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ABSTRACT
A characteristic feature of acute inflammation is increased microvascular
permeability. Mediators that increase microvascular permeability can act in 2 ways;
either directly on the endothelial cell eg. bradykinin, or by a mechanism dependent on
circulating neutrophils eg. the chemoattractant FMLP. Oedema can be suppressed by
both steroid and non-steroid anti-inflammatory drugs. These compounds may be able to
act at several levels. This study was designed to investigate mechanisms of oedema
formation and the possible sites of action of anti-inflammatory compounds.
FMLP-induced oedema formation was not dependent on endogenous histamine
release or pro-inflammatory products of the cyclo-oxygenase pathway. Intravenous
infusion of zymosan-activated plasma produced transient neutropenia in rabbits which
resulted in inhibition of oedema formation induced by FMLP, but not that induced by
bradykinin.
Ibuprofen, selectively inhibited FMLP-induced oedema formation when
administered intravenously. This drug did not induce neutropenia and the effect was
independent of cyclo-oxygenase inhibition. Ibuprofen may interfere with the interaction
between circulating neutrophils and venular endothelial cells.
The microtubule blocking agent colchicine also selectively inhibited FMLPinduced oedema formation even when it was administered at intervals after intradermal
FMLP. This suggests that continuing interactions between functionally active neutrophils
and endothelial cells are necessary for the protracted plasma protein leakage induced by
this chemoattractant.
There is evidence that anti-inflammatory steroids may owe some of their anti
inflammatory actions to effects on the target cells of inflammatory mediators eg.
microvascular endothelial cells and neutrophils. In an attempt to investigate this
possibility in vivo the ability of dexamethasone to modulate oedema formation and
*"In-neutrophil accumulation in rabbit skin was investigated. Dexamethasone was
effective when administered in three ways. Firstly, local pretreatment of skin with
dexamethasone inhibited oedema responses but not *"In-neutrophil accumulation.
Secondly, treatment of neutrophil recipient rabbits intravenously with dexamethasone
inhibited both oedema responses and "^In-neutrophil accumulation in response to
exogenous chemoattractants. Thirdly, systemic treatment of neutrophil donor animals
with dexamethasone resulted in suppression of *"In-neutrophil accumulation in response
to intradermal chemoattractants in recipients.
Systemic treatment with dexamethasone suppressed neutrophil accumulation
oedema formation and the generation of LTB4 induced by intraperitoneal-injection of
zymosan in the rabbit. The generation of TXBj and prostacyclin were not inhibited by
dexamethasone. Depleting animals of circulating neutrophils inhibited the generation of
LTB4 suggesting that accumulating neutrophils are responsible for the generation of this
chemoattractant.
This study shows that anti-inflammatory compounds can inhibit oedema formation
and neutrophil-accumulation by acting at several different sites. There is evidence for
inhibition by effects on the microvascular endothelial cell and the neutrophil.
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CHAPTER 1;
1.1

INTRODUCTION

General Introduction
Inflammation is the local response of a tissue and its vasculature to infection and

injury; it is intended to eliminate noxious stimuli and facilitate the repair process. The
inflammatory response is triggered by an array of chemical mediators released in the
affected tissue.

These mediators act and interact to induce changes in blood

microvessels, tissue cells and blood cells. This brings about the three characteristic and
closely inter-linked features of acute inflammation: vasodilatation of local arterioles
leading to an increased blood supply to the tissue, an increase in the permeability of
microvessels to plasma proteins and the adherence of leukocytes to endothelial cells
followed by their movement into the tissue.
The cardinal signs of inflammation described by Celsus almost 2000 years ago as
redness, heat, swelling and pain reflect the changes in the microcirculation: vasodilatation
underlying heat and redness, and plasma extravasation underlying tissue swelling. It is
likely that these vascular adaptations occur continually in response to small local stimuli
which, because they are rapidly neutralised, do not evoke the clinical signs of
inflammation.
As research has advanced it has become apparent that a plethora of chemical
signals mediate the inflammatory process. Several of these mediators are simultaneously
involved in an inflammatory reaction, they can act in concert with one another and
sometimes exhibit synergistic actions (see section 1.3). Each mediator can have a single
or a combination of actions, the exact effect is determined by species and tissue. The
complexity of the inflammatory process gives the organism a great reserve capacity for
maintaining an adequate response and reflects the vital role that inflammation plays in
host defence.

It is when these complex mechanisms become excessive and

inappropriately deployed that the physiological function of the affected organ can become
compromised as in inflammatory diseases such as rheumatoid arthritis and asthma.
This thesis concerns an investigation into mechanisms of oedema formation, the
accumulation of neutrophils, the inter-relationship between these two events and the
modulatory

effects

glucocorticosteroids.

of

anti-inflammatory

compounds

concentrating

on

the

Oedema formation was measured in rabbit skin in response to

intradermal injections of putative inflammatory mediators. The simultaneous estimation
of neutrophil accumulation in skin sites allowed the inter-relationship between these two
characteristic components of the inflammatory response to be investigated and the
18

potential site(s) of action of glucocorticosteroids in modulating responses in vivo to be
established precisely.

The effect of glucocorticosteroids on the generation of

inflammatory mediators in response to zymosan was investigated in the rabbit peritoneal
cavity.
An understanding of the mechanisms underlying inflammation and the
determination of the precise modes of action of anti-inflammatory compounds will aid the
more efficient use of existing drugs and the design of more specific anti-inflammatory
therapy for the future.
It is the purpose of this chapter to discuss the changes that occur in the
microvascular bed in inflammation, the factors that bring about these changes and the
actions of anti-inflammatory agents, specifically the glucocorticosteroids.

1.2

Increased Microvascular Permeability

1.2.1. Introduction
Under normal physiological conditions a state of dynamic fluid equilibrium exists
between a tissue and its blood supply. The hydrostatic pressure gradient tending to move
water and small solutes from blood microvessels to the interstitium is largely counteracted
by an osmotic pressure exerted in the opposite direction by virtue of a high intravascular
protein concentration. Any small net outward movement of fluid resulting from a slight
imbalance in these two forces is cleared by the lymphatic system which, in turn, returns
fluid to the blood.

This equilibrium is dependent on the integrity of the vascular

endothelium and its low permeability to plasma proteins. Amongst the plasma-derived
proteins present in extravascular tissue fluid in normal uninflamed tissue are antibodies
and complement components, which play an important role in the recognition of, for
example, invading micro-organisms. In an inflammatory situation the permeability of the
microvascular endothelium rises dramatically which eliminates the pre-existing fluid
equilibrium and protein-rich fluid leaks into the affected tissue. When microvascular
leakage exceeds lymphatic clearance the tissue becomes swollen. In an inflammatory
reaction vascular leakage can result from direct damage to endothelial cells of the
microvascular bed and this is most striking in thermal or radiation injury. When such
direct damage occurs this manifests in a generalised leakiness of microvessels - that is
all vessel types of the microvasculature (ie. small arterioles, capillaries and post capillary
venules) may exhibit an increased permeability (Cotran & Majno, 1964; Cotran, 1965;
19

Cotran, 1967). In contrast, in inflammatory situations initiated by, for example bacterial
infection, other foreign organisms or particles specific endogenous mechanisms have
evolved actively to cause plasma protein leakage. Vascular leakage is brought about by
the stimulus-induced release of endogenous chemicals in the tissue and occurs only in
specialised regions of the microvascular bed - the post capillary venules.

These

mechanisms imply that oedema formation induced by chemical mediators, unlike direct
endothelial damage, has a functional role. This is to supply vital plasma proteins such
as antibodies and complement factors to an infected tissue in order to facilitate local
defence mechanisms, for example lysis and opsonisation.
Mediators are also released that may change arteriolar tone, thus altering blood
flow to the affected area and this can modulate the inflammatory response. For example,
increased blood flow has been shown to play an important role in determining the amount
of plasma leakage to the extravascular space. This will be elaborated later in the text
(section 1.3) as will the accumulation of blood neutrophils at the inflammatory site
(section 1.4).
Mediators of increased microvascular permeability can be divided into two groups
based on their mode of action (Wedmore & Williams, 1981a), as discussed below.

1.2.2. Mediators increasing permeabilitv bv a direct action on the vessel wall
Thomas Lewis and his associates were the first to propose that histamine, the
oldest known mediator, was an endogenous mediator of increased vascular permeability
(Lewis, 1927). However, it was not until the classical studies of Majno and colleagues
using carbon labelling in the rat cremaster muscle that histamine, along with serotonin
(5- hydroxytryptamine) were found to increase vascular leakage exclusively in a specific
region of the microvasculature, the post-capillary venules (Majno et al., 1961). Electron
microscopic studies revealed that these mediators increase permeability by inducing the
formation of gaps between adjacent endothelial cells (Majno & Palade, 1961). In the
hamster cheek pouch prepared for intravital microscopy topical application of histamine
or bradykinin was also observed to cause leakage of intravenously administered
fluorescein-labelled dextran exclusively at post-capillary venules (Svensjo et al., 1973;
Svensjo & Arfors, 1979; Svensjo et al., 1979).

By combining the identification of

leakage of FITC-dextran (by intravital microscopy) in the living pouch with the
identification of dextran by electron microscopy in the same pouch after death, Hultstrom
& Svensjo (1979) also observed gaps between endothelial cells in response to bradykinin.
20

Precipitates of dextran were seen in the vascular lumen but also within the gap and the
interstitial tissue outside the gap.

Venular endothelial cells are characterised by the

loosest junctional organisation of the entire vascular system, postcapillary venules in
muscle have approximately 25% of junctions open to a gap of 20-60Â. These are the
junctions which are thought to open up when exposed to inflammatory agents (Simionescu

et al.» 1978). Furthermore, it has been demonstrated, using histamine-ferritin conjugates
that histamine receptors on endothelial cells are most prominent in post capillary venules
close to endothelial junctions (Heltianu et a l, 1982). Histamine and bradykinin have
been reported to cause swelling of individual endothelial cells leading to the suggestion
that endothelial cell contraction is involved in opening inter-endothelial cell junctions
(Majno et at., 1969; Joris et a l, 1972; Joris et a l, 1987). Furthermore, contracted
endothelial cells were demonstrated by electron microscopy in post capillary venules from
the lungs of a guinea-pig subjected to ovalbumin anaphylaxis (Ryan & Ryan, 1984).
Filamentous structures have been described in endothelial cytoplasm (Lauweryns &
Bousauw, 1973; DeBruyn & Cho, 1974; Gabbiani et a l, 1975) and other investigators
have demonstrated the presence of contractile proteins (Becker & Nachman, 1973; Moore

e ta l, 1977; Chamley-Campbell etal., 1977). However, Hammersen (1980) was unable
to produce evidence of mediator-induced endothelial cell contraction and has suggested
that the abundant contractile machinery that endothelial cells undoubtedly contain may
exist to provide tensile strength and attachment only. Endothelial cell contraction induced
by mediators is an attractive way of explaining gap formation and increase in venular
permeability to macromolecules.

However, the evidence supporting endothelial

contractility is largely indirect and the detailed mechanics of how contraction may lead
to opening of junctions remains to be determined. Furthermore, it cannot be excluded
that a conformational change in molecules at endothelial cell junctions is induced by some
mechanism unrelated to contractile activity.

Whatever the mechanism for the gap

formation may be, it requires active metabolism of the endothelial cell, since cooling
inhibits protein efflux induced by histamine (Rippe & Grega, 1978).
Leukotriene C4 and D4 have been shown to increase microvascular permeability
in guinea-pig skin (Williams & Piper, 1980; Peck et a l, 1981; Drazen et a l, 1980) and
also, together with leukotriene E4 in the hamster cheek pouch (Dahlen et a l , 1981; Bjork

et a l, 1981). LTC4 and LTD4 also have vasoconstrictor activity (Williams & Piper,
1980) which tends to mask the permeability-increasing activity (Peck et a l, 1981

see

section 1.3 ). In human skin LTC4, LTD4 and LTE4 appear to causewheal and flare
21

responses in an equipotent manner at low concentrations (Soter et al., 1983; Camp et al.,
1983).
The phospholipid platelet-activating factor (PAF) was first shown in 1981 to
increase microvascular permeability in the rat paw (Vargaftig & Ferreira, 1981). Injected
in skin, PAF has since been shown to induce vascular leakage in rabbit (Wedmore &
Williams, 1981b), guinea- pig (Hwang et al., 1985), rat (Hwang et a l, 1985) and man
(McGivem & Basran, 1984; Page et a l, 1985). Despite the observation that PAF can
also cause the accumulation of PMN-leukocytes in rabbit skin (Humphrey et a l, 1982a)
cutaneous oedema responses are not dependent on PMN-leukocytes in rabbit (Wedmore
& Williams, 1981b) and rat (Gerdin et a l, 1985). Thus it appears that PAF-induced
vascular leakage occurs via a direct action on the endothelium, except in certain
circumstances as discussed below.
1.2.3. Neutrophil-dependent mediators of increased microvascular permeability
The arachidonate lipoxygenase product leukotriene B (LTB ), FMLP (N-formyl4

4

methionyl-leucyl-phenylalanine), a synthetic peptide based on substances derived from
bacterial culture filtrates, and the polypeptide fragment of the fifth component of
complement C5a and its stable metabolite C5a des Arg are all highly chemotactic for
neutrophils (Ford-Hutchinson et a l, 1980; Schiffmann et a l, 1975b; Schiffmann et al,
1975a; Snyderman et a l, 1969).

These chemotactic agents also increase vascular

permeability in vivo in rabbit skin by a mechanism entirely dependent on the presence of
circulating neutrophils.

The dependence on the

presence of neutrophils was

demonstrated by the fact that oedema formation in response to LTB , C5a or FMLP was
4

absent in the skin of rabbits depleted of circulating neutrophils, although oedema
responses to intradermally-injected histamine, bradykinin and PAF were unaffected
(Wedmore & Williams, 1981b; Wedmore & Williams, 1981a; Issekutz, 1981a).
Neutrophils have since been shown to mediate increased vascular permeability in
numerous models (Staub et a l, 1985; Granger et a l, 1988; Bjork et a l, 1982; Bjork et

a l, 1983), including man where human C5a has been shown to induce wheal and flare
reactions and neutrophil infiltration in human skin (Yancey et a l, 1985) and a
requirement for neutrophils has been determined (Williamson et a l, 1986).
cytokines interleukin

- 8

The

(IL- ) and tumour necrosis factor have also been shown to induce
8

neutrophil accumulation associated with oedema formation (Rampart et al., 1989a; Foster

e ta l, 1989).
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In the hamster cheek pouch part of the vascular leakage induced with high doses
of PAF was attenuated in neutropenic animals (Bjork & Smedegard, 1983).

This

suggests that in addition to a direct action, in some situations PAF-induced vascular
leakage could be augmented by a PMN-leukocyte dependent mechanism. Using the doses
of PAF utilized in this thesis no difference between oedema responses in normal and
neutropenic rabbits were detected (Hellewell & Williams unpublished observation,
(Wedmore & Williams, 1981b). Oedema responses to PAF also seem to be independent
of circulating platelets (Page et a l, 1985).
Direct observation of the microvasculature using intravital microscopy of the
rabbit mesentery and hamster cheek pouch revealed that, in common with other
permeability

increasing

mediators,

(see section

1

. . .),
2

2

leakage induced by

chemoattractants occurred in the post-capillary venules (Williams et al., 1984a; Bjork et
al., 1982,1983).

In addition, somewhat larger (collecting type) venules were also

observed to be leaking. With direct-action mediators leakage was confined solely to post
capillary venules (Dahlen et al., 1981), see section 1.2.2.). Oedema was accompanied
by intravascular neutrophil adhesion and subsequent extravascular migration observed in
post-capillary and larger venules (Bjork et al., 1982, 1983).
In addition to the spatial differences observed between neutrophil-dependent and
independent leakage, temporal differences have also been shown. Wedmore & Williams
(1981a) found oedema responses in rabbit skin to bradykinin and histamine were fast in
onset, significant microvascular leakage being detectable 1.5 minutes after injection,
whereas there was a latent period of approximately

6

minutes before responses to C5a

were apparent (surprisingly early considering the necessity for neutrophils).
Furthermore, the permeability increasing activity of bradykinin and histamine was of very
short duration (tVi = 4-6 minutes), whereas that of chemotactic substances was
remarkably protracted, (for example, C5a

= 90-100 minutes). These times refer to

results obtained with permeability-increasing mediators in the presence of vasodilator
prostaglandins (see section 1.3).

From these results the following hypothesis was

formulated; that chemoattractants injected, or generated, extravascularly trigger a very
rapid interaction between circulating neutrophils and venular endothelial cells and that this
interaction results (by some unknown mechanism) in an increase in permeability of the
venule wall to macromolecules. When the accumulation of radiolabelled neutrophils was
measured, together with oedema formation in rabbit skin the kinetics of plasma protein
accumulation
leakage induced by chemoattractants were found to closely parallel neutrophil^responses
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were measured in the presence of prostaglandin 5% (Rampart & Williams, unpublished
observations).

This is contrary to the old view that the two are distinct processes.

Issekutz et al (1981a) found similar results in response to C5a in rabbit skin although
responses developed more slowly as they were measured in the absence of a vasodilator
(see section 1.3). At low levels of cell accumulation there was no significant leakage of
plasma, whilst at higher levels of cell accumulation the close parallelism with plasma
leakage was observed. This observation may be a possible explanation for the previous
reports by Hurley that events of cell accumulation and plasma leakage are separable
(Hurley, 1963; Hurley, 1964).

The low levels of cell accumulation referred to by

Issekutz were similar to those reported by Hurley and may thus explain the apparent
absence of vascular leakage in Hurleys experiments. Direct visualisation of the hamster
cheek pouch has also yielded information regarding the relationship between neutrophil
accumulation and vascular permeability. After application of LTB (Bjork et a l, 1982;
4

Bjork et al., 1982; Dahlen et al., 1981) leukocytes were visibly adhering within
approximately

1

minute, while leakage developed more slowly becoming apparent

approximately 5 minutes after application which is closer to the mean time for neutrophil
extravasation (Katori et a l, 1990). However, the LTB^-induced leakage was prolonged
in nature compared to the quick and short lived response to histamine even despite
continuous application of the latter.

1.2.4. Mechanisms of neutrophil-dependent oedema formation. How do neutrophils
increase vascular permeability?

1.2.4.1.

Introduction

The manner by which accumulated neutrophils increase vessel wall permeability
remains undetermined despite many attempts to establish the mechanism or mechanisms
involved. This is inherently a complex process, involving multiple interactions between
two complicated and variable interfaces. Furthermore, a variety of test systems and
models are in use to study the process which may not relate exactly to one another. In
this section some of the possible mechanisms behind neutrophil-mediated vascular leakage
are discussed.
It is perceivable that neutrophils cause vascular leakage simply by the process of
transendothelial passage (see section 1.5.4), particularly if there is not a tight seal
between the neutrophil and the endothelial cells. Electronmicrographs of skin biopsies
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taken

6

minutes after injection of C5a + PGE showed PMN leukocytes already on the
2

ablumenal surface of endothelial cells, many underneath endothelial cell junctions. If
PMN-leukocytes were to swell (as has been observed in response to C5a in vitro^
(O’Flaherty et al., 1978b) junctions could open (Wedmore & Williams, 1981a). The
endothelial cell junctions might fail to close immediately behind the escaping neutrophil,
thus allowing leakage of plasma (Lewis & Granger, 1986). In the rabbit skin model
however, this does not appear to be the case as intradermal IL-1 induced comparable
neutrophil accumulation to C5a with little associated plasma protein leakage (Rampart &
Williams, 1988).

In the Rampart & Williams study intravenously administered

radiolabelled cells were used to monitor neutrophil accumulation, thus it is possible that
extravascular cell migration did not occur in response to IL-1 since cells at all stages of
adhesion and transmigration would be measured in such studies. However, in a similar
study where PMN accumulation was assessed histologically Watson et al (1989) were
able to show pronounced extravascular PMNs in response to intradermal IL-1 with only
a minimal increase in permeability, even when IL-1 was coinjected with PGEj. Pettipher
et al (1986) also demonstrated neutrophil infiltration with no concomitant increase in
vascular permeability in response to IL-1 in the rabbit knee. Furthermore, in the hamster
cheek pouch model, intravenous dextran sulphate was found to prevent vascular leakage
but not neutrophil emigration in response to topical LTB (Rosengren et al., 1989).
4

Electron microscopy of LTB^-exposed hamster cheek pouches did not detect endothelial
gaps left in the wake of diapedesing neutrophils but, instead, efficient closing of the
vascular barrier as soon as the neutrophils had passed through was observed
(Thureson-Klein et al., 1986; Lewis & Granger, 1988). Intimate contact between the
migrating neutrophil and endothelial cells has been described in other models (Meyrick
et al., 1984; Huang et al., 1988). Separation of the emigration of the neutrophil from
its ability to induce vascular permeability has been

shown in in vitro models of

neutrophil emigration through cultured endothelium (Huang et al., 1988) and through
artery intimai expiants (Meyrick et al., 1984). These data collectively suggest that the
phenomena of neutrophil-induced macromolecular leakage and neutrophil emigration can
be dissociable events.
A possible alternative explanation is that emigrating neutrophils are stimulated by
chemoattractants to induce the release of a secondary, permeability increasing factor(s).
The neutrophil has the ability to release a complex assortment of granular proteins and
proteolytic enzymes and to generate a family of reactive oxygen metabolites (Weiss,
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1989; Henson & Johnston, 1987). Furthermore, neutrophil-derived lipid-mediators, for
example PAP may also be possible candidates for a chemoattractant-induced secondary
mediator. Potential candidates for this neutrophil-derived permeability increasing factor
are discussed below.

1.2.4.2

Lipid mediators
Chemoattractants could induce the neutrophil, whilst attached either to the lumenal

or ablumenal surface of the endothelium, to release a secondary mediator capable of
inducing inter-endothelial gap formation through, for example, endothelial cell contraction
in an analogous manner to that observed for histamine or bradykinin. The phospholipid
PAP was an early candidate as it is known to be released from neutrophils following
stimulation with C5a in vitro (Lynch et a l, 1979; Camussi et al., 1980) and induced
oedema in rabbit skin independently of the presence of neutrophils (Wedmore &
Williams, 1981b). However, a PAP antagonist (L-652,731) was found to have no effect
on leakage induced by neutrophil chemoattractants in rabbit skin, although leakage
induced by exogenous PAP was inhibited (Hellewell & Williams, 1986). Interestingly,
PAP antagonists do suppress the neutrophil-dependent oedema in an Arthus reaction,
suggesting a role of endogenously formed PAP in this situation (Hellewell & Williams,
1986). Stimulated neutrophils also release the lipoxygenase product LTB . In vivo, LTB
4

4

induces neutrophil accumulation and neutrophil-dependent oedema (Wedmore &
Williams, 1981a; Bjork et a l, 1982) and this lipid mediator may contribute to
chemoattractant-induced changes in microvascular permeability. Indeed, Nagai and Katori
(1988) showed that PMLP-induced neutrophil adhesion in the microvasculature of the
hamster cheek pouch was completely inhibited by a selective 5-lipoxygenase inhibitor,
although they were unable to identify the product generated by PMLP as LTB .
4

Furthermore, desensitisation experiments in rabbit skin have indicated that LTB partly
4

mediates the inflammatory response induced by zymosan-activated plasma and plateletactivating factor (PAP) (Colditz & Movat, 1984b). However, more recently using the
same experimental model an LTB antagonist LY-255,283, whilst suppressing neutrophil
4

accumulation and oedema formation induced by LTB , had no significant effect on
4

inflammatory responses induced by other chemoattractants (Von Uexkull et a l, 1991).
In contrast, evidence has been presented suggesting that lipoxygenase products appear to
be involved in thrombin-induced, neutrophil-mediated vascular permeability in the lung
(Perlman et a l, 1989).
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Further research is needed to establish the identity of such a secondary mediator,
if one exists. If neutrophils do secrete such as substance, phagocytosis does not seem to
be essential because soluble factors (C5a, FMLP and LTB4) or particulate matter
(zymosan) can induce increased vascular permeability equally well.

I.2.4.3.

Oxygen metabolites

In addition to synthesising and releasing mediators, neutrophils also produce
oxygen free radicals (such as superoxide anion, hydroxyl radical and HgOj upon
activation (Babior et a l, 1973) and it is possible these may play a role in neutrophilmediated microvascular permeability. Numerous in vitro studies have demonstrated that
oxygen radicals generated from neutrophils stimulated with chemotactic agents or phorbol
esters are capable of inducing endothelial cell damage (Sacks et a l, 1978; Shasby et al,
1983; Weiss et a l, 1981). Interestingly, close approximation of the neutrophil and
endothelial cell appears to be required for this cytotoxicity (Shasby et a l, 1983; Sacks

et a l, 1978). This perhaps reflects the involvement of short-lived mediators or the
requirement for a microenvironment at the cell-cell interface which is protected from
exogenous scavengers.

On the other hand it may reflect the finding that neutrophils

adherent to endothelium (and thus neutrophils closer to the endothelium), and,
interestingly, to extravascular matrix proteins produce toxic oxygen radicals more readily
upon activation with chemotactic stimuli (Dahinden eta l, 1983; Nathan, 1987a; Shappell

et a l, 1990). It should be noted, however, that most in vitro assays employ low serum
concentrations whereas the ability of oxygen radicals to damage endothelium is decreased
in the presence of serum components (Holt et a l, 1984; Bishop et a l, 1985).
Erythrocytes also contain large amounts of scavenging substances which may protect the
endothelium from radical damage at sites of inflammation (Toth et a l, 1984).
Furthermore, the endothelium itself contains radical scavenging enzymes (Hoover et a l ,
1987; Harlan e ta l, 1984).
Neutrophil-generated toxic oxygen metabolites have also been shown to induce
vascular injury in vivo based on the effect of radical scavenging or inhibitory compounds
such as catalase and superoxide dismutase (SOD) (Till et a l, 1982; Ward et a l, 1985;
Kuroda et a l, 1987). These studies entail systemic activation of neutrophils and their
damage to lung endothelium, a situation which the in vitro studies may model. However,
these studies may not accurately represent the situation in which the extravascular
generation of chemotactic factors and their interaction with intravascular neutrophils
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brings about a reversible increase in permeability in a specialised area of the vasculature
in order to facilitate host defence.

More rarely, complement may be activated

intravascularly eg. in Adult Respiratory Distress Syndrome (for review see Renaldo &
Rogers 1982) or possibly during haemodialysis (Craddock et al., 1977a) and under these
circumstances protein leakage, especially from the lung may be by an entirely different
mechanism from that involved in extravascular generation of mediators, possibly
involving endothelial cell damage as a result of interaction between activated neutrophils
and endothelial cells.
In post-capillary venules there was no electron-microscopical evidence of
endothelial damage after neutrophil migration induced by topical application of LTB4 in
the hamster cheek pouch (Thureson-Klein et al., 1984). Furthermore, the oxygen radical
scavenging enzymes superoxide dismutase and catalase, when administered as an
intravenous infusion or locally, failed to inhibit neutrophil-dependent oedema formation
in response to topical LTB4 or FMLP in the hamster cheek pouch (Rosengren et al.,
1988). Moreover Issekutz (1981a) reported that superoxide dismutase failed to inhibit
neutrophil-mediated

macromolecular

extravasation

in

response

to

intradermal

chemoattractants in the rabbit. However, Rampart et al (1989b) found catalase, but not
SOD, inhibited neutrophil accumulation and neutrophil-dependent oedema in rabbit skin
by a mechanism independent of its enzymic activity. It is possible, as suggested by the
experiments of Vissers Day and Winterboum (1985) that the scavenging enzymes were
unable to gain access to the microenvironment at the interface between the two cells when
given by systemic administration, although this seems to contradict the in vitro studies
of Sacks et al (1978) and Weiss et al (1981) where SOD and/or catalase were effective
when given i.v. despite the need for close apposition between neutrophil and
endothelium. However, it remains possible that in the situation where extravascular
chemoattractant triggers neutrophil accumulation a low level production of oxygen
radicals by the neutrophil in the microenvironment between the two cells may contribute
to the oedema formation. It should be noted that reversible oxidant- induced albumin
leakage over endothelial monolayers has been reported (Shasby et al., 1985).

1.2.4.4.

Granule enzymes and proteins

It is well established that neutrophil granules contain a myriad of potentially
destructive enzymes which constitute the oxygen-independent arm of the cells lethal
arsenal used against invasive organisms. These enzymes are able to degrade connective
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tissue proteins, glycoproteins and proteoglycans (Weiss, 1989).

They are usually

implicated in pathological tissue destruction, however, it has been suggested that they
may also play a role in facilitating neutrophil emigration across the blood vessel wall and
promoting neutrophil-dependent increased vascular permeability. Instillation of elastase
into hamster lungs has been shown to induced oedema formation (Senior et a l , 1977) and
neutrophil-dependent vascular leakage in the Arthus reaction has been attributed to
neutrophil-derived elastase (Hamanaka et a l, 1984).

Furthermore, Von Ritter et al

(1989) found elastase inhibitors prevented FMLP-induced, neutrophil-dependent changes
in mucosal permeability in the terminal ileum. Chemoattractants are capable of causing
the release of neutrophil granular constituents (Hafstrom et a l, 1981; Rae & Smith,
1981; Chenoweth & Hugli, 1978) as is the mere adherence of neutrophils to surfaces
(Wright & Gallin, 1979; Wright et a l, 1978) and these constituents, having the ability
to decrease vascular integrity, clearly may be a factor involved in neutrophil-induced
oedema.

However, studies using the hamster cheek pouch model found elastase

inhibitors, when administered i.v. or locally had no effect on neutrophil extravasation or
neutrophil-dependent vascular leakage induced by topical LTB (Rosengren & Arfors,
4

1990). If the process of neutrophil extravasation and neutrophil-mediated oedema was
dependent on an active enzymatic degradation of extracellular matrix constituents, visible
structural alterations in the transmigrated vessel might be expected, but neutrophil
diapedesis has not been associated with visible changes in vessel wall structure in vivo
(Marchesi & Florey, 1960; Hurley, 1963; Thureson-Klein et a l , 1986) or in vitro (Huber
& Weiss, 1989). Also, the nature of the increased macromolecular leakage induced by
LTB4 in the hamster cheek pouch (ie. temporary and reversable upon withdrawal of the

chemoattractant) suggests the absence of extended trauma to the endothelial barrier. It
remains possible that the vessel wall has the capacity for self repair following, for
example, limited damage.

Huber & Weiss 1989 showed that following neutrophil

diapedesis the basement membrane exhibited increased permeability to proteins which was
not dependent on neutrophil elastase or cathepsin G and was resistant to inhibitors of
neutrophil collagenase, gelatinase and heparanase. It is possible that neutrophil-derived
proteolytic enzymes remain neutrophil associated during their emigration across the vessel
wall.

Such a localised delivery of enzymes may achieve maximal degradation of

extracellular matrix proteins and yet be highly resistant to soluble inhibitors. In addition
it remains possible that neutrophil-derived enzymes such as elastase may affect
endothelial cells by a mechanism independent of their enzymatic activity but dependent
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on their cationic nature (Henson & Johnston, 1987). In support of this theory it has been
reported that the highly cationic neutrophil elastase and cathepsin G, even when
inactivated, can induce albumin leakage across endothelial cell monolayers and that this
activity is suppressed if the elastase is complexed with heparin, an anionic compound
(Peterson et al., 1987; Peterson, 1989).

Also, in the hamster cheek pouch model

vascular leakage induced by elastase applied with a micropipette near the venule was not
dependent on the enzymatic activity of elastase (Rosengren & Arfors, 1991).
Preincubation of elastase with the anionic molecule dextran sulphate partly inhibited the
vascular leakage (Rosengren & Arfors, 1991). Further, synthetic polycations such as
poly-L-lysine have been shown to increase vascular permeability in rabbit skin (Needham
et at., 1988) and after topical application in the hamster cheek pouch (Rosengren &
Arfors, 1991) by mechanisms not associated with endothelial injury. Polycations either
released from neutrophils undergoing limited local degranulation or applied exogenously
bind to and neutralise anionic sites on the endothelium leading to an increase in
permeability to anionic proteins such as albumin (Rosengren et a l, 1989), (Vehaskari et
a i, 1984; Sunnergren & Rovetto, 1987). In the hamster cheek pouch model (Rosengren
et a l, 1989) found i.v. dextran sulphate, an anionic molecule inhibited LTB^-induced
neutrophil-dependent macromolecular permeability without affecting adhesion or
emigration of neutrophils. Uncharged dextran was without effect. It was suggested that
the dextran sulphate might complex with neutrophil-derived cationic proteins thus
preventing their permeability-increasing effects on endothelial cells. Released polycations
may act directly on the endothelium leading to retraction of endothelial cells. In support
of this, gap formation in endothelial culture without lysis of endothelial cells has been
seen after application of leukocyte elastase (Peterson et al., 1987) Cathepsin G (Toth et
al., 1984) or histone (Ginsburg et al., 1989). No endothelial receptors for cationic
proteins have yet been described, however, increased calcium flux and second messenger
production in cathepsin G exposed endothelial cells has been observed (Peterson et al.,
1989).

Furthermore, cathepsin G induced leakage in vitro (Peterson et al., 1989) and

polylysine-induced permeability in the lung (Toyofuku et a l, 1989) have been prevented
by calcium antagonists or calcium channel blocking agents. The site specificity and
tachyphylaxis of leakage induced by polylysine in the hamster cheek pouch also suggests
a receptor-mediator mechanism (Rosengren & Arfors, 1991).
It must be noted, however, that polycations may cause the release of inflammatory
mediators (Fairman et al., 1987; Toyofuku et al., 1989; Lee et al., 1985) which may
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then possibly play a role in the induced inflammatory response in some studies.
IL-1 does not directly activate neutrophils (Georgilis et al., 1987; Yoshimura et
al., 1987). Moser et al (1989) have found that, following IL-1 induced migration across
endothelial cell monolayers, neutrophils were in a metabolically calm state (ie. no
oxidative burst activation, no granule content release). This may explain the results of
Watson et al (1989) and Rampart & Williams (1988) showing the lack of microvascular
permeability induced by IL-1 despite transendothelial neutrophil passage.

1.3.

Vasodilatation and mediator svnergism

Williams and Morley (1973) showed that the ‘E-series’ prostaglandins although
potent vasodilators, were poor mediators of oedema formation when injected into
guinea-pig skin. However, they found that these prostaglandins greatly potentiated the
action of permeability-increasing mediators such as histamine and bradykinin.

This

phenomenon was also demonstrated in a number of other species (Moncada & Ferreira,
1973; Williams, 1976; Williams & Peck, 1977; Basran et al., 1982). The mechanism
involved in synergism between prostaglandins and permeability- increasing mediators is
believed to be as follows: prostaglandins dilate arterioles resulting in an increase in
blood flow to the tissue; as a consequence there is an increased intravenular hydrostatic
pressure, aiding the outward passage of plasma, together with the passive venular
distension, thus increasing the vessel wall surface area.

The observation that a

correlation exists between the oedema-potentiating ability of different prostaglandins and
their vasodilator activity supports this mechanism of action (Williams, 1976; Williams
& Peck, 1977).

Evidence was obtained for oedema induced by synergism between

endogenous vasodilator and permeability-increasing mediators generated in response to
intradermal injection of Bordetella pertussis organisms or yeast cell walls (zymosan) in
the rabbit (Williams & Peck, 1977; Williams, 1979; Williams & Jose, 1981). These
observations formed the basis of the "two-mediator hypothesis" ie. that in response to an
inflammatory stimulus a vasodilator mediator and a permeability-increasing mediator are
released which act synergistically to cause oedema (Williams & Peck, 1977; Williams,
1977).
Vasodilator substances, other than prostaglandins have also been found to
potentiate oedema; agents such as adenosine (Williams & Peck, 1977), vasoactive
intestinal peptide (VIP) (Williams, 1982) and calcitonin gene-related peptide (CGRP)
(Brain & Williams, 1985) can synergise with mediators of increased-vascular
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permeability. Conversely, vasoconstrictor substances have been found to reduce oedema
formation and blood flow in parallel (Williams & Peck, 1977). Furthermore, synergism
appears to be important in areas with low basal blood flow such as rabbit skin as
compared to tissues with a higher basal blood flow such as the rabbit peritoneum.
Indomethacin was found to inhibit oedema formation in response to intradermal zymosan
in rabbit skin by >80% by preventing the generation of potentiating prostaglandins
(Williams & Jose, 1981). However, in the rabbit peritoneal cavity the oedema produced
in response to intraperitoneal zymosan was suppressed by only 25 % despite the virtual
abolition of the active vasodilator prostacyclin (measured as -oxo PGF^J (Forrest et al.,
6

1985; Forrest et a l, 1986).
Local vasodilators have also been found to potentiate neutrophil-dependent oedema
formation (Williams & Jose, 1981; Williams, 1982; Wedmore & Williams, 1981a; Brain
& Williams, 1985) and neutrophil accumulation in response to chemotactic stimuli
(Issekutz & Movat, 1979; Issekutz, 1981b). Prostaglandins alone were found to be
extremely weak at inducing neutrophil accumulation (Higgs et al., 1981). It is possible
that vasodilatation enhanced neutrophil-infiltration by increasing the rate of delivery of
blood leukocytes to the area and by providing a larger vascular bed for leukocyte
emigration (Issekutz, 1981b).
In an inflamed tissue it is desirable to increase local blood flow to accommodate
increased metabolic activity. This is especially the case following the infiltration of high
numbers of metabolically active leukocytes (see section 1.4). Increased blood flow acts
to assist the recruitment of leukocytes and the efflux of macromolecules from the blood
necessary for host defense. It also serves to dilute/remove any toxins produced at the
inflammatory site. Thus, increased blood flow in inflammation may be considered to be
a form of functional hyperaemia.

1.4.

Neutrophil Accumulation

1.4.1 Introduction

Invading microbes, other foreign organisms or particles and damaged tissue cells
stimulate the generation of chemotactic mediators that induce the local accumulation of
neutrophilic leukocytes - one of the characteristic features of the acute inflammatory
response.

Upon exposure to chemotactic mediators neutrophils adhere to the

microvascular endothelium selectivity in small venules by the aid of adhesion molecules
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(for review, (Bevilacqua, 1993; Springer, 1990) and see section 1.4.3.)-

They

subsequently traverse the endothelial cell layer, penetrate the basement membrane and
accumulate in the extravascular tissue affected by the inflammatory agent. Once at the
site of tissue injury the neutrophil has the essential function of killing foreign organisms
and removing these and other unwanted solid material from tissues. Neutrophils

are

regarded as the first line of defence against invading organisms (Dale, 1984).

The

mechanisms underlying neutrophil accumulation in a tissue are complex and despite
intensive investigation remain unclear and to some extent controversial.

The

interpretations of many of the studies are conflicting. In this section the steps involved
in this complex process, which have been investigated using both in vivo and in vitro
studies, will be discussed in sequence.

1.4.2. Neutrophil-endothelial cell interactions

Neutrophil accumulation is fundamentally dependent on the adhesive interaction
between the neutrophil and the vascular endothelial cell, triggered by the chemotactic
signal. Leukocyte emigration is responsible for the successful host response to tissue
injury and infection, but is also potentially harmful and contributes to the pathology of
many diseases and inflammatory disorders. The factors involved in this interaction are
of considerable experimental interest and potential clinical relevance.
The first step in this process is margination, when leukocytes leave the central
stream of flowing blood cells in a postcapillary venule and roll along the endothelial
lining of a vessel, as observed more than 1(X) years ago using intravital microscopy
(Cohnheim, 1889).

Leukocyte rolling in post capillary venules does not appear to

account for the "marginating pool" of about 50% of leukocytes that are intravascular
mainly in capillary beds in the lung and enter the circulation in response to exercise or
epinephrine (Athens et a l, 1961; Worthen et a l, 1987). Postcapillary venules are the
major sites of leukocyte emigration in inflammation and in the healthy state these venules
have few or no rolling leukocytes (Fiebig et a l, 1991). The number of rolling cells
increases dramatically during the course of an inflammatory reaction (Atherton & Bom,
1972) and is believed to be important in the accumulation of cells at the site (Fiebig et
a l, 1991). Both the rheology of blood and specific adhesive interactions (see Section
1.4.3.) may regulate the rolling response. In inflammation arterioles dilate increasing the
blood supply to the affected tissue. Vascular permeability is increased, leading to plasma
leakage and an increased haematocrit which leads to erythrocyte rouleaux formation. A
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combination of these factors causes leukocytes to be displaced to the marginal region of
flow near the vessel wall (Chien, 1982). Because fluid velocity increases with distance
from the wall, cells near the wall have torque exerted on them and will tumble even if
not in contact with the wall. However, the velocity at which cells tumble in a shear flow
near to the vessel wall is much faster than observed for rolling cells in inflammatory
reactions, suggesting that adhesive interactions occur between the leukocyte and vessel
endothelium (Atherton & Bom, 1973). Rolling neutrophils are probably most able to
detect and respond to chemotactic signals generated by the presence of extravascular
inflammatory stimuli. Neutrophils then become firmly attached to the vessel wall. A
fundamental question which remains open is whether chemoattractants generated locally,
or applied extravascularly act on the endothelial cell or the neutrophil, or both, to initiate
this process.
In most tissues neutrophil-endothelial interaction takes place in the venules. The
exception is the pulmonary circulation where the capillary is the major site.

This

selectivity of adherence site implies either an active change in the surface of specialised
endothelial cells induced by the chemoattractant, or a favoured site for the adherence of
activated neutrophils. Following direct damage to the endothelium, neutrophils adhere
only to that side of the vessel that has received such an injury and do not adhere to
undamaged endothelium in vessels downstream when they are occasionally dislodged
(Allison et al., 1955; Clark & Clark, 1935), suggesting that the endothelium adjacent to
the site of damage becomes more adhesive. However, it is not clear whether such a
rapid change in the endothelial cell surface can occur in response to chemoattractants.
Several attempts have been made to shed light on this question using in vitro cultures of
endothelial cells, but the results have not been conclusive. Hoover et al, (1980; 1984)
observed that pretreatment of endothelium with C5a, FMLP or LTB followed by
4

washing and incubation with untreated neutrophils resulted in enhanced neutrophil
adherence.

This result was shared by (Zimmerman & Hill, 1984) using zymosan-

activated plasma (as a source of C5a) or FMLP. Furthermore, Palmblad et al (1990) and
Lindstrom et al (1990) have reported that LTB4 can enhance the adhesiveness of cultured
EC for neutrophils. These studies indicate that chemotactic agents may bind to or alter
the endothelium, resulting in enhanced adherence. Furthermore, it has been suggested
that endothelial cells have specific binding sites for FMLP (Hoover et al., 1980) and that
FMLP can cause marked restructuring of the endothelial plasma membrane (Kirkpatrick
& Melzner, 1984).

It is not clear whether these receptors exist on the lumenal or
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ablumenal surface of the endothelial cell. Specific endothelial cell membrane receptors
for other chemotactic factors eg C5a or leukotriene B have not been described, however.
4

Furthermore, Tonnesen et al (1984) could not repeat the experiments of Hoover et al
(1980; 1984) and (Zimmerman & Hill, 1984), finding that pretreatment of the neutrophil
but not the endothelial cell with chemotactic agents produced increased adhesion. Oseas
et al (1982) and (Huang et al., 1988) reached a similar conclusion. Tonnesen et al
suggested that the results of Hoover et al could be explained by inadequate washing of
the endothelial monolayer. Furthermore, the length of preincubation of the endothelial
cells with the chemotactic factors differs between the various studies.

Hoover et al

(1980; 1984) pretreated endothelial cultures for 1-30 minutes with chemoattractants
whereas, in contrast Huang et al (1988) pretreated for 2 hours. Therefore, it remains
possible that chemotactic agents may induce a transient change in the endothelium. In
this regard the endothelium hyperadherence found by Palmblad et al (1990) and Lindbom
et al (1990) occurred following only l-5min stimulation with LTB4 and was immediate
and transient in nature. A major concern in these studies is that cultured endothelium
may not react like endothelium in vivo. Also, large vessel endothelium, most often used
in the studies, may not be the appropriate substrate since neutrophil adherence in vivo
occurs primarily in the microcirculation.
In vitro the presence of specific high affinity chemoattractant receptors on
neutrophils has been well characterised (Chenoweth & Hugli, 1978; Goldman et al.,
1987).

These receptors would allow neutrophils to recognise and respond to

chemoattractants present in the local environment.

Neutrophils exposed to

chemoattractants in vitro have been shown to exhibit increased adhesion to each other,
to artificial substrates and to endothelium (Craddock et al., 1977b; Gimbrone et al.,
1984; Tonnesen et al., 1989).

Thus, it is possible that chemoattractants generated

extravascularly diffuse into the lumen of microvessels and act on the receptors of passing
neutrophils to increase adherence. Any chemoattractant which diffused into the lumen
would be rapidly diluted by flowing blood and it is not known whether neutrophils are
exposed to a sufficiently high concentration of chemoattractant within the lumen to cause
an increase in adhesive properties. Chemoattractants may act on neutrophils during their
passage along capillaries (see below) when the area of contact between neutrophil
membrane and vessel wall is maximal, thus allowing leukocytes to receive information
about gradients of chemotactic factors diffusing between the endothelial cells or through
pores in the endothelial cells. It is not clear what change takes place in the neutrophil
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membrane which results in increased adherence, although chemoattractants are known to
reduce cell surface charge thus decreasing repulsive electrostatic forces between
Gallin a/., 1975 Hoover aA, 1980
neutrophils and endothelium (
). Also, chemoattractants stimulate the release
of the specific granule protein lactoferrin which has been proposed to promote neutrophil
adherence (Boxer et a l, 1982; Oseas et a l, 1981). It is noteworthy, however, that other
investigations have found conflicting results with regard to the requirement for both
changes in net surface charge and specific granule contents for neutrophil adhesion
(Hoover et a/., 1980; Gallin et a l, 1982). There is now a wealth of evidence which
suggests that chemoattractants stimulate the presentation of certain glycoproteins on the
neutrophil surface that play a key role in neutrophil adherence to endothelium (Amout
e ta l, 1983; Springer gf aZ., 1985) & see section 1.4.3). The stimulated neutrophils may
then adhere downstream in the venules in most tissues; the apparent predilection of
neutrophil adhesion for postcapillary venules is governed either by differences in
endothelial cell surfaces or rheological factors since the postcapillary venule is the site
of the first major decrease in vessel wall shear stress.
The in vivo study of Katori and colleagues provides evidence in support of the
concept that the chemoattractant signal may be picked up by the neutrophil as it passes
through the capillary. Nagai and Katori (1988) reported that in the hamster cheek pouch,
injection of LTB or FMLP by a glass capillary pipette into the interstitial space close to
4

capillaries resulted in neutrophil adhesion in venules downstream. Furthermore, a similar
injection of these stimuli close to the venule did not cause adhesion of leukocytes,
suggesting that in vivo chemoattractants act on the neutrophil and not on the endothelium
to induce neutrophil-endothelial cell interaction. These findings are supported by the
experiments of Nourshargh et al (1990) in which pretreatment of radiolabelled neutrophils
with pertussis toxin,

which inhibits receptor-mediated responses induced by

chemoattractants in vitro, was found to inhibit neutrophil accumulation in vivo in rabbit
skin. These results indicate that a receptor-mediated event on the neutrophil is crucial
in neutrophil accumulation in response to chemoattractants such as C5a, FMLP and
LTB4. However, the above reports are apparently in conflict with the observations of

Colditz and Movat which suggest an active involvement of the endothelial cell in this
process. Colditz and Movat (1984b; 1984a) reported that skin sites in the rabbit could
be specifically desensitised to particular chemoattractants by a previous intradermal
injection of that substance. They also found that the kinetics of neutrophil influx were
independent of the concentration of chemotaxin used to induce the lesion. Together these
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experiments, using radiolabelled leukocytes offer the intriguing possibility that receptors
for chemoattractants may be present upon endothelial cells or adjacent tissue cells. A
possible explanation for these results is that chemoattractants stimulate the ablumenal
surface of the endothelial cell which induces an increased adhesiveness of its lumenal
surface or, as discussed by Tonnesen et al (1982) mediators diffuse through endothelial
cell junctions and fix on the lumenal surface of the cell. The latter theory has recently
been revived in describing the actions of IL
^^I-labelled IL

- 8

- 8

in vivo.

Autoradiographic study of

injected intradermally in rat and rabbit revealed binding sites on the

endothelial cells of post capillary and collective venules (Rot, 1992).
Alternatively, chemoattractant receptors on the ablumenal surface of endothelial
cells may mediate the translocation of chemoattractant molecules through the cell, perhaps
bound to cell membrane using a membrane cycling phenomenon resulting in receptorbound chemoattractants being presented to lumenal neutrophils (Williams et at., 1984b).
Such a mechanism, for which there is now in vitro evidence (Rotrosen et al., 1987),
supports the possibility for an active role of vascular endothelial cells in chemoattractantinduced neutrophil accumulation in vivo.

1.4.3. Role of cell surface adhesive glycoproteins in neutrophil-endothelial
interactions

Some of the adhesive mechanisms utilized by neutrophils to determine their
localization at sites of inflammation have been defined at a molecular level. A number
of adhesive molecules on both migratory cells and endothelium seem critical for the
interaction of leukocyte and vessel wall endothelium. These pro-adhesive molecules have
diverse structures and mechanisms of expression and vary with the nature of the
inflammatory stimulus.
Much information has been obtained in vitro from studies using cultured
endothelial cells and isolated blood neutrophils. Several lines of evidence have implicated
the

&2

integrins, leukocyte cell surface glycoproteins known collectively as the

CD 11/CD 18 antigen complex (Kishimoto et al., 1989b; Bernstein & Self, 1985; Amaout,
1990).

This complex is composed of three structurally and functionally related

glycoprotein heterodimers, CD 1la/CD 18 (LFA-1), CDllb/CD18 (Mac-1, also known
as MOl or complement receptor type 3), CDllc/CD18 (P150,95 or CR4).

Each

glycoprotein consists of an immunologically distinct a-subunit (C D ll) that is
non-covalently associated with a common

subunit (CD 18). These glycoproteins are
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members of the supergene family of cell surface receptors termed integrins.

Three

subfamilies of integrins can be distinguished by their B subunits: these are known as the
Bi (CD29), B2 (CD 18) and 63 (CD61) integrins.

The Bj integrin subfamily includes

receptors for extracellular matrix glycoproteins such as fibronectin, vitronectin, collagen
and laminin (Hynes, 1987). Valuable evidence of the importance of the CD11/CD18
glycoprotein complex was obtained following the recognition of a rare and inheritable
disorder now known as the leukocyte adherence syndrome (LAD). The striking clinical
manifestations of LAD include persistent and recurrent bacterial infections, impaired pus
formation and wound healing.

These clinical features appear to reflect a severe

impairment of neutrophil mobilization into extravascular inflammatory sites, although
these patients are generally neutrophilic (Kishimoto et al., 1989b). Furthermore, in vitro,
neutrophils from these patients have apparently normal adhesion-independent functions
in suspension (shape change, respiratory burst and granule release) but have severely
depressed adhesion-dependent responses such as chemotaxis, aggregation, adherence and
phagocytosis of iC3b-opsonized particles and adherence to and migration through
endothelial monolayers in response to stimulation with chemotactic factors (Harlan etal.,
1985; Anderson et al., 1985; Kishimoto et al., 1989b). These in vivo and in vitro
features of LAD syndrome are attributable to a severe or total deficiency of the common
subunit of the CD ll/C D 18 complex (Springer et a l, 1984; Anderson & Springer,
1987). This concept has been further substantiated by the demonstration that treatment
of normal neutrophils with monoclonal antibodies directed against the common

subunit

(CD 18) completely inhibits chemotactic factor-induced adherence to endothelial
monolayers (Harlan et al., 1985; Zimmerman & McIntyre, 1988; Schwartz et al., 1985;
Wallis et a l, 1986). Further comparative studies with panels of monoclonal antibodies
directed at individual subunits or combinations of subunits within the complex have
suggested that a functionally active site on CD 11b (Mac-1) is primarily involved in
neutrophil adherence stimulated by chemotactic factors (Zimmerman & McIntyre, 1988;
Anderson et al., 1986; Tonnesen et al., 1989; Wallis et al., 1986). In vivo studies have
also shown that systemic administration of monoclonal antibodies recognising CD 18, for
example, 60.3 and IB4 inhibit neutrophil accumulation into skin sites injected with
chemoattractants (Lundberg & Wright, 1990; Arfors et al., 1987) or into subcutaneous
I

sponges soaked with chemoattractants (Price et al., 1987). Intravenous anti CD 18 mAb
also inhibited neutrophil-dependent plasma extravasation into rabbit skin (Lundberg &
Wright, 1990). Furthermore, pretreatment of purified rabbit neutrophils with 60.3 prior
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to infusion into untreated recipient animals prevented their accumulation into
inflammatory skin sites (Rampart & Williams, 1988; Nourshargh et a l, 1989).
Interestingly, using intravital microscopy direct visual evidence was obtained that
intravenous 60.3 prevented stimulated, but not unstimulated neutrophil adherence to
endothelium (Arfors et a l, 1987). In this study neutrophil adherence and migration into
the tissues in response to extravascular chemoattractant was inhibited, while rolling of
neutrophils was unaffected suggesting that the mechanisms governing the interaction of
‘unstimulated’ neutrophils with endothelium are CD 18-independent (see this section).
Rapid increases in neutrophil adhesion, stimulated by chemoattractants such as
FMLP, C5a and LTB , have been shown to be mediated via effects on Mac-1 (Tonnesen
4

et a l, 1989). Unlike LFA-1, Mac-1 and gp 150/95 are found in intracellular storage
granules (Miller et a l, 1987). On exposure to chemoattractants neutrophils exhibit an
increase (2 to 14 fold) surface expression of GDI lb/CD 18, mobilised from the
intracellular stores (1058,1354). However, several reports have suggested that stimulusinduced upregulation of cell surface glycoprotein expression and stimulus-induced
adherence to endothelium can be dissociated (Vedder & Harlan, 1988; Philips et a l,
1988; Buyon et a l, 1988).

Furthermore, there is in vivo evidence suggesting that

neutrophil accumulation in response to chemoattractants does not require an increase in
the surface expression of CD 18 (Nourshargh et a l, 1989). Therefore, it seems that
upregulation may not be the only regulatory event; modification(s) of the adhesive
glycoprotein molecules on the cell surface such as altered density distribution within the
membrane, conformational or biochemical changes or interaction with other membrane
components may be necessary for adherence to occur. It is perhaps possible that the
increased surface expression of Mac-1 may instead play a role in the alternative effector
function of phagocytic cells such as the Mac-1-dependent secretion of hydrogen peroxide
by adherent neutrophils (Nathan et a l, 1989; Entman et a l, 1990).
The integrins are novel with respect to the inside out activation phenomena, in
which signals from the cytosol are transduced across the membrane to generate changes
in extracellular functions such as adhesion (for review see Hynes (1992). Activation of
leukocytes, for example with phorbol esters or various inflammatory mediators such as
TNF, C5a, PAF, FMLP is required for expression of the various ligand-binding activities
of the B integrins.
2

It is thought that activation of leukocytes is accompanied by a

conformational change(s) in the

8 2

integrin ligand binding site resulting in a transient

change in avidity (Keizer et a l, 1988; Buyon et a l, 1988; Lo et a l, 1989a). The
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cytoplasmic domains of integrins, perhaps by interaction with other cellular proteins, may
signal the changes in the extracellular domains that regulate avidity (Hibbs et al., 1990).
A counter-receptor for CD 11a/CD 18 (LFA-1) on the endothelial cell surface has
been identified as a glycoprotein designated intercellular adhesion molecule 1 (ICAM-1
or CD54) (Marlin & Springer, 1987; Kishimoto et al., 1989b). ICAM-1 is a member
of the immunoglobulin superfamily (Simmons et al., 1988; Staunton et a l, 1988). In the
absence of an inflammatory response ICAM-1 is constitutively present on the surface of
vascular endothelial cells, as well as fibroblasts, epithelial cells and some leukocytes
(Dustin et a l, 1986). Its cell surface expression is induced during inflammation in vivo
and by treatment of endothelial monolayers in vitro with lipopolysaccharide, and the
cytokines gamma-interferon (gamma IFN), interleukin-1 (IL-1) and tumour necrosis
factor (TNF) (Pober et a l, 1986), thus causing greatly increased binding of leukocytes
through their cell surface LFA-1. ICAM-1 can be expressed on a wide variety of cells
during inflammation and its induction is an important means of regulating LFA-l/ICAM1

interactions and thus the localisation of circulating cells at an inflammatory site.

ICAM-1 induction is largely regulated at the mRNA level (Simmons et a l, 1988;
Staunton et a l , 1988). Increased surface expression after cytokine induction is detectable
in vitro or in vivo after 4-6h, and is maximal by 9-24h (Kishimoto et a l, 1989b; Munro
et a l, 1989). A more recently described member of the immunoglobulin superfamily
ICAM-2 is also found constitutively on a variety of cell types including endothelium and
also binds leukocyte LFA-1, however, expression of ICAM-2 is not increased by
cytokines (Staunton et a l, 1989).
Mac-1 was originally identified as the receptor for the surface-bound complement
protein C3bi (Wright et a l, 1983). Further investigations from several laboratories have
provided evidence that Mac-1 can also recognise other ligands, for example fibrinogen
(Wright et a l, 1988), bacterial lipopolysaccharide (Wright et a l, 1989), filamentous
hemagglutinin of Bordetella pertussis (Reiman et a l, 1990) and possibly thrombospondin
and laminin (Nathan et a l, 1989).

With regard to the ligand for Mac-1 on the

endothelium; in addition to the ICAM-1/LFA-1 interaction being involved in neutrophil
adhesion Smith & co-workers, using specific monoclonal antibodies, have provided
evidence that chemotactic stimulation of neutrophils may enable Mac-1 on the neutrophil
to interact with ICAM-1 on the surface of the endothelial cell (Smith et a l, 1988; Smith
et a l , 1989). Diamond et al (1991) have shown that purified Mac-1 binds to domain 3
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of ICAM-1 whereas LFA-1 binds domain 1. A report from Lo et al (1989b) has also
suggested the existence of a novel alternative endothelial ligand for Mac-1 which is
consistent with its multivalent nature.
A recent study by Argenbright et al (1991) using the technique of intravital
microscopy to visualise the microcirculation of the rabbit mesentery showed that
GDI lb/CD 18 contributes to the adhesion of C5a-stimulated leukocytes to the
microvasculature in vivo.

They were also able to demonstrate that CDlla/CD18

participates in this binding in vivo. That these leukocyte receptors were binding to
ICAM-1 was supported by the strong inhibition of adherence by an antibody against
ICAM-1. This data provides evidence in vivo that there is sufficient basal ICAM-1
expression to support CD 18-dependent adhesion.

Incubation of C5a with human

umbilical vein endothelial cells for 24 hours was not able to induce ICAM-1 expression
(Argenbright et al., 1991).
In addition to the CDll/CD 18 antigen complex, the leukocyte cell surface
glycoprotein originally defined in the mouse by the MEL-14 monoclonal antibody
(Gallatin et al., 1983) has also been implicated in neutrophil-endothelial cell interactions.
The human homologue of the murine MEL-14 antigen (known as leu- , TQ-1 or LAM-1)
8

has been identified and cloned (Tedder et al., 1989; Camerini et a l, 1989; Siegelman
& Weissman, 1989; Bowen et al., 1989) and is now known to be a member of the most
recently recognised family of adhesion molecules, the selectins or LECCAM (lectincellular adhesion molecule) family and has been renamed L-selectin or LEGAM-1 (for
review see Zimmerman et al 1992). Evidence that the MEL-14 antigen or L-selectin is
a neutrophil adhesion molecule came from studies in murine models of inflammation.
Systemic administration of the MEL-14 monoclonal antibody was found to inhibit murine
neutrophil localisation into subcutaneous inflammatory sites (Lewinsohn et al., 1987) and
to the inflamed peritoneum in vivo (Lewinsohn et a l, 1987; Jutila et a l, 1989) and
blocked binding of neutrophils to vascular endothelium in vitro (Lewinsohn et a l, 1987;
Jutila et a l, 1989). Human L-selectin is present on neutrophils, monocytes and a sub
population of lymphocytes that migrate to peripheral lymph nodes (Tedder et al
1990, Gallatin et a l, 1983). Using the DREG series of monoclonal antibodies which
recognise human neutrophil L-selectin (Jutila et a l, 1990) a role for this molecule in
CD 18-independent adhesion of neutrophils to cytokine- stimulated endothelium in vitro
has been indicated (Kallmann et a l, 1991; Smith et a l, 1991; Spertini et a l, 1991). In
contrast to Mac-1 activity, L-selectin-mediated binding does not appear to require
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neutrophil activation. Indeed activation of neutrophils (eg. with chemotactic factors)
results in rapid shedding of L-selectin from the surface of murine neutrophils (Kishimoto
et al,, 1989a) and human neutrophils (Jutila et al., 1990). However, prior to its shedding
following neutrophil activation, L-selectin shows a rapid and transient enhancement of
avidity for its endothelial ligand (Spertini et a l, 1991). The rapid down-regulation of
L-selectin is coincident with rapid upregulation of Mac-1 expression and function
(Kishimoto et a l, 1989a) and was also found to occur early during the process of
neutrophil extravasation in vivo (Kishimoto et a l, 1989a; Jutila et a l, 1989). These
results suggest that Mac-1 and L-selectin on the neutrophil surface mediate fundamentally
distinct adhesion events (see this section later).
In addition to L-selectin two other members of the selectin family have been
described, which are expressed on endothelial cells. Neither is constitutively present on
the surface of resting endothelium but each is expressed, by different mechanisms, when
the endothelium is activated.

Endothelial leukocyte adhesion molecule, ELAM-1 or

E-selectin, is transiently expressed on endothelial cells 2-8hr after stimulation in vitro
with IL-1 and other inflammatory cytokines, and mediates adhesion of unactivated
neutrophils by a pathway distinct from that mediated by ICAMs and leukocyte integrins
(Bevilacqua et a l, 1989; Luscinskas et a l, 1989). Monocytes and a subpopulation of
lymphocytes have also been shown to bind E-selectin (Picker et a l, 1991a).
The counter receptor(s) for L-selectin on cultured endothelial cells has not been
characterised. L-selectin may interact with E-selectin (Kishimoto et a l, 1991) and also
the third selectin, P selectin (Picker et a l, 1991b).

However, neither of these

interactions are thought to be unique (Kishimoto et a l, 1991; Geng et a l, 1990;
Bevilacqua et a l, 1989).

There is evidence that both E-and P-selectins recognize

sialyl-Lewis x (sLe*) found in glycoproteins and glycolipids (Larsen et a l , 1990; Moore
et a l, 1991; Polley et a l, 1991; Phillips et a l, 1990; Lowe et a l, 1990; Walz et a l,
1990). However, this is not thought to be the complete story. Neutrophil L-selectin
bears sLe* that is recognized by the other two selectins (Picker et a l, 1991b).
P-selectin, otherwise known as PADGEM or GMP (granule membrane protein)
140 or CD62 is stored in «granules of platelets and weibel-palade bodies of endothelial
cells. It is rapidly mobilized to the surface of endothelial cells within seconds after
stimulation with thrombin or histamine where it mediates adhesion of neutrophils and
monocytes (Johnston et a l , 1989; Larsen et a l , 1989; Hattori et a l , 1989). It is rapidly
reintemalized, resulting in transient neutrophil adhesion.
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In common with the other

selectins P-selectin tethering of neutrophils does not require neutrophil activation or the
&2

integrin system (Geng et a l, 1990; Lorant et al., 1991). In addition, most studies

have indicated that the selectins are far more efficient than CD 18 molecules in operating
at physiologic shear stress (Lawrence et at., 1990; Lawrence & Springer, 1991; Smith
e t a l , 1991).
Based on the accumulated data on the selectins and integrin-mediated adhesion a
general model of leukocyte-endothelial recognition has been proposed involving at least
three sequential events (for review see Butcher, 1991). Firstly, the selectins and their
counter receptors are believed to be important in the initial rolling interaction between
unstimulated neutrophils in the circulation and the inflamed endothelium under conditions
of flow. Rolling is thought to slow the transit of leukocytes through the inflamed vessel
and so allow for close proximity and sufficient time of exposure to neutrophil activating
factors in the local environment or on the endothelial surface. Neutrophil activation leads
to shedding of L-selectin and the third step of the process, functional upregulation of
Mac-1 and integrin-mediated adhesion strengthening and transendothelial migration. The
specific factor(s) responsible for activation of rolling leukocytes in situ are likely to vary
with the physiological setting. They may include chemoattractants that are diffusing from
tissue through endothelial cell junctions (Lo et a l, 1991) or signalling molecules
synthesized by activated endothelial cells, for example, PAF (Zimmerman et a l, 1990;
Lorant et a l, 1991), IL

- 8

(Carveth et a l, 1989) and possibly granulocyte-macrophage

colony-stimulating factor (GMCSF), nitric oxide or adenosine. Interestingly E-selectin
itself has been reported to activate integrin-mediated adhesion of neutrophils (Lo et a l ,
1991) and P-selectin has been reported to potentiate responses to activators (Lorant et a l ,
1991). There is evidence that this series of events may mediate adhesion and emigration
of neutrophils in vivo (von Andrian et a l, 1991; Kubes et a l, 1990; Gasic et a l, 1991;
Arfors et a l, 1987; Argenbright et a l, 1991). However most of the information to date
has been derived from in vitro studies and much has concentrated on cytokine stimulation
of endothelial cells. It is well established in vivo that extravascular chemoattractants are
able to induce the rapid ‘capture’ of neutrophils from the circulation followed by
transmigration into the tissue, but the specific molecules involved and their roles remain
to be clearly defined. For example, do chemoattractants stimulate the expression of Pselectin on the endothelium allowing the capture of the neutrophil, and if so why does
histamine, an effective upregulator of P-selectin in vitro not induce leukocyte
accumulation in vivo. The role, if any of L-selectin in the response to chemoattractants
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is also unknown.

Although three-step adhesion may be necessary for circulating

leukocytes under physiological conditions the possibility remains that one step, immediate
adhesion may occur in pathological conditions. Altieri (1991) and Elices et al (1991)
have shown that cations such as Mn^"^ and Mg^'^ can increase the avidity of integrins for
their ligands and it has been proposed that release of intracellular stores of these cations
at the sites of tissue or vascular injury may provide a mechanism for rapid upregulation
of integrin-mediated adhesion.

1.4,4. Neutrophil emigration through the endothelial cell laver

The passage of neutrophils through the endothelial cell barrier was investigated
in detail in early electron microscopic studies. Marchesi & Florey (1960) and Florey and
Grant (1961) observed a clear pseudopodium emerging from the flattened surface of
neutrophils that penetrated into the junctions between adjacent endothelial cells, rapidly
followed by the rest of the neutrophil.

The junctions appear to ‘reseal’ after the

neutrophil (Marchesi & Florey, 1960).

How chemoattractants induce neutrophil

extravasation is not known.

Neutrophils migrate up concentrations gradients of

chemotactic agents in vitro and such a gradient, at inter-endothelial junctions may be
necessary in vivo to stimulate neutrophil emigration. With regard to this Hopkins et al
(1984) have reported gradient-dependent chemotaxis of neutrophils across endothelial
monolayers.

Interestingly,

a reverse gradient,

with chemoattractant present

intravascularly has been reported to cause neutrophil/endothelial cell adherence with no
emigration, at least in the lung (Henson et al., 1982b). It is still conjectural whether a
cement substance is present at endothelial junctions and whether this substance is digested
by neutrophils during their passage (Marchesi & Florey, 1960).
Much evidence concerning the molecular mechanisms governing trans-endothelial
migration has come from in vitro studies using confluent endothelial cell monolayers
cultured on synthetic filters, on collagen gels, or on amniotic membranes. Two lines of
evidence point to the importance of CD 18-dependent mechanisms in neutrophil
transmigration.

First, transmigration is inhibited in the presence of anti-CD 18

monoclonal antibodies (Smith et a l, 1988; Smith et a l, 1989; Furie et a l, 1991), and
secondly, CD 18 deficient neutrophils from patients with LAD fail to transmigrate in vitro
or in vivo (Davies et a l, 1991). During transmigration the leukocyte

8 2

integrins are

believed to interact with ICAM-1 molecules located on the luminal, lateral and basal
surfaces of endothelial cells (Oppenheimer-Marks et a l, 1991; Smith et a l, 1988; Smith
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et a l, 1989; Furie et a l, 1991).

1.4.5. Passage of neutrophils through the basement membrane

After penetrating the intercellular junction neutrophils appear to hesitate,
sandwiched between endothelial cells and the basement membrane (Marchesi & Florey,
1960). Florey & Grant (1961) observed that neutrophils may migrate parallel to the
basement membrane possibly "looking for" a suitable site to penetrate the tough matrix
barrier. Interestingly, it has been suggested that specific neutrophil receptors for laminin,
a glycoprotein ubiquitous to all basement membranes, may possibly play a role in the
neutrophils negotiation of the basement membrane (Thorgeirsson et a l, 1985). Laminin
has been reported to be chemotactic for neutrophils (Terranova et al., 1986). Thus,
neutrophils may penetrate the basement membrane by using laminin as an attractant and
an attachment factor. Penetration of the vessel wall and basement membrane may require
that the neutrophils "digest" their way through interendothelial cell junctions and
subendothelial matrix proteins by limited release of extracellular enzymes.

In an

interesting study Huber & Weiss (1989) have provided evidence suggesting that the
neutrophil-induced loss of basement membrane integrity associated with neutrophil
diapedesis in vitro is transient and that basement membrane defects can be repaired by
the overlying endothelium via a process dependent on protein synthesis.

This is in

agreement with reports showing that microscopic examinations of vessel walls exposed
to neutrophil traffic in vivo fail to identify defects or alterations in basement membrane
structure (Hurley, 1963).

1.4.6. Neutrophil locomotion towards and removal of the inflanmiatorv stimulus

Once outside the vessel wall the neutrophil can move under the influence of the
concentration gradient towards the site of generation of the chemoattractant. Neutrophils
can detect very small changes in stimulus concentration across their surface, which allows
them to move in the direction of higher concentration. On exposure to a gradient of
chemoattractant the neutrophil becomes elongated and polarized towards the direction of
the stimulus, with a broad anterior lamellipodium and a thin posterior uropod (Snyderman
& Goetzl, 1981).
The chemotactic and chemokinetic activity of chemoattractants exhibits a bell
shaped dose response curve in vitro (Webster et at., 1980). The higher concentration of
chemoattractant mediator at the centre of inflammatory lesions may reduce the mobility
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of neutrophils, thus holding cells at the inflammatory focus.

At the focus of the

inflammatory response the neutrophil is capable of phagocytosing encountered microbes
into phagocytic vesicles.

To assist in the destruction of internalised organisms the

neutrophil has several potent devices. Antimicrobial and proteolytic enzymes are released
into the phagosome from neutrophil granules. Another class of antimicrobial substances
are generated by the action of NADPH-oxidase during a response known as the
respiratory burst (reviewed by Baboir, 1984), these agents are collectively known as
oxygen free radicals.

1.5.

The anti-inflammatory glucocorticosteroids

1.5.1. Introduction

The glucocorticosteroids are potent anti-inflammatory drugs, widely used clinically
against many inflammatory disease states and able to suppress almost all phases of
inflammatory lesions in many animal models. Clearly no single mechanistic explanation
could suffice to account for all the biological effects of glucocorticosteroids. In light of
this it is not surprising that numerous anti- inflammatory actions have been attributed to
these drugs. This discussion of mechanisms of anti-inflammatory steroid action focuses
specifically on mechanisms underlying inhibition of the exudation of plasma proteins, as
well as leukocyte accumulation at sites of inflammation.
From the discussion of inflammatory mechanisms presented in the previous
sections there are clearly several potential target sites through which glucocorticosteroids
can attenuate oedema formation. The most likely sites of action are discussed below.

1.5.2. Inhibition of inflammatory mediator generation

There is an extensive literature on inhibition of mediator production or release by
glucocorticosteroids.

In the last 10 years the inhibitory effect of steroids on the

generation of the pro-inflammatory arachidonic acid metabolites, prostaglandins and
leukotrienes, as well as on the generation of platelet-activating factor has been most
extensively investigated.

During these investigations it became apparent that "anti

inflammatory" actions of steroids occur by means of the "classical pathway" of steroid
hormone action responsible for their biological effects, that is they are mediated by
cytosolic steroid receptors which interact with nuclear DNA resulting in the stimulation
of transcription of specific mRNA necessary for the synthesis of effector proteins (Baxter
& Tomlins, 1977; Buller & O’Malley, 1976; Chan & O’Malley, 1976; Wira & Munck,
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1974; Munck & Leung, 1977).
Several early studies showed inhibition of prostaglandin production in the presence
of glucocorticoids (Lewis & Piper, 1975; Gryglewski et a l, 1975; Chang et a l, 1977).
Experiments reported by several groups found that this was not a consequence of cyclooxygenase inhibition unlike the non-steroidal anti-inflammatory drugs, but suggested the
glucocorticoids were inhibiting arachidonic acid liberation from membrane phospholipids
(Gryglewski et a l, 1975; Hong & Levine, 1976; Nijkamp et a l, 1976).

Further

experiments to pinpoint the site of glucocorticoid action revealed that steroids inhibited
the enzyme responsible for release of arachidonic acid, phospholipase A% (Blackwell et
a l, 1978). In many of these studies it was observed that the onset of the steroid effect
occurred after a time delay. Subsequently the inhibitory action of glucocorticoids on
prostaglandin production was shown to be mediated through receptor occupancy and was
prevented by actinomycin D and cycloheximide, indicating a dependence on RNA and
protein synthesis (Danon & Assouline, 1978; Flower & Blackwell, 1979; Russo-Marie
et a l, 1979; Di Rosa & Persico, 1979). At about the same time Tsurufuji and his
colleagues also demonstrated that the anti- inflammatory action of dexamethasone in rats
depended on receptor occupancy and unimpaired RNA and protein synthesis (Tsurufuji
et a l, 1979). More recently glucocorticoid receptor antagonists have been shown to
block the anti-inflammatory actions of these drugs providing supporting evidence for the
"classical pathway" of steroid action in acute inflammation (Peers et a l, 1988).
Three groups working independently produced evidence at about the same time
that glucocorticoids inhibit prostaglandin production as a result of the de novo synthesis
of a protein inhibitor of the enzyme phospholipase Ag which they christened
"macrocortin" derived from macrophages and perfused lungs
^Blackwell et a l, 1980; Flower & Blackwell, 1979), "lipomodulin" derived from
neutrophils (Hirata et a l, 1980) and ‘renocortin’ derived from renal cells (Cloix et a l,
1983; Russo-Marie & Duval, 1982). Subsequent rigorous examination of the conditions
of generation, molecular weights, antiphospholipase A and immunological properties of
2

these proteins led to the conclusion that they were all functionally identical and may be
active fragments of the same precursor, thus the family of proteins were renamed the
"lipocortins" (Di Rosa et a l, 1984). The lipocortins were defined as phospholipase Ag
(PLA ) inhibitory proteins the synthesis or secretion of which is stimulated by
2

glucocorticosteroids (Di Rosa et a l , 1984). The PLA enzyme can control the liberation
2

of arachidonic acid and thus its availability for conversion to prostaglandins and
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thromboxanes via the cyclo-oxygenase enzyme, and leukotrienes via the lipoxygenase
pathway.

Phospholipase Aj activation also controls the liberation of lyso-PAF, the

precursor of the potent lipid mediator PAF (Albert & Snyder, 1983). The significance
of these phospholipase A inhibitory proteins in vivo will depend upon the mediators
2

involved in particular types of inflammatory reactions, although it is also possible that
lipocortins may have other anti- inflammatory actions.
In several in vitro assays the lipocortins inhibited phospholipase Ag from pig
pancreas, snake and bee venoms (Hirata, 1981).

Hirata (1983) suggested that a

stoichiometric complex formed between the enzyme and the inhibitor.

He further

suggested that lipocortin may bind Ca^"^ at the active site and that this action may underlie
its inhibitory ability (Hirata, 1981).

Despite confirmation of the calcium binding

properties of lipocortin (Schlaepfer & Haigler, 1987) this cannot entirely explain the
inhibitory action since lipocortin also inhibits some calcium-independent phospholipases.
Human recombinant lipocortin (see later) has also been shown to inhibit PLAg activity
from a variety of sources in vitro (Wallner et a l, 1986) and it appears that a region
contained within residues 83-212 is important for this activity (Huang et a l, 1986).
Using the recombinant material. Peers et al (1987) have produced in vitro data
confirming the work of Hirata (1983) cited above. Furthermore Cirino et al (1989)
showed that recombinant lipocortin

1

inhibited phospholipase-induced oedema in vivo and

that the maximum inhibition occurred with stoichiometric quantities of lipocortin and
enzyme. Recently, however, it has been suggested that this ‘phospolipase inhibition’
could be due to lipocortin binding to substrate in a Ca^"^-dependent manner, thereby
blocking access to PLA , since the inhibition seen in some assays can be overcome by
2

increasing the substrate concentration (Aarsman et a l, 1987; Davidson et a l, 1987;
Schlaepfer & Haigler, 1987).

Lipocortin does not, however, seem to bind to

phosphatidylcholine vesicles (Schlaepfer & Haigler, 1987) therefore this theory does not
explain the antiphospholipase action of lipocortin on this substrate (see Hirata 1981).
Furthermore, it has been reported that PLA activity can be inhibited by lipocortin under
2

conditions of substrate excess (Pepinsky et a l, 1988). Perhaps the simplest explanation,
accommodating all sets of data, is that lipocortin can have effects on both the enzyme and
its substrate. Although the exact mechanism whereby lipocortin inhibits phospholipase
A awaits resolution there is growing evidence supporting lipocortin as the candidate
2

mediating steroid inhibition of lipid mediator production. The anti-phospholipase proteins
mimic closely the action of glucocorticosteroids in the inhibition of eicosanoid synthesis,
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although there is no lag phase and their effect is resistant to the action of protein/RNA
synthesis inhibitors. Purified lipocortins have been shown to inhibit the production by
leukocytes of cyclo-oxygenase (PGEj) and lipoxygenase (LTB ) products in vitro (Parente
4

et a l, 1984). Unlike the NSAIDs, but like the steroids themselves, the inhibitory effect
of these proteins was readily reversed by the addition of exogenous arachidonic acid,
highlighting the different sites of action of these two types of drugs. Lipocortin has also
been shown to inhibit thromboxane A%release from perfused guinea pig lung elicited in
response to histamine, leukotrienes and FMLP but not to Bk or AA, as with the steroids
(Blackwell et a l, 1980). The release of lyso-PAF from resident leukocytes in response
to opsonized zymosan was also inhibited by lipocortin (Parente & Flower, 1985). Fradin
et al (1988) demonstrated impaired production of LTB and PAF in rat neutrophils treated
4

with lipocortin. Purified lipocortins have also been shown to mimic the suppressive
action of glucocorticosteroids in vivo in models driven by the release of these lipid
mediators. Lipocortin inhibited oedema and leukocyte infiltration in the rat carrageenininduced pleurisy model (Blackwell et al., 1982).

Earrasfa and Russo-Marie (1989)

demonstrated inhibition of eicosanoid generation and neutrophil accumulation by purified
lipocortin in a mouse model of acute inflammation. Parente et al (1984) and Hirata
(1983) demonstrated inhibition of carrageenin-induced rat paw oedema by lipocortin.
Again the effect was reversed by supra-injection of arachidonic acid. Interestingly the
lipocortin did not mimic the suppressive action of steroids against dextran-induced
oedema (Calignano et al., 1985).
Recently the protein now known as human lipocortin I has been cloned and
expressed in E.coli (Wallner et al., 1986). Recombinant material has been shown to
inhibit the synthesis of arachidonate metabolites in vitro from human umbilical vein
fragments (Cirino & Flower, 1987a) from rat peritoneal macrophages (Cirino & Flower,
1987b) and from isolated perfused guinea-pig lung with the same profile of action that
naturally occurring lipocortins and steroids show (Cirino et al., 1987).
Lipocortin I given locally has been shown to inhibit the eicosanoid but not the
amine-dependent component of carrageenin oedema in the rat paw (Cirino et al., 1988).
Lipocortin 1 also appeared to inhibit an eicosanoid-dependent component of compound
48/80-induced oedema. Lipocortin 1 was inactive as an inhibitor of oedema induced by
dextran (driven by the release of mast cell amines), PAF, Bk or serotonin, and thus tends
to show a similar profile of action to indomethacin (Cirino et a l, 1988). Only when
mast cell degranulation was induced by phospholipase Aj was lipocortin effective.
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Because glucocorticoids are effective against all forms of oedema obviously an additional
mechanism must be invoked to explain how glucocorticoids bring about other types of
anti-inflammatory action.
Administration of a fragment of human recombinant lipocortin 1 has been shown
to mimick dexamethasone and prevent the pyrogenic actions of cytokines in rats (Carey
et al., 1990). Davidson et al (1991) were also able to demonstrate anti-pyretic effects
of recombinant human lipocortin 1 in rabbits. In addition, Carey et al (1990) were able
to reverse the anti-pyretic effects of dexamethasone following administration of a
polyclonal antisera raised to the lipocortin fragment. Likewise Duncan et al (1993) using
the same anti serum as Carey et al (1990) were able to show reversal of the local
antiinflammatory action of dexamethasone in the rat carrageenin oedema model. These
studies provide evidence suggesting that the antiinflammatory action of dexamethasone
is at least partially dependent upon the generation of lipocortin 1. In addition, the fact
that externally applied antisera can reverse the action of the glucocorticoids implies
strongly that the lipocortin target site can be extracellular. This is supported by the
numerous studies showing immediate antiinflammatory effects of externally applied
lipocortin on cells and in animals (Cirino et al., 1989; Carey et al., 1990; Davidson et
al., 1991; Errasfa & Russo-Marie, 1989). Interestingly, Goulding et al (1990b) have
identified specific lipocortin

1

binding molecules on the surface of peripheral blood

monocyte and polymorphonuclear leukocytes. Binding of lipocortin was found to be
through a calcium-dependent mechanism (Goulding et a l, 1990b).
Wallner et al (1986) showed that lipocortin 1 is a very polar molecule,
approximately a third of its amino acids are charged. The protein contains a single
potential glycosylation site, and two potential phosphorylation sites. This is significant
since it had already been demonstrated that the naturally occurring molecule could be
phosphorylated and that the phosphorylated form was inactive as a phospholipase inhibitor
(Hirata, 1981).

However, a correlation between levels of phosphorylation of a

"lipocortin" and eicosanoid biosynthesis in vivo has yet to be demonstrated.
Huang et al (1986) observed two types of lipocortin in placental extracts. One
identical to the recombinant protein previously cloned (subsequently christened lipocortin
I

and to which the work cited above using recombinant material refers) and a second

protein (lipocortin II) shows 50% sequence homology with lipocortin 1. Both proteins
inhibited phospholipase activity. More recently it has been found that lipocortins I and
II are members of a family of structurally related proteins and that these are identical to
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other calcium and phospholipid binding proteins, including the calpactins and calelectrins
(Crompton et al., 1988; Sudhof et a l, 1988; Saris et al., 1986). It has been suggested
that lipocortin I is, in fact, the same protein as the substrate for the EGF receptor kinase,
p35 also termed calpactin II (Huang et al., 1986) and lipocortin II is the same protein as
the pp60'"= kinase substrate, p36, termed calpactin 1 (Kristensen et al., 1986; Huang et
al., 1986). The use of different names for the same members of this superfamily caused
considerable confusion.

For this reason a common nomenclature was proposed

(Crumpton & Dedman, 1990) using the term annexin. Lipocortin 1 or calpactin II was
named annexin 1 and lipocortin II or calpactin 1 was named annexin II (Crumpton &
Dedman, 1990). At least 10 members of this family have been characterised to date, all
sharing approximately 50% sequence identity (Pepinsky et al., 1988). Most conserved
is a 70 amino acid repeat unit of which the proteins contain multiple copies and which
is thought to be responsible for calcium and phospholipid binding (Kretsinger & Creutz,
1986; Saris et al., 1986). Distinct form the core structure of repeat units is a short Nterminal segment that is unique to each protein and may confer distinct biological
activities (Glenney & Zokas, 1988). Lipocortin lacks a leader or signal sequence usually
required for proteins to be secreted by conventional means. However, some secretory
fluids have been found to contain high concentrations of lipocortin (Christmas et al.,
1991).
Although, as outlined above, biological evidence has suggested that lipocortin 1
is anti-inflammatory and that members of the lipocortin family are produced by
glucocorticoids,

whether

lipocortins

are

actually

induced

or

regulated

by

glucocorticosteroids, especially in a way that correlates with antiinflammatory activity,
has proved to be a more complex question than expected and is surrounded by much
controversy.

Glucocorticoids have been shown to induce lipocortin 1 mRNA in

leukocytes (Wallner et al., 1986). However, no accompanying increase in protein was
seen.

Adrenalectomy lead to a fall in lipocortin mRNA and protein in animals

(Vishwanath et al., 1992) and conversely administration of hydrocortisone in vivo in man
lead to induction of intracellular and cell surface lipocortin

1

in monocytes, but not

neutrophils (Goulding et a l, 1990a). Furthermore, Peers et al (1993) found that both
lipocortin 1 and II, but not the closely related species lipocortin 5, were elevated in rat
mixed peritoneal cells by acute glucocorticoid treatment.

Ambrose & Hunninghake

(1990) found corticosteroids increased lipocortin 1 in alveolar epithelial cells. However,
in contrast Northup et al (1988) were unable to detect an increase in the synthesis/release
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of lipocortin

1

protein in peritoneal macrophages following glucocorticoid treatment of

the cells in vitro. Also Bienkowski et al (1989) and Isacke et al (1989) failed to detect
a steroid-induced expression of lipocortin at both the protein and mRNA level in the
U937 cell line even though glucocorticoids inhibited eicosanoid formation in these cells
(Bienkowski et a l, 1989). Likewise Bronnegard et al (1988) reported that lipocortin 1
is not inducible at the mRNA level by dexamethasone in several different cell types,
including human macrophages. Furthermore, work by Hullin et al (1989) on human
endothelial cells showed that, under conditions in which dexamethasone treatment led to
a decrease in PGI production, no change in lipocortin level was observed.
2

Such

discrepancies might reflect differences in cell responses to glucocorticoids as well as
variations in the experimental procedure. Goulding et al (1990a) found that if cells were
first separated from blood before exposure to steroids they were unable to detect
induction of lipocortin 1. The capacity of cells to respond well to glucocorticoids may
be lost or in some way impaired following long term culture.

Solito et al (1991)

suggested that the state of differentiation of the cell may have a bearing on steroid
induction of lipocortin and Phillips et al (1989) found the presence of growth factors is
required for steroid induction. Further clarification is needed.
Another line of evidence pointing indirectly to the importance of lipocortin as a
mediator of steroid action is the detection of autoantibodies to lipocortin in the plasma
Hirata et al., 1981; Podgorsky et al., 1987; Goulding et a i, 19W; 1992
of patients with chronic inflammatory diseases (
■ ). In certain
groups of patients oral steroids raised the antibody titre, a high titre correlated strongly
with the clinical phenomenon of ‘steroid-resistance’ (Podgorski et al.,

1987).

Interestingly a deficiency in the expression of lipocortin receptors has recently been
demonstrated in active rheumatoid arthritis (Goulding et al., 1992).
Thus, in summary, there is a body of experimental evidence suggesting that
glucocorticoids are able to inhibit the generation of pro-inflammatory arachidonic acid
metabolites by inducing the synthesis of annexins (lipocortins) which can act to inhibit
phospholipase A;. As outlined in this section this mechanism of inhibition has not been
found to be consistent with all experimental evidence obtained in different models. The
subject is still controversial and awaits some clarification. Furthermore, there is evidence
indicating an inhibitory action of glucocorticoids at a later stage of arachidonic acid
metabolism than phospholipase A%. It is becoming apparent that glucocorticoids may
modulate transcription of the cyclooxygenase gene. Dexamethasone has been shown to
block the stimulus-induced synthesis of cyclo-oxygenase in vitro in human dermal
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fibroblasts (Raz et al., 1989) and vascular smooth muscle cells (Bailey et al., 1988),
where corticosteroids appeared to suppress cyclo-oxygenase mRNA (Bailey et al., 1988).
Furthermore, Masferrer et al (1990) demonstrated dexamethasone inhibition of LPSinduced cyclooxygenase synthesis in vivo in mouse macrophages.

Thus it seems

glucocorticoids, in some situations in a variety of cells are able to exert a more complex
effect on arachidonic acid metabolism than a generalised inhibition of PLAg which seems
to involve effects on induction of cyclo-oxygenase. This inducible cylcooxygenase is now
known to be a distinct isoform "CO-2".
In addition to their effects on the generation of arachidonic acid metabolites anti
inflammatory steroids have also been reported to inhibit histamine release, the major
sources of which are the mast cells and basophils. Early studies demonstrated that mast
cell histamine release was inhibited by steroids, however, high concentrations of drug
were required (Lewis & Whittle, 1977; Dembinska-Kiec et al., 1978). More recent
studies, using lower concentrations of dexamethasone demonstrated no inhibition of
mediator release from purified human lung mast cells (Schleimer et al., 1983).
However, in the guinea-pig dexamethasone treatment did inhibit antigen-induced release
of lung mast cell mediators (Schleimer et al., 1987). Furthermore, histamine release
from human basophils was readily inhibited with low concentrations of glucocorticoids
Schleimer a/.,
(1981; 1982). A protein, distinct from lipocortins and with an apparent molecular weight
of lOOkDa has been found in the peritoneal lavage fluid of dexamethasone pretreated rats
(Camuccio et al., 1987).

This protein, like corticosteroids, but unlike lipocortins

inhibited dextran oedema in the rat when injected either locally or systemically
(Camuccio et al., 1987; lalenti et al., 1990) and has been named vasocortin since it
modulates vascular permeability and is induced by corticosteroids. Vasocortin is distinct
from lipocortins as its biological activity is not correlated with PLA inhibition and is lost
2

after heating at 70°C for 5min, unlike that of lipocortins. Vasocortin-like proteins with
an apparent molecular weight less than 40kDa have been found in vascular tissues
following glucocorticoid treatment (Camuccio et al., 1989b). Further studies revealed
that vasocortin selectively inhibited histamine release from rat peritoneal cells induced by
dextran or concanavalin A but not that induced by calcium ionophore A23187 or
compound 48/80 (Camuccio et al., 1989a) suggesting that vasocortin may be the protein
responsible for the glucocorticoid inhibition of histamine release. Such an action is also
consistent with the ability of vasocortin to inhibit dextran oedema since this inflammatory
reaction has been shown to be mainly, if not exclusively, brought about by the release
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of histamine and 5-hydroxy tryptamine (Di Rosa & Willoughby, 1971). Preliminary data
has shown that the inhibition of histamine release may depend on the ability of vasocortin
to prevent the Ca^^ influx into the cells (lalenti & Di Rosa, 1990).
Glucocorticoids have also been shown to inhibit the generation of cytokines IL-1
and IL

- 8

which cause neutrophil recruitment (Knusden et al., 1987; Watson et al., 1987;

Bochner et al., 1987a).

1.5.3 Inhibition of inflammatory mediator action

In addition to suppressing the generation of permeability-increasing or vasodilator
mediators as described above, there is also evidence that glucocorticoids can inhibit the
action of permeability increasing mediators in vivo in models unlikely to be mediated by
eicosanoid synthesis. Dexamethasone inhibited oedema formation induced by bradykinin
and 5-hydroxytryptamine (5HT) in a model of mouse foot pad oedema (Tsurufuji et al.,
1979). In contrast, these oedema responses were unaffected by indomethacin indicating
their independence of local prostaglandin production and thus suggesting the inhibitory
effect of dexamethasone was unlikely to be due to phospholipase Aj inhibition. Further,
the inhibitory effect was protein synthesis dependent indicating a requirement for the
synthesis of an endogenous anti-inflammatory protein (Tsurufuji et al., 1979). These
observations have been supported by several studies using different animal species and
an array of inflammatory mediators. Glucocorticoids inhibited histamine-induced oedema
in rat skin and mouse ear (Church & Miller, 1978) and plasma protein leakage induced
by exogenous histamine, Bk, PAP and leukotriene C (LTC ) in the hamster cheek pouch
4

(Bjork et a l, 1985; Svensjo & Roempke, 1985).

4

It has been suggested that these

observations are unlikely to be a result of inhibition of mediator generation and that
dexamethasone or more likely a steroid induced protein(s) may inhibit oedema formation
by a direct effect on the endothelium rendering it less responsive to the action of
mediators of increased microvascular permeability (Tsurufuji et al., 1979).

The

involvement of lipocortin in mediating these actions of dexamethasone seems unlikely as
recombinant lipocortin 1 was ineffective against oedema induced by 5HT, Bk and PAP
in the rat paw (Cirino et a l, 1989). Glucocorticoids have also been shown to inhibit
neutrophil-dependent oedema induced by exogenous chemotactic mediators (Poster &
McCormick, 1985; Griffiths & Blackham, 1988; Peers & Flower, 1991). Furthermore,
Poster & McCormick 1985 demonstrated dexamethasone-induced inhibition of neutrophil
accumulation in response to LTB . It remains unclear whether the primary target of
4
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steroids in these studies is the endothelial cell, the neutrophil, or both (see chapter 4).

1.6

Aims of study

1.

To characterise neutrophil-dependent oedema formation induced by FMLP and
structurally-related formyl peptides in rabbit skin.

2.

To further investigate FMLP-induced oedema formation in rabbit skin using a
variety of modulatory agents, with a view to better understanding mechanisms of
neutrophil-dependent oedema formation.

3

To investigate the effect of glucocorticosteroids on vascular responses in rabbit
skin induced by neutrophil-dependent and direct-acting mediators of increased
microvascular permeability.

The effect of steroids on three aspects of the

inflammatory response will be investigated; blood flow, vascular permeabilityand
neutrophil accumulation.

By investigating action of steroids administered by

different routes the possible sites of action of steroids in inhibiting plasma protein
leakage and neutrophil accumulation in vivo will be investigated.
4.

To further characterise the inflammatory response to zymosan in the rabbit
peritoneal cavity specifically the involvement of LTB4. To investigate the role of
circulating neutrophils in the development of the inflammatory response to
intraperitoneal zymosan.

5.

To investigate the effect of glucocorticosteroids on the inflammatory response
induced by zymosan in the peritoneal cavity. Using a more complex model of
inflammation the possible contribution of steroid inhibition of both inflammatory
mediator generation and mediator action in vivo will be investigated.
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CHAPTER 2

2.1

MATERIALS AND METHODS

In vivo measurement of inflammatory activity in rabbit skin: the rabbit skin
bioassay

Rabbit dorsal skin allows the assessment and modulation of the inflammatory
reaction induced by a variety of stimuli in a single experiment. Local oedema formation
(plasma protein exudation) and neutrophil accumulation can be monitored simultaneously
and changes in local blood flow can also be investigated, all in a quantitative manner in
the same versatile model.

Modulating agents can be injected intradermally or

intravenously allowing thorough investigation of both the underlying mechanism of the
inflammatory reaction and the mode of action of the drug under test.

2.1.1 Measurement of vascular permeability in rabbit skin

Increased vascular permeability was assessed in rabbit skin by the measurement
of the dermal accumulation of intravenously administered ‘^^I-human serum albumin
(HSA) (Wedmore & Williams, 1981a). Male, New Zealand White rabbits (2.0-3.5kg)
were anaesthetised with sodium pentobarbitone (Sagatal, 30mg/kg i.v., with maintenance
doses as required). The dorsal skin was then shaved and *^^I-HSA (5^Ci in 1ml sterile
saline) was injected intravenously. To allow a visual record of the inflammatory reaction
and aid accurate excision of injection sites Evans blue dye (2.5% w/v in sterile saline)
was also administered intravenously. After 15min test agents were injected intradermally
in 100/d volumes via a 27 gauge needle. Each agent was injected into

6

skin sites

distributed over the dorsal skin according to a balanced site plan. At the end of the
accumulation period animals were sacrificed by i.v. administration of an overdose of
pentobarbitone. The dorsal skin was removed and blood expressed from major vessels
before individual treatment sites were excised with a 17mm diameter metal punch. The
radioactivity associated with each skin site, together with 3x1 ml plasma samples obtained
by cardiac puncture at the time of death was measured in a manual multiwell gamma
counter (1260 multigamma 2; IKB-Wallac Ltd). Samples were counted for 30 seconds
over the energy range 10 kev-500 kev. All counts were automatically corrected for
background andcross over and detectors normalised for each radioisotope.
Oedema formation was quantitated as /il plasma per skin site by comparing the
^^^I-counts in each site with the *^^I-counts in 1/xl plasma. For each test agent results are
expressed as mean ± s.e.mean /il plasma/site for n animals, each animal respresenting
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the mean value from

6

replicate skin site measurements.

2.1.2 Measurement of neutrophil accumulation in rabbit skin

In some experiments neutrophil accumulation, measured as the local accumulation
of i.v. injected "^In-labelled neutrophils was simultaneously monitored together with
oedema formation in response to i.d. test agents.

In such experiments "^In-rabbit

neutrophils (50-200/iCi per 2-5x10^ cells) in 3ml autologous plasma (see section 2.2)
were injected intravenously at the same time as 15^Ci *^I-HSA. To allow detection of
both *“ I- and " ‘In radioisotopes in the same samples each isotope was counted separately
in limited energy ranges ("^I lO-lOOkeV; ‘"In 100-5(X) keV) for 60 seconds. The counts
were automatically corrected for spill up (0.03%) and spill down (25.03%) in a manual
multiwell gamma counter (1260 multigamma 2; LKB-Wallac, Ltd).
Neutrophil accumulation was expressed as the number of " ‘In-neutrophils per skin
site by comparing the " ‘In-counts in each skin site with the " ‘In-counts per neutrophil
(see section 2.2). For each test agent results are expressed as mean ± s.e.mean " ‘In
neutrophils per skin site for n animals (each animal representing the mean value of

6

replicates).

2.1.3 Measurement of local blood flow in rabbit skin

Changes in rabbit skin blood flow were monitored using a multiple site ‘% e
clearance technique (Williams, 1979). The vasodilator prostaglandin Eg (PGEg) was
mixed with a solution of ‘” Xe in saline (5-10/xCi/injection) and rapidly injected i.d.
(0.1ml volumes) into the shaved dorsal skin of New Zealand White rabbits (anaesthetised
and prepared as described in section 2.1.1).

Intradermal injections were given in

random-block order according to a predetermined balanced site plan with

6

replicates for

each treatment per animal. ‘” Xe in saline was injected as control. After a 15 minute
clearance period animals were killed with an overdose of i.v. sodium pentobarbitone, the
dorsal skin excised and injection sites removed with a 16mm diameter punch. Skin
samples and . ml aliquots of injection fluids, under paraffin oil ( ml) in sealed tubes
0

1

1

(to prevent xenon loss), were counted limmediàtely in an automatic gamma-counter (LKB
Wallac 1260 Multigamma II). Samples were counted for 30 seconds over the energy
range 10keV-115keV. The change in local blood flow produced by i.d. injection of test
agents was calculated as a percentage increase of ‘% e washout over that in salineinjected control sites using the following equation:
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% change in blood flow

=

(In ‘^Xe.-In *” Xe test)
-----------------------------------------------------

xlOO

(In ‘” Xej-In *” Xe.)

where:

In‘” Xe,

= natural log (In) cpm of saline injected sites

In*” Xe test

= In cpm of sites injected with test agents

In*” Xej

= In cpm of 0.1ml aliquots of injected xenon solution

Results are expressed as mean % change in blood flow compared with
saline-treated skin ± SEM for n separate experiments.

2.2

Preparation of “ ^In-neutrophils

Neutrophils isolated from the blood of a donor rabbit were labelled with " ‘In and
injected intravenously into recipient animals where their accumulation in the skin was
monitored.

The swift preparation of ‘"In-neutrophils was carried out under sterile

conditions (Nourshargh et al., 1989; Rampart & Williams, 1988).
Male, specific pathogen free. New Zealand White rabbits were anaesthetised with
sodium pentobarbitone (30mg/kg i.v.). A carotid artery was exposed and cannulated with
a 16 gauge abocath catheter (venisystems). A total of 72ml blood was collected equally
into eight 50ml falcon tubes, each containing 1ml of acid citrate dextrose (160mM
disodium hydrogen citrate + 0.28M glucose in sterile water). A further 13ml blood was
collected into tri-sodium citrate (3.5% in sterile water), and used to produce autologous
citrated plasma (centrifuged twice at 3000g; 7min 20°C). To each falcon tube of blood
15ml hydroxyethyl starch (Hespan, 3% final concentration) was added to facilitate
sedimentation of the majority of red blood cells. Tubes were centrifuged (25g; 15 min
20°C) to further aid red blood cell sedimentation. The leukocyte-rich supernatant was
removed and centrifuged (300g; 7min at 20®C) to form a leukocyte pellet and plateletrich plasma supernatant. The leukocyte pellets were resuspended gently in a total of 5ml
autologous citrated plasma.

Meanwhile autologous platelet poor plasma (PPP) was

prepared from the platelet rich plasma (by centifugation twice;

2

0

0

0

g for

1 0

min,

followed by 2500g for lOmin).
Neutrophils were separated from mononuclear cells and remaining erythrocytes
using a two-layer discontinuous percoll-plasma gradient. Gradients were prepared by
carefully layering 3ml of 50% percoll in PPP over 3ml of 70% percoll in plasma. The
58

cell suspension was layered carefully onto two such gradients and centrifuged (400g;
17min 20°C).

Neutrophils were harvested from the 70%/50% percoll interface in

1.0-1.4ml. A 10/xl sample of cell suspension recovered from the percoll/plasma gradient
was diluted 2000-fold in azide-free balanced electrolyte solution (Isoton 2). The total
number of red and white blood cells was measured in a Coulter Counter (Model M2,
Coulter Electronics Ltd).

Erythrocytes were then lysed using approximately 20^1

Zaponin (potassium cyanide in Isoton 2) and the number of white blood cells measured.
From this value the total number of neutrophils recovered from the gradient was
determined.
Neutrophils (approximately 3.5-5.0xl0^cells in l-2ml volume) were incubated with
"^InClg

(50-200/xCi

in

10-15/xl

of

0.04m

hydrochloric

acid)

chelated

to

2-mercaptopyridine-N-oxide (4/xg in 100/xl phosphate buffered saline; pH7.5) for 15min
at room temperature. Labelled leukocytes were then washed three times in 10ml of PPP
(400g; 7 minutes at 20®C) and finally resuspended in 3ml of PPP and injected, via a 19
gauge butterfly into the ear vein of recipient animals.
The purity of the resulting neutrophil suspension was greater than 95% as
determined by light microscopy of Grunwald and Giemsa stained films (see section 2.5)
and viability was greater than 95%, as judged by trypan blue exclusion.
A 10^1 sample was taken from the 3ml cell suspension just prior to i.v. injection.
This sample was diluted 100-fold and the radioactivity in counts per minute (CPM)
determined. From this the total number of neutrophil-bound " ‘In counts was calculated
as:

cpm per neutrophil =

cpm injected (ie. cpm in 10/xlx300)

No of neutrophils injected
A 10/xl sample was removed from the supernatant following each " ‘In-neutrophil
wash step. Each sample was diluted l(X)-fold and counted in a gamma-counter. From
these, and the total cpm injected, the total cpm used during the labelling procedure was
calculated as:

total cpm = cpm injected 4- cpm in washes 14-2-H3
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The percentage binding of " ‘In of the neutrophils in vitro was then calculated as;

binding =

cell associated after wash 3 x 100

total cpm

From the blood sample taken by cardiac puncture just prior to death (see section
2.1.1) three 1ml samples were centrifuged (78(X)g; 5 minutes) and the resulting plasma
was separated from the corresponding cell pellets. The volume of all tubes was made up
to ml and the cpm measured in a gamma counter.
1

The cell-bound and the free (plasma) cpm were used to calculate the percentage
free " ‘In in the blood in the following way;
% free " ‘In =

cpm in plasma

xlOO

cpm in plasma + cell bound cpm

Data from experiments where a high (>10% ) level of free circulating " ‘In was
found were discarded.
The percentage circulating " ‘In-neutrophils at the end of experiments was
estimated as follows:

% circ. cells =

cpm in 1ml blood x total blood volume

xl(X3

cpm injected
where the toal blood volume was calculated as . % of the body weight.
8

2.3

0

Experimental protocols measuring oedema formation or oedema formation
together with neutrophil accumulation using the rabbit skin bioassav
In the standard protocol used for the investigation of local plasma protein leakage

and, where appropriate, the local accumulation of " ‘In-neutrophils, ‘^^ -HSA and
1

‘"In-neutrophils were injected intravenously 15 minutes prior to the intradermal injection
of agents under test, coinjected with a vasodilator prostaglandin (PGEj). Control skin
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sites were injected with sterile saline or PBS. The accumulation of labels in skin sites
was then measured over a 30 minute in vivo test period.

Oedema formation and

"Un-neutrophil accumulation in response to test agents was compared to the baseline
response to saline and prostaglandin Eg.

This protocol was adapted according to

experimental requirements as follows:

2.3.1 Investigation of the mechanisms of oedema formation

In order to investigate mechanisms of oedema formation induced by inflammatory
mediators in the absence of a vasodilator the accumulation of i.v. *^I-HSA into skin sites
was measured over 4 hours in addition to 30 minutes in the same animals. Skin sites
were injected i.d. 15 minutes after i.v. "U-HSA and separate sites were then injected 3'A
hours later, 30 minutes prior to termination of the experiment (see section 3.2.3).
The involvement of the generation of various inflammatory mediators to oedema
responses was investigated by pre-treating skin sites i.d. with various blocking agents,
for example, indomethacin and mepyramine maleate for

1 0

minutes prior to the injection

of test agents into the pretreated sites (see sections 3.2.3 and 3.2.4). Control sites were
pretreated intradermally with saline. The activity of the various blocking agents was
confirmed by i.d. injection of the appropriate inflammatory mediator into pretreated. sites.

2.3.2 The effect of intravenously administered agents on oedema formation induced
bv inflammatorv mediators

A "two-stage" protocol was adopted to test the action of various intravenously
administered agents on oedema formation induced by i.d. inflammatory agents (see
sections 3.2.5, 3.2.6 and 3.2.7). These experiments were designed such that each animal
served as its own control. Animals were injected i.v. with "U-HSA, followed by i.d.
injection of inflammatory mediators in the presence of PGBg. The accumulation of label
was allowed to proceed for 30min before i.v. injection of agent under investigation,
followed by further i.d. injections of the same inflammatory mediators into a second set
of injection sites. Responses were allowed to proceed for a further 30 minutes. Oedema
responses over the first 30 minutes in the absence of i.v. test agent were then compared
with those obtained to the same inflammatory mediators over the second period of 30
minutes in the presence of the i.v. test agent. Control animals received an i.v. injection
of sterile saline prior to the second series of i.d. injections.
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2.3.3 Measurement of the duration of action of inflammatory mediators

In order to measure the duration of the permeability-increasing activity of
inflammatory mediators animals were injected i.d. with mediators of increased
microvascular permeability at various times before an i.v. injection of *^I-HSA and
Evans blue dye at t= 0. Prostaglandin E%(3xlO'*°mol per site) was then injected into all
skin sites previously injected with permeability-increasing mediators.

Any oedema

increasing activity remaining in skin sites would then be potentiated by vasodilator and
was assessed after 30 minutes. To investigate a possible effect of colchicine on the
duration of permeability increasing action of inflammatory mediators colchicine was
injected i.v. at the time of administration of ^^^I-HSA, control animals received i.v.
saline. The duration of the permeability increasing action of colchicine treated animals
was compared with that in saline treated animals (see section 3.2.8).

2.3.4 The effect of local dexamethasone on inflammatorv responses

In experiments where the effect of local dexamethasone was investigated (see
section 4.2.1 4- 4.2.2) skin sites were pretreated i.d. with dexamethasone (2xl0‘*°mol per
site) or indomethacin (10'*mol per site) for various times (15, 90 or 240 minutes) before
the i.v. administration of " ‘In-neutrophils, ‘^^I-HSA and Evans blue dye. Test agents
were then injected i.d. together with PGE; into the pretreated sites. Control sites were
pretreated i.d. with saline. The accumulation of labels in skin sites was then measured
over a 30 minute in vivo test period.

2.3.5 The effect of systemic dexamethasone on inflammatorv responses

The experiments described in section 4.2.4 were designed to evaluate the effect
of systemic treatment of recipient rabbits with dexamethasone.

Washed labelled

neutrophils separated from the blood of a donor animal were divided equally for i.v.
injection, together with ‘^^I-HSA into two recipient animals, one test and one control
rabbit. Test recipient rabbits were treated systemically with dexamethasone (3mg/kg) 4h
before i.v. injection of labelled cells and ‘^^I-albumin. Control animals received an equal
volume of saline. All recipient animals received i.d. inflammatory mediators and the
accumulation of labels into skin sites was allowed to proceed for 30 minutes.

2.3.6 The effect of dexamethasone on the neutrophil in vivo

In order to investigate the effect of dexamethasone specifically on the neutrophil
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in vivo the experiments described in sections 4.2.6 and 4.2.7 were designed. Pairs of
neutrophil donor rabbits were treated i.v. with dexamethasone ( mg/kg) or an equal
3

volume of saline. 4h later blood from each pair was collected, neutrophils isolated and
"^In-labelled in parallel as described in section 2.2. "^In-cells from treated and control
donor animals were then injected i.v. into two untreated recipient animals, together with
*^I-albumin. Cell numbers were adjusted if necessary so that each pair of recipient
animals received the same number of labelled neutrophils. Neutrophil accumulation and
oedema formation were measured in skin sites over 30 minutes.
All procedures for each pair of saline and dexamethasone treated rabbits were
carried out in parallel.

2,3.7 The effect of dexamethasone on blood flow

The effect of dexamethasone on blood flow was assessed by pretreating skin sites
locally with dexamethasone (80ng/site, equivalent to x "*° moles per site) or saline as
2

1 0

a control for 4h prior to re-injection of the sites with doses of PGEg or saline mixed with
"^Xe as described in section 2.1.3.

2.4

Preparation of zymosan-activated plasma

Zymosan activated plasma was used as a source of C5a des Arg. New Zealand
White rabbits were anaesthetised with sodium pentobarbitone, cannulated via the carotid
artery and bled into heparinised tubes (lOU/ml).

Rabbit plasma was prepared and

incubated for 30 minutes at 37°C with zymosan 1mg/ml under shaking conditions.
Zymosan was removed by centrifugation (2500g for 2x10 minutes).

Before use the

zymosan activated plasma was desalted by passing over a Sephadex G-25M (PD-10)
column. Activated plasma was then stored in aliquots of 1ml at -20®C. The C5a des
Arg content of activated plasma was measured by radioimmunoassay by Dr P Jose (Jose
et al 1983) and was approximately 3xl0‘"moles/0.1ml.

2.5

Staining procedure for leukocytes

Blood smears were air dried for at least 1 hour and then fixed in methanol (5
minutes). The slides were directly transferred to 50% May Grunwald stain and then 10%
Giemsa, both for 5 minutes.

After washing in tap water the slide was ready for

differential cell counting. From the Coulter counter analysis (white leukocyte count see
section . ) and the differential count, the number of neutrophils per ml of whole blood
2

2
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was calculated.

2.6

The generation of inflammatory exudate; the rabbit peritoneal cavity model

2.6.1 Generation and recovery of peritoneal exudate fluid

To investigate the generation of inflammatory mediators in vivo large quantities
of easily recoverable inflammatory material must be obtained. An acute inflammatory
response was induced in the peritoneal cavity of rabbits, the accumulated inflammatory
material was then drawn off from the cavity for identification of inflammatory mediators
(Forrest et a l, 1986).
Male, specific pathogen free, New Zealand white rabbits (2.5-4.0kg) were
anaesthetised with an intravenous injection of Sagatal, 30mg/kg initially followed by
maintenance doses as required. Evans blue dye (2.5% w/v in sterile saline, 0.22/xM
Millex sterile filtered, 0.5ml/kg) was injected intraveously to monitor plasma protein
extravasation into the peritoneal cavity. The abdomen was shaved and a sterile 14-gauge
concentric polythene cannula and steel needle (Arterioveine 11720) was inserted into the
peritoneum. The needle was withdrawn and the cannula was held in place with surgical
adhesive tape. Approximately 1ml of sterile pyrogen free saline was flushed through the
cannula and drawn back to ensure the needle had not penetrated the intestines. Any
animals where a coloured discharge was visible were discarded.

A suspension of

zymosan A (lOmg/ml) in 50ml sterile pyrogen free saline (prepared as described in
section 2.6.2) prewarmed to 37®C was injected into the peritoneum via the cannula.
Control rabbits were injected with 50ml sterile saline at 37°C. The end of the cannula
was stoppered and the peritoneum gently massaged to disperse the injected liquid.
At various times thereafter (5 mintues, up to h) the stopper was removed and
8

1

. ml of exudate was withdrawn from the cavity, via the catheter, into
8

2

0

0

/d of freshly

prepared "cocktail" containing lOmM sodium EDTA pH7.2, 1% azide, 1mg/ml
indomethacin, 1mg/ml phenidone and 1mg/ml phenylmethyl-sulphonyl-fluoride (PMSF),
final concentrations respectively to prevent in vitro generation of inflammatory mediators.
Following immediate mixing an aliquot of the exudate was removed for cell counting (see
section 2.6.3) and the remainder of the sample was immediately centrifuged (1950g;
lOmin at 4°C) to remove accumulated leukocytes and particulate matter. A 100/d aliquot
of the cell-free supernatant was removed for spectrophotometric analysis of blue dye
concentration (see section 2.6.3) and the remainder of the supernatant was immediately
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stored at -20°C for subsequent determination of inflammatory mediator concentration by
radioimmunoassay (see section 2.6.4).

2.6.2 Preparation of zvmosan for intraperitoneal injection
Zymosan A (from saccharomyces cerevisiae) which had previously been stored
as a solid at 0-5 °C was used in all experiments. Suspensions of zymosan^Omg/ml) were
prepared in 50ml aliquots in sterile pyrogen free saline containing 40^M polymixin B
sulphate (in order to negate the effects of any endotoxin present, (Collins et al., 1991a).
Zymosan suspensions were mixed for 1 hour at 37®C before centrifugation (1200g;
lOmin). Zymosan pellets were then resuspended in sterile pyrogen free saline, pooled
under sterile conditions and aliquotted into sterile falcon tubes (50ml/tube). After
centrifugation (1200g; lOmin) zymosan pellets were stored at -20®C until used. Pellets
were thawed and resuspended in 50ml of sterile pyrogen free saline (37°C) before i.p.
injection.

2.6.3 Measurement of the inflammatorv reaction in the peritoneal cavity
Plasma protein extravasation into the peritoneal cavity was monitored as the
intraperitoneal accumulation of intravenously-injected Evans blue dye (which binds to
plasma albumin) using spectrophotometric analysis at 620nm. Using the absorbance of
plasma, obtained from blood removed at the end of the experiment, the exudate: plasma
blue dye ratio was determined.
The number of polymorphonuclear leukocytes in peritoneal exudate samples was
determined by diluting the exudate in an equal volume of gentian violet ( ml % crystal
1

1

violet; 1.5ml glacial acetic acid; 97.5ml distilled water) and counting the PMNLs in an
improved Neubauer chamber microscopically.

2.6.4 Determmation of inflammatorv mediator concentration in peritoneal exudate
samples
Levels of immunoreactive leukotriene B

4

thromboxane Bj

(i.r.TxBz),

(i.r.

LTB ),

immunoreactive prostaglandin

immunoreactive -oxo-prostaglandin F,„ (i.r.
6

6

4

immunoreactive

Ej

(i.r.PGE ) and
2

- x PG P,J were measured in cell-free
0

0

exudate samples by specific radioimmunoassays (RIA) developed and fully characterised
by Imperial Chemical Industries (Carey & Border, 1986; Border & Carey, 1984; Carey
e ra /., 1989).
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Samples and standards were diluted when appropriate in the relevant RIA buffer
(0.04M sodium dihydrogen phosphate in 0.9% sodium chloride containing 0.1% bovine
gamma globulin, pH7.4). They were prepared in duplicate in glass tubes in a final
volume of 0.1ml and incubated for 16-24h at 4°C with 0.1ml pH] ligand (6x10^ dpM)
and 0.2ml of appropriately diluted specific antibody in a competitive binding assay. The
dilution of each specific antibody used was such that in the absence of authentic material,
40-50% of the pH] ligand was bound to antibody, with non-specific binding less than 5%
(i.e. binding in the absence of antibody). Control samples of total radioactivity added,
total binding of label in the absence of cold material, and non-specific binding in the
absence of antibody were also produced. Free and antibody bound ligand were separated
by addition of 0.2ml of dextran coated charcoal (0.5% (w/v) dextran T70 and 1% (w/v)
charcoal) for 15min at 4°C, followed by centrifugation (1500g; 15min 4®C).

The

supernatant (0.45ml) was removed and radioactivity determined by scintillation counting
using an LKB Rack Beta 1216 counter.

The concentration of material in unknown

samples was read from the standard curve, dilutions of unknown samples were used such
that the level of radiolabelled ligand displaced was a value on the linear portion of the
standard curve.

Results are expressed as ng material/ml exudate.

The minimum

detectable levels of material are approximately 5pg/ml.

2.6.5 Confirmation of immunoreactive LTB^ identity

Authentication of immunoreactive LTB detected in inflammatory exudates was
4

kindly carried out by Dr D Masters at Imperial Chemical Industries using reversed-phase
HPLC (Rp HPLC) fractionation. All solvents used were of the highest purity available.

2.6.5.1

Separation of LTB^

Prior to Rp HPLC LTB present in inflammatory exudate was isolated on Bond4

Elut cyanopropyl mini-columns (C-18 columns). Mini-columns were preconditioned with
two 0.5ml aliquots of methanol followed by 2x0.5ml of 1% methanol.

Samples of

inflammatory exudate were adjusted to pH5.6 with IM citric acid (25% v/v) and loaded
onto the C-18 columns under nitrogen pressure. Samples were eluted using 3x0.5ml of
methanol, and lOO/il of each was immediately analysed by Rp HPLC. Using this mini
column separation procedure overall recoveries of LTB of approximately 80-90% have
4

been obtained.
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2.6.S.2

Rp HPLC
Rp HPLC was carried out using a Schimadzu LC320 pump and UV detector with

a 5(1 spherisorb OD52 column (24x0.46cm) and linear gradient of 70-95% methanol in
0.1% (v/v) glacial acetic acid and water, pH5.6 as the mobile phase at a flow rate of
2ml/min. The column was calibrated using a "cocktail" of radiolabelled pH] LTB ,
4

pH]12-HETE and pH] arachidonic acid in 70% methanol, of which 10^1 was loaded onto
the column and 70, 0.2min fractions were collected. Samples (0.1ml) were loaded at a
flow rate of 0.2ml/min for 4 minutes and were similarly eluted as 40, 0.35min fractions
(700^1) at a flow rate of 2ml/min (ie. over 14 minutes, as for standards). Fractions
(standards and samples) were evaporated to dryness and immediately reconstituted in
sample buffer prior to scintillation counting using an LKB Rack Beta 1216 counter and
RIA (see Section 2.12). The retention time of immunoreactivity in exudate samples was
then compared with that of the authentic pH] LTB .
4

2.7

Experimental protocols using the peritoneal cavitv model

The inflammatory reaction in response to intraperitoneal zymosan was investigated
further in two separate series of experiments using adapted versions of the protocol
described in section .
2

2.7.1

6 . 1

,

The effect of depletion of circulating neutrophils on the inflammatorv
response to i.p. zvmosan

To determine the possible contribution of accumulating neutrophils to the
inflammatory response to zymosan, animals were depleted of circulating neutrophils using
mustine hydrochloride (see section

2

. ) prior to challenge with i.p. zymosan and
8

monitoring of the subsequent inflammatory response (see sections 2.6.3 and 2.6.4). The
inflammatory response to i.p. zymosan was monitored in paired control animals that had
not been depleted of neutrophils.

2.7.2 The effect of dexamethasone on the inflammatorv response to i.p. zvmosan
Pairs of animals were treated i.v. with either dexamethasone (3mg/kg) or saline
as a control.
dexamethasone

4h later test animals were treated with a second i.v. injection of
( 1

mg/kg), whilst control animals again received an equal volume of

saline. Test and control animals were then anaesthetised with i.v. Sagatal and given i.v.
Evans blue dye and i.p. zymosan (500mg in 50ml sterile saline). Inflammatory exudate
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samples were withdrawn for up to

6

hours and the inflammatory response generated in

control animals was compared to that obtained in test, dexamethasone treated animals (see
section 5.2.4).
To extend this series of experiments investigating the effect of i.v. dexamethasone
treatment on the generation of inflammatory mediators in response to i.p. zymosan these
animals were also used to look at the generation of LTB4 ex vivo from calcium ionophore
challenged peripheral blood leukocytes.

2.8

Treatment of rabbits with mustine hydrochloride

On day one mustine hydrochloride (1.75mg/ml in sterile saline, 1ml/kg) was
injected intravenously into rabbits following the removal of a
sample into heparin.

1

ml peripheral blood

On the fourth day a further blood sample was taken and then

animals were used to investigate the inflammatory response to i.p. zymosan in the
absence of neutrophils (see section 5.2.3). Animals entering the control group received
saline 1ml/kg i.v. on day one followed by i.p. zymosan on day 4. Blood samples were
also obtained from control rabbits.
From each blood sample a 10/xl aliquot was taken to determine the whole
leukocyte count using a Coulter counter (as described in section 2:2). Blood smears were
also taken and stained enabling the number of polymorphonuclear leukocytes as a
percentage of the total white blood cell count to be obtained (see section 2.5).

2.9

Stimulation of blood with A23187

Blood "samples” were taken into lOOU/ml heparin, before and 4 hours following
intravenous dexamethasone treatment (3mg/kg) and challenged with the calcium
ionophore A23187. Parallel blood samples from control saline treated animals were
similarly challenged. At each time point, for each animal 250/xl aliquots of blood were
preincubated for lOmin at 37°C prior to the addition of 5/xl A23187 (0.5mg/ml in
DMSO), control incubations received an equal volume of DMSO vehicle (triplicate
samples for each). Reactions were allowed to proceed for 15min at 37°C before being
terminated by the addition of 50/xl of "cocktail" (ImM BW755C, ImM indomethacin,
l(X)mM EGTA, 1% sodium azide, pH7.2). Plasma was then harvested by centrifugation
in an Eppendorf microfuge (15000g; 2min) and stored at -20°C for subsequent
determination of LTB content by RIA (see Section 2.6.4).
4
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2.10

Detection of endotoxin levels present in solutions

The amount of bacterial endotoxin in solutions for i.v. administration was kindly
determined by Mr Gary Douglas using a modified Limulus Amebocyte Lysate (LAL) test
and a synthetic colour producing substrate to detect endotoxin chromogenically. Samples
were mixed with the Limulus Amebocyte Lysate supplied in the test kit and incubated at
37°C for 10 minutes.

Any gram-negative bacterial endotoxin present in the sample

catalyzes the activation of a proenzyme in the Limulus Amebocyte Lysate. A colourless
substrate solution was then mixed with the LAL-sample and incubated at 37°C for an
additional 3 minutes.

Any activated enzyme present catalyzes the splitting of P-

nitroaniline from the colourless substrate to form a yellow colour. The absorbance of the
sample was then determined spectrophotometrically at 405nm, having stopped the reaction
by addition of 25% acetic acid.

The correlation between the absorbance and the

endotoxin concentration is linear, and the concentration of endotoxin in samples was
calculated from a standard curve.

2.11

Materials

Rabbits were from Froxfield Farm, Froxfield, or Hacking and Churchill,
Huntingdon. Sagatal and Expirai (Sodium pentobarbitone) were from May and Baker
Ltd, Dagenham. "'InClg (2mCi in 0.2ml sterile, pyrogen free 0.04N hydrochloric acid),
‘^^I-human serum albumin (20mg albumin per ml of sterile isotonic saline, 50/xCi/ml) and
'% enon (lOmCi in 3ml sterile pyrogen free saline) were from Amersham International
Pic, Little Chalfont. Hespan ( % hydroxy-ethyl starch in 0.9% NaCl) was from Dupont
6

Ltd, Stevenage. Percoll and Sephadex G-25M (PD-10) columns were from Pharmacia
Ltd, Milton Keynes. Steriflex (sterile, pyrogen free isotonic saline solution) was from
the Boots Company, Nottingham. Bradykinin, N-formyl-methionyl-leucy 1-phenylalanine
(FMLP), N-formyl-norleucyl-phenylalanine (FNLP), N-formyl-methionyl-phenylalanine
(FMP),

N-formyl-methionine

(FM),

indomethacin,

2-mercaptopyridine-N-oxide,

prostaglandin Eg (PGEg), arachidonic acid (AA), zymosan A were purchased from Sigma
Chemical Company, Poole. Heparin sodium BP (0.3% cresol as preservative) was from
Paines and Bryne Ltd, Greenford. Platelet activating factor (PAF) was from Bachem,
Saffron Walden, Essex.

Evans blue dye, histamine acid phosphate, di-sodium

ethylenediamine tetraacetic acid (EDTA) were from British Drug Houses Ltd, Poole.
Arterioveine 11720 14 gauge catheters were from Vygon, Ecoven, France. Mepyramine
Maleate was from May and Baker Ltd, Dagenham. Dexamethasone phosphate ( mg,
8
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dexamethasone phosphate in 2ml ampoules) was from David Bull Laboratories, Warwick.
N-formyl-methionyl-methionyl-phenylalanine (FMMP) was from Miles Laboratories,
Buckinhamshire. The following were generous gifts: Human CGRP from Dr U Ney,
Celltech Ltd, Slough. LTB from Dr SJ Foster, Imperial Chemical Industries, Cheshire.
4

N-formyl-methionyl-leucyl-phenylalanine-phenylalanine(FMLPP) was from Dr RJ Freer,
Medical College of Virginia, Richmond, Virginia USA. Sodium ibuprofen dihydrate was
from Dr IM Hunneyball, The Boots Company.

2.12

Statistical Analysis

Results are expressed as the means ± S.E.M. for n animals or n pairs of animals
where each datum unit is the average of

6

replicate sites. Where appropriate data were

analysed by two-way analysis of variance (ANOVA) of log transformed data and
statistical significance determined with the Neuman-Keuls procedure for multiple
comparisons (Snedecor & Cochran, 1967). A p value of less than 0.05 was considered
statistically significant.
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CHAPTER 3

CHARACTERISTICS OF OEDEMA FORMATION INDUCED
BY FMLP

3.1

Introduction

In 1975 Schiffmann and his colleagues showed that synthetic formylmethionyl
peptides were potent chemoattractants for leukocytes and that they resembled chemotactic
substances in bacterial cultures (Schiffmann et aL, 1975b; Schiffmann et al. y 1975a).
Bacterial proteins are synthesised with a formyl-blocked N terminal methionine which is
subsequently cleaved.

Schiffmann et al (1975a) thus suggested that eukaryotic cells

accumulating at foci of bacterial infections may be responding, at least in part, to these
bacterial products. In a structure-activity relationship study of 24 synthetic peptides Nformyl-methionyl-leucyl-phenylalanine (FMLP) was found to be the most potent
chemotactic and enzyme-releasing stimulus (Showell et al., 1976). Subsequently this
same peptide was identified as the major chemotactic factor in E.coli culture broths
(Marasco et a l, 1984).

Furthermore Carp (1982) demonstrated that, in addition to

prokaryotes being a source for n-formyl peptides, eukaryotic mitochondrial proteins also
had N-terminal formyl methionine which was chemotactic for neutrophils.

Receptor

antagonists to these formyl peptides have been described (Freer et al., 1980; Becker,
1987). While the role of these peptides as endogenous chemotactic substances remains
unclear, the above findings demonstrate that, either through infection or tissue damage,
such substances are likely to be present and could contribute to the recruitment of
neutrophils into tissues in vivo. In addition to being a potent chemotaxin, FMLP shares
with leukotriene B and the complement fragment C5a the ability to promote neutrophil
4

adherence to vascular endothelium, degranulation and production of toxic oxygen species
(Boxer et al., 1989; Hafstrom et al., 1981; Hoover et a l, 1984; Palmblad et al., 1984;
Showell et al., 1976; Tonnesen et al., 1984; Webster et a l, 1980). In vivo FMLP has
been shown to increase neutrophil accumulation in the lung (Desai et a l, 1979), hamster
cheek pouch (Nagai & Katori, 1988) and rabbit skin (Colditz & Movat, 1984b; Rampart
& Williams, 1988). Wedmore & Williams (1981a) showed that FMLP together with C5a
and LTB shared the distinction of being neutrophil dependent in their ability to enhance
4

vascular permeability (see also section 1.2.3),
The goals of the present study were to compare the activity of formyl peptides in
the skin microvasculature and to investigate the characteristics and underlying
mechanisms of FMLP-induced oedema formation.
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Measurement of oedema formation can be achieved using a variety of techniques
covering a wide range of sophistication. Determination of tissue thickness or volume are
simple but adequate methods. Evans blue dye binds avidly to albumin when injected
intravenously. Thus, the amount of dye accumulating in a tissue can be used to estimate
protein leakage, but quantification is difficult. Measurement of the extravasation of
intravenously administered radiolabelled albumin provides a rapid and accurate
assessment of tissue oedema which can easily be quantified, with no subjective estimation
involved, using a gamma counter.
The rabbit dorsal skin provides a convenient model for the study of inflammation.
It is a large accessible organ, which allows multiple treatment sites in the same animal.
By use of a balanced site plan the effect of several different treatments can be assessed
simultaneously or time-courses followed within an experiment.
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3.2

Results

3.2.1 The effect of vasodilator prostaglandin

on oedema formation induced bv

histamine and FMLP in rabbit skin

Figure 3.1 shows that over a 30 minute period histamine (2.5xlO ’moles/site) and
FMLP (at doses of 5x10"^^ and 5xlO'"moles/site) injected alone induced a significant
(p<0.05) but small increase in plasma leakage when compared with control sites injected
with phosphate buffered saline (PBS). As previously documented, coinjection of the
vasodilator substance PGE (3xlO*‘°moles/site) resulted in large potentiated
2

oedema

responses by all doses of histamine and FMLP (figure 3.1). This potentiation occurs as
a result of synergism between increased microvascular permeability induced by mediators
such as histamine and FMLP, and the increased microvascular blood flow induced by
PGEj (Williams & Morley, 1973; Williams & Peck, 1977; Wedmore & Williams,
1981a). PGE (3xlO *°moles/site) injected alone induced little plasma leakage as shown.
2

On a molar basis FMLP was 100-1000 times more active than histamine in increasing
microvascular permeability (figure 3.1).

3.2.2 The effect of formvl-peptides on the skin microvasculature

To investigate the relative ability of six formyl peptides to increase microvascular
permeability the peptides were co-administered intradermally with prostaglandin Eg (3x10
*°moles/site) in rabbit skin. The accumulation of intravenously administered ^^^I-albumin
was measured over 30 minutes. Figure 3.2 shows the oedema responses induced by
the
various doses of formyl-peptides. The peptide most potent in increasing permeability was
N-formyl-methionyl-leucyl-phenylalanyl-phenylalanine (FMLPP); significant oedema
responses (p<0.05) being obtained with 5xlO'*'*moles/site when compared with responses
to PGEg alone. At higher doses (5x10"*^ and 5xl0‘"moles/site) FMLPP showed similar
activity to N-formyl-methionyl-leucyl-phenylalanine (FMLP), giving responses of 60±5
and 65±9/xl/site respectively at the highest dose. The analogues N-formyl-norleucylphenylalanine (FNLP) and N-formyl-methionyl-methionyl-phenylalanine (FMMP) were
equi-active and approximately ten times less active than FMLP, giving responses of
42±4 and 40±5/xl/site respectively at a dose of 5xlO "moles/site. N-formyl-methionylphenylalanine (FMP) was considerably weaker giving only 20±2/xl of oedema/site at
5x10 "moles/site. No oedema formation in response to 5x10 " moles/site of N-formylmethionine (FM) was detected, ie the response to intradermal injection of FM + PGEg
was no different to that obtained with PGEg alone.
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Figure 3.1
Oedema responses in rabbit skin induced by i.d. injection of N-formyl-methionyl-leucylphenylalanine (FMLP) and histamine (HA) at the concentrations shown (mol per site).
Mediators were injected either alone (open circles FMLP, open triangles histamine), or
in the presence of a fixed potentiating dose of prostaglandin Ej (PGEg, 3xl0'^°mol per
site) represented by closed circles for FMLP+PGEj; closed triangles for HA+PGE .
2

Oedema responses were measured over 30 min. The dashed line shows the control value
obtained after i.d. injection of PBS. Each point represents the mean ± s.e.mean for n
rabbits, * p <0.05 with respect to PBS.
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Figure 3.2
Oedema responses in rabbit skin induced by i.d. injection of a range of N-formyl
peptides; N-formyl-methionyl-leucyl-phenylalanine (FMLP), N-formyl-methionyl-leucylphenylalanyl-phenylalanine

(FMLPP),

N-formyl-norleucyl-phenylalanine

(FNLP),

N-formyl-methionyl-methionyl-phenylalanine (FMMP), N-formyl-methionyl-phenylalanine
(FMP), N-formyl-methionine (FM).

Concentrations are given as mol per site.

All

peptides were coinjected with a fixed potentiating dose of prostaglandin Eg (PGEg, SxlO"^®
mol per site). Responses were measured over 30min. The dashed line shows the value
obtained after i.d. injection of PBS. Each point represents the mean ± s.e.mean for n
replicate experiments.
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Further experiments to investigate the characteristics and mechanisms of oedema
formation were performed using FMLP.

3.2.3

Effect of local treatment with indomethacin on oedema responses
induced bv FMLP

The accumulation of intravenous ^^I-albumin in response to intradermal FMLP
(5xl0*“ moles/site) was measured over 4 hour and 30 minute periods in the same animals.
In six rabbits significantly elevated plasma accumulation was observed after 4 hours
FMLP administration when compared with 30 minutes (17±3 and ±2/xl/site respectively
6

results subtracted for PBS values, p<0.05). To investigate any possible contribution of
pro-inflammatory products of the cyclo-oxygenase pathway to the FMLP-induced oedema
response skin sites were treated locally with the cyclooxygenase inhibitor indomethacin
(10'*moles/site) for 10 minutes prior to injection of the same dose of FMLP (5xlB
"moles/site).

Neither 4 hour or 30 minute oedema responses were affected by

indomethacin (responses were 18+3 and 5+2/xl oedema/skin site respectively, values
subtracted for PBS sites, as shown in table 3.1). These results suggest that inflammatory
products of the cyclooxygenase pathway did not contribute to the FMLP-induced
responses observed.

3.2.4. The effect of mepvramine on FMLP-induced oedema formation

It has been reported by Desai et al (1979) that FMLP-induced neutrophil
accumulation in hamster lung was accompanied by a small permeability change which it
was suggested might be due to histamine release. Furthermore, N-formyl-peptides have
been shown to stimulate histamine release from human basophil-rich leukocytes (Hook
et a l, 1976). To investigate the possibility that endogenous histamine is released in
rabbit skin in response to FMLP skin sites were treated locally with the anti-histamine
mepyramine maleate (3xlO'^moles/site) just prior to injection of FMLP (2.5x10’
"moles/site) + PGE; (3x10'^°moles/site). Control skin sites were injected with an equal
volume (100/xl) of PBS prior to injection of the same doses of FMLP + PGE^. The
susceptibility of oedema responses induced by FMLP + PGEg to inhibition by
mepyramine showed some inter-animal variation, however in six rabbits the mean effect
was minimal; 18+6% suppression (p>0.05). In the same group of animals oedema
responses to injection of a mixture of histamine (2.5xlO’*moles/site) + PGEj (3x10
^°moles/site) were suppressed by a mean 84+3% by the local administration of the same
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Time after i.d. FMLP

Microlitres plasma per site induced by i.d. FMLP

(mins)

(5x1 O'" moles/site)
- Indomethacin

30

6

240

17±3*

±

+ Indomethacin

5± 2

2

18±3*

Table 3.1
Increased vascular permeability in rabbit skin in response to N-formyl-methionyl-leucylphenylalanine (FMLP).

The indicated dose of FMLP was injected i.d. and plasma

accumulation measured over 4h and 30min, in the absence and presence of local
indomethacin (10'®mol per site for 10 minutes). Values are the mean ± s.e.mean for
n

=

6

rabbits and are corrected for the low levels in PBS injected sites. * Significantly

increased compared with sites injected for 30 minutes, p<0.05.
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dose of mepyramine (p<0.05) which was thus evidently blocking histamine action. The
background value for intradermal injection of PBS alone was subtracted from the data
before calculating percentage inhibitions.
Overall these results demonstrate that, whilst mepyramine was able to inhibit the
local inflammatory actions of histamine 4- PGEj effectively it was unable to influence
oedema formation in response to FMLP + PGEj significantly in this model.

3.2.5. The effect of intravenous infusion of zvmosan-activated plasma on FMLPinduced oedema

In the initial experiments of Wedmore and Williams (1981a) investigating the
neutrophil dependency of oedema formation, neutropenia was induced using nitrogen
mustard 3/4 days prior to experimentation. In this investigation experiments were carried
out to determine if infusion of zymosan-activated plasma (as a source of C5a des Arg)
was able to cause transient neutropenia and selectively effect neutrophil-dependent
oedema responses.
Animals were injected intradermally with FMLP, C5a des Arg (each at 5x10"
"moles/site) and bradykinin (10 *°moles/site), together with prostaglandin Eg (3x10
*°moles/site) and the accumulation of ‘^^I-albumin was allowed to proceed for 30 minutes.
ZAP (previously filtered, 0.22/xm millex) was then infused intravenously at ml/min for
6

30 seconds, then at 0.5ml/min for the remainder of the experiment. Five minutes after
commencing ZAP infusion the remaining skin sites were injected with the same
combination of test agents and ‘^^I-albumin

accumulation measured for a final 30

minutes. This experimental design allowed each animal to serve as its own control.
As indicated in figure 3.3 this technique for rapid systemic neutrophil depletion
was found to be effective at selectively inhibiting neutrophil-dependent oedema responses.
Responses to FMLP and C5a des Arg were significantly inhibited to 67±7% and 74±4%
respectively (p<0.05).

In contrast the response to bradykinin was not significantly

inhibited (mean percentage inhibition of 9 ± %).
2

Total circulating white cell numbers (xlOVml, n=3) were measured using a
coulter counter before ZAP, 5 minutes after ZAP infusion and 35 minutes after ZAP (ie.
the end of the experiment) and are shown in table 3.2, together with the corresponding
neutrophil numbers (xlOVml) assessed using May-Grunwald-Giemsa stain. This table
clearly shows that ZAP infusion caused an immediate (after 5 mins) significant (p< 0.05)
decline in both the total number of circulating white cells and the number of circulating
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Figure 3.3
Effect of i.v. infusion of zymosan-activated plasma (ZAP) on oedema responses in rabbit
skin induced by N-formyl-methyl-leucyl-phenylalanine (FMLP) + prostaglandin Eg
(PGEg), C5a des Arg + PGEg and bradykinin (Bk) + PGEg.

The open columns

represent responses obtained before, and black columns represent responses after infusion
of ZAP. FMLP and C5a des Arg were injected at SxlO’^mol per site, Bk at 10^°mol per
site and PGEg at 3xlO*‘°mol per site. The dashed line shows oedema after i.d. injection
of PBS. Each point represents the mean ± s.e.mean from n
compared with control pre-ZAP values.
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animals, *P<0.05,

Time of Sample

Total No of Leukocytes

No of neutrophils

(xlO^/ml)
Before ZAP

6.6±0.9

2.3±0.4

5 mins after ZAP infusion

3.2±0.6’^

0.1 ±0.04*

35mins after ZAP infusion

4.6±0.7*

0.8+0.3*

Table 3.2
The total number of leukocytes and the number of neutorphils circulating in animals
before and at the indicated times after i.v. zymosan activated plasma (ZAP). Total
leukocyte numbers were determined in a coulter counter and May-Grunwald-Giemsa stain
was used for assessing neutrophil numbers. The values represent the number of cells
xlOVml and are the mean ± s.e.mean for n=3 rabbits. *p<0.05 compared to control,
pre ZAP numbers.
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neutrophils (from 6.6±0.9 before ZAP to 3.2±0.6, 5 minutes after ZAP, and from
2.3±0.4 before ZAP to 0.1 ±0.04, 5 minutes after ZAP for total white cells and
neutrophils respectively). The total white cell and neutrophil numbers rose slightly by
the 35 minute time point but were both still significantly (p<0.05) reduced compared to
pre-ZAP values (table 3.2).

3.2.6 The effect of intravenous Ibuprofen on oedema formation in rabbit skin

Several reports have indicated that the non-steroidal anti-inflammatory compound
Ibuprofen can inhibit certain PMN leukocyte responses (including aggregation,
locomotion, enzyme release and oxygen burst) in vitro (Maderazo et a l, 1984; Flynn et
a l, 1984; Kaplan et a l, 1984) and ex vivo (Kaplan et a l, 1984) by a mechanism or
mechanisms independent of cyclooxygenase inhibition. Thus the present investigation
was designed to establish possible cyclooxygenase-independent effects of Ibuprofen on
inflammatory oedema in vivo.
Pairs of animals were injected with doses of FMLP and histamine mixed with
prostaglandin Eg.

The top dose of each permeability increasing mediator was also

coinjected with the prostaglandin precursor arachidonic acid (AA, 3x10 ^moles/site) to
distinguish

cyclo-oxygenase-dependent

and

independent

actions

of

Ibuprofen.

Accumulation of *^I-albumin was allowed to proceed for 30 minutes before intravenous
administration of either ibuprofen (

2

volume of saline.

0

mg/kg) or in the case of control animals an equal

Five minutes after the intravenous injections further intradermal

injections of the same test agents were made in fresh skin sites and *^I-albumin
accumulation measured for a further 30 minutes. The intravenous administration of
saline had no significant effect on oedema responses to all combinations of agents tested
(ie. responses over 35-65 minutes were the same as those measured 0-65 minutes, figure
3.4a).

In contrast, figure 3.4b clearly shows that systemic treatment with ibuprofen

resulted in significant suppression of leakage responses to both FMLP and histamine
when they were potentiated by AA. This is due to inhibition of cyclo-oxygenase and
reduction of potentiating vasodilator prostaglandin production. However, when leakage
responses to FMLP and histamine were potentiated by the simultaneous injection of PGEg
to eliminate effects of cyclo-oxygenase inhibition, only the oedema induced by all doses
of FMLP + PGEg was significantly suppressed by the systemic administration of
ibuprofen. Responses to histamine + PGBg were unaffected by ibuprofen treatment, at
all doses of histamine tested (figure 3.4b).
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Figure 3.4
Oedema responses in rabbit skin induced by i.d. injection of mixtures of N-formylmethyl-leucyl-phenylalanine (FMLP) + prostaglandin Eg (PGEg), histamine (Hist) +
PGEg, FMLP 4- arachidonic acid (AA) and Hist + AA to show the cyclo-oxygenasedependent and independent action of ibuprofen. The symbols are as follows; In (a)
responses before (open circle), and after (closed circle) i.v. saline

( 1

ml/kg) and in (b)

responses before (open circle) and after (closed circle) i.v. ibuprofen (20mg/kg). When
injected with PGEg (3xlO'*°mol per site, FMLP and Hist were tested at the concentrations
shown (mol per site). When injected together with AA (3xlO ’mol per site), FMLP and
Hist were injected at their top doses, i.e. 5x10 " mol per site and lO"* mol per site
respectively. The dashed line shows the value obtained after i.d. injection of PBS. Each
point represents the mean ± s.e.mean from n
compared with control pre-ibuprofen values.
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rabbits, * p< 0.05, ** p<0.01,

Time of sample

Total no. of leukocytes

No of neutrophils

(xlO^cells/ml)
Before Ibuprofen

5.6±1.4

2.0±0.5

5 mins after Ibuprofen

4.9±1.3

1.9+0.4

35 mins after Ibuprofen

5.5±1.3

2.1±0.5

Table 3.3
The total number of leukocytes and the number of neutrophils circulating in rabbits
before and at the indicated times after i.v. adminsitration of ibuprofen (20mg/kg). Cell
numbers were determined as for table 3.2. The values represent the number of cells xlO^
circulating/ml and are the mean± s.e.mean for n= 6 rabbits.
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To eliminate the possibility that endotoxin contamination of the ibuprofen may
have accounted for the observed effects the amount of endotoxin in the ibuprofen solution
(20mg/ml) was measured by use of Limulus amoebocyte lysate and a chromogenic
substrate. The level of endotoxin in the ibuprofen solution was 0.8ng/ml which was
considered to be an insufficient amount to account for the observed effects of the drug
on oedema responses to FMLP + PGE (Haslett et al,, 1987).
2

Total leukocyte numbers (xlOVml) and neutrophil numbers (xlO^/ml) were
measured before, 5 and 35 minutes after intravenous ibuprofen and are shown in table
3.3. Ibuprofen did not affect either the total number of leukocytes or the number of
neutrophils over the 35 minutes of the experiment (table 3.3).
These results demonstrate that intravenous Ibuprofen was able to reduce
selectively oedema responses induced by FMLP + PGE (neutrophil dependent) by a
2

cyclo-oxygenase-independent method.

3.2.7 The effect of colchicine on FMLP-induced oedema formation
The microtubule blocking agent colchicine has been reported to interfere with
several aspects of neutrophil function in vitro and in vivo (Malech et al., 1977a; Valerius,
1978; Cunningham & Smith, 1982; Higgs et al., 1983; Chang, 1975). In an attempt to
investigate the underlying mechanisms involved in neutrophil-dependent oedema
formation, colchicine was administered intravenously and the effect on oedema formation
was monitored. The same protocol as that described in sections 3.2.5 and 3.2.6 was
adopted ie. internally controlled experiments were performed.
Oedema responses to both FMLP + PGE and Bk 4- PGE at all doses tested
2

2

were unchanged in control animals which received 1ml/kg saline intravenously (figure
3.5a). In contrast, as shown in figure 3.5b oedema responses to FMLP 4- PGE; were
virtually abolished after intravenous colchicine (1 mg/kg), while bradykinin 4- PGE

2

responses were unaffected. The small amount of endotoxin (0.05ng/ml) in the colchicine
solution (1 mg/ml) was not thought to have been sufficient to affect oedema responses
(Haslett et a l, 1987).
Circulating leukocyte counts and neutrophil counts were measured in blood
samples taken before, 10 and 40 minutes after colchicine treatment (table 3.4). Over the
40 minute period colchicine caused a fall in circulating neutrophil numbers from 2.8±0.8
to 0.7+0.2 X lO^cells/ml (p<0.05), however, this was a slow decline since 10 minutes
after colchicine a significant (p<0.05) but only relatively small fall to
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Figure 3.5
Oedema responses in rabbit skin induced by i.d. injection of mixtures of N-formylmethyl-leucyl-phenylalanine (FMLP) + prostaglandin Ej (PGEg) and bradykinin (Bk) +
PGE to show the selective effect of i.v. colchicine on neutrophil-dependent oedema
formation. The symbols represent; In (a) responses before (open circle) and after (closed
circle) i.v. saline (1 ml/kg), and in (b) responses before (open circles) and after (closed
circles) i.v. colchicine (1 ml/kg). FMLP and Bk were injected at the concentrations
shown (mol per site) mixed with PGE (3xlO‘*° mol per site). The dashed line represents
oedema in sites injected i.d. with PBS. Each point represents the mean ± s.e.mean from
n = 4 rabbits. * P< 0.05, ** P<0.01 compared with control pre-colchicine oedema
responses.
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Time of sample

Total no of leukocytes

No of neutrophils

(xlO^cells/ml)
Before colchicine

5.9±0.9

2.8±0.8

lOmin after colchicine

4.8+0.6

1.2±0.3*

40min after colchicine

3.8±0.6

0.7+0.2*

Table 3.4
The total number of leukocytes and the number of neutrophils circulating in rabbits
before and at the indicated times after i.v. colchicine (Img/kg). The values represent the
number of cells xlO^ circulating/ml and are the mean ± s.e.mean for n= 4 rabbits.
* P< 0.05 compared to control, pre colchicine numbers.
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1.2±0.3xl0^cell/ml was observed. A similar profile of decline was also obtained for the
total number of leukocytes (table 3.4). Thus, intravenous injection of colchicine resulted
in a slow decline in both the total number of circulating leukocytes and the number of
neutrophils.

3.2.8 The effect of intravenous colchicine on the duration of action of permeabilîtvincreasing mediators
When compared with direct-acting mediators such as bradykinin and histamine
plasma leakage responses induced by the neutrophil chemoattractants are of a long
duration of action ((Wedmore & Williams, 1981a), see section 1.2.3). The t'A for the
duration of the permeability-increasing activity of bradykinin and histamine is
approximately 4 minutes and that of FMLP is approximately

50 minutes.

The

mechanism of this protracted response is unknown. In an attempt to investigate the
protracted nature of the response, colchicine was administered intravenously after
intradermal FMLP injections and the effect on the development of oedema was measured.
Figure 3.6 shows the effect of colchicine administration (1 mg/kg intravenously)
on the duration of action of bradykinin and FMLP in rabbit skin. In these experiments
animals were pretreated with mepyramine (3mg/kg i.v.) to block the action of any
endogenous histamine released by FMLP. They were then injected intradermally with
FMLP or Bk at various time intervals before intravenous injection of ‘“ I-albumin and
Evans blue dye and either saline in the case of control animals or colchicine (1 mg/kg).
A potentiating dose of PGEj (3xl0 ‘°moles/site) was immediately injected into all sites
and oedema responses were then measured over 30 minutes. As shown in figure 3.6
colchicine had no effect on the duration of action of bradykinin, the response half-life in
controls being 5 ± Imin, compared with 4 ± Imin in the colchicine group. In contrast, the
long duration of action of FMLP (response half-life of 36±3min open circles figure 3.6)
was significantly reduced in the presence of colchicine (closed circles figure 3.6). These
results suggest that continuing interactions between functionally active neutrophils and
endothelial cells are necessary for a protracted protein leakage response.
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Figure 3.6
Effect of colchicine on the duration of action by (a) bradykinin (Bk) and (b) N-formylmethyl-leucyl-phenylalanine (FMLP) in rabbit skin. FMLP (5x10"^° mol per site) and Bk
(10 *° mol per site) were injected i.d. at the time intervals shown before an i.v. injection
of *^I-albumin and Evans blue dye and either saline (1 ml/kg) or colchicine (1 mg/kg) at
t= 0 .

PGEj (3x10**° mol per site) was injected i.d. into all skin sites and oedema

formation allowed to proceed for 30min. In (a) responses to Bk and (b) responses to
FMLP in saline (open circles) and colchicine-treated rabbits (closed circles). The dashed
line shows the response obtained after i.d. injection of PBS. Each point represents the
mean ± s.e.mean for n= 6 rabbits, * P< 0.05 with respect to saline treated animals.
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3.2.9

Summary

1)

Oedema responses in rabbit skin to mediators of increased microvascular

permeability are potentiated by coinjection of vasodilator substances such as PGEj.
2)

The rank order of potency of 6 structurally-related formyl peptides in inducing

oedema

formation

in

rabbit

skin

when

coinjected

with

PGE

2

is

FMLPP > FMLP> FNLP/FMMP> FM P> FM.
3)

In this model the inflammatory oedema induced by FMLP increases with time of

FMLP treatment (at least up to 4 hours) and is not a consequence of the generation of
endogenous histamine or pro-inflammatory products of the cyclo-oxygenase pathway.
4)

The intravenous infusion of ZAP is able to cause an immediate depletion of

cirulating neutrophils and the selective inhibition of neutrophil-dependent oedema
formation in the skin induced by mediators such as FMLP, but leaves oedema formation
in response to direct-acting mediators unaffected.
5)

The

non-steroidal

anti-inflammatory

compound

Ibuprofen

administered

intravenously is able to inhibit selectively oedema responses induced by FMLP + PGEj
(neutrophil-dependent) by a cyclooxygenase-independent mechanism(s) which is not due
to depletion of circulating neutrophils.
6)

Intravenous administration of the microtubule blocking agent colchicine abolishes

oedema responses to FMLP 4- PGEj but not histamine + PGEg.

Over 30 minutes

colchicine administration causes a slow decline in the total number of circulating
leukocytes and in the number of neutrophils.
7)

The plasma leakage response induced by FMLP is of a long duration of action

when compared to that of the direct acting mediator bradykinin. Intravenous colchicine
is able to reduce significantly the long duration of FMLP-induced permeability increasing
activity but has no effect on the duration of permeability increasing activity of bradykinin.
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CHAPTER 4

THE

EFFECT

VASCULAR

OF

GLUCQ CORTICOSTEROIDS

RESPONSES

IN

THE

ON

RABBIT

MICROCIRCULATION INDUCED BY INFLAMMATORY
MEDIATORS

4.1

Introduction

As discussed in section 1.5 glucocorticoids are highly effective at reducing almost
every aspect of the inflammatory response. This very complexity can hinder analysis of
their mode of action. In many situations their target and mechanism of action remain
unclear. Such is the case with increased endothelial cell permeability a phenomenon
essential for the development of inflammatory oedema. It is clear that glucocorticoids
can act by suppressing the generation of inflammatory mediators to inhibit permeability
changes. However, since glucocorticoids also inhibit oedema induced by an array of
inflammatory mediators including Bk, 5-HT, histamine and FAF in a variety of animal
species (Tsurufuji et a l, 1979; Church & Miller, 1978; Bjork et a l, 1985; Svensjo &
Roempke, 1985) it has been suggested this is unlikely to be a result of inhibition of
mediator generation and more likely to be a direct anti-exudate effect of glucocorticoids
on the target cell of inflammatory mediators, for example the microvascular endothelial
cell.
In addition, glucocorticoids have also been shown to inhibit oedema formation
induced by chemotactic mediators (Foster & McCormick, 1985; Griffiths & Blackham,
1988; Peers & Flower, 1991) and it remains unclear whether the primary target of
steroids is the endothelial cell, the neutrophil or both. To further complicate matters
glucocorticosteroids have been reported to have vasocontrictor activity. Microvascular
protein leakage and leukocyte accumulation have been shown to be dependent on blood
flow, thus vasoconstriction in vivo can have anti-permeability consequences.
The aim of the present study was to investigate the effects of glucocorticoids on
vascular responses in the rabbit microcirculation induced by a variety of inflammatory
mediators. To achieve this the rabbit skin assay already utilized in Chapter 3 to measure
oedema formation was extended to incorporate the simultaneous measurement of
neutrophil accumulation and the assessment of blood flow. This allowed the effect of
steroids on three aspects of the inflammatory response to be investigated; blood flow,
vascular permeability and neutrophil accumulation.
Skin blood flow was measured using a ‘^^Xenon clearance technique (Williams,
90

1979) which allows multiple treatments and|replicates to be performed simultaneously on
a single animal. Neutrophil accumulation at inflammatory sites was monitored using a
radioisotopic method employing ‘"In-labelling of neutrophils isolated from the blood of
a donor animal. This method allowed protocols to be adopted where either the neutrophil
donor rabbit or the neutrophil recipient rabbit were treated with dexamethasone. This
approach coupled with a comparison of the effects of local and systemic steroid treatment
facilitated a detailed investigation of the possible sites of action of steroids in inhibiting
vascular permeability and neutrophil accumulation induced by a variety of stimuli in vivo.
A detailed knowledge of the way these powerful drugs work may provide the basis
for rational therapies designed to control inflammatory conditions with minimal side
effects. Conversely, pharmacological manipulation may shed light on mechanisms of
action and interaction of chemical mediators in inflammation.
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4.2

Results

4.2.1

The local treatment of rabbits with dexamethasone

4.2.1.1

Effect of local dexamethasone on oedema formation in rabbit skin

Skin sites were treated intradermally with dexamethasone (80ng/site) or saline at
various time intervals before intravenous *^I-albumin and Evans blue dye. Skin sites
were then re-injected with combinations of mediators under test and oedema formation
measured over 30 minutes.
As shown in figure 4.1a local pretreatment of skin sites with dexamethasone
caused a time-dependent inhibition of oedema formation induced by both the direct-acting
mediator bradykinin (shown as open bars) and the neutrophil-dependent mediator ZAP,
used as a source of C5a des Arg (shown as solid bars) when coinjected with PGE;: ie.
after 240 minutes dexamethasone pretreatment the percentage inhibition was 62.0+5.4
(p<0.05) and 62.4+3.8 (p<0.05) for Bk + PGE; and ZAP + PGE; respectively. This
inhibition was considerably greater than that observed with 15 minutes pretreatment
where no significant inhibition was obtained or 90 minutes where a significant, but only
minimal, suppression of the Bk + PGE; response was observed (27.8±5.6% inhibition,
p<0.05).

In contrast, pretreatment of skin sites with the cyclooxygenase inhibitor

indomethacin (3^g/site) had no effect on oedema responses to bradykinin or ZAP when
coinjected with PGE; (figure 4.1b). However, indomethacin pretreatment did inhibit the
exudation potentiation produced by coinjection of mediators with the prostaglandin
precursor arachidonic acid and was thus evidently blocking cyclooxygenase at all
pretreatment times tested (cross hatched bars, p < 0.05, figure 4. lb). The effect of local
indomethacin was remarkably persistent; inhibition was not different for the 15min and
240min pretreatment times. Like its metabolite, arachidonic acid was a poor inducer of
plasma protein leakage when injected alone (mean 8.3±3.0/xl oedema/skin site, data not
shown).
These results demonstrate that the inhibitory effect of dexamethasone on oedema
formation was only evident after a lag period of approximately 240 minutes and that this
inhibition was not a consequence of inhibition of vasodilator prostaglandin generation.

4.2.1.2

Effect of local dexamethasone on ^“ In-neutrophil accumulation in
rabbit skin

In some of the animals discussed in section 4.2.1.1 the accumulation
o f “ In-neutrophils in skin sites was simultaneously measured over the 30 minute period.
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Figure 4.1
Effect of local i.d. pretreatment with dexamethasone (a) and indomethacin (b) on
oedema formation induced by i.d. bradykinin (Bk) 4- prost^landin Eg (PGEg) (open
columns), zymosan activated plasma (ZAP) 4- PGE (solid columns) and Bk 4- arachidonic
acid (AA, hatched columns in b). Skin sites were pretreated locally with either
dexamethasone (2xl0‘*®mol per site), indomethacin (lO^mol per site) or saline for the times
indicated prior to i.v. ‘^-albumin and "'In-neutrophils. Pretreated sites were then reinjected
with mixtures of mediators under test and the response allowed to proceed for 30min as
described in methods. Concentrations of mediators used were as fbllo\ys;Bk (10^°mol per
site), ZAP (1(X)%), PGE (3xl(X^°mol per site), AA (3xl(f’mol per site). For each time
point, responses in drug pretreated sites were cAculated as a percentage of those obtained in
saline pretreated sites in the same rabbit. Calculations were performed using data after
subtraction of the relevant background response for each animal (saline injected skin).
Responses are mean ± s.e.mean for n=4-7 rabbits. Significant inhibition, *P<0.05.
2

2
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"^In-neutrophils separated from the blood of donor rabbits were injected intravenously,
together with *^I-albumin and Evans blue dye. In contrast to the effect on neutrophildependent oedema formation, local dexamethasone pretreatment did not significantly
inhibit "^In-neutrophil accumulation induced by ZAP + PGE , even after 240 minutes
2

pretreatment (table 4.1).

Responses to ZAP + PGEj expressed as number of *"In

neutrophils/site were as follows:

in sites pretreated for 15 minutes with saline

1799.0±359, with dexamethasone 1723.8±335.9, in skin sites pretreated for 240 minutes
with saline 1803.9±383.8, dexamethasone 1551.0±362.6.

Indomethacin had no

significant effect on cell accumulation at any pretreatment time (table 4.1).

4.2.1.3

Effect of local dexamethasone on blood flow in rabbit skin

Since anti-inflammatory steroids have been shown to constrict local blood vessels
when applied to human skin it has been suggested that a 'vasoconstrictor action may be
responsible for the anti-exudative effect of these steroids (Marks & Sawyer, 1986; Reid
& Brookes, 1968; Kaidbey & Kligman, 1974).

Figure 4.2 shows the results of

experiments designed to determine whether the anti-permeability effects of dexamethasone
(figure 4.1a) were accompanied by local vasoconstriction.

These experiments were

performed by measuring prostaglandin Ej stimulated increased blood flow in skin sites
which had been preinjected 4 hours previously with either dexamethasone (80ng/site,
closed circles figure 4.2) or saline (open circles, figure 4.2). Blood flow was measured
using "^Xe clearance.

The effect of dexamethasone pretreatment on blood flow at

saline-injected sites was also investigated as a means of monitoring basal blood flow.
Figure 4.2 clearly shows that whilst dexamethasone pretreatment caused a slight mean
percentage decrease in basal blood flow (13.2+3.8%, open square) there was no
significant effect of dexamethasone on the dose related increase in blood flow observed
with prostaglandin Ej. At the dose of PGEj used to potentiate oedema responses (3x10
^°moles/site) a 48.6+1.8% increase in blood flow was observed in saline pretreated sites
compared to a 46.2±4.6% increase in dexamethasone pretreated sites (n=5 animals).
These results indicate that the inhibitory effect of dexamethasone on oedema
formation (figure 4.1a) was not a consequence of local vasoconstrictor action.
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Sal

Dex

Indo

15

1799.0±359.0

1723.8±335.9

2116.0+488.0

240

1803.9±383.8

1551.0±362.6

2258.0±372.0

pretreatment time
(mins)

Table 4.1
Effect of local i.d. pretreatment with dexamethasone (Dex, 80ng/site),
indomethacin (Indo, 3/xg/site), or saline (Sal) on "'In-neutrophil accumulation induced
by i.d. ZAP + PGEj. Skin sites were treated as described in legend for figure 4.1.
Responses are expressed as the number of "'In-neutrophils per skin site and are the mean
± s.e.m for n=4 rabbits; all data subtracted for saline background levels.
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Figure 4.2
Effect of local pretreatment with dexamethasone (2xlO^°mol per site for 4h) on
blood flow induced by prostaglandin 5% (PGEg) in rabbit skin. Sites were pretreated
locally with dexamethasone ( x l *°mol per site, closed circles) or saline (open circles)
2

0

for 4h prior to reinjection with doses of PGE shown (mol per site) mixed with ^% e.
2

The washout of '% e was measured over 15min.

The increase in blood flow was

calculated as a percentage of saline-injected sites. Results are expressed as the mean of
n=5 experiments ± s.e.mean.
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4.2.2

The systemic treatment of rabbits with dexamethasone

4.2.2.1

The

effect

of

intravenous

dexamethasone

on

*"In-neutrophil

accumulation in rabbit skin

To investigate the effect of systemic treatment with dexamethasone on "^Inneutrophil accumulation and oedema formation, pairs of animals were treated
intravenously with either dexamethasone (3mg/kg) or saline (1 ml/kg) 4 hours prior to the
intravenous administration of " 'In-neutrophils, "^I-albumin and intradermal inflammatory
mediators, mixed with PGE . The accumulation of labels was measured over 30 minutes.
2

Figure 4.3 shows that in control animals there was a dose-related increase in "^Inneutrophil accumulation in response to the three chemoattractants FMLP 4- PGEg, LTB4
+ PGE

2

and ZAP 4- PGE (open circles).
2

Systemic pretreatment of animals with

dexamethasone significantly inhibited the accumulation of "'In-neutrophils in response
to all doses of chemoattractants tested (closed circles) except at 5xl(y'°moles/site LTB4
where the apparent inhibition was not significant (figure 4.3). This inhibitory effect of
dexamethasone was not due to a difference in the number of '"In-neutrophils circulating
in the two groups of animals ie. the percentage of labelled neutrophils circulating in
control and dexamethasone treated rabbits at the end of the 30 minute accumulation
period were 43.7± 10.7% and 39.3±11.8 (mean ± SEM, n=9 pairs of rabbits)
respectively.

The neutrophil-independent mediators platelet-activating factor and

bradykinin caused minimal cell accumulation in either group of animals (figure 4.3).
Intradermal injection of PGEj alone caused little cell accumulation (figure 4.3).

4.2.2.2.

The effect of intravenous dexamethasone on oedema formation in
rabbit skin

The simultaneous measurement of plasma protein leakage in these animals which
is illustrated in figure 4.4 shows that oedema responses to both neutrophil-dependent
(except SxlO^'^moles/site LTB4) and neutrophil-independent mediators of increased
microvascular permeability were significantly (p < .
0

0

1

) suppressed in dexamethasone

pretreated animals. PGEj injected alone cause little oedema formation (figure 4.4).
Together the results of sections 4.2.2.1. and 4.2.2.2. show that systemic treatment
with dexamethasone inhibited cell accumulation and oedema formation in response to all
combinations of mediators tested.
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Figure 4.3
Effect of i.v. dexamethasone (3mg/kg) on "Un-labelled neutrophil accumulation
in response to i.d. injections of inflammatory mediators. Concentrations are given as mol
per site for N-formyl-methionyl-leucyl-phenylalanine (FMLP), leukotriene B4 (LTB4),
platelet activating factor (FAF) and bradykinin (Bk). Zymosan activated plasma (ZAP)
was used undiluted (1(X)%) or as a 1:10 dilution in heparinized rabbit plasma (10%). All
stimuli were co-injected with a fixed potentiating dose of prostaglandin Ej (PGE ),
3xlO'*°mol per site. "^In-neutrophil accumulation was measured in recipient animals
given i.v. dexamethasone (closed circles) or saline (open circles) 4h prior to i.v.
*"In-neutrophils and i.d. mediators. Responses are corrected for the low levels in salineinjected sites. Each point represents the mean±s.e.mean for n=9 pairs of rabbits.
Significant difference from control: *P<0.05, and **P<0.01.
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Figure 4.4
Effect of i.v. dexamethasone (3mg/kg) on plasma protein extravasation in response
to inflammatory mediators: oedema responses measured in the same recipient animals as
in Figure 4.3. Concentrations are given as mol per site for N-formyl-methionyl-leucylphenylalanine (FMLP), leukotriene B (LTBJ, platelet-activating factor (FAF) and
bradykinin (Bk). Zymosan activated plasma (ZAP) was used undiluted (100%) or as a
1:10 dilution in heparinized rabbit plasma (10%). Oedema formation was measured in
dexamethasone pretreated recipients (closed circles) and recipient animals pretreated with
an equal volume of saline (open circles). Responses are corrected for the low levels in
saline-injected sites. Each point represents the mean ± s.e.mean for n=9 pairs of
rabbits. Significant difference from control **P<0.01.
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4.1.2.3

Effect of intravenous dexamethasone (3mg/kg) on oedema formation
potentiated with calcitonin gene-related peptide
The neuropeptide calcitonin gene-related peptide (CGRP) is an extremely potent

microvascular dilator with a long duration of action in human and animal skin (Brain et
al., 1985; Brain et al., 1986b). Studies in the cutaneous microvasculature have shown
that CGRP, as a consequence of its vasodilator activity, acts synergistically with
mediators of increased microvascular permeability to potentiate inflammatory oedema
formation (Brain & Williams, 1985; Brain et a l, 1986a; Buckley et a l, 1988). An
effect of systemic dexamethasone on the action of prostaglandin Eg, removing its
potentiating action, might possibly have explained the inhibition of "^In-neutrophil
accumulation and oedema formation observed in animals that underwent dexamethasone
treatment. To investigate this possibility further, microvascular permeability in response
to a fixed dose of bradykinin ( '^°moles/site) was potentiated with prostaglandin E; or
1 0

CGRP in the same animals and the effect of systemic dexamethasone (3mg/kg, 4h) was
investigated.

Control animals received intravenous saline.

Oedema formation was

measured over 30 minutes. Figure 4.5 shows that in animals receiving i.v. saline the
plasma protein leakage induced by Bk injected alone (28±6/xl oedema/site, open squares)
was clearly potentiated by coinjection with prostaglandin E or CGRP. The extent of this
2

potentiation was dependent on the dose of vasodilator. CGRP was clearly more potent
than PGE at potentiating the oedema response, 53±6/xl oedema/site was obtained with
2

a potentiating dose of 3x10" moles/si te PGEj as compared with 77±8/il oedema/site with
the same dose of CGRP. Such potentiation of oedema was only matched with a dose of
3xlO '°moles/site PGE

(80±10/xl oedema/site).

2

CGRP (top dose 3xlO"moles/site)

injected alone, like PGE (top dose 3xlO ‘°moles/site) induced little plasma leakage (figure
2

4.5).

In animals treated with intravenous dexamethasone, oedema responses to Bk

potentiated by all doses of both PGEg and CGRP were significantly (p<0.01) suppressed
(figure 4.5, closed symbols). The oedema response to i.d. injection of Bk alone was also
significantly (p < .
0

0 1

) inhibited in dexamethasone treated animals when compared to

animals which underwent saline treatment ( ± 1.5^1 oedema/site and 28±6/xl oedema/site
8

respectively).
These results suggest that the inhibitory effect of systemic dexamethasone on
oedema formation was unlikely to be a result of inhibition of vasodilator activity.
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Figure 4.5
Effect of i.v. dexamethasone (3mg/kg) on plasma protein extravasation induced
by i.d. bradykinin (Bk, square symbols) potentiated by co-injection with prostaglandin
Eg (PGE , circular symbols) or calcitonin gene-related peptide (CGRP, triangular
2

symbols). Concentrations of vasodilators are given as mol per site as shown, Bk was
used at a concentration of lO^^mol per site. Oedema formation was measured over 30
minutes in animals pretreated for 4 hours with dexamethasone (closed symbols) and
animals pretreated with an equal volume of saline (open symbols).

Responses are

corrected for the low levels in saline-injected sites. Each point represents the mean ±
s.e.mean for n= 4 rabbits.
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4.2.3

The systemic treatment of donor rabbits with dexamethasone

4.2.3.1

Effect of pretreating neutrophil donor rabbits with systemic
dexamethasone on "Tn-neutrophil accumulation in recipient animals

The experiments shown in figure 4.6 were designed to investigate a possible effect
of steroid, or a steroid-induced product on the neutrophil in vivo. For these experiments
neutrophil donor animals were treated intravenously with either dexamethasone (3mg/kg)
or an equal volume of saline 4 hours prior to collection of blood, neutrophil isolation and
*"In-labelling. *"In-neutrophils from treated and control donor animals were injected
intravenously into two untreated recipient animals respectively, together with *“ l-albumin.
Cell accumulation and oedema formation were measured in recipient rabbits in response
to intradermal inflammatory mediators mixed with PGEj. Figure 4.6 shows that " ‘In
neutrophils from control saline-treated donor animals accumulated in recipients to the
three chemoattractants ZAP, FMLP and LTB in a dose related manner (open circles).
4

Treatment of neutrophil donor animals with dexamethasone significantly (P<0.05)
inhibited the accumulation of treated ‘"In-neutrophils induced by all (except 5x10*
‘^moles/site FMLP) doses of chemoattractants in recipients. At the end of the 30 minute
accumulation period the percentage of circulating " ‘In-neutrophils did not differ
significantly between the two groups and, therefore, this did not account for the
differences in cell accumulation observed.

The percentage of treated and control

" ‘In-neutrophils circulating after 30 minutes were 37± 10 and 35+8 (mean ± SEM, n=9
pairs) respectively. The neutrophil-independent mediators platelet-activating factor and
bradykinin induced very little cell accumulation in either group of recipients (data not
shown). Little cell accumulation was observed in response to PGEj injected alone (data
not shown).
These results suggest that dexamethasone treatment of neutrophils in vivo is able
to suppress their ability to accumulate in vivo in response to chemoattractants.

4.2.3.2.

Effect of pretreating neutrophil donor rabbits i.v. with dexamethasone
on oedema formation in recipient animals.

The data illustrated in figure 4.7. shows oedema responses measured in the same
recipient animals as those shown in figure 4.6. Figure 4.7 clearly demonstrates that there
was no significant difference in oedema responses to either direct-acting or neutrophildependent mediators between the two groups of recipient rabbits (i.e. those receiving
" ‘In-neutrophils from dexamethasone treated donor animals and those receiving
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“ ^In-neutrophils from saline treated donor animals). In both groups of animals a dose
related increase in oedema formation was observed in response to all mediators under
test, coinjected with PGE;. ‘"In-labelled cells account for approximately 3% of the total
circulating neutrophils in recipients and therefore do not make a major functional
contribution to oedema formation.

4.2.4. Summary
1

Local treatment of skin sites with dexamethasone inhibits oedema responses
induced by direct-acting and neutrophil-dependent mediators of increased
microvascular permeability coinjected with prostaglandin Eg. The inhibitory
action is time-dependent, significant suppression of oedema formation is only
evident after treatment of skin sites for 4 hours prior to injection of inflammatory
mediators. Inhibition is not a consequence of inhibition of the generation of proinflammatory products of the cyclooxygenase pathway.

2

Local treatment of skin sites with dexamethasone does not result in inhibition of
neutrophil accumulation in response to intradermal chemoattractants + PGEj even
after 4 hours pretreatment with dexamethasone. Local indomethacin similarly has
no effect on neutrophil accumulation.

3

Treatment of skin sites for 4 hours with dexamethasone has no significant effect
on blood flow induced by prostaglandin Ej although a slight decrease in basal
blood flow is observed.

4

Treatment of animals with intravenous dexamethasone for 4 hours inhibits oedema
formation induced by direct acting and neutrophil dependent mediators. Oedema
formation potentiated by either PGE; or CGRP is inhibited by intravenous
dexamethasone.

5

Treatment of ‘"In-neutrophil recipient rabbits with intravenous dexamethasone for
4 hours inhibits ‘"In-neutrophil accumulation in skin in response to FMLP 4PGE;, ZAP + PGE; and LTB + PGE;.
4
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Intravenous administration of dexamethasone to neutrophil donor animals 4 hours
prior to bleeding and neutrophil isolation inhibits the accumulation of treated
neutrophils into the skin of untreated recipient animals injected intradermally with
chemoattractants + PGE;.
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CHAPTER 5

GENERATION. CHARACTERISATION AND MODULATION
OF

I NF L A MMA T O R Y

ACTI VI TY

IN

RABBIT

PERITONEAL EXUDATE

5.1

Introduction
The inflammatory response induced by intraperitoneal zymosan in the rabbit has

been investigated (Forrest et a l, 1986; Jose et al., 1985; Collins et a l, 1991a).
However, the involvement of the lipoxygenase metabolite of arachidonic acid LTB was
4

not studied. LTB4 is known to increase vascular permeability (Wedmore & Williams,
1981a), and to promote neutrophil adhesion and transmigration of endothelial cells (Bjork
et a l, 1982; Dahlen et a l, 1981). In the present study the involvement of LTB4, and
also TXB in the inflammatory response to zymosan was investigated by measuring levels
2

of these mediators in inflammatory exudate recovered from the peritoneal cavity. In
addition, in order to further understand the underlying mechanisms involved in this model
the role of circulating neutrophils in the development of the inflammatory response was
investigated.
From the results of chapter 4 it is clear that dexamethasone can act in vivo on both
the endothelial cell and the neutrophil to inhibit the action of inflammatory mediators.
In the present investigation the effect of steroids in a more complex model involving both
mediator generation and action was studied. This study was undertaken in an attempt to
gain insight into the relative contribution of steroid inhibition of inflammatory mediator
action and mediator generation.

The effect of systemic dexamethasone on the

inflammatory response induced by zymosan in the peritoneal cavity was assessed.
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5.2

Results

5.2.1 The inflammatory response to intraperitoneal zvmosan
To investigate the response to zymosan, pairs of anaesthetised animals were
injected intraperitoneally with either sterile saline (50ml) or a suspension of zymosan
(5(X)mg in 50ml) following intravenous injection with Evans blue dye (2.5%, 0.5ml/kg).
Sequential samples of exudate were withdrawn from the cavity at the times indicated for
subsequent analysis.
Table 5.1 clearly shows that the intraperitoneal injection of zymosan induced
plasma protein extravasation into the cavity as measured by the accumulation of albuminbound Evans blue dye. The exudate: plasma blue dye ratio rose with the time of exudate
collection (0.013 at 5 minutes, 0.39 at

8

hours, n=7) and was indicative of an

inflammatory reaction in the cavity. Leakage was first detectable at 15-30 minutes; the
dye concentration increased most rapidly during the first hour, thereafter the
concentration rose progressively but at a slower rate, and little change occurred between
6

and

8

hours although the concentration of dye remained high. In contrast, little dye

was apparent in control fluids obtained after injection of saline (exudate: plasma dye ratio
of 0.032 at 1 hour compared to 0.19 in animals receiving zymosan for one hour, n=7,
table 5.1). The exudate: plasma dye ratio increased slightly with time in control animals
reaching a value of 0.08 at

8

hours (approximately

2

0

% of test levels at

8

hours).

Figure 5.1 shows the appearance of neutrophils in exudates. Accurate estimates
of the number of neutrophils present in early exudates from zymosan-injected animals
were difficult to obtain because of the preponderance of zymosan particles and small
numbers of cells.

Two hours after injection of zymosan, significant numbers of

neutrophils were found in exudate fluid; 4.0±0.68xl0* neutrophils/ml, compared with
2.0±0.5xl0^cells/ml in paired exudates from saline treated animals. The number of
neutrophils accumulating in zymosan injected cavities increased slowly between 2 and 4
hours followed by a progressive increase in the rate of accumulation with time. A few
neutrophils were detected in some control exudates, reaching a maximum number of
2.09±0.7xl0‘*neutrophils/ml in hour exudates, compared to 3± 0.62x 1O^neutrophils/ml
8

in paired exudates from test animals.
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Time of sample recovery

exudate O.D.

from peritoneal cavity

plasma O.D.

(mins)
saline

zymosan

n=7

n= 7

0.02±0.004

5

0.01 ±0.004

15

0

.

1

+

0 . 0 0 2

0.08±0.009

30

0

.

2

+

0 . 0 0 1

0

60

0.03+0.002

0.19±0.030

1 2 0

0.05+0.020

0.23±0.040

240

0.08 +0.040

0.33+0.040

360

0.09+0.010

0.38+0.120

480

0.08+0.050

0.39±0.080

0

0

.

1

0

+

0 . 0

1

0

Table 5.1
Measurement of microvascular plasma protein leakage after intraperitoneal
injection of saline (50mls) or zymosan (500mg in 50mls) in rabbits.

Values are the

exudate: plasma ratio of i.v. injected Evans blue dye concentration in samples taken at
the various times indicated following i.p. injection. Results are expressed as the mean
± s.e.mean for n==7 rabbits in each group.
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Figure 5.1
Time course of the neutrophil content of inflammatory exudate generated by
intraperitoneal injection of zymosan. Rabbits were injected intravenously with Evans blue
dye followed by an intraperitoneal (i.p.) injection (50ml) of either a zymosan suspension
in saline (lOmg/ml) or saline. Fluid was subsequently withdrawn from the peritoneal
cavity at the times indicated for analysis of neutrophil numbers by light microscopy
following dilution of exudate samples in gentian violet stain. Closed circles represent
exudates taken from animals which received zymosan, open circles those receiving saline.
Results are the mean ± s.e.mean for n= 7 pairs of animals, the same animals as in
table 5.1
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5.2.2 Time course of the generation of inflammatory mediators in zvmosan-induced
peritoneal exudate

Samples of exudate fluids recovered at the times indicated from the pairs of
animals were also analysed for the levels of various inflammatory mediators using
radioimmunoassay.

5.2.2.1.

LTB^

Figure 5.2 shows the concentration of immunoreactive LTB4 (i.r. LTB4) with time
in exudate fluids obtained from zymosan (closed circles) and saline (open circles) injected
animals. Low levels of LTB were detected in exudate fluids at all time points tested
4

following intraperitoneal injection of saline. Levels in these fluids were not significantly
different from that detected in zymosan suspensions prior to injection into the cavity
(0.9±0.2ng LTB /ml). Exudate fluids from test animals were found to contain i.r. LTB4.
4

Significantly elevated levels of LTB4 were detected 30 minutes after zymosan injection
(2.7±0.36ng/ml). Levels continued to rise reaching a maximum of 6.04±0.79ng/ml at
4 hours.

The LTB content of
4

6

and

8

hour exudates fell progressively although it

remained elevated above levels in saline treated animals even after

5.2.2.2.

Thromboxane

8

hours.

(TXB^)

Figure 5.3 shows the time course of generation of immunoreactive TXB .
2

Zymosan caused a rapid and pronounced rise in TXB ; maximal levels were detected 5
2

minutes after zymosan injection (4.74±0.9ng/ml, figure 5.3 closed circles). The level
was maintained at the 15 minute time point but was followed by a relatively rapid decline
over the next

1 0 0

minutes to levels similar to those detected in saline injected animals.

Levels of TXBj then remained low (under l.Ong/ml) throughout the course of the
experiment as did the TXB content in saline exudates (approximately 0.5ng/ml or less
2

TXB was consistently found throughout the time period investigated, figure 5.3, open
2

circles).

5.2.2.3.

Prostaglandin

and 6-oxo-prostaglandin

Figures 5.4 and 5.5. show the concentrations of the vasodilator substances PGB

2

and PGI (detected as the stable break-down product -oxo-PGFi J respectively in exudate
2

6

fluids. Low concentrations of immunoreactive PGE
111

2

were found in saline exudates
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6

-

0

4

2

6

8

Recovery Time (hrs)

Figure 5.2
Kinetics of the generation of leukotriene B4 (LTB4) induced by zymosan.
Anaesthetised rabbits were injected intravenously with Evans blue dye followed by an
intraperitoneal injection (50ml) of either a zymosan suspension in sterile saline (lOmg/ml)
or sterile saline. Peritoneal fluid (closed circles zymosan, open circles saline) was then
withdrawn

through an indwelling cannular

at timed intervals

for analysis.

Radioimmunoassay was used to measure immunoreactive LTB4 in exudate fluids. Each
point represents the mean result of exudates obtained from 7 rabbits in each group,
vertical lines show s.e.mean. *P<0.05 compared with control exudates.
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Figure 3,3
Kinetics of the generation of Thromboxane

(TXB ) induced by zymosan.
2

Levels of immunoreactive TXBj in exudates generated from the same animals as in figure
5.2; closed circles zymosan and open circles saline treated animals. Results are the mean
± s.e.mean from 7 pairs of rabbits, *P<0.05 compared with control exudates.
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Figure 5.4 and 5.5
Kinetics of the generation of prostaglandin Eg (PGEg, figure 5.4) and -oxo-PGFj^
6

(figure 5.5) induced by zymosan. Levels of inflammatory mediators were measured by
radioimmunoassay in the same exudate samples as in figure 5.2. Closed circles represent
levels in exudates from zymosan treated animals, open circles levels in exudates from
saline treated animals. Values are the mean ± s.e.mean of exudates obtained from 7
pairs of rabbits. Figure 5.5., *P < 0.05 compared with the paired saline control exudates.
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(consistently below l.Ong/ml).

Levels in zymosan exudates were not significantly

different from control animals at any time points (Figure 5.4). In comparison a large
increase in immunoreactive -oxo-PGFi„ was apparent following zymosan injection
6

(figure 5.5).

A significant increase was detected 5 minutes after zymosan injection

(135.2±30.4ng/ml, closed circles figure 5.5). Levels remained similar up to 30 minutes
post-zymosan.

Although levels fell slightly by one hour (120±22.2ng/ml) this

concentration was maintained up to 2 hours before falling to 60±15ng/ml by 4 hours.
At

6

and

8

hours, levels in zymosan exudates were not significantly different from the

low levels found in exudates from saline injected animals (below

1 2

ng/ml throughout the

time course).

5.2.3 The role of circulating neutrophils in the response to intraperitoneal zvmosan
To investigate the role of circulating neutrophils in the inflammatory response to
intraperitoneal zymosan, animals were rendered neutropenic by a single i.v. injection of
nitrogen mustard at a dose of 1.75mg/kg three days prior to the experiment (Wedmore
& Williams, 1981a).

Control animals received an equal volume of saline.

The

circulating neutrophil count three days after nitrogen mustard was approximately % of
1

the pretreatment value. Neutropenic and control animals were then injected intravenously
with Evans blue dye (2.5%, 0.5ml/kg) and intraperitoneally with 500mg of zymosan
suspension in 50mls of sterile saline.

Samples of exudate fluid were taken at timed

intervals after zymosan administration for subsequent analysis of the inflammatory
response.

5.2.3.1

The effect of depletion of circulating neutrophils on plasma
extravasation

and

neutrophil

accumulation

in

response

to

intraperitoneal zvmosan
Table 5.2 shows the exudate: plasma dye ratio of exudates generated in control
and neutropenic animals. In control animals i.p. zymosan caused the accumulation of
albumin bound Evans blue dye into the cavity. In contrast the exudate: plasma dye ratio
in mustine treated animals was significantly (p<0.05) reduced compared to controls at
one hour post zymosan and all subsequent time points. The exudate: plasma dye ratio
in neutropenic animals was reduced by approximately 60-70% compared with control
animals, even after

6

hours of zymosan treatment.

The accumulation of neutrophils into the cavity which occurred in control animals
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exudate O.D.
plasma O.D.
Time of sample recovery
from peritoneal cavity

control

neutropenic

(mins)

animals

animals

n=9

n=9

5

0.003 +0.002

0 . 0 0 2

30

0.080+0.014

0.028 ±0.007

60

0.170±0.040

0.068+0.013*

1 2 0

0.270+0.048

0.086+0.029*

240

0.30+0.060

0.140+0.044*

360

0.370+0.10

0.152+0.090*

±

0 . 0 0 1

Table 5.2
Measurement of microvascular plasma protein leakage following intraperitoneal
injection of zymosan (500mg) in rabbits rendered neutropenic by prior treatment with
mustine hydrochloride and in control untreated rabbits. Values are the exudate: plasma
blue dye ratio in exudate fluid collected at the times indicated following i.p. injection.
Results are expressed as the mean ± s.e.mean of values obtained from 9 rabbits in each
group. *, significantly decreased compared with numbers in control exudates recovered
at the same time, P < 0.05.
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(table 5.3) did not occur in the neutropenic group of animals.

2

hour post zymosan

2.63±0.44 xlO^cells/ml accumulated in control animals rising to 8.36±0.82xl0^ cells/ml
6

hours post zymosan. The number of cells found in exudate from neutropenic animals

was 3.3+0.8x10^ cells/ml and 3.2±0.4xl0^cells/ml at the same time points (table 5.3).

5.2.3.2.

The generation of LTB^ in response to zvmosan in neutropenic animals

There was no significant difference between neutropenic and control rabbits in the
low levels of i.r. LTB found in early (up to
4

1

hour post zymosan) exudate fluids (figure

5.6). Levels of i.r. LTB4 at 1 hour were 2.5±0.4ng/ml in mustine treated animals and
2 . 8 ±0.5 ng/ml in control animals. At 2 hours post zymosan levels of i.r. LTB4 in
control animals began to rise and continued to rise reaching levels of 5.9±l.Ong/ml and
5.7±1.2ng/ml at 4 and

6

hours respectively. However, neutropenic rabbits failed to

mount an LTB4 response during this time period and levels at 4 and

6

hours were

significantly (p<0.05) reduced compared to controls being 2.5 ±0.19 and 2.0±0.2ng/ml
respectively.
5.2.3.3.

The generation of -oxo-prostaglandin F,, in neutropenic animals
6

As shown in figure 5.7 there was no significant difference in the zymosan induced
generation of i.r.

6

-oxo-PGFi„ between neutropenic and control animals at any time

point. The response obtained in both groups of animals showed a similar pattern to that
obtained in figure 5.5.

5.2.4.

The effects of intravenous dexamethasone on the inflammatorv
response to intraperitoneal zvmosan
To investigate the effect of systemic dexamethasone treatment on the inflammatory

response to zymosan, pairs of animals were treated intravenously with either
dexamethasone ( mg/kg) or an equal volume of saline four hours prior to the
3

intraperitoneal injection of a suspension of zymosan (lOmg/ml, 50mls/animal). Just
before the administration of zymosan, dexamethasone-treated animals were given a
second intravenous injection of dexamethasone

( 1

mg/kg) while control animals received

an equal volume of saline. Both groups of animals received i.v. Evans blue due (2.5%,
0.5mg/kg).

Samples of exudate fluid were then removed at timed intervals for

subsequent analysis of the inflammatory response.
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Time of sample recovery

no of neutrophils (xlO^/ml)

from peritoneal cavity
control animals

neutropenic animals

n=9

n=9

60

0.07+0.06

0.015+0.010

1 2 0

0.26+0.04

0.003 +0.001

240

2.32+1.20

0.006+0.001

360

8.36+0.82

0.003 +0.008

(mins)

Table 5.3
The appearance of neutrophils in the peritoneal cavity of rabbits following
intraperitoneal injection of zymosan (500mg in 50mls). Animals were treated 3 days
previously with mustine hydrochloride to induce neutropenia, control animals received
pretreatment with saline. Values are the number of neutrophils xlO^/ml of exudate in
fluid recovered at the times indicated after zymosan. Results are the mean ± s.e.mean
for n= 9 pairs of animals.
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Figure 5.6
The effect of neutropenia on the generation of leukotriene B4 (LTB4) induced by
intraperitoneal zymosan. Neutropenic or control animals were injected i.p. with zymosan
(500mg in 50ml of sterile saline) and exudate fluid was removed at timed intervals for
analysis of the inflammatory response (tables 5.2 and 5.3) and levels of inflammatory
mediators by radioimmunoassay.

The symbols represent; open triangles, levels of

immunoreactive LTB4 in exudates from neutropenic animals, closed triangles levels in
exudates from control animals. Values are the mean ± s.e.mean for 9 pairs of animals.
*P<0.05 compared to levels in control exudates.
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Figure 5.7
The effect of neutropenia on the generation of

6

-oxo-PGFj^

induced by

intraperitoneal zymosan. Levels of immunoreactive -oxo-PGFi„ in the same exudates
6

as in figure 5.6.

Values are the mean ± s.e.mean of exudates obtained from 7

neutropenic animals (open traingles) and 7 control animals (closed triangles).
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5.2.4.1.

The effect of dexamethasone on plasma extravasation and neutrophil
accumulation into zvmosan injected cavities

Table 5.4 shows the exudate:plasma dye ratio of exudates generated from control
and dexamethasone treated animals. Dexamethasone significantly (p < 0.05) inhibited the
extravasation of Evans blue dye into the cavity which occurred in control animals.
The zymosan-induced accumulation of neutrophils in exudate fluids recovered at
various times from the cavity of dexamethasone-treated and control animals is shown in
table 5.5. In control animals, zymosan induced neutrophil accumulation; 2 hours post
zymosan 3.26± 1.0x10^ cells/ml had accumulated and the number continued to rise at 4
and

6

hours.

This neutrophil accumulation did not occur in animals pretreated

systemically with dexamethasone prior to intraperitoneal zymosan.

Significantly

(P<0.05) fewer neutrophils accumulated in response to intraperitoneal zymosan in
animals treated with i.v. dexamethasone at all time points.
Exudate fluids taken at

6

hours from dexamethasone-treated animals were, in the

main found to still contain large numbers of zymosan particles whereas control exudate
fluids were found to be mostly clear of zymosan particles by 4 hours and definitely by
6

hours.

5.2.4.2.

The effect of systemic dexamethasone on LTB^ generation in response
to zvmosan

Figure 5.8 shows the generation of LTB in zymosan-induced exudate fluids from
4

animals treated i.v. with dexamethasone (open squares) or saline (closed squares). Up
to one hour post-zymosan there was no significant difference between the two groups of
animals - levels of LTB4 were between 1.9 and 2.7ng/ml during this time period which
is of the same order of magnitude as that found previously (Figure 5.2 closed circles).
At 2, 4 and

6

hours post-zymosan injection there was a significant (p<0.05) difference

in the concentration of LTB4 found in animals treated intravenously with dexamethasone
compared to paired saline treated animals. In dexamethasone-treated animals the level
of LTB4 remained around 2.0ng/ml during this time period.

In contrast, in animals

receiving saline prior to intraperitoneal zymosan the levels of LTB4 were significantly
elevated reaching a maximum of 6.9± 1.4 (figure 5.8) at 4 hours falling to 5.3±0.9ng/ml
by

6

hours.

This pattern was very similar to that observed previously (see Section

5.2.2.1., figure 5.2 closed circles).
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Time of sample recovery

exudate O.D.

from peritoneal cavity

plasma O.D.

(mins)

5

0 . 0 1

±

Saline i.v.

Dexamethasone i.v.

n=9

n=9

0 . 0 1

0

.

0

0

2

+

0 . 0 0 1

15

0.04±0.01

30

0

60

0.23+0.09

0.029+0.013*

1 2 0

0.25+0.08

0.090+0.040*

240

0.29+0.07

0.090+0.060*

360

0.28+0.10

0.100+0.090*

.

1 0

±

0.015+0.010*
0.017+0.006*

0 . 0 1

Table 5.4

The effect of intravenous dexamethasone treatment on the increase in
microvascular plasma protein leakage induced by intraperitoneal zymosan (500mg in
50mls). Animals treated i.v. with either saline or dexamethasone (3mg/kg) for 4 hours
were then injected i.v. with Evans blue dye (2.5%, 0.5ml/kg) and, in the case of treated
animals a second dose of dexamethasone

( 1

mg/kg), for control animals on equal volume

of saline, followed for all animals by i.p. zymosan. The exudate:plasma blue dye ratio
for exudate fluids recovered at the times indicated were calculated and are expressed as
the mean ± s.e.mean for n=9 pairs of animals. *, significantly decreased compared with
paired exudates generated in animals receiving i.v. saline, P<0.05.
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Time of sample recovery

Number of neutrophils (xlO^/ml)

from peritoneal cavity
i.v. Saline

i.v. Dexamethasone

n=9

n=9

60

0.16±0.013

0 . 0 1

± .
0

0

0

1

*

1 2 0

0.33+0.10

0

.

± .

0

0

1

*

240

2.40+1.00

0.30+0.20*

360

8.00+1.06

0.50+0.45*

(mins)

0

2

0

Table 5.5
The effect of intravenous dexamethasone on the accumulation of neutrophils in
response to intraperitoneal zymosan (500mg).

Animals were treated with saline or

dexamethasone (3mg/kg 4 hours, and 1mg/kg 10 min) prior to i.p. zymosan. Exudate
fluid was collected at the times indicated and the number of neutrophils in samples was
assessed using light microscopy.

The values represent the number of neutrophils

xlOVml of exudate and are expressed as the mean ± s.e.mean for n=9 rabbits in each
treatment group. *P<0.05 compared with control exudates.
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Figure 5.8
The effect of dexamethasone on the generation of leukotriene B (LTBJ in
4

zymosan-induced inflammatory exudate. Animals were treated with either i.v. saline or
i.v. dexamethasone (3mg/kg 4h and 1mg/kg 10 min) prior to i.p. zymosan (500mg in
50ml sterile saline). Exudate fluid was removed at timed intervals for analysis of the
inflammatory response (tables 5.4 and 5.5) and for the levels of inflammatory mediators
by radioimmunoassay. Levels of LTB in exudates from dexamethasone (open squares)
4

and control (closed squares) animals are shown, n= 7 animals in each group. *P<0.05
significantly reduced levels compared with untreated animals.
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S.2.4.3.

The effect of systemic dexamethasone on TXBj generation following
intraperitoneal zvmosan

As shown in figure 5.9 intraperitoneal zymosan caused a rapid (within 5 minutes)
increase in the concentration of TXBj in exudate fluid. Levels remained elevated for 15
minutes post-zymosan and then fell dramatically by one hour.

The same pattern of

generation with time was found in both dexamethasone- and saline-treated animals and
there was no significant difference between the two groups at all time points except

1

hour where a significantly (p<0.05) lower concentration of TXBj was found in the
dexamethasone treated group of animals compared to control (2.7±0.6ng/ml in saline
treated animals, falling to 1.2±0.3ng/ml in dexamethasone treated animals).

5.2.4.4

The effect of dexamethasone on 6-oxo-PGF|^ generation in response to
zvmosan

In both the animals treated with dexamethasone and those treated with saline there
was considerable inter-animal variation in the concentration of -oxo-PGFi„ detected in
6

exudate fluids (figure 5.10), also the magnitude of the levels detected were somewhat
greater than those found previously (see Section 5.2, figure 5.5. closed circles).
However, the time course of generation of -oxo-PGFi„ followed an identical pattern to
6

that found in figure 5.5; that is a rapid and pronounced rise 5 minutes post-zymosan
followed by a slow decline over one and two hours reaching low levels by

6

hours

post-zymosan. The concentration of b-oxo-PGF,^ and the pattern of generation with
time did not differ in animals treated systemically with dexamethasone from those treated
systemically with saline prior to the zymosan challenge (figure 5.10).

5.2.4.5

Effect of dexamethasone on A23187-induced LTB^ production in whole
blood

Table 5.6 shows the generation of i.r. LTB by A23187-challenged blood cells.
4

Heparinized blood samples, taken from animals before and 4 hours after i.v. saline and
dexamethasone were incubated for 15min at 37 ®C with A23187 (10|tg/ml). Control
incubations with a similar volume of DMSO vehicle were carried out in parallel at all
time points. A23187-challenged blood gave i.r. LTB4 concentrations of around lOOng/ml
(table 5.6), compared with 17.9+1.Ong/ml in control incubations with DMSO vehicle.
The levels of i.r. LTB4 generated from ionophore-challenged blood cells did not differ
in animals treated i.v. with saline or dexamethasone, either before or after i.v. treatment
125
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Figure 5.9 and 5.10
The effect of dexamethasone on the generation of inflammatory mediators,
thromboxane B (TXB ) and -oxo-PGFi„ induced by zymosan. Levels of TXBj (figure
2

2

6

5.9) and -oxo-PGF,„ (figure 5.10) were measured in the same exudate samples as figure
6

5.8 and are represented as the mean ± s.e.mean for n= 9 rabbits in each group (open
squares dexamethasone treated, closed squares control animals).
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Time measurement taken

i.r. LTB (ng/ml)
4

Before i.v. Saline

95.9+9.6

4h after i.v. Saline

107.2+12.4

Before i.v. Dexamethasone

100.6+23.3

4h after i.v. Dexamethasone

119.6+24.6

Table 5.6
The effect of intravenous dexamethasone (3mg/kg) on the generation of
immunoreactive leukotriene B (i.r. LTB ) by A23187-stimulated blood cells. Levels of
4

4

i.r. LTB were measured in samples before and 4h after i.v. treatment. Values are the
4

mean ± s.e.mean for n=9 rabbits in each group. Blood samples taken in parallel and
stimulated with a similar volume of DMSO generated 17.9±0.8ng i.r. LTB /ml, n=36).
4
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(table 5.6). Furthermore, in some animals an additional challenge was performed on
blood samples taken h after i.p. zymosan injection. There was also no difference in the
6

levels of i.r. LTB4 in samples taken from saline or dexamethasone treated animals
(84.6±8.1ng/ml, n=3 and 102.3±20. ng/ml, n
6

=

6

respectively).

5.2.5. Authentication of immunoreactive LTB^
Authentication of the immunoreactive LTB in inflammatory exudates was kindly
4

carried out by Dr D. Masters (ICI) using reversed-phase HPLC (Rp-HPLC) fractionation.
A 5 micron spherisorb 0DS2 column was used and a linear gradient of 70-95% methanol
in 0.1 % (v/v) glacial acetic acid and water. The Rp-HPLC column was calibrated using
a cocktail of radiolabelled pH] LTB , pH] 12-HETE and pH] arachidonic acid (AA) in
4

70% methanol. The authentic standards were eluted as 70, 0.2 minute fractions and the
elution profile is shown in figure 5.11. The authentic LTB , 12-HETE and AA standards
4

appeared as three distinct peaks (figure 5.11). Samples of inflammatory exudate fluid in
70% methanol (100^1) were loaded onto the column and similarly eluted over 14 minutes
at 2ml/min. Fractions were evaporated to dryness and resuspended in RIA buffer and
i.r. LTB measured in 100/xl aliquots of each fraction. Figure 5.12 shows the i.r. LTB
4

4

profile of an inflammatory exudate sample taken from an animal 4 hours after i.p.
zymosan. A major peak of immunoreactivity from the exudate occurred at a retention
time identical to that of authentic LTB (figure 5.12) thus confirming the identity of the
4

i.r. LTB in exudate fluid. Immunoreactive LTB was not detected in similarly processed
4

4

4 hour post zymosan-exudates derived from either animals receiving intravenous
dexamethasone (figure 5.13) or nitrogen mustard treated animals (figure 5.14).
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Figure 5.11
Elution profile of authentic standards.

Radiolabelled LTB4, 12-HETE and

arachidonic acid (arach) were used to calibrate the column and 70, 0.2min fractions
(400/zl) were collected over 14 minutes.
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Figure 5.12
Immunoreactive LTB profile following fractionation of inflammatory exudate in 70%
4

methanol by reversed-phase HPLC. 40, 0.35min fractions were collected and i.r. LTB4
was measured in 100/xl samples of each fraction. Figure 5.12 represents the i.r. LTB4
profile of inflammatory exudate collected 4 hours following i.p. zymosan, figures 5.13
and 5.14 that of similar exudate samples in animals treated with i.v. dexamethasone or
rendered neutropenic respectively.
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5 .2.6. Summary

The injection of zymosan into the peritoneal cavity of rabbits induces an
inflammatory reaction that is characterised by an increased extravasation of
plasma proteins into the peritoneum and the accumulation of neutrophils.

There is an increased generation of pro-inflammatory mediators including LTB4,
TXB and -oxo-PGFi„, but not PGEg in peritoneal exudate fluid taken from
2

6

zymosan injected rabbits.

Depletion of circulating neutrophils using mustine hydrochloride inhibits plasma
extravasation, neutrophil accumulation and the generation of the pro-inflammatory
mediator LTB4 induced by intraperitoneal zymosan. Neutropenia does not affect
the generation of -oxo-PGFi„.
6

The anti-inflammatory steroid dexamethasone administered intravenously 4 hours
and immediately prior to intraperitoneal zymosan inhibits the plasma extravasation
and neutrophil accumulation which zymosan induces.

Treatment of animals with intravenous dexamethasone for 4 hours and
immediately inhibits the generation of LTB4 induced following zymosan
administration.

Intravenous dexamethasone does not significantly inhibit the

generation of TXBj, or -oxo-PGFi„ induced by intraperitoneal zymosan.
6

Intravenous dexamethasone does not inhibit the ex vivo generation o f i.r. LTB4
by A23187-stimulated blood cells.as expected
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CHAPTER 6

6.1

DISCUSSION

Characteristics of FMLP-lnduced oedema formation in rabbit skin
It has been established using techniques of systemic neutrophil depletion that

FMLP, together with other chemoattractants LTB4 and C5a increase microvascular
permeability by a mechanism entirely dependent on the presence of circulating neutrophils
in the rabbit (Wedmore & Williams, 1981a). In the present study the characteristics of
neutrophil-dependent oedema formation induced by FMLP were investigated in rabbit
skin and its activity was compared with structurally-related formyl peptides and with the
direct-acting mediators histamine or bradykinin in the same animals.
Consistent with observations for other mediators of increased microvascular
permeability and published data, oedema responses to both FMLP and histamine were
greatly potentiated by the vasodilator prostaglandin Ej (figure 3.1). Many studies have
provided evidence that this potentiation occurs as a result of synergism between increased
microvascular permeability and increased microvascular blood flow causing increased
hydrostatic pressure within the venule lumen (Williams & Morley, 1973; Williams &
Peck, 1977; Wedmore & Williams, 1981a).
The activity of a range of N-formyl peptides in increasing vascular permeability
in vivo in the presence of PGEj (figure 3.2) correlated well with their activity in vitro as
neutrophil chemoattractants and inducers of lysosomal enzyme secretion (Showell et al. ,
1976; Freer et al., 1982). Further, one of the most active peptides, FMLP, which has
been shown to be the major chemotactic component of bacterial culture filtrates (Marasco
et al., 1984) was approximately 100-l(X)0x more active on a molar basis than histamine
(figure 3.2) and equipotent with C5a.

This suggests that, although a role for these

peptides as endogenous chemotactic substances remains unclear, at least their presence
at the inflammatory site through infection or tissue damage could make a significant
contribution to oedema formation and the recruitment of neutrophils into tissue and
prompts investigation into the consequences and mechanisms of action of FMLP in vivo.
Pro-inflammatory products of the cyclo-oxygenase pathway were not found to
contribute to the oedema response to FMLP as evidenced by the fact that local
indomethacin was not able to modulate the response to FMLP when oedema responses
were measured over 4 hours (table 3.1). Indomethacin remained active in skin sites for
at least 4 hours (see figure 4.1b) indicating that the lack of effect of indomethacin was
not due to clearance of the drug from skin sites. Further, oedema responses to FMLP
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4- PGE were also found to be independent of endogenous histamine release (section
2

3.2.4).
To investigate further the oedema response to FMLP the modulating effect of
various agents was studied.

6.2

The effect of intravenous zvmosan activated plasma (ZAP) on FMLP-induced
oedema formation

The infusion of activated plasma induced a rapid (within 5 minutes) and profound
fall in circulating neutrophil numbers. Although this neutropenia was maintained for 35
minutes, at the end of this time period circulating cell numbers were beginning to rise
despite the continuous infusion of ZAP indicating that the mechanism involved was
sufficient to maintain the neutropenia for only a brief period of time. Oedema responses
to neutrophil dependent but not independent mediators were suppressed following ZAP
infusion (figure 3.3) which is consistent with earlier observations using animals rendered
neutropenic by treating 3 days previously with nitrogen mustard (Wedmore & Williams,
1981a).

The infusion of ZAP therefore provides a rapid method of assessing the

neutrophil dependency of inflammatory mediators in this model.
Several other studies have shown that intravascular complement activation or
infusion of chemoattractants leads to an immediate and profound, but transient,
neutropenia (O’Flaherty et ah, 1977; O’Flaherty et ah, 1978a; McCall et ah, 1974;
Doerschuk et ah, 1989).

This fall in circulating neutrophils has been shown to be

associated with a marked, rapid and reversible sequestration of neutrophils in the
microvasculature of mainly the pulmonary but also the systemic circulation (Doerschuk
et ah, 1989; Hammerschmidt et ah, 1981; Issekutz & Ripley, 1986; Henson et ah,
1982a; Doerschuk, 1992; Lundberg & Wright, 1990). It has been suggested that this
margination may result from both stimulus-induced decreased neutrophil deformability,
increased neutrophil-endothelial cell adherence or intravascular neutrophil aggregation
(Inano et ah, 1992; Hammerschmidt et a h, 1981 ; Henson et ah, 1982a). Under normal
conditions the microvascular bed in the lung is a major site of neutrophil margination.
It has been shown that many inflammatory stimuli that activate neutrophils, including
ZAP, can cause a rapid decrease in neutrophil derformability which is associated with an
increase in the amount of f-actin present within the cytoskeleton (Worthen et ah, 1989;
Inano et ah, 1992; Nash et ah, 1988; Frank, 1990; Downey et ah, 1991). It has been
suggested that less deformable activated neutrophils may thus have greater difficulty and
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require more time to negotiate narrow capillaries resulting in further neutrophil
sequestration and sudden neutropenia.
It has been well documented that the rapid recruitment of neutrophils into the
tissues in response to locally injected chemoattractants can be blocked by mAbs directed
against CD 18 (Arfors et al., 1987; Price et al., 1987; Rampart & Williams, 1988;
Nourshargh et a l, 1989; Lundberg & Wright, 1990). However, in contrast, the rapid
and transient fall in circulating neutrophils caused by intravascular injection of
chemoattractants has been shown to be independent of the GDI 1/CD 18 complex
(Lundberg & Wright, 1990; Doerschuk, 1992). Doerschuk 1992 presented evidence that,
whilst the initial (within

1

minute) neutropenia and intravascular sequestration occurred

by mechansims independent of CD 11/CD 18-mediated adhesion, the continued
sequestration and massive neutrophil accumulation in the lung resulting in prolonged
neutropenia required CD 11/CD 18-mediated adhesion. The authors suggested that the
CD 18-independent step may be required to slow neutrophil transit time and allow CD 18dependent adhesion to the endothelium. They further suggested that the initial step may
occur through either a stimulus-induced decrease in neutrophil deformability or a CD 18independent adhesion system, although L-selectin has been shown not to be a candidate
molecule (Doyle et a l, 1992).
These mechanisms of neutrophil sequestration may be relevant to such conditions
as the adult respiratory distress syndrome since neutrophils as well as complement
activation have been implicated in the pathogenesis of such acute lung injuries.

By

sequestering in the lung and producing a local injury neutrophils can cause an increase
in vascular permeability resulting in pulmonary oedema and decreased oxygen delivery
(Tate & Repine, 1983; Sibille & Reynolds, 1990; Boxer et a l, 1990). By diverting
neutrophils to the lung neutrophil-dependent responses in other tissues are suppressed as
demonstrated in figure 3.3.

6.3

The effect of intravenous Ibuprofen on FMLP-induced oedema formation
Systemically administered Ibuprofen suppressed oedema formation induced by

both FMLP and histamine when the responses to these mediators were potentiated by
arachidonic acid (figure 3.4b). Similar observations have been obtained by others using
a variety of permeability-increasing mediators and both local and systemically
administered Ibuprofen (Rampart & Williams, 1986b). These observations are consistent
with those found for indomethacin (Williams & Peck, 1977; Williams, 1979) and can be
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explained in terms of the known cyclooxygenase inhibitory activity of both of these
drugs; by inhibiting the conversion of endogenous arachidonic acid to vasodilator
prostaglandins, PGE /PGI in the skin they are able to prevent the potentiation of the
2

oedema response.

2

It has been shown that local cyclooxygenase inhibitors including

Ibuprofen have no effect on oedema responses potentiated by exogenous PGEg indicating
the cyclooxygenase independent nature of these responses (Rampart & Williams, 1986b
and also see Chapter 4).
In contrast to the known local effect of cyclooxygenase inhibitors systemic
Ibuprofen was found in the present study to suppress local oedema induced by FMLP
coinjected with PGE but was without effect on responses to histamine 4- PGEg (Figure
2

3.4b).

Since the response to FMLP is known to be neutrophil-dependent and local

Ibuprofen was ineffective it seems likely that systemic Ibuprofen was targetting the
interaction between circulating neutrophils and venular endothelium by an effect on the
neutrophil, and this interaction is a prerequisite for neutrophil-dependent oedema
formation. This is supported by the study of Rampart & Williams (1986b) who found
that systemic Ibuprofen inhibited oedema formation to C5a + PGEj but was without
effect on the response to BK + PGEj.
The simplest explanation for the results obtained is that a cyclooxygenase product
of arachidonic acid may be involved in mediating neutrophil-dependent oedema
formation. In this regard Palder et al (1986) found some evidence for the involvement
of TXB in the accumulation of neutrophils in rabbit skin induced by chemoattractants.
2

They found that i.v. Ibuprofen or thromboxane syntase inhibitors prevented both the
neutrophil accumulation and TXB production in blister chambers filled with chemotactic
2

agents. These authors suggested that thromboxane may be produced by the neutrophil,
or alternatively by the endothelium in response to chemoattractants (Ingerman et a l,
1980; Dunham et al., 1984) and act on the endothelium causing contraction so facilitating
diapedesis and increased microvascular permeability. Alternatively, they theorized that
thromboxane may be acting indirectly via platelet activation, and that products generated
from activated platelets may modulate neutrophil-endothelial interactions. This is an
interesting idea especially in light of the recent study by Pons et al 1993 who showed that
local C5a induces platelet accumulation in rabbit skin. Pons et al 1993 in fact suggested
that platelet accumulation may be secondary to the release of platelet stimulatory activity
from neutrophils.

It also remains possible that platelets accumulating together with

neutrophils are the source of thromboxane which is then able to mediate neutrophil137

dependent oedema formation. In fact it has been shown that platelet-derived thromboxane
A; can mediate increased neutrophil adhesiveness (Spagnuolo et al., 1980).
In the present investigation several lines of evidence indicate that the effect of
systemic Ibuprofen was independent of cyclooxygenase activity.

Firstly, oedema

responses to chemoattractants potentiated by PGE^ have been shown to be unaffected by
systemic administration of indomethacin at a dose evidently blocking cyclooxygenase
(Rampart & Williams, 1986b; Peers & Flower, 1991).

Secondly, a thromboxane

synthesis inhibitor, dazmegrel was also found to be ineffective when given i.v. (Rampart
& Williams, 1986b).

However, the possibility remains that platelets accumulating

together with neutrophils by an as yet undefined, neutrophil-dependent (but apparently
cyclooxygenase-independent)

mechanism

hold

the key to the mechanism of

neutrophil-dependent oedema formation and that a platelet-derived product acts on the
endothelium to increase microvascular permeability.

Such a platelet-derived product

would have to be independent of cyclooxygenase or PAF. This theory could be tested
by monitoring neutrophil-dependent oedema formation in platelet-depleted animals.
Thus the results of the present study indicate that ibuprofen can inhibit
inflammatory oedema by an action on the circulating neutrophil independent of
cyclooxygenase inhibition. These observations in vivo may be related to the numerous
studies on the effects of ibuprofen on multiple neutrophil functions stimulated by
chemotactic factors in vitro and ex vivo. Ibuprofen has been shown to inhibit neutrophil
aggregation (Kaplan et al., 1984; Maderazo et al., 1984), degranulation (Nielson &
Webster, 1987; Kaplan et al., 1984; Flynn et al., 1984; Maderazo et al., 1984),
generation of superoxide anion radicals (Nielson & Webster, 1987; Flynn et al., 1984)
and chemotaxis (Maderazo et a l, 1984; Brown & Collins, 1977; Partsch et a l, 1990;
Nielson & Webster, 1987). Since a role for oxygen-derived free radicals and neutrophil
granule enzymes has been suggested in neutrophil-dependent oedema formation, such
actions of ibuprofen on the circulating neutrophil may lead to the inability of
accumulating neutrophils to increase microvascular permeability.

The mechanisms

underlying the inhibitory effects of ibuprofen on neutrophils are not known. It appears
the mechanisms are independent of cyclooxygenase inhibition since the various NSAID
show differential effects and the addition of prostaglandin does not abrogate the inhibition
observed (Abramson & Weissmann, 1989; Nielson & Webster, 1987). Furthermore,
higher concentrations are usually required to inhibit neutrophils than to inhibit
prostaglandin synthesis. There are considerable differences in the literature concerning
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the effects of ibuprofen on neutrophils. Kaplan et al (1984) and Abramson et al (1984)
found no evidence of inhibition of superoxide anion generation by ibuprofen and Neal et
al (1987) found inhibition only at high concentrations. Furthermore Neal et al (1987)
found no effect of ibuprofen on neutrophil degranulation and several studies found
inhibition only at high concentrations (Nielson & Webster, 1987; Maderazo et a l, 1984)
which also seems to be the case for effects on chemotaxis (Maderazo et al., 1984; Brown
& Collins, 1977). The reasons for the discrepancies in the data are not apparent, but
may reflect differences in experimental procedure.

The effects of antiinflammatory

agents on neutrophil activation in vitro does not necessarily predict their in vivo actions
in acute inflammation and such inconsistencies make extrapolation of in vitro findings to
in vivo even more contentious. Furthermore, indomethacin has also been found to be an
effective inhibitor of neutrophil degranulation (Smolen & Weissmann, 1980; Neal et al.,
1987), superoxide anion production (Neal et al., 1987; Smolen & Weissmann, 1980) and
aggregation (Kaplan et a l, 1984) in vitro whilst only ibuprofen was effective in vivo in
the present study.
It has been suggested that some NSAID, including indomethacin can interfere with
the binding of FMLP to its receptor on the neutrophil surface (Cost et a l, 1981; Abita,
1981; Minta & Williams, 1985). However, it is unlikely such an action could explain
the present in vivo findings since ibuprofen inhibited neutrophil-dependent oedema in
response to both FMLP (figure 3.4b) and C5a (Rampart & Williams, 1986b) equally
well. Furthermore, Kaplan et al (1984) found ibuprofen, together with indomethacin had
no effect on FMLP binding to neutrophils.
Ibuprofen may be acting in the present study on the circulating neutrophil to
prevent adhesion to the endothelial lining, a necessary antecedent to neutrophil-dependent
oedema formation. Nielson & Webster (1987) found ibuprofen inhibited C5a or FMLPstimulated adhesion of human neutrophils to plastic or bovine endothelial cells. Venezio
et al (1985) showed that ibuprofen administered in vivo to volunteers suppressed in vitro
attachment of neutrophils to nylon-wool columns 4 and 24 hours following ibuprofen.
Furthermore, they were able to demonstrate inhibition of neutrophil adherence after
incubation of normal neutrophils with plasma or serum specimens obtained from
volunteers treated with ibuprofen, even 24 hours after treatment when the drug levels
were undetectable in plasma, suggesting ibuprofen may be converted to as yet
unrecognised neutrophil inhibitory factor(s) with prolonged action, or alternatively
ibuprofen may stimulate the release of an endogenous factor that inhibits leukocyte
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adherence. This may explain differences in in vitro and in vivo actions of NSAID.
It is possible that ibuprofen may affect the cell surface expression of adhesive
glycoproteins on neutrophils which are crucial for chemoattractant-induced adhesion and
extravascular recruitment of neutrophils, and are important for other neutrophil functions
for example chemotaxis (see section 1.4.3). In this regard Crowell and Van-Epps (1990)
found that piroxicam and indomethacin inhibited FMLP but not C5a or ionomycininduced upregulation of GDI lb and CD 11c on neutrophils, raising the interesting
possibility that these two drugs can interfere with postreceptor signalling events specific
to neutrophil stimulation by FMLP. However, Ottonello et al (1992) found ibuprofen
was without effect on the cell surface expression of GDI lb or CD 18. NSAID are planar,
lipophilic molecules that are able to partition into lipid environments such as lipid
bilayers of plasma membranes and disrupt plasma membrane fluidity (Abramson &
Weissmann, 1989; Abramson et al., 1990).

Ibuprofen may, therefore, prevent the

clustering or conformational change of cell surface integrins thought to be vital for their
interaction with endothelial cell surface ICAM (Nourshargh et a l, 1989).
It has been suggested that the capacity of NSAID to insert into the lipid bilayer
results in the disruption of signal transduction through the plasma membrane following
receptor-ligand interactions (Abramson & Weissmann, 1989). In fact, Abramson et al
(1988) presented indirect evidence that piroxicam was able to block the pertussis toxin
dependent ADP-ribosylation of the G-protein in the neutrophil.

These authors have

suggested, therefore, that NSAID, like pertussis toxin are able to inhibit neutrophil
function by interfering with the guanine nucleotide binding protein which couples
neutrophil chemoattractant receptor occupancy to the production of second messenger
molecules such as inositol 1,4,5-triphosphate and 1,2-diacylglycerol. In keeping with this
argument Nourshargh & Williams (1990) found that a pertussis toxin-sensitive GTPbinding protein on the neutrophil was essential for chemoattractant-induced neutrophil
accumulation in vivo in rabbit skin. It is possible, therefore, that ibuprofen was acting
on the neutrophil in a similar manner in vivo in the present study. It would be interesting
to ascertain, using the accumulation of *“ In-labelled neutrophils if ibuprofen was limiting
the accumulation of neutrophils at the site or preventing the accumulated neutrophil from
increasing microvascular permeability.
The ability of ibuprofen, but not indomethacin, to inhibit neutrophil-dependent
oedema formation observed in the present study may be related to several other reports
on the action of this drug in vivo. Earlier studies suggested that ibuprofen differed from
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other NSAID in that it was effective in reducing the myocardial infarct size in
experimentally-induced myocardial infarction. This effect

was associated with the

absence of infiltrating neutrophils in areas bordering the infarct and was shown to parallel
inhibition of neutrophil function (Flynn et al., 1984; Romson et a l, 1982; Lefer &
Polansky, 1979; Ogletree & Lefer, 1976). Neutrophil-mediated local tissue damage has
been implicated by several, but not all studies in the extension of the zone of ischaemia
following myocardial infarction (Romson et a l, 1983; Mullane et a l, 1984; Litt et a l,
1989; Châtelain et a l, 1987). Ibuprofen has also been found to be an effective agent in
vivo in other animal models involving neutrophil-mediated tissue injury. Ibuprofen was
found to have a protective effect in a model of thrombin-induced lung vascular injury in
sheep (Perlman et a l, 1987) and this effect was thought to be related to an ibuprofeninduced alteration in neutrophil function resulting in a reduction in the migration of
neutrophils and in the adherence of neutrophils to the endothelium.

These results

encourage speculation that ibuprofen may provide a lead for the development of
compounds which have a useful role in the treatment of human diseases where stimulated
neutrophils are thought to play a role, such as the adult respiratory distress syndrome and
myocardial infarction, and highlight the importance of further characterising the
mechanisms of action of ibuprofen.

6.4

The effect of intravenous colchicine on FMLP-induced oedema formation
The microtubule blocking agent colchicine caused a profound suppression of

oedema formation induced by FMLP + PGE following intravenous administration
2

(figure 3.5b). This inhibition was unlikely to be mediated by a non-specific action of
colchicine on the local blood vessels since responses to the direct-acting mediator Bk -H
PGE were unaffected (figure 3.5b). It seems likely, therefore, that colchicine, by itself,
2

or by a microtubule mediated process interferes with neutrophil-endothelial cell
interactions by acting on the circulating neutrophil.

In contrast to the decline in

circulating neutrophils observed following i.v. ZAP, Img colchicine/kg i.v. caused a very
slow, less profound but sustained decline in the numbers of circulating neutrophils over
the duration of the experiment (table 3.4). A similar result was found with the same dose
of colchicine in rabbits by Inano et al (1992), although other groups have found this dose
of colchicine to be non-leukopenic in rats (Higgs et al., 1983). It is difficult to determine
the extent to which such as small decline in circulating neutrophil numbers would affect
neutrophil-dependent permeability responses. It seems unlikely that such a decline would
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result in the profound inhibition of oedema responses observed. Alternatively, and more
likely, colchicine may be acting on the normal function of circulating neutrophils to
prevent their accumulation at the inflammatory site or possibly to prevent accumulating
neutrophils from acting to increase microvascular permeability.
Colchicine has also been shown to have potent inhibitory action on oedema
formation and neutrophil accumulation in a variety of other animal models (Griffiths et
a l, 1988; Griffiths er a/., 1991; Brooks efû/., 1987; Griswold e ta l, 1991; Higgs era/.,
1983; Simmons et a l, 1983). It is commonly used to treat a number of illnesses which
are characterised by the pathological accumulation of neutrophils, including gout, Bechets
disease and vasculitis.

However, it remains unclear how colchicine exerts its

antiinflammatory actions. From in vitro studies possible mechanisms include inhibition
of the ability of neutrophils to undergo chemotaxis (Malech et a l, 1977b; Caner, 1965),
to degranulate (Hoffstein et a l, 1977; Zurier et a l, 1974) or generate LTB

4

(Reibman

et a l, 1986; Ouyang et a l, 1989; Langlois & Gawryl, 1988; Serhan et a l, 1984).
However, conflicting statements exist in the literature both regarding the effect of
colchicine on neutrophil function in vitro and whether any observed effects are mediated
via microtubule disruption.

For example, colchicine was found to be ineffective in

inhibiting secretion induced by the calcium ionophore A23187 (Hoffstein & Weissmann,
1978) and in fact augmented degranulation induced by FMLP (Reibman et a l, 1991).
It has been suggested that microtubules are involved in the cycling of specific receptors
or the generation of specific intracellular signals required for the signal transduction
process and can specifically participate in a pertussis toxin-sensitive pathway of activation
(Reibman et a l, 1991). Prevention of such action by microtubule disrupting agents may
therefore prevent neutrophil accumulation in vivo since this has been shown to be a
pertussis toxin sensitive process (Nourshargh & Williams, 1990).
Recently, Asako et al (1992) found that colchicine inhibited LTB^-induced
neutrophil adherence and emigration in the microvasculature of the rat, but did not
influence the ability of LTB to upregulate CD ll/C D 18 on the neutrophil surface. Molad
4

et al (1992) also failed to demonstrate an effect of colchicine on the expression of
GDI lb/CD 18 on neutrophils. However, these authors were able to show that colchicine,
by disrupting microtubules, diminished the cell surface expression of L-selectin on
neutrophils. Thus, the antiinflammatory action of colchicine may be due, at least in part,
to its capacity to diminish the expression of adhesive molecules on the neutrophil. It also
remains possible that colchicine affects the clustering or conformational change of cell
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surface integrins thought to be important for cell accumulation (Nourshargh et al., 1989).
Of possible relevance to this, data has been presented suggesting a dynamic interaction
between the composition and arrangement of membrane lipids and the cytoskeletal system
(Berlin & Fera, 1977; Pike et al., 1980; Hoover et al., 1981). Microtubule-dependent
anchoring of membrane lipids may in turn affect clustering or changes in conformation
of cell surface adhesion molecules.

6.5

The effect of colchicine on the duration of the permeability response to FMLP

The increased microvascular permeability induced by a single intradermal injection
of FMLP is of long duration compared to that induced by direct-acting mediators of
increased microvascular permeability ( Wedmore & Williams, 1981a , figure 3.6). The
mechanism of this protracted response is unknown, for example it is not clear if this long
duration is because of a protracted change in the endothelium or a protracted efflux of
neutrophils.

The intravenous administration of colchicine at different times after

intradermal FMLP injection almost abolished the protracted nature of the FMLP response
whilst having no effect on responses to bradykinin (figure 3.6).

This suggests that

continuing interactions between functionally active neutrophils and endothelial cells are
necessary for the protracted plasma protein leakage induced by this chemoattractant,
rather than an initial neutrophil-endothelial interaction resulting in a protracted change
in the endothelium. Increased permeability during neutrophil migration has also been
shown using epithelial cell cultures and this increase appeared dependent upon the number
of neutrophils present and prolonged contact between the neutrophils and the epithelium
(Milks et al., 1986; Parsons et al., 1987). The nature of the neutrophil-endothelial
interaction resulting in increased permeability remains elusive and represents a very
interesting area for future study.

6.6

Systemic treatment of rabbits with dexamethasone

Systemic treatment of rabbits with dexamethasone for 4 hours inhibited neutrophildependent and independent oedema formation induced by exogenously administered
inflammatory mediators mixed with PGEj (figure 4.4). These results are in agreement
with other studies (Tsurufuji et al., 1979; Tsurufuji et a l, 1980; Church & Miller, 1978;
Bjork et a l, 1985; Griffiths & Blackham, 1988; Foster & McCormick, 1985; Peers &
Flower, 1991; Ahluwalia et al., 1992). In addition, dexamethasone when administered
intravenously inhibited neutrophil accumulation induced by LTB (as shown previously
4
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by Foster & McCormick, 1985), FMLP and C5a des Arg (figure 4.3). These results
clearly demonstrate the anti-inflammatory properties of dexamethasone, but alone tell us
little of the mechanisms involved. These results are therefore best discussed together
with, and in relation to results obtained using local dexamethasone treatment and the
treatment of neutrophil donor rabbits.

6.7

Local treatment of skin sites with dexamethasone

In this model of acute inflammation, locally administered dexamethasone, at a
concentration as low as SOng/site (2xl0'^°moles/site) inhibited oedema formation induced
by both neutrophil-dependent and direct-acting inflammatory mediators, co-administered
with prostaglandin Ej (figure 4. la). Similar results have been described in other studies
using different species, for example (Ahluwalia et a l, 1992; Svensjo & Roempke, 1985;
Erlansson et al. , 1989) although most studies addressing the action of glucocorticosteroids
against oedema induced by inflammatory mediators have involved systemic treatment
regimes (see section

6

. ).
6

Local dexamethasone failed to inhibit "'In-neutrophil

accumulation in response to C5a des Arg. It is likely that definite local mechanisms were
responsible for the action of dexamethasone observed since responses in saline treated
skin sites were of an expected magnitude.
Many of the reported effects of steroids on oedema formation and neutrophil
accumulation (Sato et a l, 1980; Kurihara et a l, 1984a; Tsurufuji et at., 1984a; Cirino
et a l, 1989; Errasfa & Russo-Marie, 1989) can most probably be largely attributed to
their well-documented action to inhibit the generation of pro-inflammatory prostaglandins,
leukotrienes and platelet-activating factor by inducing the formation of lipocortins which
have been reported to inhibit phospholipase Aj (see section 1.5.2). The use of preformed
inflammatory mediators and chemoattractants in this study eliminates such an explanation
being likely for the steroid effects observed. The following points further substantiate
this argument;

1.

Experiments were designed so that all mediators were coinjected intradermally

with a dose of the vasodilator PGEj that caused maximum potentiation of oedema
formation and/or neutrophil accumulation.

This ensured that the effect of any

endogenous vasodilator prostaglandin generation in skin sites was overriden; thus
eliminating the possibility of a glucocorticoid effect being due to inhibition of
prostaglandin synthesis. This was further confirmed by the failure of local indomethacin
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treatment to mimick the effect of dexamethasone at a dose that was evidently blocking
cyclooxygenase (figure 4. lb). Other studies have shown similar effects of indomethacin
(Wedmore & Williams, 1981a; Peers & Flower, 1991) which also serves to eliminate any
possible effect of dexamethasone on cyclooxygenase which has been suggested in some
studies (Raz et al,, 1989; Masferrer et ah, 1990).

2.

PAF generation was found not to be a component of the responses to these

inflammatory agents in the rabbit skin. This was demonstrated using a variety of specific
PAF antagonists which inhibited oedema formation in response to intradermal PAF but
had no effect on leakage induced by other mediators (Hellewell & Williams, 1986;
Hellewell & Williams, 1989).

3.

Responses of the hamster cheek pouch microvasculature to FMLP have been

reported to be mediated by products of the lipoxygenase pathway of arachidonic acid
metabolism (Nagai & Katori, 1988). C5a has been shown in a number of systems to be
able to act via the release of lipoxygenase products (Regal & Pickering, 1981; Stimler
et ah, 1982). However, in the rabbit skin responses to chemoattractants were not found
to be mediated by lipoxygenase products (Von Uexkull et ah, 1991; Forrest et ah,
1981b).
4.

In addition to inhibiting the generation of pro-inflammatory arachidonic acid

metabolites there have also been reports suggesting glucocorticoids can inhibit the
generation of histamine (Schleimer et ah, 1981).

However, no evidence for the

involvement of histamine release in responses to inflammatory mediators in rabbit skin
was found (Williams & Jose, 1981, see section 1.5.2).
Glucocorticosteroids have been shown to constrict local blood vessels when
applied topically (Reid & Brookes, 1968; Kaidbey & Kligman, 1974; Marks & Sawyer,
1986). The mechanism of this vasoconstrictor action is unknown, it may be related to
the induction of vasoconstrictor substances or the inhibition of formation/enhanced
breakdown of a vasodilator. It has been suggested that glucocorticoids may enhance
vascular responsiveness to catecholamines and other vasoconstrictors (Besse & Bass,
1966; Rascher et ah, 1980; Kalsner, 1969).

Glucocorticoids have been reported to

induce the synthesis of angiotensin converting enzyme (ACE) thus increasing the
formation of the constrictor angiotensin II and the inactivation of the vasodilator
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bradykinin. In addition Radomski et al (1990) have shown that induction of nitric oxide
synthase in endothelial cells in response to cytokines and endotoxin was inhibited by
glucocorticoids.

Furthermore, there have been suggestions that steroids can directly

affect prostanoid receptor numbers resulting in down-regulation of the receptor (Sessa et
al., 1990; Sessa & Nasjletti, 1990).

Whatever the mechanism or mechanisms the

vasoconstrictor property of steroids may contribute to the anti-oedema actions of
dexamethasone observed, given the active role vasodilatation has been shown to play in
oedema formation (see section 1.3). Two lines of evidence suggested that modulation of
blood flow was not a possible site of action of dexamethasone in this model. Firstly,
oedema formation potentiated with either the non-prostanoid, potent peptide vasodilator
CGRP or PGEj was inhibited equally well by systemic dexamethasone (figure 4.5)
indicating the steroid effect was not mediated by an action on prostanoid receptors.
Secondly, although local dexamethasone had a slight inhibitory effect on basal blood flow
it had no effect on increased blood flow induced by PGEg (figure 4.2). Furthermore,
the induction of nitric oxide synthase was found to be a slow, protein synthesis dependent
process with a lag period of 2 hours (Radomski et al., 1990) whereas oedema responses
were measured over only 30 minutes indicating that, although interference with nitric
oxide production may partly mediate the effects of steroids in some models such a
mechanism was unlikely here.
Thus, the inhibition of oedema formation observed with both local and
systemically-administered steroid against all inflammatory agents was not mediated by a
steroid effect on blood flow or inhibition of mediator generation. Together with the lack
of effect of local dexamethasone on neutrophil accumulation and the fact that mediators
such as Bk act directly on endothelial cells to allow leakage, these results indicate that
dexamethasone can act at the level of the microvascular endothelial cell to inhibit oedema
formation to both direct acting and neutrophil-dependent mediators.
The inhibitory effect of dexamethasone on the endothelium was time-dependent;
a 4 hour pretreatment of skin sites locally with dexamethasone was required before a
substantial significant inhibition of oedema formation was obtained. The magnitude of
inhibition obtained for both direct acting and neutrophil-dependent stimuli after 4 hours
pretreatment was comparable. This, together with the comparable lag period required,
possibly suggests the mechanism by which glucocorticoids inhibit endothelial cell
responses to direct acting stimuli is the same as that by which responses to neutrophil
dependent stimuli are inhibited. The inhibitory action of systemic dexamethasone was
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also found to be time dependent (Peers & Flower, 1991). The requirement for a lag
period suggests the effect of dexamethasone was protein synthesis dependent. Previous
studies have shown that RNA and protein synthesis are essential for manifestation of the
anti-exudative effect of dexamethasone against direct-acting mediators (Tsurufuji et al.,
1979; Tsurufuji et al., 1980; Peers & Flower, 1991) together with binding to the
glucocorticoid receptor (Tsurufuji et al., 1979; Tsurufuji et al., 1980). Thus, it seems
dexamethasone can induce the synsthesis of a protein that can inhibit microvascular
responses by an action on the endothelium. However, the situation with neutrophildependent mediators is less clear. Tsurufuji demonstrated a role for the glucocorticoid
receptor and RNA synthesis in the inhibiton of leukocyte accumulation by local
glucocorticoids (Tsurufuji et al., 1984b).

However, in this study the action of

dexamethasone reflected, at least in part, an inhibition of mediator generation and the
model used was unsuitable for measuring changes in plasma extravasation. Peers et al
(1991) were able to show a requirement for RNA synthesis in the ability of systemic
dexamethasone to inhibit local oedema formation to neutrophil dependent mediators.
However, the role of the glucocorticoid receptor and protein synthesis were not addressed
and neutrophil accumulation was not monitored.

To clearly establish the molecular

mechanism involved in the glucocorticoid action on permeability induced by both
direct-acting and neutrophil-dependent mediators and on neutrophil accumulation in the
rabbit skin model the glucocorticoid receptor antagonist RU 38486 and inhibitors of
mRNA and protein synthesis could be used.
The identity of the anti-permeability protein is presently unknown. Lipocortin has
been found in endothelial cells (Hullin et al., 1989). However, it is not thought to be
involved as Cirino et al (1989) found that recombinant lipocortin 1 injected locally was
not effective against oedema induced by a host of preformed inflammatory mediators
including 5HT, Bk and PAF in the rat paw. The involvement of lipocortin in modulation
of oedema induced by chemoattractants has not been established. It would be interesting
to ascertain this using the rabbit skin model and recombinant lipocortin and/or
neutralising antibodies.

A second glucocorticoid-induced anti-inflammatory protein

named vasocortin has been identified in the peritoneal lavage fluid from dexamethasone
treated rats (Camuccio et al., 1987; Camuccio et al., 1989a; Di Rosa et al., 1985). This
protein has distinct physicochemical properties from lipocortin and was shown to be
inhibitory

against

rat

dextran

oedema

(Camuccio

et

al.,

1987)

like

the

glucocorticosteroids (Calignano et al., 1985) but in contrast to lipocortin (Cirino et al.,
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1989). In a further study Camuccio et al (1989a) showed that vasocortin prevented
histamine release. It remains possible that vasocortin may act on the endothelial cell to
inhibit oedema formation, no studies to date have addressed this question.
The mechanism(s) underlying the effect of glucocorticoids or glucocorticoidinduced proteins on the endothelium remains to be determined. This represents a very
interesting area for future research. Such studies may not only help the development of
more specific anti-inflammatory therapy but could also throw new light on mechanisms
of increased microvascular permeability. The fact that steroids blocked the formation of
inflammatory oedema to all stimuli tested suggests that a very fundamental change was
occurring in the endothelial cell after exposure to steroids.

A block in the signal

transduction pathway operating for these agents may be the locus of action of steroids,
or possibly interference with the contractile machinery of the endothelial cell. Studies
investigating the interaction of glucocorticoids with intracellular second messengers and
comparing steroid effects with those of compounds and drugs of known action may help
to unravel the mechanism of steroid action.
With regard to the mechanism of neutrophil-dependent oedema formation, the
observation that plasma leakage but not neutrophil accumulation was affected by local
dexamethasone provides further evidence that neutrophil-dependent oedema formation
cannot entirely be a passive process resulting from neutrophil emigration (see section
1.2.4.1). However, since radiolabelled cells were used to monitor cell accumulation it
is not possible to make such a conclusion unequivocally, which would need microscopic
examination of histologic skin samples. Whilst time-consuming this technique would
provide not only useful information about the tissue location of cells but would also allow
different subtypes of leukocytes to be investigated.
Since systemic, but not local dexamethasone inhibited chemoattractant-induced
neutrophil accumulation it was conceivable that the target site for steroid action was the
neutrophil itself. A series of experiments were designed to examine such a possibility
in vivo.

6

. 8

Effect of dexamethasone on neutrophils in vivo. Modulation of neutrophil
accumulation in vivo bv an action of dexamethasone on the neutrophil
For these studies neutrophils were isolated from the blood of steroid-treated donor

animals and their accumulation was monitored in vivo in untreated recipients. Control
recipient animals received an equal number of '"In-neutrophils prepared at the same time
148

from a saline treated donor animal.

Treatment of neutrophil donor rabbits with

dexamethasone resulted in inhibition of the accumulation of treated " ‘In-neutrophils in
untreated recipients (figure 4.6). The results were not explicable by transfer of some
dexamethasone along with the treated donor cells because there was no difference in the
ability of recipient animals to mount an oedema response to both direct-acting and
neutrophil-dependent mediators (figure 4.7). These observations are consistent with the
concept that steroids, or more likely steroid-induced products, can suppress neutrophil
accumulation in vivo by an effect on the neutrophil itself, in addition to a possible effect
on the endothelium.
The process of neutrophil accumulation at an inflammatory site is complex with
multiple components. These include rolling of the neutrophil along the vessel wall, firm
adhesion followed by passage between the endothelium and finally penetration of the
basement membrane to the interstitial space (see sections 1.4.3, 1.4.4 and 1.4.5). It is
possible that dexamethasone suppresses chemoattractant-induced neutrophil accumulation
by inhibiting the neutrophil response at any or several of these steps in addition to a
possible effect on the endothelium. The evidence for steroid effects at these different
stages will be discussed.
Following glucocorticoid administration in vivo in man a significant increase in
the number of circulating neutrophils has been found (Athens et al., 1961) and it has been
suggested that this neutrophilia results in part from reduced neutrophil adherence (Bishop
et al., 1968; Mischler, 1977). Similarly, in vivo treatment of man and animals with
glucocorticoids followed by phlebotomy was found to yield neutrophils with reduced
adherence to nylon fibres (Clark et al., 1979; Stecher & Chinea, 1978; Ackerman et al.,
1982). The mechanism by which glucocorticoids prevented attachment of leukocytes was
unknown and remains contentious. Whether glucocorticoids can modulate neutrophil
functions in vitro has been addressed in many studies. However, many of these studies
used very high concentrations of steroids and it is therefore doubtful whether the results
obtained bear any relevance to glucocorticoid receptor mediated anti-inflammatory effects
in vivo. Furthermore, few studies have been performed analysing the effects of culture
with glucocorticoids for appropriate lengths of time on the function of neutrophils. It is
now clear glucocorticoid action both in vivo and in vitro requires a considerable amount
of time to become evident, although too long a treatment time may also cloud the
interpretation of results (Ackerman et al., 1982; Cronstein et al., 1992). The suggestion
that glucocorticoid effects on target cells may differ depending on whether the steroid was
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administered in vivo, followed by subsequent separation of cells or whether isolated
"virgin" cells were treated in vitro with steroid (Goulding et al., 1990a) further
complicates interpretation of results. Furthermore, in trying to reconcile findings from
different studies it must also be recognised that the behaviour of inflammatory neutrophils
and their response to pharmacological agents has been found to differ from that of
peripheral blood cells (Cunningham et al., 1979; Thieme et a l, 1982).
Culture of human neutrophils with glucocorticoids for 24 hours led to inhibition
of basal (unstimulated) adherence to cultured vascular endothelial cells (Schleimer, 1985;
Schleimer et a l, 1989). A similar result was found by Rosenbaum et al (1986) using 4
hour pretreatment of rabbit peripheral blood neutrophils and rabbit microvascular
endothelium. However, Schleimer and co-workers found that the treated neutrophils
showed an undiminished ability to increase adherence to endothelial cells following
exposure to neutrophil activators such as FMLP, as well as endothelial activators such
as IL-1 and LPS. Furthermore, 24 hour treatment of endothelial cells with steroid did
not inhibit their acquisition of adhesive properties stimulated by IL-1 (Schleimer et a l,
1989; Schleimer, 1985; Cybulsky et a l , 1987). In a more recent study Forsyth & Talbot
found similar results in that prior co-culture of endothelial cells for

6

hours with

dexamethasone failed to inhibit neutrophil adhesion to endotoxin-stimulated endothelial
cells in the presence or absence of FMLP (Forsyth & Talbot, 1992). Furthermore,
dexamethasone was without effect on increased expression of the adhesion molecules Eselectin and ICAM-1 on the endothelium.

In contrast, Cronstein et al (1992) found

dexamethasone treatment of endothelium for 4 hours dramatically inhibited neutrophil
adhesion to LPS-stimulated endothelium, an effect which was found to be mediated by
glucocorticoid receptors.

They were also able to demonstrate that dexamethasone

inhibited LPS-stimulated expression of ICAM-1 and E-selectin (Cronstein et a l, 1992).
It is difficult to reconcile these studies, obvious differences were the time of treatment
of endothelial cells with dexamethasone and whether the endothelial stimulus was added
together with dexamethasone or later. Cronstein et al (1992) have suggested that the
prolonged treatment with dexamethasone undertaken in the studies by Schleimer and co
workers may lead to "desensitization" of glucocorticoid receptors or that glucocorticoids
effects to regulate E-selectin/ICAM are transient permitting subsequent activation in some
studies. In both the study by Cronstein et al (1992) and Forsyth and Talbot (1992)
dexamethasone did not alter basal expression of endothelial adhesion molecules. This is
particularly interesting in relation to the findings in this thesis since chemoattractant150

induced neutrophil accumulation is believed to involve binding of neutrophil
CDlla/CD18 and CD 1lb/CD 18 with basally expressed ICAM-1 (Argenbright et a l,
1991).

With regard to steroid modulation of neutrophil expression of adhesion

molecules; few studies have addressed this question. Forsyth & Talbot (1992) found
dexamethasone pretreatment of neutrophils failed to affect upregulation of integrins by
FMLP, however, the authors chose to study only a fixed time (2 hours) of dexamethasone
treatment. A more thorough study possibly involving a time course of dexamethasone
treatment is required. Petroni et al (1988) demonstrated that overnight culture with
glucocorticoids caused a slight reduction in CDllb/CD18 expression on neutrophils. It
has been suggested that such a reduction may explain the decreased adhesion of
unstimulated neutrophils to endothelium or nylon fibres (Schleimer et a l, 1989; Clark
et a l, 1979) and the "demargination" of neutrophils seen with glucocorticoid treatment
in vivo (Athens et a l, 1961; Mischler, 1977). Petroni et al (1988) also observed that
IFN^ was a strong inducer of CDllb/CD18 on neutrophils and that this induction was
inhibited substantially by treatment of the neutrophils with dexamethasone. This area is
worthy of further research, it would be interesting to monitor the integrin expression on
cells taken from the animals used in the donor treatment studies. Since some kind of
conformational or biochemical change, possibly involving interactions with other
membrane components is thought to be important in integrin mediated adhesion in vitro
(Philips et a l, 1988) and in vivo (Nourshargh et a l, 1989) rather than surface
upregulation it may also be important to establish if steroids can interfere at this level
(this is discussed further later).
Watanabe and colleagues recently showed that dexamethasone inhibited neutrophil
adhesion to thrombin- and histamine-activated endothelial cells by an effect on the
neutrophil (Watanabe et a l, 1991). Since thrombin and histamine have been shown to
upregulate the expression of the adhesion molecule P selectin on cultured endothelial cells
(McEver et a l, 1989; Lorant et a l, 1991), the study of Watanabe and colleagues 1991
suggests dexamethasone may modulate the expression of the ligand for endothelial P
selectin on the neutrophil. Such an effect has yet to be investigated.

Neutrophil L

selectin is thought to bind P-selectin. It is as yet unknown whether chemoattractants are
able to affect expression of P-selectin on the endothelium and therefore whether steroid
modulation of the neutrophil ligand would be important in chemoattractant-induced
neutrophil accumulation. Other as yet unidentified ligands for both P selectin and L
selectin may also be modulated by steroids. Interestingly, upregulation of P selectin by
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H O has been demonstrated and it has been suggested that neutrophils may release H O
2

2

2

2

during neutrophil:endothelial cell interactions stimulated by chemoattractants (see section
1.2.4.3). This may act as a positive feedback mechanism allowing further neutrophil
accumulation which steroids may be able to modulate.
Evaluation of the effect of dexamethasone on neutrophil chemotaxis, using either
neutrophils from steroid-treated donors or co-culture of neutrophils with dexamethasone
have indicated that chemotaxis can be either enhanced, inhibited or unaffected by
glucocorticoids (Clark et a l, 1979; Roth & Kaeberle, 1981; Stevenson, 1986; Ackerman
et a l, 1982; Hirata et a l, 1980; Kurihara et a l, 1984b; Schleimer et a l, 1989). There
may be some species differences in this response; rabbit neutrophil chemotaxis, has been
found to be inhibited by dexamethasone (Hirata et a l, 1980).
Dexamethasone may suppress an alternative step during the process of diapedesis.
In fact Katori et al (1990) using the hamster cheek pouch preparation stimulated with
topical

L

T

B

4

found that leukocyte adhesion to the endothelium was not affected by

systemic dexamethasone treatment, neither was the time required for the leukocytes to
migrate out of the vascular lumen. However leukocyte migration into the interstitial
space was substantially depressed by dexamethasone indicating that, in this model, the
steroid was inhibiting passage of the neutrophil across the perivascular basement
membrane. Rosengren et al 1987 using the same model and chemotactic stimulus failed
to demonstrate such a steroid effect. In the rabbit skin model the use of " ‘In-cells to
monitor neutrophil accumulation makes it unlikely that the sole site of action of
dexamethasone was inhibiting neutrophil penetration of the perivascular basement
membrane. In such a situation trapped radiolabelled cells would still have been counted
in the skin site whereas there was a significant reduction in the number of radiolabelled
cells in skin samples. It remains possible, although unlikely, that the trapping of some
cells in such a position would prevent other cells from being able to traverse the
endothelial layer. To confirm the precise location of emigrating cells a rabbit model of
intravital microscopy, for example the mesentery or ear chamber preparation could be
used and donor cells labelled with a fluorescent tag, for example calcein.
The results of this study clearly demonstrate that dexamethasone, or more likely
a dexamethasone-induced factor, exerts an inhibitory effect on chemoattractant-stimulated
neutrophil accumulation in vivo by an action on the circulating neutrophil.

The

mechanisms involved remain unknown. The well characterised model used in these
studies, together with models of intravital microscopy which afford a precise analysis of
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the steps involved in neutrophil-extravasation may be useful in further investigating this
steroid action.

It would be interesting to obtain a profile of steroid action against

different inflammatory stimuli which activate by different mechanisms (the neutrophil,
endothelial cell or both) and involve different pairs of adhesion molecules.

The

molecular mechanisms of glucocorticoid action could be investigated using the steroid
receptor antagonist RU486 and inhibitors of protein and mRNA synthesis. It has become
increasingly evident that anti-inflammatory actions of steroids are invariably mediated by
the generation of proteins, it is likely, therefore that this mechanism is responsible for
the observed effect of dexamethasone on the circulating neutrophil. The availability of
purified and more recently recombinant lipocortin has facilitated investigations into its
mode of action. Clearly, the ability of lipocortin 1 to inhibit eicosanoid generation (see
section 1.5.2) cannot account for all the anti-inflammatory actions observed. RussoMarie et al (1989) found purified mouse lipocortin inhibited chemotaxis of mouse
neutrophils in vitro and suggested that this activity may contribute to the inhibition of cell
migration elicited by polyacrylamide gel injection following i.v. administration of
lipocortin in vivo. Cirino et al (1989) also presented data suggesting recombinant human
lipocortin may be exerting some of its actions by decreasing the migration of neutrophils
to the inflammatory site in vivo.

Recently Perretti & Flower (1993) showed that

intravenous, but not local human recombinant lipocortin 1, inhibited IL-1 induced
neutrophil migration which was not due to inhibition of eicosanoid or PAP generation.
The authors suggested that lipocortin was interacting with circulating neutrophils to
inhibit their accumulation at the inflammatory site. Lipocortin 1 has also been shown to
diminish other neutrophil functions such as hydrogen peroxide generation (Stevens et al
1988). Furthermore, Goulding et al (1990b) were able to demonstrate the existence of
specific binding sites for lipocortin on the surface of human peripheral blood neutrophils,
although they failed to detect lipocortin induction in human neutrophils following
glucocorticoid treatment (Goulding et al., 1990a).
These data suggest it is possible that the inhibitory effect of dexamethasone on the
neutrophil observed in the experiments presented in this thesis is mediated by
dexamethasone-induced lipocortin. It would be very interesting to investigate the effect
of systemic and local treatment with recombinant lipocortin on responses to
chemoattractants in rabbit skin, and the treatment of neutrophils with lipocortin prior to
their i.v. injection into a recipient animal.
Further considerations can be drawn from the local treatment experiments.
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Lipocortin 1 seems to be produced at discrete sites throughout the body (Fava et al. ,
1989) where its concentration can be as high as 100/zg/ml (compared to 50ng/ml in blood
plasma). Furthermore, putative receptors for this protein have been demonstrated on
neutrophils. Based on these findings Goulding and Guyre (1992) have suggested that
neutrophils migrating into tissues would have to pass through regions of elevated
lipocortin

1

concentration which would be expected to progressively saturate their

putative lipocortin receptors resulting in suppression of migratory and/or proinflammatory activities. One such area where lipocortin has been found is the basal
kératinocytes of the epidermis (Fava et a l, 1989).

Thus, Ut remains possible that

neutrophils accumulating at the inflammatory site treated locally with dexamethasone
encountered increasing levels of lipocortin which may have prevented the neutrophil from
acting to increase microvascular permeability. Pertinent to this argument is the finding
that lipocortin has been shown to have inhibitory effects on the release of reactive oxygen
species (Stevens et al., 1988).
By using a relatively simple model of acute inflammation in which the actions and
interactions of a range of inflammatory mediators have been well characterised the
possible sites of anti-inflammatory action of dexamethasone could be accurately pin
pointed.

Clearly dexamethasone can have actions on the endothelial cell and the

neutrophil. To extend these observations further and investigate the relative contribution
of the actions of dexamethasone a more complex model of inflammation involving
mediator generation and action was studied. The inflammatory response induced by
zymosan in the peritoneal cavity was investigated and the effect of systemic
dexamethasone assessed.

6.9

The inflammatorv response induced bv intraperitoneal zvmosan

The intraperitoneal administration of zymosan caused an inflammatory response
in the cavity, characterised by an increase in plasma exudation (table 5.1) and neutrophil
accumulation (figure 5.1). These results confirmed the observations of Forrest et al
(1986).

The extravasation of plasma proteins was assessed by measuring the

exudateiplasma blue dye ratio.

As discussed by Forrest et al (1986) the blue dye

concentration in the cavity at any time will depend on several opposing factors, in
addition to dye-albumin extravasation, these include dilution by the injection fluid,
lymphatic clearance of dye-albumin from the inflammatory site and systemic clearance
of intravascular dye-albumin. Clearly an increased extravasation of plasma occurred in
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zymosan treated animals compared to controls, and this increase occurred early in the
response to zymosan (the maximum rate of extravasation of dye occurred in the first hour
post-zymosan). The small accumulation of dye in the cavities of control animals was
probably a result of some low level inflammation caused by saline or the presence of the
indwelling cannula together with any normal basal microvascular permeability to plasma
protein (Forrest et al., 1986). In contrast to plasma extravasation, the accumulation of
neutrophils in exudate fluid was slower, significant numbers appeared at

2

hours

post-zymosan and numbers increased progressively with time. Griffiths et al (1991) also
found an increase in vascular permeability in response to intraperitoneal injection of
zymosan in the rat. In this study the authors found two phases of increased permeability,
an initial rapid phase in the first half hour and a later larger phase which commenced
2V6-3 hours post-zymosan and which coincided with the onset of leukocyte infiltration.
These changes in the local microenvironment occurred as a result of the
generation, action and interaction of a range of inflammatory mediators triggered by, and
designed to facilitate the removal of the inflammatory stimulus.

6.9.1

The generation of inflammatorv mediators in zvmosan-induced
peritoneal exudate fluid

6.9.1.1

C5a and PGIj

It has been shown previously that local extravascular complement activation
is an important part of the host defence reaction to zymosan (Forrest et al., 1986). These
authors detected the early generation (within 10 minutes) of C5a in inflammatory exudate
fluid which rose to high levels at 1, 2 and 4 hours post zymosan, the peak occurred at
2 hours (Forrest et al., 1981a; Jose et a l, 1983; Forrest et al., 1986). Based on their
findings in the peritoneal cavity and rabbit skin these authors have proposed that C5a
generation, plasma protein extravasation and neutrophil accumulation in response to
intraperitoneal zymosan are closely linked.

The zymosan-induced activation of

complement in the local extravascular tissue fluid via the alternative pathway leads to the
opsonisation of particulate material so facilitating phagocytosis by neutrophils and resident
macrophages, and in addition also generates the by-product C5a, which is rapidly
converted to its physiologically more stable metabolite C5a des Arg by the action of
tissue fluid carboxypeptidase N (Hugli & Muller-Eberhard, 1978). C5a and C5a des Arg
are able to cause the neutrophil accumulation and rapid increase of venular permeability
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observed. This sequence of events functions to supply neutrophils and more complement
components to the site in order to effect extravascular microbial lysis, opsonisation,
phagocytosis and so removal of foreign material from host tissue. Similar findings have
been reported in different types of inflammatory reactions in other species (Snyderman
et al., 1971; Damerau & Vogt, 1976; Jose & Williams, 1987) including the rheumatoid
joint (Ward & Zvaifler, 1971; Haslett et al., 1989).
In addition to C5a, Forrest et al (1986), Jose et al (1985) also demonstrated the
presence of -oxo-PGFi„, the stable breakdown product of the vasodilator prostacyclin
6

(PGI ), but not PGE in zymosan induced inflammatory exudate fluid. These results have
2

2

been confirmed in the present study (figures 5.4 & 5.5). A more detailed time course
was followed in the present investigation which revealed the early (in the first 5 minutes)
generation of large amounts of prostacyclin (figure 5.5).
The increase in prostacyclin occurred in parallel with the increase in C5a (Forrest
et al., 1986) suggesting these events may be causally related. A correlation between
intravascular complement activation and PGI biosynthesis has been obtained in rabbits
2

following i.v. administration of endotoxin (Rampart et al., 1982). Furthermore, C5a and
C5a des Arg have been shown to trigger PGI formation from rabbit aorta endothelium
2

in vitro (Rampart et al., 1983b). In a further study Rampart et al (1989c) showed that
this effect was greatly enhanced when C5a des Arg and leukocytes were incubated
together on the endothelium, an effect which was mimicked by other chemoattractants and
was found to be, at least partly mediated by release of H O from activated leukocytes.
2

2

It is possible that these in vitro findings are relevant to the in vivo model described in this
thesis and that C5a induced interaction of neutrophils with vascular endothelial cells
might lead to PGI formation from the endothelium.
2

The results obtained with animals depleted of circulating neutrophils suggested that
the sequence of events described above was unlikely to explain the presence of PGI .
2

Neutrophil depletion had no effect on the level of -oxo-PGFi„ detected in exudate fluid
6

at any time (figure 5.5). This result also eliminated the possibility that phagocytosis of
zymosan particles by accumulating neutrophils could account for the later generation of
prostacyclin observed. Furthermore, C5a injected intradermally in rabbit skin without
addition of exogenous prostaglandin caused only a small amount of leakage even over 4
hours which was not inhibited by indomethacin (Jose et al., 1981; Williams & Jose,
1981). It is possible, however, that the sensitivity of different blood vessels to C5a,
differences in their capacity to form various prostanoids and the sensitivity of the blood
156

vessel to the individual prostanoids released contribute to different outcomes in different
vascular beds.
It has been demonstrated in vitro that the by-products of complement activation
C3a and C5a are able to cause the biosynthesis of PGI by isolated rabbit peritoneum
2

(Rampart et a l, 1983a) an effect mediated via enhanced availability of arachidonic acid.
It is possible, therefore, that such a mechanism may be of importance in vivo. It would
be interesting to ascertain the levels of -oxo-PGFi„ obtained in exudate fluid generated
6

by the intraperitoneal injection of pure C5a des Arg.

Such an involvement of

complement in the initiation of prostacyclin generation at the inflammatory site would
serve to enhance neutrophil accumulation and oedema formation induced by C5a
(Rampart & Williams, 1986a).
It would be interesting to ascertain the effect of neutrophil depletion on the
presence of C5a in inflammatory exudate fluid.

Such data would help to confirm the

sequence of events put forward by Forrest et al (1986) linking complement activation,
neutrophil accumulation and oedema formation, outlined above. It would also help to
ascertain if complement generation and prostacyclin production are linked. Neutropenia
would lead to the absence of neutrophil dependent oedema formation and hence the
further supply of complement to the area and therefore the generation of C5a would be
expected to be limited which in turn may affect prostacyclin production. Wedmore &
Williams (1981a) abolished the inflammatory response to zymosan in rabbit skin by
rendering the animals neutropenic.

Neutropenia did not affect the generation of

prostacyclin in the peritoneal cavity (figure 5.7 ). Although neutropenia reduced the
accumulation of albumin-bound dye (by approximately 60-70%, table 5.2) compared with
normal animals there was still some residual oedema formation presumably mediated by
PMN-independent mediators.

Thus, it is possible that sufficient complement was

supplied and hence C5a was present at the inflammatory site to maintain unchanged
prostacyclin production. Alternatively, it remains possible that prostacyclin production
in not dependent on C5a generation. Other mediators generated in response to zymosan
may lead to prostacyclin biosynthesis.

Resident

macrophages

may

generate

prostacyclin during phagocytosis of opsonized or possibly unopsonized zymosan as has
been demonstrated in vitro (Warr, 1980; Sung et a l, 1983; Czop, 1986; Nathan, 1987b;
Humes et a l, 1977).

The mere presence of zymosan in the cavity may trigger

prostacyclin generation by mechanical stimulation.
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6.9.1.2

PGE^

PGE has been found in inflammatory exudate generated in other models
2

of inflammation (Mikami & Miyasaka, 1983; Sedgwick & Lees, 1986b) and it has been
suggested that incoming neutrophils may be the source (Higgs & Salmon, 1979). Only
low levels of PGEj were detected in exudates in the present study (figure 5.4) despite the
presence of neutrophils in exudate fluid (figure 5.1).

A similar result was found

(Sedgwick & Lees, 1986b) using a pleurisy model of inflammation.

The disparity

between studies most likely reflects different species, stimulus, dose of stimulus, models
and methods of detection used.

6.9.1.3

Thromboxane

Thromboxane

was only detected in early inflammatory exudate, the peak

level occurred 5-15 minutes post zymosan and levels fell dramatically by 1-2 hours. It
is possible that the initial presence of zymosan triggered the production of thromboxane
by mechanical stimulation.

Resident macrophages are also a possible source of

thromboxane (Humes et a l, 1977).
Neutrophils are known to be a rich source of thromboxane A (Morley et al.,
2

1979; Higgs et ah, 1976) it is possible, therefore, that migrating neutrophils contributed
to the thromboxane observed as was shown by Higgs et al (1983), using animals depleted
of circulating neutrophils.

Although the rise in thromboxane occurred before the

accumulation of neutrophils in the cavity it is possible thromboxane was generated by the
neutrophil during transmigration of the endothelium or perivascular basement membrane
or during passage through connective tissue and mésothélium. During their passage the
increase in neutrophil-dependent oedema formation would serve to carry any thromboxane
generated into the cavity before the arrival of the neutrophils. Such an explanation has
been proposed by Forrest et al (1986) for the different kinetics of neutrophil accumulation
and oedema formation in the cavity.

Unfortunately thromboxane levels were not

measured in exudate fluid from neutropenic animals in the present study.
Since thromboxane A; is known to be the major cyclooxygenase product produced
by platelets (Hamberg et al., 1975) its detection in inflammatory exudate may indicate
the involvement of platelets in the response to zymosan. Platelet accumulation has been
observed in different animal models of acute inflammation including carrageenin-induced
paw oedema (Vincent et al., 1978), the dermal reversed passive Arthus reaction (Henson
& Cochrane, 1969) and the local Shwartzman reaction (Movat & Burrows, 1985).
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However, the sequence of events leading to platelet accumulation, the role of platelets
and their contribution to the development of inflammation remains unclear. Higgs et al
(1983) found the concentration of thromboxane B in inflammatory exudates induced by
2

carrageenin was not altered in platelet-depleted animals neither was oedema formation
(Vargaftig, 1978). Furthermore, Cochrane and Janoff (1974) found no modification of
the Arthus reaction in the absence of platelets, although this was not confirmed by other
studies (Henson & Cochrane,

1969).

The detection of thromboxane

8

% in

zymosan-induced exudate in the present study is particularly interesting in light of the
recent study by Pons et al (1993) showing “ ^In-platelet accumulation in rabbit skin in
response to intradermal zymosan.

Pons et al 1993 found C5a also induced platelet

accumulation in rabbit skin and the authors have suggested the possibility that neutrophil
accumulation and platelet accumulation may be linked in this model, for example via
release of platelet stimulatory activity from neutrophils for which Chignard et al (1986)
have presented some evidence. The early generation of C5a observed in the peritoneal
cavity in response to zymosan (Forrest et al., 1986) may trigger platelet accumulation,
possibly secondary to neutrophil accumulation, the platelets may then produce the
thromboxane Bg observed possibly during adherence to or transmigration of the
endothelium.

In this regard it would be interesting to compare thromboxane

8

%

production in both neutrophil-depleted and platelet-depleted animals; the accumulation of
platelets in neutrophil-depleted animals would also be interesting to ascertain.

6 9 1.4
.

.

L

T

B
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Immunoreactive

L

T

was detected in exudates from zymosan-treated

8 4

animals (figure 5.2) and the immunoreactive material was confirmed to be
reversed phase HPLC (figure 5.12).

L

T

8 4

L

T

8 4

by

has been shown to be metabolised through w-

oxidation by neutrophils (Hansson et al., 1981; Salmon et al., 1982). Therefore the level
of

L

T

detected was likely to be a balance between the rate of synthesis and rate of

8 4

metabolism of
L

T

8 4

L

T

8 4 .

has also been found in carrageenin-induced (Simmons et al., 1983;

Sedgwick & Lees, 1986a) and zymosan-induced (Ford-Hutchinson et al., 1984)
inflammatory exudate fluid in rats, and infact showed a similar time course of generation,
maximum levels being detected 4-6 hours post stimulus. Leukotriene

8 4

levels were,

therefore, highest during the later phase of the zymosan response when C5a levels had
decreased.

Leukotriene

8 4

has been shown to cause neutrophil accumulation and
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neutrophil dependent oedema formation in vivo (Wedmore & Williams, 1981a; Bray et
a l, 1981; Dahlen et a/., 1982). Thus, the LTB detected in this study may contribute
4

to the inflammatory response observed post-C5a. In this regard Ford-Hutchinson et al
(1980) found LTB caused neutrophil chemotaxis and chemokinesis in vitro over the
4

concentration range 10pg-5ng/ml and Smith et al (1980) found tbat lOOng LTB injected
4

intraperitoneally into guinea-pigs resulted in a significant increase in neutrophil
accumulation 5 hours later. However, Simmons et al (1983) and Ford-Hutchinson et al
(1984) were unable to demonstrate a correlation between the presence of this mediator
in inflammatory exudate and the accumulation of leukocytes. The present study did not
address whether the LTB found was an important mediator of leukocyte accumulation
4

in this model.

It may be that sufficient LTB was not present to make a direct
4

contribution to the inflammatory response.

It is possible that the time or site of

generation of LTB is important and that LTB could act indirectly, for example to induce
4

4

the synthesis of further mediators or to modulate the actions of other mediators present
during the inflammatory response.

The significance of LTB to the inflammatory
4

response could be ascertained with specific leukotriene biosynthesis inhibitors or LTB

4

antagonists.

Recently, Rossi et al (1992) found that a specific LTB antagonist was
4

without effect on the oedema response to zymosan in rabbit skin suggesting that LTB

4

does not play a major role in this response, perhaps because its action in this model is
masked by the generation of more powerful oedema-inducing mediators.
In neutrophil-depleted animals the rise in LTB concentration in exudate fluid was
4

prevented (figure 5.6) indicating that the infiltrating neutrophil was the source of LTB

4

biosynthesis in this model. Similar results have been found by other groups using the
carrageenin-soaked sponge model and treating animals with colchicine to inhibit leukocyte
migration (Simmons et al., 1983). Furthermore, neutrophils have been shown to produce
LTB upon appropriate stimulation in vitro (Borgeat et a l, 1976; Borgeat & Samuelsson,
4

1979; O’Flaherty et a l, 1981). However, Sedgwick & Lees, (1986a) found LTB levels
4

and neutrophil accumulation were not related in a carrageenin-induced

6

day air pouch

model. This may reflect differences between the experimental models. A six day air
pouch was used by (Sedgwick & Lees, 1986b) and it is possible, as suggested by the
authors, that the lining of, for example macrophages and fibroblasts by six days
influenced the profile of inflammatory mediators found.
Opsonised zymosan and C5a have both been shown to cause the release of

L

T

B

4

from neutrophils in vitro as has arachidonic acid (Palmer & Salmon, 1983; Clancy et a l,
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1983).

The release caused by opsonised zymosan was potentiated by exogenous

arachidonic acid (Palmer & Salmon, 1983). It is possible that in vivo arachidonic acid
released from membrane phospholipids of cells at the inflammatory site may synergise
with opsonised zymosan to release LTB4 from neutrophils. The stimulus for the release
of LTB4 from neutrophils was not investigated in the present study; it would be
interesting to ascertain if LTB4 was found in exudate generated following intraperitoneal
C5a.
Other inflammatory mediators both known and possibly novel are likely to be
generated either directly or indirectly in response to intraperitoneal zymosan. In the in
vivo environment populations of resident macrophages, mast cells and other tissue cells
and infiltrating neutrophils and possibly monocytes might contribute to the production of
such mediators. Bradykinin, histamine and FAF are possible candidates. However,
when the oedema-inducing activity of inflammatory exudate fluid was assessed in the skin
of rabbits in the presence of specific antagonists and inactivators of these mediators no
suppression was obtained (Collins et a l, 1991b; Forrest et a l, 1986). These results
indicate that none of these mediators have an important role in the response to zymosan
and are in agreement with the findings of Pons et al 1993, and Williams & Jose (1981)
and Rossi et al (1992) using zymosan injected intradermally in rabbits. However, the
presence of inactive metabolites in exudate was not excluded. There remains a possible
contribution therefore of these mediators to the zymosan-induced peritoneal response.
Generation of mediators might be induced by C5a (which is known to be a powerful
secretagogue (Clancy et a l , 1983) acting upon mast cells, macrophages and neutrophils,
with mediators being rapidly inactivated by extravascular enzymes - histaminases,
kininases and acetylhydrolases.
The endogenous cytokine IL-1 which can be generated from a variety of cells in
response to a wide range of stimuli may also be generated in the peritoneal cavity. IL-1
is known to be a potent mediator of neutrophil accumulation in vivo in rabbit skin
(Rampart & Williams, 1988), mouse peritoneal cavity (Sayers et a l, 1988) and mouse
air pouch (Perretti & Flower, 1993). The endogenous production of IL-1 has been
demonstrated after challenge with casein, turpentine and zymosan (Goto et a l, 1984;
Gershenwald et a l, 1990; Perretti et a l, 1992). Rampart and Williams (1988) found
that neutrophil accumulation in response to i.d. zymosan in the rabbit was partially
mediated by a cycloheximide sensitive process, which has been shown to be the case for
lL-1-induced neutrophil accumulation (Rampart & Williams, 1988).
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TNF, also known to induce neutrophil accumulation and oedema formation in vivo
(Rampart et al. , 1989a; Sayers et al., 1988) may contribute to the inflammatory response
to zymosan.

Collins et al (1991b) in a study similar to the one presented here

demonstrated the presence of IL
than C5a, increasing in 4 and

6

- 8

in inflammatory exudate fluid. IL

hour exudate samples. IL

- 8

appeared later

- 8

is known to cause both

oedema formation and neutrophil accumulation in vivo (Foster et al. , 1989; Colditz et al.,
1989; Rampart et al., 1989d) and is likely to contribute to the later (post-C5a) neutrophil
accumulation and oedema formation in the peritoneal cavity. The stimulus for IL

- 8

production was not identified although it was found not to be C5a des Arg (Collins et al.,
1991b), its source also remains unknown.

6.10

Effect of systemic dexamethasone on the inflammatorv response to
intraperitoneal zvmosan

Systemic administration of dexamethasone resulted in inhibition of both the
accumulation of inflammatory exudate protein (table 5.4) and the migration of neutrophils
into the exudate (table 5.5). Dexamethasone inhibited oedema formation and neutrophil
accumulation to levels comparable to those obtained in the group of animals that received
ip saline (table 5.1, figure 5.1). As already discussed, the glucocorticoids have been
shown to prevent oedema formation and cell migration in many models of inflammation.

The inhibition observed could be mediated by steroid effects on; 1) the
generation of chemotactic factors, and/or direct-acting mediators of increased
microvascular permeability, and/or mediators which may modulate neutrophil
accumulation and oedema formation, for example vasodilators, and/or ) the action of
2

inflammatory mediators i.e. effects on the target cells of inflammatory mediators as
observed in Chapter 4.
Glucocorticoids have been shown by many studies both in vitro and in vivo to
inhibit the generation of pro-inflammatory arachidonic acid metabolites. This is felt to
be an important anti-inflammatory action of steroids and is believed to be mediated by
the anti-phospholipase protein, lipocortin-1. Lipocortin has been found in many studies
to inhibit eicosanoid formation and mimic closely this action of glucocorticosteroids
(discussed in detail in section 1.5.2). Inhibition by steroids and lipocortin has been noted
in vitro in a variety of cells and species including; inhibition of thromboxane (TXA )
2
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release from isolated perfused guinea-pig lung and human lung (together with other
eicosanoids) in response to a variety of stimuli (Ervine & Shaw, 1986; Blackwell et a l,
1980; Cirino ere/., 1987; Schleimer er û/. , 1983; Schleimer er û/. , 1986). Furthermore,
inhibition by steroids and lipocortin of PGI release from rabbit coronary microvessel
2

(Rosenbaum et a l, 1986) and human umbilical artery (Cirino & Flower, 1987a)
endothelium and from rat peritoneal macrophages stimulated with opsonized zymosan
(Cirino & Flower, 1987b) has been demonstrated, as has inhibition of prostaglandin E

2

from phagocytosing leukocytes and renomedullary cells (Camuccio et al., 1980; Parente
et al., 1984; Russo-Marie & Duval, 1982; Di Rosa & Persico, 1979). Finally, LTB4
release from leukocytes in response to heat-killed Bordatella pertussis (Parente et al.,
1984) and opsonized zymosan (Kurihara et al., 1984c) has been inhibited by lipocortin
and steroids.
In vivo studies have also demonstrated inhibition of eicosanoid formation by
glucocorticosteroids. However, these studies are less numerous and in some cases may
be open to alternative interpretations other than a direct effect of steroids on mediator
generation (discussed later). In a model of allergic air pouch inflammation Ohuchi et al
(1982; 1984) found that local dexamethasone reduced levels of PGEj, PGI , 12-HETE
2

and the lipoxygenase products LTC /LTD in inflammatory exudate. In a carrageenin air
4

4

pouch model in rats, systemic dexamethasone inhibited PGE , production (Sato et al.,
2

1980) and in a sponge-implant model PGE , TXB and LTB were reduced (Salmon et
2

2

4

al., 1983). Steroid treatment reduced oedema formation and leukocyte accumulation in
all studies.

Tsurufuji et al (1984a) found local dexamethasone inhibited both LTB

4

formation and leukocyte accumulation in an allergic air pouch model. Based on the
finding that LTB appeared in exudate fluid before leukocytes, these authors concluded
4

the inhibition of leukocyte accumulation was an indirect effect resulting from reduced
generation of chemotactic activity (LTB ) at the inflammatory site. Interestingly, Errasfa
4

& Russo-Marie (1989) found both dexamethasone and lipocortin administered i.v.
inhibited production of PGEg, LTB and neutrophil accumulation at the inflammatory site
4

induced by subcutaneous polyacrylamide gel in mice. Furthermore, Flower et al (1986)
and Vincent et al (1986) found that fluid exudation, cell migration and eicosanoid
production in a carrageenin-induced pleurisy model were greatly increased in
adrenalectomised animals compared to sham-operated controls. Glucocorticosteroids have
been shown to inhibit rat paw oedema induced by carrageenin which is thought to act
principally by releasing eicosanoids, and local lipocortin inhibited the eicosanoid
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component of this oedema (Cirino et ah, 1989).
Surprisingly, in light of the wealth of studies to the contrary outlined above, in
the present study systemic dexamethasone failed to inhibit the level of both -oxo-PGF,„
6

(figure 5.10) and TXB

2

(figure 5.9) in zymosan-induced inflammatory exudate.

Furthermore, dexamethasone was not found to inhibit LTB4 or PGE production in
2

A23187 stimulated blood ex vivo (table 5.6). Dexamethasone was effective in inhibiting
the appearance of LTB4 in inflammatory exudate (figure 5.8) and showed the same profile
of activity as neutropenia (figure 5.6). It seems likely, therefore, that the inhibition
observed with dexamethasone was a result of inhibition of the accumulation of neutrophils
rather than a direct effect on LTB4 synthesis by these cells. However, it remains possible
that a contribution of the LTB4 inhibition was mediated by a direct effect on LTB4
production by any residual accumulation of neutrophils to the inflammatory site (table
5.5). Given the substantial inhibition of neutrophil accumulation and oedema formation
observed with dexamethasone it seems unlikely that inappropriate treatment time or
insufficient dexamethasone could explain the failure to inhibit eicosanoid production.
Specifically at odds with the results obtained are the following two findings, firstly Van
de Velde et al (1986a; 1986b) showed that mésothélial PGI production in vitro using
2

both cultured cells and isolated rabbit peritoneum was inhibited by dexamethasone, as was
the C5a-induced release of PGI; from isolated rabbit peritoneum (Rampart et al., 1983c).
However, as discussed previously, it is possible that such a mechanism was not
responsible for PGI production in vivo. Secondly, this site, the peritoneal cavity was
2

used as a souce of steroid-induced lipocortin (Blackwell et al., 1982). However, this
study was in rat.
The results obtained in this thesis are in agreement with those presented by
Griffiths and Blackham (1991) using the same model of inflammation but in rats. These
authors found that oral or subcutaneous dexamethasone failed to inhibit eicosanoid
production in peritoneal exudate fluid and in A23187 stimulated blood ex vivo.
Furthermore, only partial inhibition of eicosanoid production in zymosan-induced arthritis
was observed, although the later of two phases of increased vascular permeability and
neutrophil accumulation were inhibited. The same authors have also obtained similar
data in rabbit skin. In these experiments i.v. dexamethasone inhibited plasma exudation
and neutrophil accumulation but failed to inhibit LTB4 and PGE production in response
2

to intradermal phospholipase A (Griffiths & Blackham, 1988). A further study by Ford2

Hutchinson et al (1984) using zymosan impregnated sponges in rats found dexamethasone
164

had no significant effect on the generation of LTB^; in this study neutrophil accumulation
was also unaffected. These results are difficult to explain and raise the question of
whether the inhibition of phospholipase Aj by lipocortins is important in vivo. The nature
of the interaction and the physiological relevance of the inhibitory effect of lipocortin on
PLA activity has been questioned and the topic remains controversial (Davidson &
2

Dennis, 1989).
In a study investigating the effects of steroids on arachidonic acid metabolite
release from human lung fragments Schleimer et al (1986) found that the inhibitory effect
of dexamethasone varied depending on the stimulus used and the metabolite in question.
Carrageenin rather than zymosan has often been used as the inflammatory stimulus where
dexamethasone-induced inhibition of eicosanoid production has been demonstrated in vivo
(Flower et al., 1986; Salmon et al., 1983). It is possible, therefore, that differences in
stimuli used may explain, at least in part the conflicting results obtained in different
studies, as might the variety of inflammatory models. Sedgwick and Lees (1986b) have
presented some evidence in support of the latter point.

These authors found that

carrageenin-induced air pouch, sponge and pleurisy models of inflammation in rats
showed different susceptibility to dexamethasone with regard to inhibition of plasma
exudation, cell accumulation and eicosanoid formation.
The reason dexamethasone failed to inhibit the generation of pro-inflammatory
arachidonic acid metabolites in this model remains unanswered, but this finding, together
with the fact that dexamethasone was effective at inhibiting oedema formation and
neutrophil accumulation suggest several points. Firstly, these results support those found
with neutropenic animals with regard to the conclusion that prostacyclin generation in the
cavity is independent of neutrophil infiltration and indicate that TXBj generation is
unlikely to be mediated by the infiltrating neutrophil. The slight reduction in TXBj in
dexamethasone-treated animals which did not reach significance may reflect a component
of neutrophil-derived thromboxane. Secondly, the results indicate that the formation of
eicosanoids was not obligatory for the inflammatory response to occur in this model and,
thirdly, that dexamethasone exerts alternative antiinflammatory actions in this model.
The latter two points complement the findings of Jose et al (1985). These authors, using
the same model found that i.v. indomethacin in contrast to dexamethasone almost
abolished the production of

6

-oxo-PGF,„ (greater than 90% inhibition compared to

controls) but only minimally affected plasma albumin extravasation (30% inhibition).
Alternative anti-inflammatory actions for dexamethasone in this model could
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include a direct effect of steroid on the neutrophil and/or the endothelium as observed in
Chapter 4 and inhibition of the generation of non-arachidonic acid derived mediators.
These two events could be related in this model. C5a has been shown to be an important
chemotactic factor generated in response to i.p. zymosan. Since neutrophil accumulation,
oedema formation and C5a generation have been postulated to be intimately related as
discussed previously, any direct effect of steroids on neutrophils (and/or endothelium) to
prevent their accumulation would be expected to reduce C5a generation indirectly by
reducing neutrophil dependent oedema formation. An effect of dexamethasone on the
generation or action of histamine (Schleimer et al., 1981) PAF (Parente et al., 1985) IL1 (Knusden et a l, 1987; Snyder & Unanue, 1982; Bochner et a l, 1987b) TNF (Watson
et a l, 1987) or IL

- 8

(Watson et a l, 1987) may also contribute.

It is difficult to decifer the relative contribution or importance of direct actions of
dexamethasone on cells and inhibition of mediator generation in this model. It is clear
that dexamethasone action may be multifactorial and the final outcome in any given
model may depend on the sensitivity of the reaction to inhibition of mediator generation
and of the target cells involved and the nature of their interactions with each other. The
route of administration of the steroid may also be important in determining its actions.
Systemically administered steroid would allow circulating neutrophils (and possibly other
cell types) to be exposed and so possibly affected directly. In contrast, neutrophils would
not be affected directly by local steroids and thus the balance of steroid action may tip
towards the contribution and importance of the inhibition of mediator generation. Several
studies have provided evidence which may support such a theory. Perretti & Flower
(1993) using a model of IL-1-induced inflammation in mouse air pouch found that
systemic but not local lipocortin inhibited neutrophil accumulation whereas both systemic
(via lipocortin induction) and local dexamethasone were inhibitory.

These authors

concluded that systemic inhibition was likely to be mediated by an effect on the
circulating neutrophil whilst local dexamethasone could possibly be interfering with the
generation of chemotactic factors induced by IL-1 (Watson et a l, 1988). Furthermore,
Errasfa & Russo-Marie (1989) using an i.v. route of administration concluded that both
inhibition of PLAj and a direct effect on the circulating neutrophil was contributing to
the inhibition of neutrophil accumulation by dexamethasone and lipocortin.

Tsurufuji

et al (1984a) using local dexamethasone concluded that the inhibition of neutrophil
accumulation was due solely to inhibition of LTB generation at the site. However, an
4

alternative explanation for the results obtained by Tsurufuji et al (1984a), which does not
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involve a steroid effect on mediator generation remains possible. The

L

T

B

4

detected may

be generated by neutrophils during diapedesis so that a steroid effect on the neutrophil
to prevent its adhesion and transmigration would therefore also lead to reduced LTB

4

levels, as was found in the present study. Such an explanation casts doubt on steroid
action being to inhibit mediator generation in other models in vivo.
As we find out more about the actions of antiinflammatory steroids and the
importance of these actions it may become possible to identify key effector mechanisms
which mediate particular aspects of steroid action.

This in turn may lead to more

targetted antiinflammatory therapy.
6.11 Further work
1. In view of the small but significant neutropenia induced by i.v. colchicine at a dose of
mg/kg it would be interesting to establish if lower doses could induce the profound effects
observed on neutrophil-dependent oedema formation without inducing a neutropenia.
These experiments would help to establish to what extent the decline in circulating
neutrophils observed with mg/kg colchicine i.v. contributed to the profound suppression
of neutrophil-dependent oedema formation.
1

1

2. To clearly establish the molecular mechanism involved in the glucocorticoid action on
permeability induced by both direct-acting and neutrophil-dependent mediators and on
neutrophil accumulation in the rabbit skin model the receptor antagonist RU 38486 and
inhibitors of mRNA and protein synthesis could be used.
3. The involvement of lipocortin in the glucocorticoid-induced modulation of oedema and
neutrophil accumulation induced by chemoattractants could be investigated using
recombinant lipocortin and/or neutralising antibodies. Lipocortin could be administersd
i.d., i.v. or used to pretreat 111 In-neutrophils in vitro prior to their i.v, administration to a
recipient animal. Such studies would establish the site of action of any anti-inflammatory
action of lipocortin. It would also be interesting to investigate the possible role of
vasocortin in mediating the anti-exudative actions of dexamethasone. Such studies could be
performed using purified vasocortin if available.
4. The effect of glucocorticoids or glucocorticoid-induced proteins on the endothelium
could be investigated in vitro. A block in the signal transduction pathway in EC may be the
locus of action of steroids, or possible interferance with the contractile machinery of the
endothelial cell. Studies investigating the interaction of glucocorticoids with intracellular
second messengers and comparing steroid effects with those of compounds and drugs of
known action may help to unravel the mechanism of steroid action.
5. To complement and extend the studies where neutrophil donor rabbits were treated i.v.
with dexamethasone prior to the isolation and IJn-labelling of neutrophils it would be
interesting to treat isolated neutrophils in vitro with dexamethasone prior to their i.v.
administration to animals. Such studies would help clarify whether the steroid was able to
act directly on the neutrophil or whether steroids were acting initially on other cell types
with a resultant secondary effect on the neutrophil. Such experiments may be technically
difficult as it is not wise to keep isolated neutrophils in culture for periods longer than one
hour prior to their introduction in vivo. The success of the experiment would depend on the
time necessary for neutrophil treatment with dexamethasone in vitro.
1 1

. It would be interesting to ascertain the effect of neutrophil depletion on the presence of
C5a in zymosan induced inflammatory exudate fluid. Such data would help to establish the
relationship between complement activation, neutrophil accumulation and oedema
formation. Furthermore, it would also help to ascertain if complement generation and
prostacyclin generation are linked.
6
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