg2+ to the system, which converts ATP4' to
its Mg2* salt [170]. Thus, exogenous solutes can be loaded into and trapped
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within the cytosol of otherwise fully intact cells. It was by this strategy that the
first indications of the involvement of a GTP-binding protein in the stimulussecretion sequence was obtained [171].
The aim of this project is to characterize further the effects of ATP on
m ast cells. The study was extended to the use of the nucleotide as a membrane
permeabilizing tool for introducing low molecular weight, normally impermeant
substances into the cell cytosol. These agents include IP3 and GTP-y-S in an
attem pt to examine intracellular events leading to histamine release, and certain
heavy metal cations in order to investigate their ability to substitute for calcium
in inducing secretion.

3.2

MATERIALS A N D M ETHODS
All m ethods used in this study are as outlined in chapter 2.

3.3

RESULTS

3.3.1

BASIC CHARACTERISTICS OF ATP-INDUCED
HISTAMINE RELEASE FROM MAST CELLS

3.3.1.1 Effect of extracellular calcium
ATP (30-1000 |iM) produced a dose-dependent secretion of histamine
from rat peritoneal m ast cells (Fig. 3.1). The release induced by the nucleotide
was totally dependent on the presence of extracellular calcium ions. In the
presence of 1 mM calcium and magnesium, optimal secretion was produced
w ith an ATP concentration of 250 |iM. In the absence of the cations, the release
of histamine was minimal and was not enhanced by brief pretreatm ent (5 min)
of the cells with EDTA (0.1 mM), a procedure shown to potentiate secretion by
anti-IgE (1/1000 dilution), concanavalin A (10 pg/m l) and com pound 48/80 (0.1
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fig/m l) (Table 3.2).
At optimal concentrations of extracellular calcium ions (1 and 5 mM),
the dose-response curves for ATP were characteristically bell-shaped with a
maximal release of histamine of ca. 70% (Fig. 3.2). At higher (10 and 20 mM)
or lower (0.01 and 0.1 mM) concentrations of the cation, the dose-response
curves were displaced to the right, with some depression of the maximum
secretion under the latter conditions.
It should be noted that the above experiments w ith ATP were
perform ed in the presence of m agnesium ions (1 mM). However, in the absence
of this cation the dose-response curve for ATP in the presence of 1 mM Ca2+
was displaced to the left, with maximal secretion occurring at a fourfold lower
ATP concentration of 62 pM (Fig. 3.3). Moreover, a secondary elevation of
histamine release was observed at supram axim al concentrations of the
nucleotide.
3.3.1.2 Kinetics of the release process
Com pared with secretion due to anti-IgE and Con A (complete within
2 min), the release induced by ATP (250 fiM, 1 mM Ca2+) was slow,
commencing after a lag period of ca. 1 m in and requiring approxim ately 15
m in for completion (Fig. 3.4). However, higher concentrations of the nucleotide
produced a prom pt and more rapid secretion, being virtually complete within
3 min.
3.3.1.3 Temperature and pH dependence of the release process
Histamine secretion induced by ATP was optim al at 37 and 21 °C but
was inhibited by extremes of tem perature (0 and 45 °C). The release at room
tem perature was similar to that at physiological tem perature. These effects were
comparable for the three standard ATP conditions em ployed, w ith the exception
of the release induced by 250 pM ATP (1 mM Ca2+) at 45 °C , which was more
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m arkedly reduced than the secretion produced by the two other conditions (Fig.
3.5).
The release evoked by ATP was also strongly dependent on pH.
Optimal secretion occurred at physiological pH between 7 and 7.5. The
response was inhibited at lower values

(6

and 6.5), whereas at higher p H

(8

and 8.5) the release was either unaffected or reduced depending on the ATP
condition employed. Secretion induced by anti-IgE and com pound 48/80,
included in this study for comparison, was not dramatically affected by pH
over the range 6-7.5 but was depressed at higher values (Fig. 3.6).
3.3.1.4 Effect of metabolic inhibitors
Secretion induced by ATP was unaffected by omission of glucose from
the incubation m edium or its substitution w ith 2-deoxyglucose (5 mM), b u t was
completely blocked by the addition of the metabolic inhibitor, antimycin A (1
pM). These effects were comparable for the three standard ATP conditions used
(Fig. 3.7).
3.3.2

EFFECT OF ATP AND TRITON X-100 ON
HAEMOLYSIS OF RAT ERYTHROCYTES
In sharp contrast to the potent membrane disruptive detergent Triton

X-100, which produced a graded haemolysis of rat erythrocytes, ATP (in the
presence of various calcium concentrations) was found to be completely
ineffective in this system (Table 3.3).
3.3.3

FURTHER EFFECTS OF ATP ON MAST CELLS

3.3.3.1 Changes in intracellular levels of cyclic AMP
The effects of ATP (250 pM, 1 mM Ca2+) and anti-IgE (1/100 dilution)
on cellular cyclic AMP levels in rat peritoneal m ast cells were investigated.
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Theophylline (5 mM), a m ethylxanthine inhibitor of phosphodiesterase, was
included in this study as a control.
The average basal level of cyclic AMP in unstim ulated, purified rat
peritoneal m ast cells was 1.86 ± 0.52 pm ol/10 6 cells (n= 6 ). Activation of the
cells with anti-IgE induced a transient, monophasic rise in the intracellular
cyclic AMP content. Furthermore, the phosphodiesterase inhibitor theophylline
evoked a sustained elevation in the concentration of this nucleotide. However,
no changes in cyclic AMP levels could be detected with ATP over the
incubation times employed (Fig. 3.8).
A cAMP standard curve, which included an acetylation system that
increased the sensitivity of the assay to m easure as little as 2 fmol cAMP per
sample, is show n in Fig. 3.9. The cAMP value per sample (in fmol) was read
directly from this graph and then used to calculate the content in p m o l/ 1 0 6
mast cells.
3.3.3.2 Prostaglandin D2production
ATP (30-1000 M) induced a dose-dependent production of PGD

2

from

purified rat peritoneal m ast cells. The dose-response curve resembled that of
histamine secretion in having the characteristic bell-shape with a maximum
release (ca.
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ng PGD 2/1 0 6 cells) occurring at an ATP concentration of 250 pM

(Fig. 3.10). The rate of release of the de novo generated m ediator was different
to that of histamine. Thus, PGD 2 production was slower, being essentially
complete after 25 min, as compared to 15 m in for secretion of the amine (Fig.
3.11).
Anti-IgE (1/100 dilution), included in this study for comparison,
induced the release of ca. 32 ng PGD 2 /10 6 m ast cells and this was not
increased after prolonged incubation times (Table 3.4). With this ligand, both
the generation of PGD 2 and the release of histamine have been shown by other
workers [172] to be complete within 10 min.
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The production of the prostanoid was also induced by the polybasic

agent, com pound 48/80 (0.01-10 jig/m l) in a dose-dependent m anner which
resembled the release pattern of histamine. Maximal release of PGD 2 (104
n g /1 0 6 cells) was achieved at the highest test concentration of 10 jig /m l (Fig.
3.12).
A PGD 2 standard curve, used in the determ ination of the level of the
prostanoid over the range 3-200 pg per experimental sam ple, is show n in Fig.
3.13. The PGD 2 content of each sample was then calculated in n g /1 0 6 m ast cells.
3.3.4

CHARACTERISTICS OF THE ATP-INDUCED
MEMBRANE LESIONS IN MAST CELLS
The effect on histamine release of pretreating rat peritoneal m ast cells

w ith ATP (125 |iM), in the absence of calcium and m agnesium , for increasing
periods of time prior to the addition of calcium ions (1 mM) was examined.
As show n in Fig. 3.14, the extent of secretion following addition of the divalent
cation was progressively reduced as the preincubation time w ith ATP was
increased, until after

20

min little or no release occurred in response to the

added calcium. Moreover, this reduction in secretion was perm anent, since a
second ATP-challenge following addition of the cation, after a 20 min
preincubation time with the nucleotide, did not lead to histam ine release.
3.3.5 INDUCTION OF MEMBRANE PERMEABILIZATION BY ATP:
TO USE THE NUCLEOTIDE AS A TOOL FOR INTRODUCING
LOW MOLECULAR WEIGHT SUBSTANCES INTO MAST CELLS
AND EXAMINING THEIR EFFECTS ON SECRETION
3.3.5.1 Effect of various heavy metal ions
An attem pt was carried out to introduce a num ber of extracellular
metal cations into m ast cells permeabilized with ATP, in order to investigate
their ability to substitute for calcium in inducing secretion.
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Both strontium and barium (0.01-20 mM) could partially substitute for
calcium in m aintaining the secretory response, but tenfold higher concentrations
of these ions were required for maximal release (Fig. 3.15 and 3.16). At various
concentrations of strontium , maximal release occurred at ATP concentrations of
125 and 250 pM, which is comparable with the effects seen w ith calcium.
However, w ith barium the response was optimal at lower concentrations of the
nucleotide (62 and 125 pM), and compared with the above cations, an overall
leftward displacem ent of the dose-response curve for ATP was observed.
M agnesium and lanthanum (0.01-20 mM) could not substitute for
calcium, with the exception of low concentrations (0.01-1 mM) of the latter ion
which partially substituted for the divalent cation, inducing a maximal
histamine release of ca. 35% (Fig. 3.17).
It is im portant to note, that the above cations m ay bind to the agonistic
ATP4- to form metal complexes. This complexation would antagonize the
permeability potential of the nucleotide and in addition cause a reduction in
the concentration of the metal cation available to substitute for calcium, thereby
suppressing histam ine release. Therefore, to counteract this effect, a further
investigation

w as

perform ed

in

which

m ast cells

were

washed

after

permeabilization with the nucleotide (so as to remove any ATP4- not associated
with the cell membrane), before addition of the metal ion (as outlined in
chapter 2). However, under such conditions, no release of histam ine occurred,
even from cells to which calcium was added (Table 3.5).
3.3.5.2 Effect of GTP-y-S and IP3
Using ATP as a m em brane permeabilizing agent, an attem pt was carried
out to introduce the intracellular effectors GTP-y-S (a non-hydrolysable analogue
of GTP) and IP3 into the cytosol of mast cells, in order to probe intracellular
events leading to histamine secretion.
GTP-y-S (0.5-100 pM) evoked a dose-dependent release of histamine,
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up to a maximum of ca. 50% (Fig. 3.18), from rat peritoneal mast cells
permeabilized by ATP (100 fiM). However, no release was observed with IP3
(Table 3.6). Furthermore, external application of GTP-y-S or IP 3 alone (-ATP),
did not induce secretion (Table 3.7).
3.3.6

EFFECT OF OTHER PHOSPHONUCLEOTIDES ON
HISTAMINE RELEASE FROM MAST CELLS
A num ber of other phosphonucleotides (with modifications either to

the triphosphate moiety or to the adenine ring) were tested, in the presence
of various Ca2+ concentrations, as agonists for histam ine release. However,
they were all found to be completely inactive (Table 3.8).

3.4

DISC USSIO N
The present study confirms and extends the previous findings

[148,149,151] that ATP produces a dose- and calcium -dependent release of
histamine from rat peritoneal m ast cells. The nucleotide is reported to act by
inducing the formation of lesions in the cell m em brane which perm it the influx
of extracellular calcium ions, thereby causing secretion [150]. Indeed, it has long
been appreciated that an increased concentration of ionized calcium in the
cytosol is a necessary and sufficient trigger for histam ine release [174-176].
Secretion induced by ATP in the presence of various concentrations of
calcium and 1 mM magnesium was observed in this report to be markedly
dependent on the concentration of the nucleotide, confirming the findings of
Gomperts et al. [151] that the agonist form of ATP is the free anion, ATP4" (not
bound to the divalent cations). In general, high concentrations of ATP caused
a depression of secretion. This effect may be due to the fact that at high
concentrations, ATP generates larger lesions which could then lead to two
possibilities. Firstly, these larger pores may perm it the influx of gross amounts
of calcium into the cytosol, which will consequently switch "off" the normal
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secretory mechanism induced by the divalent cation (rather than "on"), thereby
suppressing histamine release. The other possibility accounting for this selfinhibitory effect of ATP is leakage of intracellular m etabolites through these
larger lesions [153]. In the absence of magnesium ions, however, in which an
overall fourfold displacement to the left of the dose-response curve for ATP (1
mM Ca2+) was observed, this depression of release occurred at m uch lower
concentrations of the nucleotide (conditions normally optim al for secretion in
the presence of Mg2*). Indeed, supramaximal concentrations of ATP in
magnesium-free media induced w hat appears to be a cytolytic secondary
elevation of histamine release. Thus, magnesium, which was included in my
experiments to act as a buffer for ATP, confers protection on the cells against
the detrim ental effects of the nucleotide.
Brief pretreatm ent of cells with EDTA, which is thought to enhance
mobilization of intracellular calcium stores and generally to increase histamine
secretion under conditions of calcium-deprivation, had no effect on the release
induced by ATP. This procedure, however, potentiated histam ine secretion in
calcium-free media induced by anti-IgE, concanavalin A and com pound 48/80.
The release induced by ATP is then strictly dependent on extracellular calcium
and the nucleotide would appear to be unable to mobilize sequestered stores
of the cation.
Com pared with the secretion due to IgE-directed ligands, the release
induced by ATP (250 pM, 1 mM Ca2+) was slow, commencing after a lag
period of 1 m in and requiring ca. 15 min for completion. The reason for this
is thought to stem from a delay in the entry of Ca2+ which initiates secretion
[151].
The release process was non-cytotoxic, being blocked by extremes of
tem perature and metabolic inhibitors. Cockcroft & Gom perts [153] have also
dem onstrated that secretion induced by ATP was a selective process, being
unaccompanied by loss of lactate dehydrogenase. Consistently, the nucleotide
was completely ineffective in inducing haemolysis of rat erythrocytes. Thus,
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the permeabilizing effects of ATP do not extend to macromolecules like lactate
dehydrogenase and haemoglobin. However, in sharp contrast, the potent
detergent TX-100 produced a graded haemolysis of the rat erythrocytes. This
agent is cytotoxic and acts by disruption of the cell m em brane, thereby
liberating all of the intracellular contents including haemoglobin. W hether rat
erythrocytes are permeabilized by ATP has yet to be determ ined, although this
is very likely since external application of the nucleotide has been show n to
cause an increase in the sodium

and potassium perm eability of dog

erythrocytes [173].
Secretion evoked by ATP was strongly dependent on the pH of the
incubation m edium . The response was optimal at physiological pH (7-7.5) and
greatly depressed at lower values (pH

6

and 6.5). This indicates that the degree

of ionization of the nucleotide plays a crucial role in its activity on m ast cells.
Indeed, being a weak acid w ith a pK ^ of 6.52 at 40 °C [182], the pH
dependence of ATP confirms previous reports [151] that the active form of ATP
is the fully ionized anion ATP4". Thus, the observed increase in the releasing
activity of ATP as the pH was raised from

6

to 7, reflects the deprotonation

of the nucleotide. As the pH approaches and surpasses the pK2a value, ATP
becomes progressively more ionized, so that the fully deprotonated form ATP4"
predom inates at physiological pH.
Above pH 7.5, the level of histamine release either rem ained relatively
constant (500 |iM ATP, 10 mM Ca2+ and 1000 |iM ATP, 20 mM Ca2+) or
decreased sharply (250 |iM ATP, 1 mM Ca2+). The latter effect m ay suggest that
the binding site for ATP4" is positively charged. Therefore, under alkaline
conditions this site will become deprotonated, thus resulting in an im paired
binding of ATP4" and a consequent inhibition of secretion. This effect was
observed with the release due to the lower ATP concentration. However, since
secretion with the higher ATP concentrations was unaffected by elevated pH,
it is possible that any inhibitory effect here may have been counteracted by the
high calcium concentrations em ployed in these experiments. Thus, although
fewer lesions m ay have been generated under alkaline conditions, a similar
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elevation in the intracellular calcium concentration to that norm ally producing
maximal release can still be achieved w ith these ATP concentrations, due to the
high levels of the divalent cation added externally.
All the effects described above appear to be specific for ATP. Other
phosphonucleotides tested (in the presence of various calcium concentrations)
were completely ineffective in stim ulating histamine release, confirming the
findings of other authors

[152,148,177]. A

wide range of nucleotides,

nucleosides, and commercially available analogues of ATP were tested as
secretagogues by these investigators, m ost of which were found to be totally
inactive on m ast cells, suggesting that there is a defined requirem ent for an
unm odified triphosphate moiety and adenine ring.
In order to characterize further the mechanism of action of ATP in
inducing secretion from m ast cells, the effect of this nucleotide on changes in
intracellular cyclic AMP levels was examined. Unlike the release process evoked
by anti-IgE which was accompanied by an abrupt, m onophasic rise in the
intracellular concentration of cyclic AMP, activation of m ast cells with
exogenous ATP failed to elicit any detectable changes in cyclic AMP levels.
The phosphodiesterase inhibitor theophylline, which was included in this study
as a control, produced a sustained elevation in the cellular content of cyclic
AMP, indicating that the observations obtained with ATP were clearly not due
to any inaccuracies in the experimental or assay procedure.
It should be emphasized, however, that due to the observed interference
in the radioimm unoassay system by the added ATP (250 |iM), it was only
possible to determine intracellular cyclic AMP levels after prolonged incubations
of the m ast cells with ATP. Hence, it cannot be deduced for certain whether
or not this nucleotide induces an early rise in the cellular content of cyclic
AMP. However, it has been appreciated for some time that early elevations in
intracellular cyclic AMP levels are generally produced by immunological and
not by pharmacological activation of mast cells. The rise was originally thought
to be an integral part of the activation sequence of m ast cell histamine release
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[178], although this view has recently been questioned [179]. In any case, since
the effect is specific for IgE-directed ligands which are thus thought to be
coupled to adenylate cyclase, and is not evoked by pharmacological agonists,
the change in cyclic AMP levels is clearly not a universal and obligatory event
in the secretory process. It is then possible that this rise m ay be a specific part
of the immunological release mechanism which is circum vented by other
ligands. In addition, the rise m ay be involved in the term ination rather than
initiation of the secretory process [180], or may be a m ere consequence of mast
cell activation.
Anaphylactic mediators are either preform ed and stored in association
w ith the m ast cell granules or synthesized de novo following cell activation.
Thus, in addition to the preform ed histamine, newly generated PGD2, which
is produced by the oxidative metabolism of arachidonic acid, was also shown
in the present observations to be released from rat peritoneal m ast cells upon
stim ulation w ith ATP, anti-IgE and the polybasic ligand com pound 48/80. It
should be noted that rat peritoneal mast cells process arachidonate almost
exclusively through the cyclooxygenase pathw ay to form PGD 2 w ith little or no
generation of leukotrienes [181].
ATP evoked a characteristic release of PGD 2 from purified rat peritoneal
m ast cells in a dose-dependent manner. The dose-response curve, which
resembled that of histamine, was bell-shaped with some depression of the
release at supram axim al concentrations of the nucleotide. As m ight be expected,
the rate of release of the newly generated prostanoid was slow er than that of
histamine, being essentially complete after 25 min as com pared to ca. 15 min
for the amine.
The present study was further extended to the use of ATP as a
mem brane perm eabilizing tool for introducing low molecular w eight substances
into the cytosol of m ast cells. These included GTP-y-S and IP 3 in an attem pt to
examine intracellular events leading to histamine release.
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GTP-y-S, a non-hydrolysable GTP analogue, induced a dose-dependent
secretion of histamine up to a maximum of 50% w hen introduced into rat
peritoneal m ast cells perm eabilized w ith ATP in the absence of extracellular
calcium ions.
In

m any

systems,

GTP-binding

proteins

(G-proteins)

serve

as

transducers of intracellular signals which are generated in response to ligandreceptor interactions at the cell surface [182], The first indications of G-protein
involvement in histamine release were obtained by experiments in which GTPy-S was introduced into and trapped within the cytosol of rat m ast cells,
causing them to undergo exocytotic secretion in response to addition of
extracellular calcium [171]. In these experiments, the cells were perm eabilized
using ATP since it was possible, w ith this agent in particular, to reseal the
induced lesions in order to trap GTP-y-S w ithin the cytosol, by addition of an
excess of Mg2"1" to the system [170]. A G-protein was then proposed to act as
the coupling factor between the membrane receptor and phospholipase C. Thus,
GTP-y-S binds to the G-protein (GP) directly to activate phospholipase C,
thereby generating IP3 and diacylglycerol and mimicking the norm al receptorm ediated pathw ay [184]. Subsequently, the involvement of another G-protein
in the stimulus-secretion sequence was reported [185]. Using cells perm eabilized
w ith streptolysin-O, these authors examined the effects of calcium and GTPy-S on both phospholipase C activation and histamine release. In the presence
of calcium, GTP-y-S induced both secretion of the amine and release of inositol
phosphates, indicative of phospholipase C activation through the GP-protein.
However, GTP-y-S could still cause exocytosis w hen phospholipase C was
completely inhibited by the aminoglycoside antibiotic, neomycin, suggesting the
involvement of a second G-protein, GE (E for exocytosis), at a terminal stage
in the secretory process. Thus, it was proposed that tw o G-proteins are
involved, one protein (GP) controls activation of phospholipase C while the
other (Ge) acts synergistically with calcium, possibly through a calcium binding
protein, to induce the final stages of exocytosis [185].
In experiments employing (3-escin to permeabilize rat peritoneal m ast
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cells, both GTP-y-S and IP3 were shown to induce histamine secretion in a
calcium-free m edium [167]. IP3 is an intracellular second messenger which
directly mobilizes calcium from internal stores. In the present study, however,
in which cells were permeabilized by ATP in the absence of the divalent cation,
no histamine release was observed with IP3. An explanation for this could be
that the w ater soluble IP3 leaks from the perm eabilized cells [187]. It is also
possible that IP3 may in fact be unable to penetrate the ATP-generated pores
in the cell membrane, although this is less likely since the induced lesions are
know n to perm it the influx of substances w ith a similar low molecular weight
to IP 3 [150].
By using ATP to permeabilize rat peritoneal m ast cells, the ability of
several heavy metal ions to substitute for calcium in inducing secretion was
investigated. Strontium and barium were able to substitute for calcium in
m aintaining the secretory response but higher concentrations of these ions were
required for maximal release. However, m agnesium failed to substitute for
calcium and lanthanum was only partially effective (causing the release of ca.
35% at a concentration of 0.1 mM). These observations can be explained in
term s of the efficacies of the metal cations, their affinities for the receptor or
ion binding site and, in addition, the complexation of these ions with the
agonistic ATP4".
The first step in the internalization of calcium is thought to involve
the binding of this cation to specific sites on the cell m em brane [188,189]. Since
the ions discussed above have similar hydrated ionic radii to calcium (Table
3.9), they may be able to bind to these superficial sites with an equal affinity
to calcium or in the case of lanthanum , which has a higher valency, with a
greater affinity. Thus, following permeabilization of the cells with ATP, the
cations may enter into the cytosol where they can interact with the proposed
specific binding protein, calmodulin [190-192]. Soon after the discovery of
calmodulin, it was shown to interact w ith various metal ions including
strontium , manganese and cobalt, although the affinities of these metals for the
protein were found to be relatively low compared with calcium [193]. Thus, in
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the present observations, it is possible that strontium and barium , which only
partially substituted for calcium, may possess a lower affinity for calmodulin
and a reduced efficacy as compared to calcium. Not surprisingly, m agnesium
also seems to have a lower affinity for calmodulin and a m uch reduced
efficacy, as it was completely ineffective as a substitute for calcium. By virtue
of its higher valency, lanthanum may bind to calmodulin w ith a greater affinity
than calcium. Consistently, lanthanides have been show n by various authors to
be very potent substitutes for the divalent cation [194,195]. However, in this
study, lanthanum unexpectedly failed to substitute for calcium in m aintaining
the secretory response induced by ATP, except at low concentrations (0.01-1
mM) in which it partially substituted for the divalent cation. The lack of
activity at high concentrations may be due to the complexation of lanthanum
to the agonistic ATP4-, although the binding constant has not been determined.
Moreover, as illustrated in Table 3.9 below, the higher value of the equilibrium
constant obtained for the interaction of ATP4- with m agnesium as compared
w ith calcium, indicates that the former metal can interact m ore strongly with
the nucleotide than can calcium. The interaction of m agnesium or lanthanum
w ith ATP4- w ould thus antagonize the permeability potential of the nucleotide,
and cause a reduction in the concentration of the ion available to substitute for
calcium, thereby suppressing the release of histamine. It should be noted that
although m agnesium can interact more strongly with ATP4" than calcium, it is
in fact a poor activator of calmodulin as dem onstrated by other investigators
[193]. Strontium and barium, however, interact less strongly w ith ATP4" and
therefore their lower activity as compared to calcium appears to be due mainly
to their affinity for calmodulin and not their complexation w ith the agonistic
ATP4".
Interestingly, several toxic ions such as Pb2+, Al3+ and Hg2+ have also
been reported to interact with calmodulin [196,197]. W hether this has any
toxicological significance in disease states, such as Alzheimer's syndrom e and
M inamata's disease, has yet to be fully established. Activation of calmodulin
therefore

appears

to

be

finely

tuned,

since

only

calcium,

physiologically relevant cations, can interact with this protein.

amongst
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In order to counteract the interaction of ATP4" w ith the metal cations

discussed earlier, another investigation was carried out in which m ast cells
were washed immediately after permeabilization with ATP (to remove any
ATP4" not bound to the membrane), before addition of the ion. However, under
such conditions, no release of histamine was observed, indicating that the
nucleotide does not bind irreversibly to the cell m em brane and can be
dissociated from its receptor or binding site during this process.

Table 3.9

Hydrated ionic radii of various metal cations and equilibrium
constants for the interaction of ATP with the ions.

Mg2"

Ca2+

Sr2*

Ba2+

Hydrated Ionic Radius (A)

0.59

0.45

0.37

0.37

Binding Constant (Log K2, 40 °C, [182])

4.28

3.94

3.45

3.12

In an attem pt to characterize further the ATP-induced m em brane
lesions, m ast cells were pretreated with ATP, in the absence of calcium and
magnesium, for increasing periods of time prior to the addition of calcium
ions, and the effect on histamine release was examined. U nder these conditions,
the extent of secretion following the addition of the divalent cation was
progressively reduced as the preincubation period w ith ATP was increased,
until little or no release occurred after 20 min. This suggests that the lesions
generated by ATP are not perm anent and reseal after some time. However, it
may also be possible that leakage of metabolites from the cytosol increases with
prolonged exposure of the m ast cells to extracellular ATP; thus the cells
become progressively less responsive to the added calcium until they can no
longer be stimulated to secrete. Consistently, a second ATP-challenge, after
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addition of the divalent cation to cells pretreated with ATP for 20 min, did not
lead to histamine release.
In sum m ary, extracellular ATP evoked a characteristic release of
histam ine and PGD 2 in a dose-dependent manner. The process was slow, noncytotoxic, calcium -dependent and maximal at physiological pH. At optimal
concentrations of calcium (1 and 5 mM), the dose-response curves were bell
shaped with maximal release occurring at an ATP concentration of 250 |iM. At
higher (10 and 20 mM) or lower (0.01 and 0.1 mM) concentrations of the
cation, the dose-response curves were displaced to the right, with some
depression of the maximum release under the latter conditions. These effects
appear to be specific for ATP; other phosphonucleotides were found to be
completely inactive on m ast cells.
Unlike the release process induced by anti-IgE which was accompanied
by an abrupt, monophasic rise in the intracellular concentration of cyclic AMP,
activation of m ast cells with ATP failed to elicit any detectable changes in the
cellular levels of cyclic AMP. However, in the case of ATP, only relatively long
time periods could be examined in the present work.
By using ATP as a tool for permeabilizing rat m ast cells, an attem pt
was carried out to introduce various low molecular weight substances such
as GTP-y-S, IP3, and several metal cations into the cell cytosol, in order to
examine their effects on histamine release. Interestingly, GTP-y-S induced a
dose-dependent secretion in the absence of extracellular calcium. However, no
release was observed with IP3 which seemingly leaks from the cells. Of the
metal cations employed, strontium and barium were able to substitute for
calcium in m aintaining the secretory response induced by ATP, but higher
concentrations of these ions were required for maximal release. Magnesium,
however, failed to substitute for calcium and lanthanum was only partially
effective.
It should be emphasized, that the permeability lesions generated by
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ATP appear to reseal after some time and may thus be transient. Moreover,
the ATP molecule does not bind irreversibly to the cell m em brane and can be
dissociated from its receptor or binding site during the process of washing.
In conclusion, ATP, a potent selective secretagogue and an im portant
agent for cell permeabilization, provides a useful tool in studying the
biochemical events involved in m ast cell activation.
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Fig. 3.1

D o s e - r e s p o n s e c u r v e s for t h e r e l e a s e o f h i s t a m i n e

fro m ra t p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP in t h e
p r e s e n c e o f c a l c i u m a n d m a g n e s i u m (1 mM ), a b s e n c e o f t h e
d i v a l e n t c a t i o n s , an d p r e s e n c e of EDTA (0.1 m M ).

(n=4)

H i s t a m i n e R e l e a s e (%)

80

70

60

50

40

30

20

10
EDTA

0
31

62

125

250

ATP (n M)

500

1000
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Table 3.2
Histamine release from rat peritoneal mast cells stimulated with anti-lgE (1/1000
dilution), concanavalin A (10 pg/ml) and compound 48/80 (0.1 pg/ml) in various media.
Cells were preincubated with EDTA for 5 min before challenge.

Medium

Histamine R elease (%) induced by:
Anti-lgE

Con A

Calcium (1 mM)

21.2 ± 4.2

32.3 ± 4.2

35.6 ± 5.6

No calcium

13.2 ± 3.4

15.9 ± 3.9

24.9 ± 4.1

EDTA ( 0.1 mM)

24.8 ± 5.7

37.8 ± 5.7

41.4 ± 5.3

Values are means ± SEM for 3 experiments.

Compound 48/8
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Fig. 3.2 D o s e - r e s p o n s e curves for the re lease of histamine
from rat peritoneal mast cells stimulated w ith ATP in the
p res en c e of various calcium c o n c e n tr a tio n s (mM) and 1 mM
magnesium. Error bars are omitted for c l a r i t y but did not
e x ce ed 4.9%. (n=4)
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Fig. 3 . 3

D o s e - r e s p o n s e curve for the r e l e a s e of h is t a m in e

fro m rat p e r i t o n e a l mast cells sti m u late d w i t h ATP in th e
p r e s e n c e of calcium (1 mM) but in th e a b s e n c e of magnesium.
S e c r e t i o n at 1 0 0 0 ^uM ATP was s i g n i f i c a n t l y g r e a t e r th an
s e c r e t i o n at 2 5 0 juM ATP (**p<0.01, paired t - t e s t ) . (n s7)
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Fig. 3 . 4

K i n e t i c s of h is t a m in e r e l e a s e i n d u c e d by 2 5 0

jjM

ATP (1 mM Ca ), 5 0 0 pM ATP (10 mM Ca), 1 0 0 0 juM ATP ( 2 0 mM
C a ) , a n t i - l g E ( 1 / 1 0 0 d ilu tio n ) and C o n A ( 1 0 0 | j g / m l ) .

(n=4)

E r r o r b a r s a r e o m i t t e d for c l a r i t y b u t did n ot e x c e e d 5%.
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Fig. 3 .5 E f f e c t of t e m p e r a t u r e on h is t a m in e r e l e a s e ind uced
by ATP. T h r e e sta nd ard ATP c o n d i t i o n s w ere used: a) 2 5 0
pM ATP (1 mM Ca), b) 5 0 0 juM ATP (10 mM C a ) and c) 1 0 0 0
pM ATP ( 2 0 mM Ca). C o rr e s p o n d i n g r e l e a s e s at 3 7 and 4 5 °C
are s i g n i f i c a n t l y (***p<0.001, paire d t - t e s t ) d i f f e r e n t . na4
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Fig. 3.6 Effect of pH on histamine
release induced by ATP, anti-lgE and
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Fig. 3 . 7

E f f e c t of m e t a b o lic i n h i b i t o r s a n d g l u c o s e (glu)

d e p r i v a t i o n on h is ta m in e r e l e a s e i n d u c e d by ATP. T h r e e
s t a n d a r d ATP c o n d itio n s were used: a) 2 5 0 p M (1 mM C a ), b)
5 0 0 pM ATP (10 mM Ca), and c) 1 0 0 0 pM ATP ( 2 0 mM Ca ). (n=4)
H i s t a m i n e R e l e a s e (%)

80

(c)
(

(b)
(a)

(b)

T
(aV D

60

40

( a) (b)

+ Glu

- Glu

2-D eo xyglu

Metabolic Inhibitor

Antim ycin A

Ill

Table 3.3
Effect of ATP in varying calcium concentrations (1 mM magnesium) and
TX-100 on haemolysis of rat erythrocytes.

Haemolysis (%) in Ca2+ concentrations of :
0.1 mM

1 mM

5 mM

10 mM

20 mM

(a) ATP (pM)
31

0.2 ± 0.1

0.3 ± 0.2

0.2 ± 0.1

0.0 ± 0.0

0.0 ± 0.0

62

0.4 ± 0.2

0.3 ± 0.2

0.2 ± 0.1

0.1 ± 0.1

0.1 ± 0.1

125

0.1 ± 0.1

0.2 ± 0.1

0.3 ± 0.1

0.1 ± 0.1

0.0 ± 0.0

250

0.2 ± 0.2

0.2 ± 0.1

0.4 ± 0.1

0.2 ± 0.1

0.1 ± 0.1

500

0.3 ± 0.1

0.1 ± 0.1

0.4 ± 0.1

0.1 ± 0.1

0.1 ± 0.1

1000

0.3 ± 0.2

0.3 ± 0.2

0.4 ± 0.1

0.1 ± 0.1

0.0 ± 0.0

(b) TX-100 (pl/ml)

0.02

6.9 ± 1.0

0.04

6.8 ± 0.6

0.06

16.4 ± 7.5

0.08

35.6 ± 4.6

0.1

50.7 ± 3.3

1.0

82.5 ± 0.8

Values are given as means ± SEM for 3 experiments.
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Fi g. 3 . 8 E f f e c t
c A M P l e v e l s in
are e x p r e s s e d
o b t a i n e d a t "0

o f ATP, a n t i - l g E & t h e o p h y l l i n e o n c e l l u l a r
p u r i f i e d rat p e r i t o n e a l m a s t c e l l s . V a l u e s
a s a p e r c e n t a g e of th e c o n tr o l a m o u n t of cAMP
t i me" i n c u b a t i o n w i t h t h e t e s t c o m p o u n d . ( n s 2 )
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Fig. 3.10 E f fe c t of ATP on P G D 2 and histamine release from
purified rat peritoneal mast cells (1 mM Ca and Mg), (n-4)
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Fig. 3.11

R a t e o f P G D 2 r e l e a s e fro m p u r i f i e d r a t p e r i t o n e a l

m a s t c e l l s s t i m u l a t e d w i t h ATP ( 2 5 0 juM, 1 m M C a ) .
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Table 3.4
Rate of PGD2 and histamine release from purified rat peritoneal
mast cells stimulated with ATP and anti-lgE (1 mM calcium).

Time
(min)

ATP

Anti-lgE

(250 pM)

( 1/100 dilution)

n=4

n=3

pgd2
(ng/ 106 cells)

Histamine
(%)

PGD2
(ng/106 cells)

Histamine
(%)

10

36.4 ± 15.6

59.2 ± 5.4

31.9 ± 4.7

23.2 ± 0.7

15

58.9 ± 17.3

67.2 ± 1.2

32.5 ± 4.3

24.6 ± 0.9

25

76.0 ± 8.9

64.9 ± 4.0

29.0 ± 4.3

20.5 ± 3.6

35

84.1 ± 1.9

60.2 ± 3.0

27.9 ± 6.0

22.3 ± 1.9

45

81.8 ± 3.9

63.7 ± 3.0

29.7 ± 3.7

19.6 ± 4.1

Values are m eans ± SEM for the number (n) of experiments noted.
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Fig. 3.12 E ffe c t of compound 4 8 / 8 0 on histamine and P G D 2
r e le a s e from p u r ifie d rat p e rito n e a l mast cells. (n=3)
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Fig. 3.13

P ro sta glan d in D 2 sta n d a rd cu rve

Prostaglandin D 2 pg/tu be
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Fig. 3.14 Time-course of the decrease in histamine release
from rat p erito n e al mast ce lls p r e t r e a t e d w i t h ATP for
vario us time intervals prior to the a d d it io n of calcium.
Cells were preincubated for the stated periods w it h ATP
(125 juM) in th e ab s en ce of C a and Mg ions. C a (1 mM)
was then ad d ed and the reaction allowed to p r o c e e d
for a f u r t h e r 4 5 min. Control release co rres p o n d in g
to the stimulation of cells in the p re s e n c e of Ca at
"0 time" was 4 8 . 4 + 8.2%. (n*5)
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Fig. 3.15

E f f e c t of various c o n c e n tr a tio n s of s tro n tiu m

ions ( m M ) on h i s t a m i n e r e l e a s e fro m r a t p e r i t o n e a l m a s t
c e l l s s t i m u l a t e d w i t h ATP (1 m M m a g n e s i u m ) . E r r o r b a r s
a r e o m i t t e d f o r c l a r i t y b u t did not e x c e e d 10.1%.
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Fig. 3.16

E f f e c t of v a r i o u s c o n c e n t r a t i o n s o f b a r i u m ions

( m M ) on h i s t a m i n e r e l e a s e f r o m ra t p e r i t o n e a l m a s t c e l l s
s t i m u l a t e d w i t h ATP (1 m M m a g n e s i u m ) . E r r o r b a r s a r e
o m i t t e d fo r c l a r i t y b u t did n ot e x c e e d 13.1%.
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Fig. 3.17 E f f e c t s of l an t ha n um and magnesi um ions (mM) on hi s ta mi ne
r e l e a s e f r o m r a t p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP. ( n= 4 )
E r r o r b a r s a re o m i t t e d for c l a r i t y b u t di d not e x c e e d 5 . 4 % .
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Table 3.5
Effect of various cations on histamine release from rat peritoneal mast cells
pretreated with ATP.

Cation

Histamine R elease (%)

Cells W ashed After
Pretreatment With ATP

Calcium

2.4 ± 0.5

Magnesium

1.8 ± 1.1

Strontium

0.9 ± 0.5

Barium

0.3 ± 0.2

Lanthanum

0.6 ± 0.6

Control Cells Not Washed
After Treatment With ATP

Calcium

42.0 ± 2.1

(Added in the presence of ATP)

Cells were incubated with ATP (125 }iM) in the absence of extracellular cations for 5
min at 37 °C (to be permeabilized). They were then washed (to remove any ATP4- not
associated with the cell membrane) and resuspended immediately in buffers containing
the metal ion (1 mM). Secretion was allowed to proceed for a further 45 min. Values are
means ± SEM, n=3.
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Fig. 3.18

E f f e c t o f G T P - 7 - S on h i s t a m i n e r e l e a s e f r o m ra t

p e rito n e a l m a s t ce lls p e rm e a b iliz e d w ith ATP (100 p M )
in t h e a b s e n c e o f c a l c i u m a n d m a g n e s i u m . ( n =5 )
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Table 3.6

Effect of IP3 on histamine release from rat peritoneal mast

cells permeabilized with ATP (100 pM) in the absence of Ca2+ and Mg2+-

IP3 (pM)

Histamine R elease (%)

0

3.4 ± 0.6

0.1

4.3 ± 0.9

0.3

4.8 ± 0.9

1

5.5 ± 1.2

3

4.8 ± 1.0

10

4.1 ± 0.6

Control release with ATP in the presence of calcium (-IP3) is 41.9 ± 4.8%.
Values are m eans ± SEM for 5 experiments.
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Table 3.7
Effect of GTP-7 - S and IP3 alone on histamine release from rat
peritoneal mast cells in the presence of calcium (1 mM).

Histamine R elease (%)

(a) G T P-y-S QiM)
1

2.2

5

1.7

10

5.7

50

11.4

100

14.6

(b) IP3 (|iM)

0.1

2.1

0.3

0.4

1

3.3

3

2.8

10

2.4

Values are means from 2 experiments.
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Table 3.8 Effect of other phosphonucleotides on histamine release from
rat peritoneal mast cells in varying calcium concentrations (1 mM Mg2+).

Nucleotide (pM)

Histamine R elease (%) in Ca2+ Concentrations (mM) of:
0.1

1

5

10

20

(a) Modification to
triphosphate moiety

ADP
31

0.0

1.3

1.0

0.7

0.5

62

0.5

0.0

0.0

0.7

2.5

125

0.0

0.0

0.0

0.2

1.2

250

0.0

0.0

0.0

0.1

1.1

500

0.0

0.0

0.0

0.0

1.3

1000

0.0

0.0

0.0

0.0

0.8

31

7.0

1.2

4.7

3.9

2.1

62

5.9

1.8

10.0

7.3

4.5

125

9.0

5.3

11.0

8.1

5.1

250

9.5

5.8

10.6

16.6

14.6

500

10.1

6.2

11.4

9.9

11.1

8.4

6.0

11.1

14.5

10.8

AMP

1000

(b) Modification to
adenine moiety

GTP
31

3.6

1.6

1.5

1.6

6.2

62

7.4

2.2

1.4

1.8

7.0

125

7.6

3.9

1.6

3.8

8.0

250

8.5

4.0

2.8

7.3

7.2

500

13.3

3.8

4.1

9.6

11.2

1000

11.3

7.4

7.5

7.3

15.1
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(Table 3.8 contd.)

Nucleotide (pM)

Histamine Release (%) in Ca2+ Concentrations (mM) of:
0.1

1

5

31

5.6

6.4

6.4

3.1

2.6

62

6.9

5.9

6.1

6.1

4.9

125

9.8

8.7

7.5

7.1

5.6

250

10.5

10.5

6.9

9.0

6.6

500

10.8

10.5

6.9

8.4

6.0

9.8

12.2

11.8

10.6

8.7

31

3.6

6.0

5.7

4.7

6.3

62

7.0

6.6

7.9

4.8

6.8

125

5.6

6.4

6.6

5.1

5.6

250

8.0

5.8

6.4

5.9

7.5

500

8.0

6.0

9.4

7.9

5.8

1000

7.5

5.8

6.7

7.0

6.3

31

4.6

1.6

5.4

3.0

6.1

62

5.2

3.8

4.6

4.7

6.0

125

5.5

5.5

5.0

5.5

6.5

250

6.3

5.6

5.7

7.5

5.7

500

10.3

8.1

6.4

11.2

11.0

1000

12.9

9.2

7.6

10.6

12.3

10

20

CTP

1000

TTP

UTP

Values are mean histamine release (%) from 2 experiments.
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CHAPTER FOUR
SOME STUDIES O N THE EFFECT OF ATP O N
HISTAMINOCYTES FROM VARIOUS SPECIES A N D LOCATIONS

4.1

INTRO DUCTIO N
ATP, a putative

non-adrenergic, non-cholinergic (NANC) neuro

transmitter, is an effective liberator of histamine from rat peritoneal m ast cells
[147-149]. Intraderm al injection of ATP into hum an skin results in a dosedependent wheal and flare reaction, though the nucleotide is m uch less active
in producing these responses than the neuropeptide substance P. The flare
component is inhibited by pretreatm ent of the subject w ith an antagonist
selective for Hj histamine receptors [212]. It appears, therefore, that part of the
hum an skin response to ATP is mediated by the release of histam ine in the
skin, and this histam ine is presum ed to come from cutaneous m ast cells.
Mast cells are widely distributed throughout the hum an body but are
predom inantly found in areas which come into direct contact w ith foreign
substances, nam ely in association with nerves and blood vessels in the loose
connective tissue of the bronchi, conjunctiva, ear, gut, nose, skin and throat
[198]. They are, therefore, strategically placed to participate in im m ediate
hypersensitivity reactions and, as such, have been implicated in the aetiology
of

asthma,

conjunctivitis,

rhinitis

and

inflammatory

disorders

of

the

fundam ental

to

our

gastrointestinal tract and skin.
Given

this

diversity

of

conditions,

it

is

understanding of the treatm ent and prophylaxis of allergic disorders to realize
that m ast cells from various locations may exhibit m arked differences in their
pharmacological properties. In particular, they may vary in their responses both
to secretory stimuli and to anti-allergic drugs [199,258]. Progress in this area
has been greatly facilitated in recent years by the development of m ethods for
isolating free m ast cells by the enzymic dissociation of a num ber of target
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tissues from laboratory animals and man including the lung [201,202], skin
[203,206] and gastrointestinal tract [204]. Comparative studies on these
preparations, together w ith hum an basophil leucocytes and serosal m ast cells
of rodents, both of which are easily obtained and readily available [205,206],
have revealed that m ast cells from different species or even from given tissues
within a single animal m ay show m arked heterogeneity in their morphological,
histochemical and functional properties

[207-209]. The reasons for this

heterogeneity are not clear but m ay reflect phases in cellular differentiation,
local micro-environmental effects or distinct pathw ays of developm ent [86].
C urrent interest in the area of m ast cell heterogeneity was undoubtedly
stimulated by the pioneering w ork of Enerback and his colleagues on the
properties and distribution of m ast cells in the gastrointestinal tract of the rat
[209,210]. Two distinct types of m ast cells may be identified and probably
provide one of the best examples of this heterogeneity. The m ast cells located
in the lower layers of the intestinal wall resemble those found in other
connective tissues and serosal cavities, whereas the cells in the mucosa show
very different properties. These mucosal m ast cells (MMC) are smaller in size
and more variable in shape than the connective tissue m ast cells (CTMC), have
a lower content of histamine and serotonin, and possess fewer granules. The
latter contain the glycosaminoglycan chondroitin sulphate rather than heparin.
These properties require that special conditions of fixation and staining be used
to reveal the MMC. In particular, they m ay become resistant to metachromatic
staining after routine processing in common, formalin-based fixatives, do not
counterstain after sequential treatm ent with alcian blue and safranin, and do
not stain w ith the fluorescent dye berberine sulphate. The MMC have a shorter
life-span than the CTMC and proliferate in a thym us-dependent fashion in
response to certain parasitic infections. Finally, the MMC are also functionally
quite distinct. They do not respond to classical polyamine mast celldegranulating agents such as com pound 48/80 and are refractory to anti
allergic agents such as disodium cromoglycate and theophylline [204,256].
The aim of this study is to examine the heterogeneity of the response
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of m ast cells from various species and tissues tow ards the action of ATP.

4.2

MATERIALS A N D M ETHODS
All materials, animals and m ethods employed in this study are as

described in chapter 2. In experiments involving specific secretory allergen
(expressed in worm equivalents, W.E.) rats sensitized to the nematode N.
brasiliensis were used. Histamine release experiments w ith ATP were all
perform ed in buffers containing m agnesium (1 mM).

4.3

RESULTS

4.3.1

THE EFFECTS OF ATP ON MAST CELLS FROM THE RAT, MOUSE
AND HAMSTER

4.3.1.1 Histamine-releasing action of ATP in various calcium concentrations
At physiological

calcium

concentrations, rat pleural

and mouse

peritoneal m ast cells responded in similar fashion to peritoneal cells of the rat.
The release induced by ATP from the former cells was again highly dependent
on calcium. Optimal secretion occurred at a calcium concentration of 1 mM
(Fig. 4.1 and 4.2a). Interestingly, calcium (5-20 mM) alone induced a dosedependent secretion from the mouse cells, as a dram atic increase in the
spontaneous release from these cells was observed at high concentrations of the
cation (Fig. 4.2b).
Rat mesenteric m ast cells showed significant reactivity at physiological
and high concentrations of calcium, with intestinal cells giving very small
am ounts of histamine release (Fig. 4.3 and Table 4.1). However, pulm onary and
cutaneous cells from the same species were essentially unresponsive (Tables 4.2
and 4.3). As controls, the basic ligand com pound 48/80 produced a dose-
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dependent secretion from the latter cells, while immunological stim ulation with
anti-IgE induced a m oderate release from the lung and gut cells.
H am ster peritoneal mast cells were totally unresponsive to ATP at
physiological levels of calcium but released significant am ounts of histamine
at supraoptim al concentrations of the cation, to a m axim um of ca. 40% (Table
4.4).
4.3.1.2 Detection of membrane permeabilization using ethidium bromide
To determ ine w hether only responsive m ast cells w ere susceptible to
permeabilization by ATP, measurements of the uptake of the normally
im perm eant fluorescent dye, ethidium bromide, were perform ed. The ethidium
cation undergoes an enhancement of its fluorescence emission w hen it binds to
nuclear DNA following entry into cells, and can therefore be used as a probe
to detect the presence of permeability lesions in the cell m em brane [255].
Relatively large num bers of m ast cells of high purity were required in these
experiments. Thus, the study was carried out only on peritoneal cells of the
ham ster and rat, where a large population of highly purified m ast cells was
obtainable. This was difficult to achieve with m ast cells derived from other
species and locations.
ATP (250 |iM) in the presence of ethidium brom ide induced a
progressive increase in fluorescence of the rat peritoneal m ast cell suspension,
with a half maximal response occurring within 2 min (Fig. 4.4b). Moreover, the
cytotoxic agent TX-100 (0.1 pi/m l), which disrupts the cell m em brane, caused
an immediate, abrupt rise in fluorescence of the rat peritoneal cells (Fig. 4.4a).
In contrast, there was no observed increase in fluorescence caused by
ATP in the hamster peritoneal mast cell suspension (Fig. 4.5b). However, as
a control, the potent detergent TX-100 again produced a cytolytic increase in
fluorescence of the ham ster cells (Fig. 4.5a).
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4.3.2

HISTAMINE-RELEASING ACTION OF ATP ON HISTAMINOCYTES
FROM THE GUINEA PIG AND MAN
At physiological caldum concentrations, guinea pig lung and mesenteric

cells and, m ost im portantly, hum an basophil leukocytes and m ast cells from
hum an lung, gut, uterus and skin were totally unresponsive to the action of
ATP (Tables 4.5-4.11). Furthermore, only the lung cells show ed some reactivity
(releasing a m axim um of 14.5% of histamine) at higher concentrations of the
cation. Interestingly, the spontaneous secretion from hum an m ast cells, in
particular intestine and lung, increased dramatically at supram axim al calcium
concentrations. The hum an cells were all responsive to immunological
stimulation w ith anti-hum an IgE.
4.3.3

THE EFFECT OF ATP AND OTHER SECRETAGOGUES ON MAST
CELLS FROM THE RAT URINARY BLADDER
As m ast cells have not been previously isolated from rat urinary

bladder, the basic characteristics of these cells were first examined and their
responses to a variety of agonists in addition to ATP were determined.
4.3.3.1 Characterization of rat urinary bladder mast cells
The enzymic dispersion of rat bladder yielded 0.2 ± 0.05 x 106 m ast
cells per gram w et tissue (n=6). The bladder m ast cells retained their
metachromatic properties after fixation in either Carney's solution or formol
saline. Most of the cells (78.8 ± 9.3%, n=6) counterstained positively with
safranin O. However, a few cells with blue granules (21.2 ± 9.4%, n=6) were
also observed. M ast cells comprised 3.1 ± 0.8% (n=6) of the total nucleated
cells in Carnoy's-fixed smears. There was no observed decrease in the
percentage of m ast cells from the smears fixed in formol saline. The histamine
content per m ast cell was 1.3 ± 0.3 pg (n=6). Cell viability, as assessed by
exclusion of trypan blue dye (0.1%), was greater than 85%. Moreover, the cells
obtained appeared to be intact, as judged by light microscopy and the low
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spontaneous release of histamine (< 10%).
4.3.3.2 Histamine-releasing action of ATP and other secretagogues from bladder cells
At physiological calcium concentrations, ATP induced a dose-dependent
secretion of histamine from rat urinary bladder m ast cells. The cells were
slightly less responsive to ATP than serosal m ast cells of the same species.
Moreover, the release pattern in the presence of various calcium concentrations
was virtually identical to that of peritoneal cells (Fig. 4.6).
The ionophore ionomycin also evoked a pronounced release from
bladder m ast cells (Fig. 4.7). In addition, rat bladder cells responded in a dosedependent

m anner

to

the

IgE-directed

ligands

allergen,

anti-IgE

and

concanavalin A, and to the basic secretagogues com pound 48/80 and substance
P (Fig. 4.8-4.12).

4.4

D ISC USSIO N
The present data clearly show that there is a heterogenous response

to stimulation with ATP of m ast cells derived from different locations and
species. At physiological calcium concentrations, rat pleural and mouse
peritoneal mast cells responded in similar fashion to rat peritoneal cells. Rat
mesenteric m ast cells showed m oderate reactivity while pulm onary, cutaneous
and intestinal m ast cells from this species were essentially unresponsive. Guinea
pig mesenteric and lung cells and, m ost im portantly, hum an basophils and
mast cells from hum an lung, gut, skin and uterus were totally unreactive.
Hamster peritoneal cells were resistant to the action of ATP at physiological
calcium concentrations but released significant am ounts of histamine at
supraoptim al levels of the cation.
Interestingly, a dramatic increase in the spontaneous release of
histamine from mast cells of the hum an (in particular lung and intestinal) and
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of the m ouse was observed at high calcium concentrations. This effect m ight
be attributable to subtle variations in the m em brane composition of the
different mastocytes. The plasma m em brane of the m ouse and hum an cells may
then be intrinsically more permeable to calcium, or the tw o cells m ay be less
efficient at controlling their intracellular concentrations of calcium.
The present work has show n that viable and functional m ast cells may
be isolated from rat urinary bladder by a sim ple enzymic dissociation
procedure, and has characterized the response of these cells to ATP and
various other histamine liberators. The m ast cells were obtained in acceptable
yield, comprised ca. 3% of the total nucleated cell population, and exhibited a
low spontaneous release of histamine. The histamine content per m ast cell was
less than that found for rat peritoneal cells (ca. 25 pg) b u t comparable to that
of other tissue m ast cells [202,203,256].
Morphological and histochemical studies revealed that mast cells
obtained from rat urinary bladder exhibited the fixation and staining
characteristics of "connective tissue type" m ast cells. Thus, the bladder mast
cells were only slightly affected by formol saline fixation and show ed a higher
affinity for safranin than for alcian blue. Safranin could, therefore, displace the
proteoglycan-bound alcian blue from mast cell granules. However, a few cells
w ith blue granules were also observed which m ay be im m ature bladder mast
cells [262].
The bladder cells released histamine on treatm ent w ith the calcium
ionophore ionomycin indicating that, as in other m ast cells, an elevated level
of calcium in the cell cytosol is a necessary and sufficient trigger for secretion.
Rat bladder m ast cells were also responsive to immunological stimulation with
specific allergen or anti-IgE serum and to the lectin concanavalin A which is
believed to cross-link cell-fixed antibody by binding to carbohydrate moieties
of the immunoglobulin. The basic liberators com pound 48/80 and substance P
produced substantial histamine release from the bladder cells. Both compounds
are known to act selectively against hum an skin and rat m ast cells [263].
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In keeping with their high degree of reactivity tow ards various stimuli,
rat bladder m ast cells were also extremely responsive to treatm ent with ATP.
The cells were only slightly less reactive to the nucleotide than serosal mast
cells of the sam e species. Moreover, in the presence of various calcium
concentrations, the release pattern from the bladder m ast cells was virtually
identical to that of peritoneal cells.
In general, urinary bladder cells appear to be m ore responsive to
various stim uli than other tissue m ast cells of the rat, exhibiting a similar level
of reactivity to that previously observed with serosal cells [259]. Rat bladder
mast cells should

thus provide

an im portant additional tool for the

investigation of m ediator release.
It should be emphasized, moreover, that the observed heterogenous
response of m ast cells cannot be attributed to the enzymic dispersion procedure
employed in the isolation of tissue m ast cells, since essentially identical
treatm ent w ith collagenase has been shown to have a negligible effect on the
responsiveness or histamine content of rat peritoneal m ast cells [256].
In total, ATP exhibited a m arked tissue and species selectivity in its
action. These observations extend and complement previous studies [202,259261]. ATP is thought to exert its histamine releasing properties via a specific
receptor or binding site on the mast cell membrane [152]. These sites m ay then
be absent or uncoupled to the secretory or perm eabilization process in mast
cells which are unreactive to ATP. The nucleotide is believed to act by
inducing the form ation of lesions in the cell m em brane which perm it the influx
of extracellular calcium and thereby initiate secretion [150].
To determ ine w hether only responsive m ast cells w ere susceptible to
permeabilization by ATP, measurements of the uptake of the normally
im perm eant fluorescent dye ethidium bromide were perform ed. ATP, in the
presence of ethidium bromide, induced a pronounced increase in fluorescence
of rat peritoneal m ast cells. This increase, which commenced w ithin seconds of
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applying the ATP, is indicative of membrane permeabilization by the nucleotide
and hence access of the dye to the nuclear DNA following entry into the cells.
In sharp contrast, ham ster m ast cells were resistant to permeabilization by ATP,
as no increase in fluorescence was observed. Both cell types, however,
fluoresced rapidly following treatm ent with the potent detergent TX-100. This
agent is cytotoxic and acts by disruption of the m ast cell membrane.
ATP thus acts on rat peritoneal m ast cells by form ing permeability
lesions or pores in the plasm a membrane. These results confirm previous
studies by Gom perts and his co-workers [255,171]. Peritoneal m ast cells of the
hamster, however, were not susceptible to permeabilization by the nucleotide.
This, therefore, complements the earlier observations that ham ster m ast cells
were refractory to the histamine-releasing action of ATP at physiological
calcium concentrations. It can therefore be concluded that only certain types of
m ast cells are susceptible to permeabilization by ATP (obviously those having
appropriate binding sites or receptors). Mast cells totally resistant to this
permeabilization were consequently unresponsive to the histamine-releasing
action of the nucleotide.
It should, of course, be added that ham ster peritoneal cells did release
m oderate am ounts of histamine in response to stimulation with ATP at
supraoptim al calcium concentrations. These results apparently conflict som ewhat
w ith the above findings. A possible explanation for this m ight be that ham ster
cells do in fact possess very few receptors for ATP. Treatm ent of these cells
with the nucleotide w ould then have resulted in the formation of very few
permeability lesions. At supram axim al concentrations of calcium, these few
lesions w ould perm it the influx into the cells of sufficient extracellular calcium
to trigger significant histamine release. However, at physiological levels of the
cation, those few lesions w ould only allow a small am ount of calcium into the
cells, which w ould be insufficient to initiate secretion. These few permeability
lesions w ould also have been extremely difficult to detect w ith the ethidium
bromide technique.
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There is currently considerable interest in the possible interaction
between m ast cells and nerves in the pathogenesis of allergy and inflammation.
A direct innervation of m ast cells has been reported in a variety of animal
tissues including the gut, skin, mesentery, m yocardium and diaphragm [101103]. In rats infected with N. brasiliensis, the majority of the m ast cells in the
intestinal lamina propria were found to be in intim ate contact with non
myelinated nerves containing substance P, calcitonin gene-related peptide and
neurone-specific enolase. In some cases the apparent existence of discrete
neuroeffector junctions has been dem onstrated [100].
The precise significance of the presence of neuroeffector junctions
between m ast cells and nerves remains uncertain. Neuropeptides such as
substance P and the NANC neurotransm itter ATP are known to induce
histamine secretion from rat serosal m ast cells. In addition, both substance P
and ATP induce wheal and flare responses w hen injected intraderm ally into
hum an skin, though the nucleotide is m uch less active in producing these
responses than the peptide. The flare component, b u t not the wheal response,
is abolished by pretreatm ent w ith

-receptor antagonists [212]. It appears,

therefore, that part of the hum an skin response to substance P and ATP is
m ediated by the release of histamine, and this amine is presum ed to come
from cutaneous m ast cells. These observations have been incorporated into a
generalized axon reflex m odel of neurogenic inflammation [104]. Stimulation of
polymodal nociceptors causes impulses to pass orthodromically along prim ary
afferent nerve fibres to the dorsal horn of the spinal cord and antidromically
to terminal arborizations of the same fibre. Such antidrom ic impulses m ay lead
to the release of sensory neurotransm itters such as the neuropeptide substance
P which then stimulate m ast cells to release histamine and other mediators,
thereby amplifying the inflammatory response. The NANC neurotransm itter
ATP is also a candidate as a m ediator of the axon reflex [105,106,212].
The role
inflammation,

of neuronal

however,

has

activation
recently

of m ast
been

cells

questioned

in

allergy

[107],

and

Sensory

neuropeptides are shown to resemble synthetic polycationic compounds in
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preferentially activating m ast cells from the rat while having a limited effect
on hum an m ast cells except possibly those from skin [263]. Similar results
were also obtained in the present study w ith ATP which acted selectively
against m urine m ast cells. The activation of m ast cells by direct action of
peptidergic or purinergic neurotransm itters is thus unlikely to be of general
physiological relevance in man.
In sum m ary, the action of ATP was found to be highly tissue and
species selective. At physiological concentrations of calcium, rat pleural and
m ouse peritoneal cells responded in similar fashion to peritoneal m ast cells of
the rat. Tissue m ast cells of the latter species show ed graded responses while
peritoneal cells of the ham ster were totally unreactive. Guinea pig mesenteric
and lung cells and, m ost importantly, hum an basophils and m ast cells from
hum an skin, lung, uterus and gut were refractory to the nucleotide. The present
data thus further emphasize the heterogeneity that exists betw een m ast cells
derived from different species and locations [257,258].
This study has also shown that viable and functional m ast cells may
be isolated from rat urinary bladder. The bladder cells were responsive to a
variety of diverse stimuli. In particular, the cells were extremely reactive to
treatm ent with ATP. Thus, urinary bladder cells will hopefully complement
rat peritoneal m ast cells in models for studying m ediator release.

140

Fig. 4.1

E f f e c t o f A T P on h i s t a m i n e r e l e a s e f r o m r a t p le u r a l

m a s t c e l l s in t h e p r e s e n c e of v a r i o u s c a l c i u m c o n c e n t r a t i o n s
( m M ) a n d 1 m M m a g n e s i u m . E r r o r b a r s a r e o m i t t e d fo r c l a r i t y
b ut did n o t e x c e e d 16%. ( n * 4 )
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Fig. 4 .2 a E ffect of ATP on histam ine r e le a s e from m o u se
peritoneal m ast c e lls in th e p r e se n c e of various calcium
con cen tration s (mM) and 1 mM magnesium. Values are co rrected
for the appropriate s p o n ta n e o u s r e le a se sh ow n in (b). (n=4)
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Fig. 4.2b E ffect of various calcium c o n c e n tr a tio n s on the
s p o n ta n e o u s r e le a s e from m ou se peritoneal m ast c e lls. (n=4)
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Fig. 4 . 3

E f f e c t o f A T P on h i s t a m i n e r e l e a s e f r o m r a t

m e s e n t e r i c m a s t c e l l s in t h e p r e s e n c e of v a r i o u s c a l c i u m
c o n c e n t r a t i o n s ( m M ) and 1 m M m a g n e s i u m . E r r o r b a r s a re
o m i t t e d for c l a r i t y b u t did n ot e x c e e d 7.7%. (n=4)
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Table 4.1 Effect of ATP on histamine release from rat intestinal mast
cells in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentrations of:
1 mM

5 mM

10 mM

20 mM

31

1.9 ± 0.9

0.2 ± 0.2

0.8 ± 0.4

1.4 ± 0.5

62

1.2 ± 0.8

0.4 ± 0.3

1.6 ± 1.0

1.4 ± 0.8

125

1.1 ± 0.6

0.2 ± 0.2

1.7 ± 0.6

1.9 ± 0.6

250

2.0 ± 1.3

0.7 ± 0.6

1.8 ± 0.8

4.3 ± 2.1

500

4.7 ± 1.6

3.6 ± 1.5

5.5 ± 1.3

13.3 ± 3.0

1000

11.7 ± 1.6

10.3 ± 1.5

14.2 ± 0.2

16.1 ± 2.1

ATP ( j i M )

R elease with anti-lgE (1/300 dilution, 1 mM Ca2+), included a s a positive
control, w as 19.4 ± 4.9%. Values are means ± SEM for 3-4 experiments.
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Table 4.2 Effect of ATP on histamine release from rat lung mast cells
in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentrations of:
0.1 mM

1 mM

5 mM

10 mM

20 mM

31

1.5 ± 0.8

2.6 ± 0.7

1.6 ± 0.9

0.9 ± 0.5

1.1 ± 0.5

62

1.2 ± 0.9

2.7 ± 1.0

2.2 ± 0.9

1.3 ± 0.4

2.0 ± 0.6

125

2.2 ± 0.5

2.7 ± 0.6

3.0 ± 0.7

1.9 ± 0.5

2.2 ± 0.8

250

1.4 ± 0.9

2.5 ± 0.6

4.2 ± 0.7

1.5 ± 0.4

2.6 ± 0.6

500

2.9 ± 0.8

4.3 ± 0.4

8.7 ± 2.2

7.2 ± 1.5

2.8 ± 0.7

1000

3.3 ± 1.2

4.6 ± 0.9

9.1 ± 3.5

11.5 ± 4.6

6.4 ± 2.3

ATP (pM)

R elease with anti—IgE (1/300 dilution, 1 mM Ca2+), included as a positive
control, w as 27.3 ± 5.9%. Values are means ± SEM for 4 experiments.
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Table 4.3

Effect of ATP at various calcium concentrations and compound 48/80
on histamine release from rat cutaneous mast cells.

Histamine R elease (%) in Ca2+ Concentrations of:
0.1 mM

1 mM

5 mM

10 mM

20 mM

1.0 ± 0.5
1.1 ± 0.5

0.2 ± 0.1
1.6 ± 0.7

0.9 ± 0.6
1.8 ± 0.7

0.7 ± 0.6
1.0 ± 0.5

0.7 ± 0.5
0.8 ± 0.4

1.2 ± 0.8

500

1.0 ± 0.5
1.5 ± 0.7
2.5 ± 0.9

1.6 ± 1.0
0.9 ± 0.9
1.5 ± 0.7

0.6 ± 0.6
0.6 ± 0.6
0.9 ± 0.9

1.1 ± 0.5
1.5 ± 0.7
1.6 ± 0.4

1000

2.8 ± 1.1

4.4 ± 0.7

1.9 ± 0.8

2.9 ± 1.0

A TP QiM)

31
62
125
250

1.6 ± 0.4
3.1 ± 0.2
3.5 + 0.7

Compound 48/80 (jig/ml)

0.1

0.1 ± 0.1

1

16.1 ± 4.2

10

29.7 ± 6.2

100

36.7 ± 5.4

1000

39.2 ± 7.1

Release with anti-lgE (1/300 dilution, 1 mM Ca2+), included as a positive
control, was 14.4 ± 3.5%. Values are means ± SEM for 3-4 experiments.
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Table 4.4 Effect of ATP on histamine release from hamster peritoneal mast
cells in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentrations of:
0.1 mM

1 mM

5 mM

10 mM

20 mM

31

1.6 ± 0.3

3.2 ± 0.7

6.0 ± 0.7

12.8 ± 2.4

26.4 ± 4.3

62

1.9 ± 0.7

2.1 ± 1.0

6.4 ± 0.6

12.8 ± 2.4

33.2 ± 6.0

125

1.4 ± 0.4

2.7 ± 0.6

7.4 ± 0.7

16.0 ± 4.3

39.8 ± 4.4

250

4.2 ± 1.6

4.4 ± 0.6

8.1 + 1.7

14.9 ± 2.6

36.9 ± 4.3

500

2.6 ± 4.1

3.1 ± 0.8

7.7 ± 1.5

14.9 ± 3.6

36.5 ± 4.7

1000

3.9 ± 2.0

2.8 ± 0.7

7.3 ± 0.9

10.9 ± 2.7

24.1 ± 4.5

ATP (pM)

Values are means ± SEM for 4 experiments.
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Fig. 4.4
Uptake of ethidium bromide by rat peritoneal mast cells.
Time courses of the fluorescent emission from cells treated with (a) TX-100 (0.1
pl/ml) and (b) ATP (250 pM) in the presence of ethidium bromide. The arrow denotes
time of addition of ATP or TX-100. The two agents were tested on 4 separate
occasions and their effects were reproducible. (1 cm/min recorder speed)
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Fig. 4.5
Uptake of ethidium bromide by ham ster peritoneal mast cells.
Time courses of the fluorescent emission from cells treated with (a) TX-100 (0.1
jxl/ml) and (b) ATP (250 pM) in the presence of ethidium bromide. The arrow denotes
time of addition of ATP or TX-100. The two agents were tested on 3 separate
occasions and their effects were reproducible. (1 cm/min recorder speed)

(a)

r

~

c
3
>*

k_

ro

M 1 H iri

*-

EH

—

E: 3 1o

nk.

2. 0

4„ u

500

5

.0

Ti me

«3

(b)

Ti me

8. 9

1O . O

1

149

Table 4.5 Effect of ATP on histamine release from guinea pig mesenteric
mast cells in the presence of various calcium concentrations.

Histamine Release (%) in Ca2+ Concentrations of:
0.01 mM

0.1 mM

1 mM

5 mM

10 mM

20 mM

ATP (pM)
31

2.7

0.5

1.4

0.9

1.3

2.0

62

3.4

1.4

1.1

1.4

2.9

2.6

125

4.9

2.0

2.0

1.0

1.6

2.6

250

4.2

2.4

2.1

1.1

0.9

2.0

500

3.5

1.8

1.1

1.4

1.7

2.6

1000

1.3

0.9

0.1

0.0

1.0

1.3

Values are means from 2 experiments.
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Table 4.6

Effect of ATP on histamine release from guinea pig lung mast
cells in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentrations of:
0.01 mM

0.1 mM

1 mM

5 mM

10 mM

20 mM

31

1.2

0.6

0.8

0.3

0.0

0.7

62

2.1

0.6

0.0

0.0

0.7

0.7

125

3.1

1.9

1.1

0.0

1.2

0.7

250

2.9

1.9

0.0

0.0

4.8

0.7

500

3.2

2.2

0.0

0.0

0.7

1.4

1000

4.3

2.8

0.0

0.0

1.4

1.4

ATP (fiM)

Values are means from 2 experiments.
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Table 4.7 Effect of ATP on histamine release from human basophils
in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentration of:

0.1 mM

1 mM

5 mM

10 mM

20 mM

31

0.6 ± 0.6

0.0 ± 0.0

0.5 ± 0.3

0.1 ± 0.1

0.0 ± 0.0

62

1.1 ± 0.6

0.0 ± 0.0

1.2 ± 0.5

0.5 ± 0.5

0.1 ± 0.1

125

0.5 ± 0.5

0.0 ± 0.0

0.6 ± 0.4

0.4 ± 0.5

0.0 ± 0.1

250

0.6 ± 0.6

0.0 ± 0.0

0.1 ± 0.1

0.6 ± 0.6

0.1 ± 0.6

500

0.7 ± 0.7

0.1 ± 0.1

0.0 ± 0.1

0.5 ± 0.5

0.1 ± 1.1

1000

0.0 ± 0.0

0.2 ± 0.2

0.5 ± 0.4

0.5 ± 0.5

1.0 ± 1.0

ATP (fiM)

R elease with anti-human IgE (1/300, 1 mM Ca2+), included a s a positive
control, w as 28.7 ± 6.3%. Values are means ± SEM for 3 experiments.
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Table 4.8 Effect of ATP on histamine release from human lung mast cells
in the presence of various calcium concentrations.

Histamine Release (%) in Ca2+ Concentrations of:
0.1 mM

1 mM

5 mM

10 mM

31

0.5 ± 0.2

0.3 ± 0.3

7.4 ± 2.4

12.4 ± 2.4

10.1 ± 2.5

62

0.5 ± 0.3

0.3 ± 0.3

7.1 ± 2.2

13.5 ± 2.6

11.6 ± 2.9

125

0.3 ± 0.3

0.2 ± 0.1

6.4 ± 1.8

14.5 ± 2.7

11.8 ± 2.8

250

0.9 ± 0.6

0.3 ± 0.2

6.1 ± 1.6

11.9 ± 2.6

9.2 ± 3.9

500

0.4 ± 0.3

0.1 ± 0.6

4.5 ± 1.9

10.1 ± 3.4

6.4 ± 2.9

1000

3.4 ± 1.2

5.3 ± 3.2

2.8 ± 1.4

5.2 ± 3.2

4.4 ± 2.7

3.8 ± 0.4

4.9 ± 0.6

6.3 ± 1.7

14.0 ± 3.8

32.6 ± 8.3

20 mM

ATP (pM)

Spontaneous

Release with anti-human IgE (1/300 dilution, 1 mM Ca24), included as a positive
control, was 23.1 ± 5.6%. Values are means ± SEM for 5 experiments.
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Table 4.9 Effect of ATP on histamine release from human intestinal mast
cells in the presence of various calcium concentrations.

Histamine Release (%) in Ca2+ Concentrations of:
1 mM

5 mM

10 mM

20 mM

(n=4)

(n=2)

(n=3)

(n=3)

ATP (jiM)
31

0.3 ± 0.3

5.8

5.0 ± 2.6

1.8 ± 1.8

62

5.4

6.4 ± 2.8

2.5 ± 1.8

125

2.0 ± 0.5
0.8 ± 0.4

6.6

5.8 ± 3.2

3.1 ± 2.1

250

0.3 ± 0.3

5.2

2.8 ± 2.1

500

0.3 ± 0.3

6.4

5.0 ± 2.9
2.1 ± 1.1

2.5 ± 2.3

1000

1.7 ± 0.7

0.0

0.0 ± 0.0

0.0 ± 0.0

4.7 ± 0.9

10.1

31.3 ± 5.5

43.2 ± 7.2

Spontaneous

Release with anti-human IgE (1/300 dilution, 1 mM Ca2+), included as a positive
control, was 25.1 ± 4.2%. Values are means ± SEM for 2-4 experiments.
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Table 4.10 Effect of ATP on histamine release from human uterine mast
cells in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentrations of:
1 mM

5 mM

10 mM

ATP (pM)
62

0.0

n.d.

16.2

125

6.1

n.d.

17.1

250

0.2

5.4

13.8

500

1.8

1.4

12.2

1000

2.6

n.d.

0.5

4.5

8.1

19.5

Spontaneous

Release with anti-human IgE (1/300 dilution, 1 mM Ca2+), included as a positive
control, was 23.1%. Values are from 1 experiment, n.d. denotes not determined.
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Table 4.11 Effect of ATP on histamine release from human foreskin
mast cells in the presence of various calcium concentrations.

Histamine R elease (%) in Ca2+ Concentrations of:
1 mM

5 mM

10 mM

20 mM

31

1.0

0.0

0.0

0.9

62

0.6

0.0

0.0

1.4

125

0.3

0.0

2.8

0.0

250

1.0

0.0

2.7

3.5

500

1.5

0.0

1.9

4.0

1000

3.5

0.0

0.0

1.2

9.6

17.0

17.6

20.5

ATP (pM)

Spontaneous

R elease with anti-human IgE (1/300 dilution, 1 mM Ca2+), included a s a
positive control, w as 16.2%. Values are m eans from 2 experiments.
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Fig. 4 . 6

E f f e c t o f A T P on h i s t a m i n e r e l e a s e f r o m r a t

u r i n a r y b l a d d e r m a s t c e l l s in t h e p r e s e n c e o f v a r i o u s
c a l c i u m c o n c e n t r a t i o n s (1 m M m a g n e s i u m ) . E r r o r b a r s
a r e o m i t t e d f o r c l a r i t y b u t did n o t e x c e e d 10%. (n =5)
H i s t a m i n e R e l e a s e (%)
60

0.1 mM

50
10 mM

40
0 mM

5 mM

30
0.01 mM

20

10

0

31

62

125

ATP (/I M)

250

500

1000

157

H i s t a m i n e R e l e a s e (%)
70 r

60

50

40

30

20

10

0.1

0.3

1
lon om ycin

3
(jj

10

M)

Fig. 4.7 Effect of ionomycin on
histamine release from rat urinary
bladder mast cells. (n=5)
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bladder mast cells. (n=4)
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Chapter 5

CHAPTER FIVE
CHARACTERIZATION OF THE ATP "RECEPTOR" O N RAT
M AST CELLS USING APPROPRIATE P2-PURINOCEPTOR
AGONISTS A N D A N TAG O N ISTS

5.1

INTRODUCTION
Exogenous adenine nucleotides exert a variety of potent extracellular

actions on excitable membranes and m ay thus be involved in a diversity of
physiological regulatory processes. In 1972 Bumstock proposed that ATP or a
related purine nucleotide is the principal neurotransm itter released from some
non-adrenergic, non-cholinergic (NANC) nerves in the autonomic nervous
system and that such nerves be termed purinergic [213]. NANC nerves are
widely distributed in the gastrointestinal tract of vertebrates including man and
have also been recognized in a variety of other organs, particularly in the
cardiovascular, respiratory and urinogenital systems [213]. Other putative
NANC transmitters include 5-hydroxytryptamine, y-aminobutyric acid, dopamine
and various peptides such as substance P, somatostatin, calcitonin gene-related
peptide, neurotensin and vasoactive intestinal polypeptide [240].
Since then considerable evidence has accumulated that ATP is also a
co-transmitter with noradrenaline in sympathetic nerves and w ith acetylcholine
in m otor and parasympathetic nerves [236-238]. In 1978, the actions of ATP
were proposed to be mediated by a distinct class of cell-surface receptors which
have been designated P2 to distinguish them from the PT-re cep tors that
recognize adenosine [214]. Thus, Pj-purinoceptors show an agonist potency
order of adenosine > AMP > ADP > ATP, are competitively blocked by
methylxanthines and occupation of the receptor leads to changes in intracellular
cyclic AMP levels. P2-receptors, however, show a potency order of ATP > ADP
> AMP > adenosine, are not blocked by m ethylxanthines or coupled to an
adenylate cyclase system and in some cases occupation of the receptor leads
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to prostaglandin synthesis. At the time, there were no know n specific P2purinoceptor antagonists although several agents were reported to have some
selective actions on the responses to ATP in a num ber of tissue preparations.
These include quinidine [224], high concentrations of 2-substituted imidazoline
compounds such as antazoline and phentolamine mesylate [225,226] and 22'pyridylisatogen tosylate [227,228]. Moreover, the bee-venom toxin apam in was
also claimed to be a specific P2-antagonist [229]. However, apam in was soon
shown to be a blocker of K+ channels and is therefore non-selective for the
ATP receptor [230,231]. Later it was dem onstrated that P2-receptor m ediated
responses

were

antagonized

by

the

photolysible

analogue

of

ATP,

arylazidoam ino-propionyl ATP (ANAPP 3) [218], and were desensitized by oc,pmethylene ATP [219].
The P1-purinoceptor has subsequently been divided into Aj and A 2
receptors [215] or Rj and R, receptors [216]. More recently, Burnstock and
Kennedy [217] suggested a subdivision for the P2-purinoceptor into ^ 2X
mediating excitatory (contractile) responses and P2Y m ediating inhibitory
(relaxant) responses on smooth muscle. This division was based largely on the
rank order of agonist potency of structural analogues of ATP. In general, the
order of potency of agonists at the P^-purinoceptor was found to be a,pmethylene ATP (a,p-meATP), p,y-methylene ATP (p,y-meATP) > ATP = 2methylthio ATP (2 -me.S.ATP), while the P2Y subtype show s a rank order of 2me.S.ATP »

ATP > a,p-meATP, P,y-meATP.

In support of the P2-purinoceptor subdivision, ANAPP 3, the P2antagonist, and a,p-meATP, which desensitizes the P 2-receptor, are found in
fact to be selective in antagonizing only the ^ 2X-purinoceptor m ediated response
[217]. Moreover, reactive blue 2 (RB2), an anthraquinone sulphonic acid
derivative has been reported to antagonize inhibitory responses to ATP in a
num ber of tissue preparations [220-223]. Cibacron blue dyes which include RB2
are widely used as affinity chromatography ligands for purification of
dehydrogenases or kinases, providing a more stable alternative to the use of
natural cofactors such as nicotinamide adenine dinucleotide, AMP and ATP
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[234,235]. Recently, the trypanocidal drug suram in was dem onstrated to
antagonize P ^ p u rin o ce p to rs in the mouse vas deferens [232] and guinea pig
urinary bladder [108], and was also shown to block actions m ediated via P2Ypurinoceptors in the guinea pig taenia coli [108]. This im perm eant polyanionic
drug is a potent inhibitor of several hydrolytic and oxidative enzymes [239]
and has been show n to inhibit the (Na+-K+)-activated ATPase in broken
mem brane preparations, possibly by interfering with the binding of ATP [233].
The effects of ATP on non-smooth muscle cells such as macrophages,
lymphocytes and m ast cells are also likely to be m ediated by interaction of
the nucleotide w ith a surface purinoceptor or binding site. The aim of this
study is to attem pt to classify the ATP receptor on m ast cells using the P2purinoceptor agonists

2-me.S.ATP, a,p-meATP and

p,y-meATP, the P2-

purinoceptor antagonist suram in and the putative P2Y-antagonist RB2. The aadrenoceptor antagonist phentolamine mesylate, which has been reported to
inhibit responses to ATP in a num ber of smooth muscle preparations [225], is
also tested as a possible antagonist to the actions of ATP on rat m ast cells.

5.2

M A TERIALS A N D M ETH O D S
All m ethods and materials employed in this study are as described in

chapter 2. In experiments involving specific secretory allergen (expressed in
worm equivalents, W.E.), rats sensitized to the nematode N. brasiliensis were
used. Any additional experimental details may be found under the appropriate
subsection of results.
Chemical structures of P2-purinoceptor agonists and antagonists used
in the ensuing series of experiments are illustrated in the appendix.
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5.3

5.3.1

RESULTS

EFFECT OF P2-PURINOCEPTOR AGONISTS ON HISTAMINE
RELEASE FROM RAT PERITONEAL MAST CELLS
In the presence of various calcium concentrations, the P2-receptor

agonists 2-me.S.ATP, a ,(3* and p/y-meATP (< 1 mM) were found to be
essentially ineffective in inducing histamine secretion from rat peritoneal mast
cells (Table 5.1).
5.3.2

EFFECT OF P2-ANTAGONISTS ON HISTAMINE RELEASE FROM
MAST CELLS STIMULATED WITH ATP AND OTHER AGENTS

5.3.2.1 The action of RB2
RB2 (in the narrow dose range of 100-600 pM) produced a potent
inhibition of the release of histamine induced by ATP from rat peritoneal mast
cells. The secretion evoked by anti-IgE, specific allergen and concanavalin A
was potentiated rather than blocked by this agent (Fig. 5.1). Importantly, RB2
dose-dependently blocked the ATP-induced secretion at various calcium
concentrations, but was m ost active at physiological levels of the divalent cation
(Fig. 5.2). RB2 alone did not elicit any histamine release (Table 5.2).
At 100-fold lower concentrations (1-10 |iM), RB2 was observed to
prevent the release produced by the polybasic ligand compound 48/80 (Fig.
5.3). To examine w hether this interaction was due to the direct binding of RB2
to the polycationic secretagogue (see chemical structures in the appendix),
absorption spectra for RB2 alone and in the presence of varying concentrations
of

com pound

48/80

were

obtained

on

a

Perkin-Elmer

554

UV-VIS

spectrophotometer. A solution of RB2 (3 ml, 60 |iM) in Tyrode's buffer was
placed in a quartz cuvette and inserted in the spectrophotometer with an
appropriate blank as reference. Over the range 450-750 nm, a maximum at 604605 nm was observed (Fig. 5.4). Addition of com pound 48/80 (which alone did
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not absorb in this region, Fig. 5.9) at concentrations of 5, 10 and 50 pg/m l,
resulted in a rightw ard shift of the spectrum with new maxima observed at
608-609 nm , 612-614 nm and 620-623 nm respectively (Fig. 5.4). Consistently,
ATP itself (as the tetrabasic anion ATP4") also antagonized the histamine
releasing action of com pound 48/80 thus indicating a similar direct binding of
the nucleotide to the positively charged polyamine liberator (Table 5.3). Low
concentrations of ATP (10-30 pM), which norm ally cause only negligible
secretion, were used in these experiments.
5.3.2.2 The action of suramin
The release of histamine induced by ATP in the presence of various
calcium concentrations was potently inhibited by suram in (10-250 pM) in a
dose-dependent manner. This drug had only a slight effect at the highest test
concentrations on the secretion elicited by allergen and anti-IgE (Fig. 5.5 and
5.6). Suramin alone did not evoke any histamine release (Table 5.4).
At a 100-fold lower dose range, suram in was observed to block the
secretion induced by com pound 48/80 (Fig. 5.7). To determ ine whether this
interaction was due to the direct binding of the polyanionic drug to compound
48/80 (see structures in the appendix), absorption spectra for suram in alone
and in the presence of varying concentrations of com pound 48/80 were
obtained on a Perkin Elmer 554 UV-VIS spectrophotometer. After establishing
a baseline reading with Tyrode's buffer, a solution of suram in (3 ml, 25 pM)
was placed in a quartz cuvette and inserted in the spectrophotom eter with an
appropriate blank as reference. Over the range 190-410 nm , tw o absorbance
maxima at 232-236 nm and 306-308 nm were observed (Fig. 5.8). In addition,
an absorption spectrum for compound 48/80 (50 p g /m l) alone was also
obtained (Fig. 5.9). In the region 200-300 nm, two absorbances were produced
which coincided with the position of the first maximum of suramin. Therefore,
only a change in the second absorbance maximum (at 306-308 nm) of this drug
was taken into consideration. Thus, addition of com pound 48/80 to suramin
at concentrations of 5, 25 and 50 p g /m l shifted the spectrum of the drug to the
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right w ith new secondary maxima observed at 309-310 nm, 311-312 nm and
313-315 nm respectively (Fig. 5.8).
5.3.3.3 The action of phentolamine mesylate
Phentolam ine mesylate (0.1-1 mM) prevented the secretion of histamine
induced by ATP from rat peritoneal m ast cells. This agent, however, was also
active against com pound 48/80 and the immunological ligands anti-IgE and
allergen. The release evoked by allergen was slightly potentiated at the lowest
test concentrations of the drug (Fig. 5.10). Phentolamine mesylate alone did not
liberate any histamine (Table 5.5).

5.4

D IS C U S S IO N
It has been dem onstrated on a num ber of sm ooth muscle tissues that

ATP and 2-me.S.ATP are more potent P2Y“Purinoceptor agonists, whereas exp
and p,y-meATP are more potent P^-agonists [217]. However, in the current
study on rat peritoneal m ast cells, only ATP was found to be

effective in

inducing secretion of histamine. Its structural analogues were completely
inactive at varying calcium concentrations, thus confirming the earlier reports
of Cockcroft & Gomperts [152] that the ATP receptor on m ast cells was
extremely sensitive to alterations of the ATP molecule. More recently, Tatham
et al. [109] examined the ability of a wide range of synthetic analogues of ATP
to induce permeabilization of the membrane of rat m ast cells with the aim of
classifying the ATP receptor. Their structure-activity studies show ed m ost of the
analogues to be inactive, and the pattern of selectivity displayed by the mast
cell ATP receptor was quite distinct from those characteristic of the P2Y- and
^2X-receptors on sm ooth muscle membranes.
In the present investigation the putative P2Y-purinoceptor antagonist
RB2 (within the narrow dose range of 100-600 pM) produced a potent and
selective inhibition of the ATP-induced secretion of histam ine from rat
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peritoneal m ast cells. The release elicited by the IgE-directed ligands allergen,
anti-IgE and concanavalin A was potentiated rather than blocked by this agent.
The observed potentiation may be due to certain non-specific membrane
perturbing effects of the anthraquinone sulphonic acid derivative or to the large
am ount of im purities present in the dye (RB2 is only 60% pure from Sigma).
At 100-fold lower concentrations (1-10 |iM), RB2 was observed to block
the release of histam ine induced by compound 48/80. However, this effect was
shown, spectrophotometrically, to be due to the direct binding of the negatively
charged RB2 to the polycationic secretagogue, rather than competition for a
particular m em brane site.
Recently it has been reported that suramin, an inhibitor of several types
of ATPases, can antagonize responses m ediated through ^2X-purinoceptors in
the m ouse vas deferens [232] and guinea pig urinary bladder [108], and via
P2Y-re cep tors in the guinea pig taenia coli [108]. W ith this in m ind, it was of
interest to evaluate the inhibitory properties of suram in on the m ast cell ATP
receptor.
In the present work, suram in (10-250 fiM) potently inhibited the
secretion of histam ine induced by ATP from rat peritoneal m ast cells. The
drug had only a slight effect at the highest test concentrations on the release
evoked by the immunological stimuli anti-IgE and specific allergen.
At a 100-fold lower dose range (0.1-5 |iM), suram in prevented the
secretion produced by the polybasic liberator com pound 48/80. This blockade
was, however, show n to be due to the direct binding of the polyanionic drug
to com pound 48/80, thereby negating its releasing potential.
Phentolam ine mesylate, an a-adrenoceptor antagonist which has been
reported to block responses to ATP in some smooth muscle preparations [225],
was also show n in this work to antagonize the ATP-induced secretion from rat
peritoneal m ast cells. However, this agent was non-specific in its action, as it
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also inhibited the release evoked by anti-IgE, allergen and com pound 48/80.
The physiological significance of the ATP "receptor" on m ast cells is
not known. One m ust consider the possibility that exogenous ATP m ay become
available as a consequence of the normal functions of m any tissues. The
nucleotide can be released from platelets, neurones and cells of the adrenal
m edulla by exocytosis of secretory granules, and from vascular endothelial and
smooth muscle cells as a result of cell lysis or selective permeabilization of the
plasma membrane. The biological responses to extracellular adenine nucleotides
have been dem onstrated to include

stimulation of exocrine and endocrine

secretion, relaxation or contraction of various smooth muscles (in particular
vascular sm ooth

muscle), platelet aggregation, m odulation

of neuronal

excitability, inhibition of tum our cell growth and evidently increases in
m em brane permeability. These responses, however, appear to be heterogeneous
in various respects: the active ATP concentration ranges from nM to mM; the
relative effects of ATP and ADP and the potencies of non-hydrolysible
analogues of ATP differ; the action may be m ediated through receptors or by
a phosphorylation reaction; and in certain cases (in particular m ast cells) the
effective agonist form of ATP is ATP4" (for review see [110]).
In sum m ary, use of appropriate agonists and antagonists indicated that
the effects of ATP on rat m ast cells were not m ediated through classical
purinergic receptor subtypes as defined from smooth muscle studies. The P2purinoceptor agonists used in this study were found to be completely inactive,
excluding the involvem ent of either P ^ or P2Y-receptor subtypes. Moreover,
secretion was inhibited by the P2-receptor antagonist suram in and the purported
P2Y-antagonist RB2. ATP thus appears to act through a novel purinoceptor or
binding site present on certain types of mast cells.
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Table 5.1

Effect of P2-purinoceptor agonists on histamine release from rat
peritoneal mast cells at varying calcium concentrations (1 mM Mg2+).

ATP
Analogue (pM)

Histamine R elease (%) in Ca2+ Concentrations of:
1 mM

5 mM

10 mM

20 mM

(a) <x,|3-meATP
31

3.9 ± 0.1

8.5 ± 3.1

4.3 ± 1.9

2.6 ± 1.2

62

4.7 ± 1.1

4.4 ± 0.2

6.5 ± 3.5

6.6 ± 0.5

125

5.3 ± 1.2

8.5 ± 4.0

1.9 ± 1.6

4.9 ± 1.8

250

6.2 ± 1.4

8.7 ± 4.5

6.8 ± 3.6

7.6 ± 1.5

500

5.9 ± 1.1

4.2 ± 0.5

2.9 ± 1.5

9.1 ± 2.2

1000

9.2 ± 2.2

7.0 ± 0.7

5.8 ± 2.6

9.7 ± 2.2

31

1.8 ± 0.5

2.7 ± 1.5

2.6 ± 1.8

1.8 ± 1.4

62

1.6 ± 0.3

2.3 ± 1.2

1.7 ± 0.8

2.8 ± 1.7

125

2.7 ± 0.7

3.0 ± 1.7

2.3 ± 2.2

3.1 ± 1.0

250

2.3 ± 0.4

2.9 ± 1.7

2.6 ± 2.2

3.1 ± 1.9

500

2.6 ± 0.6

3.7 ± 1.8

5.6 ± 2.7

8.4 ± 4.0

1000

5.3 ± 1.0

8.2 ± 1.0

8.7 ± 2.2

14.8 ± 7.3

31

2.3 ± 0.6

3.5 ± 1.1

1.6 ± 0.8

3.7 ± 1.1

62

4.5 ± 1.6

5.7 ± 0.9

3.8 ± 3.3

4.1 ± 1.5

125

5.1 ± 0.9

5.2 ± 1.9

4.1 ± 0.6

4.7 ± 0.6

250

8.4 ± 0.5

7.9 ± 1.4

6.7 ± 1.4

7.4 ± 1.1

500

9.3 ± 1.6

8.1 ± 1.1

8.3 ± 0.9

8.1 ± 1.3

1000

10.5 ± 1.8

11.1 ± 2.2

9.9 ± 0.4

15.8 ± 2.9

(b) p,y-meATP

(c) 2-m e.S.ATP

Values are means ± SEM for 3 experiments.

170

Fig. 5.1
E f f e c t of R B 2 on h is ta m in e s e c r e t i o n fro m rat
p e r i t o n e a l m a s t c e l ls stim u late d w i t h ATP (110 juM), a llerge n
( 4 0 W E / m l ) , a n t i - I g E (1/100) and Con A ( 3 3 p g / m l ) (1 mM Ca).
RB 2 was ad ded to ce lls sim ulta n eo u sly w i t h th e stimulus.
C o n trol r e le a s e s were 47.6±4.8% , n=5, ATP; 3 0 . 2 ± 2 . 3 % , ns3,
allergen; 29 .8± 4 .6 % , n=4, anti-IgE; and 16±4.8%, ns3, Con A.
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Fig. 5 .2 E f f e c t of R B 2 on h is t a m in e r e l e a s e i n d u c e d by ATP
in t h e p r e s e n c e o f v a r i o u s c a lc iu m c o n c e n t r a t i o n s (m M ).
Control re leases were 26.9+5.1% ( 2 5 0 jjM ATP, 0.01 mM Ca),
4 4 . 3 ± 8 .5 % (150 pM ATP, 0.1 mM Ca), 41.5±3.9% (110 pM ATP,
1 mM Ca), 46 .9+9 .5 % ( 2 5 0 pM ATP, 10 mM Ca) and 55 .8±7.5%
( 7 5 0 pM ATP, 2 0 mM Ca). Error bars are omitted for c l a r i t y
but did not e x c e e d 16.0%. (n«3)
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Table 5.2

Effect of RB2 alone on histamine release
from rat peritoneal mast cells.

RB2 (pM)

Histamine Release (%)

1

0.5 ± 0.3

10

1.6 ± 1.3

100

2.3 ± 1.6

1000

6.8 ± 2.7

Values are m eans ± SEM for 3 experiments.
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Fig. 5 . 3

E f f e c t of R B 2 on h is t a m in e s e c r e t i o n from rat

p e r i t o n e a l m a s t c e l l s s t im u la t e d w i t h c o m p o u n d 4 8 / 8 0
( 0 . 3 jug/ml). T h e c o n t r o l r e l e a s e w as 4 9 . 3 ± 3.5%. (n=4)
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Fig. 5.4 U ltraviole t absorption sp e ctro m e try of RB2 (± co m p o u n d 48/80).
The effect of increasing concentrations of com pound 48/80 (5, 10 & 50 pg/ml)
on the spectral profile of RB2 (60 pM). (Speed 120 nm/min, rec. 10 nm/cm)

<D

n
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Table 5.3
Inhibition of compound 48/80-induced histamine release from
rat peritoneal mast cells by ATP.

ATP (pM)

Inhibition (%)

10

- 6.1 ± 10.1

20

41.1 ± 2.1

30

62.0 ± 1.8

The control release with compound 48/80 (0.25 pg/ml) w as 54.4 ± 4.5%.
Values are m eans ± SEM for 3 experiments.
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Fig. 5 .5 E f f e c t of su ra min on h is t a m in e r e l e a s e fro m rat
p e r i t o n e a l m a s t ce lls stim u lated w it h ATP (110 juM), a n t i - l g E
( 1 / 3 0 0 d ilu tio n ) and alle rg e n ( 3 0 W E / m l ) (1 mM C a ). T h e
drug w a s a d d e d to c e l ls s i m u l t a n e o u s l y w i t h t h e s t im u lus .
C o n t r o l r e l e a s e s w e r e 5 0 . 6 ± 7 . 3 % , n=6 , ATP; 18.6±2.1, n=4,
a n t i - l g E and 4 4 . 4 ± 2 . 9 % , n=4, allergen.
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Fig. 5.6 E f f e c t of suramin on histamine r e le a s e induced by
ATP in the p r e s e n c e of vario us calcium c o n c e n t r a t i o n s (mM).
Control re le a s e s were 3 7 . 9 ± 5.4% (150 pM ATP, 0.1 mM Ca),
5 0 . 6 ± 7.3% (100 p M ATP, 1 mM Ca), 52 .9 ± 4.0% (150 p M ATP,
5 mM Ca), 4 4 . 6 ± 8 .6 % ( 2 5 0 pM ATP, 10 mM Ca) and 47.1 ± 7.0%
( 5 0 0 pM ATP, 2 0 mM Ca). Error bars are o m itte d for c l a r i t y
but did not e x c e e d 16.4%. (n=4-6)
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Fig. 5.7

E f f e c t of s u ra m in on h i s t a m i n e r e l e a s e from rat

p e r i t o n e a l m a s t c e l ls s t i m u l a t e d w i t h c o m p o u n d 4 8 / 8 0
( 0 . 2 5 p g / m l ) . T h e c o n t r o l r e l e a s e w a s 6 7 . 9 + 7.5%. (n=4)

100

I n h i b i t i o n (%)
r

80

60 -

40

20

0.1

0.25

0.5

0.75

1

Suramin (ju M)

2.5

5

179

Table 5.4

Effect of Suramin alone on histamine
release from rat peritoneal mast cells.

Suramin (jxM)

Histamine R elease (%)

1

2.1 ± 0.5

10

1.7 ± 0.2

100

3.5 ± 0.6

1000

4.2 ± 0.7

Values are means ± SEM for 3 experiments.
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Fig. 5.8 U ltraviolet absorption spectrom etry of suram in (± c o m p o u n d 48/80).
The effect of increasing concentrations of compound 48/80 (5, 25 & 50 pg/m l)
on the spectral profile of suramin (25 fiM). (Speed 120 nm/min, rec. 10 nm/cm)
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Fig. 5.9

U ltra vio le t abso rp tion spectrom etry of co m p o u n d 48/80 (50 pg/m l).
(Speed 240 nm/cm, rec. 10 nm/cm)
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Fig. 5.10 E f f e c t of p h e n t o la m i n e m e s y l a t e on h is t a m in e
r e l e a s e from rat p e r i t o n e a l m a s t c e lls s t i m u l a t e d w i t h ATP
(100 jjM), allergen ( 4 0 W E / m l ) , a n t i - l g E ( 1 / 1 0 0 d il u tio n )
and c o m p o u n d 4 8 / 8 0 ( 0 . 3 jug/ml) (1 mM Ca ). T h e drug was
a d d e d to c e lls s i m u l t a n e o u s l y w it h t h e s e c r e t o r y stim ulus.
Control releases were 4 5 . 0 ± 9 . 3 % (ATP), 4 0 . 2 ± 4 . 8 % ( a n t i - lg E ) ,
42.9±6.1% (allergen) and 41.0±5.1% (compound 4 8 / 8 0 ) . (n=4)
Inhibition (%)

120
100

Compound 4 8 / 8 0

80
Allergen

Anti-lgE

60

ATP

40

20

-20

-40
100

200

300

400

500

600

700

Phentolamine mesylate

800

9 0 0 1000

183

Table 5.5
Effect of phentolamine mesylate alone on histamine
release from rat peritoneal mast cells.

Phentolamine (pM)

Histamine R elease (%)

100
200

0.1 ± 0.1

300

0.7 ± 0.7

400

0.5 ± 0.2

500

0.4 ± 0.1

600

0.4 ± 0.3

800

1.8 ± 1.1

1000

1.1 ± 0.7

0.7 ± 0.2

Values are means ± SEM for 3 experiments.
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CHAPTER SIX
INHIBITION OF ATP-INDUCED HISTAM INE RELEASE
FROM RAT PERITONEAL M AST CELLS BY
VARIOUS ANTI-ALLERGIC D R U G S

6.1

INTRODUCTION
Histamine release from the m ast cell m ay be produced by a wide range

of pharmacological and immunological stimuli [241]. As in other exocytotic
systems the release process is triggered by an increased level of ionized calcium
in the cell cytosol. Activation of the cell is thought to increase the permeability
of the membrane to external calcium (that is, to open calcium gates in the
membrane) or to mobilize internal reservoirs of the cation [242-243]. Anti
allergic drugs such as disodium cromoglycate (DSCG) and com pounds which
elevate intracellular cyclic AMP levels have been claimed to inhibit histamine
release by acting directly on the calcium-gating m echanism to prevent
movement of the cation from the extracellular environm ent into the cytosol
[243-246].
More

detailed

studies

by

Pecht

and

his

co-workers

[247,248]

dem onstrated that DSCG binds to a specific protein on the cell membrane
which they were able to isolate from rat basophil leukaemic (RBL) cells using
affinity chromatography. Variants of this cell line which lacked the DSCGbinding

protein

did

not

take

up

radioisotopic

calcium

nor

undergo

degranulation following immunological stimulation. Im plantation of the binding
protein into the variants restored cell function, and calcium transportation could
be induced by monoclonal antibodies to the binding protein in synthetic lipid
bilayers containing either the purified protein or plasm a m em brane components
from the RBL cells [249-251]. This suggested that the DSCG receptor or binding
protein m ight constitute the calcium channel itself in the RBL cell and that the
chromone inhibited histamine release by blocking stim ulated fluxes of the
cation. There are, however, a few points of reservation about these quite
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compelling observations. Recently patch-clamping experiments have failed to
dem onstrate any calcium channels in intact m ast cell m em branes stim ulated by
immunological interaction [211]. Furthermore, the RBL cell has been the only
cell line in which the DSCG-binding protein has been identified and by
comparison w ith rat m ast cells, these cells, w hen stim ulated to secrete with
immunological ligands, are relatively insensitive to inhibition by DSCG. Some
workers have even failed to inhibit secretion from RBL cells w ith the chromone
[112].
The introduction of DSCG some twenty years ago has provided a
significant advance in the treatm ent and prophylaxis of asthm a and other
allergic conditions. Unlike antihistamines and bronchodilators which are largely
concerned w ith suppressing the local clinical effects of liberated inflammatory
m ediators, DSCG can act directly on mast cells to prevent the release of these
substances.
Since its discovery, intense efforts have been m ade to elucidate the
m ode of action of the chromone. Initial studies indicated that DSCG is involved
in the inhibition of cyclic AMP phosphodiesterase. However, m ore recent
studies have provided convincing evidence that this is unlikely to be the case.
In particular, DSCG is a more potent inhibitor of cyclic GMP- than cyclic AMPselective phosphodiesterase [252], and the concentrations of the chromone
required to inhibit the m ast cell phosphodiesterase are much greater than those
needed to prevent m ediator release [252,253], Moreover, cromoglycate but not
m ethylxanthines exhibits the phenomenon of tachyphylaxis [254].
Despite considerable research, the precise m ode of action of DSCG
remains uncertain. In this work the ability of various anti-allergic drugs, and
agents which elevate intracellular cyclic AMP levels, to inhibit the release of
histamine from rat m ast cells stimulated with ATP and anti-lgE was examined.
The nucleotide differs from most secretagogues in that it acts by forming
lesions or pores in the cell membrane which perm it the influx of extracellular
calcium ions, thereby inducing secretion. It would therefore be of interest to
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investigate the effects of these anti-allergic drugs on the ATP-induced secretion
from m ast cells, as a means to elucidate further their mechanism of action.

6.2

MATERIALS A N D METHODS
All methods, materials and drugs used in this study are as described

in chapter 2. Any additional experimental details m ay be found under the
appropriate subsection of results.

6.3

RESULTS

6.3.1

Effects of chromones and related compounds on histamine secretion
from m ast cells stimulated with ATP and anti-lgE
The anti-asthmatic chromones, disodium cromoglycate and its more

potent congener nedocromil sodium (0.1-100 fiM), produced a dose-dependent
inhibition of histamine secretion from rat peritoneal m ast cells stim ulated with
anti-lgE. However, both drugs Were observed to have little or no effect on the
release induced by ATP (Fig. 6.1-6.2).
In contrast, the two flavonoids quercetin and chrysin potently inhibited
the release due to both anti-lgE and ATP (Fig. 6.3-6.4).
6.3.2

Effects of cyclic AMP-active drugs on histamine release from m ast
cells stim ulated with ATP and anti-lgE
The phosphodiesterase inhibitors, theophylline and isobutyl methyl

xanthine (IBMX), effectively blocked the release of histamine evoked by antilgE and ATP from rat peritoneal mast cells but appeared slightly more active
against the immunological ligand (Fig. 6.5-6.6).
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More importantly, dibutyryl cyclic AMP (Bu2cAMP) and 8-bromo cyclic

AMP (Br-cAMP), which are cell permeable analogues of cyclic AMP, also
prevented the secretion of histamine elicited by both stimuli. These analogues,
however, were observed to be slightly more effective against ATP than antilgE (Fig. 6.7-6.8).

6.4

DISC USSIO N
The present study has shown that secretion induced by ATP was

inhibited by cAMP-active drugs and by the two flavonoids quercetin and
chrysin, b ut not by DSCG and nedocromil sodium . However, all these
inhibitors were effective against the release elicited by anti-lgE. Since the two
chromones exhibit tachyphylaxis, with their inhibitory action decaying rapidly
on preincubation, these differential effects may reflect the slower kinetics of the
ATP-evoked release.
The mechanism of this tachyphylaxis to the two chromones is not well
understood.

The

reduced

inhibitory

action

of

DSCG

with

increased

preincubation time before addition of secretory stim ulus to m ast cells was
shown by several investigators not to be due to uptake, metabolism or other
inactivation of the drugs. These authors dem onstrated that addition of more
DSCG at the time of stimulation does not produce any further inhibitory effect
or reverse the tachyphylaxis that has been induced by preincubation with the
chromone [113-115].
It has been suggested that DSCG may prevent the process of histamine
release by causing the formation of an endogenous component that mediates
the inhibition [115,116]. Tachyphylaxis may, thus, represent the depletion of this
component, despite the continued presence of the chromone at its receptor.
Recently DSCG was demonstrated to induce the phosphorylation of a singular
rat m ast cell protein of molecular weight 78,000. Therefore, one candidate for
the endogenous

inhibitory

component formed

by

DSCG

may be

the
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phosphorylated protein. In addition, the phosphorylation produced by the
chromone also exhibited tachyphylaxis. Tachyphylaxis m ay then represent the
automatic dephosphorylation of the protein in the cell, in spite of the continued
receptor occupancy by DSCG [117,118].
Interestingly, this same protein also becomes phosphorylated in the
absence of the chromone during the normal term ination of secretion after
stimulation of the m ast cell [117]. Thus, it appears that DSCG m ay produce
its inhibitory effects by activation of a natural control mechanism in the cell.
Other inhibitors of histamine release such as dibutyryl cyclic AMP, which
m ight be expected to induce protein phosphorylation through cyclic AMPdependent kinases have failed to induce phosphorylation of the 78,000 dalton
m ast cell protein [117]. It has, however, been observed that dibutyryl- and 8bromo-cyclic GMP phosphorylate the 78,000 dalton protein, and hence the
chromone m ay be activating cyclic GM P-dependent protein kinase [117]. In
addition there are several reports that DSCG is an inhibitor of cyclic nucleotide
phosphodiesterase [119-121]. Bergstrand et ah [121,122] dem onstrated the
existence of a cyclic GMP-selective phosphodiesterase in m ast cells. Since this
cyclic nucleotide

appears

to

phosphorylate

the

same

protein

as

that

phosphorylated by DSCG, it may thus be likely that the chromone acts, at least
in part, by preventing cyclic GMP breakdown.
In the present work, the phosphodiesterase inhibitors theophylline and
IBMX, the cyclic AMP analogues Bu2cAMP and Br-cAMP and the two
flavonoids quercetin and chrysin were all found dose-dependently to inhibit
the ATP-induced histamine release from rat peritoneal m ast cells. The
phosphodiesterase inhibitors elevate intracellular levels of cyclic AMP by
preventing the enzymic destruction of the cyclic nucleotide while the cyclic
AMP analogues, which can penetrate the cell m ore readily than the free
nucleotide, cause a direct increase in the cytosolic concentration of cyclic AMP.
Pharmacologically elevated levels of the nucleotide are thought to be linked to
the prevention of the release of histamine and other m ediators [243,123-125].
This concept, however, has been questioned by various investigators who have

Chapter 6

189

failed to dem onstrate any correlation between the inhibition of secretion and
the rise in the cyclic AMP content of rat m ast cells following stim ulation by
various ligands [126-128]. It has then been argued that there are discrete
compartm ents of cyclic AMP within the m ast cell and that only certain pools
are coupled to the inhibition of mediator release [126,127,129].
Initial studies have also suggested that a variety of anti-allergic agents
and cyclic AMP-active drugs act directly on the receptor m ediated activation
of calcium gates in the cell membrane to prevent influx of the cation from the
external environm ent and consequently block exocytosis [243,244]. However,
considerable evidence has recently accumulated against these reports. A wide
range of anti-anaphylactic compounds and agents which elevate intracellular
levels of cyclic AMP have been shown to prevent secretion evoked by various
ligands in the absence of extracellular calcium [93,94,130]. U nder these
conditions the histam ine liberators mobilize reservoirs of calcium which are
sequestered within the cell and so no influx from the external environm ent is
possible. M oreover, these drugs inhibit histamine release induced by the
calcium ionophores A23187 and ionomycin [95,96]. These agents by-pass the
receptor-m ediated

activation

of calcium

channels

and

prom ote

simple

translocation of calcium across the membrane by forming lipid-soluble
complexes with the cation. Finally, the anti-allergic com pounds block cytotoxic
release produced by detergents [97-99]. Such agents do not elicit secretion by
calcium -dependent exocytosis, but act by disruption of the cell membrane. All
these observations imply that the anti-allergic drugs have a quite non-specific
protective action and are therefore more likely to exert a general stabilizing
effect on the m ast cell membrane. In this study, quercetin, chrysin and a
variety of cyclic AMP-active drugs were shown potently to inhibit secretion
from rat peritoneal m ast cells treated with ATP. The nucleotide is thought to
act by causing the formation of lesions or pores in the cell m em brane which
perm it the entry of calcium, thereby inducing histamine release. An increased
stability or reduced fluidity of the mast cell membrane w ould thus also protect
the cell against the permeabilizing effect of ATP. Alternatively, the com pounds
could act at some point distal to calcium entry into the cell.
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A part from their action on m ast cells, flavonoids such as quercetin and

chrysin display inhibitory effects on m any other cell systems including
neutrophils [88], cytotoxic T-cells [89] and smooth muscle [90]. Although
flavonoids are structurally related to DSCG, their mechanism of action on m ast
cells differs from that of cromoglycate. Briefly, quercetin and chrysin do not
exhibit tachyphylaxis and are thought to prevent histamine release by
interfering with Ca2+-ATPase [91]. Moreover, quercetin but not DSCG, is found
to be an effective inhibitor of secretion from hum an basophil leukocytes [92].
In summary, secretion induced by ATP was largely unaffected by the
antiasthmatic chromones DSCG and nedocromil sodium but was inhibited by
structurally related flavonoids and by cyclic AMP-active drugs. The two
chromones exhibit a sharp tachyphylaxis in which activity decays rapidly on
preincubation with m ast cells prior to stimulation. Therefore, since the release
process evoked by ATP was slow, requiring a relatively long period of
incubation, the inhibitory action of DSCG and nedocromil sodium m ight have
been lost under these conditions. However, given the mode of action of ATP,
it is clear that flavonoids and cyclic AMP-active compounds cannot act by
blocking calcium influx through receptor m ediated mechanisms.
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Fig. 6.1 E f f e c t o f d i s o d i u m c r o m o g l y c a t e o n h i s t a m i n e
r e l e a s e f r o m ra t p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP
(110 juM) a n d a n t i - l g E ( 1 / 3 0 0 d il u tio n ) . T h e d r u g w a s a d d e d
to c e l l s s i m u l t a n e o u s l y w i t h t h e s t i m u l u s . C o n t r o l r e l e a s e s
w e r e 47.1 ± 3 . 7 % (A T P ) a n d 4 0 . 9 ± 3 . 5 % ( a n t i - l g E ) . (n=4)
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Fig. 6 . 2 E f f e c t o f n e d o c r o m i l s o d i u m on h i s t a m i n e
f r o m r a t p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP
a n d a n t i - l g E ( 1 / 3 0 0 d il u tio n ). T h e d ru g w a s a d d e d
s i m u l t a n e o u s l y w i t h t h e s t im u lu s . C o n t r o l r e l e a s e s
4 5 . 9 ± 5 . 0 % (A T P ) and 4 0 . 0 ± 6 .7 % ( a n t i - l g E ) . (n=4)
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Fig. 6 . 3 E f f e c t o f q u e r c e t i n on h i s t a m i n e r e l e a s e f r o m ra t
p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP (110 juM) a n d a n t i lg E ( 1 / 3 0 0 d i l u t i o n ) . T h e d ru g w a s p r e i n c u b a t e d w i t h c e l l s
for 1 0 min b e f o r e c h a l l e n g e . C o n t r o l r e l e a s e s w e r e 3 4 . 4 ±
2 .0 % ( A T P ) a n d 4 3 . 9 ± 3 . 3 % ( a n t i - l g E ) . (n=4)
I n h i b i t i o n (%)
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Fig. 6 . 4 E f f e c t o f c h r y s i n on h i s t a m i n e r e l e a s e f r o m ra t
p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP (110 juM) a n d a n t i lg E ( 1 / 3 0 0 d i l u t i o n ) . T h e d ru g w a s p r e i n c u b a t e d w i t h c e l l s
for 1 0 min b e f o r e c h a l l e n g e . C o n t r o l r e l e a s e s w e r e 3 5 . 9 +
5.3 % , n=4 ( A T P ) a n d 3 3 . 6 ± 7.0%, n=5 ( a n t i - l g E ) .
I n h i b i t io n (%)
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Fig. 6 . 5 E f f e c t o f t h e o p h y l l i n e on h i s t a m i n e r e l e a s e f r o m
ra t p e r i t o n e a l m a s t c e l ls s t i m u l a t e d w i t h ATP (110 juM) and
a n t i - l g E ( 1 / 3 0 0 d ilu tio n ). T h e dru g w a s p r e i n c u b a t e d w i t h
c e l l s fo r 10 min b e f o r e c h a l l e n g e . C o n t r o l r e l e a s e s w e r e
4 6 . 5 ± 6.0 % , n=4 (A T P ) and 4 5 . 7 ± 6 .3 % , n=3 ( a n t i - l g E ) .
I n h i b i t i o n (%)
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Fig. 6 . 6 E f f e c t o f i s o b u t y l m e t h y l x a n t h i n e ( I B M X ) on
h i s t a m i n e r e l e a s e fro m rat p e r i t o n e a l m a s t c e l l s s t i m u l a t e d
w i t h A T P (110 juM) and a n t i - l g E ( 1 / 3 0 0 d i l u t i o n ) . T h e dru g
w a s p r e i n c u b a t e d w i t h c e l ls for 1 0 min b e f o r e c h a l l e n g e .
C o n t r o l r e l e a s e s w e r e 4 5 . 2 ± 1.4% ( A T P ) a n d 3 8 . 6 ± 9 .4 %
( a n t i - l g E ) . (n=4)
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Fig. 6 . 7 E f f e c t o f d i b u t y r y l c y c lic A M P on h i s t a m i n e
r e l e a s e f r o m ra t p e r i t o n e a l m a s t c e l l s s t i m u l a t e d w i t h ATP
( 1 0 0 p M ) a n d a n t i - l g E ( 1 / 2 0 0 d il u ti o n ) . T h e d r u g w a s p r e 
i n c u b a t e d w i t h c e l l s for 3 0 min b e f o r e c h a l l e n g e . C o n t r o l
r e l e a s e s w e r e 3 2 . 8 ± 4.0 % , n=3 (A T P ) and 4 3 . 6 ± 4 .7 % , n=4
(an ti-lg E ).
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Fig. 6 . 8 E f f e c t o f 8 - b r o m o cyclic A M P on h i s t a m i n e
r e l e a s e f r o m r a t p e r i t o n e a l m a s t c e l ls s t i m u l a t e d w i t h ATP
(110 p M ) a n d a n t i - l g E ( 1 / 3 0 0 d ilu tio n). T h e d r u g w a s p r e 
i n c u b a t e d w i t h c e l l s for 3 0 min b e f o r e c h a l l e n g e . C o n t r o l
r e l e a s e s w e r e 3 2 . 2 ± 7 .5 % (ATP) and 4 7 . 8 ± 7 . 5 % ( a n t i - l g E )
(n-4)
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CHAPTER SEVEN
GENERAL C O N C LU SIO N S
Exogenous ATP has a variety of potent extracellular actions on excitable
membranes and may thus be involved in a diversity of physiological regulatory
processes. These effects appear to be m ediated through distinct, purinergic
receptor subtypes [217]. The nucleotide has long been know n to induce the
exocytotic release of histamine from rat peritoneal m ast cells [147-149]. It is
thought to act by causing the formation of lesions or pores in the cell
membrane which permit the influx of extracellular calcium ions, thereby
inducing secretion [150].
In the present study, ATP (31-1000 pM) was found to evoke a
characteristic and dose-dependent secretion of histamine from rat peritoneal
mast cells. The process was non-cytotoxic, being blocked by extremes of
tem perature and metabolic inhibitors. Consistently, the nucleotide was found
to be completely ineffective in inducing haemolysis of rat erythrocytes.
Com pared to the release evoked by IgE-directed ligands, secretion induced by
ATP (250 pM, 1 mM Ca2+) was slow, commencing after a lag period of ca. 1
min and requiring approximately 15 min for completion. This effect is thought
to stem from a delay in the entry of Ca2+ which initiates secretion [151]. In
addition, the release process was maximal at physiological pH and strictly
dependent on extracellular calcium. At optimal concentrations of calcium (1 and
5 mM), the dose-response curves were bell-shaped with maximal release
occurring at an ATP concentration of 250 pM. At higher (10 and 20 mM) or
lower (0.01 and 0.1 mM) concentrations of the cation, the dose-response curves
were displaced to the right, with some depression of the maximum release
under the latter conditions.
All

these

effects

appeared

to

be

specific

for

ATP;

other

phosphonucleotides examined were found to be totally inactive on m ast cells.
A wide range of nucleotides, nucleosides and commercially available analogues
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of ATP were also tested as agonists by several other investigators [152,148,177],
m ost of which were found to be ineffective in stim ulating histam ine release,
suggesting that there is a defined requirement for an unm odified triphosphate
moiety and adenine ring.
In addition to secretion of preformed histamine, stim ulation of rat
peritoneal m ast cells with ATP produced an oxidative conversion of arachidonic
acid to PGD2 in a dose-response manner. As m ight be expected, the rate of the
release of the newly generated mediator was slower than that of histamine,
being essentially complete after 25 min as compared to ca. 15 m in for the
amine.
In order to characterize further the m echanism of action of ATP in
inducing secretion from mast cells, the effect of this nucleotide on changes in
intracellular cyclic AMP levels was examined. Unlike the release induced by
anti-rat IgE which was accompanied by a transient elevation in the intracellular
concentration of cyclic AMP, activation of m ast cells w ith ATP failed to elicit
any detectable changes in cyclic AMP levels. However, in the case of ATP, only
relatively long time periods could be examined in the present work.
By using ATP as a tool for permeabilizing rat m ast cells, an attem pt
was carried out to introduce various low m olecular weight, normally
im perm eant substances into the cell cytosol. These included GTP-y-S and IP3,
used in order to probe intracellular events leading to histam ine release.
Interestingly, GTP-y-S, a non-hydrolysable GTP analogue induced a dosedependent secretion of histamine when introduced into rat peritoneal mast
cells perm eabilized by ATP in the absence of extracellular calcium. However,
no release was observed with the other intracellular effector, IP3. A possible
explanation for this could be that the water soluble IP3 leaks from the
perm eabilized cells [187]. Furthermore, an attem pt to introduce several metal
cations into rat peritoneal mast cells treated with ATP was carried out, in
order to examine their ability to substitute for calcium in inducing secretion.
Of the metal ions tested, strontium and barium were able to substitute for
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calcium in m aintaining the secretory response but higher concentrations of
these cations were required for maximal release. M agnesium, however, failed
to substitute for calcium and lanthanum was only partially effective. In
addition, it was also demonstrated in the present investigation that the lesions
generated by ATP seem to reseal after some time and m ay thus be transient.
Moreover, it was found that the ATP molecule does not bind irreversibly to the
m ast cell m em brane and can be dissociated from its receptor or binding site
during the process of washing.
The action of ATP was found to be highly tissue and species selective.
At physiological concentrations of calcium, rat pleural and m ouse peritoneal
m ast cells responded in similar fashion to rat peritoneal cells. Rat mesenteric
m ast cells show ed m oderate reactivity while pulm onary, cutaneous and
intestinal m ast cells from this species were essentially unresponsive. Guinea pig
mesenteric and lung m ast cells, hamster peritoneal cells and, m ost im portantly,
hum an basophils and m ast cells from hum an skin, lung, uterus and gut were
refractory to the nucleotide. The present data thus further em phasize the
functional heterogeneity that exists between m ast cells derived from diverse
species or even from different tissues within a given animal [257,258].
This study has also shown that viable and functional m ast cells may
be isolated from the rat urinary bladder by a simple enzymic dissociation
procedure. Morphological and histochemical studies revealed that m ast cells
obtained from the rat bladder exhibited the fixation and staining characteristics
of "connective tissue type" mast cells. The bladder cells were responsive to a
variety of diverse stimuli. In particular, the cells were extremely reactive to
treatm ent with ATP. The cells were only slightly less reactive to the nucleotide
than serosal m ast cells of the same species. Moreover, in the presence of
various calcium concentrations, the release pattern was virtually identical to that
of peritoneal cells. Urinary bladder mast cells should thus provide an im portant
additional tool for the investigation of m ediator release.
In total, ATP exhibited a marked tissue and species specificity in its
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action. The nucleotide is believed to exert its histamine releasing properties
through a specific receptor or binding site on the m ast cell m em brane [152].
These sites m ay then be absent or uncoupled to the secretory or perm eabilizing
process in m ast cells which are unreactive to ATP.
To determ ine whether only responsive m ast cells were susceptible to
permeabilization by ATP, measurements of the uptake of the fluorescent dye
ethidium brom ide were performed. The ethidium cation stains the nucleus
following entry into the cells and can thus be used as a probe to detect the
presence of permeability lesions in the cell membrane. Since a large population
of highly purified mast cells were required in these experiments, only
peritoneal cells of the rat and hamster could be examined. Interestingly, ATP
in the presence of ethidium bromide induced a pronounced increase in
fluorescence of rat peritoneal mast cells. In sharp contrast, ham ster m ast cells
were resistant to permeabilization by ATP, as no increase in fluorescence was
observed. These results thus complement the earlier observations that peritoneal
mast cells of the rat were responsive to the histamine-releasing action of ATP
in the presence of physiological calcium concentrations, whereas those of the
ham ster were totally refractory. It can therefore be concluded that only certain
types of m ast cells are susceptible to permeabilization by ATP (obviously those
having appropriate receptors or binding sites). Mast cells completely resistant
to this permeabilization were consequently unresponsive to the histaminereleasing action of ATP.
In the present study, the effects of various anti-allergic drugs on ATPinduced histamine release from rat mast cells were examined in an attem pt to
elucidate further their mode of action. Secretion evoked by ATP was largely
unaffected by the antiasthmatic chromones DSCG and nedocromil sodium but
was inhibited by the structurally related flavonoids quercetin and chrysin, the
phosphodiesterase inhibitors theophylline and IBMX, and the cyclic AMP
analogues Bu2cAMP and Br-cAMP. All these inhibitors, however, were effective
against the release elicited by anti-IgE. Since the two chromones exhibit
tachyphylaxis, with their inhibitory action decaying rapidly on preincubation,

Chapter 7

203

these differential effects may reflect the slower kinetics of the ATP-induced
release. A variety of anti-allergic com pounds and agents which elevate
intracellular levels of cyclic AMP have been claimed to inhibit histamine release
by acting directly on the receptor m ediated activation of calcium gates in the
cell membrane to prevent movement of the cation from the external
environment into the cytosol [243-245]. However, given the m ode of action of
ATP, it is clear that flavonoids and cyclic AMP-active compounds cannot act
by blocking calcium influx through receptor m ediated mechanisms. The present
results suggest instead that these agents m ay exert a general stabilizing action
on the mast cell membrane. Such an effect could protect the cell against the
permeabilizing action of ATP. Alternatively, the com pounds could act at some
point distal to calcium entry into the cell.
Use of appropriate agonists and antagonists indicated that the effects
of ATP on rat mast cells were not m ediated through classical purinergic
receptor subtypes as defined from sm ooth muscle studies [217]. The P2purinoceptor agonists 2-me.S.ATP, oc,p- and (3,y-meATP were completely inactive
on m ast cells, excluding the involvement of either P ^ - or P2Y-receptor subtypes.
Moreover, secretion was inhibited by the P2-receptor antagonist suram in and
the purported P2Y-antagonist RB2. It can thus be concluded that ATP acts
through a novel purinoceptor or binding site present on certain types of mast
cells.
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