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Abstract
The mast cell has been implicated in the aetiology of a range of allergic and 
inflammatory diseases including asthma. However, the regulatory processes which 
control the cell's activity remain unclear. In the present study, the effect of cyclic 
nucleotide modulation on mast cell function was assessed. It was hoped that this would 
not only indicate the importance of both cyclic adenosine and guanosine 
monophosphate in cellular regulation but also give further information into the mode of 
action of a range of ariti-allergic agents particularly disodium cromoglycate (DSCG).

Exogenously applied cyclic adenosine monophosphate produced negligible inhibition of 
histamine release from rat peritoneal mast cells (RPMC) unlike the cell permeable 
derivatives of the cyclic nucleotide which were effective inhibitors. Unexpectedly, 
cyclic guanosine monophosphate (cGMP) produced a dose-dependent attenuation of 
histamine release from RPMC. However, this inhibition was strikingly reduced if the 
cells were preincubated with cGMP before stimulation. Such inhibition and marked 
tachyphylaxis closely resembles the effects of DSCG on RPMC.

Further comparison between cGMP and DSCG revealed that they shared parallel 
kinetics of tachyphylaxis, underwent cross-tachyphylaxis and were ineffective 
inhibitors of histamine release from mast cells isolated from the mouse, guinea-pig and 
human. These results suggest that cGMP and DSCG mediate mast cell stabilisation 
through similar mechanisms.

Biochemical analysis of the RPMC phosphodiesterase (PDE) profile revealed that the 
predominant enzymes were PDE IV and PDE V although some PDE III was also 
present. Whole cell functional studies, using selective PDE inhibitors, demonstrated 
that the PDE V targeted drug, zaprinast, produced a particularly potent inhibition of 
RPMC secretion which paralleled the effects noted using both DSCG and cGMP. 
Zaprinast's attenuatory activity seems likely to be removed from an interaction with 
PDE V as a range of equipotent PDE V inhibitors had variable inhibitory effects on 
RPMC.

Thus, modulation of cyclic nucleotide levels at both intra- and extra- cellular sites can 
have marked effects on the activation state of mast cells. Moreover, the results yield 
useful information to the elucidation of DSCG's mechanism of action. The uncovering 
of this mechanism may result in the development of more effective anti-allergic agents 
which share DSCG's low in vivo toxicity.
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Introduction

1.1 Historical synopsis

M ast cells are found in m ost m am m alian tissues, being particularly 
abundant in those regions of the body which come into frequent contact 
w ith the external environm ent [1]. Their ubiquity alone m ight suggest 
potential to orchestrate a num ber of im portant physiological processes. 
M any years of intense research has given us much insight into the 
function of the m ast cell, a cell type w ith  a continually expanding 
repertoire of activity.

The m ast cell and its blood circulating counterpart, the basophil leukocyte, 
were identified microscopically around 1878 by Ehrlich, who noted their 
m etachrom a tic staining profile [2,3]. Subsequently, the vast majority of 
mast cell study has been fuelled by the potential for deleterious effects of 
these cells. Today, there is a clear role for the mast cell in the production of 
imm ediate type hypersensitivity reactions, and a notable yet incompletely 
defined link with the pathology of allergic and inflammatory disease [4,5].

Pioneering work at the tu rn  of the century facilitated m any of these 
conclusions. Unna described a dermatological condition with concomitant 
m ast cell hypertrophy  [6 ]. Later, Fortier and Richet dem onstrated  
hypersensitiv ity  in its m ost dram atic form , anaphylaxis [7]. In these 
experim ents, anim als treated  w ith sea anem one toxin became rapidly 
sensitive to later adm ininistration of the same toxin w ith often fatal 
consequences. This work was extended upon by Shultz [8 ] and Dale [9,10]. 
The latter made a particularly im portant discovery when he noted that a 
spasmogenic factor, found in many concentrated tissue extracts or indeed a 
chem ically synthesized  am ine, m im icked m any of the sym ptom s of 
anaphylaxis when injected into laboratory animals or in vitro models. The 
ubiquitous, endogenously  found am ine, term ed histam ine, was thus 
exposed as an im portant mediator of acute allergic reactions.
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It was not until 1953, however, that detailed work by Riley and W est 
established the origin and storage site of histamine as being the mast cell 
[11,12]. Com plem entary work by Prausnitz and Kiistner [13] found that 
localised reactivity to fish protein could be conferred on a normal subject by 
plasm a transfer from a sensitive individual. This transferable factor was 
described by the Ishizaka's [14,15] in the late 1960's as a novel 
im m unoglobulin term ed immunoglobulin E (IgE). The same group later 
determined that mast cells and basophils expressed high affinity receptors 
for IgE ( FceRI) [16,17].

These findings unified many years of diverse research into a cohesive 
theory linking repetitive body penetration of a foreign m aterial to 
antibody production, mast cell activation and the symptoms of immediate 
hypersensitivity [18].

1.2 Involvement of the mast cell in health and disease

The prim ary location of the mast cell is in the loose connective tissue of 
the higher and lower airways, conjunctiva, skin, ear and gastro-intestinal 
tract [19,20]. In these tissues they are often strategically located near blood 
and lymphatic vessels [21] and in close proximity to nerves [22,23]. Thus, 
the histam inocyte would seem ideally placed to deal w ith pathogenic 
infections at a very early stage. There is much evidence linking mast cells 
to host defence mechanisms, especially in combating infestations of 
helminthic parasites [24]. In this instance, mast cell fixed IgE antibody 
raised against a component of the helminth on a previous exposure will 
recognise its antigen and trigger the mast cell to release a num ber of potent 
mediators.

Cellular products such as leukotrienes have some direct toxicity on the 
helm inth [25], w hilst others such as histam ine and eosinophil and  
neutrophil chemotactic factors (ECF/NCF) facilitate vascular leakage and 
cellular chemotaxis and activation respectively. This produces an influx of 
circulating inflam m atory cells and com ponents of cytotoxic enzym e 
cascades, largely the complement system, to the site of infection.
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M oreover, eosinophils have been shown to be m uch more efficient at 
producing parasitic death in the presence of m ast cells [26]. Hopefully, 
these effects prevent more w idespread infections and quickly destroy the 
parasite.

The m ast cell is also im portant in retaining skin integrity, an im portant 
barrier against infection. Abrasion or burns to the skin directly rup tu re  
m ast cells and produce an effect on the dermis much like that of direct 
histamine application, as first described by Sir Thomas Lewis [27]. Mast cell 
h istam ine increases vascular perm eability and elevates blood flow  
through capillary dilatation at the site of injury. The histaminocyte thus 
protects the injured site from potential infection and prepares it for 
efficient w ound healing [28-30].

There is som e evidence tha t m ast cells are involved  in norm al 
cardiovascular control. The m ast cell's juxtaposition to blood vessels and 
the array  of know n vasoactive m ediators such as h istam ine and  
eicosanoids which they possess, strongly indicate a role for the cell type in 
haemostasis [31]. Moreover, mast cells have recently been shown to release 
a factor similar to endothelium derived relaxant factor (EDRF) [31,32]. This 
labile factor, now thought to be nitric oxide [33,34], has proven blood vessel 
regulatory activity [35], anti-platelet aggregation activity [36] and cell 
cytotoxicity properties [37].

The mast cell has also been implicated as being the 'histamine containing 
cell' involved in the control of gastric acid secretion [38], and may have a 
role in norm al uterine function [39]. Moreover, in recent years cultured 
m urine m ast cell lines, and more recently rodent and hum an mast cells, 
have been shown to secrete an array of cytokines [40-44]. These potent 
intracellular signal proteins have extensive regulatory actions, especially 
on cells of the immune system [45]. This evidence, together w ith their 
w idespread distribution, suggests that mast cells may co-ordinate and 
regulate imm une responses.

However, in a ever expanding percentage of the population, many of the 
above processes are inappropriately m ounted and so produce derogatory 
effects. In some individuals a significant immune response, normally
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m ounted against an invading pathogen, is triggered on the entry of an 
innocuous substance. Thus, common allergies develop, w ith clinical 
sym ptoms related to the usual point of entry of the invading material [46]. 
Much evidence links conditions such as rhinitis [47], urticaria and allergic 
conjunctivitis [48], atopic dermatitis [49] and the early phase of atopic 
asthma [50], with the IgE dependent release of mast cell mediators.

M ast cells have also been implicated in the causation of m any, m ore 
serious and debilitating conditions such as asthm a [51,52] (Fig. 1.1), 
inflam m atory bowel disease (IBD) [53], rheum atoid  arthritis [54] and 
pulm onary  fibrosis [55]. The aetiology of these chronic inflam m atory 
disorders is much more complex and seems to be multi-faceted [56]. 
However, the possibility that human mast cells may release cytokines has 
reinvigorated research into the connection between this cell type and the 
late phase response more commonly associated with these inflam m atory 
conditions [57] (and see Fig. 1.1).

1.3 Morphological aspects of mast cells and basophils - mast 
cell heterogeneity

M ast cells and basophils share many common characteristics. Am ongst 
others, both cell types have dense cytoplasmic granules, are major sources 
of body histamine [58] and both express high affinity plasma m em brane 
receptors for IgE [17]. However, there are clear developm ental and 
morphological differences between these cell types. Basophils differentiate 
and m ature in the bone m arrow [59] and seem to share a common 
precursor cell type with other granulocytes [60]. In comparison, the bone 
m arrow  origins of the mast cell have only been ascertained in the m ouse 
[61]. Mast cells seem to m ature on reaching their final tissue destination. 
The m aturation process seems to involve specific environm ental factors 
localised around the cell's position [59]. It is the action of these factors 
which is thought to produce the m arked m ast cell heterogeneity seen 
w ithin animal species and man [62,63].

M ast cell heterogeneity was clearly dem onstrated by Enerback [64], who 
noted differences in the fixation and staining properties of rat m ast cells
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isolated from the intestinal lamina propria and the peritoneal cavity. This 
w ork produced the descriptions mucosal mast cells (MMC) and connective 
tissue mast cell (CTMC) to classify the above cells respectively.

H eterogeneity of the rat mast cell was later expanded to include m any 
other functional and biochemical aspects [19]. These include differences in 
m ast cell neutral protease content. Cells of the rat peritoneal cavity and 
skin (CTMC) contain rat mast cell protease I (RMCP I), whilst mast cells of 
the intestinal lamina propria contain a different enzym e termed RMCP II
[65]. Both proteases have chymotrypsin-like activity.

Similar heterogeneity extends to human mast cells, w here phenotypes 
have been found expressing variation in size [62], histochemical properties
[6 6 ], cytoplasmic granular ultrastructure [59], content of neutral protease
[67] and sensitivity to a range of pro- and anti- secretory compounds [6 8 ]. 
This heterogeneity of mast cells has led to often confusing nom enclature 
in an attem pt to group together mast cells from different anatomical sites. 
The m ost recent classification, in parallel with that of the rat, is on the 
neutral protease content of the mast cell.

M ast cells containing tryptase (MCy) predom inate in the lung and 
intestinal mucosa, whilst cells containing granule associated tryptase and 
chymase (M Cjc) predominate in the skin and intestinal sub-mucosa [69]. 
However, both of these mast cell subtypes are present to an extent in all 
the above tissues and hence mast cell classification on tissue location 
alone is problematic.

1.4 Control of IgE secretion and the mast cell high affinity IgE 
receptor (FceRI)

The hum an body comes into contact with an ever expanding variety of 
foreign molecules, whether they be natural or synthetic. To counteract this 
vast array of antigens, the body has developed an adaptable system  
seemingly capable of tackling an infinite number of infectious agents. This 
system  revolves around the production of im m unoglobulin  by B- 
lymphocytes [70].
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Blood circulating mature B-cells express surface antibody. The antibody 
molecule has a Y-shaped structure consisting of two heavy and two light 
chains linked by disulphide bonds (Fig. 1.2). The N-terminal ends of the 
im m unoglobulin chains have hypervariable regions, as determ ined by 
amino acid sequencing. It is hypermutation at the level of the genome that 
produces this effect and allows for the assum ed capability of antibody to 
recognise an infinite num ber of antigens. B-cells expressing anti-self 
immunoglobulin are largely all deleted before reaching the circulation [70].

On penetrating the body, antigen will tend to reach the lymphatic system. 
Here it is processed and expressed on the surface of antigen presenting 
cells, predom inantly  m acrophages and dendritic  cells. Encountering 
antigen complementary to its imm unoglobulin receptor activates the B- 
cell w hereupon it begins to expand clonally and m ature  fu rther. 
Eventually, antibody secreting plasma cells and a population of m em ory 
B-cells are produced. The immunoglobulin secreted by the plasm a cell has 
an identical antigen recognition site to the surface antibody receptor of the 
originally stimulated B-lymphocyte [70]. On secondary exposure, to the 
same antigen, memory B-cells are much m ore rapidly transferred  into 
effector cells than virgin B-cells. Thus, the secondary antibody response is 
more substantial and rapid than the primary [70].

The process of B-cell expansion and m aturation is controlled by a range of 
cytokines. These small molecular w eight proteins are released from 
antigen  presenting cells, T-lymphocytes and m any other cell types 
including mast cells [57]. T-cells expressing the cluster of differentiation 4 
(CD4) antigen, broadly termed as T-helper cells (Th ), clonally expand 
around the activated B cell driven by interleukin 2 (IL-2). The activated T- 
cells release a range of cytokines with B cell activating ability. Interleukins 
(IL's) 1, 4 and 6  seem to prime the expansion [71], whilst other as yet ill 
defined factors induce cellular m aturation. In general, T-lym phocytes 
expressing the CDS antigen (T suppressor, Ts) are thought to release 
soluble factors inhibitory to this cascade of events and so provide an 
immunological 'braking device'. Interestingly there is some evidence to 
suggest an abnorm ality in the balance of activity betw een T h and Tg 
lymphocytes in allergic individuals [72-74]. This imbalance may provide
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an explanation as to why atopic individuals react allergically to apparently 
innocuous foreign substances.

It is the constant regions of the antibody that determ ines the class of 
im m unoglobulin to which it belongs (IgG, IgA, IgE). The class of an 
antibody dictates its role in the body's defence mechanisms [70]. Cytokines 
seem to have a role in determining which class of antibody is secreted 
from the B-lymphocyte, and also in isotypic switching of the active plasm a 
cell [75]. Of particular interest in allergic disease is the production of the 
mast cell fixing IgE. A clear role has been dem onstrated for IL-4 [76] and 
interferon y  (IFNy) [77-79], in the up- and down- regulation of IgE synthesis 
respectively. Other cytokines such as IL-5, IL- 6  and tum our necrosis factor 
a  (TNFoc) all enhance IL-4 induced IgE synthesis [79,80] whilst IFN a and 
transform ing grow th factor P (TGFp) inhib it the synthesis of the 
immunoglobulin [76]. Alongside cytokine influence, contact stim ulation 
between B-lymphocytes and CD4 positive T-cells is also required for IgE 
synthesis [81].

There is evidence to suggest a m alfunction in cytokine production  in 
atopic patients with highly elevated serum IgE levels, or in those suffering 
from hyper-IgE syndrom e. M ononuclear cells of these p a tien ts  
spontaneously release IL-4 unlike their counterparts from non-atopic 
individuals [82]. Furthermore, activated lymphocytes from atopic subjects 
showed elevated IL-4 production and decreased IFNy release, as com pared 
with normal controls [82]. Further study on the role of cytokines in IgE 
production may lead not only to a more complete understanding of the 
aetiology of allergic disease, but may also dictate future therapies [83].

Once released from plasma cells, circulating IgE will bind to specific 
receptors. High affinity FceRI receptors are thought to exist only on the 
membrane of mast cells and basophils [84]. H ow ever, recent evidence 
suggests that human epidermal jLangerhans cells also express this receptor 
[85]. Low affinity IgE receptors (FceRII) are found on num erous other cell 
types including macrophages [8 6 ], lymphocytes, platelets and also free in 
the plasma [87-89].

8
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The high affinity IgE receptor comprises of four polypeptide chains (Fig. 
1.3). The a- chain binds IgE [90], whilst the hydrophobic p and 72 chains are 
m em brane traversing and essential for efficient FceRI expression [90]. 
Recently the complete high affinity receptor has been cloned [91]. Binding 
of IgE to this receptor does not itself induce cellular activation, rather it is 
the cross linking of adjacent cell fixed IgE molecules, by appropriate 
antigen, that triggers mast cells and basophils [92].

The low affinity receptor has also been cloned [93]. It shares little 
hom ology w ith FcgRI [88] but this allows the low affinity receptor a 
different spectrum  of activity. Much evidence links both cell-fixed and 
soluble FceRII to the regulation of IgE production [88,93], indeed the 
receptor has now been found to be synonym ous with CD23, previously 
show n to be a B-cell activation antigen [94,95]. M oreover, FceRII on 
antigen presenting cells may bind IgE, capture antigen and produce more 
effective antigen presentation [96].

1.5 Activation of mast cells

1.5.1 Immunological stim ulation by antibody-antigen reactions

Mast cells and basophils with reaginic IgE are termed 'sensitized'. Much 
work has revealed that cross-linking of the IgE molecules, or indeed FceRI 
receptors, is required for m ast cell degranulation [97-99]. It is the cross- 
linking of IgE molecules in vivo by polyvalent allergen that activates the 
cell.

The m ost common allergens are of an apparen t diverse nature and 
include pollens, anim al danders, food com ponents and a range of 
pharm aceuticals. H ow ever, advanced techniques are being currently 
em ployed to find any common allergenic determ inants, especially in 
relation to drug allergy [100].

In the laboratory, in addition to the use of specific allergens, IgE cross- 
linking and m ast cell activation can be accomplished through the use of 
divalent IgG antibodies raised against IgE (anti-IgE), or through the plant
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lectin concanavalin A (con. A), which binds to carbohydrate moieties on 
the immunoglobulin [1 0 1 ].

1.5.2 Non-im munological activation

A num ber of agents can produce m ast cell degranulation  through 
mechanisms avoiding IgE bridging. These can be broadly categorised as 
selective and non-selective. Non-selective agents tend to disrupt the mast 
cell membrane and typically have detergent like properties. Thus, Triton 
X-100 or Tween-20 liberate large amounts of histamine in an irreversible 
and cytotoxic manner [1 0 2 ].

Selective releasers produce histamine secretion in an energy dependent, 
sequential manner without the loss of intracellular markers such as lactate 
dehydrogenase (LDH). Often the effects of these agents are tissue and 
species dependent [19,67].

Components of the complement cascade, the so called anaphylatoxins C3a 
and C5a, activate mast cells [103]. Mast cell degranulating properties have 
also been discovered in an ever expanding array of as yet unclassified 
cytokines. These have m ultiple cellular origins [104] and are term ed 
histamine releasing factors (HRF's) [57].

Ligands with basic moieties such as the neurotransm itter substance P, the 
bee venom component peptide 401, com pound 48/80 and the muscle 
relaxant tubocurarine activate m ast cells from some tissue locations 
[105,106]. The bacterial peptide f-met leu phe also has degranulating 
activity, especially on the basophil leukocyte [107].

Agents that artificially elevate intracellular calcium concentrations also 
produce m ast cell histam ine release. Thus, the calcium ionophores 
ionomycin and A23187 and the m ast cell perm eabilisers saponin and 
adenosine 5'-triphosphate (ATP), all lead to an inward flux of extracellular 
calcium  and  thus activate the m ast cell [108-110]. M any o th er 
miscellaneous ligands are also capable of stimulating the mast cell, these 
being reviewed by Lagunoff et al. in reference 105.
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1.6 Mast cell mediators

Once activated mast cells can release a plethora of m ediators (Fig. 1.4). 
These can be broadly categorised as pre-formed, granule associated factors 
and de novo synthesized mediators.

1.6.1 Pre-formed mediators

1.6.1.1 Proteoglycans

The major constituents of the mast cell granules, and those responsible for 
the strong granular metachromatic staining seen with basic dyes, are 
proteoglycans. There are two major classes of proteoglycan found within 
the mastocyte; heparin and chondroitin sulphate. Once again the 
predom inant proteoglycan expressed is subject to the species and tissue 
location of the mast cell [62].

A clear physiological role for the proteoglycans has not yet been elucidated, 
but at the simplistic level these acidic molecules provide a stable granular 
framework which incorporates histamine and other potent factors. Thus, 
proteoglycans facilitate the structured storage and activation of the more 
well established mast cell pre-formed mediators. It may also be that the 
anti-coagulant activity of heparin will allow the unobstructed flow of 
blood to sites of tissue damage or inflammation. This w ould potentiate 
plasm a and leukocyte extravasation, beneficial at the early stages of these 
pathologies.

More recently, it has been suggested that heparin, and as a result the mast 
cell, m ay play a largely anti-inflammatory role in asthm a [111]. This 
disease is often accompanied by eosinophilia and it has been postulated 
that the eosinophil derived, major basic protein (MBP) and  other 
eosinophil cationic proteins, are the prim ary cause of the epithelial 
denudation  and consequent airway hyper-reactivity, characteristic of 
asthm a [112] (Fig. 1.1). In the environm ent local to the bronchial 
inflammation, heparin's potent capability for ionic binding m ay 'mop up' 
free MBP and other factors such as the eosinophil chemotactic factor.
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platelet factor 4 (PF4 ) [113]. Such an effect m ay retard  the underlying 
inflammation associated with the asthmatic state. Moreover, heparin has 
also been show n to influence lung tissue repair, another seem ingly 
im portant contributory factor to the progression and outcom e of the 
asthmatic state [114].

This theory gains added credence from the increased m ortality rate noted 
in asthm atics using bronchodilating, and  m ast cell stabilising, P* 
adrenoreceptor agonists to control their condition [115]. It has been 
suggested that prevention of heparin release, through p-agonist activity, 
eliminates the beneficial effects of the proteoglycan and so accelerates the 
development of a chronic asthmatic state [114]. However, this theory does 
not account for the actions of the well established pro-inflammatory mast 
cell mediators and as such remains controversial.

1.6.1.2 Histamine

Histamine (2-[4-Imidazolyl]ethylamine) forms 5 to 15% of the content of 
hum an m ast cell granules [51]. It is formed by the decarboxylation of 
histidine and metabolized almost completely by N-methyl transferase and 
diamine oxidase, both enzymes being found in the liver, kidney and small 
intestine (Fig. 1.5).

The major source of histamine in the body is the mast cell and its blood 
circulating counterpart the basophil leukocyte. However, histam inergic 
nerves do exist in the central nervous system (CNS), and the periphery, 
and histamine containing enterochromaffin cells may play a role in gastric 
functioning.

Histamine has a variety of biological effects these being m ediated through 
the amine's interaction with specific receptors. At the m om ent three well 
defined receptor subtypes H i, H 2 , and H 3 have been described [116]. H i 
receptors are coupled to inositol phosphate turnover [117] and m ediate 
bronchial, ileal and uterine smooth muscle contraction in m ost species 
including man. These receptors also stimulate microvascular leakage [118], 
through contraction of epithelial cells in the post-capillary venules [119].
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H 2 receptors are coupled to adenylate cyclase. These receptors facilitate 
gastric acid secretion from parietal cells [38] and stimulate airway mucus 
secretion [120]. There is some evidence to suggest a role for H 2 receptor- 
m ediated bronchodilatation in hum an airw ays [121,122]. M oreover, a 
defect in H2 receptor function in allergic sheep [123] and in gastric acid 
secretion of human asthmatics has been noted [124]. This lends credence to 
the view that a fault in H 2 receptor m ediated  b ronchod ilata tion  is 
responsible for the hyper-reactivity seen in asthmatic airways [125].

H 3 receptors are located predom inantly in the CNS where they have a 
presynaptic role, m odulating the release of neurotransm itters [126,127]. 
Recent work suggests a role for histamine and the H 3 receptor in the 
control of sleep and vigilance [128]. There are also increasing reports of the 
occurrence of H 3 receptors in the periphery  which fulfil a sim ilar 
autoreceptor role to those in the CNS [129,130].

Histamine has also been shown to possess im m unom odulatory activity. 
Acting through H 2 receptors, it can inhibit the immunologically induced 
release of histam ine from basophils [131]. M oreover, the am ine is 
chemotactic for eosinophils and neutrophils [132,133], although this effect 
is weak in comparison to the effects of platelet activating factor (PAF) and 
leukotriene B4 (LTB4 ) [51]. Interestingly, histam ine has been shown to 
affect lymphocyte activity. Through activation of H 2 receptors the amine 
can suppress B-cell antibody production, lymphocyte proliferation and T- 
cell cytokine production [134], but greatly enhances natural killer (NK) cell 
cytotoxicity [135]. H 2 receptors can also stimulate T-suppressor cell function 
[136]. Thus, histam ine as well as having well docum ented spasmogenic 
and  p ro-inflam m atory  activity, m ay also sub tly  m odu la te  o ther 
immunological processes [137].

1.6.1.3 Serotonin

Serotonin, or 5-hydroxytryptamine (5-HT), is found in rodent m ast cell 
granules whereas in man it is absent from the mastocyte and stored within 
platelets [51]. 5-HT is synthesized through the decarboxylation of 
tryptophan and can produce bronchoconstriction, vasoconstriction and
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micro vascular leakage in many rodent species [118]. Serotonin is stored 
alongside histam ine in the granular proteoglycan matrix [138]. However, 
stud ies using  tri-cyclic anti-depressant drugs [139,140] and  steroid 
horm ones [141] have suggested that the two amines can be released 
differentially upon mast cell activation, although others have suggested 
that this effect is due to differential re-uptake of the amines [142]. Yet this 
evidence m ay still suggest that a much more complex storage and 
exocytotic process occurs in the mast cell than might have previously 
been envisaged.

1.6.1.4 N eutral proteases

As discussed previously, there are two major granule associated hum an 
m ast cell proteases, tryptase and chymase. The distribution of these 
enzymes has been used to classify mast cells from different locations [62]. 
They are the major protein constituents of the granular matrix and this 
abundance, together with their specificity to mast cells, makes them ideal 
quantitative markers of mast cell degranulation [143].

Tryptase is a tetrameric serine endoprotease with catalytic sites on each of 
the subunits [144], whilst chymase is monomeric [145]. Both proteases may 
produce localised connective tissue degradation at sites of chronic allergic 
inflam m ation. Thus, neutral proteases may contribute to the epithelial 
shedding and bronchial hyper-reactivity in asthma and may also be 
involved in the pathogenesis of rheum atoid arthritis [146]. However, 
direct evidence of this role is at the moment lacking [147].

In addition, tryptase can cleave the complement component C3 to form 
the anaphylatoxin and direct spasmogen C3a [148] and thus reinforce mast 
cell degranulation [149]. The same protease under certain conditions can 
also act on low molecular weight kininogen to generate bradykinin [150], a 
well docum ented potent inflammatory mediator [151]. Mast cell chymase 
has also been show n in vitro to convert the precursor IL-lp to the 
biologically active IL-1 [152]. Whether this may be a general mechanism for 
controlling cytokine activity is as yet unclear.
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In contrast to these pro-inflammatory effects, chymase isolated from rat 
peritoneal mast cells, or the non-activated purified cells themselves, | has 
been shown to bind and metabolise C3a [153,154]. This would hence limit 
the histaminocyte degranulating activity of the com plem ent factors. In 
addition, dog mastocytoma chymase has been show n to degrade the 
endogenous peptide transm itters substance P (SP) and vasoactive 
intestinal peptide (VIP), whilst tryptase from the same source cleaves VIP 
bu t not substance P [155]. Substance P is a potent constrictor of hum an 
bronchial smooth muscle [156] and is also one of the m ost potent 
stim ulants of mucus secretion in animal and hum an airways [157,158]. 
VIP however has bronchial relaxant properties [159]. Thus, it is possible 
that selective cleavage of VIP by mast cell tryptase in hum an airways, may 
rem ove a neurological relaxant m echanism and so favour bronchial 
hyper-reactivity [155].

The mast cell neutral proteases can thus have both pro- and an ti
inflam m atory activity. Which of these effects p redom inates in vivo 
remains unclear.

M ast cells also contain num erous other granule associated enzym es, 
includ ing  ary lsu lphatases, p -g lucuron idase , exog lycosidases and  
hexosaminidase [5], the latter of which is often m easured as a convenient 
assay for mast cell activation.

1.6.1.5 Chemotactic factors

In addition to the release of the aforementioned potent factors, activated 
m ast cells from both humans and rodents can secrete factors chemotactic 
for eosinophils [160,161] and neu trophils [162]. Thus, m ast cell 
degranulation during the immediate phase allergic response can result in 
the activation and recruitment of polymorphonucleocytes (PMN's) to the 
inflammatory zone and thus fuel the late phase response.
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1.6.2 Newly generated mediators

In addition to the release of preformed mediators, m ast cell and basophil 
activation can lead to the de novo synthesis and release of other bioactive 
factors. Currently two major groups of mediators are known to be formed, 
the eicosanoids and the cytokines.

Release of newly formed m ediators does not alw ays follow granular 
exocytosis. Complement fraction C5a produces basophil degranulation but 
little if any eicosanoid production [62]. A sim ilar situation occurs in 
hum an skin mast cells [163]. By inference, the dissociation of the two 
processes may then allow for selective eicosanoid or indeed cytokine 
release w ithout concomitant cellular degranulation, a factor deserving of 
fu rth er investigation  w hich indeed  m ay have been p rev io u s ly  
overlooked.

1.6.2.1 Eicosanoids

This group of mediators is composed of prostaglandins, leukotrienes and 
thromboxanes. The starting material for their synthesis, arachidonic acid 
(AA) is derived from dietary linoleic acid [164] and found incorporated 
into mem brane phospholipids, particularly in inflam m atory cells [165]. 
M ast cell activation stim ulates m em brane phospholipase A2 (PLA2 ), 
which frees lipid associated AA. This is the rate limiting step in eicosanoid 
biosynthesis [166].

In tracellu lar protein m odulators of PLA2 have been described. A 
phospholipase activating protein (PLAP), antigenically similar to the bee 
venom peptide mellitin and m odulated by cytokines [167,168], has been 
dem onstrated in various inflammatory cell lines [167]. Inhibition of PLA2 

can occur through the activity of lipocortins, their synthesis being up 
regulated  by corticosteroids [169,170]. Recent evidence suggests that 
lipocortins are identical to the calpactins, a g ro u p  of m em brane 
cytoskeletal proteins which can act as tyrosine kinase substrates [171].
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Beyond the generation and control of AA availability, two divergent 
pathways exist, generating both prostaglandins and leukotrienes which are 
summarised in Fig. 1.6. The enzyme cyclo-oxygenase produces oxidation 
and ring closure of AA form ing the unstab le  cyclic endoperox ide 
prostaglandin H] (PGH2). This prostanoid is rapidly reduced to form PGG2 

which then gives rise to the more stable and biologically active PGP2 a/ 
P G E 2 and PGD2 [172]. Another enzym atic pathw ay u tilizing  cyclic 
endoperoxidase forms thromboxane A2 (TXA2 ) and PGI2 , both of which 
are rapidly hydrolysed to the inactive bu t stable TXB2 and 6 -keto-PGFia 
respectively [173]. The major cyclo-oxygenase product released by both 
hum an and rat mast cells is PGD2 , although other PG's and TXA2 can be 
detected, but in smaller quantities [174].

The activity of cyclo-oxygenase, and hence the production and release of 
prostaglandins, can be inhibited by a range of non-steroidal an ti
inflamm atory drugs (NSAIDS). This effect is thought to be of major 
importance in the clinical efficacy of drugs such as aspirin.

Unlike cyclo-oxygenase the enzyme 5-lipoxygenase is cytosolic and does 
not require calcium for activity [172]. On cellular activation it is thought 
that 5-lipoxygenase is translocated to the m em brane [175], where it is fully 
activated by 5-lipoxygenase activating protein (FLAP) [176]. The enzyme 
then converts AA to 5-hydroperoxyeicosatetraenoic acid (5-HPETE). 
Peroxidases can convert 5-HPETE to m onohydroxyeicosatetraenoic acid 
(mono HETE), or 5-lipoxygenase can further convert 5-HPETE to form the 
unstable leukotriene A4 [177]. LTA4 can be hydrolysed to form LTB4 or be 
conjugated with glutathione to form LTC4 . Sequential proteolysis of the 
glutathione moiety generates LTD4 and E4 [173,178].

LTC4 is the major lipoxygenase product released from histam inocytes, 
being twice as prevalent as LTB4 in purified hum an lung mast cells [179]. 
However, in mixed cell preparations and in vivo, free LTC4 is rapidly  
converted to LTD4 and E4 [180]. Human lung m ast cells and basophils may 
also release 5- and 15- HETE's, especially w hen artificially loaded w ith 
arachidonic acid [181].
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The cyclo-oxygenase products PG’s D2 , Fza and TXA2 have constrictor 
activity in hum an airways both in vitro [182,183] and in vivo [184]. On a 
molar basis, PGD2 is both 3 times more potent than PGP2 a and 30 times 
more effective than histam ine in its bronchoconstrictor activity [184]. 
PGD 2  and p2 a also markedly increase human airway mucus production 
[185], w hilst PGD2 can increase micro-vascular leakage and produce a 
wheal and flare response in human skin [186].

In contrast, PGEi, PGE2 and PGI2 tend, in general, to exhibit opposing 
biological activities to the above prostanoids. Thus, prostaglandins can 
modulate allergic processes in both a beneficial and detrimental m anner, 
depending upon the predominant cyclo-oxygenase product expressed.

In m any cases the lipoxygenase products show a functional efficacy 
superior to that of the cyclo-oxygenase m ediators. LT's C4 and D4 are 
betw een 1,000 and 5,000 times m ore potent constrictors of hum an  
bronchial sm ooth muscle, both  in vitro and in vivo, than h istam ine 
[187,188]. These sulfidopeptide leukotrienes are also potent stim ulants of 
mucus secretion in human airways [189].

In vascular tissue, LTC4 and D4 are potent elevators of m icrovascular 
leakage, producing pulmonary oedema in the guinea pig airways [190], 
whilst intracutaneous injections of the leukotrienes produce a wheal and 
flare response in humans [191]. Moreover, LTB4 is a potent chemotactic 
factor for leukocytes, in particular neutrophils [192,193], whilst LTC4 and B4 

can increase the ’adhesiveness' of leukocytes to endothelial cells [194,195] 
and hence increase diapedesis. Recently, the role of the adhesion  
molecules which control this process has attracted m uch interest. These 
glycoproteins have a broad spectrum of functions, m any of which m ay be 
of much relevance to the pathology of allergic inflammatory disease [196].

Leukotrienes, including the mast cell derived LTC4 , have been detected in 
various biological fluids of asthm atic individuals [197,198] and  this 
together with their spectrum of activity seems to be in keeping with them 
being of major importance in allergic inflamm atory disease [199]. The 
bronchoconstriction, increase in m ucus production and elevation of 
inflammatory cell extravascular infiltration parallel the pathology of
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asthma. Indeed, although as yet inconclusive, recent evidence links LTE4 

to the non-specific bronchial hyper-reactivity characteristic of asthma [2 0 0 ]. 
Amongst other theories it has also been suggested that a diversion of AA 
from the cyclo-oxygenase pathway to the lipoxygenase synthetic route may 
be responsible for the pulmonary sensitivity to aspirin and other non
steroidal anti-inflammatory drugs seen in 10-30% of asthmatics [201].

How ever, despite this evidence, pharm acological m anipulation of the 
lipoxygenase pathw ay has had mixed clinical benefits [51]. Studies using 
selective 5-lipoxygenase inhibitors w ould  seem to be essential in 
e luc ida ting  the true  im portance of the  leukotrienes in allergic 
inflammatory disease [199].

1.6.2.3 Platelet activating factor (PAF)

FAF is an ether linked phospholipid with chemical structure 1-O-alky 1-2- 
acetyl-sn-glyceryl-3-phosphorylcholine. A lthough it was first discovered 
and nam ed through its platelet stimulating activity [202], PAF has been 
shown to have a broad spectrum of potent inflammatory actions many of 
which are characteristic of asthma [203,172,57].

Synthesis of PAF occurs through two main pathways. The first utilises the 
biologically inactive lyso-PAF which is produced alongside AA from 
m em brane phospholipid through the actions of phospholipase A2 (Fig. 
1.6). Lyso- PAF is then acetylated by an acetyl transferase to form PAF, this 
la tter reaction being the rate lim iting step in the lipid m ediator's 
p roduction  [204]. The existence of this synthetic rou te  has been 
dem onstrated in many inflammatory cells including hum an neutrophils 
and eosinophils [205,206] and rat macrophages [207]. The second synthetic 
route utilises a choline phosphotransferase enzyme which can produce 
PAF directly from ether linked phospholipids [204]. This latter pathw ay 
seems to control PAF's contribution to physiological homoeostasis, whilst 
the former is triggered through initiation by inflammatory signals [208].

As a single m ediator the inflammatory profile of PAF, in comparison to 
other mediators, has the closest resemblance to the pathophysiology of
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asthma [209]. This similarity may well be due to PAF's potent chemotactic 
and activating effects on hum an eosinophils [2 1 0 ] (a potential m odel to 
explain the aetiology of asthma is shown in fig. 1.1). However, despite 
being chemically synthesized by hum an pulm onary m ast cells, PAF does 
not seem to be released from the cell [211]. Similar results have been 
observed in hum an neutrophils [212]. The role of this intracellularly 
retained PAF is as yet unclear.

1.6.2.4 Cytokines

The cytokines are a group of low m olecular w eight p ro te ins or 
glycoproteins (<80 KDa), encompassing interleukins (IL's), interferons 
(IFN's) and colony stim ulating factors (CSF’s). These agents are 
pleiotropic, having highly potent autocrine and paracrine activities which 
control cells of the immune system. Such regulation is often highly 
complex, involving num erous interacting factors w ith  opposing  and 
convergent effects [213]. Cytokines mediate their cell regulatory activities 
via high affinity specific m em brane receptors, coupled to various 
intracellular transduction mechanisms [214].

Alongside other factors, IL's-3, 4 and 10, can m odulate m ast cell grow th 
and maturation [59,215,216] (Fig. 1.7). Moreover, IL-4 induces B-cell IgE 
synthesis specifically [83]. However, as well as being m odulated  by 
cytokines, recent evidence has shown that m ast cells them selves can 
secrete a variety of these proteins [217] (fig. 1.4). Thus, in addition to its 
well defined role in immediate type hypersensitivities, the m ast cell, 
through its released cytokines, may induce and control inflam m atory 
events more in keeping with the late phase reaction associated w ith 
allergic disease [57] (fig. 1.1).

M ast cell cytokine release, and the presence of cytokine m essenger 
ribonucleic acid (mRNA), was first demonstrated in m ouse m ast cell lines. 
Initially, granulocyte macrophage-colony stim ulating factor (GM-CSF) 
[218], IL-4 [219] and TNFa [40] were detected. Subsequently, IgE dependent, 
or calcium ionophore, activation of mouse mast cell lines was found to 
increase levels of mRNA for IL 's-la, 3, 4, 5, and 6 , GM-CSF and IFN y
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[42,41]. Released bioactivity of IL 's-la, 3, 4, 6  and GM-CSF has also been 
detected in these studies. However, studies utilising 'normal' m ast cells 
are as yet relatively scarce. There is some evidence to show that m ouse 
peritoneal mast cells are a source of both preform ed and immunologically 
inducible TNFa [220,45].

Evidence of cytokine release by human mast cells is also being uncovered. 
Results from human skin mast cells, and mast cells or basophils generated 
in vitro from haemopoetic cells, suggest that they can release TNFa [221, 
43]. Moreover, purified hum an lung mast cells have been shown to secrete 
T N Fa on immunological challenge [222]. Thus, it would seem that m ast 
cell release of cytokines extends to hum an cells and, as show n in 
preliminary clinical experiments [217], may contribute to the pathogenesis 
of the late phase allergic reaction.

1.7 Mast cell degranulation and the intracellular processes 
controlling it

A lthough  the add ition  of an im m unological stim ulus an d  the 
concomitant release of cell m ediators can be readily characterised in the 
laboratory, uncovering the intracellular processes which couple the two 
has proved complicated. However, intense research utilising knowledge 
obtained from other cellular systems has contributed to, and continues to 
further the understanding of signal transduction in the mast cell. Several 
overlapping mechanisms are thought to be of key importance in initiating 
m ast cell secretion, w hilst other processes m ay subtly regulate  the 
degranulation [223]. Biochemical events occuring rapidly after m ast cell 
stimulation are described below.

1.7.1 Elevation of intracellular divalent calcium (Ca^+)

It is well documented that, on immunological activation, an elevation in 
m ast cell cytosolic calcium occurs [5]. This effect has been associated with 
triggering degranulation, and seems to be controlled predom inantly by 
two mechanisms. The first pathway involves movement of extracellular
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calcium  in to  the cell, the second produces release of Ca^+ from  
intracellular stores.

Studies using radio-isotopic Ca^+ have dem onstrated an uptake of the 
divalent cation into the cytosol of rat m ast cells following IgE directed 
stimulation [224]. The development of intracellular fluorescent indicators 
of calcium , has greatly furthered these studies [225]. A rapid rise in 
intracellular Ca^+ was detected in rat mast cells loaded with the fluorescent 
probe quin 2  and  challenged w ith antigen, or certain other mast cell 
activators [226]. Interestingly, this elevation was not ablated by the 
removal of extracellular Ca^+, although maximal histam ine secretion is 
dependent on the presence of the external ion [227]. This suggests that 
mobilization of intracellular stores of calcium ions is occuring on mast cell 
stimulation. Evidence from other cell systems suggests that this may be 
controlled by the turnover of membrane phospholipids.

1.7.1.1 The role of phosphatidyl inositol (PI) turnover

Initial studies which stimulated research in phospholipid turnover, were 
carried out by Hokin and Hokin in the early 1950's [228]. However, it was 
some thirty years before a mechanism linking PI hydrolysis, an elevation 
of cytosolic Ca2+ and cellular activation was uncovered [229]. The 
biochemistry involved in this process is continually expanding, as is the 
potential u tility  of the intracellular messengers generated. A relatively 
simplified description of the PI hydrolytic process is given below and in 
Fig. 1.8.

On lig a n d /re c ep to r interaction, activation of a m em brane guanine 
nucleotide binding protein (G-protein) occurs. The active sub-unit of the 
G-protein then stimulates phospholipase C (PLC), a phosphoinositidase, 
which hydrolyses m em brane phosphatidylinositol-4,5-bisphosphate to 
form  inosito l-1 ,4 ,5 -trisphospha te  (IP3 ) and  diacylglycerol (DAG) 
[229,230,231]. IP3 has been shown to liberate Ca^+ from intracellular stores 
[231,232], w hilst DAG activates protein kinase C (PKC), an enzyme also 
stim ulated by the tum our prom oting agents, the phorbol esters [233]. 
Interestingly, m ultiple isoforms of PLC and PKC have been detected with
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differing tissue distributions [234,235]. This may allow for variations in the 
function of these proteins in a tissue selective manner.

IP3 produces release of Ca^+ from the endoplasmic reticulum (ER) through 
an interaction with a specific receptor [236,237] similar in structure to the 
ER receptor for the plant alkaloid, ryanodine [237,231]. The receptor seems 
to be lacking from m itochondrial membranes, and may lead to the 
opening of a Ca^+ channel [238]. As mentioned earlier, the release of 
in trace llu lar Ca^+ is followed by influx of the ion across the plasm a 
m em brane. This m aintains the physiological response and presum ably 
replenishes intracellular Ca^+ stores. The factors controlling this later 
event are as yet unclear, but may be triggered by intracellular Ca^+ itself or 
inositol-l,3,4,5-tetra-kisphosphate (IP4) [239,240].

Ca^+ mediates its effects through the activation of a variety of calcium 
binding proteins and the protein calmodulin seems to be of particular 
importance [241]. Calmodulin is present in all eukaryotic cells, and exerts 
pleiotropic cellular responses through activating num erous proteins such 
as protein kinases and phosphatases, cyclic nucleotide phosphodiesterase 
and ATPases [242,243].

PKC, a largely cytosolic enzyme, can be translocated to the cell mem brane 
through the action of DAG [238]. Binding of DAG reduces the Ca^ + 
concentration required to activate PKC. An interaction with m em brane 
phosphatidyl serine is also required for enzyme activity. Generally, PKC 
seems to act synergistically with already formed IP3 , an effect probably 
being  m ediated through common substrate phosphory lation  [238]. 
However, PKC seems to be inhibitory to the generation of further IP3 . A 
num ber of m echanism s for this effect have been postu lated  [238], 
including inhibition at the level of the G-protein linked to PLC [244].

M any investigators have noted increased PI turnover on immunological 
challenge of mast cell lines [245]. Indeed, the generation of IP3 and DAG 
has been temporally related to an elevation in intracellular Ca^+ and mast 
cell degranulation [223]. Moreover, a synergism between Ca^+ and DAG 
has been found in rat peritoneal mast cells [246].
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DAG can also be produced through phosphodiesteratic cleavage of 
phosphatidylcholine by phospholipase D (PLD) [247]. There is evidence 
that this synthetic route of DAG generation exists and is functionally 
relevant in m ast cells [247-249]. Moreover, both Ca^+ and PKC can 
modulate the activity of PLD in the cell type [249].

Recently, an 80 KDa substrate for PKC named myristoylated alanine rich C 
k inase  su b s tra te  (MARCKS) has a ttrac ted  m uch  in te rest. On 
phosphorylation by PKC, MARCKS dissociates from the cell membrane 
and is free to bind calmodulin and actin [250]. Interestingly, a protein with 
similar characteristics to MARCKS has been detected in rat mast cells [251]. 
It may be then, that MARCKS can synergise w ith Ca^+ at the level of 
calmodulin. A num ber of phenothiazine neuroleptic drugs, which are 
know n to inhibit calmodulin, have been shown to inhibit histam ine 
release from mast cells and basophils [252], illustrating the importance of 
the calcium binding protein in mast cell activation.

However, some evidence suggests against an all im portant role for Ca^+ in 
mast cell activation. Similar elevations of cytosolic Ca^+, obtained using 
the calcium ionophore A23187 or antigen, produced very different degrees 
of histam ine secretion, w ith the immunological stim ulus being m uch 
more efficacious [253]. Moreover, rat mast cell patch clamp studies have 
shown that neither elevated intracellular Ca^+ nor internally applied IP3 

alone could induce degranulation [254]. These studies suggest that other 
transduction  mechanisms are required for facilitation of m ast cell 
secretion. Interestingly, in the same patch clamp studies, it was shown that 
a G-protein activator could induce exocytosis in the absence of Ca^+ [254].

1.7.2 Guanosine triphosphate (GTP) binding proteins (G-proteins)

G-proteins have been shown in many cell systems to link m em brane 
receptors w ith a range of downstream  effector systems. Although G- 
proteins are a heterogeneous family of trimeric proteins, they seem to 
share a common cyclical mechanism of activation [255] (and as shown in 
Fig. 1.9). In the basal state, the a  subunit is bound  to guanosine 
diphosphate (GDP) and is associated with the py subunit. On receptor
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activation and interaction w ith the G -protein, GDP is d isp laced  and 
replaced by GTP. This event reduces the affinity betw een the a  and (3 y 
subunits and so frees two subunits with cell regulatory potential. The a  
subunit has an intrinsic GTPase activity and hence hydrolysis of the bound 
GTP to form GDP increases the affinity betw een a  and py and  they 
reassociate. For m any years it was thought that only the a  subun it 
possessed catalytic activity, w hilst the Py served to regu late  the a . 
However, more recent evidence suggest that Py can also directly activate a 
range of modulatory enzymes [255].

A num ber of activities have been attributed to these proteins. The G- 
protein Gs, has been shown to activate adenylate cyclase and so generate 
cAMP, whereas Go and Gi are inhibitory to the enzyme. As discussed 
previously, a G-protein is also coupled to PLC. This has recently been 
characterised as being Gq [256].

The existence of a G-protein coupled to PLC has been show n in rat 
peritoneal mast cells [257]. Moreover, novel G-protein activity, which may 
be relevant in other secretory cells , has been uncovered in this cell type 
[258]. Entry of the non-hydrolysable GTP analogue GTP-y-S into 
permeablised rat mast cells, in combination with Ca^+, produces exocytosis 
[257]. However, patch clamp analysis has been able to dissociate the Ca^+ 
signal from degranulation [259], a lthough the d ivalen t cation can 
accelerate GTP’s exocytotic effect [254]. M oreover, in the presence of 
neomycin, an aminoglycoside inhibitor of PLC, GTP-y-S could still induce 
degranulation [260,258]. This evidence suggests the existence of a late 
acting G-protein m ediating exocytosis, and has been term ed Ge [258]. Ge 
m ight well combine with a calcium binding protein, in a facilitatory 
m anner, to induce exocytosis (Fig. 1.10) through a m echanism  possibly 
involving dephosphorylation [258]. The developm ent of a selective Gq 
activator in mast cells, guanosine 5'-[(3-thio] triphosphate, m ay further 
elucidate this process [261].

In separate experiments, mastoparan, a basic peptide com ponent of wasp 
venom, has been shown to induce rat m ast cell degranulation apparently 
through direct interaction with a plasma membrane G-protein w ith Gi like 
properties [262].
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This mechanism has been shown to extend to other basic molecules such 
as com pound 48/80 and the neuropeptide substance P w hich have 
histam ine releasing activity [263]. Negatively charged mem brane surface 
com ponents, probably sialic acid residues, intercalate w ith the basic 
peptides and in so doing allow for activation of the G-protein [262,263]. 
Thus, in the m ast cell, G-proteins can not only be involved in coupling 
receptors with effector enzymes but also in the very initial and later stage 
events of stimulus induced exocytosis.

1.7.3 The role of cyclic nucleotides

Receptor occupation and G-protein activation can stim ulate the enzym e 
adenylate cyclase. This enzyme transforms ATP into adenosine 3',5'-cyclic 
m onophosphate (cAMP), the first molecule to be attributed with having a 
second messenger' function [264]. This cyclic nucleotide has been shown 
to affect m any cellular processes, m ediating them  largely th rough  
phosphorylation by cAM P-dependent protein kinase (cAMP-PrK). This 
kinase is ubiquitously found and has many known protein substrates, 
phosphorylating them largely at serine and threonine residues [265]. In the 
absence of cAMP, the holoenzym e exists as an inactive tetram er 
comprising two catalytic and two regulatory subunits (R2C2). Elevation of 
intracellular cAMP, and its binding to R groups, dissociates the tw o 
catalytic subunits, leaving an R2 .(cAMP4 ) dimer. The C subunits are thus 
functionally active [266] (summarised in Fig. 1.11).

A similar enzymatic system produces guanosine 3',5'-cyclic m onophospate 
(cGMP) from guanosine triphosphate (GTP) (Fig. 1.11). Guanylate cyclase 
generated cGMP mediates its effects through cGM P-dependent protein 
kinase (cGMP-PrK). Again, this enzym e phosphorylates serine and 
threonine residues, but has a more restricted range of substrates compared 
to cAMP-PrK [267].

Intracellular levels of cyclic nucleotides are not only controlled by plasm a 
m em brane receptor events, bu t also through a range of cellu lar 
phosphodiesterases (PDF's) which can hydrolyse both cAMP and cGMP
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[268]. The classification of PDF's and their involvem ent in m ast cell 
regulation is discussed more fully in chapter five.

M any receptors have been linked with elevating in tracellu lar cyclic 
nucleotide levels, p-adrenergic and histam ine (H2) receptors have both 
been shown to elevate cAMP in a range of tissues. Likewise, in hum an 
lung mast cells and basophils, p-agonists or PDF inhibitors produce an 
elevation of intracellular cAMP and associated inhibition of degranulation 
[269,5]. cAMP is thought to produce this inhibition through decreasing 
cytosolic Ca^+ levels, perhaps through inhibition of PI turnover [270]. 
Interestingly, p-agonists have been shown to be particularly effective at 
inhibiting eicosanoid release from hum an lung mast cells [271]. This 
suggests that alternative signals are perhaps involved in P -ag o n is t 
inhibition of mast cell eicosanoid release to those attenuating histamine 
secretion [270].

Some workers have noted a rapid elevation in mast cell cAMP following 
IgF directed activation [272]. However, others have found no such rise 
[273]. This disparity m ay reflect transduction heterogeneity betw een 
different mast cells, or experimental inaccuracies due to the rapidity and 
short duration of the cAMP spikes measured [5]. W hether such an early 
rise in cAMP on IgF induced activation is involved in triggering the 
secretory response or is initiating an inhibitory signal, in keeping with the 
effects noted previously, is not known.

Little is understood about the role of cGMP in mast cell regulation. An 
e levation  of in trace llu la r cGMP has been de tec ted  fo llow ing  
immunological challenge [274], but both stim ulatory [275] and inhibitory 
[276] actions have been attributed to this elevation in functional studies. 
Thus, despite being the earliest appreciated second messengers and having 
well characterised effects in many other cell types, the role of mast cell 
cyclic nucleotides in cellular regulation and activation is as yet ill-defined.
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1.7.4 The role of protein-tyrosme phosphorylation

Recent work, using rat basophilic leukemia cells (RBL-2H3), has revealed 
that FcgRI cross linking results in the phosphorylation of many proteins at 
tyrosine residues [277,278]. Moreover, inhibitors of tyrosine kinases were 
effective at blocking IgE directed cell activation [279,280]. In bone m arrow  
derived mouse mast cells (BMMC), a similar effect was noted. In addition, 
other secretagogues tested were unable to induce tyrosine phosphorylation 
[281].

Unlike certain other receptors [282], the heterodimeric (a(3y2 ) FcgRI does 
not possess intrinsic protein tyrosine kinase activity [277,283]. How ever, 
tyrosine kinase activity has been co-purified w ith FcgRI [284]. Recently, 
several src protein related tyrosine kinases have been found to be tightly 
associated with, and activated by, FceRI in both RBL-2H3 cells and the 
m ouse mast cell line PT-18 [283]. It would thus seem likely that these 
proteins are responsible for the protein tyrosine kinase (PTK) activity seen 
on IgE activation.

Many substrates of tyrosine kinase have been identified [285-287]. Of these 
FceRI, PLC-yl and two proteins, of molecular weight 72 and 110 KDa, are of 
particular interest in the mast cell and their potential relevance to signal 
transduction is discussed more fully by Benhamou and Siraganian [286]. 
H ow ever, in brief, PTK activ ity  has been  show n to in d u ce  
phosphorylation of both p and y subunits of FcgRI [288]. W hether this 
tyrosine phosphorylation functions as an initiator of signal transduction, 
or as a down-regulator of the activated receptor is unclear.

Phospholipase C-yl is phosphorylated on antigen stimulation of RBL-2H3 
cells [289]. It has been suggested that this phosphorylation activates the PLC 
and so triggers cellular Ca^+ and PKC signals. However, the use of PTK 
inhibitors has yielded conflicting results as to the im portance of PLC-yl 
tyrosine phosphorylation in mast cell activation [286,253].

The 72 KDa PTK substrate protein (pp72) is of m uch interest in m ast cell 
secretion, as it is rapidly detected following FcgRI cross-linking and is seen 
to be unrelated to PLC activity [280]. A preliminary link between activation
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of this protein and selective mast cell cytokine secretion has been noted 
[290]. A 110 KDa protein (ppllO) is activated subsequent to the elevation of 
cytosolic Ca2+ and PKC in allergen challenged RBL cells. Inhibitor studies 
have shown that both PKC and PTK can m odulate the activity of this 
protein and in so doing modify histamine release [286]. Thus, ppllO  may 
function as a site of convergence between transduction signals in close 
proximity to the final secretory mechanisms.

Recent studies, using both hum an lung m ast cells and basophils, have 
indicated that IgE-mediated histamine release can be inhibited by tyrosine 
kinase inhibitors [291]. However, the cell types displayed a different profile 
of sensitivity to the PTK antagonists used in the study. This m ay suggest 
that different PTK are involved in signal transduction in the two cell types 
tested [291,283].

In summary, FcgRI PTK activity although in its research infancy, may yet 
complete some of the 'missing links' in mast cell signal transduction.

1.7.5 Activation of a membrane bound serine esterase

M any studies using serine esterase inhibitors have shown them to inhibit 
immunologic release of histamine from mast cells and basophils [292,293]. 
The profile of effective inhibitors, suggests that the m ast cell serine 
esterase is chymotrypsin-like and indeed degranulation in rat peritoneal 
m ast cells can be obtained with exogenously applied a-chym otrypsin (a- 
CT) [294]. Moreover, recent studies using a fluorescent a-CT substrate, 
have demonstrated that a membrane serine esterase is activated by anti- 
IgE but not com pound 48/80 or Ca^+ ionophore [295]. The processes 
controlled by the activated serine esterase remain to be elucidated.

1.5.7 Mast cell m em brane ion channels

Unlike neuronal cells, mast cells do not seem to possess voltage operated 
ion channels (VOC's) and are termed 'non-excitable' secretory cells [296]. 
However, ion fluxes have been detected in mast cells, although their
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im portance in stimulus-secretion coupling is controversial [297,298]. As 
discussed previously, m ovem ent of extracellular Ca^+ across the plasma 
m em brane is thought to be of significance in m ast cell regulation. A role 
for G-proteins [299] and for IP4 in the control of such Ca^+ channels has 
been postulated. Interestingly, the activation of a chloride (Cl") channel 
stim ulated by both Ca^+ and cAMP has been detected in patch clamp 
studies [297]. This Cl" flux m ay slightly hyperpolarise  the m ast cell 
membrane, so facilitating Ca^+ influx dow n its electrochemical gradient. 
Blockade of this anion channel has recently been shown to inhibit mast 
cell degranulation [298].

1.7.7 Summary

Num erous signal transduction pathways exist in the mast cell. These seem 
certain to have an overlapping function, so as to produce a controlled and 
ap p ro p ria te  response to cellu lar s tim u la tio n . A m ore com plete  
understanding of these coupling mechanisms m ay not only be of purely 
scientific interest, but potentially yield cellular targets for the therapeutic 
m anipulation of mast cell function.

1.8 Clinical treatment of allergic conditions - mast cell 
stabilisation

Therapy for allergic conditions has trad itionally  com prised of three 
different, although probably overlapping, approaches. Both and a -  
adrenoreceptor agonists have been w idely used  for the sym ptom atic 
treatm ent of asthma and rhinitis respectively. These agents exploit the 
presence of adreno-receptors which elicit the opposing physiological 
response to that produced by the various inflam m atory mediators at their 
receptors. As such they are termed physiological antagonists.

H istam ine H i receptor antagonists are highly efficacious agents in the 
treatm ent of immediate type hypersensitivity reactions. In this case, mast 
cell derived histamine is prevented from producing its derogatory effects 
through blockade of its receptors. H i antagonism has a disappointing
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utility in the therapy of late phase or chronic allergic reactions, as have a 
num ber of other inflam m atory m ediator receptor antagonists. This 
emphasises the multi-factorial composition of allergic disease [51].

Pharmacological 'stabilisation' of mast cells, and other inflam m atory cell 
types, rendering them refractory to activation, would thus seem to be a 
m ore  useful therapy  for these m ore serious allergic conditions. 
C orticosteroids, d isodium  crom oglycate (DSCG, cromolyn) and  the 
phosphodiesterase inhibitor theophylline, are potent attenuators of mast 
cell and other inflam m atory cell activation in vitro and have proved 
usefu l therapeutic agents in the treatm ent of allergic d isease [300]. 
However, all have problems associated with their usage such as potential 
side effects and toxicity and a lack of consistent clinical utility. Moreover, 
in parallel to the uncertain aetiology of many allergic diseases, the cellular 
site of action and molecular mechanism by which these agents produce 
their beneficial effects remains unclear. Current awareness as to the 
mechanism  of action of cromolyn is discussed in chapter four. A greater 
u n d e rs tan d in g  of these m echanism s m ight probably lead  to the 
developm ent of more efficacious therapeutic agents.

1.9 Aims of the present study

This study was designed to elucidate further the mechanism of action of 
some drugs inhibitory to mast cell activation, in particular DSCG. In doing 
this, the mast cell regulatory effects of cyclic nucleotides were particularly 
focused upon. Thus, the project investigated the response of isolated mast 
cells and basophils to a range of exogenously applied cyclic nucleotides and 
p h o sp h o d ieste rase  inhib itors. Both the functional resp o n se  and  
underlying transduction biochemistry of the mast cells were assessed in an 
a ttem pt to clarify their control mechanism s and extend ou r current 
knowledge of mast cell 'stabilisation'.
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Note that the variable regions (V regions) are located in the F(ab')2 portion, where the 

antigen/immunoglobulin interaction occurs, (adapted from Roitt, 1.(1988), in Essential 

Immunology, 6th edit, Blackwell Scientific, London.).

Fig. 1.3

Model of the mouse high affinity receptor for IgE (F ce R I) .
The a  subunit is largely extracellular and is thought to interact with IgE. The (3 subunit 

is repetitively membrane traversing and would thus seem to fulfil a membrane fixing 

and structural role. The two y subunits have large intracellular domains, and are highly 

conserved between species. This may suggest a signal transduction function, (adapted 

from Ra, C., M-H.E. Jouvin and J.P. Kinet, (1989),./ Biol Chem, 264, 15323.).
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Fig. 1.4
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Fig. 1.5
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Fig.1.6
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Fig. 1.7
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Fig. 1.9
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Fig. 1.10
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Methods and materials

2.1 Animals

Throughout the present study, Sprague Dawley rats (200-400 g), BKW mice 
(30-40 g) and Dunkin Hartley guinea pigs (400-600 g) were used. All 
animals were male and obtained either from closed, random  bred colonies 
kept in the Joint Animal House, University College London, or from 
commercial breeders (Olac/Charles River).

2.2 Human subjects

Hum an lung tissues were provided by surgeons of the Middlesex Hospital, 
London. Peripheral blood was obtained by venipuncture from norm al, 
healthy volunteers by a qualified phlebotomist.

2.3 Physiological buffers

All buffers were made up in glass d is tille d  water.

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

All experiments were carried out in a modified Tyrode's solution buffered 
with N-2-hydroxyethyl piperazine-N'-2-ethane sulphonic acid (HEPES) as 
described below. The pH of buffers in this section were adjusted in the 
range 7.2-7.4 by addition of NaOH (4 M).

2.3.1.1 Full HEPES buffered Tyrode's (FHT)

CaCl2 1.0 mM (147 mg/1)
Glucose 5.6 mM (1.0 g/1)
HEPES 10.0 mM (2.9 g/1)
KCl 2.7 mM (201 mg/1)
NaCl 137.0 mM (8.0 g/1)
NaH2P04 0.4 mM (62.5 mg/1)
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2.3.1.2 lOx Calcium free Tyrode's ( lOx CFT)

A 10 fold greater concentration of the above buffer with the omission of 
calcium.

2.3.1.3 BSA Tyrode's (BSA-FHT)

Same composition as FHT but supplem ented w ith bovine serum  albumin 
(BSA ; 1 m g/m l) and heparin (5 units/m l).

2.3.2 Buffers used in enzyme extraction and analysis

2.3.2.1 Homogenization buffer

CaCl] 1.00 mM
KCl 10.00 mM
MgCli 2 .0 0  mM
Sucrose 250.00 mM
Tris-HCl 20.00 mM
pH 7.5

The buffer w as supp lem en ted  w ith  the p ro tease  in h ib ito rs  2- 
mercaptoethanol (2-ME ; 5 mM), phenylm ethylsulphonyl fluoride (PMSF, 
solubilised in propan-2-ol ; 50 pM) and pepstatin A / antipain / leupeptin 
(PAL, solubilised in ethanol ; 1 pg/m l).

23.2.2 Extraction buffer

Brij 30 0.1% v /v
EGTA 0.2 mM
MgCl2 5.0 mM
NaCl 400.0 mM
Sucrose 250.0 mM
Tris-HCl 10.0 mM
Triton X-100 1.0% v /v
pH  7.8
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The buffer was supplemented with the protease inhibitors as above.

2.3.3 Buffers and solutions used in protein purification and 
phosphorylation experiments

2.3.3.1 Low salt and high salt buffers for liqu id  chrom atography

Low salt ;
EGTA 0.2 mM
Glycerol 5.0% v /v
MgCl] 5.0 mM
NaNg 1.0 mM
Tris-HCl 10.0 mM
pH 6.5

High salt ;

Same composition as above, but contained NaCl (1 M).

Both buffers were filtered through a Millipore filtration system  (0.22 pm) 
before use in the liquid chromatography column.

2.3.3.2 Sample buffer for term ination of pro tein  phosphorylation 
experiments (SDS-sample buffer) (com position/50 ml)

Sodium dodecyl sulphate (SDS) 4.500 g
Tris-HCl 1.135 g
2-ME 7.0 ml
Glycerol 15.00 g
Bromophenol blue 1.5 ml
W ater 25 ml
pH 6.8

The solution is highly corrosive to metals and was hence stored in a vessel 
composed entirely of plastic.
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2 3 3 3  Running/stacking gel buffer (composition/litre)

Running Stacking
Tris-HCl 90.86 g 30.28 g
SDS (10% w /v  solution) 20.0 ml 20.0 ml
pH 8.8 6.8

2.3.5.4 Buffer for electrophoresis tanks (composition/ litre)

Tris-HCl 3.0 g
Glycine 14.4 g
SDS (10% w /v  solution) 10.0 ml

The buffer was made up as a 1 Ox stock solution and diluted when needed.

2.3.3.5 Stock acrylamide solution (composition/100 ml)

Acrylamide 30.0 g
Bis-acrylamide 0.8 g

2.4 Isolation and purification of mast cells

2.4.1 Peritoneal mast cells

The m ethod em ployed for the isolation of peritoneal m ast cells was 
similar for both the rat and mouse. The animals were sacrificed, through 
asphyxiation under a rising concentration of carbon dioxide, followed by 
cervical dislocation. The abdominal skin was removed and FHT (20 ml per
rat, 5 ml per mouse) supplemented with heparin (5 units/m l) was injected
into the cavity, taking care to avoid penetration of the gastro-intestinal 
tract. The abdom en was gently massaged (2 min), before a m id-line 
incision was made. Peritoneal lavage fluid was recovered using a plastic 
pipette and collected in plastic universal containers. Any sample heavily 
contam inated w ith blood was discarded. The cells were pelleted by 
centrifugation (100 x g ; 2 min ; room temperature), washed twice in FHT 
and then either purified or used in functional studies directly. The rats
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used in th is study had  on the majority of occasions been previously 
sensitized with the nem atode Nippostrongylus brasiliensis.

2.4.1.1 Purification of rat peritoneal mast cells (RPMC)

Two m ethods of density gradient purification were compared for their 
efficiency. Per coll and a 35% BSA solution (Path-O-Cyte 4). Mixed RPMC 
(as above), to be purified through Percoll were resuspended in BSA-FHT (1 
ml). A Percoll solution (4 ml), consisting of 9 parts Percoll and 1 part of lOx 
CFT, was mixed with the cells. BSA-FHT (1 ml) was then carefully layered 
over the Percoll/cell mixture, so as to produce an interface. The sample 
was centrifuged (140 x g ; 25 min ; 4 °C) and the supernatant aspirated to 
leave a pure mast cell pellet at the bottom of the tube, which was washed 
twice in BSA-FHT and twice in FHT before use.

In experiments using BSA purification, Path-O-Cyte 4 (1 ml) was aliquoted 
into a test tube and the mixed peritoneal cells (7 ml) were layered on top. 
The sample was centrifuged (450 x g ; 15 m in ; 4 °C), the supernatant 
aspirated and the m ast cell pellet washed as described for the Percoll 
procedure.

2.4.2 Guinea-pig cutaneous, mesenteric and lung mast cells

The animal was sacrificed by cervical dislocation. The abdom en was 
shaved and the skin dissected free. The animal was opened along the m id
line and the mesentery removed from both the small intestine and any 
attached lymph nodes. The lungs were removed from the chest cavity and 
dissected free of the major airways. Each tissue was washed thoroughly in 
FHT and then cut into small fragments (1-2 mm) with scissors. This was 
followed by digestion (37 °C ; 60 min ; 120 min skin ; with stirring) in FHT 
supplem ented with BSA (1 m g/m l) and collagenase (120 units/m l). Once 
the incubation was complete, the digested tissue was further disrupted by 
expression through a 20 ml syringe. The cells were filtered through cotton 
gauze and recovered by centrifugation (150 x g ; 3 min ; 4 °C). The cells
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were washed three times in FHT and then used in functional studies 
w ithout further purification.

2.4.3 Human lung parenchymal mast cells

M acroscopically norm al hum an lung tissue was recovered follow ing 
surgery for bronchial carcinoma and dissected free of major airways and 
blood vessels. The tissue was crudely chopped and thoroughly washed in 
FHT to remove as m uch blood as possible. It was then cut into small 
fragments (1-2 mm) using scissors and digested in FHT containing BSA (1 
m g/m l) and collagenase (120 units/m l) (25 m l/g  tissue ; 2 x 60 m in ; 37 °C ; 
w ith stirring). Thereafter, cells were recovered as for the guinea-pig 
protocol above.

2.4.4 Human basophil leukocytes

Peripheral venous blood was obtained by venipuncture from  healthy 
volunteers and immediately heparinised (25 un its/m l). Clinical dextran 
(6% dextran in 0.9% NaCl ; average mol. wt. 70,000) supplem ented w ith 
glucose (30 m g/m l) was mixed with the blood sample in a ratio of 1:4 and 
left to stand (60-90 min ; room temperature). The top plasm a layer was 
aspirated and the leukocytes recovered by centrifugation (150 x g ; 4 min). 
Cells were then washed three times in FHT before use in functional 
studies without further purification.

2.5 Mast cell number and purity

In order to assess mast cell purity, an aliquot of RPMC’s was incubated (15 
min ; 37 °C ; with shaking) in a solution of Alcian Blue (1% w /v  A ldan  
Blue ; 0.9% w /v  NaCl ; 0.5 M HCl ; 0.1% v /v  Tween 20) in the ratio 9:1. 
Subsequent to this, cells were counted in an im proved  N eubauer 
haemocytometer. The num ber of cells stained blue, in com parison to the 
total num ber of cells, reflects the purity of the sample and enables the 
num ber of mast cells present to be calculated.
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2.6 Extraction and purification of cyclic nucleotide
phosphodiesterase (PDE) and cAMP-dependent protein 
kinase (cAMP-PrK) enzymes

2.6.1 Extraction of enzymes

Percoll purified rat peritoneal mast cells (1-5 million), which had been in 
initial experiments pre-prepared 1 - 2  days earlier (stored in solid CO2 ), or 
latterly prepared freshly, were resuspended in hom ogenization buffer (1  

ml ; 4 °C). The sample was then sonicated (probe sonicator ; low power ; 
low frequency ; 5 x 10 second bursts) whilst in ice, taking care to ensure no 
elevation in sample tem perature (in some cases freeze/thaw ing  of the 
sam ple prior to sonication occurred). The sam ple was then centrifuged 
(13,400 X g ; 25 min ; 4 °C), the supernatant rem oved and used in the 
enzymatic assays without further purification, or centrifuged (288,490 x g ; 
30 m in ; 4 °C) and further purified. The residual cell pellet was 
resuspended in extraction buffer (1 ml), and rotary mixed (4 °C ; 60 min) to 
extract m em brane bound enzyme. The sam ple was then centrifuged 
(13,400 X g ; 25 min ; 4 °C) and the supernatant used in functional assays.

Rat hearts were removed from the animals and immediately plunged into 
ice cold FHT, where excess blood was removed. The hearts were freeze 
clam ped (W ollenberger tongs ; under liquid N 2 ) and stored at -70 °C. 
When required, the hearts (1 g) were ground up under liquid N 2 and then 
resuspended in homogenization buffer (2  ml ; 4 °C). The suspension was 
then hand homogenised (glass/Teflon ; 20 strokes), centrifuged (288,490 x g 
; 25 m in ; 4 °C) and filtered through successive millipore filter packs (0 .2 2  

urn).

2.6.2 Purification of the PDE enzymes

The high-speed spin  RPMC supernatan t and  the filtered ra t heart 
preparation were applied to a small mono-Q column (Pharmacia) in a fast 
phase liquid chromatography apparatus (FPLC ; Pharmacia). Using the low 
and high salt buffers, fifty 1 ml samples were collected (1 m l/m in) running 
a NaCl gradient between 0.0-0.6 M, and then ten further aliquots were
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obtained over the salt gradient 0.6-1.0 M. Every alternate fraction and the 
initial washing through the column were assayed for PDE activity.

2.7 Histamine and tryptase release from isolated mast cells

Isolated RPMC or hum an lung mast cells, preincubated at 37 °C, were 
aliquoted into disposable polystyrene test tubes (160 pi) already containing 
the releasing agent (240 pi ; 37 °C). The reaction was allowed to proceed for 
a further 10 min, before it was quenched by addition of ice-cold FHT (1 ml 
for RPMC ; 600 pi for hum an lung). The cells were immediately removed 
from the supernatant by centrifugation (peritoneal: 100 x g ; 2.5 min ; lung: 
150 X g ; 3.5 min). The supernatant was decanted into fresh, labelled test 
tubes and the residual cell pellet resuspended in the equivalent volume of 
FHT. The cell pellets were either boiled for 10 min (manual histam ine 
assay), treated with 70% v /v  perchloric acid (final concentration 0.4 M ; 
autom ated assay) or freeze thawed (5 times in solid CO2 ; tryptase and 
concom itant histamine assays). These procedures liberate the residual 
quantities of cell histamine and tryptase.

Histam ine and tryptase content was determined in both the supernatant 
and corresponding cell pellet samples, and the release of both m ediators 
was assessed as a percentage of the total am ount of the mediator originally 
present in the cells. Thus ;

Mediator release (%) = 100 x Ms/(Ms + Me)

w here Ms is the m ediator measured in the supernatant and Me is the 
m ediator m easured in the cell pellet. In all experiments, values were 
corrected for the spontaneous release of histam ine or tryptase which 
occurred in the absence of any stimulus.

2.8 Inhibition of histamine and PGD2 release from isolated 
mast cells and basophils

Isolated mast cells and basophils were aliquoted (160 pi ; 37 °C) into test 
tubes containing a solution of the inhibiting agent (200 pi ; 37 °C). A
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defined period of preincubation took place before addition of the secretory 
stimulus. In the case of 0 min preincubation periods, cells were added to 
tubes containing both inhibitor and secretagogue. The reaction was 
allowed to proceed for a further 1 0  min (2 0  min for basophils and in PGD2 

studies), before the reaction was terminated as before. In PGD2 studies, an 
aliquot (250 pi) was removed from the supernatant after the cells had been 
pelleted. This was 'snap-frozen' in liquid N 2 and stored at -70 °C until 
required.

Inhibition of m ediator release was expressed in terms of the percentage 
attenuation of the control release (i.e. the release occurring in the absence 
of any inhibitor). Results were calculated according to the following 
form ula;

Inhibition (%) = 1 0 0  x (Rc-Ri)/Rc

where Rc represents the control release and R\ the release in the presence 
of the inhibitor.

In cross-tachyphylaxis experiments, RPMC were initially incubated in the 
inhibitor or FHT (4 ml ; 10 min). Subsequently, the inhibitor was diluted 
with FHT (4 ml) and the cells centrifuged as before. The supernatant was 
discarded, the cells resuspended in FHT and added to pre-labelled test 
tubes containing inhibitor drugs. Beyond this, the protocol followed 
paralleled that for inhibition of histamine release, as documented above.

2.9 Protein phosphorylation experiments

Percoll purified rat peritoneal mast cells (2-5 million) were resuspended in 
phospha te-free  D ulbecco's m odified m inim um  essential m edium  
(DMEM) (2 ml) and incubated (45 min ; 37 °C) with carrier-free [32y-P]- 

orthophosphate (0.5 m Ci/m l). The cells were washed twice in DMEM (4 
ml) and finally resuspended in an appropriate volume of DMEM or FHT. 
The cells (50 |il ; 37 °C) were then incubated (2 min) with the inhibitory 
drugs (50 pi ; 37 °C) contained in prelabelled micro-centrifugue tubes. The 
reaction was terminated by the addition (50 pi) of SDS-sample buffer, and 
the cellular proteins further denatured by placing the samples in boiling
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water (2 min). The samples were then frozen overnight (-20 °C) for use the 
following day. In some cases m em brane and cytosolic proteins were 
separated by freeze thaw ing, followed by centrifugation prior to the 
addition of the SDS sample buffer.

2.10 Measurement of histamine

2.10.1 Manual assay

The methodology behind the histamine assay was first described by Shore 
et al. [301]. On the reaction between histam ine and o-phthaldialdehyde 
(OPT), under alkaline conditions, a highly fluorescent product results. 
This p roduct can be stabilised and m easured using a com m ercially 
available spectrophotometer. In this study, test sam ples (1.4 ml) were 
m ade alkaline through addition of NaOH (1 M ; 200 pi) and thoroughly 
vortex mixed. OPT (1% w /v  in methanol ; 100 pi) was then added, the 
sample again vortexed and the reaction allowed to proceed for a further 4 
m in before term ination w ith HCl (3 M ; 100 pi). The fluorescence 
generated is proportional to the histamine concentration present and was 
m easured  on a spectrophotom eter (Perkin Elm er LS 5B) using  an 
excitation wavelength of 360 nm and an emission wavelength of 440 nm. 
In this assay histamine concentrations of 5-10 n g /m l could be measured.

W hen using high concentrations of im m unoglobulin as a secretagogue, 
protein precipitation often occurred during the acidification process. In 
such cases, samples were centrifuged (200 x g ; 15 min) before being assayed 
for fluorescence.

2.10.2 Automated assay

Tissue m ast cell preparations and basophils or RPMC samples containing 
an inhibitory compound which interfered w ith the fluorescence obtained 
in the m anual assay, were assayed using a commercial autoanalyser 
(Technicon autoanalyser II). The final assay procedure is essentially the 
same as the manual method. However, autom ated chemical extraction
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steps purify the histam ine sample before the reaction w ith OPT occurs 
[302].

To prepare samples for analysis, perchloric acid was added (0.4 M final) to 
free residual cellular histam ine and precipitate proteins in the sample. 
The samples were vortex mixed and then centrifuged (200 x g ; 15 min). 
After introduction into the autoanalyser, the samples were m ade alkaline 
and the histamine extracted into salt saturated butan-l-ol. The organic 
phase was separated and retained, washed once in a less alkaline medium, 
m ade less polar by the addition of M-heptane and the histam ine back- 
extracted into dilute HCl. The amine was then m ade alkaline, allowed to 
react w ith OPT and the fluorescent adduct form ed was stabilised by 
acidification. The fluorescence was m easured by a fluoronephelom eter 
and recorded on a chart recorder. Using this assay basal histam ine 
concentrations of 1 -1 0  n g /m l could be measured.

2.11 Prostaglandin D2 assay

P G D 2 levels w ere m easured  using  a com m ercially  availab le  
radioim m unoassay (RIA) kit (Amersham). The assay is based on the 
competition between unlabelled PGD2 and ^H-labelled PGD2 for binding to 
a limited quantity of an antibody raised with a high specificity to PGD2 . 
Thus, PGD2 content in the test sample is inversely proportional to the 
radioactivity measured.

In brief, a set of PGD2 standards provided in the kit and experim ental 
samples ( 1 0 0  }xl) were pipetted into prelabelled polypropylene tubes ( 1 2  x 
75 mm). This was followed by the addition of ^H -PG D 2 tracer (100 |xl), 
PG D 2 specific antiserum (100 pi) and assay buffer (lOOpl). In addition to 
these samples, a total counts (TC) tube (100 pi tracer ; 100 pi antiserum  ; 
2 0 0  pi buffer), a zero standard (Bq) tube ( 1 0 0  pi tracer ; 1 0 0  pi antiserum  ; 
200 pi buffer) and a non-specific binding (NSB) tube (100 pi tracer ; 300 pi 
buffer), were also prepared. All tubes were vortex mixed and incubated 
overnight (4 °C). The following day, a dextran coated charcoal suspension 
(500 pi) was added to each tube with the exception of the TC tube, in which 
assay buffer (500 pi) was added. The tubes were immediately mixed, left to
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Stand in an ice-bath (15 min) and then centrifuged (250 x g ; 4 °C ; 15 min). 
The supernatants were decanted into scintillation vials, scintillant added 
(O ptiphase safe ; LKB ; 10 ml) and the radioactivity m easured by p- 
sdntilation spectrometry (4 m in/sam ple). Results were expressed as ;

100 X (B-NSB)/(Bo-NSB)

where B is the sample reading, Bq is the zero standard and NSB is the non
specific binding. Using the PGD2 standards provided, a curve was drawn 
and the prostanoid content of the unknown samples determined.

To ensure that the unknow n samples met the concentration parameters of 
the RIA kit (5-200 p g /m l), prelim inary samples and dilutions of them 
were tested prior to complete utilisation of the kit. As was often necessary, 
dilutions were then m ade of all the samples to ensure their PGD2 levels 
lay in the range of the standard curve.

2.12 Tryptase assay

A commercially available radio-imm unoabsorbent (RA) kit was used to 
determ ine tryptase levels. The assay is non-competitive, and relies on the 
use of two selective anti-tryptase antibodies. The first is unlabelled and 
coated inside polystyrene test tubes, whilst the second is labelled with 
and is aqueous. In order to be retained inside the test tube the l^^I antibody 
m ust be bound to tryptase, which in turn m ust have bound to the test tube 
fixed immunoglobulin. Thus the tryptase measured in the test sample is 
directly proportional to the detected.

In brief, a range of tryptase standards and the test samples (50 pi) were 
pippeted into prelabelled antibody coated test tubes. Assay buffer (50 pi) 
was then added, followed by the ^^^I-antibody (50 pi). The tubes were 
gently m ixed and left to incubate (18 hours ; room tem perature). The 
aqueous sample was then aspirated and the tubes washed twice with a 
0.9% N aCl solution (4 ml). Capped tubes containing tracer only (50 pi) 
were also prepared to assess the total counts (TC) obtainable. All tubes 
were then counted using a y-counter (1 m in /sam ple). Results were 
expressed as;

54



Chapter 2

lOOxB/T

w here B is the sam ple reading obtained and T is the total counts. A 
standard curve was constructed and the levels of tryptase in the sample 
tubes determined. Again, preliminary tubes were assayed to determine the 
dilution factor required to ensure that the tryptase levels were in the range 
of the standard curve (1.5-150 units/m l).

2.13 Phosphodiesterase (PDE) assay

PDE activity was determined by a modification of the method of Davis and 
Daly [303]. The procedures involved for both cAMP and cGMP hydrolysis 
experiments were identical. For cyclic nucleotide (1 |iM) hydrolysis the 
standard reaction mixture contained, in a final volume of 1 0 0  pi:

[8 -l^]-AM P/GM P 50.0 pM (sp. activ. ca. 5 Bq/nmol)
cAMP/cGMP 0.8 pM
[8-3H]-cAMP/cGMP 0.2 pM (sp. activ. ca. 30 Bq/pmol)
MgCl2 5.0 mM
Tris-HCl 50.0 mM
pH 7.5

An appropriate volume of the above 'cocktails' was placed in prelabelled 
micro-centrifugue tubes (37 °C) with or without the presence of inhibitory 
com pounds (100 pM). The reaction was initiated by the addition of the 
enzym e preparation (10 pi) and allowed to proceed for 10 min. The 
reaction was stopped by placing the samples in a boiling w ater bath (2  

min). After cooling, HEPES buffer (100 mM HEPES ; 100 mM NaCl ; pH=
8.5 ; 500 pi) was added to each tube and the total contents applied to a 
column (1.2 ml bed volume) of Affi-Gel 601 (boronate affinity gel) which 
had previously been equilibrated with HEPES buffer. The colum n was 
freed of non-hydrolysed ^H-cyclic nucleotide by 15 x 1 ml washes with the 
above HEPES buffer. The reaction product AM P/GM P, was eluted in a 
single acetic acid (0.25 M) wash (6  ml) into scintillation vials and the 
rad ioactiv ity  (both and "̂̂ C) m easured  by liqu id  scin tilla tion  
spectrometry after addition of Instagel scintillant (Packard ; 10 ml).
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The recovery of the product, as estimated from the nucleotide return, 
was in the range 65-85%, the appropriate values being used to correct the 
recoveries of pH ] AMP/GMP. Assays were perform ed in duplicate and 
corrected for blank values, that is the hydrolysis of cyclic nucleotide that 
occurred without the addition of enzyme. Results are expressed as pmol 
AMP or GMP formed per million mast cells homogenised.

2.14 cAMP-PrK activity-ratio assay

This assay was designed to measure the basal and maximal activity of 
cAMP-PrK in homogenates from RPMC. Activation of cAMP-PrK follows 
the mechanism ;

R2C2 (inactive) + 4 cAMP «  R2(cAMP)4  + 2C (active) 

where R is the regulatory and C is the catalytic subunit.

Tissue homogenates were assayed without added cAMP to m easure basal 
free catalytic activity (C) and in the presence of added cAMP to m easure 
total kinase activity (R2C 2 + C). This is then expressed as an 'activity ratio' 
(C /(R 2 C 2 + C)). In this study the incorporation of [y-32p]-ATP into a 
synthetic peptide malantide (peptide sequence RTKRSGSVYEPLKI), as first 
described by Malencik and Anderson [304], is used to assess cAMP-PrK 
activity.

RPMC extracts (20 pi) were added to prelabelled test tubes containing assay 
mix (100 pi) and equilibrated for 2 min at 30 °C. The assay mix consisted of:

Na2HP0 4  70.0 mM
MgCl2 14.0 mM
EGTA 1.4 mM
Tween 20 0.014% v /v
M alantide 28.0 pM
+/-CAMP 2.8 pM
pH 6 .8
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The reaction was initiated by the addition of [y-32p]-ATP (20 |il ; 100 |iM ; 
sp. activ. = 100-200 counts/pm ol). After defined periods the PrK activity 
were assessed by spotting a 30 pi aliquot of the reaction m ixture onto 
phosphocellulose paper (P81 ; W hatman). The papers were given four 
washes of 5-10 min each in phosphoric acid (0.5% v /v  polyphosphoric acid 
; 2 .2 % v /v  phosphoric acid ; 1 1), dried and placed in scintillation vials. 
Papers were counted by Cerenkov radiation. The activity ratio  was 
obtained by dividing the radioactivity (c.p.m.) obtained in the absence of 
added cAMP by that obtained in its presence. Blank readings, due to 
spontaneous incorporation into m alantide or wash resistant [y-32p]_ 
ATP, w ere ob ta ined  th rough  p ara lle l incuba tions w ith o u t cell 
homogenates and were subtracted from all values.

The actual 32p incorporated into ATP and hence the true specific activity 
(sp. activ.) values were assessed through m easurement of supernatant ^^p 
before and after addition of charcoal pow der to a sample of the assay mix 
and centrifugation. Residual 'counts' following charcoal addition and 
sedimentation reflect ^^P incorporated into free phosphate which is hence 
not part of the accessible [y-32p]-ATP pool.

The ATP binding properties of charcoal were also used to assess the 
intrinsic ATPase activity in the RPMC homogenates. Samples before and 
after test enzyme addition were compared as to their levels of free 32p_ 
phosphate after charcoal addition. These results reflect ATPase activity 
within the cell homogenates as selective kinase activity would lead to ^^P 
incorporation into m alantide which w ould hence be unavailable for 
charcoal binding.

2.15 Protein phosphorylation assay

RPMC samples, following SDS-sample buffer addition, were vortex mixed 
thoroughly  and expressed through a p ipette  tip. This ensures the 
disruption of any nucleic acid and high molecular weight proteins which 
often gel in the SDS buffer. The sam ples (100 |il) w ere then pipetted 
carefully into wells p repared  in an SD S-polyacrylam ide gel and 
electrophoresis performed (SDS-PAGE). The electrophoresis tank buffer is
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described in section 2.3.3 and the general methodology followed was in 
accordance with the procedure of Laemmli [305].

It is the acrylamide concentration of the gels that largely dictates the 
various proteins' m igratory  progress. Hence, for increased protein 
separation a lower gel concentration of acrylamide is used. A reduced 
acrylamide concentration is also used in the stacking gel (<5% w /v). This 
allows for proteins to migrate both uniformly and relatively rapidly onto 
the larger resolution gel where separation is achieved. The gels used in the 
present study had the following composition (see section 2.3.3 for stock 
so lu tions used) and are described in term s of their acrylam ide 
concentration and in quantities sufficient to produce 1 gel (33 ml).

Com position (ml/33 ml)
Running Stacking gel

12.5% 1 0 % 5%

Acrylamide (stock) 13.75 1 1 .0 0 5.5
SDS (10% w /v) 0.33 0.33 0.33
Am m onium  persulphate (10% w /v) 0.25 0.25 0.25
Gel buffer (stock) 8.25 8.25 8.25
W ater 10.42 13.17 18.67
TEMED 8.80 gl 8.80 pi 8.80 pi

The proteins were stacked onto the gel (30 mA per gel ; 500 V). Once the 
protein band was fully onto the running gel the current was increased (70- 
100 mA per gel ; 500 V). During electrophoresis, the gel was kept cool (10 
°C ; Haake D8 -G circulator) to facilitate improved protein migration. Once 
electrophoresis was complete {ca. 4 hours) the gels were removed from the 
electrophoresis apparatus, stained with R250 Coomassie brilliant blue (1 
g/1 of de-stain, as described below ; 30 min), de-stained twice (45% v /v  
MeOH ; 10% v /v  glacial acetic acid ; 5% w /v  glycerol ; 45 min with gentle 
shaking) and dried over-night sandwiched in cellulose film (fume-hood). 
The molecular weights of the proteins revealed were assessed using a 
commercially available standard kit (Bio-Rad) which consisted of the 
following proteins ;
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Protein Source M.Wt.
M yosin rabbit skeletal muscle 2 0 0

B-galactosidase E. coli 116
Phosphorylase B rabbit muscle 97
Serum  album in bovine 6 6

O valbum in hen egg white 45
Carbonic anhydrase bovine 31
Trypsin inhibitor soybean 21

Lysozyme hen egg white 14

A utoradiography was performed on the gels (Fuji RX 100 photographic 
film) for an exposure period of between 3 and 14 days (-70 °C) (as dictated 
by the incorporation of [y-32p] into the gel, measured using a p-scintilation 
monitor). Protein phosphorylation was assessed in relation to the pattern 
obtained with unstim ulated mast cell preparations.

2.16 Active sensitization

2.16.1 Sensitization of rats with the nematode Nippostrongylus  
brasiliensis (NB)

Sprague Dawley rats {ca. 160 g) were sensitized by subcutaneous injection 
of third stage larvae (Lg ; 2500) of NB in sterile physiological saline (SPS). 
The larvae were obtained from either faecal cultures of previously infected 
rats, as described in section 2.16.2, or were provided by Mr. D. Pedley, 
Departm ent of Agricultural Zoology, University of Leeds. The rats were 
ready for experimental use 21  days post injection and remained sensitized 
for a further 3-4 weeks.

2.16.2 Preparation of L3 of Nippostrongylus brasiliensis

Faeces were collected from rats 5-7 days after injection of L3 larvae {ca. 
2,500). The faeces were moistened and ground with an equal weight of 
activated charcoal until homogeneous. The mash was then transferred to 
petri-dishes and incubated (25 °C ; 14 days ; dark). During this period the
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m ash was regularly moistened. To isolate the L3 larvae, the contents of the 
petri-dishes were poured into a glass funnel, filled with warm  tap water 
and containing a filtration system com posed of two layers of gauze 
interleaved with one layer of lens tissue. The larvae were allowed to 
sediment into a graduated test tube (60-90 min). They were then washed 3- 
4 times in sterile physiological saline (SPS), counted and resuspended in 
an appropriate volume of SPS, ready for injection.

2.16.3 Preparation of secretory allergen

NB secretory allergen was prepared using the m ethod of Keller [306]. In 
brief, rats were injected with a double dose of L3 larvae (ca. 5,000) and were 
sacrificed 7 days post injection. The abdomen of the animal was opened 
and the small bowel removed. The gut was opened along the mid-line and 
then placed in the filtration apparatus as described in 2.16.2, w ith the 
exception that the funnel was filled with warm  SPS and no lens tissue was 
used. The worms were allowed to sediment (60-90 min), and then washed 
five times in SPS before final incubation (10 x worm volumes ; 37 °C ; 5 
hours ; with gentle agitation). The resultant supernatant containing the 
allergen (1 worm equivalent (W.E.) per p.l as defined by Ogilvie [307]) was 
aliquoted and stored (-20 °C) until required.

2.17 Materials

2.17.1 Secretagogues used

Compound 48/80 
Concanavalin A (con. A) 
lonom ycin
Rabbit antiserum to human IgE 
(anti-human IgE)
Sheep antiserum to rat IgE 
(anti-rat IgE)

Sigma, London 
Sigma, London 
Calbiochem

Dako

ICN

2.17.2 Acknowledged inhibitors used 

Disodium cromoglycate (DSCG) Gift from Mr. P. Sheard, 
Fisons

60



Chapter 2

Isobutylmethylxanthine (IBMX) Sigma, London
Nedocromil sodium  (NS) Gift from Mr. P. Sheard,

Fisons
Theophylline Sigma, London

2.17.3 Nucleotides used

All of the compounds below were obtained from Sigma, London.

8 -Bromo-cAMP
8 -Bromo-cGMP
Adenosine 3',5'-cyclic monophosphate (cAMP)
Adenosine 5'-triphosphate (ATP)
Cytidine 3',5'-cyclic monophospate (cCMP)
N^, 2'-0-Dibutyryl-cAMP 
N2, 2'-0-Dibutyryl-cGMP
Guanosine 2',3'-cyclic monophosphate (2',3' cGMP)
Guanosine 3',5'-cyclic monophosphate (cGMP)
Guanosine 5'-diphosphate (GDP)
Guanosine 5'-monophosphate (GMP)
Guanosine 5'-triphosphate (GTP)
Thymidine 3',5'-cyclic monophosphate (cTMP)
Uridine 3',5'-cyclic monophosphate (cUMP)

2.17.4 Novel phosphodiesterse inhibitors and cAMP-PrK activators 
used

Unless otherw ise stated all com pounds were kind gifts from  Dr. K. 
M urray, SmithKline Beecham, The Fry the, Welwyn Garden City, Herts.

PDE inhibitors

PDE III SK&F 94120, SK&F 97836.
PDE IV rolipram, Ro-20-1724.
PDE V SK&F 98275, SK&F 103587 (zaprinast), SK&F 97652, SK&F 97992,

SK&F 96679, SK&F 98376, SK&F 96231, SB 202650, SB 200053, SB 
200415.

rolipram  and denbufylline Both gifts from Dr. R.
(for whole cell studies) Gristwood, Almiral S.A.

cAMF-PrK activators

SK&F 98444, SK&F 98208, SK&F 98461, SK&F 97423, SK&F 97899, SK&F 
98344, SK&F 98439, SK&F 97694, SK&F 98147, SK&F 98421, SK&F 97678.
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2.17.5 Miscellaneous compounds used

Bumetanide
Frusemide

Sodium butyrate (NaB) 
Sodium nitroprusside (NaP)

Leo Laboratories 
Gift from Dr. J. Brostoff, 
Dept, of Immunology, 
Middelesex Hospital, 
London.
Sigma, London 
Sigma, London

2.17.5 Materials for buffers

Calcium chloride
Dulbecco's modified m inim um  essential 
m edium -phosphate free (DMEM) 
Ethylenediaminetetraacetic acid (EDTA)
Ethyleneglycol-bis(p-amino-ethyl ether)
N ,N ,N ’,N',-tetraacetic acid (EGTA)
Filtration apparatus and filters
Glucose
Glycerol
HEPES
M agnesium chloride 
pH  standards 
Potassium chloride 
Sodium chloride
Sodium dihydrogen orthophosphate 
Sodium hydroxide 
Sodium nitrite 
Sucrose
Tris [hydroxymethyl]-aminomethane 
hydrochloride (Tris-HCl)

Fisons

Gibco
BDH chemicals

BDH chemicals 
M illipore 
BDH chemicals 
BDH chemicals 
Sigma, London 
BDH chemicals 
BDH chemicals 
BDH chemicals 
BDH chemicals 
Hopkins and Williams 
BDH chemicals 
BDH chemicals 
BDH chemicals

Sigma, London

2.17.6 Materials specifically for polyacrylamide gel electrophoresis.

A crylam ide/ Bisacrylamide 
A m m onium  sulphate 
Bromophenol blue 
Electrophoresis tank and apparatus 
Glycine
Sodium dodecyl sulphate (SDS)
TEMED
High and Low Mol. Wt. protein standards 
R250 Coomassie brilliant blue 
Acetic acid 
M ethanol

Bio-Rad
Bio-Rad
Bio-Rad
Bio-Rad
Bio-Rad
Bio-Rad
Bio-Rad
Bio-Rad
Bio-Rad
BDH chemicals
BDH chemicals
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2.17.7 Radioactive materials

[8-3H]-cAMP (20-30 Ci/mmol)
[8-14Q-AMP (50-60 mCi/mmol)
[8-3H]-cGMP (10-30 Ci/mmol)
[8 -l‘*C]-GMP (50-60 mCi/mmol)
[y.32p]-ATP (30 Ci/mmol) 
[•y-32p]-Orthophosphate (8^00-9,120 C i/m m ol)

A m ersham  
A m ersham  
A m ersham  
A m ersham  
A m ersham  
New England Nuclear

2.17.8 Other m aterials

2-Mercaptoethanol (2-ME) Sigma, London
Activated charcoal BDH chemicals
Affi-Gel 601 Bio-Rad
Alcian blue BDH chemicals
Bovine serum albumin (BSA) Sigma, London
Butan-l-ol Fisons
C alm odulin Sigma, London
Collagenase (type lA) Sigma, London
Dextran 70 in 0.9% NaCl Fisons/ Baxter
Dim ethylsulphoxide BDH chemicals
Ethanol BDH chemicals
H eparin C.P. Pharmaceuticals
Hydrochloric ad d Fisons
Lens tissue W hatm an
(mesh size 0.85-1.70 mm)
w-Heptane Fisons
o-Phthaldialdehyde (OPT) Sigma, London
Path-O-Cyte 4 ICN
Pepstatin A /A ntipain/Leupeptin (PAL) Peptide Inst. Inc.
Perchloric add May and Baker
Percoll Pharmacia
Phenylmethylsulphonyl fluoride (PMSF) Sigma, London
Propan-2-ol Fisons

2.18 Stock solutions of drugs used

Anti-rat IgE was obtained in lyophilised form. It was solubilised in distiled 
w ater ( 2  ml) and  the resu ltan t stock so lu tion  a liquo ted  in to  
microcentrifugue tubes and stored (-20 °C) until needed. Com pound 48/80 
(1 m g /m l ; in distiled water) was prepared every week and refrigerated 
until required.
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SK&F 97423, 98344, 98439, 97652, 97992, 96679, 98376, 96231, and SB 202650, 
200053, 200415 and Ro-20-1724 were dissolved in neat DMSO to a 
concentration of 40 mM. Rolipram and denbufylline were also dissolved 
in DMSO but to a concentration of 100 mM.

SK&F 94120, 98208, 98444, 98461, 97694, 97899, 98147, 98421, 97678 and 
zaprinast were solubilised in NaOH (0.05 M) to a concentration of 2 mM. 
Bumetanide (20 mM) was dissolved in 0.1 M NaOH.

W ith the exception of rolipram, denbufylline and bum etanide, which 
were made up freshly on the day of the experiment, all of the above drugs 
w ere aliquoted in m icrocentrifugue tubes and stored (-20 °C) until 
required. At the top dose of the test drugs, the final concentration of 
DMSO in the reaction mix was occasionally 0.25% v /v , but was usually 
<0.1% v /v . At these concentrations DMSO was seen little to affect either 
the inhibition or induction of histam ine release (see section 5.3.6). In 
experiments where weak NaOH was used to dissolve the test drugs, the 
final pH of the reaction mix was not significantly affected by the presence 
of the base.

All the other drugs used were soluble in FHT and made up freshly on the 
day of the experiment.

2.19 Numerical analysis

All values given are means ± standard error (S.E.) of the m ean for the 
num ber (n) of experiments carried out. The points on the graphs are the 
means from num ber (n) of experiments performed and the vertical error 
bars represent the S.E. of the means. In the figures of the following 
chapters, the spontaneous (Sp.) secretion of histamine, in the appropriate 
release studies, is given in parenthesis. In attenuation experim ents, the 
control release (CR) induced by the secretagogue in the absence of the 
inhibitor is quoted.
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The effect of purification on rat peritoneal mast 
cell reactivity to a range of secretory and 

inhibitory agents

3.1 Introduction

The potential involvem ent of the m ast cell in a range of allergic and 
inflam m atory diseases (as detailed in chapter 1 ) has stim ulated m uch 
research interest in the cell type. However, for practical reasons, in vitro 
investigation  in to  m ast cell signal transduction  coupling , or the 
m easurem ent of m any cellularly derived m ediators, requires a large 
num ber of m ast cells to be used. Moreover, as m any second messenger 
pathw ays are common to a variety of cell types and m ediators such as 
PG D 2 , LTC4 and indeed cytokines have an array of cellular origins, it is 
im portant that a homogeneous population of mast cells is experim ented 
upon.

Cultured mast cell lines which can be produced in large, hom ogeneous 
quantities, have proved very useful in many areas of m ast cell research 
[223,45]. However, many functional differences have been show n to exist 
between these cultured cells and their native counterparts [62,308]. Thus, it 
would seem appropriate that mast cells of a primary origin should be used 
w herever possible although the well accepted concept of m ast cell 
heterogeneity should not be forgotten [19].

Lavage of the rat peritoneal cavity can readily yield large numbers of mast 
cells (ca. 1 m illion/anim al). However, the m astocyte com prises only 
around 5% of the cells present in the lavage fluid w ith the rem ainder 
consisting m ainly of m acrophages and lym phocytes. A num ber of 
methods for the purification of RPMC have been developed, largely all 
employing density gradient centrifugation techniques [309-312]. Despite 
this, there have been relatively few and conflicting comparative studies of 
their suitability [313,314,142].
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Initial studies, which exploited the dense nature of rat mast cells in order 
to purify them, used sucrose as a gradient m edium  [315]. However, this 
m edium  was shown to be highly dam aging to the m ast cells producing 
high spontaneous histamine release, low mast cell recovery through the 
gradient and a virtual ablation of their reactivity to secretory agents [313- 
316,142]. Ficoll has been commonly used as a gradient m edium  for RPMC 
purification. Initial reports [313] suggested that this was a useful agent for 
purification. More recent work, however, has reported  poor mast cell 
recovery and responsitivity after Ficoll purification [311,312,142]. Gradients 
of M etrizam ide have also been utilized, but again there are conflicting 
reports as to their utility [309,314,142].

Centrifugation through a 35-38% bovine serum album in (BSA) solution 
has been used to purify mast cells for many years [317]. Although some 
investigators have reported low mast cell recovery through the m edium  
[318], others have found it efficacious in producing viable, highly pure and 
functionally intact mast cells with good yield [313,142].

More recently, a new m edium  for gradient centrifugation, Percoll, has 
been described [319]. Percoll is a colloid of silica particles coated with 
polyvinyl pyrrolidone (PVP). The media has the beneficial properties of 
having low osm olality and viscosity and that it can be mixed w ith 
physiological buffers [312]. Percoll has proved a useful purification 
medium over a range of criteria in several studies [310,312], although one 
report has found it to be broadly unsuitable [142].

In this study, an attempt was m ade to clarify these conflicting reports. A 
comparison was made between two of the more efficacious media Percoll 
and a commercially available 35% BSA solution (Path-O-Cyte 4). The 
histamine recovery and mast cell purity obtained through use of the two 
agents was compared. M oreover, the spontaneous and secretagogue 
induced histam ine release from the purified cells was assessed and 
compared with the response of non-purified rat peritoneal mast cells.

Other comparative studies [313,314,142] have solely looked at purified mast 
cell reactivity to secretory agents in assessing their functional integrity. In 
addition to this and as a prerequisite for later work, the response of
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purified mast cells to a range of inhibitory compounds was investigated in 
this study. Attenuation by these agents of histamine release evoked by a 
range of immunologically directed ligands was assessed in both non
purified and purified mast cells and the results compared and discussed.

3.2 Methods and materials

All materials and methods used are described in chapter 2. In comparative 
studies the same mixed cell population was used between the purification 
methods so as to produce directly comparable results.

3.3 Results

3.3.1 Comparison of the efficiency of the Percoll and Path-O-Cyte 4 
purification techniques

As show n in Table 3.1, both gradient media yielded highly pure rat 
peritoneal m ast cell populations w ith acceptable levels of spontaneous 
release. On both of these criteria Percoll was found to be superior to Path- 
O-Cyte 4. In addition, histam ine recovery th rough  the form er w as 
considerably greater than that found when employing the BSA m ethod 
(Table 3.1).

3.3.2 Comparison of the reactivity of non-purified and purified rat 
peritoneal mast cells to a range of secretagogues

The responsitivity of cells purified using either Percoll or Path-O-Cyte to 
stimulation via both compound 48/80 (Fig. 3.1) and ionomycin (Fig. 3.2) 
was comparable to that seen in non-purified RPMC. The preservation of 
the histam ine release evoked by these drugs was som ew hat better in 
Percoll purified cells. In contrast, histamine release induced by anti-IgE 
(Fig. 3.3) and con. A (Fig. 3.4) was greatly reduced in the purified cells. BSA 
p u rified  cells had  especially  decreased  re sp o n sitiv ity  to these  
im m unological stimuli.
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In toto, Percoll would seem to be generally superior to that of Path-O-Cyte 
as a m ethod for RPMC purification. Thus, in further studies only cells 
purified using Percoll were compared with their mixed cell counterparts.

3.3.3 The effect of Percoll purification on rat peritoneal mast cell 
reactivity to secretory drugs

Over a wider range of concentrations the response of Percoll purified cells 
to com pound 48/80 (Fig. 3.5) and ionomycin (Fig. 3.6) was again 
maintained relative to the non-purified cells.

The attenuation of the RPMC response to anti-IgE, post-purification, was 
further confirmed over a much wider number of samples (Fig. 3.7). At the 
upperm ost dilution of the secretagogue, Percoll purified cells produced a 
maximal histamine release of 25.2 ± 3.4% compared with 41.2 ± 4.3% noted 
in the mixed cell population. Moreover, the dose-response curve to the 
anti-rat serum was consistently shifted to the right. A similar response was 
noted using con. À as a stimulus (Fig. 3.8), maximal histam ine release in 
the purified cells (17.3 ± 2.4%) being less than half of that evoked in the 
non-purified cells (39.0 ± 6.2%).

However, despite this, a significant release of histamine could be achieved 
through immunological stim ulation of the Percoll purified cells. This 
enabled a comparison to be made between the inhibitory effects of a range 
of drugs on purified and non-purified mast cells challenged with IgE- 
directed ligands.

3.3.4 The effect of purification on the sensitivity of RPMC to 
inhibition by a range of compounds

3.3.4.1 Cyclic nucleotide phosphodiesterase inhibitors

In both purified and mixed RPMC, theophylline (Fig. 3.9) and isobutyl 
m ethylxanthine (IBMX, Fig. 3.10) produced a dose-dependent potent 
inhibition of anti-IgE evoked histamine release. The inhibition produced
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was tightly  correlated betw een the cell p reparations. Theophylline 
produced the greater m agnitude of inhibition {ca. 8 6 %), but on an IC5 0  

basis IBMX (IC50 ca. 0.2 mM) was more potent than the former drug (IC50  

ca. 1 mM). Essentially the same results were obtained w ith theophylline 
(Fig. 3.11) and IBMX (Fig. 3.12) when con. A was used to elicit histamine 
release. Specific allergen induced histamine release was similarly inhibited 
by theophylline in both Percoll purified and non-purified RPMC (Fig. 
3.13).

3.3.4.2 Chromone and related drugs

In both Percoll purified and non-purified RPMC, disodium  cromoglycate 
(DSCG, Fig. 3.14) and nedocromil sodium (NS, Fig. 3.15) produced a dose- 
dependent inhibition of anti-IgE induced histam ine release w hen co
challenged with the secretagogue. If p reincubated  w ith  either cell 
preparation for 10 min, before anti-IgE addition, the inhibitory effects of 
both DSCG and NS were greatly reduced (Fig. 3.14, 3.15). This inhibitory, 
followed by tachyphylactic, effect was also apparent w ith DSCG when 
specific allergen was used to evoke histamine release (Fig. 3.16). Again this 
phenomena was noted for both Percoll purified and non-purified RPMC. 
NS was also equally effective at inhibiting allergen induced secretion from 
both cell preparations (Fig. 3.17).

At zero min preincubation the drugs were generally m ore effective at 
inhibiting allergen induced secretion than anti-IgE (compare Fig. 3.14 and 
3.16). NS was the more potent of the two drugs having an IC5 0  of ca. 1 |iM 
com pared with 3-10 |iM for DSCG. This is in general agreem ent with 
previously published results [320]. The tachyphylactic response seen with 
the two drugs ran in parallel.

3.4 Discussion

The present study has shown that highly purified and viable RPMC can be 
obtained through Percoll density gradient centrifugation. This m ethod was 
seen to be generally superior to that of Path-O-Cyte 4.
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The same conclusions were not arrived upon by Purcell et al. [142], who 
found that Percoll was generally unsuitable for RPMC purification. 
How ever, these investigators used different m ethodology in purifying 
m ast cells through Percoll to that implemented in the present study. This 
may account for the gross inconsistencies noted between the two studies. 
Indeed, when similar methodology was employed in RPMC purification 
through BSA, highly comparable results were obtained for the efficiency of 
the technique (compare ref. 142 with Table 3.1).

The decrease in reactivity of purified RPMC to IgE-directed ligands is 
in teresting . Electron-m icroscopic studies have revealed  endocytotic 
vesicles containing Percoll within rat mast cells purified using this media 
[312]. It may be that the endocytosed particles of Percoll d isrupt the normal 
membrane processes which occur on IgE cross-linking and thus reduce cell 
reactivity. However, the reduced responsitivity seems to be common to a 
variety of density gradient media [313,314], not just Percoll. Presumably, 
such a reduction in m ediator release may account for the use of 
p h o sp h a tid y l serine, a phospho lip id  po ten tia to r of IgE -directed 
degranulation  [321], in m any in vitro studies of purified  m ast cell 
activation [309,313,276].

An increase in the spontaneous release of histamine from purified mast 
cells, so depriving the secretagogue of releasable quantities of the amine, 
may at least partially explain the measured wane in responsitivity.

O ther studies using ligand binding assays, prior to the developm ent of 
Percoll, have shown that during the purification process mem brane IgE 
receptors are stripped from the mast cell [314,322]. The effect was marked 
and histamine release from the purified RPMC could not be restored by 
passive sensitization of the mast cell prior to activation [314]. This adds 
credence to the hypothesis that it is the IgE receptor and not the 
immunoglobulin that is removed from the cell. Indeed, the same authors 
have shown that Fc&RJ occupation by IgE, prior to purification, greatly 
reduces the measured loss of the receptor [314]. Hence, actively sensitized 
cells with high levels of reaginic IgE retain their reactivity m ore effectively 
than those passively treated post-purification. However, in keeping with
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the results in the present study, some attenuation of responsitivity to 
immunological challenge was noted in all purified cells [314].

The density gradient m edia also have in common the effect of removing 
large quantities of non-mast cells from the purified mastocyte population. 
As discussed earlier in chapter 1, other cell types can respond to IgE- 
directed stimuli through activation of FceRII, the low affinity IgE receptor 
(CD23) [87]. It may be that, in a mixed cell population, released factors from 
these  stim u la ted  non-m ast cells act in con junction  w ith  the 
im m unological secretory stim ulus to p roduce a m ore pronounced 
degranulation [57]. Removal of these other cell types deprives the purified 
m ast cells of a stim ulatory signal and hence the m easured response is 
truncated. In addition, it might also be argued that a highly reactive, less 
dense sub-population of mast cells are not able to penetrate through the 
density gradient. Hence, their exclusion from the final in vitro experiment 
reduces the net histamine release measured.

U nfortunately, w ithin the scope of this study, there was no time to 
investigate the responsiveness to im m unological ligands of purified 
RPMC re-incorporated w ith the largely non-m ast cell population  
rem aining at the purification gradient interface. Such a study would give 
much insight into whether the decreased reactivity of purified RPMC was 
due to a direct effect of the gradient media on the mast cell or rather a 
consequence of the removal of less dense cell types.

Despite this, the Percoll purified mast cell response to IgE-directed ligands 
was still sizeable and these cells retained near full reactivity to the other 
secretagogues and to the anti-allergic agents tested. Other workers, in a 
non-com parative study, also noted the m aintenance of the inhibitory 
response to phosphodiesterase inhibitors and chrom ones in Percoll 
purified RPMC [276]. The demonstrated successful retention of the mast 
cell attenuatory effects of these agents, post-purification, enabled further 
more mechanistic studies to be carried out with confidence.

In summary, this study has demonstrated that highly purified and viable 
RPMC can be obtained through density gradient purification using Percoll. 
Cells purified in this way retained substantial reactivity to all the
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secretagogues and anti-allergic agents tested. The Percoll m ethod of 
purification was seen to be generally more efficacious to that of Path-O- 
Cyte 4.
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Fig. 3.1 Histamine release induced by compound 48/80 from non-purified
and Percoll or Path-O-Cyte 4 purified rat peritoneal mast cells. (n=4)
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Fig. 3.2 Histamine release induced by ionomycin from non-purified and 
Percoll or Path-O-Cyte 4 purified rat peritoneal mast cells.(n=4)
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Fig. 3.3 Histamine release induced by anti-rat IgE from non-purified and
Percoll or Path-O-Cyte 4 purified rat peritoneal mast cells.(n=4)
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Fig. 3.4 Histamine release induced by con.A from non-purified and
Percoll or Path-O-Cyte 4 purified rat peritoneal mast cells. (n=4)
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Fig. 3.5 Histamine release induced by compound 48/80 from non-purified
and Percoll purified rat peritoneal mast cells. (n=4)
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Fig. 3.6 Histamine release induced by ionomycin from non-purified 
and Percoll purified rat peritoneal mast cells. (n=4)
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Fig. 3.7 Histamine release induced by anti-rat IgE from non-purified
and Percoll purified rat peritoneal mast cells. (n=12)
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Fig. 3.8 Histamine release induced by con.A from non-purified and 
Percoll purified rat peritoneal mast cells. (n=8)
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Fig. 3.9 Inhibition of anti-rat IgE (1/300) induced histamine release from rat
peritoneal mast cells by theophylline (10 min preincubation).(n=4)
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Fig. 3.10 Inhibition of anti-rat IgE (1/300) induced histamine release from 
rat peritoneal mast cells by IBMX (10 min preincubation).(n=5)
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Fig. 3.11 Inhibition of con.A (3.3 |ig/ml) induced histamine release from rat
peritoneal mast cells by theophylline (10 min preincubation). (n=5)
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Fig. 3.12 Inhibition of con.A (3.3 jig/ml) induced histamine release from 
rat peritoneal mast cells by IBMX (10 min preincubation). (n=4)
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Fig. 3.13 Inhibition of specific allergen (20 W.E.) induced histamine release
from rat peritoneal mast cells by theophylline (10 min preincubation).
(n=4)
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Inhibition of anti-rat IgE (1/300) induced histamine release from rat
peritoneal mast cells by DSCG (0 and 10 min preincubation). (n=4-5)
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Inhibition of anti-rat IgE (1/300) induced histamine release from rat
peritoneal mast cells by nedocromil sodium (0 and 10 min preincubation).
(n=4)
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Fig. 3.16
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rat peritoneal mast cells by DSCG (0 and 10 min preincubation). (n=4-5)
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Fig. 3.17 Inhibition of specific allergen (10 W.E) induced histamine release
from rat peritoneal mast cells by nedocromil sodium (0 j min

1001 preincubation). (n=4)
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Table 3.1 Comparison of the efficiency of the Percoll and 
Path-O-Cyte 4 purification techniques. (n=4)

Chapter  3

Purity (%) H istam ine Spontaneous
Recovery (%) H istam ine

Release (%)

N on-purified

Percoll purified

Path-O-Cyte 4 
purified

ca 5

94.8 ±1.3

92.8 ± 3.3

100

86.4 ± 2.4 

63.7 ±4.7

4.7 ± 0.8 

7.6 ± 0.8 

11.1 ± 0.8
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The effect of a range of nucleotides on mast cell 
and basophil activation

4.1 Introduction

Purine and pyrimidine nucleotides are the 'building blocks' of the nucleic 
acid which dictates the very essence of life. Increasingly, however, extra- 
nuclear roles for these m olecules, in particu lar purines, are being 
uncovered. Of especial interest to this study is the involvem ent of purine 
nucleotides in cellular signal transduction mechanisms.

As discussed in section 1.7.2 the a  sub-unit of guanine nucleotide binding 
proteins has a single high affinity binding site for the guanine nucleotides 
GTP and GDP. Receptor/ligand interaction produces displacement of GDP 
by GTP and dissociation and activation of the G-protein, which is then able 
to stimulate a variety of important regulatory enzymes [255]. Interestingly, 
in the mast cell there seems to be a role for G-proteins not only in the 
initial stages of stimulus secretion coupling bu t also in the latter events 
leading to degranulation [258]. Moreover, in a m ultitude of cell types, two 
enzym es have been show n to utilize purine  nucleotides in their cell 
regulatory functions. These enzymes, adenylate and guanylate cyclase, 
generate adenosine and guanosine cyclic 3',5' m onophosphate respectively 
from their triphosphate precursors. Both cAMP and cGMP have well 
documented second messenger activity [266,323].

The seminal work of Lichtenstein and M argolis [269] suggested that 
pharmacological elevation of intracellular cAMP could inhibit antigen 
induced histamine release from basophils. This hypothesis supported  the 
m uch earlier work of Schild who reported that adrenaline could inhibit 
antigen induced histam ine release from chopped lung fragm ents [324]. 
Subsequently, m uch fu rther evidence has linked the e levation  of 
intracellular cAMP, through p-agonist stim ulation or PDE inhibition, with 
the attenuation of m ediator release from isolated hum an m ast cells 
[325,326].
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Inhibition induced by cAMP is thought to be mediated through cAMP-PrK 
suppression, at many levels, of the IgE mediated elevation of intracellular 
Ca2+ [270]. Studies utilising radio-isotopic Ca^+ and quin 2  have shown 
tha t the elevation in cytosolic Ca^+, following antigen challenge, is 
attenuated by increasing cAMP [224,226]. In addition, an elevation of cAMP 
has been shown to inhibit phosphoinositol turnover [270,327] and hence 
the generation of the intracellular Ca^+ mobilizer IP3 [231]. A lthough rat 
serosal mast cells are less sensitive to P-agonist inhibition than the human 
m ast cell [328,329], PDE inhibitors [329,330] and cell perm eable cAMP 
analogues [329] rem ain effective inhibitors of their im m m unological 
activation.

An elevation of cAMP has been detected following IgE cross-linkage in rat 
serosal mast cells [331,274], human basophils [332,333] and in hum an lung 
m ast cells [334]. In these studies a transient elevation in cAMP levels, 
peaking at 15-45 seconds post-stimulation, was noted. The rapidity of the 
signal not only im plicates cAMP as being a potential endogenous 
term inator of cellular secretion, in keeping with the previous evidence, 
but may suggest a role for the cyclic nucleotide in the initiating events of 
degranulation. However, in separate studies no such cAMP elevation was 
noted in the human lung mast cell [335] and in RBL-2H3 cells [94,245] 
following immunological challenge. Hence the role of this rapid elevation 
of cAMP, if any, is as yet uncertain.

It m ay be that m ast cell transduction heterogeneity, the existence of 
distinct pools of cAMP [336,337] and temporal changes in the activity of 
cAMP [94] may all exert an influence on the effects mediated by the cyclic 
nucleotide. Such interactions may well explain many of the discrepancies 
that exist in our knowledge of cAMP's role in mast cell functional 
m odulation .

In com parison to the substantial research that has been undertaken 
regarding cAMP's role in mast cell regulation, there has been a relative 
paucity of significant study into the regulatory role that cGMP plays in the 
histaminocyte. The cyclic guanosine nucleotide is produced by guanylate 
cyclase (GC) utilizing GTP as a substrate. Guanylate cyclase exists in two 
m ain forms cytosolic (soluble) and membrane-associated (particulate) [323].

88



Chapter 4

It is usual for cells to possess both forms of the enzyme, although the 
predom inant form varies in a cell dependent manner [323]. For instance, 
in platelets GC is largely soluble [338], whilst in the intestinal mucosa the 
reverse is true and the particulate form predominates [339].

cGMP has been shown to have a range of biological effects [323]. In smooth 
muscle elevation of intracellular levels of the cyclic nucleotide have been 
show n to produce relaxation [323]. Agents such as EDRF and 
nitrovasodilators such as sodium nitroprusside have been dem onstrated 
to activate GC in vascular smooth muscle, elevate cytosolic cGMP, activate 
cGMP-PrK and produce vasodilatation [340,35,341]. In parallel to cAMP 
[342] an elevation of intracellular cGMP in bronchial sm ooth muscle 
produces airway dilatation [343].

In the gastro-intestinal tract, activation of GC produces an increase in 
mucosal secretion [323]. Such an elevation of cGMP has been shown to be 
responsible for the diarrhoea induced by the heat-stable toxin secreted by 
Escherichia coli [344]. The toxins produced by the bacterium are thought to 

act on a stimulatory receptor tightly coupled to intestinal particulate GC 
[345].

Retinal levels of cGMP are also important messengers in mediating visual 
phototransduction [323]. Retinal stimulation by light activates a novel G- 
protein, transdudn [346,347]. The a-subunit of transducin then stimulates 
a selective cGMP phosphodiesterase [323]. Increased hydrolysis of cGMP by 
the activated PDF reduces cytosolic levels of the cyclic nucleotide. This 
alteration in free cGMP levels, is thought to affect Na+ channel activation 
and hence trigger downstream electrophysiological mechanisms.

Evidence for the involvem ent of cGMP in mast cell regulation is at 
present scant. Lewis et al. [274] have detected a transient rise in mast cell 
cGMP following IgE-targeted stimulation. However, there are conflicting 
reports as to the effect that this elevation might have on secretion. The 
m ore cell penetrative cGMP derivative, 8 -bromo cGMP, was shown to 
potentiate immunological histamine release from hum an lung fragments
[275]. However, in rat peritoneal mast cells both 8 -bromo and dibutyryl
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cGMP have been shown to inhibit the release induced by IgE cross-linkage
[276].

This study was designed to elucidate further the involvem ent of purine 
cyclic nucleotides in the regulation of m ast cell secretion. Guanosine 3',5' 
cyclic m onophosphate and its more cell penetrative derivatives were 
tested on mast cells isolated from various locations. The effects of these 
agents were compared with those obtained using cAMP and its derivatives 
and the classical mast cell stabilizing agent DSCG.

4.2 Methods and materials

All methods used in this study were as described in chapter 2. Again rats 
'sensitized ' using N. brasiliensis were used  th roughou t and  unless 
otherwise stated histamine release was induced by anti-rat IgE.

4.3 Results

Except where stated none of the compounds tested produced direct release 
of histam ine. It should  also be no ted  th a t the a p p aren tly  high 
concentrations of cyclic nucleotides used in this study are identical to those 
used by many other investigators in the analysis of m ast cell inhibition 
[276;329^,349].

4.3.1 Effects of cAMP and its derivatives on imm unological histam ine 
release from RPMC

Both the dibutyryl and 8 -bromo derivatives of cAMP produced a dose- 
dependent inhibition of anti-IgE induced histam ine release from  RPMC 
(Fig. 4.1 and 4.2 respectively). The attenuation noted with dibutyryl-cAMP 
was markedly increased if the drug was preincubated with the cells for 1 0  

m in or longer, before addition of the secretory stim ulus (Fig. 4.1). This 
effect was not noted with the 8 -bromo derivative (Fig. 4.2). However, both 
compounds produced similar maximal inhibition, 83.5 ± 6.7% and 76.9 ±
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2.7% for the dibutyryl and 8 -bromo derivatives respectively. In contrast 
cAMP itself produced negligible inhibition (Fig. 4.3). At the top test 
concentration used, maximal attenuation of only 13.2 ± 4.6% was obtained, 
th is occurring w hen cAMP was ad d ed  in conjunction w ith  the 
immunological stimulus. At the longer preincubation periods used, the 
inhibition noted was even less well defined (Fig. 4.3).

4.3.2 Effects of cGMP and its derivatives on immxmologically induced 
histamine release from RPMC

Both the dibutyryl (Fig. 4.4) and 8 -bromo (Fig. 4.5) derivatives of cGMP 
were potent inhibitors of histamine release. 8 -bromo cGMP was generally 
more efficacious, being more active at lower test concentrations of the 
drugs and producing a somewhat greater maximal inhibition (82.8 ± 5.7%) 
compared with 73.2 ± 9.3% obtained with the dibutyryl derivative (Fig. 4.4 
and 4.5).

In contrast to the effects of the cAMP derivatives, preincubation of the 
cGMP analogues g reatly  reduced  their inh ib ito ry  efficacy. This 
tachyphylactic effect was noted with both cGMP derivatives and was 
particularly m arked at a concentration of 1 mM. At the top test dose, the 
tachyphylactic phenomena was substantial, although less well pronounced 
(Fig. 4.4 and 4.5).

Interestingly and unexpectedly, cGMP itself was also a potent inhibitor of 
anti-IgE induced histamine release (Fig. 4.6). Maximal inhibition of ca. 80% 
could be repeatedly obtained. However, again this com pound displayed 
m arked tachyphylaxis that was well m aintained across the range of test 
concentrations in contrast to cGMP's m ore cell penetrative derivatives 
(Fig. 4.6). cGMP's inhibitory followed by tachyphylactic effects were similar 
to that observed w ith the chromone and related drugs, tested in the 
previous chapter, and as such merited further investigation.
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4.3.3 The effect of a range of cyclic and guanine nucleotides on anti-IgE 
evoked histamine release

To determine whether the inhibitory effect noted with cGMP was inherent 
in all cyclic and guanine nucleotides, a range of other related compounds 
were tested for inhibitory activity.

4.3.3.1 Cyclic nucleotides

As discussed previously, cAMP had negligible inhibitory activity in 
comparison to cGMP. Similarly, at a concentration of 1 mM, where cGMP 
elicits around a 50% attenuation, no inhibition was seen w ith any of the 
o ther cyclic nucleotides tested. H ow ever, at the upperm ost test 
concentration used, cyclic thymidine m onophosphate (cTMP) produced 
maximal attenuation of 35.2 ± 4.0% (Fig. 4.7). This inhibitory effect 
declined if the drug was preincubated with the RPMC before secretory 
challenge. The closely related cyclic uridine m onophosphate (cUMP) also 
produced measurable attenuation at the top test dose used but in contrast 
to cTMP the inhibitory effect was more notable with longer pretreatm ent 
periods reaching a maximum of 42.7 ± 5.5% (Fig. 4.8).

Cyclic cytidine monophosphate (cCMP, 10 mM) had variable effects. When 
co-administered with the secretory stim ulus the cyclic nucleotide was a 
relatively potent inhibitor of histamine release (51.6 ± 7.6%, Fig. 4.9). 
However, at longer preincubation periods a parallel m arked potentiation 
of amine release was observed. This probably reflects direct histamine 
release induced by the compound which was only noted at the upperm ost 
drug concentration and increased with preincubation period (Table 4.1). In 
turn the induced histamine release by cCMP may be due to the fact that the 
com pound was only available in free acid form. In the final reaction 
volume, a 10 mM concentration of the drug resulted in a decrease of the 
m easured pH from 7.3 to 5.5. Thus, the noted release and concomitant 
potentiation may reflect non-specific acid induced histamine release. The 
pH  remained in the physiological range at the other test concentrations 
used.
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Guanosine 2',3' cyclic monophosphate produced highly variable effects on 
immunological histamine release (Fig. 4.10). In this experiment only, and 
purely in an attem pt to characterise more clearly this inconsistent effect, 
results obtained using two different IgE-directed ligands anti-IgE (n=4) and 
con. A (n=2) are pooled. On average the 2',3' derivative produced weak 
inhibition of histam ine release when added jointly w ith the secretory 
stim ulus. H ow ever, w hen preincubated (10 min) a p ronounced  
potentiation of the secretory response was observed (Fig. 4.10). This 
potentiation was not related to any direct effect of the nucleotide, as release 
studies revealed that no significant secretion was obtained from RPMC 
challenged solely with 2',3' cGMP (Table 4.2).

In summary, all the cyclic nucleotides tested exhibited variable effects on 
both the inhibition and induction of histamine release rom RPMC. Yet 
none elicited the same profile of activity on the rat mast cell as 3',5' cGMP.

4.3.3.2 Guanosine nucleotides

The breakdown product of cGMP, guanosine m onophosphate (GMP) was 
tested for inhibitory activity. When co-challenged with anti-IgE, GMP 
produced a notable potentiation of histamine release (Fig. 4.11). This effect 
was maximal at a drug concentration of 1 mM. At longer pretreatm ent 
periods this stimulatory effect was not demonstrated and the rat mast cells 
were relatively refractory to the nucleotide. Guanosine diphosphate (GDP) 
produced a comparable effect to that of GMP (Fig. 4.12). The diphosphate 
nucleotide produced a degree of potentiation of histamine release at 0  min 
preincubation especially at the lower concentrations used. W ith more 
prolonged preincubations and higher concentrations, GDP produced only 
a small inhibition.

Guanosine triphosphate (GTP) produced a marked potentiation of anti-IgE 
induced  histam ine release (Fig. 4.13). This effect w as especially 
pronounced when the lower two concentrations of the d rug  were used 
w ith no preincubation period. A small inhibition of histam ine release 
occurred when GTP (10 mM) was used. This effect was seen to increase in 
parallel to the lengthening preincubation time.
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Again, none of these guanosine nucleotides could mimic the noted effects 
of cGMP. W ith this in m ind a m ore com prehensive s tudy  of the 
inhibitory properties of cGMP was undertaken in direct comparison with 
DSCG.

4.3.4 A more complete analysis of the inhibitory effects of cGMP on 
mast cells and basophils

4.3.4.1 Inhibition of histamine release from non-purified and Percoll 
purified rat peritoneal mast cells

Over a w ider concentration range, cGMP produced a dose-dependent 
inhibition of histamine release (Fig. 4.14). Maximal attenuation of 95.9 ± 
2 .2 % was obtained and the cyclic nucleotide had an IC50  value of ca. 1 mM. 
Again tachyphylaxis was pronounced and hence, with a preincubation 
period of 10 min, maximal inhibition was reduced to 15.3 ± 3.5% (Fig. 4.14). 
DSCG produced very similar results although, if anything, the m easured 
tachyphylaxis was more pronounced (Fig. 4.15).

Similarly, cGMP produced a dose-dependent inhibition of con. A induced 
histam ine release (Fig. 4.16). Maximal inhibition p roduced  by the 
nucleotide was somewhat less than that observed when using anti-IgE as 
the stimulus. Again tachyphylaxis was observed although this effect was 
less well defined than that noted in previous experim ents using 
immunoglobulin activation of the rat m ast cells (compare Fig. 4.16 with 
Fig. 4.14).

The inhibitory effects of both cGMP and DSCG were m aintained in RPMC 
purified through Percoll (Fig. 4.17 and 4.18 respectively) thus indicating 
that the attenuation noted was due to a direct effect of the drugs on mast 
cells.
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4.3.4.2 The effect of sodium nitroprusside and sodium butyrate

In tracellu lar cGMP levels can be e levated  th ro u g h  the  use of 
pharmacological agents. The nitrovasodilator sodium nitroprusside (NaP), 
which elevates cGMP by stimulation of GC, was only a weak inhibitor of 
histam ine release from RPMC (Fig. 4.19). Maximal a ttenuation of <25% 
was achieved after a 10 min preincubation period w ith NaP. Comparable 
inhibition was obtained at the longer pretreatm ent periods used. This 
result might suggest that exogenous cGMP is producing its inhibitory effect 
at a predom inantly  extracellular site. H ow ever, concom itant studies 
dem onstrating an elevation of intracellular cGMP, on N aP treatm ent, 
would be required to give clear credence to this hypothesis.

In experiments using high concentrations of dibutyryl cyclic nucleotides 
there may be a significant amount of free butyrate in contact w ith the cells. 
To investigate this further the inhibitory effects of sodium  butyrate (NaB) 
were studied. NaB had a negligible inhibitory effect on RPMC histam ine 
release at all but the top test concentration where m axim um  attenuation 
of 37.0 ± 13.7% occurred (Fig. 4.20). The inhibition observed declined with 
preincubation period. However, obtaining such high concentrations of 
free butyrate whilst using the dibutyryl derivatives is highly unlikely.

4.3.4.3 Time course of tachyphylaxis

The inhibitory effects of both cGMP and DSCG, on im m unological 
histam ine release from rat peritoneal m ast cells, undergoes rap id  
tachyphylaxis if the drugs are pre-exposed to the cells for between 0  and 1 0  

min. A more precise charting of the time course of onset of this effect was 
undertaken. Two concentrations of each drug were used to investigate the 
onset and developm ent of tachyphylaxis at both m axim al and sub- 
maximal inhibition levels.

W ith 0 min preincubation, both cGMP (Fig. 4.21) and DSCG (Fig. 4.22) 
produced comparable inhibition of histamine release to each other and to 
that noted previously for the concentrations tested. Rapid tachyphylaxis 
was observed with both drugs and was effectively complete within 3-4
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m in, although the top concentration of cGMP (5 mM) underw ent some 
further reduction between 5 and 10 min (Fig. 4.21). However, between 0 
and 4 min, at their top test concentrations, DSCG displayed a more rapid 
tachyphylaxis than cGMP with the inhibitory response declining by nearly 
50% within 1 m in (Fig. 4.22). Hence, within this short time period there 
were subtle differences between the onset of tachyphylaxis for cGMP and 
DSCG. The differences in the kinetics of this effect were only noted with 
the top test concentrations of the drugs used.

4.3.4.4 Cross-tachyphylaxis

Both cGMP and DSCG underw ent a similar magnitude of tachyphylaxis 
over a comparable time course. Experiments were conducted to determine 
w hether the mechanism behind the reduction in inhibitory efficacy was 
common to both drugs. To do this, cells which were rendered effectively 
tachyphylactic to DSCG (pretreated with 100 jiM DSCG for 10 min), were 
then exposed sim ultaneously to cGMP and the immunological stimulus 
and the resultant inhibition noted.

Cells which had previously undergone preincubation in DSCG were much 
less responsive to the inhibitory effects of cGMP, compared w ith cells 
treated identically but in the absence of the chromone (compare Fig. 4.23, 
a) and c)). Hence, at a concentration of 10 mM^cGMP's maximal inhibition 
was reduced from 69.1 ±10.6% to 31.7 ± 8.1%. The residual inhibitory effect 
was further reduced by a 10 min preincubation with cGMP, where it 
m atched the tachyphylaxis induced in non-treated cells after a similar 
period of pre-exposure to the nucleotide (compare Fig. 4.23, b) and d)).

This incomplete cross-over tachyphylaxis between DSCG and cGMP also 
extended to DSCG treated cells which were washed and then re-exposed to 
the chrom one (Fig. 4.24). In these experiments, maximal inhibition by 
DSCG of anti-IgE induced histamine release fell from 67.4 ± 13.0% in 
untreated cells, to 34.1 ± 10.5% in DSCG pretreated mast cells (compare Fig. 
4.24 a) and c)). Again, a further 10 min preincubation induced near 
complete tachyphylaxis in both sets of RPMC (compare Fig. 4.24 b) and d)). 
Hence, the retention of some inhibitory potency by DSCG-treated cells may
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reflect a general phenomenon due to the washing away of the DSCG used 
in the initial desensitization procedure.

In control studies, DSCG pretreatment of the RPMC had no effect on the 
inhibition induced by theophylline using either a 0 or 10 min 
preincubation with the xanthine phosphodiesterase inhibitor (Fig. 4.25 a) 
and c); b) and d)).

4.3.4.5 Inhibition of PGD2 secretion from Percoll purified RPMC

RPMC stimulated with anti-IgE secrete, amongst other mediators, both 
histamine and PGD2 . In parallel to their inhibitory effect on histamine 
release, both cGMP (Fig. 4.26) and DSCG (Fig. 4.27) produced a dose- 
dependent potent inhibition of PGD2 secretion. Inhibition of prostanoid 
release was generally of a greater magnitude than that obtained for the 
attenuation of histamine secretion.

Again with a 10 min preincubation period the inhibitory effects of cGMP 
and DSCG on histamine release waned dramatically. However, this 
tachyphylactic phenomenon was less consistent as regards PGD2 release. A 
clear reduction in the PGD2 inhibitory efficacy of DSCG after a 10 min 
preincubation was observed. However, remaining attenuation of PGD2 

release was more obvious than that of histamine at this preincubation 
time point especially at the top test concentration of the chromone drug 
(Fig. 4.27). The effect of cGMP on PGD2 secretion also declined if the cyclic 
nucleotide was preincubated with the cells for 10 min before stimulation. 
However, this reduction in attenuatory efficacy was not as marked when 
compared with that seen using DSCG, or relative to the cyclic nucleotide's 
effects on histamine release (Fig. 4.26).

4.3.5 Inhibitory effect of cGMP and DSCG on a range of animal and 
human mast cells and on human basophils

Over the last decade it has become apparent that mast cells isolated from 
different species and different tissues within the species vary over a range
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of criteria (see chapter 1). This heterogeneity extends to the effectiveness 
that inhibitory compounds have on the various m ast cells. As such, the 
profile of inhibition obtained with cGMP was compared with that of DSCG 
on a range of mast cells isolated from a variety of tissues, in both rodents 
and man.

4.3.5.1 Rodent mast cells

As discussed previously, inhibition of anti-IgE or con. A induced  
histam ine release from RPMC was potently inhibited by both cGMP and 
DSCG, this effect undergoing rapid tachyphylaxis on preincubation. In 
contrast, peritoneal mast cells isolated from the mouse, and stim ulated 
w ith con. A (3.3 pg /m l), were completely refractory to any inhibitory 
effects of either cGMP or DSCG (Fig. 4.28 and 4.29 respectively).

A similar effect to the above was noted in mast cells isolated from  the 
guinea pig (GP) skin. Again no inhibition of anti-IgG (IgG is the major 
immunoglobulin of anaphylaxis in the GP) induced histam ine release was 
observed with the cyclic nucleotide or chromone drugs (Fig. 4.30 and  4.31 
respectively). Mast cells isolated from the GP mesentery were again largely 
resistant to the effects of these inhibitors although a sm all attenuation  
(<10%) was noted at some concentrations of cGMP and DSCG (Fig. 4.30 and 
4.31).

GP lung parenchymal mast cells stim ulated with anti-IgG were weakly 
inhibited by DSCG (<10%; Fig. 4.31). However, the upper concentrations of 
cGMP did seem to elicit significant inhibition reaching a maximum of 25.9 
± 4.6% (Fig. 4.30).

4.3.5.2 Human mast cells and basophil leukocytes

Stimulation of human lung mast cells with anti-hum an IgE results in the 
secretion of, amongst other mediators, histamine and tryptase. Release of 
these m ediators ran in parallel (Fig. 4.32) although the percentage of the 
protease released from the cells was somewhat less than that observed
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w ith histamine. However, the total am ount of tryptase m easured per 
experimental tube varied widely. This may reflect inconsistent cell lysis 
during the freeze/thaw ing process. Hence, this may account for the noted 
differences in the relative am ounts of tryptase and histam ine release 
m easured.

Cyclic GMP and DSCG produced a similar m agnitude of attenuation of 
histamine release from hum an lung mast cells. Maximal inhibition of 28.8 
± 3.5% was obtained w ith cGMP (Fig. 4.33) and 31.7 ± 6.7% using DSCG 
(Fig. 4.34). The inhibitory response to DSCG was subject to tachyphylaxis 
although this effect was not as dram atic as that seen in the RPMC. 
Tachyphylaxis of cGMP's attenuatory effects was less clearly defined than 
that of DSCG's in the lung mast cells and again was much less notable in 
comparison to that noted in rat serosal cells.

Isolated human basophil leukocytes were almost completely refractory to 
the inhibitory effects of both cGMP and DSCG (Table 4.3). Both drugs 
p roduced <10% inhibition of the anti-hum an IgE induced histam ine 
response at their top test concentrations.

4.4 Discussion

From these results it can be seen that exogenous cGMP produces a dose- 
dependent and potent inhibition of anti-IgE and con. A induced histamine 
release from rat peritoneal m ast cells. This effect was not mimicked by the 
o ther cyclic nucleotides tested, including the highly physiologically 
relevant cAMP, nor was it paralleled by a range of o ther guanine 
nucleotides. The negligible inhibitory effects of exogenous cAMP on IgE- 
directed mast cell histamine release have been previously reported [349].

Unlike the inhibitory effects of the cell perm eable cAMP derivatives, 
which required preincubation for maximal efficacy, cGMP and its 8 -bromo 
and  d ibu tyry l derivatives w ere only po ten t a ttenuato rs of RPMC 
histamine release when co-challenged alongside the secretory stimulus. If 
preincubated with the rat m ast cells before induced secretion, rapid 
tachyphylaxis of the guanine cyclic nucleotides inhibitory effects occurred.
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In this respect, the effect of cGMP and its derivatives closely resembles that 
obtained w ith DSCG. The comparison was intensified over a range of 
other experiments.

Mast cells isolated from the mouse peritoneum  and from a range of GP 
tissues have been found previously to be almost totally refractory to the 
inhibitory effects of DSCG, as are human basophil leukocytes [19,320]. In 
the present study, these results were repeatable using both DSCG and 
cGMP, although the latter compound did show some efficacy at inhibiting 
degranulation of GP lung mast cells. In addition, both drugs had a similar 
spectrum  of activity on the human lung mast cell.

Investigation of the tachyphylaxis phenom enon induced by both DSCG 
and  cGMP w hen preincubated  w ith  RPMC, before IgE -directed 
stim u la tion , revealed  fu rther sim ilarities. Both com pounds had  
com parable kinetics of tachyphylaxis, a lthough  at the top test 
concentrations the decline in the attenuatory  response of the cyclic 
nucleotide was retarded in comparison to that obtained w ith cromolyn. 
Rat m ast cells rendered  relatively refractory to DSCG (by a 10 min 
preincubation with the chromone) were also refractory to inhibition by 
cGMP. This latter result together with the previous work gives strong 
support to the hypothesis that both cGMP and DSCG share a common 
mechanism of action.

D espite being of m ajor clinical im portance in the trea tm en t of 
allergic/inflammatory diseases, such as asthma and allergic conjunctivitis, 
the mechanism of action of DSCG remains unclear [308]. However, several 
theories have arisen from the intensive research which has been on-going 
since the clinical introduction of the drug in 1967.

Early studies revealed that DSCG could prevent 45Ca^+ uptake by mast cells 
stimulated immunologically [224]. The inhibition of Ca^+ uptake in RPMC 
ran in parallel to the drugs inhibitory activity on histamine release. This 
w ork was extended upon by Mazurek et a l  Using DSCG conjugated to 
fluorescent polymer beads, the investigators revealed cromolyn binding 
sites on both RBL-2H3 cells and rat peritoneal mast cells [350]. Binding of 
the fluorescent markers could be inhibited by the trypsinisation of the
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cells, was competitively antagonised by the presence of free DSCG and was 
also dependent on the presence of extracellular Ca^+ [350].

The cromolyn binding protein was then isolated from RBL cells and found 
to have a molecular weight of 60 KDa [351]. Moreover, RBL cell varients 
w hich were unresponsive to IgE directed stimulation on both 45(2^2 + 
influx and histam ine releasing criteria, were found to lack the DSCG 
binding  protein [352]. Re-incorporation of the purified DSCG binding 
p ro te in  in to  these m utan t RBL cells, using sendai virus, restored 
im m unologically  stim ulated  Ca^+ influx and histamine release [353]. 
Furtherm ore, incorporation of FceRI with fixed IgE into artificial lipid 
bilayers together with the cromolyn binding protein induced a membrane 
conductance on specific allergen challenge [354]. Together, this evidence 
suggests that the cromolyn binding site is a calcium transporting protein, 
the activation of which is essential for Ca^+ influx and RBL cell histamine 
secretion. Binding of DSCG to this protein hinders its function and hence 
inhibits mast cell secretion [308,352-354].

H ow ever, despite these seemingly compelling results there are some 
notable reservations in accepting this hypothesis. Firstly, the RBL cell 
which has been the central cell type in all of the above studies, is poorly 
functionally antagonised by the effects of DSCG [308]. Secondly, patch 
clam p analysis has failed to dem onstrate the existence of such Ca^ + 
channels in RPMC [355]. Moreover, recent studies have cast doubt on the 
absolute importance of Ca^+ in mast cell activation [296,253]. Finally, other 
researchers have not been able to reproduce the results of Mazurek et a l 
[308].

Another theory has arisen from protein phosphorylation studies carried 
out on RPMC. On com pound 48/80 or anti-IgE induced activation, four 
m ajor proteins in the m ast cell are phosphorylated [356,276]. Three 
proteins of m olecular weights 67-68 KDa, 56-59 KDa and 42 KDa are 
phosphory lated  w ith in  10 seconds of cellular stim ulation [356,276]. 
Phosphorylation of a 78 KDa protein lagged behind the others and was not 
substantial until 30-60 seconds post-addition of the secretagogue [356,276]. 
The time course of appearance of these phosphoproteins suggested that 
the three rapidly phosphorylated proteins were involved in the initiation
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of secretion whilst the 78 KDa protein was an endogenous mechanism for 
exocytotic termination.

This hypothesis was given added credence when cromolyn was also found 
to phosphory late  a 78 KDa p ro te in  [357,276]. M oreover, d e 
phosphorylation of this protein seemed to parallel the onset of functional 
tachyphylaxis in the m ast cell [357,276]. Interestingly, in the protein 
phosphorylation studies of Wells and M ann [276], a 78 KDa protein was 
also found to be phosphorylated by both dibutyryl and 8 -bromo cGMP but 
not by the concomitant cAMP derivatives. Functional results from this 
study  might suggest that a similar phosphorylation profile could be 
obtained using exogenous cGMP and as such does not depend absolutely 
on the ability of the cyclic guanine nucleotide to effectively penetrate the 
cell membrane.

Recent work has suggested that the 78 KDa phosphoprotein seen in mast 
cells is the MARCKS protein [251]. MARCKS has been identified in a 
num ber of secretory cells including m acrophages and neutrophils [358]. 
The protein is a specific PKC substrate and is located in close proximity to 
the kinase [359]. Phosphorylation  of m em brane bound  MARCKS 
dissociates it from the m em brane, w ith re-association occuring on 
phosphatase catalysed de-phosphorylation  [250]. The 'shu ttling ' of 
MARCKS from the m em brane to the cytosol and back m ay be an 
important modulatory process in both secretion and chemotaxis [358,250].

MARCKS has been shown to interact with both calmodulin and actin in a 
complex manner [360]. Phosphorylation of MARCKS prevents it from 
binding Ca^+ activated calmodulin [360]. MARCKS also cross-links actin 
filaments, a process that is again inhibited by phosphorylation of the PKC 
substrate [361]. Thus, this protein provides a common substrate through 
which PKC and changes in intracellular Ca^+, with the resultant activation 
of calmodulin, can converge and be associated w ith actin-m em brane 
interactions [358].

M odulation of MARCKS m ight well regu la te  secretion. Indeed , a 
phosphorylation of this protein has been associated with secretion in both 
neutrophils and macrophages [362,363]. Both DSCG and NS inhibit the
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activation of a range of other inflammatory cells including neutrophils 
and monocytes and not just mast cells [364,365]. Analysis of the effects of 
exogenous cGMP on these other inflammatory cell types w ould be an 
im portant set of experiments to carry out. Thus, one m ight postulate that 
direct phosphorylation of the 78 KDa (MARCKS) protein by cromolyn may 
be initiating an endogenous 'switch off m echanism com m on to m any 
inflamm atory cells. However, direct evidence for this hypothesis is at 
present scarce.

Further evidence for the extracellular site of action of DSCG and cGMP 
come from the physico-chemical properties of the agents. DSCG is a highly 
hydrophilic compound (pKa= 1.66, [276]) and is thus unlikely to penetrate 
the mast cell in significant quantities [276,366]. Likewise, endogenously 
applied cyclic nucleotides are poorly cell penetrative, hence the use of 
conjugated derivatives to increase the membrane traversing properties of 
the nucleotides. The latter point is well illustrated in the present study if 
one compares the negligible inhibitory efficacy of cAMP w ith the potent, 
well maintained attenuation achieved with its derivatives.

The putative extracellular binding site for cGMP w ould  seem to be 
relatively selective for the cyclic 3',5' guanosine nucleus, as both cGMP 
and its derivatives were the only potent inhibitors of all the other 
nucleotides tested. The less bulky 8 -bromo conjugated derivative was 
more potent as an inhibitor of histamine release compared w ith dibutyryl 
cGMP whereas the reverse order of potency was noted w ith the cAMP 
derivatives. This again suggests that interaction with a b inding site as 
opposed to the intracellular penetrating capacity of the agent governs the 
m easured inhibitory activity. Moreover, sodium nitroprusside, which has 
been shown to elevate intracellular cGMP levels in m any cell systems 
through stimulation of guanylate cyclase [367,323], was found to be only a 
weak inhibitor of histamine release from RPMC.

The physiological significance and indeed purpose of such an apparently 
low  affinity b inding site for cGMP is unclear. In tracellu lar cyclic 
nucleotides may be located in close association with m ast cell granules 
although it is not thought that quantities of cAMP are secreted to any 
significant extent [368]. However, it may be that on overt mast cell
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activation and degranulation, a significant quantity of cGMP is released 
which can then act as a negative feedback mechanism so reducing further 
degranulation.

In this study, for reasons of practicality, an unphysiologically high degree 
of degranulation is induced in the m ast cell. It may be then, that at the 
m uch reduced levels of m ast cell activation found in vivo, cGMP is a 
m ore efficacious inhibitor of the induced histam ine release. Moreover, 
w hether cGMP is the endogenous ligand for this binding site is open to 
question.

The inhibitory effects of the cell permeable cGMP derivatives, at their top 
test concentration, did not decline as sharply on preincubation as that 
observed with the unaltered cyclic nucleotide. This suggests that the cell 
penetrative cGMP analogues possess inhibitory activity m ediated through 
ano ther m echanism  in addition  to their activity at the pu tative  
cGMP/DSCG binding site.

Such an additional effect is given added  credence by the inhibition 
observed, which was m aintained over a range of pretreatm ent periods, 
using the guanylate cyclase activator sodium  nitroprusside. It would thus 
seem likely that this inhibition, w hich is resistant to preincubation 
induced wane, is m ediated through direct intracellular actions of cGMP. 
An inhibitory effect due to an elevation of cytosolic cGMP m ay also 
explain some of the noted differences in the inhibitory responses observed 
between cGMP and DSCG. Thus, it may be that a small but significant 
m ovem ent of cGMP across the m ast cell m em brane accounts for the 
reduced, in com parison to cromolyn, tachyphylactic effect on PGD2 

secretion seen in RPMC using cGMP, and also for the inhibitory efficacy 
observed with the cyclic nucleotide but not DSCG in GP lung mast cells.

In sum m ary, cGMP (0.1-10.0 mM) produced a dose-dependent inhibition 
of im m unologically  induced h istam ine and PGD2 release from rat 
peritoneal mast cells. The attenuatory effect on histamine release is subject 
to rapid  tachyphylaxis, with a similar time-course to that observed using 
DSCG. Cross-tachyphylaxis was noted between DSCG and cGMP and

104



Chapter 4

alongside a range of other evidence suggests that both drugs act through 
the same mechanism.

The membrane traversing properties of both DSCG and cGMP, together 
with the poor inhibitory effect noted with sodium  nitroprusside, indicates 
that this may be a common cell m em brane binding site. However, the 
possibility of there being two separate binding sites for the drugs, which 
are coupled to the same inhibitory transduction pathw ay, can not be 
discounted.
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Fig. 4.1 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by dibutyryl cAMP over a range of preincubation
p e rio d s . (n=5)
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Fig. 4.3 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by cAMP over a range of preincubation
periods. (n=10)
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Fig. 4.4 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by dibutyryl cGMP over a range of preincubation
periods. (n= 5)
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Fig. 4.6 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells bycGMP over a range of preincubation
periods. (n=10)
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Fig. 4.7 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by cTMP over a range of preincubation
periods. (n=5)
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Fig. 4.9 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by cCMP over a range of preincubation
periods. (n=5)
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Fig. 4.11 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by GMP over range of preincubation
p erio d s . (n=5)50 1
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Fig. 4.13 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by GTP over a range of preincubation
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Fig. 4.14 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by cGMP. (n=4)
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Fig. 4.16 Inhibition of con.A (3.3jag/ml) induced histamine release from
rat peritoneal mast cells by cGMP. (n=5)
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Fig. 4.17 Comparison of the reactivity of Percoll purified and non-purified
RPMC to inhibition of anti-IgE (1/300) histamine release by
cGMP (0 min preincubation). (n=3)
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Fig. 4.19 Inhibition of anti-IgE (1/300) induced histamine release from rat
peritoneal mast cells by sodium nitroprusside (NaP) over a range of
preincubation periods. (n=4)

50 -

40 -

3 0 -

2 0 -c

10 -

0 -

-10
.1

Fig. 4.20

I "r I i-|---------- 1------1----1—I—1 I I I (

1 10 
N aP  (|iM )

"-n
100

0 min (CR= 32.8± 7.6%) 

10 min (CR= 28.6+5.3%)  

20 min (CR= 29.3± 4.0%)

-o—  30 min (CR=32.3±5.0% )

In h ib itio n  of an ti-IgE  (1/300) in d u c e d  h is ta m in e  re lease  from  ra t 
peritonea l m ast cells by  so d iu m  b u ty ra te  (NaB). (n=3)

60 1

50 -

40 -

30 -

20 -

^  10 -

-10 -

-20 -

-30
.01

Omin (CR= 18 . 9±3 . 5%)

10 mm (CR= 22 . 2+5 . 1%)

10
N aB  (m M )

117



Fig. 4.21

00

T im e course  of tachyphy lax is  to cG M P. H is ta m in e  re lease  w as in d u ce d  
b y  an ti-Ig E  (1/300).(n=5)

100 n

co

-10 -

-20
0 5 10 15 20 25 30

cGMP (1 mM) 

cG M P(5m M )

preincubation period (min)
n
3 -a
rT



Fig. 4.22 Time course of tachyphylaxis to DSCG. Histamine secretion was
ev o k ed  b y  an ti-IgE  (l/300).(n=5)100
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Fig. 4.23
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Fig. 4.24
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Fig. 4.25
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Fig. 4.26 Inhibition of anti-IgE (1/200) induced histamine and prostanoid
release from RPMC by cGMP. (n=3)
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Fig. 4.28 Inhibition of histamine release from rat and mouse peritoneal
mast cells by cGMP (0 min preincubation). (n=4-5)
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Fig. 4.30 Inhibition of anti-IgG (1/200) induced histamine release from
various guinea-pig tissue mast cells by cGMP (0 min preincubation
period). (n=2-4)

.01 .1 1 

cGMP (mM)

50 n

40 -

-10 "n
10

Lung (CR= 9.4± 2.2%) 

Mesentery (CR= 15.1± 2.9%) 

Skin (CR= 25.5+2.4%)

Fig. 4.31 In h ib itio n  of an ti-IgG  (1/200) in d u ce d  h is ta m in e  re lease  from
vario u s g u in ea -p ig  tissue  m ast cells b y  D S C G  ( 0  m in  p re in c u b a tio n
p erio d ). (n=2-4)

40 -

30 -

20  -

10 -

-10
,01 1 10 1001

Lung (CR=9.4±2.2% )

Mesentery (CR= 15.1± 2.9%)

Skin (CR=25.5±2.4% )

DSCG (|iM)
125



Chapter 4

Fig. 4.32 Release of histamine and tryptase from human lung mast cells
challenged with anti-human IgE. (n=2)
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Fig. 4.33 Inhibition of anti-IgE (1/200) induced histamine release from
human lung mast cells by cGMP. (0',10' n=6-7; 30’ n=3-4)
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Table 4.1 Histamine release from rat peritoneal mast cells 
induced by cCMP at two incubation periods.(n=2)
Results represent the mean ± the range around the 
mean.

1 0  m in 40 m in
Spontaneous Release 3.8 ± 0.5% 6 .2  ± 1 .8 %

1 mM cCMP 4.2 ± 0.6% 3.0 ± 0.0%
10 mM cCMP 2 2 .6  ± 2 .2 % 42.4 ± 2.8%

Table 4.2 Histamine release from rat peritoneal mast cells
induced by cyclic 2’,3' GMP at two incubation periods. 
(n=5-6)

1 0  m in 2 0  m in
Spontaneous Release 6 .0  ± 1 .1 % 7.0 ±1.0%

1.0 mM 1.9 ±0.6% 3.1 ± 0.9%
3.3 mM 1 .0  ± 0 .2 % 2 .6  ± 0 .6 %

10.0 mM 0.9 ± 0.2% 3.8 ±1.1%
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Table 4.3 Inhibition of anti-human IgE (1/1,000) induced
histamine release from human basophil leukocytes by
DSCG and cGMP at two preincubation periods. (n= 5)

0  m in 1 0  min
Spontaneous Release 2.6 ± 0.7% 2.7 ± 0.5%

Control Release 57.4 ± 3.6% 57.2 ± 3.9%

DSCG (|iM)
1 .0 2.5 ±1.5% -3.2 ±1.7%

1 0 .0 1.8 ± 1.7% -1.7 ±2.1%
30.0 -0 .6  ± 2 .1 % -1.2 ±0.7%

1 0 0 .0 6.2 ± 3.3% 0 .8  ± 1 .0 %

cGMP (mM)
0.5 1.7 ±1.1% 0.7 ± 3.6%
1 .0 2.6 ±1.3% 0.3 ± 1.7%
5.0 4.2 ± 2.7% 3.3 ± 2.2%

1 0 .0 9.2 ±4.1% 6 .8  ± 3.8%
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The effect of a range of novel cyclic nucleotide 
phosphodiesterase inhibitors, cAMP-dependent 

protein kinase activators and other 
miscellaneous compounds on mast cell 

histamine release

5.1 Introduction

As discussed in chapter 4, cyclic nucleotides are thought to have an 
im portant regulatory role in mast cell activation. Intracellular levels of 
both cAMP and cGMP can be elevated not only through the use of their 
cell p e rm ean t analogues, b u t also th rough  in h ib itio n  of the 
phosphodiesterase  (PDE) enzym es which catalyse cyclic nucleotide 
breakdown. Recent advances in the characterisation of PDE enzymes, and 
the development of selectively targeted drugs, has afforded much interest 
in the usage of PDE inhibitors as anti-allergic and in particular an ti
asthmatic agents [369,343].

Theophylline, a mainstay of asthma treatm ent for m any years, has been 
attributed with a wide range of biological activities [369,370]. The methyl 
xanthine can inhibit cellular cyclic nucleotide PDE activity [370], block 
adenosine receptors [371], increase diaphragmatic contractility [372] and 
also influence differential T-lymphocyte expression and activity [373]. 
These biological effects are thought to produce a combination of an ti
inflammatory and bronchodilatory actions, which are thus responsible for 
the clinical benefits seen with theophylline in the treatm ent of asthma.

It has been suggested that of these biological effects, theophylline's 
inhibition of cellular cyclic nucleotide PDE is of prim e importance [369]. 
Elevation of both cAMP and cGMP levels in bronchial smooth muscle is 
associated w ith airw ay relaxation and im proved conductance [374]. 
Moreover, as discussed previously, elevation of intracellular cAMP and to 
a less well defined extent cGMP, is associated with an inhibition of
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inflam m atory cell activation [375-377]. In principle then, the bifurcating 
effects of PDE inhibitors would seem to afford both symptomatic relief in 
asthm a sufferers through bronchodilitation and prophylactic alleviation 
of the underlying inflammatory cause of the chronic disease [369].

U nfortunate ly , these beneficial effects of theophylline  are greatly  
compromised by the drug's multiple activities and poor tissue selectivity, 
giving the methyl xanthine a narrow  therapeutic index. Thus, the clinical 
usage of the drug is associated with central nervous, gastroesophageal and 
renal side effects [370] and often means that careful assessment of plasma 
theophylline levels is required in asthmatics receiving the drug [378]. 
H ow ever, the discovery of m ultip le d istinct isoform s of PDE, w ith 
differing tissue location, has offered the possibility of producing selective 
inhibitors of the PDE isoforms found in bronchial smooth muscle and 
inflammatory cells. This might lead to the production of agents with high 
efficacy and minimal side effects in the treatment of asthma [369,343].

To date there seem to be at least five PDE families and more than twenty 
distinct enzym es [379,380]. Prim ary sequencing of the genes encoding 
several cyclic nucleotide PDE isozymes suggests that the enzymes are 
separate gene products with highly variable regulatory units linked to well 
conserved and homologous catalytic dom ains [380,379]. This allows for 
differential m odulation of PDE isozymes by a range of factors, and 
preferences in substrate affinity, w ithout the loss of their fundam ental 
hydrolytic effect on cAMP and cGMP, which all the PDE families retain
[369,379].

The basic nomenclature of the PDE enzymes is sum m arised in the table
below.
PDE Isozyme Inhibitors

I Ca2+/Calmodulin Stimulated None (except Calmodulin
antagonists)

n cGMP Stimulated N one
m cGMP Inhibited M any
IV cAMP Specific M any
V cGMP Specific Som e
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The five PDE isozyme families are broadly described according to the 
following nom enclature [369,379-381]. PDE I is a calcium /calm odulin  
stim ulated enzyme and, as such, its full activation can be inhibited by 
calm odulin antagonists such as the phenothiazines [380]. The enzym e 
exists in two general forms. PDE I found in the brain and liver has a much 
higher affinity for cGMP than cAMP and is termed PDE I^. The isozyme 
found in the heart and kidney has equal affinity for both nucleotides and 
is termed PDE Ip [369,381]. However, numerous other forms of PDE I have 
been demonstrated [379].

PDE II has equal affinity for the hydrolysis of both cAMP and cGMP. 
H ydrolysis of cAMP by the enzym e is g reatly  enhanced by low 
concentrations of cGMP. This positive co-operativity betw een the two 
substrates has given PDE II the name of the cGMP stim ulated PDE
[369,380]. The use of selective antisera to PDE II has found the enzyme to be 
particularly concentrated in the CNS and adrenal cortex [379]. As yet, no 
selective inhibitors of PDE II have been developed [369,380].

In contrast to PDE II, the cAMP hydrolysing activity of PDE III is inhibited 
by low concentrations of cGMP, characterising the latter enzyme as the 
cGMP inhibited PDE [369]. Many selective inhibitors of PDE III have been 
developed [369,380,381]. The enzyme is found particularly concentrated in 
cardiac and smooth muscle tissue and also in platelets [379]. As such, 
selective PDE III inhibitors have possible therapeutic potential in a w ide 
range of cardio-vascular disorders [369,381].

PDE IV has a much higher affinity for cAMP than cGMP and, as such, is 
termed the cAMP specific enzyme. PDE IV is widely distributed and found 
in particular abundance in the CNS, reproductive system, kidneys and in 
many inflammatory cells [369,379]. Many selective inhibitors of PDE IV 
have been developed [369,380,381].

PDE V has the opposite affinity for the cyclic nucleotides in comparison to 
PDE IV and is termed the cGMP specific PDE. The enzym e has been 
extensively characterised in retinal preparations, bu t is also found in 
significant amounts in platelets and various smooth muscles [379]. A
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num ber of selective PDE V inhibitor d rugs have been developed  
[369^0381].

PDE inhibitors such as theophylline and the more potent IBMX have non- 
selective inhibitory actions over the entire range of PDE isozyme families.

M any selective inhibitors of the majority of these isozymes have been 
developed. Already drugs targeted tow ards the predom inant cAMP- 
hydrolysing enzyme in the heart, PDE III, have been shown to produce 
beneficial effects in patients w ith congestive heart failure [382]. Selective 
PDE inhibitors may also have potential clinical utility in the treatm ent of 
hypertension, thrombosis, skin disorders and depression [381].

As yet, none of the selective drugs has reached clinical usage as anti
asthmatic agents. However, selective PDE inhibitors are proving highly 
usefu l as pharm acological tools for identify ing  and  assessing  the 
importance of the different PDE isoforms located in a range of cells and 
tissues, using both intact and broken cell preparations [369].

A m ore direct means of investigating the effect of elevating intracellular 
cAMP is by directly activating cAMP-PrK. A num ber of novel agents 
which perform this selective function have also been developed.

In this study, a range of selective PDE III, IV and V inhibitors and cAMP- 
PrK activators were tested for their effects on histamine release from m ast 
cells. This would hopefully both identify and reveal the regu la to ry  
importance of both enzymes in mast cell function. Moreover, as the m ast 
cell has a well defined role in the aetiology of allergic and inflam m atory 
disease, including asthma [383], the study may give an indication of the 
potential clinical utility of these selective compounds.

5.2 Methods and materials

All methods are as described in chapter 2. Again, throughout the study rats 
sensitized to the nematode N. brasiliensis were used.
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5.3 Results

5.3.1 Inhibition of histamine release from rat peritoneal mast cells by a 
range of selective cyclic nucleotide phosphodiesterase inhibitors

The selective PDE III inhibitor SK&F 94120 produced a dose-dependent 
inhibition of anti-IgE induced histam ine release from RPMC (Fig. 5.1). 
Maximal attenuation of ca. 80% was achieved and the drug had an IC5 0  

value of around 50 pM. The PDE Ill-targeted com pound was less effective 
if preincubated with the rat m ast cells for 1 0  m in prior to stim ulation, 
although this tachyphylactic effect was less pronounced at the top test 
concentration of SK&F 94120 used (Fig. 5.1).

Three selective PDE IV inhibitors were tested in this study. Ro-20-1724 
produced maximal inhibition of around 40%, with an IC50  of > 1 0 0  |iM 
(Fig. 5.2). A 10 min preincubation period had inconsistent effects on the 
m easured attenuation. However, it should be noted that a significant 
degree of inhibition was m easured at low (0.3-1 pM) concentrations of the 
drug.

Rolipram, another selective PDE IV selective drug, had similar maximal 
attenuatory effect to Ro-20-1724 (Fig. 5.3). However, the former drug was 
most effective when preincubated for 10 m in w ith  the RPMC before 
induction of secretion, although these results were variable. Under these 
conditions, ca. 25% inhibition could be dem onstrated at a concentration of 
0.1 pM rolipram . Increasing the preincubation reduced the inhibitory 
effectiveness of the compound. Denbufylline was a less potent inhibitor in 
com parison to the other tw o selective PDE IV inhibitors (Fig. 5.4). 
M aximal a ttenuation  of around  25% was achieved. P reincubation  
generally  increased the efficacy of the com pound and at 30 m in 
pretreatm ent the drug was most effective at sub-maximal concentrations.

The selective PDE V inhibitor zaprinast (M&B 22948) was an extremely 
potent inhibitor of immunologically induced histam ine release from rat 
peritoneal m ast cells (Fig. 5.5). Maximal inhib ition  of ca. 80% was 
m easured w ith the d rug  having an IC5 0  value of around 2 0  nM. 
Interestingly, this inhibitory activity was completely ablated if the drug
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was preincubated with the cells for 1 0  min p rio r to im m unological 
challenge (Fig. 5.5);

The non-selective PDE inhibitor theophylline, as detailed in chapter 3, 
again produced a potent inhibition of histamine release with an IC50  value 
of around  300 p.M. The m axim al inhibition obtained was relatively 
unaffected by preincubation period (Fig. 5.6).

The prelim inary effects noted with zaprinast are very similar to those 
observed with DSCG, and indeed cGMP (see chapter 4). However, the PDE 
V inhibitor is, on a m olar basis, around 100 tim es more potent than 
cromolyn. Further studies were undertaken to compare the spectrum  of 
activity of zaprinast and cromolyn. These experim ents were carried out 
sim ultaneously with those docum ented for DSCG and cGMP in the 
previous chapter. As such, some reference will be made to figures 
contained within chapter 4.

5.3.2 Further studies on the inhibitory actions of zaprinast

5.3.2.1 Time course of tachyphylaxis

The inhibitory effects of zaprinast at both 10 and 300 pM rapidly declined 
with preincubation period. Tachyphylaxis was effectively complete within 
3 min (Fig. 5.7). The time course of effectively full tachyphylaxis was very 
similar to that observed under the same conditions with DSCG (Fig. 4.22).

5.3.2.2 Cross-tachyphylaxis

A similar effect of potent inhibition at 0 min preincubation and negligible 
attenuation at 1 0  min pretreatm ent was again observed with zaprinast 
(Fig. 5.8 a) and b)). However, RPMC which had initially been rendered 
refractory to DSCG (pretreatment 100 )iM DSCG, 10 min) were much less 
effectively inhibited by zaprinast when exposed to the PDE V inhibitor 
alongside the secretory stim ulus (Fig. 5.8 a) and c)). The residual 
attenuation noted with zaprinast was comparable to that seen in self
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tachyphylaxis experiments with DSCG alone (Fig. 4.24) and may be a 
function of the experimental design. Cells initially pretreated with DSCG 
were again fully refractory to zaprinast's attenuatory effects following a 1 0  

min preincubation with the selective PDE V inhibitor (Fig. 5.8 b) and d)).

As discussed in the previous chapter, DSCG pretreatm ent had no effect on 
the inhibitory  response noted w ith the non-selective PDE inhibitor 
theophylline at both 0 and 10 min preincubation periods (Fig. 4.25).

S.3.2.3 Inhibition of anti-IgE induced PGD2 release from rat peritoneal 
mast cells

In parallel to DSCG and cGMP (Fig. 4.27 and 4.26 respectively), the 
inhibition of histamine release noted with zaprinast in these particular 
experim ents was less p ronounced than that obtained  previously . 
However, the attenuation in histamine release was again still subject to 
rapid tachyphylaxis (Fig. 5.9). In comparison, zaprinast was more effective 
at inhibiting PGD2 than histam ine secretion. This effect on prostanoid 
release was again subject to decline on pre-challenge exposure to the drug 
and tachyphylaxis was particularly marked at a concentration of 0.1 |iM 
zaprinast (Fig. 5.9). Again these results closely match the effects noted with 
DSCG on the inhibition of prostaglandin release (Fig. 4.27).

S.3.2.4 Inhibition of anti-IgE induced histam ine release from hum an 
lung mast cells and basophil leukocytes

As shown in Table 4.3, basophil leukocytes were completely refractory to 
the inhibitory effects of DSCG. The cells were sim ilarly refractory to 
zaprinast (Table 5.1). Negligible inhibition w ith the selective PDE V- 
targeted drug  was obtained even when using concentrations (100 |iM) 
greatly in excess of those effective in RPMC. Theophylline, in parallel to its 
general effect in mast cell populations, was a potent inhibitor of histamine 
release from basophils (Fig. 5.10).
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Both zaprinast (Fig. 5.11) and DSCG (Fig. 4.34) produced a similar maximal 
inhibition of ca. 30% in hum an lung mast cells. W hen cells were co
challenged with both inhibitor and immunological ligand, zaprinast was 
somewhat more potent than DSCG (IC20 = 1 0  |iM) having an IC20 value of 
around 1 pM.

Like DSCG, the attenuatory  effects of zap rin as t w ere subject to 
tachyphylaxis with increasing preincubation periods. The decrease in 
inhibition noted was not as well defined as that noted with both drugs in 
RPMC. The broad spectrum PDE inhibitor theophylline, produced a dose- 
dependent attenuation of anti-IgE induced histam ine release from  the 
lung parenchymal mast cells (Fig. 5.12).

S.3.2.5 Sum m ary

Over the criteria tested, zaprinast's inhibitory effects on m ast cells and 
basophils paralleled those noted with DSCG. This suggests that the two 
drugs, alongside cGMP perhaps, share a common m ode of action. To test 
w hether this effect was a function of PDE V inhibition, a range of 
structurally variable selective PDE V inhibitor drugs were tested for their 
potency on RPMC.

5.3.3 Effect of a range of selective PDE V inhibitors on anti-IgE induced 
histamine release from RPMC

As shown in Table 5.2 all of the PDE V inhibitors tested have comparable 
potency in their inhibitory effect on cGMP hydrolysis by purified PDE V 
enzyme. However, none of the selective inhib itors were as po ten t 
attenuators of histamine release from rat mast cells as zaprinast.

Compounds SK&F 97652 (Fig. 5.13) and SK&F 97992 (Fig. 5.14) produced 
maximal inhibition of around 20% at their top test concentrations. O ther 
compounds such as SK&F 96679 (Fig. 5.15), SK&F 98376 (Fig. 5.16) and SB 
202650 (Fig. 5.17) produced a maximal inhibition of around 60-70% and
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had IC50  values of ca. 10 |xM. However, the tachyphylaxis noted with these 
compounds was not nearly as well defined as that seen with zaprinast.

Compounds SK&F 96231 (Fig. 5.18) and SB 200053 (Fig. 5.19) both produced 
a dose-dependent inhibition of histamine release w ith IC50 values around 
10 pM. Like zaprinast, the atténua tory effects noted with these compounds 
w ere greatly reduced by pre-exposure ( 1 0  min) to the d rug  prior to 
stimulation. Along with zaprinast, com pound SB 200415 (Fig. 5.20), was 
the most potent of the PDF V inhibitors tested, having an IC50  value of ca. 
1 |iM. Tachyphylaxis of this inhibitory response did occur although it was 
less pronounced at the higher test concentrations of the drug.

In general then, the selective PDF V inhibitors tested had variable effects 
on anti-IgF induced histamine release from rat m ast cells. N one of the 
other compounds had equivalent potency to zaprinast and few possessed 
the same spectrum of inhibitory activity.

5.3.4 Effect of rolipram and denbufylline on histamine release from 
human lung mast cells and basophil leukocytes

Both rolipram  (Fig. 5.21) and denbufylline (Fig. 5.22) were weak inhibitors 
of imm unologically induced histam ine release from hum an lung m ast 
cells. Maximal inhibition of <25% was obtained at the top concentration 
(100 pM) of the drugs. The inhibitory effects of the PDF IV inhibitors were 
relatively independent of preincubation period. However, at the lower 
concentrations of the drugs used, preincubation resu lted  in a w eak 
potentiation of the induced histam ine release by both rolipram  and 
denbufylline.

Both selective inhibitors were also weak inhibitors of histam ine release 
from basophil leukocytes. Rolipram (100 |iM) produced <30% maximal 
inhibition, this being relatively independent of preincubation time (Fig. 
5.23). Denbufylline exhibited a slightly 'bell shaped ' dose-inhibition  
re la tionsh ip , w ith  m axim al a ttenua tion  occuring at a m id-range 
concentration (1 |iM) and declining som ewhat at concentrations beyond 
this (Fig. 5.24).
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5.3.5 Effect of a range of cAMP dependent pro tein  kinase (cAMP-PrK) 
activators on histam ine release from rat peritoneal mast cells

The targeting of these com pounds suggests that they should possess a 
sim ilar spectrum  of activity on RPMC histam ine release to the cell 
permeable cAMP analogues (detailed in chapter 4). However, the cAMP- 
PrK activators supplied had variable effects on anti-IgE induced histamine 
release from RPMC.

Compounds SK&F 98439 (Fig. 5.25), SK&F 98147 (Fig. 5.26) and SK&F 98421 
(Fig. 5.27) showed only weak inhibitory activity of histam ine release in 
contrast to the m arked inhibition noted  w ith  the cAMP analogues. 
Com pounds SK&F 94461 (Fig. 5.28) and SK&F 98344 (Fig. 5.29) produced 
potentiation of the immunologically induced histam ine release especially 
after a 1 0  min preincubation period.

Com pound SK&F 98444 itself induced histam ine release from RPMC in a 
bell-shaped' manner (Fig. 5.30). Maximal release of ca. 40% was obtained, 
the release being largely independent of p re trea tm en t period. As a 
consequence of the self-induced histam ine release, potentiation of the 
anti-IgE evoked histamine release was observed w ith SK&F 98444 (Fig. 
5.31). This potentiation was highly variable, probably being dependent on 
the m agnitude of histamine release induced by the immunological ligand. 
Some inhibition of histamine release was noted at the top concentration 
of compound SK&F 98444 particularly after preincubation (Fig. 5.31).

Com pound SK&F 97899 produced strong inhibition of histam ine release 
from RPMC with an IC50  of around 20 |iM (Fig. 5.32). The attenuation of 
amine release was largely independent of the preincubation period and in 
this respect was similar to the inhibitory effects noted with theopyhlline 
(Fig. 5.6) and 8 -bromo cAMP (Fig. 4.2). Com pounds SK&F 98208 (Fig. 5.33), 
SK&F 97423 (Fig. 5.34) and SK&F 97694 (Fig. 5.35) also produced a m arked 
inhibition of histam ine release from  ra t m ast cells. H ow ever, this 
a ttenuation was subject to rapid  and near total tachyphylaxis, again 
resembling the effects noted with DSCG and zaprinast. None of the three 
kinase activators were as potent as zaprinast having IC50  values in the 
range 5-100 |xM, with SK&F 97423 being the m ost efficacious (Fig. 5.34).
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Evidence that these effects are due to an interaction with cAMP-PrK, and 
not m ediated by non-specific actions, comes from the effects noted w ith 
com pound SK&F 97678 (Fig. 5.36). This compound is structurally similar 
to the other cAMP-PrK activators tested but lacks stimulatory efficacy of 
cAMP-PrK in purified enzyme preparations. Compound SK&F 97678 was 
particularly ineffective in the RPMC experiments carried out in this study.

5.3.6 Effect of dimethyl sulphoxide (DMSO) on histamine release from 
rat peritoneal mast cells

As m any of the drugs used in this study were dissolved using DMSO the 
effect of this solvent on anti-IgE induced histamine release was tested. 
DMSO produced a dose-dependent inhibition of histamine release from 
RPMC (Fig. 5.37). At the top test concentration of DMSO (0.5% v /v ), ca. 
40% inhib ition  was observed, this being relatively independent of 
pretreatm ent period. However, throughout the study  the m axim um  
DMSO concentration used whilst testing other compounds rarely exceeded 
0.15% v /v  and was normally <0.1% v /v . At this concentration, no 
significant attenuation of histamine release was noted.

In hum an  lung  m ast cells and hum an basophils the m axim um  
concentration of DMSO used in any of the studies did not exceed 0.1% v /v , 
a level which has been previously shown in our laboratories to have 
negligible effects on the response of these cell types to immunological 
challenge.

5.3.7 Effect of miscellaneous compounds on histamine release from rat 
peritoneal mast cells

5.3.7.1 Frusemide and Bumetamide

Although somewhat out of place in this chapter, two loop diuretic drugs 
were tested for their effects on rat mast cell function. Frusem ide and 
bum etam ide are clinically used largely in the treatm ent of congestive 
heart failure and hypertension [384]. They act on the kidney nephron to
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im pair lumenal ionic absorption at the thick ascending limb of the loop of 
Henlé [384]. This increases the lumenal osmotic potential and hence water 
re-absorption is reduced and diuresis occurs [384]. The concom itant 
reduction  in blood volum e and hence pressure is of cardio-vascular 
benefit. How ever, there are reports of frusem ide possessing other 
therapeutic effects including a beneficial role in the treatm ent of asthma 
[385] and therefore this compound was tested for its effects on mast cells.

In ra t peritoneal mast cells, frusemide produced a m arked inhibition of 
anti-IgE induced histamine release which underw ent rapid tachyphylaxis 
w ithin a 10 min pretreatment period (Fig. 5.38). Maximal inhibition of ca. 
70% was obtained and the loop diuretic had an IC50  value in the range 1 0 - 
100 |iM. On a molar basis frusemide is therefore not as potent an inhibitor 
of histam ine release as DSCG, which in directly comparable experiments 
had an IC5 0  of <10 pM (Fig. 5.39). Tachyphylaxis of the attenuatory 
response was not as pronounced using frusemide in comparison to DSCG.

Bumetamide, another loop diuretic, had completely contrasting effects to 
those of frusemide. Over the same concentration range as frusem ide, 
bum etam ide produced a dose-dependent m arked potentiation of anti-IgE 
induced histamine release (Fig. 5.40). The potentiation noted reached a 
maximum of ca. 80% and declined with preincubation period. This result 
suggests that frusemide's inhibitory activity on RPMC is not m ediated 
through the common mechanism of action which loop diuretics possess 
in the kidney tubules.

5.4 Discussion

The discovery of m ultip le  isoenzym e form s of cyclic nucleotide  
phosphodiesterase and a m ore complete understanding of intracellular 
tran sduction  m echanism s, has afforded pharm acological targeting  
opportunities which may yield therapeutically beneficial drugs for the 
treatm ent of many disease states including asthma [369]. A wide variety of 
cell types, including the mast cell, have been postulated to play a role in 
this increasingly prevalent disease [112]. In this study the effect of a range
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of selective PDE inhibitors, cAMP-PrK activators and loop diuretic drugs 
on mast cell and basophil function was investigated.

In keeping with previous work [269,386], the non-selective PDE inhibitor 
theophylline (0.1-10 mM) produced highly effective inhibition of both 
mast cell and basophil activation. However, the very high concentrations 
of the m ethyl xanthine required  to p roduce  inh ib ition  m ust be 
acknowledged. SK&F 94120, a selective PDE III inhibitor, also possessed 
potent attenuatory activity in RPMC. The extent of the inhibition suggests 
that PDE III plays a major role in the regulation of RPMC activity. 
Moreover, attenuation of the cGMP-inhibited PDE m ay account for the 
potent reduction of histamine release observed w ith the non-selective 
PDE inhibitors theophylline and IBMX. H ow ever, unlike the non- 
selective drugs, the inhibitory effect of SK&F 94120 w aned considerably 
w ith preincubation period. W hether this difference is due to the well 
docum ented extra-phosphodiesterase activities of theophylline [370], or 
reflects an alternate mechanism of action of SK&F 94120 is unclear.

In hum an platelets PDE III is the p redom inan t cyclic nucleo tide  
hydrolysing enzyme [387,388]; indeed selective inhibitors of PDE III have 
been shown to possess anti-platelet actions [388,389]. PDE III has been 
demonstrated in basophil leukocytes [369]. However, in the basophil [369], 
hum an lung mast cell [390] and mouse bone m arrow  derived m ast cell 
[369], selective PDE III inhibitors produce a negligible reduction  of 
immunologically induced histamine secretion. The potent effect of PDE III 
inhibition noted in RPMC is therefore not universally  applicable to 
histaminocytes.

In this study, the effects of SK&F 94120 were not extended beyond its 
activity on RPMC. However, in addition to the rat m ast cell, the activity of 
the selective PDE IV inhibitors was assessed in hum an lung mast cells and 
basophils.

Ro-20-1724, rolipram  and denbufylline had  sim ilar m agnitudes of 
m axim al inhibition on RPMC, although the la tte r com pound w as 
somewhat less effective. Preincubation period had inconsistent effects on 
the measured inhibition noted using these compounds. Despite producing
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a m uch sm aller maximum attenuation than that observed w ith SK&F 
94120, on an IC20  basis at certain preincubation points, the selective PDE IV 
antagonists were more potent than the former compound.

In apparen t disagreem ent w ith the present study, previous w ork has 
shown the rat peritoneal mast cell to be refractory to the inhibitory activity 
of rolipram  [391]. A reason for this apparent discrepancy is not obvious, 
but may reflect the different routes of immunological stimulation utilised 
in the studies and the concom itant m agnitude of histam ine release 
achieved.

In hum an pulm onary m ast cells and basophil leukocytes, the PDE IV 
inhibitors tested produced m oderate inhibition of induced h istam ine 
release which was relatively unaffected by preincubation period. Similar 
m agnitudes of attenuation using PDE IV inhibitors have been previously 
reported in hum an lung mast cells [390] and basophils [390,391]. However, 
m uch m ore efficacious inh ib ition  using ro lip ram  has had  p rio r 
documentation in leukocyte preparations [391].

The poor m axim al efficacy of these PDE IV -targeted d ru g s on 
histaminocyte secretion, shown in this study, can not be used to dismiss 
the possible clinical utility of these agents in the treatm ent of allergic 
disease. All of the selective PDE IV inhibitors used in this study produced 
some degree of inhibition of histamine release from the cells tested. The 
m ast cell and basophil stabilising properties of these agents m ay be 
increased in vivo due to a num ber of factors.

Firstly, by experimental necessity, the immunological stimulation of the 
cells used in the study is probably much stronger than that occurring 
physiologically in allergic reactions. Thus, the selective PDE inhibitors 
may be much more effective at blocking a less intense m ast cell/basophil 
s tim u la to ry  response. Secondly, in the anatom ical area of the 
inflam m atory response, a num ber of m ediators such as prostaglandins 
[392] and circulating catecholamines [393] m ay induce an elevation of 
cAMP levels in mast cells [311]. Inhibition of PDE IV in combination w ith 
the endogenous cAMP elevators, may produce a synergism in the m ast
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cell s tab ilis ing  response analogous to th a t show n in hum an  
polymorphonuclear leukocytes [394].

It is also im portant to remember that mast cells and basophils release a 
variety of inflammatory m ediators and not just histam ine. In basophil 
studies, rolipram  was found to be a much more effective inhibitor of 
leukotriene C4 production than histamine [395]. Eicosanoids are known to 
be potent mediators in many allergic conditions [172]. If this more selective 
effect on eicosanoid release is a w idespread phenom enon covering mast 
cells also, it may well be of great clinical importance. Moreover, PDE IV 
has been found to be the predom inant cyclic nucleotide m etabolizing 
enzyme in the majority of inflammatory cells [369]. Indeed selective PDE 
IV inhibitors have been shown to attenuate both eosinophil [396] and 
neutrophil [397] activation. Thus, even the relatively m inor inhibition 
shown in this study, if it is extended over a wide variety of inflammatory 
cells, may make selective PDE IV inhibitors of benefit in the treatm ent of 
allergic and inflammatory conditions. Similar argum ents could be used to 
further em phasise the potential relevance of selective PDE inhibitors 
raised against any of the isoforms.

W ith hindsight it would have been interesting to look at the effects of 
SK&F 94120 on a range of histaminocytes. Moreover, the effects of co
inhibition of PDE's n i and IV in mast cells would be of interest as there is 
evidence to support synergistic inhibition of histam ine release from 
basophils when the two isoforms are jointly blocked [395]. However, at the 
time of carrying out these experiments the inhibitory effects of both the 
selective PDE III and IV inhibitors were somewhat overshadow ed by the 
attenuation noted with the PDE V inhibitor zaprinast.

Zaprinast produced a potent inhibition of histamine release from RPMC 
having an IC50  value of around 2 0  nM. This makes the drug several orders 
of m agnitude more potent than m any well established mast cell stabilisers. 
An inhibitory effect of zaprinast on RPMC has been previously reported 
[391]. However, unlike the present stud)^ much higher concentrations of 
zaprinast were required for effective inhibition. It w ould seem highly 
likely that this disparity is a result of the 2 0  minute preincubation period 
used by the latter investigators before immunological stimulation of the
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zaprinast-treated cells occurred. As shown in the present study, zaprinast's 
effects are subject to rapid and substantial tachyphylaxis on preincubation 
and so the time course adopted by these investigators would severely 
reduce the efficacy of the selective PDE V inhibitor. Interestingly, these 
investigators still noted inhibition of histamine release, albeit at m uch 
higher concentrations than in the present study [391]. This less efficacious 
effect may represent non-specific PDE inhibition by zaprinast.

Z ap rin ast's  inhib ition  of histam ine release w as subject to rap id  
tachyphylaxis and therefore is comparable to the effects noted in the 
previous chapter with both DSCG and cGMP. The selective PDE inhibitor 
matched the spectrum of activity of DSCG over a num ber of criteria. Both 
drugs inhibited RPMC eicosanoid release and had a near identical time- 
course of tachyphylaxis. In addition, RPMC rendered refractory to DSCG 
were also insensitive to the inhibitory effects of zaprinast. Moreover, both 
cromolyn and zaprinast produced a similar m agnitude of attenuation of 
h istam ine release from hum an lung mast cells. Also, the basophil 
leukocyte was refractory to any inhibitory effects of zaprinast, a response 
again m irrored by DSCG. The negligible inhibition of amine release from 
basophils by zaprinast has been previously reported [391].

This evidence raised the possibility that both zaprinast and DSCG are 
producing their mast cell stabilising effects through an inhibition of an 
intracellular PDE V isoenzyme and a concomitant elevation of cytosolic 
cGMP. As discussed previously, exogenous cGMP has a similar spectrum  
of inhibitory activity to both DSCG and zaprinast. It may be that an 
elevation of intracellular cGMP is a key event in the induction of mast cell 
secretory  term ination. It is then possible that all three inhibitors 
m entioned above act through a joint mechanism of action revolving 
around the elevation of intracellular cGMP and the phosphorylation of a 
78 KDa protein (which both DSCG and several cGMP derivatives have 
been shown to phosphorylate [276]).

There are many reports of DSCG possessing PDE inhibitory activity in a 
variety of cell free preparations [398-402]. High affinity cGMP hydrolysing 
activity has been shown in RPMC [398] and partially purified hum an lung 
mast cells [403]. Indeed, DSCG seems to be a more effective inhibitor of
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cGMP hydrolysis than cAMP [398,399]. However, the concentration of 
DSCG required to inhibit hydrolysis of both purine cyclic nucleotides 
vastly exceeds the effective dose required to inhibit m ediator release from 
w hole cell preparations [308]. M oreover, the poor cell penetrative  
properties of DSCG m ust be taken into consideration w hen assessing an 
intracellular inhibitory role for the chromone [276]. This evidence would 
suggest against the critical effect m ediating mast cell secretory attenuation 
being inhibition of PDE V.

In support of this conclusion, other selective PDE V inhibitors, which 
possess comparable activity on purified enzyme preparations to zaprinast, 
exhibited mixed effects on m ast cell histamine release. Although some of 
the PDE V-targeted drugs did mimic the actions of zaprinast, none were as 
potent. This suggests that the m echanism  of action of zaprinast in 
producing mast cell stabilisation is not largely mediated through its PDE V 
inhibitory effects. This alternative m ode of action is quite possible as 
zaprinast was developed not as a PDE V inhibitor but as an anti-allergic 
agent, where in in vivo anaphylaxis models it was found to be several 
orders of magnitude more potent than DSCG [404].

However, one can not exclude the possible existence of a novel mast cell 
cyclic nucleotide PDE enzyme which on its inhibition mediates cellular 
secretory attenuation. This enzyme may be located in key compartments of 
the mast cell, so that it may be only present in relatively small quantities 
and as such its activity in enzymology experiments w ould be masked by 
other more pronounced PDE enzyme activities. The enzyme would also 
have to be predominantly membrane fixed so perm itting the access of the 
poorly cell penetrative DSCG and cGMP.

The efficacy of zaprinast and some of the other PDE V inhibitors tested in 
producing mast cell stabilisation may suggest that the putative enzyme 
involved belongs to the cGMP-specific PDE isozyme family. However, it 
could be construed that, as both SK&F 94120 and cGMP also inhibit mast 
cell degranulation, the enzyme involved may be a PDE III isoform for 
which zaprinast has affinity. Direct evidence for the existence of this novel 
PDE is at present scant, if not non-existent, a lthough  it should be 
remembered that widespread PDE heterogeneity has been well
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documented [379,380]. However, to date, zaprinast has been shown to be a 
highly effective inhibitor of only PDE V isoforms. As such, it w ould seem 
likely that the drug's mast cell stabilising effect is unrelated  to the 
inhibition of cellular PDE.

The effects noted with the selective cAMP-PrK activators were also of 
interest. These novel agents had heterologous effects on m ast cell 
histamine release, with some compounds being effective inhibitors, other 
potentiators and some nearly completely ineffective. Little if any w ork has 
been published regarding these agents although, in the laboratories of 
their origination, variable effects of these cAMP-PrK activators in a range 
of test systems have been noted (Dr. K. M urray, SK&B, unpublished  
observation).

The inconsistent effects seen between the different cAMP-PrK activators 
may be due to a variety of factors. As the kinase activators were developed 
in assays using purified cAMP-PrK, the cell penetrating abilities of the 
agents were not directly examined and might well induce variability in the 
m agnitude of the response noted in the present study. There is also the 
possibility that these drugs can activate other kinase enzymes or interfere 
with downstream cell regulatory processes. Moreover, two major forms of 
cAMP-PrK have been isolated based on their chrom atographic profile, 
substrate specificity and autophosphorylation properties and are term ed 
types I and II kinase [405]. Thus, some of the functional disparities between 
the kinase activators m ay reflect preferential affinities betw een the 
compounds for the major cAMP-PrK isoforms.

Further classification of these novel and potentially  very in teresting  
com pounds would be required to determ ine their cross-reactivity w ith 
other effector molecules and to elucidate the basis for the heterogeneous 
effects of the cAMP-PrK activators on mast cell histam ine release.

The effects of the two loop diuretic drugs were also of interest. Frusem ide 
and bum etam ide are inhibitors of the N a+ /K + /C L  co-transport system . 
Inhaled nebulised frusem ide has proven prophylactic  p roperties in 
asthmatic subjects challenged with a range of bronchoconstrictor stim uli 
[385,406-409]. As yet the primary effector cells which frusemide is acting
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upon  to produce its therapeutically  beneficial effects are uncertain. 
Smooth muscle, epithelial and inflammatory cells could all conceivably be 
m odulated by the drug. In this study, the effect of frusemide on rat m ast 
cells was investigated.

Frusem ide produced a potent inhibition of histamine release from RPMC 
which was also subject to m arked tachyphylaxis. This effect was not 
reproduced using bumetamide; in fact this compound strongly potentiated 
the m agnitude of the im m unologically induced response. This m ay 
suggest that frusem ide's inhibitory actions on m ast cells are m ediated 
through a mechanism somewhat divorced from its effects on the kidney 
tubule. Similar conclusions have been draw n from studies on hum an 
asthmatic subjects [406]. However, frusemide has been shown to reduce 
m ediator release from activated eosinophils, an effect thought to be linked 
to an inhibition of Cl" flux [410]. It may be then that frusemide is acting on 
a novel inflam m atory cell Cl" transport m echanism  for which the 
chromone and related compounds may also have affinity [411]. Further 
studies on hum an lung mast cells and, in particular, mast cells isolated 
from bronchoalveolar lavage would be of more relevance in assessing the 
contribution of m ast cell stabilisation to frusem ide's anti-asthm atic 
activity.

In common w ith the other drugs shown in this investigation to have 
similar inhibitory properties to cromolyn, studies using frusemide may be 
useful in uncovering the m ode of action of the chrom one drug . 
Concomitantly, this may enable the development of more efficacious anti
allergic drugs which share cromolyn's excellent in vivo safety record.

To summarise, a selective PDE V inhibitor, zaprinast, has been shown to 
be a highly effective inhibitor of histamine release from RPMC. On all of 
the criteria tested, zaprinast mimics the experimental effects noted w ith 
DSCG. This suggests, that the two drugs share a common mechanism of 
action. The PDE III inhibitor SK&F 94120 was also a potent inhibitor of 
histam ine release from RPMC. However, the PDE IV inhibitors tested 
produced only m oderate attenuation of histamine release from a range of 
histaminocytes, although this does not necessarily suggest that they will be 
ineffective anti-allergic agents clinically.
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M arked tachyphylaxis of the histam ine release inhibitory response in 
RPMC has been observed using DSCG and NS, exogenous cGMP and its 
derivatives, several PDE V inhibitors most notably zaprinast, the PDE III 
inhibitor SK&F 94120, a range of selective cAMP-PrK activators and the 
loop diuretic frusemide. The diversity of the com pounds exhibiting this 
effect would suggest that it is unlikely that all of these drugs share the 
same primary effector binding site, although molecular modelling of their 
structures would be very useful in clarifying this point. It would appear 
more feasible that the mechanism inhibitory to mast cell degranulation is 
further dow nstream  and is a key process regu lated  by a range of 
m odulators. W hether the inhibitory intracellular messenger at the site of 
the convergence is the 78 KDa protein, shown to be phosphorylated by 
DSCG and cGMP derivatives, remains to be elucidated.

Further characterisation of the m ast cell phosphodiesterase, cAMP- 
dependent protein kinase and phosphoprotein profiles are required to 
resolve the current hiatus in our knowledge of the control mechanisms 
regulating mast cell activation and secretory termination.
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Fig. 5.1 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 94120. (n=4)
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,2 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by Ro-20-1724. (n=4)

60 1

50 -

40 -

20 -

10 -

-10 I 11 iiii| I I I I muI I I rtiii| T T T fT f

0 min (CR= 56.4+ 5.0%)

  lO m in (C R = 4 9 .2 ± 4 .1 % )

.0 001  .001 .01 .1 1 
Ro-20-1724 (|iM)

10 100

151



Chapter 5

Fig. 5.3 Inhibition of anti-IgE (1/200) induced histamine release from rat
peritoneal mast cells by rolipram. (n=4)
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Fig. 5.4 Inhibition of anti-IgE (1/200) induced histamine release from 
rat peritoneal mast cells by denbufylline. (n=3-4)
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Fig. 5.5
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Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by zaprinast. (n=4)
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Fig. 5.6 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by theophylline. (n=4)
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Time course of tachyphylaxis to zaprinast. Histamine release
was induced by anti-IgE (1/300). (n=5)
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Inhibition of anti-IgE induced histamine release from rat peritoneal
mast cells by zaprinast, with and without preincubation in DSCG
(100 jiM, 10 min). (n=4)1001
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Fig. 5.9 Inhibition of anti-IgE (1/200) induced histamine and prostanoid
release from RPMC by zaprinast. (n=3)
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Fig. 5.11 Inhibition of anti-IgE (1/200) induced histamine release from
human lung mast cells by zaprinast. (0’,10’ n=6; 30’ n=3)
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h u m a n  lu n g  m ast cells by  th e o p h y llin e  over a ran g e  of 
p re in c u b a tio n  p e rio d s . (n=5)
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Fig. 5.13 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 97652. (n=4)
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5.15 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 96679. (n=4)
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Fig. 5.16 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by SK&F 98376. (n=4-5)
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Fig. 5.17 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SB 202650. (n=4-5)
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Fig. 5.18 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 96231. (n=4-5)
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Fig. 5.19 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by SB 200053. (n=3-4)
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Fig. 5.20 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SB 200415. (n=3-4)
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Fig. 5.21 Inhibition of anti-IgE (1/200) induced histamine release from
human lung mast cells by rolipram over a range of preincubation
periods. (n=5)
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Fig. 5.22 Inhibition of anti-IgE (1/200) induced histamine release from
human lung mast cells by denbufylline over a range of preincubation
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Inhibition of anti-IgE (1/1,000) induced histamine release from
human basophil leukocytes by rolipram. (n=4)
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Fig. 5.24 Inhibition of anti-IgE (1/1,000) induced histamine release from 
human basophil leukocytes by denbufylline. (n=4)
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Fig. 5.25 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 98439. (n=4)
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Fig. 5.26 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by SK&F 98147. (n=4)
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Fig. 5.27 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 98421. (n=4)
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Fig. 5.28 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 97461. (n=4)
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Fig. 5.29 Inhibition of anti-IgE (1/3000 induced histamine release from 
rat peritoneal mast cells by SK&F 98344. (n=4)

40 1

20  -

-20 -

-40 -

-60 -

-80 -

100 -

-1 2 0 111III I I I I M I I |  I I I I I  l t l |  I I I I  l t l l |

0 min (CR= 42.4+ 6.4%)

10 min (C R = 36 .1±5 .]% :

.0 0 0 1  .001 .01 .1 1 

SK&F 98344 (|iM)
10 1 0 0

168



Chapter  5

Fig. 5.30 Histamine release induced by SK&F 98444 over two
incubation periods. (n= 3)
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Fig. 5.31 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by SK&F 98444. (n=4)
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Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 97899. (n=4)
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Fig. 5.33 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by SK&F 98208. (n=4)
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Fig. 5.34 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 97423. (n=4)
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Fig. 5.35 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by SK&F 97694. (n=4)
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Fig. 5.36 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by SK&F 97678. (n=4)
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Fig. 5.37 Inhibition of anti-IgE (1/300) induced histamine release from 
rat peritoneal mast cells by DMSO. (n=3)
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Fig.5.38

a

Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by frusemide. (n=7-8)
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Fig. 5.39
Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by DSCG over a range of preincubation
periods. (n=8)l O O n
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Fig. 5.40 Inhibition of anti-IgE (1/300) induced histamine release from
rat peritoneal mast cells by bumetanide. (n=8)
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Table 5.1 Inhibition of anti-human IgE (1/1,000) induced
histamine release from human basophil leukocytes by
Zaprinast at two preincubation periods. (n= 5)

0  m in 1 0  m in
Spontaneous Release 2.6 ± 0.7% 2.7 ± 0.5%

Control Release 57.4 ± 3.6% 57.2 ± 3.9%

Zaprinast (pM)
0 .0 1 2.9 ± 4.3% 0 .1  ± 2 .2 %
0 .1 1.5 ± 1.8% -2.3 ± 2.4%
1 .0 3.4 ± 4.4% 0.5 ±1.8%

1 0 .0 7.8 ± 4.2% -2 .6  ± 1 .8 %
1 0 0 .0 -4.6 ± 4.8% -7.8 ±2.1%
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Table 5.2 IC50 values of selected PDE V inhibtors. PDE V 
enzyme was isolated and purified from bovine lung, 
(source; Dr. K. Murray, SK&B).

Selective PDE V inhibitor IC^n value (pM)

Zaprinast 0.3

SK&F 96231 1 .0

SK&F 98275 0 .6

SK&F 97652 0.4

SK&F 97992 0.9

SK&F 96679 1 1 .1

SK&F 98376 6.9

SB 200053 8.5

SB 200415 16.7

SB 202650 3.1
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Chapter 6

Partial analysis of the rat peritoneal mast cell 
cyclic nucleotide phosphodiesterase, cAMP— 

dependent protein kinase and protein 
phosphorylation profiles

6.1 Introduction

The continual development of more sophisticated research techniques has 
allowed for assessment of cellular function on a m olecular basis. Thus, 
signal transduction pathways can be probed to sites increasingly distal 
from the initial ligand/receptor interaction.

In the mast cell, application of these techniques has enabled the 
m easurement of intracellular Ca^+ [226], phosphatidyl inositol turnover 
[245], ion channel fluxes [297] and G-protein function [258]. As detailed in 
chapter 1 , such work has greatly enhanced our knowledge of m ast cell 
regulation. However, there have been relatively few reports of direct 
analysis of mast cell PDE content. The studies that have been undertaken 
were carried out largely before the characterisation of PDE isozym e 
families and the development of selective inhibitor drugs [404,399].

Similarly, the cAMP-PrK profile within mast cells is poorly understood. 
Assessment of intracellular cAMP levels does not necessarily directly 
indicate the activation state of the kinase as a num ber of intracellular 
factors, including PDE levels and their com partm entalisation , m ay 
m odulate the effective cAMP stimulated kinase activation [270]. Thus, 
changes in mast cell cyclic nucleotide levels, assessment of the cell's PDE 
profile and m easurem ent of cAMP-PrK activation are all im portan t in 
deriving the involvement of intracellular cyclic nucleotides in m ast cell 
functional control.

Post m ast cell stim ulation, a cascade of phosphorylation  events are 
thought to take place catalysed by a variety of cellular kinases such as 
cAMP-PrK, cGMP-PrK, PKC and the more recently discovered tyrosine 
kinases [238,266,412]. As discussed earlier, a number of clearly expressed
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major phosphoproteins have been identified in the m ast cell. On IgE- 
directed, 48/80 or calcium ionophore stimulation, a num ber of proteins of 
m olecular w eights 42, 59, 6 8  and  78 KDa have been show n to be 
phosphorylated [356,276]. Phosphorylation of the latter protein has also 
been dem onstrated using a range of anti-allergic agents [276,357,413] and 
cell perm eable cGMP derivatives [276]. Recently 2 -dim ensional gel 
electrophoresis has shown the 78 KDa protein to have similar properties 
to the MARCKS pro tein  w hich  has been characterised  in o ther 
inflammatory cell types [251].

In similar studies, Tasaka and co-workers have also dem onstrated PKC- 
dependent serine phosphorylation of the interm ediate filament protein 
vimentin, on RPMC stim ulation [414]. The authors suggested that m ast 
cell activation results in vim entin  phosphorylation  and subsequent 
filam ent depolym erisation, thus freeing the secretory granules and 
facilitating degranulation. In a m ore recent study, the same group have 
shown that application of cell permeable cAMP analogues produces the 
phosphorylation of a 22 KDa protein in RPMC [415]. A similar effect was 
noted using the purified catalytic sub-unit of cAMP-PrK. Im m unoblot 
analysis has shown this protein to be analogous with smg p 2 1 B, the small 
m olecular w eight G protein m ore completely characterised in hum an 
platelets. Phosphorylation of this protein  was associated w ith  the 
inhibition of polyam ine induced m ast cell activation. Thus, apparently  
key m ast cell regulatory phosphoproteins are being uncovered. In the 
future, these proteins may act as targets for anti-allergic drug therapy.

In the present study, an attempt was made to demonstrate more clearly the 
predom inant PDE isoforms present within the RPMC. Such knowledge 
w ould supplem ent the information derived using selective PDE inhibitors 
from the whole cell preparations, described in the previous chapter. In 
addition , a basic study of RPMC isolated cAMP-PrK activity was 
undertaken  to investigate fu rther the role that cAMP may p lay  in 
mastocyte regulation. An attem pt was also made to clarify the anti-allergic 
agent induced phosphoprotein expression, in particular that of the 78 KDa 
protein. These protein phosphorylation studies m ight add  substantial 
w eight to any hypothesis of a common mechanism  of action existing 
between pharmacological agents such as DSCG, cGMP and zaprinast. They
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m ay also add substance to the importance of this 78 KDa protein as an 
endogenous secretory termination mechanism.

6.2 Methods and materials

All m ethods and materials are as described in chapter 2. W hen n=2 is 
indicated the error bars represent the range around the average value. In 
PDE studies the following modulators were used to identify the presence 
of the isozyme families.

EGTA (100 pM)
Ca^+ (10 mM) / calmodulin (20 units/m l) 
cGMP (10 pM)

SK&F 94836 (100 pM) 
rolipram  (100 pM)
SK&F 98275 (100 pM)

Inhibitor PDE I 
Stimulus PDE I 
Stimulus PDE II 
Inhibitor PDE III 
Inhibitor PDE III 
Inhibitor PDE IV 
Inhibitor PDE V

The following combinations of these modulators were used.

Condition/Lane No. M odulators

cAMP hydrolysis expts.
1

2

3
4
5
6  

7
cGMP hydrolysis expts. 
1 

2

3
4
5

Control
EGTA/rolipram/SK&F 94836 
EGTA/rolipram/cGM P 
EGTA/SK&F 94836
Ca2+/  calmodulin /  SK&F 94836/ rolipram 
EGTA/rolipram
EGTA/rolipram/SK&F 94836/cGMP

Control
EGTA
EGTA/SK&F 98275 
Ca2 +/  calmodulin 
Ca2+/calmodulin/SK&F 98275
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To reveal the underlying PDE activity, comparison of cyclic nucleotide 
hydrolysis in the presence of the above conditions was carried ou t 
according to the protocol below.

Lane No.

cAMP hydrolysis expts.

M issing/Additional
M odulator

Isozyme
Indicated

2 vs 5 
2 vs 4 
2  vs 6

2 vs 7
3 vs 6

Ca2+/calmodulin
rolipram
SK&F 94836
cGMP
cGMP

I
IV
m
n/m
n i

cGMP hydrolysis expts.

1 vs 2

2 vs 3 
1 vs 4 
4 vs 5

EGTA 
SK&F 98275 
Ca^+Z calmodulin 
SK&F 98275

I
V 
I
V

6.3 Results

6.3.1 Effect of a range of selective PDE modulators on cyclic nucleotide 
hydrolysis by homogenates of pre-prepared frozen RPMC

In initial studies, for practical reasons, RPMC were Percoll purified, snap- 
frozen under liquid nitrogen and stored in solid CO2 until u tilised  
(typically within 2  days).

6.3.1.1 cAMP hydrolysis

The effect of a range of modulators on cAMP hydrolysis by RPMC cytosolic 
homogenates is shown in Fig. 6.1. By comparing lanes 2 and 5 it can be 
seen that Ca^+Z calmodulin greatly enhances cAMP breakdown.
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demonstrating the presence of PDE I. Comparing lanes 2 and 4, the latter 
being devoid of PDE IV inhibition by rolipram, illustrates the presence of 
the cAMP specific PDE. In the absence of rolipram, only a m ild restoration 
of cAMP hydrolysis is noted indicating relatively low levels of PDE IV in 
the homogenate.

Using similar criteria, comparison of lanes 2 and 6  dem onstrates that PDE 
III is a more evident isoform than PDE IV, as rem oval of the PDE III 
inhibitor SK&F 94836 much more effectively restores the hom ogenate's 
cAMP hydrolysing activity. The inclusion of cGMP (compare lanes 2 and 
7), when PDE IE is inhibited by SK&F 94836, little affects cAMP hydrolysis 
demonstrating that there is no detectable cGMP stim ulated PDE II activity 
in RPMC. Instead, it adds weight to the presence of PDE III which is 
inhibited by cGMP, this also being born out by the further inhibition of 
cAMP hydrolysis noted with the inclusion of the guanine nucleotide if 
lanes 3 and 6  are compared.

Fig. 6.2 shows similar experiments but this time using RPMC particulate 
fractions. Comparison of lanes 2 and 5 shows that again Ca^+/calm odulin 
induces an increase in cAMP hydrolysis indicating the presence of PDE I. 
However, the stimulation is not as evident as that observed w ith the 
cytosolic fractions. Comparison of lanes 2 and 4 and lanes 2  and 6  reveals 
that, in contrast to the cytosolic preparations, the presence of rolipram  has 
greater attenuatory effect on cAMP hydrolysis than SK&F 94836. This 
suggests that PDE IV predom inates over PDE III in the m em brane 
extracted RPMC fraction. Again there is no detectable cGMP stim ulated 
PDE II activity (compare lanes 2 and 7).

6.3.1.2 cGMP hydrolysis

Fig. 6.3 dem onstrates the effect of a range of m odulators on cGMP 
hydrolysis by cytosolic homogenates of pre-prepared  RPMC. In these 
preparations, control cGMP hydrolysis was approxim ately half of that seen 
when using cAMP as the substrate. In agreement w ith the cAMP studies, 
comparison of lanes 1 and 4 again dem onstrate  the presence of a 
Ca^+Zcalmodulin stimulated type I PDE isoform. Basal stimulation of the
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enzyme was also noted as judged by the reduced hydrolysis noted in the 
presence of the Ca^+ chelator EGTA (lanes 1 and 2).

Inhibition of PDE V using SK&F 98275 (compare lanes 2 and 3 and lanes 4 
and 5) produced an attenuation of cGMP hydrolysis illustrating that the 
la tter enzym e was present in RPMC hom ogenates. H ow ever, after 
inhibition of both PDE's I and V, with EGTA and SK&F 98275 respectively, 
approxim ately 50% of the cGMP hydrolysis was unaffected. This is in 
agreem ent with the concomitant cAMP data show ing the predom inance 
of PDE in, which has equal high affinity for both cyclic nucleotides (see 
Table 6.1), in the cytosolic preparations.

Analysis of the detergent extracted PDE revealed a som ewhat different 
profile (Fig. 6.4). Comparison of lanes 1 and 2 and 1 and 4 show that there 
is little PDE I present. Hence, EGTA has little effect on cGMP hydrolysis 
and the presence of Ca^+/calmodulin has a som ewhat inhibitory effect on 
the breakdown of the nucleotide. Comparison of lanes 2 and 3, shows that 
PDE V is m ore evident in these particu late  fractions than in the 
corresponding cytosolic fractions, w ith SK&F 98275 reducing cGMP 
hydrolysis by over 50% in the former preparation.

6.3.2 Effect of a range of selective PDE m odulators on cyclic nucleotide 
hydrolysis by homogenates of freshly prepared RPMC

In this study , cells were p repared  freshly on the m orning of the 
experiments. Cells were hom ogenised by sonication and vigorous vortex 
mixing. In comparison to the pre-prepared frozen preparations, control 
cyclic nucleotide hydrolysis for similar cell num bers was much greater in 
these freshly prepared samples. Interestingly, the PDE profile of these cell 
samples exhibited differences from that noted previously using the frozen 
cell preparations.
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6.3.2.1 cAMP hydrolysis

Com parison of lanes 2 and 5 in Fig. 6.5 shows that the inclusion of 
Ca2+/calm odulin little effects cAMP hydrolysis, thus dem onstrating the 
negligible presence of PDE I. These results are in m arked contrast to the 
effects of the PDE I stimulants on the equivalent frozen cell preparations 
(Fig. 6.1). Com parison of lanes 2 and 4 shows that rolipram  is a highly 
effective inhibitor of cAMP hydrolysis and thus demonstrates that PDE IV 
is the predom inant cAMP hydrolysing PDE in the cytosolic fraction of the 
fresh cell preparations.

Removal of SK&F 94836 (compare lanes 2 and 6 ) only slightly increases 
cAMP hydrolysis suggesting the presence of only m oderate amounts of 
PDE III. Again comparison of lanes 2 and 7, where cGMP is the modifying 
factor, fails to demonstrate the existence of any cGMP stimulated PDE n.

In Fig. 6 .6 , comparison of lanes 2 and 4, where inclusion of rolipram 
greatly enhances the inhibition of cAMP hydrolysis, again demonstrates 
that PDE IV is dominant in the fresh cell detergent extracted homogenate. 
Lanes 2 and 6 , where in the latter the PDE III inhibitor SK&F 94836 is 
absent, illustrate that PDE HI is less well expressed than PDE IV. However, 
as judged by the inhibitory effectiveness of SK&F 94836, the former 
isozyme was seen to be more abundant in the particulate fractions as 
opposed to the cytosolic (Fig. 6.5). Again, contrasting lanes 2 and 5 and 2 
and 7, reveals little type I and type II PDE activity respectively.

6.S.2.2 cGMP hydrolysis

In Fig. 6.7 and 6 .8  the effect of a range of m odulators on fresh cell 
homogenate hydrolysis of cGMP is assessed. Comparison of lanes 1 and 4 
and 1 and 2 in Fig. 6.7, in agreem ent with the cAMP data, demonstrates 
little type I activity. In fact, a mild potentiation of cGMP hydrolysis is noted 
in the presence of EGTA (lanes 1 and 2). Comparison of lanes 2 and 3 
alongside 4 and 5 illustrates clearly that the major cGMP hydrolysing 
enzyme in these fresh cell cytosolic homogenates is PDE V. In these lanes 
inclusion of the selective PDE V inhibitor SK&F 98275 reduces the
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m easured cGMP breakdown by over 80%. Thus, PDE V presence is much 
more clearly demonstrable in the fresh cell preparations than that noted in 
the pre-frozen samples (compare Fig. 6.3 and 6.7).

Experim ents carried out on the particulate fractions of the fresh cell 
samples are shown in Fig. 6 .8 . The most obvious effect is that seen when 
comparing lanes 1 and 2. In these lanes the inclusion of EGTA is seen to 
m ore than  double the m easured hydrolysis of cGMP. H ow ever, a 
concomitant inhibition of cGMP breakdown is not observed through the 
addition of Ca^+/ calmodulin (lanes 1 and 4) indicating that the effects of 
EGTA are probably not m ediated  through an inhibition of basal 
calmodulin activity.

Again SK&F 98275 was an effective inhibitor of cGMP hydrolysis in these 
particulate samples (lanes 2 and 3, and 4 and 5), producing around 50% 
attenuation. Yet the presence of PDE V is not as evident as that noted in 
the corresponding cytosolic extracts where >80% inhibition was observed. 
This latter divergence may reflect the greater am ounts of PDE III detected 
in the particulate fractions (compare Fig. 6.5 and 6 .6 ) which may account 
for the SK&F 98275 resistant cGMP metabolism.

6.3.3 Effect of DSCG on cyclic nucleotide hydrolysis by homogenates of 
both fresh and frozen RPMC

In cytosolic homogenates of frozen RPMC (Fig. 6.9), DSCG (1-100 pM) was 
seen to be a totally ineffective inhibitor of cAMP hydrolysis (lanes 1, 2, 3, 
and 4). In contrast, at sim ilar concentrations, the non-selective PDE 
inhibitor IBMX reduced cAMP hydrolysis by around 70% (lane 5). The 
chromone was seen to be a som ewhat more effective inhibitor of cGMP 
hydrolysis (lanes 6 , 7, 8 , and 9). However, maximal inhibition of only 
around 30% was noted, a value greatly inferior to that observed using 
IBMX (lane 10).

A similar lack of effect on cAMP hydrolysis was noted using DSCG in both 
supernatant and particulate fractions of frozen (Fig. 6.10) and freshly 
prepared (Fig. 6.11) RPMC. Again cGMP breakdown was more effectively
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inhibited by cromolyn than cAMP hydrolysis in all the test preparations. A 
comparable m agnitude of inhibition was noted betw een the frozen and 
fresh cell homogenates with the cytosolic extracts being somewhat more 
sensitive to attenuation by DSCG.

6.3.4 FPLC separation and identification of cellular PDE isozymes

6.3.4.1 Rat heart

Rat hearts were homogenised and prepared as described in chapter 2. 
Every third fraction eluted from the mono-Q column was assayed for 
cyclic nucleotide hydrolysis in the presence or absence of the selective 
m odulators.

Control hydrolysis of cAMP by the rat heart fractions was low and thus 
extreme fluctuations of the basal response were observed (Fig. 6.12). 
How ever, a clear peak of cyclic nucleotide hydrolysis was observed 
between fractions 34 and 61, with a maxima occuring at fraction num ber 
46. The early phase of this peak was somewhat inhibited by rolipram  
w hilst the latter was nearly completely ablated by SK&F 94836. This 
suggests that the cAMP hydrolysis peak was composed of poorly separated 
PDE IV and III, the former being eluted from the column somewhat more 
rapidly than PDE III, which was the more predom inant cAMP hydrolysing 
enzyme.

Results from the hydrolysis of cGMP were much less erratic (Fig. 6.13). 
Control hydrolysis revealed a sharp peak between fractions 2 2  and 31 with 
a maximum at fraction 28. Following this, there was a more prolonged 
and less effective peak of PDE activity between fractions 31 and 52. In the 
presence of Ca^+Z calmodulin, cGMP hydrolysis by fractions 19 to 25 was 
greatly enhanced, with substantial hydrolysis occuring where none had 
been demonstrated under control conditions. The control peak maximum, 
at fraction 28, was little affected by addition of Ca^+Z calmodulin but was 
m arkedly reduced by the selective PDE V inhibitor SK&F 98275. These 
results demonstrate the presence of a PDE V isozyme which is eluted from

187



Chapter 6

the column later than, but in close association with, the Ca^+Z calm odulin 
stimulated PDE I.

The more prolonged cGMP hydrolysis peak was resistant to m odulation by 
both Ca2+/calm odulin and SK&F 98275. The elution profile of this peak, 
when compared with the cAMP trace (Fig. 6.12), m ight suggest that PDE III 
is responsible for the later peak of cGMP breakdown, this enzyme having 
an equally high affinity for both cAMP and cGMP (see Table 6.1).

Thus, in the rat heart there is strong evidence for the existence of PDE III, I 
and V. PDE IV activity was also detected but to a less well defined degree 
than the other isozymes. The existence of the cGMP stimulated PDE II was 
not directly tested in the rat heart fractions.

6.S.4.2 Rat peritoneal mast cells

The experiments were carried out in a similar fashion to that of the rat 
heart.

As shown in Fig. 6.14 control hydrolysis of cAMP by the RPMC fractions 
produced two peaks. The first was located between fractions 11 and 16 and 
the second betw een fractions 16 and 24. Both peaks were v irtually  
abolished by the PDE IV inhibitor rolipram. However, both SK&F 94836 
and cGMP also attenuated cAMP hydrolysis particularly at the declining 
phase of the second peak. This suggests that PDE IV is the predom inant 
RPMC cAMP hydrolysing enzyme being eluted off the mono-Q column 
earlier than PDE III, which is also detected in the RPMC PDE fractions. 
Both cGMP and SK&F 94836 have almost superimposable activity against 
the RPMC cAMP hydrolysing enzymes (Fig. 6.14). This suggests that the 
guanine cyclic nucleotide is acting as an inhibitor of PDE III and, in this 
preparation, has little PDE stim ulatory activity which again indicates 
against substantial levels of PDE II existing within RPMC.

Fig. 6.15 looks at the effect of the same RPMC fractions but on cGMP 
hydrolysis. A well defined sharp peak of PDE activity was demonstrable 
between fractions 9 and 14. This peak was moderately potentiated by
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Ca2 +/calm odulin but to nowhere near the same degree as that observed in 
the rat heart. However, the peak was virtually ablated by SK&F 98275 thus 
strongly indicating that the peak is to a greater extent composed of PDE V 
although there is some combined PDE I activity within it.

From these chrom atographic fractions it w ould then seem that RPMC 
contain mainly PDE IV and PDE V within their cytosol, although PDE III 
and PDE I are also present but to a lesser extent.

6.3.5 Some studies on the RPMC cAMP dependent protein kinase 
(cAMP-PrK)

The activity of cAMP-PrK can be conveniently assayed through its catalysis 
of phosphate transfer from [y-^^pj-labelled ATP to a specific substrate. 
M alantide is a Synthetic dodecapeptide corresponding  to the site 
phosphorylated by cAMP-PrK on the p-subunit of phosphorylase kinase 
[416]. The use of malantide, as a cAMP-PrK substrate, has been shown to be 
an effective means of assessing the enzym e's activity and has m any 
advantages over the use of other substrates such as his tone [417,418].

In this study, the incorporation of ^^P into m alantide is used to assess the 
basic properties of the RPMC cAMP-PrK.

6.3.5.1 Kinetics of ^^P incorporation and determ ination of RPMC 
endogenous ATPase activity

In initial studies, 2.1 mM-[y-^^P]-ATP was used. Hom ogenates of RPMC 
were observed to produce a tim e-dependent, linear phosphorylation of 
m alantide (Fig. 6.16). In the absence of exogenous cAMP, the equivalent 
ATP incorporation was low reaching a maximum of 2.5 pmol after 10 min. 
In contrast, addition of cAMP markedly stimulated the incorporation, thus 
demonstrating cAMP-PrK activation. After 10 min the equivalent of 21.5 ± 
6.5 pmol of 32p-ATP had been incorporated into malantide (Fig. 6.16).
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Endogenous ATPase activity can be a major depletor of the added [y-32p]_ 
ATP [418]. High levels of ATP breakdown result in the use of relatively 
greater quantities of the nucleotide, in cAMP-PrK assays, to offset the ATP 
depletion. However, as shown in Fig. 6.17, ATPase activity of the RPMC 
hom ogenates (as assessed by the consistent proportion of free labelled 
phosphate  after charcoal binding and centrifugation) was negligible. 
Hence, this allowed for the use of 100 pM [y-32p]_ATP, and higher specific 
activities, in subsequent studies.

Further kinetic studies, using 100 pM ATP, again demonstrate a relatively 
linear phosphory la tion  profile (Fig. 6.18). A gain non-stim u la ted  
hom ogenates produced only weak ^^P incorporation into m alantide in 
comparison to the equivalent samples fully activated by exogenous cAMP. 
Thus, per 20,000 cells, ^^P incorporation into malantide was 31.8 ± 4.6 pmol 
a figure similar, when incubation time period is considered, to that 
obtained in the previous kinetic analysis.

6.3.5.2 Effect of cellular treatment with forskolin on the RPMC cAMP- 
PrK activity ratio

In this study, aliquots of purified RPMC were either sham challenged or 
stim ulated with forskolin (10 pM, 10 min), before being pelleted, snap- 
frozen and homogenised on subsequent days.

As shown in Fig. 6.19, the control kinase activity ratio was low, around 0.1, 
and relatively consistent over the two time points assessed. A similar basal 
ratio of kinase activity has been demonstrated in hum an platelets and rat 
heart preparations [418]. However, the cAMP-PrK activity ratio was little 
affected by cellular pretreatm ent with the adenylate cyclase activator, 
forskolin. In these studies, a small increase in activity ratio above control 
was noted at the 7.5 minute time point, indicating pre-stim ulation of the 
kinase, but this was not observed after 15 min of enzyme activity and is 
thus probably artifactual.
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6.3.6 Phosphoprotein profile of RPMC stimulated with a range of mast 
cell stabilising compounds

Experiments described in the previous chapter have dem onstrated that, in 
functional studies, DSCG, cGMP and zaprinast share m any common 
characteristics. Phosphorylation of a RPMC 78 KDa protein  has been 
demonstrated using DSCG and cell permeable derivatives of cGMP. In this 
study an attempt was made not only to repeat these experiments but to 
extend them to investigate the effects of cGMP and  zap rinast on 
phosphorylation of proteins in this molecular weight range. A universal 
phosphorylation of the 78 KDa protein, by these mast cell stabilising drugs, 
m ay identify the effector protein as an endogenous term inator of 
secretion.

6.3.6.1 RPMC protein profile using SDS-PAGE and coomassie brilliant 
blue protein staining

As shown in Fig. 6.20, gel electrophoresis of RPMC revealed protein bands 
spanning the complete range of the molecular weight m arker proteins. 
However, the most abundant proteins, as judged by the intensity of the 
staining, lay in the weight range 25-40 KDa. Around the 30 KDa area, a 
dense protein band was particularly clear. This band might well be rat mast 
cell protease I which has been shown to have a m olecular w eight of 
around 26 KDa [419] and is thought to account for around 25% of the total 
RPMC cellular protein [420]. Several other basic serine pro teases have also 
been  detected around  the 30 KDa range [421] and  a longside  
carboxypeptidase A, which has a molecular weight of around 35 KDa and 
is known to be the second most abundant protein present in RPMC [421], 
may account for the other clearly defined protein bands noted in the 25-40 
KDa range [419].

It has been suggested that in RBL-2H3 cells f-actin has a molecular weight 
of 45 KDa [422]. Although not clearly defined photographically in Fig. 6.20 
there is protein staining around this molecular weight which, together 
w ith other investigators work [419], suggests that this band m ight well 
correspond to f-actin. However, for precise molecular weight assessment
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and for more detailed investigation as to the identity of cellular proteins 2 - 
dimensional electrophoresis is a much more revealing technique.

Each lane shown in Fig. ,6.20 contains the protein of approxim ately 160,000 
RPMC. The consistent band density  th ro u g h o u t the test lanes 
demonstrates equal protein loading which is an im portant feature for the 
meaningful analysis of any autoradiographic results.

6.3.6.2 RPMC phosphoprotein profile using SDS-PAGE and 
autoradiography

Autoradiography of the coomassie stained gels revealed phosphorylated 
protein bands across the entire molecular weight range. As dem onstrated 
in Fig. 6.21, challenge of the RPMC with varying concentrations of DSCG 
and NS failed to produce any clearly dem onstrable specific pro tein  
phosphorylation above the basal, which is illustrated in the control lanes. 
Although not shown, comparable results were obtained using both cGMP 
and zaprinast. Moreover, cell permeable derivatives of both cAMP and 
cGMP and the phorbol ester TP A (100 nM) also produced no detectable 
phosphoprotein  alteration above control levels. H ow ever, a dense 
clustering of higher molecular weight phosphoproteins was observed in 
the range 60-200 KDa. This obscured detection of any change in protein 
phosphory la tion  around  the 78 KDa range. Shorter p e riods of 
autoradiography failed to clarify the phosphorylation profile in this area.

Hence, in the next set of experiments instead of using 12.5% acrylamide a 
10% v /v  acrylam ide gel was m ade. This facilitates im proved high 
molecular weight protein separation and hence resolution. M oreover, in 
an attem pt to reduce individual lane protein loading and also crudely to 
determ ine the cellu lar location of any up- or d o w n -reg u la ted  
phosphoproteins, cell cytosolic and particulate fractions were separated 
before protein dissolution with SDS and electrophoresis.

Comparison of the distribution of the molecular weight standards, seen in 
Fig. 6.21 and 6.22, illustrates that the reduced acrylam ide concentration 
greatly enhanced the separation of the high molecular weight proteins.
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H ow ever, desp ite  this, again no detectab le  e levation  of p ro tein  
phosphorylation above control levels was observed using any of the mast 
cell stabilising drugs tested in either the cytosolic or particulate fractions 
(results using zaprinast and cAMP are shown). Com pound 48/80 was also 
ineffective at inducing measurable changes in the RPMC phosphoprotein 
pattern '

6.4 Discussion

Initial studies on the RPMC PDE profile w ere carried ou t on crude 
cytosolic and detergent extracted preparations. How ever, these revealed 
some interesting results, especially when comparing the activities noted in 
the pre-prepared, frozen RPMC samples with those isolated freshly on the 
day of the experiment.

As one would have probably predicted, the cyclic nucleotide hydrolytic 
activity of the freshly prepared homogenates, for an equivalent num ber of 
cells, was greater than that observed w ith  the pre-frozen  sam ples. 
However, the PDE isozyme profile of the two preparations were also seen 
to differ. Homogenates of the pre-frozen cells expressed largely PDE's III, I 
and  V w ith PDE IV being present, in m oderate quantities, largely 
associated with the membrane homogenates. However, in the fresh cells, 
PDE IV was by far the most predom inant cAMP hydrolysing enzyme 
especially in the cytosolic preparations. PDE III activity was detected but to 
a much reduced extent, in comparison to that noted in the frozen cell 
preparations, and was associated more w ith the m em brane fractions. In 
addition, PDE I activity was less obvious and PDE V hydrolysis of cGMP 
much more clearly defined in the fresh cell samples. Hence, through what 
w ould apparently be a function of freezing and pre-storage, m arkedly 
different PDE activities were noted in the RPMC homogenates.

It would seem then that the selective cAMP hydrolysing enzyme PDE IV is 
particu larly  sensitive to freezing and  storage w hich resu lt in the 
substantial reduction of the enzyme's activity. It may be that depletion of 
PDE IV, in the frozen samples, may in our assay procedure thus artificially
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elevate the apparent presence of the PDE III and I isozymes, thereby falsely 
indicating their predominance.

Another interesting feature of the study was the appearance in the fresh 
cell samples of a cGMP-selective, EGTA stimulated m em brane associated 
PDE activity. However, basal enzym e activity was not inhibited by 
Ca^+/calm odulin, suggesting against the involvement of calmodulin in 
the mechanism behind the stimulation. Such a PDE activity is, to my 
knowledge, unprecedented and thus renders any interpretation as being 
relatively speculative. Presumably EGTA's effects are m ediated through 
chelation of Ca^+ and so one m ust postulate the existence of a Ca^ + 
inhibited PDE, although intermediate Ca^+ binding proteins may also be 
involved.

In whole cell studies, brief pretreatm ent of RPMC with EDTA, a similar 
C a 2 + chelator, has been show n to potentiate both  im m unological, 
polyamine and Ca^+ ionophore induced histamine release [423,321,424]. In 
these studies the authors have suggested that such Ca^+ chelation removes 
the cation from membrane regulatory sites so facilitating secretion. It 
could thus be construed that stim ulation, or inhibition of a retarding 
factor, through Ca^+ chelation m ight up-regulate PDE induced cyclic 
nucleotide hydrolysis, resulting in a more pronounced secretory response. 
Further investigation to confirm and extend our knowledge of this PDE 
activity is merited.

FPLC separation of RPMC hom ogenate PDE activities revealed similar 
results to those determined from the crude cellular homogenates. Again 
PDE's IV and V were clearly demonstrable whilst PDE I and III activities 
could be detected but to a lesser extent. The presence of the cGMP 
s tim u la te d  PDE II could  n o t be d e m o n s tra te d . A sim ila r 
chrom atographically obtained early peak of cGMP hydrolytic activity 
followed later by eluted enzymatic peaks of cAMP breakdown have been 
previously demonstrated from RPMC homogenates [398].

In control studies, the PDE profile obtained using homogenates of rat heart 
was in agreement with that previously reported [425]. In these studies, 
using a similar protocol to that used in the present study, the authors
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dem onstra ted  PDE I, II, IV and III activity w ith  respect to their 
chrom atographic elution. Consistently, between the two studies, marked 
stimulation by Ca^+/calmodulin of a PDE activity was noted indicating the 
type I enzyme whilst PDE IV and III activity was closely associated. The 
latter study  also dem onstrated m arked type II PDE activity [425]. 
Investigation into the presence of the cGMP stim ulated PDE in rat heart 
was not undertaken in the present study.

There have been many reports of DSCG inhibiting cAMP PDE activity. 
However, normally the reported IC50  values for this effect are substantially 
over 100 |xM, depending upon the source of the experimental enzyme 
[400-403]. In fact, in PDE isolated from RPMC, the IC50 of DSCG for cAMP 
PDE inhibition is around 1 mM [398,402]. In the present study DSCG, at 
concentrations up to 100 |iM, was an ineffective inhibitor of RPMC cAMP 
hydrolytic PDE activity.

DSCG was seen to be a more effective inhibitor of cGMP hydrolysis, 
although the inhibition noted was weak in com parison to many other 
well characterised PDE inhibitors. A similar specificity of DSCG to the 
inhibition of cGMP hydrolysis has been previously dem onstrated [398]. 
Moreover, DSCG's poor cell penetrative properties, if one excludes the 
possibility of cromolyn acting on a unique RPMC membrane PDE, would 
virtually negate any possibility of achieving the effective PDE inhibitory 
intracellular concentrations of the drug [276]. Thus, overall, it would seem 
unlikely that DSCG's mast cell stabilising activity is m ediated to any 
physiologically significant degree by inhibition of cyclic nucleotide PDE.

In summary, in general agreement with the PDE enzyme profile noted in 
the m ajority  of o ther inflam m atory cell types and  w ith  o ther 
m iscellaneous evidence (sum m arised in ref. [369]), the predom inant 
cAMP hydrolysing enzyme in RPMC seems to be PDE IV. PDE V would 
seem to account for the majority of cGMP breakdown, whilst PDE's III and 
I were less well expressed.

The poor inhibitory potency of the selective PDE IV inhibitors against 
immunologically induced histamine release, described in the last chapter, 
would thus apparently seem at odds with the above findings. However,
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the mere presence of a PDE isozyme, does not necessarily suggest that it 
has a key physiological role [369]. It may be tha t the sub-cellular 
distribution of less well expressed PDE activities, are the vital regulators in 
secretory modulation. Moreover, as discussed in chapter 5, elevation of 
histaminocyte cAMP has been found to be a more effective inhibitor of 
arachidonic acid metabolite secretion than that of histam ine [271,426,273]. 
Together with the possibility of endogenous adenylate cyclase stimulators 
synergising with PDE inhibitors [369], the in vivo anti-allergic effects of 
selective PDE inhibitors may be much more pronounced.

In the present study, it was shown that that cAMP-PrK activity could be 
detected in RPMC homogenates and that the effective incorporation of [y- 
^2p]-ATP was linear over at least 15 min. M oreover, RPMC levels of 
endogenous ATPases were low and thus perm itted the modification of the 
assay procedure w ithout the involvem ent of com plicating enzym e 
activities.

The basal kinase activity ratio, which compares the endogenous cAMP 
stim ulated kinase activation w ith the maximal kinase activation achieved 
by addition of exogenous cAMP, was consistent w ith previously reported 
values in a variety of cell types [418], but lower than that reported in the 
m ouse PT-18 mast cell line [270]. In the latter study, the elevated kinase 
activity ratio may result from the use of histone as the cAMP-PrK 
substrate. Use of this substrate has been found, in directly com parative 
experiments, to produce elevated activity ratios when com pared w ith the 
use of malantide [418].

The negligible increase in kinase activity ratio seen w ith the forskolin 
treated  cells was disappointing as the diterpene com pound has been 
show n to produce a m arked elevation of RPMC intracellular levels of 
cAMP [273]. However, in the mouse PT-18 mast cell, forskolin produced 
only a modest elevation of the kinase activity ratio in the absence of the 
non-selective PDE inhibitor IBMX [270]. The authors suggested that any 
forskolin stim ulated elevation in cAMP may be rapid ly  over-turned  
through high levels of intracellular PDE's, and thus limits the extent of 
cAMP-PrK activation. PDE inhibition avoids this effect and produces a 
synergistic stimulation of cAMP-PrK.
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Thus, further experiments using m ast cell cAMP elevators, bu t in the 
presence of broad-spectrum  PDE inhibition, w ould be worthwhile. In 
addition , studies to identify w hich of the cAMP-PrK holoenzym es, 
categorised as type I and II kinase [266], predominates in the RPMC would 
be of interest.

The predom inant proteins isolated from SDS disrupted cells lay in the 
molecular weight range 25-40 KDa. The intensity of the coomassie staining 
of several of these bands, suggests that they are particularly  common 
proteins. It would seem likely that RMCP I and carboxypeptidase A, the 
two most abundant proteins known to be present in RPMC [420,421], 
which have been shown to have molecular weights in the range 25-35 
KDa [419], correspond to the two dense protein bands seen around the 31 
KDa molecular weight marker. O ther protein bands in this molecular 
w eight range m ight well also be m iscellaneous granu lar associated 
proteases [419]. Other RPMC enzymatic activities which have been shown 
to be granular associated such as p-hexosaminidase and p-glucuronidase, 
have yet to be resolved and identified using SDS-PAGE [419].

A utoradiography, of the electrophoresis gels, unfortunately  failed to 
dem onstrate d rug  induced changes in RPMC phosphoprotein  profile 
above or below control levels. A range of mast cell stabilising drugs such 
as DSCG, NS, cGMP/cAMP and their cell penetrative derivatives and 
zaprinast w ere tested, with no effect. Both cromolyn and several cell 
perm eable  cGMP analogues have been show n to  increase the 
phosphorylation of a 78 KDa protein [357,276]. However, in this study no 
such  p h o sp h o ry la tio n  w as o b se rv ed  d e sp ite  a lte ra tio n s  in 
autoradiographic time and manipulation of the running gel composition.

In the present set of experiments, cells were challenged w ith the test agents 
for 2 min before cellular dissolution. Peak phosphorylation of the 78 KDa 
protein  has been show n to occur around  1 m inute [357,276]. Thus, 
although substantial phosphorylation of the 78 KDa protein has been 
demonstrated after 2  min, it may be that use of the longer reaction period, 
in an attem pt to encompass a larger spectrum  of phosphoproteins, may 
have offset the observation of phosphorylation in the m ain protein of 
experimental interest.
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cAM P-PrK activation , th rough  the use of cell perm eable cAMP 
derivatives, has been shown to phosphorylate a 22 KDa protein in RPMC 
[415]. 48/80 m oreover, through w hat is thought to be a PKC dependent 
m echanism  which w ould thus also be expected to respond to phorbol 
esters, produces phosphorylation of a 45 KDa protein thought to be 
vimentin [414]. The failure to detect any elevation in the phosphorylation 
state of proteins of these molecular weights in this study, using both 
com pound 48/80 and TP A, suggests that alteration of the protocol 
im plem ented  m ay be necessary to dem onstra te  elevated pro tein  
phosphorylation.

Certainly, direct comparison of autoradiographic evidence between the 
present study and others [276,415], reveals similar levels of background 
protein phosphorylation in the control lanes. This suggests against the 
possibility of broad-spectrum  protein phosphorylation, through non
specific ce llu la r ac tiva tion , m asking  any d isc re te  changes in 
phosphoprotein  profile. M oreover, m any investigators use acrylamide 
g rad ien t gels to resolve the RPMC cellular proteins [276,415]. This 
facilitates im proved protein separation and hence resolution.

It should be remembered that, in their entirety, these experiments were 
only attem pted on three occasions. Hence, it may be that relatively subtle 
m anipulation of the cell num bers, and the concentration and exposure 
period of [y-^^pj.phosphate used , alongside m an ipu lation  of the 
experimental buffer and gel acrylamide concentrations, may result in the 
successful detection of stimulus induced protein phosphorylation.
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1 Hydrolysis of cAMP by RPMC cytosolic phosphodiesterase isolated
from frozen cell preparations. Control hydrolysis formed 13.1± 2.9
pmol of AMP. (n=4)
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Fig. 6.3 Hydrolysis of cGMP by RPMC cytosolic phosphodiesterase
isolated from frozen cell preparations. Control hydrolysis
formed 6.5± 2.6 pmol of GMP. (n=2)
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Fig. 6.5 Hydrolysis of cAMP by RPMC cytosolic phosphodiesterase
isolated from fresh cell preparations. Control hydrolysis
formed 43.5± 12.9 pmol of AMP. (n=2)
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Fig. 6.7 Hydrolysis of cGMP by RPMC cytosolic phosphodiesterase
isolated from fresh cell preparations. Control hydrolysis
formed 30.9± 1.8 pmol of GMP. (n=2)
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Fig. 6.9
Hydrolysis of cAMP and cGMP by RPMC cytosolic PDE isolated
from frozen cell preparations. Control hydrolysis formed
8.1 pmol of AMP and 3.4 pmol of GMP. (n=2)
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Fig. 6 . 1 0  H y d ro ly s is  o f cA M P an d  cG M P by  R PM C  p h o sp h o d ie s te ra se  
iso la ted  fro m  fro z e n  cell p rep a ra tio n s . C o n tro l p ro d u c tio n  
o f A M P a n d  G M P  is as sta ted  in  figu res 6.1-6.4. (n= 2 -6 )
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Fig. 6.12
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H ydrolysis of cAMP by rat heart cytosolic phosphodiesterase post 
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Fig. 6.13
Flydrolysis of cGMP by rat heart cytosolic phosphodiesterase post 
super mono-Q chromatographic separation. Fractions (1 ml) were 
collected every 1 min. (n=l)
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Fig. 6.14
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Hydrolysis of cAMP by RPMC cytosolic phosphodiesterase following
separation on a super-mono Q column. Fractions were collected
every 2 min. (n=l)
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Fig. 6.15
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Hydrolysis of cGMP by RPMC phosphodiesterase following
separation on a super-mono Q column. Fractions were collected
every 2 min. (n=l)
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Fig. 6.16 Activation of RPMC cAMP-PrK in the absence and presence 
of cAMP. Activity is expressed as the incorporation of 32P 
into malantide. (n=3)
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Fig. 6.17 Assessment of ATPase activity in RPMC homogenates. (n=2)
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Fig. 6.19 E ffect of fo rsk o lin  on  th e  R P M C  cA M P -P rK  a c tiv ity  ra tio . 
V a lu es  w ere  o b ta in e d  a t tw o  tim e -p o in ts . (n = 2 )
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Fig. 6.20 RPMC protein profile using SDS-PAGE and Coomassie 
brilliant-blue protein staining.
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Fig. 6.21 Autoradiograph of the phosphoprotein profile of stimulated 
RPMC. Proteins were resolved using a 12.5% acrylamide gel.
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Fig. 6.22 Autoradiograph of the phosphoprotein profile of stimulated 
RPMC. Proteins were resolved using a 10% acrylamide gel.
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Table 6.1 Characteristics and cyclic nucleotide hydrolysing 
activity of the phosphodiesterase isozymes

Approxim ate Km (fimol/1) 
Family Isozyme cAMF cGMP

l a  Ca24-/Calmo- 30.0 3.0
dulin  
stim ulated

IP Ca2+/Calmo- 1.0 2.0
dulin  
stim ulated

n  cGMP 50.0 50.0
stim ulated

III cGMP 0 .2  0.3
inhibited

IV cAMP 2 .0  100.0
specific

V cGMP 150.0 1.0
specific

Adapted from; Torphy, T. J. and B. J. Undem, (1991), Thorax, 46, 512-523.
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General synopsis and overview

This Study has documented the effects of a num ber of agents on mast cell 
and  basophil activity. M oreover, the resu lts ob tained  from these 
experim ents, together w ith the analysis of key intracellular m ast cell 
proteins also carried out in the present study, give insight into the 
transduction mechanisms which may control the term ination of mast cell 
secretion.

Initial studies dem onstrated that highly purified, viable and functionally 
intact populations of RPMC could be obtained through density gradient 
centrifugation using Percoll. Purification using Percoll was seen to be 
generally m ore effective than that using a 35% BSA solution, another 
commonly used medium for RPMC purification. Percoll purified RPMC 
retained near full reactivity to the secretory and inhibitory drugs tested. 
This observation was an essential prerequisite for the later experiments 
carried out in the study where homogeneous populations of RPMC were 
used extensively.

In agreem ent w ith  p rev iously  docum ented  w ork, cell perm eable 
derivatives of both cAMP [329] and cGMP [276] were found to produce a 
m arked inhibition of histam ine release from RPMC. However, in direct 
contrast to the negligible inhibitory effects noted w ith  cAMP itself, 
exogenously applied cGMP produced a potent inhibition of histam ine 
release. The lack of inhibitory efficacy of exogenously applied cAMP, in 
contrast to the analogues tested, together w ith the chemico-physical 
properties of cyclic nucleotides, w ould suggest that, barring a selective 
uptake mechanism, cGMP mediates its attenuatory effect at a primarily 
extracellular site.

In addition to the assumed poor membrane traversing properties of cGMP, 
further evidence for the cyclic nucleotide's m ast cell stabilising action 
being mediated through an extracellular route comes from the effect of the 
nitro-vasodilitator sodium nitroprusside. The guanylate cyclase activator
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produced only weak to moderate inhibition of histamine release, although 
concom itant stud ies to ensure  that NaP had  e levated  m ast cell 
intracellular cGMP were not carried out.

The most striking feature of the inhibition produced by cGMP was its 
sensitivity to dramatic wane with preincubation time period. Thus, a 10 
m inu te  p retreatm en t period  of the RPMC w ith  cGMP, p rio r to 
stim ulation, virtually ablated the attenuation noted using the cyclic 
nucleotide. This tachyphylactic phenomenon was also observed using the 
8 -brom o and dibutyryl analogues of cGMP and is also comm only 
associated with the classical mast cell stabilising com pound DSCG and its 
m ore potent congener nedocromil sodium [320].

The effects of cGMP seemed to be strictly dependent on the presence of the 
3',5' cGMP nucleus, as a range of guanine and cyclic nucleotides were 
unable to replicate cGMP's a ttenuato ry /tachyphylactic  activity. The 
selective PDE V inhibitor, zaprinast, was also seen to have sim ilar 
properties to both DSCG and cGMP in immunologically challenged RPMC. 
As judged by the inconsistent effects of a range of equipotent PDE V 
inhibitors, zaprinast's inhibitory effect on histamine release is likely to be 
divorced from its classical PDE V inhibitory actions.

The congruity of effect between DSCG, cGMP and zaprinast was evident 
over a range of other tests in the rat, including cross-tachyphylaxis 
experim ents, and also in a range of mast cells isolated from different 
tissues and species including the human. These results strongly suggest 
that the three drugs share a common mechanism of action. W hether this 
effect is m ediated through affinity for a jointly shared  m ast cell 
membrane-binding site is unclear.

C ertainly at face value the three compounds are not closely related 
structurally (see appendix 1). However, zaprinast being a selective blocker 
of the cGMP specific PDE V suggests a structural similarity between the 
PDE inhibitor and cGMP to account for the competitive antagonism which 
exists between the two. Moreover, DSCG was shown to have some PDE 
inhibitory activity which exhibited selectivity towards cGMP hydrolysis, 
again suggesting structural links to the guanine cyclic nucleotide. In
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addition, zaprinast was developed as an anti-allergic agent [404] and it may 
be that the base molecule for the later synthesis of zaprinast, initially 
anyw ay, shared common features with DSCG. Together, this evidence 
poin ts to potential functional similarities betw een DSCG, cGMP and 
zaprinast, at a different cellular and developm ental level, w hich m ay be 
indicative of the existence of closer structural ties between them  than  is 
immediately obvious. Molecular modelling should be able to define m uch 
m ore clearly the extent of the structural similarities between the agents.

The extracellular effect of cGMP is, to my knowledge, unprecedented as the 
cyclic nucleotide is norm ally implicated as being a purely in tracellular 
second messenger [427]. The source of such high levels of extracellular 
cGMP of the m agnitude that is required for effective mast cell stabilisation, 
is by  no means obvious and hence the physiological relevance of the 
inhibition must be in question. Certainly, under normal circumstances, as 
we have concluded that trans-membrane transport of cGMP from an extra- 
to an intra- cellular position is unlikely, a reverse position barring active 
transport, is similarly unconvincing. However, it may be that granularly  
associated cyclic nucleotides, although no cAMP release has been detected 
after RPMC stimulation [369], can be released during severe episodes of 
m ast cell stimulation. Thus, the existence of a cGMP stim ulated m ast cell 
stabilisation mechanism may act as a negative feedback process at times of 
excessive degranulation. Studies to determ ine w hether stim ulated m ast 
cells do release significant levels of cGMP on degranulation are merited.

It m ust also be considered, as for all the results pertaining to the inhibition 
of m ediator release, that for practical reasons the im m unological 
stim ulation of m ast cells was unphysiologically high. In the in vivo 
situation, as has been shown for other mast cell stabilising agents [428], 
cGMP may be a much more effective inhibitor of physiologically realistic 
levels of degranulation. It may be then, that the hypothetical endogenous 
cGMP-mediated mast cell stabilising mechanism is operable and effective 
at significantly lower concentrations of the cyclic nucleotide than  is 
required in the in vitro situation. However, it is also w orth recognising 
that cGMP may not be the endogenous ligand for the m em brane binding 
site mediating mast cell stabilisation.
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Potentially, DSCG, cGMP and zaprinast may not share a common binding 
site. It may be that a range of membrane binding targets, acted upon by 
DSCG, cGMP and zaprinast separately, converge intracellularly on a 
common mechanism which thus accounts for the compounds' functional 
similarities. Ligand binding studies would be essential to clarify this issue.

It was disappointing that the protein phosphorylation studies d id  not 
dem onstrate any alteration in phosphorylation profile. As a num ber of 
agents were tested, which have been previously shown to induce an 
elevation in the phosphorylation of distinct proteins, it would seem likely 
that the experimental conditions employed in the study were som ehow 
inappropriate  for the visualisation of pro tein  phosphorylation. Both 
DSCG and cell-perm eable cGMP analogues have been show n to 
phosphorylate a 78 KDa protein. Certainly the existence of a common 
inhibitory pathway accessed by DSCG, cGMP and zaprinast w ould have 
been given added credence had the aforementioned results been repeatable 
and extended to include the unconjugated cyclic nucleotide and the PDE V 
inhibitor.

In common with the previously described drugs, the loop diuretic agent 
frusem ide was also seen to have an inhibitory and sharply tachyphylactic 
effect on RPMC. The drug is thought to inhibit the N a + /K + /C l"  co
transport system in the ascending limb of the loop of Henlé, thus 
increasing lumenal osmotic potential and facilitating diuresis. The failure 
of a sim ilar loop diuretic  drug, bum etanide, to elicit inhibition  of 
histam ine release from RPMC suggests against the blockade of the ionic 
CO-transport system as being the mechanism underlying frusemide's mast 
cell stabilising activity. However, this is not to suggest that the drug's effect 
on RPMC is divorced from modulation of ionic fluxes. Furthermore, the 
inhibitory efficacy of the drug may suggest other potential mechanisms of 
action common to the main compounds of interest in the study.

A high conductance chloride channel has been dem onstrated in RPMC 
[297,429]. The channel is activated by cellular stim ulation or through 
intracellularly applied cAMP or Ca^+. Unlike excitable secretory cells, 
hyperpolarisation of the mast cell membrane has been shown to increase 
agonist stimulated Ca^+ influx [430]. Thus, activation of the RPMC
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chloride channel, by cellular stim ulation, may provide an electrical 
driving force which facilitates Ca^+ movement into the cell [297,429].

More recently a Cl" channel which is activated by IgE-targeted challenge of 
RBL-2H3 cells has been dem onstrated [298]. Interestingly, this same 
channel was seen to be blocked by DSCG when the drug was applied to the 
intracellular side of the cell membrane [298,431]. In these studies, the 
inhibition of agonist induced Cl" channel activity produced by the Cl" 
channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 
by DSCG, on a concentration basis, paralleled the noted inhibition of 5-HT 
release from the RBL cells. This suggests that activation of the Cl" channel 
m ay play a vital role in RBL cell secretion and hence its blockade may 
constitute a mechanism for mast cell stabilisation.

However, it should be remembered that these experiments were carried 
ou t in the inside-out patch clamp configuration. Extracellularly applied 
DSCG has been show n to have negligible inh ib ito ry  effects on 
immunologically induced mediator release from intact RBL cells [432]. 
Moreover, as discussed earlier, the cell penetrative properties of DSCG are 
thought to be m inimal, and taken together, this casts doubt on the 
physiological relevance of any Cl" channel-mediated mast cell stabilisation 
induced by cromolyn.

This does not necessarily preclude the existence of a novel RPMC ion 
channel which can be m odulated by frusemide, DSCG and cGMP. In rat 
renal preparations, cGMP has been show n to inhibit an am iloride 
sensitive  Na+ channel both through a direct m echanism  and via 
activation of cGMP-PrK [433]. Amiloride has also been shown to inhibit 
secretion from RBL cells [434]. Therefore, hypothetically anyway, it may be 
that m odulation of a number of interacting ionic fluxes may account for 
the observed parity of effect in mast cell studies between DSCG, frusemide, 
cGMP and zaprinast.

In fresh cell fractions, the PDE profile of RPMC revealed marked PDE IV 
and V activity. Using the chromatographic separation procedure, it would 
have been useful to isolate and concentrate, using membrane dialysis, the 
purified PDE activities. This would have enabled further studies on the

220



Chapter 7

kinetics and substrate specificity of the particular RPMC-PDE enzymes to 
be carried out. Unfortunately however, in the present study, fractions of 
sufficient activity and purity were not obtained in order to perform  such a 
procedure.

The presence of a PDE isoform, within a cell type, does not necessitate a 
physiological role for the enzyme in cellular function. Certainly, as 
docum ented in this study, this poin t w ould  seem  to be clearly 
demonstrable. PDE IV was observed to be the m ost significant cAMP- 
hydrolysing activity in RPMC. However, in whole cell studies, selective 
PDE IV inhibitors were only moderately effective attenuators of histamine 
release. Given the potent inhibition of histamine release noted using non- 
selective PDE inhibitors, this might suggest that PDE IV is a relatively 
redundant enzyme as far as m odulation of secretion w ithin RPMC is 
concerned.

However, as discussed previously, mast cell eicosanoid release is more 
effectively inhibited by an elevation of intracellular cAMP in comparison 
to amine release. In addition, the presence of endogenous cAMP elevators 
in the in vivo situation may lead, in the presence of PDE IV inhibition, to 
m uch greater elevations of intracellular cAMP and a corresponding 
synergistic inhibition of mast cell mediator secretion. Taken together with 
the well documented predominance of PDE IV in the vast m ajority of 
other inflammatory cells, the above evidence may be congruous with the 
use of PDE IV inhibitors as a means of attenuating a w ide variety of 
inflammatory cells and as potential anti-allergic agents.

The relative novelty of the selective cAMP-PrK activating com pounds 
precludes particularly extensive and informed discussion of their activity 
in RPMC. Many of the compounds produced inhibition of histam ine 
release from rat mast cells. This did seem to be a function of their cAMP- 
PrK activating properties, as a com pound with sim ilar structure, but 
lacking kinase stimulating activity, was an ineffective m ast cell stabiliser. 
The observed differences in attenuatory potential betw een these agents 
may reflect inconsistencies in the cell penetrative properties of the drugs 
and in the specificity of the compounds for the predom inant cAMP-PrK 
isoform expressed in the RPMC.
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In sum m ary, this study has identified several com pounds which, over a 
range of criteria, mimic the m ast cell stabilising effects of DSCG. One of 
them, cGMP, is an im portant, endogenously found, regulatory molecule. 
Although no categorical evidence as to the mechanism of action of DSCG 
was obtained, the use of cGMP, zaprinast and frusem ide may be very 
useful for subsequent study into the mode of activity of cromolyn. Thus, 
the mechanisms behind DSCG's clinically beneficial effects, like m any of 
the conditions for which the drug is prescribed, remain illusive.

Hopefully, work in the present study will stim ulate and aid fu rther 
experimentation into the understanding of mast cell secretory regulation. 
It is also hoped that the present research may help to facilitate attainm ent 
of a potent anti-allergic agent that shares cromolyn's very low incidence of 
recorded toxicity. Development of such a drug is an increasingly necessary 
goal.
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Structures of Selected Drugs
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Appendix 1 Structures

Chromone and related compounds

NaO,C COgNa

Disodium Cromoglycate

o o

NaOpC

Nedocromil Sodium
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Appendix 1 Structures

Cyclic nucleotides
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Appendix 1 Structures

Non-selective PDE inhibitors
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Theophylline
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Isobutylmethylxanthine (IBMX)
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Appendix 1 Structures

Selective PDE III inhibitors
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Appendix 1 Structures

Selective PDE IV inhibitors

Rolipram

o

H9 C4
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Ro-20-1724
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Appendix 1 Structures

Selective PDE V inhibitors
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Appendix 1 Structures

cAMP-PrK activators (general structure)
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Appendix 2

List of Abbreviations
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Appendix 2 Abbreviations

Abbreviation Full name

2-ME 2-Mercaptoethanol
5-HT 5-Hydroxytryptamine
48/80 Compound 48/80
a-CT a-Chym otrypsin
AA Arachidonic acid
Anti-IgE Immunoglobulin G raised against im m unoglobulin E
ATP Adenosine 5'-triphosphate
BMMC Bone-marrow derived mouse mast cells
BSA Bovine serum album in
C3a/C5a Complement fragments
CaM C alm odulin
cAMP Adenosine 3',5'- cyclic m onophosphate
cAMP-PrK cAMP-dependent protein kinase
CD Cluster of determination
CFT Calcium free Tyrode's solution
cGMP Guanosine 3',5'-cyclic m onophosphate
cGMP-PrK cGMP-dependent protein kinase
CNS Central nervous system
Con. A Concanavalin A
CR Control mediator release
CTMC Connective tissue mast cell
DAG Diacylglycerol
DMSO Dim ethylsulphoxide
DSCG Disodium cromoglycate
ECF/NCF Eosinophil/N eutrophil chemotactic factor
EDRF Endothelium derived relaxant factor
EDTA Ethylenediaminetetra-acetic acid
EGTA Ethyleneglycol-bis ( p-amino-ethy 1 ether) 

N,N,N',N ',tetra-acetic acid
ER Endoplasmic reticulum
FceRI High affinity receptor for IgE
FceRII Low affinity receptor for IgE (CD23)
FHT Full HEPES buffered Tyrodes
FLAP 5-Lipoxygenase activating protein
GC Guanylate cyclase
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Appendix 2 Abbreviations

G-Protein Guanine nucleotide binding protein
GM-CSF Granulocyte, Macrophage-colony stimulating factor
H 1/H 2/H 3 Sub-types of the histamine receptor
HEPES N-2-hydroxyethyl piperazine-N'-2-ethane sulphonic 

add
HETE Hydroxyeicosatetraenoic acid
HPETE Hydroperoxyeicosatetraenoic acid
HRF Histamine releasing factor
IBD Inflammatory bowel disease
IBMX Isobutylmethylxanthine
IFN Interferon

% Im m unoglobulin
IL Interleukin

IP3 Inositol 1,4,5-trisphosphate
IP4 Inositol 1,3,4,5-tetrakisphosphate
LDH Lactate dehydrogenase
LT Leukotriene
MARCKS Myristoylated alanine-rich C-kinase substrate
MBP Major basic protein
M Cj Mast cells containing tryptase

MCtc Mast cells containing tryptase and chymase
MHC Major histocompatibility complex
MMC . Mucosal mast cell
MPMC Mouse peritoneal mast cell
m R N A Messenger ribonudeic acid
NaB Sodium butyrate
NaP Sodium nitroprusside
NB Nippostrongylus hrasiliensis
NS Nedocromil sodium
PA Phosphatidic acid
PAF Platelet activating factor
PAL Pepstatin A /  Antipain /  Leupeptin
PDE Phosphodiesterase
PF4 Platelet factor 4
PG Prostaglandin
PI Phosphatidyl inositol
PIP2 Phosphatidyl inositol 1,4-bisphosphate
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Appendix 2 Abbreviations

PKC
PLA2

PLAP
PLC
PLD
PMSF
PTK
RBL
RMCP
RPMC
SDS-PAGE

SEM
Sp.
Sp. act
TEMED
TGF
TNF
TPA
Tris-H Q
TXA2

VIP

Protein kinase C 
Phospholipase A2

Phospholipase A2 activating protein
Phospholipase C
Phospholipase D
Phenylm ethylsulphonyl fluoride
Protein tyrosine kinase
Rat basophilic leukemia
Rat mast cell protease
Rat peritoneal mast cells
Sodium dodecyl-sulphate - Polyacrylamide gel
electrophoresis
Standard error of the mean
Spontaneous mediator release
Specific activity
N, N ,N ’, N ' Tetram ethyl-ethylenediam ine
Transforming growth factor
Tumour necrosis factor
12-O-tetradecanoy Iphorbol 13-acetate
Tris [hydroxymethyl]-aminomethane hydrochloride
Thromboxane A2

Vasoactive intestinal peptide
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