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ABSTRACT
Ischaemia is a common clinical event leading to both local and remote tissue injury.
Evidence suggests that the injury results mainly from subsequent reperfusion which causes
activated neutrophils to migrate into the reperfused tissue and sequester in the lungs,
inducing permeability and oedema. This thesis examines the mechanisms by which
neutrophils are recruited into reperfused tissue and accumulate in the lungs, and the means
by which they then induce injury. Rabbits or rats were subjected to 3 or 4 hours of
bilateral hindlimb tourniquet ischaemia. When the tourniquets were released there was
peripheral neutropenia, due to the microvascular adhesion of neutrophils. A chemotactic
factor was generated in plasma which was identified as leukotriene (LT) B4 . The plasma
was capable of inducing neutrophil diapedesis which, like the neutropenia, was dependent
upon the CD 18 complex of neutrophil adhesive glycoproteins. The mechanism of both the
neutropenia and the diapedesis was probably a change in the conformation of existing cell
surface CD 18, because there was no increase in its quantitative cell surface expression.
Following repeTfusion, neutrophils were sequestered locally in skeletal muscle and also in
the lungs, where they induced permeability and oedema. Moreover, LTB4 was also
generated in bronchoalveolar lavage fluid. Neutrophils induced lung injury via a CD 18dependent mechanism involving elastase and reactive oxygen metabolites. Since the time
course of sequestration of neutrophils in the lungs suggested that endothelium was
activated directly by tumour necrosis factor-a (TNF), evidence for involvement of this
cytokine was sought TNF was identified in plasma in some, but not all, ischaemic and
reperfused rats. Use of polyclonal anti-TNF anti-serum reduced the lung injury. Infusion
of TNF induces a similar lung injury, and this suggests a mechanism whereby the lung is a
target for reperfusion injury following hindlimb ischaemia.
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SECTION I

INTRODUCTION

CHAPTER 1

HISTORICAL REVIEW: LUNG INJURY FOLLOWING TRAUMA

The lung has long been known to be a target organ for injury following remote
trauma. In his excellent review of 1938, VH Moon summarized the experience of treatment
of battle casualties from the First World War <175>. Marked pulmonary congestion and
oedema were present in the "wet autopsies" of soldiers who had died of shock following
trauma-induced hypovolaemia. Other tissues were described by NM Keith as "markedly
oedematous" ^125\ The history of the Medical Department of the US Army in the First
World War records these post-mortem findings, and it was during this war that clinical
observations were made which form the basis of our present understanding of the
pathophysiology of shock. Similar post-mortem findings have been reported recently in
patients following trauma (187l
There was much early speculation regarding the causes of shock. In the 19th.
century, a prevalent theory was that of "nervous exhaustion", which proposed that
disturbances of the central nervous system caused by such diverse stimuli as "fright or
g rie f or "a horrible sight" as well as the "wound torpor" which followed extensive trauma,
bums or sepsis would result in a progressive "inhibition of the action of the heart,
respiration and of vascular tonus". Much of the confusion surrounding the
pathophysiology of shock following trauma was due to the fact that different causes were
not distinguished, with the result that interpretation was hindered.
It was appreciated early on that cardiac failure per se was not the primary cause of
post-traumatic shock <38). Later theories included the idea that the reduction in CO2 content
of the blood seen in shock was in itself responsible for progressive circulatory failure. Fat
embolism was thought to be a prominent cause of acute respiratory failure occurring
immediately after trauma, especially after multiple long bone fractures. However, it was
noted that patients in shock invariably had a marked fall in central venous pressure,
inconsistent with the thesis of early obstructing embolism. Moreover, in experimental
studies, histological sections of lung stained for fats never provided evidence of fat
embolism at the time when respiratory failure first occurred. Similarly, shock usually
preceded the onset of wound infection.

Understanding of the process of shock was greatly advanced by the careful clinical
observation of casualties arriving at field dressing stations in the First World War. Blood
volume was measured accurately for the first time by injection of a known quantity of vital
red dye and colorimetric measurement of its dilution in peripheral blood (125\ It was
accurately demonstrated that in the absence of blood loss intravenous volume replacement
with gum-saline or blood only increased the blood volume by an amount considerably less
than the volume infused. Taken together with the known tendency for haemoconcentration
to occur, this indicated that plasma volume was being lost to a third space, the tissues.
This was confirmed by post-mortem findings of oedematous organs as mentioned above.
During this period it was therefore recognized that in severe shock capillary "leakiness"
developed which prevented the normal retention of plasma within the circulation and made
attempts at restoration of blood volume with saline or transfusion ineffective. Thus, by the
end of this war the histories of the medical services of both the British and US Armies were
able to agree that
"in shock the reduction of blood volume is due to the leakage of plasma through
capillary walls rendered abnormally permeable to plasma and to other colloidal
fluids. Such leakage of plasma causes concentration of the capillary blood and, to a
lesser degree, of the systemic blood." *
Two typical cases illustrated the importance of careful clinical observation in this
setting. The physiologist WB Cannon quoted the development of shock when
"a man with a crushed foot was brought in with a tourniquet placed very tight
below the knee. The leg was tense, dark coloured and full of blood, but there was
no sign of shock. Rouhier, a former intern in Paris under Prof. Quenu, performed
a conservative operation and then removed the tourniquet. Three hours after the
operation the patient was in a state of intense shock."

* Quoted from Moon, 1938, p. 122.

Gregoire reported
"the analogous case of a lieutenant caught in a dugout after a shell burst His left
thigh was compressed between two logs. Thus he remained for twenty-four hours,
alert and guiding the efforts of those who were delivering him. His general
condition was good, but he was pale, with a pulse small and rapid and a slightly
accelerated respiration. There was no wound; the foot, leg and knee, however,
were purplish and cold; above the knee there were two deep hollows formed by the
pressure of the logs. Some hours after his rescue the officer became restless and,
although treatment for shock was undertaken, he died thirty-two hours after the
pressure was removed from the leg. There was no indication of nervous
depression and no bleeding in this case. The shock appeared on permitting the
circulation to return to the damaged tissue."^38) *
It is of great interest that in this soldier the signs of shock only developed after his
leg had been released from the obstructing logs. In other words, the systemic injury
occurred when his ischaemic leg was reperfused, but not before. Thus, during this period
it was recognized that shock could arise not only from infection and introduction of foreign
material into wounds, but also from mechanical trauma in which a large mass of tissue was
made ischaemic and then reperfused. In this context, hypovolaemic shock could be
regarded as a form of whole body continuous ischaemia-reperfusion. The finding that the
subsequent systemic response was much worse if the ischaemic or severely damaged limb
was reperfused or allowed to remain in the circulation led to the practice of early tourniquet
application before evacuation of soldiers from the front line in the First World War. This
was followed promptly by proximal amputation without release of the tourniquet.
Following the wartime experience of treating shock, investigators sought
experimental models to examine shock in animals. In performing ischaemia-reperfusion
experiments upon cat thighs, WM Bayliss noted that the blood volume fell in parallel with

* Quoted from Cannon, 1923, p.155. For original see Qudnu. Revue de Chirur. 1918; 56:204.

haemoconcentration, further documenting loss of fluid to the tissues following local
ischaemia (18\ In another model pulped muscle was injected into the peritoneal cavities of
dogs. This consistently resulted in death from multiple organ injury several hours later,
and post-mortem examination revealed haemorrhagic oedema in the pleural and peritoneal
cavities. The lungs, gut, liver and kidney were congested and oedematous. The oedema
fluid was rich in protein, as estimated directly by measurement of the protein concentration,
and indirectly by the accumulation of protein-binding trypan blue dye in the oedema fluid.
Infiltration of leukocytes into tissues, considered the hallmark of the inflammatory
response, was not observed on histological examination, possibly because the other
pathological changes were so prominent by comparison. However, the resemblance of this
generalized permeability following local ischaemia-reperfusion, or hypovolaemic shock, to
the process of inflammation was noticed: tumor (swelling) from permeability oedema;
rubor (redness) from disruption of capillaries resulting in haemorrhage. Further, the
essential criteria for tissue damage were described: ( 1 ) increased endothelial permeability to
protein, and (2 ) oedema, indicating abnormal transvascular movement of fluid.
The next part of this introduction is concerned with the mechanisms of the lung
injury, non-caidiogenic pulmonary oedema, which follows reperfusion of a large mass of
tissue, the ischaemic lower torso.

CHAPTER 2

PRESENT CONCEPTS: LUNG INJURY FOLLOWING
LOWER TORSO ISCHAEMIA IS MEDIATED BY NEUTROPHILS

One very frequent observation in the adult respiratory distress syndrome (ARDS) is
that neutrophils (polymorphonuclear leukocytes, PMN) become sequestered in the lungs
early in the evolution of respiratory failure both in humans and in experimental animal
models. The similarity of this finding to the process of acute inflammation has led to the
hypothesis that ARDS and multiple organ failure represent uncontrolled whole body
inflammation. In this schema neutrophils become activated inappropriately by intravascular
mediators. Stimulated by these chemoactivators, neutrophils then become adherent to
microvascular endothelium in various tissues and cause organ failure by direct endothelial
injury (115,173l In this context, injury, a non-specific term, may be defined as an increase
in endothelial permeability to protein (l07\
An increasing body of experimental data has accumulated to support the hypothesis
that neutrophil-mediated tissue damage, and lung injury in particular, is a very important
process in pathology. For example, evidence from in vivo studies indicates that, by prior
depletion of circulating neutrophils, the lung is protected from developing injury in
response to a large variety of pathologically relevant stimuli. These include: endotoxin
(Gram negative bacterial lipopolysaccharide) <106), tumour necrosis factor (266\
intravascular complement activation <114>, particulate or air microembolization (19\
thrombin embolism <269\ hyperoxia <241), and pancreatitis

The severe lung injury

produced by intravascular injection of phorbol myristate acetate (a potent activator of
neutrophil protein kinase C) is also neutrophil dependent (243\ Each of these lung injuries
is characterized by neutrophil sequestration in the microvasculature, an increase in
endothelial permeability and non-cardiogenic pulmonary oedema. Therefore, much basic
research into lung injury currendy focuses on the humoral and cellular mediators which
cause neutrophils to become sequestered in the lungs to produce injury.
The mechanisms which determine how neutrophils mediate lung injury in another
setting, that of lung injury following reperfusion of the ischaemic lower torso, are
investigated here. This injury is also neutrophil dependent (130\ as is the local injury
following lower torso ischaemia (137\ The scope of this study extends to direct
investigation of ( 1 ) the mechanisms controlling the recruitment of neutrophils into

ischaemic and reperfused tissue, (2 ) the mechanisms which determine the sequestration of
neutrophils in the lung, and (3) the mechanisms by which they mediate permeability
oedema once in the lung.
Lung injury occurring as a remote consequence of peripheral trauma or sepsis and
requiring mechanical ventilatory support was first described by Ashbaugh <n ). He coined
the term "acute respiratory distress" in adults, which later became known as ARDS. His
12 patients, 7 of whom had sustained major trauma, had severe dyspnoea, tachypnoea,
cyanosis refractory to oxygen therapy, loss of lung compliance, and diffuse alveolar
infiltration seen on chest x-ray. Since this classic description ARDS has become much
commoner, because with better, earlier treatment more patients survive long enough to
develop it, but it has also become the most difficult therapeutic problem on intensive care
units. ARDS often follows trauma and sepsis, bums and pancreatitis ^60,291\ Although
the importance of neutrophils in ARDS is well recognized, there have been occasional
reports that it occurs in patients who are neutropenic <162,189\ implying that this lung
injury is not due to one cell type alone. However, by far the majority of patients with
ARDS do have normal circulating neutrophil counts.
In 1969, Stallone and colleagues investigated the mechanism of the lung injury
which he found following reperfusion after lower torso ischaemia induced by infra-renal
aortic clamping in dogs ^262\ His conclusions contrasted with the prevailing opinion that
the lungs were damaged simply by receiving all the blood from the systemic circulation,
and were therefore prominently exposed to the 'waste products' derived from ischaemic or
septic tissue. He postulated microemboli as the cause of the lung injury, but found instead
that one lung still became oedematous when it was surgically isolated from the inferior vena
cava (and thus from the output of the right heart) implying that a circulating and not an
embolic factor was responsible for the lung injury following infra-renal ischaemia. The
same authors reported the case of a man with multiple (non-pulmonary, non-septic) injuries
who developed lung injury and died of respiratory failure 5 days later (31*.
At this time it was recognized that the lung appeared to be a select target organ for
injury as a remote consequence of local ischaemia and reperfusion. In 1973, Collins and

colleagues found that in rats exposed to haemorrhagic shock and fluid resuscitation,
mortality was greatest in those in which the lungs were heaviest and most oedematous <49\
Hypovolaemic shock can be regarded as a form of continuous ischaemia and reperfusion.
In contrast, rats which were bled but not treated died quickly and had the lightest, driest
lungs. This provided the first correlation between mortality and the extent of pulmonary
oedema following hypovolaemia and resuscitation.
Haimovici in 1979 described the consequences of reperfusion of the ischaemic leg
following femoral embolism. He focused on the metabolic sequelae of myoglobin-induced
renal failure, postulating that the concomitant metabolic acidosis was directly due to the
locally injured tissue and not to the lungs

However, in a 1983 review of the deaths in

a large group of polytrauma patients surviving long enough to be admitted to hospital, it
was found that not only was progressive organ failure the commonest cause of death, but
that the first organ to fail was usually the lung <75l Others have reported similarly <95).
Because of the importance of lung injury occurring as a consequence of remote
ischaemia, experimental models were sought by Hechtman and colleagues to examine the
mechanisms involved. They produced ischaemia in animals, using methods originally
developed in the 1940s (299\ in which bilateral hindlimb tourniquets were placed high on
the thighs of dogs, sheep, rabbits and rats. The major finding was that neutrophils were
noted to be sequestered in the lungs 4 hours after reperfusion following 4 hours of bilateral
rat hindlimb tourniquet ischaemia

In similar studies in sheep, the lungs were noted to

become permeable to protein, and protein-rich lung lymph flow was found to increase after
as little as 2 hours of hindlimb ischaemia

The observations made in Hechtman's

laboratory of the sequelae of reperfusion of the ischaemic lower torso will be described in
detail, as these form the basis of the present work.
Several events follow reperfusion of ischaemic tissue. Anner observed that plasma
levels of the arachidonic acid metabolite thromboxane (Tx) A2 , measured as the stable
derivative, TxB2 , rose following, but not before, release of the tourniquets (-1\ He also
found that the neutrophil sequestration in the lungs could be prevented by inhibition of
thromboxane synthetase, demonstrating that TxA2 was an important mediator of this

remote consequence of local ischaemia. Anner also demonstrated that in the few minutes
after reperfusion there was a dramatic rise in mean pulmonary artery pressure, which
coincided with the rise in plasma TxB2 . The pulmonary hypertension could be prevented
by blocking TxA2 synthesis.
The histological findings in the lungs suggested the accumulation of proteinaceous
exudate. It was not clear whether this represented increased lung permeability or whether it
was a direct consequence of pulmonary hypertension, as increases in pulmonary artery
pressure can lead to increased lung lymph flow without an increase in permeability
Confirmation that there was permeability was provided by observations made in sheep
prepared with chronic lung lymph fistulae. This technique allows the lymph which drains
the lung to be sampled directly and its protein concentration to be estimated. Anner found
that the lymph flow following reperfusion increased over several hours, together with an
increase in the lymph to plasma protein ratio. The pulmonary artery wedge pressure
remained normal and constant, indicating that left ventricular failure was not a factor ^
An increase in lymph flow could have been caused by recruitment of a larger pulmonary
perfusion bed induced by the pulmonary hypertension, so maximal vascular recruitment
was achieved in other non-ischaemic sheep with inflation of a left atrial balloon. This
caused both pulmonary hypertension and a rise in pulmonary artery wedge pressure, and,
as expected, the lymph flow increased dramatically. However, the protein content did not
increase, indicating that this manoeuvre alone was insufficient to cause permeability. This
documented that, in animals, reperfusion of the ischaemic lower torso led to noncardiogenic pulmonary permeability and oedema, establishing this injury as a model for
examining ARDS. This sequela of injury has since been observed in a series of 20 patients
undergoing repair of abdominal aortic aneurysms, in each of whom there was pulmonary
hypertension and radiological evidence of oedema (198l
The studies described so far demonstrated an association between lung permeability
and neutrophils, but did not demonstrate a causal relationship. That neutrophils were in
fact directly responsible for the injury was shown by Klausner. He observed that the
injury could be prevented by making animals selectively neutropenic (130l He also found

that neutropenia almost completely prevented the rise in plasma TxA 2 . This suggested that
neutrophils were the source of TxA2 in ischaemia-reperfusion.
Klausner also demonstrated that following reperfusion there was a profound
neutropenia, which lasted for most of the first hour after tourniquet removal. Neutropenia
as a consequence of intravascular activation of neutrophils is a common event, well known
to happen after intravenous injection of such stimuli as activated complement fragments,
leukotriene B4 , endotoxin, interleukin-1 and tumour necrosis factor, and also during
haemoirhagic shock. Neutropenia was recognized in 1959 to occur within 10 minutes of
the onset of hypovolaemic shock, and was then termed the 'flight of the granulo
cytes’ <237\ It is probable that the mechanism that causes the neutropenia in ischaemiareperfusion is the same as that in hypovolaemic shock, since the latter is regarded as
continuous ischaemia-reperfusion affecting the whole body. The neutropenia occurring
after tourniquet removal therefore demonstrated, indirectly, that neutrophils were being
activated during reperfusion. The emerging concept was that the lung injury was caused by
the inappropriate activation of neutrophils, which, for reasons unknown, were recruited to
the lung microvasculature, and once there, induced permeability.
Indications that the neutrophils became activated following ischaemia in this model
were two-fold. Klausner observed that not only did inhibition of TxA 2 prevent the
sequestration of neutrophils, confirming previous data

132\ but also found that

lipoxygenase inhibition was as effective in preventing injury (134>. He also demonstrated
the generation of leukotriene B4 following hindlimb ischaemia. Both TxA2 and leukotriene
B4 are known to activate neutrophils (81,258\ However, it was important to document
directly that neutrophils were indeed activated following ischaemia. This was shown by
Paterson, who found that intracellular H 2 O2 production by circulating neutrophils increased
dramatically following tourniquet release (197), coinciding with the release of TxA2 into
plasma. Furthermore, inhibition of TxA2 with a Tx synthetase inhibitor or a specific Tx
receptor antagonist prevented the oxidative activity. This demonstrated the importance of
arachidonic acid products as determinants of neutrophil activation following ischaemia. It
has since been shown that neutrophil activation can also be prevented by lipoxygenase

inhibition, implying indirectly that leukotriene B4 or other leukotrienes are of importance in
ischaemia-reperfusion <93>. Available data suggest that the cyclooxygenase and
lipoxygenase pathways of arachidonic acid metabolism act synergistically, probably via
positive feedback, in neutrophil activation following ischaemia. Activated complement
fragments are not thought to participate in the lung injury following lower torso ischaemia,
since mice congenitally deficient in complement sustain lung injury in just the same way as
do complement-sufficient mice. Moreover, depletion of complement with cobra venom
factor does not influence the rise in TxA2 or the lung injury following ischaemia (134\
It was important to define the mechanism of TxA2 generation. Inhibition of oxygen
free radicals with infusion of the enzymes superoxide dismutase and catalase prevented the
rise in plasma TxA2 , and was as effective as Tx or lipoxygenase inhibition in preventing
lung injury <134). This suggested that reactive oxygen species were necessary for the
initiation of injury, in keeping with their probable role in reperfusion injury in the ischaemic
tissue itself. This is reviewed in more detail in chapter 3.
These and other studies strongly suggested that platelets were not responsible for
the permeability or the sequestration of neutrophils in the pulmonary microvasculature. In
the first place, the original data published by Stallone showed that diversion of lower torso
blood through the liver by construction of a vena caval to portal venous shunt did not
prevent the lung injury. This suggested that mechanical filtration of putative pulmonary
microemboli was insufficient to protect the lungs. Secondly, study of the time course of
the thrombocytopenia following ischaemia demonstrated that it was a slowly evolving event
over the course of many hours, whereas the pulmonary dysfunction became clinically
manifest within one to two hours

Thirdly, m Indium-labelled circulating platelets did

not become entrapped in the lungs following ischaemia. Fourthly, pharmacological
inhibition of thromboxane synthesis prevented the pulmonary injury but did not alter the
thrombocytopenia.
In summary, the studies by Hechtman and colleagues demonstrate that the lungs are
injured after long periods of lower torso ischaemia and reperfusion. The injury is
neutrophil dependent and consists of increased microvascular permeability and oedema,

which are determined by arachidonic acid products. In order to understand further the
mechanisms determining this lung injury, it is first necessary to examine the aetiology of
the local injury in ischaemic and reperfused tissue. Present knowledge of local ischaemic
injury is reviewed in the next chapter.

CHAPTER 3

CURRENT CONCEPTS OF ISCHAEMIA-REPERFUSION INJURY

Biochemistry of reperfusion
Two concepts predominate in present knowledge of ischaemia and reperfusion
injury: the first is that tissue damage occurs mainly upon reperfusion of the ischaemic
organ <96); the second is that reperfusion injury leads to generation of oxygen radicals and
that these then initiate injury. The former was shown dramatically by Granger and
colleagues who demonstrated that histological changes of injury after 3 hours of ischaemia
followed by 1 hour of reperfusion were far worse than the changes seen after 4 hours of
ischaemia without reperfusion (196\ The latter was illustrated by the finding that injection
of superoxide dismutase, a highly specific scavenger of superoxide anion, prevented the
increased capillary permeability after reperfusion in a cat model of intestinal ischaemia <97\
The biochemical events within ischaemic tissue may be summarized as follows.
First, ATP is used up and degraded in the usual way to hypoxanthine. Normally,
hypoxanthine is oxidized by xanthine dehydrogenase to xanthine using nicotinamide
adenine dinucleotide (NAD) in a reaction converting NAD to NADH. However, during
ischaemia xanthine dehydrogenase, an enzyme usually present in large quantities, is
converted to xanthine oxidase by an ill-defined mechanism involving proteolysis (68\ This
enzymatic conversion ('D-to-0 conversion') is central to the hypothesis of oxygen radicalmediated reperfusion injury. Xanthine oxidase has recently been shown to accumulate
during skeletal muscle ischaemia in humans

and in rats <255\

The second event of importance in ischaemia is that excess levels of hypoxanthine
build up within tissue. This occurs for two reasons: 1) xanthine dehydrogenase is no
longer present; 2) xanthine oxidase uses oxygen as its substrate instead of NAD and is
therefore unable to catalyse any reaction because no oxygen is available. Nothing
untoward happens as a result of the build-up of xanthine oxidase and hypoxanthine until
reperfusion. When oxygen is re-introduced, xanthine oxidase converts hypoxanthine to
xanthine, but because xanthine oxidase uses oxygen as its substrate (not NAD) large
amounts of 02*’, the superoxide anion, are produced (Fig. 1). The importance of the re

introduction of oxygen per se, as opposed to reperfusion with fluid, was shown by the
observation that hypoxic reperfusion does not lead to injury (139\
This burst of superoxide production starts a cascade of reactions which release large
amounts of oxygen radicals and hydrogen peroxide within endothelial cells ^34,96,215,292\
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Fig. 1. Biochemical events thought to occur during ischaemia-reperfusion injury.
Ischaemia leads to the build-up within endothelial cells of hypoxanthine and xanthine
oxidase. The re-introduction of O2 by reperfusion leads to generation of superoxide anion
and other reactive oxygen metabolites within endothelial cells. The hydroxyl radical may
be produced by the reaction of superoxide and H2 O2 in the presence of Fe++, Fe+++ or
Cu++ (the Haber-Weiss reaction) or H 2 O2 alone in the presence of Fe++ (the Fenton
reaction). Following neutrophil activation, myeloperoxidase in the neutrophil generates
HOC1 (denoted by brackets) from NADPH oxidase-derived H 2 O 2 . Diagram adapted from
Granger (Am J Physiol 1988; 255: H1269-H1275).

However, this intracellular onslaught does not by itself appear to be sufficient to account
for the extent of the ensuing injury, since profound protection is afforded in most settings
of ischaemia-reperfusion injury by prior depletion of circulating neutrophils. Therefore,

oxygen radicals appear to serve another purpose. A salient observation was made by
McCord, who in 1981 found that intravenous injection of superoxide dismutase limited
neutrophil accumulation at sites of inflammation. This implied that superoxide produced by
neutrophils was responsible for the generation of a chemotactic factor by the neutrophils
themselves ^200\
The emerging concept is that the main pathological effect of oxygen radical release
is the generation of chemotactic activity which then leads to neutrophil-mediated tissue
injury <164,218\ In support of this role for oxygen radicals, use of the oxygen radical
scavenging enzymes, superoxide dismutase and catalase, prevent neutrophil accumulation
in ischaemic and reperfused tissue <96,164,179,248\ The precise steps linking xanthine
oxidase to chemotactic activity are not well understood. Moreover, the nature of the
chemotactic agents operative in different settings of ischaemia remain to be elucidated.
However, one consequence of oxygen radical release is that intracellular free Ca2+ rises
dramatically. This is thought to be a crucial step in the generation of chemotactic products
of arachidonic acid from activation of phospholipase A 2 ^73). Furthermore, one oxygen
metabolite in particular, the hydroxyl radical, has the ability to attack fatty acids in the
plasma membrane and induce lipid peroxidation <96), which occurs during arachidonic acid
metabolism.
Essential role for neutrophils and arachidonic acid products
Generation of oxygen radicals leads to accumulation of neutrophils in reperfused
tissue. This inflammatory event had been known by pathologists for many years, for
instance following myocardial infarction, but the presence of neutrophils in the area
surrounding the infarct was thought to be part of the normal healing process (175l
However, in patient populations it has been observed that the higher the normal white
blood cell count is, the more likely is the risk of ischaemic disease and the risk of reinfarction following myocardial infarction (12\ Furthermore, constitutional neutropenia
appears to protect against myocardial infarction, by a mechanism which is not known. In
1983, Lucchesi and colleagues observed that the eventual size of a myocardial infarct

produced by coronary artery clamping in the dog could be reduced by prior depletion of
circulating neutrophils (223\ This finding was confirmed by Moncada and colleagues (178).
The first suggestion as to how invading neutrophils induce injury in ischaemia and
reperfusion was provided by Schmid-Schonbein and colleagues <7°). They observed
capillary plugging by neutrophils in the reperfused tissue, suggesting that areas of
myocardium were not being reperfused. However, the contribution of capillary no-reflow
to ensuing injury is uncertain (this is discussed in chapter 4). Evidence that neutrophil
adhesion to endothelium was necessary for injury was provided by Granger and colleagues
who prevented injury after intestinal ischaemia by pretreating with a monoclonal antibody
(mAb) directed against neutrophil adhesive glycoproteins, the CD 18 complex <108) (see
chapter 5). This does not exclude the possibility that no-reflow may be important as it is
not known whether neutrophil plugging of the pre-capillary sphincter in vivo is CD 18
dependent. In vitro studies suggest, however, that it is not (302>(see chapter 4).
Since the demonstration by Granger that a CD 18-dependent mechanism determined
neutrophil accumulation into the reperfused intestinal mucosa, others have extended this
observation to include the heart <249,250\ lung <112\ and recently, skeletal muscle
Moreover, in hypovolaemic shock and resuscitation, which might be thought of as
continuous ischaemia and reperfusion, CD 18-dependent adherence of neutrophils also
appears to be of key importance ^282,284\ In these studies, not only was mortality after
shock reduced, but requirements for fluid replacement were significantly lowered. This
important finding indicated indirecdy that neutrophils contributed to the increased
microvascular permeability characteristic of shock. The effect of CD 18 mAb in these
studies has been shown to be due specifically to prevention of adhesion of neutrophils, and
not to changes in local blood flow caused by activated neutrophils or to clearance of mAbbound neutrophils from the circulation ^249\
Arachidonic acid products were implicated in reperfusion injury in 1976, when
prostaglandins were found to be released by reperfused tissue. Thromboxane A 2 and
lipoxygenase products were shown to be generated by reperfusion in 1981 and in 1984
respectively (reviewed by Mullane (178)). While prostaglandins do not appear to influence

reperfusion injury, the role of thromboxane is controversial. Thus, while cyclooxygenase
inhibition does not influence infarct size in some models, evidence suggests that
thromboxane-mediated vasoconstriction is important in reperfusion injury <98,188\ In a
hindlimb model of ischaemia, inhibition of thromboxane synthetase prevented the
subsequent permeability changes (u l \ In the same model, inhibition of lipoxygenase or
neutropenia was equally effective in preventing injury (137\ Other evidence suggests that
thromboxane activates neutrophils following ischaemia (197\
Lipoxygenase products appear to be of central importance in determining
reperfusion injury, as lipoxygenase inhibition reduces neutrophil accumulation and injury
in several models. However, there is difficulty in interpreting studies in which
lipoxygenase inhibitors have been used as these are non-specific agents which can
influence other mediators. For instance, diethylcarbamazine inhibits thromboxane
production (134>, and lipoxygenase products are necessary for the generation of the
cytokines interleukin-1 and tumour necrosis factor <62>66\ In contrast, the lipoxygenase
product leukotriene (LT) B4 is known to stimulate thromboxane production by neutro
phils <213>. Therefore caution must be used in interpreting results with lipoxygenase
inhibitors. Until recendy, specific antagonists of selected lipoxygenase products have not
been available.
The same arguments may be applied to studies in which protection from reperfusion
injury has been afforded by depletion of complement (203l Use of cobra venom factor, a
potent initiator of the complement cascade that generates activated C3a and C5a from the
inactive precursors C3 and C5, thereby depleting complement reserves, also results in
neutrophil activation to produce arachidonic acid products <86, 176’ 199>.
Evidence is lacking that arachidonic acid metabolites induce endothelial injury in
ischaemia and reperfusion independently of neutrophils. However, there appear to be three
mechanisms by which arachidonic acid products might influence reperfusion injury. First,
they could act as chemoattractants and induce neutrophil adhesion to endothelium e.g.
LTB4 and thromboxane. However, the precise nature of the agent(s) responsible for
neutrophil recruitment into ischaemic and reperfused tissue is not known. Secondly, they

may activate neutrophils to produce oxygen radicals and proteases. Thirdly, leukotrienes
and thromboxane affect blood flow and therefore tissue perfusion by direct action on the
microvasculature.
The most clear demonstration of the latter is in ischaemia and reperfusion of the
kidney. In this organ there is debate as to whether reperfusion injury is in fact neutrophil
dependent <131,212\ What seems more definite is that the vasoconstricting effect of
thromboxane is an important cause of reperfusion injury, via reduction in blood flow.
Vasodilating prostaglandins attenuate damage but only if thromboxane is inhibited at the
same time <124,133’ 146*213\ The ability of oxygen radical scavengers to inhibit injury
probably represents reduction in thromboxane production (10°). Similarly, in the heart, use
of a thromboxane receptor antagonist improves subendocardial blood flow during
reperfusion <98>. It is not known whether the leukotrienes LTC4 and LTD4 are important in
ischaemia, although they are potent vasoconstrictors <58,226\ LTB4 does not directly affect
blood flow.
Platelets are not thought to be of importance in ischaemic injury, for several
reasons. First, platelets do not accumulate in ischaemic tissue during reperfusion, as
demonstrated with intra-vital microscopy <16) and n i In-labelled platelets

which

contrasts with the consistent presence of neutrophils. Secondly, platelets do not possess
CD 18 antigens. Therefore the protection afforded to reperfused tissue by CD 18 mAb
cannot be explained by an effect on platelets. Thirdly, although stimulated platelets are
known to be a prominent source of thromboxane, neutrophils are likely to be the cells
responsible for the generation of thromboxane in ischaemia-reperfusion, since neutropenia
almost completely inhibits the rise in thromboxane, without affecting the platelet
count (137\ These considerations do not deny a possible role for the secreted products of
platelets, eg thromboxane or other agents, in triggering neutrophil activation.
In the next part of this introduction the role of neutrophils in determining endothelial
permeability and injury is examined.

CHAPTER 4

NEUTROPHILS ARE M EDIATORS OF M ICROVASCULAR
PERM EABILITY ; ADHESION IS REQUIRED FOR IN JU RY

The first indication that leukocytes were involved in the process of inflammation
came in 1824 when Dutrochet observed with a light microscope that leukocytes adhered to
vessel walls and migrated into tissues (101>*. These findings were confirmed by
Metchnikoff who in 1887 observed that there were different types of leukocytes and that
they phagocytosed bacteria (167\ Furthermore, he proposed that during this process
leukocytes might release substances which could directly damage the vascular wall.
Fundamental advances in the understanding of inflammation were made by
Marchesi and Florey <156,157l They used the electron microscope to observe capillary
loops in the rat mesentery. After mild trauma,
"polymorphonuclear leukocytes seem sometimes to penetrate the endothelium at or
near cell junctions

After the passage of the leucocytes through the

endothelium no sign of a passage way can be seen.
"The emigrating leucocytes may be held up for a time by the basement
membrane of the endothelium or by the periendothelial tissues but these are
eventually penetrated so that the leucocytes become free in the surrounding tissue."
Marchesi noted that the process of neutrophil migration initially involved adherence
to endothelium, followed by flattening of the cell and the extending of a pseudopod
between endothelial cells (diapedesis). The site through which neutrophils migrated into
tissue was the post-capillary venule.
It became established that neutrophils were invariably present during an acute
inflammatory response. Metchnikoff s hypothesis that the process of inflammation could
result in damage to previously normal tissue prompted research into whether neutrophils
contributed to this process. Indeed, during the 1960s and 1970s it became clear that
neutrophils could actively secrete products which might injure endothelial cells during
inflammation

102. 107). These products included proteases, oxygen metabolites and

lysosomal enzymes.

* Dutrochet, M. Recherches anatomiques et physiologiques sur la structure intime des animaux et des
vegetaux, et sur leur motilit£. Paris, Bailliere et fils. 1824.

This concept of neutrophil-mediated tissue damage was extended by Williams and
colleagues who suggested that it was the neutrophil that exerted control over vascular
permeability during chemoattractant-induced inflammation (289\ In an attempt to elucidate
the mechanisms for permeability during inflammation, they found that the leakage of
plasma proteins into rabbit skin induced by injecting LTB4 , C5a or f-met-leu-phe (fMLP,
the formylated bacterial peptide) could be prevented by first making the animal neutropenic.
Evidence suggested that histamine, serotonin and bradykinin were not mediators of
permeability in inflammation involving neutrophils.
The role of neutrophils in inflammation is now considered to be two-fold: first,
they control vascular permeability during self-limiting inflammation when there is no
residual tissue damage; secondly, activated neutrophils can inappropriately damage
endothelial cells, lead to excessive permeability and result in tissue injury. The definition
of injury in this context is blurred. The easiest concept is that in certain circumstances
neutrophils cause permeability which is harmful to tissues. This appears to be the case, for
instance, in ischaemia-reperfusion or ARDS. The means whereby neutrophils cause
permeability in response to these and other stimuli will now be considered.
Mechanisms of neutrophil-mediated endothelial damage
The mechanisms by which adherent neutrophils might damage endothelium have
come under close scrutiny. Fundamental to this has been the recognition that neutrophils
use two separate systems to lyse endothelium or bacteria. These comprise:
1) the generation of the toxic oxygen metabolites 0 2 *‘ (superoxide anion), OH(free hydroxyl radical), O (singlet oxygen), H 2 O2 (hydrogen peroxide) and HOC1
(hypochlorous acid) from NADPH oxidase ^229^; and
2)

the extracellular release of proteolytic enzymes from primary granules

(principally neutral proteases, myeloperoxidase and cationic proteins) <293>.
Oxygen metabolites are potent oxidizing agents and have been implicated in the
aetiology of many disease processes. Specifically, they are responsible for the generation
of arachidonic acid products from ischaemic tissue upon reperfusion <20°).

Elastase has been implicated in the genesis of the chronic diseases cystic fibrosis
and emphysema (12°). The main source of this neutral protease is neutrophils, although
monocytes, macrophages, platelets and smooth muscle cells possess similar enzymes.
Elastase cleaves the important structural matrix proteins, elastin, proteoglycans, collagen
types ID and IV, fibronectin, immunoglobulins, clotting factors and complement.
The main steps in the present understanding of neutrophil-mediated tissue injury
were as follows. In 1981, Weiss and colleagues found that neutrophils stimulated by PMA
could destroy endothelial cells by a mechanism preventable by catalase, suggesting the
toxicity of H 2 O 2 release by neutrophils (296\ In the same year, Harlan and colleagues
demonstrated that with the same stimulus, neutrophil-mediated endothelial detachment was
determined by release of elastase ^103l The importance of close proximity of the neutrophil
to its target was shown in 1982 when neutrophils were found to lyse substrate protein only
when close contact had been established (36\ The first ex vivo indication that adherence
might be important for endothelial injury was provided by Shasby and colleagues, who
found that neutrophils stimulated with PMA only caused permeability in isolated lungs
when in direct contact <242\ The observation that adherence was required for injury was
confirmed and extended by others to include neutrophils stimulated by fMLP, <105), C5a
(activated complement) and endotoxin <251\ and neutrophil-mediated lysis of glomerular
basement membrane <285).
The nature of the neutrophil-endothelial contact required to induce permeability was
elucidated in 1987. Arfors and colleagues observed that a mAb directed against the CD 18
complex of neutrophil adhesive glycoproteins could prevent not only accumulation of
neutrophils in response to LTB4 , C5a and fMLP in the rabbit skin, but also the concomitant
leakage of plasma proteins ^

Others found that neutrophil-mediated lysis of endothelial

cells could be prevented by a CD 18 mAb <88) or by prostaglandin Ei ^
Several difficulties arose with the assumption that either of these potentially
destructive systems could actually be toxic to tissue or bacteria in vivo. The first problem
was the knowledge that oxygen radicals were extremely short-lived, and would therefore
only be able to lyse proteins over very small distances. Moreover, oxygen metabolites

would be indescriminate in their targets, and would not be able to distinguish between
essential plasma proteins and bacterial cell walls. Secondly, it had been known for many
years that normal plasma contained large quantities of protease inhibitors (ai-PI, alpha-1
antitrypsin). Therefore proteases released into plasma would almost immediately be
inactivated.
An emerging concept is that neutrophils use both systems in a cooperative and
synergistic fashion to cause endothelial permeability or to lyse bacteria (293\ The schema is
that stimulated neutrophils generate oxygen metabolites, but do not secrete them until
contact is made with endothelium. The process of adhesion and, more specifically, ligand
binding of CD 18 to intercellular adhesion molecule-1, enables stimulated neutrophils to
secrete H 2 O2 and probably other oxygen metabolites into the extracellular environment
formed between the adherent neutrophils and the endothelium. This occurs in conjunction
with the extracellular release of proteases. The oxygen metabolites serve to inactivate the
proteinase inhibitors present in plasma, with the result that the neutrophil proteases are
allowed unrestricted access to the endothelium without being inactivated first Central to
this hypothesis is the concept that close adhesion between neutrophils and endothelium
creates a 'microenvironment' where high concentrations of oxygen radicals and proteases
might accumulate <102) (Fig. 2).
Several lines of evidence support this hypothesis. First, observations suggested
that stimulated neutrophils could suppress plasma proteinase activity. This was shown in
1979, when stimulated PMN were found to inactivate ai-PI, the principle plasma protease
inhibitor, by a mechanism preventable by superoxide dismutase (SOD) and catalase (41\
SOD and catalase promote the conversions of the superoxide ion to H2 O2 , and H 2 O 2 to
H2 O, respectively. These findings therefore implied that superoxide and H 2 O 2 were
important inactivators of ai-PI. These observations were extended to include HOC1,
generated from H 2 O2 by the enzyme myeloperoxidase ^42\ Others have found similarly
and moreover have suggested that HOC1 is the predominant ai-P I inactivator used by
neutrophils (160,192, 209, 295\

Secondly, it has been consistently found that neutrophil-mediated endothelial
damage in vitro can be inhibited by addition of enzymes which prevent oxygen radical
formation, or by the addition of protease inhibitors to the medium. Thirdly, in vivo studies
in rats have confirmed these observations. For instance, injury (measured by oedema) in
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Fig. 2. Schematic diagram of neutrophil-mediated endothelial injury. Following binding
of its adhesion receptors (the CD 18 complex) to endothelial ligands, the activated
neutrophil releases enzymes and reactive oxygen metabolites into the extracellular space.
This results in tissue permeability and oedema.

isolated lungs could be induced by perfusion of both elastase and H 2 Q 2 together, but not
when either agent was given alone

Moreover, xanthine oxidase (a potent source of

oxygen radicals) and elastase act synergistically in producing lung injury (220\
Finally, evidence is accumulating that the CD 18 adherence receptor controls the
extracellular release of toxic oxygen metabolites and possibly also the release of injurious
granule contents. The mechanism for this is presumably intracellular signal transduction

occurring as a result of CD 18 binding to its ligand. Nathan in 1987 demonstrated that
following stimulation by tumour necrosis factor, neutrophils did not release H 2 O2 when
kept in suspension, but only did so when they were allowed to setde onto an endothelial
monolayer (181\ Furthermore, he showed that H 2 O 2 release with the same stimulus could
be completely prevented by CD 18 mAb <182). Smith and colleagues have recently
extended these observations to show that extracellular peroxide release is dependent upon
CD 1lb (one of the a-subunits of CD 18), but not CD 1 l a (240), mimicking the findings
that stimulated neutrophil adherence to unstimulated endothelium is likewise CD 1lbdependent (252) (see chapter 5). Preliminary evidence also suggests that CD 18 controls
release of primary granule enzymes as well (after stimulation by fMLP) <231) although these
findings have not yet been confirmed <186\
The hypothesis presented may not include every situation of neutrophil-mediated
tissue damage. For instance, it is known that ai-P I can be inhibited by non-oxidative
means <14,294l Furthermore, it has been shown in vitro that injury can occur without
apparent need for either oxygen radicals or elastase f247*or CD 18 (297\ and that
endothelial-derived superoxide dismutase can inhibit neutrophil-mediated injury
However, the in vitro work discussed above has recendy been supported by the in vivo
evidence that mucosal permeability in experimental ileitis produced by fMLP was prevented
by a specific elastase inhibitor ^286\ Furthermore, in a model of skeletal muscle ischaemia
and reperfusion, the permeability occurring upon reperfusion was prevented by inhibition
of elastase (39\
Other mechanisms of neutrophil-mediated endothelial damage
So far, this review has considered neutrophil-mediated tissue injury which is
dependent upon adherence to endothelium. The site of neutrophil accumulation in the
microvasculature during inflammation is the post-capillary venule (in the lungs it is the
capillary network itself or junctions between branching capillaries). It is thought that
activated neutrophils induce permeability by sticking to endothelium here, via CD 18, and
then migrate across the endothelium to accumulate into tissue. However, evidence

suggests that this is not the only site of neutrophil-mediated damage. Schmid-Schonbein
and colleagues have demonstrated that during hypovolaemic shock, neutrophils are seen to
stick in the region of the pre-capillary sphincter (234,235\ Each neutrophil that 'plugs' a
capillary in this way is thought to block flow distally. The emerging concept is that of the
no-reflow phenomenon; that is, when hypoperfused tissue is reperfused, blood does not
flow again down these capillaries, with resultant exacerbation of anoxic injury. This
hypothesis is supported by the finding that neutrophils stimulated in the intravascular space
by chemoactivators become stiff, i.e. viscous, a change thought to be due to assembly of
the actin-based cytoskeleton (302\ Furthermore, the diameter of the normal neutrophil (7.0
pm) is larger than that of capillaries in the systemic (6.0 pm) or pulmonary (5.5 pm)
circulations

Therefore, as neutrophils normally have to deform considerably to pass

through capillaries, it is plausible to believe that a small increase in stiffness could have
deleterious consequences.
The relevance of these findings to neutrophil-mediated tissue damage is, however,
unclear. Schmid-Schonbein observed that even though in hypovolaemic shock neutrophils
were seen to plug capillaries, by far the greater proportion became adherent in postcapillary venules. Furthermore, neutrophil plugging in the pre-capillary sphincter is not
thought to be a CD 18-dependent event (302>, which contrasts with the effectiveness of a
CD 18 mAb in limiting neutrophil-mediated injury in several disease models. A role for
capillary plugging in other disease models has yet to be established.
The mechanisms of neutrophil-mediated tissue injury described so far have been the
result of stimulated neutrophils sticking to unstimulated endothelium or blocking
capillaries. Only two reports have dealt with the secondary activation of neutrophils
exposed to stimulated endothelium <281,298>. In the first study, tumour necrosis factor
pretreatment of endothelial cells enhanced their susceptibility to lysis by activated
neutrophils. In the second study, interleukin-1 pretreatment of endothelium resulted in
elastase-mediated injury when neutrophils were added to the endothelial monolayer. Both
these cytokines make endothelium more adhesive for neutrophils (reviewed in the next
chapter). It is plausible to speculate that this is the reason that they became more likely to

be killed. Although these data are preliminary, they suggest that cytokines may contribute
to neutrophil-mediated tissue injury via direct activation of the endothelium resulting in
secondary neutrophil activation.
As neutrophil adherence to endothelium appears necessary to induce tissue injury, it
is important to understand the possible mechanisms by which neutrophils adhere to
endothelial cells in response to different stimuli. These are now reviewed.

CHAPTER 5

M ECHANISM S OF N EU TR O PH IL ADHESION TO EN D O TH ELIU M

It is convenient to consider that PMN adhere to endothelial cells by two separate
processes. The first is a fast, but self-limited, event which produces maximal adhesion
within a few minutes, and involves stimulation of neutrophils by a chemoattractant. The
second mechanism is a more gradual process, producing prolonged adhesion which peaks
after several hours, is dependent upon protein synthesis, and is mediated by cytokines.
These different mechanisms, chemoattractant-induced early adhesion, and cytokinemediated late adhesion, will be described in detail.

CH EM O A TTRA CTA N T-IN D U CED , N E U TR O PH IL-D EPEN D EN T
A D H ESIO N
The CD 18 glycoprotein complex
Direct stimulation of the neutrophil by chemoactivators results in rapid adhesion to
endothelium within minutes. This is dependent, with few exceptions, upon the CD 18
complex of adhesive glycoproteins. The CD 18 family of leukocyte cell surface molecules
was first identified in humans in 1982 <227*228>. It consists of three a-subunits each noncovalendy linked to a common 6 -subunit <142)*. Each a-subunit consists of a polypeptide
chain of 180,000,160,000 or 150,000 MW, respectively. CD 18, specifically the name of
the common B-subunit, has a MW of 95,000, and is the term generically used to refer to the
complex as a whole

since monoclonal antibodies (mAb) directed against CD 18 block

the functions of each a-subunit.
The CD 18 complex is part of the integrin complex of cell-cell adhesion
molecules (116\ The name integrin implies that these receptors integrate the extracellular
environment (i.e. extracellular matrix or other cells) with the intracellular cytoskeletal
network. Members of this family of receptors characteristically bind to ligands containing
the RGD (arg-gly-asp) sequence of polypeptides <129\
* Originally given provisional names (Mac-1, LFA-1, p 150,95), the Third (1987) Workshop
Nomenclature Committee on White Cell Differentiation Antigens gave each a-subunit the name CD 1 la,
b or c, in descending order of molecular weight.CD (cluster of differentiation) names are now as follows:
CD 11a
(p 180-LFA alpha)
CD 1lb
(p 160-MAC-1 alpha)
CD 11c
(p 150 alpha)

The cellular distribution of each antigen is as follows. CD 1la is found on a broad
range of leukocytes, including neutrophils, and is of major importance in determining
adhesive reactions for lymphocytes, as well as neutrophils. CD lib occurs on neutrophils,
monocytes and natural killer cells. CD 1lc has a distribution similar to CD 1lb. The asubunits predominant in mediating early neutrophil adhesion to endothelium are thought to
be CD 11a and CD 1lb. The latter contains the receptor for complement type 3 (C3bi) and
is therefore commonly known as CR3. CD 1lb also binds to fibrinogen, factor X and
other extracellular tissue matrix proteins(129,182l CD 1lc is considered to be important
only in adhesion occurring after some hours in response to cytokine stimulation of
endothelium <154\ The site of the epitope responsible for adhesion within each subunit is
not known, and could reside either on the a - or 6 -subunit However, the CD 18 6 -subunit
is essential for adhesion, shown by the ability of CD 18 mAb to completely block adhesion
mediated by, for instance, CD 11a, to the same extent as mAb directed to CD 1 la itself.
The location of each a-subunit within the neutrophil is different CD 1 lb/CD 18
and CD 1lc/CD 18 are basally expressed in the plasma membrane of neutrophils, but are
capable of being upregulated to the cell surface from a latent, intracellular pool contained in
peroxidase-negative specific granules (tertiary granules) <12,171,229>. Upregulation is a
non-protein synthesis dependent event that is maximal within 15 minutes (275\ When
downregulated, CD 1 lb/CD 18 and CD 1lc/CD 18 are thought to undergo endocytosis
within cytoplasmic vesicles before transport to lysosomes W. CD lla/CD 18 is
constitutively expressed on the plasma membrane, is not stored inside the cell, and is
therefore not capable of being upregulated. Once expressed on the cell surface, CD ll/CD
18 occupies a transmembrane position.
Leukocyte adherence deficiency
The critical importance of the 6 -subunit of CD 18 in determining neutrophil
adhesion to endothelium is most clearly demonstrated in patients with leukocyte adherence
deficiency (LAD). This is an inherited syndrome characterized by recurrent bacterial
infections, inability to form pus, defective wound healing, persistent granulocytosis and

delayed separation of the umbilical cord <4,5\ The disease is rare, but study of neutrophils
from patients or dogs <88) with LAD has afforded an opportunity to evaluate the role of CD
18 in normal neutrophils. Anderson and colleagues have established that PMN from these
patients have diminished or absent chemotaxis in response to inflammatory mediators, but
that their ability to generate oxidative activity and synthesize granule contents (other than
CD 18) is normal ^

Phagocytosis of C3bi-opsonized particles is severely impaired,

implying that this is a process requiring close adhesion between cells (59\ The latter
finding has been confirmed in normal PMN by preventing phagocytosis with CD 18
mAb

138l Neutrophils from patients with LAD therefore differ from PMN in chronic

granulomatous disease. In the latter, the defect in neutrophils is an inability to generate
toxic oxygen radicals (they lack NADPH oxidase (229>). These cells are well able to
phagocytose bacteria, but are unable to kill them.
CD 18-deoendent adhesion in response to chemoattractants

A large body of evidence has accumulated within the last 5 years to indicate the
significance of CD 18 in determining neutrophil adherence to endothelium. Harlan and
colleagues found in 1985 that stimulation of chemotaxis, adherence or aggregation by
incubation of neutrophils with phorbol myristate acetate or the calcium ionophore, A
23187, was completely prevented by a mAb directed against the common 6 -subunit of CD
18 (104*236\ The same findings have since been confirmed and extended by others to
include:
(1) the lipid derived inflammatory mediators leukotriene (LT) B 4 (275>; thromboxane
A 2 (300). platelet activating factor <275>; and

(2) the protein derived inflammatory mediators, tumour necrosis factor <84); C5a
(complement component generated by the effect of zymosan on plasma)

the formylated

bacterial peptide, f-met-leu-phe (fMLP) (3*215\ fibrin <52) and thrombin (30\
Each of these chemotaxins upregulates cell surface expression of CD 18, implying
CD 1lb and CD 1lc upregulation (20»21' 171,216,26°*261> 274\ (It is not known whether
thromboxane upregulates CD 18.) There is agreement that CD 1lb is the member of the

CD 18 complex which mediates adherence of stimulated neutrophils to unstimulated
endothelium, and not CD 1la or CD 1 lc <10’ 252\ In contrast, CD 1 la is largely
responsible for baseline adhesion of PMN to unstimulated endothelium.
It was assumed early on that quantitative increases in cell surface expression
accounted for the increase in adhesion induced by these chemoattractants. Implicit in this
hypothesis was the idea that CD 18 acted as an intercellular 'glue* and that the more of it
there was expressed by appropriate chemoactivators, the more adhesive the neutrophil
would be to endothelium. However, it is now thought that a change in the 'conformation',
or organization of CD 18 on the cell surface, is the essential step in determining adhesion.
Upregulation of CD 18 is considered to be a phenomenon unrelated to the actual process of
adhesion, but is thought to be required for transendothelial migration instead <252).
Several lines of evidence support the hypothesis of conformational change. First,
incubation of neutrophils with an anion channel blocker (4,4'-diisothiocyanostilbene-2,2'disulfonic acid, DIDS), which prevents upregulation of granule contents to the cell surface,
had no effect on stimulated PMN aggregation or adherence to endothelium (283\ Similarly,
cytoplasts (cell plasma membranes devoid of intracellular granules and therefore incapable
of upregulating CD 18) were stimulated by chemoattractants to adhere to endothelium in
just the same way as were normal cells <151\ Secondly, chemoattractant-induced adhesion
is temporally and quantitatively dissociated from upregulation (215\ For example, when
neutrophils were pre-incubated with LTB4 or platelet activating factor and then applied to
unstimulated endothelium, they adhered significantly within one minute, a time insufficient
for CD 18 to upregulate. In contrast to the rapid (5 minute) peak in adherence, CD 18
upregulated gradually, reaching maximum expression after 15 minutes <275\ Thirdly,
quantitative increases in surface expression of CD 18 did not correlate with the degree of
adhesion: phorbol esters (potent activators of intracellular protein kinase C) increased CD
1lb/CD 18 by 2-3 fold, relative to unstimulated baseline, whereas these agents induced
increases in adhesion of 3-10 fold <151l Fourthly, CD 18 expression remained high once
adhesion induced by chemoacttractants had dropped to baseline levels (151\ Finally, when
stimulated at 16° C, neutrophils adhered by a CD 18-dependent process, just as they did at

37° C, but could not be stimulated to upregulate CD 18 at the lower temperature, indicating
that the two processes were dissociable ^231\ Each of these arguments applies equally well
to stimulated aggregation of neutrophils <202\
All these studies were performed in vitro. In the only report in which this was
addressed in vivo, neutrophils were pretreated in vitro with saturating amounts of CD 18
mAb, washed with saline, and then re-injected into rabbits. It was found that diapedesis
into skin sites in response to the chemoattractants C5a and fMLP was completely
blocked (186\ Although this evidence was indirect, it suggested that the initial step of
adhesion did not involve upregulation, as both C5a and fMLP upregulate CD 18, and any
newly expressed CD 18 could not have been inactivated by binding because no further
antibody was available. The mechanism by which CD 18 enables neutrophils to adhere to
endothelium in ischaemia is not known.
Conformational change in CD 18
The nature of the presumed conformational change which facilitates CD 18 binding
to endothelium is not known precisely. Evidence suggests however, that when stimulated,
various leukocytes form 'patches' of specific cell surface receptors which then become
'capped' via cross-linking of receptors ^33l The receptor for C3b (CD 1lb/CD 18 is the
receptor for C3bi) has been shown specifically to do this <119). The triggering step for
clustering requires phosphorylation <267\
Patching and capping is associated with functional activation of receptors (Fig. 3).
This reorganization in cell surface distribution typically involves the actin-based leukocyte
cytoskeleton, to which CD 1lb/CD 18 is known to bind <118) (hence the name inte
grin 0 16)). Furthermore, it has been shown that, when neutrophils are activated, the
amount of actin associated with the plasma membrane increases <267\ and that this actin
polymerizes, a change characteristic of cytoskeletal reorganization <51,17\ The duration of
clustering of CD 18 when stimulated by phorbol ester is about 50 minutes, in keeping with
the time frame that stimulated PMN remain adherent to endothelium <6 0. Thus it is

plausible to speculate that the cell surface clustering of CD 18 which is observed after
stimulation by phorbol ester represents, at least in part, the conformational change required
to activate adhesion <61*201\
Other reports suggest that the conformational change involves unmasking of an

CD 18 receptor

Unstimulated
neutrophil

Functional activation
of CD 18
(low concentration)

LTB

Upregulation
(high
concentration)

Fig. 3. One proposed mechanism for the conformational change in the CD 18 adherence
receptor during adhesion. Following stimulation by a chemoactivator, such as LTB 4 , the
cytoskeleton might facilitate aggregation of CD 18 receptors in the plasma membrane,
termed 'patching and capping' (shown diagramatically on the right). Chemoactivators
upregulate CD 18 from granules, but this per se is not necessary for ligand binding of CD
18.

epitope responsible for binding within CD 18

In support of this, a novel mAb has

been identified which binds to activated CD1 lb/CD 18 but not to CD 1lb/CD 18 on
unstimulated PMN

It is not known whether the mechanism that determines the

adherence and/or aggregation of neutrophils to endothelium following reperfusion of

ischaemic tissue, or after any other stimulus in vivo, involves upregulation or
conformational change in CD 18.
Non CD 18-dependent adhesion in response to chemoattractants
The only chemoattractants thought by some investigators to cause adhesion which
is not prevented by CD 18 mAb are the lipoxygenase products, leukotrienes (LT) C4 and
D4 . The mechanism is thought to be via platelet activating factor (PAF), which is released
by endothelial cells when stimulated by LT C4 and LT D4 (166\ In one study it was found
that PAF-induced adhesion was not CD 18 dependent (30\ However, another report has
offered strong evidence that PAF does induce wholly CD 18-dependent adherence (215\
Furthermore, stimulation of neutrophils with PAF releases LTB4 <15°) and thromboxane
A 2 (244>, both of which induce CD 18-dependent adhesion <275’300\ Taken together, these
conflicting data suggest that PAF, LT C4 and LT D4 can induce CD 18-dependent
adhesion, depending on the assay conditions.
The MEL-14 adhesion receptor
Recently, a neutrophil cell surface glycoprotein named MEL-14 has been
described*. A mAb directed against MEL-14, like a CD 18 mAb, prevents neutrophil
attachment and diapedesis at sites of inflammation. However, evidence suggests that this
adhesion receptor is basally expressed in large amounts on circulating PMN, and is
stimulated to down regulate rapidly in response to each of the following chemoattractants
and cytokines: LTB4 , C5a, tumour necrosis factor, interleukin-1 and endotoxin, as well as
phorbol myristate acetate <128\ By flow cytometric analysis of neutrophils collected from
an inflammatory site (the peritoneal cavity, after inflammation was induced by
thioglycollate), it was found that PMN diapedesis was invariably accompanied by
downregulation of MEL-14 (l22\ In contrast, CD 1 lb was always found to be upregulated
on PMN which had undergone diapedesis into the peritoneal cavity (as opposed to simply
adhering to endothelium) but was never upregulated on circulating PMN.

* MEL is the name of one of the investigators who described the mAb recognizing MEL-14. Yet to be
given a CD number, MEL-14 is a glycoprotein with a MW of 100,000.

Data concerning the role of MEL-14 in inflammation are preliminary, but an
attractive speculation is that the two adhesive glycoproteins CD 18 and MEL-14 co-operate
to regulate neutrophil activation and diapedesis in vivo. It is conjectured that diapedesis
involves concomitant upregulation of CD 18 and downregulation of MEL-14.
Furthermore, it might be that "shedding" of MEL-14 from the cell surface is a prerequisite
for the cell to migrate across the vascular endothelium into extravascular sites of
inflammation. The discrepancy between the observations that a MEL-14 mAb prevents
initial adhesion to endothelium, but that diapedesis requires downregulation, is thought to
indicate that adhesion involves an initial step of MEL-14-dependent adhesion. When MEL14 downregulates, CD 18 is able to come into contact with, and bind to, endothelium.
Platelet activating factor-mediated, endothelial-dependent adhesion
There are some exceptions to the observations that chemoattractants induce
adhesion which is specifically dependent upon the stimulated neutrophil. Some reports,
from one laboratory, have shown that H 2 O2 or thrombin stimulation of endothelial cells
caused the endothelium to synthesize and release platelet activating factor ( 1 4 8 ,21 ^ 306\
This resulted in PMN adhesion that was maximal within 5 minutes, via an endothelialdependent process. The mechanism was not elucidated, but it has been shown by others
that PMN are a rich source of platelet activating factor themselves <155) and neutrophils
stimulated by this agent adhere via CD 18 (275\ Furthermore, it has recently been
demonstrated that H 2 O2 treatment of vascular endothelium induces adhesion within 30
minutes via CD 18 <85). The in vivo relevance of this chemoattractant-induced, endothelialdependent adhesion has not been determined.

CY TO K IN E-IN D U CED , EN D O TH ELIA L-D EPEN D EN T ADHESION
ELAM-1
In 1985, it was demonstrated that the cytokine interleukin-1 (IL-1) stimulated
endothelial cells to become more adhesive for neutrophils ^27,2* \ Soon after, tumour
necrosis factor-a (TNF), endotoxin, y-interferon and lymphotoxin (TNF-6 ) were shown
to have similar effects (29,206,207,208,232\ This work originated in the laboratories of
Gimbrone and colleagues, and led to the identification, by mAb, of an inducible antigen on
the surface of endothelial cells which became induced and expressed only after stimulation
of the endothelium by the cytokines IL-1 and TNF (but not by any other cytokines). This
antigen, named endothelial leukocyte adhesion molecule-1 (ELAM-1), was the first
endothelial activation antigen to be identified ^2 5 , 26 ’205\ ELAM-1 is not expressed in
unstimulated endothelium.
The importance of ELAM-1 in determining neutrophil adherence to endothelium in
inflammation is suggested by the following observations: 1 ) the time scale of expression of
ELAM-1 is similar to that of increased endothelial adhesiveness for unstimulated
neutrophils induced by IL-1 or TNF; 2) ELAM-1 has been identified
immunohistochemically in biopsies after injection of Streptococci into the skin of hu
mans @4\ during systemic interleukin-2 therapy (55\ and after injection of TNF into the
skin of baboons (18°); and 3) a mAb directed against ELAM-1 reduces PMN adhesion to
cytokine-stimulated endothelium in vitro ^25,154\
ICAM-1
Shortly after the identification of ELAM-1 another endothelial antigen, termed
intercellular adhesion molecule-1 (ICAM-1, CD 54), was described in the laboratory of
Springer <67*225\ This adhesion molecule, MW 90,000, is a cell surface glycoprotein that,
like ELAM-1, is induced by IL-1 and TNF, and also by y-interferon (206\ However,
unlike ELAM-1, ICAM-1 is present in small amounts in a wide variety of non cytokinestimulated tissue, including: vascular endothelium, macrophages of lymphoid tissue,
fibroblasts in skin, kidney, liver, thymus, tonsil, lymph node, and intestine; and tonsillar

epithelium. ICAM-1 mAbs also stain weakly on neutrophils, monocytes and lymphocytes.
ICAM-1 belongs to the immunoglobulin supergene family (264\
The relevance of ICAM-1 to the inflammatory response is indicated by these
findings: 1) the time scale of increased expression of ICAM-1 is similar to the increased
endothelial adhesiveness for unstimulated neutrophils induced by IL-1, TNF or y interferon <206); 2) an ICAM-1 mAb reduces the adhesion of neutrophils and lymphocytes
to cytokine (IL-1, TNF and y-interferon) -stimulated endothelium; 3) an ICAM-1 mAb
reduces leukocyte influx into sites of inflammation in vivo ^17,290>; and 4) ICAM-1 has
been identified immunohistochemically in biopsies at sites of inflammation in the skin of
baboons 0 8°). Cell-cell adhesive interactions mediated by ICAM-1 appears to be of wideranging importance, as indicated by the ability of an ICAM-1 mAb to inhibit rhinovirus
infection ^252\ De novo ICAM-1 expression correlates with the risk of metastasis of
melanoma cells <121\ ICAM-1 has also been found on several other tumour cell lines (224K
Patterns of cvtokine-induced endothelial activation and adhesion
ELAM-1 and ICAM-1 are expressed differently in response to cytokine stimulation
of endothelium (Fig. 4). Both are induced and expressed by the cytokines IL-1 and TNF
in a process dependent upon de novo protein synthesis (blocked by the protein synthesis
inhibitors cycloheximide and actinomycin D), and independent of the cyclooxygenase
pathway (co-incubation with aspirin has no effect on de novo expression). As well as IL1 and TNF, ICAM-1 is induced by y-interferon. In most experiments in which adhesion
induced by cytokines was studied, IL-1 or TNF was added to the culture medium for the
duration of the experiment However, it has been shown that for endothelium to become
adhesive for neutrophils, only short (5 minute) exposure to cytokine is necessary <84\
ELAM-1, not present on unstimulated endothelium, begins to be expressed 30
minutes after activation, and peaks 4 hours after cytokine exposure both in vitro <206) and in
vivo <18°). Thereafter, its expression declines rapidly until it becomes undetectable after 24
hours <154). This pattern of activation mimics the time course of ELAM-1-dependent
neutrophil adhesion to endothelium.

ICAM-1 is induced more slowly than ELAM-1, but its surface expression continues
to increase with time, peaking at 24 hours or longer in response to IL-1 or TNF (180»206\
Induction by y-interferon takes much longer, but continues for several days. As neutrophil
adhesion to endothelium and emigration into inflammatory sites is a process that starts
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Fig. 4. Time course of appearance of the endothelial activation antigens ICAM-1 and
ELAM-1 following stimulation by cytokines. ICAM-1 is present in significant baseline
amounts in unstimulated endothelium, and reaches peak expression 24 hours or more after
stimulation with IL-1, TNF or y-interferon. ELAM-1 is not present in unstimulated
endothelium and reaches a peak at 4-6 hours following IL-1 or TNF stimulation. Note that
the y-scale is arbitrary and for diagramatic purposes only.

within an hour, it is therefore unlikely that y-interferon participates in early inflammation
involving neutrophils.

CD 18-dependent and -independent adhesion stimulated bv IL-1 and TNF in vitro
In 1987 ICAM-1 was identified as a ligand for CD 1la/CD 18 in Springer’s
laboratory (158\ This was demonstrated by showing that T lymphocytes bind to purified
ICAM-1 antigen incorporated into artificial membranes. Furthermore, it was shown that

Neutrophil adhesion receptors
MEL-14

CD ll/C D 18

ICAM-1

ELAM-1
Endothelial adhesion receptors

Fig. 5. Relationships between known neutrophil and endothelial adhesion receptors. CD
11/CD 18 binds to ICAM-1. The PMN ligand for ELAM-1 and the endothelial ligand for
MEL-14 are not known.

CD 1la/CD 18 does not bind to itself, but requires a second ligand. Confirmation that
neutrophil CD 18 also binds to ICAM-1 was provided by Smith in 1988. Moreover, he
showed that CD 18 (by using a CD 18 6 -subunit mAb) does not bind to ELAM-1 (253>
(Fig. 5). Smith also demonstrated that, for neutrophils, the members of the CD 18
complex which bind to ICAM-1 are CD 11a and CD 1lb ^252\ The finding that CD 1 la
binds to ICAM-1 has since been confirmed, but in another assay system, a CD 1lb mAb
did not reduce ICAM-1-dependent adhesion <151’ 152\ CD 1lc may bind to ICAM-1, but
does not appear to participate early on in adherence after cytokine stimulation of
endothelium (154^.

The neutrophil ligand for ELAM-1 is not known. That it is not CD 18 is shown by
the ability of an ELAM-1 mAb and a CD 18 mAb to inhibit binding to cytokine-stimulated
endothelium in an additive fashion (253\ If ELAM-1 and CD 18 did bind each other, then
mAbs directed to both receptors would not inhibit synergistically. Furthermore,

LTB4 , PAF, PMA, fMLP, C5a, thrombin (CD 18)

CD 18

\

ICAM-1/
ELAM-1

-----------------

> IL-1, TNF, y-IFN (ICAM-1, ELAM-1)

Fig. 6 . Patterns of neutrophil adhesion to endothelium. Stimulation of the neutrophil by
LTB4 or other chemoactivators promotes rapid CD 18-dependent adhesion whereas
stimulation of endothelium by cytokines induces delayed, but longer lasting adhesion
which in vitro depends on both ICAM-1 and ELAM-1.

neutrophils from patients lacking CD 18 do bind to cytokine-stimulated endothelium in a
manner that mimics precisely the appearance of ELAM-1 (253\
The relative contributions of ICAM-1 and ELAM-1 to adhesion in vitro depends on
whether the neutrophil or the endothelium has been stimulated (Fig. 6 ). As mentioned
before, stimulated neutrophils adhere within minutes via CD 1lb/CD 18 to basally
expressed ICAM-1 on endothelium. This adhesion is transient, and decays to baseline
within an hour <151>. However, when neutrophils are allowed to settle on IL-1- or TNFstimulated endothelium, adhesion only begins after about 30 minutes, in keeping with the
time required for de novo protein synthesis. After 4 hours, adhesion is equally dependent

upon both ICAM-1 and ELAM-1 (10,154>, although in some adhesion assays ICAM-1
predominates ^208l At this time ICAM-1 dependent adhesion appears to require equal
participation of CD 11a and CD 1 lb, with a possible minor role for CD 1 lc. Thereafter,
ELAM-1 dependent adhesion declines and, by 24 hours, all adhesion is ICAM-1
dependent, with CD 1la and CD 1lb still the predominant ligands, although CD 1 lc may
be of more importance at this time.
In vitro, IL-1 and TNF induce ICAM-1- and ELAM-1- dependent adhesion in a
quantitatively similar way. In other words, stimulation by LL-1 facilitates adhesion equally
dependent on both endothelial antigens, and likewise for TNF. However, TNF is unique
in being the only agent capable of stimulating, in vitro, both early, PMN-dependent
adhesion (via CD 18) as well as later, endothelial-dependent adhesion (part CD 18/ICAM-l
and part ELAM-1). In contrast, IL-1 does not upregulate CD 18 and does not stimulate
PMN to adhere to unstimulated endothelium (10\
So far the mechanisms of neutrophil adherence to endothelium in vitro have been
described. The relevance of CD 18/ICAM-l and ELAM-1 to adhesion in vivo will now be
discussed.
CD 18-dependent mechanisms of neutrophil adhesion in the skin
An increasing body of data suggest that CD 18/ICAM-l mediate neutrophilendothelial adhesion in vivo. The first demonstration that neutrophils use CD 18 to adhere
to an inflammatory site came in 1987, when it was found that intravenous CD 18 mAb
abolished PMN accumulations in response to subcutaneous injections of LTB 4 , C5a and
fMLP in the rabbit

These findings were confirmed and extended to include EL-1 <214\

Similarly, neutrophil diapedesis in response to polyvinyl sponges placed subcutaneously in
the rabbit was completely CD 18 dependent <212\ Evidence suggests that neutrophil
diapedesis into the skin in response to IL-1, TNF and endotoxin is a process requiring
protein synthesis, and has a lag period in keeping with the time taken for de novo induction
of endothelial adhesion molecules (51\ Endotoxin, as well as inducing ICAM-1 and
ELAM-1 in vitro, appears to stimulate PMN diapedesis via IL-1 (56\ A subcutaneous

injection of TNF has been found to induce both ICAM-1 and ELAM-1 in the skin over a
time course which mimics that found in vitro (180l However, no data are available on the
relative contributions of ICAM-1 and ELAM-1 in vivo in determining protein synthesisdependent neutrophil diapedesis into the skin in response to TNF.
CD 18-dependent and -independent mechanisms of neutrophil adhesion in the lungs
Observations from clinical studies and animal models of ARDS strongly suggest
that adherent neutrophils actively mediate lung injury in inflammation in humans. In order
to develop therapeutic strategies it is therefore necessary to determine the mechanisms of
neutrophil recruitment into the lungs in response to various inflammatory stimuli. The first
study in which this issue was examined found that the neutrophil-dependent lung injury
induced by phorbol myristate acetate could be prevented by a CD l i b mAb <117>. Phorbol
myristate acetate is a potent, but not a physiological, stimulus, and not necessarily relevant
to clinical lung injury. Nevertheless, this was the first demonstration that CD 18-dependent
microvascular adhesion was prerequisite for neutrophil-dependent lung injury.
Rothlein and colleagues have demonstrated that phorbol ester-induced lung injury is
also ICAM-1 dependent, indicating that this endothelial adhesion molecule is also important
in lung inflammation <17). No other study has yet been published concerning ICAM-1 and
neutrophil-dependent lung injury.
Preliminary reports suggest that CD 18 is important for neutrophil adhesion in the
lung following relevant stimuli such as complement activation <123»304\ endotoxin
administration (53>, and ischaemia-reperfiision of the lung itself <112\ Fibrin has also been
reported to induce CD 18-dependent neutrophil sequestration in the lung (52\
Despite the effectiveness of CD 18/ICAM-l mAbs in limiting lung injury with
phorbol ester and these other stimuli, evidence is accumulating to indicate that the lung has
non CD 18-dependent mechanisms for neutrophil recruitment. Harlan and colleagues gave
a CD 18 mAb to rabbits subjected to one hour of hypovolaemic shock, followed by
resuscitation <284\ Most of the untreated animals died within 5 days, but all mAb-treated
rabbits survived this period. When examined at death or after 5 days, all the animals in

both groups had gross histological evidence of lung injury, with neutrophil sequestration
and haemorrhage. While there could be many reasons to explain why the mAb did not
seem to reduce the lung injury, the study suggested that factors other than CD 18 might be
important for neutrophil sequestration in the lung.
The most detailed study published so far is that by Harlan's group

They

demonstrated that alveolar diapedesis of PMN in response to locally instilled endotoxin was
70 per cent inhibitable by a CD 18 mAb, whereas diapedesis induced by S. pneumoniae or
HC1 was not prevented at all by the same mAb. In contrast, diapedesis after injection of
either endotoxin or S. pneumoniae into the peritoneal cavity was wholly CD 18 dependent.
Moreover, neutrophils that had migrated into the alveoli were adequately labelled with CD
18 mAb, indicating that the failure of inhibition of neutrophil diapedesis was not due to
poor binding or unavailability of antibody. This study is the first in which it has been
demonstrated that neutrophils use different adhesion mechanisms to migrate, depending
both upon the tissue and also upon the stimulus. The mechanism of neutrophil adhesion
within the pulmonary microvasculature following lower torso ischaemia and reperfusion is
not known.
Other factors affecting neutrophil adhesion to endothelium: effect of shear forces
Since local changes in blood flow usually accompany the adherence of neutrophils
to postcapillary venules, it might be expected that the ability to adhere or the degree of
adherence would vary depending on the shear stress existing in that part of the
microcirculation. As it is recognized that shear stress in the pulmonary microcirculation is
much lower than that in the systemic microvasculature, it is likely that the mechanisms of
neutrophil adherence in these systems differ. Schmid-Schonbein and colleagues sought to
estimate shear stress in model capillaries in 1975 <233). Others observed that very low
shear stress (i.e. stasis) per se was not sufficient to promote adhesion <163\ consistent with
the observation that adhesion of unstimulated neutrophils to endothelium is a rare event.
Conversely, high shear forces might increase adhesion of stimulated neutrophils <303\

Smith and colleagues have recently suggested that adhesion occurring at low shear
stress and after stimulation of the neutrophil is CD 18 dependent in vitro ^144l However,
as shear stress is increased, neutrophil adhesion to cytokine-stimulated endothelium
becomes independent of CD 18, although conversely CD 18 still appears to be required for
diapedesis at high shear stress even though the initial attachment is not via CD 18. These
authors calculated that the low shear stress used in their model ( < 1 dyne/cm2) approximates
to that found in the lungs, but not necessarily to that in the systemic circulation. They and
others have established that the mechanism for the normal 'rolling' of neutrophils along the
luminal side of endothelial cells, which occurs at a rate slower than that of plasma, is not
CD 18 dependent

144\

Evidence from the studies mentioned has not given a clear picture of how local
shear forces might determine the factors influencing, for instance, neutrophil sequestration
in the lung in ARDS, or neutrophil accumulation at an inflammatory site, such as the
ischaemic and reperfused leg. Moreover, it is not known how shear forces influence CD
18-dependent or -independent neutrophil adhesion in vivo.

CHAPTER 6

LE U K O T R IEN E B 4 AND ARACHIDONIC ACID DERIVATIVES

Leukotriene (LT) B4 is one of the principle active products of the membrane fatty
acid arachidonic acid and, because of its chemotactic ability, is probably of major
importance in inflammation. This section focuses on LTB4 , because this is the arachidonic
acid metabolite measured in this work. LTB4 was discovered in 1979 in the laboratory of
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Fig. 7. Arachidonic acid cascade with essential products and intermediaries. LT, Tx and
PG denote leukotriene, thromboxane and prostaglandin respectively.

Samuelsson and was so named because it was produced by neutrophils and it was a triene
in structure, containing three carbon double bonds ^32,226\ The other main products of
arachidonic acid are shown diagramatically (Fig. 7). LTB4 production is stimulated by a
rise in intracellular calcium (81\
LTB4 was found to be a potent activator of neutrophils, inducing random
movement ^81\ and transient adhesion to endothelium in vivo <58) as well as in
vitro (89,110,195l This adhesion is CD 18 dependent (275\ In addition, LTB 4 is a potent

stimulus for production of neutrophil superoxide ion <268) and elastase. Secretion of the
latter is the mechanism by which it induces permeability across endothelial monolayers in
vitro (251\ It also promotes generation of thromboxane (Tx) A 2 by the neutrophil @13) and
by the lung (204\ The receptor for LTB 4 has been characterized, and has high and low
affinity domains ^92\
The known in vivo effects of LTB4 are as follows. When injected into the skin it
promotes CD 18-dependent permeability and neutrophil accumulation ^ which probably
requires the presence of a vasodilating prostaglandin <149). However, there is no evidence
that LTB4 promotes pulmonary permeability or oedema. When given intravenously, LTB4
does not induce macromolecular flux across pulmonary endothelium to any great extent, if
at a ll(184,185,263\ Furthermore, when lavaged into a single segment of human lung,
LTB4 promotes much neutrophil diapedesis, but no increase in protein concentration in
bronchoalveolar lavage fluid (159\ Intravenous injection also leads to neutropenia. It is not
known if this is CD 18 dependent.
In vitro studies indicate that arachidonic acid products exert control over the
production of interleukin-1 and tumour necrosis factor. Moreover, LTB4 is a potent
stimulus for production of these cytokines <62*66,221•222\ In contrast, prostaglandins,
particularly PGE2 , are stimulated by both cytokines, and in turn inhibit cytokine production
by negative feedback (140,1 4 1 It is not known whether this regulation by arachidonate
metabolites also occurs in vivo.
There is evidence that leukotrienes are generated in the lung in response to
endotoxin <191\ although the significance of this is not known. One study has provided
direct evidence that lung-synthesized LTB4 is of importance in lung injury. In response to
hyperoxia, there was a correlation between bronchoalveolar lavage fluid levels of LTB4 and
the numbers of neutrophils migrating into rat alveoli (27°). Moreover, inhibition of
lipoxygenase reduced the mortality in this study.
The peptidoleukotrienes LTC4 and LTD 4 also have effects in vivo. They are potent
vaso- and bronco-constrictors, and produce permeability which appears to be independent
of neutrophils, since in vivo evidence suggests that they are not chemotactic (58\ This

contrasts with their ability to induce non CD 18-dependent neutrophil adhesion in vitro
(reviewed in chapter 5).
The thromboxane and prostaglandin products of the cyclooxygenase pathway have
multiple effects in vitro and vivo. TxA2 , like LTB4 , is generated by the activated
neutrophil

TxA2 is a neutrophil activator and potent aggregator of platelets ('188\ It

causes pulmonary hypertension by vasoconstriction of pulmonary arterioles, and is
responsible for the pulmonary hypertension (but not permeability) seen after infusion of
endotoxin

(4 4 , 301 \

TxA 2 also induces neutrophil adhesion to endothelium (258^ probably

by a CD 18-dependent mechanism (30°). Prostaglandins reduce CD 18-dependent
neutrophil adhesion and injury to endothelium

as well as being potent vasodilators.

CHAPTER 7

TUM OUR N ECRO SIS FA CTO R

Tumour necrosis factor-a (TNF) is a potent cytokine with multiple effects on a
variety of different cell types. TNF is a 17 kDa peptide identical to cachectin, the agent
thought responsible for tumour cachexia ^22,219\ One of the original descriptions of its
effects was by William B Coley, a New York surgeon <48). In 1893, he reported a patient
with sarcoma of the neck, on which five operations had already been performed and was
now considered inoperable. Two weeks after the last operation, the patient developed
erysipelas. In Coley's words, "during the progress of the erysipelas the remains of the
sarcoma entirely disappeared, the wound rapidly healed, and the patient was seen....seven
years afterward," apparently cured.
In an attempt to reproduce the apparent anti-tumour effect of erysipelas, Coley
injected culture medium containing an extract of infected tissue directly into skin sarcomas,
with partial success in reducing tumour size. Coley did not know what his active agent
was. However, his experimental findings were in agreement with those of Fehleisen who
had already, in 1882, injected Streptococcus into a woman with multiple cutaneous
tumours. This caused erysipelas and was promptly followed by tumour regression,
although the patient died later of recurrent disease (245\
In 1943 Shear found that endotoxin caused haemorrhagic necrosis when injected
into subcutaneous murine tumours <2A5\ The responsible agent was identified in 1975
when Carswell measured a product of endotoxin-stimulated macrophages which shared the
same anti-tumour properties. He named this agent "tumour necrosis factor" <43).
TNF is a mediator of septic shock
The finding that endotoxin was a potent stimulus for TNF production from
macrophages led to the observation in 1985 by Beutler and Cerami and colleagues that TNF
is probably a central mediator of septic shock

They observed that passive

immunization with a monoclonal antibody to murine TNF was highly effective in
preventing death from an otherwise lethal dose of endotoxin in mice. These findings were
later extended to protection of primates from shock after a lethal dose of E. coli (211\
Furthermore, injection of authentic recombinant TNF reproduced the same spectrum of

tissue injury as seen in septic shock (276,278l Other groups have found similarly, and
have demonstrated that the lung appears to be the initial target organ for dam
age (161 ,217,265)^ similar to the pattern of injury seen in septicaemia. Compelling evidence
that TNF is a participant in the host response to sepsis is that the C 3 H/HeJ strain of mice
are resistant to the effects of endotoxin. These mice are incapable of generating TNF in
response to endotoxin because of defects in the mRNA required for TNF synthesis (23\
That TNF might be associated with critical illness in humans was first demonstrated
by Waage and colleagues, who found TNF to be present in the serum of septicaemic
patients but not in serum of non-septic patients (287\ It was then observed that in patients
with meningococcal disease, the outcome was more likely to be fatal when levels of TNF in
serum were high (288\ Moreover, injection of endotoxin elicits detectable levels of
TNF (109*169\ Evidence that TNF might be involved in lung injury in humans was
provided by the finding that TNF was present in bronchoalveolar lavage fluid in patients
with the adult respiratory distress syndrome (170l The elevated levels of TNF predicted
mortality, although the pathological significance of TNF in bronchoalveolar lavage fluid
remains to be determined.
The mechanism by which TNF causes injury has attracted much attention. In 1986,
Beutler and Cerami observed that rats which had died following TNF injection had diffuse
pulmonary inflammation and haemorrhage as well as lesions in the gastrointestinal tract and
elsewhere. Hyperglycaemia and hyperkalaemia were also present (276\ The
haemodynamic effects of TNF injection included hypotension, presumably due to
decreased systemic vascular resistance, tachycardia, increased cardiac output and lowered
central venous pressure <19°).
TNF activation of neutrophils
Understanding of the mechanisms of these changes became clearer when it was
found that inhibition of cyclooxygenase with ibuprofen or indomethacin could reverse the
cardiovascular abnormalities ^74,127,19°). Others found that TNF produced endothelial cell
damage, associated with oedema and infiltration of neutrophils into tissue ^2ll\ Thus, after

TNF administration, the protective effects of cycloxygenase inhibition might have been
mediated through neutrophils. In support of this, TNF infusion into the guinea pig causes
neutropenia associated with lung sequestration of neutrophils and permeability
oedema ^265l The finding that the permeability and oedema could be prevented by prior
depletion of circulating neutrophils provided evidence that neutrophils were indeed the
mediators of this lung injury <266). However, this does not necessarily imply that
neutrophils are the only secondary mediators by which TNF induces lung injury. Indeed,
in the sheep, which are known to be sensitive to endotoxin, neutropenia does not provide
protection <113\
Several lines of evidence do, however, support the hypothesis that TNF induces
endothelial damage via neutrophils. TNF is a potent neutrophil activator, induces
upregulation of CD 18, and promotes rapid and reversible neutrophil-dependent adhesion
to endothelium <84). When present in the extravascular space, it may induce chemotaxis (78> 172>. Its ability to induce neutrophil aggregation in vitro suggests that when
present intravascularly, aggregation could result in capillary plugging and reduced
flow (143>. TNF also stimulates production of superoxide ion, H 2 O 2 ^143,239,280,305\
LTB4 (168) and TxA 2 ^47^ from neutrophils. Both these latter agents produce an oxidative
burst in neutrophils and are chemotactic. TNF promotes neutrophil lysis of endothelium by
a mechanism involving release of oxygen metabolites and elastase (181*251) XNF also
stimulates neutrophils and endothelium to synthesize platelet activating factor(37*148\
which can also activate neutrophils and promote neutrophil adherence to endothelium via
mechanisms dependent upon both the neutrophil and endothelium. TNF is therefore
capable of generating other mediators from neutrophils which may amplify the
inflammatory response. TNF stimulates phagocytosis by neutrophils by means of a CD
18-dependent mechanism <138*238>. CD 18 also controls release of H 2 O 2 by TNFstimulated neutrophils <182\

TNF activation of endothelium
Besides these effects on neutrophils, TNF activates endothelium. Evidence
suggests that TNF shares many of these actions with interleukin (IL)-l. Moreover,
endothelium exposed to TNF produces IL-1 <63’ 183>, and the two cytokines act
synergistically. Exposure of endothelium to either TNF or IL-1 increases its susceptibility
to neutrophil-mediated killing ^281,298\ possibly related to the fact that both cytokines
increase endothelial adhesiveness for neutrophils by induction of ICAM-1 and ELAM-1
(reviewed in chapter 5). Indeed, injection of TNF and IL-1 into the skin produces
neutrophil accumulation which is dependent upon protein synthesis, and the two act in
synergy when injected together (177,230\ Neither cytokine is stored but is synthesized de
novo after appropriate stimulation. Inhibition of cyclooxygenase or lipoxygenase pathways
has no effect on diapedesis induced by either agent <23°).
Intravenous injection of interleukin-1, like TNF, produces lung sequestration of
neutrophils and permeability oedema ^90l When the two cytokines are infused together in
low doses, there is a selective lung injury, mimicking that seen in sepsis, and which
exceeds the injury found when either agent is injected alone (190\ Although it is difficult to
distinguish between the in vivo effects mediated by each cytokine individually, the potential
for TNF to enhance neutrophil-mediated endothelial injury by mechanisms dependent upon
the endothelial cell is substantial. IL-1, in contrast to TNF, does not activate neutro
phils <87\
This chapter concludes the introduction to this thesis. The original work is
described in section two.

SECTION II

ORIGINAL WORK

CHAPTER 8

AIMS AND GENERAL M ETHODS

The original work in this thesis is divided into four chapters. For convenience, the
main aims of each piece of work are summarized here.
Chapter 9
1)

To determine the relationship between upregulation of the CD 18 adherence receptor
on neutrophils, adhesion to endothelium and subsequent diapedesis in ischaemia
and reperfusion.

2)

To identify the agent(s) responsible for recruitment of neutrophils into ischaemic
tissue upon reperfusion.

Chapter 10
1)

To study the mechanism for the neutropenia which follows reperfusion of
ischaemic tissue.

2)

To examine the role of CD 18 in lung injury following lower torso ischaemia.

3)

To determine if lower torso ischaemia leads to generalized microvascular injury
upon reperfusion.

Chapter 11
1)

To investigate the mechanism whereby neutrophils, once adherent to the pulmonary
microvasculature, increase lung permeability following lower torso ischaemia.

2)

To examine whether lower torso ischaemia and reperfusion lead to generation of
arachidonic acid metabolites in the lung.

Chapter 12
1)

To determine whether tumour necrosis factor is generated in ischaemia-reperfusion
and mediates lung injury following lower torso ischaemia.

The following methods were used in more than one experiment. New Zealand
White male rabbits weighing 2.5-3 kg or adult male Sprague-Dawley rats weighing
approximately 500 g (all from Charles River Lab., Wilmington MA) were anaesthetized
with intraperitoneal ketamine (35ml/kg). Rabbits were also given intravenous xylazine (5
mg/kg). A carotid or jugular venous catheter was inserted aseptically via a small neck
incision on the day of the experiment for saline or drug infusion (0.3 ml/kg h_1) and
intravenous anaesthetic dosing (xylazine 2 mg/kg for rabbits every 30 min, ketamine
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mg/kg and xylazine 1 mg/kg hourly for rats). All animals were maintained supine for the
duration of the experiment and were placed on 37°C heating pads. The animals were killed
with an overdose of anaesthetic at the end of each experiment.
Animals in all studies reported in this thesis were maintained in accordance with the
guidelines of the Committee on Animals of the Harvard Medical School and those prepared
by the Committee on Care and the Use of Laboratory Animals of the Institute of Laboratory
Animal Resources, National Research Council (Department of Health, Education and
Welfare, Publication No. 78-23 (National Institute of Health), revised 1978.
Hindlimb ischaemia and reperfusion (I/R)
Bilateral tourniquets were applied tightly enough to occlude the arterial supply,
according to a standard technique. This consisted of draining venous blood from the limb
by gravity for two minutes before placing each tourniquet above the greater trochanter. The
ischaemic periods chosen were 3 hours for rabbits and 4 hours for rats. The ischaemic
limb invariably became pale and cool. Upon release of the tourniquets there was a
characteristic hyperaemic flush in the reperfused limb. Any animal in which this did not
happen was excluded from further study.
Histology and myeloperoxidase assay
Two different methods were used for estimation of lung neutrophil content For
each method a sternotomy was performed, the lungs were removed and the left lower lung
lobe was isolated. For histology, the lobe was perfused with 10% formaldehyde and then

inflated with the same material to a pressure of 25 cm H2 O. Following fixation, the
inferior aspect of the lobe was stained with haematoxylin and eosin for light microscopic
analysis. All microscopic sections were interpreted in a blind fashion by a pulmonary
pathologist. Lung neutrophil sequestration was quantified by counting alveolar septal wall
PMN. Only peripheral lung parenchyma was examined. Microscopic fields containing
other structures such as airways, large vessels and pleura were excluded. Neutrophil
entrapment was expressed as the mean number of PMN (x 1000) per ten high power fields
(HPF).
Myeloperoxidase (MPO) was assayed immediately upon removal of tissue
specimens (91\ One gram of tissue was blotted dry and then homogenized in 10 ml of 0.01
M potassium phosphate buffer (PPB, pH 7.4) containing ethylene diamine tetracetic acid
(EDTA). Two ml of homogenate and 5 ml of 0.01 M PPB containing 1.0 mM EDTA were
gently mixed and then centrifuged at 10,000 x g for 20 minutes at 4° C. The pellet was re
homogenized in 5 ml of 0.05 M PPB (pH 6.0) containing 0.5%
hexadecyltrimethylammonium bromide (HETAB). The pellet-HETAB suspension was
freeze-thawed and sonicated with a Branson cell disrupter (Heat Systems, Ultronics,
Plainview NY) at 65 watts for 1 min. A 0.1 ml aliquot was mixed with 0.79 ml of 0.08 M
PPB (pH 5.4) and 0.1 ml of 16 mM tetramethylbenzidine dissolved in N,Ndimethylformamide at 37° C. After 2 min, 0.01 ml of 30 mM H 2 O2 was added. After
incubating for 3 minutes at 37° C, 0.05 ml of catalase solution, 300 fig/ml, was added.
The mixture was diluted with 4 ml of 0.2 M sodium acetate (pH 3.0) and then centrifuged
at 12,000 x g for 10 minutes at 4° C. The supernatant was read in a spectrophotometer
(Spectronic 601, Milton Roy, Rochester NY). One unit of MPO activity was arbitrarily
defined as the amount of enzyme necessary to catalyse an increase in absorbance of

1 .0

at

655 nm per minute at 37° C.
Bronchoalveolar lavage fluid sampling and pulmonary oedema estimation
After sternotomy and sampling for histology or MPO assay, the left lung bronchus
was clamped. Bronchoalveolar lavage (BAL) of the right lung was performed with saline

containing 0.07M EDTA (5 ml for rabbits, 3 ml for rats). This was repeated three times.
The combined lavage return (about 12 ml for rabbits and about 8 ml for rats) was
centrifuged at 1500 x g for 20 minutes at 4° C, frozen at -20° C and subsequently used for
assay of protein concentration and leukotriene (LT) B4 . These were measured by the
spectrophotometric dye method and by radioimmunoassay.
The dye technique for estimating protein concentration is based on the methods of
Folin and Ciocalteu (80\ Briefly, the measurement is based on the reaction of Folin's
phenol reagent with copper to produce a colour change proportional to the amount of amino
acid in the sample bound to copper at the beginning of the assay (153\ Samples are then
read at 725 nm.
The wet to dry weight (W/d) ratio of the left upper lung lobe was calculated after
weighing the freshly harvested organ which had been blotted free of blood, heating at 90°C
in a gravity convection oven (Precision Scientific Group, Chicago IL) for 72 h and
weighing the residuum, whose weight was then constant <49\
Blood sampling and leukotriene Ba assay.
Blood for LTB4 assay was collected by cardiac puncture immediately after
sternotomy in cooled (4° C) heparinized syringes containing 0.07M EDTA and either used
for estimation of the white blood cell (WBC) count, using a haemocytometer, or
centrifuged at 1500 x g for 20 minutes to obtain plasma (PR-2, International Equipment
Co, Needham Heights MA). Centrifugation at 4° C minimizes artefactual release of
eicosanoids into plasma, thus preempting the need for addition of aspirin which might
interfere with subsequent assays. BAL fluid for LTB 4 assay was collected as described
above. Concentrations of LTB4 in plasma or BAL fluid were measured in duplicate by a
radioimmunoassay using a rabbit antibody and standards obtained from Advanced
Magnetics Inc. (Cambridge MA). The cross reactivity of the LTB4 antibody with LTC4 ,
LTD 4 , LTE4 , 5-, 12-, 15-HETE, TxB 2 , the PGs and their metabolites is less than 1%.
The principle of the assay is that of competition of an unknown amount of LTB4 in a
biological sample with a known amount of 3 H-labelled LTB4 for a specific antibody. The

antibody-bound sample is separated from unbound sample with magnetic dextran-coated
charcoal through centrifugation. The antibody-bound labelled sample is then quantified in a
liquid scintillation counter. The counting rate, which correlates inversely with the original
concentration of LTB4 in the sample, is then used to estimate the plasma concentration on a
standard curve.
Statistical analysis
Data are expressed throughout this thesis as mean ± standard error (SE) in text,
tables and figures. An analysis of variance was used to compare results and if this
indicated significance, a non-paired Student's t test was performed to compare groups.
Bonferroni's correction was used to compare multiple groups. Significance was accepted
if p < 0.05.

CHAPTER 9

N E U TR O PH IL ADHERENCE R E C E PTO R S (CD18) IN ISCH A EM IA :
D ISSO CIA TIO N BETW EEN Q UANTITATIVE C E L L SURFACE
EX PRESSIO N AND DIAPEDESIS M EDIATED BY LE U K O T R IE N E B 4

IN T R O D U C T IO N
A large body of experimental data has accumulated implicating neutrophils (PMN),
to varying degrees, as mediators of microvascular permeability following a variety of
stimuli (17,101»106,218,284,289). Following tissue ischaemia and reperfusion, PMN are
considered prerequisite for subsequent local permeability changes <96,137,218,223\
Evidence suggests that PMN need to adhere to endothelium in order to induce
microvascular permeability both in vitro <9,102,181,182,242,285>and in ischaemiareperfusion (108,112, 2^0, 284\
Adhesion of PMN to endothelium is known to be partly dependent upon the CD 18
integrin complex of adhesive glycoproteins, made up of 3 a-subunits (CD 1la, b and c)
each linked to a common 6 -subunit. The CD 1 la and CD 1lb a-subunits but not CD 1lc
mediate early CD 18-dependent PMN adhesion to endothelium <152,154\ CD 1la is
constitutively expressed in the plasma membrane and is not upregulated, while CD 1lb,
expressed basally in small amounts on the cell surface, is capable of being upregulated
several-fold by chemoactivators such as LTB4 and phorbol myristate acetate
(PMA) (171,275,283) from intracellular granules (12\ Upregulation of the B-subunit of CD
18 therefore implies that either CD 1 lb or CD 1lc is being brought to the cell surface
together with CD 18. The function of each a-subunit can be blocked by anti-CD 18 mAb.
Since members of the CD 18 complex are easily upregulated in vitro it has been
assumed that this process constitutes the mechanism by which CD 18 facilitates adherence
to endothelium. However, in vitro data suggest that the mechanism of adhesion is by a
presumed conformational change in surface expression. This is likely because adhesion
induced by chemoattractants is temporally and quantitatively dissociated from upregulation
(151,2 3 1 ,283) p or example, chemotactic peptide-induced adhesion of PMN to endothelium
is maximal within 2-3 minutes of stimulation while upregulation with the same agents
peaks after 15 minutes (215\
Studies examining the relationship between upregulation of CD 18 and adhesion
induced by chemoattractants have all been performed in vitro. The relationship between

CD 18 upregulation, adhesion and subsequent diapedesis has not been investigated in an in
vivo setting of PMN-dependent tissue injury. Furthermore, the role of CD 18 in
ischaemia-induced diapedesis has not been directly assessed. Moreover, the agent(s)
responsible for the migration of neutrophils into ischaemic tissue has not been identified,
although it is known that lipoxygenase inhibition reduces the accumulation of neutrophils
into the ischaemic and reperfused myocardium. The identification of such an agent,
involving demonstration that it is present in sufficient quantities to cause neutrophil
chemoattraction and diapedesis, and the use of a selective antagonist to inhibit this
diapedesis, might suggest the nature of the agent responsible for neutrophil recruitment into
ischaemic and reperfused tissue.
This study was designed to assess whether CD 18 is upregulated by ischaemia and
secondly to determine if PMN diapedesis in response to plasma obtained upon reperfusion
is CD 18 dependent. Finally, the role of LTB4 in determining upregulation of CD 18 and
diapedesis in response to ischaemia and reperfusion was examined. To investigate these
questions, the model described in chaper 2 was used in which a large mass of skeletal
muscle (both hindlimbs) was subjected to ischaemia. This allowed measurement of agents
which are generated by reperfusion in the ischaemic tissue and then released into plasma.
LTB4 was measured by radioimmunoassay. Quantitative cell surface expression of CD 18
was assessed by flow cytometry, and diapedesis in response to plasma obtained upon
reperfusion was assessed by an in vivo dermabrasion chamber technique. Agents newly
available for research, the CD 18 mAb R 15.7 and the LTB4 antagonist U 75,302, were
used in the dermabrasion model.
No evidence was found that ischaemia and reperfusion increase quantitative cell
surface expression of CD 18 on PMN, in contrast to the complete CD 18 dependency of
diapedesis in response to plasma derived from the ischaemic and reperfused hindlimbs.
Furthermore, evidence implicated LTB4 as the agent generated in plasma which induced
PMN diapedesis via functional activation of the CD 18 complex.

M ETHODS
Experimental design
Anaesthetized rabbits (n=16) underwent 3 hours of bilateral hindlimb tourniquet
ischaemia. Ten minutes after tourniquet release, carotid arterial blood was collected for
estimation of the white blood cell (WBC) count and to obtain plasma. Aliquots of 250 |ll
of this plasma (designated I/R plasma) were either used fresh or frozen at -20° C for later
flow cytometry, diapedesis assay or measurement of LTB4 . Samples of plasma were also
obtained for LTB 4 assay 30 minutes after tourniquet release. In further experiments,
rabbits (n=3) were prepared as above but were treated with purified CD 18 mAb R 15.7
(lmg/kg) 10 minutes before application of tourniquets. R 15.7 is a murine anti-canine
mAb which cross-reacts with rabbit CD 18. It was kindly provided by Dr. R. Rothlein,
Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield CT. In preliminary experiments it
was found that this dosage of R 15.7 fully saturates neutrophil CD 18 binding sites in
response to PMA 10~7M (data not shown). Blood samples were taken at baseline, 10
minutes prior to, and 10 minutes after tourniquet release for flow cytometric analysis of CD
18 in vivo. Control plasma was obtained from further rabbits (n=13) that were prepared
similarly but were not subjected to ischaemia.
In order to determine if protein synthesis was required for the generation of
chemotactic activity in plasma, further rabbits (n=4) were prepared as above but were
treated with i.v. actinomycin D (100 jig/kg, Sigma, St. Louis MO) 10 minutes prior to
application of tourniquets. Actinomycin D is an antibiotic which selectively inhibits RNA
synthesis from DNA-dependent RNA polymerase ^35\ It does not affect chemotaxis or
degranulation of neutrophils in response to fMLP.
Flow cvtometrv
Flow cytometry was performed using whole blood with minimal ex vivo
manipulation to prevent artefactual upregulation of CD 18 (76,751\ Briefly, 100 |il aliquots
of heparinized whole blood from normal rabbits (n=6 ) were placed directly into

polypropylene test tubes and incubated either alone or after gentle mixing with
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|il of

sham plasma (n=13), I/R plasma (n=16) or phorbol myristate acetate (PMA, 10'7M or 5 x
10'8M final concentration) for 30 minutes at 37° C. This methodology avoids the sampling
error of measuring CD 18 expression on circulating neutrophils taken directly from the I/R
plasma rabbit, as there is leukopenia at the time of plasma sampling. This leukopenia
presumably represents sequestration of the most adhesive neutrophils and therefore
sampling circulating neutrophils would not include the more adherent neutrophils.
After incubation, 100 |il of a saturating dilution (40 |Xg/ml) of mAb R 15.7 or a
similar dilution of non-specific IgGi (Cappel, Organon Teknika Corp, West Chester PA)
was added to the plasma treated blood and the test tubes placed at 4° C for 20 minutes. The
samples were washed x 2 with phosphate buffered saline, centrifuged at 400 x g for 3
minutes (Centrifuge model 59, Fisher, Springfield NJ) and 200 |xl of fluorescein
conjugated goat anti-mouse IgG (FITC-IgG, Cappel) added for 10 minutes at 4° C. One ml
Immuno-lyze reagent (Coulter Immunology, Hialeah FL) was added for red cell lysis and
the leukocytes fixed as described (Coulter Clone Kit). Analysis was performed on an
Ortho Diagnostics System 2151 Cytofluorograph flow cytometer after electronic gating on
3-5,000 neutrophils per sample. This is a FACS analyser (fluorescence activated cell
sorter) which differentiates cells according to their forward angle light scatter of a directed
light beam. Cells deflect the light according to their size and granularity. The cells which
are fluorescendy labelled can then be identified accurately and fluorescence values collected
accordingly for each cell type.
In some experiments, flow cytometry was performed using freshly prepared 1/R
plasma to exclude the possibility of decay of an active agent Results were identical to
those obtained with thawed plasma and therefore the data were pooled. Flow cytometry
performed on blood from rabbits treated with mAb R 15.7 in vivo prior to ischaemia was
performed in the same way except that only the FITC-IgG was added ex vivo. In further
experiments, CD 18 expression was determined in response to serial dilutions of LTB 4
(experiments performed in duplicate). LTB4 (Sigma) was obtained as a 3 x 1(HM stock
solution dissolved in alcohol and stored at 4°C until use. In each experiment, data were

obtained as mean channel fluorescence converted to a linear scale. Fluorescence values of
the negative controls (non-specific matched isotype IgGi and FITC-IgG) were subtracted
from the fluorescence of each sample and the results were expressed as arbitrary units
relative to the fluorescence of unstimulated baseline for each experiment
Dermabrasion chambers.
This technique, based on the methods of Otani and Palder, has been described
elsewhere ^193,194\ After initial anaesthesia, a 20 x 25 cm area on the back of a rabbit was
shaved with electric shears (Wahl Clipper Co, Sterling IL). This region was coated with
sodium thioglycollate (Lemon Scented Nair, Carter Products, New York NY) for 10
minutes, washed with tap water, rinsed with 0.25% acetic acid, and then re-rinsed with tap
water. The animals were rested for 24 hours, allowing any nonspecific inflammatory
response to settle before use. On the day of the experiment, the rabbit was re-anaesthetized
and a circular area of hair-free skin was outlined with a template having a 9/32 inch
diameter (Rapi-Design Template #40, Rapi-Design Products, Burbank CA). This area was
gently abraded with an electric ink eraser (Petty Electric Ink Eraser, Pierce Corp, River
Falls WI) until uniform glistening was produced. This normally took 5-10 seconds. On
rare occasions dermabrasion led to trace bleeding and the site was not used. A clear plastic
chamber (250 Jil capacity, Rexham Corp., Westfield Industrial Park, Westfield MA) was
then affixed to each dermabraded area. Rabbits (n=6 ) were treated with purified CD 18
mAb R 15.7 (1 mg/kg i.v.) or equal volumes of saline (n=12) or actinomycin D, 100 |ig/kg
(n=3) prior to the introduction of 250 pi I/R plasma or control plasma into the chambers
(Fig. 7). Actinomycin D was used in these experiments to determine if diapedesis in
response to I/R plasma was dependent upon de novo protein synthesis in the dermabrasion
chambers. In some experiments, plasma was diluted with equal amounts of sterile saline to
control for the dilution of plasma with whole blood in the flow cytometry assay.
In additional paired experiments, I/R plasma (from n=5 rabbits) was diluted 1:4
with saline or a saline solution of U 75,302 (final concentration 10_5 M) before being
injected into the dermabrasion chambers. U 75,302 (kindly provided by Dr. I. Richards,

Upjohn, Kalamazoo MI) is a selective receptor antagonist of LTB4 at this
concentration (219\ U 75,302 was dissolved in alcohol to obtain a stock solution of 1 mM.
It was then diluted to a working concentration of 4 x 10"5M, which contained 0.04%
alcohol. To control for the fact that U 75,302 has partial agonist activity

<211\

studies were

Fig. 8 . Dermabrasion chambers shown in place on the back of an anaesthetized rabbit.

done with 4 xlO'5M U 75,302 injected into the chambers (n=3 rabbits).
Injections into the chambers were done with a 25-gauge needle. Animals were
anaesthetized for the 3 hour duration of the experiment. In each experiment, samples were
tested usually in triplicate or quadruplicate and the results for each plasma pooled. At the
end of the experiment fluid was withdrawn from the chambers and the number of
neutrophils which had undergone diapedesis was counted with a hemocytometer.

RESULTS
Effect o f HR on PMN surface expression o f CD 18. Ten minutes after tourniquet
release there was a leukopenia of 3.56 ± 0.49 PMN x 103 /mm 3 relative to 6.08 ± 0.61
PMN x 103 /mm 3 in control animals (p < 0.01). This was accompanied by a rise in plasma
LTB4 concentration to 390 ± 62 pg/ml, higher than 134 ± 26 pg/ml in control animals (p <
0.01). The rise in plasma LTB4 was transient, declining to
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± 76 pg/ml after 30 minutes.

When I/R plasma was added to PMN from normal rabbits, flow cytometry revealed a small
and not significant increase in surface expression of CD 18 over baseline for both I/R and
control plasma, demonstrating that CD 18 expression on non-adherent PMN was not
increased by I/R (Tables I and II). Furthermore, cell surface CD 18 was not upregulated
on PMN in vivo, indicated by flow cytometry experiments performed on PMN taken from
rabbits treated with mAb R 15.7 prior to ischaemia (Table I). In vitro experiments
performed to determine the concentration of LTB4 necessary to upregulate CD 18 on rabbit
PMN indicated that 1 0 8M LTB4 was required. At this concentration there was a mean
1.67 fold increase over unstimulated baseline (Fig. 9). This was in contrast to a mean 1.15
fold increase with 10"9M LTB4 , the approximate concentration of LTB4 in I/R plasma.
Chemotactic effect o f HR plasma in vivo. Plasma derived 10 minutes before
reperfusion was not chemotactic when introduced into the dermabrasion chambers, 92 ± 40
PMN/mm3. However, I/R plasma was chemotactic, inducing PMN diapedesis 3 hours
later of 1130 ± 125 PMN/mm3, greater than 120 ±31 PMN/mm 3 with control plasma, a 9fold difference (p < 0.01, Fig. 10). As expected, a 50% dilution of I/R plasma led to half
the diapedesis, 570 ± 41 PMN/mm3, confirming that the lack of CD 18 upregulation by I/R
plasma ex vivo was not due to the dilution of an active agent in the flow cytometry
experiments. Pretreatment of dermabraded rabbits with mAb R 15.7 completely abolished
diapedesis for both I/R (4 ± 1 PMN/mm3) and control plasma (5 ± 1 PMN/mm3, both p <

0 .01 ).
Effect o fU 75,302 on diapedesis induced by HR plasma. The addition of 10'5M
U 75,302, the LTB 4 antagonist, into I/R plasma reduced diapedesis to 253 ±101

PMN/mm3, compared to 850 ± 92 PMN/mm 3 obtained when I/R plasma was diluted
similarly with saline (p < 0.01, Fig. 11). When applied to the dermabrasion chambers at 4
x 10’5 M, U 75,302 did not induce diapedesis, 35 ± 12 PMN/mm3.
Effect o f protein synthesis inhibition on diapedesis induced by IIR plasma.
Treatment of rabbits with actinomycin D before ischaemia was without effect on I/R
plasma-induced diapedesis, 1216 ± 190 PMN/mm3. Similarly, actinomycin D, when
given i.v. to the dermabraded rabbits, did not prevent diapedesis in response to I/R plasma
from non-actinomycin D treated rabbits, 1160 ± 376 PMN/mm3.
Please refer to Section V, Tables 1-9, for original data for these experiments.

TABLE I
CELL SURFACE CD 18 EXPRESSION ON RABBIT NEUTROPHILS a

Unstimulated b

1 .0 0

±

Control plasma b

1.09 ± 0.09

I/R plasma b

1.18 ± 0.08

PMA 10"7M b

2.70 ± 0.26 d

Pre ischaemia 0

1 .0 0

±

0 .0 0

0 .0 0

10

min pre reperfusion c

0.93 ± 0.07

10

min post reperfusion c

0.92 ± 0.02

a Data represent fluorescence intensity relative to unstimulated baseline expressed as mean
± SE. b These data are from ex vivo experiments performed adding control plasma (n=13),
1/R plasma (n=16) or PMA (n=5) to normal blood from donor rabbits (n=6 ). c These data
are from PMN of rabbits (n=3) treated with mAb R 15.7 prior to ischaemia, to which only
FITC-IgG was added ex vivo. d indicates data which differ ( p < 0.01) relative to control
or I/R plasma.

TABLE II
CELL SURFACE CD 18 EXPRESSION ON RABBIT NEUTROPHILS a

Sample

Mean channel
fluorescence b

IgGi control

4.9

FITC control

3.5

Unstimulated

182

I/R plasma

159

I/R plasma

184

Control plasma

159

PMA 5 x 10*8M

307

a Data are from a representative experiment using blood from one donor rabbit. Plasma
from two different I/R rabbits was used in this experiment. b Values for IgGi and FITC
control were subtracted from each sample to calculate mean ± SE shown in Table I.

Fig. 9. These in vitro data using PMN from 3 different rabbits represent surface
*

expression of CD 18 in response to LTB4 , using CD 18 mAb R 15.7. Data are
fluorescence intensity relative to unstimulated baseline.
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Fig. 10. Introduction of I/R plasma into dermabrasion chambers resulted in diapedesis 3
hours later. Treatment with mAb R 15.7 prevented diapedesis for both I/R and control
plasma. * indicates p < 0.01 relative to mAb R 15.7 in each group, t indicates p < 0.01
relative to control plasma.
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Fig. 11. Introduction of I/R plasma, mixed 1:4 with saline or the LTB 4 antagonist U
*

75,302, resulted in reduction of diapedesis into the dermabrasion chambers with U 75,302
in paired experiments. * indicates p < 0 . 0 1 comparing groups.
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DISCUSSION
In this study it was demonstrated that plasma obtained from the lower torso of the
ischaemic and reperfused rabbit produced marked CD 18-dependent diapedesis, but it did
not, in vivo or ex vivo, increase surface expression of the CD 18 glycoprotein complex.
Evidence is also provided that LTB4 was the agent in 1/R plasma which induced diapedesis.
It has previously been shown in this laboratory that diapedesis in response to I/R
plasma placed in the dermabrasion chamber is dependent upon de novo lipoxygenase
synthesis, both in the ischaemic animal and in the animal used for the diapedesis assay(93).
This implies involvement of leukotrienes directly or indirectly in the generation of
chemotactic activity by ischaemia. One lipoxygenase product, LTB 4 , is known to
upregulate CD 18 in neutrophils and to induce transient adhesion to endothelium <171,275l
The level of LTB 4 in I/R plasma, approximately 10_9 M, represents the peak rise in plasma
LTB 4 in the ischaemic model used in this study, confirming previous observations in this
laboratory <134\ This occurs at 10 minutes after reperfusion, the time used for plasma
collection. Given the dilution of I/R plasma during flow cytometry, the results indicate that
circulating neutrophils following ischaemia do not respond to 5 x 10'10M LTB 4 , the final
concentration in the flow cytometry experiments, to display increased surface expression of
CD 18 (Tables I and II). Furthermore, CD 18 was not upregulated on PMN sampled
directly from rabbits treated with CD 18 mAb before ischaemia, implying that CD 18
expression was not increased at 10'9M LTB 4 on what would otherwise have been adherent
PMN. These results are substantiated by the in vitro studies indicating that the
concentration of LTB4 necessary to produce significant CD 18 upregulation is at least
10'^M (Fig. 9). Thus, in spite of the stimulus of 3 hours of hindlimb ischaemia,
insufficient LTB4 or other agents were generated to upregulate CD 18 in the rabbit As
rabbit neutrophils upregulate CD 18 at similar concentrations of LTB 4 as do human
neutrophils <110’ 171,275\ it is plausible to speculate that CD 18 upregulation does not occur
during comparable ischaemic events in man.

The lack of CD 18 upregulation with I/R plasma contrasted strongly with the ability
of this plasma to cause diapedesis in the dermabrasion chambers in normal animals, and the
significant dependence of this diapedesis upon CD 18 (Fig. 10). These results demonstrate
that in vivo, as well as in vitro, there is dissociation between quantitative cell surface
expression of CD 18 and CD 18-dependent adherence within the microvasculature. The
effect of I/R plasma on the PMN is therefore likely to represent a change in the nature of
CD 18 rather than a quantitative increase in its surface expression. The nature of the
presumed conformational change in CD 18 expression during adhesion has not been
identified precisely (see review in chapter 5). It is probable that the early neutropenia seen
at 10 minutes following reperfusion represents functional activation of CD 18 and CD 18dependent adherence and/or aggregation of neutrophils. In support of this, findings
presented in the next chapter indicate that pretreatment of ischaemic rabbits with CD 18
mAb, 10 minutes prior to tourniquet release, prevents the subsequent leukopenia.
The role of LTB 4 in inducing diapedesis following ischaemia is indicated by the fact
that there were elevated levels of LTB 4 in I/R plasma, and that this plasma promoted
diapedesis. This is in contrast to the observation that plasma taken just prior to reperfusion
neither contained elevated levels of LTB4 (data not shown) nor led to diapedesis.
Secondly, diapedesis was significantly reduced by the selective LTB 4 antagonist, U 75,302
(Fig. 11). These considerations support the hypothesis that LTB 4 , released into plasma
early following reperfusion, is important in mediating PMN migration induced by I/R
plasma. The degree of reduction of diapedesis with U 75,302 is in keeping with in vitro
studies in which U 75,302 was not able to completely inhibit the effects of LTB 4 (271l
Alternatively, the incomplete reduction of diapedesis by U 75,302 may indicate the
presence of another CD 18-dependent agent(s) in I/R plasma. These arguments do not
negate the effectiveness of the inhibition of diapedesis by the CD 18 mAb and by the LTB4
antagonist These strongly suggest that the peptidoleukotrienes LTC 4 and LTD 4 , which
stimulate CD 18-independent adhesion, are not responsible for diapedesis with I/R
plasma (30, 166>.

These data do not necessarily indicate that it is LTB4 that mediates neutrophil
migration into reperfused tissue following ischaemia. LTB 4 was measured in plasma, and
directed migration induced by LTB 4 implies a concentration gradient, with levels of LTB4
in the reperfused tissue higher than in plasma. Several studies do, however, support the
hypothesis that LTB4 is a key agent. LTB4 has been found to be generated by the isolated
myocardium following infarction @2\ Furthermore, lipoxygenase inhibition reduces
neutrophil accumulations and infarct size <178>. Moreover, it has been shown that
lipoxygenase inhibition prevents the neutrophil-dependent permeability changes following
reperfusion in a similar model of hindlimb ischaemia (137\
Inhibiting protein synthesis, and therefore cytokine synthesis, in the ischaemic
rabbits did not affect diapedesis in response to I/R plasma obtained from these animals.
This argues against involvement of cytokines such as interleukin (IL)-1 or tumour necrosis
factor (TNF) in inducing adhesion and diapedesis in this model, but does not exclude the
possibility that in the intact ischaemic animal cytokines induce PMN adhesion later on
following reperfusion. Indeed, neutrophil influx into skeletal muscle may continue for as
long as 24 hours <254\ This is in keeping with the time period that endothelium remains
stimulated following cytokine exposure (67,154^ and is much longer than the kinetics of
diapedesis produced by chemoattractants such as LTB 4 . Furthermore, lipoxygenase
products stimulate the production of both IL-1 and TNF ^62,66>. However, diapedesis in
response to I/R plasma from non-actinomycin D treated rabbits was not dependent upon
protein synthesis, shown by the lack of effect on diapedesis of treating the dermabraded
rabbits with i.v. actinomycin D. This strongly suggests that I/R plasma did not induce
adhesion-promoting cytokines in the dermabrasion chambers. Moreover, in other in vitro
and in vivo models, LTB 4 produces diapedesis independently of protein synthesis <57,2U\
The dependence of diapedesis on CD 18, in all dermabrasion chambers, confirms
findings in other studies in which CD 18 and the intercellular adhesion molecule (ICAM)-1
appear to be the only adhesion molecules operative in the setting of previously unstimulated
endothelium <9,23l\ In vitro, PMN adhesion to unstimulated endothelium is prevented by
CD 18 mAb and reduced by ICAM-1 mAb, indicating that endothelial receptors for PMN

adhesion are present in sufficient numbers for interaction with expressed CD 18. It is not
possible to determine which members) of the CD 18 complex facilitates the diapedesis, as
the function of each a-subunit is inhibitable by R 15.7, the antibody directed against the
common 8 -subunit. In vitro data suggest that early adhesion produced by chemoattractants
involves equal participation of CD 11a and CD lib <151). Both these a-subunits bind to
ICAM-1. It is therefore presumed that in the endothelium of the dermabrasion chambers,
PMN adhere to basally expressed ICAM-1. The complete dependency of diapedesis upon
CD 18 also suggests that the cytokine-induced endothelial leukocyte adhesion molecule
(ELAM)-l is not an important determinant of adhesion in the models used in this study.
It has previously been shown that circulating neutrophils display increased
intracellular H2 O2 production,

10

minutes following ischaemia in the same model of

hindlimb ischaemia (93\ an event mediated by circulating lipoxygenase products and
thromboxane (Tx) A 2 *93,197*. Taken with the present results it appears that this enhanced
oxidative activity is an event dissociated from upregulation of granule contents of CD 18.
Similar findings have been observed in patients with leukocyte adherence deficiency. Their
neutrophils, unable to display normal chemotaxis or adherence, are nonetheless able to
undergo a normal respiratory burst and release of granular enzymes ^

These findings are

complemented by the observations that PMN chemotaxis in response to f-met-leu-phe or
activated complement fraction C5a is preventable by a CD 18 mAb, while this same mAb
has no effect on enzyme degranulation with these agents ^186\ Taken together, these data
indicate that CD 18 upregulation in the activated neutrophil is not only an event separable
from generation of oxidative activity but also from release of granule contents. The results
do not, however, exclude the possibility that upregulation of CD 18, probably with CD
1lb, does occur once PMN have already adhered to endothelium. In another setting, that
of endotoxin stimulation, PMN upregulated CD 18 only when adherence had already
occurred and not when the cells were kept suspended in the medium <231). Thus, PMN
once adherent might express more CD 18 for the process of trans-endothelial migration.

In summary, the data of this study indicate that neutrophil diapedesis in response to
I/R plasma in these models depends upon LTB4 activation of the CD 18 complex, probably
leading to a conformational change, and does not depend on CD 18 upregulation.

SU M M ARY
Neutrophils (PMN) and eicosanoid chemoattractants are centrally involved with
ischaemia-reperfusion injury. The CD 18 complex of adhesive glycoproteins, readily
upregulated by chemoattractants in vitro, is required for PMN adherence to endothelium.
This study tests whether CD 18 is upregulated by ischaemia in vivo and its role in
mediating PMN diapedesis. Anaesthetized rabbits underwent 3 hours of bilateral hindlimb
tourniquet ischaemia (n=16). Ten minutes after tourniquet release, levels of plasma
leukotriene (LT) B4 increased to 390 ± 62 pg/ml (mean ± SE), higher than 134 ± 26 pg/ml
in control rabbits (n=13, p < 0.01). Aliquots of this plasma (I/R plasma) were added to
whole blood from normal rabbits (n=6 ) for flow cytometric analysis of neutrophils with the
CD 18 monoclonal antibody (mAb) R15.7. Addition of I/R plasma failed to demonstrate
an increase in surface expression of CD 18. Similarly, no CD 18 upregulation was
observed in vivo upon reperfusion in ischaemic animals treated with mAb R 15.7 (n=3).
However, I/R plasma when introduced into plastic chambers taped on top of dermabrasion
sites in normal rabbits (n=12) resulted in diapedesis, measured by the accumulation after 3
hours of 1130 ± 125 PMN/mm 3 in the chambers relative to 120 ± 31 PMN/mm 3 with
control plasma from non-ischaemic rabbits (p < 0.01). Diapedesis in response to I/R
plasma was abolished by treatment with mAb R 15.7 (< 5 PMN/mm3, n= 6 ), was reduced
by U 75,302, an LTB 4 receptor antagonist (253 ± 101 PMN/mm3, n= 6 ) (both p < 0.01),
and was not protein synthesis dependent These results demonstrate that PMN diapedesis
in response to I/R plasma is exclusively dependent upon the CD 18 glycoprotein complex
by an LTB 4 dependent mechanism, despite the fact that CD 18 is not upregulated on
circulating PMN in ischaemia. These data indirectly indicate the functional importance of
conformational changes in CD 18 in determining PMN adhesion.

CHAPTER 10

ROLE OF NEUTROPHIL ADHERENCE RECEPTORS (CD 18) IN LUNG
PERMEABILITY FOLLOWING LOWER TORSO ISCHAEMIA

INTRODUCTION
As described in chapter 2, reperfusion of a large mass of ischaemic tissue results in
neutropenia, locally increased permeability and a remote lung injury manifest by
permeability and non-cardiogenic pulmonary oedema <8,136, 137l Both local and systemic
injuries are characterized by neutrophil (PMN) accumulation in the micro
vasculature (7>223,256\ Furthermore, PMN are primarily responsible for the injuries as
depletion of circulating PMN effectively prevents the permeability increase and
oedema (96,108,13°*137,223>. It is not known whether the lung is a select target for PMN
sequestration following remote ischaemia-reperfusion, or if the lung injury is representative
of a generalized microvascular injury affecting other organs as well as the reperfused
tissue. It is believed that activation of PMN and their sequestration in the lungs and
perhaps other organs is an important step in the development of multisystem organ failure
(218)

There is abundant evidence that adhesion to endothelium is required for PMN to
increase microvascular permeability P*242,285X There appear to be two mechanisms
involved. First, a protected micro-environment between adherent PMN and endothelium
might allow the local accumulation and action of high concentrations of vasotoxins such as
neutrophil elastase, other neutral proteases, oxygen free radicals and hydrogen per
oxide <101’ 107’293\ Secondly, binding of the CD 18 glycoprotein complex (the PMN
adherence receptor) to ligand(s) on endothelial cells appears necessary for the extracellular
release of PMN granule contents and H 2 O 2 ^182,231\ Thus, inhibiting the adherence of
PMN to endothelium would in theory not only prevent formation of such a micro
environment but also prevent PMN release of vasotoxic agents capable of inducing
permeability.
The chemoattractant leukotrienes are known to be centrally involved in the lung
injury following remote ischaemia and reperfusion, since lipoxygenase inhibition prevents
the neutrophil sequestration and permeability <134\ Minutes after reperfusion starts LTB4
levels rise and there is neutropenia. PMN adhesion stimulated by LTB 4 is largely

dependent upon CD 18 (171,215\ The purpose of this study was to evaluate the role of CD
18 in mediating both the neutropenia and the PMN sequestration in the pulmonary
microvasculature following lower torso ischaemia and lastly to determine if lower torso
ischaemia leads to generalized organ injury. Evidence is provided that the neutropenia
following reperfusion of the ischaemic lower torso is CD 18 dependent, as is the
consequent lung injury. There was no evidence of systemic injury.

M ETH ODS
Experimental design
Forty-four rabbits were used in this experiment Anaesthetized rabbits (n=17)
underwent 3 hours of bilateral hindlimb tourniquet ischaemia. They were treated with the
CD 18 mAb R 15.7 (lmg/kg IV, n=10) or an equivalent volume of saline (n=34) 10
minutes before release of tourniquets, or at the same time point in non-ischaemic controls.
Just before tourniquet application and ten minutes after tourniquet release, blood was
collected from the carotid artery for estimation of white blood cell count or for measurement
of LTB 4 . Control rabbits (n=l 1) were prepared as above but were not subjected to
ischaemia.
Four hours after tourniquet release the rabbits were killed and samples were
obtained for histology, bronchoalveolar lavage (BAL) and estimation of the wet to dry
weight (W/d) ratios of the lung, heart, left lobe of the liver and left kidney. In further
experiments to determine the location of PMN during the time of leukopenia, rabbits
subjected to hindlimb ischaemia and reperfusion (n=8 ) were killed

10

minutes after

tourniquet release. Control rabbits not subjected to ischaemia were killed at the same time
point (n=8 ). Sections of quadriceps and the left lower lung lobe were obtained for
myeloperoxidase (MPO) assay to quantify PMN sequestration.
Different methods were used to quantify PMN sequestration in the lungs in these
experiments (histology and MPO assay). Because MPO assay is more suitable for
measuring PMN sequestration in muscle it was felt necessary to use the same assay for
both lungs and muscle in order to properly compare neutrophil sequestration in these
tissues at the same time point

RESULTS
Ten minutes after tourniquet release, plasma LTB 4 levels increased to 395 ± 85
pg/ml, higher than 129 ± 35 pg/ml in controls (p < 0.01). At this time there was a fall in
circulating PMN (x 103) in saline treated rabbits to 3.56 ± 0.49/mm3, relative to the
preischaemic baseline value of 5.77 ± 0.60/mm3, the value of 5.45 ± 0.52/mm3 10 minutes
before tourniquet release (both p < 0.01, Fig. 12) and relative to the PMN count at the
same time in saline-treated non-ischaemic controls, 6.07 ± 0.61/mm3 (p < 0.01). This was
associated with a rise in MPO activity in both the reperfused hindlimb (1.06 ± 0.19 U/g
tissue vs. 0.56 ± 0.09 in controls) and in the lungs (129 ± 29 U/g tissue vs. 58 ± 13 in
controls) (both p < 0.05). Leukopenia was reversed within one hour after reperfusion
(4.94 ± 0.30/mm3).
Four hours after tourniquet release: PMN were sequestered in the lungs, 52 ± 4
PMN/10 HPF, compared to 31 ± 3 in controls (Fig. 13); a rise in permeability was
documented by the increased BAL fluid protein content of 554 ± 90 (ig/ml, a value greater
than 277 ± 46 |ig/ml in controls (p < 0.01, Fig. 14); and there was oedema, shown by the
increased W/d weight ratios in the lungs, 5.19 ± 0.10, higher than 4.29 ± 0.21 in controls
(p <0.01, Fig. 15). A rise in W/d weight ratio was not apparent in the heart, liver or
kidney (Fig. 16).
When animals were pretreated with the CD 18 mAb R 15.7, the rise in plasma
LTB 4 was unaffected, 398 ± 46 pg/ml. However, R 15.7 prevented the leukopenia, 7.29
± 1.05/mm3, relative to a baseline value of 5.86 ± 0.98/mm3, the value of 5.75 ±
0.40/mm3 10 minutes prior to reperfusion and relative to saline-treated animals at the same
time point (all p < 0.01, Fig. 12). In two sham ischaemic animals treated with R 15.7 the
mean of the baseline PMN count was 4.75/mm3, compared to the value 10 minutes post
sham ischaemia of 3.63/mm3. Further, treatment with R 15.7 reduced: lung neutrophil
sequestration, 34 ± 3 PMN/10 HPF (p < 0.01, Fig. 13); lung permeability, BAL protein
324 ± 41 (ig/ml, (p < 0.05, Fig. 14); and lung oedema, W/d ratio 4.61 ± 0.10 (p < 0.05,
Fig. 15).

Please refer to Section V, Tables 10-17, for original data for these experiments.

Fig. 12. Ten minutes following release of the tourniquets there was a neutropenia in
saline-treated ischaemic and reperfused (I/R) animals. Treatment of animals with mAh R
15.7 prevented the neutropenia. * indicates significance of p < 0.01 comparing the two
groups.
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Fig. 13. Four hours following release of the tourniquets there was neutrophil sequestration
in the lungs, in saline-treated animals (I/R-saline). This was prevented by treatment with
mAb R 15.7 10 minutes prior to tourniquet release. * and t indicate significance of p <
0.01 comparing I/R-saline to control-saline and I/R-R 15.7 to I/R-saline, respectively.
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Fig. 14. Four hours following tourniquet release protein accumulated in BAL fluid, which
was inhibited by prior treatment with mAb R 15.7. * and f indicate significance of p <

BAL Fluid Protein (ug/ml)

0.01 comparing I/R-saline to control-saline and I/R-R 15.7 to I/R-saline, respectively.
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Fig. 15. Four hours following tourniquet release the lung wet to dry weight ratio increased
in I/R-saline animals. This was inhibited by mAb R 15.7. * and f indicate significance of

Lung Wet/dry Weight Ratio

p < 0.01 comparing I/R-saline to control-saline and I/R-R 15.7 to I/R-saline, respectively.
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Fig. 16. Systemic organs did not develop injury following tourniquet release, as assessed
by the wet to dry weight ratios of the heart, liver and kidney.
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DISCUSSION
In this study evidence is provided that the lung injury which occurs as a
consequence of reperfusion of the ischaemic lower extremities is mediated in large part by a
mechanism involving the neutrophil CD 18 complex of adhesive glycoproteins.
Furthermore, it is demonstrated that the peripheral leukopenia which occurs early following
reperfusion of ischaemic tissue is also dependent upon CD 18. Despite this evidence of
systemic neutrophil activation, organs other than the lungs did not develop significant
injury, as assessed by the W/d weight ratios of the heart, liver and kidney.
Neutrophils are considered primarily responsible for the increased lung permeability
and oedema which occurs following lower torso ischaemia. The present data indicate that
expression of the CD 18 complex is an important mechanism by which PMN are recruited
to the pulmonary microvasculature. In support of these animal studies, in vitro data using
unstimulated large vessel endothelium indicate that adhesion of activated neutrophils is
largely dependent upon the CD 18 complex ^252\ The precise member(s) of this complex
operative in mediating PMN adhesion to its pulmonary ligand (ICAM-1) remain unknown.
Following release of the hindlimb tourniquets, there was a rise in plasma LTB4 , as
demonstrated in the previous study. This coincided with transient leukopenia, which
recovered to baseline in one hour. It is known that neutrophils become less deformable
within a few minutes after exposure to a chemoattractant, a change attributed to assembly of
cytoskeletal F-actin <302). Therefore, a possible reason for the leukopenia is the
microvascular plugging of stiff, activated PMN. However, plugging of the
microvasculature with neutrophils is not thought to be a CD 18-dependent event (see
chapter 4). Present data indicate that neutropenia is CD 18 dependent (Fig. 12). It is
theoretically possible that the prevention of the leukopenia by mAb R 15.7 is due to
masking of leukocytosis, as patients deficient in CD 18 have constitutional
granulocytosis

However, this possibility is unlikely since injection of mAb into control

animals did not cause leukocytosis.

Although the data presented do not define LTB 4 as the agent responsible for the
leukopenia, inhibition of leukotrienes with a lipoxygenase inhibitor has been shown to
prevent the leukopenia in this setting <134>. Data from the previous study indicate that, in
the same model, LTB4 causes CD 18-dependent adherence. Therefore, the data suggest
that the leukopenia represents adherence and/or aggregation throughout the
microvasculature to basally expressed ICAM-1. Certainly, both the reperfiised hindlimb
and the lungs accumulated neutrophils, indicated by the rise in myeloperoxidase activity in
these organs. The sequestration of neutrophils in the ischaemic leg is in agreement with
other reports in which PMN appear in large numbers in skeletal muscle soon after
reperfusion ^256^
The lung is usually the first organ in which dysfunction becomes apparent in multi
system organ failure

Part of this experiment sought to determine if other organs are

equally prone to injury following remote ischaemia-reperfusion. As measured by W/d
weight ratios, none of the other organs studied developed injury. Although the W/d ratios
in the liver and kidney were slightly higher following ischaemia than in control animals,
these did not reach significance (Fig. 16). While the small numbers of experimental
animals does not exclude the possibility of false negative findings, the results contrast with
the ready susceptibility of the lung to develop alveolar protein leak and become oedematous
(Fig. 14 and 15).
This pattern of injury, i.e. selective targeting of the lung, is similar to that observed
when IL-1 or TNF is infused in low dosage (190l Further, lipoxygenase products are
thought to be required for IL-1 and TNF generation in vitro ^62,66\ These observations,
taken together with the finding that lipoxygenase inhibition completely abrogates the lung
injury (134>, raises the possibility that these cytokines are involved in ischaemia-reperfusion
injury and might mediate the lung permeability. In support of this, both IL-1 and TNF
induce endothelial ICAM-1 and another adhesion antigen, endothelial adhesion molecule
(ELAM)-l. These adhesion receptors are induced by IL-1 and TNF over several hours and
in approximately equal amounts in large vessel endothelium <154\ It is suspected, but not

proven, that these cytokines act in a similar fashion in lung microvessel endothelium
Furthermore, TNF is known to cause injury which is PMN dependent (266\
The effectiveness of the CD 18 mAb suggests that ICAM-1 is more important than
ELAM-1 in mediating neutrophil adhesion in the present setting, as ELAM-1 does not bind
to CD 18. It is known that the lung contains ICAM-1, as an ICAM-1 mAb inhibits lung
inflammation in response to PMA. However, no information is available regarding a role
for ELAM-1 in the lung, because there are no ELAM-1 mAbs available which cross-react
with species other than primates. There are also no data to document that pulmonary
endothelium can be stimulated to produce ELAM-1. It was therefore not possible to
examine the role of this endothelial antigen in this experiment.
Evidence suggests that CD 18 is involved in mediating neutrophil sequestration in
the lung following other stimuli. For instance, treatment with a CD 18 mAb protects
against reperfusion injury after ischaemia of the lung itself <112). However, it is not
possible to generalize that this is the only mechanism by which neutrophils are sequestered
in the lungs. On the contrary, following hypovolaemic shock and resuscitation, use of a
CD 18 mAb did not confer protection to the lungs, as determined by gross histological
appearance <284\ When S. pneumoniae or HC1 were instilled into the lungs, a CD 18 mAb
similarly did not prevent neutrophil diapedesis into alveoli
A possibility that was not examined in this study is that mAb R 15.7 might have
inhibited the lung injury by preventing the injury to the reperfused muscle, as has shown to
be the case in a recent study

Prevention of injury to the reperfused muscle might have

limited release of circulating mediators such as cytokines. Arguing against this possibility,
plasma levels were not affected by R 15.7 despite complete prevention of neutrophil
sequestration in the lung.
In summary, the data of this study suggest that the lung injury which occurs
following reperfusion of the ischaemic lower torso is dependent upon neutrophils by a
mechanism involving the CD 18 complex of adhesive glycoproteins.

SUMMARY
Ischaemia and reperfusion of the lower torso lead to a leukotriene (LT) and
neutrophil (PMN) -dependent lung injury characterized by lung PMN sequestration,
increased permeability and non-cardiogenic oedema. It is thought that PMN require
adhesion to endothelium to alter barrier function. This study tests the role of CD 18, the
PMN adherence receptor, in mediating lung permeability following lower torso ischaemia
and reperfusion. Anaesthetized rabbits (n=9) underwent 3 hours of bilateral hindlimb
ischaemia. Ten minutes after release of tourniquets, plasma LTB4 levels increased to 395 ±
85 pg/ml, which is higher than 129 ± 35 pg/ml in non-ischaemic controls (n=9, p < 0.01).
At this time there was a reduction in circulating PMN (x 103), 3.56 ± 0.49 /mm3,
compared with 6.07 ± 0.61 /mm 3 in controls (p < 0.01). Four hours after tourniquet
release: PMN were sequestered in the lungs, 52 ± 4 PMN/10 high power fields (HPF), a
value higher than 31 ± 3 PMN/10 HPF in controls; bronchoalveolar lavage fluid protein
content increased to 554 ± 90 (ig/ml, compared with 277 ± 46 |ig/ml in controls; and there
was lung oedema, measured by increased wet to dry weight ratios of 5.19 ± 0.10, higher
than 4.29 ± 0.21 in controls (all p < 0.01). The wet/dry weight ratios of the heart, liver
and kidney were unchanged. Pretreatment of other rabbits (n=8 ) 10 minutes prior to
tourniquet release with a purified CD 18 monoclonal antibody (mAb) (R 15.7,1 mg/kg)
did not affect the rise in LTB4 , but was effective in preventing the leukopenia (7.29 ± 1.05
WBC/mm3, p < 0.01). Further, the CD 18 mAb prevented lung sequestration of
neutrophils (34 ± 3 PMN/10 HPF, p < 0.01), reduced permeability shown by a fall in
bronchoalveolar lavage fluid protein 324 ±41 |ig/ml and reduced the wet/dry weight ratio
4.61 ± 0.10 (both p < 0.05). These data suggest that the CD 18 adherence receptor is
important in mediating the PMN dependent lung injury which follows bilateral hindlimb
ischaemia.

CHAPTER 11

NEUTROPHIL ELASTASE AND OXYGEN RADICALS: SYNERGISM IN
LUNG INJURY FOLLOWING LOWER TORSO ISCHAEMIA

INTRODUCTION
Ischaemia-reperfusion injury is known to be mediated in large part by neutro
phils (108*137,223^via a mechanism dependent upon the generation of reactive oxygen
species within the reperfused tissue (96,164,178)

The

effectiveness of oxygen radical

inhibition in preventing reperfusion injury does not, however, document the means by
which neutrophils induce injury (69,135>. Thus, reactive oxygen species appear necessary
early in the injury sequence since they function as obligate intermediaries for the synthesis
of chemoattractants such as leukotriene (LT) B4 and thromboxane A 2 *135,179,2 4 8 These
agents in turn are thought to be responsible for the activation and recruitment of neutrophils
into reperfused skeletal muscle ^137,147>. Moreover, lipoxygenase or thromboxane
synthetase inhibition also prevents neutrophil sequestration and the neutrophil-dependent
permeability oedema in the lung following hindlimb ischaemia ^132, 134>. Because
inhibition of oxygen radicals, leukotrienes or thromboxane prior to reperfusion prevents
neutrophils from accumulating in the reperfused muscle or remotely in the lungs it has not
been possible to elucidate the mechanism(s) by which neutrophils mediate injury once
adherent in the microvasculature <135\
Evidence has accumulated to implicate proteolytic enzymes as potent means by
which stimulated, adherent neutrophils may cause injury to endothelium
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and

lyse sub-endothelial matrix (294\ In vitro and in vivo evidence suggests that elastase is the
major injurious enzyme released by neutrophils <293\ Elastase lyses the structural matrix
proteins, elastin, proteoglycans, collagen and fibronectin and may therefore cause severe
tissue damage. However, it seems probable that for neutrophils to injure endothelium in
vivo, the cooperative secretion of oxygen radicals is needed. This is because plasma
contains large quantities of regulatory proteins, principally ai-proteinase inhibitor (ai-PI),
which prevents the destruction of normal tissues by elastase. Evidence supports the
hypothesis that the concomitant secretion by the neutrophil of reactive oxygen species,
mainly HOC1 and chloroamines, oxidizes ai-P I sufficiently to allow unrestricted activity of
free elastase (42,160,192,295).

The purpose of this study was to examine how neutrophils cause endothelial
permeability in the lungs in the setting of reperfusion following bilateral hindlimb
tourniquet ischaemia in the rat. Evidence is provided that elastase inhibition reduces the
permeability without affecting neutrophil sequestration or generation of LTB4 in the lung.
Moreover, inhibition of oxygen radicals at a time when neutrophils had already sequestered
in the lungs was as effective in preventing the injury, suggesting cooperative interaction
between elastase and reactive oxygen species in determining injury.

M ETH ODS
Experimental design
Anaesthetized rats (n=40) underwent 4 hours of bilateral hindlimb tourniquet
ischaemia. Three hours and 30 minutes after the application of tourniquets animals were
treated with saline (n=9) or Methoxysuccinyl-L-Ala-L-Ala-L-Pro-L-ValChloromethylketone (MAAPV, Enzyme Systems Products, Livermore CA, lot no. AP37,
n= 6 ) 2 0 0 jig as a bolus, followed by 2 0 0 |ig per hour for the duration of the experiment.
MAAPV is a specific inhibitor of elastase <21°), to which it binds irreversibly. Use of a
selective inhibitor of elastase allows estimation of the action of elastase. No assay was
available to measure rat elastase in plasma or BAL fluid. This dosage of MAAPV,
assuming equilibration in a blood volume of 80 ml/kg, gives a plasma concentration of
10_5 M. Sham rats were similarly prepared but were not subjected to ischaemia and were
treated with saline (n=9) or MAAPV (n=5).
Another group of rats (n=7) were subjected to ischaemia and reperfusion and were
treated with superoxide dismutase (SOD, Sigma) 1500 U/kg bolus and catalase (CAT,
Sigma) 5000 U/kg bolus two hours after the tourniquets were removed. The combination
of free radical scavengers was used since SOD rapidly catalyses superoxide ion to H 2 O2 ,
which itself is toxic and can also inhibit SOD (19>. Because of the short (6-9 min) plasma
half-life of these scavengers, SOD and CAT were used coupled to polyethylene glycol
(PEG) and dissolved in 0.9% saline. This increases the half-life to 20 hours, while
preserving their specific activity. Sham rats were similarly prepared but were not subjected
to ischaemia and were treated with PEG-SOD and PEG-CAT two hours before the end of
the experiment (n=4). Four hours after tourniquet release animals were killed and samples
were obtained for myeloperoxidase (MPO) assay, bronchoalveolar lavage and estimation of
lung wet to dry weight (W/d) ratio.

RESULTS
Four hours following tourniquet release in saline treated animals: neutrophils were
sequestered in the lungs, indicated by MPO content of 51 ± 5 U/g (Fig. 17); BAL fluid
levels of LTB4 rose to 594 ± 46 pg/ml (Fig. 18); there was a rise in protein concentration in
BAL fluid to 599 ± 9 1 |ig/ml (Fig. 19); and the lung wet to dry weight ratio was 4.77 ±
0.14 (Fig. 20). These values were all higher than in saline-treated sham animals: MPO 18
± 3 U/g; BAL LTB 4 200 ± 38 pg/ml; protein 214 ± 35 |ig/ml; and wet to dry weight ratio
4.00 ± 0.09 (all p < 0.01). In ischaemic animals treated with MAAPV: lung MPO content
was high 62 ± 9 U/g; the rise in BAL fluid LTB 4 was not affected, 780 ± 44 pg/ml; but
both BAL fluid protein and the wet to dry weight ratio were reduced to 335 ± 32 |ig/ml and
4.21 ±0.17 respectively (both p < 0.05). Treatment with PEG-SOD/CAT was without
effect on the sequestration of neutrophils in the lungs, 59 ± 9 U/g MPO. However, PEGSOD/CAT reduced BAL fluid levels of LTB 4 (167 ± 44 pg/ml). Further, BAL fluid
protein and the wet to dry weight ratio were reduced to 245 ± 95 fig/ml and 4.02 ± 0.11
(both p < 0.01). Infusion of MAAPV or PEG-SOD/CAT into sham animals did not cause
lung sequestration of neutrophils (23 ± 4 U/g and 16 ± 1 U/g). In MAAPV-treated sham
animals, BAL fluid LTB 4 was 225 ± 80 pg/ml, BAL fluid protein was 255 ± 76 (ig/ml and
the wet to dry weight ratio was 4.02 ± 0.17. In PEG-SOD/CAT treated shams, BAL fluid
LTB 4 was 377 ± 35 pg/ml, BAL fluid protein was 199 ± 60 (ig/ml and the wet to dry
weight ratio was 3.70 ± 0.23.
Please refer to Section V , Tables 18-21, for original data for these experim ents.

Fig. 17. Four hours after release of tourniquets, neutrophils accumulated within the lungs,
indicated by myeloperoxidase content. Treatment with MAAPV or PEG-SOD/CAT did not
affect tissue myeloperoxidase. * indicates significance of p < 0.01 relative to saline-treated
shams.
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Fig. 18. Four hours after release of tourniquets, BAL fluid LTB4 rose in saline-treated
ischaemic animals. Treatment with MAAPV did not affect the rise in LTB4, whereas PEGSOD/CAT prevented the LTB4 increase. * and t indicate significance of p < 0.01 relative
to saline-treated shams and saline-treated ischaemic animals respectively.
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Fig. 19. Release of tourniquets resulted in accumulation of protein in BAL fluid in salinetreated ischaemic animals. Treatment with MAAPV or PEG-SOD/CAT reduced the rise in
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Fig. 20. Tourniquet release resulted in an increase in the lung wet to dry weight ratio in
saline-treated ischaemic animals. Treatment with MAAPV or PEG-SOD/CAT prevented
the rise in wet to dry weight ratio. * and t indicate significance of p < 0.01 relative to
saline-treated shams and p < 0.05 relative to saline-treated ischaemic animals respectively.
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DISCUSSIO N
The results of this study suggest that following hindlimb tourniquet ischaemia,
activated neutrophils are sequestered in the lungs, and once they have become adherent in
the microvasculature, induce permeability and oedema via secretion of elastase and reactive
oxygen species. These conclusions are indicated by the observations that either elastase
inhibition or the use of oxygen radical scavengers reduced alveolar protein leak and the
lung wet to dry weight ratio (Fig. 19,20).
Previous work in this laboratory has shown that following hindlimb ischaemia
neutrophils become activated and induce permeability changes both in the reperfused
hindlimb and also in the lungs. In order to cause injury to the lungs these sequestered
neutrophils appear to require adherence within the pulmonary microvasculature. In vivo
data from several ischaemic models support the thesis that adherence is a requirement for
activated neutrophils to induce injury. Thus, antibodies directed against the CD 18
complex of neutrophil adhesive glycoproteins are effective in preventing injury following
myocardial and skeletal muscle ischaemia and reperfusion

250\ Similarly, the lung

injury in this model is dependent upon PMN adherence mediated by CD 18 (see chapter
10). In the present study the mechanism by which adherent neutrophils mediate lung
permeability at a time when they are already adherent within the lungs was examined.
Neither oxygen radical scavengers, given 2 hours after reperfusion, nor elastase inhibition
affected the numbers of neutrophils within the lungs (Fig. 17).
MAAPV effectively reduced lung permeability and oedema, indicated by the
decreases in alveolar protein leak and wet to dry weight ratio. MAAPV has been shown to
be a specific inhibitor of neutrophil elastase, to which it binds irreversibly

(2 1 0 , 25 0.

It

does not bind to collagenase or gelatinase or other proteases. A number of other cell types
are also known to contain elastase, for instance monocytes, macrophages, platelets and
smooth muscle cells (120\ However, as the lung injury studied here is neutrophil
dependent, the results strongly suggest that neutrophils are the most probable source of
elastase (130\

Involvement of elastase in the pathogenesis of endothelial damage in vivo is
supported by the finding of elastase in BAL fluid in patients with the adult respiratory
distress syndrome ^145,165,2911 In vitro data also indicate that secretion of proteolytic
enzymes, in particular elastase, is the main mechanism by which neutrophils induce
permeability after stimuli such as LTB4 or endotoxin <251\ Use of specific elastase
inhibitors in vitro

^1 0 3 ,25 D and

in vivo ^13,286>protects endothelium exposed to authentic

elastase and to stimulated neutrophils.
Difficulties arise with the thesis that neutrophils induce permeability in vivo purely
by the secretion of elastase (reviewed in chapter 4). The problem with this, namely
independent and effective action of elastase, is that free plasma elastase is inactivated
quickly by ai-P I, the proteinase inhibitor. Alphai-PI, normally present in plasma in large
quantities, rapidly binds to free elastase, providing an effective screen protecting normal
tissues. Thus, for elastase to be effective the enzyme must either be present in very large
quantities or ai-P I must be inactivated. Neutrophils possess the ability to accomplish both
these actions, the latter by the secretion of potent reactive oxygen species such as
superoxide ions, H 2 O 2 and other oxygen metabolites which can neutralize ai-P I (296\
Indeed, in a previous study of hindlimb ischaemia in this laboratory, there was an increase
in the oxidative activity of circulating neutrophils during the first 30 minutes following
reperfusion as measured by their intracellular H 2 O 2 content (197\ It is equally unlikely that
neutrophils can cause tissue injury solely by generation of oxygen metabolites, since
oxygen radicals are very short lived and are able to cause damage only over extremely short
distances. An attractive hypothesis is that neutrophils use these two systems, elastase and
reactive oxygen species, in a cooperative fashion to mediate cellular injury. Since close
adhesion is required for neutrophils to injure endothelium, it is likely that this adhesive
process creates a micro-environment in which ai-P I is effectively inactivated by oxygen
radicals with the result that secreted elastase has unrestricted access to endothelium <293>.
Recent findings in vitro suggest that ligand binding of the PMN CD 18 adherence
receptor to endothelium is required for the neutrophil to release H 2 O 2 extracellularly (24°).
Furthermore, PMN adhesion also appears to be required for the extracellular release of

primary and secondary granule contents from the stimulated neutrophil <231). If this
schem a is true in v ivo then elastase, which is contained in primary granules, w ill be
secreted and thus able to dam age tissues only after neutrophils have adhered to
endothelium . E vidence from ex v iv o studies corroborates the synergistic action o f elastase
and reactive oxygen species. Thus, release o f oxygen m etabolites after perfusion with an
oxygen radical generating system is insufficient to cause injury in perfused rat lungs,
whereas addition o f purified elastase to the perfusate leads to oedem a <13*220\ The present
data are also consistent with the activity o f both elastase and oxygen m etabolites since
M A A P V or PE G -SO D /C A T w ere equally effective in a setting where neutrophil
sequestration w as not im peded (Fig. 17).
It has previously been show n that oxygen radical inhibition reduces the synthesis o f
the chem oactivator LTB4 in plasm a. In this study, PE G -SO D /C A T prevented the rise in
LT B4 in B A L fluid. H igh lev els o f LTB4 in B A L fluid have been noted in other settings o f
neutrophil-dependent injury, for instance follow in g intravenous endotoxin (191>or phorbol
myristate acetate (259\ and have been found to correlate with the degree o f neutrophil
accumulation in lungs exp osed to hyperoxia (270\ Present data do not permit definition o f
the cellular source o f LTB4. W hile the importance o f neutrophils in inducing the injury is
substantiated, the LTB4 in B A L fluid might reflect the products o f other activated cells
within the lung parenchyma, such as mast cells, w hich m ight participate in inducing
permeability. Therefore PE G -SO D /C A T might reduce injury partly by inhibiting LTB4
synthesis through rem oval o f oxygen free radicals which are intermediaries needed for
eicosanoid production. This in turn could lim it the activation o f neutrophils or other cells to
secrete elastase or other injurious agents. T hese considerations do not negate the
importance o f secretion o f oxygen radicals by the adherent neutrophil as the probable
m echanism for prom oting the action o f elastase. In contrast, M A A P V did not alter the
synthesis o f LTB4 by neutrophils on ce sequestered in the lungs.
In conclusion, the data o f this study provide support for elastase secretion,
probably in conjunction with the generation o f reactive oxygen species, as the m echanism

by which sequestered neutrophils mediate lung permeability following bilateral hindlimb
ischaemia and reperfusion.

SU M M A RY
Ischaemia and reperfusion of the lower torso lead to a lung injury which is
dependent upon adherence of activated neutrophils (PMN). This study tests whether
elastase and oxygen radicals participate in the injury induced by PMN once they have
become sequestered in the lungs. Anaesthetized rats treated with saline (n=9) or the
specific elastase inhibitor methoxysuccinyl-L-Ala-L-Ala-L-Pro-L-Val-chloromethylketone
(MAAPV, n= 6 ) underwent four hours of bilateral hindlimb tourniquet ischaemia followed
by four hours of reperfusion. At this time, in saline-treated rats: PMN were sequestered in
the lungs as assayed by myeloperoxidase activity (MPO) 51 ± 5 U/g tissue, higher than
MPO in saline-treated sham rats (n=9) 18 ± 3 U/g MPO, (p < 0.01); bronchoalveolar
lavage (BAL) fluid leukotriene (LT) B4 levels increased to 594 ± 46 pg/ml relative to 200 ±
38 pg/ml in shams (p < 0.01); there was increased permeability documented by BAL fluid
protein content of 599 ± 91 |Xg/ml, compared to 214 ± 35 |ig/ml in sham animals (p <
0.01); and there was oedema shown by the increase in lung wet to dry weight ratio of 4.77
± 0.14 relative to 4.00 ± 0.09 in sham rats (p < 0.01). In MAAPV-treated animals, lung
neutrophil sequestration (62 ± 9 U/g MPO) and the rise of LTB 4 in BAL fluid (780 ± 244
pg/ml) were not affected, but both BAL fluid protein (335 ± 32 |ig/ml) and lung wet to dry
weight ratio (4.21 ± 0.17) were reduced (both p < 0.05). Another group of rats (n=7)
were treated with the oxygen radical scavengers superoxide dismutase and catalase 2 hours
after the tourniquets were removed. These did not affect lung neutrophil sequestration (58
±

8

U/g MPO) but prevented the rise of LTB4 in BAL fluid (167 ± 44 pg/ml) as well as

BAL fluid protein (245 ± 95 |!g/ml, p < 0.05) and lung wet to dry weight ratio (4.02 ±
0.11, p < 0.01). Infusion of MAAPV or oxygen radical scavengers into sham animals was
without effect on neutrophil-endothelial interactions (23 ± 4 and 16 ± 1 U/g MPO
respectively). These data indicate that neutrophils sequestered in the lungs following
remote ischaemia probably mediate permeability oedema via release of both elastase and
oxygen radicals.

CHAPTER 12

R O L E FO R TU M OUR N ECRO SIS FA CTO R AS M ED IA TO R OF LUNG
IN JU R Y FO L LO W IN G L O W ER TO RSO ISC H A EM IA

INTRODUCTION
The results in chapter 10 indicate that the lung injury following lower torso
ischaemia depends upon CD 18-dependent neutrophil adhesion. However, it is not known
why neutrophils are recruited to the lung to induce this injury. High levels of plasma
leukotriene (LT) B4 are found within 10 minutes after reperfusion, and these fall thereafter
(see chapter 9). During this time there is transient CD 18-dependent neutropenia. It is
established that PMN stimulated in vitro by LTB4 adhere to endothelium maximally within
a few minutes (215\ with adhesion returning to baseline within one hour. The time course
of neutrophil sequestration in the lungs following lower torso ischaemia and reperfusion is
not known. Initial in vivo observations suggested that PMN continue to sequester in the
lungs for several hours after reperfusion, in a fashion similar to the adhesion seen after
endothelium is stimulated by cytokines to generate de novo adhesion molecules. Because
of this, I postulated that another mediator capable of inducing this type of delayed adhesion
and injury was operative, such as tumour necrosis facto r-a (TNF).
Initial support of this hypothesis implicating TNF as the mediator is the finding that
LTB 4 is reported to stimulate TNF production in vitro

Secondly, TNF is capable of

inducing prolonged activation of neutrophils with generation and release of superoxide ions
and granular enzymes (138,182\ a process requiring neutrophil adherence to endothelium,
which TNF also stimulates (see chapters 5 and 7). Furthermore, an increasing body of
evidence implicates TNF as a principal mediator of lung and multi-organ injury following
stimuli such as sepsis and endotoxaemia <24,265,288\ In these settings, a major
determinant of tissue injury is thought to be neutrophil activation with release of injurious
agents which increase microvascular permeability ^106,108,266,289l When injected
experimentally in low doses into animals, TNF causes a lung injury characterized by
increased permeability, oedema and sequestration of neutrophils in the microvasculature (190,266\ These changes mimic those seen after ischaemia followed by
reperfusion of the lower torso. Both injuries are neutrophil dependent, since protection is
conferred by prior depletion of circulating neutrophils ^130,266\

The purpose of the present investigation was to asses the role of TNF in the lung
injury following lower torso ischaemia. The results showed that TNF was present in
plasma in some, but not all, ischaemic and reperfused animals. Treatment with a
polyclonal anti-TNF anti-serum reduced the lung sequestration of neutrophils, and also
limited permeability and oedema.

METHODS
Experimental design
Anesthetized rats underwent 4 hours of bilateral hindlimb tourniquet ischaemia.
Animals were killed just before reperfusion, and at 10 minutes, 30 minutes, 1 hour, 2
hours, 3 hours or 4 hours following tourniquet release (n= 6 for each time point). Blood
was obtained for estimation of the white blood cell (WBC) count. At each time point
additional heparinized blood was centrifuged at 4° C, 1500 x g for 20 minutes and the
plasma obtained stored at -20°C until assayed for TNF. Samples were obtained for
histology, bronchoalveolar lavage (BAL) and estimation of lung wet to dry weight (W/d)
ratio. Sham rats were prepared similarly and were killed after four or eight hours of sham
ischaemia (n= 6 for each time point). Samples were prepared for WBC count, TNF assay,
histology, BAL fluid protein and W/d ratio.
Additional rats were subjected to hindlimb ischaemia and reperfusion in a similar
fashion. Three hours and 30 minutes after the application of tourniquets animals were
treated with rabbit anti-murine TNF—a anti-serum (IP 400, Genzyme, Boston MA) 1ml
i.v. of a 1 to 50 dilution over 5 minutes (n=8 ) or control rabbit serum (IP 001, Genzyme) 1
ml i.v. 1 to 50 dilution (n=5). This polyvalent anti-serum has been shown to react with
and neutralize rat T N F -a <66) and was obtained after injection of rabbits with recombinant
murine T N F -a. In preliminary experiments it was found that use of a greater dilution (1 to
250) of the IP 400 did not significantly reduce the sequestration of neutrophils in the lungs.
Animals were killed 4 hours following tourniquet release and the same end-points obtained
as described above.
TNF assay
Serum TNF was measured with a sandwich enzyme-linked immunosorbent assay
(ELISA) (246\ Briefly, serum samples were diluted 1 to 5 and incubated in 96-well ELISA
plates coated with hamster anti-murine T N F -a monoclonal antibody (Genzyme). The
plates were washed and incubated sequentially with rabbit anti-murine TNF polyclonal

antibody (Genzyme) and alkaline phosphatase-conjugated goat anti-rabbit IgG (Boehringer
Mannheim, Indianapolis IN). The alkaline phosphatase-linked antibody was incubated
with the phosphate substrate p-nitrophenyl phosphate disodium (Sigma, St. Louis MO).
Samples were assayed in triplicate and were read at 400 nm. This ELISA is highly specific
for TNF. The minimum amount of serum TNF detectable by this method was 100 pg/ml.
Statistical analysis was performed as previously described except that Fisher's exact
probability test was used for TNF data.

RESULTS
Following release of hindlimb tourniquets, there was progressive neutrophil
sequestration in the lungs (Fig. 21). There was a slower increase in BAL fluid protein
concentration which was significant at 4 hours of reperfusion, 599 ±91 pg/ml vs. 214 ±
35, (p < 0.01, Fig. 22). As with BAL fluid protein concentration, the rise in lung wet to
dry weight ratio was maximal at 4 hours, 4.70 ± 0.12 vs. 4.02 ± 0.17 in shams (p < 0.01,
Fig. 23). At four hours there was also an increase in BAL fluid LTB4 level to 720 ± 140
pg/ml, higher than the value in saline-treated shams, 240 ± 40 pg/ml (p <0.01, Fig. 24),
and the circulating WBC count was 5.71 ± 0.46 x 103 /mm3, vs. 7.08 ± 0.88 x 103 /mm 3
in shams (NS).
There was a measurable increase at 4 hours in plasma levels of TNF in 3 out of 6
animals (p = 0.09), to a mean of 167 pg/ml. In none of the other ischaemic and reperfused
or any sham animals was plasma TNF detected. Pretreatment of animals with the anti-TNF
anti-serum led to a reduction in the sequestration of neutrophils in the lungs 42 ± 3
PMN/10 HPF, vs. animals treated with saline or normal rabbit serum (p < 0.01, Fig .25).
The anti-TNF anti-serum also reduced BAL fluid LTB 4 , 300 ± 70 pg/ml (p <0.01, Fig.
26) and the alveolar protein leak, 354 ± 82 pg/ml (p < 0.05, Fig. 26); and the increase in
wet to dry weight ratio, 4.19 ± 0.11 (p < 0.01, Fig. 27).
Please refer to Section V, Tables 22-35, for original data for these experiments.

Fig. 21. Following release of the tourniquets there was progressive sequestration of
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Fig. 22. F our hours follow ing release of the tourniquets the protein co n centration in B A L
fluid increased. * indicates p < 0.01 relative to sham s at the sam e tim e point.
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Fig. 23. Four hours following tourniquet release the lung wet to dry weight ratio
increased. * indicates p < 0.01 relative to shams at the same time point.
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Fig. 24. Administration of anti-TNF anti-serum reduced the observed generation of LTB4
in BAL fluid in ischaemic and reperfused animals. * and t indicate p < 0.01 relative to
shams and saline- or serum-treated ischaemic animals respectively.
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Fig. 25. T he anti-T N F anti-serum partially reduced the sequestration o f neutrophils in the
lungs. * and t indicate p < 0.05 relative to sham s and saline- o r serum -treated ischaem ic
anim als respectively.
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Fig. 26. The anti-TNF anti-serum reduced the BAL fluid protein leak. * and + indicate p <
0.01 relative to shams and saline- or serum-treated ischaemic animals respectively.
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Fig. 27. The anti-TN F anti-serum reduced the increase in lung wet to dry w eig h t ratio. *
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D IS C U S S IO N
The data in this study suggest that the lung injury which follows lower torso
ischaemia is mediated in part by TNF. This is shown by the progressive neutrophil
sequestration over 4 hours, consistent with endothelial activation by a cytokine (Fig. 21).
Secondly, TNF was shown to be present in plasma in 3 of 6 ischaemic animals but in none
of the shams. Thirdly, TNF anti-serum reduced the sequestration of neutrophils in the
lungs following tourniquet release (Fig. 25); and finally, there was reduction of alveolar
protein leak and the increase in the lung wet to dry weight ratio with TNF anti-serum (Fig.
26,27).
It is known that the lung injury which follows reperfusion of the ischaemic lower
torso is dependent upon neutrophil adhesion within the microvasculature, since neutrophil
depletion effectively prevents the permeability changes and lung oedema (130L
Furthermore, neutrophils become activated following ischaemia to synthesize H 2 O 2 ^197^
and functionally upregulate CD 18 (see chapters 9 and 10). Inhibition of these events
reduces lung injury. The mechanism(s) by which TNF mediates this lung injury may be
two-fold. First, TNF is a potent activator of neutrophils, inducing generation of
superoxide ion, H 2 O 2 ^138,182^ and release of granular enzymes, in particular elastase (251L
TNF also induces upregulation of the CD 18 complex, which promotes adhesion of
neutrophils to endothelium

Secondly, TNF potently activates endothelium to become

more adhesive for neutrophils. Although the data from this study do not document that the
mechanism is by TNF induction of endothelial adhesion proteins, the temporal course of
neutrophil sequestration suggests this involvement.
The course of sequestration of neutrophils indicated progressive accumulation
within the lungs over the period of reperfusion. That this sequestration was not an artefact
related to increased numbers of circulating WBC and marginating PMN is shown by the
finding that the peripheral WBC count was the same in ischaemia-reperfusion and sham
animals at the end of the experiments. In previous experiments using the same model, it
has been observed that neutrophils remain sequestered in the lungs 24 hours after release of

the tourniquets

It is plausible to speculate that the gradual increase in sequestration and

its continuation for 24 hours represents activation of the pulmonary microvascular
endothelium to generate adhesion molecules. In further support of this hypothesis,
stimulation of large vessel endothelium in vitro by cytokines such as TNF induces a similar
pattern of increased adhesion for neutrophils (205L It is suspected, but not proven, that the
pulmonary microvascular endothelium responds in a similar manner following cytokine
exposure.
In addition to endothelial adhesion proteins, neutrophil adhesion molecules are
involved in this injury (chapter 10). Two mechanisms of neutrophil adhesion are possible:
intravascular aggregation of neutrophils or their adhesion to endothelium. The CD 18 mAb
used in chapter 10 does not distinguish these possibilities. While it is probable that the CD
18 antibody is effective in this setting by inhibiting adhesion of activated neutrophils to
endothelium, this mAb may also prevent neutrophil aggregation within the pulmonary
microvasculature, since aggregation is also CD 18 dependent. Present data, however,
support the hypothesis that the nature of the neutrophil-endothelial interaction is that CD 18
binds to de novo endothelial adhesion molecules induced by TNF. This could then
contribute to injury by attracting neutrophils which, once they become adherent to
endothelial cells, release agents such as elastase and reactive oxygen species, with resulting
permeability (see chapter 11). Indeed, the extracellular release of H 2 O 2 by neutrophils
requires ligand binding of the CD 18 complex (204\ and evidence supports the concept that
endothelial cells exposed to TNF become more susceptible to lysis by activated
neutrophils <281\ An agent such as LTB 4 , which activate neutrophils, cannot by itself
account for delayed neutrophil sequestration, since it does not induce endothelial adhesion
molecules.
In the first minutes following reperfusion in the same model, plasma levels of LTB 4
rise, associated with transient neutropenia (see chapters 9 and 10 and references (132,134^).
As previously discussed, it is probable that these neutrophils are activated by LTB4 and that
this causes the initial rise in neutrophil accumulation seen 10 minutes after reperfusion (Fig.
20). O f note here is the quantitative differences between the neutrophil sequestration

observed in the rat (Fig. 21) and in the rabbit (chapter 10). Present data do not allow a
clear understanding of how, in the rat, use of quantitative histology suggests only a small
increase in neutrophil accumulation at

10

minutes after reperfusion, whereas in the rabbit

the myeloperoxidase assay indicates a doubling of lung neutrophils. It is possible that both
species and methodological factors account for this. Nevertheless, there was an increase in
lung neutrophil accumulation over baseline in both experiments. Inhibition of lipoxygenase
activity prevents not only the early neutropenia, but also the later lung neutrophil
sequestration <134>. Evidence suggests, however, that the rise in plasma LTB 4 does not
account for the continued accumulation of neutrophils in the lungs because LTB 4 -induced
adhesion in vitro is transient (151L The role of LTB 4 might be to stimulate later generation
of an agent(s) which mediates delayed and prolonged adhesion and lung permeability. That
such an agent is TNF is supported by the findings (Fig. 24-27). The observation that
infusion of LTB4 in vivo does not induce lung permeability or oedema, even though it
produces neutropenia, suggests the involvement of an additional factor(s) in the generation
of TNF activity following ischaemia (184,263L
Based on these considerations of an indirect effect of LTB4 , the ability of
lipoxygenase inhibition to prevent the lung injury is also likely to be indirect. It is
speculated that lipoxygenase activity ultimately leads to generation of TNF, and that this
may explain the protective effect of lipoxygenase inhibition in this injury. In support of
this, lipoxygenase products have been found to stimulate TNF production in vitro <66\ The
reverse is also true, that is, TNF also activates macrophages and stimulates LTB 4
production in neutrophils <47, 168\ In the present experiment, the TNF anti-serum inhibited
the rise of LTB4 in BAL fluid. Although these data do not allow definition of the cellular
source of LTB4 or the origin of TNF secretion, they suggest that TNF might be operative
within the lung parenchyma to activate interstitial cells, such as mast cells, to produce
LTB 4 . It is possible that these agents enhance the production of each other in positive
feedback fashion.
TNF was measured in plasma 4 hours after the tourniquets were removed. In
preliminary experiments, the presence of plasma TNF was sought at earlier time points

following reperfusion. However, sampling plasma from reperfused animals at each time
point after tourniquet release did not reveal detectable levels. For the hypothesis that TNF
mediates this injury by endothelial activation to be correct, TNF would in theory need to be
present earlier than 4 hours after reperfusion. The observation that TNF was not always
detectable in plasma is consistent with findings in other experimental models and in
patients <288\ where TNF is thought to be present and operative within cells such as tissue
macrophages without being released into plasma <126,174L Furthermore, evidence
suggests that after a potent macrophage stimulus such as endotoxin, newly-synthesised
TNF exists for sometime inside macrophages, associated with the cell membrane, before it
is released into the extracellular environment (45l Moreover, TNF release by macrophages
is thought to be preceded by its appearance as a higher molecular weight (29 kDa vs. 17
kDa) cell-associated TNF <126>. It is thus plausible to speculate that TNF is secreted by
cells such as macrophages within the lungs, and that it could be operative locally in
inducing endothelial activation at a time when it is not yet measurable in plasma.
The anti-TNF anti-serum was only partially effective in reducing neutrophil
sequestration in the lungs. It is possible that this was a dose related event, and that further
inhibition could have been achieved had the dose been greater. Alternatively, it is possible
that other mediators are operative in this setting, for instance interleukin-1. This cytokine
also induces endothelial adhesion molecules and, like TNF, is capable of increasing
endothelial susceptibility to neutrophil-mediated injury (298l
In summary, the data in this study provide support for the new concept that TNF is
generated following ischaemia of the lower torso, and contributes to lung injury by a
mechanism related either to activation of the neutrophil directly or, more likely, by
activation of pulmonary endothelial cells to increase adhesiveness for neutrophils.

SU M M ARY
Ischaemia and reperfusion of the ischaemic lower torso lead to a neutrophildependent lung injury characterized by neutrophil sequestration and permeability oedema.
This mimics the injury seen after infusion of tumour necrosis factor-a (TNF), a potent
activator of neutrophils and endothelium. This study tests whether TNF is a mediator of
the lung injury following lower torso ischaemia. Anaesthetized rats underwent 4 hours of
bilateral hindlimb tourniquet ischaemia, followed by reperfusion for 10 min, 30 min, 1,2,
3 or 4 hours (n= 6 for each time point). Quantitative lung histology indicated progressive
sequestration of neutrophils in the lungs, 25 ± 3 PMN/10 high power fields (HPF) 10
minutes after reperfusion, vs. 20 ± 2 PMN/10 HPF in sham animals, increasing to 53 ± 5
PMN/10 HPF after 4 hours, vs. 23 ± 3 PMN/10 HPF in shams (p < 0.01). There was
lung permeability, shown by increasing protein accumulation in bronchoalveolar lavage
(BAL) fluid, which at 4 hours after reperfusion was 599 ± 91 |ig/ml vs. 214 ± 35 |ig/ml in
shams, (p < 0.01). Similarly, there was oedema, shown by the lung wet to dry weight
ratio which increased by 4 hours to 4.70 ± 0.12, vs. 4.02 ± 0.17 in shams (p < 0.01).
There was generation of leukotriene (LT) B4 in BAL fluid 720 ± 140 pg/ml vs. 240 ± 40
pg/ml, (p < 0.01) and in 3 of 6 rats tested at this time TNF was detected in plasma, mean
value 167 pg/ml. In no sham animal was TNF detectable. Additional rats were subjected
to ischaemia and were treated intravenously with a polyclonal rabbit anti-murine TNF anti
serum, 30 minutes prior to reperfusion (n= 8 ) or control serum (n=5). The TNF antiserum, but not the control serum, reduced lung neutrophil sequestration, limited
permeability and oedema and prevented the rise of LTB4 in BAL fluid (all p < 0.05).
These data indicate that TNF is a mediator of the lung injury which follows lower torso
ischaemia.

SECTION III

GENERAL DISCUSSION AND CONCLUSIONS

Ischaemia is a common clinical event with potentially serious consequences.
Evidence suggests that the major part of tissue injury occurs upon reperfusion, and is
mediated by the accumulation of activated neutrophils into the tissue. The ensuing damage,
termed ischaemia-reperfusion injury, is thought to be similar in most low flow states,
including hypovolaemic shock. In situations such as myocardial infarction, reperfusion of
the occluded coronary artery may not occur and part of the myocardium will inevitably die.
However, much adjacent myocardium will have its blood supply critically diminished, but
may still be viable. It is this poorly perfused area which is subjected to "reperfusion"
injury, and the extent of this injury which determines eventual infarct size.
Injury may be defined as an increase in microvascular permeability, which produces
leakage of protein from the circulation into the extravascular space, and oedema. The net
result of these changes is loss of function in the reperfused tissue. If the mass of ischaemic
tissue is large, reperfusion also leads to respiratory failure. Such events are often seen after
myocardial or cerebral occlusion, femoral embolism, occlusive trauma, or after operations
such as repair of an abdominal aortic aneurysm.
In the experimental work described in this thesis I examined the mechanisms
determining how neutrophils are recruited into ischaemic tissue upon reperfusion. I used a
model in which the upper thighs of rabbits or rats were made ischaemic by the application
of tourniquets on the upper thighs. Making a large mass of tissue ischaemic in this way
allowed direct measurement of agent(s) released by the ischaemic tissue upon reperfusion,
and such an agent was identified as leukotriene (LT) B 4. When plasma derived from the
ischaemic and reperfused rabbit hindlimbs was introduced into dermabrasion chambers in
other, normal rabbits, there was neutrophil diapedesis. This indicated that ischaemia and
reperfusion led to the generation of chemotactic activity in plasma. Diapedesis into the
dermabrasion chambers was dependent upon LTB4 via activation of the CD 18 complex of
neutrophil adhesive glycoproteins, since both a selective LTB4 antagonist and a monoclonal
antibody (mAb) against CD 18 inhibited diapedesis. This provided the first evidence that
reperfused tissue was able to generate LTB4 in a concentration sufficient to attract
neutrophils into an inflammatory site via a mechanism involving the CD 18 complex. It

was also found that diapedesis was not dependent upon protein synthesis, indicating that
cytokines or induction in the dermabrasion chambers of de novo endothelial adhesion
molecules such as ICAM-1 or ELAM-1 were not necessary for diapedesis. These data do
not necessarily indicate that it is LTB4 that is responsible for the accumulation of
neutrophils into reperfused tissue in other models, but do suggest that LTB 4 may have
importance in this process. The results support studies in other ischaemia-reperfusion
models in which lipoxygenase inhibition afforded protection from reperfusion injury.
Following tourniquet release there was also neutropenia. It was not possible to
demonstrate that this was induced by LTB4 because a selective antagonist was not available
for intravenous use or in sufficient quantities to be given orally. However, the
experimental data indicated that neutropenia was preventable by giving a CD 18 mAb
intravenously, in accord with the finding that diapedesis in response to plasma derived
from rabbits at the time of neutropenia was also prevented by the same mAb. It was
demonstrated that despite the fact that neutropenia was CD 18 dependent, it did not involve
quantitative upregulation of CD 18 on the cell surface of the neutrophil. This finding was
in agreement with in vitro studies indicating that upregulation of CD 18 was not required
for neutrophil adhesion to endothelium, but rather that a change in the conformation of
expressed CD 18 was necessary. The data therefore suggested that conformational change
in CD 18 was the likely mechanism for neutrophil adhesion to endothelium in ischaemia
and reperfusion. Precise understanding of the nature of the conformational change required
for adhesion may allow strategies for limiting neutrophil accumulation into reperfused
tissue.
In chapters 10-121 examined the mechanism for the lung injury, a form of adult
respiratory distress syndrome, which follows when a large mass of tissue is made
ischaemic for 3 or more hours and then reperfused. The injury, measured 4 hours later,
was characterized by neutrophil sequestration in the lungs, alveolar protein leak and
pulmonary oedema. These were prevented by a CD 18 mAb, indicating that neutrophil
adherence within the microvasculature was necessary for injury. The effectiveness of the
CD 18 mAb suggested the involvement of ICAM-1, the ligand for CD 18, in the injury. It

was not possible to test the role of another endothelial adhesion molecule for neutrophils,
ELAM-1, in the same setting, as no ELAM-1 mAbs cross-react with the rabbit or the rat.
Use of a specific inhibitor of neutrophil elastase reduced the permeability and
oedema. This suggested the probable mechanism by which the sequestered neutrophils
induced injury. Likewise, inhibition of oxygen radicals with the scavenging enzymes
superoxide dismutase and catalase reduced injury. Giving these inhibitors after reperfusion
did not prevent the sequestration of neutrophils in the lungs, in contrast to the complete
prevention of sequestration if these enzymes are given before reperfusion. These
observations provided evidence that the mechanism by which the adherent neutrophils
induced injury was by cooperative interaction of elastase and oxygen metabolites, probably
acting in synergism. The data were in agreement with previous in vitro findings which
indicated that the process of binding of CD 18 to its endothelial ligand is the trigger
necessary for the neutrophil to release proteolytic enzymes and H 2 O 2 into the extracellular
environment.
The histological data did not distinguish between aggregation of neutrophils or their
adhesion to pulmonary endothelium. However, study of the time course of sequestration
of neutrophils within the lungs indicated that this was a progressive event which continued
to increase over the 4 hour period of observation. Taken together with the prevention of
injury by elastase inhibition and by oxygen radical scavengers, these data suggested that
the mechanism of injury was by adhesion of neutrophils specifically to pulmonary
endothelium.
It was noted that the progression of sequestration of neutrophils within the lungs
mimicked the pattern of increased endothelial adhesiveness for neutrophils seen after
stimulation of endothelium by cytokines such as tumour necrosis factor (TNF). Therefore,
a possible reason for the lung injury following ischaemia could have been generation and
action of TNF. In support of this, infusion of TNF is known to induce a lung injury
similar to that following ischaemia. Initial observations using a highly specific ELISA
indicated that TNF activity was induced in serum of some, but not all, reperfused animals.
Moreover, inhibition of TNF with anti-serum was partially effective in reducing lung

sequestration, and also limited the injury. This suggested induction of TNF by ischaemiareperfusion, and its presence in plasma in only a small proportion of animals studied was
consistent with findings from patient studies in which TNF, although implicated in disease,
was not measurable in plasma.
It was not possible to conclude from the present data whether TNF might have
induced injury by stimulating neutrophils or by direct activation of endothelium, since
inhibition of either of these events would have led to similar reduction in injury. However,
the kinetics of sequestration of neutrophils within the lungs mimicked the time course of
increase in adhesiveness of endothelium for neutrophils after endothelial stimulation by
TNF. This suggested indirectly that the possible mechanism of action of TNF was by
endothelial activation. Data in this study provided the first evidence of involvement of TNF
as a mediator of tissue injury following skeletal muscle ischaemia.

SECTION TV
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SECTION V

APPENDIX

TABLE 1
PLASMA LEUKOTRIENE B4 10 MIN FOLLOWING REPERFUSION OF
THE ISCHAEMIC RABBIT LOWER TORSO *

Values from
individual
animals

Control

Ischaemia and
reperfusion

150

340

265

345

195

270

300

560

79

195

20

180

74

440

20

990

62

235

115

245

210

490

50

900

200

375
410
225
105

Mean ± SE

134 ± 2 6

394 ± 6 2 1*

* units in pg/ml. f indicates p < 0.01 relative to control rabbits.

TABLE 2
C ELL SURFACE EX PRESSIO N OF CD 18 ON RABBIT NEU TRO H ILS
Control plasma
Relative
fluorescence
intensity *

I/R plasma

PMA 5 x 10"8M

PMA 10-7M

1.35

1.29

1.26

2.87

0.86

1.61

1.71

1.71

1.15

1.20

1.46

2.63

0.76

1.21

1.93

3.14

1.12

0.75

1.64

3.08

0.64

0.65

1.60

0.55

1.12

1.39

1.39

1.42

1.47

1.22

1.37

1.36

1.57

1.50

1.57

0.87

0.85
0.86
1.16
0.86

Mean ± SE

1.09 ± 0.09

1.18 ± 0.08

1.60 ± 0.09 t

2.69 ± 0.26 f

* units are fluorescence intensity relative to unstimulated baseline, using CD 18 mAb R
15.7, in tables 2,3 and 4. Values for IgGi and FITC controls were subtracted from each
sample to calculate fluorescence values relative to unstimulated baseline, as shown in table
5. f indicates p < 0.01 relative to stimulation with either control or ischaemia and
reperfusion (I/R) plasma.

TABLE 3
CELL SURFACE EXPRESSION OF CD 18 ON RABBIT NEUTROHDLS *

Relative
fluorescence
intensity

Mean ± SE

10 min pre
reperfusion

10 min post
reperfusion

0.79

0.89

1.00

0.97

1.00

0.92

0.93 ± 0.07

0.93 ± 0.02

* these data are from PMN of rabbits treated with mAb R 15.7 prior to ischaemia to which
only FITC-IgG was added ex vivo.

TABLE 4
CELL SURFACE CD 18 EXPRESSION ON RABBIT NEUTROPHILS:
DOSE RESPONSE TO LTB4 *
l t b 4 io -10m

Relative
fluorescence
intensity

Mean

LTB4 10-9M

LTB4 10-gM

LTB4 10-7h

1.18

1.28

1.59

1.82

0.65

1.06

1.74

2.10

1.08

1.10

1.67

1.54

0.97

1.15

1.67

1.82

* data are from experiments using blood from 3 rabbits and mAb R 15.7. The mean
relative fluorescence intensity for PMA stimulation (10_7M) in these experiments was 2.40.

TABLE 5
CELL SURFACE CD 18 EXPRESSION ON RABBIT NEUTROPHILS *
Sample

Mean channel
fluorescence t

IgGi control

4.9

FITC control

3.5

Unstimulated baseline

183.1

Unstimulated baseline

180.2

I/R plasma (a)

156.2

I/R plasma (a)

162.4

I/R plasma (b)

211.1

I/R plasma (b)

157.0

Control plasma

158.9

PMA**

341.6

PMA**

292.8

PMA**

286.1

* data are from a representative flow cytometry experiment using blood from one donor
rabbit and mAb R 15.7. Plasma from two different ischaemic and reperfused rabbits was
used in this experiment, indicated by (a) and (b). t values for IgGi and FTTC controls
were subtracted from each sample to calculate fluorescence values relative to unstimulated
baseline, as shown in tables 2,3 and 4. ** PMA was used at 5 x 10_8M in these
experiments.

TABLE 6
PMN ACCUMULATIONS IN RABBIT DERMABRASION CHAMBERS
3 HOURS FOLLOWING APPLICATION OF PLASMA *
Treatment of
dermabrasion
rabbit

Data

Mean ± SE

Intravenous saline

Intravenous R 15.7

Control plasma

I/R plasma

Control plasma

44

2000

0

8

212

1068

4

4

84

1584

4

8

0

524

12

0

188

952

16

4

296

1360

4

0

136

816

0

4

284

1620

4

4

16

620

12

4

16

206

8

8

88

724

0

4

32

1764

0

4

252

1520

4

0

120 ±31

VRpla

1300

8

1292

0

616

4

1130± 124 t

5 ± 1 **

4± 1

* units are cells /mm3, f indicates p < 0.01 relative to control plasma when both groups
were treated with IV saline. ** indicates p< 0.01 when IV saline was compared to IV R
15.7 (CD 18 mAb) treatment for each plasma.

TABLE 7
PMN ACCUMULATIONS IN RABBIT DERMABRASION CHAMBERS
3 HOURS FOLLOWING APPLICATION OF PLASMA *
Treatment of
dermabrasion
rabbit

Data

Intravenous saline
Plasma obtained
1 0 min before
reperfusion

I/R plasma
(50%) dilution

148

626

269

491

23

592

50
40
20

Mean ± SE

92 ± 4 0

570 ± 41

* units are cells /mm3. Statistical analysis not performed due to small sample sizes.

TABLE 8
PM N ACCUM ULATIONS IN RABBIT DERM ABRASION CHAM BERS
3 HOURS FO LLO W IN G A PPLICA TIO N OF PLASM A *
Treatment of
dermabrasion
rabbit

Data

Mean ± SE

Intravenous actinomycin D

Intravenous
saline

Control plasma

I/R plasma

I/R plasma from
rabbits treated
with actinomycin
D

53

225

1633

145

1920

806

90

910

1000

78

1590

1426

91 ± 1 9

1160 ± 376

1220 ± 1 9 0

* units are cells /mm3. Statistical analysis not performed due to small sample sizes.

TABLE 9
PMN ACCUMULATIONS IN RABBIT DERMABRASION CHAMBERS
3 HOURS FOLLOWING APPLICATION OF PLASMA *
Treatment of
dermabrasion
rabbit

Intravenous saline
Topical
U 75,302
(4 x 10-5M)

I/R plasma and
topical saline

I/R plasma and
topical
U 75,302
(10-5M)

784

160

37

720

360

54

920

596

14

652

44

1172

104

850 ± 9 2

253 ± 101**

Data

Mean ± SE

35 ± 12

* units are cells /mm3; data represent paired samples of I/R plasma mixed with saline or U
75,302, the selective LTB4 antagonist, t in these experiments U 75,302 was added to the
dermabrasion chambers alone. ** indicates p < 0.01 comparing saline and U, 75,302
treatments by non-paired t-test.

TABLE 10
PLASMA LEUKOTRIENE B4 10 MIN FOLLOWING REPERFUSION OF
THE ISCHAEMIC RABBIT LOWER TORSO *

Values from
individual
animals

Mean ± SE

Control
(sham ischaemia)

Ischaemia and
reperfusion
IV saline

Ischaemia and
reperfusion
IV R 15.7

150

340

190

265

345

460

195

270

390

300

560

500

79

195

380

20

180

470

74

440

20

990

62

235

129 ± 35

395 ± 85 t

* units are pg/ml. t indicates p < 0 . 0 1 relative to control rabbits.

398 ± 46 f

TABLE 11
TOTAL WHITE BLOOD CELL COUNT IN RABBITS FOLLOWING 3
HOURS OF BILATERAL HINDLIMB ISCHAEMIA *
Control (sham ischaemia)

Mean ± SE

min following
reperfusion
IV saline

min following
sham ischaemia
IV saline

Baseline

4.75

6.25

5.25

1.50

8.25

8.75

6 .0 0

2.75

4.50

4.25

6.75

5.50

4.50

5.75

4.75

3.25

7.25

6.50

5.75

3.25

9.50

9.75

1 0 .0

6.25

6.25

6.50

4.75

2.75

3.25

4.25

3.75

2.75

4.50

4.50

5.00

4.00

5.75

4.50

.85 ± 0.62

6.08 ± 0.61 t

5.78 ± 0.60 **

3.56 ± 0.49

Baseline

Values from
individual
animals

Ischaemia and reperfusion

10

* white blood cell count is expressed as cells x

1 0 3 /mm3.

10

t and ** indicate p < 0 . 0 1

relative to WBC 10 min following reperfusion in rabbits treated with IV saline, using non
paired (f) and paired (**) Student's t-tests.

TABLE 12
TOTAL WHITE BLOOD CELL COUNT IN RABBITS FOLLOWING 3
HOURS OF BILATERAL HINDLIMB ISCHAEMIA:
EFFECT OF CD 18 MAB R 15.7 *
Control (sham ischaemia)
Baseline

Values from
individual
animals

Mean ± SE

10 min following
sham ischaemia
IV R 15.7

Ischaemia and reperfusion
Baseline

10 min following
reperfusion
IV R 15.7

4.25

3.50

4.25

6.25

5.25

3.75

4.75

6.25

2.75

5.75

11.0

13.5

6.25

6.75

6.5

7.0

5.5

5.5

5.86 ± 0.98

7.29 ± 1.05 **

4.75 t

3.62 t

* white blood cell count is expressed as cells x 103 /mm3. t SE not calculated due to small
sample size. ** indicates p < 0.01 relative to WBC 10 min following ischaemia when the
IV treatment was saline (see previous table).

TABLE 13
LUNG NEUTROPHIL SEQUESTRATION 4 HOURS AFTER
REPERFUSION IN RABBITS, FOLLOWING 3 HOURS OF BILATERAL
HINDLIMB TOURNIQUET ISCHAEMIA *

Values from
individual animals

Control
(no ischaemia)

Ischaemia and
reperfusion
IV saline

Ischaemia and
reperfusion
IV R 15.7

47

46

23

19

73

30

19

65

33

32

38

38

36

64

45

45

38

41

23

49

31

45

31 ± 5

52±4 t

33 ± 3 **

* Data are from individual animals and are expressed as PMN/10 high power fields, t
indicates p < 0 . 0 1 relative to control. ** indicates p < 0 . 0 1 comparing rabbits treated with
the CD 18 mAb R 15.7 to ischaemia and reperfusion rabbits treated with IV saline.

TABLE 14
BRONCHOALVEOLAR LAVAGE FLUID PROTEIN CONCENTRATION 4
HOURS AFTER REPERFUSION IN RABBITS, FOLLOWING 3 HOURS OF
BILATERAL HINDLIMB TOURNIQUET ISCHAEMIA *
Ischaemia and
reperfusion
IV saline

Ischaemia and
reperfusion
IV R 15.7

194

324

520

330

440

326

513

206

370

470

987

240

124

353

240

225

750

200

236

800

370

130

752

270

370

277 ± 46

554 ± 9 0 f

Control
im ischaemia)
Values from
individual animals

Mean ± SE

324 ± 41 **

* units are fig protein/ml BAL fluid, t indicates p < 0.01 relative to control. ** indicates p
< 0.05 comparing rabbits treated with the CD 18 mAb R 15.7 to ischaemia and reperfusion
rabbits treated with IV saline.

TABLE 15
LUNG WET TO DRY WEIGHT RATIO 4 HOURS AFTER REPERFUSION
IN RABBITS, FOLLOWING 3 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEMIA
Ischaemia and
reperfusion
IV saline

Ischaemia and
reperfusion
IV R 15.7

4.60

4.77

4.17

4.61

5.15

4.70

4.14

5.44

4.69

3.19

5.33

4.94

4.66

5.15

4.77

5.08

5.58

4.90

3.92

4.74

4.26

4.78

5.43

4.43

3.60

5.13

.29 ± 0.21

5.19 ± 0.10 *

Control
m ischaemia)
Values from
individual animals

Mean ± SE

4.61 ± 0.10 t

* indicates p < 0 . 0 1 relative to control, t indicates p < 0 . 0 1 comparing rabbits treated with
the CD 18 mAb R 15.7 to ischaemia and reperfusion rabbits treated with IV saline.

TABLE 16
ORGAN WET TO DRY WEIGHT RATIO 4 HOURS AFTER REPERFUSION
IN RABBITS, FOLLOWING 3 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEMIA *
Liver

Heart

Values
from
individual
animals

Mean ± SE

Kidney

Control

I/R

Control

VR

Control

I/R

4.70

4.66

3.68

3.98

5.66

4.75

4.55

4.22

3.95

3.85

4.68

5.76

4.61

4.44

4.17

3.61

4.53

5.50

4.17

4.09

3.59

3.53

4.78

4.76

4.82

4.62

3.86

4.14

5.11

5.24

4.33

5.44

3.43

4.55

5.02

4.84

4.85

5.00

3.84

4.08

4.84

4.72

4.78

4.80

3.80

4.19

4.87

5.22

4.38

3.96

4.41

3.85

4.96

5.45

4.57 ±
0.08

4.58 ±
0.16

3.86 ±

3.98 ±

4.93 ±

0 .1 0

0 .1 0

0 .1 0

5.14 ±
0.13

* no significant differences between control and I/R rabbits were demonstrated for any of
these organs.

TABLE 17
TISSUE MYELOPEROXIDASE 10 MIN FOLLOWING 3 HOURS OF
BILATERAL HINDLIMB TOURNIQUET ISCHAEMIA IN RABBITS *
Hindlimb

Values from
individual
animals

Lung

Control

Ischaemia and
reperfusion

Control

Ischaemia and
reperfusion

0.35

0.67

75

267

0.70

0.87

138

71

0.70

2 .2 2

53

159

0.70

1.63

58

172

0.35

1.47

17

158

0.70

17

312

1 .2 0

55

29

0.58

52

143

58 ± 1 3

129 ± 29 t

1 .2 0

Mean ± SE

0.56 ± 0.09

1.06 ± 0.19 f

* data are Units/g tissue myeloperoxidase, t indicates p < 0.05 relative to control animals.

TABLE 18
LUNG M YELOPEROXIDASE FOLLOW ING 4 HOURS OF BILATERAL
HINDLIM B TO URNIQUET ISCHAEM IA IN RATS:
EFFECTS OF ELASTASE IN H IB ITO R MAAPV AND SUPEROXIDE
DISM UTASE/CATALASE *
Ischaemia and reperfusion

Control

Values
from
individual
animals

Saline

MAAPV

SOD/CAT

Saline

MAAPV

SOD/CAT

12

34

16

66

88

71

9

14

16

60

80

34

13

26

15

42

54

61

24

20

14

57

35

48

17

39

79

78

40

41

51 ± 5 t

63 ± 9 t

26
26
Mean ± SE

18 ± 3

23 ± 4

16 ±

1

58 ±

* data are Units/g tissue myeloperoxidase, t indicates p < 0.01 relative to saline-treated
control animals.

8

t

TABLE 19
BRONCHOALVEOLAR LAVAGE FLUID LEU K O TRIEN E B 4 FOLLOW ING
4 HOURS OF BILATERAL HINDLIMB TO URNIQUET ISCHAEM IA IN
RATS: E FFE C T OF ELASTASE INHIBITOR MAAPV AND SUPEROXIDE
DISMUTASE/CATALASE *
Ischaemia-reperfusion

Control

Values
from
individual
animals

Mean ± SE

Saline

MAAPV

SOD/CAT

Saline

MAAPV

SOD/CAT

150

500

310

600

400

21

300

56

470

750

100

80

400

170

390

700

1500

333

100

300

340

650

1000

180

100

100

650

900

190

100

350

100

700

300

400

250

550

200138

225 ± 80

377 1 3 5

594146 t

200

7801244

167 1 4 4

t

**

* units are pg/ml. f indicates p < 0.01 relative to saline- or MAAPV-treated control
animals. ** indicates p < 0.01 relative to saline-treated I/R animals.

TABLE 20
BRONCHOALVEOLAR LAVAGE FLUID PRO TEIN FO LLO W IN G 4 HOURS
OF BILA TERAL HINDLIMB TOURNIQUET ISCHAEM IA IN RATS:
EFFECTS O F ELASTASE IN H IBITO R MAAPV AND SUPEROXIDE
DISM UTASE/CATALASE *
Ischaemia-reperfusion

Control

Values
from
individual
animals

Mean ± SE

Saline

MAAPV

SOD/CAT

Saline

MAAPV

SOD/CAT

181

413

493

325

324

593

165

90

176

1160

302

617

262

166

127

773

206

152

151

352

117

721

350

147

232

166

260

425

133

106

117

583

404

40

117

413

270

624

442

530

214 ± 3 5

255 ± 7 6

199 ± 6 0

30

599 ±

335 ±

245 ±

911

32 **

95 t t

* units are fig protein/ml BAL fluid, t indicates p < 0.01 relative to saline-treated control
animals. ** and f t indicate p < 0.05 and p < 0.01 relative to saline-treated ischaemic
animals respectively.

TABLE 21
LUNG W ET TO DRY W EIG H T RATIO FO LLO W IN G 4 HOURS OF
BILATERAL HINDLIMB TOURNIQUET ISCHAEM IA IN RATS:
EFFE C T OF ELASTASE IN H IB ITO R MAAPV AND SUPEROXIDE
D ISM U TASE/CATALASE
Ischaemia-reperfusion

Control

Values
from
individual
animals

Mean ± SE

Saline

MAAPV

SOD/CAT

Saline

MAAPV

SOD/CAT

4.14

4.33

3.67

4.25

4.67

3.80

3.46

3.75

3.14

4.25

4.00

4.20

4.12

3.75

3.75

4.50

4.50

3.80

4.33

3.75

4.25

5.33

3.60

3.80

4.29

4.50

5.33

4.00

3.83

3.68

5.00

4.50

4.12

4.00

4.50

4.07

5.00

3.94

4.75

4.56

4.00 ±

4.02 ±

3.70 ±

4.77 ±

4.21 ±

4.02 ±

0.09

0.17

0.23

0.14*

0.17 t

0.11 f

* indicates p < 0.01 relative to saline-treated control animals, t indicates p < 0.01 relative
to saline-treated I/R animals.

TABLE 22
TIM E COURSE OF LUNG N EU TRO PH IL SEQUESTRATION
FO LLO W IN G 4 HOURS OF BILATERAL HINDLIM B
TO URNIQUET ISCHAEM IA IN RATS *
No reperfusion

Values from
individual
animals

Mean ± SE

10 minutes after reperfusion

Control

Ischaemia

Control

VR

21

17

No data

24

23

21

17

21

36

33

17

21

34

17

22

21

22

23

23

20±1

23±3

25±3

* data are expressed as PMN/10 high power fields.

TABLE 23
T IM E COURSE O F LUNG N EU TRO PH IL SEQUESTRATION
FO LLO W IN G 4 HOURS OF BILATERAL HINDLIM B
TOURNIQUET ISCHAEM IA IN RATS *
30 minutes after reperfusion

Values from
individual
animals

M ean±SE

1

hour after reperfusion

Control

1/R

Control

VR

No data

36

No data

42

24

23

19

38

32

40

28

48

43

35

30±4

38 ± 3

* data are expressed as PMN/10 high power fields.

TABLE 24
TIM E COURSE OF LUNG NEU TRO PH IL SEQUESTRATION
FO LLO W ING 4 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEM IA IN RATS *
2 hours after reperfusion

Values from
individual
animals

3 hours after reperfusion

Control

I/R

Control

I/R

No data

18

No data

56

38

29

47

48

37

60

32

51

42

71
23

M ean±SE

36±4

* data are expressed as PMN/10 high power fields.

48±6

TABLE 25
TIM E COURSE OF LUNG NEUTROPHIL SEQUESTRATION
FOLLOW ING 4 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEM IA IN RATS *
4 hours after reperfusion

Values from
individual
animals

Control

I/R

26

43

13

60

27

70

29

46

19

64

25

59
54
59

Mean ± SE

23±3

57±3t

* data are expressed as PMN/10 high power fields, t indicates p < 0.01 relative to
controls.

TABLE 26
TIM E COURSE OF ACCUM ULATION OF PR O TEIN IN
BRONCHOALVEOLAR LAVAGE FLUID FO LLO W IN G 4 HOURS OF
BILATERAL HINDLIMB TOURNIQUET ISCHAEM IA IN RATS *
No reperfusion

1

hour after reperfusion

Control

Ischaemiareperfusion

Control

Ischaemiareperfusion

103

264

No data

112

227

221

171

228

225

262

237 ± 14

182 ± 4 4

Values from
individual
animals

171
286

Mean ± SE

215 ± 3 5

2

Values from
individual
animals

hours after reperfusion

3 hours after reperfusion

Control

Ischaemiareperfusion

Control

Ischaemiareperfusion

No data

151

No data

418

Mean ± SE

* units are |!g protein/ml BAL fluid.

166

366

439

234

252 ± 9 4

339 ± 55

TABLE 27
TIM E COURSE OF ACCUMULATION OF PRO TEIN IN
BRONCHOALVEOLAR LAVAGE FLUID FO LLO W IN G 4 HOURS OF
BILATERAL HINDLIMB TOURNIQUET ISCHAEM IA IN RATS *
4 hours after reperfusion

Values from
individual
animals

Mean ± SE

Control

Ischaemiareperfusion

181

325

165

1160

262

624

151

773

232

721

106

260

117

583

270

413

442

530

214 ± 3 5

599 ± 9 1 1

* units are (ig protein/ml BAL fluid, t indicates p < 0.01 relative to controls at the same
time point.

TABLE 28
TIME COURSE OF CHANGE IN LUNG WET TO DRY WEIGHT RATIO
FOLLOWING 4 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEMIA IN RATS *
No reperfusion

Values from
individual
animals

Mean ± SE

10

minutes after reperfusion

Control

Ischaemia

Control

Ischaemiareperfusion

4.33

5.00

No data

3.50

4.67

4.00

4.00

3.67

3.75

4.40

3.80

4.25

3.50

4.00

4.00

4.5

3.67

3.75

4.25

4.02 ± 0.16

4.12 ± 0.19

3.94 ± 0.09

* no significant differences were found between these groups.

TABLE 29
TIME COURSE OF CHANGE IN LUNG WET TO DRY WEIGHT RATIO
FOLLOWING 4 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEMIA IN RATS *
1

Values from
individual
animals

Mean ± SE

hour after reperfusion

2

hours after reperfusion

Control

Ischaemiareperfusion

Control

Ischaemiareperfusion

3.80

3.50

4.40

4.50

3.50

4.20

3.60

5.33

4.00

3.50

4.50

4.67

4.00

3.83

4.25

4.25

4.50

4.33

3.75

4.00

3.75

4.33

3.60

4.00

3.93 ± 0.14

3.95 ± 0.16

4.02 ± 0.17

4.46 ± 0.21

* no significant differences were found between these groups.

TABLE 30
TIME COURSE OF CHANGE IN LUNG WET TO DRY WEIGHT RATIO
FOLLOWING 4 HOURS OF BILATERAL HINDLIMB
TOURNIQUET ISCHAEMIA IN RATS
3 hours after reperfusion

Values from
individual
animals

Mean ± SE

4 hours after reperfusion

Control

Ischaemiareperfusion

Control

Ischaemiareperfusion

3.60

4.00

3.43

4.50

4.00

5.00

3.50

5.70

4.00

4.50

4.75

4.33

3.75

4.50

4.00

4.75

4.00

4.00

3.75

5.00

4.00

4.00

3.75

4.33

4.75

4.50

4.00

5.00

3.99 ± 0.18

4.76 ± 0.16 t

3.89 ± 0.07

4.33 ± 0 . 1 7 *

* and t indicate p < 0.05 and p < 0.01 relative to control animals measured at the same time
point, respectively.

TABLE 31
BRONCHOALVEOLAR LAVAGE FLUID LEUKOTRIENE B4 FOLLOWING
4 HOURS OF BILATERAL HINDLIMB TOURNIQUET ISCHAEMIA IN
RATS: EFFECT OF ANTI-TNF ANTI-SERUM *
Intravenous saline

Values from
individual
animals

Mean ± SE

Anti-TNF anti
serum IP 400

Control anti
serum IP 001

Control

Ischaemia and
reperfusion

Ischaemia and
reperfusion

Ischaemia and
reperfusion

380

1200

150

270

270

1150

400

1200

300

480

350

820

160

560

200

980

240

400

550

780

110

550

150

240 ± 4 0

720 ± 140 t

300 ± 7 0

810± 150t

* units are pg/ml. t indicates p < 0 . 0 1 relative to saline-treated ischaemic animals.

TABLE 32
LUNG NEU TRO PH IL SEQUESTRATION FOLLOW ING 4 HOURS OF
BILA TERAL HINDLIMB TOURNIQUET ISCHAEM IA IN RATS.
EFFEC T OF ANTI-TNF ANTI-SERUM *
Anti-TNF anti-serum IP 400

Values from
individual
animals

Control anti-serum I P 1

1 in 250 dilution

1 in 50 dilution

1 in 50 dilution

54

30

61

47

42

48

48

46

60

68

36

63

45

41

55

71

51
52
36

Mean ± SE

55 ± 5

42 ± 3 t **

57 ± 3

* data are expressed as PMN/10 high power fields, t indicates p < 0.01 relative to salinetreated control animals measured at the same time point (see previous table) and relative to
IP 001-treated ischaemic animals in this table. ** indicates p < 0.05 relative to salinetreated control animals (see previous table).

TABLE 33
BRONCHOALVEOLAR LAVAGE FLUID PROTEIN FOLLOWING 4 HOURS
OF BILATERAL HINDLIMB TOURNIQUET ISCHAEMIA IN RATS:
EFFECT OF ANTI-TNF ANTI-SERUM (IP 400) AND CONTROL ANTI
SERUM (IP 001) *

Values from
individual
animals

Ischaemiareperfusion
IV IP 400

Ischaemiareperfusion
IVIP001

680

598

468

758

325

600

173

442

132
349

Mean ± SE

354±82f

600± 65

* units are (ig/ml. f indicates p < 0.05 relative to saline-treated control animals measured at
the same time point (see previous table) and relative to IP 001-treated ischaemic animals in
this table.

TABLE 34
LUNG W ET TO DRY W EIGHT RATIO FOLLOW ING 4 HOURS OF
BILATERAL HINDLIMB TOURNIQUET ISCHAEM IA IN RATS.
EFFEC T OF ANTI-TNF ANTI-SERUM
Anti-TNF anti-serum IP 400

Values from
individual
animals

Control anti-serum IP 001

1 in 250 dilution

1 in 50 dilution

1 in 50 dilution

4.00

4.50

5.33

4.00

4.50

5.00

4.33

3.75

4.25

5.00

4.33

4.75

4.75

4.00

4.70

3.75
4.25
4.50

Mean ± SE

4.46 ±0.17 NS

4.20 ±0.11 *

4.83 ± 0.23

* indicates p < 0.05 relative to saline-treated ischaemic animals measured at the same time
point (see previous table) and relative to IP 001-treated ischaemic animals in this table. NS
indicates p > 0.05 relative to saline-treated ischaemic animals measured at the same time
point (see previous table).

TABLE 35
TOTAL WHITE BLOOD CELL COUNT IN RATS FOLLOWING 4 HOURS
OF BILATERAL HINDLIMB ISCHAEMIA AND 4 HOURS OF
REPERFUSION *

Values from
individual
animals

Control

Ischaemia and
reperfusion

10.88

4.50

7.38

6.50

6.25

5.50

6.75

6.50

4.25

5.50

7.00

4.00
7.50

Mean ± SE

7.08 ± 0.88

5.71 ± 0.46

* there was no significant difference between these two groups.

