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ABSTRACT

The immune resPonse modifier Cyclosporin A (CsA) is widely gsed in the

management of organ graft rejection and in the treatment of inflammatory disorders.

cbA is a potent suppressor of T-llmphocyte function and it's biological effects have

been defined almssl exclusively in these terms. However, recent studies in which the

agent was shown to exacerbate a T-lynphoryte independen! experimentally induced

bacterial infection of the kidney (pyelonephritis), indicated that cbA had effects on

host defence mechanisms other than T-llmphocytes. The present study, using anim4t

models, was undertaken to identify the host defence component modifisd by cxd
Neutrophils are a key comPonent in the early response to infection and the

adninistration of C-sA resulted in an increase in the numls1 of these cells in the

circulation' when the effect of csA on the in vitrometabolic activity of neutrophils and

their ability to kill microorganisms was investigated no changes were obsewed, but the

in vivo ability of neutrophils to emigrate from the vasculature to a sterile inflamm4lsry

foci was markedly impaired. A model of localised subcutaneous infection was used to

determine the effect of this csA-associated suppression of neutrophil emigration on

the ability of the host to mount a response to an infectious challenge. In csA treated

animals, neutrophil accumulation in.E coli infected, subcutaneously implanted sponge$

was initially suppressed, allowing bacterial numbers to increase rapidly. By 4g hours

this powerful bacterial stimulus overrode the suppressive effects of c^sA and led to a
substantial increase in the size of the neutrophilic infittrate. This finding of an initially

reduced inflammatory response, followed by ao increase in the inflrx of inflammatory

cells, provided a possible explanation for the earlier observation that csA promoted

infection and tissue damsgs in erperimental pyelonephritis. The relationship between

the effect of csA on neutrophil emigration and the pathogenesis of experimental
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pyelonephritis was therefore investigated. when crsA was adminislsled to inimals

prior to inducing pyelonephritis, the neutrophilic infiltrate was markedly suppressed

in the early stages. As predicted this led to a logarithmic increase in bacterial

numbers, the infiltration of large numbers of neutrophils and ultimately, an

exacerbation of tissue damsgs. Further studies, examining the effects of CsA on

neutrophil-mediated inflammalory mechanisms, identified impaired neutrophil-to-

endothelial cell adhesion as the most likely erplanation for the observed defect in host

defences. The integrated nature of cellular defence mechanisms in infectious disease

is highlighted by these investigations. when microorganisms invade tissue, even tho,rgh

the number and function of circulating leucocytes may be normal their effective

participation in the host response to infection depends on the ability to emigrate from

the blood vessels to the site of infection. In summary, the discovery of additional

properties of CsA provide an explanation for the patterns of infestious disease in
patients treated with cbAs in whom infection \ilith extracellular pathogens is common.

It also seems likely that the ability of csA to suppress neutrophil emigration may

contribute to the effectiveness of the agent in the management of inflammatory

diseases, such as rheumatoid arthritis, uveitis and psoriasis.



CHAPTER ONE

cyclosporin A Modulation of the Acute Inflammatory Response:

An Explanation for the Effect of CsA on Host Defences in Infection.

I.1 INIRODUCTION

C'lclosporin A (GA) is an immune response modifier, used in transplantation to

prevent organ graft rejection. Prospective studies have demonstrated that CbA

markedly increases graft survival in comparison with conventional immunosuppressive

therapy' The agent has also shown to be of value in the treatment of some

inflammalory disorden and is being increasingly used in this field. The present study

was stimulated by a number of clinical and experimental observations, relating to the

adverse effect of cxA on host defence in infectious disease. There is a large body of
literature on the biolog5r and pharmacolory of csA most of which relates to the ability

of the agent to modulate cell-mediated immunity (CMI), as 6 result of specific effects

- on T-lymphocytes. These findings provide an explanation for the increased

susceptibilig of csA-treated individuals to infections with intracellular and viral

pathogens, where cMI is the primary host defence mechanism. However, extracellular

pyogenic microorganisms tue not susceptible to CMI and the question of how a T-

lymphocyte-specific agent predisposes the host to infection with such organisms

remained unanswered. These infections have been observed in both the clinical and

experimental situation and it is probable that C*A has a wider range of biological

effects than is currently recognised. Although it would be possible to carry out a
limited clinical investigation of this hypothesis, multiple drug therapies, diverse disease
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aetiolory and the wide range of pathogens which occru in CsA treated patients would

make interpretation of results rtifficult. The approach used in this study has been to

use animal models of infection and inflammation to study the influence of C-sA on host

defences. The clinical relevance of this topic can be correlated directly with the

expanding use of Csd which is currently the agent of choice in the control of graft

rejection and is being used increasingly in the managemenl ef sufsimmune disease and

inflammatory disorders. Infectious complications are a major factor rimiting the success

of transplantation and an undesirable side effect when CbA is used to treat

autoimmune disease or inflammation. Knowledge of the mechanisms by which CxA

affects host resistance to extracellular pathogens would be of value to the ctinician and

has the potential to reveal the biolory of host resistance. The e4perimental approach

used in the present study has disclosed effects of CbA on the acute inflammatory

response' which not only answer the clinical and experimental questions which

prompted the studyn but also provide alternative explanations for the effectiveness of
CbA in the management of inflammatory diseases.

t.1.1 Clclosporin A; a historical perspective:

c'lclosporin A (cbA) is a ryclic peptide produced by the fungus species etlittdrocarpon
hrcidium Booth and Totypcladium inftantun Gams.of the two species only the latter

grows in submerged culture and is the organism of choice for large scale production.

The compound has a molecular weight of 1,202,63.5 and the a formula c62H1uNuol2.

c;sA was isolated as part of a program designed to detect anti-bacterial and/or anti-

mycotic compounds in broth cultures of different microbes. It displayed limils6 a1li-

mycotic activity' but was considered interesting enough to be included in a broad

pharmacological screening process which included a number of tests for tumour-cell
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and immunosuppressive activity. During this evaluation, carried out in late lgTl,three

important biological properties of c-sA were identified:

i)

ii)

iii)

effective immunosuppression at well-tolerated doses.

no general inhibition of cell proliferation occurred.

high doses of CsA were nephrotoxic.

The path from these initial observations, to the point where CsA is regarded as a

highly efEcacious immunqsuppressive drug has not been an easy one. Difficult

problems with formulation, dosage and bioavailability had to be overcome (Stf,helin

1986)' but by the early 1980's C.sA was well established and use of the agent heralded

a new era in the management of transplant rejection. Transplantation of hearts, liver,

pancreas and lungs, which had been abandoned because of rejection problemq became

practicable and kidney graft survival rates increased markedly. As trials using ClsA

monotherapy progressed, it became clear that early hopes and predictions for the drug

had been optimistic. A serious drawback was the severe nephrotoxicity, which occurs

in patients treated with csA monotherapy at doses required to maintain the graft. This

nephrotoxicity is particularly troublesome in renal transplant patients, where it was

difficult to distinguish between rejection episodes, during which more aggressive

immunosuppression was required and CsA induced nephrotoxicity where reduced

immunosuppression was indicated. These problems have been largely overcome using

lower doses of CsA in concert with other immunosuppressive drugs, such as cortico-

steroids, anti lymphocyte gtobulin or oKT3 and alternating between therapies during

episodes of acute nephrotoxicity. Notwithstanding the above, CsA is still the most

clinically effective anti-rejection drug currently available. C-ontinued research into the
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biological effects of CsA has identified other potentially useful properties. The most

important of these is the ability to modi& the course of a nu'nber of autoimmune and

ittflammatory diseases, including rheumatoid arthritis (Harrison & Von Graffenried

1988)' psoriasis (Powles et al198f), Crohn's disease (Brynskov et al lm19)and uveitis

(Nussenblatt 1988). It is interesting to note that, due to the pre-existing clinical

approval for the use of C-sd the majority of these studies have been carried out in

humans and there is comparatiuely little experimental data supporting the use of ClsA

in the management of these conditions.

l.Lz Clclosporin A; mechanism of action.

One of the early observations of the effect of CsA on the immune qrstem was the

depressive effect of the agent on antibody response to challenge with sheep red blood

cells (sRBC)' Further studies revealed this was not the result of the direct suppression

of the function of antrbody-producing B cells, but was mediated through an effect on

T-llmphorytes (Borel et al 1976). T-lymphocytes play a pivotal role in the cellular

response to an organ graft and it was recognised immsdislsly that a T_lymphoryte_

specific immunosuppressive agent had great clinical potential. The effect csA on the

biolory of rJymphocytes has therefore been studied in great detail. The T-lymphocytes

are divided into a number of sub-populations, namely cytotoxic-! T-helper and r-
suppressor lymphocytes. Qrtotoxic T-lymphogrtes play the leading role in graft

rejection, while T-helper and T-suppressor celts participate in the response by

producing a variety of llmphokines (e.g. interleukin 1 [ILl], interleukin zlna).These
lymphokines are essential for B-llmphocyte and cytotoxic T-llmphocyte differentiation

and proliferation as well as the induction of tolerance. The major events involved in

the classical model of the immune response to a cellular antigen can be summarized

as follows:
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Host helper/inducer T-lymphocytes recognise foreign major histocompatibility

complex (MHC) antigens on graft tissue. [n humans, the h,man leucocyte

antigen (HI-{ class II) complex is the primary inducer of rejection. Antigen

ingested and presented by macrophages can also activate T-llmphorytes and

is accompanied by the rerease of ILr by the macrophages.

Activated helper T-lymphocytes proliferate, differentiate and secrete a panel

of soluble growth factors, including lymphokines.

Llmphokines induce further expression of HI-A class II antigens on grafted

tissue and stimulate B-l5mphocytes to produce antibodies against determinants

on the transplant. II 2 released by T-helper cells induces clonal amplification

and maturation of cytotoxic T-llmphocytes.

Activated and antigen-specific cytotoxic T-lymphocytes destroy the target

(allograft) cells following interaction with antigen. Specific anti-graft antibody

synthesised by plasm cells can also attack th" grutt" either in concert with the

complement system or through antibody-dependant cell-mediated cytotoxicity.

Suppressor TJynnphocytes are also activated and these play a dorm-regularory

role in the response.

Figure 1 is a diagrammatic representation of the current understanding of the

mechanism of action of CsA The evidence indicates that CsA exerts its graft-

promoting properties by selectively and reversibly inhibiting IL2 production in T-helper

cells and/or [L2 receptor expression by rytotoxic T-lymphocytes, thus preventing the

clonal activation of cytotoxic T-lymphocytes. csA may also inhibit ILl production by

macrophages, by regulating prostaglandin synthesis, and does not interfere with

suppressor T-lpnphoryte proliferation. The presence of suppressor T-lymphocyres may

i)

ii)

iii)

iv)

v)
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,Antigens

,- IL-2 receptor

T-helper cell
Precursor

T-cytotoxic cell

tL-a
and other

-h,oliferation

T-cytotoxic
cells

GraftReiection

Figure 1. Postulated mechanism of action of C,lclosporin A (CsA) in the prevention
of graft rejection. ClsA prevents the differentiation and proliferation of
cytotoxic T-lymphorytes by impeding the production of interlukin-z (n-2)
and other lymphohnes, involved in their activation and proliferation. The
agent is also thought to inhibit interleukin-2 receptor (IL2R) expression
on both r-helper and rytotoxic T-lymphocytes. (From sAIvDoz IJd.)
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explain why tolerance to an allogenic gtaft can develop, allowing drug dosage to be

greatly reduced. These mechanisms have largely been worked out ln vitro, using the

mixed llmphocyte reaction as a model of graft rejection, however, the inuiro system

generally correlates well with in vivo observations.

Despite the detailed analysis of the effect of CsA on T-lymphocyte function, the

specific mechanism by which CsA exerts its immunosuppressive effects is still unclear.

This is largely because the precise mechanisms involved in both II2 and II 2-receptor

production are not yet known' The finding that inhibition of llmphokine production

by CsA is reversible, suggests an effect on synthesis rather than a general cytotoxicity.

CxA readily binds to cells and is rapidly internalised by passive diffrrsion, but does not

inhibit antigen recognition on the membrane or the calcium flux which oscurs as a

result of antigen recognition. CsA does not localise in the nucleus, ruting out direct

interference with gene induction or transcription. The evidence indicates that CsA

exerts its lymphokine downregulation effect by blocking a cytoplasmic step in gene

activation' Two of the major intracellular receptors for ClsA are calmodutin and

cyclophilin and either may be invohed although at the present time the evidence

favours an effect on cyclophilin. This protein binds cyclosporin and its analogues in

proportion to their immu,nosuppressive potency. Cyclophilin is found in many cells and

differences in effects of CxA on individual tissues are thought to arise from the

presence of active and inactive forms of cyclophilin. cyclophilin is thought to be

identical to the enryme peptidyl-prolyl+is-rraru isomerase, a c;sA sensitive enzyme

which catalyses cis-traw isomerization of proline-imido peptide bonds, which may

initiate folding of rytoprasmic proteins (Takahashi er ar r9g9).
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A considerable amount of effort has gone into determining the action of C5A on T-

bmphocytes, but little is known of the effect of the agent on other cellular components

of the host defence system. This can be e:rplained by the fact that CsA was originally

perceived as a highly specific drug which would only be used in transplantation

medicine. More recently CsA has been shocm to be an effective agent in the

management of a number ef sutsimmune and inflammatory disorders where its

efficacy has also been explained in terms of an effect on T-lymphoryte biolory. While

this may be valid in specific diseases, it seems unlikely that the range of effects now

being reported for CsA can be accounted for by modulation of TJlmphocyte function

alone' The toxicological effects of CsA such as s'tmulation of hair growth, gum

hlpertrophy and reduction of blood flow also suggest a wider impact on host organ

systems.

1.13 Clctosporin A and infection

One of the potential advantages of C^sA is that the reported T-lpnphocyte specific

nature of its biological effects should timit the spectrum of immunosuppression to the

cell-mediated immsns mechanisms. These are primarily concerned with the

containment of viral and other intracellular infections and the risk of infection with

extracellular microorganisms, considered to be independent of CMI, should be reduced

where C-sA is used in the place of conventional immunosuppressive agents. From the

point of view of the erperimental pathologist CsA would seem to be an useful probe

with which to investigate the role of r-llmphocytes in the pathogenesis of infectious

disease' Miller and Findon carried out a series of such experiments in an effort to
determine the contribution of r-lymphocytes to the immunobiology of experimental
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E' coli pyelonephritis in the rat and their key findings are presented in Figures 2-5

(Findon & Miller 1,988; Findon & Miller 1989; Miller & Findon L98d; Mller & Findon

1988)' This infectious disease is characterised by persistence of infection and

progressive tissue damage, with an associated loss of renal function. When CsA was

administered to rats with experimentally induced pyelonephritis, bacterial numbers

were increase4 as was the severiU of the renal lesion were greatly exacerbated

(Figures 2 and 3). From the known biological effects of Csd it seemed possible that

T-llmphorytes were an important determinant in the pathogenesis of pyelonephdtis.

However, as E. coli is an extracellular pathoge& alteration of TJymphocyte function

was an unlikely explanation for the adverse effect of ClsA on the course of infection.

Experiments in which c.$A was found to exacerbate pyelonephritis in athp.ic (T-

lynphocyte lackiqg) rats, confirmed the hlpothesis that the observations could not be

explained by an effect on T-lymphorytes (Figure 4) and that some other essential

defence mechanism was affected (Miller & Findon lggga).

If, as claimed, the target specificity of CsA was for T-lymphorytes, then a deqease in

the incidence of infection with extracellular microorganisms in C;sA-treated patients,

compared with those given less specific immunosuppressive therapy, would have been

expected' This has not been observed and both clinical (Janda & pr6t L9g1;ponticelli

et al 19ff,; Najarian et at 1983: oyer et al r9B3; Sells 1983; Sheil er a/ 19g3) and

experimental studies (Inliger & I-ehmann-Grube 1985; Moffat et al Lggs;perfect &
Durack 1985; Schaffrrer et al1983)have demonstrated that ClsA does have an adverse

effect on host defence against pyogenic infection. while some of these findings could

be erplained by modification of T-lymphoryte function and cell mediated immunity

(cMI)' others undoubtedly cannot. These clinical findings, coupled with the results of
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Figure 3.

Cyclosporin A treated

Exacerbation of renal tissue damage

CsA.

Control

in experimental pyelonephritis by

From: Miller & Findon 1986.
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Effect of CsA on the course of experimentally induced renat infection in
an athlmic host. There was no difference between the level of infection
which developed in either untreated euthlmic (0), or untreated attrymic,

T-lymphocyte lacking (o) rats z days after chalenge (A). Howcver, if csA
was administered to athymic (e) rats, a marked increase in bacterial

numbers was observed (B). The experiment showed that exacerbation of
E .coli induced pyelonephritis by cbA was not mediated by an effect on T-
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toMiller and Findon (1988a), indicated that ClsA suppressed the host re$ponse

infection by unknown mechanisms and provided the basis for this study which set out

to determine what these mechanisms might be.

Mles (1980) has clearly demonstrated that the ability to mount a prompt and effective

inflammnlory response, the so called "decisive period", is a critical factor determining

the outcome of an infectious challenge. The key role of the inflammatory response in

the long term morbidity of meningitis has also been stressed and it has been shown

that suppression of inflammation in the early phase reduces subsequent CNS tissue

damage (Anonymous 1989). Thus the inflammatory response to infection is a double_

edged sword which can be either beneficial or detrimental to the well-being of the

host' C'sA has recently been shonm to be effective in diseases such as rheumatoid

arthritis, crohn's disease and psoriasis in which inllammation is the primarl,

pathological basis (Brynskov et aIl989;Harrison & Von Graffenried lggg; Nussenblatt

1988; Pigatto et al 198fi; Powles et al t98). It seemed likely that the observed effect

of CsA on experimental pyelonephritis and the clinical finding, of increased

susceptibility of CsA treated patients to infection with pyogenic microorganisms, mighl

be explained by an effect on the early inflammatory response which follows an

infectious challenge. The studies of Cawley et at (198)of the quantitative relationship

between cellular competence and resistance to infection in the normal host clearly

demonstrated considerable reserves and defences against extracellular pathogens were

imPaired only after neutrophil numbers were substantially reduced (Figure 5).

Experiments were therefore carried out to determine the effect of CsA on quantitative

and qualitative aspects of neutrophil function and related inflammatory responses and

are the subject of this chapter. The results of these studies provided the basis for
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further erperiments, investigating the relationship between the effects of CsA on the

inflammalory response and the pathogenesis of a model of a clinically relevant

infectious disease. These are reported in Chapter Two. In the course of this

investigation' two methodological studies were undertaken and these are desctibed in

Chapter Three and Chapter Four.

1.L.4 The inflnmmatory reslnnse.

Inflammation can be defined as "the local reaction to injury of the living

microcirculation and its contents" (Spector & Willoughby 1963). The four 6pes of

injury that can initiate an inflammatory reaction are (i) phpical, (ii) chemical, (iii)

infection and (19 immunslsgic. This discussion will be directed towards inflammation

resulting from infection, although it should be noted that the sequence of events is

often similal regardless of the initiating st.,nulus. The main differences are in the

duration and intensity of the reaction.

Although inflammation is commsnly presented as a multicyclic process, involving

positive and negative feedback loops, this scheme is not particularly helpful in planning

experiments designed to determine the relationship between the inflammatory process

and agents which modif the inlflammatory resporuie. A more practical scheme is to use

a sequential pathway, as proPosed by Vinegar and colleagues, which is more open to

experimental examination and verification (Vinegar & Traux 1987). The inflammalsry

response can be broadly divided into trvo phases:

D the non-phagorytic idflammatory respotrse (MIR). The NPIR is initiated by

enzyDxes and catechslnminss, known collectively as oedemagens and include
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trypsin, elastase, serotonin and hyaluronidase. These agents elcit oedema

formation directly by interactions with small blood vessels, or indirecfly through

liberation of biogenic amines from tissue mast cells. The 111pIR generally occurs

within one to two minutes of challenge, subsides within a few hours and does

not result in tissue damags.

ii) the phagocytic inflammatory response (PR), produced by inflammagens such

as carrageenin, kaolin and bacterial products. These agents also cause oedema,

but as a consequence of their interaction with mobilized inflammatory cells,

rather than via soluble mediators. The oedema typically starts to accunrulate

within one hour of challenge, peaks 3 to 16 hours later (depending on the site

and inflammagen) and may take several days to subside. This class of

inflammation is accompanied by a variable degree of tissue damage.

In practice' most inflammation resulting from invasion by microorganisms or injection

of compounds such as carrageenin produce a mixed inflnmmatory response (MIR) and

is characterized by an early non-phagocytic phase, followed by a phagocytic phase.

When an oedemagen or an inflammagen is introduced into tissue, the first

inflammatory mediator to apPear is the biogenic amins, histamine (Movat 1gs7). Most

of the histamine in the mammalian body is contained in mast cells and in order to

effect a response, it must be released into the extravascular space by degranulation.

Certain inflemmatory mediators can induce histamine release directly by interacting

with the membrane-bound Igtr molecules of mast cells. In the event of a bacterial

challenge with a gram negative bacteria, such as Escheichia coli, the evidence

indicated that histamine release is accomplished via the complement components Cla

and C5a, generated in response to bacterial endotoxin. once released from mast cells
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ffilamine binds to specific receptors on cells of the local vascular system and also to

Ieucocytes. Its immediate effect is to cause dilation of the arterioles (via the H,

receptor) and constriction of the venules (via the H, receptor). The net result of this

is increased transcapillary pressure, accompanied by an increase in vascular

permeability. Plasma protein and fluid escapes through the "lea$'vessels and give

rise to oedema in the extravascular space. The dilation also results in active

hlperaemia and red blood cells may escape into the surrounding tissue where they are

often lYsed, either by neutrophil products or bacterial haemolysis, gving rise to a

haemorrhagic lesion. It should be noted that histamine, binding via theH, receptors,

also has an anti-inflammatory effect and helps to regulate the inflammatory response.

Following contact with the products of damagsd cells, several plasma proteins are

activated and chain reactions initiated. One of these is the Hageman factor (Far)

system which, amorg other activities, initiates the intrinsic clotting system (Griffin

L977)' Red blood cells start to aggregate in the vessels, blood flow slows, r11rd

Ieucocytes marginate along the vessel walls. In acute inflammation the marginating

cells are predominantly neutrophils. once slowed, the cells stick to the vessel wall an4

attracted along a concentration gradient of chemotildns, squeeze through the

histaming-induced gaps in the endothelium. Activated neutrophils are also known to

secrete enzJmes' such as elastase and collagenase, which can further disrupt the

endothelial layer, easing the passage of neutrophils into the tissue and promsfing the

accumulation of oedema associated with the phagorytic phase of the response. This

diapedesis can be promoted by chemotactic factors of either bacterial (endotoxin), or

host (tissue degradation products, complement) orign (Colditz 19gs). The HF system

is also involved in a number of idflemmatory processes (Moo re & weiss 19s5).
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Activated FIF interacts with prekatlikrein to form kallikrein which reacts with

plasminogen, causing fibrinolysis. Kallikrein is also active in the kinin system" resulting

in the formation of bradykinin and the activation of further pathways involving the

prostaglandins and leucotrienes. Bradykinin promotes vascular permeability,

hypotension and Pft, Pffily via stimulation of the arachidonic acid cascade (kwis

1983)' There are two arms to this cascade; the cyclo-oxygenase pathway producing

the prostaglandins (PGIa PGE, TSr) which promote vasodilario& aggregation and

fever and the lipoxygenase pathway producing the chemotactic leukotrienes (LTB.,

LTc4, LTDJ (Ford-Hutchinson 1985; Issekutz & Movat rggz). complement

components have already been mentioned as promoters of histamine release from

mast cells and are involved in several other aspects of inflammation (Rother ef a/

1985)' The system consists of a group of nine precursor proteins (C1 - C9) which, on

activation, produce a number of effector molecules. C3a and C5d promote histamine

release, C3b opsonises bacteria thereby amplifying phagoqytosis, the membrane attack

complex Csb - C9 can lyse invading cells and C3e mobifises leucocytes from the bone

marrow' Finally C5a promotes adherence, stimulates the arachidonic acid cascade, is

chemotactic and involved in oxidative killing and neutrophil degranulation. Many of

the pathways described have been determined in vitro and the sequence of events lh

wvo is still not certain. However, the evidenss is srrfficiently strong to implicate most

of these factors in the generation of the inflammatory response.

Neutrophils are the first cells to respond to the inflammatory stimulus initiated by the

introduction of an irritant into the body. These cells migrate through the blood vessel

wall into the tissue and then attempt to etiminate the irritant. In the case of an

infectious agent this involves attachment to and phagorytosis and kiiliqg of the invading
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organism (Mims 1987; Quie 1980). The sequence of these three events is as follows.

Firstly' the neutrophil must ident$ the micro-organism to be attacked and this

recognition steP plays an important part in determining the outcome of a bacterial

challenge. Some encapsulated bacteria, such as pneumococci, are able resist

attachment and phagocytosis and can survive and multiply in spite of a vigorous host

response. In most cases, however, the neutrophil binds to the organism. The

probability of attachment is increased by the presence of serum factors including

complement and/or specific antibody. These factors, specifically C3b and IgG, coat or

opsonise the bacteria and then bind to the neutrophil via C3b or Fc receptors on the

phagocyte surface. If the bacteria is coated over its entire surface, the neutrophil can

ingest it by a process of circumferential adherence, known as the zipper effect.

Attachment also initiates metabolic changes in the cytoplasm of the phagocyte,

facilitating ingestion through the activity of actin, myosin and an actin-binding protein.

Once this endorytosis is complete, the endocytotic vacuole moves inwards and granules

in the rytoplasm fuse with the vacuole membrane, releasing their contents inwards.

Two t}rpes of granules are present in the neutrophil, the azurophilic granule and the

specific granule (Ford-Bainton 1973). The azurophil contains the microbiocidal

enzjmes myeloperoxidase (MPO) and lysoz)me, a selection of neutral proteinases and

acid hydrolases, while the specific granules contain lysozyme, collagenase, lactoferrin

and vitamin Bl2-binding proteins. Their role in bacterial killing and digestion is not

entirely clear, but it is likely that different agents are involved in the etimination of

particular microbial species. The antimicrobial systems of the neutrophil can be

dMded into those that require orygen and those which do not. The orygen-dependent

systems include myeloperoxidase and Hror. The conversion of Hro, to oz is

accompanied by a respiratory burst which can be quantified (Hurst 19g7). Individual
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microbial species vary in susceptibility to killing mechanisms within the phagocytic

vacuole and indeed' some are resistant to the extent that replication may occur withiu

the phagocytic cell. This may be an important factor in bacterial persistence in some

infectious diseases. It should also be noted tha! under certain circumstances,

neutrophils can degranulate extracellularly (Movat & Wasi 1985). This event may

result in tissue damage and will be discussed later.

The sequestration of neutrophils at an inflammatory site leads to a depletion of the

circulating pool. The bone marow responds by releasing stored cells into the

circulation and leucocytosis develops (Walker & Willemze l9g0). The half life of a

neutrophil in circulation is six or seven hours and probably considerably less than this

at a site of inflammation. celr turnover is therefore very high and immature cells

(band cells) begn to appear. In the case of a non-pathogenic sthulus or irritant the

peak leucocytosis occtus at about 4 hours, but when a replicating organism is involved

the neutroPhil response can persist for several dap. Ideally, as the stimulus is

removed, factors which stimulate neutrophil emigration and chemotaxis also diminish

and the inflammation subsides. Repair and resolution of the lesion can then take

place, a process which involves monoqrtes and fibroblasts (postlethwaite & IGng

1988)' If the stimulus persists, as occurs in infections with organisms such as

Mycobacteriurn tuberculosis, then the inflammatory response continues and chronic

inflammation develops (Boros 1978). As the number of neutrophirs characteristic of
acute inflammalion decrease, their place is taken by the mononuclear leucogrtes,

mainly macrophages and lymphocytes. Progression from acute to chronic inlilammation

occurs in the presence of a persistent irritant (eg. infection or a foreign body),

endogenous antibody (eg. autoimmune disease), or endogenous factors generated at
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the inflammatory focus (eg. chemo-attractants). Inherent in chronic inflammation is

the possibility of permanent tissue damags due to the potentially injurious substances

produced by macrophages and by the ability of fibroblasts to produce collagen and

scarring (Fantone & Ward 1984). Chronic inllammation is not as histomorphologically

uniform as acute inflammalion and is more difficult to characterise, particularly in the

case of persistent bacterial infection. The various mediators of acute inflammslion may

also persist and the cells characteristic of the early phase, may be present in

conjunction with the elements normally seen in isolation in chronic in:Eemmation

(Heymer 1985).

Inflammation may lead to the destruction of host tissue and consequent loss of

function' If an inflammatory stimulus persists the exudative response, characteristic of

acute inflammation, usually gives way to the proliferative response of chronic

inflammation. The cells seen in the chronic stage are predominantly mononuclear, the

so called round-cell infiltrate. Three principal cell types are involved: (i) the

lymphorytes, (ii) the macrophage and (iii) the fibrocytes. The combined action of

these cells and a variety of humoral mediators is responsible for the formation of scar

tissue' Inflammation only progresses to this stage if the defence mechanisms involved

in the early phase have failed and it is the destructive action of neutrophilic proteases

and the other components of acute inflammation on healthy tissue that stimulates the

chronic response. This is especially true in the case of persistent infection (Ward &
Kunkel 1933).

Chronic inflammation may also result from an immunologic s,..nuJus, involving the

formation and local deposition of antigen-antibody complexes, with the subsequent
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initiation of a cellular respoilie. If the antigen is host-derived (either cellular or

subcellular) then auto-immune disease, such as primary immune complex glomerular

nephritis (Cameron & Williams 1983), lupus erythematosus or rheumatoid arthritis

(Holborow & Swanneu 1983) may develop. In the presence of continued antigenic

stimulation, these diseases are often progressive and may become disseminated.

Chronic granulomatous inflemmation is an example and results from the introduction

of non-digesh'ble material such as silica or asbestos powder into the tissue. In

situations where neutrophils have failed to eliminate these substances, macrophages

are recruitedn either a5 single cells, or as groups fused together to form giant cells.

Fibrorytes may also become enmeshed in the fibrin network which surrounds the

inflammatory focus and lay down strands of collagen. This serve to wall off the area

from the rest of the body and the inflammation then subsides. It should be noted that

this repair mechanism does not replace functional tissue, rather it forms a permanent

"patch"' The loss of functional tissue may be of little consequence in isolation, but a

constant infltx of irritang accompanied by the continued accumulation of

granulomatous tissue' can be fatal. Silicosis in miners caused by coal dust and

asbestosis in asbestos workers are well known examples.

The situation involving microorganisms is somewhat different and the characteristics

of the inflammafion are determined by the nature of the pathogen. The archetlpe of
an infection-induced, chronic inflammatory lesion, is the tubercle which forms

predominantly in the lungs of individuals infected with Mycobacteium tuberculosis

(Boros 1978). A characteristic of this microorganism is its ability to survive and even

replicate inside host macrophages. The tubercle granuloma displays a small necrotic

focus, containing the infected tissue, surrounded by derivatives of monoqrtes, such as
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epithelioid cells, Langerhans giant cells and lymphogrtes. ff the infective agent is a

large parasite, which evades initial destruction during the acute inflamma1ory respouie

by virtue of its size, a different form of granuloma develops. In this situation, lesions

are characterised by large numbers of eosinophils wfoigh produce a number of specific

anti-parasitic compounds. The effect of the granuloma is to isolate the infected tissue

and prevent the spread of infection and, if the foci are few in n ,mber, this strates/ can

succeed in preventing the death of the host. However, if infection spreads, a number

of granulomas develop, resulting in a significant loss of functional tissue and may

threaten the life of the host. Although there are histologrcal differences, these

granulomatous lesions resemble the foreign body reaction described earlier. The

reaction to extracellular microorganisms which survive the acute iilflammatory respoille

by secreting a protective coating for example Staphylococcw aureus,is more diffgse

(Sheagren 1988). Infiltrating inflammatory cells are dispersed throughout the infected

tissue and are associated with oedema and a gradual loss of organ function. Both

these situations differ from the foreign body reaction in that there is usually a

significant immunolsgical component, mediated by sensitised T-lymphocytes. Once

infection is established, the inflammation is propagated and amplified in the host by

replication of the organism. If the host's defence mechanism does not fully contain the

pathogen, then further infectious foci develop and result in a chronic proliferative

disease process.

In an ideal host-parasite interaction, the products of the degranulation process kills the

microorganism after ingestion has taken place, but in some situations, the substances

designed to kill the parasite may be released extracellularly (wrigbt lg;y2). The

release may be accidental and histological studies have shown that rytoplasmic
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granules often fuse with the membrane of an incompletely formed phagorytic vacuole,

allowing potentially injurious eDzyxes to escape into the tissue space through the open

end of the vacuole. The relative importance of this phenomens is difficult to

determine, but it is likely that as long as the invading organism is successfully

eliminated, little tissue damage is initiated. In another situation, involving an

opsonised surface (such as antibody-coated connective tissue or a synovial surface), the

neutrophil is activated by the binding of its membrane receptors to the constant (Fc)

portion of the surface-bound antibody, but is unable to ingest the opsonised surface

(I-etrell & Spitzmagle 1974). In an effort to neutralise the coated surface, the

neutrophil can actively exocytose it's granules without lysis. Several of the neutrophilic

enzymes are specific for host tissue components, i.e. collagenase or elastase (Barrett

L978; Venge 1981) and it can be argued that, rather than being a failure of host

defence mechanisms, tissue damage arising in these circ'mstances is the result of the

host's attemPt to isolate the inlflammagen by creating a wall of devascularised fibrotic

tissue. Finally, certain bacterial products such as the streptococcal exotoxin,

streptolysin (Bhakdi & Tranum-Jensen 1985) and the staphylococcal toxin, leucocidin

(Noda et al I98l) can induce neutrophil degranulation and subsequent autolysis.

Infections with these organisms are characterised by extensive tissue demage and the

slow elimination of the microorganisms. It is likely that the extent of tissue damsgs in

infection is related to the size of the primary inoculum and/or the rate at which the

organfu6 can multiply. Alarge number of organisms stimulate a correspondingly large

ffinmmatory response. It follows therefore that if the initial challenge is hearyn or if

the speed of reproduction allows for a build-up of organisms before an effective host

response can be mounted, then tissue damage due to coincidental release of

proteolytic enzymes during phagorytosis, or active degranulation by neutrophils will be
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relatively greater.

In summary inflammation is a localized protective response, elicited by injury to tissue

or invasion of fissue by pathogens, which serves to destroy, dilute or isolate both the

injurious agent and the injured tissue. It is mediated by a complex series of events

involving alteration in local haemodynamics, resulting in either decreased or increased

blood flow and an increase in permeability to both plasma proteins and leucocytes.

This process is controlled by a number of chemical mediators released by either

damaged tissue or specialised inflammatory cells. In the vast majority of episodes the

inflammagen is successfully eliminated with few residual changes to indicate that a

resPonse has even taken place. The development of clinically apparent inflammation

indicates that the host defence system has encountered antigen in unusually large

amounts or in an unusual location, or an antigen that is difficult to digest. It should be

realised, however, that significant tissue injury resulting from inflammation is the

exception rather than the rule. one of the problems facing the clinician is that

suppression sf ffiammation invariably leads to a compromised host defence s)rstem

and it is important that the mechanism of action of any drug which has anti-

inflammatory propefiies is understood as fully as possible.

1.1.5 Aim of the study.

The evidence indicated that s{ msdified the host response to infection" an effect

which could not be explained by reference to the known biolory of the agent. The

present study examines the hlpothesis that the ability of CbA to promote infection is

the result of suppression of non-specific inflammatory defence mechanisms. The

elperimental approach used involved an in vlvo analysis of the effects of CxA on
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L2 IT{ATERIALS AND METEODS

L.2.1 Animals.

Male and female rats from an inbred colony of Dark Agouti (DA) rats were used in

these experiments. Animals were maintained on Diet 85, given water ad tib and

weighed between L80 and 220 g.

L22 Clclosporin I sdministration.

C:sA (Sanrlimune) was a kind gft of Sandoz Ltd., Basle, Switzerland and was

administered by injection into the thigh muscle of lightly anaesthetised rats. Carrier oil

was made up to the formula provided by Sandoz Ltd. and was used as the control

material. CbA reproduces the snme spectrum of pathological effects in the rat as in

man but due to differences in metabolism, higher doses are required in the rat to

produce the same effect (whiting and Thomson 1989). In this study C-sA was given at

a dosage that had been shown to prevent organ graft rejection in the rat (Thomson

et al 19Bt)

L23 Haematologr.

Blood samples were obtained from the ventral tail vein of lightly anaesthetized

4nim4l5, using EDTA as the anticoagulant. Total peripheral blood leucocyte cnunts

were determined using a Coulter counter and differential counts carried out on

I-eishmal-stained blood fi lms.

12.4 Neutrrophil function:

f oxidative rnetabolisrn measured by chemiluminescence. The method used was that of

schopf et al (L984). Animals were bled by heart puncture, into EDTA anticoagulant.
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Neutrophils were separated by density gradient centrifugation on Mono-poly Resolving

Medium (Flow I-aboratories, North Ryde, Australia) and suspended in mortified

antibiotic-free Eagles minimat essential media" without phenol red (E-MElvI, Sigma

Chemicals). For each tes! 5 aliquots of 5 x ld neutrophils in 100 pl E-MEM were

placed in 500 pl polystyrene auto-analyzer cups and warmed at37,Cfor 10 min. ens

hundred microlitres of freshly prepared, pre-warmed luminol (Sigma Chemicals) was

then added to each sample. Zlmosan (100 pl of a L mgml suspension), previously

opsonised by incubation with autologous serum, was added to three of the five cell

preparations to Stimuhls oxidative metabolism, while 100 pl of media was added to

the remaining two control samples. The level of chemiruminescence in each sampre

was measured at 2 min intervals for 90 min, in an LKB B counter with the coincidence

circuit switched off. The mean peak count of the zymosan-strmulated semple, which

occurred between 75 and 85 min after stimulation, was used as the index of oxidative

metabolism.

ii) Phagocytosis and kitling of Candida atbicans. The method used was a modification

of that of Sheehan et al (7984). C. albicaw was grown overnight at 2go C in
Sabouraud Dextrose broth and washed twice with and resuspended rr, E-MEM. After

en rmeration in a haemocytometerr the concentration of yeast cells was a-djusted to

5 x 106 cells/ml. Peripheral blood neutrophils were isolated as described above and

suspended in E-MEM at a concentration of 4 x lff cels/ml. The assaywas carried out

in 96 well, round-bottomed tissue culture plates. Fifty microlitres of each suspension

of neutrophils, containing lx 1f ce[s, was added to 18 wells along with l0 pl of
autologous serum. To 12 of these wells was added 5 x 10a c. albicans in 50 pl of E-

MEM and the remaining 6 wells served as assay controls. one row of 12 wells,
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containing C. albicarc, but no neutrophils, was also included in each plate. The plate

was then attached to a disc, rotating at 30 cpm in a vertical plane, and incubated at

37" C for 45 min to allow ingestion of C. albicans by neutrophils. The plate was then

removed from the incubator, cooled to 289 C and 10 pl of. a Z0 pcvml solution of 3H-

uridine added to each well. At the same time, 50 pl of a solution of L.?SVo sodium

deorycholate and 50 pl of 0.IVo DNase was added to haH the wells containing either

neutrophils plus C. albicarc, neutrophils alone or C. albicans alone. This procedure

Iped the neutrophils without killing the C. albicaru. The plate was incubateq with

rotation, 
^tz8p 

C for a further 30 min to allow the C. albicans to incorporate the 3H-

uridine. The radioactive nucleic acids were then precipitated onto Whatman GF/C

filter paper using a D5nratec cell harvester and the level of radioactivity determined in

a LKB B counter- The phagocytic index (PI) and the killing index (KI) are calculated

using the following formula:

PI or K[ = (1 - 9Pm: neutrophil' * 9,% ) x c. arbicans: neutrophil ratio@azsalone

The counts obtained from the wells treated

used to calculate the KI, while the counts

provided the PI.

with sodium deorycholate/DNase were

obtained from the non-treated wells

iii) Neutrophil mobilisation to a local inflammatory site. The ability of neutrophils to

accumulate at an extravascular site was assessed by employing subcutaneously

implanted sponges as inflammatory foci. Cylindrical sponges (2.5 cmx 1 cm; 40 mg

t 1 mg) were cut from polyurethane absorbent surgical foam packing (ICI Tasmarl

Upper Hutt, New Zealand). The sponges were washed in distilled water, dried and
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then sterilised by autoclaving. For implantation, two incisions were made on either

side of the dorsum, the facia was retracted by blunt resection and a sponge placed in

each subcutaneous space. The incision was closed with surgical clips. At selected

times after implantation, the sponges were removed, weighed to measure the amount

of accumulated inflammatory fluid and squeezed with a known volume of BMEM in

a 20 ml plastic syringe to harvest the inflammatory cells. A fluid sample from each

sponge was cultured on blood agar to check for contamination and infected sponges

were excluded from the results. A haemocytometer was used to determine total

leucoryte numbers and a differential count was carried out on a Irishman stained cell

smear prepared in a rytocentrifuge (Qrtospin; Shandon Southern Ltd., Runcorn,

Cheshire, Engtand).

iv) Neutrophil adherence to glass. The ability of isolated peripheral blood neutrophils

to adhere to glass was determined using Sykes Moore chambers. These consist of a

male and female stainless steel threaded ring between which two 25 mm $ass oover

slips are glamped on either side of a 3 mm thick rubber O-ring. When assembled the

chamber holds 1 ml. Neutrophils were harvested from EDTA anti-coagulated blood

as previously descnbed, washed once in Hank's balanced salt solution (FIBSS), counted

and then resuspended in serum-free HBss at a concentration of 5 x ld/d. one ml

of the suspension was added to the bottom half of a Sykes Moore chamber, the top

cover slip was gently laid in place, taking care to etiminate air, and the top ring

screwed down' The chambers were placed on a level surface at 3fC and allowed to

sit for 8 min to enable neutrophils to settle and adhere to the glass. Using an inverted

microscope the number of cells in 10 fields on the bottom coverslip were counted. The

chamber was then inverted and incubated for a further 8 min to allow non-adhered
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cells to settle. At the end of the second incubation period 10 fields on the top

(previously bottom) coverslip were counted using a conventional microscope. By

expressing this count as a percentage of the first count the ability of cells to adhere

was calculated.

12.5 Measur.,ement of local, peripheral blood flow.

NEN-TRAC microspheres, labelled with 5'Co 
lNew En$and Nuclearn Boston, Mass)

were used to measure dermal blood flow according to the method of Hay et al (1975).

Animals were anaesthetized with nembutal and the left carotid artery was e4posed and

cannulated to a depth of.25 mm. In pretiminsry experiments, it was established this

procedure placed the tip of the cannula just above the aortic arch. Skin sites along the

back were then injected with 100 pl of a 1 x 10e/ml suspension of. E. coli 075 and, at

appropriate intervals thereafter, 1 x ld microspheres contained in 0.4m1were injected

into the carotid cannul4 followed immediately by 0.2 ml of satine. TWo minutes after

the injection of microspheres the animal was killed by the intra-arterial administration

of saturated Kcl' the skin of the back removed and the E coli stimulated and control

sites punched with a L2 mm steel punch. The tissue was weighed and the level of

radioactivity measured in a philips automatic gamma counter.

12.6 rhe carageenin model of acute, oedematous inflammation.

of the several models of inflammation which may be employed to evaluate the effects

of drugs on oedematous inflammation the carrageenin_induced oedema of the rat hind

paw is the best characterised and most commonly used. Although the test is relatively

simple to perform, the endpoint is commonly measured using relatively crude

mechanical devices and is very much dependant on the skill of the operator. As a
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result, the assay is not generally renowned for its sensitivity. In order to improve the

accuracy and reproducibility of the assay, a radioisotopic technique has been developed

which has eliminated the operator-associated variables. The dwelopment and

verification of the method is described in full in Chapter 4 and will only be detailed

briefly here.

The assay is based on that of Winter et al (1962). Rats were anaesthetized and 0.1 ml

of ZVo carrageenin injected subcutaneously into each hind footpad. This was

immediately followed by the injection into the ventral tnil vein of l.Opl of 15I labelled

human senrm albumin in 0.5 ml of saline. Four hours later each rat was again

anaesthetized' weighed and a blood sample collected by heart puncture into EDTA

The animals were then killed by the intra-cardiac injection of air. Both hind feet were

removed and the level of radioactivity in each foot and in a 200 pl samFle of plasma,

was measured in an automated gamma counter. After subtraction of background

counts, the volume of oedema + plasma was calculated by dividing the number of

counts in each foot by tle number of counts/pl of plasma. Finally, the absolute volume

of oedema was obtained by subtracting the 'background" of plasma contained within

the vasculature of the foot.

L2.7 The reverse lnssive Arthus reaction.

The reverse passive Arthus reaction (RPA) was carried out using ovalbumin as the

initiating antigen. Antiserum to ovalbumin was raised in a NZ white rabbit by giving

weekly intra-muscular injections of 250 pg ovalbumin (Sigma, #4-5503) in 0.S mI of

Freund's gsmplete adjuvant. Four injections were given in total and the animal wasi

bled from the medial ear artery one week after the second third and fourth injection.
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The serum was tested for specific ovalbumin antibody by the standard Ouchterlony

diffusion technique and as semm from all bleeds contained significant levels of

antibodS tJte samples were pooled. The optimu.n concentrations of annbody and

antigen required to initiate the RPA reaction were determined empirically and it was

found that the intra-dermal injection of 50 pl antiserum followed immediately by the

intravenous administration of 2 mg6f svstlumin, produced a maximal response. The

peak of the response was 7 h after initiation. To provide control (background) values

for the response some animals in each e4periment were injected i.d. with the anti_

ovalbumin senrm but were not given the i.v. injection of antigen. The three parameters

used to monitor the RPA are oedema, haemorrhage (RBC accumulation) and

neutrophil 4ggrrmulation. A number of techniques have been developed to measure

these, but the methodolory assembled by Fletcher et at (1986) produces the most

comprehensive analysis of the reaction. Oedema was measured using human senrm

albumin labelled with lslodine 
lrat-usA;. Following intravenous injection, rrI-HSA

accumulates at an inflammatory focus in direct proportion to the volume of the

exudate/transudate. By taking a blood sample at the time of tissue sampling and

determining the level of radioactivity in a lnown volume of plasma it is possible to

obtain an accurate estimation of oedema in terms of plasma equivalents. Haemorrhage

at the site of the RPA reaction was assessed by determining the amount of sTe

labelled red blood cells (RBC) accumulating in the lesion. RBC's were labell edin vivo

by the intravenous injection of 5Te, 24 h prior to initiation of the reaction. y't'tter 24 h,

98vo of the radioactivity was found to be associated with the RBC component of the

blood. Other workers recommended pre-bleeding the animals by heart puncture to

stimulate haemopoiesis and improve RBC labelling. In preriminary experiments we

demonstrated that this was not necessary. At the appropriate time after initiation of
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the RPA a blood sample was obtained in parallel with the sample of inflapsd tissue.

Ttre sTe counts in a known volume of blood was measured and, after adjusting the

counts for the packed cell volume (PCV) of the blood, the cpm/pl of RBC was

calculated. By relating this value to the 5lFe counts in the RPA skin sample, the

degree of haemorrhage was assessed in terms of pl of packed RBC. Levels of sTe and

15I were determined simultaneously in a duel-channel garnma counter, however, due

to sTe > 16I crossover between channels it was necessary to apply a correction factor

to the 15I counts when calculating the results. The third indicator of the RPA reaction,

neutrophil accumulation, was measured by quantifing the tissue level of the

neutrophil-specific enz)me, myeloperoxidase (MPO). The biochemical technique used

to measure this enzyme is described in detail in Chapter Two (2.2.4.i). Rat skin is a

particularly tough tissue, and the sample preparation procedure used by otlers proved

to be tedious and inaccurate for the processing of large numbers of samples. A

modified system was therefore developed. An anvil was machined from a solid piece

of stainless according to the rlimensions shown in Figure 6. The central well was

designed to fit a 17 mm diameter Oxoid aluminium test tube cover (OXOID #T]fAz).

A stainless steel impact rod was machined to be a clearance fit inside the insert,

however the bottom 5 mm of the rod was turned down to an off centre tip. Prior to

use the anvil and impact rod were placed in a shallow stainless steel tray and cooled

with liquid nitrogen. An aluminium insert was then placed in the central well and filled

with liquid nitrogen. A pre-frozen skin sample was placed in the insert followed by the

impact rod which was then stnrck 5 - 10 blows with a hammer, reducing the skin to a

fine powder. The rod was turned a I turn between blows and it was important not to

let the tissue thaw otherwise it adhered to the insert. The powdered skin was then

transferred to a 5 ml glass vial with 3 ml of HTABlbuffer and homogenised using a
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Apparatus used for the preparation of pulverized skin samples prior to
extraction and measurement of myeloperoxidase. Frozen skin samples are

placed in the aluminium cup held in the stainless steel anvil, both of which

are per-cooled with liquid nitrogen. The tissue sample is then pulverised

by placing the pre-cooled punch in the cup and striking it several sharp

blows with a hammer. The punch is rotated one quarter turn between

blows.
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small vol lme, shearing tlpe tissue homogeniser (Tissue Tearor, Biospec products,

Oklahoma). The sample was then processed and analped for MpO levels as

previously descnbed.

To srmmarise, the RPA was carried out as follows:

i) Rats were injected intravenously with 10 pCi of sT'e ferrous citrate.

ii) Twenty four hours later, 20 or 4O pl of antiovalbumin senrm was injected

intradermally at four sites on the back Forty pl of normal rabbit senrm wglr

also injected at oue site to provide a control.

iii) Tmmediately following the injection of antiserum, each animal was injected

intravenously with 2^g of ovalbumin and 1 pCi of rrI-HSA contained in

0.5 ml of saline.

iv) At selected time points thereafter, rats were anaesthetize4 a 2 ml EDTA

anticoagulated blood sample obtained by heart puncture and the animals then

killed by the intracardiac injection of air. The skin was carefully removed from

the back and the reaction sites and the control site were punched out.

v) The level of radioactivity in the skin sites was measured and, immsdiately

after countin& the skin samples were transferred to a _Z0pC fueezer.

The pCV of each blood gample was determine4 as were the counts in I ml

of whole blood and 3ffi pl of plasma.

By using a computer progftrm, the volune of oedema in plasma equivalents

and the degree of haemorrhage, e4pressed in pl of packed RBC, was

calculated.

Batch analysis of Mpo levels was carried out within 2 months of sample

collection.

vi)

vii)

viii)
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12.E kperimental subcutaneous hfestion.

A localized infection was induced within subcutaneously implanted sponges inoculated

with ^E coli 075- Cylindrical sponges (2.5 cm x 1 cm; 40 mg t 1 ',,g) were cut from

polyurethane absorbent surgical foam packing (ICI Tasman, Upper Hut! New

Tf,,aland)- The sponges were washed in distilled water, dried and then sterilized by

autoclaving. For implantation, two incisions were made on either side of ,6" dsnrrm,

the facia retracted by blunt dissection and a sponge placed in each subcutaneous

space' The sponge was infected in situ by injecting the appropriate number of

organismg contained in 50 pl of saline, into the centre of the sponge and the incisions

closed. At selected trme points, animals were killed and the sponges removed

aseptically and then weighed to estimate the volume of the inflammatory infit66te. To

recover the contents of the sponge it was squeezed repeatedly in a 20ml plastic

syringe with 9 ml of E-MEM. If required a sample was removed at this point for

estimalisn of leucocyte numbers. Columbia agar pour plates were made from serial

lO-fold dilutions to obtain the bacterial count per sponge.

1.2.8 Statisticalevaluation

The Wilcoxon sum of ranks test for non-parametric data was used for analpis. In all

figures where error bars are shonnr these represent one standard deviation.n
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13.1.

RESI.JLTS

Effect of CsA adminis&ation on circulating leucocyte numbers.

An erperiment was carried out to determine the effect of CsA on the cellular

comPonents of peripheral blood over the 32 h period immediately fo[owing drug

adminis11a1is1. Sixteen DA rats were divided into two groups of 8. Animals in the

first group were treated with CsA carrier and served as controls, while those in the

second 8roup were injected intramuscularly with CbA, at a dose of lfi)rng/tg every

second day' until a total of 4 doses had been given. csA administration did affect

circulating leucorytes. Neutrophil and monocyte numbers first demonstrated an

increase 3 h after CbA administration, but at this 
.;ms 

point lymphoryte numbers were

not significantly altered (Figure 7). Neutrophil numbers continued to rise and reached

a peak aftet 7 h (250Vo over the corresponding control value). The total number of

llmphorytes was also elevated over tbe 7 - 32 h time period and showed a mean

increase of between 50 andil)Vo. Circulating monocyte nunbers increased

considerably up to 32 h after C*A administration.

The effect of the extended adminisllstion of CsA on circulating leucocyte numbers was

also determined- C-sA was administered to a group of 6 rats at a dose of 5Omgfu

every second day, for a period of 14 days and a further control group were similarly

treated with carrier material. For this and subsequent experiments, the dose of CsA

was reduced from 100 mg/kg to 50 mdkg, as anirnnfu in the preceding experiment had

showed signs of toxicity following 4 days treatment s,ith the higher dose. The previous

experiment had demonstrated that the maximum increase in neutrophil numbers

occurred 7 h after C.sA administration and animafu were therefore bled at this .:me

point, on the day of each ClsA injection. Prolonged administration of CrsA had little
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effect on circulating lymphocytes (Figure g). Neutrophil nrrmgers, however, were

elevated in the treated and control group 7 h after the first CsA injection and at all

other time points studied there was at least a l00Vo increase in circulatrng neutrophil

numbers. Total monocyte numbers were also significantly elevated.

132 The eftect of CsA on neutmphil function:

i) Bactericidal capacity and metaboti,snt The results of the above experiment suggested

that the previously reported ability of ClsA to promote infection and tissue dnmage

(Miller & Findon 1986) did not result from drug-induced depletion of circulating

leucorytes. The possibility that cbA interfered with the bactericidal and/or metabolic

function of neutrophils was therefore investigated. TWo groups of DA rats were given

either carrier oil or 50 mg/kg of Cs,A" every second day for 10 dap. CbA peals in the

blood of rats 5 h following i.m. administration (Findon & Miller 19gS) and neutrophits

were therefore harvested from blood obtained 5 h after the last dose of CbA Neutrophil

oxidative metabolism was then assessed by measuring zymosan-stimulated

chemiluminescence' while the phagorytic and killing index was determined using

radioactively labelled C. albicans. These three functional parameters were not affected

by CsA (Figure 9).

ii) Adhererce n glass. one group of 10 rats was injected i.m. with cbA at a dose of

50 mg/kg every second day for 16 days. A further ll animals were injected with carrier

and served as controls. Five hours after the final injection, peripheral blood neutrophils

were obtained and the ability of these cells to adhere to glass determined using 25 mm

Sykes Moore chambers. The ln ut'vo exposure of neutrophils to CsA did not affect the

ability of these cells to adhere to grass in vitro (Figure 10).
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rtltl
con GsA con CsA con CsA

Metabolic activity of peripheral blood neutrophils from animals treated
with CsA Animals were treated with either ClsA or carrier every second

day for 10 days. Neutrophils were harvested 5 h after the final dose of
CbA. Neutrophil oxidative metabolism was assessed by chemiluminescance

following stimulation with zymosan. phagocytic and bactericidal (killing)
activity was determined using C. albicans as the target organism. CsA

administration had no effect on the in vitrCI metabolic function of
neutrophils as assessed by these three parameters.
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iii) In Wvo mobilisation The effect of CxA on the ability of neutrophils to mobilise to an

inflemmatory foci was assessed using sterile, subcutaneously implanted polyurethane

sponges. Two groups of animals were given either 50 mg&g of CsA or carrier material"

injected i.m. every second day for 10 days. At the time of injection on days 2, 6 and le
sponges t"s1s imFlanted in 5-8 animals from each gpup. The sponges were removed

24 hlater and the number of infiltrating cells estimated. Administration of CxAmarkedly

inhibited the mobilisation of neutrophils into the sponges (Figure l1). The effect was

demonstrable at all three time points studie4 but was maximal at 11. days (63vo

suppression). A further erperiment was carried out to provide further details on the

effect of C-sA on leucocyte accumulation over a 24 h period. CsA (50 mg/kg) or carrier

oil was injected i.m. every other day for six days before two sponges were implanted

subcutaneously in each rat. Sponges were removed from four animals in both test and

control groups 4 & 16 and 24 h later and the number of infiltrating cells counted. No

differences were noted when treated and control groups were compared up to g h after

implantation. However, at 16 and 24 h in the ClsA treated group, a mean reduction in

mobilisation of 36vo and sovo was observed (Figure 12).

Effect of csA on a localised subcutaneous infec{ion.

One group of 36 rats received CsA (somg/kg) and another 36 carrier oil, every second

day over an 8 day period. on the eighth day, each of the two groups were fuither

divided into five subgroups. All animal$ had 2 polyurethane sponges implanted

subcutaneously which were then infected with one of five pre-determined inocula of E
coli 075, containing 1200-35000 organisms. Sponges were removed for bacteriologic

examination 48 h later. The effect of CxA on the level of infection was found to be

dependant on number of microorganisms used in the initial challenge (Figure 13). Uttle
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difference could be demonstrated between sponge bacterial num!s15 from the c;sA or

carrier treated animals when the groups challenged with low (12ffi) and high (35000)

bacterial uumbers were compared. However, when infection was induced with an

intermediate number of microorganisms (500G23000), GA treatment led to a highly

significant increase in bacterial numbers.

l.3.4 Etrect of CsA on bacterial growth h vivo.

The possibility that CsA directly promoted bacterial replication, through s 6sshanis6

such as nutritional enhancement was investigated in vivo by inducing infection in

subcutaneously implanted sPonges pre-treated with CsA-containing rat serum. This

method of erposure was adopted in preference to using native C-sA beca use in vivo-

generated metabolites are present in the senrm but not in the native drug. Ten rats were

injected i.m. on three coDsecutive days with CsA at 50 mg/kg. Five hours after the final

dose all animals were bled out and the serum collected. Because E. coli 025 is

complement-sensitive the serum was heat inactivated at 56oC for 30 min. One ml of CbA-

containing serum' was added to each of 12 standard polyurethane sponges, which were

then freeze-dried. Twelve other sponges were simitarly prepared using normal, heat_

inactivated rat serum' while 12 control sponges were Ieft untreated. one of each of the

36 sponges was implanted in a group of 36 rats, i.e. 12 animals were given a sponge

containing GA-serum, L2 a normal-serum containing sponge and 12 unmanipulated

control sponges. At the time of implantation each sponge was inoculated with 5 x ld E
coli 075' Fotty elght hours later the sponges were removed and the weight of
inflammatory fluid, nnmber of accumulated inflnmmatory cells and bacterial numbers in

the sponge determined. When the level of C-sA in the serum prior to incorporation into

the sponges was compared with the level in the pooled inrflammatory fluid the values
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were elmost identical (592 and 562nglml respectively). Thus the bacteria were exposed

to CsA during the entire 48 h of the experiment. The weight of inflammatory fluid was

the snme in all three groups. The incorporation of serum in sponges resulted in a three-

fold increase in the number of neuffophils which emigrated into the sponges, compared

with non-senrm containing control sponges. However, the number of cells in the CJA-

containing sponges and the normal-serum containing sponges were not significantly

different. The increase in cell numbers can be attributed to the presence of inflammatory

mediators in the serum. Bacterial numbers were reduced in the presence of serum when

compared with the control group (Figure 14) but there was no significant difference

between the nvo senrm-containing groups. It can be concluded from this experiment that

CsA does not promote bacterial growth by a direct effect on nutrition or metabolism.

Relationship between inflnmmation, infection and CsA administration"

Two groups of 40 animals were given either CsA (50 mg/kg, i.m.) or carrier oil, every

second day throughout the experiment. Two sponges were implanted subcutaneously in

each animal, immsdiately following the fourth injection of Cs,A.. At the t:me of

implantation, each of the two groups of animals were divided into a further two groups

and the sPonges inoculated with either a low or intermediate challenge of E. cot M5

(5ffi or 4fi)0 microorganisms respectively). Animals were sacrificed in groups of 20 (five

from each of the four groups) 6, 24,48 and 72 h post-challenge. Sponges were then

removed and evaluated quantitatively for iniflammatory fluid, inflammatory cell and

bacterial content. CsA administration led to a perceived increase in bacterial numbers

at individual time points in the low challenge group but this was not statistically

significant (Figure 15A). In the intermediate challenge group, administration of the agent

resulted in a l,fiD and 10,0fi) fold increase in bacterial numbets 24 h and 48 h after
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replication.
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challenge, but by T2hbacterial numbers in the treated and untreated groups were not

statistically different (Figure 15D). Accumulation of inflammatory fluid was inhibited by

C-sA during the early course of infection; at 6 h in the low challenge group and at 6 h and

24h n the intermediate challenge goup (Figures 15B and 15E). ClsA also significantly

delayed the accumulation of neutrophil numbers in sponges in the early stages of

infection. This was seen at 6 h in animals challenged with the low inoculum (Figure 15C)

and at U h n the intermediate challenge goup (Figure 15F). However, in the

intermediate challenge group this trend was reversed and, by,E tr, sponges from C-sA-

treated animals contained trrice the number of inflammatory cells seen in the carrier

treated animals.

The use of tCo tabeiled micmspheres to mcasure blmd flow in acute inflnmmation.

Radioactively labelled microspheres have been frequently used to a$sess fractional blood

flow in experimental animals, but have not previously been employed to assess blood flow

in acute dermal inflammation. A preliminary experiment was therefore undertaken to

determine the optimum time for taking samples of iilnamed tissue. Three rats had the

left carotid artery cannulated. Each animal was then injected intradermally, at one skin

site, with 1(X) pl of a 1 x lOelml suspension of E. coli 075, 15 ml& Z min and 3 min before

1 x 1d microspheres were injected into the carotid canula. After a furrher two minutes,

the animals were killed by the intra-arterial injection of KCl. The skin was removed from

the back and the three sl:mul31s6 sites and three control sites were punched out, weighed

and the level of radioactivity determined in a ganma counter. The count/minute/gram

of tissue was then calculated. Blood flow increased rapidly in the E. cok injected sites and

at 3 min was 350Vo of the blood flow in non-stimulated skin (Figure 16). By 7 min 1fos

level had dropped back to l50Vo of normal and was similar at 15 min. Three minutes was
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chosen as the 'ime at which to determine the effect of CsA on dermal blood flow in

acute inflammation.

t3.7 The effect of CsA on peripheral blood flow.

Two groups of eight animals were used. One group was treated with C-sd at a dose of

25 mglkg, every second day for 10 days while the other group was given carrier material

and served as controls. The injections were given at 4.30 pm and on the morning of the

eleventh day dermal blood flow was measured using radioactively labelled microspheres.

The carotid artery of each animal was cannulated and ld E. coti 075 in 100 pl was then

injected intradermally, at two marked sites on the back After one minute, ld
microspheres were injected into the carotid artery and trvo minutes later the animal was

killed by the intra-arterial injection of KCl. The dorsal skin was removed and the nvo E

coli stimulated sites and three non-stimulated control sites punched out. The samples

were weighed and the level of radioactivity determined. One of the CsA treated animals

died during the cannulation procedure. In Figure 17A the results are erpressed as the

Vo inqease in blood flow in the E coli stimulated sites compared with the control sites.

There was no difference between the CsA and carrier treated animals. There was a

possibility that CsA had altered blood flow in both the stimulated and control sites which

could have resulted in the Vo increase being the same in both groups, in spite of reduced

or increased absolute flow in CsA treated animals. The raw counts in each skin sample

were therefore plotted and are shown in Figure 178. It can be seen that CbA has no

effect on absolute blood flow in either the stimulated or control sites.

Modifrcation of carageenin induced fmtpad oedema by Cs,{,.

Eighteen rats were divided into 3 groups of 6. The first group were given CsA carrier and
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served as controls. The second group were treated with aspirin, given orally at 200 ndkg

to confirm that the carrageenin-induced oedema could be inhibited by a routine anti-

inflammatory agent. The third group was injected i.m. with 50 mg/kg of C-sA every second

day until a total of 4 injections had been given. Ttvo hours after the f,nal dose of ClsA,

carrageenin was injected into each hind footpad of all three groups of animals. The

volume of oedema was measured 4 h later using the isotopic method descnbed earlier.

Aspirin treatment resulted in a highly significant inhibition of oedema formation (49Vo

of control value; p < 0.1; Figure 18). An almost identical level of inhibition was observed

when the footpad oedema vol 'mes from C-sA treated animals were compared with those

of the controls (49Vo of control values; p < 0.01).

Effect of CsA on the reverse lnssive Arthus reac{ion (RPA).

The time course of the RPA reaction in normal rats wa$ first determined. Twelve animals

were injected with 10 pCi of sTe ferrous citrate. Twenty four hours later, each rat was

injected intradermally at three sites on the back with 50 pl of anti-ovalbumin senrm

(AOS) and at one site with 20 pl of normal rabbit serum (NRS). This was followed

immediately by the intravenous injection of 2 mg of ovalbumin and 1 pCi 6I labelled

human senrm albumin. Three animals were killed 1,4, 8 and 16 h later. The skin reaction

sites were removed at each .t-e point and the extent of oedema and haemorrhage

determined. Myeloperoxidase levels (IVPO) levels were not measured in this experiment.

Both oedema and RBC accumulation were maximal at 8 h and this time point was used

in subsequent experiments (Figure 19).

It was considered important to assess the effect of a known anti-inflammatory agent on

the RPA before CsA was used in the assay. Two groups of 6 rats, pre-treated with 5Te,
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were used. One group was injected i.p. with 0.4 mg/kg dexamethasone in 5 ml of saline,

while the other gloup were injected with 5 ml of saline alone. Thirty minutes later the

RPA reaction was initiated as descnlbed above. Two sites/rat were injected with 40 pl

AOS. Seven hours later all twelve animals were killed and the severity of the oedema

and haemorrhage in the reaction sites determined. Dexamethasone significantlyinhibited

the formation of oedema and the infiltration of RBC during the RPA (Figure 20). The

reduction was of the order of.50Vo.

To determine the effect of CsA on the development of the RPA trn'enty four rats were

given CsA i.m., at a dose of 50 mdkg every second day for 10 dap. A further 24 animals

were treated with carrier materiaL All injections were grven at 1600 h. On the morning

of the l1u day the RPA reaction was initiated as described above. Groups of 8 CsA

treated and 8 control animals were killed 1.5, 3.5 and 7 hours after induction of the RPA

and the extent of oedema" haemorrhage and neutrophilic infiltrate (skin MPO levels)

determined. One and a half hours after initiation of the reaction, the volume of oedema

qlas almsst three times that of the controls (Figure 21). This difference was maintained

through to seven hours. There was no difference between the degree of haemorrhage or

t}le number of neutrophils in the lesion when the two groups were compared at 1.5

hours, but highly significant 2- to 3-fold increases in these two parameters were observed

at 3.5 and 7 h.

Modifrcation of the pharmacologr of CsA with thromboxane A, inhibitors.

Changes in local blood presswe are one of the key factors in the development of the

early inflammatory response in reactions like the RPA ClsA has been shown to cause

vasoconstriction (Murray et al 1985) and a genernlised constriction of venules
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downstreem from an inflammatory focus would tend to raise the trans-capillary pressue

at the site of inflammation. This in turn could result in the increased accrnulation of

fluid in the tissue and provide an explanation for the effects described above. There is

evidence that the vasoconstricting effect of CsA is due to an increased rynthesis of

thromboxane A, (Txfu) in animals treated with the drug (petri c et al lgSS). It has also

been shown 1[61 arlministration of Max EpA (fish oil) can protect C*A treated animals

from the nephrotoxic effects of CsA-induced vasoconstriction (Rogers et a/ lggg).

Additionally an experimental compound U63557A (Upjohn Inter-American Co.,

Auckland) has been used to counter the undesirable effects of increased TxA2 synthesis

(Firtzgerald et al 7987; Petric et at 1987). To determine whether the effects of CsA on

the RPA resulted from vasoconstriction due to increased levels of TkAa animals were

treated with these compounds in an effort to modis the cbA-induced exacerbation of the

RPA

Four groups of five animals were used. The firsq a control group, received no treahent.

The second group was treated with Csd i.m. at?S mgkgevery second day for 10 dap.

The third goup was treated with CbA as above, but was also given Max EpA (Spectrum

Laboratories, Auckland) orally at 10fi) mglday on each day of the experimenf while the

final group was given CxA plus lJ63557Ap.o. at 30 mg&g/day. A lower dose of GA was

used than in the previous experiments in an effort to detect marginal effects of the TIAE

inhibiton' The dose schedules of Max EPA and U63557A were based on those described

in the literature and which had been shown to inhibit Td, qnrthesis. C.sA administration

again resulted in significanfly increased oedemq haemorrhage and neutrophil

accumulation (Figure 22)-Mur EPA at this dose, did not significantly alter the increase

in oedema formation induced by csA administratiorq but the accumulation of RBC in
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ffos animals treated with a combination of ChA and Ivfax EPA was significantly greater

than in either the controls or CbA treated groups. In contrast the number of neutrophils

accumulatingin the lesions in this groupwas significantly reduced andwas notstatistically

different from the control gloup. The administration of U63557A in concert wittl CsA

did not affect the development of oedema in the Arttnrs skin lesions, but both the degrec

of haemorrhage and accumulation of neutrophils were significantly reduced compared

with those animals gven ClsA alone.
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Figue ?2 Effect of thromboxane inhibitors on the ability of CsA to exacerbate the

reverse passive Arthus reaction. 1' = p<0.01.
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r.4 DISCUSSION

There is now convincing evidence that CsA provides a significantly better graft survival

rate than previously employed immunosuppressive drugs (Ponticelli et al 1988).

Additionally, CsA is being used successfully in the management of selected inflammatory

disorders (Brynskov et al1989; Harrison & Von Graffenried 1988; Nussenblattet al19f32;

Pigatto et al L988; Powles et al 1988). The agent does not cause leucopenia and is

purported to have a very specific and singular mode of action; namely the suppression

of lymphokine production by T-lymphocytes. This degree of specificity should have

resulted in a reduced incidence of opportunistic infections in CsA-treated individuals,

compared with those grven more broadly active immunosuppressive agents. This has not

proved to be the case and the object of the present investigation was to seek an

explanation for the clinical and experimental observations which suggested that CbA

modified host defense components in addition to T-lymphorytes. In previous studies,

selective depletion of cellular elements of the host defence system had been used in

order to study the cellular basis of host defence mechanisms in pyelonephritis.

Considerable reserves within the system were shonin to exist and defences against

extracellular pathogens, including E. coli, were impaired only after neutrophil numbers

had been substantially reduced. Because these qlstematic and thorough studies of cellular

mechanisms in host defence in pyelonephritis identified the neutrophil as a key

participant it was reasonable to postulate that GA might adversely affect the in vivo

function of this cell. Experiments were carried out to determine the effect of CsA on

qualitative and quantitative aspects of neutrophil function.

The studies demonstrated that ClsA arlministration resulted in a marked increase in

circulating neutrophil numbers (Figures 7 & 8). No jwenile granulocytic cells were
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observed, indicating that the increase in cell numbers did not result from a stimulation

of haemopoiesis. The knowledge that infection was exacerbated by CbA Mler &
Findon 1986), even though circulating leucocyte Durnfs$ were increase4 was contrary

to our previous experience where changes in host defence status were only apparent

following severe leucocyte depletion (Cawley er at 1988). [n order to equate a leucocytosis

with the reduction in host defence capability it was postulated that, even altlough the

cells were quantitatively adequate, ClsA might have induced a qualitative change in cell

function. However, neutrophils from CLsA-treated animals showed normal metabolic,

phagocytic and bactericidal activity and were apparently unaffected by exposure to the

agent (Figures 9 & 10). A further possibility was that CsA interfered with the kinetics of

the extravascular accumulation of neutrophirs at the site of an inflammatory stimulus.

This proposal was investtgated using sterile, subcutaneously implanted sponges and,

indeed, the number of cells emigrating from the vasculature into the sponges was

markedly suppressed by C:sA (Figures 11 & 12). It had been previously shown that

circulating neutrophils had to be atnost completely abrogated in order to adversely affect

the course of an infection (Cawley et at 198). It was therefore important to determine

whether the reduced neutrophil emigration caused by CsA affected the ability of the host

to resist an infectious challenge. This was investigated using a model of subcutaneous

infection involving the implantation of. E. coliinfected polyurethane sponges. In the first

series of experiments, in which CsAwas administered to animals infected subcutaneou$ly

with one of five inocula rangng from 1,200 to 35,000 E. coli 025, it was shown that cbA

promoted an increase in bacterial numbers (Figure 13). Significantly, the infection

promoting ability of ClsA was found to be directly related to the level of challenge. when

the initial challenge was low (1200), the residual defence capability was surficient to

contain the challenge and CsA had fittle effect on the course of infection. When an
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intermediate number of bacteria were used to initiate infection (500G230m), the reduced

defences in the CxA treated animals were overwhelned and the severity of infection wall

significantly greater than in fully competent individuals. Finally, in the face of a challenge

initiated with a larger numls1 of bacteria (35000), neither the normal nor the immune-

compromised animals were able to contain such a severe challenge and the infection was

equally severe in both groups. The possibility that CbA was u'irized by bacteria to

promote replication an in vivo experiment investigated utilizing sponges impregnated with

CsA-containing serum. By comparing the level of infection in these $ponges with that

which developed in sponges containing normal serum, it was possible to demonstrate that

CsA did not directly promote bacterial growth (Figure 14). A further series of

experiments, again involving subcutaneously implanted E. coti infected sponges, was

carried out to determine the temporal relationship between the effect of CsA on

inflammation and the development of infection. Both the fluid and cellular comly1nents

of the early inflammatory respoille was found to be significantly compromissd in GA
treated animals and this was accompanied by a 1,(M) fold increase in bacterial numbers

(Figure 15)' By 48 h, however, the number of neutrophils which had accumulated at the

site of infection in the ClsA treated animals was nvice that seen in the controls. one

postulate is that the reversal of the CsA-induced inhibition of neutrophil emigration

results from the greatly increased stimulus provided by the high bacteriat load which

overrides the suppressive effects of GA Alternatively, the cyclic nature of administration

of the drug may mean that during troughs in CsA levels, neutrophits emigrate normally.

The increased bacterial load resulting from the initial inhibition of neutrophil emigration

may stimulate a greater number of cells to mobilise to the site of infection. Whatever the

e4planation, it is clear that CsA administration prourotes infection and results in the

sccumulation of increased numbers of functionally normal neutrophils in a localized
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exPerimental infection. In the case of a soft tissue infection it is likely that such an

amplified inllammatory response would cause a considerable degree of tissue damage and

scar formation. Such a sequence of events could provide an explanation for the original

observation that CrsA exacerbates infection and scar formation in experimental

pyelonephritis and this postulate is examined in ctrapter Two.

Although this study is the first to directly identi$ an effect of CsA on the early phase of

1fos ffiammatory response, and to associate this with a change in host defence status,

related effects have been noted previously. In an experimental study of cryptococcal

meningitis, the agent caused a 65Vo decrease in the number of neutrophils accumulating

in the CSF and was associated with a corresponding increase in the severity of infection

(Perfect & Durack 1985). The authors attn'buted the emcerbation of infection to the

effect of CsA on T-lynphocytes and CMI, although the effect oD neutrophil mobilisation

would seem a more obvious correlate. The process of neutrophil mobilisation to an

extravascular site is a complex process involving margination, endothelial attachmen!

diapedesis and extravasation, as well as the effects of a nunber of locally synthesised pro_

inflammatory mediators. The fact that numbers of circulating mature neutrophils

actually increase in CxA-treated animals in the absence of marrow involvement (no band

cells), suggested that the defect may be associated with attachment to the endothelial

lining or migration across the vessel wall. This attachment is mediated through a number

of receptors' on both neutrophils and endothelial cells. CsA is known to bind to cells and

this binding has been specifically demomrated for neutrophils (Kharazmi et al l9g5).

It has also been shown that ClsA causes a non-denuding endothelial injury in rats

(I-edbetter et al 1988) and is cytotoxic to endothelial cells in vitro (Lau et at L9g9; Znja

et al1986)' L'ocal haemodynamics are also an important factor in neutrophil kinetics and
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the adverse effects of CsA on blood flow are well known (Murray et al IggS). In the

latter part of the present study the effect of C.sA on blood flow and models of

inflammation was determined in an effort to define the mechanism by which C;sA

modifiss neutrophil emigration. Dermal blood flow was measured using radioactively

labelled microspheres. ClsA was found to have no effect on capillary blood flow in either

normal skin, or skin sites in which an inflammatory reaction was generated by the

intradermal injection of .E' coli 075 (Figure 17). Thus the inability of neutrophils to

emigrate from the capillary bed to inflamed tissue could not be explained by either a

simple reduction in blood flow, or a disruption of the hlperaemia which occurs following

a local inflnmmatory stimulus. A further possibility was that adhesion between neutrophils

and the vascular endothelium wa$ in some way inhibited by C-sd by an effect on

neutrophils, on endothefial cells, or on both. Support for this concept was provided by

the observation that the number of neutrophils actually doubles following CsA treatment;

the increase corresponding to the estimated size of the marginating pool (Figore g). In

an effort to determine the site of action of CsA (neutrophils or endothelial cells), two

neutrophil-mediated inflammatory reactions were employed; the reverse passive Arthus

reaction (RPA) and carrageenin-induced oedema of the rat footpad. In the RpA

reaction, intradermal injection of antibody and i.v. injection of antigen results in the

formation of immune complexes in the walls of blood vessels. The complement cascade

is initiated and generates active mediators including C5a, which srimulate neutrophil

adherence to the endothelium. Neutrophils carry receptors for the Fc portion of antibody

which then bind directly to the immune complexes in the capillary walls. This binding

serves as the activating stimulus for the neutrophils. The inability of the activated

neutrophil to ingest and 'kill" the immune-complex-coated vascular lining results in

"frustrated phagocytosis" and release of neutrophitc enzymes. These damags the blood
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vessels producing a haemorrhagrc, oedematous lesion (Figure 19), the severity of which

is primarily dependant on intravascular availability of neutrophils and complement and

not on endothelial cell activity (Williams et at 19f36). In contrast, the carrageenin footpad

reaction is dependent on Ill-mediated alterations to the endothelial cell surface which

ciause neutrophils to adhere to the vascular lining. C;omplement is not involved and

neutrophil emigration from the vasculature is required to initiate oedema formation.

Carrageenin is injected subcutaneously and as neutrophils accunrulate in the dermis

panicles of carrageenin, which are toxic to the intracellular organelleq are ingested and

cause neutrophil lysis and release of lysosomal enz5mes. Neutrophil phospholipase 4,2

hberates arachidonic acid from dermal cells. Arachidonic acid is then metabolized to

form biologtcally active prostagandin molecules which mediate increased vascular

permeability (Vinegar et al 1987). Thus, if CtA inhibited carrageenin-induced oedemq

but not the Arthus reaction an effect on endothelial cells would be indicated. If both

reactions were inhibited, then either neutrophils alone or both neutrophils and

endothelial cells would be likely targets, while inhibition of the Arthus, but not the

carrageenin reaction, would srtggest an effect on neutrophils alone. The Arthus reaction

was exacerbated by CxA (FigureZ7)rwhile the carrageenin-induced oedema was inhibited

(Figure 1s). This result supports the concept that CsA interferes with the ability of

neutrophils to adhere to endothelial cells, but that neutrophits function is not affected.

The increase in the severity of the Arthus reaction might be e4plained by the increase

in the number of circulating neutrophils due to inhibition of normal margination (Figure

8)' Thus, when CSa is produced locally in response to the formation of immune

complexes, there are twice BS many neutrophils present in the vascular lumen to

participate in the reaction. Indirect support that the CsA inhibited margination via an

effect on endothelial cells, rather than on neutrophils, was provided by the finding that
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adminisllstion of csA did not affect the in vitro abrhty of neutrophils to adhere to glass

(Figure 10). Alternatively, an increase in thromboxane A, (TxAr) synthesis, which has

been reported following CbA administration, could have produced the observed

exacerbation of the RPA reaction. This postulate was investigated using Tqinhibiton.

There was some reduction in neutrophil accumulation and, in one case, haemorrhage, but

there was no decrease in oedema (Figure 22). Thus, although TxA, qnthesis may play

a role in the arrgmentstion of the RPA reaction, the absolute relationship remains to be

determined.

Experiments have been reported which attempted to determine the influence of CsA on

inflammatory mechanisms. ^In vlrro studies have evaluated the effect of CsA on human

neutrophil adherence, chemotaxis, chemilu,ninessence, bactericidal activity and

superoxide and lysozyme release (Kharazmi et al L9hl;Janco & English 1983; Weinbaum

et al I9M). eu of these studies involved incubating neutrophils, obtained from normal

individuals, with native CsA ln vitro andno obvious defects in function were found. The

conclusion from these experiments was that ClsA had no effect on granulocyte function.

However, to function effectively in vivo, neutrophils are required to interact with a

number of cellular and humoral components which cannot be easily incorporated into rn

vitro etryertments. The active component in csA has uot been identified and it is possible

that metabolites, generated in vivo, may exert effects on cellular function which are

distinct from the effects of the native drug ln vitro.Ina recent clinical study of patienrs

with psoriasis, the effect of low dose CsA therapy on neutrophil chemotaxis in vitro and

neutrophil migration into skin window chambers in vivo, was evaluated (piga6o et al

1988)' This study was well designed, in that pre-therapy functional values were obtaiqed

against which post-therapy results could be measured. C*A had no effect on the ability
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of neutrophils to respond to chemotactic st;muli in vitro. However, when the number of

cells acc tmulating in the skin chambers over Z4hwerecompared with the baseline value,

a highly significant inhibition of migration (>50Vo) was observed. The results of the

present study, in which adminis64tion of CxA to the intact host resulted in inhibition of

neutrophil emigration (Figure 12) supports these findings. The fact that h vivo

emigration of neutrophils was reduced, but chemotaxis and adhesion to an inert substrate

has been shown to be norma! provides strong evidence that CbA inhibits neutrophil

margination by disrupting endothelial cell function. The mechanism involved remnins to

be determined but from the known biological effects of CxA likely pathways can be

suggested. As detailed in the introduction, in the absence of an inflammatory focus,

circulating neutrophils adhere to endothelal cells lining the vasculature in a reversible

manner' When inflammation in the surrounding tissue occurs this adhesion becomes

much stronger and the neutrophils emigrate from the venule into the extravascular space.

A number of exogenous and endogenous factors have been identified which stimulate the

endothelial cell to become "stic\y''for leucocytes. These include: endotoxin rL!,tumour
necrosis factor (TNF) (Pohlman et at 1986) and leucotriene C4 and D4 (Hoove r et al

1984)' Endotoxin, ILl and TNF induce synthesis of one or more endothelial cell surface

protein that promote leucocyte adherence by a mechanism involving the CDwlg complex

present on neutrophils (Pohlman et al 1986). These molecules are members of the LFA

group of surface proteins designated by the CD11/CD18 markers (Larrick & Kunkel

1988)' The leucotrienes C4 and D4 and also ILl, stimulate endothefial cells to produce

platelet activating factor (PAF) which remains bound to the endothetal cell and is a

potent activator of neutrophils (Bussilin o et al,1986; Malntyre et at 19361). There are two

ways in which CbA might interfere with these mechanisms. Firsq it has been reported that

csA inhibits the production of both ILl and TNF (Bunj es et al19g1; Espevik et al L9g7),
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which may result in the reduced erpression of adherence molecules on the endothelial

surface. This CsA-mediated effect is controversial as other studies have failed to

demonstrate suppressed synthesis of either IL1 or TNF by C*A (Granelli-piperno et al

1988; Wagner 1983). These inconsistencies may reflect differences in the dose and test

systeurs used and definifiys e4periments have yet to be carried out. Secondly, CrsA is

known to block gene erpression at the level of nRNA transcription and has been shown

to interfere with the expression of cell surface receptors on lymphocytes (Ree det al 19g6;

Reed et al L98). It is conceivable that ClsA interferes directly with the expression of the

LFA-related adhesion molecules on endothelial cells by blocking transcription of mRNA

There is increasing evidence that rytokines, formally thought to be produced exclusively

by T-llmphocytes (n tg, TNF yIFN, GM-csR MIF etc.), 8r€ also produced by

endothelial, monocytic, dendritic and epidermal cells. The transcription of these genes

is thought to be under the control of a similar promoter and it possible that CsA

interferes with this process in endothelial cells and as a consequence neutrophit

emigration. Finally, there is the possibility that C-sA induces the release, or increased

synthesis of' a biologically active mediator, the function of which is to inhibit neutrophil

attachment and/or egress from the blood vessels. The arachidonic acid metabolite

prostacyclin (PGI2) acts in such a manner and a drug-induced increase in the blood level

of prostacyclin has been associated with decreased neutrophil acc rmulsfisa in

experimental myocardial infarct (Nichols et al L989). CsA has been shown to increase

prostacyclin levels in cultures of endothelial cells (Zoja et al l9Er;) while Voss eJ al

(1988), using a similar system, reported a decrease in prostacyclin production. The

differing results may be explained by differences in CsA concentrations used and the

length of time the cells were exposed to the agent in culture. Nonetheless, the

relationship between CxA administration, prostacyclin levels and neutrophil function
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warrants further analysis. In order to investigate these and other possibilities, it will be

necessary to carry out iz vitro experiments involving the adhesion of neutrophits to

cultures of isolated endothelial cells.

This investigation has also drawn attention to the influence of inoculum size on the

outcome of in vivo experiments involving an infectious challenge. M"ny such studies

focus on the quantitative relationship benreen host defence capability and bacteriologic

status, 6u1 fail to consider the other key variable; the level of challenge. The present

e:rperiments have demonstrated that the magnitude of challenge presented to the host

is, in fac! a critical determinant and must be taken into account in both the planning and

analysis of experiments involving an infectious agent. lnterpretation of the effect of CsA

on host defence is clearly facilitated by the application of this concep! which is

allegorically presented in Figure 23. In this diagram, the stop-banls (host defence

barriers) prevent the river (potential pathogens) from invading the plains (host tissue).

C-sA causes a reduction in the height of the stop-ban! but as long as the rise in water

level is small (low challenge), the reduced height of the stop-bank is irrelevant. This

situation equates to the low challenge effect illustrated in Figures 13 and 15. However,

if a moderate rise in the river level occurs (intermediate challenge), then tlre reduced

height stop-bank is topped and the plain is flooded (infection established). Finally if a

"100 year" flood strikes (high challenge), even the fult height stop-bnnks fail to contain

the river and the impact of C;sA is of no significance in the face of an overwhstming

infection. In the context of the present study the stop banks are analogous to the ability

of neutrophils to emigrate from the blood vessels to prevent microorganisms invading

the body. CsA lowen the height of the stop banks by inhigistug emigration.
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Figure 23. Allegorical presentation of the dynamic relationship between host defence

status and the size of the challenge in an infectious episode. The

competence of the host defence status is represented by the stopbanks,

the pool of potential pathogens by the river contained by thc stop-banks

and the host tissue by the flood-plain. A reduction in host defenccs is

symbolized by a decrease in the height of the stop-bank.
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Several important conclusions emerge from this study. First" there is clear evidence that

sdministration of C;sA to animals predisposes the host to opportunistic infections with

extracellular pathogens (Figure 15). This may explain current patterns of infectious

disease in patients treated with CbA in whom infections with such organisms is still

common. Secondly, administration of C-sA markedly suppressed the ability of neutrophils

to accumulate at an extravascular site, a key factor in the acute intflemmatory respon$e

(Figure 12). Modulation of this qritical early phase of host defence was associated with

an increase in the level of infection and a subsequent enhancement of the inflammatory

response. The evidence presented suggests that the initial defect in neutrophil emigration

results from an effect on vascular endothelial cells which inhibits margination. Thirdly,

the actual effect of ClsA on host defences and the outcome of infection was found to be

closely related to the level of the initial infectious challenge (Figure 13). An allegorical

model has been developed which puts this relationship in perspective and should help

in predicting the likely effect of ClsA on host defences. Finalln the results suggest an

explanation for the favourable effect of CsA on the course of a number of clinical

diseases with an ffiamm6fory component, such as rheumatoid arthritis. On the basis of

the previously known biolory of the agen! the efficacy of CsA had been attributed to an

effect on T-lymphocytes. As outlined by Amour and Dougados (1938) in a recent review

of the therapeutic effects of C-sA in rheumatic diseases, information about 16".sgtranism

of action of CsA in rheumatoid arthritis is timited and 11 is difficult to explain the

observed clinical pattem solely on the basis of an effect on T-$mphocytes. It is now

clear that the modulation of the acute inflammsfory resporu;e is a more likely explanation

for the efficacy of the agent in these situations, suggesting a wider therapeutic role for

CsA than is currently recognised.



77

CHAPTER TWO

CsA-Induced Modulation of Host Defences In Experimental

Pyelonephritis.

2.1 II\[IR,ODUcTION

The model of subcutaneous infection used in the experiments described in Chapter 1

was ideal for studying the effect of CsA on the relationship between acute

inflammation and infection, but there was an obvious problem in e:rtrapolating the

results to infectious processes relevant to clinical pathologl. A further series of

experiments was undertaken to determine the effect of CbA on an animal model of

an infectious process commonly encountered in clinical medicine. Pyelonephritis is

such a disease and demonstrates local inflammation, tissue destruction and scar

formation as cardinal histological features. A well characterized model of the disease

is available which reproduces the central pathological featurss of the disease in man

(Miller and Robinson 1973) and a earlier study had demonstrated that ClsA

administration resulted in exacerbation of tissue damage in this model (Miller &

Findon 1988a). The presence of the neutrophilic infiltrate hasbeen associatedwith the

formation of renal scars, but no quantitative data are available. Thus, as well providing

a framework within which to study the effects of CxA on inflammation-induced tissue

damage' the use sf 'his model presented an opportunity to obtain data on the role of

inflammalion in the pathogenesis of the pyelonephritic lesion. The nephrotoxic effects

of CxA are well documented and as a control for this fuctor, parallel erperiments were

carried out using methylprednisolone, a non-nephrotoxic immunosuppressive drug
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which inhibits neutrophil emigration to a similar extent as C-sA

The studies described in this chapter are primarily concerned with the effects of CsA

on the inflammatory response in pyelonephritis and a review of the aetiolory, and

pathogenesis of clinical and experimental pyelonephritis is presented here.

2.1.1 Natural history and clinical aspects of pyelonephritis.

As the major contagious diseases have been brought under control, the presence of

an underlying group of illnesses, initiated by the host's commensal flor4 have grown

in importance. A prime example is urinary tract infection. These infections are

frequenfly refractory to treatment and represent one of the important contemporary

challenges in the field of infectious disease (Stamn et al1989). Urinary tract infections

Gm) are amongpt the most common of this group and the organisms isolated are

usually found to be enteric in origin. During the neonatal period more males than

females are affected, but throughout infancy and childhood, about SVo of.females and

O.SVo of males have at least one episode of c1rutitis. Thereafter, the incidence of UTI

in males declines rapidly, whereas females remain prone to infection at about the same

rate until puberty (Kunin 1979; Mannhardt et al 1985). Anatomical and urodynamic

abnormalities, pregnancy, sexual activity and medical instrumentation may also

predispose the host to infection and influence the course of the disease (Maskell 1988).

It has been estimated that at any time about SVo of the female population is suffering

from UTI and that 50Vo of. all women will experience LITI in their lifet'ryre (Waters

1969). One reason given for the prevalence of recurrent UTI in females is the short

(compared to the male) urethrq bu! in the first months of life, more males than

females suffer from UTI, suggesting factors other than the sirnple anatomical one of
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urethral length may also be important. The bacterial strains commonly isolated from

patients suffering from UTI invariably originate in the stools of the host (Hagberget

al L98I; Kaijser 7973; Svanborg-Eden & Jodal 1979). Colonization of the periurethral

region and vaginal introitus occurs and provides a reservoir of microorganisms with the

potential to invade the bladder. At this stage, non-specific bladder defences play a

dominant role in determining the outcome of an infectious challenge. Mechanisms

which are normally capable of eliminating large numbers of microorganisms may,

however, fail as a result of uroepithelial cell and bladder mucosal dpfunction and

allow pathogens introduced into the bladder to become established in the lower

urinary tract (Schofer et al 198fl; Schulte-Wissennan et al L985)

Several bacterial and host factors facilitate the establishment of microorganisms within

the lower urinary tract. One of the better studied phenomena relates to the epithelial

defences in the periurethral region and bladder. The concentration of P blood group

receptors on the epithelial cell membrane maybe a particulary important determinant.

These receptors are associated with pili-mediated bacterial attachnent to epithelial

cells and have been linked to increased susceptibility to recrurent UTI (Bollgren &

Winberg t976; Stamey & Mihara 1976; Svanborg-Eden et al L982; Svanborg-Eden et

af 1988). Two forms of bacterial pili are responsible for adherence to preformed

receptors on the host cell surface and are defined by their structure. Ty?e I pili bind

to mannose residues on the cell surface and tlpe II pili specifically recognise glycolipid

recoptors. Both types have been identified on individual UTl-associated E. coV strains

(Parry et al 1983). Bacterial isolates from patients with pyelonephritis commonly

express type II pili, which are also known as P-pili or pyelonephdtis associated pili

(PAP), whereas microorganisms from patients with acute cystitis are mostly negative
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for type II pili. Adherent bacteria are less tikely to be eliminated during voiding and

are therefore better placed to initiate infection. A deficiency in epithelial defences in

the periurethral region and bladder, coupled with increased ePitheliat receptors for

pili-mediated attachment, may also contribute to an increase in the susceptibility to

infection. The latter concept has been suPported by in vitro erperiments, which have

demonstrated an increase in adhesion between uroepithelial cells and E. coli, isolated

from infection-prone individuals (svanborg-Eden 1982; femisawa et al 1989).

Mannose radicals on neutrophil membranes, actrng as receptors for typ€ I Pill, may

a|socontributetonon-immunephagocytosisthroughanincreaseinthelevelof

bacterial recognition and attachment (Perrl' et al 1983). In contrast the globoseries

glycolipids (the receptors for t)?e II pili) are not found on human neutrophils

(Svanborg-Eden et al l9M), a factor that may enhance the virulence of some bacterial

strains by enabling them to avoid phagocytic cetls (Bjorksten & Wadstrom L982)'

Elucidation of the relationship between bacterial pili, cell receptors and an enhanced

ability to establish infection has led to attempts to produce a vaccine capable of

stimulating the synthesis of antibody to apparent virulence determinantsr such as the

P fimbria. Such endeavours have encountered a number of difficulties, including the

variability of expression of some characteristics which may be influenced by the

environment and immediate milieu. Furthermore, bacterial traits tend to be linked

genetically and it is frequently diffrcult to distinguish between properties which make

a direct contribution to virulence and these which are simply co-erPressed with true

virulence determinants. Thus, a vaccine might be produced against a supposed

virulence determinant which is, in facl, only a virulence marker.
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Most episodes of UTI are restricted to the lou'er urinary tract and are controlled by

the hosts'innate defence mechanisms and/or anhbiotics. However, in approximately

60Vo of individuals with significant bacteriuria and qroptoms sf lower UTI, bacterial

invasion of the kidney can be shown to have occurred (Eytyn et aI L972;Furley et al

l97l; Harding et al1978). Most cases probably involve sub-clinical renal parenchymal

colonization, a so-called "acquiescent infection" (Miller et al t975), but in some

individuals, symptomatic infection is established even in the absence of renal stones,

urinary tract obstruction or vesicoureteric reflrnr. Earlier epidemiologcal studies,

purportedly showing that acute upper UTI was not associated with a progressive loss

of renal function, led to the belief that renal infection was a relatively benign event

(Freerlman 1975; Gower & Roberts 1983; Huland et al L9t32; Schechter et al l97L).

However, n 1979, a study of acute pyelonephritis, carried out using computed

tomodensitometry (CT), was published. This descnlbed a number of significant changes

within the pyelonephritic kidney that had been overlooked by standard radiological

techniques (Rosenfield 1979). Following this finding, prospective CT studies were

carried out and previously covert renal abnormalities were observed in many patients

(Meyrier et al 1989). Of the 55 cases of primary pyelonephritis studied fo6elirg fund

occurred in only 12 after six weeks of antibiotic therapy and in a further evaluation,

one third of the patients showed abnormalities and cortical scars. Thus it appears that,

even in the absence of underlying urinary tract abnormalities, acute pyelonephritis

frequently carries a risk of progression to renal cortical scar formation and loss of

functional tissue, a situation which appears to have been previously underes"'nated.

In recent years it has become apparent that bacterial invasion of renal tissue does not

in itself lead to renal damage; rather it is the neutrophilic component of the

iriflammatory infiltrate that is responsible for the genesis of the lesion. The pathologr
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of pyelonephritis and the genesis of tissue damage and cortical scar formation is

discussed in the following section.

2.L2 Patholory of pyelonephritis and renal scarring.

$elonephritis is defined as an inflammatory process of the kidney and pelvis.

Bacterial pyelonephritis is a general term implying that damage occuns within the

kidney following invasion by bacteria from the lower urinary tract, or from the residual

lesion of a past infection. The initial lesions are found in the pelvic-caliceal system and

consist of segmented areas of inflammatioq extending from the papillae to the cortex

in a wedge-shaped manner. Acute interstitial inflammation, characterized by a

polymorphonuclear infiltrate, appears first, but is replaced later with a $mphocytic

infiltrate and later again by wedge-shaped areas of fibrosis and glomerular

condensation. In the chronic stages of the infection, all three of the histologic features

mentioned can frequently be observed in an individual lesion. Long term chronic

infection may result in localized obstruction of the tubules, producing dilation and

proteinaceous intraluminar inclusions or casts. Other areas may reveal chronic

interstitial inflammslion and pus-cell casts. Initially the glomeruli are spared but in the

later stages the glomerular tufts may undergo shrinkage or hyalinization. A oommon

observation in pyelonephdtis is the patchy segmental distribution associated with

inflammalion, fibrosis and shrinkage of a localized area of caliceal tissue. I-arge areas

of the kidney may remain entirely normal, despite the extensive tissue damage present

in the affected arear. One feature of the host reaction to renal infection is the tocal

slmthesis of immunoglobulin by cells that form part of the cellular infiltrate (I-ehnann

et al 19ffi; Miller et al t971: Miller & North 1973; Smith et al 1974; Spencer &

Fairhead 1972). The qynthesis of antibody occurs principally at the site of
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ffiammation and is dependent on the level of infection and the consequent cellular

response. In vitro techniques have been used to demonstrate antibody-producing

plaque forming cells in the lymphocytic infiltrate of the infected kidney and the local

qnrthesis of specific antibacterial antibody (IgA) in the early phase of pyelonephritis

(Miller & North Lg73).The lymphocytic infiltrate consists of both thymus (T) and bone

marro\r' derived (B) lymphocytes. Early studies suggested a dlmamic interrelationship

between T- and B-lymphocytes in the infected kidnep (Smith et al L975) and more

recently, the availability of monoclonal antibodies and appropriate

immunohistochemical techniques has allowecl immunologica[y active cells to be

identified and quantified in sr:ra. These cells are functionally defined by the antigens

expressed on their surface and peroxidaseJabelled monoclonal antibodies have been

used to identi$ the components of the cellular infiltrate in experimentally-induced.E

coll pyelonephritis. The results of one study of an ascending urinary tract infection in

rats showed an increase in helper T-lymphocytes, B-lymphocytes and la-orpressing cells

(Hje1n 1984). Ia antigens are expressed on B-lymphocytes, activated T-$mphocytes

and antigen-presenting cells and are thought to function as restrictive elements for T-

lymphocytes (Nagr et at L98l). Macrophages are present in the infected kidney and

in rabbits, are the predominant cell three to four dap after infection. Macrophages

isolated from infected kidneys are highly activated (Smith 1989) and are known to

present bacterial antigen to T-lymphocytes. One interesting aspect of the cellular

response to pyelonephdtis is earty suppression of cell-mediated immune mechanisms.

Circulating T-lymphocytes and T-lymphocytes from spleens of nnimals with

pyelonephritis have a greatly reduced response to mitogenic stimulation. Cyclo-

orygenase inhibiton have been shown to modiff the level of suppression, suggesting

that the phenomena may be controlled by prostaglandins (Miller et al L978; Smith
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1930). Despite the suppression of the cell-mediated reactivity, a pronounced local

immume response occunl in the pyelonephritic kidney. Smith (19S0) has suggested that

lymphocytes in the infected kidney may be controlled by mechenisms different from

those extant in peripheral blood and lymphoid tissue. The long established observation

that the Blymphocyte response to the somatic antigens of E coli is largely T-

llmphocyte independent also needs to be taken into account.

The contnbution of the cellular respouie to host defence in acute pyelonephritis has

been studied erperimentally. When non-selective cytodepletive agents were use4 itwas

possible to demonstrate that the absence of a competent cellular defence qrutem did

not affect the course of infection in the fimt eight hours, but that cellular defences

were important from then on (Miller et aI 1986). Further studies on the effect of

graded depletion of cellular defences showed that the bacteriological course of the

disease was not adversely affected until severe depletion was achiEved (Miller er cl

1986). Thus cellular defence mechanisms in the renal snvirsnmen! although

quantitatively adequate, are not fully effective. Experiments, involving nnimals depleted

of specific cellular constituents, have also been carried out in order to define the role

of individual components in host protection in acute pyelonephritis. Neither the

absence of T-lymphocytes nor macrophage blockade had any effect on the coune of

infection, whereas neutrophil depletion led to a marked increase in bacterial numbers

in the kidney and was the only cellular manipulation tlat led to an increase in bacterial

numbers in chronically infected kidney (Coles et al1974; Miller 1984;Miller et al L987)

Cortical scar formation and the associated loss of functional

flsminant pathological feature of chronic pyelonephritis. Most

tissue, is the

inflammatory

renal
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reactions are initiated by the local release of pro-inflammatory mediators' These

induce the margination of neutrophils in the post-capillary venules of the adjacent

microvasculature and initiate the migration of neutrophils tluough gaps in the

endothelial layer of the vascular wall. Several inflammatory reactants can initiate tissue

injrrry, but the two most oommon mechanisms involve the release of enz5mes from

lysosomes of infiltrating cells and the production of orygen radicals. A central feature

of pyelonephritis is the accumulation of neutrophils associated with the early phase of

the inflnmmatory response. This is followed by the infiltration of mononuclear cells as

the lesion develops. Both tlpes of cell contain lysosomes with several potentially

damaging enzymes and proteases, which can be actively or unintentionally released

during phagocytosis. In certain circumstances, neutrophils are exposed to antigens on

surfaces too large to ingest and may exocytose lysosomal constituents during efforts to

ingest the antigen, the so called "regurgitation while feeding". Several of the enzynes

release4 including elastase and collagenase, are specific for host tissue comPonents

present within the kidney and may damage these substrates. Oxygen radicals' the

bactericidal molecules produced by neutrophils during the respiratory burst have also

been implicated in tissue destruction. The two most importantn superoxide (O") and

the hydroxyl (OH') radicals, react with and damage biological molecules including

DNA structural proteins, enzpnes, membrane lipids and hyaluronic acid. Some of

these potentially harnful agents may be inactivated in vivo by naturally occurring

agents such as superoxide dismutase and cr1 anti-proteinase, making the role of

individual agents in the initiation of tissue damage difficult to determine. Experimentst

involving suppression of acute inflammation in pyelonephritis, indicate that these early

events determine the extent of the renal damage (Bille & Glauser L982; Glauser et al

L978; Glauser et at 1983). This concept is supported by studies showing that limiting



86

bacterial replicationwith prompt antimicrobial therapy in experimental pyelonephritis

is associated with a reduction in the level of chronic scarring (Miller & Phillips 1981).

Further evidence that neutrophils are primarily responsible for renal scarring has been

provided by the finding that strains of E coli which exPress qpe I fimbria are

associated with both increased activation of neutrophils and exacerbation of renal

scarring, when compared with bacteria which do not express this trait (Topley et al

1939). Thus it seems that elements of the acute inflammatory respotllie are the qitical

determinants in the generation of the pyelonephritic lesion. This can be viewed as a

double failure of host defence mechanisms. Firsg infection has been allowed to

become established and secondly, host tissue has been destroyed.

The mechanisms of lesion formation described above involve non-specific host

respoilies, but it has also been proposed that modulation of the normal events

involved in the control of the lscal immune response to renal infection may lead to the

development of an autoimmune process in chronic pyelonephritis. The exactetiological

basis of autoimmune disease is unclear, but it is likely either the autoimmune process

is directty responsible for producing the characteristic lesions of a disease' or seParate

pathological stimuli, such as infection or trauma, induce tissue damage and lead to the

formation of autoantibodies. The evidence to date favours the fint hypothesis and

models of autoimmune disease have been produced by injecting antigen and adjuvant

into normal animals (Theofilopoulos & Dixon 1982).

Two autoimmune mechanisms have been proposed to explain the pathogenesis of the

pyelonephritic lesion. The first relates to the presence of common antigens in kidney

tissue and on certain E. coli strains and was first proposed by Holmgren et el (L97L),
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who reported au antigenic relationship between non-diseased human kidney and three

out of nine tested E. coli strains. Additionally, a survey of patients with pyelonephritis

identified high levels of urinary antibodies to kidney tissue, which correlated

quantitatively with urinary antibody to the patients' own infecting organism (Ratner er

al1983). Persistence of bacterial antigen associatedwith chronicinflammation and the

presence of antibody-producing cells has been demonstrated in sterile kidneys (Cotran

L963; Miller et al 197L) and the direct inoculation of non-viable E coV rnto the renal

parenchlma also results in pyelonephritic-like lesions, which are less severe if the

animals are immunosuppressed (Strong et al1974} In a related study, the intra-renal

injection of bacterial Re-glycolipid was shown to induce cytotoxic anubody to syngeneic

cultured kidney tubular cells (Hemstreet et al t98t). The mechanism is as yet unclear,

although there is evidence that receptors for a related glycolipid (lipid A) are present

on renal tubular cell membranes. These recepto$, when combined with antigen, rnay

canse a loss of self-recognition (Hemstreetet al1980). Thus, while bacterial antigenic

components and the host's immg16 response are both involved in the pathogenesis of

pyelonephritis, there is little direct evidence to support a case for cross-reacting

antibodies as the primary caruie of renal scarring. The second autoimmune mechanism

proposed involves a response to Tamm-Horsfall protein GIP). TI{P is a major

urinary protein and serum antibodies to this antigen are present in the blood of all

humans (Fasth et al L979). Upper UTI is often accompenied by a siguificant rise in

circulating THP antibody and interstitial deposits of THP in the kidney are frequently

found in both erperimental and clinical studies of pyelonephritis. In the light of these

findings, Andriole (1985) has postulated that the tissue damage observed in chronic

pyelonephritis may result from an immune complex-mediated CMI response to TI{P.

Clinical studies have demonstrated interstitial deposits of THP n 3USOVo of patients
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with a variety of degenerative kidney conditions, including medullary q/stic disease,

reflrx nephropathy, obstnrctive uropathy and chronic pyelonephritis (Resnick er a/

L978;Solez & Hepinstall L978;7ager et at 1978). The deposition of TFIP is thought

to occur following the rupture of tubules and is frequently seen in mnjunction with

focal infiltrates of mononuclear cells. Several experimental studies have been

undertaken in an effort to demonstrate an association between TTf and renal

scarring. Hoyer (1980) produced a chronic tubulointerstitial nephritis by immunizi4g

rabbits with TI{p and found that the autoantibody produced diffused across the

tubular basement membrane and combined with TFIP molecules on the cell surface.

simifar pathological changes were produced by Mayret et el (1982) following

immunization of rabbits with either THP or autologous urine. Tubular ruPture

associated with acute ureteral obstruction also results in interstitial deposits of TIIP

in rats and other species (Dziukas et al L9f!2), but although local injury leading to

tubular rupture and extravasation of THP may initiate an autoimmune process, it is

not clear whether this mechanism plays a significant part in the pathogenesis of

pyelonephritis.

In summary, the evidence supports the view that inllammation is the primary cause of

lesion formation in pyelonephritis. Once the lesion is established however,

autoimmune or cell-mediated immune mechenisms may contribute to the characteristic

pathologic changes and development of renal scarring.

2.13 kperimental models of pyelonephritis.

Several methods are available for the experimental induction of pyelonephritis-
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i) The haematogenous toute. This method requires intravenous injection of very large

numbers of specific organisms and is usually accompanied by some manipulation of the

kidney. The induction rate is variable and this method has fallen into disuse.

i0 Wo thelowerwinary tract. Bacteria deposited in the bladder are cleared rapidly and

manipulation of the urinary tract is usually required to induce colonisation of the

kidney. The most oommon method is bladder inoculation with large numben of

bacteria (L07 to 10e) foilowed by bladder massage and temporary ligation of the ureter

(Brooks et al L974). Although about ffiVo of.animals develop renal infection following

this procedure, the kidney becomes grossly abscessed and the patholory bears little

resemblance to human pyelonephritis. This model has few clinical parallels and results

obtained are difficult to evaluate. A model of lower urinary tract infection has been

developed which also gives rise to infection of the kidney (Miller et al L9t37a). The

technique involves implanting a small polyurethane sponge in the bladder and after

a period of nrro weeks, injecting lff organisms direc'tly into the bladder. The

interesting point about the kidney infection which dwelops following this injection is

that it is not accompanied by obvious scarring. This model may therefore prove useful

in helping to identi$ the conditions required to initiate tissue damage.

iii) Direct ittocutation of the kidney. The direct inoculation model was developed in this

laboratory and has been used extensively for manyyears. Bacteria are injected direc'tly

into the parenchlma of the surgically exposed kidney (Miller & Robinson 1973).

When this method of induction is used, infection is established in LOOVo of animals

challenged and the variables associated with the other methods ars gliminated. While

it may be argued that this model does not mimic the route of entry of bacteria into the
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kidney in man, there is no evidence to suggest that the host responses which develop

following induction by this method are any different from that occurring when bacteria

gain access vla the ureter. The disease can be initiated by as few as 300 organisms and

gading the challenge allows varying levels of scarring to develop. The lesions mimic

many of the pathological features of the disease in man'

In the present experiments, an organism of know pathogenicity, E. coli 075, has been

used as the challengng organism. The ability sf this organism to establish a

reproducible pyelonephritis has been confirmed in a number of previous studies

(Miller et al L97L; Miller & North 1973; Miller et al l9ffia)'

2.L.4 Aim of the study.

The hlpothesis examined in this series of eirperiments was that the CsA-associated

suppression of neutrophil emigration promoted infection and could ultimately result

in increased tissue damage in a infectious disease. A model of experimental

pyelonephritis was used. It was also postulated that the neutrophil was the cell

primarily responsible for lesion formation in this disease. The experiments were

designed to prwide arr\r,ers to both these questions.
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2.2

22.L

MATERIALS AI{D METEODS

Induction of experimental pyelonephritis.

Selonephritis was induced as prwiously described (Miller & Robinson t973). Briefly,

trro 5 pl volumes of a suspension ol E. coti 075, containing the required number of

microorganisms, were directly introduced into the surgical$ exposed kidney. The

organisms were injected into the renal parenchyma to a depth of 4 mm, through a

0.15 mm glass micropipette, using a psdified SMI micropipettor (S}"fl Ltd',

Emeryville, C;alifornia). An intractable infection developed and the pathological

changes observed resembled many features of the disease in man.

2.22 Computer-aided assessment of grcss Hdney scarring.

. Following excisiorq kidnep were decapsulated and the gross patholory quantified using

a computer-aided graphic technique. A computer program was designed written in

BA^SIC and installed on a National Panasonic RLH7000W PC. The program produces

two mirror image kidney profiles on the screen, representing both sides of one kidney.

The dimensions of the profiles were scaled to those of the normal rat kidney with an

additional areq displayed in contrast, extending from the edge of the main profiles.

The extended area represents the "edges" of the kidney and a grid was superimposed

onto each kidney to aid orientation (Frgure i/r$). Using a computer mouse, the

scarred areas on the excised kidneys are shaded on the screen images by visual

interpretation. By operating the keys on the mouse, shading can be removed to adjust

the size of the lesion. When the shaded area on ttre screen matches the scarred area

of the kidney, the software calculates the size of the shaded (scarred) areas on both

screen profiles and expresses this as a perc€ntage of the total kidney surface area

(Figure 248). Thus the degree of scarring on the original kidney is estimated.
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Figure 24. Computer aided assessment of gross renal scarring. A scale image,

representing the surface area of a single kidney, is displayed on the

computer monitor (A). The area of scarring is then superimposed on the

image and the total size of the lesion calculated (B).
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2.23 Ascessment of bacterial numbers in the Hdney.

To determine renal bacterial numbers, kidneys were homogenized in 9 ml saline and

Columbia agar pour plates made from serial l0-fold dilutions of the homogenate to

obtain the bacterial count per kidney.

22.4 Qt'antification of neutrophils in renol tissue.

i) The we of myeloperoxidase as neutrophil specific marlccr. Myeloperoxidase (MPO)

is an enzJme unique to neutrophils and an important component in the bactericidal

armoury of the cell. The unique nature of the compound suggests it would make an

ideal marker with which to quantiS neutrophil numbers in tissue. Bradley et al (l9tl2)

have demonstrated that the level of the enzyme in inflamed skin is an accurate

measrue of the number of neutrophils in the sample. The methodolory has also been

used to assess the size of the neutrophil infiltrate in ischaemic cardiac tissue (Mullane

et al L985) and in infected renal tissue (Meylan & Glauser 1938).The indicatio$r were

that MPO levels would be a useful quantitative index of neutrophil infiltration of the

kidneys of animals with experimental pyelonephritis.

The method used was that described by Bradley et al (L982). t"PO was extracted by

homogenizing the kidney in 4ml 0.5Vo hexadecyltrimethylammoairrm bromide GffAB)

in potassi'm phosphate buffer (50mM, pH 6.0). The homogenate was then sonicated

for L0 s, freeze thawed three times, sonicated for a further 10 s, centrifuged at 40,0ffig

for 15 min and the supernatant harvested. To measure enzyme activity, hydrogen

peroxide was employed as a substrate and odianisidine dihydrochloride (o-DD) as the

indicator dye. The substrate/dye solution was prepared by dissolving one 50mgvial of

o-DD in 3ml methanol. One ml of this solution was made up to lfi)ml with phosphate
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buffer and 16.7 pl of 3Vo H"O, added as the substrate. The reaction was carried out

at room temperature in a 3ml cwette inside a Perkin Elmer, model 124, double beam

spectrophotometer. The change in absorbancy was recorded at 15 s intervals over I

min. Levels of MPO are e)rpressed in units, where I unit of MPO activity is defined

as that degrading I mmol of peroxidase at 25oC in 1 min. This is calculated using the

formula:

u MPO = absorbancy/min x dilution
11.3

Samples were diluted to give a change in absorbancy of between 0.2 and 0.5/min.

Using this method we found that I x 1d neutrophils : O.74 uMPO, which is in

agreement with the results of previous studies.

ii) Direct counting of ncutrophils following enzytne dissocintion of renal tissue.

4 pqdification of the technique of von Willebrand et al (1979) was used- &rimals

were killed with CO, and the kidney removed aseptically, decapsulated and, after

estimation of lesion size, homogenized in 9ml Ca2+ and Md* free Hanks balanced salt

solution (I{BSS) in a loose fitting glass/teflon homogerizer. The homogenate was

added to 40ml of pre-warmed HBSS containing 2(hg collagenase q/pe 1A (Sigma #

C-9891) and 2ftng DNase I (Sigma # D-0S76), then incubated at37"Cfor 3Ominwith

gentle stirring. Following incubation, lml was removed for bacteriologic assessment.

The remainder was filtered through gauze to remove coarse material and washed trrice

in HBSS at 1500 g for 15 min. The cell pellet was reconstituted in 10 ml of HBSS and

a wet cell count performed using a haemocytometer. A differential count on a

I*ishman stained cytospin preparationwas then carried out to obtain the total number

of neutrophils in the kidney. The accuracy of this method was confirmed in an

erperiment where a lnown number of neutrophils was added to an homogenate of
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normal rat kidney. Recovery of neutrophils following efiEyme digestion was between

90 and 95Vo.

22.5 Administration of methylprednisolone.

The corticosteroid, methylprednisolone (Solumedrol Upjohn NZ)n was administered

in slow release polymeric implants. This technique was developed to overcome some

of the difficulties encountered when highty active drugF, such as methylprednisolone,

are administered to small animals. When this method was used predefined levels of

immunosuppression could readily be achieved, without the side effects and toxicity

observed when following intermittent administration, The method has been descnibed

in detail elsewhere (Cawley et al L9ffi). The polymeric carrier employed is Simplex

P bone cement (Howmedica International Ltd., London, U.K). The material comes

in a two part pack, a liquid monomer and a powder pollmer and the standard mixing

ratio is 2:1 (polymer:monomer). Powdered drug can be added in place of the polymer

uP to a maximum of.40Vo of the polymerized material. Methylprednisolqas was mixed

with the powder to give the required drug dose (this had been empirically determined

in earlier experiments) and the liquid monomer added and thorougbty mixed. The

paste was then pressed into a custom-built mould, fabricated from ultra-high density,

silicone impregnated polyethylene which was then clamped in a book press for 30 min

to allow the material to harden. The discs cast using this method were 12 mm dia. x

3 mm thick with a mean weight of 474 mg. For control use, blank discs without drug

were prepared using the standard 2:1 bone cement mixture. The discs were implanted

subcutaneously. To implant discs, an incision was made along the dorsal midline, the

facia retracted by blunt dissection and the disc inserted. The incision was closed using

Michel clips.
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23

2s.L

RESI.ILTS

Iletemination of numbers of neutrrophils in the kidney:

i) Use of myeloperoxidase (MPO) to quantify renal ncutrophil nwnben. Preliminary

experiments were carried out to establish the most suitable protocol for the

measurement of MPO levels in pyelonephritic kidneys. The kidneys of six rats were

challenged with logro 3.5 E. coli 075. The animals were killed and the kidnep remorred

three days later. This time was selected as previous histological studies had shourn that

three days after infection, large numbers of neutrophils could be seen in the kidney.

No MPO activity could be detected in kidney homogenates. Quantitative experiments,

in which exogenous MPO was added to fresh homogenates of normal kidney,

demonstrated that the enzyme is inactivated by contact with renal tissue. This finding

effectively ruled out the use of MPO levels to assess the extent of the neutrophilic

infiltrate in pyelonephritis. The enz5rmatic dissociatiory'direct counting technique was

therefore employed in the remainder of the study. These results also raised the

question of the suitability of the method for accurately quantirying neutrophil numbers

in other tissues and a series of erperiments were carried out to determine the effect

of a number of tissue homogenates on MPO activity. The results of this study are

detailed in Chapter Four.

ii) Direct cotnting of ner*rcphih following enzymntic dissociation of kfulneys. Sixteen

animals were challenged in both kidneys with logro 6 E. coli 075. Groups of four

animals were killed 1, 5, L0 and 14 days after challenge. At autopry both kidnep were

removed and the degree of gross pathological damage, bacterial numbers and the size

of the neutrophilic infiltrate determined. Neutrophil numbers peaked five dap after

challenge and declined gradually over the period of the experiment, until by 14 dap
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the number of neutrophils in the kidney were close to background levels (Figure 25).

Infection persisted throughout the experimen! but ingestion of microorganisms by

neutrophilswas only seen 24 h after challenge atwhich l:me bacteria outnumbered the

neutrophils by 10:1. At all other times there were at least trnice as many neutrophils

as microorganisms.

232 Associntion betnrcen bscterial and neutmphil numbers in acutc infection and the

development of chronic scarring.

The left kidneys of 1fl) rats were challenged with E coli 075. The animals were

infected in groups of ?5, with either logro 2"3, logro 3, log,o 5 or logro 7 bacteria. Five

animals from each of the four infected groups were killed 4 h, 1 day, 3 duJo, 7 da}a

and 23 days later. The challenged kidneys were removed and the degree of gross

scarring evaluated. The numbsl6f infiltrating neutrophils and the number of bacteria

in each kidney was then determined as before. Distinct levels of infection became

established, which correlated well with the size of the early neutrophilic infiltrate

(Figore 26). Only a mild renal dnmage was induced by the two lower inocula (<L}Vo),

however, following challenge with logro 5 or logro 7 microorganisms, there wall a

significant degree of scarring, involving up to 30Vo of. the kidney surface. These data

have been replotted in order to illustrate the excellent correlation between the

bacteriologic status and neutrophil numbers in the acute phase of the infection and

also between these two parameters and the degree of pathological renal dqmage at?s

days (Figure 27).
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233 Etfect of CsA on circulatitrg leucncyte numbenl and emigration in animnls with

pyelonephritis.

GA (50 mg/kg, i.m.) or carrier was administered every second day throughout an 18

day period to 2 groups of.24 animals. E:rperimental pyelonephritis was induced by the

direct inoculation of logro 3.2 E. coV O75 into both kidneys of all animds on day 7.

futimals were sacrificed at selected intervals over the 10 days aftsr challenge. In the

first 24 h, renal bacterial numbers increased rapidly to a mean of logro 6.3 in both the

treated and control groups (Figure 28A). However, 5-10 days after the induction of

infection, a highly significant increase in bacterial numbers was seen in the C-sA treated

group. Renal infection was also associated with a substantial increase in the number

of peripheral blood neutrophils and lymphocytes, which was enhanced in CsA-treated

animals (Figures 288 & 28C). Peripheral blood monocytes also showed a sharp

increase 7 and 10 dap after challenge. Finally, in CsA-treated animals 10 days

after challenge,it waspossible todemonstrate a60Vo reduction inthenumberof

neutrophils mobilising to a local ir!flammatory site over a 24 h period (Figure 28D).

23.4 Eftect of CsA on the mobilisation of neutnophils into the infocted kidney.

Forty eight rats were treated with 50 mg/kg of C-sA injected i.m. every second day for

18 days, while a further 48 were grven carrier material. On day 7 of the protocol,

pyelonephritis was induced in the left kidneys of all 96 animals using either a low ({6p

E. coli) or a moderate (8,fi)0 E, coli) inoculum. Representative animals from each of

the four groups were sacrificed L, 3 and 10 dap after challenge. The infected kidneys

were then processed using the collagenase/DNase digestion technique to quanti$ both

bacterial numbers and the cellular infiltrate. Both levels of bacterial challenge resulted

in the establishment of persistent renal infection (Figures 29A&298). CsAtreatment
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had no effect on bacterial numbers in animals inoculated with a low challenge. This

level of challenge provoked a negligible cellular infiltrate and degree of tissue damage.

There was no significant difference between the CsA treated and control groupa

(Figures 29C & 298). In the case of the moderate challenge Soup, treatment with

CsA resulted in a 10 fold increase in bacterial numbers 3 daF after the establishment

of infection and 100 fold increase after 10 dap (Figure 29B). CsA also had a

significant effect on neutrophil accumulation in the infected kidneys of this goup.

Infiltration was inifially depressed, but 10 days after challenge, there wan a 5 fold

increase in the number of neutrophils in the kidneys of C;sA treated animals

compared with those treated with carrier (Fig*" 29D). This infiltrate was

associated with a quantitative increase in tissue damage (Figure 29F).

23.5 Modulation of the inflamnatory reslxlnse and lcvel of scarring using orticostcmid.

GA is known to be nephrotoxic and there was the possibility that the exacerbation of

infection and tissue damage in the model of pyelonephritis was a result of these

effects. It was important therefore to demonstrate that an inhibition of neutrophil

emigration" as observed in the CsA treated animals, could result in an increase in

bacterial numbers and scarring in renal infection. The corticosteroid,

methylprednisolone (MP), is known to inhibit neutrophil adhesion and margination

(MacGregor L977).This agent was used in an effort to obtain supportive evidence that

the effects of C.sA on inflammation and infection might be explained by suppression

of neutrophil adhesion and emigration. There is little data available on the influence

of MP on the ability of neutrophils to emigrate to an inflammalory foci in the rat and

it was necessary to carry out preliminary studies to determine what these effects might

be. These experiments were carried out in two parts; in the first the influence of MPO
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on circulating neutrophil numbers was determined. In the second experiment

subcutaneously implanted sponges were used to evaluate the ability of the drug to

suppress emigration of cells from the blood to a local inflRmmatory focus.

i) Effect of corticosteroid on circulating neutrophil tutmben. Two groups of five animals

were used. The first contro[ group had one blank bone-cement disc implanted

subcutaneously while individuals in the second group each had one disc containing

50 mg of MP similarly implanted- All animals were bled at baseline and L,4, & 12 and

20 days later. Total and differential leucocyte counts were carried out. There was a

marked increase in the number of circulating neutrophils in the MP treated animals,

which was maldmal 8 days after implant. Circulating neutrophil numbers in the control

animals were not affected (Figure 30).

ii) Suppression of neutrophil emigrarton by corticosteroid. Bone-cement discs containing

50 mg of MP were implanted in 30 rats and blank 6isss implanted in the same number

of eontrol anim4l5. At intervals over the following 20 days groups of control and

treated animals had sponges implanted subcutaneously as previously desc:ribed and

removed 24 h later. Emigration was markedly suppressed for up to 14 dap after MP

disc imfrlantation and at 20 days there was still a significant difference between control

and treated animals (Figure 31).

These experiments confirmed that the effects of MP on circulating and emigrating

neutrophils were similar to those of C-sA
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23.6 Modulation of the inftnmmatorT r€sponse in pyelonephritis using orticostcroid.

Bone-cement discs containing 50 mg of MP were implanted subcutaneously in 36

animals, while a further 3g snimals had $lank, control, discs implanted. Forty eight

hours later, the left kidney of each animals was inoculated with 1x 1d E. coli 075'

Nine animals from each of the control and MP treated gpuP 1rys1s killed 2, 6 and ?'0

dap later. Initially the neufophilic infiltrate into the kidnep of MP treated animals

was suppressed aswas the development of overt surface lesions (Figure 32). Howwer'

at the same time poin! bacterial numbers were significantly greater in steroid-treated

animals. By six days, bacterial numbers were declining in the control animal$ while in

the steroid treated gfoup, the bacterial load was increasing as were the number of

kidney neutrophils. At this time there was no difference in surface lesion size between

the two gtoups. By Z1days, however, the mean size of the pyelonephritic lesions in the

Mp-ffeated animals was more than tnice that of the non-treated controls. The number

of neutrophils and bacteria in the kidneys of these animals was also much greater.

The pattern of infection following treatment with cortico steroid should be compared

with that observed following CsA treatment in the same model (Figure 29). Although

there are temporal differences in disease progress due to variations in pharmacologt

and 4dministration techniques, the relationships between bacterial numbers,

neutrophilic infiltrate and the development of renal lesions are remarkably similar.
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2.4 DISCUSSION

The objectives of the study described in this chapter were nvo-fold' The first was to

use a clinically relevant model of infection (experimental pyelonephritis) to test the

hlpothesis developed in first chapter, i.e. that CsA administration could exacerbate

infection and the subsequent degree of tissue damage via an effect on neutrophil

emigration. The second objective was to carry out the experiments in such a way that

quantitative data on the role of inflammation in the pathogenesis of pyelonephritis

would be obtained. Both these goals were achieved

The time cogrse of the neutrophilic infiltrate in the kidney was first established using

a high bacterial challenge (logro 6 E. coli 075). Numbers of neutrophils peaked three

dap after challenge and they were seen only to ingest bacteria during this early phase'

This experiment confirmed that neutrophils coul4 in fact, be directly quantified in the

kidney and were a significant component of the cellular infiltrate in experimental

pyelonephritis. The earlier experiments involving subcutaneous infection, had

emphasized the importance of the size of challenge in determining the outcome of an

experimentallyinducedinfection.Asimi[alstudywasthereforecarriedoutto

determine the influence of inoculum size on the development of infection,

inflammation and tissue damage in pyelonephritis. The results confirmed the

importance of challenge size in studies of this natrue and an excellent three-way

correlation was found between the bacteriologic status and neutrophil numbers in the

acute phase of infection and also between these two parameters and tissue damage in

the latter stages. Having established the relationship betweoo the three key

components involved in the pathogenesis of the model (challenge size, inflammation

and tissue damage) it was then possible to assess the effect of C*A on thes€
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parameteru. Enperimentally-induced renal infection was associated with a marked

increase in circulatingleucocyte numbersrwhichwas even more pronounced in animals

given ClsA Bacterial numben in the kidne),s of CsAtreatsd animalswere also elevated

and showed an average 1ffi fold increase over untreated controls- When the ability of

neutrophils to emigrate to sterile sponges implanted in pyelonephritic animals was

assessed, a SSVo reduction in mobilisation was observed in rats treated with Cs,A'- The

key obsewation to emerge from this experiment was that the mechanisms by which

localised infections trigger the release of bone marrow reserves of leucocytes are not

affected by CrsA administration, although the ability of these cells to leave the

circulation is significantly impaired. In a further experimenf where t}le number of

neutrophils localising in the infected kidnep of CsA treated and carrier treated

animals was compareq it was conclusively demorstrated that CsA administration

markedly inhibited the emigration of neutrophils into infected tissue in the early stages

of the disease. The absence of an adequate cellular resPorurc in these kidneys then

resulted in an increase in bacterial numbers which, in turn, was associated with the

increased mobilisation of neutrophils to the infected kidneys. The infiltrate was related

quantitatively to the increase in tissue damage.

CbA is lnown to be nephrotoxic and it was possible that the ability of CsA to Promote

infection might be the result of decreased renal perfusion or other effects not related

to specific host defence mechanisms. This was investigated in a similar study using the

corticosteroid, methylprednisolone (MP). This agent has been shown to inhibit

neutrophil margination and emigration (McGregor 1977), but is not nephrotoxic.

When MP was 4dministered to pyelonephritic rats, the results obtained were almost

identical to those found following CsA administration, i.e. an initial inhibition in
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emigration of neutrophils, associated with an increase in bacterial numbers, followed

by a massive influx of neutrophils and finally, an qraserbation of tissue d"mage. It is

evident from this data, that the infection promoting properties of CsA are not related

to its inherent nephrotoxicity. The study has therefore demonstrated that ChA has the

ability to promote infection and tissue damage through a drug-induced defect in

neutrophil emigrate.

A number of workers have demonstrated that early intervention with antimicrobial

therapy can prevent or limit renal scarring in experimental pyelonePhritis (Glauser

et al L978;Miller & Phillips 1981; Ransley 1981; Slotki & Asscher Lg82). Furthermore'

several independent studies have provided evidence that it is a reduction in the acute

exudative inflammatory respoille, as a result sf 3 diminished bacterial stimulus and not

the lessened bacteria load per se, that is responsible for ghs improvement in outcome

(Bille & Glauser 1982; Glauser 1983; Meylan et al I98\ Shimamura 1981; Sullivan

et al t977). In contrast, at least two studies have shom that intervention with anti-

inflemmatory therapies did not improve the outcome of experimental pyelonephritis

in terms of tissue damage (Meylan & Glauser 1988; Meylan & Glauser 198%).In spite

of these inconsistencies, there were clear indications that the neutrophil was the key

element in the destruction of renal tissue, but no direct association between the size

of the neutrophilic infiltrate, bacterial numbers and tissue damage had been made. The

current study is the first to demonstrate such a correlation and, in conjunction with the

experiments cited above, provide conclusive widence that manipulation of the

inflammatory infil6ate can influencc the patholory of experimentally induced E. coW

pyelonephritis. The general conclusion from the prwious studies was that intewcntion

in the early stages of pyelonephritis, with agents that limit the inflammatory reqtoDse'
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may be a useful therapeutic strategy. This overly simplistic view fails to take into

account the critical role of the early inflammatory resPolute in the containment and

subsequent elimination of infection. The present fudiogO in which suppression of the

acute neutrophilic infiltrate limited tissue damage in the first few daln of infection' but

was ultimately associated with a marked exacerbation in tissue damage, do not support

the proposal that a reduction in the inflammatory respollse alone will limit tissue

damage. The apparent inconsistency between these results and those previously

reporte{ can be explained by differences in the severity of the models of

pyelonephritis used. In the earlier studies pyelonephritis was induced by injecting

microorganisms into the bladder and then obstructing the ureter. The rationale for this

procedure is that the ascending route is the usual avenue by which bacteria gain access

to the human kidney. While this may be so, the patholory of the disease that

subsequently develops in this model bears little resemblance to that which is seen in

man. For instance, two to three days after challenge, the number of bacteria found in

the kidnel6 of these animals ranges between logro 8 and logro 9 cfit's/g of tissue. This

is close to the maximum viable number achievable in broth culture an4 in the face of

such a goss inflnmma1ory stimulus, it is hardly surprising that no reduction in tissue

damage was obseryed in this model following treatment with dexamethasone (Meylan

& Glauser 1988), cobra venom factor or phenylbutazone (Meylan & Glauser 1989a'

Sullivan et al t977). In cases where it has been possible to reduce the level of scarring

in the chronic phase of pyelonephritis by manipulating circulating neutrophils in the

acute phase, it was necessary to almost totally ablate cellular defenceswith agents such

as colchicine, cyclophosphamide (Bille & Glauser 1982) or nitrogen mustard

(Shimamura 1981). These are highly toxic agents and could not be administered to

humans with pyelonephritis. Perhaps the most promising approach has been the use
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of agents which limit the undesirable effects of inflammation by modifying the

destructive effects of neutrophils, rather than by ablating them completely' In one

study, Meylan et al (L9t39) were able to demonstrate that treatment of pyeloncphritic

rats with dapsone, a compound known to prevent neutrophil oxidant damage, during

the acute phase of infection, significantly inhibited the subsequent development of

renal scars. Indomethacin was used in a similar study and a reduced index of

inflammation was observed 3 daln after challenge (Glauser et a,L1983). No longer term

experiments were carried out so the effect of this treatment on chronic pyelonephritis

is not knovm. Both studies were carried out using the overly severe ascending model

of pyelonephritis and extrapolation to man is therefore diffrcult. The conclusion

reached as a result of the present orperiments, is that suppression of inllammation

alone in the early stages of infection can exacerbate the formation of chronic lesions

in orperimental pyelonephritis. It has been demonstrated (Figure 2l) thait the size of

a bacterial challenge determines the inteusity of the inflammatory response and if one

hopes to modig the inflammatory response and, consequentln the resultant tissue

damage, bacterial numbers in the acute phase of infection must be restricted. A

potentially rewarding experimental approach would be to investigate the combined use

of anti-inflemmatory and anti-mictobial agents whictr" if used early enough' maY pro\te

to be a useful therapeutic modality. Such a study was recently carried out by Roberts

et al (1990), who demonstrated that treatment of pyelonephritis in monkqR with a

combination of anubiotic and allopurinol (a free radical scavenger) resulted in a

significant reduction in tissue damage, compared with treatment with antibiotic alone.

In conclusion, the results described here provide further support for a specific effect

of C-sA on neutrophil function. The neutrophil has been identified as the key
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comlDnent in the pathogenesis of renal scarring in pyelonephritis and the integrated

nafirre of cellular defence mechanisms in infectious disease highlighted" It has bcen

shorm that, even if there are adequate numbers of circulating cells, which apPoar

functionally normaln they are of limited vdue in host prorcction fi their ability to

emigrate from the nasculatnre to a site of infeclion is impaired. These findings nay

provide an aplanation for the pattern of infectious disease in patients treated with

CsA in whom infection with extracellular pathogens is common
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CHAPTER THREE

Inhibition of Neutrophil Myeloperoxidase Acttvity by selectcd llssuec'

3.1 INTN,ODUCIION

The mobilization of neutrophils to the site of acute inflammation is one of the key

processes in the host resporure to tissue injury or infection. During the course of the

prescnt study it became nec€ssary to establish a technique to quantify the number of

neutrophils that emigrated into infected tissue and the possibility that myeloperoxidase

O4lO) could be used quanti$ neutrophils in the infected kidneywas investigated- This

is an attractive proposition as MPO is unique to neutrophils, is relatively easy to

measgre in tissue using standard biochemical techniques and had previous$ been used

to quantify neutophils in inflamed skin (Bradley et al L9f32), cardiac tissue (Mullane

et al t985) and in pyelonephritic kidnep (Meylan & Glauser 1988). Howwern when

attempts were made to measure the enzSpne in pyelonephritic kidnep no MPO activity

was foun4 although large numbers of neutrophils could be demonstrated histologically

and by direct counting following enz5patic dissociation of tissue. Further quantitative

eicperiments, using Erogenous MPO and fresh kidney, demonstrated that the enz5me

is inactivated by contact with renal tissue and it seemed possible that other tissues

night also react with the enzyme. A series of experiments were therefore carried out

to determine the suitability of the method for assessing neutrophil numbers in skittt

cardiac muscle, striated muscle, liver spleen and plasma.
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32 MATERHLS AND MEIEODS

32.L Measulement of Myelopemxidase.

Myeloperoxidase was measured as desc:ribed in Chapter T$o (22'4i)'

32J kperimental PrctocoL

In a standard experimen! tissue for evaluation was chopped finely by three passas

through a Mcllwain tissue chopper (Mckle l-aboratory Engineering Co., Gomshall,

Surrey). Weighed samples were mixed with F{TAB-buffer, and foru units of MPO

added in sqfficient volume to make a total of 3 ml. Samples were remorred at timed

intervals thereafter, spun briefly in a Beckman microcentrifuge and the suPenBtant

assayed for MPO activity. The effect of plasma on MPO activity was determined @

mixing 0.2 ml of plasma s'ith 3 ml tITABbuffer and then adding 4 units of MPO to

make a total sample volume of 3 ml. The MPO levels were assayed at timed interyals

as before.
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33

33.1

RESIILTS

The effect of difierent tissues on exogenous nyeloperoxidase activity'

The effects of Plasma, skin, leg muscle, heart muscle, liver, kidney and spleen on MPO

activity were measrued in 28 separate experiments, i.e., the effects of each type of

tissue was assessed 4 times. Fresh tissue samples were usigd for each experiment' Four

units of extracted MPO were added to 0.5 g of tissue and MPO levels were measured

at intervals over 90 min. Liver, kidney and spleen completely inactivated the exogenous

MPO in less than 30 sec. Spleen tissue was noted to have a high background level of

activity, equivalent to approximately 2.5 uMPO/Q.j g tissue' The results shown for

spleen are corrected for this background. Significant amounts of MPO were inactivated

by the addition of chopped heart muscle (64vo within L5 min), whereas plasma, skin

and leg muscle only moderately reduced MPO aclivity (Figure 33).

332 Quantitative deac{ivation of myelopcnrxidase by heart muscle'

In a further orperiment, the effect of the amount of heart muscle added on the rate

of deactivation of MPO was determined. Four units of MPO were added to 0.1, 0'3

and 0.5 g of chopped heart tissue and MPO levels measured at intervals over 90 min'

The effect of each nmount of tissue was determined three times and each experiment

was carried out with fresh tissue. A direct correlation between the weight of tissue

added and the nmount of MPO inactivated was demonstrated (FigUre 3a).

333 Effect of heart muscle on oell-bound myelopemxidase.

5.Mx ld neutrophils (equivalent to 4 uMPO) were added to 0.5 g chopped heart

muscle. The MPOwas then extracted as described (sonication, freeze thaw etc.). When

the MPO levelwas determined at the end of the procedure, on$ 1.1 uMPO remained

a 72.57o reduction in activitY.
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3.4 DISCUSSION

It has been proposed that the measurement of MPO activity in tissue is a convenient

and accurate means of assessing the number of neutrophils at an inflnmmatory site

(Bradley et aI t982). The method has been used to quantiry neutrophils in skin'

myocardial tissue and subcutaneously implanted sPonges' (Bradley et al L9$Z;Mullane

et al 1985: Priebat et at 1983). We attempted to use this technique in the study of

experimental pyelonephritis and were surprised to find that renal tissue inactivates

MpO before measurements can be carried out. This finding prompted further

experiments to determine if other tissues had simil3l effects on MPO activity' We

confirmed that skin has little effect on MPo levels, but found that liver, spleen and

kidney tissue quickly destroy the enzyme. Muscle tissue also inactivates MPO, but to

a lesser degree. For myocardial tissue it was shovm that a Ftnen weight of heart tissue

will inactivate a specific amount of MPO; in this case' over a five minute period, 0'5 g

of heart muscle was found to inactivate Z.ZuMPO, which is equivalent to 3 x lff

neutrophils. These erperiments were carried out using extracted exogenousl MPO and

it could be argued that cell-bound MPO, liberated in situ during the solubilization

procedure, might not suffer the same fate. By adding intact neutrophils to fresh cardiac

tissue it was demonstrated that 72.5Vo of the MPO contained in 5.44 x 1f intact cells

was destroyed during the preparation of the enzyme'

The finding that inactivation of MPO by renal tissue made the technique unsuitable

for the quantification of neutrophils in pyelonephritis is in direct 6pnflict with the

results of Meylan and Glauser (L988), who have published several studies in which the

technique was used to assess the neutrophilic infiltrate in experimental pyelonephritis'

This apparent inconsistency can be explained by differences in the models of



L23

pyelonephritis used. Whereas the technique used in the present study produces a

moderately severe pyelonephritis, s,ith a peak bacterial load of ca}x1d bacteriq and

a neutrophilic infiltrate of about 1[s s,eme magnitude, the obstructive model of Meylan

and colleagues results in a very severe, purulent infection with betrveen I and 10 x 1d

organisms per kidney and a neutrophilic infiltrate in excess 1.5 x ld cells' As

demonstrated here, the amount of MPO inactivated by a given tissue is proportional

to the emount of tissue used and it is apparent that there is an upper limit to the

amount of MpO that is inactivated by a fixed amount of tissue. This explains why it

is possible to demonstrate MPO in kidneys where a severe pyelonephritis is induced

using the obstructive technique; it is clear, however, that the levels of MPO obtained

can not be used to directly quanti$ the absolute number of neutrophils in the

pyelonephritic inflammatory infiltrate. While it may be possible to measrue gross

changes in inflammation the severity of the model severely limits it's clinical relevance.

In one study Meylan and Glauser (1988) acknowledge that at least 58Vo of- MPO is

inactivated in their model. The current findings do not rule out the use of MPO lwels

to assess neutrophil numbers in tissues other than skin. However, it is clear that

appropriate controls must be carried out to determine ths amount of released en4pe

inactivated by individual tissues. ln the light of these findings, it is likely that the results

of Mullane et al (1985) and Meylan and Glauser (1983) will require reevaluation.
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CHAPTER FOUR

An Improved Isotopic Method for the Evaluation of Carrageenin

Induced Oedema in the Rat Hind Footpad'

4.1 INTRODUCTION

The hind footpad of the rat has routinely been used as a convenient site for the

assessment of oedema induced by a variety of chemical and biological agents' These

include carrageenin (Winter et al 1962), urate crystals (Fukawa et al L9{12)'

microorganisms (Miller & Findon 1,985), immune complexes, anti-IgG, kaolin and

zJmosan (Gemmel et al L979). The oedema caused by the subplantar injection of such

compoundshasprovidedamodelofinflammationwhichhasbeenextensivelyusedin

the assessment of anti-inflammatorY compounds. The end point of the footpad as$ay

is expressed in terms of the change in thickness or volume with reference to a

predetermined baseline value. Volume can be most accurately measured using a

plethysmograph, but such equipment is not generally available. C-onsequently' footpad

thickness, measured with an engineers'thickness gauge' is the most common method

of measuring oedema This technique provides a ono dimensional estimate of a three

dimensional phenomena and is also subject to considerable error. Intravenously

administered, radioactively labelled human serum albumin (a t-HSn; has previously

been used to measure oedema in experimentalty induced cutaneous inflammation

(udaka et at tg70) and also to determine the course of protein extravasation in

carrageenin-induced oedema (Doherty & Robinson 1975). It therefore occurred to us

that, by relating plasma levels of isotope to the amount of radioactivity locdizing in the
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ioflamed foot, thii technique could bo applied to mee$ur€ the,abcolutc vEltrme of

oodeme in the carrageonb footpad Essay- This rcport describes the rryo of llt I-

laboUed human scrun albumfu to neasula footpad oodema in thc assesm€Nrt stanti-

inflatnrqatclty drygg,
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42.L

IT{ATERHLS AI{D MEIHODS

Animsls.

Male and female Dark Agouti (DA) rats were used in all orperiments. The animals

were approximately 12 weeks old and weigbed between 220 and 250g.

422 Carrageenin-induced fmtpad oedem&

Inflammatory oedema was induced by the subcutaneous injection of 0.1 ml of.ZVo

kappa-carrageenin (Sigma type III) into the plantar region of each hind footpad

(Winter et al L962). All injections and measruements were carried out under ether

light anaesthesia. Control animals were given saline in place of carrageenin.

423 Assessment of oedema using a thichess gauge.

An engineers'pocket thickness gauge (No. 7308, Mtutoyo Mtg. Co., Japan) was used

to measure footpad thickness. The gauge was morlified by reducing the spring tension

and surface area of the striker. Baseline thickness was measured prior to the injection

of carrageenin and again four hours later. To facilitate measuremen! the centre of

the plantar region was marked with Indian ink

The increase in footpad thickness was expressed as a percentage of the baseline

volume, i.e.

increase in thickness x lfi)ffis
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42.4 Asscssment of oedema with l2s l.hbelled human serum albumin3

i) Contiruous monitoring of footpad oedema. Each rat was injected intravenously *ith

1 pCi of l5I-HSA (NEN Research Products, Berkeley, C,{). After allowing lQ min

for the isotope to distnlbute, a baseline reading of the radioactivity in both feet was

obtained. This was accomplished by securing the foot of a lightly anaesthetized rat in

the well of a dismounted, solid crystal scintillation detector (Packard Selektronik) and

counting for 1 min. The detectorwas shielded bywrapping lead sheet around the sides

and top of the cnystal and by enclosing the whole assembly n 2.5 cm lead blocks. At

the time of counting, the terminal 2 mm of the tail was snipped off and a 50 pl blood

sample collected in a heparinised microhaematocrit tube. C-arrageenin was then

injected into the foopads and the counts in each foot determined at timed intervals.

Blood samples were obtained coincident with each measurement. The haematocrit

tubes were spun in a microhaematocrit centrifuge, the plasma separated by breaking

the tube at the cell/plasma interface and the radioactivity in 25 pl of plasma

determined. It was found that the level of 16I-HSA in the plasma decreased linearly

with time and a mean half life of 7.5 h was calculated. Conversely, oedema formation

is acc"mulative an{ if the volume of exudate in the foot was calculated by simply

dividing the counts in the foot by the counts in the plasma at each trme point, an

artificialy high value would be obtained in the later stages of the in:flammation. These

factors were allowed for in deterrrining the accumulation of inflammatory fluid.

Oedema was calculated as follows: a regression line was fitted to the 12s I-FISA decay

data and the predicted values for the individual time points, over the period of the

experiment, determined. The baseline volume of plasma in the footpad was calculated

by dividing the c.p.m./ foot by the predicted c.p.m./pl of plasma. To determine

subsequent volumes, the foot counts at each time point were subtracted from the foot
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counts for the preceding time point to obtain the change in radioactivity. This value

was then divided by the mean of the two predicted plasma counts for the current and

previous time points to give the increase or decrease in footpad volume. By

adding/subtracting the change in foot volume tolfrom the previous volumg the

accumulated volume of oedema was obtained.

ii) Single time point mcuiltretnent of footpad oedema. At the time of footpad injection

each rat was injected intravenously, yla the ventral tail veirq with I pCi of 16I-HSA

Four hours later, 2 ml of blood was obtained by heart puncture from anaesthetized

anim4fu and transferred into a tube containing EDTA The rats were then killed by

the intracardiac injection of air. The hind feet were then removed at the tanal joint

with paediatric rib cutters and placed in 100 x 17 mm polystyrene counting tubes.

Blood was separated by centrifugation and 2ffi pl of plasma diluted in 800 pl distilled

water in a 75 x 1L mm polystyrene tube. The lwel of radioactivity in each foot and

in the plasma samples was then determined using a Philips model 4580 automatic

garnma counter.

The volume of the foot is expressed in pl of plasma equivalents, calculated as follows:

- x.07 (correction factor, see 4.3.1)cpm/pl plasma - background cpm

42.5 Statistical evsluation.

Results were compared using the Wilcoxon sum of ranks test for non-parernetric data.

Error bars ou figures represent one standard deviation.
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REST]LTS

Continuous nonitoring of fmtpad oedems volume using rr I-HSA

Three DA rats were idected intravenously with 1 pCi r25I-HSA followed 10 minutes

later by the subcutaneous injection, into both hind footpads, of 0.1 ml of. 2To

carrageenin. The volume of the foot was determined just prior to stimulation, 15 and

30 minulgs later and then at 30 minute intervals up to five hours. A biphasic resporurc

to cilrageenin was observed (Figure 35). A rapid primary phase, which reached a peak

one hour after challengo, was seen and this was followed by a short lag period of

30 min. The major increase in oedema then occurred and was maximal at two hours

Footpad volume then decreased slightly over the following three hours. In the

subsequent single time point experiments, which were designed to assess the method

as a screening assay for anti-inflamm4fsry drugs, oedema was measured at four hours.

Because plasma radioactivity decreased with time, data obtained by simply 6ffiding the

counts in the foot at 4 h, by the plasma count at 4 h would have given erroneously

high values. A correction factor, based on the difference between the actual volume

determined as above and the footpad volume calculated using the 4 h values was

therefore applied. In practice the corrected result was obtained by multiplying the 4 h

single time point oedema volume by 0.7.

Comparison of the isotopic and mechanical methods for mersuring fmtpad oedema.

Fifteen rats were divided into three groups of five and the thickness of each hind

footpad measured. Both hind foopads of the first group were then injected with

0.1 mt of sterile saline. The second group were similarly injected with 0.1 ml of.ZVo

carageenin. The final group of animals were given aspirin" at a dose of 200 mg/kg

p.o. and then injected in both hind feet with carrageenin. All animals were then
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injected intravenously with 1 pCi of l5 I-HSA in 0.5 mI saline. Four hours later,

footpad thickness and volume was determined as described previously. The results of

the experiment are shown in Figure 36. As expected, aspirin significantly inhibited the

carrageenin-induced oedema. This effect was demonstrable using either technique.

However, when the control values from the saline injected gloup were subtracted and

the reduction in swelling erpressed as a percentage of the oedema in the gtroup given

carrageenin alone, it was apparent that the calculated inhibition of oedema walt

significantly greater when the isotopic method was used (a mean 60Vo reducnon in

volume versus 4OVo rcduction in thickness).

433 Use of r5I-HSA to assay putative anti-inflammatory agents.

Two agents (Mussel extract and Clclosporin A), generally considered to be outside

mainstreem anti-inflammatory therapeutics, were tested in the carrageenin footpad

assay, using both the accumulation of radioactive albumin and the increase in footpad

thickness to measure oedema. Twenty four rats were divided into four groups of sir

The baseline thickness of the hind feet of.all}4rats was measured. Animals in group 1

were then injected in both hind footpads with 0.1 ml saline while those in groups 2, 3

and 4 were injected in the same way with 0.1 ml of ZVo carrageenin. Group 3 rats

had been injected i.p. with green-lipped mussel extract (McFarlane Laboratories Ltd,

Auckland, New Zealand) at 300 mg/kg 2 hours and 17 hours before challenge, while

the those in the fourth group had been treated i.m. with 50 mg/kg Clclosporin A

(Sandoz Pharma Ltd Auckland New 7-ealand) 2 hs and L, ?" nd 3 days before

carrageenin injection. 16I-HSAwas adminisgsled as before and footpad thiclness and

volume determined four hours later. The results are suulmarised in Figure 3?. The

green-lipped mussel extract inhibited oedema formation by 6OVo when volume was
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A comparison, in the same animals, of the mechanical (foopad thickness)

and isotopic (footpad oedema) techniques for measuring carrageenin-

induced footpad oedema. I-evels of significance are p values obtainedwhen

comparisont are carried out using the Wilcoxon sum of ranls test"
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Figure 37. Demonstration of the increased sensitivity achieved using the isotopic

method to measure footpad oedema. The anti-inflammatory activity of two

putative agents, mussel extract and C,)closporin A (CbA), were compared

using both ventral-dorsal thickness measurement (top) and.the isotopic

technique (bottom). I-evels of significance are p values obtained when

groups are compared using the Wilcoxon Sum of Ranks Test.
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employed as the index of oedema and by SOVowhenthiclness was uscd. In both cases

the differenoe was significant at the p<0.01 level. CbA pretreatment dso resulted in

a reduction in swelling but to a lesser degree (AVo and 26Vo for the volume and

thickness paremeters respectively). Statistical analysis showed that when thickness was

used as the index of oedema" the inhibition of srelling uras only margnally significant

G< 0.05). Howwer, if the 15I-rrSA determined volume was used the results for CsA

were highly gignificail b< 0.01). Thus, the use of l5I-HSA to assess footpad sil'clling

revealed an anti-inflammxfsry effect which wa$ not obvious when foopad thickness

was used as the index of oedema.
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4.4 DISCUSSION

The rat hind paw is the site most frequently challenged when animal models are used

to evaluate potential anti-inflammatory drugs (Fukawa et al1982; Gemmsl et al1979;

Mller & Findon 1985; Winter et al t962). The end point of the assay is the

assessment of paw oedema and two approaches have been used to quantify this

resporuie. The first involves the use of plethysmography, in which the volume of the

footpad is quantified by displacement of fluid. The fluid may be water, in which case

the displacement is measured using a manometer, or mercury, where a strain gauge

affached to a linear amplifier can be employed. The method is quantitative but has

several disadvantages. It is operator dependant and small variations in the depth of

immersion of the foot can give rise to considerable variation within groups. Although

a reasonably accurate technique, the mercury plethysmogaph is a specialised and

relatively unconmon piece of laboratory equipment with the added risk to the

operator of mercury toxicity. In the second and most frequently cited approach,

ventral-dorsal footpad thickness is measured using a modified engineers' thickness

gauge. This method is simple and inexpensive, but operator dependant and lacking in

sensitivity, as thickness is a one dimensional measurement of a three dimensional

paramE1s1 (volume). Additionally, as oedema becomes more severe, the footpad

becomes indurated and offers increasing resistance to the spring in the thickness

gauge. This effect flattens out the upper end of response cuwe and reduces the

capability of the assay to detect small changes in oedema.

The method detailed in this report overcomes many of the disadvantages discussed

above. A major benefit of the procedure is that oedema is measured independeutly

and does not include the non-fluid components of the foo! such as bone and tissue,

as is the case with the thickness and displacement methods. When the latter
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techniques are used the percentage increase in footpad volume following carrageenin

stimulation is between 50 and t00Vo. In fact, the true increase in fluid volume, as

demonstrated using the la I-HSA localisation, is between 5fi) and 7OOVo. This is

reflected in increased sensitivity, as illustrated in Figure 37. Additionally, operator

dependency is greatly reduced and consequently, there is a much improved coefficient

of variation within groups of animals. One disadvantage of the screening technique

is that it is not possible to obtain baseline values of foot plasma volume, against which

to gauge the oedema. This necessitates the inclusion of a control Broup, in which the

footpads are injected with saline. Our experience, involving several hundred

estimations of normal footpad plasma volurre, has been that for rats of a given werght

range, there is very litfle variation (59t4pl). Therefore, this figure is now used as the

baselne value in all assays and eliminates the need for a control gfoup. Because of

possible inter-strain variations in foot plasma volumes, investigators using the method

should establish their own normal range before dispensing with the control goup.

Finally, by using the continuous monitoring technique the time course of oedema

formation can be followed. Once anti-inflammatory agents have been identified using

the screening technique, this procedure can be used to provide more detailed

information on the effects of drugs on the different phases of inflammation. It is

common practice in studies of this nature to administer anti-inflnmmatof/ drugS before

inflamm46on is induced, while in the clinical situation the agents are usually required

to suppress established inflammation. The use of the continuous monitoring technique

described in this paper will allow protocols to be developed that more closely

approximate in-use conditions.

In conclusion, the accumulation of 16I-HSA in the rat footpad has been shown to be
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ST]MIVIARY

The drug c.lclosporin A (CsA) is used clinically and experimentally to modiff the host

immune response. The agent has been employed prinarity in transplantation' but is

also of value in the treament of some inflammatory disorders. CsA is a potent

suppressor of helper T-lymphocyte function, as a result of the inhibition of lymphokine

production. In an earlier study, c-sA was used as an immunomodulator in an effort

to determine the role of T-lymphorytes in the pathogenesis of experimental, E coli'

induced pyelonephritis. CsA greatly exacerbated tissue damage and from the known

pharmacolory of CsA it seemed possible that T-lprphocytes were an important

determinant in the pathogenesis of pyelonephritis. However, as E' coli is an

extracellular organism and therefore T-lyrrphocyte independen! this was an unlikely

explanation for the adverse effect of CsA on the course of infection. Experiments in

which CsA was found to exacerbate pyelonephritis in athymic, T-cell-lacking rats'

confirmed the posrulate that the obsenations could not be orplained by an effect of

the agent on T-lymphorytes and it was hypothesised that some other essential defence

mechanism was affected by CsA Studies were undertaken to identi$ the host defence

component modified by CsA and" subsequentln the agent was used as a probe to

further define defence psstranisms in pyelonephritis. Earlier studies of the quantitative

relationship between cellular competence and resistance to infection in the normal host

demonstrated considerable reserves and defences against extracellular pathogens were

impaired only after neutrophil numbers were substantially reduced. Elrperiments were

carried out to determine the effect of C^sA on quantitative and qualitative aspects of

neutrophil function and related responses. CsA administration resulted in an increase

in circulating neutrophil numbers in normal rats, but did not affect the in vitro

metabolic activity of neutrophils, nor their ability to phagocytose and kill
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microorganisms. However, the in vlvo ability of neutrophils to mobilise into a sterile

inflammatory foci was impaired. The finding of increased numbers of circulating cells,

coupled with reduced in vivo mobilisation, suggested a C.sA-induced defect in the

ability of neutrophils to emigrate from the vasculature. The effect of C-sA on host

defences was investigated using a model of localised infection. In CbA treated animals,

neutrophil accumulation in E. coli infected, subcutaneously implanted sponges was

initially suppressed allowing bacterial numbers to increase rapidly. By,$8 houn the

powerful st"nulus resulting from the increased bacterial load overrode the suppressive

effects of CsA and neutrophils infiltrated in large numbers. The possibility that CsA

promoted bacterial growth directly was investigated in an in vivo experiment. It was

found that exposure of microorganisms to C-sA per se did not result in enhanced

bacterial replication. The experimental data provided strong evidence that CbA

treatment exacerbates the infectious process yie an effect on neutrophil emigration

from the vasculature to the site of infection. The actual effect of C;sA on host defences

and the outcome of infection was found to be closely related to the size of the initial

infectious challenge, a factor often overlooked in the planning and interpretation of

studies involving models of infectious disease. Further studies on the effects of ClsA

on neutrophil-mediated inflammatory mechanisms, identified impaired neutrophil-to-

endothelial cell adhesion as the most likely explanation for the observed defect in host

defence. During this analysis an improved method for the accurate assessment of

carrageenin-induced footpad oedema was developed and is reported in an

accompanying study.

In order to provide clinically relevant data, the study was extended to include an

analysis of the relationship between the effect of CsA on neutrophil emigration and
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the pathogenesis of infection in a model of a common infectious disease. A well

characterised model of pyelonephritis was used and techniques which would allow the

ffinmmatory infiltrate in the infected kidney to be directly quantified and correlated

with bacterial numbers and tissue damage were investigated. The use of the neutrophil

specific enzyme myeloperoxidase (MPO) to a$sess neutrophil numbers in infected

tissue was an attractive proposition. It was found however, that MPO was inactivated

by contact with renal tissue. Although MPO has been previously used to quantify the

neutrophilic infiltrate in tissue the effect of different tissues on enzyme activity has not

been reported. The phenomena was investigated in a separate study and it was found

that contactwith tissue inactivated MPO in a quantitative and tissue-source dependant

manner. These findingp effectively ruled out the use of the technique in the present

study. An alternative procedure, involving the enzymatic dissociation of renal tissue

and direct counting of cells, was therefore used to assess the inflammatory infiltrate.

An excellent correlation was found between bacterial and neutrophil numbers in the

early phase of infection, and the ensuing lesion formation in the later stages of the

disease. When C-sA was administered to animals challenged in the same manner, the

neutrophilic infiltrate was markedly suppressed in the early stages. This led to a

logarithmic increase in bacterial numbers and, as a consequenoe, the infiltration of

large numbers of neutrophils which finally resulted in an exacerbation of tissue

damage. CbA is known to be nephrotoxic and it was possible that this may have

contn'buted to the observed CsA-associated alterations in patholory. Parallel

experiments were carried out using the corticosteroid methylprednissl6as, which is

known to suppress neutrophil emigration,via an effect on margination. The effect of

methylprednisolone on the infectious process in pyelonephritis was identical to that

observed following CsA treatment, providing further support for a specific effect of
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ClsA on neutrophil emigration. These experiments also identified the neutrophil as the

key component in the pathogenesis of renal scarring in pyelonephritis. These studies

have highlighted the integrated nature of cellular defence mechanisms in infectious

disease. In a given situation, although there may adequate numben of circulating cells

with seemingly normal in vito chemotaxis, motility and bactericidal function, they are

of limited value in host protection if their ability to emigrate from the vasculature to

the site of infection is impaired. In srunmary, these findinp provide an explanation for

the patterns of infectious disease in patients treated with CbA, in whom infection with

extracellular pathogens is cornmon. It also seeur likely that the ability of CsA to

suppre s neutrophil emigration may explain the effrcacy of the agent in inflammatory

diseases such as rheumatoid arthritis, psoriasis and uveitis.
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