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The transduction processes of human neutrophil superoxide 
generation activated by receptor and post-receptor mechanisms

Robert Edward Muid 

ABSTRACT

The generation of toxic oxygen radicals, by activated human neutrophils, is involved not 
only in microbial killing but has been implicated in tissue injury. The development of 
improved therapeutic agents necessitates an adequate understanding of the events coupling 
receptor stimulation with oxygen radical production.

At least two signal-transduction pathways appear to be involved in the generation of oxygen 
radicals. One involves the phospholipase C mediated breakdown of phosphatidylinositol 
bisphosphate —  giving rise to inositol trisphosphate (which mobilizes calcium) and diacyl- 
glycerol (which activates protein kinase C). The other pathway involves generation of 
diradylglycerols from non-inositol containing lipids by the action of phospholipase D. 
However derived, increased diradylglycerol levels and subsequent protein kinase C activa
tion have been implicated in the generation of superoxide (O2). Despite this, a controversy 

still exists as to the involvement of protein kinase C in receptor-mediated O2 production.

Superoxide was measured by the reduction of ferricytochrome c initiated by receptor stimuli 
(fMLP, opsonized zymosan, IgG and heat-aggregated IgG), two direct protein kinase C 
activators (OAG and DiCs), a calcium ionophore (A23187) and a compound thought to 
mobilize membrane lipids (y-HCCH).

Newly available and reportedly specific protein kinase C inhibitors, and putative inhibitors 
of diacylglycerol metabolism were used to investigate the transduction mechanisms. The 
results suggest that contrary to reports in the literature, protein kinase C has a central role in 
the signal transduction of the respiratory burst. Differences in the transduction pathways for 
the receptor stimuli were found and an arachidonate pathway may play a role in opsonized 
zymosan- and IgG-induced O2 generation. This raises the possibility that drugs could be 

designed which might reduce toxic oxygen radical-mediated tissue damage (such as that 
caused by immune complexes), without reducing the effectiveness of microbial killing.

The ability of the non-steroidal anti-inflammatory drugs (NS AIDs) to modify O2 production 

was also investigated. Some NSAIDs, namely sodium meclofenamate, mefanamic acid and 
benoxaprofen, actually exacerbated superoxide release when neutrophils were stimulated by 
both receptor and post-receptor mechanisms. Indomethacin potentiated post-receptor stimu
lated O2 generation, but inhibited fMLP, Fey and C3b receptor-mediated O2 production. 

These results could have clinical relevance.
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Introduction

Chapter 1

Introduction

The prime purpose of the neutrophil is to engulf (phagocytose) and kill invading micro
organisms. It can also kill extracellularly, being able to destroy tissue cells and large 
multicellular pathogens if these ‘target cells’ are coated with specific antibody. In order to 
accomplish this the neutrophil has an arsenal of microbicidal and microbistatic proteins 
stored in granule compartments and, on activation, can manufacture large quantities of 
superoxide (O2), the precursor of a group of powerful oxidants used as effective microbicidal 
agents (reviewed in Roos and Dolman, 1990). Activated neutrophils, however, have been 
implicated in the pathogenesis of several disease processes including the reperfusion injury 
following myocardial infarction and rheumatoid arthritis.

Neutrophils develop in the haemopoietic tissue of bone marrow, from the common myeloid 
stem cell, and are released into the circulation after about two weeks. They quickly move 
into the tissues where they function for a few days. The mature neutrophil is approximately 
10- 15pm diameter and is an ‘end cell’, incapable of division. It has no nucleolus, therefore 
no synthesis of new ribosomes can take place, although a low level of protein synthesis has 
been detected. The neutrophil is characterized by a multi-lobed nucleus which enables the 
cell to pass easily through the blood vessel walls. The cell adheres to the endothelial cells 
lining the post-capillary venules, squeezing between these cells and through the basement 
membrane. During infection, this process is enhanced by the generation of small plasma and 
bacterial derived peptides at the site of inflammation. Neutrophils are able to detect 
concentration gradients of these so-called chemotactic peptides and move up the gradient 
towards the source of infection.
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One of the more powerful chemotactic peptides is the complement component C5a. This 
peptide also enhances the adherence of neutrophils to endothelial cells allowing them to 
‘ stick* to the post-capillary venule walls before passing out of the vessel into the surrounding 
tissues. The neutrophil has specific receptors for the endogenous chemotaxins C5a (Kd 
5x10_9M) and leukotriene B4 (LTB4; Kd 4xlO‘10M). Neutrophils themselves are able to 
synthesize and release LTB4 and the chemotactic cytokine, interleukin 8 (or neutrophil- 
activating peptide 1), in high levels at sites of infection and, in this way, may enhance the 
recruitment of more neutrophils to the inflammatory site (Bazzoni et al., 1991). Neutrophils 
also have specific receptors for chemotactic peptides generated by bacteria, such as formyl- 
methionyl-leucyl-phenylalanine (fMLP; Kd 1.3xlO'9M). Low concentrations of these 
peptides cause up-regulation of surface receptors on neutrophils and bring the cells into a 
preactivated state through a process known as ‘priming*. Similar effects are caused by 
cytokines such as granulocyte-macrophage colony stimulating factor (GM-CSF), tumour 
necrosis factor (TNF) and platelet activating factor (PAF), and also by endotoxin. Thus when 
the neutrophils arrive at the site of infection, they are ready to eliminate the invading 
micro-organisms.

Phagocytosis

Neutrophils recognize invading micro-organisms by the presence of opsonins on their 
surface. These proteins are generated by the host, and antibodies of the IgG class and the 
complement components C3b and iC3b are the most prominent. Within certain size restric
tions, any material covered by these opsonins will be ingested. This includes bacteria, yeasts 
and some fungi, and also simple immune complexes. The neutrophil has between 100,000 
and 300,000 receptors for the Fc portion of IgG (Fey), 7,000 receptors for C3b (CR1) and
17,000 receptors for iC3b (CR3), but on activation there is a rapid upregulation of these 
complement receptors.

Phagocytosis consists of engulfment, by neutrophil pseudopodia, of the opsonized particle 
following binding to the neutrophil via the receptors. By consecutive interaction of opsonin 
with cell surface receptors these pseudopodia fit tightly around the particle. At the distal end 
from the first point of contact, the pseudopodia fuse with each other forming an interiorized 
pocket or ‘phagosome*. After ingestion the granules fuse with the phagosome to produce a 
phagolysosome. Granule proteins and toxic oxygen radicals are released into the phago
lysosome and together these products cause the death and digestion of the opsonized particle. 
Release of these products can, however, start before the pseudopodia have fused together 
and some of the toxic oxygen products and granule enzymes can escape into the area

23



Introduction

surrounding the neutrophil. Neutrophils adhering to opsonized material which is too large 
to ingest, e.g. another cell or deposited immune complexes on a basement membrane, will 
secrete these toxic products into the extracellular environment in large quantities.

The granule proteins

Neutrophil cytoplasm contains very few of the organelles found in other cells but a great 
number of granules of three different types. The azurophil granules make up about 30% of 
the total granules and are equivalent to the lysosomes in other cells. They contain acid 
hydrolases with a low pH optimum (such as P-glucuronidase), but these are relatively minor 
constituents, the main constituents being neutral serine proteases and myeloperoxidase 
which attack a whole range of different proteins. The major neutral serine proteinase is the 
cationic metalloprotein, elastase which can degrade collagen and cartilage proteoglycan. 
Elastase can also function as a C3 convertase, generating C3b from the complement 
component C3. Cathepsin G, a highly cationic serine protease present in the azurophil 
granules has similar activities to elastase.

Lysozyme, an enzyme which hydrolyses certain carbohydrate moieties in bacterial cell walls, 
is present in the azurophilic as well as in the specific granules of neutrophils. The specific 
granules are smaller than the azurophilic but constitute about 60% of the neutrophil granules. 
Other proteins found in the specific granules are the metalloproteinase collagenase, lactofer- 
rin, an iron binding and therefore bacteriostatic protein, and vitamin B 12-binding protein.

The specific granules are also probably important as a source of receptor and membrane 
protein replenishment With the possible exception of CR1 (O’Shea et al.y 1985), all the 
neutrophil membrane components including the fMLP receptor (Fletcher and Gallin, 1983), 
cytochrome b558 (Borregaard et al , 1983) and the G-protein components G ia (Rotrosen et 
al., 1988; Volpp et al.y 1989) and rapl (Philips et al.y 1991), which have been shown to be 
upregulated to the surface of activated neutrophils, have been localized to the specific 
granules. There is an active turnover of plasma membrane which rises to 30% being renewed 
per hour during phagocytosis, with receptors being recycled through the cell and appearing 
back on the cell surface.

The tertiary granules or secretory vesicles contain gelatinase and are highly enriched with 
cytochrome b —  a component of the respiratory burst oxidase.

In unstimulated neutrophils the granules do not fuse with the plasma membrane because a 
meshwork of actin filaments, joined with actin-binding protein, prevents the granules from 
reaching the membrane. This crosslinked gel is contracted to produce movement in the 
neutrophil by the interaction of myosin with adjacent actin filaments in the presence of ATP
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and Mg2* Myosin is an actin-activated ATPase and needs to be phosphorylated by myosin 
light chain kinase (MLCK) in order to interact with actin. MLCK activity is regulated by 
Ca2+/calmodulin.

In the presence of high, usually local, concentrations of Ca2+, another protein gelsolin, breaks 
down the crosslinked actin lattice — converting the gel into a sol. During phagocytosis or 
adherence of neutrophils to large substrata, rearrangement of the actin filaments takes place, 
due to localized Ca changes and the activation of gelsolin, permitting fusion of the granules 
with the cell membrane. During in vitro experimentation it is quite easy to measure the 
exocytosis of granule proteins when neutrophils are stimulated with soluble chemotaxins 
such as C5a and fMLP in the presence of cytochalasin B. Cytochalasin B is a fungal 
metabolite which acts like gelsolin, but where gelsolin produces a controlled local action, 
cytochalasin B causes a disorganized general effect leading to exocytosis.

The respiratory burst

The respiratory burst is a term coined to describe a co-ordinated sequence of biochemical 
reactions which take place during phagocytosis or when neutrophils are exposed to certain 
chemical stimuli. Unlike most other cells, which consume O2 mainly for mitochondrial 
respiration, activated neutrophils utilize O2 primarily for the synthesis of superoxide (O2), 
the precursor of a group of very powerful oxidants used as effective microbicidal agents. 
The events comprising the ‘respiratory burst’ include a burst of oxygen consumption, 
increased flow of glucose through the hexose monophosphate shunt, production of super- 
oxide (O2) and hydrogen peroxide (H2O2) and the generation of measurable light 
(chemiluminescence).

The burst can be activated by a wide variety of particulate stimulants (e.g. opsonized bacteria, 
yeasts [zymosan], latex beads, and aggregates of IgG) and soluble stimulants (e.g. fMLP, 
PAF and C5a), all acting through specific receptors. However, the respiratory burst can also 
be initiated in vitro by the aggregation of surface molecules with antibodies or plant lectins 
(e.g. concanavalin A), by the activation of G-proteins (e.g. with fluoride or GTPyS), by the 
elevation of intracellular Ca with ionophores (e.g. A23187), by the activation of protein 
kinase C by phorbol diesters (e.g. phorbol myristate acetate [PMA] or phorbol dibutyrate 
[PDBu]) or diacylglycerol analogues (e.g. l-oleoyl-2-acetyl-s/i-glycerol [OAG] or 1,2-dioc- 
tanoyl-M-glycerol [diCs]), and by fatty acids and detergents.

All these stimuli, whether receptor or post-receptor, ultimately lead to the activation of a 
single plasma membrane-associated enzyme system which catalyzes the one-electron reduc
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tion of oxygen to O2 . The oxygen consumption and O2 generation are direct products of the 

burst; the H2O2 production and activation of the hexose monophosphate shunt are secondary 
to this activation.

NADPH oxidase

Initially the identity of the enzyme responsible for the oxygen-consuming phase of the burst 
was unclear, as both NADH and NADPH can serve as the electron donor. However, as the 
affinity of the oxidase is lOx greater for the latter (Km = 45|iM) than the former, the O2 

forming enzyme is now accepted to be NADPH oxidase (Babior, 1987). The enzyme is 
located in the plasma membrane with its NADPH binding site projecting into the cytosol 
and O2 molecules being released extracellularly (Briggs et al., 1975; Dewald et al.y 1979). 

This location guarantees optimum delivery of oxidants onto phagocytosed microorganisms, 
as the wall of the phagolysosome is composed of the oxidase-bearing plasma membrane that 
was originally on the outside of the neutrophil.

NADPH oxidase is a multi-component transmembrane electron transport chain with cyto
solic NADPH as the electron donor and oxygen as the acceptor. The actual composition of 
the oxidase still remains uncertain. Its molecular weight has been reported to be between
150,000 and 1,000,000. In resting neutrophils the NADPH oxidase is disassembled and its 
components are located in the plasma membrane and in the cytosol. Once assembled the 
complex consists of (at least) six components, including a 45kDa flavoprotein (Babior and 
Kipnes, 1977) that accepts electrons from NADPH at the cytoplasmic surface of the 
membrane (Jones et al., 1991) and a b-like cytochrome acting as a terminal one-electron 
donor to oxygen at the external face of the plasma membrane or phagosome (Segal et al., 
1986). The interaction of NADPH with the oxidase appears to be Mg2+-dependent (Jones 
et al.y 1991). The cytochrome is the main membrane-associated component which has been 
characterized as having a peak of absorbance in the reduced state at 558nm and a low 
mid-point potential of -245mV (Cross et al., 1981). It is a heterodimer consisting of 91kDa 
and 22kDa subunits (Royer-Pokora et al., 1986), with the 22kDa subunit carrying the haem 
(Nugent et al., 1989). A small (22kDa) guanine nucleotide binding protein, termed rap 1, 
binds to the cytochrome (Quinn et al., 1989). Four cytosolic components have been identified 
(Cumutte et al., 1989) and two of them, a 47kDa phosphoprotein and a 67kDa protein, have 
been cloned and found to reconstitute missing components in the neutrophil cytosol from 
patients with chronic granulomatous disease (Volpp et al., 1989). During activation, trans- 
location of raply p47 and p67 cytosolic components to the plasma or phagosomal membrane 
has been proposed (Eklund and Gabig, 1991).
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The structure of NADPH oxidase will only be truly determined when we are able to purify 
the components and reconstitute an active oxidase system, but unfortunately this objective 
has been confounded by the extreme lability of the enzyme constituents on detergent 
extraction and the low recovery of enzymatic activity.

NADPH oxidase is essential for the host defence against micro-organisms. Patients with 
chronic granulomatous disease (CGD) have a genetically defective oxidase that is incapable 
of generating significant amounts O2 and H2O2. They are unable to kill a large variety of 
micro-organisms and as a result suffer from recurrent, life-threatening infections with 
bacteria and fungi (Gallin et al., 1983; Tauber et al., 1983). There are two main types of 
chronic granulomatous disease. An absent or defective cytochrome b558 is responsible for 
the most common X-linked genetic form (Royer-Pokora et al., 1986). The second form is a 
less common, autosomal recessive type, where the genetic basis is unknown but is due to 
defective cytosolic factors — p47 and p67 (Nunoi et al., 1988; Cumutte et al., 1989).

Generation of toxic oxygen products

The enzyme oxidizes NADPH and converts O2 to its one electron-reduced product, super- 
oxide (O2) by the reaction shown in equation 1. Concurrently, glucose is metabolized 
through the hexose monophosphate shunt to regenerate the NADPH which was consumed 
by the NADPH oxidase.

202 + NADPH -» 202- + NADP+ + H+ 1

Superoxide is a free radical (i.e. 02*) since it contains an unpaired electron, and because of 
the general reactivity of free radicals, it was considered a likely mediator of neutrophil- 
dependent cytotoxicity. Superoxide, however, serves as a precursor for the production of 
many, more reactive oxygen species. The dismutation of 02* to form hydrogen peroxide 

(H2O2) and O2, which can occur spontaneously or be catalyzed by certain metal salts and 

complexes is facilitated in vivo by a group of enzymes called superoxide dismutases 
(Fridovich, 1978) shown in equation 2.

202* + 2H+ —> H2O2 + O2 (or 1C>2 singlet oxygen) 2

Superoxide protonates to H02* (or perhydroxy radical), with a pKa of 4.8. HC>2* is a stronger 

oxidant than 02* and will directly attack polyunsaturated fatty acids (Bielski et al., 1983). 

Protons are concentrated in specific cellular microenvironments and there are likely to be 
substantial local conversions of 02* to H02* in the phagolysosomes, where the interior is

27



Introduction

acidified, and adjacent to biological membranes. Electrostatic forces will concentrate cat
ions, including protons, adjacent to anionic surfaces such as cell membranes and O2 * being 
generated in such an environment will protonate to H0 2 % thereby gaining oxidizing 

potential. Also, the dismutation reaction of superoxide to H2O2 is greatly speeded by a 
decrease in pH to 4.8, where 02* and H02* concentrations are equal (equation 3).

202* + H02* -» H2O2 -I- O2 3

In contrast to O2 *, H2O2 is a relatively potent oxidant and about 80% of the H2O2 generated 
by human neutrophils arises from the dismutation of 02* (Root and Metcalf, 1977).

Further reduction of H2O2 results in the formation of hydroxyl radical (*0H), another highly 
unstable oxidizing agent capable of reacting almost instantaneously with most organic 
molecules. It is far more powerful than O2* or H2O2 and was proposed as a neutrophil- 

generated product to account for the experimentally observed potent oxidant powers of
02-metabolites in solution. Originally it was thought that *OH. was generated from the 
reduction of H2O2 by O2 *, via the Haber-Weiss reaction (equation 4).

02* + H2O2 -> O2 (or 10 2 ) + HO” + *OH (hydroxyl radical) 4

The rate constant for the direct interaction of H2O2 and 02* is low compared to that for 
competing reactions such as the spontaneous dismutation of 02*. It is therefore unlikely that 
•OH is formed by this route (Halliwell and Gutteridge, 1981). Another possibility is that 
•OH is formed by the Fenton reaction, which requires the presence of a metal ion (Fe3+). In 
conjunction with several biological compounds such as ferritin, transferrin or lactoferrin, 
iron may catalyze the formation of *0H, by first itself being reduced by OI* and then 

oxidized by H2O2 (equations 5 and 6).

02* + Fe3* —» Fe2+ + O2 5

Fe2+ + H2O2 -> Fe3+ + HO" + -OH 6

It is possible that Fe is not available in the proper configuration within neutrophils. It may 
be that iron in a form that catalyzes *0H formation is only available inside target cells such 
as bacteria. This may help in destroying these targets as O v  can permeate cell membranes 
via ion channels.
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Singlet oxygen (*02) is another species of oxygen, which is highly reactive to molecules 
that are electron-rich or contain unsaturated double bonds. It may be formed as an additional 
product of some of the reactions (equations 2 and 4). Unlike 02*, H2O2 and *OH, 1C>2 is not 
a reduction product of oxygen but results when one of the two unpaired orbital electrons in 
molecular oxygen absorbs enough energy to shift to an orbit of higher energy. In the ground 
state, oxygen has two electrons with parallel spins, but at higher energies inversion of the 
spin may take place, resulting in an electron pair with opposite spins (i.e. the singlet state). 
This excited state of oxygen emits light (chemiluminescence) as it reverts to the triplet ground 
state.

Hydrogen peroxide can react with chloride to form hypochlorous acid (HOC1), in a reaction 
catalyzed by myeloperoxidase (MPO; Rosen and Klebanoff, 1977)(equation 7). This enzyme 
is an abundant constituent of neutrophil azurophilic granules, and is released into the 
phagolysosome and extracellular space on cell activation.

H2O2 + Cl” mj$o H2O + H0C1 (hypochlorous acid) 7

The extreme reactivity of H0C1 means that it has a rather short half-life in biological systems. 
It can either oxidize biological molecules, react with H2O2 to form singlet oxygen (102) or 
more importantly, it can react with primary and secondary amines, and thus give rise to 
N-chloramines (Weiss et al., 1983), some of which are very stable oxidizing agents (Tester 
a/., 1984):

RR'NH + H0C1 RR'NCl + H2O 8

However, of all the products of oxygen metabolism that the neutrophil can generate, *OH 
and HOC1 seem to be the most biologically reactive compounds, with the greatest cytotoxic 
potential.

The defence against toxic oxygen products

The primary defence for most cells is provided by the metalloproteins —  superoxide 
dismutases. They specifically and efficiently catalyze conversion of superoxide to hydrogen 
peroxide and oxygen (Roos e ta i,  1980a). One type of superoxide dismutase (SOD) contains 
copper and zinc at the active site and is mostly found in the cytosol of eukaryotic cells, 
although some has been detected in human extracellular fluid (Marklund, 1982). It has been 
suggested by Marklund that extracellular SOD exists bound to endothelial cell surfaces and 
that the low levels of SOD found in the extracellular fluids are due to detached enzyme.
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Two other types of SOD exist with either iron or manganese at their active sites, and they 
are primarily found in prokaryotes (Fridovich, 1986). It is interesting to note that the presence 
of a Mn-SOD in mitochondria corroborates the hypothesis of the symbiotic origin of 
mitochondria. All known superoxide dismutases catalyze the same reaction with approxi
mately equal efficiency.

Accumulation of H2O2 is prevented by catalases and peroxidases. Catalases dismute H2O2 

into H2O and O2 (Roos et al., 1980b) and play a protective role in maintaining the host cell 
integrity. Peroxidases, using electron donors such as alcohols, amines, NADPH and halides, 
catalyze the reduction of H2O2 to water.

SODs, catalases and peroxidases act in concert to minimize exposure of the cell to oxidant 
injury. They are also mutually protective, as O2 can inhibit catalases and peroxidases and 

H2O2 can inactivate Cu-Zn-SOD and Fe-SOD, but SODs would protect catalases and 
peroxidases against O2, whilst being protected by them against H2O2. Backup for this system 
is provided by oxygen radical scavengers such as a-tocopherol, ascorbic acid and cerulo
plasmin, which terminate free-radical chain reactions in the extracellular space (Tsen and 
Collier, 1972).

Glutathione peroxidase and reductase are complementary enzymes that function to maintain 
stable levels of glutathione within the cytosol. This is important as a decrease in glutathione 
levels results in increased susceptibility of the cells to oxidant injury (Fridovich, 1976).

Interactions between oxygen products and granule proteins

The process of neutrophil granule secretion is known to occur in vivo because granule 
proteins, including proteinases, have been measured in the fluid obtained from areas of 
inflammation in rheumatoid arthritis and other disorders (Velvart and Fehr, 1987; Edwards 
et al., 1988). This is surprising when one considers that plasma and interstitial fluids contain 
copious quantities of specific inhibitors of serine and metalloproteinases. These inhibitors 
are fast acting and efficient so they must have been inactivated in the inflammatory condition. 
For each neutrophil serine proteinase (elastase and cathepsin G) a specific proteinase 
inhibitor exists, and a 2-macroglobulin inhibits both serine and metalloproteinases.

The specific inhibitor of elastase, a  1-proteinase inhibitor, is inactivated by oxidative attack 
at the methionine residues of its active site (Carp and Janoff, 1979), and in this respect, HOC1 
and N-chloramines are very potent inactivators (Weiss, 1989). Other inhibitors are inacti
vated by similar oxidative attack or by peptide cleavage, especially by elastase. Thus 
neutrophils release proteinases and inactivate proteinase inhibitors which together can lead 
to tissue degradation in the area of neutrophil accumulation.
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The metalloproteinases contain metal ions in their reactive centres and are released as 
inactive precursor molecules. Activation of these proteinases can be brought about by 
oxidation (Weiss, 1989), and if this does not occur, the metalloproteinases remain inactive 
or are inactivated by a 2-macroglobulin. Once the metalloproteinases are activated they can 
help in the inactivation of the specific proteinase inhibitors (e.g. ai-antichymotrypsin) and 
also cause tissue damage by themselves (Burkhardt et al., 1986; Peppin and Weiss, 1986); 
the a 2-macroglobulin having been inactivated by oxidation (Okada et al., 1988).

A self-perpetuating system of neutrophil activation

Lunec et al. (1985) have reported that superoxide production by activated neutrophils can 
modify IgG molecules, causing them to aggregate and fluoresce. Isolation of identical 
fluorescent IgG-complexes from fresh rheumatoid sera and synovial fluid indicates that this 
process occurs in vivo and therefore has clinical relevance. The Ol-mediated modification 

to IgG is due to oxidation of the aromatic amino acids to kynurenines, thereby disrupting 
the 3-dimensional conformation and promoting aggregation. The aggregates are then capable
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Figure 1.1 The self-perpetuating cycle of free radical production and IgG damage.
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of activating quiescent neutrophils and macrophages to produce more O2 via the Fey 
receptors, giving rise to a self-perpetuating cycle of free radical production and IgG damage. 
Additionally, the aggregates can activate complement and function as auto-antigens for T 
cells and B cells, thus promoting a ‘full-blown’ immune response. This cycle is shown in 
figure 1.1.

Neutrophil-mediated tissue damage

Oxidative products of the respiratory burst, such as HOC1, are short lived and highly 
non-specific. HOC1 and RR'NCl attack any methionine in any protein. This is a useful 
property when released into a phagolysosome to kill an invading microorganism, but these 
products are not very efficient as tissue destroyers, when released into the extracellular space, 
as they will usually be scavenged by albumin or other proteins surrounding the neutrophil.

The granule proteinases are also reasonably harmless by themselves as they will remain 
inactive or be quickly inactivated by their natural inhibitors. In combination, however, the 
oxidative products and the granule proteinases become highly toxic for surrounding tissues.

This is a very useful situation for destroying and clearing infected areas of all micro-organ
isms and the process will stop when neutrophil infiltration into the area ceases. Therefore, 
when the infectious organisms have been removed and the chemotactic peptides are no longer 
being produced, tissue damage will also stop and repair to the tissues can then commence. 
However, if neutrophil infiltration does not cease, the tissues may be permanently damaged.

Toxic oxygen radicals have also been implicated as important mediators of tissue damage 
in many disease states including rheumatoid arthritis, myocardial reperfusion injury, respir
atory distress syndrome, blistering skin disorders and ulcerative colitis (Cross et al., 1987; 
Henson and Johnston, 1987).

O xygen radical-m ediated t is su e  dam age

Several groups of workers have reported in vitro studies where oxygen metabolites released 
from activated neutrophils have been shown to be highly toxic to eukaryotic cells. These 
include erythrocytes (Klebanoff, 1975; Weiss, 1979), endothelial cells (Sachs et al., 1978) 
and tumour cells (Clark and Klebanoff, 1977; Hafeman and Lucas, 1979). Each of the oxygen 
metabolites, including superoxide, hydrogen peroxide, hypochlorous acid and the hydroxyl 
radical, have been implicated in neutrophil-mediated cellular cytotoxicity. Much of this 
killing was dependent on the presence of antibody to the target cells and this type of 
cytotoxicity is usually considered to be the province of mononuclear cells. However, when 
neutrophils were compared to mononuclear cells they proved to be as effective, if not more 
so, at killing target cells (Clark and Klebanoff, 1977; Hopkins and Dale, 1980). There does
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appear to be a difference between the two types of cell however, as one T-lymphocyte can 
kill a target cell (Cerottini and Brunner, 1974), but it requires three or more neutrophils to 
kill an antibody-coated tumour cell (Dale et al., 1983). This requirement for multiple 
neutrophil interactions with the target was not because the target cells were repairing the 
damage done by one or two neutrophils (Dale et al., 1984). Also, the cytotoxicity was thought 
not to be due to a non-specific release of granule enzymes as, in these experiments, there 
was no lysis of bystander target cells (Hopkins and Dale, 1980) and in other work an intimate 
contact between neutrophil and target was necessary (Dallegri et al., 1991).

Since the most reactive oxygen products are short-lived compounds that react with the 
nearest target molecule, the cell membrane was thought to be the primary site of injury by 
neutrophil-derived oxygen metabolites. However, these products are capable of reacting with 
DNA in target cells and mediating DNA fragmentation in human leucocytes (Bimboim and 
Kanabus-Kaminska, 1985). This was confirmed by Shacter et al. (1988) who found that 
activated neutrophils can induce prolonged DNA damage in neighbouring cells, concomitant 
with the oxidative burst and dependent on the ratio of neutrophil to target cells. It is possible 
that neutrophils push projections into the target cells, maybe as far as the nucleus, to produce 
their ‘lethal hit*. This phenomenon has been seen in electron micrographs of lymphocytes 
and tumour cells (Sanderson and Glauert, 1977; 1979).

Some oxygen metabolites can permeate cell membranes, O2 via anion channels and H2O2 

and the less reactive, more lipophilic, chloramines by diffusion, to initiate cell injury by 
reaction with cytosolic components (Weiss, 1982; Grisham et al., 1984b).

Oxygen metabolites can also react with unsaturated lipids in target cell membranes to initiate 
a series of lipid peroxidation reactions (Mead, 1976; Tappel and Dillard, 1981). The reactions 
can be initiated by *OH, alkoxy radicals (RO*)» peroxy radicals (ROO*) or singlet oxygen. 
This can lead to a self-perpetuating process since peroxy radicals are both products of lipid 
peroxidation and initiators of the peroxidation reaction. The many products of lipid perox
idation such as hydroperoxides or their aldehyde derivatives can inhibit protein synthesis, 
block macrophage function and alter chemotactic and enzymatic activity (Blake et al., 1987).

The process of lipid peroxidation has been shown to alter certain cell membranes causing a
1+decrease in fluidity and integrity and an increase in permeability to cations such as Ca and 

K+. Accumulation of intracellular Ca2+ could activate specific calcium-dependent phos- 
pholipases and protein kinases and has been proposed as a mechanism for the initiation of 
cell injury and death (Farber, 1982). The loss of K+ from cells may also induce pathological 
effects (Maridonneau et al., 1983).
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A role for free radicals in the joint injury observed in rheumatoid arthritis is supported by 
the finding of increased levels of conjugated dienes and malonyldialdehyde (products of 
lipid peroxidation reactions) in both synovial fluid and blood plasma of patients with the 
active disease (Muus et al., 1979; Lunec et al., 1981).

Primed and activated neutrophils have been found in large numbers in the synovial fluid of 
patients suffering from rheumatoid arthritis (Nurcombe et al., 1991). Immune complexes 
and cytokines present within these joints are thought to be the likely activators and priming 
agents of the accumulated neutrophils. In vitro, reactive oxygen products can degrade and 
depolymerise the hyaluronic acid of synovial fluid, reducing its viscosity and impairing its 
function (Sliwinski and Zwailler, 1970). Oxygen free radical scavengers have been shown 
to be effective in modulating the extent of tissue injury observed in experimental in vivo 
animal models of auto-immune diseases such as rheumatoid arthritis (Dillard et al., 1982; 
reviewed in Warren et al., 1988).

Neutrophils can also damage cartilage by degrading the proteoglycan matrix components 
(Bates et al., 1984). It has been found that proteoglycan degradation and the inhibition of its 
synthesis are largely attributable to the release of elastase and HOC1, whereas neutrophil 
generation of H2O2 impairs proteoglycan synthesis (Kowanko et al., 1989).

Neutrophil superoxide transduction: from receptor to oxidase

This section will be a ‘brief’ review of the transduction pathways thought to be involved in 
neutrophil superoxide generation at the time when the bulk of the work reported here was 
started. A review of the current ideas on the subject will be given in chapter 9. A lot of the 
work described here deals with possibly artificial stimuli, and this should be borne in mind 
because many workers have come to conclusions about the transduction pathways which 
might be valid in their experimental situations but have no relevance in the physiological 
situation.

Superoxide generation is initiated by a great many stimuli of both receptor and post-receptor 
types, but the same 0 2 -generating oxidase is utilized and the transduction pathways converge 

at some point at, or before, this enzyme.

R eceptor

The first point in the physiological activation of the pathways is the binding of stimulant 
with a specific receptor. Details of the receptors will be given in chapter 3, but the stimulants 
and receptors include fMLP, C5a, LTB4, PAF, immune complexes (Fey receptor), and 
opsonized particles (Fey, CR1 and CR3 receptors). With the exception of LTB4 and PAF,
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which are very weak activators of the respiratory burst, the onset time and the maximal rates 
of NADPH oxidase activation are very similar despite differences in the lag time and duration 
of the response (Wymann et al., 1987; reviewed in Lambeth, 1988)

FMLP is a synthetic tripeptide analogue of some bacterial proteins which is potently 
chemotactic at low concentrations, but only generates a brief burst of O2 generation (Becker 

et al., 1979). This burst is dramatically improved if the neutrophils are ‘primed’ with 
cytochalasin B. The complement component C5a has a very similar profile of activity 
(Bender and Van Epps, 1985). LTB4 and PAF are weak activators of the burst—  the onset 
of superoxide generation is rapid but terminates even more rapidly than fMLP, especially 
LTB4 (Omann et al., 1987). Immunoglobulin G (IgG) and aggregates of IgG are also fairly 
weak stimulants, and the rate is slow (Koch e ta i,  1984). Opsonized particles, such as yeasts 
or bacteria, produce a powerful superoxide response which is due to sustained generation 
after a lag period of about 90 seconds (Roos et al., 1981; Murata et al., 1987). This is what 
might be expected since this stimulus is the most physiological of all those tested —  after 
all it is against invading organisms of the yeast and bacterial variety that the host defence 
mechanisms are mounted.

Concanavalin A (Con A) is a lectin which produces a sustained respiratory burst after a lag 
time of about 60 seconds. Con A is a weaker stimulant than opsonized zymosan, and its 
activation is rapidly reversible with a-methylmannoside, an agent which causes dissociation 
of Con A from the neutrophil (Cohen et al., 1982). This finding suggests that the ligand-re- 
ceptor complexes are short-lived, and continuous new interactions between the two are 
required for maintenance of the NADPH oxidase in the activated state, implying that an 
ongoing process of NADPH oxidase deactivation occurs in the intact cell.

The activation of the oxidative burst is regulated by the occupancy, the rate of occupancy 
and the number and affinity of receptors. Previous interaction with a stimulus generates a 
much reduced response to activation by the same stimulus, possibly due to downregulation 
of receptors (English etal., 1981; Rossi etal., 1983). However, the use of two stimuli added 
in sequence in experimental systems, and referred to as ‘priming’, can lead to an enhanced 
response over and above that produced by each stimulus alone. Virtually all combinations 
of soluble stimulants have been used (Dale and Penfield, 1984; McPhail et al., 1984a; 
Robinson et al., 1984; Penfield and Dale, 1984; Bass et al., 1987). Usually the stimulus 
concentration used for priming is about ten-fold lower than that required for the same 
stimulus to activate (McPhail et al., 1984a) and responses are characterized by a lower 
concentration requirement for the second stimulus (Dougherty and Niedel, 1986), a shorten
ing of the lag period (Wymann et al., 1987) and an increase in the maximal O2 response 
with the second stimulus (Grzeskowiak et al., 1986).
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P o st-recep to r

Post-receptor stimulants include the calcium ionophores, A23187 and ionomycin, which 
produce a prolonged but weak respiratory burst (Becker et al., 1979; Wymann et a l,  1987). 
Direct protein kinase C (PKC) activators such as phorbol esters (Sha’afi et al,, 1983) and 
synthetic diacylglycerols (Cox etal., 1986) initiate the burst after a lag time of approximately 
1 minute and produce a sustained production of O2 which matches or exceeds that of 
opsonized zymosan (Wymann et al., 1987).

Physio logical prim ing a g en ts

The cytokines, granulocyte-macrophage colony stimulating factor (GM-CSF) and tumour 
necrosis factor-a (TNF-a) are 22kDa and 17kDa proteins respectively and are synthesized 
and secreted by activated cells of the immune system (Metcalf, 1985; Beutler and Cerami, 
1988). Both GM-CSF and TNF-a are capable of priming and directly activating neutrophils 
in vitro and may play an amplification role in the inflammatory response.

GM-CSF enhances neutrophil functions such as phagocytosis (Fleischmann et a l, 1986), 
antibody-dependent cytotoxicity (Graziano etal., 1989) and superoxide generation (Roberts 
et al., 1990). TNF-a and GM-CSF also enhance arachidonic acid release (Di Persio et a l,
1988) and LTB4 synthesis (Dahinden et a l,  1988; Di Persio et a l,  1988). These cytokines 
stimulate the respiratory burst in adherent neutrophils (Nathan, 1989) or prime neutrophils 
in suspension to generate more superoxide when stimulated with chemotactic factors 
(Atkinson et a l, 1988; Roberts et al., 1990) or G-protein activators (McColl et a l, 1990). 
TNF-a may also increase the expression in neutrophils of complement receptor-1 (Reed and 
Moore, 1988).

T ransduction  of th e  signal

The binding of stimulant to receptor does not initiate a simple and straightforward enzymatic 
sequence, but instead activates a complex series of enzymatic processes, resulting in the 
generation of many potential second messengers.

A lot of work has been done on the activation of a membrane-bound phospholipase C (PLC) 
that hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) (Dougherty et a l, 1984; Di 
Virgilio et al., 1985) to generate inositol 1,4,5-trisphosphate (IP3), responsible for the 
mobilization of intracellular Ca2+ ([Ca2+]i) (Berridge and Irvine, 1984; Prentki etal., 1984), 
and l,2-diacyl-5/z-glycerol (DAG) that can stimulate a Ca2+- and phospholipid-dependent 
protein kinase (protein kinase C or PKC) (Nishizuka, 1984a). It is proposed that the 
stimulation of the PLC is probably the first transduction step for many of the functional 
responses of neutrophils (reviewed by Rossi, 1986) and is followed by activation of other 
phospholipases (D and A2) which are active on phosphatidylcholine (PC), phosphatidylino-
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sitol (PI) and other phospholipids, with the formation of diradylglycerols, phosphatidic acid 
(PA) and fatty acids. It is possible that these phospholipases are activated by the increase in 
[Ca2+]i caused by the initial activation steps (Cockcroft et al., 1984; Ohta et al., 1985; Traett 
etal., 1988). Most of the stimuli that activate the respiratory burst, initiate a rapid hydrolysis 
of phosphoinositides with associated increases in DAG and Ca levels (Dougherty et al., 
1984; Korchak et al., 1988b; Naccache et al., 1985) and these studies support a role for 
phosphoinositide hydrolysis in the initiation of the respiratory burst

For many stimuli, superoxide generation and phosphoinositide turnover are blocked by 
pretreatment of cells with pertussis toxin (Okajima and Ui, 1984; Smith C.D. et al., 1985; 
Shirato et al., 1988), a compound which inactivates guanine nucleotide regulatory proteins 
(G-proteins) of the Gi type by an ADP-ribosylation reaction. Also, non-hydrolysable GTP 
analogues, such as GTPyS, potentiate phosphoinositide hydrolysis activated by fMLP 
(Verghese et al., 1985). These findings implicate a role for G-proteins in the coupling of 
receptors with phospholipase activation and the production of second messengers.

Recently, breakdown of phosphatidylcholine to generate diradylglycerols has been noted in 
neutrophils in response to phorbol esters and receptor agonists (Besterman et al., 1986a). 
Phospholipase D (PLD) which hydrolyzes phospholipids to produce phosphatidic acid, and 
then diradylglycerols by a phosphatidate phosphohydrolase has been proposed as a possible 
source of intracellular DAG in fMLP-stimulated neutrophils (Pai et al., 1988a & b; Billah 
et al., 1989b). Phosphatidylinositol (PI) may be hydrolyzed principally by PLD (Cockcroft 
et al., 1985). Phosphatidic acid itself has been implicated as a regulator of [Ca2+]i (Serhan 
etal., 1981). Phospholipase A2 (PLA2) pathways which generate arachidonate (AA) from 
a variety of 1,2 -diacyl- and l-0 -alkyl-2 -acyl-phospholipids have also been implicated in 
stimulus-response coupling in the neutrophil.

Studies on transduction of the respiratory burst suggest that Ca (via IP3) and 1,2-diacyl- 
glycerol (from whatever phospholipid source) are the predominant second messengers and 
it has been proposed for many cell types that the Ca2+ and diacylglycerol pathways function 
synergistically (Nishizuka, 1984a). This theory has been extended to the neutrophil and many 
workers have shown that simultaneous activation of the Ca2+ pathway (with A23187) and 
the D AG/protein kinase C pathway (with PM A and 1 -oleoyl-2-acetyl-M-glycerol) leads to 
synergistic superoxide responses (Dale and Penfield, 1984; Di Virgilio et al., 1984; Penfield 
and Dale, 1984; Robinson et al., 1984).

The intracellular rise in Ca2+ levels on stimulation with a variety of receptor stimulants 
(Naccache et al., 1984; Korchak et al., 1988a; Al-Mohanna and Hallett, 1988) is postulated 
to be biphasic (Lew, 1989). There is an initial IP3-mediated release of Ca2+ from an 
intracellular storage site, possibly the calciosome (Krause et al., 1989), and a more delayed
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influx of Ca2+ across the plasma membrane. The influx of extracellular Ca2+ has been 
proposed to involve either non-selective cation channels in the plasma membrane that are 
activated by the initial rise in Ca2+ levels (Von Tschamer et al., 1986), or plasma membrane 
channels that are opened by inositol 1,3,4,5,-tetrakisphosphate (Irvine and Moor, 1986).

9 ,
Evidence that Ca is necessary for superoxide generation comes from studies where the
response to receptor stimuli was inhibited after the rise in [Ca2+]i was prevented by buffering
with EGTA (Campbell and Hallett, 1983; Korchak et al., 1988b). Chelating extracellular
Ca2+ by EGTA also reduces O2 generation (Truett et al., 1988; Dougherty et al., 1989).

However, the elevation of [Ca2+]i stimulated by fMLP was associated with a much greater
2+degree of superoxide generation than that elicited by a Ca ionophore, even though 

treatment with this latter stimulus caused a much greater increase in [Ca2+]i (Pozzan et al.,
1983). This leads to the conclusion that another mediator is necessary for optimal superoxide 
generation.

Interpretations of some of the published experimental results have been complicated by the 
enzymatic requirements for basal [Ca li and the activation of some enzymes at unphysio- 
logical Ca2+ concentrations. However, it is likely that a rise in [Ca2+]i is necessary for optimal 
stimulation of the respiratory burst, but in itself is not a sufficient stimulus (Rossi, 1986; 
Sha’afi and Molski, 1988). Receptor-activated increases in [Ca2+]i may be more important 
for other functions such as chemotaxis or degranulation.

The phorbol esters and synthetic diacylglycerols activate protein kinase C and also stimulate 
the respiratory burst (Niedel et al., 1983; Fujita et al., 1984; Cox et al., 1986), even in the 
absence of a rise in [Ca2+]i (Hallett and Campbell, 1984). There is also a transient rise in 
intracellular diacylglycerol in the first few seconds after fMLP stimulation (Dougherty et 
al., 1984). Cytochalasin B, which enhances fMLP-induced superoxide generation, causes a 
corresponding increase in the magnitude and duration of fMLP-stimulated diacylglycerol 
production (Honeycutt and Niedel, 1986). Inhibition of the metabolism of diacylglycerol, 
using the DAG kinase inhibitor R59022, to raise DAG levels also enhances superoxide 
generation by a variety of stimulators (Gomez-Cambronero et al., 1987; Muid et al., 1987).

Protein kinase C (PKC) is considered to be the endogenous receptor for diacylglycerol. 
Synthetic diacylglycerols, which compete for all the [ H]phorbol dibutyrate binding sites m 
intact neutrophils, also cause activation of the respiratory burst (Cox et al.9 1986; Tauber, 
1987) and thereby PKC is implicated in the transduction of the burst.

Addition of the catalytic fragment of PKC to resting neutrophil membranes activates 
NADPH oxidase, without the presence of any activating cofactors (Tauber et al., 1989).
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Activation of NADPH ox idase

The mechanics of activation of the NADPH oxidase are still currently unknown. Possible 
mechanisms involve the modification of the oxidase components after they have been 
assembled, either by phosphorylation, acylation or methylation, or an alteration in the lipid 
environment in which the oxidase is assembled, or the actual assembly of the components. 
This last possibility could be dependent on the modification to either the proteins, lipids or 
cytoskeleton, or none of these.

Many groups have recently been suggesting that the oxidase is activated either directly or 
indirectly by phosphorylation reactions, and have shown that after stimulation many cyto
solic and membrane-bound proteins are phosphorylated. Neutrophils activated with 
arachidonic acid or 1 -oleoyl-2-acety 1-sn-glycerol showed an increase in the phosphorylation 
of a 46kDa protein which correlated with superoxide production (Ohtsuka et al., 1988a). 
Activation with phorbol esters, 1,2-dioctanoyl-s/i-glycerol, or fMLP led to the phosphory
lation of 47kDa and 49kDa proteins, which accompanied the release of O2 (Badwey et al.,
1989). Both groups suggested that the phosphorylation of these proteins was a necessary 
step in the activation of the oxidase, as the kinetics and dose-dependence of the two responses 
were closely correlated.

It has been demonstrated that patients with both autosomal recessive (Segal et al., 1985; 
Kramer et al., 1988) and X-linked (Babior, 1988) chronic granulomatous disease lack 
phosphorylation of proteins 44 to 48kDa; although X-linked CGD patients also have a 
defective or absent cytochrome b558 (see page 27). In neutrophils from normal individuals, 
the 47kDa and 67kDa proteins, which have been shown to be phosphorylated upon cell 
stimulation, were found to be translocated to the plasma membrane (Clark et al., 1990). No 
such translocation was observed in cells with X-linked CGD, although normal levels of 
phosphoprotein were present, suggesting that cytochrome b558 may function as the acceptor 
(Heyworth etal., 1989). The activation of the respiratory burst is accompanied by phospho
rylation reactions -  whether these are important for the activation of the oxidase remains to 
be seen.

The suggestion that the oxidase is assembled on cell-stimulation is now finding favour 
(Eklund and Gabig, 1991). Early studies using cross-linking agents, like glutaraldehyde and 
N-hydroxysuccinimide, have shown that the respiratory burst is inhibited when these agents 
are added to the neutrophils before the stimulus but not after (Romeo et al., 1977; Aviram 
etal., 1984). Cleavage of the cross-linkages restores the response, indicating that aggregation 
of surface molecules plays a role in stimulation of the respiratory burst. However, it is not 
known whether it is the initiation of the receptor-mediated transduction pathways or the 
assembly of the oxidase components which is affected by inhibition of the lateral diffusion 
of surface molecules.
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Evidence has been presented that cytochrome b558 translocates from granules to the plasma 
membrane during activation of the respiratory burst (Ohno et al., 1985), but this finding is 
likely to be due to a fusion of the granule membranes with the plasma membrane as the 
cytochrome is thought now to be firmly fixed in the membrane (Segal et al., 1986). The four 
cytosolic components of the oxidase, including the 47 and 67kDa phosphoproteins, found 
by Cumutte et al. (1989) are likely to translocate to the plasma membrane on activation 
(Eklund and Gabig, 1991).

It is important to note that the NADPH oxidase can be activated, in vitro in a cell free system, 
by the addition of arachidonate (McPhail et al., 1985; Cumutte, 1985; Bromberg and Pick,
1984), phosphatidic acid (Bellavite et al., 1988), PMA (Cox et al., 1985), sodium dodecyl 
sulfate (Cox et al., 1987) or guanine nucleotides (Gabig et al., 1987) to the membrane-bound 
oxidase. In these studies an additional soluble factor was required, but in only one study was 
this identified as protein kinase C (Cox et al., 1985).

This activation mechanism could be linked to a rearrangement of components of the oxidase 
or to a perturbation of the lipid environment of the plasma membrane, in which the NADPH 
oxidase is embedded. A change in the membrane lipids could cause conformational modi
fication of the oxidase which mimics the cellular response to physiological stimuli.

The aim of this study

The aim of this study was to investigate the signal transduction pathways of the respiratory 
burst In order to examine these mechanisms, one reaction had to be selected in order to 
monitor activation of the burst. The measurement of superoxide generation provides an 
excellent indicator as O2 is the first product of an active NADPH oxidase, and its production 

can be measured accurately.

Three different types of stimulant were used throughout the course of the project -  soluble, 
and particulate receptor stimulants and post-receptor stimulants, and it will become clear 
that these three can evoke quite different transduction sequences. These stimuli were useful 
for dissecting out the mechanisms of the burst. As the project progressed, the main thrust of 
the work became to determine whether or not protein kinase C plays a pivotal role in the 
transduction sequences, especially for the transduction of the opsonized particle-mediated 
generation of superoxide. This stimulus seemed to be the most physiological for the ‘normal’ 
activation of the respiratory burst at the site of infection, with aggregated-IgG being an 
important mimic for antigen-antibody complexes found in several disease states where the 
burst is activated inappropriately.
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The work compiled in this thesis was conducted over a period of several years and many 
initial interpretations of the data have had to be re-evaluated in the light of new work 
conducted by other groups. In order to make sense of the results presented here, towards the 
end of each chapter I will consider my findings in the light results in the recent literature. 
The final chapter will discuss this new work and present an overview of the transduction 
pathways now thought to be involved in the generation of superoxide.
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Chapter 2

Materials and methods

Superoxide production may be assayed by a variety of methods, including mass spectro
scopy, conductimetry, electron spin-resonance and chemiluminescence, but most of these 
either lack sensitivity or there are problems with the techniques. Recent findings suggest that 
there may be subtle and misleading experimental drawbacks associated with several methods 
commonly used to study the generation of oxygen radicals (Black et al., 1991). Many 
experiments using the technique of electron spin resonance are conducted in standard, flat, 
quartz cells in which oxygen cannot be replenished and consequently O2 production by 
neutrophils is halted by virtue of O2 depletion, rather than by physiological transduction 
‘shutdown’ mechanisms. Experiments conducted with oxygen-electrodes (e.g. the Clark 
oxygen electrode) which are frequently used to study the neutrophil respiratory burst, are 
subject to similar constraints imposed by a lack of oxygen replenishment. Cellular metabo
lism quickly results in consumption of available oxygen and these experimental methods 
have led groups to conclude, erroneously, that all neutrophil superoxide generation is 
‘burst-like’; oxygen radical production peaking shortly after cellular stimulation and de
caying within a few minutes. Black et al. (1991) however, found that as long as adequate 
oxygen and nutrients were provided to the neutrophils, there was no rapid termination of the 
production of oxygen-derived radicals. When stimulated with agents such as the phorbol 
esters, neutrophils were viable and continued to generate O2 even after several hours.

This group then went on to examine the often used technique of luminol-enhanced chemilumi
nescence (CL). They discovered that, when the chemiluminescence assay was performed on 
phorbol ester-stimulated neutrophils under continuous air Supply and in the presence of 
luminol, contrary to their earlier findings with phorbol esters,! the chemiluminescence began
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to decay within a few minutes. However, when neutrophils were stimulated in the absence 
of luminol and aliquots were removed after various incubation times and subsequently added 
to luminol, in the presence of a large excess of catalase to eliminate any effects of H2O2, 
chemiluminescence was demonstrated beyond two hours. This confirmed that the continuous 
assay of luminol-amplified chemiluminescence cannot be used to accurately determine the 
kinetics of O2 formation. The continuous CL assay system itself seemed to have generated 
an inhibitor or compound which obliterated the chemiluminescence but Black et al. (1991) 
had not been able to determine its identity.

Chemical methods of detection, where superoxide is trapped by an indicating scavenger, 
have been found to be much more sensitive and are extensively used in the study of 
superoxide generation by cells. The superoxide radical will reduce ferricytochrome c to 
ferrocytochrome c, tetranitromethane to the nitroformate anion, or nitroblue tetrazolium to 
blue formazon and the reactions can be followed spectrophotometrically. These indicating 
scavengers can be used at concentrations that compete effectively with the dismutation 
reaction, so that in the course of the reaction nearly all the superoxide will be detected.

Superoxide dismutase (SOD) is used to specifically inhibit reactions involving the superox
ide radical and thereby distinguish between these reactions and those caused by other 
reducing agents. Assays are therefore conducted with and without the addition of SOD -  the 
difference between them representing the reduction by superoxide alone. Such assaying 
methods generally give an accurate determination of amounts of superoxide generated by 
the cells under investigation.

The assay method employed in this study followed the superoxide mediated reduction of 
ferricytochrome c to ferrocytochrome c, spectrophotometrically at 550nm. The standard 
assay used cells incubated in open topped tubes with continuous agitation so that O2 

availability was not a limiting factor.

Media

The incubation medium used for the superoxide assay was a modified Tyrode’s solution 
containing 137mM NaCl, 2.7mM KC1, ImM MgCl2, lmg ml"1 glucose, lmg ml"1 bovine 
serum albumin (BSA) and buffered with 20mM Hepes (4-(-2-hydroxyethyl)-l-piperazine 
ethanesulfonic acid) at pH7.4.

For the preparation of human neutrophils a Ca2+- and Mg2+-free Hank’s balanced salt 
solution was employed (HBSS). Concentrated HBSS (lOx) (Life Technologies Ltd., Paisley, 
Scotland) was diluted with sterile distilled water to the required strengths (double and single) 
and buffered to pH 7.4 with C02-saturated sodium bicarbonate (Life Technologies Ltd.).
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HBSS containing Ca2+ and Mg2"*" was used as the incubation medium in the chemokinesis 
experiments. This was because the bovine serum albumin (BSA) present in the Tyrode 
solution interfered with the chemokinesis assay, stimulating movement in the, otherwise, 
untreated neutrophils.

Preparation of human neutrophils

Neutrophils were prepared from whole blood by separating the erythrocytes and granulo
cytes from the mononuclear cells and plasma by virtue of their different densities. This 
process was first described by Bpyum (1968,1974) and involves the centrifugation of blood 
over density gradients of Ficoll-metrizoate solutions. Ficoll is a sucrose polymer which 
enhances agglutination of erythrocytes, whilst metrizoate salts produce a high density 
solution, without being too hypertonic. The erythrocytes are subsequently removed from the 
granulocytes by hypotonic lysis.

Human blood was taken from healthy volunteers from the Pharmacology Department, 
U.C.L., who had received no drugs or medication for 24 hours prior to the experiment. 120ml 
of blood was collected by venipuncture and mixed with 120ml 0.9% sterile saline in a 
polycarbonate flask containing 4.8ml 0.1M ethylenediaminetetraacetic acid (EDTA) to 
negate clotting. Diluting the blood with saline helps prevent clumping of the red blood cells. 
During the course of this preparation the cells were kept, as far as possible, at 4°C, in 
Ca -free medium and in polycarbonate plastic tubes, to prevent loss of neutrophils due to 
aggregation and adhesion.

Ficoll-lsopaque p reparation

A Ficoll-lsopaque solution was prepared by mixing 9% Ficoll 400 with 34% Isopaque 440 
in the ratio 2.4:1, and adjusting the density to 1.080g m l'1 at room temperature. Isopaque 
440 is a light sensitive metrizoate solution. The adjustment of the specific gravity of the 
Ficoll-lsopaque solution was accomplished by the addition of small volumes of either 
Isopaque or distilled water, depending on whether the specific gravity of the solution was 
lower or higher than 1.080g m l'1.

Rem oval of m onocy tes  and p lasm a

Approximately 10ml aliquots of Ficoll-lsopaque were dispensed into eight 50ml, round-bot
tomed, polycarbonate centrifuge tubes and 30ml of the blood-saline-EDTA mixture gendy 
layered onto the Ficoll-lsopaque ‘cushion* in each tube. The tubes were centrifuged at 350g 
for 30 minutes at room temperature. Following centrifugation each tube presented several 
discrete layers. The top layer was the plasma/saline fraction. The next layer comprised the 
Ficoll-lsopaque at the top of which was a ‘buffy-layer’ of mononuclear cells. At the bottom
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Blood + Saline 
+ EDTA " 

layered on 
Ficoll-lsopaque 

1,080g mf1

Figure 2.1 Human blood separation on Ficoll-lsopaque medium

of the tube was the granulocyte-erythrocyte mixture (figure 2.1). Even after centrifugation 
this last layer was not firm, so all the other layers were aspirated under vacuum rather than 
being poured off.

Rem oval of e ry th rocy tes

Erythrocytes were removed from the granulocyte-erythrocyte mixture by repeated hypotonic 
lysis. Ice-cold sterile distilled water (15ml) was added to the cells in each tube and well 
mixed. After one minute tonicity was restored by the addition of an equal volume of cold, 
double-strength Ca2+- and Mg2+-free HBSS. The contents of each tube were thoroughly 
mixed, the tubes centrifuged at 300g for 10 minutes at 4°C, and the supernatants discarded. 
This cycle of erythrocyte lysis and centrifugation was repeated, gradually combining the cell 
pellets, until a single white cell pellet was obtained. After the first lysis, tonicity was restored 
immediately after the mixing of the cell pellet with the ice-cold distilled water. This
prevented excessive loss of neutrophils. Once a ‘clean’ white cell pellet was obtained, the

24 -granulocytes were suspended in a known volume of Ca -free Tyrode solution and examined 
microscopically.

Cell counting

A 100|il aliquot was removed from the cell suspension and added to 0.9ml of a 0.4% solution 
of trypan blue. This stain is taken up by the dead and dying cells but is excluded by viable 
cells. The cells were counted in an Improved Neubauer haemocytometer (Merck Ltd., 
Dagenham, UK) and the number and proportion of viable cells determined. The neutrophils

Centrifuged at 
350g for 30 min. 

at room temp.

Plasma/saline

Buffy layer 
Ficoll-lsopaque

granulocytes/
erythrocytes
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were always greater than 99% viable and the yield from 120ml usually between 2.5x10 and
o

3.5x10 cells, depending on the donor.

Histological examination

Samples from the neutrophil preparations were examined to determine the cell types present. 
A drop of serum (see below) was added to 500|il cells suspended in medium and a small 
drop of this was smeared onto a clean microscope slide and air dried. The serum appeared 
to preserve the cells whilst drying. The smear was fixed in 95% methanol for two minutes 
and stained with Giemsa for 15 minutes before being washed with Leishmann’s buffer 
(pH7.2). The smear was dehydrated with increasing ethanol concentrations (60%-100%) and 
cleared with xylene. The smear was mounted with hystomount under a No. 1 lh  coverslip and 
examined using an Olympus BH-2 microscope.

This method of granulocyte preparation yielded greater than 98% neutrophils with some 
eosinophils and basophils. Monocyte contamination was always lower than 1%.

Preparation of serum

For experiments involving particle opsonization, an extra 15 or 20ml blood was collected 
from the volunteer into plastic centrifuge tubes (144AS; Sterilin Ltd., Middlesex, UK) and 
allowed to clot for at least an hour at 37°C. The clot was separated from the sides of the tube 
using a thin spatula and the tubes centrifuged at 3000g for 20 minutes at room temperature. 
The serum was removed with a Pasteur pipette and used within 4 hours.

Preparation of opsonized zymosan

The amount of zymosan-A required for an experiment was suspended in 0.9% saline and 
heated to 100°C in a water bath for 15 minutes, to inactivate any enzymes on the surface of 
the zymosan. After cooling to room temperature the zymosan particles were washed twice 
with saline, being centrifuged for 10 minutes at 300g. The washed zymosan was then 
suspended in fresh autologous serum at 20mg ml"1 and incubated, with mixing, at 37°C for 
30 minutes. After opsonization the zymosan was again washed twice in saline before being

9 ,
resuspended m Ca -free Tyrode solution at the concentration required for the expenment.

Preparation of IgG and heat-aggregated IgG
1 ? +Human IgG was suspended at a concentration of lOmg ml" in Ca -free Tyrode solution. 

Heat-aggregated IgG was produced by heating the IgG suspension for 15 minutes at a
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constant 63°C. IgG and heat-aggregated IgG were used at a final concentration of 2.5mg 
m l'1 in the superoxide assay.

Superoxide assay
( \  1 O iThe neutrophils, prepared as described above, were suspended at 4x10 ml in Ca -free 

Tyrode solution and equilibrated at 37°C for 20 minutes. During the course of the cell 
preparation at 4°C, neutrophils can lose K+ but levels are restored during the 20 minute 
equilibration (R.I. Sha’afi, personal communication).

The next procedure was dependent on the nature of the stimulus to be used; those cells which 
were to be stimulated with fMLP or A23187 were then incubated with cytochalasin B (5|Xg 
m l'1) for 10 minutes at 37°C, for all the other stimuli the cells were incubated in the absence 
of cytochalasin B. Following this preincubation, 500fil of the cell suspension (2x 106 cells) 
were dispensed into 2.5 ml tubes (NA2S, Sterilin) to which had been added 250pl of a 
solution of ferricytochrome c (4mg m l'1), 100pi of the appropriate concentration of ‘inhibi
tor’ (i.e. the agent under investigation) (or lOOpl Tyrode solution in control tubes) and 50|il 
SOD (75 units) (Tyrode solution in control tubes).

The cells were then pie-incubated at 37°C in the presence or absence of inhibitor, between 
10 and 20 minutes — exceptions to this will be specified in the appropriate sections. 100pl 
of the appropriate concentrations of stimulants were then added to the tubes which were left 
uncapped and mixed continuously on an orbital shaker (Edmund Biihler KL2, Tubingen, 
Germany) to ensure good oxygenation.

When using opsonized zymosan or IgG as the stimulus, the amounts and concentrations of 
the other components of the assay system were modified to accommodate 250pl of stimulus 
whilst keeping the total volume to 1ml.

After the assigned incubation period, with stimulus, at 37°C ( i.e. 20 minutes for FMLP and 
y-HCCH, either 60 or 100 minutes for IgG, and 30 minutes for the other stimuli) the reaction 
was stopped by the addition of 500pl ImM N-ethylmaleimide, a sulfhydryl reagent which 
has been shown to almost completely inhibit superoxide production at lO^M (Cumutte and 
Babior, 1975).

Following centrifugation at 1400g for 10 minutes at 4°C, the absorbance of the supernatant 
was read at 550nm in a Beckman DU-50 programmable spectrophotometer.

All reagents were made up in Ca2+-free Tyrode solution. CaCl2 was added to the cells, 
immediately prior to their addition to the assay tubes, so that each tube contained a final

9 ,
Ca concentration of 3mM.
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Drugs were dissolved in Tyrode solution or 0.9% saline, if at all possible, otherwise DMSO 
was used to dissolve all hydrophobic compounds. Dnig treatments were carried out in 
duplicate or triplicate.

M odifications to  th e  su p ero x id e  a s sa y

The standard method described previously was modified to allow the use of y-HCCH. This 
compound is highly insoluble in aqueous solutions and has to be dissolved in DMSO. In 
early experiments, it was found that the y-HCCH frequently precipitated out during stimulus 
dilutions into Tyrode solution, or even when added to the assay tubes. The assay procedure 
was therefore modified to reduce the risk of precipitation. 2pl aliquots of the required 
concentrations of y-HCCH in DMSO were pipetted into the assay tubes using an Eppendorf 
0.5|il-10|il adjustable micropipette. To each tube was then added a combination of the other 
assay constituents, followed immediately by addition of cells to start the reaction. Drugs 
under investigation were preincubated with the cells, rather than being added to the other 
assay constituents.

C alculation of g en era ted  su perox ide

Having measured the absorbance at 550nm of all the samples (with and without SOD), the 
absorbances were converted to nanomoles O2 per 5xl06 neutrophils. The calculation is based 
on the Beer-Lambert law, which describes the effect of an absorbing substance in a light 
path as follows:

A = ^  = ec / 

where A is absorbance
Io is the intensity of the light radiant on the solution 
I is the intensity of the light transmitted by the solution 
c is the concentration of the ferrocytochrome c 
/ is the light path length (cm) of the cuvette
e is the extinction coefficient of the ferrocytochrome c at 550 nm = 15.5 m M ^cm '1 
(Margoliash and Frohwirt, 1959)

The absorbance values substituted into the equation will, for each sample, be the difference 
between the tubes with and without SOD, representing the absorbance change specifically 
due to the generation of superoxide.

path length of cuvette = 1cm

Abs. test-A bs. SOD , !
15.5 x 1000 = nmoles O2 ml"
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2xl06 cells are present in each tube in a final volume of 1.5ml:

Abs.test -  Abs.SOD x  64.516 x 1.5 = nmoles 02 2xl06 cells-1

Results are usually expressed as nmol O2 5xl06 cells-1:

Abs. test -  Abs. SOD x 241.94 = nmol O2 5xl06 cells-1

A program was written for the Beckman DU-50 spectrophotometer to calculate the results 
for each experimental set, i.e. two or three test replicates and another containing superoxide 
dismutase. Printed output included the absorbance readings and the amount of superoxide 
produced per five million cells, depending on the multiplication factor (241.94 in example 
above) entered at the beginning of the spectrophotometric determinations.

Results are either expressed as nmoles 02/5x106 neutrophils, or as % mean maximum O2 

produced by the stimulus alone.

Statistics

The data is presented as the mean and standard error of three or more separate experiments. 
In some circumstances, the significance was estimated using the Student’s t-test for inde
pendent variables. Graphical presentation of data was produced using the computer program, 
Sigmaplot 4.1 (Jandel Scientific, California, USA). Where noted, curves were fitted to data 
points using the computer program InPlot (GraphPad Software, California, USA).

Some of the observations made in this study were of a qualitative rather than of a quantitative 
nature and were not subjected to a rigorous statistical analysis.

Time course studies

The superoxide assay technique was modified to allow investigation of the reaction time 
course for the respective stimuli. A special program was written for the Beckman DU-50 
spectrophotometer which allowed continuous monitoring of the reaction from time 0: the 
addition of stimulus. To enable such continuous readings to be made the whole experiment 
was conducted under control of the program.

The spectrophotometer was equipped with a water-jacketed cuvette holder, attached to a 
circulator set at 37°C. Into this were inserted two cuvettes, which were allowed to warm for 
15 minutes. Assay constituents, excluding stimulus, were mixed together after being warmed 
to 37°C in an incubator. These were pipetted into the cuvettes and superoxide dismutase was 
added to the second cuvette to enable measurement of the absorbance change specifically 
due to O2 generation.
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At this point control of the experiment was passed to the program and the operator was 
instructed to enter the multiplication factor (see above) and the duration of the experiment 
in minutes. Absorbance readings of both cuvettes were taken and stored by the spectro
photometer for subsequent estimations. The operator was then asked to add stimulus to the 
two cuvettes, the cuvette containing SOD first, and immediately confirm this action. The 
machine made a second reading of both cuvettes, storing the data and then placed the 
experimental cuvette into the light path. Absorbance readings were then taken every five 
seconds, over the period of the experiment, the initial readings (prior to stimulus addition) 
subtracted from these, and the amount of O2 calculated and plotted on an output device.

Chemotaxis: the generation of chemotaxins

Opsonized zymosan was prepared as described previously and finally resuspended at 20mg 
m l'1 in HBSS containing Ca2+ and Mg2*. Neutrophils were prepared as previously described 
and resuspended at 2xl06 m l'1 in HBSS. The cells were aliquoted into sterile tubes (144AS; 
Sterilin) and preincubated in the presence or absence of test drugs at 37°C for 20 minutes 
on a rotary mixer. Opsonized zymosan was then added 1:1 (by volume) to the tubes, which 
were returned to the mixer for incubation at 37°C for 30 minutes. The tubes were centrifuged 
at 500g for 15 minutes, the supernatants removed, sterilized by passing through a 0.22|im 
pore filter, and stored at -20°C overnight, before being assayed for chemotactic activity.

Chemotaxis assay

Complete chemotaxis chambers were constructed from separate parts immediately prior to 
each experiment. The lower half of the chamber was a translucent plastic container 
(32x16mm flat-bottomed tubes; A.R. Horwell Ltd., London). The upper half of the chamber 
was an open transparent plastic tube with ‘wings’ at one end (Kay tubes; Technical Moulding 
Services, Loanhead, Scotland), the opposite end to which a Nuclepore 3|im membrane filter 
(Costar UK Ltd., Bucks.) was glued with MF1 cement (Millipore Corp., Massachusetts, 
USA).

Filters were examined on a clean sheet of card, using forceps and in a well lit area, to detect 
the matt and shiny surfaces of the filters. The shinier surface is more smooth and cells adhere 
less to this surface than the matt surface. All filters were turned matt side up on the card. 
Using a thin glass rod, glue was generously applied to the rim of the upper chamber to obtain 
a ‘glossy’ effect. When the glue appeared to ‘flatten’, the upper chamber was held, glue-side 
down, gently against a filter such that a dark grey circle appeared on the filter where it was 
attached to the chamber. This indicated that the filter was completely cemented to the 
chamber, with no possible leaks. If patches of light grey were still present around the rim,
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the filter was stroked in these areas with the clean end of the glass rod -  a gentle stroking 
from inside to outside of the rim generally produced a leak-free seal. After allowing the glue 
to dry, usually about 10 minutes, the upper chambers were placed so that they sat suspended 
inside the lower containers, being supported by their ‘wings’.

lml of neutrophil suspension (2xl06 cells), prepared as described previously, was aliquoted 
into each upper chamber and preincubated at 37°C for up to 15 minutes. HBSS containing 
appropriate concentrations of drug and/or chemotactic agents was pipetted into each lower 
chamber until the height of the solution in the lower chamber matched that of the upper 
chamber (approximately lml was needed). Care was taken so that no air bubbles formed 
below the filter. The completed chambers were placed in an incubator at 37°C for 3 hours.

Reading of R esu lts

After the incubation period, the chambers were chilled at 4°C for 10 minutes, then the upper 
chambers were removed and discarded and the lower chambers kept in a refrigerator 
overnight.

The contents of each lower chamber were well mixed and pipetted into a plastic counting 
vial containing 9ml isotonic dilutant (Isoton; Coulter Electronics Ltd., Luton, Beds.). The 
vials were counted in a Coulter counter ZbI (Coulter Electronics) using a 100|im orifice tube 
and optimum settings for counting neutrophils (see next section). Each vial was counted 
twice and the average count obtained. This was the number of cells in 0.5ml of sample. Total 
number of migrated cells can be calculated and results expressed as the mean number of 
migrated cells per treatment.

Coulter co u n te r se ttin g s

To obtain the most accurate counting and sizing information from the Coulter counter, the 
aperture current (/) and amplification (A) were increased until the largest pulses seen on the 
display extended about four centimeters above the baseline. Increasing amplification ad
mitted increasing amounts of electrical noise, but increasing aperture current beyond a 
certain level can damage the cells being counted. The counting ‘window’, between lower 
threshold and upper threshold, was adjusted so that only cells were counted, and not electrical 
noise.

The counting window was determined from a bar chart obtained by setting the upper 
threshold to >100, varying the lower threshold, in increments of 4, at an aperture current 
setting of 1 (0.5mA) and an amplification of 1, and taking counts of purified neutrophils in 
suspension. Typical results are shown in figure 2.2.

Lower threshold settings may be related to spherical diameter using the equation:
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Figure 2.2 Size distribution of purified human blood neutrophils. Each bar indicates the cell 
count at the lower threshold setting with a window width of 4. A lower threshold of 48 is 
equivalent to 7.39pm and 100 is equivalent to 9.72p.m. Aperture diameter 100pm; aperture 
resistance 20K£2; aperture current (I) 0.5mA; amplification (A) 1.0; Kd=2.0945.

d(|im) = Kd \ l x l x A

where d  = diameter of material (calibration material or cells), tl = lower threshold setting,
I  -  aperture current (1) and A -  amplification (1). A Kd of 2.0945 was determined from the 
equation by use of 4.80pm diameter calibration material (Coulter Electronics).

The large number of counts seen in figure 2.2 below tl 28 (6.36pm) are due to electrical 
noise (tl 8-20), very small dust particles and some small cell contamination (mainly 
erythrocytes). In all further experiments the lower threshold was set at 44, to exclude all but 
neutrophils, and the upper threshold was set at >100. This upper threshold setting allows 
two or more neutrophils passing through the orifice at the same time to be counted.

The size distribution curve shows that the neutrophils purified from human blood range in 
size from 7.82pm to >9.72pm with a majority at 8.55pm. This may seem low, as neutrophils 
are usually thought to be ~10pm in diameter. However, the Coulter counter treats the cells 
as completely spherical and neutrophils, even in suspension, are far from spherical.
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Photomicrography

To study the morphological changes which occurred in neutrophils treated with certain drugs, 
cells were prepared in the manner described above. Incubations proceeded as above, except 
that at the end of the incubation time, instead of the supernatants being removed for 
spectrophotometric analysis, the cells were resuspended (they usually settle to the bottom 
of the tubes by the end of the experiment). Aliquots of the suspension were taken for 
photomicrography and others were treated with trypan blue, or taken for lactate dehydroge
nase measurements, to determine cell viability.

Cell p h o to m ic ro g rap h ic  cham ber

A chamber was designed primarily for the observation and photography of living cells. The 
precision built chamber allows cells to be viewed on the lower glass surface, even when 
using lenses of magnification x40 and xlOO (oil immersion) and advanced optical systems 
such as Nomarski differential interference contrast, on non-inverted microscopes; hitherto 
impossible with other types of chamber.

The difficulties with previous methods of light microscopic examination and photomicro
graphy have been twofold. Firstly, high magnification lenses (x40 and xlOO, oil immersion) 
have short working distances; usually 0.17mm or less. This is the minimum distance from 
the objective lens to the coverslip, assuming the specimen is immediately beneath the 
coverslip and the thickness of glass is approximately 0.17mm (No. When dealing with 
living cells one cannot crush them beneath a coverglass and still expect them to behave 
normally. Therefore a gap between coverglass and specimen must be allowed. All commer
cially available chambers had a gap of 0.17mm to 1.00mm - the thickness of another 
coverglass or slide. This meant that high powered lenses could not be used, as they would 
not be able to focus on the cells that had settled on the lower glass plane.

Secondly, the two glass faces of the coverslip and slide need to be as parallel as possible to 
use optical systems like Nomarski, without producing optical aberrations which are very 
noticeable on photographs. A large gap between coverslip and slide also produces marked 
optical distortion.

A simple chamber was designed which overcame both problems (figure 2.3). The gap 
between the two glass planes is very small and can be varied between 100pm and 50pm 
(considerably smaller than previous systems). The glass surfaces are parallel to each other 
and to the surface which rests on the microscope stage, producing no obvious optical 
distortions. It is composed of a single piece of stainless steel and two disposable coverglasses. 
The stainless steel has no detrimental effects on the specimen and, being heat-conducting, 
the use of a heated microscope stage ensures even incubation of the specimen. The
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construction allows the full width of the glass-enclosed chamber to be examined without the 
lens touching the steel sides of the unit

U se of th e  ch am b er

Clean 22mm diameter No.2 (0.2mm thickness) and 25mm diameter No. 1 Vi (0.17mm 
thickness) glass coverslips were sterilized. A thin smear of silicon grease was applied to 
surfaces A and B (Figure 2.3). The No.2 coverglass was seated onto surface B ensuring a 
watertight seal all around the edge of the glass. 50|il of the neutrophil suspension was applied 
to the centre of the No.2 coverslip and allowed to spread. The No. 1 lA  coverslip was lowered 
into position on surface A (Figure 2.3) and pressed home, ensuring no air bubbles were left 
below the coverglass. Excess cell suspension was evacuated from the edges of the top 
coverglass. The cells were then examined using x40 and xlOO planachromat lenses and 
Nomarski optics on an Olympus BHS system with PM10-AD photomicrography unit.

The film used was Ilford FP4 rated at 125 AS A and developed in ID-11 developer. Prints 
were produced at final magnifications of x500 and xlOOO on Ilford grade 3 paper.

36mi

■34 mmf*— 34 mm—h 
r«-26mm-h 
l*-23mm-h 

I llr*20mm»il I

75 mm

Plan

Section

/N o.l h. coverglass 
J-No.2 coverglass

Section detail

Figure 2.3 Cell photomicrographic chamber.
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Drugs and reagents

Acetylsalicylic acid (aspirin) 

Benoxaprofen

Bovine serum albumin (BS A)

BWA4C (N-(3-phenoxycinnamyl) 
-acetohydroxamic acid)

Cholera toxin

Chloracysine Compound I 
(2-Chloro- 10-(3-diethylamino-1 - 
oxypropyl)-1 OH-phenothiazine)

Concanavalin A (ConA)

Cytochalasin B

Dextran

Diclofenac

1.2-Dioctanoylethylene glycol (DOEG)

1.2-Dioctanoyl-sn-glycerol (diC8) 

Dimethyl sulfoxide (DMSO)

Ethylene diaminotetra-acetic acid (EDTA) 

Ethanol

N-ethylmaleimide

Ferricytochrome C (horse heart,type III) 

Ficoll 400

Formylmethionyl-leucyl-phenylalanine
(fMLP)

Giemsa stain

Glucose

Hanks balanced salt solution (HBSS)

HEPES (4(-2-hydroxyethyl)-l- 
piperazine ethane-sulfonic acid)

y-Hexachlorocyclohexane (y-HCCH)

Human IgG

Sigma Chemical Company Ltd., Poole, 
Dorset, England

A gift from Wellcome Research Labs.

ICN Biomedicals Ltd., Bucks., England

A gift from Dr L. Garland of Wellcome 
Research Laboratories, Beckenham, Kent, 
England

Sigma Chemical Company Ltd., Poole

A gift from Beecham Research Labs. 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Merck Ltd., Dagenham, England 

Rhone Poulenc Ltd., Manchester, England 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Pharmacia LKB, Uppsala, Sweden

Sigma Chemical Company Ltd., Poole 

Merck Ltd., Dagenham, England 

Merck Ltd., Dagenham, England 

Life Technologies, Paisley, Scotland

Life Technologies, Paisley, Scotland 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole
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Hystomount 

Ibuprofen 

Indomethacin 

Ionophore A23187

3-isobutyl-1-methyl-xanthine (EBMX)

Isopaque 440

K252a (8R*,9S*,1 lS*)-(-)-9-hydroxy-9- 
methoxycarbonyl-8-methyl-2,3,9,10-tetrahydro- 
8,11 -epoxy-1 H,8H, 11 H-2,7b, 11 a-triazadibenzo

Hughes & Hughes Ltd., Somerset, England 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Sigma Chemical Company Ltd., Poole 

Nycomed As., Oslo, Norway

[a,g]cycloocta[cde] trinden-l-one)

Leishmann’s buffer 

Mefenamic acid

l-oleoyl-2-acetyl-sn-glycerol (OAG) 

Pertussis toxin

Phorbol 12-myristate 13-acetate (PMA)

R59022 (6-[2-[4-[(4-fluorophenyl)phenyl 
methylene]-1 -piperidinyl]ethyl]-7-methyl- 
5H-thiazolo-[3,2-a]pyrimidin-5-one)

RG 5901 (a-pentyl-3-(2-quinolinyl 
methoxy)benzene methanol)
[also known as REV 5901]

RHC80267 (l,6-di(0-(carbamoyl)cyclo 
hexanone oxime) hexane)

Ro 31-6045,31-7549, 31-8220,31-8288, 
31-8425 and 31-8657

Sodium fluoride 

Sodium meclofenamate

Gift from Dr Yamada of the Tokyo Research 
Laboratories, Kyowa Hakko Kogyo Co. Ltd., 
Mochida-shi, Tokyo 194, Japan

Merck Ltd., Dagenham, England

Sigma Chemical Company Ltd., Poole

A gift from Dr. A. Watts, Biochemistry 
Department, University of Oxford and from 
Sigma Chemical Company Ltd., Poole

Porton Products, CAMR, Porton Down, 
Wiltshire, England

Sigma Chemical Company Ltd., Poole

Janssen Life Sciences Products, Janssen 
Pharmaceutica NV, Beerse, Belgium

A gift from Dr C.A. Sutherland, Revlon 
Health Care Group, New York, USA

A gift from Dr A. Khandwala of Revlon 
Health Care Group, New York, USA

Kindly provided by Dr. J.S. Nixon of the 
Research Centre, Roche Products Ltd., 
Welwyn Garden City, England

Merck Ltd., Dagenham, England

Parke Davis Research, Eastleigh, Hants.
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Sulindac

Superoxide dismutase (SOD) 

Theophylline 

Trypan blue 

WEB 2086

Xylene

Zymosan A

95% 02/5% C02 Gas

All inorganic salts used for the preparatic 
Merck Ltd., Dagenham, Essex, England.
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Gift from Dr Yamada of the Tokyo Research 
Laboratories, Kyowa Hakko Kogyo Co. Ltd., 
Mochida-shi, Tokyo 194, Japan

Merck Sharp & Dohme Research Labs., 
Hoddesdon, Herts., England

Sigma Chemical Company Ltd., Poole

Sigma Chemical Company Ltd., Poole

Life Technologies, Paisley, Scotland

Boehringer Ingelheim, Ingelheim am Rhein, 
FRG

Merck Ltd., Dagenham, England 

Sigma Chemical Company Ltd., Poole 

British Oxygen Company, Medical Gases 

of media and buffers were of Analar Grade from
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Chapter 3

The stimuli

This chapter will deal with the stimuli used throughout the project. Both receptor and 
post-receptor stimuli were used to activate the respiratory burst. In the case of the receptor 
stimuli their physiological significance will be explored. In addition technical difficulties 
encountered with some of the stimuli will be discussed.

The work described in this study has been conducted in less than ideal experimental 
conditions. Usually, the drug or stimulus would be the only variable in such experiments; 
however, the inherent biological variability in blood donors added another, unquantifiable, 
variable. In most cases even the same blood donor, used on different occasions, rarely 
produced the same quantitative results. This variation may well be due to varying levels of 
circulating steroids, the female donors being particularly susceptible due to their menstrual 
cycles. However, it was felt that the work would be of more physiological relevance if the 
female donors were not excluded from the study. In order to minimize these variables, the 
blood was taken at approximately the same time in every experiment (usually between 
9.30am and 10.00am). The onset of minor infections may also have contributed to the 
experimental variation, the donors not yet being aware of the impending ailment. Donors 
taking any medication (e.g. salbutamol, aspirin etc.) were excluded from the pool of donors.

In spite of all these variations, the results were generally qualitatively consistent and 
normalizing the data usually reduced the variation between experiments. However, in some 
circumstances when compiling data, the large inter-experimental variation has masked the 
effect observed in each of the individual experiments. In such instances, figures showing 
individual experiments have been included, to illustrate the point.
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By using stimuli which act at different points in the postulated stimulus-response coupling 
mechanisms of superoxide generation, it was hoped to determine the main transduction 
pathways stimulated under normal physiological conditions.

Stimuli employed in this study include some which act at receptors, formyl-methionyl- 
leucyl-phenylalanine (fMLP), opsonized zymosan, immunoglobulin G (IgG) and heat- 
aggregated IgG; one which is thought to mobilize membrane lipids, y-hexachloro- cyclo- 
hexane (y-HCCH); one which mobilizes Ca2+, ionophore A23187; and some which are 
thought to act directly on protein kinase C, l-oleoyl-2-acetyl-s/i-glycerol (OAG) and
1,2-dioctanoyl-Srt-glycerol (diCs).

The fMLP receptor

Supernatants from rapidly dividing bacterial cultures have long been known to be stimulatory 
for neutrophils. Purification methods led to the discovery that low molecular weight peptides 
with blocked N-termini were part of the active component of these supernatants (Schiffman 
et al., 1975). Neutrophils have specific cell surface receptors for these f-Met tri-peptides, 
one of the most potent being N-formyl-methionyl-leucyl-phenylalanine. Williams et al. 
(1977) showed rapid, saturable and dissociable binding of 3H-fMLP to human neutrophils 
and found the number of binding sites per cell to be between 40,000 and 60,000. The f-Met 
receptor is stereospecific for the L-isomer and is associated with the plasma membrane 
(Williams et al.9 1977).

Computer analysis of binding studies has shown that the fMLP receptor is present in two 
different affinity states; a high affinity state (Kd * 0.55xl0'9M) and a low affinity state (Kd

o
* 2x10 M). The proportion of receptors in each state is modulated by guanine nucleotides 
(Snyderman, 1984) or by prior exposure to fMLP (Koo and Snyderman, 1983). In the latter 
case the percentage of high affinity binding sites was shown to be increased from 15% to 
48%.

Binding of fMLP to its receptor initiates many cellular responses including chemotaxis, 
aggregation, granule enzyme secretion and superoxide generation (Becker et al., 1979). 
These responses may be short-lived due to internalization of bound ligand and down- 
regulation of receptors (Niedel et al.y 1979; Sullivan and Zigmond, 1980). The receptors 
later reappear and the final steady-state of fMLP receptor expression exceeds pre-stimulation 
levels (Fletcher and Gallin, 1980). It has been shown that on secretion of their specific granule 
contents, neutrophils show enhanced fMLP binding (Wright and Gallin, 1979) due to the 
expression of cryptic receptors. Up to 30 times more fMLP receptors may be present in 
specific granule membranes than in the plasma membrane, and this pool of cryptic receptors 
is likely to be incorporated into the plasma membrane during chemotaxis and degranulation.
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The interaction between fMLP and the receptor gives rise to an enhancement of phospho- 
inositide turnover with a decrease in PIP2 and PI levels, an increase in IP3 and PA, 
mobilization of intracellular Ca2+ and generation of DAG (Serhan et al., 1983; Dougherty 
et 0 /., 1984; Korchak et al.y 1988b; Burnham et al., 1989).

FMLP

FMLP has been used extensively in transduction studies of neutrophil superoxide generation, 
and is usually the main receptor stimulus of choice for many groups. In terms of studying 
the mechanisms of neutrophil stimulation involved in the pathogenesis of autoimmune 
conditions, such as rheumatoid arthritis, fMLP is not a particularly relevant stimulus. 
However, bacterial tri-peptides may play a role in the acute inflammatory response. FMLP 
was included in this study primarily to facilitate the investigation of the effects of drugs on 
a receptor stimulus which has been extensively characterized, and to allow direct comparison 
between the findings of this study and those of other groups.

Figure 3.1 shows a typical concentration-response curve for fMLP-stimulated superoxide 
production by human neutrophils over the concentration range 3x10-9-  3xlO"7M. Lag times 
of 15-20 seconds have been reported (Simchowitz et al., 1979; Korchak et al., 1984) and 
the duration of the response has been found to be between 5 and 15 minutes (Simchowitz et 
al., 1979; English etal.y 1981).
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Figure 3.1 A representative example of fMLP-induced superoxide dose-response curve. 
Data points are the mean of sample triplicates ± standard error (s.e.m.). The errors are too 
small to appear on this curve.
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Figure 3.2 An example of a time course for fMLP-induced superoxide generation at two 
concentrations of fMLP, using the continuous monitoring technique. The two individual plots 
have been superimposed in this figure.

Figure 3.2 illustrates the time course, studied using the continuous monitoring system
described in chapter 2. The response to fMLP is rapid, with little lag time, reaching a

8 -7maximum at 9 minutes, at both concentrations used in this experiment (10" M and 10" M). 
However, because of the wide variation in response times reported, 20 minutes incubation 
was used routinely for fMLP throughout the project.

The fMLP-induced response is dependent on extracellular Ca2+ (Simchowitz and Spilberg,
2+1979); neutrophils producing minimal amounts of superoxide in the absence of Ca . This

ry ,

was accidentally confirmed during this study in the odd experiments when Ca was omitted 
from the medium (not shown). In all fMLP experiments, cytochalasin B was present at a 
concentration of 5|ig ml"1.

The u se  of cy tocha las in  B

Cytochalasin B is a metabolite of the mould Helminthosporium dematioideum (Carter, 1967) 
and is frequently employed in experiments because it enhances lysosomal enzyme release 
and superoxide production in neutrophils; usually with little explanation of the reason for 
its action.

One explanation is that it exerts its effect by disrupting microfilaments (Lin et aL> 1980; 
Brown and Spudich, 1981) and on this premise cytochalasin B is routinely used to enhance

61



The stimuli

the generation of superoxide in response to the formyl peptides (Lehmeyer e t al., 1979; 
Simchowitz and Spilberg, 1979). The microfilaments are located below the cell membrane 
and serve to restrain lysosomal enzyme granules from fusing with this membrane. By 
inhibiting this restraining mechanism, cytochalasin B could facilitate the interaction of 
cytoplasmic granules with the cell membrane thereby increasing the pool of fMLP receptors 
with those present in the specific granule membranes. Cytochalasin B, however, has other 
cellular effects which include enhancing the turnover of phosphatidylinositol, increasing 
DAG levels (Honeycutt and Niedel, 1986) and increasing the rate and extent of Ca2+ influx 
into neutrophils in response to fMLP (Naccacheef al., 1977). Steiner et al. (1984) confirmed 
that cytochalasin B promoted calcium ion influx. As neutrophil fMLP-induced superoxide 
generation is so dependent on extracellular Ca this may be a major reason for the 
enhancement seen with cytochalasin B.

It would seem therefore that the use of cytochalasin B is totally unphysiological, unless one 
accepts that it mimics the situation where neutrophils have chemotaxed to a site of inflam
mation, secreting the contents of the specific granules on the way and thereby expressing 
the large numbers of fMLP receptors present in the specific granules membranes.

The Fey receptors

The Fey receptors for IgG (FcyR) exist on the surfaces of many types of blood cell and play 
an important role in antibody-mediated immune cell functions. These include the promotion 
of phagocytosis and the respiratory burst in neutrophils and macrophages, and antibody- 
dependent cell-mediated cytotoxicity in neutrophils, macrophages and natural killer cells.

IgG is present in high concentrations in human plasma (lOmg ml"1) and human neutrophils 
possess three distinct types of receptor for IgG: FcyRI, FcyRn and FcyRIIL

FcyRI (CD64) binds monomeric IgG with high affinity (Ka=5xl08 mol I"1: Burton et al.,
1988). It is a heavily glycosylated 72kDa protein with an extracellular region of about 290 
amino acids with three immunoglobulin-like domains, a 21 amino acid transmembrane 
region and a charged cytoplasmic domain (Allen and Seed, 1989). Unstimulated neutrophils 
do not express FcyRI but expression is induced by mediators of inflammation. Between
15,000 and 25,000 FcyRI receptors are induced on neutrophils by interferon gamma (IFN-y), 
in vitro and in vivo, but not by IFN-a or IFN-p (Perussia et al., 1983). Other cytokines such 
as granulocyte-macrophage colony stimulating factor (GM-CSF) do not induce expression 
of FcyRI (Buckle and Hogg, 1989).

FcyRII (CD32) is a 40kDa protein with an extracellular region of approximately 180 amino 
acids containing two immunoglobulin-like domains, a transmembrane region o f24-26 amino
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acids and a variable length cytoplasmic domain (Stuart et al., 1987). It is a low-affinity 
receptor which does not bind monomeric IgG, and it is expressed in low numbers (10,000-
40,000 per cell). The expression of FcyRII is not modified by IFN-y, GM-CSF or 
glucocorticoids (Petroni et al., 1988; Buckle and Hogg, 1989).

FcyRIII (CD 16) is expressed on neutrophils, eosinophils, macrophages and natural killer 
(NK) cells. Experiments have shown two forms of FcyRIII: FcyRIII-1 on neutrophils and 
FcyRHI-2 on NK cells and macrophages (Edberg et al., 1989, Ravetch and Perussia, 1989). 
FcyRm-1 is a 50 to 80kDa protein with two extracellular immunoglobulin-like domains. It

7 1is a low-affinity receptor; the Ka of IgGl dimers being approximately 11x10 mol 1' and 
the Ka of IgG3 dimers being about 47xl07 mol I' 1 (Huizinga et al., 1989a). Dimeric 
complexes of IgG2 or IgG4 do not bind to neutrophils to a measurable extent. Resting 
neutrophils express between 100,000 and 300,000 copies of FctRIII-1 and this expression 
is dependent on upregulation and release of the receptor. Unlike all other FcyRs, the 
neutrophil FcyRIII-1 is coupled to a glycosyl-phosphatidylinositol anchor and can be 
released from the cell membrane by the action of a phosphatidylinositol-specific phospholi- 
pase C (Selvaraj et al., 1988; Edberg et al., 1989). FcyRIII-1 is released from neutrophils 
after stimulation with fMLP or phorbol myristate acetate (Huizinga et al., 1990a).

The IgG-induced respiratory burst is possibly mediated by FcyRI (Pfefferkom and Fanger, 
1989) or FcyRII (Huizinga et al., 1989b) but not FcyRIII-1 (Huizinga et al., 1990b), whereas 
IgG-induced release of granule proteins is mediated by both FcyRII and FcyRIII-1 (Huizinga 
et al., 1990b). However, using antibodies to Fey, Walker et al. (1991), showed that 
superoxide release promoted by immune complexes was mediated by FcyRII and FcyRIII 
but not FcyRI.

When neutrophils were treated with IFN-y, they were able to lyse hybridoma cells bearing 
anti-FcyRI or anti-FcyRII but could not lyse cells expressing anti-FcyRIII (Graziano and 
Fanger, 1987, Lanier et al., 1988). The ability of the neutrophils to kill anti-FcyRI bearing 
cells was due to the IFN-y induction of the neutrophil FcyRI; whereas FcyRII was already 
expressed and was not further induced by IFN-y (Shen et al., 1987; Petroni et al., 1988). So, 
it would appear that IFN-y makes neutrophils cytotoxic via FcyRII by potentiating the 
cytotoxic mechanisms, without affecting FcyRII expression. Granulocyte/macrophage col
ony stimulating factor (GM-CSF) has been shown to significantly enhance neutrophil killing 
of hybridoma cells, but only via FcyRII, and not by increasing FcyRII expression (Graziano 
et al., 1989). This study was paralleled by Roberts et al. (1990) who showed that superoxide 
production was enhanced in a similar fashion by GM-CSF. The enhancement of cytotoxicity 
by GM-CSF had different kinetics to that induced by IFN-y, indicating that these agents 
augment tumour cell killing by neutrophils through different mechanisms (Graziano et al.,
1989).
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It is interesting to note that HL-60 cells, used by many workers looking at ‘neutrophil’ 
function, express FcyRI and FcyRII but do not kill anti-FcR bearing hybridoma cells, even 
after treatment with IFN-y (Fanger et al., 1989).

IgG and heat-aggregated IgG

From the information above we would not expect neutrophils to generate superoxide after 
stimulation with IgG unless their FcyRI had been induced with IFN-y. However, I managed 
to obtain superoxide release to IgG in a dose-dependent manner, albeit at low levels over 
the concentration range 0.1-10mg ml"1 (figure 3.3). Koch et al. (1984) also showed 
superoxide generation with IgG monomers at a similar level to those obtained here (i.e. 
maximum of 25-30 nmol 0 2 /5x 106 cells). Commercially available preparations of human 

IgG for intravenous use have been shown to stimulate neutrophils to generate superoxide at 
levels of 35-45 nmol/5xl06 cells (Lawton et al., 1989).

The purified human IgG used in this study did not always produce consistent results; there 
were large variations in production batches from Sigma and considerable variation in blood 
donor response. This stimulus was very expensive to use and it was decided to select a single 
concentration from the dose-response curve (2.5mg m l'1) and use this in all further experi
ments.
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Figure 3.3 Representative exam ples of d o se  response curves for IgG- ( • )  and  
heat-aggregated IgG- (■) stimulated superoxide production (n=1). Data points are the mean 
± range of sample duplicates.
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Heat-aggregated IgG produced a larger response than IgG (figure 3.3), but the same 
variability problems were encountered with the aggregates as with the monomeric IgG. 
Despite the consistent treatment to aggregate the IgG, it often appeared that aggregation 
varied greatly. Aggregated IgG fluoresces and it was quite easy to distinguish differences in 
the fluorescence, even by eye. The differences in aggregation often correlated with changes 
in commercial batches of IgG.

Initial pilot experiments suggested that the optimal incubation time for IgG was 100 minutes, 
but samples from later experiments indicated that there was no further increase in superoxide 
generation after 60 minutes. The high level of protein present in the spectrophotometer 
cuvette caused problems when trying to do a continuously monitored time course, and after 
one very expensive and unfortunately abortive experiment using reaction tubes stopped at 
varying times, no further time courses were attempted and 60 minutes was chosen as the 
incubation period for IgG and heat-aggregated IgG.

Complement and C3b

Complement activation is promoted through two mechanisms; the classical pathway, invol
ving components C l, C2 and C4, and the alternate pathway involving components Factor 
D and Factor B. The classical pathway is initiated by antigen-antibody complexes, antibody 
aggregates and virally-infected cells. The alternate activation pathway may be initiated by 
yeast cell walls (zymosan), certain parasites and bacteria, and by antigen-antibody com
plexes.

The two pathways meet at the activation of component C3 and it is at this point that the main 
amplification of the complement cascade occurs. When C3 is cleaved to C3b by the C3 
convertase enzyme, a short-lived activated thiol ester group is exposed which can then react 
to form covalent bonds with adjacent surfaces. Kallikrein and plasmin, proteases which are 
likely to be present at a site of inflammation, will also cleave C3 to generate C3b. C3b in 
the fluid phase is rapidly degraded to iC3b and this limits C3b activation, as in the alternative 
pathway of complement activation, C3b in conjunction with an enzymic component Bb 
forms a C3 convertase. C3b covalently bound to an activating surface (i.e. alien cell) is slowly 
degraded to iC3b allowing amplification of C3 convertase activity on that surface. During 
complement activation these covalently bound fragments of component C3 (the opsonins 
C3b and iC3b) play an important role in promoting phagocytosis and destruction of the 
activating particles (reviewed in Law and Reid, 1989).

Complement activation plays an important role in normal inflammatory conditions where 
invading microorganisms and cell debris have to be destroyed, but excessive activation in
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inflammatory conditions, such as rheumatoid arthritis, may well contribute to host tissue 
injury. When this occurs, complement activation can be detected in the circulation and in 
synovial fluid in the case of rheumatoid arthritis.

Opsonized zymosan

Opsonized zymosan is a potent stimulus for superoxide generation by human neutrophils 
(figure 3.4). It is a phagocytic stimulus and activates the neutrophils via IgG/Fcy receptors 
and covalently bound complement components C3b and iC3b. Human neutrophils possess 
three receptors for complement C3 fragments — CR1, CR3 and CR4 (Lambris, 1988). CR1 
is the receptor for bound C3b and it also recognizes C4b. Bound iC3b is poorly recognized 
by CR1 but is the major ligand for the receptor CR3. The complement receptor CR4 also 
binds iC3b but its function is still largely unknown. The CR3 molecule has a binding site 
for fixed iC3b and a binding site for the p-glucan component of yeast. Studies using 
monoclonal antibodies against CR1 and CR3 have shown that although C3b binds to 
neutrophil CR1 and iC3b to CR3 producing weak but measurable O2 bursts (Hoogerwerf et 
al., 1990), the potent opsonized zymosan-mediated generation of O2 only occurs when 
glucans in the yeast cell wall also bind to the neutrophils via the P-glucan binding site of 
CR3 (Cain et al.t 1987).

Resting neutrophils express approximately 7,000 CR1 molecules per cell and about 17,000 
CR3 molecules, but on activation with chemotactic agents such as fMLP, there is a rapid 
six-fold upregulation of these receptors but not Fey receptors (Berger et al., 1984). This 
increased expression seemed to involve translocation from an intracellular pool since it was 
complete within minutes and not inhibited by protein synthesis inhibitors. CR3 receptor 
expression is also enhanced during phagocytosis (Gordon eta l., 1989) or by the lymphokine 
leukocyte inhibitory factor (LIF; Borish et al., 1988) and CR1 expression is enhanced by 
LIF or tumor necrosis factor (TNF; Reed and Moore, 1988). On activation of the neutrophil, 
CR1 undergoes internalization with the subsequent recycling of intact ligand-receptor 
complexes (Malbran et al., 1988).

Zymosan alone (not opsonized with C3b, iC3b or IgG) produces a very weak superoxide 
response and similarly IgG, C3b or iC3b alone do not activate neutrophils significantly (Roos 
et al., 1981; Murata et al., 1987; Hoogerwerf et al., 1990). However, zymosan opsonized 
with C3b, iC3b, and IgG and with its P-glucan component stimulates neutrophil superoxide 
much more than any other receptor stimulus used in this study.

In four experiments pretreating the neutrophils with cytochalasin B at 5|ig ml"1 had varied 
effects. The response to opsonized zymosan was inhibited in three experiments and slightly
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enhanced in the fourth. The mean effect was a reduction in the response with a large variation 
in the presence of cytochalasin B (figure 3.4). Thereafter cytochalasin B was not used with 
opsonized zymosan.

The time course for opsonized zymosan-induced superoxide release could not be studied 
using the continuous monitoring technique because the large number of zymosan particles 
in suspension in the cuvettes interfered with the readings. Therefore, it was necessary to 
conduct a standard assay, stopping the reaction at given times and estimating the superoxide 
generated. This method has inherent difficulties and inaccuracies due to the necessity for 
split-second timing in additions of reagents. However, figure 3.5 shows a time course for 
three concentrations of opsonized zymosan obtained by this method. It can be seen that at 
the highest concentration, superoxide is generated up to 27 minutes after initial stimulation. 
The maximum response at 30 minutes is not due to exhaustion of assay reagents, as addition 
of more cytochrome C did not increase superoxide release (data not shown).

Stimulation of neutrophils with opsonized zymosan has been shown to be accompanied by 
phospholipase C-mediated PIP2 breakdown and corresponding increases in DAG and IP3 

(Meshulam et al., 1988; Burnham et al., 1989). The duration and magnitude of DAG and 
IP3 generation and breakdown of PIP2 was considerably greater with opsonized zymosan 
than with fMLP. This may correspond with the larger magnitude and longer duration seen 
with opsonized zymosan-stimulation of the oxidative burst as compared to the chemotactic 
receptor stimuli. Phagocytosis of iC3b or IgG coated zymosan was also found to be 
associated with DAG and IP3 production, but in Ca depleted cells there was no production 
of IP3 whilst accumulation of diacylglycerol increased (Fallman et al., 1989).

lonophoreA23187

A23187 is a carboxylic acid ionophore, which is crystallized from broths of Streptomyces 
chartreusensis as the magnesium and calcium salts and can be converted to, and crystallized 
as, the free acid. This lipid soluble molecule complexes with divalent metal cations (calcium 
and magnesium) and transports them across lipid barriers including cell membranes (Press
man, 1965).

Ionophore A23187 produces an increase in oxygen consumption in human peripheral blood 
neutrophils, its action being dependent on the presence of calcium (Zabucchi and Romeo, 
1976). Furthermore, in the presence of cytochalasin B, A23187 has also been shown to 
induce superoxide generation from rabbit peritoneal neutrophils (Becker et al., 1979). The 
ionophore is a weak stimulus of superoxide generation (figure 3.6) and much more readily 
induces lysosomal enzyme secretion. A23187 was used in conjunction with cytochalasin B, 
at 5fig m l'1.
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Figure 3.6 A representative example of a dose-response curve for ionophore A23187- 
induced superoxide generation. Data points are the mean ± range of sample duplicates.

fHexachlorocyclohexane

The chlorinated hydrocarbon, y-hexachlorocyclohexane (y-HCCH, lindane) is a potent 
activator of the respiratory burst in human neutrophils (English et al., 1986) and pulmonary 
alveolar macrophages with concomitant stimulation of PI turnover and Ca mobilization 
(Holian et al., 1984). The mechanism by which y-HCCH stimulates these cells is not clear, 
but it has been suggested that, because it is similar in structure to inositol, it might 
competitively inhibit PI turnover allowing the accumulation of diacylglycerol (English et 
al., 1986). However, Parries and Hokin-Neaverson (1985) concluded that y-HCCH did not 
act as a competitive inhibitor of inositol in cellular enzyme systems.

HCCH appears to act at an early stage of the transduction sequence for superoxide produc
tion. It induces marked alterations in neutrophil phospholipid turnover, decreasing PIP2 and 
increasing phosphatidic acid production to a greater extent than fMLP. There is a concomi-

9  ,
tant sustained increase in the levels of cytoplasmic Ca , even in the absence of extracellular

9  1 9  .
Ca , consistent with an increase in IP3 causing liberation of Ca from intracellular stores 
(English et al., 1986). Both this group and Holian et al. (1984) suggested that y-HCCH may 
be acting either through PLC activation or by the G-protein linking receptors to phospho
diesterases, or possibly via the receptors themselves. However, it has been reported that
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2+y-HCCH, can stimulate protein kinase C in the presence of Ca and phospholipids in vitro 
(Moser and Smart, 1989); whereas Forgue etal. (1990) showed synergism between phorbol 
ester and y-HCCH, postulating that y-HCCH acts solely by mobilizing calcium.

Because of its action on phospholipids and possible action on PKC, the possibility of 
synergism between y-HCCH and ionophore A23187 was tested for by measuring the effect 
of low concentrations of A23187 on the dose-response curve to y-HCCH. In initial experi
ments y-HCCH produced very low levels of superoxide (4-12nmol (>2/5xl06 neutrophils) 
albeit in a dose-related fashion. Figure 3.7 shows the effect of 10"7M and lO^^M A23187 on 
the dose-response curve to y-HCCH. Despite large variations in the subject response, in every 
experiment there was a marked potentiation of superoxide production when the two agents, 
which separately caused little response, were used together. If the sole action of y-HCCH

O ■
was to mobilize intracellular Ca we might not expect to see the synergism with A23187 
illustrated in figure 3.7. Therefore it would seem likely that y-HCCH was activating the 
neutrophils by a mechanism which involved the generation of protein kinase C activators.

On close inspection, in these initial experiments, it appeared that the y-HCCH was precip
itating out during dilutions into Tyrode solution and even on addition to the assay tubes, due 
to its aqueous insolubility. The standard superoxide assay technique was therefore modified
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to reduce the risk of precipitation (see chapter 2). Using the modified technique, y-HCCH 
induced substantial superoxide generation (maximum * 180nmol 02/5x10^ neutrophils) 

over a very narrow concentration range (0.04-0.8mM; see figure 3.8).

The time course for y-HCCH-induced superoxide release was studied using the continuous 
monitoring technique (figure 3.9). The response to y-HCCH is very rapid, with little or no 
lag time. Unlike fMLP, studied with the same technique, the rate of activation with y-HCCH 
appears to be concentration dependent. A maximum response is reached within 5 minutes 
at 6 x 1 0 " ^  y-HCCH in most experiments (150nmol 02/5x10^ neutrophils), whereas the 

maximum is not reached until 9 minutes with 3 x 1 0 "^  y-HCCH (lOOnmol 02/5x106 

neutrophils). However, in figure 3.9, at 6x1 O^M y-HCCH, represented by the top dotted 
line, the response appears to increase until approximately 8 minutes.

Direct PKC activators

Tumour-promoting phorbol esters, such as phorbol 12-myristate, 13-acetate (PMA) have 
been used extensively in neutrophil superoxide studies. They bind to protein kinase C (PKC) 
and by virtue of the diacylglycerol-like structure in the molecules, are able to substitute for 
diacylglycerol at extremely low concentrations (Yaminishi et al.y 1983; Nishizuka, 1984a). 
Like diacylglycerol, PM A increases the affinity of PKC for Ca , rendering it fully active 
at basal Ca concentrations.

Phorbol esters are, however, unsuitable for studies of the physiological activation of PKC 
as, apart from having other cellular effects, they undergo very slow degradation, whilst 
endogenous diacylglycerol is only transiently present in membranes. Therefore what would 
normally be a brief cellular response may well be considerably prolonged with the phorbol 
esters, distorting the normal sequence of events.

Much more physiological stimuli of PKC activation are the synthetic diacylglycerols, 
l-oleoyl-2-acetyl-s«-glycerol (OAG) and 1,2-dioctanoyl-^/i-glycerol (diC8). Diacylglyc
erols with a 1,3-sn configuration are inactive in intact cells.

Receptor-mediated hydrolysis of the phosphoinositides produces diacylglycerols with long 
saturated and unsaturated fatty acids attached to the glycerol backbone —  l-stearoyl-2- 
arachidonylglycerol being a major product These diacylglycerols, however, do not easily 
intercalate into cell membranes and therefore cannot be used to activate cells in vitro.

Replacing one of the fatty acids with an acetyl group allows the resulting diacylglycerol to 
be easily dispersed into the phospholipid bilayer and activate protein kinase C directly. Such
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a synthetic diacylglycerol is l-oleoyl-2-acetyl-Jw-glycerol (OAG). Diacylglycerols having 
unusually short fatty acid side chains such as 1,2-dioctanoyl-M-glycerol (diCs) have similar 
properties and are eminently suitable for activating PKC (Lapetina et al.y 1985).

1 -oleoyl-2-acetyl-s^glycerol

OAG became available to the laboratory in advance of its commercial availability (a very 
generous gift from Dr. A. Watts of the Biochemistry Dept., Oxford University). It was felt 
that OAG was likely to be a more physiological stimulus of the protein kinase C pathway 
than the phorbol esters. OAG, like PMA, activates the enzyme without increasing intracel
lular calcium. Whilst working with OAG, several technical problems arose.

Figure 3.10A shows a dose-response curve for OAG-induced superoxide generation over 
the concentration range 30-1OOpg ml-1 and the curve has the appearance of a ‘conventional’ 
concentration-response curve. However, the shape of the OAG concentration-response curve 
changed, sometimes quite radically, between experiments. There were large differences 
between batches of OAG, which became particularly acute when we had to purchase the 
compound from Sigma, after our specially made OAG had been exhausted. The nature of 
the differences varied — curves shifted to the left or right, there were changes in the
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Figure 3.10 Representative examples of dose-response curves for A: 1-oleoyl-2-acetyl- 
sn-glycerol (OAG)- and B: 1,2-dioctanoyl-sn-glycerol (diCs)-induced superoxide generation. 
Data points are the mean ± range of sample duplicates.
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maximum, in the point of inflexion of the curve and in the gradation of the response — 
sometimes the response appeared almost all-or-none, while at other times the curve rose 
more gradually.

It soon became obvious in use that if OAG was left for any length of time in aqueous solution 
it became inactive, probably due to isomerization to the inactive form. To overcome this 
problem, the OAG was diluted from the DMSO dissolved stock into aqueous solution 
immediately prior to addition to the cells.

1 ,2-dioctanoyl-sn-glycerol

It has been demonstrated that 1,2-dioctanoyl-M-glycerol (diCs) is able to permeate intact 
cell membranes and compete with [3H]-phorbol dibutyrate (PDBu) binding sites on protein 
kinase C (Cox et al., 1986) and in an isolated PKC phosphorylation assay diCs was shown 
to have similar activity to the endogenous diacylglycerol, l-stearoyl-2-arachidonylglycerol 
(Go e ta l., 1987).

DiCs stimulates a very powerful respiratory burst after a lag time of approximately 30 
seconds (Cox et al., 1986) and induces a sustained production of O2 beyond 15 minutes. 
The concentration-response curve for diCs-induced superoxide generation occurs over the 
range 5-25|iM (figure 3.10B).

Similar technical problems were encountered with the use of diCs as with OAG. Commer
cially packaged diCs was dissolved in dried dimethyl sulfoxide (DMSO) and then frozen as 
stock diCs. Molecular sieve pellets (type 3A) were added to the DMSO bottle in order to 
keep it dry. The diCs stock was diluted into aqueous solution immediately before addition 
to the cells, to ensure that the active 1,2-srt-diCs did not isomerize into the inactive 
1,3-s/i-diCs. Considerable inter-batch variation of the diCs was found, from complete 
inactivity to the concentration giving half maximum O2 response changing a quarter of a 

log unit. These batch differences produced noticeable shifts of the concentration-response 
curve, due to the very steep nature of the curve.

The main cause of inactivity of the diCs supplied from commercial sources was isomerization 
of the active to inactive species. Despite shipping the diCs with solid CO2, at least during 
the last part of its journey from the U.S.A., variations in activity continued. Sigma Chemical 
Co. Ltd. recognized the problems but frankly stated that there was little extra they could do 
to avoid them.
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The solvents

Most of the stimuli and drugs used in this study were hydrophobic and had to be dissolved 
in an organic solvent; the solvent chosen being dimethyl sulfoxide (DMSO). The other option 
of using alcohols to dissolve the drugs was not pursued as some of the alcohols themselves 
have been shown to have direct effects on the transduction process (see chapter 5). In the 
majority of experiments the concentration of DMSO never exceeded 0.1% and to control 
for any DMSO effect on superoxide release, the concentration was kept constant in all 
reaction tubes. In one set of experiments where the effect of a combination of three drugs 
on stimulated superoxide release was being examined, the DMSO concentration reached 
0.3%, so this ‘high* DMSO concentration was tested for an effect on the 02 response. It was 

found that 0.3% DMSO produced a right-shift in the concentration-response curve to 
y-HCCH in three experiments with a reduction in maximum response in two experiments. 
The ‘high* DMSO concentration was also examined for its effect on cell viability using the 
trypan blue exclusion assay and was found to have no effect DMSO has many effects on 
biological systems, especially at high concentrations (for review see Penfield, 1988). For 
this reason it is not advisable to use such a solvent in a biological system, but the need to 
dissolve lipophilic compounds provided little other choice.
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Chapter 4

The role of G-proteins

In many cell types the initial transduction stage of the rapid response to a receptor stimulus, 
is thought to be mediated by a family of guanine nucleotide regulatory proteins (G-proteins). 
The nomenclature of these proteins was originally determined from studies on adenylate 
cyclase activation by various hormones, mediated by the binding of GTP (Gilman, 1984). 
Solubilization of membranes and receptors allowed the dissociation of receptors from 
adenylate cyclase - each being free of GTP binding properties. Thus GTP sensitivity of 
adenylate cyclase stimulation appeared to be due to a distinct protein which was termed Gs. 
This G-protein seemed to allow the stimulation of adenylate cyclase by a variety of receptors 
- the response not being additive, yet providing an amplification system where relatively 
high levels of activation could be achieved with low receptor occupancy.

From the purification studies Gs was found to be heterotrimeric, consisting of the subunits; 
a  (45 or 52kDa), p (35kDa) and y (8-10kDa). It is the a-subunit which binds GTP, interacts 
with both receptor and effector systems and which can be ADP-ribosylated by toxin from 
Vibrio cholerae. Upon activation this a-subunit binds GTP and the G-protein dissociates to 
give a free GTP-bound subunit capable of adenylate cyclase activation, after which GTP 
hydrolysis occurs leading to deactivation and reassociation with the p and y subunits. 
Non-hydrolysable analogues of GTP, such as GTPyS, were found to activate adenylate 
cyclase persistently, as does cholera toxin which catalyzes the NAD+-dependent ADP-ribo- 
sylation of the a-subunit of Gs (ablating GTPase activity), confirming that the hydrolysis of 
GTP was associated with the termination of G-protein activation (Gilman, 1987).

Further studies indicated that increasing concentrations of GTP inhibited adenylate cyclase, 
and stimulation of certain receptors (e.g. adenosine Ri) could inhibit adenylate cyclase in a
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GTP-dependent manner. It was postulated that this was mediated by another G-protein to 
be termed Gi. The identification of this G-protein was firmly established by the observation 
that toxin from Bordetella pertussis catalysed the NAD+-dependent ADP-ribosylation of a 
40kDa GTP-binding protein, thus blocking the action of receptor-mediated inhibitory 
hormones (Katada & Ui, 1982). Purification of Gi determined that the 40kDa a-subunit was 
associated with (3 and y  subunits identical to those found in Gs.

G-proteins in the neutrophil

Okajima & Ui (1984) proposed that a G-protein may be involved in signal transduction in 
the neutrophil, since they found that pertussis toxin inhibited fMLP-induced arachidonate 
release.

Becker et al. (1985) reported that pertussis toxin did not inhibit the enzyme secretion induced 
in rabbit neutrophils by the calcium ionophore, A23187, or by phorbol myristate acetate 
(PMA). It was therefore important to determine whether pertussis toxin modified O2 

production in human neutrophils, since the results of some studies have implied that the 
transduction mechanisms for exocytosis and for O2 release may be different (McPhail and 
Snyderman, 1983; Cronsteinefa/., 1983) and others have suggested that there are differences 
in transduction between rabbit and human neutrophils (Becker et al., 1981).

The first task was to elucidate whether or not pertussis toxin inhibited fMLP-stimulated 
superoxide generation and to extend the study to other receptor agonists. However, it could 
not be ruled out that a G-protein was not involved at a post-receptor, possibly cytoplasmic, 
site in superoxide transduction. Such a site had been proposed by Gomperts (1986; Gomperts 
etal., 1986) for stimulus-secretion coupling in neutrophils. Thus the effects of pertussis toxin 
on the post-receptor stimuli, A23187 and the synthetic diacylglycerol, l-oleoyl-2-acetyl- 
glycerol (OAG), were also investigated.

It should be noted that to show unambiguously the involvement of a G-protein in a particular 
transduction process a cellular reconstitution process should be used - if possible. It will 
become obvious that in this study, G-protein involvement will be inferred rather than proven.

M ethod

Neutrophils (2x10^ m l'1), cytochrome C (lmg) and SOD or Tyrode were added to the 
incubation tubes. Pertussis toxin (500ng m l'1) or Tyrode was added to the tubes and
incubated at 37°C for 50 minutes. Then, when using A23187 or fMLP, cytochalasin B at

1 2+5pg ml was added; at this point with all stimuli Ca was added and the tubes incubated
for a further 10 minutes before the addition of stimulus. The final volume was 1ml.
Stimulation was ceased after 20 minutes by the addition of cold N-ethylmaleimide (ImM).
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Evidence for the presence of a Gj-like protein...

Preincubation of human neutrophils with SOOng ml of pertussis toxin for 1 hour at 37°C 
resulted in a significant decrease of the amount of O2 generated by fMLP as compared to 

control cells over the range of concentrations 3xlO*8M to 10"^M in all four experiments 
performed (p<0.01, unpaired t-test)(figure 4.1); though the extent of the reduction varied 
with cells from different individuals.

120
0"D
*XOi_ 100
0Q.
13«/> 80
2
coo
Es
E
‘S
2
vOO'

20

10*8
fMLP (M)

Figure 4.1 The effect of preincubation of neutrophils with pertussis toxin on f MLP-stimulated 
O2 production. Results are expressed as % mean maximum O2 produced by fMLP alone 
(53.3 ± 15.8 nmol O2 5x106 cells*1). fMLP alone ( • )  and with 500ng ml*1 pertussis toxin (■). 

All data points represent mean ± s.e . (n=4).

Thus it would appear that there is G-protein involvement in superoxide generation when 
stimulated by fMLP. Note: In later experiments, when pertussis toxin preincubation was 
extended to two hours, the fMLP response was inhibited by approximately 95%.

...but not at a post-receptor site.

In six experiments, preincubation with pertussis toxin, 500ng ml-1, had no consistent 
significant effect on O2 production with OAG, over the concentration range 30 to lOOfig 

ml-1. The results are shown in figure 4.2. There appeared to be a slight increase in the mean 
percentage O2 release at OAG concentrations of 30, 70 and lOOpg ml"1 but this was not 
statistically significant.
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Figure 4.2 The effect of pertussis toxin on OAG-stimulated O2 production. Results are 
expressed as % mean maximum O2 produced by OAG alone (97.2 ± 32.3 nmol O2 5x106 
cells'1). OAG alone ( • )  and with 500ng ml'1 pertussis toxin (■). All data points represent 
mean ± s.e. (n=6).
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Figure 4.3 The effect of preincubating neutrophils with pertussis toxin on A23187-stimulated 
O2 generation. Results are expressed as % mean maximum O2 produced by A23187 alone 

(25.6 ± 5.0 nmol O2 5x106 cells'1). A23187 alone ( • )  and with 500ng ml'1 pertussis toxin 

(■). All data points represent mean ± s.e . (n=4).
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In four experiments, preincubation with pertussis toxin, 500ng m l'1, had no statistically 
significant effect on O2 production stimulated with ionophore A23187 (figure 4.3). In three 

experiments O2 release was slightly higher in the test samples than in the control, but was 

slightly lower in one experiment.

From these results one could conclude that for fMLP-induced O2 generation there is indeed 

a Gi-type protein involved and that it is likely to be associated with the receptor since when 
the receptor is bypassed with OAG or A23187 pertussis toxin is without significant effect. 
Therefore if a second G-protein is involved in this transduction pathway, it is not a Gi-type 
protein.

In later experiments cells were preincubated with pertussis toxin for 2 hours at 37 °C and the 
adequacy of the pertussis toxin treatment in these studies was determined by the ability of 
the toxin to inhibit fMLP-induced O2 production.

Pertussis toxin effects on -y-HCCH-stimulated superoxide generation

In four experiments, preincubation with pertussis toxin for 2 hours (500ng ml ) had no 
significant effect on superoxide production stimulated with y-HCCH. In every experiment
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Figure 4.4 The effect of pertussis toxin on y-HCCH-stimulated superoxide release. Results 
expressed as % mean maximum O2 produced by y-HCCH alone (170.6 ± 3.4 nmol O2 5x106 
cells’1). y-HCCH alone ( • )  and with 500ng ml'1 pertussis toxin (■). All data points represent 
mean ± s.e. (n=4). Control fMLP (3x10’7M) response of 121.5 ± 12.1 was reduced to 9.0 ±  
1.0 nmol O2 5x106 cells'1 with pertussis.

80



The role of G-proteins

there was a small inhibition at each concentration but it was not significant (figure 4.4). The 
pertussis toxin produced a reduction of 92.6% in the fMLP control in these experiments, 
indicating that the treatment was not deficient.

This would indicate that, although y-HCCH appears to act like receptor stimuli which 
produce a decrease in PIP2 (Holian et al., 1984; English et al., 1986), it does not mediate its 
effects through a Gi type protein. y-HCCH would appear therefore to act at a point subsequent 
to receptor/G-protein linking. However, involvement of a pertussis toxin insensitive G-pro- 
tein cannot be ruled out.

Evidence for the existence of a Gs-like protein

Lad et al. (1984) have shown that the a  subunit of Gs is present in the neutrophil membrane 
and, as in other cell types, that this G-protein is primarily involved in the stimulation of 
adenylate cyclase. Penfield (1988) showed that cholera toxin had no effect on OAG 
stimulated O2 production but that the toxin enhanced A23187 stimulated O2 generation, 
especially at high concentrations of A23187.

As it had been proposed that the cholera sensitive G-protein was coupled to adenylate cyclase 
in the neutrophil (Lad et al., 1984), this result was not unexpected. However, to obtain further 
evidence for the involvement of cAMP, a potent inhibitor of cAMP phosphodiesterase, 
3,isobutyl-1, methylxanthine (IBMX)(10'4M) was used in these experiments. IBMX inhibits 
the breakdown of cAMP (Smellie et al., 1979) and was used alone and in conjunction with 
cholera toxin to determine the extent of cAMP modulation of fMLP-mediated O2 generation.

In four experiments a two hour preincubation with cholera toxin (0.33|ig ml-1) inhibited 
neutrophil fMLP-induced O2 production (figure 4.5). This inhibition was not as great as that 
obtained with pertussis toxin. In all these experiments IBMX (lO^M) slightly inhibited the 
fMLP response, but the difference was not statistically significant. However, when IBMX 
was used in conjunction with cholera toxin a significant difference was seen (p<0.05) 
between control and test samples, where no significant difference was seen with either agent 
alone (figure 4.5).

The less than dramatic effect seen by increasing cAMP in the neutrophil by using cholera 
toxin and IBMX may be due to the fact that all our blood donors had been regularly taking 
methylxanthines, inhibitors of cAMP phosphodiesterase (Sutherland and Rail, 1958), and 
therefore had a high basal level of cAMP. Drinks such as coffee and tea contain large amounts 
of the methylxanthines (caffeine, theophylline and theobromine). Tea contains caffeine and 
theophylline and coffee contains caffeine. A single person’s intake of caffeine in this form 
can reach 200mg 24hours_1 (Rang and Dale, 1987).
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Figure 4.5 The effects of IBMX, cholera toxin and a combination of cholera toxin and IBMX 
on fMLP-stimulated O2 production. Results are expressed as % mean maximum O2 

produced by fMLP alone (89.6±9.8 nmol O2 5x106 cells'1). fMLP alone (• );  with lO^M 
IBMX (O); with 0.33jxg ml'1 cholera toxin (□); with a combination of 0.33^g ml'1 cholera toxin 
and lO^M IBMX (■) (n=4).

To test this hypothesis three subjects refrained from taking any drink containing xanthines 
(tea, coffee or cocoa) for 24 hours before blood was taken for neutrophil preparation.

The protein kinase A/protein kinase C inhibitor H7 was used in an attempt to reverse the 
inhibition produced by the combination of cholera toxin and IBMX. H7 is equipotent against 
the two kinases, the IC50S being 3pM for PKA and 6\iM for PKC (Hidaka et al., 1984).

Neutrophils, cytochrome C, SOD or Tyrode were added to the incubation tubes. Cholera 
toxin (0.33|Lig ml-1) and H7 or Tyrode were added to the tubes and incubated at 37°C for 50 
minutes. Then IBMX (lO^M) or Tyrode, cytochalasin B and Ca2+ were added and incubated 
for a further 10 minutes before the addition of fMLP.

The effect of the combination of cholera toxin and IBMX on fMLP stimulation of neutrophils 
from methylxanthine-depleted subjects is seen in figure 4.6. Compare this figure with figure 
4.5 and it can be seen that xanthine depletion in subjects leads to a dramatic inhibition of 
fMLP-stimulated O2 when c AMP levels are increased by cholera toxin and IBMX. However, 

H7 when used in combination with these two agents failed to reverse the inhibition by more 
than an insignificant amount. H7 alone had no effect on the fMLP response (data not shown).

1 0 '8
fMLP (M)
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Figure 4.6 The effect of a combination of cholera toxin and IBMX on fMLP-stimulated Oj> 
generated by neutrophils from xanthine-depleted subjects. Results are expressed as % 
mean maximum O2 produced by fMLP alone (108.9± 15.6 nmol O2 5x106 cells’1). fMLP 
alone ( • ) ,  with 0.33pg ml'1 cholera toxin and lO^M IBMX (■), and in the presence of H7 
(2.5x10’5M) (A). All data points represent mean ±  s.e. (n=3).

It is of interest to note that, although the mean maximum superoxide produced by fMLP 
alone in xanthine depleted subjects (108.9± 15.6 nmol 5x10^ cells'1) is not substantially 
different from that in normal subjects (89.6± 9.8 nmol 5xl06 cells"1; figure 4.5) it is obtained 
at a whole log unit lower concentration (3xlO’8M as opposed to 3xlO"7M). If in ‘normal* 
subjects this increased cAMP level is keeping neutrophil stimulation depressed, this may be 
the result we could expect from this experiment.

Many authors (Wright and Hoffman, 1986; Fujita et al., 1986; Gaudry et al., 1988; Seifert 
and Schachtele, 1988; Berkow et al., 1987) state that protein kinase C is not involved in 
receptor mediated O2 production on the basis of experiments with H7. However, H7 is a 

potent inhibitor of protein kinase A and, as can be seen from the data presented here, its use 
as a specific inhibitor of either kinase, in the neutrophil, is entirely suspect as one kinase 
(PKC) is stimulatory and the other (PKA) inhibitory; and one is likely to get a null result 
from a transduction sequence which depends on both kinases.
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Evidence for a pertussis toxin insensitive transduction pathway

When this study was extended to the other receptor stimuli, opsonized zymosan and IgG, it 
produced some interesting data.

In four experiments, preincubation with pertussis toxin for 2 hours (500ng ml"1) had no 
significant effect on superoxide production stimulated with opsonized zymosan (figure 4.7). 
The pertussis toxin produced a reduction of 94.2% in the fMLP control in these experiments, 
indicating that the toxin treatment was adequate. The same result was found, in three 
experiments, with IgG at a concentration of 2.5mg ml"1 (figure 4.8). However, when heat 
aggregated IgG stimulation was used, pertussis toxin reduced the superoxide production by 
over 50% (figure 4.8).

This finding may be related to that of Lad et al. (1986) who found that neither pertussis nor 
cholera toxins inhibited phagocytosis of non-opsonized and opsonized Candida albicans, 
sheep erythrocytes or latex beads. They investigated chemotaxis and capping of receptors, 
both events known to involve the cytoskeleton (as is phagocytosis) and found them to be 
sensitive to pertussis toxin treatment when stimulated by fMLP, PAF and ConA receptors.
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Figure 4.7 The lack of effect of pertussis toxin on opsonized zymosan stimulated O2 

production. Results are expressed as % mean maximum O2 produced by opsonized 

zymosan (173.4 ± 1 4 .7  nmol O2 5x106 cells"1), opsonized zymosan alone ( • )  and with 

500ng ml"1 pertussis toxin (■). All data points represent mean ± s .e . (n=4).
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Figure 4.8 The effect of pertussis toxin on IgG and heat-aggregated IgG (HAGG)-stimulated 
O2 production. Results are expressed in nmol O2 15 x106 neutrophils. Open bars are IgG 
and heat-aggregated IgG alone; hatched bars are with 500ng ml'1 pertussis toxin treated 
neutrophils (2hour preincubation). Error bars indicate s.e.m ean (n=3).

It appears therefore that it is the G-protein(s) linked to either the Fey or C3b receptor (or 
both) which is insensitive to pertussis toxin, if indeed there is G-protein involvement.

Shirato et al. (1988) also found that whereas C5a induced superoxide release was susceptible 
to pertussis toxin treatment, the toxin was without effect on the immune complex-mediated 
respiratory burst. Rossi et al. (1989) showed that Con A and Con A/zymosan-mediated 
phagocytosis and superoxide production was not inhibited by pertussis toxin.

It is unlikely that the transduction process triggered by Fey and/or C3b receptors does not 
involve a G-protein, therefore it would seem that, in the neutrophil, there may be a pertussis- 
and cholera toxin-insensitive G-protein associated with the Fey or C3b receptor.

The mechanism of action of pertussis toxin in neutrophils

In most cells, pertussis toxin ADP-ribosylates the a-subunit of Gi and eliminates the 
inhibitory action of this G-protein on adenylate cyclase, whereas cholera toxin ADP- 
ribosylates Gs and maintains it in an active state (Gilman, 1984). Both toxins thus lead to 
increased adenylate cyclase activity and in many cells this would lead to cell stimulation. In 
the neutrophil, however, adenylate cyclase activation correlates with cell inhibition rather
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than activation. If this were the mechanism of action of pertussis toxin in neutrophils, it 
would be expected that it would inhibit the neutrophil responses. Such inhibition has been 
shown for O2 release from human neutrophils in this study and has been previously reported 

for fMLP-induced arachidonate release and O2 generation in elicited guinea-pig neutrophils 
(OkajimaandUi, 1984), for fMLP-induced rise in intracellular calcium (Molski et al., 1984), 
for fMLP-induced IP3 generation and exocytosis (Bradford and Rubin, 1985) and for 
fMLP-induced chemotaxis (Becker et al., 1985). All these inhibitory effects could be 
produced by cAMP-mediated activation of protein kinase A, since there is some evidence 
that this enzyme inhibits phospholipase C action as proposed by De Togni et al. (1984) and 
Hirasawa and Nishizuka (1985).

Evidence against this possibility is that the protein kinase A inhibitor H7 fails to reverse the 
inhibition of fMLP-induced O2 generation by the combination of cholera toxin and IBMX 

(figure 4.6). However, as H7 is also an inhibitor of protein kinase C such evidence must be 
viewed with caution. Any inhibition of a protein kinase A inhibitory effect might be obscured 
by the inhibition of a stimulatory protein kinase C effect.

Other evidence against the possibility that pertussis toxin acts through increasing adenylate 
cyclase activity with resultant activation of protein kinase A was provided by Becker et al. 
(1985) who reported that pertussis toxin has no effect on cAMP levels in neutrophils. Becker 
et al. (1985) only measured the cAMP levels at three time points, namely To and at 30 and 
60 minutes after fMLP stimulation. Thus a rise might have been missed, especially as it has 
been shown that after such stimulation there is a rapid but transient rise in cAMP, reaching 
maximum within 30 seconds and then decreasing (Smolen et al., 1980).

Gi-type proteins mediate phosphoinositide breakdown

Bradford and Rubin (1985) suggested that pertussis toxin might be inhibiting chemotactic 
factor-induced lysosomal enzyme secretion by inhibiting the G-protein stimulation of 
phospholipase C. By the end of 1986 it was established that G-proteins ‘linked’ the receptor 
to phosphoinositide breakdown, by the activation of phospholipase C (Okajima and Ui, 1984; 
Bradford and Rubin, 1985; Smith etal.y 1986).

Verghese et al. (1986) proposed that the activated G-protein shifts the Ca2+ requirement for 
phospholipase C activity from supraphysiological levels to ambient cytosolic Ca concen
trations (two orders of magnitude). Pertussis toxin was shown to inhibit the chemotactic 
response to fMLP, C5a, LTB4 and PAF.

Kikuchi et al. (1986) produced evidence that a 40kDa pertussis toxin sensitive G-protein 
functionally coupled the fMLP receptor to phospholipase C in HL60 cells. They suggested
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that either ‘Gi’ or Go type proteins could be involved in the cellular hydrolysis of PIP2. 
Polakis and Snyderman (1987) confirmed that the fMLP receptor in both human neutrophils 
and HL60 cells is tightly associated with a 40kDa G-protein which is capable of modulating 
the ligand-receptor interaction.

Multiple G-proteins in the neutrophil

Gierschik et al. (1986) showed that human neutrophil membranes contain large amounts of 
pertussis toxin substrate(s) (>0.085% of total membrane protein), but that these G-proteins 
are immunologically distinct from ‘Gi* and Go. The production of a series of antipeptide 
antisera which were able to discriminate between various subtypes of ‘Gi’ made possible the 
discovery of the presence of Gi2 and Gi3 in HL60 cells. Using Northern blots it was shown 
that both uninduced and induced HL60 cells contain mRNA transcripts for Gsa , Gitx2 and 
Gi(x3, but not Goa or G ial (originally ‘Gi’) subtypes (Murphy et al., 1987). They also 
showed the presence of Gia2 at the protein level, using immunoblots; its molecular mass 
being 40kDa. The presence of Gia2 in human neutrophils was confirmed by Goldsmith et 
al. (1987).

Confirmation of the existence of the two distinct Gi-proteins in HL60 cells came from 
Gierschik et al. (1989). They found that fMLP stimulates phospholipase C by interacting 
with both Gia2 and Gia3, the latter being 41kDa mass.

Both Gi2 and Gi3 have been found in plasma membranes and in the membranes of specific 
granules, with more Gi3 than Gi2 being located in the specific granule membranes (Rotrosen 
et al., 1988). Gi2 is, however, the major pertussis toxin substrate in neutrophils. This group 
also established that the intracellular ‘reserve pool’ of fMLP receptors in the specific granule 
membranes were functionally coupled to the G-protein before translocation to the plasma 
membrane. Translocation of the fMLP receptor and G-protein as a functional unit was 
suggested as a mechanism whereby the activated neutrophil could maintain or regulate 
receptor sensitivity (Rotrosen et al., 1988). A soluble cytoplasmic form of Gia2 also occurs 
in the neutrophil and exists uncomplexed from the p/y subunits (Bokoch et al., 1988a; 
Rotrosen etal., 1988).

The discovery of three new low molecular weight GTP-binding proteins in human neutro
phils may provide a possible solution to the problem of the pertussis insensitive transduction 
mechanism activated by opsonized zymosan and IgG. Bokoch and Parkos (1988) identified 
new 24 and 26 kDa proteins which were insensitive to pertussis or cholera toxins. A third, 
22kDa, protein related to the ras proteins was also described. Bokoch’s group later showed 
that the 22kDa protein could be ADP-ribosylated by botulinum toxin (Bokoch etal., 1988b). 
This protein was shown not to be involved in neutrophil superoxide transduction, as
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botulinum toxin had no effect on superoxide generation mediated by fMLP, PMA or 
opsonized zymosan (Mege et al., 1988a). Subsequent work has shown that this G22K protein 
can actually be resolved into two 22kDa GTP binding proteins, only one of which is 
ADP-ribosylated by botulinum toxin (Didsbury et al., 1989).

Of the other two novel G-proteins, G24K and G26K, it has been suggested that the latter 
mediates some of the responses of neutrophils to fMLP (Polakis and Snyderman, 1988). It 
has recently been found that both G24K and G26K codistribute with fMLP receptors in 
specific granules and plasma membranes (Khachatrian et al., 1990). It is unlikely that G26K 
is involved in fMLP-induced superoxide generation as pertussis toxin completely inhibits 
this response (this study). However, it is possible that one or both of these low molecular 
mass G-proteins are involved in the transduction sequence initiated by Fey or C3b receptor 
stimulation.

The major component of G22K is a pertussis toxin insensitive ray-related protein with a 
primary structure identical to that predicted from a cloned ray-related gene, called rap l (also 
termed Krev-1). Quinn et al. (1989) also showed that rapl was closely associated with the 
cytochrome b component of NADPH oxidase in human neutrophils. Rapl has been found 
in both plasma and specific granule membranes and was translocated along with cytochrome 
b558 to the plasma membrane on activation of the neutrophil (Philips et al., 1991). Seifert et 
al. (1986) described a pertussis insensitive G-protein associated with NADPH oxidase 
activation by arachidonate in human neutrophil membranes. This activation may well be due 
to rapl, as may the GTP sensitivity of the cell-free NADPH oxidase system (Gabig et al., 
1987).

The interaction of rapl with receptors involved in cell priming, such as with GM-CSF or 
bacterial lipopolysaccharides (LPS), has been suggested (Weingarten and Bokoch, 1990). 
Another group, McColl et al. (1990), also suggested that GM-CSF and TNF-a regulated the 
activity of G-proteins in some way; either in a direct manner or by increasing the number of 
G-proteins available for receptor transduction. The latter possibility could be achieved by 
the translocation of G-proteins from the granules to the plasma membrane and most, if not 
all, of the neutrophil G-proteins have been reported to be found in the membranes of specific 
granules, including rapl.

G -protein nom encla tu re  - th in g s  a re n ’t a lw ays w hat th ey  seem !

After the first rush of publications on neutrophil G-proteins almost every team of workers 
came up with their own terminology. So by the end of 1989 we had Gs and Gi (all groups), 
Gp (Gomperts, 1986; Burch etal., 1986; Cockcroft, 1987; Lo and Hughes, 1987;Nakashima 
etal., 1987), Gn (Bokoch and Parkos, 1988), Ga andGe (Gomperts, 1986; Burch etal., 1986; 
Nakashima et al., 1987; Cockcroft and Stutchfield, 1989). Unfortunately, some terms,
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especially G p , Gn and Ga, were being used by different groups to describe different proteins. 
One must therefore be very careful if using this nomenclature, and to avoid confusion I have 
used a classification based on the antibody andcDNA studies, as used by Gilman (Graziano 
and Gilman, 1987) and Milligan (1989).

To determine which G-protein each group is actually describing one must look at the apparent 
molecular weight of the a-subunit of the protein. Then one should determine the suscepti
bility of the G-protein to either cholera or pertussis toxins. If possible, although at present 
quite difficult, one should attempt to define the receptor(s) linked to the protein and the 
enzyme systems activated (table 4.1).

Table 4.1
G-protein nomenclature

Subunit type Toxin
sensitive

Apparent 
Mol. Wt.

Effect Receptor
linking

Other 

names for 

complete 
protein

G sa cholera 45 /  52kDa stimulation of adenylate cyclase fMLP

Gia2 pertussis 40kDa inhibition of adenylate cyclase? 
stimulation of phospholipase C

fMLP Gn, Gp

Gia3 pertussis 41kDa fMLP?

G24K none 24kDa Opsonized
zymosan?

Pertussis
insensitive
G-protein

G26K none 26kDa fMLP

G22K none 22kDa post receptor activation of 

NADPH oxidase?

all

(remotely)

rapl
Krev-l

The amino acid sequences of Gia2 and Gia3 are 85% identical, yet their nucleotide 
sequences are only about 70% identical in the coding region. This suggests that there is a 
selective pressure to conserve protein structure; it may be that nearly all the amino acid 
sequence of an a-subunit is required for its function (Lochrie and Simon, 1988) There is 
some evidence that receptor interactions with G-proteins are influenced by the extreme 
carboxyl terminus of the a-subunit. However it may be that the complete a(3y complex is 
required for G-protein binding to the receptor (Fung, 1983). In the neutrophil the py subunits
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appear to be identical for most of the various a-subunits found; thereby different enzyme 
systems may be activated by the same receptor.

However, if this were so, then the pertussis toxin-insensitive G-proteins would be activated 
by fMLP, and clearly this is not the case for superoxide generation; although G26K activation 
may be responsible for other fMLP-induced responses (Polakis and Snyderman, 1988). This 
raises the possibility that it is the other small G-protein G24K which is linked to the Fcy/C3b 
receptor and gives rise to superoxide production. One then has to speculate that the enzyme 
systems activated by these G-proteins are different!

Phospholipase D activation by receptor is mediated by a G-protein

It is now well established that a pertussis toxin-sensitive G-protein couples fMLP receptors 
to phospholipase C. Workers are now focussing on the role of phospholipase D in the 
transduction of the respiratory burst.

Immediately after stimulation with fMLP there is an initial transient hydrolysis of PIP2 to 
generate diacylglycerol and IP3. Following this there is an accumulation of diradylglycerols 
(the radyl prefix refers to both acyl and alkyl-acyl species) due to the action of phospholipase 
D on non-inositol, 1-0-alkyl containing phospholipids (Pai et al., 1988a & b; Billah et al.y 
1989b; Bonser et a/., 1989; Gelas et al., 1989). There is disagreement in the literature about 
the actual time course, but the production of alkylacylglycerol was always found to lag 
behind that of diacylglycerol (Truett et al., 1988; Agwu et al., 1989a; Bonser et al., 1989). 
The use of ethanol or butanol to selectively block the phospholipase D pathway (Pai et al., 
1988a) suggests that, in neutrophils treated with cytochalasin B, this is the main source of 
both diacylglycerol and alkylacylglycerol (Agwu et al., 1989a; Billah et al., 1989b; Bonser 
etal.y 1989; Gelas etal., 1989).

Human neutrophils activate phospholipase D to produce alkyl-PA and choline whether 
stimulated with fMLP, C5a (Mullmann et al., 1991) or ionophore A23187 (Agwu et al.y 
1989a; Dougherty et al., 1989). The alkyl-PA produced by this mechanism is then dephos- 
phorylated by phosphatidate phosphohydrolase to produce 1 -O-alkyldiglyceride. Thompson 
et al. (1990), using butanol, showed that the phospholipase D pathway accounted for over 
90% of the production of diacylglycerol.

Bonser et al. (1989) found that the DRG responsible for the fMLP-stimulated superoxide 
production in cytochalasin B-treated human neutrophils was derived almost entirely through 
the PLD pathway.

If this is correct then the receptor-mediated activation of phospholipase D must involve a 
pertussis toxin-sensitive Gi-type protein, as fMLP stimulation of superoxide generation is
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totally inhibited with pertussis toxin (this study). Confirmation that phospholipase D 
activation involves a G-protein comes from a study where non-hydrolysable GTP analogues 
(such as GTPyS) in the presence of Ca2+ have been shown to stimulate PLD in membranes 
isolated from HL-60 cells (Anthes et al., 1989). When neutrophils were preincubated with 
pertussis toxin, after being labelled with [3H]alkyl-PC, there was an inhibition of alkyl-PA 
generation on stimulation with fMLP (Agwu et al., 1989a). Under these conditions alkyl-PA 
must be formed by the action of phospholipase D, so this result confirms that a pertussis- 
sensitive G-protein is involved in the receptor mediated activation of PLD.

If the G-protein coupling to PLD is the same as that regulating PLC, we might expect that 
pertussis toxin would inhibit both PLC and PLD action, stimulated with fMLP, with similar 
kinetics. However, Kanaho etal. (1991) using rabbit neutrophils have shown that, on fMLP 
stimulation, pertussis toxin inhibited IP3 formation (100%) significantly more than PA 
formation (60%). They concluded that different pertussis toxin-sensitive G-proteins couple 
fMLP receptors to phospholipases C and D. If this is the case then the fMLP receptor interacts 
with two or more G-proteins, possibly to activate the separate transduction pathways. The 
rabbit neutrophil possesses both Gi2 and Gi3, the predominant G-protein being Gi2 (Kanaho 
et al.y 1989) as is the case with human neutrophils (Rotrosen et al.y 1988). The different 
sensitivities of the Gi-proteins to pertussis toxin may explain why, in my study, there is a 
50% inhibition of the fMLP-induced respiratory burst after a one hour preincubation, but a 
>90% inhibition after two hours. It has been shown that inactivation of neutrophils by 
pertussis toxin does not occur gradually, as it would if insertion of the unit with ADP- 
ribosylation activity was the rate limiting step, and that there are sharp thresholds of 
inactivation (Omann and Porasik-Lowes, 1991).

Using the transphosphatidylation reaction, Anthes et al. (1991) could not detect the
2+Ca /GTPyS-stimulated PLD in either cytosol or membrane fractions alone from HL-60 

granulocytes. When assayed under identical conditions they found that the particulate 
fraction, obtained by centrifuging the HL-60 homogenates, produced [14C]PA and 
[14C]PEtOH in amounts that were <20% of those formed by the unfractionated homogenates. 
The cytosolic fraction produced no [14C]PA or [14C]PEtOH. However, when the two 
fractions were mixed in the same proportion as the homogenate the production of [14C]PA 
and [14C]PEtoH was completely restored; addition of cytosol to the membrane fraction 
increased PLD activity synergistically.

Since the activation of PLC does not require the combination of cytosol and membrane 
fractions, the cytosolic, heat-inactivated protein which was required for PLD activity was 
considered to be a G-protein independent from that which activates PLC (Anthes et a l.y  

1991).
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cAMP elevating agents inhibit diradylglycerol formation

Agents which elevate cellular adenosine 3',5'-cyclic monophosphate (cAMP) levels, such 
as prostaglandin E2 (PGE2), theophylline and forskolin, are known to inhibit human 
neutrophil activation by receptor-linked stimulants such as fMLP (Lehmeyer and Johnston, 
1978; De Togni et al., 1984; Fantone et al., 1984; Penfield and Dale, 1985). Although these 
agents block or inhibit activation of neutrophil responses, including superoxide generation 
(this study), little or no effect of these agents has been found on phosphoinositide metabolism 
or calcium fluxes (Lehmeyer and Johnston, 1978; Tyagi et al., 1991). However, although 
no appreciable inhibition of fMLP-stimulated phosphoinositide hydrolysis by c AMP elev
ating agents was seen in neutrophils, these agents markedly inhibited fMLP-induced 
diradylglycerol production (Tyagi etal., 1991). The magnitude of inhibition correlated well 
with the ability of a given agent or combination of agents to elevate cAMP and both 
1,2-diacylglycerol and 1-O-alky 1-2-acyl glycerol were affected. The effect on the latter 
strongly suggested that cAMP affected diradylglycerol generation from a source other than 
PLC-dependent phosphoinositide hydrolysis. In the presence of ethanol the fMLP-activated 
transphosphatidylation was also inhibited (>70%) (Tyagi et al., 1991).

In contrast, when PMA was used to activate the neutrophils, cAMP-related agents had no 
effect on phospholipase D activity or diradylglycerol generation (Tyagi et al., 1991). 
Although cAMP elevating agents do inhibit superoxide generation by fMLP-stimulated 
neutrophils as shown in this study and others (Fantone et al., 1983; Fantone et al., 1984; 
Penfield and Dale, 1985) they have no effect when the stimulus is PMA (Fantone et al., 
1984; Penfield and Dale, 1985).

The mechanism by which cAMP inhibits the phospholipase D pathway is not clear. The 
possibilities are effects at the receptor, G-protein or effector enzymes. There is no change in 
fMLP affinity or receptor number with cAMP elevating agents (De Togni et al., 1984), but 
an effect on the coupling of the receptor to the G-protein cannot be ruled out. Protein kinase 
C-dependent down-regulation of phosphoinositide hydrolysis provides an example of regu
lation at the G-protein level. The inhibitory effect is postulated to be either at the coupling 
of the G-protein to phospholipase C (Kikuchi et al., 1987; Smith et al., 1987) or at the 
coupling of receptor to G-protein (Reinhold et al., 1990), although the actual site of 
phosphorylation is not yet known. The fact that PMA stimulation of phospholipase D was 
unaffected by cyclic-AMP seems to indicate that cAMP is not having an effect on the enzyme 
directly.

It is proposed that the inhibitory effect of c AMP on receptor-mediated (fMLP) phospholipase 
D activation is at a site proximal to phospholipase D (i.e. the receptor or G-protein).
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FMLP itself produces a brief increase in cAMP immediately after stimulation (Smolen et 
al., 1980). It is possible that the cAMP produced at this time could inhibit PLD activation 
by the receptor. Could this be why phospholipase D is not active until >15 seconds after 
fMLP stimulation ?

Rap 1 has been proposed as a substrate for cAMP-dependent protein kinase, both in vitro and 
in vivo and could participate in the inhibition of neutrophil activation by agents which 
increase cAMP levels (reviewed in Weingarten and Bokoch, 1990). It is likely that this would 
be at a point removed from the receptor (near the NADPH oxidase), and should therefore 
have an effect on all stimuli. The phorbol esters, which activate NADPH oxidase through 
protein kinase C stimulation are not, however, inhibited by agents which elevate cAMP. It 
seems unlikely therefore that rap 1 is modulated by cAMP elevating agents.

Feedback regulation of the G-proteins by protein kinase C

As G-protein involvement is at an early stage of the signal transduction sequence, it is a 
likely target for feedback regulation. It has been reported that protein kinase C phosphory- 
lates the pertussis toxin sensitive Gia in human platelets (Katada et al., 1985).

Smith et al. (1987) found that the phospholipase C mediated hydrolysis of phosphoinositides 
could be activated in membranes from human neutrophils by fMLP plus GTP or by the 
non-hydrolysable analogue, GTPyS alone, at low Ca concentrations. Membranes prepared 
from pertussis toxin treated neutrophils hydrolyzed PIP2 when exposed to GTPyS but not 
when stimulated with fMLP in the presence of GTP. In contrast, membranes prepared from 
PMA or PDBu treated neutrophils did not degrade PIP2 when incubated with GTPyS. The 
inactive phorbol ester 4aPDD was without effect. Treatment with pertussis or PMA had no 
effect on PIP2 hydrolysis activated with ImM Ca2+ in neutrophil membranes, indicating that 
neither treatment directly inactivated phospholipase C. This would suggest that the effect of 
the phorbol esters was due to the direct activation of protein kinase C. Pertussis toxin 
therefore seemed to inhibit coupling of the fMLP receptor to the G-protein whereas activated 
protein kinase C disrupted coupling of the active G-protein to phospholipase C.

It should be observed, however, that the inhibition of the control fMLP response seen with 
large doses of PMA, lOOng and lpg/ml, was only 30 and 45% respectively; whereas pertussis 
toxin inhibited the response by 85% (Smith et al., 1987). This may indicate that protein 
kinase C either does not completely inhibit the receptor mediated response to fMLP, or that 
there is another G-protein involved which is not susceptible to PKC modulation.

Using HL60 cells Kikuchi et al. (1987) found very similar results using PMA. They 
concluded that protein kinase C phosphorylates either the G-protein itself or the phospho-
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lipase C resulting in the uncoupling of the G-protein to the phospholipase C, but also 
suggested that there may be impairment of the coupling of the fMLP receptor to the 
G-protein.

Blackburn and Heck (1989) showed that pretreatment of human neutrophils with PMA 
resulted in a dose-dependent inhibition of both fMLP- and surface-bound IgG-stimulated 
exocytosis. This is significant since it demonstrates that, although the G-protein mediating 
IgG responses cannot be inhibited by pertussis toxin treatment, it can be inhibited by PKC 
activation. Again, the concentrations of PMA required to inhibit IgG-mediated exocytosis 
were very high —  lOOng ml’1 (54% inhibition); lp.g ml’1 (75% inhibition).
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Chapter 5

The role of diradylglycerols

Receptor stimuli and also some post-receptor stimuli activate neutrophils to generate 
diradylglycerols (1,2-diacy 1-Stt-glycerol [DAG] and l-0 -alkyl-2-acyl-5>i-glycerol [AAG]). 
Until recently the main source of diacylglycerol had been thought to be from the hydrolysis 
of phosphoinositides by a receptor-linked G-protein-dependent phospholipase C. In the

Oxneutrophil this pathway is linked to an increase in cytosolic Ca via inositol 1,4,5-trisphos- 
phate (IP3), a hydrolysis product of phosphatidylinositol 4,5-bisphosphate (PIP2) (Berridge 
and Irvine, 1984; Majerus et al., 1986). The DAG generated by this pathway is the 
physiological activator of protein kinase C.

DAG is certainly generated transiently during PIP2 breakdown in the first few seconds after 
neutrophils are stimulated with fMLP, since IP3 is also transiently generated at this time 
(Dougherty etal., 1984). It is now generally thought that an additional step occurs, resulting 
in a more prolonged accumulation of DAG. Rider and Niedel (1987) measured the DAG 
mass in human neutrophils stimulated with fMLP, ionomycin and concanavalin A and 
correlated both kinetics and magnitude of the DAG response with those for superoxide 
generation. Large sustained increases in DAG concentration (260-2000X basal levels) 
occurred in parallel with the production of superoxide. Pretreatment of the neutrophils with 
cytochalasin B enhanced both superoxide and DAG responses and pertussis toxin ablated 
both responses when the neutrophils were stimulated with fMLP (Honeycutt and Niedel, 
1986).

Whereas fMLP produced a transient increase in IP3 and DAG, opsonized zymosan resulted 
in a sustained elevation of these molecules (Burnham et al., 1989). The magnitude of the 
DAG response and the breakdown of PIP2 was also considerably greater with this stimulus
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than with fMLP. However, with both agonists, the onset and duration of DAG and IP3 

generation corresponded to the period of superoxide production, consistent with a role for 
these two mediators in the transduction of the respiratory burst (Burnham et al., 1989).

A receptor-linked phospholipase D pathway has recently been demonstrated in the neutrophil 
and other cell types (Pai et al., 1988a & b; Billah et al., 1989a & b; Gelas et al., 1989; Rubin
1988). The major substrate for phospholipase D appears to be phosphatidylcholine (PC), 
which is hydrolyzed to phosphatidic acid (Besterman et al., 1986a). Phosphatidic acid (PA) 
can be subsequently metabolized to diradylglycerol via a phosphatidate phosphohydrolase. 
It has been reported that greater than 90% of the diradylglycerol formed in neutrophils in 
response to fMLP, in the presence of cytochalasin B, occurs through the action of PLD and 
phosphatidate phosphohydrolase (Billah et al., 1989b; Bonser et al., 1989). PMA also 
activates this pathway, but to a lesser extent than fMLP (Gelas et al., 1989).

Inhibitors of diacylglycerol metabolism

Neutrophils must have efficient mechanisms for the metabolism of diacylglycerol if they are 
to function effectively. The main mechanisms are thought to be phosphorylation by DAG 
kinase to yield PA and deacylation by DAG lipase to 2-monoacyl-M-glycerol, which is 
subsequently metabolized by another lipase, liberating arachidonate (AA) (see figure 5.1).

r s n -----------PIP, ^
CDP
DAG

► PADAG

AA

NADPH oxidase

Figure 5.1 The transduction pathway of neutrophil superoxide generation (circa 1987). 
Key. R, Receptor; G, a pertussis toxin-sensitive G-protein; PLC, phospholipase C; PIP2 , 
phosphatidylinositol bisphospate; IP3, inositol-1,4,5-trisphosphate; DAG, diacylglycerol; PA, 
phosphatidic acid; AA, arachidonate; PKC, protein kinase C.
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In order to investigate the relative importance of the diacylglycerol kinase and diacylglycerol 
lipase pathways in the metabolism of DAG in the human neutrophil, two compounds were 
used to inhibit the enzymes— R59022 and RHC 80267. R59022 has been reported to inhibit 
DAG kinase in intact platelets, leading to increased protein kinase C activity —  the IC50 for 
DAG kinase being 3.8|iM with 80% inhibition of the enzyme being obtained at 10|iM (De 
Chaffoy de Courcelles et al., 1985). RHC80267 has been reported to be a specific inhibitor 
of DAG lipase in the platelet, with an IC50 of 4|iM (Sutherland and Amin, 1982).

R59022 has been shown to potentiate secretion and aggregation in human platelets stimu
lated with thrombin (Nunn and Watson, 1987) and 5-hydroxytryptamine secretion induced 
by both thrombin and OAG (Tohmatsu et al., 1987). This potentiation was correlated with 
the increased accumulation of DAG and a reduction in the formation of phosphatidic acid. 
The formation of inositol phosphates was unaffected by R59022 and the mobilization of 
Ca2+ was either unaffected (Nunn and Watson, 1987) or reduced (Tohmatsu et al., 1987). 
It was proposed that these results supported a role for diacylglycerol in platelet aggregation 
and secretion.

During the course of this study, there were reports presenting some non-specific effects of 
R59022— discussed later—  so another DAG kinase inhibitor was included for comparison, 
dioctanoylethylene glycol (DOEG). This compound is an analogue of diacylglycerol and is 
a potent inhibitor of DAG kinase (Ki 58|iM; Bishop et al.y 1986). DOEG was reported to 
inhibit thrombin-induced diacylglycerol phosphorylation in human platelets (70-100% at 
100|iM) leading to a decrease in phosphatidic acid formation.

The effects of R59022 and RHC80267 on receptor stimulation

In four experiments neutrophils preincubated with the DAG kinase inhibitor, R59022 at 
IOjiM, produced significantly more superoxide than control cells when stimulated with IgG 
and heat-aggregated IgG (p=0.01)(figure 5.2). The DAG lipase inhibitor, RHC80267 at 
10|xM, had no significant effect on the response to IgG but did reduce the heat-aggregated 
IgG response, albeit by only 15.9% (p=0.02).

In these experiments the IgG and heat-aggregated IgG were in contact with the cells for 100 
minutes and during this time the control cells were found to have generated small amounts 
of superoxide. Neither R59022 nor RHC80267 had any effect on this basal O2 production 

(figure 5.2). It should be noted that the work presented here includes more data than was 
presented in Muid et al., 1987.

In five experiments R59022 consistently enhanced opsonized zymosan-induced superoxide 
production, but only at the higher concentrations of opsonized zymosan (figure 5.3). The
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Figure 5.2 The effect of inhibitors of DAG kinase and DAG lipase on IgG- and heat 
aggregated IgG- (HAGG) stimulated O2 production. Results are expressed as % mean 
maximum O2 produced by heat aggregated IgG (30.2 ± 0.4 nmol 5x106 cells"1). Bars 
represent mean ± s.e . (n=4).
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Figure 5.3 The effect of inhibitors of DAG kinase and DAG lipase on opsonized  
zymosan-stimulated O2 production. Results are expressed a s  % mean maximum O2 

produced by opsonized zymosan alone (176.3 ± 4.6 nmol 5x106 cells"1). Opsonized 
zymosan aione ( • )  with 10^M R59022 (■) and with 10^M RHC80267 (A). All data points 
represent mean ± s .e . (n=5).

98



The role of diradylglycerols

DAG lipase inhibitor, RHC80267, in five experiments, either had no effect or reduced the 
response to opsonized zymosan, but when the results from the experiments were combined, 
the reduction was not significant Neither R59022 nor RHC80267 had any effect on the 
unstimulated cells (not shown).

The effect of inhibitors of DAG metabolism on 7 -HCCH-induced O2 

generation.

An additional point which needed consideration was that diradylglycerols could be generated 
from phosphatidylcholine and other phospholipids by a receptor-linked phospholipase D. 
As it was possible that the diacylglycerol derived from different phospholipids, or by 
different mechanisms might be metabolized differently it seemed important to assess the 
effects of the inhibitors on a post-receptor stimulus, which might generate diacylglycerol 
from different sources. The proposed mechanism of y-HCCH action is that of perturbation 
of membrane phospholipids, which implies that it could be generating diacylglycerol from 
other sources as well as PIP2. This stimulus, therefore, provided the ideal agent for 
investigating diradylglycerol metabolism. It should be stressed that, although 8-HCCH 
inhibits DAG kinase (22% inhibition at 4mM 5-HCCH), there is evidence that y-HCCH does 
not (Parries and Hokin-Neaverson, 1985).
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Figure 5.4 The effect of the DAG kinase inhibitor, dioctanoylethylene glycol (DOEG) on 
y-HCCH-stimulated O2 production. Results are expressed as % mean maximum O2 

produced by y-HCCH alone (176.3 ± 4.6 nmol 5x106 cells'1). y-HCCH alone ( • )  and with 
50pM DOEG (■). All data points represent mean ± s.e . (n=4).
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Responses to y-HCCH were obtained over the range 0.1-0.8mM. The dose-response curve 
was usually extremely steep and there was variation between experiments in the degree of 
steepness and in the concentration producing a maximum response. In four experiments, the 
DAG kinase inhibitor, DOEG, at 50|iM, consistendy left-shifted the y-HCCH concentra- 
tion-response curve but did not increase the maximum response (figure 5.4).

In five experiments, the DAG kinase inhibitor, R59022, at lOpM also left-shifted the 
y-HCCH concentration-effect curve but also increased the maximum response by 25% 
(figure 5.5). The mean results of the five experiments are shown but it should be stressed 
that when the results were averaged, the consistent left-shift clearly seen in all five individual 
experiments is partially masked by the inter-experiment variation of the control curves.

The DAG lipase inhibitor RHC80267 at 10(iM had variable effects and the mean concen- 
tration-response curve with this agent from five experiments was virtually the same as the 
control curve (figure 5.5). However this does not portray the interesting results obtained with 
RHC80267 on the y-HCCH concentration-effect curve. In two experiments there was quite 
a clear inhibition of the response and in the other three there was a definite enhancement. 
Representative examples of these results are shown in figures 5.6A and 5.6B respectively. 
I can come up with no clear explanation for these findings as the results were obtained 
alternately and the experiments were conducted in exactly the same way. There is a

150

<D-q
‘xo

125

<D
CL
3</) 100

2
coo
E3
E
a
2

0.2 0.3 0.6 10.04 0.1
y-H C C H  (mM)

Figure 5.5 The effect of inhibitors of DAG kinase and DAG lipase on y-HCCH-stimulated 
O2 production. Results are expressed as % mean maximum O2 produced by y-HCCH alone 

(145.0 ± 8.2 nmol 5x106 cells'1). y-HCCH alone ( • ) ,  with 10pM R59022 (■) and with 10pM 
RHC80267 (A). All data points represent mean ± s .e . (n=5).
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Figure 5.6 The inconsistent effects of the DAG lipase inhibitor, RHC80267, on 
y-HCCH-stimulated O2 production. Representative experiments showing y-HCCH alone ( • )  
and with 10pM RHC80267 (■).

possibility that RHC80267 only increases the y-HCCH response when the maximum control 
response is low and inhibits when the control response is high. However, enhancement with 
RHC80267 was found when the control responses to y-HCCH were 61, 110 and 150nmol 
02/5x106 cells and inhibition was found with RHC80267 when control responses were 150 
and 170nmol O2/5xl06 cells, so this explanation appears unlikely. The inhibitory action of 

RHC80267 was always much greater than its enhancing activity.

The metabolism of diacylglycerol

R59022 has been shown to inhibit thrombin-induced inositol lipid turnover in intact platelets 
and to lead to an elevation of protein kinase C activity. The IC50 for inhibition of DAG kinase 
was 3.8|iM and approximately 80% inhibition of the enzyme was obtained at 10|iM. In the 
present study R59022, lOfiM, consistently increased superoxide production induced by 
opsonized zymosan, IgG and heat-aggregated IgG, acting at Fey, CR1 and CR3 receptors. 
This compound has also been shown to enhance superoxide generation stimulated via fMLP 
receptors (Muid et aL, 1987; Mege e ta i ,  1988b; Ohtsuka et al., 1990), on stimulation with 
the Ca2+ ionophore A23187 (Cooke et al., 1987; Dale and Penfield, 1987) and by the lipid 
mobilizing agent y-HCCH (this study).
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There are several possible explanations for the stimulus-induced increase in superoxide 
generation mediated by R59022. The first is that there is a DAG-stimulated protein kinase 
C component of the transduction pathway for superoxide production, and that this is 
increased as DAG accumulates in the membrane when DAG kinase is inhibited. The second 
is that, although PIP2 breakdown does occur on neutrophil activation (Dougherty et al., 1984; 
Burnham et al., 1989), the DAG thus formed is so rapidly metabolized that normally there 
is little or no activation of protein kinase C, but with R59022, DAG kinase inhibition allows 
a component of protein kinase C activation to be added to other transduction mechanisms. 
The last is that inhibition of DAG metabolism by the kinase increases the substrate for DAG 
lipase and results in generation of other potential intracellular messengers such as arachido- 
nate.

RHC80267 has been reported to be a specific inhibitor of DAG lipase in platelets (Sutherland 
and Amin, 1982) and cardiac myocytes (Chuang and Severson, 1990) and has been shown 
to enhance superoxide generation by OAG in human neutrophils (Dale and Penfield, 1987). 
However, in some experiments, RHC80267 reduced the amounts of O2 generated by fMLP 
stimulation — although not significantly (Muid et al., 1987). In the present experiments the 
DAG lipase inhibitor had variable effects. The tendency with the receptor stimuli was for a 
reduction in superoxide production and with heat-aggregated IgG this attained significance. 
However, the y-HCCH O2 response was affected by RHC80267 in a different manner to the 
receptor-stimulated O2 release described above and reported previously (Muid et al., 1987). 
In some experiments with y-HCCH the DAG lipase metabolizing route appeared to play a 
role, while in others the results indicated that the DAG kinase was the sole DAG metabolizing 
pathway. y-HCCH has been reported to cause PIP2 turnover, [Ca2+]i increase, phosphatidic 
acid increase and O2 generation in neutrophils (English et al., 1986). The exact mechanism 

of this action is not yet clear but there is a suggestion that it interacts with membranes, 
perturbing the bilayer and rendering phosphoinositides, or other phospholipids, more 
accessible to attack by phospholipases (Parries and Hokin-Neaverson, 1985). The DAG thus 
generated may, like that generated by receptor-stimulation, be localized to an area of the 
membrane where it is more accessible to the action of DAG kinase than to DAG lipase. 
Neutrophil DAG kinase has been shown to translocate from cytosol to membranes on 
stimulation with fMLP, PM A or OAG (Besterman et al., 1986b; Ishitoya et al., 1987).

These results with the DAG lipase inhibitor suggest that with some receptor stimuli, such as 
heat-aggregated IgG and possibly fMLP, with the exogenous diacylglycerol OAG and with 
y-HCCH, under certain conditions, diacylglycerol may be metabolized by the lipase to other 
potential intracellular messengers such as arachidonate, since inhibition of this enzyme 
reduces O2 generation. If this is the case then inhibition of DAG metabolism by the kinase, 

with the agent R59022, could well increase the substrate for DAG lipase and result in
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enhanced generation of arachidonate, causing the potentiation of O2 production seen with 

R59022 orDOEG.

Effects of R59022 at the receptor level.

Data has been put forward which indicates that R59022 has effects other than that of DAG 
kinase inhibition. It has been reported to have an inhibitory effect at the receptor level in 
some cell types. The compound is a potent 5HT2 receptor antagonist (Ki <10‘̂ M), a weak

o 7
dopamine D2, ai-adrenoceptor and Hi receptor antagonist in platelets (Ki = 10 -10“ M)(De 
Chaffoy de Courcelles et al., 1985) and a muscarinic receptor antagonist in neuroblastoma 
cells (Lai and El-Fakahany, 1990). This inhibitory effect is unlikely to have been important 
in the current study as R59022 enhanced all the stimuli used. However, R59022 has been 
reported to have other effects which may have influenced the results presented here.

Other non-specific effects of the DAG kinase inhibitors

The original work on R59022 showed that this agent inhibited DAG kinase at concentrations
¥1 •between l-10|iM , having negligible effects in unstimulated cells on P levels in lipids and 

proteins at concentrations up to 10|iM (De Chaffoy de Courcelles et al., 1985). This work 
also cautioned that at longer incubation periods, lOpM R59022 increased P incorporation 
into PA, PIP and PC. This increase in [32P]PA labelling suggested that there was an increase 
in PA levels which was not mediated by DAG kinase activity.

More recently, R59022 at 10pM has indeed been reported to potentiate the [3H]PA response 
in human neutrophils when stimulated with fMLP (Mahadevappa, 1988). In addition, in the 
same study, R59022 at 50|iM, was reported to cause a significant hydrolysis (6-7%) of [ H]PI 
which resulted in an accumulation of [3H]D AG and [3H]PA. Phospholipase C or D activation 
was given as the explanation for this hydrolysis of phosphatidylinositol. However, another 
report showed that lOfiM R59022 caused a reduction of fMLP-stimulated [32P]PA gener
ation, which is consistent with an inhibition of DAG kinase, whilst a slight increase in basal 
[32P]PA levels was found in R59022-treated unstimulated cells (Mege et al., 1988b).

When the exogenous diacylglycerol, OAG, was used as a stimulus, superoxide generation 
was consistently enhanced by both R59022 and RHC80267 (Dale and Penfield, 1987). OAG 
is a direct protein kinase C activator and therefore should bypass the membrane enzymes 
which could be involved with the phosphatidate mobilizing effects of R59022 described 
above (Mahadevappa, 1988; Mege etal., 1988b). An alternative explanation for the increase 
in O2 production with OAG in the presence of the DAG kinase inhibitor could be that R59022 

has an independent effect in raising cellular concentrations of phosphatidate, and hence DAG
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by phosphatidate phosphohydrolase activity. If this were so, it should increase 02 generation 
in its own right However, it should be stressed that in the study presented here, R59022 by 
itself in the concentrations used, did not increase basal O2 release. It should also be stressed 

that the concentrations of R59022 (i.e. 50fiM and greater) which are reported to be effective 
in increasing PA levels (Mahadevappa, 1988), are five times higher than the concentrations 
used in these experiments. In fact, the concentration of R59022 used here was depicted by 
Mahadevappa (1988) as causing a minimal increase in PA.

Nasmith and Grinstein (1989) have reported that, using electropermeabilized neutrophils 
under conditions where [Ca2+]i was held constant using EGTA, R59022 and DOEG did not 
enhance fMLP induced superoxide generation. They concluded that both R59022 and DOEG 
were not inhibiting DAG kinase but were, in fact, increasing cytosolic [Ca2+], either from 
intracellular stores or from the external medium. They suggested that priming by an increase 
in [Ca2+]i could explain why R59022 and DOEG were able to augment fMLP stimulation 
in intact neutrophils but not in electropermeabilized cells. However, electropermeabilized 
neutrophils respond to fMLP stimulation with a much greater production of O2 than intact 

cells, and this production is sustained much longer (Nasmith and Grinstein, 1989). This 
suggests that permeabilizing neutrophils by electrical methods changes the normal transduc
tion mechanisms of O2 production. The possibility that R59022 is, in fact, solely increasing 
[Ca2+]i thereby priming the neutrophils must be cast into doubt by the work of two groups 
(Cooke et al., 1987; Ohtsuka et al., 1990). They showed that R59022 potentiated fMLP- 
induced O2 production, but not that mediated by PMA. If [Ca2+]i is being increased by 
R59022 in intact cells, a potentiation of the PMA response should be seen, as shown by Dale 
and Penfield (1984). However, when OAG is substituted for PMA there is an increase in the 
response with R59022, as would be expected as OAG seems to be metabolized by the same 
routes as DAG (Dale and Penfield, 1987) whereas PMA is only marginally metabolized by 
DAG lipase (Cabot, 1984). Cooke et al. (1987) also showed that R59022 enhanced 
neutrophil oxidase activation when stimulated with the Ca2+ ionophore A23187, which 
indicates that the enhancing action of R59022 is through the DAG transduction pathway.

It would, therefore, seem likely that in the intact neutrophil R59022 and DOEG are increasing 
the responses to the stimuli in this study by an effect on diacylglycerol kinase. These results 
support the proposal that endogenous diacylglycerol, implicated in the transduction of the 
respiratory burst, is metabolized in a similar manner whether generated by receptor activation 
or by other mechanisms.
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Isoforms of diacylglycerol kinase

The major form of the diacylglycerol kinase enzyme appears to be a 80kDa protein found 
in abundance in the cytosol of different cell types (Kanoh et al., 1990). In addition there are 
several DAG kinase isoforms, immunologically distinct from the 80kDa enzyme, which 
differ in their responses to several compounds including R59022 and sphingosine. Of the 
two isoforms which have been purified from pig thymus cytosol, only the 80kDa form was 
inhibited by R59022 (IC50 = 10|iM); the 150kDa species was virtually unaffected (Sakane 
et al.y 1989). The 80kDa, R59022 sensitive isoform has not, unfortunately, been found in 
either neutrophils (Yamada etal., 1989) or platelets (Yamada and Kanoh, 1988). It therefore 
remains to be seen whether or not these cells possess a novel DAG kinase which is inhibited 
by R59022.

The 80kDa enzyme is relatively inactive without addition of certain activators which include 
phosphatidylserine, phosphatidylcholine and a long chain base sphingosine (Sakane et al., 
1989). It is not known whether sphingosine activates DAG kinase from other tissues, but it 
has been shown to inhibit the 150kDa enzyme (IC50 = 20|iM). This difference is interesting 
as sphingosine has been widely used as an inhibitor of protein kinase C. It is possible that 
some of the effects attributed to PKC inhibition may well be, at least in part, mediated by 
activation or inhibition of DAG kinase, depending on the DAG kinase isoforms present in 
the particular cells. The 150kDa enzyme is fully active without the addition of activators 
(Sakane et al., 1989).

DAG kinase isoforms with different specificities towards molecular species of diacylglycerol 
have been found in murine fibroblasts within distinct subcellular compartments (MacDonald 
et al., 1988). It is possible that movement of DAG kinase from the cytosol to the membrane 
is mediated by phosphorylation of the enzyme. Protein kinase C can actively phosphorylate 
the 80kDa kinase, whereas phosphorylation by cAMP-dependent protein kinase (PKA) 
occurs only to a limited extent (Kanoh et al., 1989). Although the phosphorylation did not 
significantly effect the catalytic properties of the DAG kinase, the phosphorylated enzyme 
was recovered bound to phosphatidylserine vesicles present in the experimental system, 
whereas the soluble enzyme consisted of the non-phosphorylated form. This suggests a 
functional inter-relationship between PKC and DAG kinase. If this finding is extrapolated 
to the intact cell it would suggest that on cell activation DAG kinase may be translocated 
from the cytosol to the membrane by phosphorylation by PKC, thereby locating both PKC 
and DAG kinase in the membrane to compete for diacylglycerol and so modulating cell 
activation.

Interestingly, it has been found that DAG kinase and 2-monoacylglycerol lipase present in 
pig brain cytosol compete for utilization of 2-monoacyl-£Az-glycerol derived from diacyl-
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glycerol by DAG lipase activity (Kanoh et al., 1990). Arachidonic acid may be generated 
on cell activation from 2-monoacyl-sw-glycerol by the action of 2-monoacylglycerol lipase.

The PIP2-independent transduction mechanism explained

During the course of this study one group, led by Rossi, published several reports showing 
that, under certain conditions, receptor stimuli could cause superoxide production by 
neutrophils via a PIP2-independent mechanism (Della Bianca et al., 1986; Grzeskowiak et 
al., 1986; Rossi et a l , 1986; Della Bianca et al., 1988). This group concluded that not only 
was the superoxide generation independent of PIP2 hydrolysis, but the pathway did not 
involve the participation of diacylglycerol or protein kinase C. These findings seemed to 
contradict our studies in which inhibitors of diacylglycerol metabolism enhanced the 
superoxide response indicating that an accumulation of DAG, and therefore protein kinase 
C activation, was an important, if not essential, element in the transduction of the respiratory 
burst

It has been well established that neutrophils challenged with two stimuli, administered either 
together or sequentially, give rise to enhanced responses. Under these ‘priming’ conditions, 
the respiratory burst is characterized by lower concentration requirements for both stimuli, 
and an increase in the rate and duration of the O2 response (Dale and Penfield, 1984; Dewald 
et a l y 1984; McPhail et al., 1984a; Della Bianca et al., 1986; Bass et al., 1989).

Rossi’s group had shown that, using fMLP as the stimulus, priming with subthreshold 
concentrations of PMA could initiate a transduction pathway in which there was decreased 
or absent phosphoinositide hydrolysis and little or no increase in [Ca2+]i —  in contrast to 
the non-primed system —  although the subsequent response to fMLP was considerably 
greater than in control cells not primed with PMA (Della Bianca et al., 1986).

It was also shown that the respiratory burst stimulated with fMLP was prevented by prior
r y ,  o  .

Ca depletion of the neutrophils, but that it could be restored by priming the Ca -depleted 
cells with subthreshold doses of PMA, although the restored generation of O2 was not 

accompanied by PIP2 hydrolysis or generation of IP3 (Grzeskowiak et al., 1986; Della 
Bianca et al., 1988). Activation with fMLP, both in the primed and unprimed state, was 
sensitive to pertussis toxin (Della Bianca et al., 1986; Grzeskowiak et al., 1986), indicative 
of G-protein participation. In all these experiments fMLP was used in conjunction with 
cytochalasin B.

These results are difficult to explain, if our findings are also correct. I intend to present an 
explanation for their results based on recently published work from many groups, which 
does not contradict our findings with the DAG metabolism inhibitors.

106



The role of diradylglycerols

Calcium  d e p en d e n ce  of recep to r-m ed ia ted  diradylglycerol accum ula tion

Stimulation of neutrophils and HL-60 cells by the ligand fMLP, in the presence of cytocha- 
lasin B, generates diradylglycerols from the action of phospholipase D on 1-O-alkyl 
containing phospholipids (Pai et al., 1988a; Billah et al., 1989b; Bonser et al., 1989; Tyagi 
e ta l ,  1989).

This receptor-mediated phospholipase D activation and diradylglycerol generation is de-
9 ,

pendent on Ca . FMLP triggers elevation of cytosolic calcium and a rapid, biphasic increase 
in diradylglycerols. Buffering of the fMLP-induced elevation of cytosolic calcium with a 
cell permeable EGTA analogue inhibited O2 generation by 90% and decreased the second 

phase of diradylglycerol production. PIP2 breakdown in response to fMLP was not inhibited 
(Korchak et al., 1988b). Thus it is only phospholipase D activation which is Ca sensitive, 
not stimulation of phospholipase C.

In another study, either extracellular Ca2+ was chelated with EGTA or sufficiently high 
concentrations of the calcium chelator Quin-2 were used to prevent elevation of cytosolic

9 .
Ca . FMLP, in the presence of cy tochalasin B, generated the same amount of diradylglyce
rols, in the first 5-10 seconds after stimulation, in the presence or absence of extracellular 
calcium. However, the DRG production then lagged in calcium-free medium and was 
inhibited by 56% compared to that in calcium-containing medium; O2 generation was 

concurrently inhibited by 58% (Truett et al., 1988). Quin-2 pretreatment had no effect on 
the first phase of diradylglycerol production seen with fMLP but the total DRG formation, 
due to inhibition of the second phase, was inhibited by 78%; O2 production also being 

attenuated by a similar amount (Truett et al., 1988). These findings were also corroborated 
by Billah et al. (1989a) and Dougherty et al. (1989).

9 .
Therefore, in the studies by Rossi’s group where neutrophils were depleted of Ca with 
concomitant ablation of the respiratory burst induced by fMLP (Grzeskowiak et al., 1986; 
Della Bianca et al., 1988) it was phospholipase D-mediated generation of diradylglycerols 
which was inhibited — not the PLC hydrolysis of PIP2.

9  ,
Although Ca is required for receptor-mediated diradylglycerol production, the phos- 
phatidic acid produced by PLD activation does not contribute to the release of intracellular 
Ca2+ in the neutrophil as mobilization of intracellular Ca2+ was unaffected by the fungal 
metabolite wortmannin, at concentrations which totally inhibit PLD activity (Bonser et al., 
1991)

The PIP2-independen t tran sd u c tio n  m echan ism  is not PK C -independent

Phorbol ester stimulation of neutrophil phospholipase D differs from receptor-linked acti
vation in that PMA activation is prolonged but slower in onset and requires neither Ca2+
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nor cytochalasin B (Truett et al., 1988; Billah et al., 1989a & b; Dougherty et al., 1989; 
Mullmann et al., 1990; Mullmann et al., 1991). Phorbol esters activate PLD to a greater 
extent than do receptor agonists and it is possible that receptor stimuli and phorbol esters 
activate different PLD isozymes (Mullmann et al., 1990). However, the prolonged and 
continuous action of PMA on protein kinase C to activate PLD, due to the fact that PMA is 
not readily metabolized, is more probably the reason for this phorbol ester activating PLD 
to a greater extent than receptor stimuli. PMA stimulation of PLD has also been studied in 
rat embryo fibroblasts and similar results have been found (Cabot et al., 1989).

PMA action stimulates the enzyme phospholipase D, rather than the G-protein or receptor, 
and this can be inhibited by the PKC inhibitor staurosporine with an IC50 of 150nM (Cabot 
etal., 1989). In vitro experiments using isolated phospholipase D showed that PMA did not 
directly stimulate and staurosporine did not inhibit PLD activity. Similar results have been 
found in human neutrophils (Reinhold et al., 1990).

Phorbol dibutyrate (PDBu) was less potent than PMA ordiCs in stimulating diradylglycerol 
accumulation in human neutrophils, and the 4-a analogues of PMA and PDBu were inactive 
(Rider et al., 1988). Sphingosine, a postulated inhibitor of protein kinase C, inhibited 
PMA-induced accumulation of diradylglycerol with an IC50 of 9jiM, paralleling its inhibi
tion of PMA-stimulated O2 production (Rider et al., 1988). However, sphingosine also 

inhibited ionomycin-stimulated DRG accumulation (see page 166).

It is therefore proposed that PMA activation of phospholipase D is mediated by protein 
kinase C.

PMA can initiate the phospholipase D pathway, in the absence of Ca2+, to generate diradyl
glycerols without stimulation of phosphoinositide hydrolysis. If once activated, phospho
lipase D stimulation can be sustained by agonist/receptor/G-protein interaction in the absence 
of Ca , this neatly explains the results found by Rossi and his group (see figure 5.7). The 
fMLP stimulation, subsequent to PMA activation of PLD, would still involve the G-protein 
linked to phospholipase D and therefore would still be inhibited with pertussis toxin as found 
by Rossi’s group (Della Bianca et al. 1986; Grzeskowiak et al., 1986).

Therefore, I would like to suggest that, after priming with PMA, the phospholipase D 
mediated hydrolysis of phosphatidylcholine, to generate AAG and DAG, thus activating 
PKC, would indeed result in superoxide production by a PIP2-independent transduction 
mechanism.

It has been reported that neutrophils pretreated with PMA prior to fMLP stimulation show 
increased hydrolysis of 1-0-alkyl containing lipids by phospholipase D (Tyagi etal., 1989). 
This hydrolysis would lead to the generation of 1,2-diacyl-sn-glycerol which activates
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Figure 5.7 The transduction pathway of neutrophil superoxide generation induced by 
fMLP(c/rca 1990). The first phase of DAG generation and IP3 production mediated by 
phospholipase C (PLC) is shown in grey and the second phase of DAG production mediated 
by phospholipase D (PLD) action on phosphatidylcholine (PC), via phosphatidic acid (PA) 
is shown in black. The two receptors shown here may be the sam e receptor interacting with 
different G-proteins.
In the ‘Rossi’ scenario, phorbol ester stimulation of protein kinase C (PKC) would initiate 
PLD activation and inhibit PLC (see  chapter 7, page 162). Gnce activated, stimulation of 
PLD could be sustained by agonist-receptor interaction, generating DAG independently of 
PIP2 hydrolysis. The DAG thus formed could stimulate PKC to activate NADPH oxidase.

protein kinase C leading to an increased superoxide production (Bonser et al., 1989). These 
observations correlate with Rossi’s findings that, subsequent to PMA priming, the superox
ide generated in response to fMLP stimulation was considerably greater than in control cells 
not primed with PMA (Della Bianca et al., 1986).

Some of the work reported by Rossi’s group has recently been repeated in our laboratory. 
The respiratory burst induced by fMLP and fluoride, both in neutrophils ‘primed’ with a 
subthreshold dose of PMA, as well as in non- ‘primed’ neutrophils, was inhibited with K252a, 
a potent, but not highly selective, inhibitor of protein kinase C (Twomey et al.y 1990a).
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Experiments conducted in our laboratory also found that K252a inhibited the Con A-zymo- 
san-mediated production of superoxide, in neutrophils depleted of Ca , as described in 
Rossi et al.y 1989. The action of K252a will be discussed further in chapter 7.

Rossi’s conclusion that the PIP2-independent pathway was also independent of protein 
kinase C action now seems very unlikely, and the explanation for their findings set out here 
does not detract from our observations with the inhibitors of DAG metabolism i.e. that DAG 
and protein kinase C play a major role in the transduction of the respiratory burst
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Chapter 6

The role of arachidonate

There have been reports that arachidonate or its metabolites may play a role in stimulus- 
activation coupling of the respiratory burst. Exogenous arachidonate has been reported to 
stimulate protein kinase C and initiate the burst (McPhail et al., 1984b) and it has also been 
shown to activate the NADPH oxidase directly (Sakata et al., 1987; Ligeti et al., 1988). 
Whether or not endogenously released arachidonate is necessary for superoxide generation 
is still an open question. Arachidonate may be more important for other functions or as a 
substrate for the generation of inflammatory mediators such as LTB4.

Arachidonate is a 20 carbon, unsaturated fatty acid which is usually found esterified at the 
2'-acyl position of plasmalemmal glycerophospholipids. Phospholipase A2 (PLA2) is con
sidered to be the enzyme mainly responsible for the liberation of free arachidonic acid (AA). 
The major sources of AA are the diacyl-containing phospholipids which include phospha
tidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylinositol (PI) 
(Nakashima et al., 1988). PLA2 can also act on phosphatidic acid (PA) and the 1-0-alky 1- 
2-acyl-glycerophospholipids (Chilton, 1989). When the latter acts as substrate, not only can 
arachidonate be formed but also lyso-alkyl-PC, which can be converted in the neutrophil by 
an acetyltransferase into 1 -O-alkyl-2-acetyl-PC or PAF (Vargaftig and Benveniste, 1983; 
Chilton et al., 1984).

Metabolism of diacylglycerol by DAG lipase generates arachidonate and monoacylglycerol. 
The diacylglycerol substrate can be derived from the phosphoinositides by phospholipase C 
or from phosphatidylcholine by phospholipase D and subsequent phosphatidate phospho- 
hydrolase action.
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Phospholipase A2 is a calcium dependent enzyme (Sha’afi and Molski, 1988), requiring lpM
[Ca2+]i for activation (Cockcroft et al., 1991), which is ten times higher than that required

2+for activation of phospholipase C. However, it cannot be activated by Ca alone, except at 
unphysiologically high concentrations in vitro (Jesse and Franson, 1979), and then usually 
by the addition of ionophores. Phorbol esters have been shown to synergize with Ca to 
activate PLA2 (McColl etal., 1986) as have exogenous diacylglycerols (Kramer et al., 1987). 
An increase in [Ca2+]i and the generation of DAG from phosphoinositide hydrolysis by 
phospholipase C could therefore be important in activating phospholipase A2. Thus PLC 
activity might precede PLA2 activation as suggested by Takenawa et al. (1983). However, 
Cockcroft et al. (1991) have indicated that phospholipase C and phospholipase A2 activation 
may be parallel and not necessarily sequential, as neomycin selectively inhibits PLC, by 
substrate sequestration (Burch et al., 1986), without impairing PLA2.

There are two major pathways of metabolism of free arachidonate — the cyclooxygenase 
pathway which forms prostaglandins and thromboxanes and the lipoxygenase pathway. The 
‘lipoxygenase pathway’ is, in fact, composed of several different lipoxygenase enzymes 
which convert arachidonic acid into a series of hydroperoxy and hydroxy fatty acids (e.g. 
HPETEs, HETES and leukotrienes). The main routes of arachidonate metabolism in the 
neutrophil appear to be via the 15- and 5-Iipoxygenase pathways (Samuelsson et al., 1980; 
Walsh etal., 1981).

Arachidonate is converted, via the 5-lipoxygenase pathway to 5-HPETE, from which 
leukotrienes can be synthesized. Leukotriene B4 (LTB4; (5S,12R)-hydroxy-eicosa-6,14-cis- 
8 ,10-trans-tetranoic acid) is now recognized to be an extremely potent endogenous mediator 
of inflammation (Ford-Hutchinson etal., 1980; Samuelsson, 1983). It is a powerful neutro
phil chemotaxin and can cause degranulation, but is only a weak stimulus for superoxide 
generation (Bray et al., 1980; Serhan et al., 1982; Omann et al., 1987).

Another potent activator of neutrophil O2 production and lysosomal enzyme release (Serhan 

et al., 1984) and an activator of human protein kinase C (Hansson et al., 1986) is lipoxin A. 
This arachidonate product is formed by the sequential action of 15-lipoxygenase, to form 
15-HPETE, and 5-lipoxygenase.

The ionophore A23187 has been frequently used to stimulate PLA2, in a rather non-specific 
way, causing release of [3H]AA from prelabelled neutrophils (Walsh et al., 1981; Bokoch 
and Gilman, 1984; Godfrey etal., 1987) and production of PAF, LTB4 and HETEs (Borgeat 
and Samuelsson, 1979; Palmer and Salmon, 1983). The A23187 forces [Ca2+]i into un
physiologically high levels and after a few minutes has the effect of disrupting the intact 
neutrophil (Palmer, 1983). Activation of neutrophil PLA2 can be initiated at physiological
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2+Ca concentrations only in the presence of an active G-protein (i.e. by receptor stimulation) 
or active protein kinase C (Cockcroft et al., 1991).

FMLP has been shown to be a poor stimulant of arachidonate release from human neutrophils 
(Mahadevappa and Powell, 1989) but rabbit neutrophils stimulated with either fMLP or PAF 
have been demonstrated to release [^H]AA (Tao et al., 1989). Small amounts of arachidonic 
acid can be generated by neutrophils stimulated with opsonized zymosan (Walsh et al., 1981; 
Maridonneau-Parini et al., 1986) and immune complexes (Godfrey et al., 1987). Other 
workers have shown that, in human neutrophils, PMA can prime for an enhanced production 
of LTB4 with the receptor stimuli fMLP and opsonized zymosan (Liles et al., 1987; Raulf 
and Konig, 1988). It is assumed that this is dependent on an increased generation of 
arachidonic acid, or enhanced stimulation of the 5-lipoxygenase pathway.

Several other studies have shown that neutrophils stimulated with opsonized zymosan, IgG 
and fMLP produce significant quantities of LTB4, but only in the presence of high levels of 
exogenous arachidonic acid (Clancy etal., 1983; Hendricks etal., 1986; Haines e ta l,  1987). 
Originally Claesson et al. (1981) reported that opsonized zymosan could induce synthesis 
of LTB4 and this contradiction will be taken up in later in this chapter.

There is a growing body of evidence that arachidonate or its metabolites may be 
involved in the transduction of the respiratory burst. The details are as follows:

•  Exogenous arachidonate as well as other cis-unsaturated fatty acids have been found to 
stimulate O2 production in neutrophils and macrophages (Badwey et al., 1981; Bromberg 
and Pick, 1983; Cumutte etal., 1984; Abramson etal., 1991a).

•  LTB4 is a weak stimulus for superoxide generation (Omann et al., 1987) but it can act as 
a priming agent for other stimuli such as fMLP, producing an enhanced response (Dewald 
and Baggiolini, 1985). 5-HETE can also prime cells for activation by phorbol esters and 
DAG (Badwey etal., 1988).

•  Arachidonic, oleic, linolenic acid and other cis-unsaturated fatty acids as well as lipoxin 
A and hydroperoxy derivatives of the unsaturated fatty acids were found to activate PKC 
isolated from human neutrophils and other sources (McPhail et al., 1984b; Hansson et 
al., 1986; Morimoto et al., 1988). In many cases the concentrations of arachidonate 
required for stimulation were very high >100|iM. The subspecies of PKC which is most 
sensitive to arachidonate activation (at 12.5|iM), y-PKC, is not found in neutrophils 
(Shearman et al., 1989). It seems that in most of the neutrophil studies, arachidonate or 
its metabolites substituted for phospholipid in the PKC assay, but in intact cells this level 
of exogenous arachidonate causes drastic perturbation of the plasma membrane structure, 
altering its permeability (Ligeti et al., 1988).
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•  Addition of exogenous arachidonate, again at high concentrations, to human, rabbit or 
guinea-pig neutrophils causes a rapid and dose-dependent rise in the level of [Ca2+]i 
(Volpi et al., 1984; Morimoto et al., 1986; Beaumier et al., 1987). This action of AA 
appeared to be due to the fatty acid itself and not to any metabolite. Naccache et al. (1989) 
proposed that the mobilization of Ca2+ by arachidonate in human neutrophils involved 
two temporally distinct phases and specific pathways. LTB4 also causes a rise in [Ca2+]i 
independent of polyphosphoinositide hydrolysis, or the production of phosphatidic acid 
(Lew et al., 1984; Volpi et al., 1984).

•  Cis-unsaturated fatty acids including arachidonic acid can activate isolated NADPH 
oxidase from plasma membranes of neutrophils in the presence of a neutrophil cytosolic 
factor (McPhail et al., 1985; Seifert and Schultz, 1987; Ligeti et al., 1988) and this 
mechanism of activation has been demonstrated to be independent of PKC activation 
(Cox etal., 1987; Seifert and Schultz, 1987).

•  Activation of neutrophils by a plethora of stimuli has been shown to cause arachidonate 
release, possibly through the involvement of PLA2. Para-bromophenacyl bromide (p- 
BPB), an irreversible inhibitor of PLA2 (Roberts etal., 1977) has been reported to inhibit 
the release of [^H]AA and the generation of O2 stimulated by fMLP and opsonized 
zymosan (Smolen and Weissmann, 1980; Maridonneau-Parini et al., 1986). This agent 
also inhibits neutrophil-mediated antibody-dependent cellular cytotoxicity against tu
mour cells (Wilson, 1982) and superoxide production stimulated by fMLP and Con A in 
guinea pig macrophages (Bromberg and Pick, 1983).

The specificity of p-BPB for phospholipase A2 is questionable however, as it has been found 
thatp-BPB also inhibits DAG lipase (Hoffman etal., 1982). A study by Duque etal. (1986) 
found that p-BPB significantly inhibited a form of membrane bound PLA2, which could be 
stimulated by fMLP, but had only a minimal effect on the total cellular phospholipase A2 

activity. They also showed that fMLP- and PMA-induced superoxide production was 
inhibited. However, p-BPB inhibited the change in transmembrane potential associated with 
signal transduction and this could explain the inhibition of the cellular responses (Duque et 
al., 1986).

Recent work by Henderson et al. (1989) demonstrated that the stimulation of human 
neutrophil NADPH oxidase by PMA was inhibited by a variety of compounds, including 
p-BPB and some newly developed putative PLA2 inhibitors: Ro31-4639 and chloracysine 
compound I and compound n. This work implies that phospholipase A2 activation is required 
for the respiratory burst and occurs subsequent to PKC activation — a novel and interesting 
hypothesis which will be discussed later in this chapter.
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Many workers have now established that the activation of phospholipase A2 by receptor 
stimuli is mediated by a G-protein. Using GTPyS, Nakashima et al. (1988) induced the

a
release of [ H] AA from prelabelled permeabilized rabbit neutrophils, and it has now been 
shown in these cells, that pertussis toxin inhibits PAF-induced [ H] AA release (Tao et al.,
1989). The demonstration that PLA2 activation was mediated by a pertussis toxin-sensitive 
Gi-type protein led workers to investigate whether or not this was the same Gi that mediates 
PLC activation.

Cockcroft and Stutchfield (1989) showed in both HL-60 cells and neutrophils, that phos
pholipase A2 is receptor-coupled via a pertussis toxin-sensitive G-protein distinct from that 
mediating activation of phospholipase C. There is also evidence of receptor-mediated 
activation of phospholipase A2 via G-proteins distinct from those that regulate the phospho- 
inositide pathway in other cell types (reviewed in Axelrod et al., 1988). Work still needs to 
be done to establish which of the G-proteins, G[2 or Gi3 (or indeed another type), is linked 
to phospholipase A2, which one is linked to phospholipase C and which one to phospho
lipase D.

The activation of phospholipase A2 mediated by the G-protein, whether initiated by 
receptor-coupling or GTPyS is dependent on a [Ca2+]i concentration of l|iM  or more 
(Cockcroft et al., 1991). It is unlikely, therefore, that this pathway would have been active 
in the Ca -free systems used by Rossi’s group, whilst investigating the PIP2-independent 
transduction pathway (discussed on page 106)(Grzeskowiak et al., 1986; Della Bianca et 
al., 1988). It is more likely that the only transduction pathway activated in their Ca -free 
system is the phospholipase D pathway, as discussed in chapter 5.

Arachidonate not only can act as a substrate for 5-lipoxygenase, but, given as exogenous 
arachidonate, can also induce the generation of 5-lipoxygenase products via a pertussis 
toxin-sensitive process (McColl et al., 1989). This is possibly by an action on the G-protein 
linking receptor to phospholipase A2, since pertussis toxin would inhibit the activity of this 
G-protein and the subsequent generation of endogenous arachidonate and its metabolites, 
including 5-lipoxygenase products.

Arachidonic acid and the other cis-unsaturated fatty acids oleic and linoleic acid (but not 
trans-unsaturated or saturated fatty acids) have been shown to increase the specific binding 
of GTPyS to purified human neutrophils and elicit superoxide generation (Abramson et al., 
1991a). Scatchard plot analysis of binding at equilibrium showed an increase in the number 
of available GTP binding sites with 50|iM arachidonic acid, and the binding was pertussis 
toxin-sensitive.
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Is endogenous arachidonate really involved in superoxide generation ?

With its capacity to activate NADPH oxidase, stimulate PKC and activate a plasmalemmal 
G-protein, arachidonate, like DAG, could be a potential second messenger in neutrophil 
activation. As we have seen, there are many reports that receptor stimuli induce the release 
of arachidonic acid from neutrophils, but whether or not arachidonate is actively involved 
in the generation of superoxide remains to be seen. The main sources of arachidonate are 
deemed to be from PC, PE or PA by phospholipase A2 action, or from the phosphoinositides 
by sequential action of phospholipase C and DAG lipase. Phospholipase D can generate 
phosphatidic acid and, by the action of phosphatidate phosphohydrolase, DAG can also be 
generated. Either of these two products can be used to produce arachidonate, the former via 
PLA2 action and the latter by DAG lipase. It is possible to inhibit all these pathways 
simultaneously.

Diacylglycerol lipase can be inhibited by RHC80267 (Sutherland and Amin, 1982) and the 
generation of phosphatidic acid from diacylglycerol by DAG kinase can be inhibited by 
R59022 (De Chaffoy de Courcelles et al., 1985). It has been demonstrated that neutrophil 
PLA2 can be inhibited by indomethacin (Kaplan et al., 1978) and meclofenamate (Franson 
etal., 1980). The inhibition by indomethacin (at lO^M) is quite specific to neutrophil PLA2, 
as other species of the enzyme, e.g. iromNaja naja, were not inhibited (Kaplan et al., 1978).

A combination of either of these latter two compounds with the inhibitor of DAG lipase plus 
the inhibitor of DAG kinase should prevent release of arachidonate from all the sources 
specified above (see figure 6.1).

These inhibitory cocktails were used to determine whether endogenous arachidonate is 
involved in the transduction of the oxidative burst produced by both receptor and non- 
receptor stimuli. The receptor stimuli used were opsonized zymosan and monomeric and 
aggregated IgG, and the post-receptor stimulus, y-HCCH. As the action of y-HCCH possibly 
involves the perturbation of membrane phospholipids (Parries and Hokin-Neaverson, 1985), 
it has the potential to mobilize arachidonate from several phospholipid sources.

The receptor stimulus fMLP could not be used in these experiments as indomethacin, and 
possibly meclofenamate, competitively inhibits fMLP binding to the neutrophil receptor 
(Abita, 1981; Palmer, 1983).
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The effect of inhibitors of arachidonate production on receptor stimuli

In experiments with receptor stimuli, only sodium meclofenamate was used in the combi
nation of inhibitors since, as will be shown in chapter 8, indomethacin consistently inhibits 
the receptor stimuli.

A combination of the DAG kinase inhibitor, R59022 at lO'^M, the DAG lipase inhibitor, 
RHC80267 at 10'5M, and sodium meclofenamate at lO^M, produced a consistent right shift 
in the concentration-response curve to opsonized zymosan in six experiments (Figure 6.2). 
The meclofenamate-containing cocktail also inhibited IgG-stimulated O2 release but had no 

significant effect on heat-aggregated IgG-mediated superoxide generation (figure 6.3). 
When used on its own with these receptor stimuli, sodium meclofenamate (lCT^M) did not 
decrease, but in fact increased superoxide production (see chapter 8).

The ‘grouping’ of these particular stimuli, with IgG and opsonized zymosan being affected 
by agents in almost identical fashion, whilst heat-aggregated IgG is usually affected in a 
different way, appears to be a consistent phenomenon.
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Figure 6.2 The effect of a combination of inhibitors of arachidonate production on opsonized  
zymosan-stimulated O2 production. Results expressed as % mean maximum O2 produced 
by opsonized zymosan alone (162 ± 14.5 nmol 5x106 cells'1). ( • )  opsonized zymosan alone; 
(■) with a combination of the DAG kinase inhibitor R59022 (10'5M), the DAG lipase inhibitor 
RHC80267 (10'5M) and sodium meclofenamate (10'4M). All data points represent mean ±  
s.e . (n=6).
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Figure 6.3 Effects of a  combination of inhibitors of arachidonate production on IgG- and 
heat-aggregated IgG (HAGG)-stimulated O2 production. Results expressed as % mean 
maximum O2 produced by heat aggregated IgG (66.6 nmol 5x106 cells'1). Hatched bars 
show the effects of a combination of the DAG kinase inhibitor R59022 (10'5M), the DAG 
lipase inhibitor RHC80267 (10'5M) and sodium meclofenamate (lO^M). All bars represent 
mean ± s.e. (n=5).

It is interesting to note that the combination of inhibitors actually increased basal superoxide 
release (figure 6.3) although not significantly.

It was shown in chapter 5, that when R59022 and RHC80267 were used on their own the 
former enhanced and the latter had either no effect on receptor-mediated superoxide 
production, or in the case of heat-aggregated IgG, RHC80267 inhibited O2 generation.

The most likely explanation for the results with the cocktail of inhibitors on the receptor- 
mediated responses is that the respiratory burst activated by IgG and opsonized zymosan, 
but not necessarily heat-aggregated IgG, requires a contribution from an arachidonate 
generating pathway. This contribution may not be very large as the maximum inhibition seen 
with all these drugs was approximately 30% (on opsonized zymosan). However, as all the 
DAG metabolic pathways were inhibited one would expect a greater activation of PKC and, 
if arachidonate generation were a necessary element in some receptor-mediated O2 respon

ses, inhibition of such generation might well give the results obtained here, since even very 
potent activation of PKC would not then compensate for the elimination of this arachidonate 
pathway.
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There is a possibility that the decrease in superoxide generation observed with opsonized 
zymosan and IgG could be interpreted in terms of the increased PKC activity mediating a 
negative-feedback mechanism at the receptor or the G-protein. However, there was no 
significant inhibition of the heat-aggregated IgG response, which generates more superoxide 
than IgG (thus supposing more PKC activity). PKC seems to effect its feedback-inhibition 
at the G-protein in most cases but the combination of inhibitors was without effect on fluoride 
stimulation which stimulates at the G-protein (Muid et al., 1988). Therefore the idea that 
receptor stimulation by opsonized zymosan and IgG generates so much PKC activation that 
negative-feedback is effected seems improbable.

The effect of inhibitors of arachidonate production on a non-receptor 
stimulus

When used with the post-receptor stimulus, y-HCCH, the combination of drugs produced 
almost the opposite effect to that seen with the receptor stimuli. A combination of the DAG 
kinase inhibitor, R59022 at 10'5M, the DAG lipase inhibitor, RHC80267 at 10'5M, and 
indomethacin at 10^M, markedly left-shifted the concentration-response curve to y-HCCH 
(Figure 6.4). When meclofenamate was substituted for indomethacin a similar left-shift of
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Figure 6.4 Potentiation of y-HCCH-induced O2 generation by a combination of inhibitors of 
arachidonate production. Results are expressed as % mean maximum O2 produced by 

y-HCCH alone (137 nmol 5x106 cells"1). ( • )  y-HCCH alone; (■) with a combination of the 
DAG kinase inhibitor R59022 (10"5M), the DAG lipase inhibitor RHC80267 (10"5M) and a  
phospholipase inhibitor indomethacin (KT^M). All data points represent mean ± s .e .  (n=3).
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Figure 6.5 Potentiation of y-HCCH-induced O2 generation by a combination of inhibitors of 
arachidonate production (with meclofenamate replacing indomethacin). Results expressed  
as % mean maximum O2 produced by y-HCCH alone (146 nmol 5x106 cells'1). ( • )  y-HCCH 
alone; (■) with a combination of R59022 (10'5M), RHC80267 (10'5M) and meclofenamate 
(1 O^M). All data points represent mean ± s.e . (n=3).

the dose response curve was obtained and the mean maximum response was increased 
(Figure 6.5).

Indomethacin and meclofenamate have been described quite independently by three separate 
groups as being inhibitors of phospholipase A2 (Kaplan et al., 1978; Franson et al.y 1980; 
Lanni and Becker, 1985). In the present study, remarkably similar results were obtained with 
the non-receptor stimulus (y-HCCH) when either of these putative PLA2 inhibitors was 
added to the combination of R59022 plus RHC80267, suggesting that both indomethacin 
and meclofenamate do indeed act at a common site.

However, not only did the inhibitors fail to decrease O2 generation by a stimulus acting at 

a non-receptor site —  they actually increased it. This finding requires some consideration. 
If protein kinase C is a key component in the respiratory burst transduction pathways then 
inhibiting the metabolism of the physiological activator of this enzyme (DAG) should 
increase the amount of superoxide produced. By inhibiting both DAG lipase and DAG 
kinase, with RHC80267 andR59022, this would be accomplished. Indomethacin, in addition 
to its known effects on cyclooxygenase and phospholipase A2, may also be an inhibitor of
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DAG lipase, since this has been shown in human platelets (Rittenhouse-Simmons, 1980). 
However, this was also the situation when opsonized zymosan and IgG were the stimuli, yet 
the response was inhibited with the cocktail of inhibitors. So it seems that, with these stimuli, 
arachidonate really is essential for optimal O2 generation. The response to y-HCCH was 

enhanced with the cocktail of inhibitors, as was the response to the G-protein activator, 
fluoride (Muid et al., 1988). This suggests that both y-HCCH and fluoride must be activating 
a pathway which opsonized zymosan and IgG do not access, thereby increasing DAG and 
PKC activation to such an extent that they more than compensate for the lack of any 
arachidonate component of burst transduction.

Fluoride is proposed to activate G-proteins by virtue of an aluminium-fluoride complex 
(A1F), mimicking the role of the y-phosphate of GTP, and transforming the inactive 
GDP-containing G-protein to its active state (Bigay et al., 1985; Cockcroft and Taylor,
1987). If this is its mode of action then one may not expect fluoride to be selective for any 
one particular G-protein. Fluoride stimulation could affect all the receptor-linked G-proteins, 
activating phospholipases A2, C and D. This stimulus induces large increases in dira
dylglycerol mass (both DAG and AAG) with kinetics which correspond to O2 production. 

Unlike fMLP-activated diradylglycerol generation, which is completely inhibited by etha
nol, that produced by fluoride is only partially blocked (30%), coincident with the appearance 
of phosphatidylethanol, indicating activation of both phospholipase C and D (Olson et al., 
1990).

Superoxide generation stimulated by opsonized zymosan has been shown to be only partially 
inhibited by ethanol or butanol at concentrations which completely blocked fMLP-induced 
O2 production (Bonser et al., 1989). Opsonized zymosan induces a much greater and 

sustained degradation of phosphoinositides, to produce diacylglycerol, than do the soluble 
stimuli such as fMLP (Burnham etal., 1989) and it may be that the phospholipase D pathway 
is much less important for the transduction mechanisms involved with particulate stimuli.

If both y-HCCH and fluoride substantially activate the PLD-mediated pathway but opsonized 
zymosan and IgG don’t, then this could explain why the former two stimuli generate more 
superoxide, via PKC activation, than the latter two stimuli, when the metabolism of DAG 
is inhibited.

The effect of a new putative phospholipase A2 inhibitor

The previous experiments indicated that an arachidonate component of respiratory burst 
transduction was necessary for optimal superoxide generation with the stimuli opsonized 
zymosan and IgG. To establish this requirement further, a putative phospholipase A2
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Figure 6.6 The structure of 
ch loracysine com pound I 
(Beecham Pharmaceuticals).

inhibitor, chloracysine, was tested for its effect on stimulated O2 production induced by 

opsonized zymosan.

Chloracysine compound I (2-chloro-10-(3-Diethylamino-l-oxypropyl)-10H-phenothia- 
zine), a Beecham compound (figure 6.6), has been described as a phospholipase A2 inhibitor 
and has been shown to inhibit the rise in rat gastric mucosal 6-keto-PGFia production 
induced by PLA2 from Naja naja (Melarange and Gillett, 1988). It should be noted that 
although compound I has been described as a putative PLA2 inhibitor, there is very little 
information as yet to support such a mechanism of action. In some preliminary studies the 
zymosan-stimulated release of preincorporated [14C]AA from human leukocytes was in
hibited by chloracysine (Dr. R. Melarange, personal communication).

In three experiments chloracysine at 10'5M had a tendency to enhance the response but this 
was in no way significant. At lO^M however, chloracysine inhibited the opsonized zymo
san-induced superoxide production by approximately 55% (figure 6.7).

In another study chloracysine was shown to have an IC50 of lO^M for A23187-induced 
superoxide generation whereas the compound inhibited the fMLP- and fluoride-stimulated 
respiratory burst with IC50S of 25 and 30|iM respectively (Twomey, 1990).

A23187 is a good stimulus for the activation of phospholipase A2-linked pathways, as 
compared to the soluble stimuli such as fMLP. The respiratory burst induced by fMLP (a 
stimulus believed by some not to activate the PLA2 pathway) was markedly inhibited by 
chloracysine (Twomey, 1990). However, few characterization studies have been carried out 
on this compound, so any possible non-specific sites of action remain unknown. It should 
be noted that the PLA2 inhibitor potently inhibited opsonized zymosan-induced LTB4 

production, as determined by radioimmunoassay, indicating that the compound does in fact 
inhibit PLA2 (Twomey, 1990).

Henderson et al. (1989) reported that chloracysine totally inhibited PMA-induced O2 

production, in a Ca2+-free medium, and that this production could be restored by the addition 
of AA (50pM) in the presence of the PLA2 inhibitor. This group suggested that PMA

xCpHc 
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Figure 6.7 The effects of chloracysine compound I on opsonized zymosan-stimulated O2 
generation. Results are expressed as % mean maximum O2 produced by opsonized 
zymosan alone (162 nmol 5x106 cells'1). ( • )  opsonized zym osan alone; (■) with 
chloracysine (10'5M); (A) with chloracysine (lO^M). All data points represent mean ± s .e . 
(n=3).

stimulation of protein kinase C activated phospholipase A2 and by this mechanism was 
generating O2 . However, most workers find that PMA cannot induce arachidonic acid release 

in the absence of Ca2+ (McColl et al., 1986; Billah and Siegel, 1987), and it also fails to 
initiate the synthesis of LTB4 and other 5-lipoxygenase metabolites in human neutrophils 
(Liles et al., 1987; Raulf and Konig, 1988), but PMA can prime for enhanced responses 
when a second stimulus is used. Henderson et al., however, did not use a second sequential 
stimulus.

Also, it has been shown that 50pM A A can stimulate O2 , in its own right (Abramson et al., 
1991a). So could chloracysine be acting to inhibit an enzyme other than phospholipase A2? 
The most active compound in the study by Henderson et al. (1989) was Ro 31-4639, which 
has now been found to have some PKC inhibitory activity (Dr. J.S. Nixon, Roche Products 
Ltd., personal communication). Could chloracysine*s action also be explained by an inhibi
tion of PKC? The responses seen by Henderson et al. could certainly be explained by an 
inhibitory action on protein kinase C, so that PMA stimulation is inhibited but addition of 
AA then activates NADPH oxidase via a non-PKC mechanism.
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Are arachidonate metabolites generated by opsonized zymosan ?

There are several published reports which claim that opsonized particles cannot induce 
release of LTB4 from neutrophils except in the presence of exogenously added arachidonic 
acid (Clancy et al.y 1983; Henricks etal., 1986; Haines era/., 1987). This implies that receptor 
stimuli such as opsonized zymosan are not capable of activating PLA2 to generate arachi
donic acid in the neutrophil.

To determine whether or not phospholipase A2 is activated with the receptor stimulus, 
opsonized zymosan, a bioassay was set up to measure possible products of PLA2 activation. 
Neutrophils can synthesize LTB4 and PAF and recognize both as chemotaxins. If neutrophils 
generate arachidonic acid which is converted into LTB4 and/or lyso-alkyl-PC, which can be 
converted by an acetyltransferase into PAF, this can be tested using a chemotaxis assay. The 
soluble stimuli such as fMLP cannot be used as they are chemotactic in their own right. 
However, opsonized zymosan lends itself very well to this type of assay.

A b io assay  for ch em o tac tic  p ro d u c ts  of neu trophil stim ula tion

Neutrophils were exposed to opsonized zymosan, in the presence and absence of modifying 
drugs, for 30 minutes and then both cells and opsonized particles were centrifuged down 
and the supernatants removed. The supernatants were sterilized by passing through a 0.22pm 
filter and stored at -20°C before being assayed (usually the following day). Some superna
tants were also taken to the Wellcome Research Laboratories, Beckenham, Kent, by Dr. B. 
Twomey for the measurement of LTB4 using a radioimmunoassay technique described by 
Salmon et al. (1982).

A specific 5-lipoxygenase inhibitor and a PAF-receptor antagonist were used to determine 
the contribution of each mediator to the chemotactic activity present in the supernatants. 
Sodium meclofenamate was also used at the concentration (lO^M) reported to inhibit 
neutrophil phospholipase A2 activity. Meclofenamate and the 5-lipoxygenase inhibitor were 
preincubated with the neutrophils before addition of opsonized zymosan. The PAF-receptor 
antagonist WEB 2086 was added to both the chemotaxing neutrophil suspension above the 
micropore filter and the supernatant below the micropore filter in the chemotaxis chambers.

The drugs used in chemotaxin generation could not be removed from the supernatants, so it 
was always necessary to control for the direct effects of these drugs on chemotaxis as well 
as their effects on chemotaxin generation. In order to accomplish this, chemotaxis chambers 
were set up with supernatants generated in the absence of any drug, then the drugs at 
appropriate concentrations (the concentration which would have been present in the super
natant had the drug been used during generation) were added to the chambers both above 
and below the micropore filters to avoid any concentration gradient of drug.
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For example: serial dilutions of the chemotactic supernatants were made from 1 in 10 to 1 
in 10,000. Each dilution results in a ten-fold reduction in the level of drug still present, so 
the control for a 1 in 10 dilution of a meclofenamate containing supernatant was 10‘5M 
meclofenamate added, either side of the micropore filter, to a control supernatant —  since 
10“*M meclofenamate was used during generation. The control for a 1 in 100 dilution of the 
5-lipoxygenase inhibitor containing supernatant was 10'^M added either side of the filter, 
as the inhibitor was used at 10-6M in generation.

BW A4C -  an inhibitor of 5 -lipoxygenase

BW A4C (N-[3-phenoxycinnamyl]-acetohydroxamic acid) has been reported to be a potent 
inhibitor of LTB4 synthesis from 5-HPETE and 5-HETE from arachidonate (Tateson et al.,
1988). This is suggestive of both LTA4 synthetase and 5-lipoxygenase inhibition. In the 
Tateson study BW A4C was shown to be selective for 5-lipoxygenase (IC50 0.1 ± 0.03pM) 
over cyclooxygenase (IC50 3.2 ± 0.8|iM) and 15-lipoxygenase (IC50 2|iM). For the chemo
taxin generation work and the later work on superoxide, BW A4C was used at 10'^M, a 
concentration shown to inhibit 5-lipoxygenase by 90% but inhibit cyclooxygenase by only 
10%.

BW A4C and sodium  m eclo fenam ate  inhibit generation  of ch em o tax in s

In three experiments, BW A4C at 10^M inhibited the generation of chemotaxins by human 
neutrophils in response to opsonized zymosan stimulation (figure 6.8). The presence of BW 
A4C in control supernatants had no effect, showing that this compound has no effect on 
neutrophil chemotaxis (open circles compared with filled circles in figure 6.8).

Sodium meclofenamate at concentrations between 10'7 and 10"5M had a direct inhibitory 
effect on neutrophil chemotaxis. This was manifested as a 35 ± 1.4% inhibition at all 
dilutions of the chemotactic supernatant. This could possibly be due to an inhibition at the 
neutrophil LTB4 receptors as meclofenamate has a similar effect on fMLP receptors. Sodium 
meclofenamate inhibited the generation of chemotactic supernatants by more than BW A4C 
at concentrations which are reported to block PLA2 activity, however, some of this ‘effect’ 
was due to the direct effect of the meclofenamate, still present in the supernatant, on the 
chemotaxis. Once this had been compensated for, the inhibition of generation was found to 
be almost identical to that produced by B W A4C (open squares compared to closed squares, 
figure 6.8).

Samples taken during these experiments and used in a radioimmunoassay for LTB4 showed 
that the LTB4 generation induced by lOmg m l'1 opsonized zymosan (4652 ± 713pg 5x10^ 
cells'1) was reduced to 47 ± 32pg 5x106 cells"1 by BW A4C (B. Twomey, personal
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Figure 6.8 The effects of BW A4C and sodium m eclofenam ate on generation of 
chemotactic agents mediated by opsonized zymosan stimulation. Results are expressed as 
% mean maximum chemotactic response induced by supernatants from neutrophils 
stimulated with opsonized zymosan (OZ). Control supernatant from neutrophils stimulated 
with OZ (• ) ;  supernatant from neutrophils stimulated with OZ in the presence of BW A4C 
(lO^M) (■); the effect of BW A4C on chemotaxis mediated by control supernatant (O); 
supernatant from neutrophils stimulated with OZ in the presence of sodium meclofenamate 
(1 O^M) corrected for direct effect of drug on chemotaxis(Q). All data points represent mean 
± s.e . (n=3).

communication). In the same radioimmunoassays it was shown that fMLP (3nM — lOOnM) 
failed to generate LTB4 as did unstimulated neutrophils.

It seems reasonable to assume therefore that the chemotactic activity induced by the 
supernatants, which is inhibitable by a 5-lipoxygenase inhibitor or a phospholipase A2 

inhibitor, is due solely to the presence of LTB4 . However, to exclude the possibility that 
PAF may be produced, by a route not inhibited with our current inhibitors, a PAF receptor 
antagonist was used during the chemotaxis assay.

N eutrophils do  no t re lease  PAF w hen stim u la ted  with o p so n ized  
zym osan

WEB 2086, a triazolothienodiazepine, has been shown to be a potent and specific antagonist 
of platelet activating factor in vitro and in vivo (Casals-Stenzel et al., 1987). It inhibits 
PAF-induced human neutrophil aggregation in vitro, with an IC50 of 0.36 |iM, (Casals-
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Stenzel et al., 1987) and p-glucuronidase release (Dent et al., 1989). [3H]WEB 2086 was 
shown to bind specifically to high-affinity sites on human neutrophils and the close 
concordance between affinity constants for WEB 2086 from functional and radioligand- 
binding studies suggested that it interacted with the neutrophil PAF receptors (Dent et al.,
1989).

WEB 2086 (lfiM) pretreatment of human neutrophils or WEB 2086 coincubation with PAF, 
was shown to significantly inhibit (between 65 and 80%) neutrophil chemotaxis to PAF, 
through 3 |im pore filters of the type used in our study (Carolan and Casale, 1990). The 
inhibition of the chemotactic response to PAF by WEB 2086 (at l|iM ) seems to be specific, 
since the chemotactic responses by neutrophils to C5a, fMLP, and LTB4 were not affected 
by WEB 2086, neither was chemokinetic migration induced by albumin (Hakansson and 
Venge, 1990).

In this study, when used in three experiments WEB 2086 (l|iM ) had no effect on the 
neutrophil chemotaxis to mediators generated during opsonized zymosan stimulation of 
neutrophils (figure 6.9). Thus it would seem that PAF is not produced by neutrophils when 
activated with particulate stimuli, and the major chemotaxin generated is LTB4 .

CD
c/>coQ.
CO
CDk_

o

100

o
05
O
E
CD-Co
E
3
E
‘8
2

1/10000 1/1000 1/101/100

Cell su p e rn a tan t dilution

Figure 6.9 The effects of WEB 2086 on neutrophil chemotaxis to a  chemotactic agent 
produced by neutrophils following stimulation with opsonized zym osan. Results are 
expressed as % mean maximum chemotactic response induced by supernatants from 
neutrophils stimulated with opsonized zymosan. Control supernatant from neutrophils 
stimulated with opsonized zymosan (• ) ;  the effect of WEB 2086 on chemotaxis mediated 
by control supernatant (■). All data points represent mean ± s .e . (n=3).
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Why are our results different from those of other groups?
  9a.

LTB4 can be synthesized by neutrophils when activated by Ca ionophores such as A23187 
(Borgeat and Samuelsson, 1979; Haines et al., 1986). However, there is much conflict 
relating to the ability of human PMNs to generate LTB4 in response to other stimuli. It was 
originally reported that neutrophils stimulated with opsonized zymosan (Claesson et al., 
1981) release LTB4, but this has since been refuted by several groups who claim that 
neutrophils only produce and release LTB4 if high concentrations of exogenous arachidonic 
acid are present (Clancy et al., 1983; Henricks et al., 1986; Haines et al., 1987). To quote 
Haines et al. (1987) “Neutrophils can, but will not, respond to ligand-receptor interactions 
by forming leukotriene B4...”. Nevertheless, in this study, it has been shown quite clearly 
that neutrophils, in the absence of any exogenous arachidonate, will produce and release 
large quantities of LTB4 when stimulated with opsonized zymosan.

How can we explain this difference in the results? Most workers using neutrophils commonly 
employ cytochalasin B to enhance the responses, whether they are investigating soluble 
stimuli or particulate agents. As shown in chapter 3, because of the variability in results 
caused by cytochalasin B when using opsonized zymosan, the stimulus was always used in
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Figure 6.10 The effect of cytochalasin B on the production of chemotactic products by 
stimulated neutrophils. Results are expressed as % mean maximum chemotactic response 
induced by supernatants from neutrophils stimulated with opsonized zymosan. Control 
supernatants from neutrophils stimulated with opsonized zymosan (• ) ;  the effect of 
cytochalasin B (5pg ml'1) on generation of chemotactic supernatants corrected for its direct 
effect on chemotaxis (■). All data points represent mean ± s.e. (n=3).
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the absence of this ‘enhancer’. There had been an earlier indication that cytochalasin B might 
actually reduce O2 generation stimulated by opsonized zymosan, so this agent was tested in 

the chemotaxin generation experiments.

Cytochalasin B had a direct inhibitory effect on neutrophil chemotaxis, probably due to its 
effects on the cytoskeleton (an intact cytoskeleton is required for neutrophil movement). 
Once this had been compensated for, it was found, in three experiments, that cytochalasin 
B (5|ig ml-1) consistently inhibited the generation of chemotaxin by neutrophils stimulated 
with opsonized zymosan (figure 6.10). It also reduced the maximum LTB4 generation as 
determined by radioimmunoassay by 80% (B. Twomey, personal communication).

Does LTB4  synergize with opsonized zymosan for an enhanced 
superoxide response?

Once it was found that neutrophils do produce and release LTB4 when stimulated by 
opsonized zymosan, there arose the possibility that the large O2 responses produced by 
opsonized zymosan were due to a synergism between this particulate stimulus and the 
released LTB4.

To test whether or not LTB4 production plays any role in the transduction of superoxide 
generation, the 5-lipoxygenase inhibitors BW A4C and RG 5901 were used in pilot experi
ments where O2 was generated in response to opsonized zymosan.

RG 5901 (a-pentyl-3-(2-quinolinylmethoxybenzene)methanol) has been reported to inhibit 
human neutrophil 5-lipoxygenase (IC50 = 6fxM) and both antigen- and A23187-induced 
LTC4, LTD4 and LTE4 release from human lung tissue (Tennant et al., 1987). RG 5901, at 
6 and 60jiM has been shown to cause a dose-dependent reduction of opsonized zymosan- 
induced LTB4 release; the higher concentration totally inhibiting the response (Twomey,
1990).

Inhibiting 5-lipoxygenase does not inhibit superoxide production
In two experiments, BW A4C at l|iM, had no effect on the O2 response induced by opsonized 

zymosan (figure 6.11). In one pilot experiment RG 5901 at 6|iM, also had no effect on 
opsonized zymosan-stimulated O2 generation (figure 6.12).

From these experiments it appears that, although LTB4 is produced and released from 
neutrophils stimulated with opsonized zymosan, this LTB4 plays no part in the superoxide 
response.

Leukotriene B4 has been found to be a potent chemotactic, aggregating and degranulating 
agent in human neutrophils (Bray et al., 1980; Ford-Hutchinson et al., 1980; Palmer et al.,
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Figure 6.11  The effect of BWA4C on opsonized zymosan-induced O2 generation. ( • )  

Opsonized zymosan alone (% mean maximum O2: 183 ± 16 nmol 5 x 106 cells'1); (■) with 

BW A4C (1p.M). Data points represent mean ± range. (n=2).
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Figure 6 .1 2  The effect of RG 5901 on opsonized zymosan-induced O2 generation. ( • )  
Opsonized zymosan alone (% maximum O2 : 167 nmol 5x106 cells'1); (■) with RG 5901 

(611M). Data points represent mean ± range of sample duplicates. (n=1).
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1980; Serhan et al., 1982). It will also induce superoxide generation at 100-fold higher 
concentrations (Serhan et al., 1982; Sumimoto et al., 1984) but this production is minimal 
as LTB4 does not activate the PLD pathway so the response is shortlived (Reibman et al., 
1988; Truett et al., 1988). However, it may be effective as a priming agent for other stimuli 
(Dewald and Baggiolini, 1985), but possibly not opsonized zymosan.

LTB4 is not the only 5-lipoxygenase product that has been implicated as a neutrophil 
activator. The 5-HETES, 5-HPETES and Lipoxins A and B have all been proposed as 
intracellular second messengers. However, the current results, with BW A4C and RG 5901, 
appear to exclude second messenger roles for LTB4, the 5-HETEs, the 5-HPETEs and the 
15-HPETE metabolite, lipoxin A, as conversion of 15-HPETE to lipoxin A requires the 
action of 5-lipoxygenase (Ueda et al., 1987).

Discussion

The role of endogenous arachidonate in the transduction process is difficult to investigate 
rigorously. Techniques involving use of radioactive arachidonate have several drawbacks 
(discussed in Irvine, 1982). One major drawback is that several distinct pools of arachidonate 
exist and there may be continuous, rapid acylation and reacylation of the phospholipids in 
these pools, even in a ‘resting’ cell. This makes quantitative measurements of receptor- 
activated radioactive-arachidonate accumulation or loss very difficult. Reacylation of the 
key phospholipids which are only transiently deacylated during cell activation may well 
confuse the results seen with radiolabelled arachidonate, especially if cell activation is 
measured over periods up to 10 minutes or more. A study using this technique showed that 
in ionophore A23187-, IgG- and opsonized zymosan-stimulated neutrophils there was no 
correlation between O2 generation and PLA2-mediated AA generation or its subsequent 

metabolism (Godfrey et al., 1987).

Several groups have suggested that arachidonate or its metabolite lipoxin A could activate 
protein kinase C (McPhail et a l , 1984b; Hansson et al,, 1986; Morimoto et al.t 1988). 
Molecular cloning analysis has established that it is only the y-isoform of PKC that is 
sensitive to the low levels of arachidonate (~25jiM) which would be produced during 
receptor activation (Shearman et al., 1989). Lipoxin A was also demonstrated to be a potent, 
selective activator of the y-subspecies of PKC, and activation can occur in the absence of 
phospholipids, DAG and Ca2+. However, the neutrophil does not possess the y-isoform of 
PKC, only a  and P isoforms have been found (Obel et al.y 1991) and these require >100pM 
A A for stimulation (Shearman et a l, 1989). It is unlikely therefore that, in the neutrophil, 
arachidonate acts by stimulating protein kinase C.
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Activation of phospholipase A2 in vivo is thought to be controlled by endogenous modulators 
—  the lipocortins. Lipocortins are a family of steroid-induced proteins reported to be 
inhibitors of PLA2 activity. The anti-inflammatory action of the glucocorticoids has been 
attributed to the induction of these lipocortins (Rower and Blackwell, 1979). Lipocortin-like 
proteins have been isolated from a variety of tissues including monocytes (Rower and 
Blackwell, 1979) and neutrophils (Hirata et al., 1980) and one, a 40kDa protein, is 
phosphorylated in vivo by protein tyrosine kinases and by protein serine-threonine kinases 
such as PKC (Pepinsky and Sinclair, 1986). When the cell is stimulated it is suggested that 
lipocortin is phosphorylated, possibly by PKC in neutrophils, which reverses the PLA2 

inhibition (Hirata, 1981; Stoehr et al,, 1990). The phosphorylation of neutrophil lipocortin 
was found to parallel the release of arachidonate during cell stimulation (Hirata, 1981).

The mechanism of PLA2 inhibition is suggested to be either direct (reviewed in Brugge, 
1986) or by sequestering the phospholipid substrate (Davidson et al., 1987). Either way, in 
the unstimulated cell, lipocortins are deemed to be active in inhibiting the production and 
release of arachidonate and its metabolites.

Support for the hypothesis that there is a role for arachidonate in the receptor-mediated 
respiratory burst is provided by a report which showed that lipocortin decreased receptor- 
mediated but not phorbol ester-mediated H2O2 production (Stevens et al., 1988).

Studies by some workers have shown that phorbol esters do not activate PLA2 directly and 
conclude that arachidonate is not involved in PMA-stimulated O2 generation. However, 
Cockcroft et al. (1991) report that activated protein kinase C will stimulate the activation of 
PLA2 if the [Ca2+]i is lp.M or greater. This is a ten-fold higher concentration of Ca2+ than 
is required for activation of phospholipase C.

A possible transduction sequence initiated by receptor stimuli could be as follows:

•  Activation of PLC by receptor agonist, via a pertussis toxin-sensitive G-protein at 
cytosolic Ca concentrations.

•  Generation of diacylglycerol which activates protein kinase C.
9 ,

Elevation of intracellular Ca to >=l|iM.

•  Activation of PLA2 by protein kinase C in the presence of the higher [Ca2+]i.
Activation of PLD by protein kinase C.

•  Generation of arachidonate.
Generation of diradylglycerols.

•  Further activation of protein kinase C by diacylglycerol, and stimulation of NADPH 
oxidase by protein kinase C and arachidonate in concert
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Thus mobilization of arachidonate may increase the effectiveness of the signal triggered 
initially by receptor-mediated PIP2 hydrolysis. This sequence and other possibilities will be 
discussed further in chapter 9.

Summary

Results obtained with the two selective 5-lipoxygenase inhibitors, BW A4C and RG 5901, 
at or just above their IC50 values, on opsonized zymosan-induced O2 generation were 

negative. However, both 5-lipoxygenase inhibitors have been shown to totally inhibit 
opsonized zymosan-induced LTB4 generation in parallel radioimmunoassays (Twomey,
1990), and BW A4C significantly inhibited the generation of chemotaxins induced by this 
stimulus. Using different lipoxygenase inhibitors, Ozaki et al. (1986) also observed very 
little correlation between inhibition of the lipoxygenase pathways or LTB4 synthesis and the 
respiratory burst.

It should be noted, at this point, that whereas in the radioimmunoassay LTB4 production 
was shown to be totally inhibited, in the parallel chemotaxis experiments, BW A4C only 
inhibited the generation of chemotaxins by 60%. As sodium meclofenamate could not inhibit 
the generation beyond this level, it seems that there is another chemotactic product of 
stimulated neutrophils which is not a metabolite of arachidonate.

There appears to be a major difference in the signal transduction originated by opsonized 
zymosan and fMLP as the latter does not stimulate release of LTB4 (Twomey, 1990).

To summarize, the current results with the 5-lipoxygenase inhibitors suggest that metabolic 
products of this pathway do not appear to play a significant role in the transduction 
mechanisms leading to NADPH oxidase activation, when activated at the Fcy/CR1/CR3 
receptors.

As yet there is no direct evidence that arachidonate generated intracellularly acts as does the 
exogenous arachidonate used experimentally; that is activating NADPH oxidase directly or 
possibly stimulating protein kinase C. This study has shown that arachidonate and at least 
one of its metabolites are generated on receptor stimulation by opsonized zymosan. There 
is also an indication that, with this stimulus and IgG, optimal superoxide production is 
dependent on the ability to generate arachidonate, but not its metabolite LTB4. Further 
biochemical work is needed to establish where in the transduction pathways arachidonate 
really acts.
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Chapter 7

The role of protein kinase C

It was reported in chapter 5 that two major transduction pathways seem to be responsible 
for the respiratory burst induced by the receptor stimuli. One pathway probably involves the
hydrolysis of PIP2 by a receptor-linked phospholipase C, to produce IP3, which mobilizes

2+Ca , and diacylglycerol, which activates protein kinase C. The second pathway may be 
responsible for the sustained phase of DAG production, independent of PIP2 hydrolysis, 
seen with primed stimuli (e.g. fMLP with cytochalasin B) and is mediated by a receptor- 
linked phospholipase D. The action of this enzyme on phosphatidylcholine yields 
phosphatidic acid which is subsequently hydrolyzed by phosphatidate phosphohydrolase to 
diradylglycerols. The activation of these two pathways indicates that increased DAG levels, 
however derived, and the subsequent activation of protein kinase C, are involved in 
superoxide generation. This is supported by observations that respiratory burst stimuli, such 
as fMLP, will cause translocation of protein kinase C from the cytosol to the membrane 
(O’Flaherty et al.y 1990).

Despite this circumstantial evidence, the role of protein kinase C in receptor mediated 
superoxide production is still controversial. The arguments against PKC involvement in this 
process are based on two areas of research. First, that the activation of the respiratory burst 
appears not to correlate with DAG accumulation (Koenderman et al., 1989a). Second, 
reportedly specific inhibitors of PKC such as H-7 and C-l, have been shown not to inhibit 
receptor mediated superoxide production (Gerard et al., 1986; Wright and Hoffman, 1986).

It is clearly of importance to determine whether the DAG/PKC pathway is involved in the 
transduction mechanisms for superoxide generation since, if this were so, inhibitors of this 
pathway might be developed as useful therapeutic agents. In the current study, the role of
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protein kinase C in respiratory burst activation by receptor stimuli was assessed using the 
putative PKC inhibitors, K252a and staurosporine, which are reported to be potent for PKC 
but not selective, and a new series of novel bis-indolyl maleimide compounds, which 
potently inhibit human neutrophil PKC with a high degree of selectivity over both cAMP- 
dependent protein kinase and Ca /calmodulin-dependent kinase.

Protein kinase C

Protein kinase C (PKC) is a multifunctional serine and threonine specific protein kinase 
found in many cells, tissues and organs (Nishizuka, 1984a), and its activity is dependent on 
Ca2+ and phospholipid. The kinase is activated by 1,2-diacyl-s/z-glycerol (DAG) generated 
as a consequence of receptor-mediated hydrolysis of inositol-containing phospholipids by 
phospholipase C and hydrolysis of phosphatidylcholine (and possibly other phospholipids) 
by phospholipase D.

Recent biochemical fractionation of PKC as well as the sequence analysis of its cDNA clone 
has revealed the existence of multiple subspecies of this enzyme with cell-specific express
ion. Currently, eight subspecies of PKC have been found (Parker et al., 1989; Bacher et al.,
1991), referred to as a , pi, pH, y, 8, e, £ and T|. Only two types of PKC have been found in 
human neutrophils —  a  and p (Pontremoli et al., 1990; Obel et al., 1991). The immuno- 
cytochemical studies with subspecies-specific antibodies indicate that particular PKCs may 
also be limited to certain intracellular locations, and suggests that each subspecies may have 
a unique role in signal transduction. In fact, in NIH 3T3 cells, PKC-y and PKC-a have been 
shown to have opposite actions on the responses of cAMP-generating systems (Gusovsky 
andGutkind, 1991).

Protein kinase C is the intracellular target receptor for the tumour-promoting phorbol esters 
such as phorbol 12-myristate 13-acetate (PMA) and phorbol dibutyrate (PDBu) (reviewed 
by Nishizuka, 1986). Rat brain PKC can be split into two fragments, of 50 and 32kDa, by 
treatment with trypsin (Lee and Bell, 1986). [3H]PDBu binds to the 32kDa fragment and the 
binding is dependent on Ca2+ and phosphatidylserine (PS) and is of high affinity (Kd = 
2.8nM). This smaller fragment represents the lipid binding, regulatory domain of protein 
kinase C (Lee and Bell, 1986). Diacylglycerol, the physiological stimulus of PKC, stabilizes 
the quartemary complex between the enzyme, Ca2+ and phosphatidylserine (PS). The 
synthetic DAGs, l-oleoyl-2-acetyl-.s/z-glycerol (OAG) and 1,2-dioctanoyl-s/i-glycerol 
(diC8) are also able to activate PKC in intact cells (Go et al., 1987). As we have seen in 
chapter 6, arachidonate (AA) may also stimulate PKC (Hansson et al., 1986), although this 
is unlikely to occur in neutrophils since they only possess a  and p forms of PKC which 
require large concentrations of AA (>100pM) to activate them (Shearman et al., 1989).
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Recently, however, it has been found that arachidonate and some other cis-unsaturated fatty 
acids, in the presence of phosphatidylserine and diacylglycerol, can increase the affinity of
a  and p forms of PKC to Ca2+, allowing the PKC to exhibit full activation at nearly basal

2+Ca concentrations. The concentration of fatty acid required to produce maximum activa
tion of PKC was 20-50|iM (Shinomura et al., 1991).

Of the two isozymes of PKC found in unstimulated human neutrophils, PKC-a exists as a 
membrane-associated form, while PKC-p is absent or constitutes only a minor fraction in 
the membrane (Obel et al., 1991). PKC-P is present in large amounts in the cytoplasm of 
unstimulated cells. Upon stimulation with PMA there is a vigorous translocation of PKC-p 
to the plasma membrane (Obel et al., 1991) —  the enzyme almost disappearing from the 
cytosol (Pontremoli et al., 1990) — with a concomitant increase in PKC-p activity. This 
contrasts with only a minimal increase in PKC-a activity (Obel et al., 1991). The receptor 
stimulus, fMLP also causes translocation of protein kinase C from the cytosol to the 
membrane (O’Flaherty etal., 1990). Although both a  and p isozymes of PKC are activated 
almost equivalently by diacylglycerol and phosphatidylserine, it appears that they play 
distinct roles in transmembrane signalling pathways.

PKC translocation to the membrane had earlier been found to be accompanied by a 
calcium-activated neutral proteinase which promoted proteolytic conversion of PKC in the 
presence of Ca2+ (Suzuki et al., 1987). This PKC, fully active in the absence of Ca2+ and 
phospholipids, was then released to the cytosol and other cellular compartments where 
phosphorylation of target proteins could occur (Nishizuka, 1986; Parker et al., 1986).

Inhibitors of protein kinase C -th e  controversy

The controversy over whether protein kinase C is involved in the transduction pathway for 
NADPH-oxidase activation in neutrophils comes mainly from work reporting that putative 
inhibitors of protein kinase C had no effect on receptor-mediated superoxide generation even 
though they inhibited the action of agents, such as PMA, which initiate the respiratory burst 
by a direct action on protein kinase C (Wright and Hoffman, 1986; Gerard et al., 1986; Seifert 
and Schachtele, 1988). However the ‘inhibitors’ used were C-l (Gerard et al., 1986), H-7 
and H-9 (Wright and Hoffman, 1986; Seifert and Schachtele, 1988), all of which are as potent 
(or more potent) against the c AMP-dependent kinase (PKA) as against protein kinase C. H-7 
has similar affinity for both kinases, namely a Ki of 6|iM for protein kinase C and a Ki of 
3|iM for PKA, while the values for H-9 are 18fiM and 1.9pM respectively. C-l has a Ki of 
approximately 20|iM for protein kinase C and 3jiM for PKA. In interpreting these results it 
may be significant that agents known to increase cAMP have been found to inhibit 
receptor-mediated O2 production, but not superoxide production induced by direct activators
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ofprotein kinase C (Smolenef al.y 1980; Fanton cetal.y  1984). I t  is possible that an inhibition 
of the inhibitory effect of PKA could explain, or at least contribute to the results seen when 
H-7, H-9 and C-l are used as protein kinase C inhibitors.

In contrast to the results obtained with H-7, H-9 and C -l, the long-chain sphingoid bases 
which were demonstrated to competitively inhibit the binding of DAG or phorbol esters to 
PKC, effectively inhibited the respiratory burst induced by PMA, fMLP, A23187 and 
opsonized zymosan (Wilson etal., 1986; Lambeth etal., 1988). The apparently contradictory 
data from these studies remains to be reconciled.

We attempted to resolve some of these contradictions by using two compounds which were 
reported to be potent inhibitors of protein kinase C —  the microbial alkaloids, K252a 
((8R*,9S*,1 lS*)-(-)-9-hydroxy-9-methoxycarbonyl-8-methyl-2,3,9,10-tetrahydro-8,l 1- 
epoxy-lH,8H,l lH -2,7b,l la-triazadibenzo[a,g]cycloocta(cde)trinden-l-one) and stauro- 
sporine (figure 7.1). Both inhibitors have been reported to act by competitively inhibiting 
ATP substrate binding to the enzyme; K252a inhibiting rat brain PKC with an IC50 value of 
0.025|iM (Kase et al., 1987) and staurosporine with an IC50 value of 2.7nM (Tamaoki et 
al.y 1986). The IC50 values for both compounds on isolated PKC varies depending on the 
source of the PKC, isolation methods, PKC assay procedures and the concentration of ATP 
employed in the assay. With isolated neutrophil PKC, K252a is reported to have an IC50 

value of 0.58|iM (Smith, R.J. et a l.y  1988). This latter group has studied the effect of K252a 
on neutrophil superoxide generation and degranulation with the stimuli fMLP, PMA and 
diC8. Staurosporine has been reported to inhibit the PMA-induced respiratory burst with no 
effect on the fMLP-mediated respiratory burst (Sako et a l .y  1988).

We extended these studies to include fMLP, opsonized zymosan, IgG and heat-aggregated 
IgG, and conducted a detailed comparison between K252a and staurosporine. Both K252a 
and staurosporine were found to inhibit the respiratory burst of all the stimuli examined, 
although the order of agonist sensitivity to inhibition was very different with the two 
inhibitors.

However, although both K252a and staurosporine are potent inhibitors of protein kinase C, 
they are not specific for PKC. K252a is almost equipotent for PKC and both cyclic 
AMP-dependent protein kinase and Ca^+/calmodulin-dependent kinase, whereas stauros
porine has some degree of selectivity for PKC over the latter two kinases (table 7.1). A series 
of bis-indolyl maleimides, structurally related to K252a and staurosporine were developed 
by Roche Products Ltd. (figure 7.1)(Davis et al.y 1989; Muid et al.y 1991). These novel, 
potent PKC inhibitors have been shown to inhibit the isolated PKC enzyme from both rat 
brain and human neutrophils with very similar potencies (the IC50 data is given in table 7.1). 
They competitively inhibit at the ATP binding site on PKC, a property shared with K252a
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and staurosporine but, despite acting at a common site, the new PKC inhibitors were shown 
to have a much lower potency against isolated human neutrophil PKA, bovine heart PKA 
and rat brain Ca2+/calmodulin-dependent protein kinase (Davis et al., 1989; Muid et al.t
1991). Thus these compounds appeared to be both potent and selective inhibitors for PKC.

In addition, they have been shown to inhibit cellular processes known to be mediated by 
PKC, namely inhibition of the PMA-induced phosphorylation of a 47kDa protein in intact 
human platelets (Davis et al., 1989) and T-cell receptor down regulation (Muid et al.y 1991).

Due to their selectivity over other protein kinases, these bis-indolyl maleimides were 
considered to be useful tools for assessing the physiological importance of PKC in the human 
neutrophil respiratory burst, and were tested for their effects on superoxide generation 
induced with the receptor stimuli fMLP and opsonized zymosan. Also included for compari
son is the effect of these compounds on the diCs-stimulated respiratory burst. An analogue 
of these inhibitors, compound Ro31-6045, possessed no PKC inhibitory activity (table 7.1) 
and was used as a control throughout the study.

Table 7.1
Inhibitor IC50 values (|iM) against isolated protein kinases

Rat brain 
PKC

Human
neutrophil

PKC

Bovine heart 
PKA

Human
neutrophil

PKA

Rat brain Ca2+/ 
Calmodulin 

dependent PK

K252a 0.47d
0.025b

0.27*
0.58*

0.20d 0.16® 0.30f*

Staurosporine 0.01d
0.003“

0.002* 0.12d 0.02e 0.04d

Ro31-8425 0.0076f 0.0048f 2.84f 1.20F 19.0*

Ro31-8288 0.008* ND 7.4* ND >100*

Ro31-8220

t-H

O©

0.008* 1.5** ND 17.0“

Ro31-8161 0.03d 0.02* 3.3d ND 14.tf*

Ro31-7549 0.075f 0.048f 5.05r 4.2f 15.0*

Ro31-8657 0.047* ND 95* ND 40.0*

Ro31-6045 >100“ ND 100* ND >100*

a: Tamaoki et al. 1986 b: Kase et al. 1987
d: Davis et al. 1989 e: Twomey et al. 1990c
g: Nixon, J.S. (personal communication)

c: Smith, R.J. e ta l . 1988 
f: Muid et al. 1991 
ND: not determined
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Staurosporine, K252a and the Roche PKC inhibitors were dissolved in DMSO. In any 
experiment, the concentration of DMSO never exceeded 0.3%, which is non-toxic in our 
system, and the effect of this highest concentration of DMSO on the generation of superoxide 
was controlled for in the particular experiments where it was used. All inhibitors were tested 
at the highest concentration used in this study for toxicity and were found to have no effect 
on cell viability as assessed by the trypan blue exclusion method, and lactate dehydrogenase 
assays. The inhibitors were incubated with the neutrophils for 5 minutes before beginning 
the reaction with the desired stimulus.

A range of PKC inhibitor concentrations was tested for an effect on two concentrations of 
stimulus (selected from those that produced between 2 0% and 100% response on the 
superoxide dose-response curve). The results were normalized and the means with standard 
errors from several experiments were calculated from the data and graphically displayed as 
dose-inhibition curves. For each drug-stimulus combination an IC50 value was obtained with 
the Inplot computer program (GraphPad Software, California, USA) using non-linear 
regression to fit a sigmoidal curve to the dose-inhibition data. The IC50 values were identical 
or very similar whether they were calculated at high or low stimulus concentration, so the 
high concentration was selected for all IC50 determinations.

Both staurosporine and K252a inhibited the respiratory burst stimulated with the receptor 
stimuli fMLP, opsonized zymosan and heat-aggregated IgG. The IC50 values obtained for 
staurosporine and K252a are presented in table 7.2 (see page 156), where they are compared 
with those obtained with the Roche PKC inhibitors.

The effect of s tau ro sp o rin e  on su p ero x id e  genera tion

Staurosporine inhibited receptor-stimulated superoxide generation by heat-aggregated IgG 
and opsonized zymosan at IC50 values 65-100 fold greater than its IC50 value (2nM) for 
isolated human neutrophil PKC (table 7.2, page 156, and figures 7.2 and 7.3).

The effect of staurosporine on the heat-aggregated IgG response was particularly interesting 
in that low concentrations produced a reproducible, though not significant, potentiation of 
superoxide generation while at high concentrations there was a dose-dependent inhibition 
(figure 7.2). In collaborative experiments with Dr B. Twomey, this effect of staurosporine 
was also seen with fMLP, where much larger enhancements at low doses of inhibitor were 
observed (Twomey et al., 1990b). No increase of spontaneous superoxide release was seen 
with staurosporine (data not shown).
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Figure 7.2 The effect of a range of staurosporine concentrations on the generation of 
superoxide induced by 2.5mg ml'1 heat-aggregated IgG. Results expressed as % mean 
maximum O2 produced by heat-aggregated IgG alone (29.11 ± 3.62 nmol O2 5x106 
cells'1).Data points represent mean ± s.e. (n=3).
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Figure 7.3 The effect of a range of staurosporine concentrations on the superoxide 
response generated by opsonized zymosan. Opsonized zymosan (3mg ml'1) alone (O) and 
in the presence of staurosporine (• ) ;  opsonized zymosan (0.3mg ml'1) alone (□) and in the 
presence of staurosporine (■). Mean maximum control was 141.9 ± 10.9nmol O2 5x106 
cells"1 (n=3).
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Figure 7.4 The effect of staurosporine on the op son ized  zym osan  superoxide  
dose-response curve. Opsonized zymosan control (O); and with staurosporine 7nM (• ) ,  
100nM (■), 200nM (A) and 500nM (T). Mean maximum superoxide release was 131.6 ± 
8.8 nmol O2 5x106 cells'1 (n=3).

Parallel shifts of the dose response were observed for opsonized zymosan in the presence of 
inhibitor (figure 7.4). At 7nM staurosporine, and at the highest concentration of opsonized 
zymosan used in these experiments there was a very small but reproducible increase in the 
maximum response, whereas at higher concentrations of staurosporine there was significant 
inhibition.

When tested, in parallel collaborative experiments with Dr Twomey, on the post-receptor 
stimulus, diC8, the IC50 value in whole cells is quite close to the value obtained for the 
isolated enzyme (table 7.2, page 156). Staurosporine was examined for its effect on the full 
dose-response curve for diCs, and was shown to cause a dextral parallel shift of the 
dose-response curve with near restoration of the maximum response (Twomey et al., 1990b).

The effect of K252a on  su perox ide  genera tion

The dose inhibition curves and IC50 values for K252a with the stimuli fMLP, PMA and diCg 
have already been published by Smith, R.J. et al. (1988) and data obtained in our laboratory 
was in agreement with theirs (see table 7.2, page 156; Twomey et al., 1990b). K252a also 
produced a marked inhibition of the heat-aggregated IgG- and opsonized zymosan-stimu
lated O2 response; the dose-inhibition graphs are shown in figures 7.5 and 7.6 respectively. 

However, opsonized zymosan required much higher concentrations for inhibition than either
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Figure 7.5 The effect of a range of K252a concentrations on the generation of superoxide
induced by 2.5mg ml"1 heat-aggregated IgG. Results expressed as % mean maximum O2 

produced by heat-aggregated IgG alone (33.3 ± 4.1 nmol O2 5x106 cells'1).Data points 
represent mean ± s.e. (n=3).
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Figure 7.6 The effect of a range of K252a concentrations on the superoxide response 
generated by opsonized zymosan. Opsonized zymosan (3mg ml'1) alone (O) and in the 
presence of K252a (•);  opsonized zymosan (0.3mg ml'1) alone (□) and in the presence of 
K252a (■). Mean maximum control was 141.9 ± 10.9nmol O2 5x106 cells'1 (n=3).
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Figure 7.7 The effect of K252a on the opsonized zymosan superoxide dose-response 
curve. Opsonized zymosan control (O); and with K252a 0.2pM ( • )  and 1.0p.M (■). Mean 
maximum superoxide release was 138.9 ± 13.7 nmol O2 5x106 cells'1 (n=3).

heat- aggregated IgG, or fMLP (see table 7.2, page 156). The superoxide dose-response 
curve for opsonized zymosan appeared to be shifted to the right in a parallel fashion in the 
presence of K252a (figure 7.7), similar to that obtained with fMLP (Twomey et al., 1990b).

T he effect of th e  bis-indolyl m aleim ide PKC inhib itors on th e  
fM LP-stim ulated resp ira to ry  b u rs t

All seven compounds were tested on receptor-mediated superoxide generation using fMLP 
and opsonized zymosan as stimuli. Experiments with the post-receptor stimulus diCs were 
carried out in parallel collaborative experiments with Dr B. Twomey.

Five of the novel selective PKC inhibitors potently inhibited the oxidative burst in response 
to fMLP; another compound Ro31-8657 inhibited the response to a lesser degree. The 
compound Ro31-6045, which failed to inhibit the isolated PKC, also had no effect on the

o
response to fMLP. The dose-inhibition data for superoxide production induced by 10" M 
and 10"7M fMLP with Ro31-8425, Ro31-8288 and Ro31-8220 are presented in figure 7.8 
and with Ro31-8161, Ro31-7549 and Ro31-8657 in figure 7.9.

The IC50 values calculated from this data show a rank order of inhibitory potency (table 7.2, 
page 156) that correlates very well with the rank order in the isolated rat brain PKC assay 
(table 7.1, page 140). In addition, the diCs-stimulated oxidative burst, although inhibited at
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Figure 7.8 The effect on fMLP-stimulated superoxide production of a range of 
concentrations of the novel PKC inhibitors Ro31-8425, Ro31-8288 and Ro31-8220. 
Responses were obtained with fMLP (10'7M) alone ( • )  and with inhibitor (■) or with fMLP 
(10‘8M) alone (O) and with inhibitor (□). Mean maximum O2 with 10'7M fMLP was 112 ± 

9.5nmol 5x106 cells*1 for 8425 and 97.4 ± 8.3nmol 5x106 cells*1 for 8288 and 8220 (n=4).
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Figure 7.9 The effect on fMLP-Stimulated superoxide production of a range of 
concentrations of the novel PKC inhibitors Ro31-8161, Ro31-7549 and Ro31-8657. 
Responses were obtained with fMLP (10'7M) alone ( • )  and with inhibitor (■) or with fMLP 
(10'8M) alone (O) and with inhibitor (□). Mean maximum O2 with 10'7M fMLP was 112 ±9.5 

nmol 5x106 cells'1 for 8161 and 7549, and 98.8 ±10.3nmol 5x106 cells'1 for 8657 (n=4).
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Figure 7.10 The effect of Ro31-8425, Ro31-8288 and Ro31-8220 on fMLP dose-response 
curves. FMLP control (O); with inhibitor 0.3^M ( • )  and 1.0p,M (■). Data points represent 
mean ± range of two experiments.
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Figure 7.11 The effect of Ro31-8161, Ro31-6045, Ro31-8657 and Ro31-7549 on fMLP 
dose-response curves. FMLP control (O); with Ro31-8161 and Ro31-7549 1.0pM ( • )  and 
3.0pM (■), with 3.0pM Ro31-6045 (□) and 3.0pM Ro31-8657 (open triangles). Data points 
represent mean ± range of two experiments.

slightly lower PKC inhibitor concentrations, exhibited a similar rank order of potency with 
the range of inhibitors (table 7.2). The control compound Ro31-6045 was without effect in 
both the fMLP- and diCs-induced superoxide response (table 7.2, page 156).

For each inhibitor, two concentrations (taken above and just below its IC50 value) were 
selected and tested on the full stimulus dose-response curve to study the nature of the 
rightward shifts. It was found that the inhibitors produced a rightward shift of the control 
dose-response curve and a significant reduction of the maximum control response, as can be 
seen in figures 7.10 and 7.11. The lack of effect with Ro31-6045 is shown on a full 
dose-response curve to fMLP in figure 7.11.
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Compound Ro31-8657, although potent against PKC in the isolated enzyme assay was not 
a potent inhibitor of superoxide production when tested on neutrophils activated with any 
of the stimuli used in this study. Even at the highest concentration tested, 3|iM, Ro31-8657 
failed to reach 50% inhibition of the fMLP response (see figures 7.9 and 7.11). This lack of 
potency was attributed to poor access of Ro31-8657 into the whole cell.

T he e ffec ts  of th e  bis-indolyl m aleim ide PKC inh ib ito rs on  th e  o p son ized  
zy m osan -stim u la ted  resp ira tory  b u rst

The effects of the inhibitors on opsonized zymosan mediated superoxide production were 
complex. All inhibitors were much less potent against opsonized zymosan than against fMLP 
or diC8. The two drugs which were inactive, or lacked potency, with the other stimuli, 
Ro31-6045 and Ro31-8657, had no effect on opsonized zymosan.

At the low opsonized zymosan concentration, 0.3mg m l'1, all active drugs had a slight, 
dose-related inhibitory action. At the higher concentration of opsonized zymosan, 3.0mg 
m l'1, drugs which were most potent on the other stimuli, 8425, 8288, 8220,7549, inhibited 
superoxide generation, but only when used at high concentrations. When used at lower 
concentrations, these same inhibitors caused slight, but reproducible enhancement of super
oxide generation (figures 7.12 and 7.13). Ro31-8161 appeared to have very little inhibitory 
activity on the opsonized zymosan-induced respiratory burst (figure 7.13).

The phenomenon of enhancement at lower concentrations of inhibitor with high concentra
tion of opsonized zymosan, can be demonstrated more easily when the results are expressed 
as effects of the drugs on the dose-response curves to opsonized zymosan (figures 7.14 and 
7.15). Note that the drugs which were most potent on the other stimuli were most potent at 
both inhibition and enhancement.

The order of potency for inhibition was:
8425 > 8288 > 7549 8220 »  8161 8657 6045

The order of potency for enhancement was:
8425 > 8288 »  7549 8220

In figure 7.14, Ro31-8425 is shown as inhibiting at the concentrations l|iM  and 3fiM, 
because this compound is the most potent inhibitor. The study was extended and full 
dose-inhibition and dose-response curves for Ro31-8425 on the opsonized zymosan-induced 
response are shown in figures 7.16 and 7.17. It can clearly be seen in figure 7.16, that even 
at 0.03|iM there is still an enhancement of the response to 3mg m l'1 opsonized zymosan; 
maximum enhancement being obtained at 0.1 |iM Ro31-8425. This dose-inhibition curve 
also shows the response to opsonized zymosan being significantly inhibited at 30|iM 
Ro31-8425. However, indications are that even this potent specific inhibitor of PKC cannot
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Figure 7.12 The effect on opsonized zymosan-stimulated O2 production of a range of 
concentrations of the PKC inhibitors Ro31-8425, Ro31-8288 and Ro31-8220. Responses 
were obtained with opsonized zymosan (3 mg ml'1) alone ( • )  and with inhibitor (■) or with 
opsonized zymosan (0.3mg ml'1) alone (O) and with inhibitor (□). Mean maximum O2 with 

3 mg ml'1 opsonized zymosan was 155.3 ± 16.1 nmol 5x106 cells'1 for 8425,155.8 ± 6.6nmol 
5x106 cells'1 for 8288 and 8220 (n=4).
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Figure 7.13 The effect on opsonized zymosan-stimulated O2 production of a  range of 
concentrations of the PKC inhibitors Ro31-7549, Ro31-8161 and Ro31-8657. Responses 
were obtained with opsonized zymosan (3 mg ml"1) alone ( • )  and with inhibitor (■) or with 
opsonized zymosan (0.3mg ml"1) alone (O) and with inhibitor (□). Mean maximum O2 with 

3 mg ml'1 opsonized zymosan was 140.3 ± 11.3nmol 5x10 6 cells"1 for 7549, 122.5 ± 
13.0nmol 5x106 cells'1 for 8161 and 8657 (n=4).
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Figure 7.14 The effect of Ro31-8425, Ro31-8288 and Ro31-8220 on opsonized zymosan 
dose-response curves. Opsonized zymosan alone (O); with inhibitor 1.0p,M ( • )  and 3.0p,M 
(■). Data points represent mean ± s.e. (n=3).
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Figure 7.15 The effect of R o31-7549, R o31-8161, R o31-8657 and Ro31-6045 on 
opsonized zymosan dose-response curves. Opsonized zymosan alone (O); with inhibitor 
1.0n.M ( • )  and 3.0p.M (■), with 3-On.M Ro31 -6045 (□). Data points represent mean ±  range 
of two experiments.
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Figure 7.16 The effect on opsonized zymosan-stimulated superoxide production of the full 
range of Ro31-8425 concentrations. Responses were obtained with opsonized zymosan (3 
mg ml'1) alone ( • )  and with inhibitor (■) or with opsonized zymosan (0.3mg ml'1) alone (O) 
and with inhibitor (□). Mean maximum O2 generation with 3 mg ml'1 opsonized zymosan 

was 127.0 ± 12.5 nmol O2 5x106 cells'1. Data points represent mean ± s.e. (n=4).
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Figure 7.17 The effect of Ro31-8425 on the opsonized zymosan dose-response curve. 
Opsonized zymosan alone (O); with inhibitor 0.1 |iM ( • )  and 3.0^iM (■). Mean maximum 
O2 generation with 3 mg ml'1 opsonized zymosan w as 146.5 ± 11.0 nmol O2 5x106 cells'1. 
Data points represent mean ± s.e. (n=3).
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Table 7 J2
Inhibitor IC50 values (}iM) with stimulated neutrophil superoxide generation

diCg fMLP Opsonized
zymosan

IgG Heat- 
aggregated IgG

K252a 2.62 ±0 .03 0.176 ±0.007 0.81 ± 0 .07 ND 0.29 ±0.07

Staurosporine 0.014 ±0.001 0.180 ±0.108 0.200 ±0.001 ND 0.130 ±0.005

Ro31-8425 0.148 ±0.006 0.60 ±0.05 2.84 ± 0 .09 3.65 ±0.13 1.29 ±0.06

Ro31-8288 0.379 ±0.008 0.767 ±0.050 3.42 ± 0 .90 ND ND

Ro31-8220 0.285 ±0.002 0.95 ±0.01 6.50 ± 0 .35 ND ND

Ro31-8161 0.633 ±0.125 1.50 ±0.05 >10.0 ND ND

Ro31-7549 0.671 ±0.101 1.97 ±0.05 7.0 ± 0 .4 ND ND

Ro31-8657 15.25 ±0.81 4.80 ± 0 .32 >10.0 ND ND

Ro31-6045 >10.0 >10.0 >10.0 ND ND

ND: not determined

totally inhibit the response, the maximum inhibition being 85-90%. With opsonized zymosan 
as stimulus, this level of inhibition means that up to 27nmol O2 5x l06 cells"1 can be produced 

by a mechanism which is not affected by this potent PKC inhibitor.

T he effec ts  of Ro31-8425 on th e  IgG- and h ea t-ag g reg a ted  
IgG -stim ulated resp ira to ry  b u rs t

The effect of Ro31-8425 was tested on both IgG- and heat-aggregated IgG-induced super
oxide generation. With IgG, the inhibitor showed a very similar profile of activity to that 
seen with opsonized zymosan (figure 7.18). An enhancement was seen at the lower 
concentrations with an inhibition at the higher concentrations of Ro31-8425. Again the 
inhibition was not total (down to lOnmol O2 5xl06 cells"1), even though the inhibition curve 

appeared to have flattened out. With heat-aggregated IgG there was no enhancement with 
Ro31-8425 and the inhibition was more complete, the response being reduced to levels of 
superoxide sometimes produced spontaneously (4-5nmol O2 5xl06 cells"^(figure 7.19).
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Figure 7.18 The effect on IgG-induced superoxide production of a range of Ro31-8425
cocncentrations. Responses were obtained with IgG (2.5 mg ml'1) alone ( • )  and with 
inhibitor (■). Mean maximum O2 generation with 2.5 mg ml'1 IgG was 31.4±3.8 nmol O2 

5x106 cells'1. Data points represent mean±s.e. (n=4).
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Figure 7.19 The effect on heat-aggregated IgG-stimulated superoxide production of a range 
of Ro31-8425 cocncentrations. R esponses were obtained with heat-aggregated IgG (2.5 
mg ml'1) alone ( • )  and with inhibitor (■). Mean maximum O2 generation with 2.5 mg ml'1 
heat-aggregated IgG was 48±5 nmol O2 5x106 cells'1. Data points represent mean±s.e. 

(n=4).
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Do the PKC inhibitor studies confirm a role for PKC in the respiratory 
burst?

Activation of the respiratory burst by phorbol esters and exogenous diacylglycerols impli
cates protein kinase C directly in at least one transduction mechanism. Membrane fractions 
containing NADPH oxidase can be activated by PMA, in the presence of cytosol or purified 
PKC, plus phosphatidylserine, Ca and ATP, to generate superoxide (Cox et al., 1985). A 
more recent study showed that the catalytic component of PKC could activate the mem
brane-associated NADPH oxidase in the presence of phosphatidylserine, ATP and Mg2*, 
and in this system neither PMA nor Ca2+ were required (Tauber et al., 1989). Using a series 
of phorbol esters, it was also shown that neutrophil superoxide production paralleled 
activation of the isolated protein kinase (Robinson et al., 1985). It seems certain therefore 
that activation of protein kinase C can lead to superoxide production.

However, in some studies it has been implied that although PKC is involved in the burst 
stimulated by agents acting directly on PKC, it is not involved in the receptor-mediated burst. 
In these studies, compounds were used which inhibit both PKC and cyclic-AMP dependent 
kinase (PKA) i.e. H-7 (Wright and Hoffman, 1986; Fujitaefa/., 1986; Seifert and Schachtele, 
1988) and C-I (Gerard et al., 1986). The respective IC50 values for PKC and PKA are 6|iM 
and 3|iM with H7 and 20|iM and 3|iM with Cl. The cAMP/PKA pathway is known to be 
involved in inhibition of the oxidative burst (Smolen et al., 1980; Fantone et al., 1984), 
probably by its inhibitory action on phospholipase D (Tyagi etal., 1991). Therefore, it would 
not be surprising if agents which are potent inhibitors of both PKA and PKC produced a 
promotion of the burst which would then balance out their inhibitory action on PKC.

Other studies using more selective PKC inhibitors, such as sphinganine and sphingosine 
(Hannun et al., 1986; Wilson et al., 1986; Lambeth et al., 1988) and K252a (Smith, R.J. et 
al., 1988), have shown that these compounds are effective inhibitors of the burst whether 
activated by receptor stimulation or by post-receptor activation. However, it should be noted 
that there are reports of non-selective effects of both sphinganine and sphingosine (discussed 
later on page 166).

In this work and parallel studies we show that two potent PKC inhibitors, K252a and 
staurosporine, inhibit the respiratory burst when activated by the direct PKC activators, PMA 
and diC8, and the receptor stimuli, fMLP, opsonized zymosan, and heat-aggregated IgG (this 
study and Twomey etal., 1990b). These results are in agreement with previous reports where 
K252a has been shown to block fMLP-, PMA- and diCs-stimulated O2 generation (Smith, 

R.J. et al., 1988), and staurosporine has been shown to inhibit both the PMA- and fMLP- 
induced respiratory burst (Dewald et al., 1989). In contrast, Sako et al. (1988) reported
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staurosporine to be only an inhibitor of the PMA-induced respiratory burst with no effect on 
that induced by fMLP. This may have been due to the biphasic effects of staurosporine on 
the fMLP-induced respiratory burst, as observed in our laboratory (Twomey et al. 1990b).

The inhibitory effects of all the compounds tested (K252a, staurosporine and the bis-indolyl 
maleimides) were not due to non-selective toxicity since no changes in cell viability were 
detected, over the course of the experiments, as determined by trypan blue exclusion and 
lactate dehydrogenase assays.

One of the reasons for the apparent high IC50 values seen with all these compounds in whole 
cells could be due to the very low ATP concentrations (of the order nmol to low |imol) used 
in the IC50 characterization studies on isolated PKC enzyme as opposed to the high 
intracellular levels of 1 mM recorded in intact cells. Their mechanism of action as competitive 
inhibitors at the ATP site, may necessitate higher concentrations of the PKC inhibitors for 
an action in the intact neutrophil. This observation is reinforced by the report that higher 
PKC inhibitor concentrations were also required to antagonize the PMA-induced phospho
rylation of a 47kDa protein in intact human platelets (Davis et al., 1989).

Although both K252a and staurosporine are potent PKC inhibitors they are not very selective. 
The respective IC50 values for PKC and PKA are 25nM and 18nM for K252a (Kase et al.,
1987) and2.7nM and7nM for staurosporine (Tamaoki etal., 1986). K252a and staurosporine 
inhibit Ca /calmodulin-dependent protein kinase at concentrations similar to those for PKC 
inhibition (Table 7.1; Davis et al., 1989). K252a has also been described as an inhibitor of 
the cyclic GMP-dependent kinase (Kase et al., 1987) which like PKA could inhibit cell 
activation (Nishizuka, 1984b) and both compounds inhibit myosin light chain kinase 
(Nakanishi et al., 1988; Yamada et al., 1988). Staurosporine has also been shown to inhibit 
tyrosine kinase (Smith C.D. etal., 1988).

In view of these other actions of K252a and staurosporine, it was important to examine the 
effects, on the receptor-mediated respiratory burst, of more specific PKC inhibitors such as 
the bis-indolyl maleimide compounds.

Clearly the results obtained with all the inhibitors are not due to an action on PKA or the 
cyclic GMP-dependent kinase since this would potentiate rather than decrease the burst —  
though some modulating actions, by K252a and staurosporine, through these enzymes 
cannot be ruled out. The most potent bis-indolyl maleimide compound, Ro31-8425, showed 
a 250-fold selectivity for human neutrophil PKC over PKA and a 2500-fold selectivity for 
rat brain PKC over Ca2+/calmodulin dependent protein kinase (table 7.1). This represents a 
significant improvement in selectivity profile over that of K252a, staurosporine and some 
of the weaker Ro31-analogues, and this compound inhibited the respiratory burst induced 
by all the stimuli used in this study.
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Inhibition by an action on Ca /calmodulin-dependent kinase seems unlikely since it is 
generally accepted that the calcium pathway does not play a major role in respiratory burst 
activation (Lambeth, 1988). The results are also unlikely to be due to the compounds 
inhibiting myosin light chain kinase since phosphorylation of myosin, and myosin-actin 
interaction, appears not to be implicated in the oxidative burst This is bom out by the fact 
that cytoplasts which lack the main elements responsible for movement are still capable of 
O2 generation (Roos et a ly 1983). One possibility not yet ruled out is that our results could 

be due to an effect on tyrosine kinase or other enzymes as yet undetected, which may play 
a part in stimulus-secretion coupling.

On the other hand there is clear evidence that isozymes of PKC are present in human 
neutrophils (Pontremoli et al., 1990; Obel et al., 1991) and that direct PKC activators can 
trigger the burst (Tauber, 1987).

Taking these facts into account, and in the light of the potent in vitro inhibition of 
isolated PKC by the compounds tested, it seems very likely that the inhibition of the 
respiratory burst in this study is due mainly to inhibition of protein kinase C.

One point which needs addressing is that some inhibitors showed very different IC50 values 
with the various stimuli employed, and that the relative rank order of potency of inhibition 
with the range of stimuli was very different for K252a and staurosporine. For K252a-induced 
inhibition of superoxide generation the order of potency was: 

fMLP = heat-aggregated IgG > opsonized zymosan > diCs.

For staurosporine-induced inhibition the order of potency changed to: 
diCs > heat-aggregated IgG = fMLP > opsonized zymosan.

With the bis-indolyl maleimides the order of potency was:
diCs > fMLP > heat-aggregated IgG > opsonized zymosan > IgG 

but, with these more specific inhibitors, the differences in inhibition were small, there being 
only a 25-fold difference in IC50 values between diCs and IgG.

These results were surprising since all the compounds are reported to inhibit competitively 
at the ATP substrate binding site and thus should have a similar inhibitory effect on all the 
stimuli, or at least should result in the stimuli being placed in the same order with respect to 
susceptibility to inhibition. There are at least two possible explanations to account for the 
results:

First, the agonists employed could have different modes of cell activation and could be 
recruiting different PKC isoenzymes. The fact that different PKC isoenzymes exist is now 
established (Nishizuka, 1988) even though they have not been characterized with respect to
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their modulators and intracellular sites of action. However, the presence of at least two PKC 
isoenzymes with differential sensitivity to PKC activators, has been reported in human 
neutrophils (Pontremoli et al., 1990; Obel etal., 1991)

Second, the role of PKA, which is known to modulate the oxidative burst may vary 
quantitatively with different stimuli. Staurosporine and K252a have different selectivity 
constants for inhibition of PKC over PKA and this could explain the differing order of 
potency on the different stimuli used. Different effects on other enzymes, such as the cyclic 
GMP-dependent kinase, could also contribute.

In contrast to the results with these inhibitors, the PKC inhibitor sphinganine has been shown 
to block superoxide generation stimulated with fMLP, DAG, PMA, opsonized zymosan and 
arachidonate at the same inhibitor concentration (Wilson etal., 1986), the authors concluding 
that all the stimuli shared a common inhibited step. However, as will be described later, the 
sphingoid bases have other, dramatic, effects on the transduction pathways.

T he po ten tia ting  e ffects of so m e PKC inhib itors

The potentiating effects seen with low concentrations of staurosporine and the potent 
bis-indolyl maleimide inhibitors are very interesting. Staurosporine has been used as a PKC 
inhibitor in numerous studies on a variety of cell types, and such a biphasic effect as found 
in this study has not, to our knowledge, been reported before. We have shown that 
staurosporine potentiates the fMLP- and heat-aggregated IgG-stimulated respiratory burst, 
with very little potentiation of the opsonized zymosan- or IgG-induced responses, whereas 
the opposite was found with the potent bis-indolyl maleimide PKC inhibitors. Is the fact that 
these effects seem to be stimulus specific really coincidental? The results suggest enhance
ment at a similar step in different transduction pathways and this potentiating effect may not 
therefore be PKC-mediated, unless it is through different PKC isozymes.

Reinhold et al. (1990) have shown that staurosporine can produce a marked, dose-dependent 
enhancement of phospholipase D activation in fMLP-stimulated human neutrophils. Al
though the concentrations they used were in excess of those which potentiated the O2 

response in our study, it is quite possible that enhanced PLD activation is the reason for our 
observations.

Many groups have used staurosporine to inhibit the fMLP-induced respiratory burst. 
However, it appears that in different hands, the IC50S obtained for the compound against this 
stimulus is very different. We find an IC50 of 0.15|iM (Twomey et al., 1990b), Dewald et 
al. (1989) obtain an IC50 of 0.024|iM and Sako et al. (1988) report that staurosporine does
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not inhibit the fMLP-induced respiratory burst at the concentrations used in their study. With 
such diverse results, it is wholly possible that Reinhold et al. (1990) were actually seeing 
the phenomenon which we measure as enhanced superoxide.

So, a likely explanation for the potentiation of the fMLP-stimulated response by stauro
sporine is that phospholipase D activation is enhanced, leading to increased levels of DAG 
and protein kinase C stimulation. If this is the explanation, we may not expect staurosporine 
to enhance opsonized zymosan- or IgG-induced superoxide production, since with these 
stimuli the phospholipase D pathway does not seem to have a major role in the transduction 
sequence.

There is another possible explanation for the potentiation though. The biphasic effect of these 
inhibitors on the receptor-mediated neutrophil oxidative burst may result from a differential 
sensitivity of two pathways to PKC inhibition. One pathway may lead to activation of the 
burst, the other may instigate a negative feedback system inhibiting early events involved 
in the signal transduction mechanism. In this context, partial inhibition of PKC, by stauros
porine or the bis-indolyl maleimides, could selectively remove the feedback control thereby 
enhancing the response. Such a system, involving activation and negative-feedback, has been 
shown to be active in the neutrophil and will be discussed in the next section.

The potentiating effects of staurosporine and the bis-indolyl maleimide compounds at low 
concentrations may provide an explanation for the high IC50 values required for inhibition 
of fMLP- and heat-aggregated IgG-stimulated O2 generation in the case of staurosporine, 
and opsonized zymosan- and IgG-stimulated O2 production with the bis-indolyl maleimide 
PKC inhibitors. The dose-inhibition curves could represent the resultant between the 
potentiating and inhibiting effects of these inhibitors.

Negative feedback effects of PKC activation
2+In some cell types, it has been proposed that protein kinase C can activate the Ca -transport 

ATPase and the Na+/Ca2+ exchange protein both of which remove Ca2+ from the cytosol 
(Nishizuka, 1986). This may play a role in termination of the Ca -dependent transduction 
processes, such as PLA2 activation.

As we have established, PKC appears to be important in mediating particular cell responses 
such as superoxide generation. However, there is now evidence that PKC can have a dual 
action, mediating both positive control as well as negative-feedback control over various 
steps of cell signalling processes (Nishizuka, 1986; Nishizuka, 1988; Tyagi etal., 1988) and 
that this can occur simultaneously. Protein kinase C has been shown to have an inhibitory 
effect on phosphoinositide hydrolysis mediated by phospholipase C whilst activating phos-
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pholipase D (Tyagi et al., 1988). Much of this evidence has come from studies using PMA 
(Kikuchi etal., 1987; Geny etal., 1989). As was discussed in chapter 5, activation of protein 
kinase C with ‘priming* concentrations of PMA leads to augmented diradylglycerol forma
tion, and superoxide production, when the activation is sustained by chemoattractants such 
as fMLP. However, Tyagi et al. (1988) found that there was a concomitant reduction of the 
fMLP- stimulated rise in intracellular calcium which was primarily due to reduced levels of 
inositol trisphosphate. On further examination they found that protein kinase C activation 
led to a reduced fMLP-induced hydrolysis of phosphatidylinositol 4,5-bisphosphate and 
concluded that PMA enhanced the fMLP-stimulated DAG generation by switching the 
source of DAG from PIP2 to alternative phospholipids such as phosphatidylcholine (Tyagi 
et al., 1988) (see figure 7.20).
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P h o s p h a t id a te
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t[Ca2l  PKC
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Figure 7.20 The transduction pathways of NADPH oxidase stimulation showing the protein 
kinase C activation of phospolipase D (PLD) whilst inhibiting phospholipase C (PLC) thereby 
switching the source of DAG from PIP2 to alternative phospholipids such as PC.The first 
phase of DAG generation is shown in grey and the second phase is shown in black, although 
both phases may be mediated by the sam e receptor acting through different G-proteins.
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The actual site of protein kinase C action is still uncertain. Kikuchi et al. (1987) suggested 
that PKC impaired the coupling of the G-protein to the phospholipase C, since in a cell-free

24-system Ca -induced reactions were not impaired by PMA pretreatment, whereas fMLP- 
and GTP-induced PIP2 hydrolysis was markedly reduced. However, Geny et al. (1989) found 
that, in permeabilized cells and membranes, Ca2+-stimulated PIP2 hydrolysis was also 
inhibited by PMA pretreatment. They suggested that PMA may be having a direct effect on 
the phospholipase C.

The existence of such a two-way system in the neutrophil could explain the findings with 
the potent bis-indolyl maleimide compounds and staurosporine. If PKC-mediated inhibition 
of phospholipase C occurred at low levels of PKC activation, then the specific PKC inhibitors 
could possibly remove the protein kinase C-mediated inhibition, allowing PIP2 hydrolysis 
to continue thereby generating more DAG. The increased generation of substrate for PKC 
might well lead to the necessity for high concentrations of PKC inhibitors to fully block the 
receptor-stimulated production of superoxide.

S tau ro sp o rin e  h a s  e ffec ts  on neutrophil m orpho logy

Staurosporine has been described in a few systems as having protein kinase C activating 
effects, similar to those of the phorbol esters. One of these effects was the induction of 
exocytosis from human neutrophils, releasing gelatinase and vitamin B 12-binding protein 
from secretory vesicles and specific granules respectively (Dewald et al., 1989). Stauros
porine was also found to dramatically alter the actin microfilament cytoskeleton of a variety 
of cultured cells resulting in morphological changes (Hedberg et al., 1990). Bedoy and 
Mobley (1989) had also witnessed morphological changes in astrocytes due to staurosporine, 
which were very similar to those elicited by PMA.

During this current study, when doing trypan blue exclusion tests for cell viability, it was 
found that, although the neutrophils excluded trypan blue, their morphology was radically 
altered with the higher concentrations of staurosporine. Because of the potentiating effects 
of staurosporine on the superoxide response and the reports that this compound induced 
morphological changes in other cells due to an effect on PKC, we examined cells treated 
with the other protein kinase C inhibitors for signs of morphological alteration. Figure 7.21 
shows samples from cells treated with staurosporine, K252a, Ro31-8425 and controls. It is 
clear that the only inhibitor which exerts any change in neutrophil morphology is stauros
porine. Therefore this change is unlikely to be due to an effect on PKC; since Ro31-8425 
also potentiates the superoxide response to certain stimuli but does not induce morphological 
changes. This theory is corroborated in a study by Niggli and Keller (1991) where stauro
sporine was shown to induce a rapid increase in cytoskeleton-associated actin causing shape 
changes whereas other, more specific PKC inhibitors, induced much smaller increases.
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Figure 7.21 Photomicrographs of human neutrophils treated with protein kinase C 
inhibitors. Cells were incubated at 37°C for 30 minutes in the presence of the drugs before 
photomicrographs were taken as described in chapter 2. Magnification is x1000.

Top left panel: 100nM staurosporine. Top right panel: control cells.
Middle left panel: 200nM staurosporine. Middle right panel: 1pM K252a.
Lower left panel: 500nM staurosporine. Lower right panel: 3p.M Ro31-8425.

j
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PKC-independent effects of the PKC inhibitors

Determining involvement of PKC in the transduction of the respiratory burst has been 
hampered by the lack of potent selective inhibitors. Relatively non-selective inhibitors such 
as sphinganine and sphingosine, K252a and staurosporine have now been shown to inhibit 
the respiratory burst triggered by both receptor and post-receptor stimuli. However, all these 
inhibitors have been shown to have effects other than PKC inhibition and consequently data 
obtained with them is difficult to interpret.

There are reports of non-selective effects of sphinganine on [Ca2+]i levels (Pittet et al., 1987) 
and of sphingosine inhibiting calmodulin-dependent enzymes (Jefferson and Schulman,
1988). More importantly for the respiratory burst, sphingosine has also been shown to cause 
a dose-dependent inhibition of 1-O-alkyldiglyceride (alkyl-DG) formation (Mullmann e ta l , 
1991).

Human neutrophils stimulated with fMLP, C5a, or PMA, activate phospholipase D to 
produce alkyl-PA and choline. The alkyl-PA is then dephosphorylated by phosphatidate 
phosphohydrolase (PPH) to produce alkyl-DG. The inhibition of alkyl-DG formation by 
sphingosine might be expected as it has been intimated previously (in chapter 5) that protein 
kinase C activation can stimulate phospholipase D activity, and a PKC inhibitor would 
prevent this stimulation. However, the inhibition of diradylglycerol formation by sphingo
sine was accompanied by increased accumulation of alkyl-PA without alterations in choline 
formation, strongly suggesting an inhibition of PPH activity without altering phospholipase 
D activation (Mullmann et al., 1991).

Rider et al. (1988) found that ionomycin-stimulated diradylglycerol accumulation was 
inhibited by sphingosine. This finding could not be reconciled with an action of sphingosine 
on PKC, as ionomycin should activate phospholipase D, resulting in increased diradylgiyce- 
rol levels, before protein kinase C is activated. However, if phosphatidate phosphohydrolase 
was inhibited then all diradylglycerol formation via the phospholipase D pathway would be 
inhibited.

Examining other sphingoid bases, Mullmann et al. (1991) demonstrated that a long hydro
carbon chain and an amino group were required for the inhibition of diradylglycerol 
formation. They concluded that sphingoid bases exhibit a similar structure-activity relation
ship for both phosphatidate phosphohydrolase and protein kinase C. The structurally 
unrelated PKC inhibitor, K252a, did not inhibit the formation of alkyl-DG, alkyl-PA, or 
choline at a concentration (3|iM) that completely blocked PMA-induced protein phospho
rylation (Mullmann et al., 1991). Since staurosporine and the bis-indolyl maleimide 
compounds are structurally related to K252a, it is very unlikely that these compounds affect 
PPH in the same way as the sphingoid bases.
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It appears that sphingosine inhibits phosphatidate phosphohydrolase activity by a PKC- 
independent mechanism, raising the possibility that sphingoid bases may play a role in 
regulating PPH-mediated lipid metabolism in stimulated cells.

Certain structural similarities exist between the sphingoid bases and propanolol, and it has 
been demonstrated that the latter, a adrenoceptor blocker, also inhibits diradylglycerol 
formation in stimulated neutrophils by inhibiting PPH activity (Billah et al., 1989). This 
blockade is via a mechanism unrelated to propranolol’s (3-adrenoceptor antagonism (Pappu 
and Hauser, 1983; Koul and Hauser 1987).

Evidence for a  protein kinase C-independent transduction sequence?

At the beginning of this chapter it was stated that the role of protein kinase C in the 
transduction of the respiratory burst was still controversial and that the arguments against 
PKC involvement were based on two areas of research. One was the use of PKC inhibitors 
which, as we have seen above, turned out to be non-specific and the other was research which 
showed that superoxide generation did not correlate with DAG accumulation.

Koenderman et al. (1989a) reported that with opsonized zymosan-, or PAF primed fMLP- 
stimulated neutrophils there was no correlation between DAG accumulation and respiratory 
burst activation. Using an oxygen electrode, they showed that opsonized zymosan, at a high 
particle-to-cell ratio, stimulated the respiratory burst to 70% of its maximum at 1 minute, 
whereas at this time no net accumulation of DAG was detected. After 1 minute DAG levels 
began to rise until a 3-fold increase was obtained at 5 minutes. However, the response 
measured with the O2 electrode began to decay within 2 minutes after stimulation, probably 
due to oxygen depletion (see page 42), so the figure of 70% of a possible maximum response, 
reached within 1 minute, is unrealistic. In our experiments where the time course for 
opsonized zymosan-induced superoxide was determined, 12% of the maximum response 
was recorded at 2 minutes at a high concentration of zymosan (see figure 3.5, page 67).

The report by Koenderman et al. (1989a) shows that the early period of opsonized zymo
san-induced respiratory burst activity, which occurred without accumulation of DAG, was 
completely insensitive to staurosporine, but the second phase of the O2 response, which was 

accompanied by a rise in DAG, was markedly inhibited by staurosporine. The conclusion 
was that the first phase of O2 production was mediated by a protein kinase C-independent 
mechanism.

Because this first phase (within 1 minute) of superoxide production was equivalent to 12%, 
or less, of total superoxide measured in our system with the same stimulus, any such 
PKC-independent phenomenon was likely to have been masked in our assays. Our data was
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carefully re-examined to see whether we recorded such a protein kinase C-independent 
response. When Ro31-8425 was tested for its effect on the opsonized zymosan- and 
IgG-stimulated responses, it was found that the response could only be inhibited by 85-90%, 
even at exceedingly high concentrations of inhibitor (figures 7.16 and 7.18). A response of 
up to 27nmol O2 5xl06 cells"1 with opsonized zymosan was found to be PKC-independent 
(this is equivalent to control responses sometimes obtained with IgG). Thus there does appear 
to be an element of the opsonized zymosan-induced response which is protein kinase C 
independent. This may be mediated by the arachidonate component necessary for optimal 
response to this stimulus proposed in chapter 6. This hypothesis will be discussed further in 
chapter 9.

Summary

The neutrophil respiratory burst induced by a variety of soluble and particulate agents is 
inhibited by the bis-indolyl maleimide selective PKC inhibitors and markedly inhibited by 
the potent but less selective K252a and staurosporine. This implies the involvement of 
protein kinase C in the signal transduction mechanisms stimulated by all these agents.

Stimulation of superoxide release by the direct PKC activator, diCs, was somewhat more 
sensitive to inhibition by the bis-indolyl maleimide compounds than that induced by fMLP, 
IgG, heat-aggregated IgG and opsonized zymosan. This suggests that PKC activation is 
involved in the transduction of the signal invoked by this second group of agonists, but it 
may not be the rate limiting step in the pathway. These mediators may bind to multiple 
receptors initiating PKC-dependent and independent pathways but it is unlikely that the 
major portion of the respiratory burst is PKC-independent since since substantial inhibition 
of the IgG-, heat-aggregated IgG- and opsonized zymosan-induced respiratory burst was 
achieved with the most potent specific inhibitor, Ro31-8425.

The fact that the diCs-stimulated respiratory burst can be inhibited with lower concentrations 
of the PKC inhibitors is not so surprising as this stimulus exerts its effect primarily through 
protein kinase C whereas the receptor-mediated burst is likely to be the synergistic outcome 
of at least two transduction pathways. Opsonized zymosan and IgG require much higher 
concentrations of inhibitor. One possible explanation for these results is that there may be 
different isoenzymes of PKC, relevant for mediating the superoxide burst. FMLP and diCs 
might act through the same PKC isozyme whereas opsonized zymosan and IgG may activate 
a different isozyme, which is less sensitive to the drugs, or they may act mainly through a 
PKC independent mechanism. There is a small possibility that the inhibition of the response
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seen at high doses of the PKC inhibitors could possibly be due to an effect on myosin 
light-chain kinase, which could be important in O2 production with opsonized zymosan or 

IgG but it is unlikely to be important for the other stimuli.

In conclusion, the results give support to the idea that protein kinase C plays an important 
role in the activation of the respiratory burst PKC activation may not be required for the 
initiation of the burst with some stimuli but appears to be essential for the continuation of 
the response.

It might therefore be of value to consider developing protein kinase C inhibitors as 
therapeutic agents for those conditions in which toxic oxygen metabolites are responsible 
for, or contribute to tissue damage (e.g. myocardial reperfusion injury, rheumatoid joint 
disease etc.). The differential sensitivity to the drugs of the response induced by different 
stimuli means that some degree of selective action may be possible. The decreased effect of 
specific PKC inhibitors on the opsonized zymosan-stimulated production of superoxide 
could mean that a drug could inhibit immune-complex-mediated O2, but not the necessary 

02 production associated with phagocytosis and destruction of microorganisms.
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Chapter 8

The non-steroidal anti-inflammatory drugs:
their potential to cause long-term tissue damage through 
an effect on neutrophils.

Activated neutrophils are powerful producers of toxic oxygen radicals and a study by Lunec 
et al. (1985) indicated that these oxygen species could be involved in a self-perpetuating 
mechanism of joint damage which is believed to underly rheumatoid arthritis. Previous work 
in our laboratory has shown that some of the non-steroidal anti-inflammatory drugs can 
increase the production of toxic oxygen metabolites and, while alleviating the symptoms of 
rheumatoid arthritis, might actually exacerbate the joint damage (Dale and Penfield, 1987; 
Twomey et al., 1989).

The term non-steroidal anti-inflammatory drugs (NSAIDs) has been coined to describe a 
broad and chemically diverse group of compounds (although most are carboxylic or enolic 
acid derivatives) which have some anti-inflammatory, anti-pyretic and peripheral analgesic 
actions. In chronic arthritis they provide symptomatic relief from the pain, stiffness and 
swelling, allowing greater freedom of movement in the affected joint. To achieve continuing 
relief, large doses of NSAIDs are required, but even at high concentrations, these drugs have 
little or no effect in halting or retarding the underlying disease processes particularly in 
conditions such as rheumatoid arthritis.

Although the NSAIDs are known to inhibit a whole variety of cellular reactions in vitro, no 
single mode of action has been established which explains all their known anti-inflammatory, 
anti-pyretic and analgesic qualities. Several mechanisms for their action were suggested 
including the uncoupling of oxidative phosphorylation, the inhibition of proteases and the
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stabilization of lysosomes. In 1971, Vane and workers at the Royal College of Surgeons 
demonstrated that aspirin and indomethacin inhibited the production of prostaglandins, 
which are released when cells are damaged and have been detected in increased concentra
tions in inflammatory exudates. In the synovial fluid of patients with rheumatoid arthritis 
the concentration of a prostaglandin E2 (PGE2)-like substance is about 20ng ml"1 and this 
is reduced to zero in patients taking aspirin, demonstrating its effectiveness at inhibiting in 
vivo prostaglandin synthesis (Higgs et al., 1974). Since there was evidence that prostaglan
dins participated in the pathogenesis of inflammation and fever, the inhibition of their 
synthesis could explain a number of the clinical actions of the NSAIDs. An inhibition of 
prostaglandin synthesis in inflamed tissues would prevent the sensitization of pain receptors 
to inflammatory mediators such as histamine, 5-HT, and the kinins, and would also prevent 
the vasodilatation caused by the vasodilator prostaglandins. All the presently available 
NSAIDs inhibit the cyclo-oxygenase enzyme and therefore prostaglandin synthesis, but this 
action alone does not explain all of their observed effects in inflammatory models and, 
whereas low doses of aspirin and other NSAIDs successfully inhibit prostaglandin synthesis 
in vitro (Vane, 1971) and in vivo (Pederson and Fitzgerald, 1984), higher doses are required 
for an anti-inflammatory effect in vivo (Higgs et al., 1976; Flower et al., 1980).

It is likely that at higher concentrations, the NSAIDs have anti-inflammatory effects which 
are independent of cyclo-oxygenase inhibition. Many of the NSAIDs have been described 
as inhibitors of neutrophil responses by prostaglandin-independent mechanisms (reviewed 
in Abramson and Weissmann, 1989). NSAIDs inhibit fMLP-induced neutrophil chemotaxis, 
granule protein release, and superoxide generation in vitro (Edelson et al., 1982; Kaplan et 
al., 1984; Nielsen and Webster, 1987; Shelly and Hoff, 1989). Inhibition of responses 
induced by C5a and opsonized zymosan usually required much higher concentrations of 
NSAID (Smolen and Weissmann, 1980; Nielsen and Webster, 1987), and Con A- and 
phorbol ester-stimulated responses were mostly unaffected by the NSAIDs (Edelson et al., 
1982; Nielsen and Webster, 1987).

One explanation for the inhibition of fMLP-induced neutrophil responses by these drugs is 
that NSAIDs inhibit [^H]fMLP binding to the receptor. This has been determined by many 
groups for many NSAIDs, including indomethacin (Abita, 1981; Cost et al., 1981; Palmer,
1983), meclofenamate and ibuprofen (Shelly and Hoff, 1989), diclofenac (Friman et al., 
1986), piroxicam (Edelson et al., 1982) and phenylbutazone (Nelson et al., 1981).

The NSAIDs are highly hydrophobic molecules, so it is not surprising that they interfere 
with the binding of hydrophobic stimuli, such as fMLP, to their receptors. However,

125phenylbutazone has been shown to have no effect on [ I]C5a binding to its receptor
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(Nelson et al., 1981) and piroxicam was without effect on [ H]Con A binding to the receptor 
on human neutrophils (Edelson etal., 1982), which may explain why the responses induced 
by these stimuli were less susceptible to inhibition by the NSAIDs.

One obvious possibility is that the NSAIDs do not all act by the same mechanism. Many of 
the NSAIDs have different effects on neutrophil functions which are stimulus specific, and 
some, like salicylate or isoxicam, which are very weak cyclo-oxygenase inhibitors, are as 
effective as aspirin or indomethacin in their anti-inflammatory properties (Eberl, 1982; 
Abramson et al., 1985).

Early work in our laboratory had shown that indomethacin, rather than inhibiting, in fact 
potentiated superoxide production in neutrophils activated with the post-receptor stimuli, 
OAG and A23187 (Dale and Penfield, 1985; 1987). There had been few other reports in the 
literature describing this effect. Indomethacin had been reported to promote a respiratory 
burst, in a concentration-dependent fashion, in ‘unstimulated’ but elicited guinea-pig peri
toneal macrophages (Bromberg and Pick, 1983). This effect could not be demonstrated in 
our laboratory (Penfield, 1988). The macrophages used by Bromberg and Pick (1983) were 
chemically elicited and so would already have been in a primed state. Under these conditions, 
indomethacin may well ‘enhance’ the production of superoxide from these primed cells. It 
has been shown that indomethacin will also enhance superoxide production from human 
neutrophils when stimulated with fluoride and diCs, having little effect on the response to 
PAF (Twomey and Dale, 1991). A study by Gay et al. (1984) reported that indomethacin 
enhanced neutrophil superoxide generation induced by opsonized zymosan, had little effect 
on that induced by phorbol esters or fluoride and inhibited the response stimulated by fMLP. 
Indomethacin was also described as enhancing zymosan-mediated superoxide production in 
rat neutrophils, but two other NSAIDs, ibuprofen and piroxicam, had no effect (Ward et al.,
1984).

This enhancement of superoxide generation by certain NSAIDs could be clinically signifi
cant. It has been demonstrated by many groups that the production of oxygen radicals can 
bring about extensive tissue damage. Furthermore, a study by Lunec et al. (1985) has shown 
that superoxide generated by neutrophils can modify the structure of IgG molecules, which 
then aggregate. These IgG aggregates will, in turn, stimulate neutrophils and macrophages 
to produce more superoxide, thus initiating a self-perpetuating cycle of stimulation and 
production of tissue-damaging oxidants (shown in figure 1.1, page 31). If the administration 
of NSAIDs were to potentiate any part of this cycle, in vivo, it would promote the disease 
process rather than stopping it. Although NSAIDs are extensively used, for their symptom- 
suppressing effects, in the treatment of rheumatoid arthritis, most clinicians agree that they 
do not retard or halt the progress of the disease.
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This study describes the effects of some of the NSAIDs, on the generation of superoxide by 
neutrophils stimulated with three clinically relevant receptor stimuli —  IgG, aggregates of 
IgG and opsonized zymosan. These effects will be compared to the results of other studies, 
conducted in parallel in our laboratory, on the post-receptor stimuli OAG, diCs, fluoride and 
A23187 published in Dale and Penfield (1987) and Twomey and Dale (1992). Various drugs 
were selected from different classes of NSAID for this investigation (see table 8.1).

Table 8.1
Major classes of non-steroidal anti-inflammatory drugs (NSAIDs) 

(* denotes drugs used in this study)

Class NSAID

Carboxylic acids Salicylic acids Aspirin*

Benorylate

Diflunisal

Acetic acids Phenylacetic acids Diclofenac*

Fenclofenac

Carbo- and hetero
cyclic acetic acids

Indomethacin*

Sulindac*

Etodolac

Tolmetin

Propionic acids Benoxaprofen*

Ibuprofen*

Naproxen*

Ketoprofen*

Oxaprozin

Fenamic acids Meclofenamate*

Mefanamic acid*

Flufenamic acid

Enolic acids Pyrazolones Phenylbutazone*

Feprazone

Oxicams

Oxyfenbutazone

Piroxicam

Isoxicam
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Do NSAIDs induce the generation of superoxide themselves?

Indomethacin had been shown to cause a dose-related induction of the respiratory burst in 
elicited guinea-pig peritoneal macrophages (Bromberg and Pick, 1983). This effect could 
not be reproduced in our laboratory at concentrations up to 2xlO"4M. The macrophages used 
by Bromberg and Pick were already partially activated by the process of elicitation, and the 
subsequent exposure to indomethacin could have enhanced this activation.

More recent publications from Anderson’s group (Lukey et al., 1988; Schwalb et al., 1988) 
reported that the NSAID, benoxaprofen, also caused generation of superoxide, measured by 
the lucigenin-enhanced chemiluminescence method. This response was shown to be elimi
nated in the presence of superoxide dismutase. In their hands, benoxaprofen caused a 
dose-related activation of isolated protein kinase C, purified from rat brain and human 
platelets. This action was proposed as the mechanism by which benoxaprofen induced 
superoxide generation. Benoxaprofen also stimulated protein kinase C in the absence of 
phosphatidylserine (PS) and it was suggested that the NSAID activated PKC by substituting 
for PS (Lukey et al., 1988; Schwalb et al., 1988).

As benoxaprofen was found to be one of the more active ‘enhancing’ NSAIDs, it was 
important to assess whether the direct stimulatory effect occurred in our system. In all 
experiments where NSAIDs were tested on the receptor-stimulated production of O2 , the 

drugs were also tested for their effect on unstimulated neutrophils. The unstimulated 
peripheral blood neutrophils used in our laboratory usually produced approximately lnmol 
O2 10^ cells’1 during the course of our assays. With benoxaprofen and meclofenamate (both 

at lO^M) there was a small, but not statistically significant, increase to 1.2 nmol O2 106 

cells’1. All other NSAIDs had no effect on this basal superoxide release.

However, in view of the studies by Bromberg and Pick (1983) and Anderson’s group (Lukey 
etal., 1988; Schwalbe/ al., 1988) it was clearly important to determine whether the NSAIDs, 
which had been found to increase post receptor-mediated superoxide production (Dale and 
Penfield, 1985; Penfield, 1988), would also activate the isolated enzyme. Work done in our 
group has shown that the NSAIDs, used in this study, when used in an isolated rat brain PKC 
phosphorylation assay, had no activating effect, either used alone in the assay, or when used 
in combination with an activator of PKC (Twomey et al., 1989; Twomey 1990). It would 
seem, therefore, that the mechanism whereby some NSAIDs increase superoxide generation 
in our system is not due to a direct action on PKC.

The fact that we could not reproduce the work of Anderson’s group could be due to the low 
activation state of our unstimulated neutrophils. The control values for unstimulated neutro
phils are not stated in their papers (Lukey et al., 1988; Schwalb et al., 1988), so we could
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not assess the activation state of the neutrophils, which they purified from heparinized blood 
rather than blood mixed with saline-EDTA, as used in our studies. Early work in our 
laboratory had shown that neutrophils separated from heparinized blood show greater 
spontaneous release of granule proteins from unstimulated cells (determined by lysozyme 
and (5-glucuronidase assays) which is suggestive of neutrophil activation (Wilson and Muid, 
unpublished observations). Therefore, neutrophils may need to be partially activated (or 
primed) before a NS AID can cause an induction of the respiratory burst.

NSAIDs which have no effect on opsonized zymosan-induced 
superoxide production

Aspirin, at concentrations between 1 0 M  and lO^M, had no effect on opsonized zymosan- 
stimulated O2 production (n=3). To present an uncluttered graph, only the effect of the 
highest concentration of aspirin (lO^M) on the opsonized zymosan-stimulated response is 
included in figure 8.1.

Ibuprofen (lO^M) had no consistent effect on the superoxide production, in three experi
ments, and the mean normalized data are plotted in figure 8.2. In one experiment there was 
a clear enhancement, seen at all concentrations of opsonized zymosan. In the second 
experiment ibuprofen had no effect and in the third there was a very small enhancement.
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Figure 8.1 The effect of aspirin on opsonized zymosan-stimulated O2 production. Results 

expressed as % mean maximum O2 produced by opsonized zymosan alone (141 ± 10  nmol
f t  1 -A .

5x10 cells ). ( • )  opsonized zymosan alone; (■) with aspirin (10 M). All data points 
represent mean ± s.e . (n=3).
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Figure 8.2 The effects of ibuprofen and diclofenac on opsonized zymosan-stimulated O2 

production. Results expressed as % mean maximum O2 produced by opsonized zymosan 
alone (172 ± 8.5 nmol 5x106 cells'1). ( • )  opsonized zymosan alone; (■) with ibuprofen 
(lO^M); (▲) with diclofenac (lO^M). All data points represent mean ± s .e . (n=3).
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Figure 8.3 The effects of ketoprofen and phenylbutazone on opsonized zym osan- 
stimulated O2 production. Results expressed as % mean maximum O2 produced by 

opsonized zymosan alone (168 ± 12.5 nmol 5x106 cells'1). ( • )  opsonized zymosan alone; 
(■) with ketoprofen (lO^M); (A) with phenylbutazone (10'4M)(n=3).
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Diclofenac (lO^M) enhanced the response to opsonized zymosan in two experiments and 
slightly inhibited in a third. The overall ‘slight’ displacement of the response curve to the 
left was not statistically significant (figure 8.2). Naproxen, at lO^M, had no effect in two 
pilot experiments (data not shown).

Although ketoprofen and phenylbutazone have been included in the category of NS AIDs 
which have no effect, these two drugs always inhibited the response to opsonized zymosan 
(figure 8.3). In three experiments, phenylbutazone inhibited the response more than keto
profen, which only exerted a minimal inhibition. However, because of the variability 
between subjects and the control concentration-response curves, the inhibition seen with 
these two NS AIDs was found not to be statistically significant

Some NSAIDs enhance the opsonized zymosan-induced response

Sodium meclofenamate, at concentrations of 10"5M and 10 M potentiated the response to 
opsonized zymosan in seven experiments (figure 8.4). In four out of five experiments, where 
it was tested, there was a small enhancement at 10'6M. The potentiation was always more 
noticeable at the higher concentrations of opsonized zymosan and there appeared to be an 
increase in the maximum response.
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Figure 8.4 The effect of sodium meclofenamate on opsonized zymosan-stimulated O2 

production. Results expressed as % mean maximum O2 produced by opsonized zymosan 

alone (170 ± 8.0 nmol 5x106 cells'1). ( • )  opsonized zymosan alone; (■) with sodium 
meclofenamate (10'5M); (A) with sodium meclofenamate (10'4M). All data points represent 
mean ± s.e . (n=7).
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Figure 8.5 The effect of benoxaprofen on opsonized zymosan-stimulated O2 production. 
Results expressed as % mean maximum O2 produced by opsonized zymosan alone (157 
± 15.5 nmol 5x106 cells'1). ( • )  opsonized zymosan alone; (■) with benoxaprofen (10'4M). 
All data points represent mean ± s.e. (n=4).
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Figure 8.6 The effects of sulindac and mefanamic acid on opsonized zymosan-stimulated 
O2 production. Results expressed as % mean maximum O2 produced by opsonized 

zymosan alone (154 ± 10.5 nmol 5x106 cells'1). ( • )  opsonized zymosan alone; (■) with 
sulindac (10'4M); (A) with mefanamic acid (lO^M). All data points represent mean ± s.e. 
(n=3).
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Benoxaprofen (10“*M) caused a marked potentiation of the opsonized zymosan-stimulated 
generation of superoxide (n=4). However, this was manifest only at the higher concentrations 
of opsonized zymosan (figure 8.5). This NSAID may produce an increase in the maximum 
response, but the control curves generated from the three experiments did not reach a plateau, 
so an enhancement of the maximum response cannot be claimed.

Sulindac at lO^M enhanced the opsonized zymosan-induced respiratory burst in all three 
experiments done (figure 8.6). It was not such a powerful enhancer as benoxaprofen, 
meclofenamate or mefanamic acid.

Mefenamic acid (lO^M), in three experiments, had a similar powerful potentiating effect 
on the respiratory burst as meclofenamate. Like the other enhancing NSAIDs, mefanamic 
acid only caused a significant enhancement of the response at concentrations of opsonized 
zymosan above 0.3mg ml"1 (e.g. two tailed p value of 0.04 at lmg ml"1).

Indomethacin inhibits the opsonized zymosan-induced respiratory burst

In six out of seven experiments, indomethacin (lO^M) inhibited the respiratory burst 
induced by opsonized zymosan. In one experiment, indomethacin actually produced a small 
enhancement of the response. At 10'5M, the drug produced a minimal inhibition and lower
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Figure 8.7 The inhibitory effect of indomethacin on opsonized zymosan-stimulated O2 

production. Results expressed as % mean maximum O2 produced by opsonized zymosan 

alone (172 ± 5 .7  nmol 5x106 cells*1). ( • )  opsonized zymosan alone; (■) with indomethacin 
(1 O^M). All data points represent mean ± s.e. (n=7).
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concentrations had no effect The mean normalized concentration-response curve is shown 
in figure 8.7. There appears to be a reduction in the maximum response, as well as a rightward 
shift of the concentration-response curve.

The effect of NSAIDs on IgG- and heat-aggregated IgG-stimulated 
superoxide generation

The NSAIDs which had no effect on the opsonized zymosan-induced release of superoxide 
were tested on the IgG- and heat-aggregated IgG-stimulated respiratory burst in three 
experiments. The results are presented in figures 8.8 and 8.9. Aspirin was without any effect 
on either stimulus. Diclofenac enhanced the response to IgG by 13% in two experiments, 
and inhibited it in a third. It enhanced the heat-aggregated IgG-mediated response in a 
different pair of experiments, although the potentiation was quite small, and had no effect 
in the other experiment. When the data was normalized the potentiation was not statistically 
significant. Ibuprofen had similar effects to diclofenac and again the potentiation seen in 
some experiments was not significant when all the results were normalized.

Phenylbutazone significantly inhibited the IgG-mediated response by 13% (two-tailed p 
value was 0.03) and inhibited the heat-aggregated IgG-mediated response by 11%, but this 
was not significant (p=0.07). Ketoprofen also inhibited both responses but, again, only the 
IgG-mediated response was inhibited significantly (p=0.01). Naproxen slightly inhibited the 
IgG-mediated response in two experiments with no effect in the other, however, it caused a 
significant and consistent enhancement of the heat-aggregated IgG-mediated response
(p=0.01).

Sodium meclofenamate at both 10"5M and lO^M consistently enhanced the IgG- and 
heat-aggregated IgG-stimulated generation of superoxide in three experiments (figure 8.10). 
The increases at 10"5M were not statistically significant. The potentiation with the two 
concentrations of meclofenamate was consistent for both stimuli; 19% increase over control 
responses with 10'5M and *52% increase with lO^M.

Benoxaprofen also produced a consistent enhancement with the two stimuli in three 
experiments (figure 8.11). It enhanced IgG-induced 02 production by 33% with 10’5M and 

64% with lO^M, which was a larger increase than that seen with heat-aggregated IgG (17% 
with 10'5M and 56% with lO^M).

Sulindac at lO^M had no effect on IgG-stimulated O2 production, but did enhance the 

heat-aggregated IgG-induced response (figure 8.12).

Mefanamic acid increased the IgG-induced respiratory burst by only 12% but significantly 
enhanced the heat-aggregated IgG-induced response by 39% (p=0.02) (figure 8.12).
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Figure 8.8 The effects of NSAIDs (10 M) on IgG-stimulated superoxide generation. 
Results expressed as % mean maximum O2 produced by IgG (33.2 ± 2 .4  nmol 5x106 cells'1). 
All bars represent mean ± s.e . (n=3).
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Figure 8.9 The effects of NSAIDs (lO^M) on heat-aggregated IgG-stimulated superoxide 
generation. Results expressed as % mean maximum O2 produced by heat-aggregated IgG 

(46 ± 4 nmol 5x106 cells'1). All bars represent mean ± s.e . (n=3).
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Figure 8.10 The effect of sodium meclofenamate on IgG- and heat-aggregated IgG- 
(HAGG)-induced superoxide generation. Results expressed as % mean maximum O2 

produced by heat-aggregated IgG alone (42.3 ± 5.4 nmol 5x106 cells'1). All bars represent 
mean ± s .e . (n=3).
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Figure 8.11 The effect of benoxaprofen on IgG- and heat-aggregated IgG- (HAGG)- 
induced superoxide generation. Results expressed as % mean maximum O2 produced by 

heat-aggregated IgG alone (42.3 ± 5.4 nmol 5x106 cells'1). All bars represent mean ± s.e. 

(n=3).
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Figure 8.12 The effects of sulindac and mefanamic acid on IgG- and heat-aggregated IgG- 
(HAGG)-stimulated superoxide generation. Results expressed as % mean maximum O2 

produced by heat-aggregated IgG alone (46 ± 4 nmol 5x106 cells"1). All bars represent mean 
± s.e. (n=3).
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Figure 8.13 The inhibitory effect of indomethacin on IgG- and heat-aggregated IgG- 
(HAGG)-stimulated superoxide generation. Results expressed as % mean maximum O2 

produced by heat-aggregated IgG alone (52.4 ± 7.6 nmol 5x106 cells"1). All bars represent 
mean ± s.e. (n=3).
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Indomethacin inhibited both IgG- and heat-aggregated IgG-stimulated superoxide gener
ation, although this effect was only apparent at the higher concentration of lO^M (figure 
8.13).

Why does indomethacin inhibit these receptor stimuli?

Indomethacin inhibited responses to all receptor stimuli tested in this study. The NSAIDs are planar 
hydrophobic molecules capable of intercalating or binding to hydrophobic pockets in a 
recipient protein, so it was possible that indomethacin might be binding to the immunoglo
bulin. Binding of the drug to the immunoglobulin, or even to the opsonized zymosan, would 
reduce its effective concentration and possibly also interfere with the IgG binding to the 
neutrophil Fey receptors. To test whether the former was the case, indomethacin was 
incubated with opsonized zymosan for 30 minutes. The opsonized zymosan was removed 
by centrifugation followed by passing the supernatant through a 0.22|I filter. The supernatant 
containing indomethacin was tested for its ability to enhance the respiratory burst induced 
by diC8. The results are shown in figure 8.14. It can be seen that the untreated indomethacin 
enhanced the response to diCs at two concentrations, and this was not significantly affected 
by incubating the indomethacin in the presence of opsonized zymosan. Thus binding of 
indomethacin to opsonized zymosan seems unlikely and cannot explain the reason why this
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Figure 8.14 Result of two experiments to show that indomethacin d oes not bind to
opsonized zymosan. DiCs stimulation of superoxide generation at 10pM and 15pM is
enhanced by indomethacin (10‘4M). This is not inhibited by prior exposure of the
indomethacin to opsonized zymosan. All bars represent mean ± range (n=2).
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drug inhibits the IgG-dependent stimuli and does not inhibit the post-receptor stimuli. It is 
more likely that indomethacin inhibits the interaction of the IgG molecules with the 
neutrophil Fey receptors as is the case with fMLP and its receptor (Abita, 1981; Cost et al., 
1981; Palmer, 1983).

There may, however, be another explanation for the inhibition seen with indomethacin. Both 
sodium meclofenamate and indomethacin have been reported to be inhibitors of neutrophil 
phospholipase A2 (Franson et al., 1980; Kaplan et al., 1978). Additionally, it has been 
proposed that indomethacin inhibits DAG lipase, in platelets (Rittenhouse-Simmons, 1980). 
In chapter 6, we saw that, with the stimuli opsonized zymosan and IgG, optimal superoxide 
production was dependent on the ability to generate arachidonate. If indomethacin inhibits 
DAG lipase in human neutrophils, as well as inhibiting PLA2, all means of arachidonate 
generation would be prevented. In this case, the inhibition seen with indomethacin should 
be comparable to that seen with the combination of PLA2, DAG lipase and DAG kinase 
inhibitors used in chapter 6. The levels of inhibition by these agents are, in fact, comparable.

The specific inhibitor of DAG lipase, RHC80267, may not have significantly inhibited the 
IgG- and opsonized zymosan-induced responses, as demonstrated in chapter 5, because the 
PLA2 pathway of arachidonate generation was still intact.

I would like to propose this as a more probable mechanism of inhibition, by indomethacin, 
than that of receptor antagonism. The shift in the opsonized zymosan concentration-response 
curve is of a non-competitive nature, and even at the highest concentration of indomethacin 
(lO^M) the response was not inhibited by more than 25%. These findings would suggest 
that indomethacin was not competitively inhibiting receptor binding.

Discussion

A number of NSAIDs have been shown to modulate neutrophil superoxide generation, but 
most of these studies have been conducted using fMLP as the receptor stimulus. It is 
becoming clear that the effect of the drug can depend on the nature of the stimulus. In chronic 
inflammatory diseases, immune complexes are an important stimulus for the neutrophil, 
whether they are free or associated with cartilage or basement membrane. In this study eleven 
NSAIDs were tested on IgG-, heat-aggregated IgG- and opsonized zymosan-mediated toxic 
oxygen radical production and they fell into three categories:
(i) those that increased superoxide production
(ii) those that had no effect
(iii) those that actually decreased superoxide production.
These findings could have clinical implications, in that the first category could exacerbate 
the pathological changes induced by toxic oxygen radicals whereas the second category

185



The non-steroidal anti-inflammatory drugs

would constitute safe drugs, useful in symptomatic treatment, and the third category might 
have some degree of disease-modifying action (table 8.2). None of the drugs, at the highest 
concentration tested, increased trypan blue uptake into the neutrophils, indicating that the 
NSAIDs were not toxic to the cells.

Table 8.2
The properties of NSAIDs on superoxide generation stimulated by three stimuli

Opsonized zymosan IgG Heat-aggregated IgG

ENHANCERS Meclofenamate 

Benoxaprofen 

Mefanamic acid

Sulindac Sulindac Sulindac

NO Naproxen Naproxen
EFFtLCr Aspirin

Diclofenac

Ibuprofen

Ketoprofen Ketoprofen Ketoprofen

Phenylbutazone Phenylbutazone

INHIBITORS Indomethacin

Of the drugs in the third category, indomethacin has been shown to enhance superoxide 
production induced with the post-receptor stimuli OAG, A23187 (Dale and Penfield, 1985), 
fluoride and diCs, and in four out of five experiments with the receptor stimulus PAF 
(Twomey, 1990). Therefore, indomethacin cannot be classed as a NSAID which could be 
useful as a disease modifying agent, as it enhances the generation of superoxide induced by 
so many other stimuli.

How do some NSAIDs enhance the response ?

Can the enhancing action of some of the NSAIDs be explained by an inhibitory effect on 
the cyclo-oxygenase enzyme? The prostaglandins are reported to have a predominantly 
inhibitory role in inflammatory cells. PGE2 and PGI2 have been shown to inhibit superoxide 
production by fMLP (Fantone and Kinnes, 1983; Fantone et al., 1984). This inhibition is 
mediated by an increase in cAMP levels which stimulates PKA (De Togni et al., 1984;
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Smolen et al., 1980). Inhibition of the inhibitory effect of PKA by NSAIDs might well 
therefore potentiate neutrophil activation. However, many of the NSAIDs, including aspirin, 
had no effect, suggesting that cyclo-oxygenase inhibition is not the mechanism by which the 
enhancing NSAIDs effect their potentiation.

Some NSAIDs have been reported to increase the accumulation of 5-lipoxygenase products, 
in rat leukocytes incubated with arachidonate (Tavares et al., 1985) and increase LTB4 

production in A23187-stimulated neutrophils (Docherty and Wilson, 1987). An increase in 
LTB4 production could potentiate any priming effect, of this mediator, for other stimuli - 
causing an increase in superoxide generation. The increased accumulation of LTB4 was 
attributed to the diversion of arachidonate metabolism down the 5-lipoxygenase pathway 
due to the blockade of cyclo-oxygenase by the NSAIDs. However, this diversion is unlikely 
to be important, as aspirin, at a concentration that would totally inhibit cyclo-oxygenase, had 
no effect on receptor-mediated superoxide generation.

We have already seen (in chapter 6) that inhibiting the 5-lipoxygenase pathway with two 
reportedly specific inhibitors, BW A4C and RG 5901, has absolutely no effect on stimulated 
superoxide production. It seems very unlikely, therefore, that the 5-lipoxygenase pathway 
plays any part in the transduction of the respiratory burst or the potentiation by some 
NSAIDs.

It is interesting that there appears to be a correlation between NS AID-mediated enhancement 
of superoxide production, particularly on the post-receptor stimuli, and the potential to 
inhibit phospholipase A2. The most potent enhancers of superoxide generation are also 
potent inhibitors of isolated phospholipase A2 from several sources. Sodium meclofenamate 
inhibits rabbit neutrophil PLA2 (Franson et al., 1980) as does sulindac (Kaplan-Harris and 
Elsbach, 1980) and indomethacin (Kaplan et al., 1978; Taniguchi et al., 1988). Meclofena
mate, indomethacin and ibuprofen inhibit synovial PLA2 (Franson and Weir, 1983) and 
mefanamic acid inhibits endometrial PLA2 (Bonney et al., 1988). In all cases, the NSAID 
inhibition of PLA2 was reported to be less sensitive than that of cyclo-oxygenase, which 
correlates well with the concentrations needed to inhibit superoxide production.

However, it has already been shown (on page 124) that a potential inhibitor of PLA2, 
chloracysine compound I, inhibits the respiratory burst induced by opsonized zymosan at 
lO^M. At lower concentrations there might have been a very slight enhancement (figure 
6.7, page 124), but it was not significant and could not really explain the relatively large 
potentiation seen with the NSAIDs. Therefore it is unlikely that inhibition of PLA2 is the 
explanation for the NSAID potentiating effects on superoxide generation.
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A theo ry  for th e  en h an c in g  ac tion  of so m e  NSAIDs

After earlier studies in our laboratory found that indomethacin enhanced the OAG- and 
A23187-stimulated generation of superoxide, it was proposed that the action of this NSAID 
involved an inhibition of diacylglycerol metabolism (Dale and Penfield, 1985). Thus the 
increased DAG levels would promote the activation of protein kinase C and the subsequent 
stimulation of superoxide production. This proposal was based on the discovery that specific 
inhibitors of both DAG kinase (R59022) and DAG lipase (RHC80267), when used separ
ately, augmented the OAG-stimulated respiratory burst in a similar fashion to that produced 
by indomethacin. When tested in combination, R59022 and RHC80267 further augmented 
the OAG-induced respiratory burst In this study, it was concluded that indomethacin was 
causing a potentiation, of the post-receptor stimulated respiratory burst, by an action on DAG 
kinase, though an action on the DAG lipase enzyme could not be ruled out.

Another study, by Rittenhouse-Simmons (1980), described the enhancing effect of indo
methacin on the accumulation of diacylglycerol in thrombin-stimulated platelets. It was 
concluded that indomethacin inhibited the DAG lipase enzyme, thus impairing the metabo
lism of diacylglycerol.

Thus we have the beginnings of a solution to the contradictory results seen in chapter 6. 
Indomethacin may inhibit both PLA2 and DAG lipase. Inhibition of the DAG lipase enzyme 
causes a reduction in the response to opsonized zymosan and IgG, when the PLA2 pathway 
is also blocked, but inhibition of all these pathways enhances the response to post-receptor 
stimuli. Thus an optimal response to these receptor stimuli appears to require arachidonate 
generation, whereas for a maximal response to the post-receptor stimuli all that is required 
is constant PKC activation. If sodium meclofenamate, benoxaprofen and mefanamic acid do 
not inhibit DAG lipase, but instead inhibit DAG kinase, then the resultant increase in 
diacylglycerol levels (stimulating PKC) and arachidonate production (via DAG lipase) may 
well be additive to give a greatly enhanced respiratory burst.

To lend credence to this theory it was found that, when tested on the other post-receptor 
stimuli, fluoride and diC8, only inhibitors of DAG kinase consistently enhanced superoxide 
generation. In addition, the profile of enhancement obtained with the DAG kinase inhibitors 
and the ‘enhancing* NSAIDs on the fluoride- and diC8-stimulated responses were very 
similar (Twomey, 1990). A number of receptor stimuli, namely IgG, heat-aggregated IgG, 
opsonized zymosan and fMLP, also exhibited a consistently enhanced superoxide response 
with the DAG kinase inhibitor, R59022 (chapter 5; Muid et al., 1987). It may be that 
potentiation of responses, to both post-receptor and receptor stimuli, can be achieved by 
diverting diacylglycerol metabolism down the lipase pathway to generate arachidonate. This 
particular effect may only be seen when using DAG kinase inhibitors, since not only may
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the DAG kinase route of metabolism be the primary route, but DAG kinase may compete 
with 2-monoacylglycerol lipase for the substrate from which arachidonate is liberated 
(Kanoh et al., 1990).

If the inhibition of DAG metabolism really is the mechanism by which some NSAIDs 
enhance the response to all stimuli, then this may also explain the effects seen by Bromberg 
and Pick (1983). The elicited guinea pig macrophages used in their studies would have been 
primed by the nature of the cell harvesting. Priming induces turnover of membrane phos
pholipids and the generation of diacylglycerol. Exposure to certain NSAIDs might inhibit 
DAG metabolism leading to the initiation of the respiratory burst.

How does phenylbutazone inhibit?

Phenylbutazone was shown to inhibit the respiratory burst in many studies using fMLP as 
the stimulus (Simchowitz et al., 1979; Neal et al., 1987; Gay et al., 1984). This last group 
also demonstrated that phenylbutazone inhibited O2 production stimulated with both flu
oride and opsonized zymosan. The PM A-stimulated respiratory burst was also inhibited but 
much higher concentrations were necessary than those needed to inhibit the receptor stimuli 
or fluoride (Gay et al., 1984).

In the study reported here, phenylbutazone consistently inhibited the respiratory burst 
induced with both IgG and heat-aggregated IgG. In a parallel study, phenylbutazone was 
found to markedly inhibit the PAF- and fluoride-induced response, having very little effect 
on the response to diCs (Twomey, 1990). This NSAID has been proposed as a free-radical 
scavenger, removing O2 from the assay environment before it is able to reduce the 

ferricytochrome C (Shen, 1984). Because the inhibition would not be stimulus specific, it is 
highly unlikely that this action could explain the inhibitory effect of phenylbutazone on the 
response to the receptor stimuli or fluoride, since this drug was shown, by Twomey (1990), 
to have only a minimal effect on the diCs-stimulated respiratory burst.

As phenylbutazone was shown to inhibit the fluoride-induced generation of superoxide, and 
fluoride acts at the G-proteins at a sub-receptor level, then any receptor antagonist component 
that this NSAID possesses would be irrelevant. Therefore, it is probable that phenylbutazone 
acts at an intracellular point, in the transduction process, at or very near the activation of the 
G-proteins.

A recent study by Abramson et al. (1991b) found that some NSAIDs inhibited neutrophil 
responses in a novel way. Arachidonate was found to increase the specific binding of GTPyS 
to purified human neutrophils and elicit O2 generation. This was due to an increase in the 
available GTP-binding sites (Abramson et al., 1991a). Some NSAIDs were found to inhibit
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this effect, but inhibition of neutrophil responses (such as O2 generation) was restricted to 

those which required signalling via the G-proteins (Abramson et al., 1991b). This would 
include fluoride! Unfortunately, phenylbutazone was not one of the NSAIDs that they tested, 
so it remains to be seen whether or not this is the mechanism by which this particular NSAID 
acts.

The effects of the NSAIDs are stimulus-specific

A range of NSAIDs has been tested, in our laboratory, on a variety of receptor and 
post-receptor stimuli, and I would like to present a general table showing the effects of these 
drugs on the generation of superoxide (table 8.3). The effects of the NSAIDs appear, for 
the most part, to be stimulus-specific — the only results which are similar, whatever the 
stimulus, being those obtained with aspirin, which has no effect, mefenamic acid, which 
increases, and benoxaprofen, which always increases significantly. Sodium meclofenamate

Table 8.3
The effects of the NSAIDs on a variety of receptor and post-receptor stimuli

OZ IgG HAGG afMLP bPAF V bDiC8 aOAG aA23187

Aspirin 2= — • lllllllllilil i l l l l i i 44+

Benoxaprofen TT TT f t TT f t t t

Diclofenac = T T u = t t t t TT t t

Ibuprofen = = = 1 = t t = I

Indomethacin u I I u t t t t t t t

Ketoprofen 1 u i = = t

Meclofenamate t t rr t t u t t TT t t f t t t

Mefenamic acid t t T t t t TT t t

Naproxen = = t - = T t t t

Phenylbutazone I u 1 w I i = = I
Sulindac t = t = TT =

Key: t t  significant enhancement; T enhancement; = no effect;
'11' significant inhibition; -I inhibition;
panels are blank where the effect of the drug was not determined.
OZ opsonized zymosan; HAGG heat-aggregated IgG; F  fluoride. 
a reproduced with kind permission from Penfield (1988). 
b reproduced with kind permission from Twomey (1990).
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significantly increases the response to all the stimuli except fMLP, and the inhibition of this 
stimulus may be due to antagonism at the receptor. Benoxaprofen and mefenamic acid were 
not tested on the fMLP-stimulated respiratory burst and may well have inhibited superoxide 
production with this particular stimulus, again by receptor antagonism. However, fMLP may 
not be such a clinically important stimulus in chronic inflammatory diseases, such as 
rheumatoid arthritis, as the ones used in this current study.

Do the concentrations of NSAIDs in  vivo  reach those used in  vitrcR

Do the concentrations of NSAIDs used in this study correlate with concentrations achieved 
in the clinical situation? There have been few studies completed which measured the levels 
of NSAIDs in plasma and synovial fluid of drug-treated patients, and those that have been 
done were mostly limited to aspirin and indomethacin.

In studies by Huidberg et al. (1972) and Emori et al. (1973) patients suffering from 
rheumatoid arthritis were given up to 50mg indomethacin and had their plasma concentra
tions determined. Both studies showed that the plasma concentration of indomethacin peaked 
at between 1 and 8.5|iM. The daily dose for a patient suffering from rheumatoid arthritis 
may be as high as 150-200mg (ABPI Data Sheet Compendium). It is probable that at these 
higher doses, significantly higher serum and synovial fluid concentrations would be attained.

Synovial fluid concentrations higher than those of plasma have been reported. In a study 
where the concentration of NSAIDs were determined in canine knee cartilage ex vivo, 
Palmoski and Brandt (1985) found that the concentrations in synovial fluid exceeded those 
in the surrounding tissue. Clinical studies on plasma and synovial fluid pharmacokinetics 
have shown that NSAIDs take longer to disappear from the synovial fluid than the plasma, 
so that gradually the concentration of NSAIDs in the former exceeds that of the latter 
(reviewed in Famaey, 1987).

The NSAID concentration in synovial fluid is dependent upon the ability of free, unbound 
drug to diffuse across the synovium. When the synovial fluid pH is reduced, as happens in 
inflammatory conditions, the acidic NSAIDs exist for the most part in the undissociated form 
which are more lipophilic and therefore diffuse more easily through the synovium (Brune 
et al., 1980). Such NSAIDs will become concentrated at sites of inflammation. Decreases 
in albumin levels have been described in patients with rheumatoid arthritis, due to increased 
catabolism (Ballantyne et al., 1971). The reduced binding of NSAID, due to the lower 
albumin levels, increases the concentration of free unbound drug. The protein binding of 
indomethacin and ibuprofen is lower in synovial fluid than in plasma at all drug concentra
tions (Famaey, 1987).
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Indomethacin has been reported to associate with human neutrophils in vitro, and inflam
matory conditions such as reduced pH, the presence of inflammatory stimuli and metabolites, 
may determine the degree of association in vivo (Raghoebar et al., 1989).

Taking these factors into account, it is not inconceivable that the levels of NSAIDs could 
reach 10'5M or greater in the synovial fluid of patients suffering from rheumatoid arthritis. 
Although the potentiation seen with some of the NSAIDs in this study was illustrated with 
graphs showing the effect at concentrations of lO^M, the powerful enhancing NSAIDs, such 
as meclofenamate, benoxaprofen and mefanamic acid, were found to potentiate the respir
atory burst to the receptor stimuli over the range 10"5M -  lO^M. The enhancement seen at 
the lower end of this concentration range was not statistically significant in these experi
ments, but there was some enhancement evident even at low micromolar concentrations in 
several experiments. When this slight enhancement is viewed in the light of work by Lunec 
et a i  (1985) it assumes a relevance to the clinical situation. These authors describe a 
self-perpetuating cycle of O2 production and IgG aggregation giving rise to tissue damage 
and lymphocyte activation —  conditions thought to aggravate and possibly initiate chronic 
inflammatory diseases such as rheumatoid arthritis. Even the small enhancement of super- 
oxide production, seen with our NSAIDs, if applied to each successive activation cycle, 
could effect a substantial amplified reaction with concurrent tissue damage by the oxygen 
radicals produced. The IgG aggregates, which are formed by the action of oxygen radicals, 
have a characteristic autofluorescence, and aggregates with identical autofluorescence have 
been isolated from the serum and synovial fluid of rheumatoid patients.

In two experiments, conducted during this study, it was confirmed that exposure of our IgG 
to neutrophil derived superoxide caused a 2.5 fold increase in its fluorescence (measured at 
360nm excitation, 454nm emission). This is compared to a 5-6 fold increase in fluorescence 
by heat-aggregating the IgG.

In this study in vitro experimental evidence has demonstrated an enhancing effect by some 
NSAIDs of toxic oxygen radical generation induced by IgG and aggregates of IgG; both 
clinically relevant stimuli. Thus in the clinical situation, while providing temporary relief of 
symptoms and signs the more potent enhancing NSAIDs could exacerbate the pathological 
changes induced by toxic oxygen radicals.
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Chapter 9

Discussion and review:
the whole picture?

This chapter will attempt to fit together the individual elements discussed in each chapter to 
provide an overall picture of the transduction events leading up to the generation of 
superoxide by human neutrophils. In order to do this, the results presented in this study will 
be explained in the light of recent findings from many other groups.

One particular phenomenon which stood out at an early point in the study was the particular 
grouping together of certain stimuli. The major part of this chapter will examine whether 
there is any basis for the suggestion that certain stimuli activate different transduction 
pathways from others. Although the evidence is not conclusive, there do appear to be 
differences between the stimulus-activation coupling events initiated by fMLP (or possibly 
heat-aggregated IgG) and opsonized zymosan or IgG. New biochemical techniques have 
enabled much more specific conclusions to be drawn about particular signal-transduction 
pathways, and the results from these studies, done by other groups, will be used to explain 
certain, otherwise inexplicable, findings presented in this thesis.

The latter part of this chapter will discuss the clinical implications and therapeutic possi
bilities of certain results in this study.

One of the main problems with evaluating data from groups investigating neutrophil O2 

generation is that they often use techniques which physically constrain the neutrophils from 
producing a physiological response. One example is the use of oxygen electrodes, which
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usually results in the neutrophil response terminating rapidly, due to the exhaustion of the 
oxygen supply. Conclusions derived from studies using such techniques can be erroneous. 
In the current study the method used had no such limitations.

Most groups use fMLP for inducing superoxide generation and most of the biochemical 
studies have also been done using this stimulus. We now know more about the signal 
transduction after fMLP stimulation than we do about the transduction induced by any of 
the other stimuli. However, it is unsound to assume that the transduction sequences initiated 
by all stimuli are the same as those involved in fMLP stimulation, despite the fact that some 
groups believe this to be the case.

Sequential PLC- and PLD-mediated transduction mechanisms of 
superoxide production activated by soluble stimuli

In response to a number of soluble, mainly chemotactic, stimuli there is a biphasic production 
of DAG. The first phase peaks within 30 seconds whereas the second, quantitatively larger, 
phase reaches a maximum within 2-15 minutes after stimulation. It has now been established 
that the fMLP-induced respiratory burst follows this pattern by sequential transduction 
pathways (Dewald et al., 1988; Truett et al., 1988; Agwu et al., 1989a & b). The response 
is initiated with PIP2 hydrolysis by a receptor-linked G-protein-dependent phospholipase C,

9+which results in rapid Ca mobilization from intracellular stores and 1,2-diacyl-Srt-glycerol
9 ,

release. To fully activate the respiratory burst, the chemoattractant must also trigger Ca 
influx which leads to a sustained cytosolic calcium elevation (Truett et al., 1988). This, 
together with further receptor activation, supports a new phase of diradylglycerol production, 
independent of inositol phospholipid hydrolysis, which correlates with O2 generation.

It was found that LTB4 only activated the first phase of DAG production, accounting for its 
poor ability to stimulate O2 production (Truett et al., 1988; Korchak et al., 1988b; Reibman 

etal.y 1988).

The second phase of diradylglycerol production is mediated by the action of phospholipase 
D on phosphatidylcholine. Phosphatidylcholine is the major phospholipid class in mamma
lian tissues and can account for up to 50% of the total cellular phospholipid. In neutrophils, 
up to 70% of the PC is l-0-alkyl-2-acyl-M-glycero-3-phosphocholine, the rest being
l,2-diacyl-s«-glycero-3-phosphocholine. Compared to the phosphoinositides, which are 
relatively enriched in arachidonic acid, 1,2-diacyl-s/z-glycero-3-phosphocholine is relatively 
deficient whereas l-0-alkyl-2-acyl-s/z-glycero-3-phosphocholine is enriched in arachidonic 
acid (Mueller et a l, 1984).
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Human neutrophils activate phospholipase D to produce alkyl-PA and choline whether 
stimulated with fMLP (Billah et al., 1989b; Bonser et al., 1989; Tyagi et al., 1989), C5a 
(Mullmann^ta/., 1991)orionophore A23187 (Agwu etal., 1989a; Dougherty ef al., 1989). 
Although cleavage of phosphatidylcholine can be mediated by PLC to produce DAG and 
phosphocholine or by PLD to produce alkyl-PA and choline, in neutrophils, only choline 
and not phosphocholine can be detected after stimulation, confirming that hydrolysis of PC 
is mediated by PLD (Billah and Anthes, 1990). The alkyl-PA produced by PLD is then 
dephosphorylated by phosphatidate phosphohydrolase to produce 1 -O-alkyl-2-acyl-M- 
glycerol (AAG).

The first product of phospholipase D action on phosphatidylcholine is phosphatidic acid, but 
PA can also be generated by DAG kinase acting on the diacylglycerol produced by PLC 
action on PIP2. The most useful techniques to determine the origin of diradylglycerols have 
involved the labelling of phospholipids with 32P, 3H or 14C. However, labelling cells with
39

P usually results in cellular ATP taking up some of the label and confusing the experimental 
results. The solution was to label 1-O-alkyl-2-acyl-5«-glycero-3-phosphocholine (alkyl-PC) 
with [32P] without labelling the cellular ATP. This technique, devised by Pai etal. (1988a),

<30
involved incubating isolated HL-60 cells or neutrophils with alkyl-[ P]lysoPC, which 
readily intercalates into the cell membrane and becomes acylated into cellular alkyl-r P]PC 
without labelling the cellular ATP. When stimulated with fMLP the 32P-labelled cells rapidly

<39 *39 %
generate alkyl-[J P] phosphatidic acid (alkyl-[ P]PA). Because, under these conditions,

09 -39
cellular ATP has not been labelled with J P, alkyl-[ P] PA must be formed via phospholi
pase D-catalyzed hydrolysis of alkyl-[32P]PC at the terminal phosphodiester bond. This 
finding demonstrated fMLP-induced PLD activation in HL-60 cells (Pai et al., 1988a & b).

If the cells, labelled with alkyl-[32P]PC, are stimulated in the presence of ethanol they 
produce alkyl-[32P]phosphatidylethanol (alkyl-[32P]PEtOH) by a phospholipase D-cata-

-39
lyzed transphosphatidylation reaction (Pai et al., 1988a). Formation of alkyl-[ P]PEtOH 
parallels that of alkyl-[32P] PA with respect to time, fMLP concentration, inhibition by a

9  ,
specific fMLP antagonist (t-butoxycarbonyl-Met-Leu-Phe) and Ca concentration. Butanol

1A 3
can be used instead of ethanol and the incorporation of [ C]butan-l-ol or [ H]butan-l-ol 
into the corresponding labelled phosphatidylbutanol has corroborated the earlier reports that 
PLD activation is initiated by fMLP (Bonser et al., 1989; Randall et al., 1990). FMLP-in- 
duced diradylglycerol formation in human neutrophils was inhibited with concentrations of 
ethanol or butanol which had no effect on IP3 production or PIP2 hydrolysis but did cause 
a concentration dependent inhibition of O2 production (Bonser et al., 1989).

It has been established that, at 5 seconds after stimulation with fMLP, DAG and PA levels 
increase but alkylacylglycerol accumulation is delayed by 15 seconds (Agwu et al., 1989a

3
& b). However, using HL-60 cells double-labelled by incubation with [ H]alkyl-lysoPC and

195



Discussion

alkyl- P]-lysoPC, it was found that the accumulation of PA, which reached a maximum 
by 30 seconds after fMLP stimulation was due primarily to phospholipase D acting on 
phosphatidylcholine, and not by DAG kinase activity on 1,2-diacyl-s/i-glycerol as previously 
thought (Pai et al., 1988a & b; Billah et al., 1989b; Bonser et al., 1989; Gelas et al., 1989). 
At later times there is a conversion of 1,2-diacyl-M-glycerol to phosphatidic acid (Billah et 
al., 1989b; Billah and Anthes, 1990).

In all the experiments described above, where fMLP was used as a stimulus to investigate 
diradylglycerol accumulation, it was always used in conjunction with cytochalasin B. 
Neutrophils pretreated with cytochalasin B and then stimulated by fMLP show a rapid 
activation of both PIP2 hydrolysis by phospholipase C and phosphatidylcholine breakdown 
by phospholipase D resulting in an increase in total diglycerides which can be sustained 
beyond 5 minutes. Diradylglycerol accumulation occurs more slowly than that of either 
choline or IP3 and is inhibited by 30mM-butanol (Thompson et al., 1990), suggesting that 
the bulk is derived from the phospholipase D pathway via phosphatidate phosphohydrolase. 
Consistent with this is the observation that choline and diradylglycerol are produced in 
similar amounts. As has been described above, at the earliest time points, the increase is due 
almost entirely to 1,2 -diacylglycerol, but at 1 minute and beyond, 1 -O-alkyl-2-acyl-M-glyce- 
rol comprises as much as 40% of the total (Tyagi etal., 1989; Bonser et al., 1989; Thompson 
et al., 1990). Neutrophils ‘primed* with phorbol ester prior to fMLP stimulation also show 
a rapid increase in both 1,2-diacylglycerol and l-O-alkyl-2-acyl-s/i-glycerol (Tyagi et al., 
1989).

•  Thus, priming conditions or pretreatment with cytochalasin B promote activation of 
phospholipase D by the soluble stimuli, allowing hydrolysis of 1 -O-alkyl containing lipids 
to generate diradylglycerols. This does not appear to be the case when opsonized zymosan 
is the stimulus.

Superoxide production by fMLP-stimulated neutrophils parallels 1,2-diacylglycerol accu
mulation over the first 5 min, but thereafter this production stops, despite the fact that
1,2-diacylglycerol levels remain elevated (Thompson et al., 1990).

Superoxide production induced by opsonized zymosan is mostly PLD 
independent

Superoxide generation stimulated by opsonized zymosan was only partially inhibited by 
ethanol or butanol at concentrations which completely blocked fMLP-stimulated O2 pro

duction. The transphosphatidylation reactions in opsonized zymosan stimulated neutrophils 
were found to be much smaller than in fMLP stimulated cells (Bonser et al., 1989). 
Opsonized zymosan induces more polyphosphoinositide hydrolysis to produce diacylglyce-
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rol than do the soluble stimuli such as fMLP or PAF (Burnham et al.y 1989). This much 
greater and sustained increase in 1,2-diacylglycerol peaks at 2 to 3 minutes, with only a small 
increase in 1 -O-alkyl-2-acyl-M-glycerol which is not seen until much later (Tyagi et al.y 
1989).

•  It may be that the phospholipase D pathway is much less important for the transduction 
mechanisms involved with particulate stimuli.

This suggestion appears to be supported by work using the fungal metabolite, wortmannin, 
which is a potent inhibitor of neutrophil O2 generation when stimulated by fMLP, C5a and 
PAF (Dewald et al.y 1988). Reinhold et al (1990), examining the transphosphatidylation 
reaction with ethanol, reported that wortmannin inhibited fMLP-stimulated phospholipase 
D activation in human neutrophils. It had no effect on the PMA- or OAG-induced release 
of phosphatidylethanol; so the inhibitory effects seen with fMLP-stimulation were not due 
to a direct action, by wortmannin, on phospholipase D itself. The respiratory burst elicited 
by the G-protein activator, fluoride, was much less sensitive to wortmannin inhibition than 
that elicited by PAF (Twomey, 1990) or fMLP (Bonser et al. 1991). The latter group used 
demethoxyviridin, a close analogue of wortmannin. These findings indicate that wortmannin 
or demethoxyviridin do not block G-protein function. Inhibition of fMLP-induced [ H]phos- 
phatidylbutanol formation was non-competitive, suggesting that demethoxyviridin does not 
block the interaction of fMLP with its receptor (Bonser et al.y 1991).

Therefore, wortmannin appears to act by interfering with the interaction between the receptor 
and the G-protein linked to phospholipase D. Wortmannin was shown to have no affect on 
the mobilization of intracellular calcium (Dewald et al.y 1988), so IP3 production via 
PLC-mediated PIP2 hydrolysis appears unaffected. The inhibition by wortmannin seems to 
be specific for the receptor/G-protein coupled to PLD.

Work done in our laboratory established that opsonized zymosan-induced O2 production 

was less sensitive to inhibition by wortmannin (IC50 = 20nM) than PAF (IC50 = 5nM)(Two- 
mey, 1990) whereas O2 production stimulated with PAF, C5a and fMLP were inhibited by 

the wortmannins with very similar potencies (IC50S between 4.6 and 8.0nM; Dewald et al.y 
1988).

•  Since the opsonized zymosan-induced respiratory burst is not inhibited by wortmannin, 
with the same potency as that generated by the soluble stimuli which activate the PLD 
pathway, the signal initiated by this stimulus must be transduced by a mechanism mostly 
independent of phospholipase D.
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This possibility was discussed in chapter 6 to explain the finding that y-HCCH produced an 
enhanced response when all avenues of DAG metabolism were blocked whereas opsonized 
zymosan did no t The suggestion then was that y-HCCH and fluoride activated a pathway 
leading to DAG production that opsonized zymosan did not access. The obvious deduction 
is that the unknown pathway involved phospholipase D activation.

Stimulation of phospholipase D: physiological fact or artefact?

Although neutrophils pretreated with cytochalasin B or ‘priming’ concentrations of phorbol 
ester have been shown to activate phospholipase D, this is not the case when the cells are 
not pretreated. Using a sensitive mass method, which distinguishes 1-0-alkyl from 1-acyl 
diglycerides, neutrophils stimulated with fMLP but in the absence of cytochalasin B were 
shown to produce a rapid and transient increase in 1,2 -diacylglycerol, but no increase in
l-O-alkyl-2-acyl-^/i-glycerol (Tyagi et al., 1989; Gelas et al., 1989). Opsonized zymosan 
produced an immediate and sustained increase in 1,2 -diacylglycerol, and a small increase in
l-O-alkyl-2-acyl-.s/j-glycerol, but this was not seen until later times (Tyagi et al., 1989).

•  This correlates well with the finding in this study that opsonized zymosan can generate 
large quantities of superoxide in the absence of cytochalasin B whereas fMLP cannot.

So is the activation of phospholipase D by fMLP really a physiological event or just an 
experimental artefact? The answer is, of course, that we cannot be sure. The possibility that 
this process does occur is reinforced by evidence from studies using a far more physiological 
‘priming’ agent than either cytochalasin B or PMA —  granulocyte-macrophage colony- 
stimulating factor (GM-CSF). GM-CSF has been shown to significantly enhance neutrophil 
cytotoxicity mediated via IgG/FcyRD (Graziano et al., 1989) and also enhance superoxide 
generation (Roberts et al., 1990; McColl etal., 1990).

The generation of diradylglycerol and phosphatidic acid has been investigated in neutrophils 
primed with GM-CSF (Bourgoin et al., 1990). GM-CSF was found to have no direct effect 
on the levels of phosphatidic acid and diradylglycerol, but it increased PA generation and 
the late phase of DRG accumulation in human neutrophils stimulated with fMLP. The 
elevation of PA levels preceded that of DRG and the DAG kinase inhibitor R59022 enhanced 
the sustained increase in DRG but did not produce a parallel inhibition in PA production.

•  This enhancement by R59022 suggests that diacylglycerol is predominantly metabolized 
by DAG kinase to PA, even when derived from phosphatidylcholine.

It has been shown that GM-CSF did not directly activate or prime neutrophils by increasing 
phospholipase C activity since it was without effect on IP3 levels both in control and primed 
conditions (Di Persio etal., 1988; Bourgoin etal., 1990). Di Persio etal. (1988) had shown
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that GM-CSF could directly stimulate and prime neutrophils to increase phospholipase A2 

activity and this could lead to an enhanced respirator/ burst. However, Bourgoin et al. (1990) 
concluded that the early appearance of PA seen in tfrieir studies suggested that GM-CSF 
enhanced fMLP receptor-linked PLD action on phosphatidylcholine to generate PA.

As it has been shown that GM-CSF primes neutrophils for an enhanced respiratory burst 
with the receptor stimuli fMLP, C5a and PAF (Atkinson etal., 1988; Nathan, 1989; McColl 
et al.y 1990) and the G-protein activators fluoride and GTPyS, but not with PM A (McColl 
et al.y 1990) it indicates that, if the action of GM-CSF is by upregulating PLD activity, then 
it is probably by an effect on the G-protein.

•  Since neutrophils arriving at a site of inflammation are already likely to be ‘primed’ it is 
probable that the phospholipase D-mediated pathway does play a role in the response to 
the chemotactic stimuli.

•  Opsonized zymosan cannot be primed in vitro for an enhanced response by agents 
frequently used for such purposes. Priming agents which have been tried, unsuccessfully, 
include ionomycin, PAF (Koenderman et al .y  1989b) and PM A (Penfield and Muid, 
unpublished observations).

The central role of protein kinase C

Most of the recent work, from our group and others, has assumed that protein kinase C 
activation is the key step in superoxide generation. Certainly, it was found that by inhibiting 
the metabolism of DAG, the physiological activator of protein kinase C, the responses 
initiated by receptor or post-receptor stimuli were enhanced, but this is not conclusive 
evidence.

There has been a great deal of controversy over the role of protein kinase C in the receptor 
mediated respiratory burst, mostly stemming from studies where poorly-specific PKC 
inhibitors were used. In the current study it was found that K252a and staurosporine, potent 
but not highly selective PKC inhibitors, and a series of bis-indolyl maleimide compounds, 
structurally related to K252a and staurosporine and characterized as potent and selective 
inhibitors of PKC, all potently inhibited receptor-activated superoxide production with both 
soluble and particulate stimuli. Whereas the responses to fMLP could be totally inhibited 
with these compounds, the responses to opsonized zymosan and IgG had a component which 
could not be inhibited. This might be due to activation of different PKC isoforms, or there 
could be a component of the opsonized zymosan-induced respiratory burst which is PKC- 
independent.
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Recently, three subspecies of PKC have been found in human neutrophils —  a , (3 (Obel et 
al., 1991) and a novel Ca2+-independent PKC (Majumdar et al., 1991). On activation of the 
neutrophil PKC-P is rapidly translocated from the cytosol to the plasma membrane; PKC-a 
exists as a membrane bound form even in the resting state (Obel et al., 1991). The 
Ca2+-independent DAG/PS-dependent PKC remains in the cytosol (Majumdar et al., 1991). 
The substrate specificities of this PKC and PKC-p have been found to be quite different. 
The former phosphorylated a number of cytosolic proteins including a 66 -68kDa protein but 
not a 47kDa protein whereas PKC-p phosphorylated a 47kDa protein but not the 66-68kDa 
protein. This 47kDa protein could be important since such a protein has been implicated in 
the assembly of an active NADPH oxidase (Kramer et al., 1988; Heyworth et al., 1989). A 
67kDa protein has also been identified as one of the cytosolic components of the oxidase 
which are thought to translocate to the membrane on activation (Cumutte et al., 1989; Clark 
etal.y 1990; Eklund and Gabig, 1991). In intact neutrophils stimulated with fMLP, the 47kDa 
protein is phosphorylated within 5 seconds whereas the 67kDa protein is not phosphorylated 
until 60 seconds or more (Reibman et al., 1988).

•  Importandy, no such early phosphorylation of the 47kDa protein occurs with opsonized 
zymosan stimulation (Ij.M. Kramer, personal communication) but does occur after 5 
minutes (Koenderman et al., 1989a) and probably correlates with the accumulation of 
DAG.

2+The protein kinase subspecies have distinct sensitivities to activators at different Ca 
concentrations. PKC-p can be activated by l,2-diacyl-5Az-glycerol at low [Ca2+]i levels 
(<l|iM) whereas PKC-a cannot (Ford et al., 1989). A study by Daniel et al. (1988) had 
indicated that 1 -O-alkyl-2-acyl-s/z-glycerol, produced by the action of phospholipase D, 
caused a concentration-dependent inhibition of PKC activity stimulated with OAG. Some 
groups have quoted this work, suggesting that the brief respiratory burst produced by fMLP 
is due to the large increases in 1-0-alky 1-2-acyl-s/i-glycerol inhibiting PKC activation of the 
NADPH oxidase. However, it has been shown that PKC-p can be activated by l-O-alkyl-2- 
acyl-sn-glycerol when [Ca ]i levels rise beyond ljiM, and both a  and p forms can be fully
activated by DAG or AAG at [Ca2+]i levels of 10-100|iM (Ford et al., 1989). Intracellular

2+Ca levels can reach l|iM  after the PLC-mediated phase of transduction has liberated IP3
2+from PIP2 and Ca is released from intracellular stores.

It may be that 1,2-diacyl-s/i-glycerol is not the only species of acyl-substituted glycerol that 
activates protein kinase C, leading to superoxide production, as was previously thought. 
Although it is equally possible that we may find that the late activation of a protein kinase 
C subtype by the alkyl-acylglycerols causes the termination of the reaction.
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Differences in the transduction sequences summarized

The differences in the transduction sequences initiated by fMLP and opsonized zymosan 
have been highlighted in the last four sections. One of the main differences between these 
stimuli, which hasn’t been covered in this chapter, is that fMLP stimulation is mediated by 
pertussis toxin-sensitive G-proteins associated with both PLC and PLD, whereas opsonized 
zymosan- and IgG-stimulation are totally unaffected by treatment with pertussis toxin. As 
was discussed in chapter 4, the action of these latter two stimuli could be mediated by one, 
or more, of the small pertussis toxin-insensitive G-proteins —  G24K or G26K. However, no 
link has yet been made between these G-proteins and IgG or opsonized zymosan, or between 
the G-proteins and the activation of NADPH oxidase. The other possibility is that opsonized 
zymosan and IgG could activate the cell by a direct coupling mechanism between the receptor 
and membrane-bound components of the NADPH oxidase. In this way, the stimuli could 
activate the neutrophil without the need for PKC activation, and phosphorylation or trans- 
location, to the cell membrane, of any of the cytosolic NADPH oxidase components. The 
main differences between activities of the stimuli are summarized in table 9.1. It can be seen 
that aggregates of IgG behave more like fMLP than monomeric IgG or opsonized zymosan. 
It may be that this characteristic could be employed to design drugs which affected neutrophil 
activation by IgG aggregates without affecting the respiratory burst induced by opsonized 
microorganisms.

Table 9.1
Differences between the four receptor stimuli used in this study

fMLP Heat-aggregated
IgG

IgG Opsonized
zymosan

Pertussis toxin sensitive YES YES NO NO

Requires cytochalasin B 
for optimal O2 response

YES unknown NO NO

Primarily PLD 
dependent

YES unknown
(possibly)

unknown 
(probably not)

NO

Generates arachidonate 
metabolites

NO unknown unknown YES

Ro31-8425 enhances as 
well as inhibits

NO NO YES YES

Staurosporine enhances 
as well as inhibits

YES YES
(slightly)

unknown NO
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A proposed mechanism for opsonized zymosan-induced superoxide 
production

As was discussed in chapter 7, Koenderman et al. (1989a) found that an early phase of the 
respiratory burst, induced with opsonized zymosan, was insensitive to staurosporine inhibi
tion and that there was no phosphorylation of a 47kDa protein, assumed to be associated 
with the activation of NADPH oxidase. In the study presented here, a PKC-independent 
component of the opsonized zymosan stimulated generation of superoxide was also found, 
although it was a very small proportion of the total response.

In chapter 6, we saw that optimal superoxide production induced with both opsonized 
zymosan and IgG was dependent on the ability to generate arachidonate. This conclusion 
was based on the finding that an inhibition of all pathways of arachidonate production 
produced an inhibition of superoxide generation. If an arachidonate component of the 
transduction pathway is the PKC-independent mechanism then we need to explain certain 
findings which are inconsistent with this hypothesis.

Sodium meclofenamate is reported to be an inhibitor of neutrophil phospholipase A2 

(Franson et al., 1980), which is probably the main enzyme responsible for the generation of 
arachidonate in the neutrophil (figure 9.1). In fact, we saw that inhibiting phospholipase A2 

with this compound led to a reduction in the amount of the arachidonate metabolite, LTB4, 
produced by neutrophils when stimulated with opsonized zymosan. Yet sodium meclofena
mate enhanced the respiratory burst induced with opsonized zymosan and IgG (chapter 8). 
It seems unlikely then that any arachidonate necessary for optimal superoxide generation is 
derived from phospholipase A2 action.

Biochemical studies conducted on the neutrophil after stimulation with opsonized zymosan 
have shown that there is an immediate and sustained increase in 1,2-diacyl-SAz-glycerol 
production (Tyagi et al., 1989; Burnham et al., 1989). Since there appears to be no 
stimulation of PKC (inhibitors used in this study had no effect) at this early time (Koender
man et al., 1989a), there are two possibilities. The first is that the DAG produced stimulates 
a PKC subtype which is not inhibited with our compounds and does not phosphorylate any 
of the proteins currently suspected of involvement in NADPH oxidase activation. The second 
is that the DAG produced by PIP2 hydrolysis is rapidly converted by DAG lipase to
2-monoacylglycerol, which is subsequently metabolized to generate arachidonic acid (figure 
9.1).

This second possibility could form the basis of a PKC-independent transduction pathway 
operative in the early stages (up to 3 minutes) of opsonized zymosan- or IgG-induced 
superoxide generation. The continuing generation of DAG probably leads to the stimulation
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Table 92
Proposed transduction sequences for the two stimuli of superoxide production thought to

activate different pathways.

fMLP Opsonized zymosan

1st phase PIP2 is hydrolyzed by PLC activated by 
receptor/pertussis toxin-sensitive 
G-protein interaction.

PIP2 is hydrolyzed by PLC activated by 
receptor/pertussis toxin-insensitive 
G-protein interaction or direct coupling.

The transient generation of DAG 
activates PKC which activates NADPH 
oxidase briefly.

2+IP3 liberates Ca from intracellular 
stores.

The DAG produced is metabolized very 
fast via DAG lipase to AA which
activates NADPH oxidase.

2+IP3 liberates Ca from intracellular 
stores.

PKC activity inhibits further PLC action. 
PKC may initiate PLD activation.

Sustained PIP2 hydrolysis results in 
accumulation of DAG and activation of 
PKC.

2nd phase PC is hydrolyzed by PLD activated by 
receptor/pertussis toxin-sensitive 
G-protein interaction in the presence of 
elevated [Ca2+]i.

PKC stimulates PLA2 and PLD.
2+An increase in [Ca ]i is required for 

activation of the latter two enzymes.

The PLD pathway generates large 
quantities of diradylglycerols which 
stimulate PKC and therefore NADPH 
oxidase.

Arachidonate is generated via PLA2 
pathway and metabolized to LTB4. 
Diradylglycerols generated via PLD 
pathway

of PKC and the phosphorylation of the 47kDa protein, 3 or more minutes after stimulation, 
as seen by Koenderman et al. (1989a). How the arachidonate activates NADPH oxidase, if 
this is the case, remains to be resolved.

Therapeutic possibilities and liabilities

Superoxide and the other toxic oxygen products generated by stimulated neutrophils are 
believed to be involved in tissue damage (Tate and Repine, 1984) and have been implicated 
in a self-perpetuating cycle of auto-immune reactions (described on page 31), thought to 
underlie certain chronic inflammatory conditions such as rheumatoid arthritis (Lunec et al.,
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1985). Toxic oxygen products derived from neutrophils are also thought to be an important 
cause of the ischemia-induced reperfusion injury following myocardial infarction, which 
results in myocardial damage (Lucchesi and Mullane, 1986; Engler, 1989).

Drugs which inhibit the transduction mechanisms for the respiratory burst could be of value 
in the therapy of these conditions since they might inhibit superoxide generation mediated 
by a host of inflammatory stimuli acting on different receptors. In this context, an under
standing of the transduction pathways which could be pinpointed for new drug development 
became an important objective in this study.

PKC inhib itors a s  usefu l d ru g s?

One possibility for new drug development which arose out of this study was that of targetting 
protein kinase C. This enzyme has been shown to be crucial in mediating superoxide 
production by the physiological stimuli IgG, aggregated IgG and opsonized zymosan. 
Originally, the ubiquity of protein kinase C had raised doubts that any degree of specificity 
could be obtained, but the identification of several subspecies of protein kinase C suggests 
that some form of selective inhibition may be achievable.

At present eight subspecies of PKC have been described, although currently only three have 
been identified in the neutrophil. However, in other cell types the PKC subspecies have been 
found in distinct locations with different functional properties. If these PKC subspecies 
possess differential sensitivities to the protein kinase C inhibitors, as may be indicated by 
this study, then it might well be possible to selectively modulate such PKC-mediated 
responses as the respiratory burst. This selectivity could actually be carried further in that 
the respiratory burst induced by certain stimuli, such as aggregates of IgG, could be inhibited 
whilst leaving the burst stimulated by opsonized microorganisms intact

Although administration of a protein kinase C inhibitor to an animal or person would seem 
a rash exercise when one considers the ubiquitous nature of the protein, studies have been 
carried out in animals without major problems of toxicity. One study, where K252a was 
given orally, showed a dose-dependent inhibition of cutaneous anaphylaxis in rats and 
anaphylactic broncho-constriction in passively sensitized guinea pigs (Ohmori et al., 1988). 
In the same study K252a had inhibitory effects comparable to dexamethasone on rat paw 
oedema induced with a variety of agents. We have also been told of a study conducted in 
cows where an orally active derivative of one of the inhibitors used in this study, Ro31-8425, 
has been tested without any toxic effects (J.S. Nixon, personal communication). Thus, it 
would appear that there is a real possibility for the development of novel anti-inflammatory 
drugs based on the protein kinase C inhibitors used in this study.
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S o m e NSAIDs a s  liabilities?

A study of the effect of a range of clinically used NSAIDs on the production of superoxide 
revealed that some caused a marked potentiation of the respiratory burst induced by the 
physiologically relevant stimuli IgG, heat-aggregated IgG and opsonized zymosan. These 
findings could have clinical implications for the therapy of rheumatoid arthritis and other 
inflammatory disorders. There is evidence that superoxide can modify IgG molecules 
causing them to aggregate and act as stimuli for further superoxide generation thus triggering 
a self-perpetuating cycle (Lunec et al., 1985). Even a small enhancement of superoxide 
production, such as that seen at clinically relevant NSAID concentrations, with each 
successive activating cycle, could eventually lead to an amplified response and the accom
panying increase in tissue damage. It is therefore not inconceivable that patients with 
rheumatoid arthritis, who are being treated with NSAIDs shown to be potent enhancers in 
this study, could suffer by an exacerbation of the underlying disease whilst experiencing 
temporary relief from the symptoms.

The fact that the NSAIDs could be divided into three categories; those that enhanced, those 
that had no effect and those that decreased superoxide production means that clinicians could 
avoid exacerbating inflammatory disorders by selective prescribing. The NSAIDs which had 
no effect on the production of superoxide would constitute safe drugs, useful in symptomatic 
relief, whilst those which decrease the respiratory burst might have some benefit for the 
patient by modifying the disease.
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