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ABSTRACT.

Surgical correction of congenital cardiac defects often requires cardiopulmonary 

bypass(CPB) to maintain systemic perfusion, a procedure which still carries significant 

morbidity and occasional mortality particularly in small children. CPB induces an acute 

inflammatory state unique in that it is iatrogenic and planned, rendering it peculiarly 

amenable to study. New information about leukocyte adhesion to endothelium, 

associated endothelial injury, and the control of these events by inflammatory cytokines 

was applied to the study of these patients.

A flow cytometric assay of surface adhesion molecule expression on circulating 

neutrophils was developed. The nature and timing of the inflammatory changes induced 

by CPB were examined in a group of paediatric patients. Consistent changes in 

circulating neutrophil concentrations, Interleukin-8 (ILS) a pro-inflammatory cytokine 

with specific effects on neutrophil function, soluble C5b-9 a product of complement 

activation, and elastase a proteolytic enzyme released by neutrophils were demonstrated 

in plasma but changes in neutrophil adhesion molecule expression were inconsistent. 

Changes in the same variables in human blood in a model of CPB and the effects of 

soluble complement receptor 1 (sCRl), a specific, potent inhibitor of complement 

activation were examined. A clear pattern of changes in neutrophil adhesion molecule 

expression emerged in this system. Although inhibition of complement activation and 

ELS release was achieved, changes in neutrophil adhesion molecule expression and 

release of elastase were unaffected. An in vitro model of neutrophil-mediated 

endothelial injury, assessed immunohistochemically by staining cultured human 

endothelial cells, was adapted to allow flow cytometric quantitation of neutrophil 

adhesion and changes in expression of neutrophil adhesion molecules CDl lb/CD 18 and 

Leukocyte selectin. Lipopolysaccharide and the secretagogue formyl methionine leucine 

phenylalanine(fMLP) were used to create a spectrum of degrees of endothelial 

disruption. Neutrophil adhesion was shown to correlate with loss of endothelial heparan



sulphate but not fibronectin. Neutrophil expression of CDllb/CD18 did not predict 

adhesion or endothelial injury.

These studies may provide the basis for new anti-inflammatory therapeutic strategies.
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Chapter 1: Introduction

1.1 Neutrophil-endothelial adhesion

The earliest detailed description of the interaction of blood leukocytes with the walls of 

blood vessels under conditions of acute inflammation was written by Julius Cohnheim 

over 100 years ago (1889). Using an intra-vital microscopic preparation of the tongue 

of a frog, he observed "...within a multitude of capillaries.. . .slowly and gradually the 

originally plasmatic zone becomes filled with innumerable colourless 

corpuscles...which are driven to the periphery of the stream, and whose adhesiveness 

makes it difficult for them to escape from the wall once they have come into contact 

with it. They remain stationary at most for a time, they then advance a little, and 

perhaps make another short halt, and so on. Yet this does not lessen the striking 

contrast presented by the central column of red blood-corpuscles, flowing in an

uninterrupted stream of uniform velocity But the eye of the observer hardly has

time to catch all the details of the picture before it is fettered by a very unexpected 

occurrence. A pointed projection is seen on the external contour of the vessel wall; it 

pushes itself further outwards....and is transformed into a colourless rounded 

hump;...this gradually withdraws itself from the vessel wall. Finally, there lies outside 

the vessel a ...corpuscle, of the size of a white blood cell, and having one or more

nuclei Keeping pace with this exodus..of corpuscular elements there occurs an

increased transudation of fluid, in consequence of which the meshes of the 

mesentery...are infiltrated and swell."

This description of neutrophil margination, transendothelial migration and associated 

exudation of fluid remains unsurpassed.

Further advances in the understanding of the specific mechanisms underlying the 

adherence of cells to other cells and tissues has been confined to the last decade and has 

lead to a revival of interest in the processes described by Cohnheim. The significance of 

adherence of leukocytes to the endothelial cells that line blood vessels as an essential
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first step in the cellular immune response to inflammation and infection has been 

underlined by the elucidation of the underlying defect in a group of patients with severe 

recurrent infections as a leukocyte adhesion deficiency (see below).

Leukocyte adhesion is now appreciated to be not only a mechanical process enabling 

these cells to hitch their internal cytoskeleton to the outside environment and thus move 

through it or stick to it, but also a process fundamental to signalling and control of 

other cell functions. Adhesion molecules in the cytoplasmic membrane have been 

shown to transmit activating signals into the cell on binding to their specific ligands. 

Furthermore, the converse has also been demonstrated, and signals from within the cell 

can modulate the adhesive function of these cell surface proteins.

Interest in this area of immunological research has been fuelled by a growing awareness 

that the pathophysiology of tissue injury in a wide variety of both acute and chronic 

inflammatory disorders is immune mediated. It has therefore been hypothesised that a 

fuller understanding of the processes involved may lead to new specific interventions to 

block or impair adhesive interactions at the crucial point and time in a disease process 

in order to minimise the associated injury.

A conceptual model of the processes described by Cohnheim has now emerged which 

requires at least 3 sequential events (Butcher, 1991; Pober & Cotran, 1990); this is 

represented in figure 1.1. The first stage involves transition of the leukocyte from the 

circulating state, moving at speeds of around 1000p.m/s with erythrocytes along the 

centre of the lumen of the capillary or venule, to a rolling state, tumbling along the wall 

of the vessel at much slower speeds of around 30|xm/s. Sometimes called "primary 

adhesion", this rolling appears to involve a family of adhesion molecules designated the 

selectins, members of which are expressed by leukocytes and endothelial cells. The 

second stage is an essential activation step, made possible by primary adhesion.
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N e u trop h i l

Circulating

1. Rolling: Selectins
2.Chem otactlc activation

3. Transmigration:
superfamlly

E n do th e l ium

Figure 1.1 Three stages in the passage of leukocytes from the circulation to the 

extravascular tissues by passage through the endothelium.

which is mediated by chemotactic agents released from, or attached to the endothelial 

surface. This activation enables the third stage of firm or secondary adhesion and 

transendothelial migration to occur by promoting the function of integrin adhesion 

molecules on the leukocyte surface. Important changes in the endothelial expression of 

ligands for the various leukocyte adhesion molecules are also critical for the evolution 

of these processes. The heterogeneity in timing and distribution of leukocyte traffic to 

the tissues are made possible by the existence of a complex variety of adhesion 

molecules and mediators which bring about these processes, so that the same individual 

receptor may perform widely differing functions when expressed on different cell 

populations.

It is also now becoming clear that all the changes controlling leukocyte emigration can 

be divided broadly into 2 types based upon the speed with which they occur. These are: 

responses which occur rapidly, sometimes in seconds, and are independent of protein 

synthesis; and responses, usually cytokine induced, which require protein synthesis and
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occur more slowly, often taking hours (Pober & Cotran, 1990). It is not unusual for 

there to be distinct adhesion molecules which bring about the same functional result 

(e.g. neutrophil rolling on endothelium) but which fall into these 2 different categories 

of response, thus inducing changes at different times and for different durations during 

the evolution of inflammation.

1.11 The p2~ûitegrms and the Inter Cellular Adhesion Molecules

The integrins are a family of cell surface receptors which are involved in almost every 

aspect of cell adhesion to other cells and to the extra-cellular matrix and associated 

aspects of signalling and cellular mobility (Hynes, 1987). Two areas of active research 

have been their role in cell migration during embryological development and leukocyte 

function in immunology. All members of this family are heterodimers, consisting of 2 

dissimilar proteins (designated a  and P chains) which are non-covalently associated and 

expressed on the cell surface. The a  chains have approximately 1,100 amino-acid 

residues (130-210kDa), the P chains approximately 750 (95-130kDa) (Springer, 1990). 

There is considerable sequence homology between the different integrin a  chains (25- 

65%). Likewise, homology is observed between the different P chains (37-45%), but 

not between a  and p. There is close similarity between integrins of different species 

(Pytela, 1988). Initial classifications were based on sub-families of integrins sharing the 

same p chain, however the picture has become increasingly complex as more proteins 

have been recognised and as it has become clear that a  chains can associate with 

different p chains as well as the reverse. It is likely that integrins serve as 

transmembrane linkers between extracellular ligands and the cytoskeleton which are 

essential to cell migration (Savill et al. , 1990) and that, in some cases, they transmit 

signals into the cell on ligand binding (Pircher et al. , 1986; van Noesel et al. , 1988).
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CD designation

Other names M.Wt Ligand(s) Expressed on:

CDlla/CD18 LFA-1, aLP2 180,95 ICAMl

(=CD54),

ICAM2

Lymphocytes,

monocytes,

granulocytes

CDllb/CD18 Mac-1, Mo-1 

Complement 

receptor 3 

(CR3), aMp2

170,95 ICAMl, 

iC3b, 

fibrinogen 

factor X

Natural killer(NK) 

cells, granulocytes, 

monocytes, 

macrophages

CD11C/CD18 pl50,95. 

Complement 

receptor 4 

(CR4), aXp2

150,95 ?iC3b Granulocytes(low level) 

monocytes,

macrophages, some B- 

and T-cell tumour lines

Table 1.1 The leukocyte integrins

Members of many of the integrin sub-families are expressed on leukocytes, but one sub

family of 3 members which share the P2 chain is expressed only on leukocytes and is 

thus designated the "leukocyte integrins". The 3 genes encoding the a  chains occur in a 

cluster on chromosome 16, band p ll-p ll.2  and the gene encoding the common P chain 

is on chromosome 21, band q22 (Corbi et al. , 1988). Details of these 3 proteins are 

summarised in table 1.1. Over ten years ago a group of immunodeficient patients were 

described with persistent neutrophilia, who suffer repeated infections, particularly 

cutaneous bacterial infections characterised by an absence of pus formation (Hayward et 

al. , 1979; Abramson et a l ,  1981). The discovery that these individuals have mutations 

leading to failure to express normally the common p chain (CD 18) of these integrins 

and thus have leukocytes which lack all 3 of these adhesion molecules (Marlin et al. ,
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1986; Kishimoto et al., 1987; Fischer et al., 1988), has done much to advance 

understanding of the function of these proteins.

The first 2 members of this family, CDlla/CD18 and CDllb/CD18, were described 

initially in terms of widely differing functions before their close structural similarity 

became appreciated. CDlla/CD18 was shown to mediate homotypic lymphocyte 

adhesion (Shaw et al., 1986) through binding to a specific ligand ICAMl (for Inter 

Cellular Adhesion Molecule) (Rothlein et al. y 1986). CDl lb/CD 18 was first recognised 

in the context of phagocytosis (Amaout et al., 1983) as a granulocyte receptor for the 

opsonic complement fragment iC3b (Beller et al., 1982; Wright et al., 1983) while 

subsequent reports have suggested that it also binds coagulation factors X and 

fibrinogen (Altieri et al., 1988; Wright et al., 1988). The physiological significance of 

binding sites for polysaccharides such as zymosan and lipopolysaccharide on 

CDl 1/CD 18 proteins, demonstrated by monoclonal antibody blocking studies (Ross et 

al. y 1985; Wright & Jong, 1986), remains unclear.

Neutrophil

CDTla/CD18 CD nb/C D 18

Matrix

ICAM2 ICAM l
Endothelial cell

Figure 1.2 Neutrophil CDlla/CD18 adheres to ICAMl and ICAM2 on endothelial 

cells. CDllb/CDlS also adheres to ICAMl and possibly also elements o f the 

extracellular matrix.

Subsequent studies of the mechanisms of lymphocyte adhesion to endothelial cells 

demonstrated that CD 11 a/CD 18 was once again adhering to ICAMl, this time
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expressed on the endothelial cell, but that ICAMl was only expressed significantly after 

stimulation of the latter with pro-inflammatory agents such as the lipopolysaccharide of 

bacterial endotoxin (LPS), interleukin (IL)1 and tumour necrosis factor (TNF) (Osborn, 

1990; Dustin & Springer, 1988). A second ligand, structurally related to ICAMl, 

which bound CDlla/CD18 but which was constituitively expressed by unstimulated 

endothelial cells, was designated ICAM2 (Staunton et a/., 1989) (figure 1.2).

In studies which focused on the adhesion of neutrophils to endothelium, both 

CDlla/CD18 and CDl lb/CD 18 were found to be involved to an approximately equal 

extent (Lo et ah, 1989; Tonnesen et a l ,  1989). CDllb/CD18 was shown also to bind 

ICAMl (Smith et al, , 1989) (figure 1.2) although it may also adhere to proteins of the 

endothelial extracellular matrix. This is supported by the observation of binding to 

fibrinogen (Wright et al. , 1988) and that binding of iC3b occurs through an Arginine- 

Glycine-Asparagine(RGD) sequence (Wright et al. , 1987), one shared by many 

extracellular matrix proteins (Ruoslahti & Pierschbacher, 1986). An important 

difference between the nature of the surface expression of these 2 integrins by 

neutrophils is that, while CDU a/CD 18 expression varies little between cells or in 

response to activating stimuli, CDl lb/CD 18 expression increases rapidly in response to 

a wide variety of chemotactic stimuli including the anaphylatoxin C5a, the tri-peptide 

formyl-Methionine-Leucine-Phenylalanine (fMLP) and the cytokine EL8 (Berger et al. , 

1984; Tonnesen et al. , 1989; Detmers et al. , 1990). This is because the specific or 

secondary granules of the neutrophil contain CDl lb/CD 18, and these can rapidly be 

mobilised to and fuse with the cytoplasmic membrane releasing the preformed protein 

onto the cell surface (Bainton et al. , 1987).

The adhesive function of the leukocyte integrins is modulated by signals from within 

the cell which may produce conformational changes essential for ligand binding (Dustin 

& Springer, 1989). Certain monoclonal antibodies appear to recognise CD 11a/ and 

CDl lb/CD 18 epitopes only following cellular activation (Morimoto et al., 1987;
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Altieri & Edgington, 1988). Such changes may be brought about by protein kinase C 

mediated phosphoryllation of the common CD 18 subunit (ChatUa et al., 1989). Thus 

change in expression of these adhesion molecules is probably, in itself, not the sole, or 

even the main controlling mechanism for integrin-mediated adhesion (Vedder & Harlan,

1988). The explanation for the mechanism for changing levels of CDl lb/CD 18 

expression may lie in the crawling nature of diapedesis of the adherent neutrophil. 

Secondary granules may discharge their contents selectively at the leading edge of the 

advancing cell (exposed to the highest concentration of chemotaxin in a gradient)

(Gallin et al., 1978). CDl lb/CD 18 molecules could then roll under the advancing cell, 

adherent to the underlying matrix or cell surface until they reach the trailing edge where 

they could either be recycled into the cell or shed (Hughes et al., 1992) (figure 1.3). 

The importance of CDl lb/CD 18 expression on the cell surface may therefore be, not 

so much in its absolute level, as in its local distribution (Anderson et al., 1986).

Advancing neutrophil

CDllb/CD18 
lost or recycled 
a t trolling edge

CDllb/CDlS
~ CD 1 lb/CD 18 fixed to urtderlying surface — ►

Figure 1,3 Possible role o f localised upregulation o f expression o f CDllb/CD18 at the 

leading edge o f the migrating/crawling neutrophil.

With development of techniques to investigate leukocyte adherence to endothelium 

under conditions of flow, such as exist in vivo, it has become clear that the leukocyte 

integrins cannot initiate adherence at the shear stresses that normally exist in the 

microvasculature, even following leukocyte activation (Lawrence et al., 1990). Rather, 

they are central to the processes of transendothelial migration of the leukocyte once 

marginated (Smith et al., 1989; Furie et al., 1991). Further evidence points to an 

important role for adherence via CDllb/CD18 in priming the neutrophil both to release
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its granular contents (Richter et al., 1990) and to produce reactive oxygen intermediates 

( the "respiratory burst") (Shappell et al., 1990). These 2 potent anti-microbial 

mechanisms may also induce host tissue injury (see section 1.2 below) if they occur 

inappropriately or as an unavoidable side-effect of effective combat of infection (figure 

1.4).

ADHEREMT NEUTROPHIL

pj Integrin
respiratory 
I burst degranulaflon CD lib/CD 18 

ICAMl

oxygen
intermediates e.g. elastase

INJURY
Figure 1.4 Adherence via CDllb/CD18 appears to have important neutrophil priming 

effects fo r the release o f both reactive oxygen intermediates and degranulation.

1.12 The selectins

Recently the 3 members of a further family of adhesion molecules, the selectins, have 

been shown to be vital in the initial stages of leukocyte adhesion. Their nomenclature 

has recently been simplified (see table 1.2). These 3 molecules were all characterised at 

around the same time (Tedder et al., 1989; Bevilacqua et al., 1989; Johnston et al. ,

1989) and were originally named after the distinct character of their protein structure 

(Springer, 1990): LEC-CAMs (CAM - cell adhesion molecule)

• L - Lectin - N-terminal 117-120 amino acid sugar-binding domain

• B - Epidermal growth factor-like 34-40 amino acid domain

• C - Complement regulatory protein-like 62 amino acid repeat domains (2 L-selectin;

6 E-selectin, 9 P-selectin)
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Name

Other names M.Wt. Expressed on Ligand

L-selectin LEC-CAM, LAMl, 

LEG AMI, human 

equivalent of mouse 

Mel 14 homing 

receptor

74**

90-100*

Leukocytes

**lymphocytes

*neutrophils

?Fucosylated 

CHO moiety

E-selectin ELAM-1 115 Endothelial cells sLex ?? on 

L-selectin

P-selectin PADGEM,

GMP-140

140 Platelets (a 

granules). 

Endothelial cells 

(Weibel-Palade 

bodies)

sLex

Table 1,2 The selectins

L-selectin, first described in the mouse as the Mel-14 lymphocyte homing receptor, was 

shown to be equivalent to the human Leu8/TQ1 lymphocyte differentiation antigen 

(Camerini et al. , 1989) and to perform a similar function in humans (Kishimoto et al. ,

1990). However, studies in human cells have demonstrated that L-selectin is also 

expressed abundantly on all leukocytes of the myeloid series including neutrophils. 

Studies using intra-vital microscopic preparations not dissimilar to Cohnheim's have 

shown that infusions of monoclonal antibody to L-selectin (von Andrian et al. , 1991) 

and a soluble L-selectin-immunoglobulin chimaera (Ley et al.j 1991) selectively inhibit 

neutrophil rolling. The importance of L-selectin in adherence under conditions of flow 

has also been demonstrated in vitro (Smith et al., 1991).



24

P-selectin was first described as a protein rapidly mobilised to the surface on 

stimulation from the a-granules of platelets (Stenberg et al., 1985). It is also stored in 

the Weibel-Palade bodies which are the secretory apparatus of endothelial cells (Hattori 

et a l ,  1989a). Stimulation of endothelial cells with agonists such as histamine (Hattori 

et al., 1989a) and the terminal complement complex (Hattori et al., 19896) rapidly 

induces a transient expression of surface P-selectin (lasting 5-10 min) and P-selectin- 

dependant neutrophil adhesion (Geng et al., 1990). P-selectin can mediate neutrophil 

rolling under conditions of flow and provide the conditions for chemoattractant-induced 

upregulation of integrin adhesive function (Lawrence & Springer, 1991).

E-selectin, like ICAMl, is expressed on endothelial cells in vitro following stimulation 

with IL l, TNF and endotoxin (Bevilacqua et al., 1987). Expression peaks after around 

4 hours and subsequently declines towards baseline levels (Bevilacqua et al., 1989) 

unlike ICAMl which continues to rise. It has been shown to mediate a pathway of 

neutrophil adhesion to endothelial cells in vitro distinct from ICAMl (Luscinskas et al., 

1989; Dobrina et al., 1989).

Sialylated derivatives of the Lewis x oligosaccharide (sLex) have been shown to be 

ligands on neutrophils for both E-selectin (Walz et al., 1990; Phillips et al., 1990; 

Goelz et al., 1990 and others) and P-selectin (Policy et al., 1991). Recently it has been 

suggested that E-selectin and L-selectin are involved in the same adhesive interaction - 

perhaps adhering one to the other (Kishimoto et al., 1991). However sLex is widely 

distributed over the neutrophil cytoplasmic membrane, only a small proportion being 

associated with L-selectin. Recent evidence suggesting that neutrophil (and not 

lymphocyte) L-selectin may present sLex to both E- and P-selectins, being 

preferentially localised to microvillous processes on the cell surface (Picker et al., 

1991), may provide a reconciliation of these observations.
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The chemotactic stimuli which induce rapid increase in expression of CD 1 lb/CD 18 (see 

above) also induce equally rapid loss of L-selectin expression from neutrophils 

(Kishimoto et al., 1989). This process appears to be an enzyme-mediated cleavage of 

the extracellular part of the protein but its control is poorly understood (Spertini et al. , 

1991). It is possible that these reciprocal changes in adhesion molecule expression may 

reflect a transition from the rolling to the fully adherent state of the neutrophil. 

However, it is not clear why L-selectin loss might be necessary to achieve this. It is 

also possible that loss of L-selectin from the surface of circulating neutrophils could 

prevent them from marginating and thus becoming adherent (Hasslen et al., 1991).

1.13 The role of chemoattractants

A large and chemically disparate group of substances have potent effects on neutrophil 

adhesive function and motility and have been alluded to above as chemoattractants. 

These include lipids such as leukotriene B4 and platelet activating factor, formyl- 

peptides such as fMLP which are thought to mimic bacterial products, and proteins 

such as the complement fragment C5a and some members of a large and recently 

described cytokine family called the intercrines or chemokines which include interleukin 

8(IL8). The ability to migrate up soluble gradients of these substances has been 

observed for some time. More recent observations of their modulating affects on 

adhesive function, and in particular their effects on integrins, suggests that their 

physiological effects may become manifest at the second activation phase between 

selectin-induced rolling and integrin-induced firm adherence and transendothelial 

migration. Thus soluble chemotactic, or fixed haptotactic (Colditz & Movat, 1984) 

(figure 1.5) gradients of chemoattractants may co-ordinate the function of the adhesion 

molecules discussed above and thus regulate the passage of leukocytes out of the 

vascular compartment.

While platelet activating factor may be a prominent activating stimulus for early rolling 

neutrophils adhering to endothelial P-selectin, IL8 appears to play a prominent role in
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the later IL l- and TNF- induced phase of adherence which involves endothelial ICAMl 

and E-selectin. The relative contribution of products of complement activation, and in 

particular C5a, to these 2 phases is less clear. In this section, the cytokine IL8 and 

complement activation products, the chemoattractants examined in the studies presented 

in this thesis, are reviewed further.

Neutrophfl

Concentration of LB

Figure 1.5 Neutrophil migration, using integrin adhesion molecules, may be co

ordinated by fixed (i.e. surface bound or "haptotactic") gradients o f chemotactic agents 

such as IL8. They may be bound to proteoglycans or specific proteins.

1.131 Interleukin 8 and the Intercrine family

The recently named intercrine (or chemokine) family of cytokines (Oppenheim et al. ,

1991) are a group of basic, heparin-binding polypeptides with 20-50% amino-acid 

sequence homology and molecular weights in the range 8-lOkd. Their genes share many 

common characteristics including rapidly inducible mRNA expression. The family can 

be divided into a  and |3 subfamilies based on the chromosomal location of their genes 

and the sequence pattern of the 4 disulphide bridge-forming cysteine residues common 

to all members (see table 1.3). In the a  subfamily the first 2 of these bridge-forming 

cysteines are separated by one aminoacid whereas in the P subfamily they are adjacent; 

they are therefore also designated "C-X-C" and "C-C" respectively.

The first intercrines to be identified and characterised were platelet factor 4 (PF4) 

(Walz et al., 1977; Deuel et al., 1977) and (3-thromboglobulin (pTG) (Begg et al. , 

1978) which are released from the «-granules of stimulated platelets. IL8 was first 

identified as a monocyte-derived neutrophil chemoattractant (Yoshimura et a i ,  1987a
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& 6), a neutrophil chemoattractant in psoriatic scales (Schroder & Christophers, 1986; 

Schroder et al., 1987), and a factor activating neutrophils to release enzymes (Walz et 

al., 1987). It was subsequently cloned (Matsushima et al., 1988; Lindley et al., 1988). 

The name IL8 has now superseded the various function-defined names that have been 

used for this cytokine.

Intercrine a  subfamily Intercrine p subfamily

Chromosome 4(ql2-21) 17(q 11-32)

Cysteines 1 & 2 

configuration

C-X-C (where X=aminoacid) C-C

Members

include:

IL8, Platelet factor 4, 

PBP/pThromboglobulin/CTAP/NAP2 

yIP-10, GRO/melanoma growth 

stimulating activity, ENA-78

JE/MCP-1, M IP-la, 

MIP-ip, RANTES, 1-309 

HC14

Table 1,3 The human intercrine (or chemokine) family o f cytokines

IL8 is formed as a 99 aminoacid precursor intra-cellularly, while N-terminal truncated 

active forms of 79, 77, 72 and 69 residues have been isolated (Yoshimura et al., 1989; 

Schroder et al., 1990; Gimbrone et al., 1989) in supernatants from activated 

monocytes. The 77-residue form is readily cleaved to the 72-residue form by thrombin 

(Hebert et al., 1990). The protein has a globular three-dimensional structure and forms 

dimers at high concentrations (Clore et al., 1990).

Studies of N-terminal truncated variants of IL8 indicate that this end of its sequence is 

critical to its receptor binding and chemotactic activity. Specifically N-terminal residues 

4(E-Glutamine), 5(L-Leucine) and 6(R-Arginine) appear to be crucial for receptor 

binding and truncation of the protein beyond 6 N-terminal residues appears to lead to 

complete loss of biological function (Clark Lewis et al., 1991; Hebert et al., 1991).
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The protein is not glycosylated and is a stable molecule which is resistant to proteolytic 

digestion and withstands extremes of pH and temperature.

Among cytokines only TNF and ILl have been shown to cause ILS production by 

inducing ILS mRNA expression (Matsushima et al., 19SS; Thornton et al., 1990; 

Larsen et al., 19S96; Sica et al., 1990). This increase in transcription is rapid, being 

seen within 1 hour of stimulation and reaching a peak at around 3 hours before falling. 

Bacterial endotoxin also stimulates release of ILS (Schroder & Christophers, 19S9; 

Yoshimura et al., 19S76) as do a number of mitogens and other potent activators of 

cellular functions.

ELS can be produced by a wide variety of nucleated cell types. Initial reports were of 

release by monocytes (Yoshimura et al., 19S76), but it is now clear that T lymphocytes 

(Gregory et a l ,  19SS), alveolar macrophages (Strieter et al., 1990), fibroblasts (Mielke 

et al., 1990), kératinocytes (Larsen et al., 19S9Z?), chondrocytes (Van Damme et al.,

1990), hépatocytes (Thomton et al., 1990), endothelial cells (Schroder &

Christophers, 19S9) and even neutrophils themselves (Bazzoni et al., 1991) can do the 

same.

ILS interacts with neutrophils by binding to specific receptors which have been 

characterised and are distinct from receptors for other cytokines and chemotactic agents 

such as IL l, TNF, fMLP, C5a and platelet activating factor (Grob et al., 1990;

Samanta et al., 19S9). ILS appears rapidly to down regulate expression of its receptors 

on the surface of neutrophils, a process which appears to be accompanied by 

internalisation and proteolytic degradation of ILS and recycling of receptors to the cell 

surface (Samanta et al., 1990). In common with other chemotactic factors, ILS appears 

to cause a rapid rise in cytosolic free Ca^+ concentration in human neutrophils, and 

signal transduction is thought to involve protein kinase C activation and a receptor-
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associated pertussis toxin-sensitive guanosine triphosphate binding protein (Thelen et 

a l ,  1988).

A large number of in vitro effects of IL8 have been reported, sometimes leading to 

apparently contradictory interpretations of its function. To the neutrophil-specific 

chemotactic activity (Yoshimura et a l ,  19876) and induction of enzyme release (Walz 

et a l , 1987) that originally defined the cytokine, has been added evidence of 

stimulation of the neutrophil respiratory burst by naturally occurring IL8 (Thelen et a l , 

1988) although this has not been demonstrated with the recombinant protein. IL8 also 

promotes neutrophil-mediated inhibition of growth of the yeast Candida albicans (Djeu 

et a l , 1990). These activation effects and reports of increased neutrophil adherence to 

endothelial monolayers (Carveth et a l , 1989) appeared to conflict with others 

describing an inhibitory effect on adhesion to endothelium (Gimbrone et a l , 1989) and 

suggesting an anti-inflammatory role. The explanation may lie in the reciprocal effects 

that IL8 has, in common with other chemoattractants, on neutrophil adhesion molecule 

expression and function (increasing GDI 1/CD 18 and reducing L-selectin) (Detmers et 

a l,  1990; Kishimoto et a l ,  1989). In vitro systems or conditions favouring the 

different modes of adherence would thus lead to conflicting results.

A central role for IL8 in the regulation of neutrophil transendothelial migration has 

recently been demonstrated (Huber et a l ,  1991). IL8 has also been shown bound to 

endothelium in the microvasculature in immunohistochemical studies (Rot, 1992).

These findings have lead to the proposition that IL8 may bind to specific sites on 

endothelial cells and thus regulate neutrophil migration. Haptotaxis, or the migration of 

cells up a fixed, as opposed to a soluble gradient of chemoattractant (figure 1.5) has 

been most widely studied in the context of embryological development and metastatic 

spread of malignancies, although its possible role in neutrophil endothelial interaction 

has been suggested previously (Colditz & Movat, 1984). IL8 released from endothelial 

or other cell types, could thus guide the neutrophil into intercellular junctions and
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thence across the endothelial monolayer by controlling changes in expression and 

function of neutrophil L-selectin and CD 1 lb/CD 18.

Most reports focus on the potent effects of ILS on neutrophils; however it also has 

effects on other cell types including basophils, eosinophils and some mononuclear 

leukocytes (Leonard et al. , 1990a; Dahinden et al. , 1989; Larsen et al. , 1989a).

Injection of IL8  sub-cutaneously into animals induces a rapid and specific infiltration by 

neutrophils without the rapid characteristic weal and flare reaction seen with other 

chemoattractants such as C5a. A characteristic plasma leak also develops which is 

neutrophil dependant (Rampart et al. , 1989; Colditz et al. , 1990) and which is greatly 

enhanced by concomitant injection of a vasodilating agent (Colditz, 1990). Intravenous 

injection of IL8  in animals induces a neutrophilia and may also lead to neutrophil 

sequestration in the lungs with associated pulmonary injury (Rot, 1991). Two reports of 

experimental sepsis in primates have demonstrated rises in plasma IL8  preceded by rises 

in TNF and ILl and associated in one study with a rise in plasma neutrophil elastase 

(van Zee et al. , 1991; Redl et al. , 1991).

Intradermal injection of IL8 in humans also causes neutrophil infiltration (Leonard et 

al.j 19906). IL8  has been recovered in several inflammatory conditions from different 

sites including skin scales in psoriasis (Schroder et al., 1987), synovial fluid from 

rheumatoid joints (Brennan et al., 1990), bronchial lavage fluid from patients with 

respiratory distress syndrome (Jorens et al., 1992), amniotic fluid in parturition (with 

further elevation in association with microbial infection) (Romero et al., 1991) and in 

the blood of patients having the Jarisch-Herxheimer reaction (Negussie et al., 1992). In 

addition IL8  has been found in the blood of volunteers injected with endotoxin (Martich 

etal., 1991).
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1.132 Complement activation: effects on neutrophils and endothelium

In contrast to the cytokines discussed above, the elucidation of the complement cascade 

dates back almost 100 years to the work of Buchner, Bordet and Ehrlich (Bouldan, 

1910). Activation of this complex set of at least 25 serum proteins is now known to 

have anaphylactic and chemotactic effects, to enhance elimination of foreign particles 

and the final product can cause cell activation or lysis (Morgan, 1990). In many cases 

these effects are brought about by the interaction of complement fragments with specific 

surface receptors on cells.

Complement activation is usually subdivided for descriptive purposes into the classical 

and alternative activation pathways, each of which culminates in the cleavage of C5 and 

leads to the subsequent membrane attack pathway. The former two pathways are 

summarised in simplified form in table 1.4 which demonstrates that both result in 

release of C3a and C5a.

Classical Alternative

1 . Contact of Clq with IgG/IgM bound 

to antigen

Spontaneously generated C3b contacts 

"activating surface"

2 . Activation involving C1,C4 & C2 

leads to:

Activation involving Factor D, C3 & 

Factor B leads to:

3. Formation of membrane bound C3/C5 convertases: 

C4bC2a, C3bBb respectively

4. Convertase cleaves C3 forming C3a & C3b; some C3b becomes membrane bound

5. C5 binds to membrane-bound C3b

6 . Convertase cleaves C5 forming C5a & C5b; C5b binds C6  to initiate membrane 

attack pathway

Table 1,4 The complement classical and alternative activation pathways.
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C3a and C5a are 77 & 74 aminoacid peptides cleaved enzymatically from the N- 

terminal ends of the a-chains of their parent molecules during complement activation. 

Known as anaphylatoxins for their ability to stimulate release of vasoactive amines from 

mast cells and basophils, these peptides also have chemotactic activity for neutrophils in 

vitro. However, C3-derived peptides probably have no significant in vivo 

chemoattractant activity, while rapid cleavage of the C-terminal Arginine residue from 

both C3a and C5a by carboxypeptidase N probably means that C5a-desArg is the most 

important complement derived chemoattractant in vivo. C5a also causes rapid changes 

in neutrophil adhesion molecule expression (see sections 1 . 1 1  and 1 . 1 2  above) and can 

promote the respiratory burst and degranulation (see below) (Sacks et al. , 1978).

Specific receptors for C5a, which are expressed by myeloid cells including neutrophils, 

have been well characterised (Gerard & Gerard, 1991). Not only do they mediate these 

cells' responses to C5a and C5a desArg, but also its rapid removal from the circulation 

by binding, internalising and degrading the peptide. For this reason, plasma levels of 

C5a may be poor indicators of recent complement activation.

Complement receptor 1 (CRl) is a receptor for C3b and C4b which is expressed on the 

surface of erythrocytes, neutrophils and other cells. Thus it binds the C3/C5 

convertases of the classical and alternative pathways (table 1.4) causing their 

inactivation and protecting these cells from the damaging effects of local complement 

activation (Morgan, 1990). Administration of a recombinant form of human CRl, 

which lacks the trans-membrane and cytoplasmic domains of the protein, has been 

shown to reduce infarction size in a rat model of myocardial ischaemia (Weisman et 

al. , 1990) and to reduce neutrophil-mediated pulmonary vascular injury in models of 

immune complex-induced alveolitis and cutaneous thermal injury (Mulligan et al. ,

1992).
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A down regulating mechanism affecting membrane-bound C3b, an essential component 

in both activation pathways, is the action of Factor I which cleaves a small fragment 

C3f and renders the molecule inactive with respect to C5 binding. The residual 

fragment iC3b is the ligand first associated with CDllb/CD18 (see section 1.11) and is 

thought thereby to be important in the processes of opsonization and phagocytosis by 

neutrophils (Rosen & Law, 1989).

C6bC6C7--------------------- ► sC6M(rCO

C5M„(MAC)

Rcsma membrane
Figure 1,6 The events o f the terminal pathway o f complement activation occur partly 

bound to the cell plasma membrane and partly in the fluid phase. Thus both soluble and 

membrane-bound forms o f C5b-9 are formed, the former a useful plasma marker o f 

activation.

In contrast to the serial enzymatic cleavage steps which characterise the activation 

pathways, the membrane attack pathway is a sequential assembly of C5b, C6 , C7, C8 

and C9 into a complex protein which can insert into and interfere with the structure and 

function of the membrane of the target cell. This complex probably consists of single 

molecules of the first 4 components (C5 to C8 ) and 1-12 molecules of C9 and is 

commonly referred to as the membrane attack complex (MAC).

The binding of C6  and C7 to membrane-bound C5bC3b (see above) results in release of 

the C5b-7 complex. If this fails rapidly to become embedded in the adjacent membrane, 

it is bound by the important fluid phase regulatory factor S-protein which attaches close 

to the membrane-binding site (figure 1.6). This effectively prevents spread of this 

highly cytocidal protein complex away from the target cell. However, the resultant
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S.C5b-7 complex subsequently binds C8 and C9 to form an inactive fluid phase 

complex (S)3C5 bC6 C7 C8 (C9 )2 or3- This complex is usually designated sC5b-9 and 

referred to as the terminal complement complex. Since, unlike the anaphylatoxins, this 

complex is neither rapidly degraded nor bound to specific cell surface receptors, it 

remains in the plasma as a useful marker of recent complement activation. For this 

reason, assays for this complex have been used extensively in the studies described in 

this thesis.

Membrane bound C5b-7 binds C8  and (C9)„ to form MAC which inserted into the cell 

membrane of leukocytes, including neutrophils, may activate, lyse or cause 

sequestration of these cells in the lung (Salama et al., 1988). MAC also induces 

upregulation of P-selectin expression by endothelial cells (Hattori et al. , 1989Z?).

1.2 Neutrophil-mediated tissue iiyury

There is much evidence to suggest that neutrophils may inflict injury on host tissues as 

well as killing invading micro-organisms and that this may constitute a significant part 

of the pathophysiology of many inflammatory disorders. This has been particularly 

suggested in the context of pulmonary injury (Donnelly & Haslett, 1992) although other 

organ systems have also been implicated. Infusion of plasma containing activated 

complement causes pulmonary sequestration of neutrophils and pulmonary endothelial 

injury which can be prevented by anti-neutrophil antiserum (Till et al., 1982). Much of 

the work that has been done to elucidate the microbicidal and potentiaUy-tissue injuring 

machinery of the neutrophil used suspensions of these cells. It is now clear however 

that adhesion is both intimately involved in their regulation (Nathan, 1987), and, 

whether it is to microbes or host tissue, brings the adherent cell into sufficiently close 

proximity for damage to be done. Indeed, the down regulatory mechanisms of plasma 

and tissue fluid are necessarily so well developed that it may be that it is only under the 

shelter of its adherent surface or within its phagosome that the aggressive neutrophil can 

inflict injury (figure 1.4).
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1.21 Neutrophil degranulation and elastase

The neutrophil contains a large array of inflammatory mediators within cytoplasmic 

granules. These are released in a process referred to as degranulation by fusion of the 

granules either with the cytoplasmic membrane or with the membrane of a phagosome 

in which the cell has engulfed a foreign cell or particle. The granules can be divided 

morphologically into 2  main groups: azurophil (primary) which are larger, denser and 

peroxidase-positive (approx. a third) and specific (secondary) which are peroxidase- 

negative (approx. two thirds). The contents of specific granules include receptors such 

as CDllb/CD18 and the fMLP receptor. The azurophil granules are particularly rich in 

cationic proteins and proteolytic enzymes including elastase (Spitznagel et al. , 1974).

Neutrophil elastase is a highly potent serine protease released upon degranulation or 

disintegration of the cells. Endothelial functional integrity could be damaged by 

adherent neutrophils' release of this enzyme as it can degrade collagen, elastin, 

proteoglycan and fibronectin (Egbring et al. , 1986) which form much of the endothelial 

extracellular matrix and basement membrane. Elastase has also been implicated in an in 

vitro model of neutrophil mediated endothelial injury (Smedly et al., 1986). Free 

circulating elastase is rapidly bound to the protease inhibitor a  1-antitrypsin, and 

elevated levels of this complex, a marker of neutrophil degranulation, have been 

detected in patients with acute inflammatory states such as sepsis (Speer et al. , 1986) 

and the haemolytic uraemic syndrome (Fitzpatrick et al. , 1992) and following CPB 

(Hind et al. , 1988; Wachtfogel et al. , 1987; Faymonville et al. , 1991).

1.22 The neutrophil respiratory burst

The production of superoxide and associated reactive oxygen intermediates (often 

referred to as the "respiratory burst") is a crucial element of the anti-microbial defences 

provided by neutrophils. A congenital dysfunction of the enzyme system responsible 

causes chronic granulomatous disease which is characterised by recurrent and
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progressive severe bacterial and fungal infections. CD 1 lb/CD 18 has recently been 

shown to regulate generation of reactive oxygen products by neutrophils (Shappell et 

al., 1990) (figure 1.4). Anti-CD 18 antibodies can inhibit neutrophil adherence to and 

hydrogen peroxide-mediated injury of isolated cardiac myocytes (Entman et al., 1990) 

and accumulation of neutrophils in the heart in a model of ischaemia and reperfusion 

(Dreyer et al., 1991). Thus the mechanisms of adhesion described above, which are the 

main focus of this thesis, may influence oxidative mechanisms of neutrophil-inflicted 

host tissue injury.

1.23 Endothelial injury and capillary leak

The endothelial cell monolayer which lines the vascular compartment controls the 

passage of plasma and its components and blood cells into the extravascular spaces as 

well as providing a non-thrombogenic surface to circulating blood. The increased 

permeability seen in acute inflammation may occur as a result of change in shape or 

injury to the cells themselves, alterations in the matrix which surrounds them or in the 

junctions between them. Cytokines can directly alter endothelial cell properties and thus 

reversibly increase permeability (Brett et al. , 1989) perhaps by modifications to 

endothelial cytoskeletal integrity (Shasby et al., 1982) which may also alter passage of 

leukocytes (Paterson et al., 1989). Neutrophils can also increase endothelial 

permeability (Shasby et al., 1983) and previous in vitro studies have demonstrated gross 

endothelial cell injury (Smedly et al., 1986; Varani et al., 1988) which might be 

expected to cause a less reversible vascular leak. Although the precise pathophysiology 

of this injury remains unclear, both the release of proteases (Smedly et al., 1986;

Harlan et al., 1981) and of reactive oxygen intermediates (Sacks et al., 1978; Shasby et 

a l,  1983) appear to be involved, perhaps acting synergistically (Varani et al., 1989).

The normal endothelial luminal surface carries a negative charge which electrostatically 

repels other negatively-charged molecules such as albumin, a mechanism which 

probably contributes to its relative impermeability. Much of this charge is carried by
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glycosaminoglycans, in particular heparan sulphate, which can be visualised as a matrix 

on the endothelial surface (Klein et a l, 1993) (figure 7.1). Exposure to activated 

neutrophils can also disrupt this matrix (Klein et a/., 1992). Fibronectin is another 

important component of the endothelial extracellular matrix which may play a role in 

leukocyte adhesion. Disruption of the fibronectin matrix may contribute to endothelial 

dysfunction (Forsyth & Levinsky, 1990). Observation of changes in these components 

of the endothelial matrix could provide a more sensitive index of neutrophil-mediated 

endothelial injury. The adhesion events discussed above precede such changes and may 

play a role in the control of neutrophil-mediated endothelial injury (figure 1.4).

1.3 Cardiopulmonary bypass 

Cardiopulmonary bypass(CPB) has now been in routine use for 20 years in many 

centres (Utley, 1990). The technique involves the diversion of the venous blood 

returning to the heart through a pump and oxygenator and returning it to the aorta so 

that the job of both heart and lungs is done mechanically (figure 1.7). Circulation 

through the chambers of the heart is stopped by diverting the blood from the vena 

cavae. The coronary circulation is stopped by clamping the ascending aorta above the 

coronary ostia and proximal to the tube returning blood from the oxygenator; thus 

surgery to either or both of these areas can be performed. The only residual circulation 

to the lungs is via the systemic bronchial collaterals (which may be considerable in 

patients with antecedent congenital reduction of pulmonary blood flow) and any such 

blood returning to the left atrium is removed by suction into the bypass circuit. In most 

centres, (including the centre where these studies were performed), mechanical 

ventilation of the lungs is discontinued during bypass, so that once the chest is opened 

the lungs collapse, further impeding any pulmonary blood flow. The heart is usually 

cooled by perfusion of the coronary circulation with an ice-cold solution and 

surrounding the myocardium with ice. It is also normal practice in most centres 

(including this one) to cool the systemic vasculature during CPB by means of a heat 

exchange circuit connected to the oxygenator in order to reduce tissue oxygen demand.
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The temperature to which the patient is cooled is broadly a function of the expected 

length of the operation and range in the studies in this thesis from 32“C for atrial septal 

defect repairs to 18°C for more complex procedures.

Pump
V9HOUS
Une

Pump
Venous
Une

SVC:Superior Vena Cava 
IVC:lnferior Vena Cava 
CS: Coronary Sinus 
RA: Right Alrlum 
RV: Right Ventricle 
PA: Pulmonary Artery 
PViPuimonary Vein 
LA: Left Atrium 
IV: Left Ventricle 
AA: Aortic Arch

Normal blood flow

Blood flow on 
bypass

Figure 1.7 Schematic diagram of the heart and great vessels indicating the pattern of 

normal blood flow and the points where this flow is interrupted to achieve 

cardiopulmonary bypass during cardiac surgery.

1.31 The types of oxygenator used

Early oxygenators worked on the principle of bubbling air/oxygen mixtures through the 

blood. Such devices are still widely used in adult coronary artery surgery but carry the 

risk of macro-air embolism, and the certainty of micro-air embolism (Blauth et al. , 

1988). They have been replaced in paediatric cardiac surgery in the UK with hollow- 

fibre or "membrane" oxygenators which remove the direct air-blood interface by 

passing the gas, as the name suggests, through a network of hollow fibres made of 

permeable membranes which are perfused with the blood. Comparative studies suggest
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that such membrane systems induce less activation of acute inflammatory pathways (van 

Oeveren et a l , 1985; Cavarocchi et a l , 1986; Videm et al., 1989; Nilsson et al. , 

19906; Stahl et al., 1991) and may result in less associated organ dysfunction (Nilsson 

e t a l ,  1990c).

1.32 Associated clinical problems

These and many other refinements of CPB technique have greatly improved the clinical 

outlook for patients undergoing cardiac surgery. Nevertheless, there is still a significant 

incidence of "post pump" complications most commonly manifest in the brain (Shaw et 

al., 1987; Smith, 1988), the lungs (Emhardt et al., 1991) and the performance of the 

heart itself (Nilsson et al., 1990c). These tend to be more common in infants than older 

children (Kirklin et al., 1983; Tanaka et al., 1986) and are thus being seen more 

frequently with the trend towards definitive corrective operations in the neonatal period 

(Sethia, 1992). As well as an incidence of neurological handicap (Shaw et al., 1987), 

these problems produce a short term requirement for increased intensive support 

(Kanter et al., 1986) which itself carries with it a risk of complications and a substantial 

cost. Leakage of fluid from capillaries into the extra-vascular space has been observed 

after CPB (Breckenridge et al., 1970; Maehara et al., 1991; Brans et al., 1981; Smith 

et al., 1987). In practice this is hard to quantify in vivo but it appears to occur to some 

extent universally and may be related to the pathophysiology of the various clinical 

complications of CPB. However, the relative importance of the contact of blood with 

artificial surfaces, haemodilution, cooling and rewarming, administration of drugs and 

ischaemia and reperfusion of the cardiac and pulmonary vascular beds in causing these 

problems remains unclear.

1.33 Associated inflammatory changes

A wide variety of inflammatory pathways have been shown to be activated by CPB. 

These include the complement system (Bonser et al., 1990; reviewed by Utley, 1990) 

the kallikrein cascade (Pang et a l,  1979; Wachtfogel et a l ,  1989), and eicosanoid
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metabolism (arachidonic acid pathways) (Greeley et al., 1988). The clinical importance 

of complement activation has been emphasised in some studies (Moore et al., 1988; 

Kirklin et al., 1983; Miyamoto et al., 1989) and questioned in others (Tennenberg et 

al., 1990; Nilsson et al., 1990c). The closely related effects on circulating blood cells 

have also been investigated (reviewed in Royston, 1990) and include injury to and 

changes in the deformability of red and white cells, consumption and activation of 

platelets and activation of neutrophils. Bacterial endotoxin(LPS) can be detected in the 

blood of patients immediately following CPB (Kharazmi et al., 1989; Andersen & 

Baek, 1992; Nilsson et al., 1990a) and could also be triggering elements of the acute 

inflammatory response.

During CPB, neutrophils have both an increased propensity to release oxidative 

products (van Oeveren et al., 1985) and to degranulate, releasing proteolytic enzymes 

(Hind et ah, 1988; Colman, 1990). Reperfusion with neutrophil-free blood was shown 

to protect the ischaemic heart and lungs against injury in dogs (Engler et al., 1986a; 

Engler et al., 1986&) and humans (Breda et al., 1989; Bando et al., 1990) and removal 

of leukocytes and platelets by plasmapheresis prior to CPB has been shown to 

ameliorate blood loss and pulmonary function (Davies et al., 1992) . Neutrophils 

sequester in the lungs of patients following CPB (Howard et al., 1988) and there is 

evidence that they play a role in post-operative lung injury (Ratliff et al., 1973) perhaps 

by release of reactive oxygen intermediates (Braude et al., 1986) and degranulation. 

Although there is a growing body of evidence for a role for neutrophils in acute lung 

injury (Donnelly & Haslett, 1992), the exact pathophysiology of damage to this and 

other organs post-CPB remains poorly understood.

1.4 Use of anti-adhesion molecule monoclonal antibodies in vivo 

The critical role of CD11/CD18 adhesion molecules in acute inflammatory tissue 

infiltration by neutrophils suggests that monoclonal antibodies to these proteins could be 

used in vivo to block the tissue injury induced by these cells. This has been shown in
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several animal models of acute inflammation including intestinal ischaemia-reperfusion 

in the cat (Hernandez et al. , 1987), myocardial ischaemia-reperfusion in the dog using 

an anti-CD 11b antibody (Simpson et a l ,  1988) and ischaemia-reperfusion in the rabbit 

ear (Vedder et al. , 1990) and lung (Morgan et al. , 1990) and in haemorrhagic shock 

and resuscitation in the rabbit, using anti-CD 18 antibodies (Vedder et al., 1988). Anti- 

CD lla/CD 18 antibodies, but not antibodies to CD 11b or L-selectin, have been shown 

to prevent the development of cerebral malaria in Plasmodium-infected mice (Falanga 

& Butcher, 1991; Grau et a l,  1991).

In humans, anti-CD lla/CD 18 monoclonal antibodies have been used in an attempt to 

improve engraftment of transplanted bone marrow in conjunction with 

immunosuppressive chemotherapy (Fischer et al., 1988). However the use of 

monoclonal antibodies to inhibit neutrophil interactions has not yet been reported.

1.5 Aims of the study

The hypothesis central to this thesis is that neutrophils adherent to endothelium may 

inflict injury and thus cause a vascular leak. The studies in this thesis aim to describe 

changes in the adhesion process occurring in cardiopulmonary bypass and to evaluate 

their interrelationships and significance. Three main approaches were taken to do this. 

Firstly, in vivo studies of children undergoing cardiac surgery were done (chapter 4), 

Secondly, a model of cardiopulmonary bypass was designed, using isolated oxygenator 

circuits primed with human blood, to elucidate the contribution of this apparatus to 

changes observed in vivo and to assess the effect of inhibition of complement activation 

(chapter 5). Finally, an in vitro model of endothelial injury using cultured endothelial 

cells was studied to assess the relationship between the neutrophil adhesive function 

changes observed in vivo and in circuits, and neutrophil-mediated disruption of 

endothelial extracellular matrix (chapters 6  & 7).
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Since cardiopulmonary bypass is a planned procedure, the inflammation it causes can be 

studied from before its onset. Patients are invariably intensively supported and 

monitored throughout the procedure and for at least 24 hours thereafter enabling studies 

to be performed without extra intervention or inconvenience to the patient. Furthermore 

the performance of intra-thoracic surgery provides unique access, during this period, to 

the major vessels carrying blood to and from the pulmonary, cardiac and systemic 

vasculatures. Since differences in the composition of blood entering and leaving these 

organs can be studied, more can be inferred about the changes occurring within them 

than sampling of peripheral blood would allow.

Studies of isolated oxygenator circuits allow a far greater standardization of variables 

than can be achieved in vivo. This allows accurate observation of changes in systems, 

such as the regulation of neutrophil adhesion molecule expression, that are volatile and 

easily disrupted. The approach also allows experimentation with specific interventions 

which could not be used directly in the patient, in a whole blood model which contains 

many of the complexities and regulatory pathways of the intact vascular system.

The endothelium is an inaccessible tissue. Although there has recently been a return to 

Cohnheim's methods of intra-vital microscopy to perform studies of leukocyte adhesion 

this approach does not lend itself to detailed study of endothelial injury and cannot be 

used in humans. The used of tissue culture to propagate endothelial cells is widely used 

and offers the best current approach to modelling damage to this tissue.

By studying the pathway of neutrophil-endothelial adherence at these three different 

levels, this study aims to elucidate some of the changes which are critical in the 

development of the vascular injury which afflicts these patients. It may thus provide 

insights which may in turn provide the rational basis for future therapeutic intervention.
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Chapter 2: Materials and methods

2.1 Materials

2.11 Reagents: Chemicals, reagents, solutions, standards and sera

Bovine serum albumin Sigma

Citric acid BDH

Coliagenase type II Sigma

DMEM (Dulbecco’s Modification of Eagle's Medium) Gibco

Ethylene diamine tetra acetic acid (EDTA) Sigma

FACS lysing solution Becton Dickinson

Fetal calf serum (PCS) Gibco

Formaldehyde BDH

Formyl-Methionine-Leucine-Phenylalanine (fMLP) Sigma

Gelatin (porcine) Sigma

Glutamine BDH

Gold conjugated poly-l-lysine (Cationic gold) Biocell

Hanks Balanced Salt Solution + /- calcium, magnesium Gibco

Hartmann's solution Gibco

Hepes Gibco

Hydrogen peroxide Sigma

Limulus amoebocyte lysate assay Kabi-Vitrium

Lipopolysaccharide (E.coli 0128:B12) Sigma

Mono-poly resolving medium Flow

o-phenylenediamine dihydrochloride Sigma

Paraformaldehyde BDH

Penicillin Glaxo

Phosphate buffered saline tablets Sigma

Preservative-free heparin, l(XX)u/ml Sigma

Quantitative flow cytometry bead standards Flow Cytometry

Standards Corp.



44

Recombinant soluble CRI 

RPMI medium 

Silver enhancer 

Sodium azide

Sodium hydrogen phosphate

Streptomycin

Sulphuric Acid

SmithKline Beecham

Gibco

Biocell

Sigma

BDH

Evans Medical 

BDH

2.12 Monoclonal (m) antibodies and antisera

Foetal calf serum Gibco

Goat (Fab)2 anti-mouse IgG conjugated to FITC: [4350,TAGO] TCS

Mouse m anti-CD 11a (MHM24): [M782]

Mouse m anti-CD 11a conjugated to FITC (25-3-1): [lOTl6 ] 

Mouse m anti-CD llb(44): [CBL145]

Mouse m anti-CD 11b conjugated to FITC(44): [CBL145] 

Mouse m anti-CD 18 (MHM23): [M783]

Mouse m anti-fibronectin (cell attachment domain):

Mouse m anti-human negative control: IgGl [X927]

Mouse m anti-keratin: [M615], (used as negative control) 

Mouse m anti-L-selectin (Leu8): [BD7440]

Mouse m anti-L-selectin (TQl) conjugated to phycoerythrin: 

Rabbit anti-mouse IgG conjugated to FITC:(TAGO)

Sheep anti-human elastase

Peroxidase-conjugated sheep anti-human a  1 antitrypsin

Dako

The Binding Site 

Cymbus 

Cymbus 

Dako

Boehringer

Dako

Dako

Becton Dickinson

Coulter

TCS

The Binding Site 

The Binding Site

2.13 Suppliers

BDH, Poole, UK

Becton Dickinson, Oxford, UK

Biocell Research Laboratories, Cardiff, UK
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Binding Site, Birmingham, UK

Boehringer, Mannheim, Germany

City University, London, UK

Coulter Electronics, Luton, UK

Cymbus, Southampton, UK

Dako, High Wycombe, UK

Evans Medical, West Sussex, UK

Flow Cytometry Standards Corp., NC, USA

Flow Laboratories, Herts, UK

Gibco, Paisley, UK

Glaxo, Middlesex, UK

Greiner, Germany

Kabi-Vitrium, Uxbridge, UK

Sigma, Poole, UK

SmithKline Beecham, Herts., UK

TCS, Botolph Claydon, UK

2.2 Methods

2.21 Flow cytometry

Flow cytometry of leukocyte suspensions, either stained as whole blood followed by 

erythrocyte lysis or separated from whole blood then stained, was performed using a 

Becton-Dickinson FACScan. Green and red amplifier gains were calibrated before each 

experiment using beads to ensure that relative fluorescence values were comparable 

between experiments and to monitor cytometer performance. Forward and orthogonal 

light scatter detectors were initially set at standard settings and then modified to 

optimise visualisation of the granulocyte cluster for each experiment (figure 2. la). A 

threshold was set on the forward light scatter detector to exclude small sub cellular 

particles from data acquisition. Simultaneous dual colour staining of cells was not used 

in these studies and electronic cross-channel compensation was therefore always set to 

zero. Light scatter data amplifiers were set in linear mode while fluorescence detectors 

were set in (4 decade)
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logarithmic mode. Both linear and logarithmic scales are divided electronically, for 

acquisition purposes, into 1024 equally sized channels.

Forward and orthogonal light scatter and green and red fluorescence data from each 

experimental sample were then acquired. In most studies, this information was obtained 

for 2000 events (leukocytes) from each sample. In some later experiments (see chapters 

6  & 7), events were acquired over a fixed 10 second period in order to obtain additional 

information about leukocyte concentrations in the samples under analysis. Data were 

stored as files initially on the hard disk of the dedicated computer attached to the flow 

cytometer and then on 600Ü Hewlett Packard tape cartridges(HP88140LC). In the 

initial studies, analysis was performed using the FACScan Research software program 

on the flow cytometer computer. In later studies, data were transferred on floppy 

diskettes and read and analysed on an IBM compatible desktop computer using the 

Datamate flow cytometry software (Applied Cytometry Systems, Sheffield, UK).

For each experiment, an analysis gate was created to encompass the granulocyte cluster 

and exclude other cell populations (e.g. lymphocytes and monocytes (figure 2. la)). A 

new gate was created for each experiment to compensate for variation in the light 

scattering properties of granulocytes from different individuals and for day to day 

variations and adjustments to the cytometer light scatter detectors. The gate was then 

verified visually to include the entire granulocyte cluster for all the samples in the 

experiment. Blood counts were routinely done and the differential count showed that 

granulocytes were >90% neutrophils in all (and >95% in most) of the patients and 

volunteers studied. The gated population was then analysed on a fluorescence histogram 

of the appropriate wavelength to the fiuorochrome on the antibodies used for staining 

(green - fluorescein, red - phycoerythrin). In most experiments this histogram 

demonstrated a single population of symmetrical (figure 2 .1b) or slightly skewed 

(figure 2.1c) distribution. In these, a median channel number was therefore calculated 

for the entire population on the histogram. In some experiments more than one
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Figure 2,1 (a) Forward/orthogonal light scatter dot plot o f2000 events from a 

suspension o f leukocytes prepared from venous blood, showing gating o f the granulocyte 

cluster. Fluorescence histograms of gated granulocyte populations from whole blood 

stained with (b) FITC-conjugated anti-CD 11 a and (c) PE-conjugated anti-L-selectin.
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Figure 2.2 Fluorescence histograms of granulocytes stained for L-selectin showing (a) 2 

distinct populations o f neutrophils with separate analysis windows and (b) granulocytes 

contaminated with small numbers of endothelial cells.
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population was demonstrated; this occurred in 2 ways. Either there were 2 populations 

of neutrophils, identical in their light scattering properties but heterogeneous in their 

expression of the epitope under study (figure 2 .2 a) or a different population of cells 

partially overlapped with the neutrophil forward/orthogonal scatter cluster (figures 

2.2b). In the former case subsidiary analysis windows were created for each distinct 

population and the median channel number used whereas in the latter case, in which 

there was often some overlap of the fluorescence histograms of the populations and in 

which the granulocytes were invariably more numerous, the mode channel number was 

used instead.

The average fluorescence channel number for each sample was then converted 

mathematically into a relative fluorescence value as seen on the logarithmic 

fluorescence scale using the formula:

relative fluorescence = 1 0 "(channel number/number channels per decade)

These values were then used to represent the average level of expression of the epitopes 

under study on the neutrophils' surface.

2.22 Cytokine ELIS As - IL la , IL lp, TNFa, EL8  

Enzyme linked immunoassays (ELISAs) for IL la, ILip, TNFa and IL8  were 

performed using kits (Quantikine, R & D Systems, Minneapolis, USA) according to the 

manufacturer's instructions. Samples were diluted lin2 in appropriate diluent, and 

incubated for 2  hours at room temperature in wells coated with monoclonal anti

cytokine antibody. Wells were washed, and then incubated similarly with polyclonal 

anti-cytokine antibody conjugated to horseradish peroxidase. After further washes, a 

substrate solution containing tetramethylbenzidine and H2O2 was added; the reaction 

was stopped after 20 minutes with 2M H2SO4 and plates were read using a 

spectrophotometer (Dynatech MR4000, Billingshurst, UK) set to 450nm with 

wavelength correction set to 570nm.
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The lower limit of the assay was defined, in all cases, as that concentration which 

corresponded to an optical density of 1.5 x the mean optical density of the blank wells 

of the plate (Kemeny, 1991).

2.23 Human umbilical cord endothelial cell culture

Endothelial cells were obtained from human umbilical veins as previously described 

(Jaffe et a l , 1973). Umbilical cords were obtained fresh from normal human deliveries 

at the maternity departments at St. George's and St. Mary's Hospitals, London. 

Appropriate ethical committee approval was obtained. Cords were transported in RPMI 

wash medium and kept at 4°C for not longer than 6  hours. The umbilical vein was then 

cannulated at each end and after washing the vein thoroughly with RPMI wash medium, 

it was filled with pre-warmed 0.1 % coUagenase in DMEM with 2% Hepes and left to 

incubate for 12 minutes at 37°C. The contents of the vein were then drained into a 

universal containing a few drops of fetal calf serum to de-activate the coUagenase. CeUs 

were washed and resuspended in an endothelial ceU culture medium (ECCM) consisting 

of 80% DMEM, 20% fetal calf serum supplemented with L-glutamine, penicillin and 

streptomycin. 5ml of suspended ceUs were grown to confluence at 37°C in 5 % COj in 

25cm^ tissue culture flasks and passaged by exposure to ethylene diamine tetra acetic 

acid (EDTA) 10 mM to gelatinised 13mm glass coverslips. Cells used in these studies 

were always from this second passage and were verified as endotheUal by their 

characteristic morphology, the presence of Von WiUebrand factor and prostacyclin 

production.

2.24 Purification of neutrophils from whole blood

Venous blood from adult donors was collected into anticoagulant (3.8% trisodium 

citrate or preservative-free heparin) and 2ml aliquots layered onto 3 ml mono-poly 

resolving medium in test tubes. After centrifugation at 3(X)G for 45 minutes, a discrete 

band of neutrophils could be located easily and pipetted free from contaminating blood 

constituents. Neutrophils were washed in Hanks buffered salt solution without calcium
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and magnesium with or without 2 0 % fetal calf serum, depending on the protocol, 

counted and reconstituted in appropriate medium. Morphological assessment of 

neutrophil purity and viability (trypan blue exclusion) were consistently > 9 3 %  and 

>95% respectively.

2.3 Statistical methods

The standard t test was used to assess the significance of differences in most studies. 

Differences were considered significant if P j<G.G5. 95% confidence limits were also 

calculated (mean 4:1.96 x standard error of the mean) to facilitate an assessment of 

adequacy of sample size. Where a number of different samples or conditions were 

compared simultaneously, a one way analysis of variance was first performed and 

subsequent t tests modified by use of the overall variance. In certain studies specific 

statistical methods were used to address particular study designs and findings and these 

are presented in the relevant chapters.
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Chapter 3: Measurement of neutrophil adhesion molecule expression in vivo

3.1 Introduction and overview

The two P2 integrins that are abundantly expressed on the surface of the neutrophil,

GDI 1 a/CD 18 and CD 1 lb/CD 18 play an important role in the adherence of these 

leukocytes to endothelium. The level of expression of the former on the cell surface 

varies little, while in contrast the expression of the latter increases dramatically and 

very rapidly in response to a variety of stimuli (see section 1.11). The neutrophil 

responds to minimal chemotactic stimulation with upregulation of GDI lb/CD 18 

expression, making it a very sensitive marker of activation of the adhesive status of the 

cell (Berger et a l , 1984).

Recently the selectin family of adhesion molecules has been described, and their 

importance in the initial stages of leukocyte adhesion to endothelium has been 

elucidated. L-selectin is constituitively expressed on unactivated neutrophils but is shed 

by the cells in response to many of the same stimuli that induce increased GDI lb/CD 18 

expression (see section 1.12 ). Although these reciprocal changes in the adherent cell 

may represent an orderly transition from the rolling to the firmly adherent state (see 

figure 1.3), it is also possible that downregulation of L-selectin expression in circulating 

neutrophils could serve to prevent their adherence in vivo (Hasslen et aL, 1991).

The technique of immunofluorescence and flow cytometry, which has become widely 

used in clinical immunology for the immunophenotyping of lymphocytes, can be used 

to quantify accurately the expression of cell surface proteins. The technique depends on 

the availability of suitable monoclonal antibodies to the proteins of interest. These 

became commercially available at around the time these studies were started. After 

addition of saturating concentrations of the antibody to the cell suspension, it can be 

rendered fluorescent using a second fluorochrome-conjugated antiserum. More recently, 

monoclonal antibodies directly conjugated to fluorochromes have become available 

enabling the staining procedure to be greatly simplified and accelerated.
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The cytometer accurately passes single cells from a prepared suspension through a 

focused laser beam at rates of several hundred per second. Information about the 

deflection of the laser light and the intensity of fluorescence of each individual cell is 

recorded and stored. This numerical power allows even small changes in the cells' 

properties to be quantified with great accuracy. The amount of light deviated from the 

incident beam by a small angle (forward scatter) is an index of the size of the cell. The 

amount reflected off the structures within the cell and detectable at right angles to the 

incident beam (orthogonal or side scatter) is an index of the granularity of the cell. 

Different leukocyte populations produce characteristic patterns of forward and light 

scatter (figure 2 . la) which makes it possible to use these parameters to select particular 

cell types for analysis of fluorescence intensity.

The studies in this chapter describe the development of a technique, using these 

methods, to measure changes in circulating neutrophil expression of CDlla/CD18,

CD 1 lb/CD 18 and L-selectin with time in humans. The technique was to be used in the 

study of an acute inflammatory syndrome evolving over a 24 hour period in children 

during and after cardiopulmonary bypass.

Elevation of CD 1 lb/CD 18 expression on neutrophils has been reported previously in 

patients with bums (Nelson et al. , 1986; Moore et al. , 1986 ), following haemodialysis 

(Amaout et al. , 1985) and in systemic lupus erythematosus (Buyon et al. , 1988). 

Reduction in L-selectin expression has also been documented in patients with sepsis 

(Hasslen et al., 1991). In these reports, single samples, or samples taken at intervals of 

several days, were compared to samples from control patients or normal adults and 

surface expression of adhesion molecules was stabilised by immediate cooling of 

samples to 4°C. In our work, many samples were to be taken over a 24 hour period 

from individual patients, at times as frequently as every few minutes. Thus to adopt the 

same approach towards stabilisation, samples would either have had to be held at 4®C
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for widely varying periods prior to staining, or several samples, each at slightly 

different stages in the staining procedure, would need to be processed simultaneously.

In order to avoid these potential methodological errors and difficulties, initial studies 

were done to assess the feasibility of stabilising adhesion molecule expression by 

immediate fixation of samples for subsequent staining. These are described in section 

3.2.

Limitations to this approach became evident, particularly in studying L-selectin 

expression, the importance of which for neutrophil adhesion became evident while these 

studies were in progress. At the same time the new availability of monoclonal 

antibodies directly conjugated to fluorochromes, made it possible to stain then fix 

samples rapidly at room temperature. The studies described in section 3.3 examine this 

method which was applied to later clinical studies described in chapter 4.

Immunofluorescent staining was performed on unseparated blood samples in contrast to 

some earlier studies (Moore et ah, 1986; Amaout et ah, 1985). This both avoids the 

potential problems of introducing artefactual changes during purification procedures 

(Fearon & Collins, 1983; Haslett et ah, 1985) and allows much smaller samples to be 

used, a great advantage in the study of small children.

3.2 Indirect immunofluorescence

The strategy behind the experiments in this section was to develop a fixation method to 

stabilise adhesion molecule expression in blood samples and to use this immediately 

when samples were obtained. All samples in a series would later be stained 

simultaneously by indirect immunofluorescence and flow cytometry performed on all 

the samples together. The method was developed specifically to study changes 

occurring during and after cardiopulmonary bypass(CPB) in children. These patients are 

systemically anticoagulated using heparin during CPB and since this anticoagulant is 

inevitably present in blood samples taken during the procedure, it was used during these
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developmental studies. Paraformaldehyde (PF) was chosen as a fixative based on the 

results of a previously published report of leukocyte fixation prior to 

immunofluorescent staining in murine lymphocytes (van Ewijk et a l ,  1984). At the 

time the initial studies were done the role of L-selectin in neutrophil adhesion had not 

been described.

The staining procedure used in these studies is summarised below, although some 

experiments in sections 3.21, 3.22 and 3.24 address the choice of reagents and 

conditions cited in this method (fixation was sometimes done at different points in this 

protocol as detailed for each experiment in the text):

• 25 or 50|il aliquot of fresh normal human blood anticoagulated with 20u/ml 

heparin

• Add 5 or lOjil mouse anti-human monoclonal antibody (dilution in blood: lin6 ) 

Antibody [Final concentration (pg/ml)]: Neg. Control(M615) [17.3], 

CDlla(MHM24) [0.95], CDllb(44) [4.2], CD18(MHM23) [17.2],

L-selectin(Leu8 ) [4.2]

• Incubate for 10 minutes at room temperature

• 2 X Wash by addition 3ml Hank's balanced salt solution(HBSS) without calcium, 

magnesium or phenol red, with 0 .0 1 % sodium azide

• Centrifuge at 200g for 5 minutes, removing supernatant by inversion of tubes

• Add lOp.1 second anti-serum: FITC-goat (Fab)2 anti-mouse IgG [final concentration 

approx. 3|xg/ml] - the final dilution of the second antibody is affected by the volume 

of the residue of the cell suspension after the washes, which is approximately 260|xl.

• Incubate for 10 minutes at room temperature

• Add 1ml of erythrocyte lysing solution (FACS lysing solution), resuspend and leave 

for 1 0  minutes at room temperature in the dark

• Centrifuge as above and repeat wash step once

• Resuspend leukocytes in wash medium

• Perform flow cytometry (see section 2.2 )

(for details of materials used see section 2 . 1 )
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3.21 Establishment of saturating concentrations and incubation times of 

antibodies

Minimum concentrations of monoclonal antibodies required to saturate receptors were 

established by staining with serial dilutions of the antibodies as follows:

Antibody Final concentration (|xg/ml)

CDlla(MHM24) 1.9 to 0.12

CDllb(44) 8.3 to 0.42

CD18(MHM23) 34.3 to 1.7

Samples stained for CDllb and CD18, expression of which is increased by stimulation, 

were processed both with and without incubation with fMLP (final concentration IpM) 

for 10 min at room temperature before staining. Results are shown in figure 3.1. On 

the basis of these saturation curves, the antibodies were subsequently used at the 

following final concentrations:

GDI la 0.95|Xg/ml (lin20), CDllb 4.17|ig/ml (lin2), CD18 17.2p.g/ml (lin2)

Minimum concentrations of second anti-serum: FITC-goat (Fab)2 anti-mouse IgG 

required to saturate primary antibodies were established by staining with serial dilutions 

of the anti-serum as follows:

Dilutions before staining :lin4 to lin64; Final concentration approx. 9 to 0.6|ig/ml 

fMLP was used as in the previous experiment. Results are shown in figure 3.1(d). On 

the basis of these saturation curves, the antiserum was subsequently used at a final 

concentration of: approx. 3iig/ml (1 in 12 dilution).
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Figure 3,1 Saturation curves for (a) anti-CDlla (b) -CDllb (c) -CD18 antibodies and 
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Minimum incubation times for monoclonal antibodies required to saturate receptors 

were established by staining for different time periods as follows:

1 min, 5 min, lOmin, 15min

Results are shown in figure 3.2. On the basis of these time course curves, which show 

that after 1 0  minutes' incubation at room temperature, no further increase in 

fluorescence is discernible for any of these antibodies, a 1 0  minute incubation period 

was used subsequently.

3.22 Effects of wash media and anti coagulants on integrin expression

Manoeuvres sometimes used to minimize non-specific fluorescence by blocking Fc 

receptors include the addition of fetal calf serum(FCS) and gelatin to wash medium and 

additional washes prior to staining. The effects of these steps were examined as follows:

No washes prior to staining 

Normal wash medium(no FCS,no 

gelatin)

No washes prior to staining 

1% FCS,0.1% gelatin in wash medium

2  washes prior to staining 

Normal wash medium(no FCS,no 

gelatin)

2  washes prior to staining 

1% FCS,0.1% gelatin in wash medium

Results are shown in figure 3.3. These indicate that the addition of 1 % PCS and 0.1 % 

gelatin to the wash medium has little effect on neutrophil fluorescence using these 

antibodies. Additional washes prior to staining take extra time and did not reliably 

reduce non-specific fluorescence (which was in any case low); in the case of CD 18 such 

washes increased fluorescence (see also section 3.242). In all subsequent experiments, 

wash medium without FCS and gelatin was used and no washes were performed before 

staining.
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60

Since the adhesive function of the P2 integrins is mediated through moieties which bind 

the divalent cations Ca^+ and Mg^+ (Dransfield & Hogg, 1989), and neutrophils are 

routinely handled in vitro in media free of these cations to inhibit activation, the effect 

of using wash media with and without Ca^+ and Mg^+ and of using the anticoagulant 

EDTA which chelates these cations, was examined as follows:

Heparin, Wash medium: no Ga^+/ Mg^+ Heparin, Wash medium: with Ga^+Z Mg^+

EDTA, Wash medium: no Ga^+/ Mg^+ EDTA, Wash medium: with Ga^+Z Mg^+

Wash solution: HBSS w. 0.01% azide + /- Ca^+ (CaClj 0.14g/L) and Mg^+ 

(MgCl^.ôH^O 0. Ig/L and MgSO^.VH^O 0. Ig/L)

Results are shown in figure 3.4. These indicate that in the presence of Ca^+ and Mg^+ 

or EDTA or both fluorescence for CDllb and GDIS is reduced. The reason for these 

apparently conflicting observations was not further elucidated. However, a standard 

approach, using heparin as an anticoagulant and a wash medium without Ca^+ and 

Mg^+ was used in all subsequent experiments.

3.23 Use of fMLP to modulate adhesion molecule expression

The synthetic tripeptide fMLP is a convenient stimulus for increasing surface integrin 

expression on neutrophils. Dose response experiments for the effect of fMLP on 

GDI la, GDI lb and GDIS expression were performed to establish suitable 

concentrations for subsequent experiments.

Blood was incubated with fMLP (0-1 pM) for 10 minutes at room temperature.

Results are shown in figure 3.5. They indicate that a clear range of neutrophil 

expression of GDI lb and GDIS can be generated by stimulation of blood with fMLP in 

concentration in the range 0 to lOOnM. A smaller rise in GDI la expression is also 

demonstrated.
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3.24 Use of fixation to stabilise adhesion molecule expression prior to staining

A series of experiments were performed to assess the feasibility of using PF fixation to 

stabilise integrin expression by neutrophils for subsequent immunofluorescence staining.

3.241 Effective erythrocyte lysis and granulocyte cytometry following fîxation

Immunofluorescent staining of leukocytes in whole blood for flow cytometry depends 

upon an effective erythrocyte lysis step following antibody incubation. The effect of 

prior fixation on this step was therefore assessed as follows:

Fresh anticoagulated blood was diluted linl either with 3% PF dissolved in wash 

medium or wash medium alone, and held for 5 minutes at room temperature before 

erythrocyte lysis with FACS lysing solution (no antibodies used).

Results: It was clear on gross inspection that effective erythrocyte lysis had taken place 

in fixed blood samples. Figure 3.6 below shows dot plots which indicate that, not only 

is a suspension of leukocytes clearly visible by flow cytometry of the fixed sample but 

also the granulocyte cluster is considerably more well-defined in the forward/side 

scatter profile than in the unfixed sample.

3.242 Effects of paraformaldehyde fixation on Pj'ûitegrin epitope expression 

In order to establish whether fixation damaged the integrin epitopes recognized by the 

monoclonal antibodies in use and thus whether it reduced immunofluorescence of 

samples stained after fixation, PF was added to blood samples for 10 min at room

0% PF 0% PF 0.03% PF 0.06% PF 0.12% PF 0.25% PF

no wash

The first sample was then stained and the remainder stained after 2 washes. 

Results are shown in figure 3.7. Little change in immunofluorescence for CD lla, 

CDllb and CD 18 is seen with increasing concentrations of PF in this experiment. 

However, in the absence of PF, washes alone induced substantial rises in
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apparent CD llb and CD 18 expression.

In a further, similar experiment, blood samples with or without prior fMLP stimulation 

(IjxM final concentration) were fixed with PF and then stained as before. This was in 

order to establish whether differences in CD 1 lb/CD 18 expression, here induced by 

fMLP, were still evident after fixation.

Results are shown in figure 3.8. A substantial rise in both CD llb and CD 18 is evident 

in fMLP-stimulated specimens. This rise was similar in unfixed and fixed samples. 

However, a fall in fluorescence for both CDllb and CD 18 induced by PF is more 

evident than in the previous experiment. Again, in the absence of PF, washes alone 

induced substantial rises in apparent CDllb and CD 18 expression.

In a third, similar experiment, blood samples were fixed with PF with or without 

subsequent fMLP stimulation (l|iM  final concentration) and then stained as before.

This was in order to establish whether changes in CD 1 lb/CD 18 expression, here 

induced by fMLP, were prevented by prior fixation.

Results are shown in figure 3.9. Following fixation even with low concentrations 

(0.03%) of PF, neutrophils no longer increase CDllb/CD18 expression in response to 

fMLP stimulation. Again, a fall in fluorescence for both CD llb and CD 18 induced by 

PF is more evident than in the first experiment and again, in the absence of PF, washes 

alone induced substantial rises in apparent CDllb and CD 18 expression.
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3.243 Stability of C D llb and CD18 expression with and without fixation over 

time

In order to determine whether fixation prevented progressive changes in CD llb and 

CD 18 expression which otherwise occur in whole blood held at room temperature, an 

experiment was performed as follows. Blood samples were stimulated with a range of 

concentrations of fMLP (O-lOOnM) and then either fixed with 0.05% PF or left 

unfixed. Aliquots were taken, stained and analysed by flow cytometry after 0, 1.5 and 

3 hours.

Results are shown in figure 3.10. A progressive rise in CDllb and CD 18 expression 

over 3 hours was demonstrated in unfixed blood held at room temperature occurring at 

all levels of expression. This was not seen in fixed blood although an apparent fall in 

CD 18 expression with time was observed in fixed cells. In subsequent experiments 

C D llb expression alone was measured.

A further experiment was done to examine the application of fixation prior to staining 

to the serial measurement of neutrophil CD lla and CDllb expression with time in 

vivo. Blood samples were taken simultaneously, using in situ venous cannulae, from 2 

normal adult volunteers at the following serial times: 1, 1.5, 2.5 and 4 hours. Samples 

were fixed with 0.05% PF for 10 min, then diluted and held as 0.005% PF in HBSS 

until staining. (These times and conditions were chosen to mimic those anticipated for 

studies of patients undergoing cardiopulmonary bypass).

Results are shown in figure 3.11. Expression of CD lla appears stable while CD llb 

expression appears to fall with time in both individuals. These changes could either 

reflect genuine concordant changes with time or a failure of effective fixation resulting 

in an artefactual rise in CDllb expression in the samples held longest before analysis 

(i.e. those taken first). These results demonstrate the potential difficulties of 

interpretation of serial measurements using this technique.
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were subsequently stained and analysed together.
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3.244 Measurement of L-selectin expression by indirect immunofluorescence

At this stage in these studies, the possible role of L-selectin in neutrophil-endothelial 

adhesive interactions was described and a monoclonal antibody to L-selectin, LeuS, was 

obtained. The minimum concentration of this antibody required to saturate receptors 

was established by staining with serial dilutions with final concentrations in the range

8.3 to 0.42|ig/ml.

Neutrophil expression of L-selectin is reduced by stimulation with fMLP. Samples were 

processed both with and without incubation with fMLP (final concentration l(X)nM) for 

10 min at room temperature before staining. Results are shown in figure 3.12. On the 

basis of these saturation curves, the antibody was subsequently used at the final 

concentrations of 4.2jiig/ml (lin2 dilution)

In order to establish whether fixation damaged the L-selectin epitope recognized by the 

monoclonal antibody Leu8  and thus whether it reduced immunofluorescence of samples 

stained after fixation, PF was added to blood samples for 10 min at room temperature 

at the final concentrations shown:

0% PF 0% PF 0.03% PF 0.06% PF 0.12% PF 0.25% PF

no wash

The first sample was then stained and the remainder stained after 2 washes.

Results are shown in figure 3.13. These demonstrate that exposure to low 

concentrations (0.001%) of PF is sufficient to render the L-selectin epitope recognised 

by Leu8  nearly undetectable. Thus fixation with PF prior to staining cannot be used in 

the study of neutrophil L-selectin expression with this antibody.

This result, together with the problems using fixation followed by staining demonstrated 

in section 3.243, indicated the need for a major modification in methodology. Steps 

taken to address this need are presented below.
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Samples were treated with PF prior to staining as shown. Fixation reduced 

immunofluorescence to near-undetectable levels even at low concentrations.
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3.3 Direct immunofluorescence

Work with indirect immunofluorescence, described above, resulted in problems with 

epitope instability to fixation, particularly with L-selectin. The availability of 

monoclonal antibodies directly conjugated to fluorochromes enabled the alternative 

approach of direct immunofluorescence to be used. The staining protocol is much 

quicker and thus immediate staining of serial samples, directly after they are obtained, 

is possible. Studies were thus performed to assess the feasibility of this approach using 

fixation after staining to stabilise immunofluorescence for subsequent simultaneous flow 

cytometric analysis of sets of samples. Heparin was used as an anticoagulant as 

previously. However, formaldehyde was used as a fixative instead of PF. This was 

because formaldehyde is available as a concentrated aqueous solution rather than a 

relatively insoluble powder, and is consequently much easier and safer to prepare.

The staining procedure used in these studies is summarised below.

• 25p,l aliquot of fresh normal human blood anticoagulated with 2 0 u/ml heparin

• Add 5|xl fluorochrome-conj ugated mouse anti-human monoclonal antibody 

Antibody [Final concentration (p-g/ml)]: Neg. Control(X927) [8.3], CDlla(25-3-l) 

[4.2], CDllb(44) [4.2], L-selectin(LeuS) [see section 3.31], L-selectin(TQl) [83.3]

• Incubate for 10 minutes at room temperature

• Add 1ml of erythrocyte lysing solution (FACS lysing solution), resuspend and leave 

for 10  minutes at room temperature in the dark

• Centrifuge at 200g for 5 minutes, removing supernatant by inversion of tubes

• Wash by addition 3ml Hank's balanced salt solution(HBSS) without calcium, 

magnesium or phenol red, with 0 .0 1 % sodium azide, centrifuge again.

Removing supernatant by inversion of tubes again

• Resuspend leukocytes in fixative (1% formaldehyde, 2% glucose in PBS)

• Hold at 4°C in dark until flow cytometry (see section 2.2 )
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3.31 Establishment of saturating concentrations of monoclonal antibodies

Minimum concentrations of monoclonal antibodies required to saturate receptors were 

established by staining with serial dilutions of the antibodies as follows:

Antibody Final concentration (ji g/mll

CDlla(25-3-l) 8.3 to 0.42

CDllb(44) 8.3 to 0.42

L-selectin(Leu8) 2.08 to 0.10

L-selectin(TQl) 167 to 0.3

Samples stained for CDllb and L-selectin, expression of which is altered by

stimulation, were processed both with and without incubation with fMLP (final

concentration l(X)nM) for 10 min at room temperature before staining. Results are 

shown in figure 3.14. On the basis of these saturation curves, the antibodies were 

subsequently used at the following final concentrations:

C D lla 4.2|xg/ml (lin2), CDllb 4.2|ig/ml (lin2), L-selectin(TQl) 83.3^ig/ml (lin2) 

Antibody Leu8 was not used further as it did not saturate receptors. Further enquiry 

revealed that the conjugated antibody Leu- 8  was retailed at a concentration of

12.5)ig/ml whereas the unconjugated Leu- 8  was at 50fig/ml. The relatively high 

concentration at which TQl has to be used reflects its low affinity.

3.32 Use of fixation to stabilise epitope expression following staining

Two experiments were performed to assess the feasibility of using formaldehyde 

fixation, after staining, to stabilise immunofluorescence for subsequent flow cytometric 

analysis.

3.321 The effect of fixation with 1% formaldehyde following staining

In order to establish whether resuspension in 1 % formaldehyde, after staining for 

CD lla, CDllb and L-selectin, altered immunofluorescence, samples handled in this 

way were compared with identical samples resuspended in wash solution. Blood was 

stained with or without prior stimulation with fMLP (lOOnM final concentration) for
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1 0  min at room temperature.

Results are shown in figure 3.15. They indicate that fixation with 1 % formaldehyde 

after staining and erythrocyte lysis, does not reduce fluorescence due to staining with 

these antibodies. This contrasts with the results of similar experiments, described in 

sections 3.243 and 3.244, in which blood was fixed prior to staining. This may be 

because the alterations to protein configuration induced by the fixative do not interfere 

with antibody-epitope interaction once the antibody has bound.

3.322 The stability of immunofluorescence with time following fixation

In order to assess whether the immunofluorescence of stained samples remained stable 

if fixed with formaldehyde after staining, samples were stained, fixed and held in 1 % 

formaldehyde solution for 18 hours. Aliquots were removed and analysed immediately 

and after 6  and 18 hours. The flow cytometer was recalibrated before each analysis.

Results are shown in figure 3.16. They indicate that fluorescence following staining 

with these antibodies remains unchanged after fixation with 1 % formaldehyde for up to 

18 hours if samples are held in the fixative at 4“C in the dark

3.4 Neutrophil adhesion molecule expression in normal individuals

An experiment was done to validate the findings of the previous experiment, to assess 

the practicability of using the method in serial measurements of neutrophil adhesion 

molecule expression in vivo and to obtain preliminary data on the variability of these 

parameters in vivo. Four venepunctures were done at 2 hourly intervals on a healthy 

adult volunteer. Blood from each venepuncture was immediately stained and then 

resuspended in 1 % formaldehyde. Samples were then divided, half being analysed by 

flow cytometry immediately and half being held at 4°C in the dark. The latter aliquots 

were all then analysed together 18 hours after the first sample was taken. The flow 

cytometer was recalibrated before each analysis
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Results are shown in figure 3.17. They demonstrate variation with time in neutrophil 

CD 11b expression in vivo but little in L-selectin and none in CD 11a expression. No 

relationship between changes in CD 11b and L-selectin expression is evident. Data from 

samples held in fixative matches those from the same samples analysed immediately 

after staining, confirming the findings in section 3.322 that fixation after staining 

results in stable immunofluorescence.

In order further to evaluate this technique, in a further experiment 8 healthy volunteers 

were studied. Each had 3 venepunctures, initially and after 5 and 24 hours. The 3 

samples were analysed together approximately 2  hours after the third venepuncture. 

Different individuals were studied on different days.

Results are shown in figure 3.18. These results demonstrate a variation in expression in 

these neutrophil adhesion molecules with time in vivo. This was most marked for 

CD llb, least for CD lla and intermediate for L-selectin. The largest ranges of 

expression seen in an individual, expressed as a percentage of the mean fluorescence of 

the 3 values, were CD lla 14.6%, CDllb 32.8% and L-selectin 21.5%. The average 

ranges, expressed in the same fashion, were 7.8%, 18.5% and 10.7% respectively. The 

ranges observed upon repeated analysis of the same samples after similar time periods 

were 9.9%, 10.8% and 6.3% respectively (see figure 3.16). These data suggest that the 

average natural variation in expression of these neutrophil adhesion molecules in normal 

individuals with time is of the order of 8 % for CDllb, 4% for L-selectin and < 1 % for 

C D lla and that apparent differences around 10% occur as a result of error within the 

assay system used. Thus observed changes in patients, measured in this way, would 

have to exceed these values considerably before they could be considered to be 

significant
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3.5 Discussion

These studies were designed to study approaches to the accurate quantitation of 

leukocyte surface proteins whose level of expression may change dramatically and 

rapidly on individual cells and may vary greatly between individual cells. Although 

immunofluorescence and flow cytometry offer a rapid and highly accurate means to 

measure surface expression of specific proteins in suspensions of cells, many aspects of 

sample handling may introduce major confounding errors.

The study of leukocytes from human blood has often been performed by first isolating 

the cell population of interest before subjecting them to analysis. While this approach 

may be essential where functional assays are being performed (as in chapters 6  and 7), 

there are clearly great advantages in studying cells in whole blood when 

immunophenotyping is to be undertaken. Not only is the procedure greatly simplified 

and much easier to perform, but any changes induced by preparative procedures are 

avoided. This advantage is of particular importance in the study of neutrophils, cells 

which are particularly easy to activate.

The initial approach of fixation prior to immunofluorescent staining (described in 

section 3.2) proved to be unsuitable because CDllb epitopes were moderately and L- 

selectin epitopes severely altered by the fixative used. Furthermore, results of serial 

estimation of C D lla and CDllb expression in normals, performed in a way designed 

to mimic the planned studies in children, produced results which suggested artefactual 

distortion of results (figure 3.11). These data conflict with a recent report advocating 

the fixation of leukocytes prior to immunofluorescent staining for pjiiit^grins (Hamblin 

et al. , 1992) which confirmed some of the findings shown in section 3.2 using 

formaldehyde rather than paraformaldehyde but which did not assess the suitability of 

the method to the study of L-selectin expression. Our studies indicated that the L- 

selectin epitope recognized by antibody Leu8 was highly susceptible to injury by 

fixative. The second strategy, using immediate rapid direct immunofluorescence
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staining followed by storage in fixative with flow cytometric analysis up to 18 hours 

later proved more reliable and consistent. This approach was adopted for the studies 

described in chapters 4 and 5.

In order to enable analysis of studies of changes in neutrophil adhesion molecule 

expression in patients' peripheral blood, an evaluation of the extent of changes 

occurring in normal individuals was done. Although the population to be studied was 

paediatric, it was not possible, for ethical reasons, to obtain serial blood specimens 

from healthy children and adults were therefore used instead. The numbers of 

individuals studied were insufficient to establish a statistically defined normal range 

either for absolute expression or changes with time in expression of CDlla/CD18,

CD 1 lb/CD 18 and L-selectin on blood neutrophils. However, they did provide an 

indication of the degree of variation to expect both within individuals over time and due 

to artefactual variability inherent in the assay technique.

3.6 Summary

Studies were performed to develop a method to measure changes in expression of 

neutrophil adhesion molecules in serial blood samples taken from children during the 

evolving acute inflammatory syndrome associated with cardiopulmonary bypass.

Despite results which initially appeared promising, an approach, which relied on gentle 

fixation to stabilise expression until subsequent simultaneous immunofluorescent 

staining, proved unreliable and unsuitable. An modified approach, involving immediate 

direct immunofluorescent staining of samples and subsequent fixation proved more 

reliable. This method was then adopted for subsequent studies.
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Chapter 4: In vivo studies of paediatric cardiopulmonary bypass

4.1 Introduction

The capillary leak and organ dysfunction which follows paediatric cardiopulmonary 

bypass(CPB) and the reasons for implicating neutrophils in their pathophysiology are 

discussed in chapter 1. As this acute inflammatory syndrome is iatrogenic and planned 

it affords a unique opportunity to evaluate rapidly occurring inflammatory events in 

humans under highly monitored and controlled conditions, starting before onset of the 

changes and continuing until they have stabilised. Furthermore, because cardiothoracic 

surgery is being performed, the opportunity exists to obtain simultaneous samples from 

the major vessels supplying and draining the pulmonary and cardiac vascular beds and 

the systemic circulation to investigate dynamic changes occurring at these sites. Clearly 

this degree of invasiveness would not be practically or ethically feasible in humans in 

other conditions.

The studies described in this chapter were designed to evaluate changes in neutrophil 

adhesion and activation during CPB in children. Changes in adhesion molecule 

expression of circulating neutrophils were measured using the methods, the 

development of which was described in chapter 3. Changes in circulating concentrations 

of neutrophils and several plasma proteins associated with neutrophil activation were 

also measured (figure 4.1).

Activation of complement has been demonstrated in many studies of CPB (see section 

1.33). It has been proposed that this may be responsible in turn for neutrophil, 

activation. C5a is a potent chemoattractant for neutrophils and directly causes increase 

of CD 1 lb/CD 18 expression and reduction in L-selectin expression. However, this 

complement fragment is unstable and rapidly binds to receptors on the surface of 

neutrophils so that assays for its presence in plasma may be an unreliable way to 

measure complement activation. By contrast the terminal complement complex sC5b-9 

is released in a relatively stable soluble form as a by-product of the formation of the
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membrane attack complex in the terminal stages of complement activation (see section 

1.132 , figure 1.6). It has been proposed that plasma concentrations of sC5b-9 give a 

more useful measure of complement activation in vivo (Deppisch et al., 1990) and 

elevated plasma sC5b-9 concentrations have recently been reported during CPB (Videm 

et al., 1989; Salama et al., 1988). For the studies in this chapter, plasma concentrations 

of sC5b-9 were measured in order to assess the relationship of complement activation to 

changes in neutrophil adhesion molecule expression.

Interleukin 8 (1L8) (see section 1.131) has been implicated in the regulation of 

neutrophil adhesion to and transmigration through endothelium. The cytokine has been 

detected in plasma in experimental sepsis in primates (van Zee et al., 1991; Redl et al. ,

1991) and recently in the Jarisch-Herxheimer reaction in humans (Negussie et al.,

1992). Like C5a it causes increase of GDI lb/CD 18 expression and reduction in L- 

selectin expression by neutrophils. Furthermore, intra-venous injection in animals has 

been reported to cause neutrophilia and acute neutrophil-mediated lung injury (Rot, 

1991) while sub-cutaneous injection causes a pure neutrophil infiltration and associated 

plasma leak (Colditz et al., 1990; Rampart et al., 1989). It has not previously been 

reported in association with CPB. Among cytokines, the only reported stimuli for 1L8 

release are tumour necrosis factor(TNF)a and IL la  and P (Matsushima et al., 1988). 

Since this cytokine network provides another possible pathway by which neutrophil 

adhesion molecule expression and function might be influenced, plasma levels of 

TNFa, IL la  and P and 1L8 were also measured.

Elastase is a serine protease stored within the azurophilic granules of the neutrophil (see 

section 1.21 ) which has been implicated in endothelial injury (Egbring et al., 1986; 

Smedly et al., 1986). Free circulating elastase is rapidly bound to the protease inhibitor 

a  1-antitrypsin, and elevated levels of this complex have been detected in patients with 

acute inflammatory states (Speer et al., 1986; Fitzpatrick et al., 1992) and following 

CPB (Hind et a l ,  1988; Wachtfogel et al., 1987; Faymonville et al., 1991). For the
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studies in this chapter, plasma levels of the complex were assayed as a possible marker 

of neutrophil-mediated endothelial injury, in order to examine the relationship of such 

changes to changes in neutrophil adhesion molecule expression.

The network of known inflammatory pathways assessed in the studies in this chapter is 

summarised in figure 4.1

TNF

i n

IL8
i
\

fNeutrophli count 
Elastase release from neutrophils
(elastase <xl antitrypsin)

Complement 
activation
(sCSb-9)

Figure 4,1 Acute inflammatory markers under investigation in the studies described in 

chapter 4.

4.2 Methods

Direct immunofluorescence in whole blood samples see section 3.3 

Flow cytometry see section 2.21

Cytokine FLISA kits - IL la , IL1J3, TNFa, IL8 see section 2.22

Elastase al-antitrypsin ELISA see section A.l

Terminal complement complex(sC5b-9) ELISA see section A.21
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4.3 Controlled descriptive study of the effects of cardiopulmonary bypass on 

neutrophil activation pathways

This study aimed to describe the presence and timing of changes in the following 

parameters during paediatric CPB:

1. Concentrations of circulating neutrophils

2. Plasma TNFa, IL la , ILlp and ILS

3. Plasma elastase complexed to a  1-antitrypsin

4. Plasma sC5b-9

In order to discern whether any such changes were a genuine result of CPB as opposed 

to a non-specific result of anaesthesia and surgery, a control group of similarly-aged 

children undergoing neurosurgery of comparable duration were studied. Observed 

relationships between changes in these components of this inflammatory pathway were 

to form the basis of subsequent studies.

4.31 Methods

4.311 Patients and cardiopulmonary bypass techniques

The study was approved by the ethical committee of the Hospital for Sick Children, 

Great Ormond St. Written informed consent was obtained from patients' parents. 9 

children undergoing corrective surgery for congenital heart defects with hypothermic 

CPB and post-operative ultrafiltration and 9 children undergoing craniotomy were 

studied. Patients were not selected but studied consecutively in order of presentation for 

surgery. All received a similar balanced anaesthetic including nitrous oxide, a volatile 

agent, a neuromuscular blocking agent and opiate analgesia. CPB was performed using 

a Stockert roller pump and membrane (hollow fibre) oxygenator (for flow rates < 1,500 

ml/min: Shiley-Dideco 701, for flow rates > 1,500 ml/min Maxima). A pure 

crystalloid prime was used in all cases (Plasmalyte 148 with Mannitol 20% 2.5ml/kg, 

NaHCO] 8 mmol/l prime. Heparin 2mg/l prime). A haematocrit of 17-22% was 

achieved on bypass. A flow of 2.4 1/m^/min was maintained where possible.
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Patient Operation Age(y) Sex Time(h) 
induction- 

sldn closure

Time(h) 
on bypass

Minimum
Temperatiire

(»C)
Cardiopulmonary bypass patients
Cl * Ventricular septal defect repair 0.62 M 3.87 1.48 20
02 V Atrial septal defect re-repair 6.89 M 2.98 1.32 28
03 □ Atrial septal defect (secundum) repair 2.00 F 3.00 1.03 32
04 A Truncus arteriosus repair 0.31 F 3.96 2.97 17

05 O Atrio-ventricular septal defect repair 0.56 F 4.92 2.82 16
06 T Atrial septal defect repair 1.13 M 2.48 0.72 32
07 ■ Bidirectional Glenn shunt 6.21 M 7.68 1.55 28
08 ▲ Total cavo-pulmonary connection 6.04 M 6.97 3.73 18
09 □ Total cavo-pulmonary connection 3.92 F 4.67 2.87 22

Median 2.00 3.96 1.55 22
Range 0.31-

6.89
2 .48-7.68 0.72-3.73 16-32

Neurosurgical craniotomy patients
N1 Excision parieto-occipital tumour 8.24 F 2.62

N2 Excision of pineal tumour 3.17 F 3.57
N3 Excision posterior fossa tumour 2.37 M 2.83
N4 Hemispherectomy 0.69 F 6.92
N5 Excision posterior fossa tumour 6.53 M 2.17
N6 Parieto-occipital release 0.38 F 2.83
N7 Excision posterior fossa tumour 4.10 M 1.91
N8 Supra-cerebellar excision pineal 

tumour
2.77 M 3.18

N9 Excision parieto-occipital tumour 3.89 F 3.23
Median 3.17 2.83
Range 0 .38-

8.24
1.91-6.92

Difference between groups U =34 U=19
p > 0.1 p > 0.05

Table 4.1 Details o f 18 patients in controlled descriptive study o f the effects o f CPB on 

neutrophil activation pathways

St. Thomas' II solution was used for myocardial perfusion. Core-cooling and 

rewarming were achieved by arteriovenous heat-exchange. During rewarming heated 

humidified inspired gases and sodium nitroprusside IV were also used. Ultrafiltration 

was carried out as previously reported (Naik et al., 1991), elevating haematocrit to 

35 % during the first 15 minutes off bypass. Details of patients studied, including length 

and temperature of CPB, are summarised in table 4.1. There were no significant 

differences between the ages and lengths of operation of the patients in the 2  groups 

(U=34,19,p>0.05 - see section 4.313 below). One CPB patient (C2) and no control 

patients died during the first 24 hours post operation.



84

4.312 Sample collection

Arterial blood samples were obtained on an event-based schedule with control samples 

taken to coincide approximately with bypass events, as follows:

1. Shortly after anaesthetic induction (both groups)

2. Just prior to rewarming(CPB)

or approximately 1-1.5 hours before end of operation(Controls)

3. After rewarming, immediately after cessation of CPB(CPB)

or 30 minutes after specimen 2(controls)

4. After completion of ultrafiltration(CPB only)

5. At skin closure(both groups)

6 . 2  hours post-operatively(both groups)

7. 24 hours post-operatively(both groups)

Blood was collected from the patients’ peripheral arterial lines or the arterial side of the 

pump circuit (sample 2, CPB patients) onto disodium EDTA 2mg/ml, immediately 

cooled to 4°C, centrifuged (1500g, 20 min, 4°C) and plasma stored at -70®C until 

analysis. CPB patients had simultaneous EDTA samples taken for Coulter Counter 

analysis of total leukocyte concentration and for manual leukocyte differential. For 

technical reasons, ultrafiltration was not performed in one patient(C4) and consequently 

no post ultrafiltration sample was taken, and in another(C7) no skin closure sample 

could be obtained. Owing to sampling problems, elastase concentrations were not 

measured in one patient(Cl) and blood counts were not obtained in 5 of the 63 

remaining specimens.

4.313 Statistics

The Mann-Whitney U test was used as a non-parametric test of significance of 

differences. Spearman's method of rank correlation and areas under the curve were 

calculated using standard formulae.
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4.32 Results

4.321 Changes in circulating neutrophil concentrations

Figure 4.2 shows the changes in the absolute neutrophil counts of the 9 CPB patients 

with time. After an initial fall while on bypass, accounted for in part by haemodilution, 

the neutrophil count rose markedly from around the time of rewarming in all patients.

4.322 Release of Interleukin-8

Changes in plasma concentrations of ILS with time in the CPB and neurosurgical 

control groups are shown in figures 4.4a and 4.4b, respectively. In all 9 CPB patients a 

rise in ILS concentration from an undetectable pre-operative level was shown from the 

time of the beginning of rewarming; in 6  it rose to peak values >500pg/ml. After the 

peak value, which occurred 1-3 hours after the beginning of rewarming, concentrations 

fell in post-operative specimens but, in some, remained detectable 24 hours later. ILS 

release, calculated from the area beneath the curves in figure 4.4a, was correlated 

significantly to the length of CPB (r,= 0.7S, p<0.02) (figure 4.3) but not depth of 

intra-operative hypothermia (r,=0.51, p > 0 . 1) and no association with patients' ages 

was observed (data not shown). Only 1 control patient (N4), a child undergoing a 7 

hour operation for cerebral hemispherectomy who required a total blood transfusion 4-5 

times her circulating volume, demonstrated a rise in ILS concentration > 500pg/ml 

(peak 1024pg/ml), which occurred immediately post-operatively (figure 4.4b). The 

difference between both the ILS peak and the ILS release values for the 2 groups was 

highly significant (U=S,14; p^O.Ol).

4.323 Absence of circulating Tumour Necrosis Factor-a and Interleukin-1

All samples from CPB patients were assayed for IL la  and ILlp, but none was 

detected. TNFa was detected in only one CPB patient(C6 ), up to a maximum of 

43.6pg/ml at the time of skin closure - in this case ILS was also detected to a peak 

value of 1 0 2 1 pg/ml.
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Figure 4,2 Changes in neutrophil counts with rime in 9 children undergoing CPB. 
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Symbols: see  
table 4.1
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Figure 4,4 Changes in plasma concentrations o f IL8 with time in children undergoing 

(a) CPB and (b) neurosurgery. Tim e-0 is beginning o f rewarming in each case.
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4.324 Release of elastase

In the 8 CPB patients who had samples assayed, elastase concentrations rose from pre

operative values < 0. Ipg/ml to peak values of 0.58-1.71|ig/ml (median 0.89) (figure

4.5). In 7/8 patients the rise began at the time of rewarming. Levels often remained 

elevated, in one patient rising further, during the first 24 hours post-operation. Elastase 

concentrations in all 54 control samples (from neurosurgical patients) were 

<0.05fxg/ml except 2 : those taken from patient N4 (see section 4.322 above) at skin 

closure and 2 hours post-operatively (0.2 and 0.15|ig/ml respectively). These were the 

identical 2 control specimens in which the IL8  levels were elevated (figure 4.4b).

4.325 Activation of complement - sC5b-9

A consistent rise in plasma concentrations of sC5b-9 from pre-operative levels of _<0.1 

pg/ml, was observed in all 9 CPB patients (figure 4.6). In contrast to IL8 , an increase 

was detectable in 8/9 patients during CPB before rewarming began, although only to 

concentrations of <0.44pg/ml. There was then a more marked rise which began 

synchronously with the increases in IL8 , elastase and neutrophil counts. Concentrations 

then fell back quickly to undetectable levels unlike elastase and more rapidly than IL8 . 

sC5b-9 was detected transiently and asynchronously in the plasma of only 3/9 control 

patients to concentrations of <0.63|ig/m l.

4.33 Discussion

The results of this study demonstrate changes in some elements of the pathway depicted 

in figure 4.1 occurring in vivo in this patient group. These changes begin for the most 

part towards the end of bypass at the time of rewarming from hypothermia and 

reperfiision of the pulmonary and cardiac vascular beds. Many previous studies have 

tended to focus on the period of bypass rather than this period towards its end and after 

its conclusion. The appearance of IL8  in human blood had not been described at the 

time these studies were done (see section 1.131). A rise in elastase occurring towards 

the end of bypass at the time of rewarming in conjunction with a rise in neutrophil
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Figure 4.5 Changes in plasma concentrations o f elastase-al antitrypsin with time in 9 
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Figure 4.6 Changes in plasma concentrations ofsC5b-9 (terminal complement complex)

with time in 9 children undergoing CPB. Time=0 is beginning o f rewarming.
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count has recently been reported in adults undergoing CPB (Faymonville et al. , 1991). 

Activation of complement during CPB is well recognised (Utley, 1990) and increases in 

both sC5b-9 and membrane bound C5b-9 on erythrocytes and leukocytes has been 

described in vivo in adults undergoing CPB (Salama et a l ,  1988). However, in contrast 

to our results, in that study sC5b-9 was highest during CPB and consistently fell 

towards normal by 30 minutes after bypass.

The observations in this study, together with reported data from animal and in vitro 

work, suggested the possibility of a causal link between IL8  release and neutrophilia in 

these patients as well as between IL8  release and/or complement activation and 

neutrophil degranulation. Since interventional studies were not feasible in these 

patients, these possibilities were first explored in vivo by comparing the correlation 

between these parameters in a second prospective study described below. In this second 

series the relationship of these changes to changes in neutrophil adhesion molecule 

expression was also studied, using the methods, the development of which was 

described in chapter 3.

4.4 Study of the relationship between chemoattractant release and neutrophil 

counts, degranulation and adhesion molecule expression in cardiopulmonary 

bypass

This study aimed to test the following hypotheses:

1. that there is a correlation between levels of plasma IL8 and neutrophil counts and 

between plasma IL8  and plasma elastase a  1-antitrypsin in children undergoing CPB 

before and during bypass and until 3 hours after the beginning of rewarming.

2. that there is a correlation between plasma sC5b-9, a product of complement 

activation, and plasma elastase a  1-antitrypsin in these children at this time.

3. that there are changes in expression of adhesion molecules CDlla/CD18,

CD 1 lb/CD 18 and L-selectin on the surface of circulating neutrophils coincident with 

the above inflammatory changes.
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Since they were not detected in the previous study, TNF and ILl were not studied 

further. No control patients were studied. Simultaneously-taken normal adult blood 

samples were obtained to control for possible laboratory artefact in immunofluorescence 

assays for neutrophil adhesion molecule expression. Sampling times were modified in 

view of the findings of the previous study to give a clearer picture of changes occurring 

during the first 3 hours after the onset of rewarming (see below). In addition, samples 

of donor blood were taken and processed identically before patients were transfused. In 

9/10 patients the hypothermic temperature was standardised to 25°C.

4.41 Methods

4.411 Patients and cardiopulmonary bypass techniques

Padent Opération Age(y) Sex Time(b) 
induction- 

skin closure

Tnne(h) 
on bypass

Minimum
Temperature

(»C)
VI V Relief of left ventricular outflow 

tract obstruction
10 M 3.25 1.20 25

V2 □ Atrioventricular septal defect 
repair

0.25 F 3.37 1.93 25

V3 A Ventricular septal defect repair 0.42 F 2.83 1.28 25
V4 0 Atrioventricular septal defect 

repair
1 F 3.60 1.75 25

V5 O Atrioventricular septal defect 
repair

2.3 M 3.47 1.83 25

V6 T Atrial septal defect repair 7.8 M 2.38 0.53 32
V7 ■ Atrioventricular septal defect 

repair
6.5 M 2.87 1.35 25

V8 ▲ Ventricular septal defect repair 1.3 F 3.35 1.48 25
V9 ♦ Tetralogy of Fallot repair 4.75 F 3.35 1.78 25
VIO • Tetralogy of Fallot repair 0.48 M 3.07 1.68 25

Median 1.8 3.3 1.58 25

Range 0.25 - 10 2.38-3 .60 0.53 - 1.93 2 5 -3 2

Table 4,2 Details o f 10 patients in study o f relationship between chemoattractant 

release and neutrophil counts, degranulation and adhesion molecule expression in CPB

Ethical committee approval and informed parental consent were obtained as above. 10 

children undergoing corrective surgery for congenital heart defects with hypothermic 

CPB and post-operative ultrafiltration were studied. Patients were not selected but 

studied consecutively in order of presentation for surgery. Anaesthetic, surgical and
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CPB technique were as in the previous study. Details of patients studied, including 

length and temperature of CPB, are summarised in table 4,2. No patient died during the 

first 24 hours post operation.

4.412 Sample collection

Arterial blood samples were obtained on a similar event-based schedule to the previous 

study. An additional sample was taken at the beginning of hypothermia on bypass. The 

timing of samples taken following the start of rewarming was standardised and the 

number increased. For each patient studied, samples of venous blood were taken from a 

different adult volunteer to coincide with samples 1, 8  and 9.

1. Shortly after anaesthetic induction (+ control)

2. Upon reaching maximum hypothermia

3. Just prior to rewarming

4. After rewarming, immediately after cessation of CPB

5. 60 minutes after sample 3

6 . 90 minutes after sample 3

7. 120 minutes after sample 3

8 . 180 minutes after sample 3 (4-control)

9. Approximately 24 hours after sample 3 (+ control)

10. A sample of donor blood was taken before any transfusion was given

Blood was collected from the patients' peripheral arterial lines. 200|il was placed on 4 

ml preservative-free heparin (1000 units/ml) and 25p,l aliquots stained immediately by 

direct immunofluorescence for CDlla, CDllb, L-selectin and a negative control 

epitope (see section 3.3 ). The remaining blood added to disodium EDTA (final 

concentration 2mg/ml), immediately cooled to 4°C, centrifuged (1500g, 20 min, 4°C) 

and plasma stored at -70°C until analysis. CPB patients had simultaneous EDTA 

samples taken for Coulter Counter analysis of total leukocyte concentration and for
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manual leukocyte differential. Immunofluorescence data for L-selectin expression were 

not obtained in one patient (VI) because of failure of antibody activity. A 24 hour post

operative specimen could not be obtained in one patient (V4) because of lack of 

vascular access. In 2 patients (V6  and VIO) the pre-rewarming samples were taken 3 

and 5 minutes late, respectively. Owing to technical problems, blood counts were not 

obtained in 4(/90) other specimens.

4.413 Statistics

Spearman's method of rank correlation was used to evaluate the relationships between 

peak plasma values in the inflammatory mediators in individual patients.

4.42 Results

4.421 Relationship of IL8  release to neutrophil counts and elastase release 

Figure 4.7a demonstrates the changes in plasma IL8 , and figures 4.8a and 4.8b the 

changes in neutrophil counts and elastase with time in this group. Although plasma IL8  

became detectable consistently during the early post-operative period, in only 3 of this 

group of 10 patients did concentrations rise above 500pg/ml. In one patient (VIO) levels 

rose to around 4ng/ml - much higher than had been seen previously. The timing of the 

rise seen in these 3 variables was broadly similar - occurring over the first 2 hours after 

the beginning of rewarming, with levels stabilising or beginning to fall thereafter - 

although the rise in elastase began, in general, earliest, the rise in IL8  next and the rise 

in neutrophil count last. The relationship between the peak IL8  concentration during the 

first 3 hours after the onset of rewarming and the peak neutrophil count for each patient 

during the same period is shown in figure 4.9a. The patient (VIO - closed circles, 

figures 4.7a and 4.8a) with exceptionally high plasma IL8  levels had a notably blunted 

rise in neutrophil count and the relationship, if any, between peak plasma IL8  

concentrations and peak neutrophils counts appears to be reciprocal. However non- 

parametric statistical evaluation of this correlation did not achieve significance (r,= -

0.54, p>0.1). In contrast, the relationship between peak plasma IL8  concentrations and
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peak plasma elastase a  lantitrypsin concentrations (figure 4.9b) appears to be direct. 

Patient VIO had both the highest IL8 and elastase peak values, but this ranking was not 

consistent through the group and, again, the correlation coefficient did not achieve 

statistical significance (rg= 0.39, p>0.2). Full evaluation of the significance of these 

relationships in vivo, if any, would require a larger study.

4.422 Relationship of complement activation to elastase release 

Figure 4.7b demonstrates the changes in plasma sC5b-9 in this group. 4 patients 

showed considerably higher peak sC5b-9 levels than was seen in the previous study (see 

figure 4.6). The rise in sC5b-9 coincided with the rise in plasma elastase and preceded 

the rises in IL8 and neutrophil count in general (see figures 4.7 and 4.8). However, in 

the 8/10 patients in which a rise in sC5b-9 was demonstrated, sC5b-9 concentrations 

rose only very transiently so that by 2  hours after the onset of rewarming, levels were 

invariably falling and by 3 hours were nearing pre-operative/undetectable levels. This is
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in contrast to all the other parameters measured. Furthermore, in the 2 patients in which 

no sC5b-9 was detected (VI and V5), a clear rise in plasma elastase still occurred. The 

relationship between the peak sC5b-9 concentration during the first 3 hours after the 

onset of rewarming with the peak elastase concentration for each patient during the 

same period is shown in figure 4.10. The relationship, like that between peak ILS and 

elastase concentrations, appears to be direct, but again non-parametric statistical 

evaluation of correlation was not significant (rg= 0.59, p>0.05). The patient (VIO - 

closed circles, figures 4.7 and 4.8) with exceptionally high plasma IL8  levels also had 

the highest sC5b-9 levels as well as the highest elastase levels detected. Again, full 

evaluation of the significance of this relationship in vivo, if any, would require a larger 

study.

4.423 Changes in neutrophil adhesion molecule expression 

The neutrophil surface expression of CDlla/CD18, CDllb/CD18 and L-selectin in 

these 10 patients are shown in figure 4.11. Equivalent data from samples taken from 

normal adult controls and from samples of donated blood, prior to transfusion into the 

patients, are shown in figure 4.12. No clear pattern of changes in CD 1 lb/CD 18 and L- 

selectin expression was seen in patients at the time of rewarming, in contrast to the 

other inflammatory parameters measured. However, patient VIO had large fluctuations 

in expression of CD 1 lb/CD 18 (figure 4.11 filled circles) as well as the largest rise in 

plasma IL8 , sC5b-9 and elastase (figures 4.7 and 4.8).

Ranges of expression of each of the neutrophil adhesion molecules over the 3 samples 

from each patient for which there were simultaneous control samples were calculated 

(figure 4.13). The variation over these 3 times, which do not include samples taken at 

the time of rewarming, was markedly greater in 5 patients' L-selectin expression than 

controls and in only 2 patients' CDllb expression than controls.
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Figure 4,11 Changes in expression o f adhesion molecules CDlla, CDllb and L- 

selectin by circulating neutrophils with time in 10 children undergoing CPB.
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Neutrophils in donor blood had higher expression of CD 1 lb/CD 18 and very low 

expression of L-selectin compared to controls (figure 4.12). Blood was generally 

transfused late during bypass or early in the post-bypass period. Thus transfusion may 

have caused transient elevation of GDI lb/CD 18 expression such as that seen in patient 

V6  (T  figure 4.11). It may also have been responsible for the presence of small
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Figure 4,12 Changes in expression o f adhesion molecules CDlla, CDllb and L- 

selecnn by circulating neutrophils with time in 10 normal adults. Samples were taken 

and analysed simultaneously with experimental samples 1,8 and 9 from each patient 

(figure 4.11). A different adult control was used each time. Data from samples o f stored 

blood, taken from the bag just prior to being transfused into the patient are also shown.
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operation and 3 and 24 hours post-operatively. Values are expressed as a percentage o f 

the mean o f the 3 values in each case. There was a variation in L-selectin expression 

that markedly exceeded that seen in controls in 5/10 patients. For CDllb, this figure 

was only 2 and for CDlla, none.
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Figure 4,14 Fluorescence histogram o f circulating neutrophils stained for L-selectin 

from a child undergoing CPB. The sample was taken at the end o f bypass while the 

patient was receiving a blood transfusion. The small population o f cells with low 

fluorescence may have been cells from donor blood (see figure 4.12). The dot plot on 

the right demonstrates a uniform light scatter profile for the granulocytes in the sample.

populations of L-selectin-negative neutrophils in samples taken around the end of 

bypass in several patients (figure 4.14).

4.43 Discussion

The results of this second study suggest that there may be direct associations both 

between IL8  release and neutrophil elastase release and between complement activation 

and neutrophil elastase release in vivo. However, a larger study would be necessary to 

determine whether any such association exists. Since, in 2 patients, results suggested 

that activation of complement did not occur and elastase release was still detected, it is 

clear that complement activation, as measured in this study, is not a prerequisite for 

release of neutrophil elastase. Rises in plasma elastase were observed before rises in 

IL8  concentrations in 4 patients (figure 4.7(a) and 4.8(b)), however these early changes 

were small and may have been due to mechanical injury to neutrophils within the
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bypass circuits (see chapter 5 and figure 5.16) while the larger rise occurred later in 

each case coincident with marked rises in plasma IL8 .

The data in this study suggest that the amount of IL8 released may be inversely related 

to the size of post-operative neutrophilia. Although infusion of IL8  in animals has been 

shown to induce neutrophilia, it also caused increased neutrophil sequestration in the 

lungs (Rot, 1991). Thus IL8  may promote net neutrophil adhesion to endothelium in 

this setting, as demonstrated in some in vitro studies (Carveth et aL, 1989).

A clear pattern of neutrophil adhesion molecule expression changes did not emerge in 

the circulating leukocytes sampled in this study. This contrasted strongly with the 

synchronous changes observed in several inflammatory plasma proteins and in 

circulating neutrophil numbers. However, large changes were seen in a small minority 

of patients and not in controls. The lack of clarity in these data may reflect the complex 

dynamic equilibrium that exists in vivo between the leukocyte populations of the bone 

marrow, the circulation (both circulating and marginated pools) and the extravascular 

tissues. The traffic of leukocytes between these compartments alters dramatically under 

conditions of acute inflammation. The sampling of peripheral blood may be too crude 

an approach to the full evaluation of changes in this system.

Interpretation of the possible significance of changes in neutrophil adhesion molecule 

expression in circulating leukocytes must be made with the knowledge that such 

changes are thought normally to occur during the process of adhesion to endothelium 

(see section 1.1). The chief control mechanisms for P2-integrin adhesive function 

probably involve conformational modulation of the proteins, once expressed on the cell 

surface (Anderson et a i,  1986), and the mechanism allowing rapid increase in surface 

CD 1 lb/CD 18 expression may be most relevant to the crawling advance of the adherent 

cell (Hughes et aL, 1992) (figure 1.3). Nevertheless, changes in CD 1 lb/CD 18 

expression could have functional consequences for circulating cells under conditions of
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slow flow and consequent low shear stress. Such conditions may exist at the time of 

pulmonary reperfusion, particularly since the diameter of the pulmonary capillary is 

exceeded by that of the neutrophil which must therefore deform to pass through 

(Donnelly & Haslett, 1992). Changes in L-selectin expression, on the other hand, may 

reflect functional changes on circulating neutrophils because of its role in the initial 

rolling stage of adhesion to endothelium (see section 1 . 12).

4.5 Study of neutrophil function during the rewarming period in 

cardiopulmonary bypass

The period immediately after the start of rewarming was consistently the period when 

major inflammatory changes were observed in the previous studies. A further study was 

therefore undertaken to focus on this period in more detail. Since the heart and major 

vessels remained exposed during this period, it was also possible to sample from several 

major vessels simultaneously and thus assess differences between blood entering and 

leaving both the pulmonary and the cardiac vasculature at critical times. As well as 

affording another opportunity to assess changes in adhesion molecule expression in 

vivo, this also allowed a closer assessment of changes in the other inflammatory 

parameters previously studied.

This study aimed to test the following hypotheses:

1. that release of IL8 , complement activation products and elastase into the circulation 

originates from the pulmonary and/or cardiac vascular beds early in the rewarming 

period.

2 . that clear patterns of change in circulating neutrophil number and adhesion molecule 

expression occurs across these vascular beds during this same period.

No control patients were studied. Sampling times and sites were chosen to evaluate 

changes at the critical times of cardiac and pulmonary reperfusion during the rewarming 

period (see below).



105

4.51 Methods

4.511 Patients and cardiopulmonary bypass techniques

Ethical committee approval and informed parental consent were obtained as above. 4 

children undergoing corrective surgery for congenital heart defects with hypothermic 

CPB and post-operative ultrafiltration were studied. Patients were not selected but 

studied consecutively in order of presentation for surgery. Anaesthetic, surgical and 

CPB technique were as in the previous 2 studies. Details of patients studied, including 

length and temperature of CPB, are summarised in table 4.3. No patient died during the 

first 24 hours post operation.

Patient Operation Age(y) Sex Time(h) 
start rewarming- 

bypass off

Minimum
Tanperature

(«€)
R1 V Atrioventricular septal defect 

repair
0.23 F 0.57 25

R2 □ Ventricular septal defect repair 1.27 M 0.43 25
R3 A Atrioventricular septal defect 

repair
0.51 M 0.57 25

R4 0 Ventricular septal defect repair 
with left superior vena cava 
draining to coronary sinus

1.06 F 0.7 25

Median 0.79 0.57 25

Ranee 0.23 - 1.27 0 .43-0 .7 25

Table 4,3 Details o f four patients in study o f neutrophil function during the rewarming 

period in CPB.

A B c D E
pump
arterial

coronary
sinus

pulmonary
artery

left
atrium

arterial
line

1 10 min before
rewarming

sample sample

2 at un-X-clamping sample sample

3 un-X-clamp + 3 min sample sample

4 just before ventilation sample sample

5 ventilation on + 3 min sample sample

6 bypass off + 15 min sample

7 bypass off + 60 min sample

Table 4,4 Sampling schedule for study o f neutrophil function during the rewarming 

period in CPB (see figure 1.7).
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4.512 Sample collection

Arterial blood samples were obtained according to the event-based schedule summarised 

in table 4.4.

The design of this sampling scheme had to be feasible for the surgeon taking the 

samples and had to allow staining to be performed effectively while further samples 

were being collected. The coronary sinus and left atrium samples were collected 

through short cannulae and the pulmonary artery samples collected by direct puncture. 

Samples A1 and D1 were taken as baseline values. Samples A2 and B2, A3 and B3 

were taken to assess blood entering and leaving the cardiac vasculature at the time of 

reperfusion. Likewise, samples C4 and D4, C5 and D5 were taken to assess blood 

entering and leaving the pulmonary vasculature at the time of reperfusion. Finally, 

samples E6  and E7 were taken to assess changes during the early post-bypass period as 

studied previously.

Samples were stained and plasma separated and stored as described for the previous 

study.

4.52 Results

4.521 Emergence of inflammatory mediators: IL8 , complement & elastase 

The pattern of emergence of IL8  into the circulation is shown in figure 4.15. These data 

show quite clearly that the cytokine is neither washed out of the cardiac nor the 

pulmonary vasculature at the time of reperfusion, but that it only becomes detectable 

after the end of bypass, after rewarming and reperfusion are complete.

Plasma concentrations of sC5b-9 are shown similarly in figure 4.16. In only 1 of the 4 

patients were sC5b-9 levels consistently detected throughout the rewarming period. In 

this patient, concentrations were always more elevated in blood entering both 

pulmonary and cardiac vascular beds than in blood leaving. By contrast, in all 4
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patients, sC5b-9 was detected at 15 minutes after the end of bypass and in all 4 patients, 

levels were lower 45 minutes later.

The plasma concentrations of elastase-a lantitrypsin in the same samples are shown in 

figure 4.17. In this study, levels were consistently raised above that seen in pre

operative specimens (see figure 4.8b ) throughout the rewarming period. However, the 

results did not demonstrate a consistent change across the cardiac and pulmonary 

vascular beds and once again, consistently, there was a further rise by 15 minutes after 

discontinuation of bypass.

4.522 Patterns of change in neutrophil number and adhesion molecule 

expression

Figure 4.18 shows the changes in neutrophil counts in the 4 patients studied. Neutrophil 

numbers in blood entering both heart and lungs were consistently higher than those in 

blood leaving these organs. This tendency was particularly marked in the pulmonary 

vasculature. These data suggest that neutrophils become sequestered in these organs at 

the times under study. As previously, a neutrophilia was observed in all 4 patients, but 

only after the end of the rewarming/reperfusion period.

Due to a fault in the flow cytometer, adhesion molecule data from only 2 patients (R1 

& R3) could be analysed. These are shown in figure 4.19. Despite the apparent 

sequestration of neutrophils in the heart and lungs, no consistent pattern of change in 

adhesion molecule expression was observed in these 2  patients.
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Figure 4.16 Plasma concentrations ofsC5b-9 in the great vessels o f 4 children at the 

same times as figure 4.14 above. sC5b-9 was consistently detectable in only one case 

(R20) during rewarming/reperfusion but in all cases 15 minutes after the end o f CPB.
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Figure 4,18 Neutrophil counts in the great vessels o f 4 children as in figure 4.16 above. 

A consistent fall was observed across both coronary and pulmonary vascular beds. A 

marked rise occurred, as previously, after the end o f CPB (note different scale).
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Figure 4,19 Changes in expression o f adhesion molecules CDlla, CDllb and L- 

selectin by circulating neutrophils in the great vessels o f 2 children: 1. during CPB 2 & 

3. following cardiac reperfusion 4 & 5. following pulmonary reperfusion 6 & 7. after 

CPB (see table 4.4). No consistent changes in expression are observed.
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4.53 Discussion

The results of this small in vivo study suggest that IL8  and products of complement 

activation are not released selectively into the circulation from the cardiac or pulmonary 

vasculature at the time of their reperfusion during the rewarming period at the end of 

bypass. These mediators become detectable in plasma consistently, only after the 

discontinuation of bypass. However, there appears to be a drop in circulating neutrophil 

numbers across both these vascular beds immediately following their reperfusion, 

suggesting that sequestration occurs at these sites. Elastase is also detectable throughout 

this period, but rises further after the end of bypass, as does the neutrophil count. This 

evidence does not support the hypothesis that the pathways leading to marked increases 

in neutrophil count and elastase release, depicted in figure 4.1, are operative during the 

rewarming period but suggests instead that they become active later.

The pattern of changes in neutrophil adhesion molecule expression in this study was 

inconsistent, and technical difficulties reduced the quantity of data available for 

analysis.

4.6 C hapter discussion

These in vivo studies demonstrate simultaneous changes in IL8  and sC5b-9, both of 

which may influence neutrophil adhesion to endothelium and thus neutrophil-mediated 

endothelial injury in the iatrogenic acute inflammatory syndrome induced by 

cardiopulmonary bypass. On the basis of initial observations, an attempt was made to 

elucidate the possible causal relationships between these chemotactic proteins and 

neutrophil numbers and degranulation by investigating the relative timing of observed 

changes and correlation between the size of observed fluctuations.

Chronologically consistent changes in IL8 , sC5b-9, neutrophil counts and elastase were 

seen but circulating neutrophil adhesion molecule expression was unpredictable. This is 

likely to reflect the inherent complexity of the dynamic changes in the circulating
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neutrophil population during the inflammatory changes associated with cardiopulmonary 

bypass.

In order to circumvent these problems, similar studies were undertaken using a model 

of CPB. The oxygenator, pump and circuit apparatus was primed with human blood 

and circulated in a closed loop without the patient. In these experiments a fixed 

population of neutrophils could be studied. The approach also allowed experimental 

intervention to block complement activation and thus deduce its role in ensuing 

activation of neutrophil function. These studies are described in chapter 5.

4.7 Summary

Studies of changes in circulating TNFa, IL la  and p, IL8 , C5b-9, 

elastase-a lantitrypsin, neutrophil numbers and in expression of C D lla, CD llb and 

L-selectin on circulating neutrophils were undertaken in children undergoing 

cardiopulmonary bypass and in controls. Simultaneous elevation of plasma 

concentrations of IL8 , C5b-9, elastase and neutrophils were observed starting towards 

the end of bypass and extending into the early post-operative period. Changes in 

expression of adhesion molecules by circulating neutrophils were, by contrast, 

unpredictable in these patients. Observations concerning the relationship between these 

parameters and to the reperfusion of the cardiac and pulmonary vascular beds were 

made.
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Chapter 5: Ex vivo studies of cardiopulmonary bypass circuits

5.1 Introduction

The observations in chapter 4 demonstrated changes in neutrophil adhesion molecule 

expression, cytokine release, neutrophil degranulation and complement activation in 

children undergoing cardiac surgery. The study of blood circulating in closed 

oxygenator loops, without the patient, (figure 5.1) allows deduction of the contribution 

of circulation of blood through this apparatus to these processes. It also permits study of 

a fixed population of leukocytes unaffected by the arrival and departure of cells from 

the circulation which occurs in vivo. In this system, experimental blockade of 

inflammatory pathways can be attempted which could not, at this stage, be undertaken 

in the patient.

Air out

Water In

Oxygenator

Water out 
(to heat exchanger)t

Roller pum p
Air In

Figure 5.1 Diagram of a cardiopulmonary bypass circuit loop as used in the studies 

described in this chapter. In bubble oxygenators the air is bubbled directly through the 

blood whereas in membrane oxygenators the air is separated from the blood by hollow 

fibres of semi-permeable membrane.
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In these studies, changes in circulating neutrophil number and adhesion molecule 

(CDlla/CD18, CDllb/CD18, L-selectin) expression and associated changes in plasma 

IL8  and elastase concentrations were measured in oxygenator loops. The activation of 

complement was assessed by measuring plasma sC5b-9 and, additionally, C3a 

concentrations. Two different types of oxygenator were studied: a bubble oxygenator 

commonly used in adult coronary artery bypass graft surgery and the hollow membrane 

oxygenator which was used in all the paediatric patients studied in chapter 4. Previous 

studies using bypass circuits of these two types have demonstrated more complement 

activation in bubble oxygenators than in membrane oxygenators (van Oeveren et al. , 

1985; Videm et al., 1989). The release of neutrophil degranulation products including 

elastase has also been studied in this way (Colman, 1990; Stahl et a l ,  1991). 

Inflammatory changes are thought to be induced by contact of gases or artificial 

surfaces with blood (see section 1.31) and may also be influenced by temperature, 

anticoagulants and other drugs administered per-operatively in vivo. The aim of these 

studies was to evaluate the effect of circulating human blood in these circuits upon the 

markers of inflammation listed above. An additional aim was to assess the role of 

complement activation in these changes by use of a specific potent inhibitor of 

complement activation, recombinant soluble complement receptor 1 (sCRl) (Weisman 

et al., 1990) (see section 1.132).

5.2 Methods

5.21 Cardiopulmonary bypass circuits 

Circuits consisted of an oxygenator and reservoir connected with standard 3/8" 

polyvinyl chloride tubing to an occlusive roller pump. Oxygenators were connected via 

a water circuit to a thermostatic heat exchanger and had filtered air passed through the 

oxygen port at 21/min throughout the experiment. The oxygenator and reservoir in the 

bubble system consisted of a single integral unit whereas in the membrane system they 

were separate and were therefore connected in series with a further short length of 

tubing. 400ml of human blood, obtained by venepuncture from healthy adult male
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volunteers, was mixed immediately with 600ml of Hartmann's solution and used to 

prime the circuit. Anticoagulation was achieved with heparin to a final concentration of 

4 units/ml prime. A further 30ml of blood was mixed with 45ml of Hartmann's 

solution, identically anticoagulated, and used to prime a closed loop of identical circuit 

tubing which was left static in a water bath at 37°C. The pump was then started and 

continuous circulation maintained for 2 hours at 37°C. In half the experiments, a 

freshly reconstituted solution of recombinant sCRl (final concentration 50}Xg/ml) was 

added to the blood collection bag and syringe before venepuncture; in the remainder 

reconstitution solvent (provided with the recombinant protein) alone was added. 

Previous studies had shown that this dose produced near maximal inhibition of C3a 

generation in similar circuits (Moat, 1993).

Ten experiments were done using bubble oxygenator/heat exchangers (model Wm 

Harvey H1700, CR Bard Inc, Tewksbury, MA, USA). The flow rate of the blood was 

maintained at 31/min which approximates to that used in the adult surgery for which 

these oxygenators are used. Five were randomly selected to have sCRl added. Eight 

experiments were done using hollow membrane oxygenators (Dideco, Modena, Italy; 

model D701 Masterflo 34 Infant Hollow Fibre Oxygenator). The flow rate of the blood 

was maintained at 1.5 1/min which approximates to that used in the paediatric surgery 

for which these oxygenators are used. In the first 2 membrane circuits studied adhesion 

molecule data could not be obtained owing to technical problems. Of the remaining six, 

3 were randomly selected to have sCRl added.

The two types of oxygenator circuit used in this study are very different and would not 

be viable alternatives for use in any single clinical situation. They were used in order to 

examine the effects of widely different degrees of complement activation in relation to 

the induction of neutrophil activation. The bubble oxygenator is used routinely in adult 

operations, typically coronary artery bypass grafting, the membrane oxygenator is one 

used frequently for paediatric surgery, typically correction of congenital heart defects.
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The conditions to which the blood was exposed in these circuits during the 2 hours of 

each experiment thus differed markedly. In the bubble circuits, the flow rate was higher 

and blood spent proportionately the longest time in the large oxygenation compartment 

through which air was bubbled. In the membrane circuits, the flow rate was halved, and 

because of the smaller volume of the oxygenator, spent proportionately more time 

relatively static in the circuit reservoir.

5.22 Samples and assays

Samples were taken immediately after haemodilution and 2, 30, 60, 90 & 120 minutes 

after commencement of circulation from both circuits and static loops. EDTA 

anticoagulated blood was analysed for haematocrit, leukocyte count (Coulter counter) 

and manual leukocyte differential. Aliquots of the same samples were centrifuged at 4°

C and plasma separated and stored at -70°C for analysis for IL8 , elastase-alantitrypsin, 

C3a and sC5b-9 (see sections 2.22 , Appendix A.l and A.2 respectively). A further 

four aliquots from each sample were anticoagulated with 2 0 u/ml preservative free 

heparin and cells stained immediately for direct immunofluorescence with antibodies to 

a negative control epitope, CDlla, CDllb and L-selectin (see section 3.3). After 

staining, samples were held a 4°C until analysis by flow cytometry (see section 2.21).

5.23 Statistics

Differences between circulating and static blood. In order to assess the significance of 

differences in the various parameters under study between paired samples taken 

simultaneously from circuits and static loops, the difference was calculated for each 

time point in an experiment and these differences were then plotted against time. For 

each set of points corresponding to a single experiment a regression line passing 

through the origin (as the difference at time zero was always nil) was fitted. If there 

was no difference between values for circulating and static blood, the slopes of these 

lines would be, on average, zero. Slopes were calculated using the formula: b (slope)

= Zxj y; / 2 x  ̂ where b=slope, x=time value y= parameter value (e.g. difference in
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C D llb  expression) and 1=1, ,n representing serial measurements. A one sample t

test was then used to test the hypothesis that the slopes were zero on average. Where 

changes in the parameter under study were detected only at one time point (e.g. IL8 ) a 

paired t test was performed comparing the differences between the circulating and static 

values for each experiment at that time.

Effects o f sCRl. To assess the effects of sCRl on the parameters under investigation 

first order regression lines (least squares) were fitted to plots of measured values against 

time. In this instance circulating values and static values were assessed separately 

because of the likelihood that sCRl could be affecting changes in both, so that such 

effects could be masked in an analysis of the differences. If sCRl were having no 

effect, the slopes of these lines would, on average, be identical in experiments with and 

without sCRl. An unpaired t test was then used to test this hypothesis. Where changes 

in the parameter under study were detected only at one time point (e.g. IL8 ) an 

unpaired t test was performed instead on the 2  groups of values at that time.

5.3 Results

5.31 Studies in a bubble oxygenator system and the effects of sCRl

5.311 Activation of complement

A large progressive rise in plasma C3a was observed in the circuits with time (figure 

5.2a). A substantial, though much smaller rise (t=-5.31, p < 0.001) was also observed 

in static control loops. These rises were both markedly reduced by treatment with sCRl 

(t=3.69,6.88 respectively, both p<0.01). A rise in plasma sC5b-9 was also observed 

in the circuits, although not in the static control loops (t=-10.83, p < 0.001) (figure 

5.3a). Treatment with sCRl had no effect on this rise however (t-0.26, p>0.5).

5.312 Changes in neutrophil counts

In all experiments the haematocrit fell, as expected, to 40% of its initial value upon 

dilution of the blood with Hartmann's solution. This value always remained constant 

throughout the study period in both circulating and static loops (data not shown).
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(a) bubble and (b) membrane oxygenators. Samples were taken at 30 minute intervals. 

Results from control loops o f circuit tubing held static are shown on the right side o f 

each panel. Data are mean±2SE. Treatment with sCRl (50fig/ml) did not modify sC5b- 

9 generation in bubble circuits. In membrane circuits sC5b-9 was not detectable.
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Figure 5,4 Neutrophil counts in blood counts in cardiopulmonary bypass circuits using 

(a) bubble and (b) membrane oxygenators. Samples were taken at 30 minute intervals. 

Results from control loops o f circuit tubing held static are shown on the right side o f 

each panel. Data are mean±2SE. Treatment with sCRl (50jug/ml) did not modify 

neutrophil counts which feel proportionately to haemodilution and did not change 

significantly thereafter in either circuit type.
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Likewise the neutrophil count consistently fell on haemodilution to a value 

approximately 40% of the initial count (figure 5.4a). There were no consistent trends in 

the neutrophil count thereafter during the experiments. No significant difference 

between circulating and static blood was seen (t=2.16, p>0.05) nor did sCRl 

demonstrate any effect either in circuits (t=-0.5, p>0.5) or static loops (t=-1.33, 

p > 0 . 1) on the number of circulating neutrophils.

5.313 Changes in neutrophil adhesion molecule expression

No significant change in neutrophil CDlla/CD18 expression was observed under any 

conditions (figure 5.5a). Fluorescence due to CDllb/CD18 expression rose rapidly and 

progressively and homogeneously in circulating neutrophils with time. Figure 5.6 

shows the progressive increase in neutrophil CDllb expression as a marked shift to the 

right in fluorescence histograms from samples taken at 2 , 60 and 1 2 0  minutes after the 

beginning of circulation in a typical (sCRl treated) experiment. As previously (see 

section 3.243 ) changes in static blood were also observed but were much less marked 

than those in circuits (figure 5.7a) (t=-13.55, p < 0.001). These changes in circulating 

neutrophils were not significantly affected by sCRl treatment (t=-0.62, p>0.5).

Two distinct patterns of L-selectin shedding from the circulating neutrophils' surfaces 

were observed. A progressive fall in L-selectin expression of the population seen 

initially was observed in circuits and not static control loops (t=6.95,p< 0.001) (figure 

5.8a), mirroring the change in CDllb/CD18 expression, although it was less marked 

(figure 5.9). Additionally a population of neutrophils emerged which had lost.nearly all 

expression of L-selectin, growing progressively in number with time at the expense of 

L-selectin positive cells so that by 2 hours they numbered around 40% of the total 

(figure 5.9). Again this change did not occur in static loops (t= -9 .63 ,p<0.001) (figure 

5.10a). Although the rate of L-selectin loss in the former process was significantly 

slower in sCRl treated circuits (t=-4.51,p<0.01) (figure 5.8a) the levels of expression 

were the same after 2  hours in the treated and untreated circuits since the neutrophils in



122

a. Bubble c ircu its
150

n = 5 + 5

100  -

50  -

<D
Q:
00

Q
o

Q
O

Membrane c ircu its
50

00

50

0
2 30 60 90 1 20 2 30 60 90 1 200
CIRCUITS STATIC 

Sampling t imes (m in )

Figure 5,5 Granulocyte expression o f CDlla/CD18 in cardiopulmonary bypass circuits 

using (a) bubble and (b) membrane oxygenators. Samples were taken at 20 minute 

intervals. Results from control loops o f circuit tubing held static are shown on the right 

side o f each panel. Data are mean±2SE. CDlla/CD18 did not change appreciably in 

circuits or static loops and was unaltered by treatment with sCRl (50pg/ml).
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Figure 5 J  Granulocyte expression ofCDllb/CD18 in cardiopulmonary bypass circuits 

using (a) bubble and (b) membrane oxygenators. Samples were taken at 20 minute 

intervals. Results from control loops o f circuit tubing held static are shown on the right 

side o f each panel. Data are mean±2SE. Treatment with sCRl (50fj,g/ml) did not 

significantly modify changes.
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Figure 5,8 Granulocyte expression ofL-selectin in cardiopulmonary bypass circuits 

using (a) bubble and (b) membrane oxygenators. Samples were taken at 30 minute 

intervals. Results from control loops o f circuit tubing held static are shown on the right 

side o f each panel. Data from each time point are divided into 2 values corresponding 

to the 2 populations seen in figure 5.9 (L-selectin-ve and +vej. Data are omitted where 

mean number cells <21. Data are mean±2SE. Treatment with sCRl(50jug/ml) resulted 

in a small but significant reduction in the rate ofL-selectin loss in bubble circuits.
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alter the rate o f accumulation ofL-selectin negative cells.
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the treated circuits had lower mean initial expression. The latter process (emergence of 

L-selectin negative cells) was not affected by sCRl expression (t=0.43,p>0.5) (figure 

5.10a). There were no significant differences in adhesion molecule expression between 

untreated and sCRl treated static control loops.

5.314 Release of Interleukin-8

Assays for ILS were performed on samples collected immediately after haemodilution, 

and after 60 and 120 minutes from both the circuits and the static loops. ILS was 

detected consistently in circuits after 1 2 0  minutes and levels were around or below the 

lower limit of detection of the assay in the corresponding static loop samples (t=3.5S, 

p<0.01) (figure 5.11a). The mean concentration of ILS in the circulating 120 minute 

samples in those circuits untreated with sCRl was significantly greater than the mean in 

those treated with sCRl (t=2.49, p<0.05).

5.315 Release of elastase

Plasma elastase-a 1 antitrypsin (EAT) concentrations rose substantially in the circuits 

with time; again only small changes were observed in static loops (t=-13.6, p < 0.001) 

(figure 5.12a). There was no difference observed between the untreated and the sCRl 

treated circuits (t=0.6,p>0.5).

5.32 Studies in a membrane oxygenator system and the effects of sCRl

5.321 Activation of complement

As in the experiments with bubble oxygenators, a progressive rise in C3a levels was 

observed in all membrane circuits (figure 5.2b). Levels after 120 minutes’ circulation 

were around lp.g/ml, much lower than that seen in bubble circuits, but significantly 

higher than that seen in the static control loops (t=-4.31 ,p<0.01). Once again, 

treatment with sCRl produced a significant inhibition of this rise in C3a levels in both 

circuits and static control loops ( t= 12.48, 9.7 respectively, both p < 0.001). No sC5b-9 

was detected in any samples from the membrane circuits or control loops (figure 5 .3 b).
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Figure 5,11 Plasma concentrations o f IL8 in cardiopulmonary bypass circuits using (a) 

bubble and (b) membrane oxygenators. Samples were taken at 30 minute intervals. 

Results from control loops o f circuit tubing held static are shown on the right side o f 

each panel. Data are mean±2SE. Treatment with sCRl (50/ag/ml) significantly 

inhibited IL8 generation only in bubble circuits (p<0.05).
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Figure 5,12 Plasma concentrations o f elastase-al antitrypsin in cardiopulmonary bypass 

circuits using (a) bubble and (b) membrane oxygenators. Samples were taken at 30 

minute intervals. Results from control loops o f circuit tubing held static are shown on 

the right side o f each panel. Data are mean±2SE. Treatment with sCRl (50ftg/ml) did 

not significantly alter release o f elastase (both p>0.5).
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5.322 Changes in neutrophil counts

In membrane circuits, the haematocrit also fell consistently to 40% of its initial value 

upon dilution of the blood and remained constant throughout the study period in both 

circulating and static loops (data not shown). In these experiments the neutrophil count 

also fell proportionately to the haematocrit on haemodilution and remained 

approximately constant in both circuits and static loops throughout (figure 5.4b). No 

significant differences between circulating and static blood ( t= l, p > 0 . 1) or due to 

sCRl were seen.

5.323 Changes in neutrophil adhesion molecule expression

A pattern of neutrophil adhesion molecule expression changes emerged that differed 

from that seen in bubble oxygenator circuits in several ways. However, CDlla/CD18 

expression did not change under any conditions as before (figure 5.5b). A rise in 

CD 1 lb/CD 18 expression was seen in membrane oxygenator circuits but this was less 

marked than in bubble oxygenator circuits and was not significantly greater than the rise 

observed in static control loops in the 6  circuits studied (t=-1.51, p>0.1) (figure 

5.7b).

L-selectin expression of L-selectin positive neutrophils in membrane circuits was not 

significantly different from static controls (t=1.64, p>0.1) (figure 5.8b). However, a 

population of L-selectin negative neutrophils which progressively grew in number with 

time was observed in circuits and not static loops as before (-8 .0 0 , p <  0 .0 0 1 ) (figure 

5,10b). As in bubble circuits, this process was not inhibited by sCRl treatment 

( t= l . l l ,  p > 0 . 1).

An additional phenomenon, observed only in membrane oxygenator circuits, was a 

progressive decrease in the total number of cells falling within the defining forward/side 

light scatter granulocyte gate in successive samples which was not seen in samples from
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Figure 5.13 Forward/side light scatter dot plots o f blood leukocytes in samples taken 

from circuit experiments. Panels (a) and (b) are from a membrane circuit after 0 and 

120 minutes' circulation respectively and panels (c) and (d) from a bubble circuits at 

the same respective times. In the membrane circuit the granulocyte cluster disperses 

with time, particularly with respect to forward light scatter. This phenomenon is much 

less marked in the bubble circuit.
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static control loops (t=4.83, p<0.01) (figure 5.13). In particular there appeared to be 

a drop in forward light scatter of circulating neutrophils which may reflect a reduction 

in cell size. This fall in numbers of neutrophils relative to the total leukocyte number, 

defined by their light scattering properties, was not observed when absolute numbers of 

neutrophils, defined by their nuclear morphology, were counted microscopically (figure 

5.4b).

5.324 Release of Interleukin-8

Assays for IL8  were performed on samples collected immediately after haemodilution, 

and after 120 minutes from both the membrane circuits and the static loops. IL8 

concentrations in these samples, including those taken initially, fell on or above the 

lower limit of detection of the assay (see section 2.22 ). IL8  concentrations at 120 

minutes were significantly higher in the circuits than in the static samples (t=3.47; 

p<0.02) (figure 5.11b) but were lower than those seen in bubble circuits not treated 

with sCRl. In contrast to the experiments with bubble oxygenators, there was no 

significant difference between untreated circuits and those treated with sCRl.

5.325 Release of elastase

In contrast to the findings in the bubble circuit experiments, the observed rise in 

elastase-a 1 antitrypsin in membrane circuits did not significantly differ from that in 

static control loops (t=-1.73, p>0.1) (figure 5.12b). Again, treatment with sCRl did 

not significantly alter elastase-a 1 antitrypsin concentrations (t=-0.6, p>0.5).

5.4 Discussion

The levels of C3a recorded in the bubble circuits were greater than reported during 

CPB in adults undergoing surgery with similar CPB apparatus (approximately 

lOOOng/ml) (Tennenberg et ah, 1990) although levels rose to around 3000ng/ml post 

operatively in that study. However, in one study of children undergoing CPB with 

membrane oxygenators C3a levels rose progressively during bypass to around
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4000ng/ml (Men et al. , 1988). The apparent dissociation of C3a and sC5b-9 generation 

in both circuit types was a novel and unexpected finding. In bubble circuits, inhibition 

of C3a generation did not alter sC5b-9 production. This suggests a novel method of 

complement terminal pathway activation may be occurring perhaps involving direct 

activation of C5 by oxygen in the circuit (Vogt et a l , 1989). In membrane circuits, 

sC5b-9 generation did not occur despite significant generation of C3a. This contrasts 

with the substantial generation of sC5b-9 observed in vivo in children at the end of 

cardiopulmonary bypass with membrane oxygenators identical to those used in these 

studies (sections 4.325, 4.422 and 4.521 ) and suggests that factors outside the CPB 

circuit may be necessary to induce terminal complement activation in these patients.

Measurement of plasma sC5b-9 has been proposed as a more stable and thus superior 

index of complement activation and thus biocompatibility than the anaphylatoxins in 

cardiopulmonary bypass (Videm et al. , 1992). Furthermore in one detailed study in 

adults undergoing coronary artery surgery, good evidence for associated membrane 

attack complex deposition in erythrocyte and neutrophil surface membranes was 

presented (Salama et al. , 1988). Separate evidence exists for stimulatory effects of 

membrane-bound sC5b-9 on neutrophils (Seeger et al. , 1986) although not directly for 

any of the parameters measured in this study. The observation that sCRl failed to 

inhibit changes in neutrophil adhesive properties and degranulation in these studies 

could be explained in two ways. Either these changes are induced by other factors 

distinct from complement such as contact with artificial surfaces or, in the case of 

bubble circuits only, by activation products of the terminal pathway. If the sC5b-9 

generation occurring in these bubble circuits were not associated with membrane 

deposition of C5b-9, this would support the former hypothesis. Further studies of the 

nature of sC5b-9 generation and demonstration of cell membrane-bound sC5b-9 in this 

model may help resolve these issues.
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Marked changes in neutrophil CD 1 lb/CD 18 expression in bubble circuits were not 

inhibited by sCRl (figures 5.6 and 5.7) suggesting that these changes are not induced 

by early products of complement activation in this setting. In addition, the generation of 

C3a observed in membrane oxygenator circuits not treated with sCRl was comparable 

to that in bubble oxygenator circuits treated with sCRl (figure 5.2) but showed much 

more modest changes in GDI lb/CD 18. As discussed above, it is conceivable that 

products of the membrane attack pathway could be responsible for this phenomenon 

based on the data in this study although a direct effect of sC5b-9 on GDI lb/CD 18 

expression has not previously been described. A rise in circulating neutrophil GDI lb 

expression has recently been reported in vivo in a dog model of GPB using bubble 

oxygenators (Dreyer et a l , 1993). The differences seen in the studies presented here 

may help explain the difference between these animal study results and the human data 

presented in chapter 4, where no clear rise in GDI lb expression during bypass was 

demonstrated.

The emergence of L-selectin-negative neutrophils with time in both circuit types 

appeared to occur regardless of the wide differences in complement activation under 

different experimental conditions (figure 5.10) which suggests that it also is not a 

complement-induced phenomenon. The rate of loss of surface L-selectin by residual L- 

selectin-positive neutrophils in bubble circuits did appear to be reduced by sGRl (figure 

5.8a) and provides evidence that changes in neutrophil expression of GDllb/GD18 and 

L-selectin are regulated independently of each other (see also section 7.4). However, 

this effect was not marked and no such progressive L-selectin loss occurred in 

membrane circuits. In practice, it would appear unlikely that this effect of sGRl would 

significantly modify the dynamics of neutrophil adhesion in vivo. The clinical relevance 

of the observed changes in neutrophil adhesion molecule expression, in particular the 

loss of L-selectin expression seen in both circuit types, is uncertain at present. An 

equivalent progressive accumulation of circulating L-selectin-negative granulocytes is 

not observed in GPB in vivo although smaller populations of L-selectin negative
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neutrophils are often transiently present (see section 4.423 and figure 4.14). However 

paediatric CPB in vivo is accompanied by a marked leukocytopaenia and followed by a 

marked leukocytosis which complicates the picture (see section 4.321 and figure 4.2). It 

is certainly possible that L-selectin loss, if it is occurring, could inhibit the initial 

rolling stages of adhesion but the functional changes in the adhesive properties of these 

cells need to be assessed directly. If adhesion in the systemic microvasculature were 

impaired in this way, such neutrophils might accumulate selectively in the small calibre 

pulmonary microvasculature (Donnelly & Haslett, 1992) as has been observed during 

clinical CPB (Howard et al., 1988).

Neutrophil counts fell initially due to haemodilution and remained remarkably constant 

throughout the 1 2 0  minute period of circulation in both bubble and membrane circuits 

(figure 5.4). This contrasts with observations made in vivo, where neutrophil counts fell 

to values around half of what would be expected due to haemodilution alone (figure 

4.2). This suggests that the neutropaenia observed during bypass surgery may reflect 

sequestration of these cells in the patient rather than the bypass apparatus. Since 

changes in the light-scatter profile of the granulocyte cluster were only observed in 

membrane circuits (figure 5.13), this suggests that some feature unique to this 

apparatus, perhaps contact with the large semi-permeable membrane, was responsible. 

Even using an enlarged analysis gate, as shown in figure 5.13, the proportion of cells 

included fell with time. However, no changes in the total and differential leukocyte 

counts, measured by light microscopy, were seen with time (figure 5.4). This suggests 

that although the neutrophils changed their light scattering properties they were still 

present in the blood. Changes in the physical properties of erythrocytes during CPB 

have been reported previously (Hirayama et al., 1985) and may have consequences for 

their passage through the microvasculature, particularly of the lungs. Our observation 

of altered light scattering may also be a reflection of comparable changes in leukocytes' 

physical properties.
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The rise in plasma elastase observed in bubble circuits was not affected by sCRl. This 

process presumably reflected degranulation of neutrophils rather than their wholesale 

destruction in view of the unchanging neutrophil count with time. The rise observed in 

membrane circuits, in which sC5b-9 was not detected, did not significantly exceed 

those seen in static control loops and was again unchanged by sCRl. The latter finding, 

again, contrasts with in vivo observations where marked elevation of elastase is 

observed towards the end of bypass, persisting into the post-operative period (see 

section 4.324 and figure 4.5). Thus elastase release is associated with sC5b-9 

generation in bubble circuits and in vivo and neither is induced by circulation through 

membrane circuits. However, elastase release is not associated with early pathway 

activation as reflected by the generation of C3a in this study.

IL8  is transiently detectable in the blood of children undergoing CPB (see section 

4.322). The known cellular sources for EL8  in blood are mononuclear leukocytes 

(Yoshimura et al. , 19876; Gregory et al. , 1988) and neutrophils (Bazzoni et al. , 1991). 

The finding that sCRl treatment inhibited IL8  release in vitro was another unexpected 

finding. Established endogenous stimuli for release of IL8 , which requires both mRNA 

transcription and protein translation, are ILl and Tumour Necrosis Factor (Matsushima 

et a l ,  1988). Additionally, endotoxin and various non-physiological stimuli such as 

phorbol esters may induce IL8 release from a wide variety of cell types (Sica et al. , 

1990). C5a-desArg does not induce IL8 release when used as an inflammatory stimulus 

in a rabbit model of peritonitis (Collins et al. , 1991; Beaubien et al. , 1990) and 

products of complement activation have not otherwise previously been demonstrated to 

induce release of this cytokine. Less IL8 generation was demonstrated in membrane 

circuits (figure 5.11). Again, this contrasts with the considerable rises in plasma IL8 

seen in children undergoing CPB (see section 4.322).

This study demonstrates that specific inhibition of the early part of complement 

activation in isolated CPB circuits with sCRl fails significantly to modify associated
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changes in neutrophil adhesion molecule expression as well as neutrophil degranulation. 

It also demonstrates that the inflammatory changes observed in membrane circuits only 

superficially resemble those seen in vivo. Further studies will be needed to elucidate 

both the nature of the sC5b-9 generation in bubble circuits which was not inhibited by 

sCRl and the stimulus to sC5b-9 generation in vivo, which does not occur in 

comparable membrane circuits. The apparent inhibition of ILS generation in bubble 

circuits by sCRl will also require further study. Although the data presented do not 

demonstrate that specific inhibition of complement with sCRl inhibits activation of 

neutrophils, further studies in in vitro models of neutrophil-mediated endothelial injury 

and in animal models of CPB will be necessary to determine the relevance of these 

findings to the in vivo situation.

5.5 Summary

Plasma concentrations of markers of neutrophil activation, C3a, sC5b-9, ILS and 

elastase-a 1 antitrypsin, together with changes in circulating neutrophil numbers and 

expression of the adhesion molecules CDlla/CDlS, CDllb/CDlS and L-selectin were 

studied in mock cardiopulmonary bypass circuits primed with fresh, diluted human 

blood using 2 types of oxygenator: bubble and hollow membrane. The effects of a 

specific inhibitor of complement activation, recombinant soluble CRl, on changes in 

these parameters were assessed. Marked changes in aU parameters, except neutrophil 

numbers, were observed in bubble circuits. sCRl appeared to inhibit C3a generation, 

ILS release and the rate of fall in L-selectin expression in neutrophils that continued to 

express the protein. Changes observed in membrane circuits were much smaller or 

absent with the exception of the progressive emergence of a population of neutrophils 

which had lost all expression of L-selectin. In addition, the light scattering properties of 

neutrophils sampled from these circuits and analysed by flow cytometry changed with 

time. The only change inhibited by sCRl in these membrane circuits was the generation 

of C3a.
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Chapter 6: Development of flow cytometric methods to study an in vitro model of 

neutrophil-mediated endothelial injury

6.1 Introduction

The studies described in chapters 4 and 5 address pathways which may be pertinent to 

the interactions between neutrophils and endothelium during and following 

cardiopulmonary bypass. They exploit the accessibility of blood to investigate changes 

occurring in both the humoral and cellular compartments of this organ. Endothelium, 

on the other hand, is inaccessible. Although it might be possible to obtain specimens of 

large vessels from patients undergoing cardiac surgery, it is the interaction of 

neutrophils with the endothelium of small vessels that is relevant to these studies. In 

view of this and the importance of investigating the relevance of changes observed in 

circulating blood to events occurring at the endothelium, a series of studies were 

performed using an in vitro model of neutrophil-endothelial interactions.

Human umbilical cord endothelial cells (HUVECs) have been cultured and used 

extensively as a model of human endothelium (Maciag et al., 1981). This chapter 

describes experiments using HUVECs which were performed to assess the feasibility of 

using flow cytometry to measure neutrophil adhesion to endothelial cells and associated 

changes in neutrophil adhesion molecule (GDIlb/CD 18, L-selectin) expression. The 

objectives of these experiments were to establish reproducible methods for isolating 

neutrophils from whole blood, dissociating adherent neutrophils from endothelial 

monolayers for flow cytometry, resolving them from contaminating endothelial cells 

and measuring their number and adhesion molecule expression while ensuring that the 

methodology for measuring the latter (using monoclonal antibodies) did not modify the 

adhesive process under study.

6.2 Methods

Flow cytometry see section 2.21 

Endothelial cell culture see section 2.23
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Preparation o f neutrophils see section 2.24. Modifications were made as detailed in the 

description of each experiment described below. Trisodium citrate to a final 

concentration of 0.38% was used as an anticoagulant in all these experiments.

6.3 Experiments

6.31 Effects of neutrophil purifîcation technique on adhesion molecule

expression

Aim. In order to assess neutrophil-endothelial interactions, it was necessary to separate 

neutrophils from whole blood. Previous reports have emphasised the activating effects 

of various preparatory procedures on neutrophils (Haslett et al. , 1985). For this reason 

a one step technique which is quick and avoids potentially activating steps such as the 

osmotic shock of hypotonic lysis of erythrocytes was used. Before proceeding, the 

effect of this method on expression of adhesion molecules by neutrophils was assessed. 

In addition the effects of addition of Ca^+ and Mg^+ and 20% fetal calf serum (present 

in the endothelial culture medium) to the medium in which neutrophils were 

resuspended on both adhesion molecule expression and yield was assessed.

Protocol. 10ml fresh venous blood were divided: 2ml were kept as whole blood and the 

remaining 8 ml were layered onto mono-poly resolving medium (MPRM) and 

centrifuged as in section 2.24. The separated neutrophils were pooled, counted and 

divided into 5 aliquots. The first of these was resuspended in MPRM and the others 

washed and resuspended in HESS with or without both Ca^+ and Mg^+ and with or 

without 2 0 % fetal calf serum (see legend to figure 6 . 1), the same solution being used 

for the wash and resuspension in each case. Neutrophils were reconstituted to a final 

concentration of 5 x 10^/ml.

Aliquots of whole blood and separated neutrophils were stained by addition of 

saturating concentrations of fluorochrome-conjugated monoclonal antibodies to a 

negative control epitope, CD 11a, CD 11b or L-selectin. Incubation, erythrocyte lysis
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(including separated neutrophil samples) and washes were performed as in section 3.3. 

All steps were conducted at room temperature. Samples were resuspended in 1 % 

Formaldehyde, 2 % glucose in PBS and held at 4°C in the dark until flow cytometry 

(see section 2 .2 1 ).

Results. Neutrophil expression of CDlla, CDllb and L-selectin under the different 

conditions is shown in figure 6.1. No alteration in fluorescence due to negative control 

antibody and CD lla was observed. The separation and wash steps produced progressive 

increases in CDllb/CD18 expression and decreases in L-selectin expression relative to 

neutrophils held in whole blood. These changes were minimised when washes were 

performed in the absence of Ca^+ and Mg^+. The presence of 20% fetal calf serum had 

little effect except in stabilising L-selectin expression when Ca^+ and Mg^+ were 

present.

The yield of neutrophils from the different samples of separated washed cells was 

assessed by comparison of the acquisition rates for the different samples on the flow 

cytometer calculated from the time taken to acquire 2(XX) events. The reproducibility of 

the event acquisition rate of the flow cytometer is demonstrated in section 6.34, below. 

Results, shown in figure 6.2, demonstrate a higher cell yield in the absence of Ca^+ and 

Mg2+ and the presence of 2 0 % fetal calf serum.

Comment. A gradual increase of GDI lb/CD 18 expression by neutrophils observed at 

room temperature in anticoagulated whole blood is accelerated by centrifugation on 

separation medium and wash steps. This increase can be minimised by omission of 

Ca^+ and Mg^+ from the medium used to resuspend the cells suggesting that the process 

is, to some extent, dependent on these ions. The observed increase is much less than the 

maximal increase that can be elicited, for example by exposure to fMLP (see section 

3.23). Similar considerations also apply to L-selectin expression. It appears likely that 

any form of handling of isolated neutrophils will lead to changes in expression of these
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Figure 6.1 Relative fluorescence of neutrophils stained with antibodies to negative 

control epitope, CDlla, CDllb or L-selectin after the following pre-treatment: Whole 

blood 1. stained immediately following venepuncture 2. held at room temperature and 

stained with separated cells. Separated cells 3. resuspended in mono-poly resolving 

medium 4. washed in HESS without Ca-+ and Mĝ -̂  5. washed in HESS with Ca-+ and 

Mg^+ 6. washed in HESS without Ca-+ and Mg-^ with 20% fetal calf serum 7. washed 

in HESS with and with 20%> fetal calf serum. Median fluorescence values of 

gated granulocytes from samples o f2000 events are shown. Separation and wash steps 

increase CDllb and decrease L-selectin expression, changes minimised by exclusion of 

Câ + and Mg^^.
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Figure 6.2 Rates of flow cytometric acquisition of identical samples o f separated 

neutrophils washed and resuspended in: 1. HESS without Ca^^ and Mg^+ 2. HESS with 

Ca?~̂  and 3. HESS without Ca3  ̂ and Mg^+ with 20% fetal calf serum 4. HESS

with Ca~  ̂ and Mg-~̂  with 20%> fetal calf serum. Maximum yield is obtained without 

Ca3^ and and with fetal calf serum. Conditions correspond to 4-7 in figure 6.1.
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Figure 6.3 Relative fluorescence values for separated neutrophils stained for adhesion 

molecules as shown and then held in PES with 0, 10 or lOOmM EDTA for 1 minute at 

37 °C before fixation. Median fluorescence values o f samples o f2000 events are shown. 

lOmM EDTA reduces expression of both CDllb and L-selectin by 16%). lOOmM EDTA 

causes 84%) and 89%) reduction respectively.



144

highly variable proteins and that these changes will increase with time.

The addition of 20% fetal calf serum to wash medium dramatically increased the yield 

of neutrophils from this preparative procedure. This may be explained by a reduction in 

adherence of the cells to the plastic tubes used for washes and centrifugation. In 

addition the serum appeared to stabilise expression of L-selectin. The underlying 

reasons for these effects were not investigated further in these studies. 2 0 % fetal calf 

serum was used in the culture medium for endothelial cells. It was added also to wash 

medium for neutrophils in aU subsequent studies.

6.32 Use of EDTA to dissociate neutrophils from endothelial cells; effects on

adhesion molecule epitope expression 

Aim. In order to study the expression of CD 1 lb/CD 18 and L-selectin on the surface of 

neutrophils adherent to endothelial cells using flow cytometry it was necessary to 

dissociate these neutrophils from the endothelial cells and place them in suspension. 

Preliminary investigation had indicated that EDTA could be used for this purpose. An 

experiment was performed to assess appropriate conditions for this treatment to 

maximise neutrophil yield. The effect of EDTA on apparent adhesion molecule 

expression by neutrophils was also assessed.

Protocol. All solutions were warmed to 37°C and experiments conducted at this 

temperature. 1.25 x 1(P neutrophils were added to wells containing cultured HUVEC 

monolayers which had previously been stimulated for 4 hours with 1 jig/ml LPS. After 

incubation for 30 minutes, the coverslips were washed twice with PBS to remove non

adherent neutrophils, and lOmM or lOOmM EDTA in PBS was added and left for 1, 5 

or 10 minutes. Plates were tapped on the side to induce brief lateral shear stress and 

then inspected microscopically. Samples of 1.25 x 1 CP neutrophils were also suspended 

in tissue culture medium (RPMI) and saturating concentrations of fluorochrome- 

conjugated monoclonal antibodies to CDllb and L-selectin were added and incubated
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for 15 minutes at 37°C. These samples were then diluted with phosphate buffered 

saline(PBS), centrifuged at 300G for 4 minutes and the tissue culture medium removed. 

The remaining cells were then held at 37°C for 1 minute either in PBS, lOmM or 

lOOmM EDTA in PBS and then added to fixative (1% formaldehyde, 2g/l glucose in 

PBS). Cell suspensions were then analysed by flow cytometry.

Results. Visual inspection of EDTA-treated monolayers revealed that exposure to 

lOmM EDTA for 1 minute was sufficient to remove more than 95% of remaining 

adherent neutrophils but that this only caused limited (at most 2 0 %) dissociation of the 

endothelial cell monolayer. The dissociation of the endothelial cells increased with time 

and EDTA concentration so that it approached 100% with lOOmM EDTA left for 10 

minutes. Fluorescence values for the EDTA-treated neutrophil suspensions are shown in 

figure 6.3. Exposure to lOmM EDTA caused 16% loss of fluorescence in staining for 

both GDI lb/CD 18 and L-selectin whereas lOOmM EDTA caused 84% and 89% loss 

respectively.

Comment. Incubation with lOmM EDTA at 37°C for 1 minute was an effective way to 

dissociate adherent neutrophils from endothelial cells for flow cytometric analysis. 

However, since this treatment also caused a limited decrease in apparent neutrophil 

GDI lb/CD 18 and L-selectin expression, all experimental samples (suspensions, non- 

adherent and adherent cells) were treated identically with EDTA in this way in 

subsequent experiments to standardise this effect.

6.33 Resolution of neutrophils and endothelial cells by flow cytometry using 

light scatter

Aim. In order to study neutrophils that been exposed to HUVEC monolayers by flow 

cytometry it was necessary to achieve adequate resolution of neutrophils from 

contaminating endothelial cells in experimental samples. An experiment was performed
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to establish the feasibility of doing this by gating the cell populations according to light 

scatter properties.

Protocol. All solutions were warmed to 37°C and the experiment conducted at this 

temperature. 1.25 x 10̂  neutrophils were added to HUVEC monolayers of which some 

had previously been stimulated for 4 hours with LPS (l|Xg/ml) and incubated for 30 

minutes. Control HUVEC monolayers with no added neutrophils were also studied. In 

addition, samples of neutrophils were incubated as suspensions in tissue culture medium 

(RPMI) with or without LPS (Ijxg/ml). The monolayer supernatants (non-adherent 

cells) were removed by aspiration using a Pasteur pipette from the HUVECs and these 

and the neutrophil suspensions were diluted with phosphate buffered saline (PBS), 

centrifuged at 300G for 4 minutes and the tissue culture medium removed. The 

remaining pelletted cells were then resuspended and incubated with lOmM EDTA for 1 

minute and added to an equal volume of fixative (2% formaldehyde, 2 g/l glucose in 

PBS). Immediately after removal of the supernatants, the HUVEC monolayers were 

washed twice with PBS, incubated for 1 minute with lOmM EDTA, and the dissociated 

cells (adherent neutrophils and HUVECs) removed and fixed as above. The cells in 

suspensions, supernatants and samples from EDTA treated monolayers were then 

visualised and counted by flow cytometry (see section 2.21 and section 6.34 below).

Results. On forward and orthogonal light scatter 2 dimensional (FSC/SSC) dot plots, 

pure suspensions of neutrophils produced the expected uniform cluster although in the 

presence of LPS the average forward light scatter increased (figure 6.4). Supernatants 

aspirated from intact HUVEC monolayers in the absence of neutrophils produced a 

small number of cells (figure 6.5a). Light microscopic examination of these suspensions 

revealed small round cells that did not exclude trypan blue (>95%) suggesting that 

they were dead endothelial cells. Their number varied considerably from one set of 

HUVEC cultures to another but much less between wells from the same culture set 

(table 6 .1). On FSC/SSC dot plots, these cells overlapped slightly with the neutrophil
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Figure 6.4 Forward and orthogonal light scatter 2 dimensional dot plots o f pure 

suspensions o f neutrophils (a) unstimulated and (b) stimulated with 1 p/ml LPS. A 

clearly defined cell population is seen in both, LPS increases forward light scatter.
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Figure 6.5 Forward and orthogonal light scatter 2 dimensional dot plots o f cells 

aspirated from intact HUVEC monolayers (a) in the absence of neutrophils (b) in the 

presence o f neutrophils. A small number of "dead” endothelial cells' light scatter profile 

overlaps with that of the neutrophils.
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Figure 6.6 Forward and orthogonal light scatter 2 dimensional dot plots o f cells 

aspirated from EDTA treated HUVEC monolayers (a) in the absence of neutrophils and

(b) in the presence of neutrophils. The ” live’' dissociated endothelial cells’ light scatter 

profile does not overlap with that of the neutrophils.
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cluster (figure 6.5). Samples collected after treatment of the HUVEC monolayers with 

EDTA consisted of endothelial cells which produced a distinct cluster on FSC/SSC dot 

plots with a much higher average forward light scatter (figure 6 .6 a). The cell 

morphology was also consistent with these being endothelial cells by light microscopy 

and the cells excluded trypan blue (>95%). Their numbers were fairly uniform from 

one set of HUVEC cultures to another and between wells from the same culture set 

(table 6.1). On forward and orthogonal light scatter 2 dimensional dot plots these cells 

did not overlap with the neutrophil cluster when the latter were present (figure 6 .6b).

Experiment
Endothelial

cells

1 2 3 4

Non-adherent 23 296 514 41
("dead") 51 116 647 34

Adherent 47 33 83 40
("live") 57 37 63 68

Table 6.1 Cell counts (cells/10s) measured by flow cytometry o f supernatants from  

HUVEC monolayers (non-adherent cells) and EDTA-treated HUVEC monolayers 

(adherent cells) in the absence o f neutrophils. Results from duplicate wells from 4 

separate experiments are shown. Numbers o f non-adherent cells (presumed dead 

endothelial cells) varied considerably between but little within experiments. Live 

adherent endothelial cells dissociated with lOmM EDTA were consistently few in 

number.

Comment. These results indicate that complete resolution of neutrophils from 

endothelial cells could not be achieved by using their respective light scattering 

properties in the flow cytometer. The overlap was potentially a significant problem in 

suspensions of non-adherent cells both because the light scattering properties of the 

endothelial cells in these samples more closely resembled that of the neutrophils and 

because they were sometimes present at higher concentrations. EDTA treatment caused
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limited dissociation of adherent endothelial cells but the vast majority of these cells 

could be distinguished easily from neutrophils by their light scattering properties in the 

flow cytometer.

Since endothelial cell numbers are relatively consistent across wells within the same 

culture set, neutrophil numbers in an experimental well could be quantified accurately 

by subtraction of the number of gated cells obtained from an identically-treated control 

well containing no neutrophils.

6.34 Development of a flow cytometric adhesion assay 

Aim. Experiments were performed to assess the reliability of using the flow cytometer 

to count the cell concentrations in the samples of non-adherent and adherent neutrophils 

as an approach to quantifying the adhesion of neutrophils to HUVECs.

Protocol. Since the flow cytometer used did not have a facility automatically to acquire 

data over a fixed time period, the acquisition of data had to be stopped manually after a 

fixed period of 10 seconds for each sample. This was done using the dedicated 

computer attached to the flow cytometer which displays the number of seconds from the 

start of acquisition and which allows acquisition to be stopped using a controlling 

keystroke. Possible sources of variation include sampling error, variations in the flow 

rate of the cytometer and controller error in timing the 1 0  second period of acquisition 

of each sample. In a preliminary assessment of the inherent variability of this approach, 

events from a single suspension of beads were acquired 1 0  times for 10  seconds each 

time, the suspension being mixed to ensure resuspension between each acquisition. The 

resulting counts (mean 902Hh78(lSD), %CV8 .6 ) indicated that a variation of 

approximately 1 0 % about the mean is to be expected using this method to count cell 

concentrations. Experiments were therefore performed to assess the consistency of cell 

count data from duplicate wells containing neutrophils and endothelial cells using the 

approach described in section 6.33 above. In each, 2 wells containing HUVECs were
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processed without stimulation or addition of neutrophils, 2  wells were also unstimulated 

and had 1.25 x 10̂  neutrophils added and 2 wells were first stimulated with LPS 

(l|ig/ml) for 4 hours to induce adhesion before addition of neutrophils. Four identical 

experiments were performed. Neutrophil counts were calculated by subtraction of the 

cell count in the control well containing HUVECs only from the count in the relevant 

neutrophil-treated well.

Results. The concordance of cell counts in duplicate wells was generally poorer in non

adherent (i.e. supernatants) (figure 6.7a) than adherent (i.e. EDTA treated) cells (figure 

6.7b). As expected, stimulation with LPS consistently induced a fall in non-adherent 

and a rise in adherent neutrophil numbers. This finding correlated with visual inspection 

of HUVEC monolayers after removal of non-adherent cells.

Comment. These results suggest that this approach could be used to assess neutrophil 

adhesion to endothelium. They suggest that cell counts from both non-adherent and 

adherent cell samples give a guide to this but that adherent cell counts are more 

reproducible.

6.35 Interpretation of fluorescence data to quantify neutrophil adhesion

molecule expression

Aim. While cell counts from control (neutrophü-free) wells could be subtracted from 

cell counts from experimental (neutrophil-treated) wells as discussed above to quantify 

neutrophil numbers, the correction of fluorescence data to compensate for 

contaminating endothelial cells is potentially more complex. Experiments were 

therefore performed to examine how best to evaluate neutrophil fluorescence in this 

experimental model.
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Figure 6.7 Numbers of neu tr^}p^^^\à ff4  in 10 seconds from

(a) HUVEC monolayer supernatants (non-adherent) and (b) EDTA treated HUVEC 

monolayers (adherent) with or without endotoxin (LPS) pretreatment o f HUVECs. 

Duplicate results in 4 experiments are shown. The data show that although concordance 

between duplicates is variable, increased adherence is consistently reflected by a fall in 

non-adherent and a rise in adherent cell numbers.
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Protocol. Experiments were performed exactly as described in section 6.34 above, 

except that 15 minutes after addition of the neutrophils to the HUVECs, saturating 

concentrations of fluorochrome-conjugated antibodies to GDI lb, L-selectin or a 

negative control epitope were added. Analysis was performed as previously, except that 

fluorescence histograms also were constructed for the stained, gated non-adherent and 

adherent cell populations.

Results. Figure 6 .8  shows that there was fluorescence overlap between neutrophils and 

endothelial cells contaminating the granulocyte FSC/SSC gate in supernatants (see also 

figure 6.5). Figure 6.9 shows that such overlap also occurred between neutrophils and 

the small numbers of viable dissociated endothelial cells falling in the same FSC/SSC 

gate from EDTA treated monolayers (see also figure 6 .6). In all cases the neutrophil 

histogram was symmetrical and much taller and narrower than that due to endothelial 

cells so that a computation of the mode fluorescence would reflect only the neutrophils. 

Comparison of the fluorescence of cells stained with antibody to CD lib  and an 

antibody to an irrelevant epitope (figure 6 . 10) indicated that the consistently high 

fluorescence of endothelial cells, in contrast to neutrophils, was non-specific.

Comment. These results demonstrate fluorescence overlap between neutrophils stained 

for adhesion molecule expression and endothelial cells not excluded by 

forward/orthogonal light scatter gating due to a high non-specific fluorescence of 

endothelial cells. Although the number of contaminating cells and the likely 

consequential error was likely to be small, a simple way of avoiding this problem 

presented itself in the use of the fluorescence mode (rather than the median as in 

previous studies). Since in all samples the neutrophil fluorescence histogram was taller 

than that due to endothelial cells, and since the distribution of neutrophil fluorescence 

was relatively symmetrical, the mode gave a sensitive measure of changes in 

fluorescence that was not affected by contaminating cells.
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Figure 6.8 Fluorescence histograms of gated cell samples stained for CD l ib  from

GATED=2859

cells aspirated from intact HUVEC monolayers (non-adherent cells) (a) in the absence 

of neutrophils and (b) in the presence of neutrophils (see also figure 6.5). 

Contaminating endothelial cells show fluorescence overlap but do not affect the mode 

fluorescence.
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Figure 6,9 Fluorescence histograms of gated cell samples stained for CD 11b from cells 

aspirated from EDTA treated HUVEC monolayers (adherent cells) (a) in the absence of 

neutrophils and (b) in the presence of neutrophils (see also figure 6.6). As in figure 6.8, 

contaminating endothelial cells show fluorescence overlap but do not affect the mode 

fluorescence.
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Figure 6.10 Fluorescence histograms of (a) neutrophils and (b) viable endothelial cells 

from EDTA treated HUVEC monolayers stained with antibodies to an irrelevant

epitope (__ ) and CDllb('....... ). The high fluorescence of endothelial cells, which leads

to the fluorescence overlap with neutrophils, is non-specific.
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6.36 Lack of inhibition of adherence by anti-CDllb and anti-L-selectin 

monoclonal antibodies

Aim, These experimental methods were designed to quantify both neutrophil adhesion 

to endothelium and neutrophil adhesion molecule expression simultaneously. The use of 

monoclonal antibodies to assess adhesion molecule expression could have inadvertent 

effects on adhesion if the antibodies used blocked adhesive function. An experiment 

was therefore performed to assess any effect of the monoclonal antibodies used to stain 

for CD 11b and L-selectin on adhesion of neutrophils to endothelium in this system.

Protocol. Adhesion was studied under 6  different conditions as shown in the legend to 

figure 6.11. The experiment was performed at 37°C in triplicate. 15 minutes after 

addition of the neutrophils, saturating concentrations of fluorochrome-conj ugated 

monoclonal antibodies to GDI lb, L-selectin and an irrelevant epitope were added.

After a further 15 minutes, supernatants were removed. WeUs were washed with PBS, 

treated with lOmM EDTA for 1 minute and dissociated cells removed and fixed.

Results. Figure 6.11 shows the numbers of adherent neutrophils recovered from the 

wells. Pre-incubation of endothelial cells with LPS markedly increased the number of 

adherent cells. Anti-CDllb and anti-L-selectin monoclonal antibodies did not appear to 

reduce neutrophil adhesion to HUVEC monolayers when compared to a negative 

control antibody against an irrelevant epitope not expressed on human cells.

Comment. These data suggest that the fluorochrome-conjugated monoclonal antibodies 

against GDI lb and L-selectin used in these studies do not themselves interfere with 

adhesion of neutrophils to endothelial cells in this model. The anti-L-selectin 

monoclonal TQl is known not to bind to the terminal lectin domain of L-selectin (T. 

Tedder - personal communication) and in any case blockade of selectin adhesion would 

not be expected to alter adhesion in an assay performed under static rather than flow
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Figure 6,11 Numbers o f neutrophils acquired by flow cytometry in 10 seconds from: 

HUVEC monolayers following washes and EDTA treatment. A- HUVEC alone, B-with 

1.25 X  10^ neutrophils, C-with neutrophils and Ipg/ml endotoxin(LPS), D-with 

neutrophils, LPS and IpM  fMLP, E-pre-treated with LPS for 4 hours with neutrophils, 

F-pre-treated with LPS for 4 hours with neutrophils and fMLP.

Results are presented from samples stained with antibodies as shown for the second 15 

minutes o f neutrophil incubation. They show that the anti-CDllb and anti-L-selectin 

antibodies used do not reduce adhesion under these conditions.

conditions (section 1.12). The results also suggest that the anti-CDllb monoclonal 44 

does not bind to an epitope close to the integrin's binding sites for endothelial cells. As 

a further precaution against the possibility of any blocking effect, antibodies were added 

only for the second half of the 30 minute incubation period of the neutrophils on the 

endothelial cells in all subsequent studies.
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6.4 Summary

A series of experimental studies were performed to assess the feasibility of using flow 

cytometry to assess neutrophil adhesion and expression of adhesion molecules 

CD 1 lb/CD 18 and L-selectin in a model using cultured human umbilical vein 

endothelial cells and neutrophils separated from venous blood from normal adult 

volunteers. A rapid method of neutrophil isolation was used for this purpose 

immediately prior to the assay. Results demonstrated that use of medium containing calf 

serum and no calcium or magnesium ions maximised neutrophil yield and minimised 

changes in adhesion molecule expression due to preparation steps. EDTA could be used 

to dissociate adherent neutrophils for analysis although this also caused limited 

dissociation of endothelial cells from the cultured monolayer. Neutrophils could be 

resolved from contaminating endothelial cells in the cytometer by using both the cells' 

light scattering properties and by use of the fluorescence mode in analysis. In this way 

cell concentrations in suspensions were quantified as well as their expression of the 

surface proteins of interest.
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Chapter 7: Studies of an in vitro model of neutrophil-mediated endothelial injury

7.1 Introduction

The studies described in chapter 6  demonstrated the feasibility of a flow cytometric 

approach to assessment of neutrophil adhesion to cultured human umbilical cord 

endothelial cells (HUVEC) and changes in neutrophil adhesion molecule expression 

during these interactions. In the studies described in this chapter these approaches were 

combined with an established immunohistochemical model of endothelial injury to 

evaluate the relationship of neutrophil adhesion to endothelial disruption.

Two of the most important molecular species associated physically and functionally 

with vascular endothelial cells are the sulphated glycosaminoglycans (GAGs) (Kjellen & 

Lindahl, 1991) and fibronectin (FN) (Ruoslahti, 1988). Located on the endothelial cell 

surface and in the pericellular matrix, they are particularly vulnerable to enzymatic 

degradation and may therefore also be a sensitive marker of experimental endothelial 

injury (Klein et al., 1992; Forsyth & Levinsky, 1990). The sulphated GAGs are 

important in regulating vascular permeability to plasma proteins (Lindahl & Hook, 

1978), maintaining endothelial cell thromboresistance through specific interactions with 

antithrombin III and heparin cofactor n  (Marcum & Rosenberg, 1984), modulating 

cellular traffic across the vascular wall and binding important macromolecules such as 

lipoprotein lipase, fibroblast growth factor and superoxide dismutase (Gallagher et al, , 

1986; Saksela & Rifkin, 1990). The most prominent endothelial associated sulphated 

GAG, heparan sulphate (HS) also binds specifically to other extracellular matrix 

proteins including FN, laminin, and collagen (Kjellen & Lindahl, 1991). Together they 

help to maintain the physical integrity of the vascular endothelium.

Fibronectin, synthesised by endothelial cells, is involved in cell motility, wound 

healing, tissue repair and leukocyte adhesion (Anon., 1989; Monboisse et a l ,  1991). 

Endothelial cells bind to FN through specific attachment sites, including the RGD (Arg- 

Gly-Asp) sequence, important in integrin-mediated cell adhesion (Ruoslahti &
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Pierschbacher, 1986). Recent evidence also suggests that proteolytic cleavage of FN is 

a potent stimulus of neutrophil activation (Wachtfogel et al., 1988; Odekon et al. , 

1991). By inducing the release of proteolytic enzymes (Daudi et al., 1991), enhancing 

the respiratory burst (Sud'ina et al., 1991) and increasing neutrophil adherence 

(Vercellotti et al., 1983), FN degradation may be an important component of the 

pathophysiological cascade seen in severe capillary leak. Modulation of the GAGs-FN 

matrix in response to inflammatory mediators and cells would therefore be expected to 

compromise significantly the homeostatic functions of vascular endothelial cells.

A previous report using a different model (Smedly et al., 1986) has demonstrated the 

efficacy of bacterial endotoxin lipopolysaccharide (LPS) in combination with the 

neutrophil secretagogue fMLP in stimulating neutrophils to injure endothelial cells. In 

these studies, experiments were designed, using these stimuli, to assess the effect of 

stimulating endothelium on neutrophil adhesion and associated injury. By measuring 

neutrophil CDllb/CD18 and L-selectin expression it was possible to assess the relation 

between changes in expression of these adhesion molecules on both adherent and non

adherent cells both to adhesion and to matrix disruption. In this way, conclusions might 

be drawn about the significance of the findings of the in vivo and in vitro studies 

discussed in chapters 4 and 5 to the capillary leak observed clinically following 

cardiopulmonary bypass.

7.2 Methods
I

Endothelial cell culture see section 2.23 

Preparation o f neutrophils see section 2.24

7.21 Incubation of neutrophils with endothelial cells

In each experiment, neutrophils were incubated with HUVEC according to the schema 

outlined in table 7.1. In preliminary experiments, addition of neutrophils with fMLP 

and no LPS consistently produced immunohistochemical results identical to wells in
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A B C D E F

HUVEC
only

HUVEC

PMN

HUVEC
LPS
PMN

HUVEC
LPS

PMN
fMLP

HUVEC 
LPS 4h pre 

PMN

HUVEC 
LPS 4h  pre 

PMN 
fMLP

Table 7,1 Schema o f different experimental conditions. HUVEC - human umbilical win 

endothelial cells. PMN - neutrophils 1.25 x 10^ cells added. LPS - endotoxin 

lipopolysaccharide added to final concentration l/tg/ml. fM LP  - formyl-Methionine- 

Leucine-Phenylalanine added to final concentration IfuM. LPS 4h pre - endotoxin 

added 4 hours before neutrophils.

which neutrophils with neither fMLP nor LPS were added (B). Therefore, this 

condition was not included in the final experimental design. A protocol that involved 

removal of LPS before addition of neutrophils was not included because pilot 

experiments demonstrated that repeated washes caused damage to the integrity of 

HUVEC monolayers. The effects of pre-incubation of endothelial cells with LPS (E & 

F) was compared to the effect of late addition of LPS at the same time as the 

neutrophils (C & D). Thus, when differences were observed, it could be inferred that 

these were due to an LPS-induced endothelium-mediated effect. Neutrophil suspensions 

were also included as controls to show whether, for adhesion molecule expression, 

changes could be observed in the absence of endothelial cells.

In each experiment, 3 rows of 6  wells (A-F) were treated identically as shown. One 

was stained for GDI lb/CD 18, one for L-selectin and the third processed 

immunohistochemically to visualize fibronectin and heparan sulphate matrices (see 

below). To assess changes in adhesion molecule expression in neutrophils not exposed 

to endothelial cells, in each experiment, samples of neutrophils were held as 

suspensions in culture medium and stimulated with LPS and fMLP identically to wells 

B,C and D. 15 minutes after the addition of neutrophils to HUVECs, saturating 

concentrations of antibodies to GDI lb and L-selectin were added to the first and second



rows of wells respectively and to the sets of neutrophil suspensions. After a further 15 

minutes the supernatants (non-adherent cells) from rows 1 an 2  were removed by 

aspiration using a Pasteur pipette and these and the neutrophil suspensions were diluted 

with phosphate buffered saline (PBS), centrifuged at 300G for 4 minutes and the tissue 

culture medium removed. The cell pellets were then incubated with lOmM EDTA in 

PBS at 37°C for 1 minute to simulate conditions for adherent cells (below) and added to 

an equal volume of fixative (2% formaldehyde, 2g/l glucose in PBS). Simultaneously, 

the coverslips from these rows were washed twice in PBS, incubated for 1 minute with 

lOmM EDTA at 37°C, and the dissociated cells (adherent neutrophils and HUVEC) 

removed and fixed as above. Visual inspection confirmed that significant numbers of 

neutrophils had not migrated below the endothelial monolayer. Suspensions, non

adherent and adherent neutrophils were then analysed by flow cytometry as described 

below.

After washing in PBS, the monolayers from the third row were fixed in cold (-20°C) 

methanol for 10 minutes before staining for endothelial HS and FN as described below.

7.22 Staining for endothelial fibronectin and heparan sulphate

Cells fixed in cold methanol were washed in PBS and stained with a mouse monoclonal 

antibody raised against the cell attachment domain of FN at a concentration of 5 pg/ml 

in PBS for 1 hour. Antibody binding was detected with FITC labelled goat anti-mouse 

IgG at a dilution of 1:100. The coverslips were washed in PBS and then stained with 

the cationic gold as previously described (Klein et al. , 1993). Anionic sites were 

visualised with a 5nm gold conjugated poly-L-lysine probe diluted 1:100 in PBS 

without calcium or magnesium at pH 1.2. The probe was applied to the cells for 60 

minutes, washed off with deionised water and developed with a silver enhancer for 15 

minutes (or until the intensity of stain was optimal) at room temperature. The 

coverslips were then mounted in Citifiuor and visualised and photographed on an 

Olympus BH2 fluorescent microscope.
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7.23 Assessment of endothelial fibronectin and heparan sulphate morphology

It has previously been shown that under the staining conditions described, cationic gold 

primarily recognises endothelial HS, which co-distributes with FN on the cell surface 

(Klein et al. , 1993). In this study semi-quantitative analysis of FN and anionic matrix 

integrity, was assessed by scoring the presence or absence of staining in 10  high power 

microscopic fields. If the fibrillar pattern of staining was seen in eight or more fields, 

the coverslip was given a score of three; 5-7 fields scored 2; 2-4 fields scored 1 and 

staining in 1 field or less scored 0. A total score for FN and HS was calculated for each 

set of experimental conditions.

7.24 Flow cytometry

The fixed cell suspensions from rows 1 and 2 (stained for CDllb/CD18 and L-selectin, 

respectively) were held at 4°C in the dark until flow cytometry was performed. Samples 

were aspirated by the cytometer at a fixed rate and cells acquired for a period of 10  

seconds from each (see section 6.34 ). Neutrophils were visualised on forward and 

orthogonal light scatter 2 dimensional dot plots as described in section 6.33. The 

number of gated events was noted and the mode fluorescence channel number (see 

section 6.4 ) was computed on the appropriate colour fluorescence detector histogram 

for the gated population and the latter was converted mathematically into a relative 

fluorescence value corresponding to the average level of expression of the epitope on 

the cells' surface. Numbers of neutrophils were calculated by subtraction of the number 

of events in the relevant control sample (i.e. HUVEC without neutrophils) from the 

number of events in the sample under study.

Preliminary studies using cells stained with an FITC conjugated mouse monoclonal 

antibody to an epitope not found on human cells (X927, Dako, High Wycombe, UK), 

at the same concentration as the study antibodies, produced a uniformly low 

background relative fluorescence (<  11) under all the study conditions.
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7.25 Statistics

The effects of endotoxin stimulation of endothelium on adherence and adhesion 

molecule expression were compared by one-way analysis of variance and modified t 

tests (by the Bonferroni method) (Altman, 1991). Pearson's correlation coefficients 

were calculated by standard methods and compared by standard t tests. Differences 

were considered significant if p ^0 .05 . Values in the text are expressed as mean+.2SE. 

Endothelial staining was performed in 5 identical experiments, in 3 of which neutrophil 

adhesion, CD 11b and L-selectin expression were measured.

7.3 Results

7.31 Fibronectin and heparan sulphate morphology

A) HUVEC alone

In the absence of neutrophils, HUVEC monolayers were extensively covered in a 

fibrillar network of FN and HS as shown previously (Klein et al., 1993) (figure 7.1 A). 

There was absolute congruity between the FN and HS matrices observed in all of the 

experiments although there was some variation in uniformity of staining, (figure 7.2 

column A).

B & C) Neutrophils added to HUVEC with or without simultaneous LPS 

The pattern of FN staining after incubation with neutrophils with or without LPS was 

similar to that of HUVEC alone, and there was no significant reduction in the intensity 

and integrity of the HS matrix (figure 7.1 B/C and figure 7.2, columns B and C).

D) Neutrophils, LPS and fMLP added simultaneously to HUVEC 

Addition of fMLP resulted in staining distinct from that described above. In all 

experiments numerous discrete areas of matched FN and HS loss could be seen 

dispersed throughout much of the monolayer (figure 7.1 D and figure 7.2 column D). 

Phase contrast microscopy revealed a positive correlation between the presence of 

neutrophils and extracellular matrix destruction (data not shown).
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Figure 7,2 Scores o f heparan sulphate (anionic matrix) and fibronectin matrix integrity 

o f cultured human umbilical vein endothelial cells under the conditions shown in table 

7.1 in 5 experiments. Scores indicate a fibrillar pattern o f staining in 8+ /lO high 

power fields (3), 5-7/10(2), 2-4/10(1), 0-1/10(0). Mean±2SE are shown.

E) Neutrophils added to HUVEC stimulated with LPS for 4 hours 

The predominant feature of HUVEC monolayers stimulated with LPS before incubation 

with neutrophils, was a marked disparity between HS and FN staining (figure 7.2, 

column E). Dissolution of the charged network of HS was almost complete in the face 

of a FN matrix that was predominantly intact (figure 7.1 E).

F) Neutrophils and fMLP added simultaneously to HUVEC stimulated with LPS for 4 

hours

In marked contrast to the incubation of neutrophils alone with HUVEC stimulated with 

LPS(E), addition of fMLP induced an almost complete destruction of both HS and FN 

fibrillar matrices (figure 7.1 F and figure 7.2, column F). In these wells, FN staining
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was seen as diffuse cell associated fluorescence throughout much of the HUVEC 

monolayer.

By use of the described scoring system, these changes were shown to be consistent in 

all five experiments (figure 7.2). This demonstrates clearly the isolated loss of HS 

induced by preincubation of endothelium with LPS (figure 7.2 columns C & E) and the 

selective reduction in FN after addition of fMLP (figure 7.2 columns D & F). In spite 

of these changes, the endothelial monolayer remained intact under these experimental 

conditions when viewed by phase contrast microscopy.

Incubation of endothelial cells with LPS and fMLP at the same concentrations and for 

the same time periods in the absence of neutrophils consistently failed to produce any 

change in HS and FN staining (data not shown).

7.32 N eutrophil adhesion

Figure 7.3 shows that the numbers of non-adherent and adherent neutrophils showed an 

inverse relationship. These results were in concordance with the experiments described 

in section 6.34. Prior stimulation of HUVEC with LPS for 4 hours (E) resulted in a 

marked increase in neutrophil adhesion (as indicated by a marked fall in numbers of 

non-adherent cells and a rise in numbers of adherent cells). By contrast, addition of 

LPS with the neutrophils (C) did not produce these changes. Analysis of these 2 sets of 

results (C vs. E) showed a significant effect of endothelial cell pre-incubation with LPS 

on adhesion (n= 6 , p=0.02). Correlation coefficients for numbers of adherent cells to 

HS matrix scores were 0.45-0.97, p=0.001. Contrasting with this observation, no such 

association was observed between adherence and loss of FN.
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Figure 7.3 Neutrophil counts expressed as a percentage relative to the number from 

control samples untreated with LPS or JMLP(B) under different experimental conditions 

coded as in table 7.1. Results from 6 sets o f observations are shown. Data from samples 

o f non-adherent (open bars, left axis) and adherent (closed bars, right axis) cells are 

shown as means±2SE. The pattern o f changes in adhesion is similar to that observed 

for HS degradation in figure 7.2 (above).

7.33 Neutrophil CDllb/CD18 expression 

Figure 7.4 shows relative fluorescence values of suspended, non-adherent and adherent 

neutrophils stained for CD lib  from 3 experiments. Exposure to LPS always resulted in 

a rise in neutrophil GDI lb/CD 18 with a slight further rise on addition of fMLP in some 

cases. No consistent difference was evident between non-adherent, adherent cells and 

those in suspension. Percentage differences between neutrophil GDI lb/CD 18 

expression on cells added to HUVEG without or with prior stimulation with LPS (G vs.

E) did not show significance in either non-adherent or adherent neutrophils.
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Figure 7,4 Relative fluorescence values from 3 experiments o f suspended, non-adherent and adherent neutrophils stained with fluorescein 

conjugated anti-CDllb under different experimental conditions coded as in table 7.1. Adherence is not associated with altered CDllb/CD18 

expression. Cell suspensions were control neutrophils which had not been added to the wells containing endothelial cells.
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Figure 7,5 Relative fluorescence values from 3 experiments o f suspended, non-adherent and adherent neutrophils stained with phyco-erythrin 

conjugated anti-L-selectin under different experimental conditions coded as in table 7.1. Adherence appears to be consistently associated with 

L-selectin loss. Cell suspensions were control neutrophils which had not been added to the wells containing endothelial cells.
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7.34 Neutrophil L-selectin expression 

Figure 7.5 shows data for L-selectin expression equivalent to that in figure 7.4. While 

conditions which produced a rise in CD lib  expression tended to cause a loss of L- 

selectin expression, changes in the 2 parameters could be dissociated. Comparison of 

neutrophils held in suspension with those exposed to unstimulated HUVEC (figure 7.5, 

column B) showed a significant drop in L-selectin expression in both adherent (range, 

67-78%, n=3, p<0.01) and non-adherent (range 52-78%, n=3, p<0.01) cells. 

Neutrophils added with LPS to HUVEC (figure 7.5, column C) showed a further loss 

of L-selectin leaving some residual expression in both adherent and non-adherent cells. 

When neutrophils were added to HUVEC pre-stimulated with LPS there was no 

residual expression discernible relative to negative controls. The addition of fMLP 

always induced this complete L-selectin loss (figure 7.5, columns D & F). Percentage 

differences between neutrophil L-selectin expression in cells added to HUVEC without 

or with prior stimulation with LPS (C vs. E) showed a significant difference only in 

non-adherent neutrophils (n=3, p=0.01)

7.4 Discussion

These experiments were designed to examine neutrophil adhesion and expression of 

CDllb/CD18 and L-selectin in a model of endothelial injury, under the influence of 

stimulation with LPS and fMLP. The results give an indication of the significance of 

changes in expression of these two adhesion molecules and thus facilitate the 

interpretation of studies presented in earlier chapters.

Heparan sulphate and adhesion. In this experimental model, the earliest observed 

indicator of endothelial disturbance was a detectable reduction in HS on the endothelial 

surface. The disruption of the HS matrix progressively increased (figure 7.2) as the 

experimental conditions favoured enhancement of neutrophil adhesion (figure 7.3). 

These results suggest that mechanisms promoting neutrophil adhesion may be closely 

related to HS dissolution in this model.
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Neutrophils and fibronectin degradation. Under conditions in which LPS reliably 

produced a high level of neutrophil adherence to endothelium the FN matrix remained 

largely intact (E). The addition of the neutrophil secretagogue fMLP however reliably 

produced FN degradation. Thus, in contrast to HS, disruption of the fibronectin matrix 

does not always occur in association with neutrophil adhesion but requires additional 

activation of the adherent neutrophil in this model. This dissociation of degradation of 

these co-localising elements of the endothelial extracellular matrix is a new observation.

CDllb/CD18 expression and adhesion. Although increased expression of 

GDI lb/CD 18 by neutrophils was observed under conditions associated with maximal 

adhesion and HS and FN disruption (F), a quantitative relationship between these 

parameters was not present in the experimental conditions tested as elevated 

GDI lb/CD 18 expression was also seen under conditions when adhesion and matrix 

disruption was low (G). Furthermore, no difference in GDllb/GD18 expression was 

observed between non-adherent and adherent cells from the same well (figure 7.4). 

These findings support previous reports suggesting that increase of GDllb/GD18 

expression alone may be insufficient to induce adherence (Kishimoto et a/., 1989), 

which inasmuch as it is GD1 Ib/GD 18-mediated, is likely to depend on further 

functional changes in the adhesion molecule.

The enhanced adhesion and matrix disruption that resulted from pre-incubation of 

endothelium with LPS reaffirmed the important regulatory role of the endothelium in 

neutrophil adhesion and, as a result, in neutrophil-mediated endothelial injury.

L-selectm expression, relationship to adhesion and CDllb/CDlS. Reduction of 

neutrophil surface L-selectin expression was induced by contact with unstimulated 

endothelium (figure 7.5, columns B), conditions which did not alter GDllb/GD18
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expression. LPS directly induced similar degrees of L-selectin loss from neutrophils in 

suspension. Exposure to LPS-prestimulated endothelium or fMLP induced complete 

L-selectin loss from both non-adherent and adherent neutrophils. In this model, 

therefore, adhesion is inversely related to L-selectin expression. Since the model 

measures adhesion under static conditions, this observation is consistent with reports of 

a role for L-selectin in inducing margination under conditions of flow (Smith et al. , 

1991). It also demonstrates that L-selectin loss can occur in the absence of 

GDI lb/CD 18 upregulation indicating that despite the frequent appearance of 

synchronous changes in these two adhesion molecules (Kishimoto et al. , 1989) they can 

be independently regulated.

Conclusions. Although changes in expression of these adhesion molecules may be 

necessary for augmented adhesion and neutrophil-mediated endothelial injury, they are 

by themselves insufficient for maximal injurious effect. This emphasises the role of the 

endothelium in controlling leukocyte adhesion and leukocyte-induced endothelial injury. 

Studies in another model of endothelial injury also demonstrated the requirement for 

both LPS and fMLP but, in contrast to our results, suggested that LPS was promoting 

injury primarily through its effect on the neutrophil (Smedly et al. , 1986).

Although these experiments do not address the mechanisms of this matrix degradation 

by neutrophils, previous studies have implicated neutrophil proteases as important 

mediators of vascular endothelial injury (Forsyth et al. , 1989; Smedly et al. , 1986). 

Elastase in particular can degrade many of the components of the extra-cellular matrix 

including FN (Egbring et al. , 1986). EN staining was only appreciably reduced after 

addition of fMLP which induces degranulation in adherent neutrophils as well as release 

of reactive oxygen intermediates. It has been postulated that "primed" neutrophils 

would release such potentially injurious mediators only on further stimulation (Henson 

& Johnston, 1987; Guthrie et al., 1984). Adhesion to endothelium may play the dual 

role of inducing the primed state (Richter et al. , 1990) and bringing neutrophils into
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proximity, where proteases can inflict maximal injury (Campbell & Campbell, 1988) 

(figure 1.4). Degradation of the FN matrix may thus reflect increased neutrophil 

adherence at the time of fMLP stimulation in these experiments.

Circulating LPS has been detected in patients undergoing CPB (Andersen & Baek,

1992; Nilsson et al., 1990a). We showed that the addition of neutrophils previously 

incubated with LPS was sufficient to induce a generalised reduction in stainable HS and 

thus, potentially, the permeability of vascular endothelium seen routinely following 

CPB. Additional chemotactic stimulation, with fMLP in this model but possibly with 

other mediators such as C5a or IL8 in vivo, could induce more extensive vascular injury 

and associated organ dysfunction as seen in a minority of CPB cases. This experimental 

system appears to be a useful model for studying the activation pathways described in 

vivo and in bypass circuits in earlier chapters.

7.5 Summary

A series of experiments were performed using an established immunohistochemical 

model of endothelial injury to investigate the relationship of neutrophil adhesion and 

expression of adhesion molecules to endothelial extracellular matrix disruption. fMLP 

and LPS were used to activate neutrophils and endothelial cells. Conditions were 

established which resulted in a wide range of neutrophil-mediated disruption of the 

matrix and dissociated degradation of HS and FN was demonstrated. A direct 

relationship between adhesion and HS degradation was apparent. FN degradation 

appeared to require additional neutrophil activation. Levels of CDllb/CD18 expression 

by neutrophils was a poor predictor of both adhesion and injury. L-selectin loss was 

induced in conditions resulting in increased adhesion in this static model. Changes in 

neutrophil expression of CDllb/CD18 and L-selectin were shown to be independently 

regulated.
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Chapter 8 : Conclusions

8 .1  Summary of new fîndings

The hypothesis upon which these studies are based is that adherent neutrophils cause 

significant impairment to the function of endothelial cells under conditions of acute 

inflammation induced by cardiopulmonary bypass (CPB).

The development of a method to measure adhesion molecule expression in human blood, 

described in chapter 3, enabled a novel approach to the assessment of neutrophil adhesive 

function to be taken in subsequent studies. Assessment of the variability of expression in 

normal individuals was necessary for such studies to be interpretable and emphasised the 

importance of careful controls in the in vivo and in vitro studies done subsequently.

The in vivo studies described in chapter 4 provide the first report of involvement of the 

neutrophil chemotactic cytokine Interleukin 8 (ILS) in CPB-induced inflammation. The 

changes in multiple inflammatory mediators with effects on, or released from neutrophils, 

demonstrated in these studies, all started during the rewarming period at the end of bypass 

and extended into the post-operative period. This observation has not been made in 

previous reports. Studies done on blood samples from multiple anatomic sites during the 

rewarming and reperfusion period at the end of bypass demonstrated that these changes did 

not represent a simple "wash out" effect of accumulated mediators in the cardiac and 

pulmonary vascular beds but an evolution of changes occurring over the subsequent 2  

hours.

The studies done using CPB oxygenator circuits, described in chapter 5, represent an 

intermediate step in the progress of these studies from the in vivo to the purely in vitro 

setting. In general, studies using oxygenator apparatus identical to that used in the patients 

studied confirmed that the changes observed in vivo were not attributable directly to contact 

of blood with the circuit. Using a different oxygenator type, a novel pattern of complement 

activation was demonstrated with terminal pathway activation occurring independently of
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the initial classical and alternative pathways. ILS release was also demonstrated in this 

setting and the novel observation was made that this could be inhibited by soluble 

Complement Receptor 1 which specifically blocks complement activation. Finally, large 

and reproducible changes in neutrophil adhesion molecule expression, in particular L- 

selectin, were demonstrated in this setting - changes presumably not apparent in vivo 

because of the much more complex dynamics of the circulating pool of neutrophils in the 

human vasculature.

Finally, by developing and applying a purely in vitro model of endothelial injury, it was 

shown that adhesion molecule expression alone was not a good predictor of neutrophil 

adhesion or neutrophil-mediated injury. Changes in neutrophil expression of CD 1 lb/CD 18 

and L-selectin were shown to be independently regulated. Dissociation of changes in two 

closely co-localizing constituents of endothelial extra-cellular matrix, heparan sulphate and 

fibronectin, was demonstrated and results are presented which emphasise the role of the 

endothelium in controlling the nature of neutrophil-endothelial interaction.

Together these data demonstrate the likelihood that neutrophils injure endothelium during 

and after CPB by processes normally useful to host defence but occurring inappropriately in 

size and site. Increased exudation of plasma proteins into a site of inflammation is part of 

the acute response to infection, and neutrophils as well as other mediators play a part in 

bringing this about (Colditz et aL, 1990; Braquet et a l,  1989; Arfors et a l ,  1987). Gross 

capillary leak due to severe endothelial disruption may thus reflect dysregulation of these 

normal processes. Although great progress is now being made in elucidating the molecular 

mechanisms of leukocyte adhesion to endothelium, the subsequent steps of modification of 

endothelial permeability remain poorly understood. The evidence presented in this thesis 

supports the concept that neutrophils can, on occasion, become agents of host tissue injury 

instead of host tissue protection. Taken together with studies performed by other groups, it 

also clarifies which of the many mediators controlling and released by neutrophils may 

predominate in this process.



179

8.2 Implications for future studies 

Measurement of adhesion molecule expression.

The assay technique described in chapter 3 can now be used in further in vivo studies. 

Particularly pertinent will be the examination of neutrophils sequestered in the lung by 

examination of bronchioalveolar lavage fluid from ventilated patients following 

cardiopulmonary bypass. Studies can also be extended into other patient groups such as 

prematurely bom infants, a group with established defects in multiple neutrophil functions, 

including adhesion molecule expression (Anderson et al. , 1990; Jones et al. , 1990; 

Anderson et al. , 1987; Bruce et al. , 1987), and high susceptibility to severe infections and 

associated endothelial injury and lung damage.

Recently, quantitative fluorescent bead standards have become available (Flow Cytometry 

Standards Corporation, North Carolina, USA). These will enable adhesion molecule 

expression, measured by flow cytometry, to be expressed as numbers of receptors per cell 

rather than in arbitrary units as relative fluorescence. This wül enable direct comparisons to 

be made between the results of different studies.

Finally, the repertoire of epitopes that can be studied wül steadily grow as the mechanisms 

of leukocyte adhesion become further elucidated. It may, for example, prove useful to 

study the expression of carbohydrate ligands for the selectins, such as sialylated Lewis X 

antigen (Walz et al., 1990; Picker et al., 1991). Antibodies to "activation epitopes" only 

expressed by the integrins when in a conformationaUy active state may become available 

(Morimoto et al., 1987; Altieri & Edgington, 1988). These would be of particular value in 

in vitro studies in which adherent neutrophils are under investigation. Although endothelial 

expression of adhesion molecules cannot easüy be studied in vivo, recent reports indicate 

that soluble forms of endothelial adhesion molecules such as E-selectin (Newman et al., 

1993), P-selectin (Gamble et al., 1990), ICAMl (Rothlein et a i ,  1991) as well as 

leukocyte adhesion molecules such as L-selectin (Schleiffenbaum et al., 1992) can be
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detected in the plasma of normal individuals. The role of these soluble proteins as 

inhibitors of leukocyte adhesion is still under investigation (Gearing et a l ,  1992; Lobb et 

a l,  1991) and their significance as markers of endothelial activation and adhesive function 

in vivo is also unclear. However, they may constitute a group of accessible markers which 

may merit investigation in this and other groups of patients.

Studies of release of IL8 and other intercrines in vivo

The novel observation of transient release of ILS into the blood following cardiopulmonary 

bypass in vivo raises questions about the significance of this cytokine as a marker of 

neutrophil-induced capillary leak and associated organ dysfunction. To investigate this, 

accurate and sufficiently non-invasive measures of cardiac and pulmonary tissue 

composition, elasticity and performance are required. The use of bioelectric impedance has 

been reported previously (Maehara et al., 1991). Validation of other techniques, 

particularly ones aimed at the assessment of lung function will be necessary to ensure 

progress in this direction.

To date at least 14 members of the intercrine or chemokine family of cytokines have been 

reported (Miller & Krangel, 1992) (see table 1.3). Speculation, and some evidence, 

suggests that this large number does not merely reflect reduplication and redundancy within 

the acute inflammatory response but that, through differences in target cell populations and 

concentrations of optimal effect, these chemotactic cytokines closely regulate the evolution 

of the response. Cardiopulmonary bypass induces an acute inflammatory response amenable 

to study as discussed in the first chapter. It may thus prove a worthwhile model for detailed 

examination of other members of this cytokine family and the regulation of their release.

The negative-feedback control of ILS has been the subject of some recent investigation. 

cDNA clones encoding 2 distinct ILS receptors have been identified (Holmes et al., 1991; 

Murphy & Tiffany, 1991). The protein gene-products are related and have 7 putative 

membrane-spanning domains and have thus been dubbed "serpentine receptors" since they
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snake in and out of the membrane. For this reason, cleavage of an extra-cellular portion of 

the receptor as a functional unit, thought to be an important mechanism of regulation of 

other cytokines such as TNF and ILl, cannot occur in this group. Two possible alternative 

down-regulatory mechanisms have been proposed for ILS; one is the existence of 

circulating levels of autoantibody to the cytokine (Sylvester et al. y 1992) and the other a 

sink of low-affinity receptors on erythrocytes (Darbonne et al. , 1991). If ILS has a role in 

the pathophysiology of endothelial injury following cardiopulmonary bypass, or other acute 

inflammatory disorders of childhood, the maturation of these regulatory systems could be 

significant factors influencing events.

Studies in cardiopulmonary bypass loops.

An extensive activation of multiple inflammatory pathways was demonstrated in the studies 

in adult-type bubble oxygenator circuits presented in chapter 5. The demonstration that 

inhibition of C3a generation with sCRl failed to reduce generation of sC5b-9 or changes in 

neutrophil activation were unexpected. It is possible that terminal complement complex was 

being generated by a novel mechanism perhaps involving direct activation of C5 by oxygen 

in the circuit (Vogt et al. , 19S9). Further studies will be necessary to elucidate this 

phenomenon.

The demonstration of ILS in the circuits indicates that leukocytes can be induced to release 

the cytokine by circulation through this apparatus. The type or types of leukocyte involved 

remain unclear however. Studies using immunofluorescence or ILS mRNA detection either 

by reverse transcription and polymerase chain reaction amplification or by in situ 

hybridisation may help resolve this question both in loop experiments of this type and in 

vivo. The finding that sCRl treatment inhibited ILS release in bubble circuits was another 

unexpected finding. C5a-desArg does not induce ILS release when used as an inflammatory 

stimulus in a rabbit model of peritonitis (Collins et al. , 1991; Beaubien et al. , 1990) and 

products of complement activation have not otherwise previously been demonstrated to
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induce release of this cytokine. Further studies must address the role of this and other 

possible stimuli for ILS release in cardiopulmonary bypass.

In vitro studies of neutrophil-mediated endothelial injury.

The studies presented, which relate neutrophil adhesion molecule expression to endothelial 

extra-cellular matrix disruption, raise a number of important questions. The role of elastase 

and ILS in the model and conditions used needs to be evaluated, in the first instance by 

assaying for their presence in the supernatants of endothelial cells exposed to neutrophils. 

The role of specific adhesion molecules could be assessed by the use of antibodies known 

to block their adhesive function. Such studies would be rendered more meaningful by the 

modification of the assay system to include conditions of flow which would more closely 

resemble those in the microvasculature and under which the role of the selectins might 

become more apparent (Lawrence & Springer, 1991). Finally, the effect of 

pharmacological agents with known anti-inflammatory effects on leukocyte-endothelial 

interactions, such as pentoxifylline (Mege et a l , 1990; Lauri et ah, 1990), which might 

more readily and certainly more cheaply be used in vivo than monoclonal antibodies, could 

be assessed in this model.

The possibility that ILS regulates neutrophil migration by forming haptotactic gradients 

across the endothelium was discussed in chapter 1 (Rot, 1993). Recently it has been 

proposed that the glycosaminoglycans matrix coating the endothelium could be the anchor 

for such a fixed gradient (Miller & Krangel, 1992). If this hypothesis is borne out, the 

possible significance of the disruption of this matrix observed in the studies presented in 

chapter 7 could be extended. As well as exposing endothelial cells by removal of a highly 

negatively-charged barrier to leukocyte contact, glycosaminoglycans degradation could 

disrupt regulation of transendothelial migration.
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8.3 Concluding remarks

In the concluding pages of his treatise, Julius Cohnheim (1889) wrote: "Nor, I think, have 

I concealed from you how great and palpable are the gaps in many portions of this subject.

I need only mention, for example, the inadequacy of our knowledge with regard to the 

nature of the changes in the vessel walls as well as of the chemical processes taking place in 

the exudations. " The studies in this thesis provide some new insights into these 

inflammatory events which remain poorly understood to this day. As is often the case, the 

process of enquiry has provided new questions as weU as some new answers.
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Appendix: Assay methods done in collaboration

A .l Elastase alantitrypsin ELISA

Elastase-alantitrypsin concentrations were measured by an ELISA modified after Brower 

and Harpel (1983). PVC 96 well plates were coated with 100|il sheep anti-human elastase 

(15mg/ml) in carbonate-bicarbonate buffer (pH 9.6) for 24 hours at room temperature, 

washed and blocked for 30 minutes. Standards and samples (diluted 1 in 100-1 in 500), 

were added and incubated for 2 hours. Wells were then washed and incubated with 

peroxidase-conjugated sheep anti-human alantitrypsin (diluted 1 in 1 0 0 0 ) for one hour. 

After further washes, a substrate solution containing 0.5 mg/ml o-phenylenediamine 

dihydrochloride in a solution of 0.05% H2 O2 , O.IM citric acid, and 0.2M Na2 HPO^ was 

added; the reaction was stopped after 20 minutes with 4M H2 SO4 , and plates were read 

using a spectrophotometer (Titertek Multiscan; Flow ICN, Rickmansworth, UK) set to 

492nm. PBS with 0.05% Tween 20 was used all washes and dilution of samples, standards 

and second antisera and with 1 % bovine serum albumin added for blocking. Washes were 

done 4 times in each instance. Coating, incubation and blocking steps were done at room 

temperature. All samples were assayed in duplicate and concentrations calculated from a 

standard curve prepared concurrently with each assay.

A.2 Complement assays

A.21 Terminal complement complex(sC5b-9) ELISA 

sC5b-9 was measured using an ELISA developed by B.P. Morgan using a monoclonal 

capture antibody (B7) which recognizes a neo-epitope on the complex not expressed by the 

component proteins prior to assembly. 96 well plates were coated with antibody B7 

(lOpg/ml) in carbonate/bicarbonate buffer pH 9.6 for 16 hours at 4°C or for 2 hours at 

37°C, washed and then blocked for 1 hour. Standards prepared from dilutions of fully 

inulin-activated normal human serum and samples, diluted 1 in 1 0 0 , were added and 

incubated for 2 hours. Wells were then washed and incubated with rabbit anti-S protein IgG 

(in-house), diluted 1 in 20(X) for 1.5 hours. Wells were then washed and incubated with 

donkey anti-rabbit IgG conjugated to horse radish peroxidase, diluted 1 in 5000 for 1 hour.
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After further washes, a substrate solution containing 0.7mg/ml o-phenylenediamine 

dihydrochloride in a solution of 0.05% H2 O2 , O.IM citric acid, and 0.2M Na2 HP0 4  was 

added; the reaction was stopped after 2-5 minutes with 10% H2 SO4 , and plates were read 

using a spectrophotometer set to 492nm. PBS with 0.1% Tween 20 was used for all 

washes, and with bovine serum albumin added for dilution of samples, standards, second 

and third antisera and blocking steps. Incubation and blocking steps were done at 37°C. All 

samples were assayed in triplicate and percentage activation calculated from a standard 

curve prepared concurrently with each assay. The percentage activation in each sample was 

converted to |ig/ml sC5b-9 using a conversion factor of 1% activation = 2.2jLig/ml, 

derived from Hugo et al (1987).

A.22 C3a anaphylatoxin radioimmunoassay 

Although C5a is thought to have greater chemotactic and other stimulatory effects on 

neutrophils than the other anaphylatoxins C3a and C4a (see section 1,132 ), C3a was 

assayed in studies described in chapter 5. This is because these studies involved whole 

blood systems at physiological temperatures and under these conditions C5a is rapidly 

bound onto specific receptors particularly on the surface of neutrophils so that plasma 

levels are a poor indicator of activation of the early part of the complement pathways.

Assays were performed at the laboratories of SmithKline Beecham, Herts, using [^^I] 

radioimmunoassay kits obtained from Amersham, UK. The assay is based on competition 

between the unknown C3a and C3a desArg in the sample and ^^^I-labelled C3a desArg for a 

limited number of binding sites on a specific rabbit anti-C3a antibody. The antibody-bound 

fraction is reacted with a second antibody (goat anti-rabbit) and separated by centrifugation 

at 2000g. The radioactivity in the pellet is measured using a Gamma scintillation counter 

and the concentration of unlabelled C3a and C3a desArg in the sample determined by 

interpolation from a standard curve. The working range for the assay is 40-100ng/ml - 

samples containing more than this concentration were diluted appropriately and re-assayed. 

The assay shows < 1 % cross-reactivity with C4a desArg and C5a desArg. The intra-assay 

variation lies between 3 and 9% depending on the concentration of C3a in the sample.



186

Bibliography

Abramson JS, Mills EL, Sawyer MK, Regelmann WR, Nelson JD, Quie PG. Recurrent 
infections and delayed separation of the umbilical cord in an infant with abnormal 
phagocytic cell locomotion and oxidative response during partial phagocytosis. J Pediatr 
1981; 99:887.

Altieri DC, Bader R, Mannucci PM, Edgington TS. Oligospecificity of the cellular 
adhesion receptor Mac-1 encompasses an inducible recognition specificity for 
fibrinogen. J Cell Biol 1988; 107:1893-900.

Altieri DC, Edgington TS. The saturable high affinity association of factor X to ADP- 
stimuiated monocytes defines a novel function of the Mac-1 receptor. J Biol Chem 
1988; 263:7007-15.

Altman DG. Practical statistics for medical research. London: Chapman & Hall, 1991; 
211.

Andersen LW, Baek L. Transient endotoxaemia during cardiac surgery. Perfusion 
1992; 7:53-8.

Anderson DC, Miller LJ, Schmalstieg PC, Rothlein R, Springer TA. Contributions of 
the Mac-1 glycoprotein family to adherence-dependent granulocyte functions: structure- 
function assessments employing subunit-specific monoclonal antibodies. J Immunol 
1986; 137:15-27.

Anderson DC, Freeman KL, Heerdt B, Hughes BJ, Jack RM, Smith CW. Abnormal 
stimulated adherence of neonatal granulocytes: impaired induction of surface Mac-1 by 
chemotactic factors or secretagogues. Blood 1987; 70:740-50.

Anderson DC, Rothlein R, Marlin SD, Krater SS, Smith CW. Impaired transendothelial 
migration by neonatal neutrophils: abnormalities of Mac-1 (GDI lb/CD 18)-dependent 
adherence reactions. Blood 1990; 76:2613-21.

Anon. Fibronectins and vitronectin. Lancet 1989; 1:474-6.

Arfors KE, Lundberg C, Lindbom L, Lundberg K, Beatty PG, Harlan JM. A monoclonal 
antibody to the membrane glycoprotein complex CD 18 inhibits polymorphonuclear 
leukocyte accumulation and plasma leakage in vivo. Blood 1987; 69:338-40.

Amaout MA, Hakim RM, Todd RF, 3d, Dana N, Colten HR. Increased expression of 
an adhesion-promoting surface glycoprotein in the granulocytopenia of hemodialysis. N 
Engl J Med 1985; 312:457-62.

Amaout MA, Todd RF, 3d, Dana N, Melamed J, Schlossman SF, Colten HR.
Inhibition of phagocytosis of complement C3- or immunoglobulin G-coated particles 
and of C3bi binding by monoclonal antibodies to a monocyte-granulocyte membrane 
glycoprotein (Mol). J Clin Invest 1983; 72:171-9.



187

Bainton DF, Miller LJ, Kishimoto TK, Springer TA. Leukocyte adhesion receptors are 
stored in peroxidase-negative granules of human neutrophils. J Exp Med 1987; 
166:1641-53.

Bando K, Pillai R, Cameron DE, et al. Leukocyte depletion ameliorates free radical- 
mediated lung injury after cardiopulmonary bypass. J Thorac Cardiovasc Surg 1990; 
99:873-7.

Bazzoni F, Cassatella MA, Rossi F, Ceska M, Dewald B, Baggiolini M. Phagocytosing 
neutrophils produce and release high amounts of the neutrophil-activating peptide 
1/interleukin 8 . J Exp Med 1991; 173:771-4.

Beaubien BC, Collins PD, Jose PJ, et al. A novel neutrophil chemoattractant generated 
during an inflammatory reaction in the rabbit peritoneal cavity in vivo. Purification, 
partial amino acid sequence and structural relationship to interleukin 8 . Biochem J 
1990; 271:797-801.

Begg S, Pepper DS, Chesterman CN, Morgan FJ. Complete covalent structure of beta 
thromboglobulin. Biochemistry 1978; 17:1739-44.

Beller DI, Springer TA, Schreiber RD. Anti-Mac-1 selectively inhibits the mouse and 
human type three complement receptor. J Exp Med 1982; 156:1000-9.

Berger M, O'Shea J, Cross AS, et al. Human neutrophils increase expression of C3bi 
as well as C3b receptors upon activation. J Clin Invest 1984; 74:1566-71.

Bevilacqua MP, Pober JS, Mendrick DL, Cotran RS, Gimbrone MA, Jr. Identification 
of an inducible endothelial-leukocyte adhesion molecule. Proc Natl Acad Sci U S A 
1987; 84:9238-42.

Bevilacqua MP, Stengelin S, Gimbrone MA, Jr, Seed B. Endothelial leukocyte 
adhesion molecule 1 : an inducible receptor for neutrophils related to complement 
regulatory proteins and lectins. Science 1989; 243:1160-5.

Blauth Cl, Arnold JV, Schulenberg WE, McCartney AC, Taylor KM. Cerebral 
microembolism during cardiopulmonary bypass. Retinal microvascular studies in vivo 
with fluorescein angiography. J Thorac Cardiovasc Surg 1988; 95:668-76.

Bonser RS, Dave JR, Gademsetty MK, et al. Complement activation before, during and 
after cardiopulmonary bypass. Eur J Cardiothorac Surg 1990; 4:291-6.

Bouldan C. Collected studies in immunity. New York: Wiley, 1910.

Brans YW, Dweck HS, Havis HB, et al. Effect of open heart surgery on body 
composition of infants and young children. Pediatr Res 1981; 15:1024-8.



188

Braquet P, Hosford D, Braquet M, Bourgain R, Bussolino F. Role of cytokines and 
platelet-activating factor in microvascular immune injury. Int Arch Allergy Appl Immunol 
1989; 88:88-100.

Braude S, Nolop KB, Fleming JS, Krausz T, Taylor KM, Royston D. Increased 
pulmonary transvascular protein flux after canine cardiopulmonary bypass. Association 
with lung neutrophil sequestration and tissue peroxidation. Am Rev Respir Dis 1986; 
134:867-72.

Breckenridge IM, Digemess SB, Kirklin JW. Increased extracellular fluid after open 
intracardiac operation. Surg Gynecol Obstet 1970; 131:53-6.

Breda MA, Drinkwater DC, Laks H, et al. Prevention of reperfusion injury in the 
neonatal heart with leukocyte depleted blood. J Thorac Cardiovasc Surg 1989; 97:654- 
65.

Brennan FM, Zachariae CO, Chantry D, et al. Detection of interleukin 8  biological 
activity in synovial fluids from patients with rheumatoid arthritis and production of 
interleukin 8  mRNA by isolated synovial cells. Eur J Immunol 1990; 20:2141-4.

Brett J, Gerlach H, Nawroth P, Steinberg S, Godman G, Stem D. Tumor necrosis 
factor/cachectin increases permeability of endothelial cell monolayers by a mechanism 
involving regulatory G proteins. J Exp Med 1989; 169:1977-91.

Brower MS, Harpel PC. Alpha-1-antitrypsin-human leukocyte elastase complexes in 
blood: quantification by an enzyme-linked differential antibody immunosorbent assay 
and comparison with alpha-2-plasmin inhibitor- plasmin complexes. Blood 1983; 
61:842-9.

Bruce MC, Baley JE, Medvik KA, Berger M. Impaired surface membrane expression of 
C3bi but not C3b receptors on neonatal neutrophils. Pediatr Res 1987; 21:306-11.

Butcher EC. Leukocyte-endothelial cell recognition: three (or more) steps to specificity 
and diversity. Cell 1991; 67:1033-6.

Buyon JP, Shadick N, Berkman R, et al. Surface expression of Gp 165/95, the 
complement receptor CR3, as a marker of disease activity in systemic Lupus 
erythematosus. Clin Immunol Immunopathol 1988; 46:141-9.

Camerini D, James SP, Stamenkovic I, Seed B. Leu-8 /TQl is the human equivalent of 
the Mel-14 lymph node homing receptor. Nature 1989; 342:78-82.

Campbell EJ, Campbell MA. Pericellular proteolysis by neutrophils in the presence of 
proteinase inhibitors: effects of substrate opsonization. J Cell Biol 1988; 106:667-76.



189

Carveth HJ, Bohnsack JF, McIntyre TM, Baggiolini M, Prescott SM, Zimmerman GA. 
Neutrophil activating factor (NAF) induces polymorphonuclear leukocyte adherence to 
endothelial cells and to subendothelial matrix proteins. Biochem Biophys Res Commun 
1989; 162:387-93.

Cavarocchi NC, Pluth JR, Schaff HV, et al. Complement activation during 
cardiopulmonary bypass. Comparison of bubble and membrane oxygenators. J Thorac 
Cardiovasc Surg 1986; 91:252-8.

Chatila TA, Geha RS, Amaout MA. Constitutive and stimulus-induced phosphorylation 
of CD11/CD18 leukocyte adhesion molecules. J Cell Biol 1989; 109:3435-44.

Clark Lewis I, Schumacher C, Baggiolini M, Moser B. Structure-activity relationships 
of interleukin- 8  determined using chemically synthesized analogs. Critical role of NH2- 
terminal residues and evidence for uncoupling of neutrophil chemotaxis, exocytosis, 
and receptor binding activities. J Biol Chem 1991; 266:23128-34.

Clore GM, Appella E, Yamada M, Matsushima K, Gronenbom AM. Three- 
dimensional structure of interleukin 8 in solution. Biochemistry 1990; 29:1689-96.

Cohnheim J. Lectures on general pathology (translated from the second German 
edition). London, UK: The New Sydenham Society, 1889.

Colditz IG. Effect of exogenous prostaglandin E2 and actinomycin D on plasma leakage 
induced by neutrophil-activating peptide-1/interleukin-8 . Immunol Cell Biol 1990; 
68:397-403.

Colditz IG, Movat HZ. Desensitization of acute inflammatory lesions to chemotaxins 
and endotoxin. J Immunol 1984; 133:2163-8.

Colditz IG, Zwahlen RD, Baggiolini M. Neutrophil accumulation and plasma leakage 
induced in vivo by neutrophil-activating peptide-1. J Leukoc Biol 1990; 48:129-37.

Collins PD, Jose PJ, Williams TJ. The sequential generation of neutrophil 
chemoattractant proteins in acute inflammation in the rabbit in vivo. Relationship 
between C5a and proteins with the characteristics of IL-8 /neutrophil-activating protein 
1. J Immunol 1991; 146:677-84.

Colman RW. Platelet and neutrophil activation in cardiopulmonary bypass. Ann Thorac 
Surg 1990; 49:32-4.

Corbi AL, Larson RS, Kishimoto TK, Springer TA, Morton CC. Chromosomal 
location of the genes encoding the leukocyte adhesion receptors LFA-1, Mac-1 and 
pl50,95. Identification of a gene cluster involved in cell adhesion. J Exp Med 1988; 
167:1597-607.



190

Dahinden CA, Kurimoto Y, De Week AL, Lindley I, Dewald B, Baggiolini M. The 
neutrophil-activating peptide NAF/NAP-1 induces histamine and leukotriene release by 
interleukin 3-primed basophils. J Exp Med 1989; 170:1787-92.

Darbonne WC, Rice GC, Mohler MA, et al Red blood cells are a sink for interleukin 8 , a 
leukocyte chemotaxin. J Clin Invest 1991; 88:1362-9.

Daudi I, Gudewicz PW, Saba TM, Cho E, Vincent P. Proteolysis of gelatin-bound 
fibronectin by activated leukocytes: a role for leukocyte elastase. J Leukoc Biol 1991; 
50:331-40.

Davies GG, Wells DG, Mabee TM, Sadler R, Melling NJ. Platelet-leukocyte 
plasmapheresis attenuates the deleterious effects of cardiopulmonary bypass. Ann 
Thorac Surg 1992; 53:274-7.

Deppisch R, Schmitt V, Bommer J, Hansch GM, Ritz E, Rauterberg EW. Fluid phase 
generation of terminal complement complex as a novel index of bioincompatibility. 
Kidney Int 1990; 37:696-706.

Detmers PA, Lo SK, Olsen-Egbert E, Walz A, Baggiolini M, Cohn ZA. Neutrophil- 
activating protein 1/interleukin 8 stimulates the binding activity of the leukocyte 
adhesion receptor CDllb/CD18 on human neutrophils. J Exp Med 1990; 171:1155-62.

Deuel TF, Keim PS, Farmer M, Heinrikson RL. Aminoacid sequence of platelet factor 
4. Proc Natl Acad Sci USA 1977; 74:2256-8.

Djeu JY, Matsushima K, Oppenheim JJ, Shiotsuki K, Blanchard DK. Functional 
activation of human neutrophils by recombinant monocyte-derived neutrophil 
chemotactic factor/IL-8 . J Immunol 1990; 144:2205-10.

Dobrina A, Schwartz BR, Carlos TM, Ochs HD, Beatty PG, Harlan JM. CD ll/C D  18- 
independent neutrophil adherence to inducible endothelial-leucocyte adhesion molecules 
(E-LAM) in vitro. Immunology 1989; 67:502-8.

Donnelly SC, Haslett C. Cellular mechanisms of acute lung injury: implications for 
future treatment in the adult respiratory distress syndrome. Thorax 1992; 47:260-3.

Dransfield I, Hogg N. Regulated expression of Mg2+ binding epitope on leukocyte 
integrin alpha subunits. EMBO J 1989; 8:3759-65.

Dreyer WJ, Michael LH, Laine GA, et al. Neutrophil mediated, CD18 dependent, 
pulmonary injury in a canine model of cardiopulmonary bypass. J Cell Biochem 1993; 
Suppl.l7A:354.

Dreyer WJ, Michael LH, West MS, et al. Neutrophil accumulation in ischemic canine 
myocardium. Insights into time course, distribution, and mechanism of localization 
during early reperfusion. Circulation 1991; 84:400-11.



191

Dustin ML, Springer TA. Lymphocyte function-associated antigen-1 (LFA-1) 
interaction with intercellular adhesion molecule-1 (ICAM-1) is one of at least three 
mechanisms for lymphocyte adhesion to cultured endothelial cells. J Cell Biol 1988; 
107:321-31.

Dustin ML, Springer TA. T-cell receptor cross-linking transiently stimulates 
adhesiveness through LFA-1. Nature 1989; 341:619-24.

Egbring R, Seitz R, Blanke H, et al. The proteinase inhibitor complexes (antithrombin 
ni-thrombin, alpha2  antiplasmin-plasmin and alphal antitrypsin-elastase) in septicemia, 
fulminant hepatic failure and cardiac shock: value for diagnosis and therapy control in 
DIC/F syndrome. Behring Inst Mitt 1986; 79:87-103.

Emhardt JD, Moorthy SS, Brown JW, Cohen MD, Wagner WW, Jr. Chest radiograph 
changes after cardiopulmonary bypass in children. J Cardiovasc Surg Torino 1991; 
32:314-7.

Engler RL, Dahlgren MD, Morris DD, Peterson MA, Schmid-Schonbein GW. Role of 
leukocytes in the response to acute myocardial ischaemia and reflow in dogs. Am J 
Physiol 1986a; 251:H314-H323.

Engler RL, Dahlgren MD, Peterson M, Dobbs A, Schmid-Schonbein GW. 
Accumulation of polymorphonuclear leukocytes during 3 hour experimental myocardial 
ischemia. Am J Physiol 1986b; 251:H93-H100.

Entman ML, Youker K, Shappell SB, et al. Neutrophil adherence to isolated adult 
canine myocytes. Evidence for a CD 18-dependent mechanism. J Clin Invest 1990; 
85:1497-506.

Falanga PB, Butcher EC. Late treatment with anti-LFA-1 (CD 11a) antibody prevents 
cerebral malaria in a mouse model. Eur J Immunol 1991; 21:2259-63.

Faymonville ME, Pincemail J, Duchateau J, et al. Myeloperoxidase and elastase as 
markers of leukocyte activation during cardiopulmonary bypass in humans. J Thorac 
Cardiovasc Surg 1991; 102:309-17.

Fearon DT, Collins LA. Increased expression of C3b receptors on polymorphonuclear 
leukocytes induced by chemotactic factors and by purification procedures. J Immunol 
1983; 130:370-5.

Fischer A, Lisowska Grospierre B, Anderson DC, Springer TA. Leukocyte adhesion 
deficiency: molecular basis and functional consequences. Immunodefic Rev 1988; 1:39- 
54.

Fitzpatrick MM, Shah V, Filler G, Dillon MJ, Barrett TM. Neutrophil activation in the 
haemolytic uraemic syndrome: free and complexed elastase in plasma. Pediatr Nephrol 
1992; 6:50-3.



192

Forsyth K, Levinsky RJ. Fibronectin degradation; an in vitro model of neutrophil 
mediated endothelial cell damage. J Pathol 1990; 161:313-9.

Forsyth KD, Simpson AC, Fitzpatrick MM, Barratt TM, Levinsky RJ. Neutrophil 
mediated endothelial injury in the haemolytic uraemic syndrome. Lancet 1989; ii:411- 
4.

Furie MB, Tancinco MC, Smith CW. Monoclonal antibodies to leukocyte integrins 
CD 11 a/CD 18 and CD 1 lb/CD 18 or intercellular adhesion molecule-1 inhibit 
chemoattractant-stimulated neutrophil transendothelial migration in vitro. Blood 1991; 
78:2089-97.

Gallagher JT, Lyon M, Steward WP. Structure and function of heparan sulphate 
proteoglycans. Biochem J 1986; 236:313-25.

Gallin JI, Wright DG, Schiffmann E. Role of secretory events in modulating human 
neutrophil chemotaxis. J Clin Invest 1978; 62:1364-74.

Gamble JR, Skinner MP, Bemdt MC, Vadas MA. Prevention of activated neutrophil 
adhesion to endothelium by soluble adhesion protein GMP140. Science 1990; 249:414-7.

Gearing AJH, Hemingway I, Pigott R, Hughes J, Rees AJ, Cashman SJ. Soluble forms of 
vascular adhesion molecules, E-selectin, ICAM-1, and VCAM-1: pathological significance. 
Ann NY Acad Sci 1992; 667:324-31.

Geng JG, Bevilacqua MP, Moore KL, et al. Rapid neutrophil adhesion to activated 
endothelium mediated by GMP-140. Nature 1990; 343:757-60.

Gerard NP, Gerard C. The chemotactic receptor for human C5a anaphylatoxin. Nature 
1991; 349:614-7.

Gimbrone MA, Obin MS, Brock AF, et al. Endothelial interleukin-8 : a novel inhibitor 
of leukocyte-endothelial interactions. Science 1989; 246:1601-3.

Goelz SE, Hession C, Goff D, et al. ELFT: a gene that directs the expression of an 
ELAM-1 ligand. Cell 1990; 63:1349-56.

Grau GE, Pointaire P, Piguet PF, et al. Late administration of monoclonal antibody to 
leukocyte function-antigen 1 abrogates incipient murine cerebral malaria. Eur J 
Immunol 1991; 21:2265-7.

Greeley WJ, Bushman GA, Kong DL, Oldham HN, Peterson MB. Effects of 
cardiopulmonary bypass on eicosanoid metabolism during pediatric cardiovascular 
surgery. J Thorac Cardiovasc Surg 1988; 95:842-9.

Gregory H, Young J, Schroder JM, Mrowietz U, Christophers E. Structure 
determination of a human lymphocyte derived neutrophil activating peptide (LYNAP). 
Biochem Biophys Res Commun 1988; 151:883-90.



193

Grob PM, David E, Warren TC, DeLeon RP, Ferina PR, Homon CA. Characterization 
of a receptor for human monocyte-derived neutrophil chemotactic factor/interleukin-8 . J 
Biol Chem 1990; 265:8311-6.

Guthrie LA, McPhail LC, Henson PM, Johnston RB, Jr. Priming of neutrophils for 
enhanced release of oxygen metabolites by bacterial lipopolysaccharide. Evidence for 
increased activity of the superoxide-producing enzyme. J Exp Med 1984; 160:1656-71.

Hamblin A, Taylor M, Bemhagen J, et a l A method of preparing blood leucocytes for 
flow cytometry which prevents upregulation of leucocyte integrins. J Immunol Methods 
1992; 146:219-28.

Harlan JM, Killen PD, Harker LA, Striker GE, Wright DG. Neutrophil-mediated 
endothelial injury in vitro. Mechanisms of cell detachment. J Clin Invest 1981; 
68:1394-403.

Haslett C, Guthrie LA, Kopaniak MM, Johnston RB, Henson PM. Modulation of 
multiple neutrophil functions by preparative methods or trace concentrations of bacterial 
lipopolysaccharide. Am J Pathol 1985; 119:101-10.

Hasslen SR, Nelson RD, Kishimoto TK, Warren WE, Ahrenholz DH, Solem LD. 
Down-regulation of homing receptors: a mechanism for impaired recruitment of human 
phagocytes in sepsis. J Trauma 1991; 31:645-51.

Hattori R, Hamilton KK, Fugate RD, McEver RP, Sims PJ. Stimulated secretion of 
endothelial von Willebrand factor is accompanied by rapid redistribution to the cell 
surface of the intracellular granule membrane protein GMP-140. J Biol Chem 1989a; 
264:7768-71.

Hattori R, Hamilton KK, McEver RP, Sims PJ. Complement proteins C5b-9 induce 
secretion of high molecular weight multimers of endothelial von Willebrand factor and 
translocation of granule membrane protein GMP-140 to the cell surface. J Biol Chem 
1989b; 264:9053-60.

Hayward AR, Harvey BAM, Leonard J, Greenwood MC, Wood CBS, Soothill JF. 
Delayed separation of the umbilical cord, widespread infections, and defective 
neutrophil mobility. Lancet 1979; i: 1099-101.

Hebert CA, Luscinskas FW, Kiely JM, et a l Endothelial and leukocyte forms of IL-8 . 
Conversion by thrombin and interactions with neutrophils. J Immunol 1990; 145:3033-
40.

Hebert CA, Vitangcol RV, Baker JB. Scanning mutagenesis of interleukin- 8  identifies a 
cluster of residues required for receptor binding. J Biol Chem 1991; 266:18989-94.

Henson PM, Johnston RB, Jr. Tissue injury in inflammation. Oxidants, proteinases, 
and cationic proteins. J Clin Invest 1987; 79:669-74.



194

Hernandez LA, Grisham MB, Twohig B, Arfors KE, Harlan JM, Granger DN. Role of 
neutrophils in ischemia-reperfusion-induced microvascular injury. Am J Physiol 1987; 
253:H699-703.

Hind CRK, Griffin JF, Pack S, et al. Effect of cardiopulmonary bypass on circulating 
concentrations of leukocyte elastase and free radical activity. Cardiovasc Res 1988; 
22:37-41.

Hirayama T, Yamaguchi H, Allers M, Roberts D. Evaluation of red cell damage during 
cardiopulmonary bypass. Scand J Thorac Cardiovasc Surg 1985; 19:263-5.

Holmes WE, Lee J, Kuang WJ, Rice GC, Wood WI. Structure and functional expression 
of a human interleukin-8  receptor. Science 1991; 253:1278-80.

Horgan MJ, Wright SD, Malik AB. Antibody against leukocyte integrin (CD 18) 
prevents reperfusion-induced lung vascular injury. Am J Physiol 1990; 259:L315-9.

Howard RJ, Crain C, Franzini DA, Hood Cl, Hugli TE. Effects of cardiopulmonary 
bypass on pulmonary leukostasis and complement activation. Arch Surg 1988; 
123:1496-501.

Huber AR, Kunkel SL, Todd RF, III, Weiss SJ. Regulation of transendothelial 
neutrophil migration by endogenous interleukin-8 . Science 1991; 254:99-102.

Hughes BJ, Hollers JC, Crockett-Torabi E, Smith CW. Recruitment of CD 1 lb/CD 18 
to the neutrophil surface and adherence-dependent cell locomotion. J Clin Invest 1992; 
90:1687-96.

Hugo F, Kramer S, Bhakdi S. Sensitive ELISA for quantitating the terminal membrane 
C5b-9 and fluid-phase SC5b-9 complex of human complement. J Immunol Methods 
1987; 99:243-51.

Hynes RO. Integrins: a family of cell surface receptors. Cell 1987; 48:549-54.

Jaffe EA, Nachman NL, Becker CG, Minick CR. Culture of human endothelial cells 
derived from umbilical veins. J Clin Invest 1973; 52:2745-64.

Johnston GI, Cook RG, McEver RP. Cloning of GMP-140, a granule membrane 
protein of platelets and endothelium: sequence similarity to proteins involved in cell 
adhesion and inflammation. Cell 1989; 56:1033-44.

Jones DH, Schmalstieg FC, Dempsey K, et al. Subcellular distribution and mobilisation of 
MAC-1 (CD 1 lb/CD 18) in neonatal neutrophils. Blood 1990; 75:488-98.

Jorens PG, van Damme J, de Backer W, et al. Interleukin-8 (IL8 ) in the 
bronchoalveolar lavage fluid from patients with the adult respiratory distress syndrome 
(ARDS) and patients at risk for ARDS. Cytokine 1992; 4:592-7.



195

Kanter RK, Bove EL, Tobin JR, Zimmerman JJ. Prolonged mechanical ventilation of 
infants after open heart surgery. Crit Care Med 1986; 14:211-4.

Kemeny DM. A practical guide to ELISA. Oxford, UK: Pergamon Press, 1991.

Kharazmi A, Andersen LW, Baek L, Valerius NH, Laub M, Rasmussen JP. 
Endotoxemia and enhanced generation of oxygen radicals by neutrophils from patients 
undergoing cardiopulmonary bypass. J Thorac Cardiovasc Surg 1989; 98:381-5.

Kirklin JK, Westaby S, Blackstone EH, Kirklin JW, Chenoweth DE, Pacifico AD. 
Complement and the damaging effects of cardiopulmonary bypass. J Thorac Cardiovasc 
Surg 1983; 86:845-57.

Kishimoto TK, Hollander N, Roberts TM, Anderson DC, Springer TA. Heterogeneous 
mutations in the beta subunit common to the LFA-1, Mac-1, and pl50,95 glycoproteins 
cause leukocyte adhesion deficiency. Cell 1987; 50:193-202.

Kishimoto TK, Jutila MA, Berg EL, Butcher EC. Neutrophil Mac-1 and MEL-14 
adhesion proteins inversely regulated by chemotactic factors. Science 1989; 245:1238-
41.

Kishimoto TK, Jutila MA, Butcher EC. Identification of a human peripheral lymph 
node homing receptor: a rapidly down-regulated adhesion molecule. Proc Natl Acad Sci 
U S A  1990; 87:2244-8.

Kishimoto TK, Wamock RA, Jutila MA, et al. Antibodies against human neutrophil 
LECAM-1 (LAM-l/Leu-8/DREG-56 antigen) and endothelial cell ELAM-1 inhibit a 
common CD 18-independent adhesion pathway in vitro. Blood 1991; 78:805-11.

Kjellen L, Lindahl U. Proteoglycans: structures and interactions. Annu Rev Biochem 
1991; 60:443-75.

Klein NJ, Shennan GI, Heyderman RS, Levin M. Alteration in glycosaminoglycan 
metabolism and surface charge on human umbilical vein endothelial cells induced by 
cytokines, endotoxin and neutrophils. J Cell Sci 1992; 102:821-33.

Klein NJ, Shennan GI, Heyderman RS, Levin M. Detection of glycosaminoglycans on 
the surface of human umbilical vein endothelial cells using gold conjugated poly-1- 
lysine with silver enhancement. Histochem J 1993; 25:291-8.

Larsen CG, Anderson AO, Appella E, Oppenheim JJ, Matsushima K. The neutrophil- 
activating protein (NAP-1) is also chemotactic for T lymphocytes. Science 1989a; 
243:1464-6.

Larsen CG, Anderson AO, Oppenheim JJ, Matsushima K. Production of interleukin-8  

by human dermal fibroblasts and kératinocytes in response to interleukin- 1 or tumour 
necrosis factor. Immunology 1989b; 68:31-6.



196

Lauri D, Bazzoni G, Maitin-Padura I, et al. Effect of Pentoxifylline and its analogues on 
cytokine activation of endothelial cells. In: Hakim J, Mandell GL, eds. Pentoxifylline and 
its analogues. Effects on leukocyte function. Basel, Switzerland: krager, 1990:30-7.

Lawrence MB, Smith CW, Eskin SG, Mclntire LV. Effect of venous shear stress on 
CD18-mediated neutrophil adhesion to cultured endothelium. Blood 1990; 75:227-37.

Lawrence MB, Springer TA. Leukocytes roll on a selectin at physiologic flow rates: 
distinction from and prerequisite for adhesion through integrins. Cell 1991; 65:859-73.

Leonard EJ, Skeel A, Yoshimura T, Noer K, Kutvirt S, Van Epps D. Leukocyte 
specificity and binding of human neutrophil attractant/activation protein-1. J Immunol 
1990a; 144:1323-30.

Leonard EJ, Yoshimura T, Tanaka S, Raffeld M. Neutrophil recruitment by 
intradermally injected neutrophil attractant/activating protein 1 (NAP-1) in human 
subjects. In: Dinarello CA, Kluger M, Powanda M, Oppenheim JJ, eds. The 
physiological and pathological effects of cytokines. New York: Liss, 1990b.

Ley K, Gaehtgens P, Fennie C, Singer MS, Lasky LA, Rosen SD. Lectin-like cell 
adhesion molecule 1 mediates leukocyte rolling in mesenteric venules in vivo. Blood 
1991; 77:2553-5.

Lindahl U, Hook M. Glcosaminoglycans and their binding to biological 
macromolecules. Annu Rev Biochem 1978; 23:1730-7.

Lindley I, Aschauer H, Seifert JM, et al. Synthesis and expression in Escherichia coli 
of the gene encoding monocyte-derived neutrophil-activating factor: biological 
equivalence between natural and recombinant neutrophil-activating factor. Proc Natl 
Acad Sci U S A 1988; 85:9199-203.

Lo SK, van Seventer GA, Levin SM, Wright SD. Two leukocyte receptors 
(CDlla/CD18 and GDI lb/CD 18) mediate transient adhesion to endothelium by binding 
to different ligands. J Immunol 1989; 143:3325-9.

Lobb RR, Chi Rosso G, Leone DR, et al. Expression and functional characterization of a 
soluble form of endothelial-leukocyte adhesion molecule 1. J Immunol 1991; 147:124-9.

Luscinskas FW, Brock AF, Amaout MA, Gimbrone MA, Jr. Endothelial-leukocyte 
adhesion molecule-1-dependent and leukocyte (CDll/CD18)-dependent mechanisms 
contribute to polymorphonuclear leukocyte adhesion to cytokine-activated human 
vascular endothelium. J Immunol 1989; 142:2257-63.

Maciag T, Hoover GA, Stemerman MB, Weinstein R. Serial propagation of human 
endothelial cells in vitro. J Cell Biol 1981; 91:420-6.



197

Maehara T, Novak I, Wyse RKH, Elliott MJ. Peri-operative monitoring of total body 
water by electrical impedance in children undergoing open heart surgery. Eur J 
Cardiothorac Surg 1991; 5:258-65.

Marcum JA, Rosenberg RD. Anticoagulantly active heparin-like molecules from 
vascular tissue. Biochemistry 1984; 23:1730-7.

Marlin SD, Morton CC, Anderson DC, Springer TA. LFA-1 immunodeficiency 
disease. Defmition of the genetic defect and chromosomal mapping of alpha and beta 
subunits of the lymphocyte function-associated antigen 1 (LFA-1) by complementation 
in hybrid cells. J Exp Med 1986; 164:855-67.

Martich GD, Danner RL, Ceska M, Sufffedini AF. Detection of interleukin 8  and 
tumor necrosis factor in normal humans after intravenous endotoxin: the effect of 
antiinflammatory agents. J Exp Med 1991; 173:1021-4.

Matsushima K, Morishita K, Yoshimura T, et al. Molecular cloning of a human 
monocyte-derived neutrophil chemotactic factor (MDNCF) and the induction of 
MDNCF mRNA by interleukin 1 and tumor necrosis factor. J Exp Med 1988; 
167:1883-93.

Mege J, Eon B, Saux P, et al. Inhibition of granulocyte adhesion by pentoxifylline. In: 
Hakim J, Mandell GL, eds. Pentoxyfylline and analogues. Effects on leukocyte function. 
Basel, Switzerland: Karger, 1990:17-23.

Meri S, Aronen M, Leijala M. Complement activation during cardiopulmonary bypass 
in children. Complement 1988; 5:46-54.

Mielke V, Bauman JGJ, Sticherling M, et al. Detection of neutrophil-activating peptide 
NAP/IL-8  and NAP/IL-8  mRNA in human recombinant IL-1 alpha- and human 
recombinant tumor necrosis factor-alpha-stimulated human dermal fibroblasts. J 
Immunol 1990; 144:153-61.

Miller MD, Krangel MS. Biology and biochemistry of the chemokines: a family of 
chemotactic and inflammatory cytokines. Crit Rev Immunol 1992; 12:17-46.

Miyamoto Y, Matsuda H, Kawashima Y. Deleterious effects of complement activation 
on the lungs during extracorporeal circulation and its inhibition by FUT-175. J 
Biomater Appl 1989; 4:56-68.

Moat NE. The role of complement in the inflammatory response to cardiopulmonary 
bypass. MS thesis 1993; University of London.

Monboisse JC, Gamotel R, Randoux A, Dufer J, Borel JP. Adhesion of human 
neutrophils to and activation by type-I collagen involving a beta 2 integrin. J Leukoc 
Biol 1991; 50:373-80.



198

Moore FD, Jr, Davis C, Rodrick M, Mannick JA, Fearon DT. Neutrophil activation in 
thermal injury as assessed by increased expression of complement receptors. N Engl J 
Med 1986; 314:948-53.

Moore FD, Warner KG, Assousa S, Valeri CR, Khuri SF. The effects of complement 
activation during cardiopulmonary bypass. Attenuation by hypothermia, heparin, and 
hemodilution. Ann Surg 1988; 208:95-103.

Morgan BP. Complement. Clinical aspects and relevance to disease. London: Harcourt 
Brace Jovanovich, 1990.

Morimoto C, Rudd CE, Letvin NL, Schlossman SF. A novel epitope of the LFA-1 
antigen which can distinguish killer effector and suppressor cells in human CD8  cells. 
Nature 1987; 330:479-82.

Mulligan MS, Yeh CG, Rudolph AR, Ward PA. Protective effects of soluble CRl in 
complement- and neutrophil-mediated tissue injury. J Immunol 1992; 148:1479-85.

Murphy PM, Tiffany HL. Cloning of complementary DNA encoding a functional human 
interleukin-8  receptor. Science 1991; 253:1280-3.

Naik S, Knight A, Elliott MJ. A successful modification of ultrafiltration for 
cardiopulmonary bypass in children. Perfusion 1991; 6:41-50.

Nathan CF. Neutrophil activation on biological surfaces. Massive secretion of hydrogen 
peroxide in response to products of macrophages and lymphocytes. J Clin Invest 1987; 
80:1550-60.

Negussie Y, Remick DG, DeForge LE, Kunkel SL, Eynon A, Griffin GE. Detection of 
plasma tumor necrosis factor, interleukins 6 , and 8  during the Jarisch-Herxheimer 
Reaction of relapsing fever. J Exp Med 1992; 175:1207-12.

Nelson RD, Hasslen SR, Ahrenholz DH, Haus E, Solem LD. Influence of minor 
thermal injury on expression of complement receptor CR3 on human neutrophils. Am J 
Pathol 1986; 125:563-70.

Newman W, Beall LD, Carson CW, et al Soluble E-selectin is found in supernatants of 
activated endothelial cells and is elevated in the serum of patients with septic shock. J 
Immunol 1993; 150:644-54.

Nilsson L, Kulander L, Nystrom SO, Eriksson O. Endotoxins in cardiopulmonary 
bypass. J Thorac Cardiovasc Surg 1990a; 100:777-80.

Nilsson L, Nilsson U, Venge P, et al. Inflammatory system activation during 
cardiopulmonary bypass as an indicator of biocompatibility: a randomized comparison 
of bubble and membrane oxygenators. Scand J Thorac Cardiovasc Surg 1990b; 24:53- 
8.



199

Nilsson L, Tyden H, Johansson O, et al. Bubble and membrane oxygenators— 
comparison of postoperative organ dysfunction with special reference to inflammatory 
activity. Scand J Thorac Cardiovasc Surg 1990c; 24:59-64.

Odekon LE, Frewin MB, Del Vecchio P, Saba TM, Gudewicz PW. Fibronectin 
fragments released from phorbol ester-stimulated pulmonary artery endothelial cell 
monolayers promote neutrophil chemotaxis. Immunology 1991; 74:114-20.

Oppenheim JJ, Zachariae CO, Mukaida N, Matsushima K. Properties of the novel 
proinflammatory supergene "intercrine" cytokine family. Annu Rev Immunol 1991; 
9:617-48.

Osborn L. Leukocyte adhesion to endothelium in inflammation. Cell 1990; 62:3-6.

Pang LM, Stalcup SA, Lipset JS, Hayes CJ, Bowman FO, Mellins RB. Increased 
circulating bradykinin during hypothermia and cardiopulmonary bypass in children. 
Circulation 1979; 60:1503-7.

Paterson IS, Klausner JM, Goldman G, et al. The endothelial cell cytoskeleton 
modulates extravascular polymorphonuclear leukocyte accumulations in vivo.
Microvasc Res 1989; 38:49-56.

Phillips ML, Nudelman E, Gaeta FC, et al. ELAM-1 mediates cell adhesion by 
recognition of a carbohydrate ligand, sialyl-Lex. Science 1990; 250:1130-2.

Picker U , Wamock RA, Bums AR, Doerschuk CM, Berg EL, Butcher EC. The 
neutrophil selectin LECAM-1 presents carbohydrate ligands to the vascular selectins 
ELAM-1 and GMP-140. Cell 1991; 66:921-33.

Pircher H, Groscurth P, Baumhutter S, Aguet M, Zinkemagel RM, Hengartner H. A 
monoclonal antibody against altered LFA-1 induces proliferation and lymphokine 
release of cloned T cells. Eur J Immunol 1986; 16:172-81.

Pober JS, Cotran RS. The role of endothelial cells in inflammation. Transplantation 
1990; 50:537-44.

Polley MJ, Phillips ML, Wayner E, et al. CD62 and endothelial cell-leukocyte 
adhesion molecule 1 (ELAM-1) recognize the same carbohydrate ligand, sialyl-Lewis x. 
Proc Natl Acad Sci U S A 1991; 88:6224-8.

Pytela R. Amino acid sequence of the murine Mac-1 alpha chain reveals homology with 
the integrin family and an additional domain related to von Willebrand factor. EMBO J 
1988; 7:1371-8.

Rampart M, Van Damme J, Zonnekeyn L, Herman AG. Granulocyte chemotactic 
protein/interleukin-8  induces plasma leakage and neutrophil accumulation in rabbit skin. 
Am J Pathol 1989; 135:21-5.



200

Ratliff NB, Young WG, Hackel DB, Mikat E, Wilson JW. Pulmonary injury secondary 
to extracorporeal circulation. J Thorac Cardiovasc Surg 1973; 65:425-32.

Redl H, Schlag G, Bahrami S, Schade U, Ceska M, Stutz P. Plasma neutrophil- 
activating peptide-l/Interleukin-8  and neutrophil elastase in a primate bacteremia 
model. J Infect Dis 1991; 164:383-8.

Richter J, Ng Sikorski J, Olsson I, Andersson T. Tumor necrosis factor-induced 
degranulation in adherent human neutrophils is dependent on CD 1 lb/CD 18-integrin- 
triggered oscillations of cytosolic free Ca2+. Proc Natl Acad Sci U S A 1990; 
87:9472-6.

Romero R, Ceska M, Avila C, Mazor M, Behnke E, Lindley I. Neutrophil 
attractant/activating peptide-1/interleukin-8  in term and preterm parturition. Am J 
Obstet Gynecol 1991; 165:813-20.

Rosen H, Law SKA. The leukocyte cell surface receptor(s) for the iC3b product of 
complement. Curr Top Microbiol Immunol 1989; 153:99-122.

Ross GD, Cain JA, Lachmann PJ. Membrane complement receptor type three (CR3) 
has lectin-like properties analogous to bovine conglutinin as functions as a receptor for 
zymosan and rabbit erythrocytes as well as a receptor for iC3b. J Immunol 1985; 
134:3307-15.

Rot A. Some aspects of NAP-1 pathophysiology: lung damage caused by a blood-borne 
cytokine. Adv Exp Med Biol 1991; 305:127-35.

Rot A. Endothelial cell binding of NAP-l/IL-8 : role in neutrophil emigration. Immunol 
Today 1992; 13:291-4.

Rot A. Neutrophil attractant/activation protein-1 (interleukin-8) induces in vitro neutrophil 
migration by haptotactic mechanism. Eur J Immunol 1993; 23:303-6.

Rothlein R, Dustin ML, Marlin SD, Springer TA. A human intercellular adhesion 
molecule (ICAM-1) distinct from LFA-1. J Immunol 1986; 137:1270-4.

Rothlein R, Mainolfi EA, Czajkowski M, Marlin SD. A form of circulating ICAM-1 in 
human serum. J Immunol 1991; 147:3788-93.

Royston D. Cardiopulmonary bypass. Blood cell activation. Semin Thorac Cardiovasc 
Surg 1990; 2:341-57.

Ruoslahti E. Fibronectin and its receptors. Annu Rev Biochem 1988; 57:375-413.

Ruoslahti E, Pierschbacher MD. Arg-Gly-Asp: a versatile cell recognition signal. Cell 
1986; 44:517-8.



201

Sacks T, Moldow CF, Craddock PR, Bowers TK, Jacob HS. Oxygen radicals mediate 
endothelial cell damage by complement-stimulated granulocytes. J Clin Invest 1978; 
61:1161-7.

Saksela O, Rifkin DB. Release of basic fibroblast growth factor-heparan sulfate 
complexes from endothelial cells by plasminogen activator-mediated proteolytic 
activity. J Cell Biol 1990; 110:767-75.

Salama A, Hugo F, Heinrich D, et ah Deposition of terminal C5b-9 complement 
complexes on erythrocytes and leukocytes during cardiopulmonary bypass. N Engl J 
Med 1988; 318:408-14.

Samanta AK, Oppenheim JJ, Matsushima K. Identification and characterization of 
specific receptors for monocyte-derived neutrophil chemotactic factor (MDNCF) on 
human neutrophils. J Exp Med 1989; 169:1185-9.

Samanta AK, Oppenheim JJ, Matsushima K. Interleukin 8 (monocyte-derived 
neutrophil chemotactic factor) dynamically regulates its own receptor expression on 
human neutrophils. J Biol Chem 1990; 265:183-9.

Savill J, Dransfield I, Hogg N, Haslett C. Vitronectin receptor-mediated phagocytosis 
of cells undergoing apoptosis. Nature 1990; 343:170-3.

Schleiffenbaum B, Spertini O, Tedder TF. Soluble L-selectin is present in human plasma at 
high levels and retains functional activity. J Cell Biol 1992; 119:229-38.

Schroder JM, Christophers E. Identification of C5ades arg and an anionic neutrophil- 
activating peptide (ANAP) in psoriatic scales. J Invest Dermatol 1986; 87:53-8.

Schroder JM, Christophers E. Secretion of novel and homologous neutrophil-activating 
peptides by LPS-stimulated human endothelial cells. J Immunol 1989; 142:244-51.

Schroder JM, Mrowietz U, Morita E, Christophers E. Purification and partial 
biochemical characterization of a human monocyte-derived, neutrophil-activating 
peptide that lacks interleukin 1 activity. J Immunol 1987; 139:3474-83.

Schroder JM, Sticherling M, Henneicke HH, Preissner WC, Christophers E. IL-1 alpha 
or tumor necrosis factor-alpha stimulate release of three NAP- l/IL-8 -related neutrophil 
chemotactic proteins in human dermal fibroblasts. J Immunol 1990; 144:2223-32.

Seeger W, Suttorp N, Hellwig A, Bhakdi S. Noncytolytic terminal complement 
complexes may serve as calcium gates to elicit leukotriene B4 generation in human 
polymorphonuclear leukocytes. J Immunol 1986; 137:1286-93.

Sethia B. Current status of definitive surgery for congenital heart disease. Arch Dis 
Child 1992: 67:981-2.



202

Shappell SB, Toman C, Anderson DC, Taylor AA, Entman ML, Smith CW. Mac-1 
(CD 1 lb/CD 18) mediates adherence-dependent hydrogen peroxide production by human 
and canine neutrophils. J Immunol 1990; 144:2702-11.

Shasby DM, Shasby SS, Peach MJ. Granulocytes and phorbol myristate acetate 
increase permeability to albumin of cultured endothelial monolayers and isolated 
perfused lungs. Role of oxygen radicals and granulocyte adherence. Am Rev Respir Dis 
1983; 127:72-6.

Shasby DM, Shasby SS, Sullivan JM, Peach MJ. Role of endothelial cell cytoskeleton 
in control of endothelial permeability. Circ Res 1982; 51:657-61.

Shaw PJ, Bates D, Cartlidge NEF, et al. Long term intellectual dysfunction following 
coronary artery bypass graft surgery: a six month follow-up study. Q J Med 1987; 
62:259-68.

Shaw S, Luce GE, Quinones R, Gress RE, Springer TA, Sanders ME. Two antigen- 
independent adhesion pathways used by human cytotoxic T-cell clones. Nature 1986; 
323:262-4.

Sica A, Matsushima K, Van Damme J, et al. IL-1 transcriptionally activates the 
neutrophil chemotactic factor/IL-8  gene in endothelial cells. Immunology 1990; 69:548- 
53.

Simpson PJ, Todd RE, 3d, Fantone JC, Mickelson JK, Griffin JD, Lucchesi BR. 
Reduction of experimental canine myocardial reperfusion injury by a monoclonal 
antibody (anti-Mol, anti-CD 11b) that inhibits leukocyte adhesion. J Clin Invest 1988; 
81:624-9.

Smedly LA, Tonnesen MG, Sandhaus RA, et al. Neutrophil-mediated injury to 
endothelial cells. J Clin Invest 1986; 77:1233-43.

Smith CW, Marlin SD, Rothlein R, Toman C, Anderson DC. Cooperative interactions 
of LFA-1 and Mac-1 with intercellular adhesion molecule-1 in facilitating adherence 
and transendothelial migration of human neutrophils in vitro. J Clin Invest 1989; 
83:2008-17.

Smith CW, Kishimoto TK, Abbass O, et al. Chemotactic factors regulate lectin 
adhesion molecule 1 (LECAM-1) -dependent neutrophil adhesion to cytokine-stimulated 
endothelial cells in vitro. J Clin Invest 1991; 87:609-18.

Smith EE, Naftel DC, Blackstone EH, Kirklin JW. Microvascular permeability after 
cardiopulmonary bypass. An experimental study. J Thorac Cardiovasc Surg 1987; 
94:225-33.

Smith PL. The cerebral complications of coronary artery bypass surgery. Ann R Coll 
Surg Engl 1988; 70:212-6.



203

Speer CP, Ninjo A, Gahr M. Elastase-alphalproteinase inhibitor in early diagnosis of 
neonatal septicemia. J Pediatr 1986; 108:987-90.

Spertini O, Freedman AS, Belvin MP, Penta AC, Griffin JD, Tedder TF. Regulation 
of leukocyte adhesion molecule-1 (TQl, Leu-8) expression and shedding by normal and 
malignant cells. Leukemia 1991; 5:300-8.

Spitznagel JK, Dalldorf FG, Leffell MS, et al. Character of azurophil and specific 
granules purified from human polymorphonuclear leukocytes. Lab Invest 1974; 30:774- 
85.

Springer TA. Adhesion receptors of the immune system. Nature 1990; 346:425-34.

Stahl RF, Fisher CA, Kucich U, et al. Effects of simulated extracorporeal circulation 
on human leukocyte elastase release, superoxide generation, and procoagulant activity.
J Thorac Cardiovasc Surg 1991; 101:230-9.

Staunton DE, Dustin ML, Springer TA. Functional cloning of ICAM-2, a cell adhesion 
ligand for LFA-1 homologous to ICAM-1. Nature 1989; 339:61-4.

Stenberg PE, McEver RP, Shuman MA, Jacques YV, Bainton DF. A platelet alpha- 
granule membrane protein (GMP-140) is expressed on the plasma membrane after 
activation. J Cell Biol 1985; 101:880-6.

Strieter RM, Chensue SW, Basha MA, et al. Human alveolar macrophage gene 
expression of interleukin-8  by tumor necrosis factor-alpha, lipopolysaccharide, and 
interleukin-1 beta. Am J Respir Cell Mol Biol 1990; 2:321-6.

Sud'ina GF, Tatarintsev AV, Koshkin AA, Zaitsev SV, Fedorov NA, Varfolomeev 
SD. The role of adhesive interactions and extracellular matrix fibronectin from human 
polymorphonuclear leukocytes in the respiratory burst. Biochim Biophys Acta 1991; 
1091:257-60.

Sylvester I, Yoshimura T, Sticherling M, et al. Neutrophil attractant protein-1- 
immunoglobulin G immune complexes and free anti-NAP-1 antibody in normal human 
serum. J Clin Invest 1992; 90:471-81.

Tanaka K, Kumon K, Yamamoto F, Egoh Y, Naito Y, Fujita T. Respiratory care of 
pediatric patients requiring prolonged intubation after cardiac surgery. Crit Care Med 
1986; 14:617-9.

Tedder TF, Isaacs CM, Ernst TJ, Demetri GD, Adler DA, Disteche CM. Isolation and 
chromosomal localization of cDNAs encoding a novel human lymphocyte cell surface 
molecule, LAM-1. Homology with the mouse lymphocyte homing receptor and other 
human adhesion proteins. J Exp Med 1989; 170:123-33.

Tennenberg SD, Clardy CW, Bailey. WW, Solomkin JS. Complement activation and 
lung permeability during cardiopulmonary bypass. Ann Thorac Surg 1990; 50:597-601.



204

Thelen M, Peveri F, Kemen F, von Tschamer V, Walz A, Baggiolini M. Mechanism 
of neutrophil activation by NAF, a novel monocyte-derived peptide agonist. FASEB J 
1988; 2:2702-6.

Thornton AJ, Strieter RM, Lindley I, Baggiolini M, Kunkel SL. Cytokine-induced gene 
expression of a neutrophil chemotactic factor/IL-8  in human hepatocytes. J Immunol 
1990; 144:2609-13.

Till GO, Kunkel JR, Ward FA. Intravascular activation of complement and acute lung 
injury. Dependancy on neutrophils and toxic oxygen metabolites. J Clin Invest 1982; 
69:1126-35.

Tonnesen MG, Anderson DC, Springer TA, Knedler A, Avdi N, Henson FM. 
Adherence of neutrophils to cultured human microvascular endothelial cells.
Stimulation by chemotactic peptides and lipid mediators and dependence upon the Mac- 
1, LFA-1, pl50,95 glycoprotein family. J Clin Invest 1989; 83:637-46.

Utley JR. Cardiopulmonary bypass. Historical perspectives and basic pathophysiology. 
Semin Thorac Cardiovasc Surg 1990; 2:292-9.

Van Damme J, Bunning RA, Conings R, Graham R, Russell G, Opdenakker G. 
Characterization of granulocyte chemotactic activity from human cytokine-stimulated 
chondrocytes as interleukin 8 . Cytokine 1990; 2:106-11.

van Ewijk W, van Soest FL, Verkerk A, Jongkind JF. Loss of antibody binding to 
prefixed cells: fixation parameters for immunocytochemistry. Histochem J 1984; 
16:179-93.

van Noesel C, Miedema F, Brouwer M, de Rie MA, Aarden LA, van Lier RA. 
Regulatory properties of LFA-1 alpha and beta chains in human T-lymphocyte 
activation. Nature 1988; 333:850-2.

van Oeveren W, Kazatchkine MD, Descamps-Latscha B, et al. Deleterious effects of 
cardiopulmonary bypass: a prospective study of bubble versus membrane oxygenation.
J Thorac Cardiovasc Surg 1985; 89:888-99.

van Zee KJ, DeForge LE, Fischer E, et al, IL-8  in septic shock, endotoxemia, and 
after IL-1 administration. J Immunol 1991; 146:3478-82.

Varani J, Bendelow MJ, Sealey DE, et al. Tumor necrosis factor enhances 
susceptibility of vascular endothelial cells to neutrophil-mediated killing. Lab Invest 
1988; 59:292-5.

Varani J, Ginsburg I, Schuger L, et al. Endothelial cell killing by neutrophils. 
Synergistic interaction of oxygen products and proteases. Am J Fathol 1989; 135:435- 
8 .



205

Vedder NB, Harlan JM. Increased surface expression of CD 1 lb/CD 18 (Mac-1) is not 
required for stimulated neutrophil adherence to cultured endothelium. J Clin Invest 
1988; 81:676-82.

Vedder NB, Winn RK, Rice CL, Chi EY, Arfors KE, Harlan JM. A monoclonal 
antibody to the adherence-promoting leukocyte glycoprotein, CD 18, reduces organ 
injury and improves survival from hemorrhagic shock and resuscitation in rabbits. J 
Clin Invest 1988; 81:939-44.

Vedder NB, Winn RK, Rice CL, Chi EY, Arfors KE, Harlan JM. Inhibition of 
leukocyte adherence by anti-CD 18 monoclonal antibody attenuates reperfiision injury in 
the rabbit ear. Proc Natl Acad Sci USA 1990; 87:2643-6.

Vercellotti GM, McCarthy J, Furcht LT, Jacob HS, Moldow CF. Inflamed fibronectin: 
an altered fibronectin enhances neutrophil adhesion. Blood 1983; 62:1063-9.

Videm V, Fosse E, Mollnes TE, Ellingsen O, Pedersen T, Karlsen H. Different 
oxygenators for cardiopulmonary bypass lead to varying degrees of human complement 
activation in vitro. J Thorac Cardiovasc Surg 1989; 97:764-70.

Videm V, Fosse E, Mollnes TE, Garred P, Svennevig JL. Time for new concepts about 
measurement of complement activation by cardiopulmonary bypass? Ann Thorac Surg 
1992; 54:725-31.

Vogt W, Damerau B, von Zabem I, Nolte R, Brunahl D. Non-enzymic activation of 
the fifth component of human complement, by oxygen radicals. Some properties of the 
activation product, C5b-like C5. Mol Immunol 1989; 26:1133-42.

von Andrian UH, Chambers JD, McEvoy LM, Bargatze RF, Arfors KE, Butcher EC. 
Two-step model of leukocyte-endothelial cell interaction in inflammation: distinct roles 
for LECAM-1 and the leukocyte beta 2 integrins in vivo. Proc Natl Acad Sci U S A 
1991; 88:7538-42.

Wachtfogel YT, Kucich U, Greenplate J, et a l Human neutrophil degranulation during 
extracorporeal circulation. Cardiovasc Res 1987; 69:324-30.

Wachtfogel YT, Abrams W, Kucich U, Weinbaum G, Schapira M, Colman RW. 
Fibronectin degradation products containing the cytoadhesive tetrapeptide stimulate 
human neutrophil degranulation. J Clin Invest 1988; 81:1310-6.

Wachtfogel YT, Harpel PC, Edmunds LH, Jr, Colman RW. Formation of Cls-Cl- 
inhibitor, kallikrein-C 1-inhibitor, and plasmin-alpha2-plasmin-inhibitor complexes 
during cardiopumonary bypass. Blood 1989; 73:468-71.

Walz A, Peveri P, Aschauer H, Baggiolini M. Purification and amino acid sequencing 
of NAF, a novel neutrophil-activating factor produced by monocytes. Biochem Biophys 
Res Commun 1987; 149:755-61.



206

Walz DA, Wu VY, Delano R, McCoy LE. Primary structure of human platelet factor 
4. Thromb Res 1977; 11:833-98.

Walz G, Aruffo A, Kolanus W, Bevilacqua M, Seed B. Recognition by ELAM-1 of the 
sialyl-Lex determinant on myeloid and tumor cells. Science 1990; 250:1132-5.

Weisman HE, Bartow T, Leppo MK, et al. Soluble human complement receptor type 
1 : in vivo inhibitor of complement suppressing post-ischemic myocardial inflammation 
and necrosis. Science 1990; 249:146-51.

Wright SD, Jong MT. Adhesion-promoting receptors on human macrophages recognize 
Escherichia coli by binding to lipopolysaccharide. J Exp Med 1986; 164:1876-88.

Wright SD, Rao PE, van Voorhis WC, et al. Identification of the C3bi receptor of 
human monocytes and macrophages by using monoclonal antibodies. Proc Natl Acad 
Sci USA 1983; 80:5699-703.

Wright SD, Reddy PA, Jong MT, Erickson BW. C3bi receptor (complement receptor 
type 3) recognizes a region of complement protein C3 containing the sequence Arg-Gly- 
Asp. Proc Nad Acad Sci U S A 1987; 84:1965-8.

Wright SD, Weitz JI, Huang AJ, Levin SM, Silverstein SC, Loike JD. Complement 
receptor type three (CD 1 lb/CD 18) of human polymorphonuclear leukocytes recognizes 
fibrinogen. Proc Nad Acad Sci U S A 1988; 85:7734-8.

Yoshimura T, Matsushima K, Tanaka S, et al. Purification of a human monocyte-derived 
neutrophil chemotactic factor that has peptide sequence similarity to other host defense 
cytokines. Proc Natl Acad Sci U S A 1987a; 84:9233-7.

Yoshimura T, Matsushima K, Oppenheim JJ, Leonard EJ. Neutrophil chemotactic 
factor produced by lipopolysaccharide(LPS)- stimulated human blood mononuclear 
leukocytes: partial characterization and separation from interleukin 1(IL 1). J Immunol 
1987b; 139:788-93.

Yoshimura T, Robinson EA, Appella E, et al. Three forms of monocyte-derived 
neutrophil chemotactic factor (MDNCF) distinguished by different lengths of the 
amino-terminal sequence. Mol Immunol 1989; 26:87-93.



Interleukin-8 release and neutrophil degranulation 
after pediatric cardiopulmonary bypass

Capillary leak after cardiopulmonary bypass operations for correction of congenital heart defects is 
universally seen in children and often causes significant morbidity and mortality. Since neutrophil- 
mediated endothelial injury has been implicated as a pathogenetic mechanism, a prospective controlled 
descriptive study was performed to investigate possible activation pathways during and after the bypass 
procedure. Eighteen children undergoing operations, nine with cardiopulmonary bypass and nine neu
rosurgical craniotomy (Le., operations without bypass), had samples of arterial blood collected at 
intervals before, during, and after operations. In six of nine cardiac patients circulating interleukin-8 
concentrations rose from less than 30 pg/ml to very high concentrations (>500 pg/ml); in the 
remaining three patients small rises (peak 57 to 81 pg/ml) were also seen. In all nine, the rise 
commenced at the time of rewarming, toward the end of bypass, and peaked 1 to 3 hours thereafter. 
Interleukin-8 release correlated significantly with length of bypass. Interleukin-la and interleukin-1/? 
were not found, and traces of tumor necrosis factor-a were detected in one patient only. Circulating 
elastase ai-antitiypsin concentrations rose simultaneously and correlated significantly with 
interleukin-8 {p <  0.001) in patients with cardiac disease, as did absolute neutrophil counts (p <  0.001). 
In contrast, only one of nine patients with neurosurgical disease (undergoing an unusually long 
operation and exchange transfusion) had a rise in circulating interleukin-8 to levels greater than 500 
pg/ml ip <  0.01). The two samples from this patient with elevated interleukin-8 were the only neuro
surgical samples 'nith elevated elastase. This study demonstrates the release of interleukin-8 into the 
circulation after pediatric hypothermic cardiopulmonary bypass and supports the suggestion that this 
cytokine plays a role in the pathophysiology of capillary leak through neutrophil degranulation. (J 
T h o r . \c  C a r d io v a sc  S u r g  1993;105:234-41)
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Gcardiopulmonary bypass (CPB) is essential to many 
major cardiac operations. A degree of tissue injury and 
associated organ disfunction, particularly in the heart
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and lungs, is usual after CPB.‘’  ̂This is thought to be a 
result principally of a combination of inflammation 
induced by the procedure and reperfusion injury. One 
manifestation of this injury is leakage of fluid into the 
extravascular space, presumably due to functional dam
age to the endothelial lining of small vessels. In many 
patients the effects of this phenomenon are not clinically 
evident; in young children, however, this “capillary leak” 
is more marked and often severe enough to cause signif
icant postoperative morbidity.^'^

Activation of many acute inflammatory pathways, and 
in particular complement, during CPB has been demon
strated.^’  ̂ The relationship, however, between such 
changes and endothelial injury and capillary leak, if any, 
is not clear.

Neutrophils can release reactive oxygen intermediates

2 3 4
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(the “respiratory burst”), proteolytic enzymes, and cat
ionic proteins (“degranulation”) that have potent micro
bicidal effects but that can also inflict host tissue injury.^ 
There is evidence that infiltrating neutrophils play an 
important role in myocardial reperfusion injury,^ and 
reperfusion with neutrophil-free blood may protect the 
ischemic h e a r ta n d  lungsagainst injury. Neutrophils 
also sequester in the lungs of patients after CPB, where 
they may play a role in postoperative injury.^ Although 
circulating neutrophils, during CPB, have both an 
increased propensity to undergo a respiratory burst and to 
degranulate,’̂  the relevance of these observations is 
uncertain because it is the neutrophils adherent to the 
endothelium and infiltrating the extravascular space that 
could inflict tissue injur}-.

Important advances have been made recently in the 
understanding of neutrophils’ adhesion to and transmi
gration through endothelium,'"*’ '^ and with these ad
vances an appreciation that the process of adhesion via 
specific cell surface glycoproteins, in particular the leu
kocyte ySi integrin CD I lb/CD 18 (also known as Mac-1, 
Mo-1, and CR3), may functionally prime the cell for 
degranulation and the respiratory burst.

A number of potent naturally occurring substances, 
which attract neutrophils and promote their microbicidal 
actions, have been recognized and investigated. These 
include the lipid mediators, platelet activating factor, and 
leukotriene B4, and the protein complement fraction C5a, 
all of which may circulate at elevated levels during 
CPB.^’ ’* Recently, a group of c}tokines with similar 
effects have been described: the first of these, Interleukin 
(IL)-8 '^’ * is an BkDa peptide and is the first known 
chemoattractant specific for neutrophils and not mono- 
CNtes. Originally isolated from peripheral blood mononu
clear cells,^° IL-8 is produced by a variety of cell types in 
ritro, including endothelial cells,-' fibroblasts,^- alveolar 
macrophages,-^ and leukoc\-tes, including neutrophils 
themselves.-"* Among cnokines, only IL-1 and tumor 
necrosis factor (TNF) have been shown to induce IL-8 
gene expression at the transcriptional level.Intravenous 
administration of IL-8 to animals has been reported to 
cause neutrophilia, neutrophil sequestration in the lungs, 
and a histologic picture that resembles the adult respira
tor}' distress syndrome-^: extravascular injection causes 
rapid local accumulation of neutrophils-^ and plasma 
leakage.^® IL-8 has been shown to change adhesion mol
ecule expression of neutrophils, including CD 11b/

‘IL-8 has been referred to variously as (monocyte/lymphocyte derived) 
neutrophil activating /acthation/attractant protein( 1 )/peptide( I ) /  
factor, granulocyte chemotactic protein, and leukocyte adhesion 
inhibitor.

CD 18.̂  ̂A major role for IL-8 has now been proposed in 
the regulation of neutrophil transendothelial migration^'^ 
(Rot A. Personal communication) and thus, potentially, 
the control of neutrophil-mediated tissue injury.

Human neutrophil elastase is a serine protease stored 
within the azurophilic granules of the neutrophil and 
released upon degranulation or disintegration of the cells. 
Endothelial functional integrity can be damaged by 
adherent neutrophils’ release of this enzyme because it 
can degrade collagen, elastin, proteoglycan, and fibronec- 
tin,^' which form much of endothelial extracellular 
matrix and basement membrane. Free circulating 
elastase is rapidly bound to the protease inhibitor a  i-an
titrypsin, and elevated levels of this complex, a marker of 
neutrophil degranulation, have been detected in patients 
with acute inflammatory states such as sepsis^  ̂and the 
hemolytic uremic syndrome^^ and after CPB.'^’ "̂*’^̂

Circulating IL-8 has recently been reported in primates 
infused with Escherichia coli, endotoxin, and IL-P^ and 
in a similar study of primate sepsis in association with 
elevated circulating elastase.^^ To our knowledge, how
ever, IL-8 has been reported previously in the blood of 
human beings only after experimental administration of 
endotoxin.^*

On the basis of this, we performed a prospective 
descriptive study to examine circulating concentrations of 
the cytokines IL-la, IL-1/3, TNFa, and IL-8, of the neu
trophil degranulation product elastase a  i-antitrypsin, and 
of absolute neutrophil counts before, during, and after 
operations in nine children undergoing hypothermic CPB. 
We also measured lL-8 and elastase «i-antitrypsin con
centrations in a comparison group of nine children 
undergoing neurosurgical craniotomy without CPB or 
cooling.

Patients and methods

Patients. The study was approved by the ethical committee 
of the Hospital for Sick Children, Great Ormond St. Written 
informed consent was obtained from patients’ parents. Nine 
children undergoing corrective operations for congenital heart 
defects with hypothermic CPB and postoperative ultrafiltration 
and nine children undergoing craniotomy were studied. Patients 
were not selected but were studied consecutively in order of 
presentation for operation. All received a similar balanced 
anesthetic, including nitrous oxide, a volatile agent, a neuro
muscular blocking agent, and opiate analgesia. CPB was 
performed with a Stockert roller pump and hollow-fiber oxy
genator (Stockert Instrumente GmbH, Munich, Germany) (for 
flow rates <1500 ml/min; Shiley-Dideco 701, Shiley, Inc., 
Irvine, Calif.; for flow rates >1500 ml/min. Maxima, Medtron
ic Cardiopulmonary Division, Minneapolis, Minn.). A pure 
crystalloid prime was used in all cases (Plasma-L lyte 148 with 
mannitol 20%, 2.5 ml/kg, sodium bicarbonate 8 mmol/L prime, 
heparin, 2 m g/L prime). .A hematocrit level of 17% to 22% was 
achieved on bypass. A flow of 2.4 L/m^ per minute was main-
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T able I. Details o f  patients stud ied

Patient Operation Age (yr) S e x

Time (hr) 
induction- 

skin closure
Time (hr) 
on bypass

M inim um  
temperature (° C)

Patients undergoing CPB*
C l • Ventricular septal defect repair 0.62 M 3.87 1.48 20
C2 V Atrial septal defect repair 6.89 M 2.98 1.32 28
C 3 D Atrial septal defect (secundum) 2.00 F 3.00 1.03 32

repair
C4 A Truncus arteriosus repair 0.31 F 3.96 2.97 17
C5 0 Atrioventricular septal defect 0.56 F 4.92 2.82 16

repair
C6 T Atrial septal defect repair 1.13 M 2.48 0.72 32
C 7 B Bidirectional Glenn shunt 6.21 M 7.68 1.55 28
C8 ▲ Total cavopulmonary connection 6.04 M 6.97 3.73 18
C9 ♦ Total cavopulmonary connection 3.92 F 4.67 2.87 22
Median 2.00 3.96 1.55
Range 0.31-6.89 2.48-7.68 0.72-3.73 16-32

Patients undergoing NSC
N I Excision parietooccipital tumor 8.24 F 2.62
N2 Excision of pineal tumor 3.17 F 3.57
N3 Excision posterior fossa tumor 2.37 M 2.83
N4 Hemispherectomy 0.69 F 6.92
N5 Excision posterior fossa tumor 6.53 M 2.17
N6 Parietooccipital release 0.38 F 2.83
N7 Excision posterior fossa tumor 4.10 M 1.91
N8 Supracerebellar excision pineal 2.77 M 3.18

tumor
N9 Excision parietooccipital tumor 3.89 F 3.23
Median 3.17 2.83
Range 0.38-8.24 1.91-6.92
Difference between groups U = 34 U =  19

p  > 0.1 p  > 0.05

•Sym bols for each paiiea: undergoing C PB  correspond lo those in Fig. 1.

tained where possible. St. Thomas’ Hospital cardiopiegic solu
tion No. 2 was used for myocardial perfusion. Core cooling and 
rewarming were achieved by arteriovenous heat exchange. 
During rewarming heated humidified inspired gases and sodi
um nitroprusside intravenously were also used. Ultrafiltration 
was carried out as previously reported,^’ elevating hematocrit 
level to 35% during the first 15 minutes oflf bjpass. Details of 
patients studied, including length and temperature of CPB, are 
summarized in Table I.

Sample collection, .Arterial blood samples were obtained on 
an event-based schedule with control samples taken to coincide 
approximately with bvpass events, as follows: (I) shortly after 
anesthetic induction (both groups), (2) just before rewarming 
(CPB), or approximately 1 to 1.5 hours before end of operation 
(neurosurgical craniotomy), (3) after re warming, immediately 
after cessation of CPB. or 30 minutes after specimen 2 (neuro
surgical craniotomy). (4) after completion of ultrafiltration 
(CPB only), (5) at skin closure (both groups), (6) 2 hours post- 
operatively (both groups), and (7) 24 hours postoperatively 
(both groups).

Blood was collected from the patients’ peripheral arterial lines 
or the arterial side of the pump circuit (sample 2, CPB cases) 
onto disodium ethvienediaminetetraacetic add, 2 mg/ml, 
immediately cooled to 4° C, centrifuged (1500 g, 20 minutes, 
4° C) and plasma stored a t—70° C until analysis. CPB patients 
had simultaneous ethylenediaminetetraacetic acid samples

taken for Coulter Counter analysis (Coulter Electronics, Hiale
ah, Fla.) of total leukocyte concentration and for manual leu
kocyte differential count.

Assay techniques
IL-la, IL-10, TNFa, IL-8. Enzyme-linked immunoassays for 

IL-la, IL-1/3, TNFa, and IL-8 were performed using kits 
(Quantikine, R & D Systems, Minneapolis, Minn.) according 
to the manufacturer’s instructions. Briefly, samples were di
luted 1:1 in appropriate diluent and incubated for 2 hours at 
room temperature in wells coated with monoclonal anticytokine 
antibody. Wells were washed and then incubated similarly with 
polyclonal anticytokine antibody conjugated to horseradish 
peroxidase. After further washes, a substrate solution contain
ing tetramethylbenzidine and hydrogen peroxide was added; the 
reaction was stopped after 20 minutes with sulphuric acid (2 
mol/L), and plates were read using a spectrophotometer 
(Dynatech MR4000, Billingshurst, United Kingdom) set to450 
nm with wavelength correction set to 570 nm. Lower limits of 
detection in these assays were less than 10 pg/ml for IL-la, 
IL-1/3, and T NFa and less than 20 pg/ml for IL-8.

Elastase. Elastase a,-antitrypsin concentrations were mea
sured by an enzyme-linked immunosorbent assay modified after 
Brower and Harpel.'*® Ninety-six well plates (Greiner, GmbH, 
Frickenhausen, Germany) were coated with sheep antihuman 
elastase, 100 ^  (The Binding Site, Birmingham, United King
dom) (15 /xg/ml) in carbonate-bicarbonate buffer (pH 9.6) for
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Fig . I . C hanges in circulating  concen trations o f IL-8 w ith tim e in nine children  undergoing C P B  (a) and  nine chil
d ren  undergo ing  neurosurgery  (d). O n the  horizontal axes, zero  is the tim e o f  the first in traoperative blood sam ple, 
w hich, in the  patien ts undergoing C PB , coincided with the beginning o f  rew arm ing. C hanges in absolute neutrophil 
counts (b) and  circu lating  elastase a i-an titr> p sin  concentration  (c) a re  show n for the patients undergoing C PB  during  
the sam e period. Sym bols for each patien t undergoing C P B  correspond to  those in T ab le  I. Sam ples w ere taken 
according to th e  schedule in the  text.

24 hours a t room  tem p era tu re , w ashed, and  blocked for 30 
m inutes w ith 1% bovine serum  album in  (B D H , Poole, U nited 
k ing d o m ). D iluted p lasm a sam ples (1 :100 to 1:500) w ere ad d 
ed and incubated  for 2 hours a : room  tem peratu re . W ells were 
washed and incubated  w ith peroxidase-conjugated sheep an ti
hum an O ]-antitrypsin (T h e  Binding S ite) ( 1:1000) for 1 hour. 
.After fu rther w ashes, a substra te  solution contain ing  o-phe- 
nylenediam ine d ihydroch lorice (0.5 m g /m l)  in a solution of 
hydrogen peroxide. 0 .0 5 9  citric acid (0.1 m o l/L ) , and  disodi
um hydrogen o rthop h o sp h a te  10.2 m o l/L )  was added; the reac
tion was stopped a fte r 20 m inutes w ith su lphuric  acid (4 m ol/ 
L). and plates w ere read  using a spectropho tom eter (T itertek  
M ultiscan; Flow IC N , R ickm answ orth , U nited  K ingdom ) set to 
492 nm. P hosphate-buffered  saline polysorbate (Tw een) was 
used for sam ple d ilu tion  and  all washes, which w ere done four 
tim es in each instance.

.All sam ples w ere assayed in dup licate, and  concentrations, 
were calcu lated  from  a standard  curve p repared  concurrently  
with each assay.

S ta t is t ic s . T he M an n -W h ttn ey  U test and  S tu d e n t’s t test 
were used as tests o f significance o f  differences. Pearson’s cor
relation coefficients an d  areas under the curve were com puted 
using stan d ard  form ulas.

Results

Patients. Table I summarizes details of each patient’s 
age, sex, and operation. There were no significant differ
ences between the ages and lengths of operation of the 
patients in the two groups i U = 34, \9\ p >  0.05). One 
patient who had a CPB operation (patient C2) and no 
patients who had neurosurgical craniotomies died during

the first 24 hours after operation. For technical reasons, 
ultrafiltration was not performed in one patient (C 4), and 
consequently no postultrafiltration sample was taken: in 
another patient (C7) no skin closure sample could be 
obtained. Because o f sampling problems, elastase ai-an- 
titrypsin concentrations were not measured in one patient 
( C l ), and isolated blood counts were not obtained in five 
( /6 3 )  other specimens.

C ytokines
IL-8. Changes in plasma concentrations of IL-8 with 

time in the CPB and neurosurgical craniotomy groups are 
shown in Fig. 1. In all nine patients who underwent CPB, 
a rise in IL -8 concentration from a preoperative level of 
less than 30 pg/m l was detected from the time of the 
beginning of rewarming; in six it rose to peak values 
greater than 500 pg/m l, and in the remaining three to 57 
to 8 1 pg/m l. After the peak value, which occurred 1 to 3 
hours after the beginning of rewarming, concentrations 
fell in postoperative specimens, but in some they remained 
detectable 24 hours later. IL -8 release, calculated from 
the area beneath the curves in Fig. 1, a, was correlated 
significantly with the length o f CPB ( r  = 0.74; p  <  0.05) 
(Fig. 2, a ) ,  but an association with the depth of intraop
erative hypothermia did not reach significance (/* = 0.51; 
/? >  0.1 ) and no association with age was observed (data 
not shown). Only one patient who had a neurosurgical 
craniotomy (patient N 4), a child undergoing a 7-hour
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operation for cerebral hemispherectomy who required a 
total blood transfusion four to five times her circulating 
volume, demonstrated a rise in IL-8 concentration great
er than 500 pg/ml (peak 1024 pg/ml), which occurred 
immediately postoperatively (Fig. \, d). The difference 
between both the IL-8 peak and the IL-8 release values 
for the two groups was highly significant (U = 8, 14; 
/7<0.01).

IL-1 and TSF. All samples from patients who had 
undergone CPB were assayed for IL -la  and IL-1/5, but 
none was detected. TN Fa was detected in only one 
patient who had undergone CPB (patient C6), up to a 
maximum of 43.6 pg/ml at the time of skin closure. In this 
patient IL-8 was also detected to a peak value of 1021 
pg/ml.

Neutrophil counts. Fig. 1, b, shows the changes with 
time in the absolute neutrophil counts of the nine patients 
who had undergone CPB. After an initial fall while on 
bypass, accounted for in part by hemodilution, the neu

trophil count rose dramatically from the time of rewarm
ing in all patients. Fig. 2, b, shows the relation between 
neutrophil counts and IL-8 concentrations from individ
ual samples. Correlation coefficients for individual 
patients for these parameters ranged from 4-0.36 to 4-0.91 
(/ = -9 .2 3 ;/? <  0.001).

Elastase. In the eight patients assayed who had under
gone CPB, elastase ai-antitrypsin concentrations rose 
from preoperative values less than. 0.9 /xg/ml to peak val
ues of 5.8 to 17.1 Mg/ml (median 8.9) (Fig. 1, c). In 7 of 
8 patients the rise began at the time of rewarming. Levels 
often remained elevated, in one patient rising further 
during the first 24 hours after operation (Fig. 1, c). The 
relation between elastase a,-antitrypsin and IL-8 con
centrations from individual samples is shown in Fig. 2, c. 
Correlation coefficients for individual cases for these 
parameters ranged from 4-0.34 to 4-0.92 (/ = -8.34; 
p < 0.001). Elastase ai-antitrypsin concentrations in all 
54 neurosurgical craniotomy control specimens were less



The Journal of Thoracic and 
Caidiovascular Surgery 
Volume 105, Number 2

Finn et al. 2 3 9

than 0.5 Mg/ml except in two specimens, those taken from 
patient N4 (see preceding) at skin closure and 2 hours 
postoperatively (2.0 and 1.5 ^g/ml, respectively). These 
were the identical two neurosurgical craniotomy speci
mens in which the IL-8 levels were elevated (Fig. 
1,^.
Discussion

A transient peak in circulating IL-8 concentration was 
shown in children undergoing CPB. This was associated 
with a rise in absolute neutrophil counts and elastase 
aj-antitrypsin concentration. With one exception (patient 
N4), this was not seen in a comparable group of pediatric 
surgical patients not having CPB. We have found no pre
vious report of circulating IL-8 in this or any other con
dition in human beings. Concentrations for maximal in 
vitro effects of IL-8 are reported to be in the range of 
10,000 to 50,000 pg/ml"*’ ; the levels we detected were one 
to two orders of magnitude less. Allowing for dilution 
within the circulation, the levels we detected could reflect 
optimal concentrations for local effects on neutrophil 
adherence and degranulation at the endothelium. Admin
istration of IL-8 to animals causes accumulation of neu
trophils in association %ith plasma leakage and lung 
injury.-^’* Thus it is possible that IL-8 could act as a 
mediator of neutrophil-induced endothelial injury in these 
patients. Circulating IL-1 was not detected, and circulat
ing TNFa was detected in only one patient (C6) to a peak 
of only 43.6 pg/ml. This contrasts with one recent study 
of lethal E. coli sepsis in three baboons in which compa
rable plasma concentrations of IL-8 (mean peak 3205 
pg/ml) were preceded by rises in both IL-lj9 (mean peak 
2727 pg/ml) and TNFa (mean peak 15,668 pg/ml).^*^

Although IL-8 release correlated with the length of 
CPB, the changes occurred at the end of and after bypass 
even when the duration of bypass was prolonged (patient 
C8). This coincides with the observed general clinical 
finding of capillary leak occurring predominantly postop
eratively, usually during the first postoperative 12 to 24 
hours. The close association of the onset of these inflam
matory abnormalities with rewarming suggests that this 
may be necessary before these changes can become man
ifest. Either rewarming itself may be the cause, or anoth
er antecedent stimulus could require rewarming to a crit
ical temperature before biochemical and cellular 
activation could proceed. No significant correlation 
between the depth of hypothermia and release of IL-8 was 
found in the nine patients studied, however. Alternative
ly, these changes may be caused by removal of the aortic 
crossclamp and recommencement of artificial ventilation, 
both of which occur during rewarming and which result 
in the reperfusion of the cardiac and pulmonary capillary

beds, respectively. With reference to this possibility, it has 
been shown that maintenance of pulmonary blood flow 
during bypass prevents accumulation of lung water."*- 
While many previous studies have demonstrated inflam
matory changes during the period of CPB,^ our study 
suggests that further critical changes may be occurring 
later, toward its conclusion and subsequently.

The correlation of IL-8 with elastase ai-antitrypsin 
levels (Fig. 2, c) suggests that IL-8, which is known to 
stimulate degranulation of adherent neutrophils, may be 
promoting the release of this proteolytic enzyme in these 
patients. The presence of elastase a,-antitrypsin simulta
neously with IL-8 in only one neurosurgical craniotomy 
control patient (N4) is further evidence for this. Plasma 
elastase a;-antitrypsin concentrations recorded in this 
study are greater than those seen in neonatal sepsis^^ and 
in adult patients undergoing CPB,*^’ and the late rise 
of elastase and white cell counts at the time of rewarming 
concurs with the findings of one previous adult study.^^ If 
neutrophil release of elastase is occurring at the endothe
lium, this could be a mechanism contributing to endothe
lial injury and consequent capillary leak.

Several important questions are raised by this study. 
What is the origin of the IL-8? Although a variety of cell 
types have been shown to have the capacity to synthesize 
this cytokine in vitro (see previously), information on 
synthesis in vivo is lacking. Endothelium plays an impor
tant coordinating role in controlling leukocyte traffic 
between the intravascular and extravascular compart
ments, Recent evidence shows that release of IL-8 influ
ences neutrophil adherence to, and transmigration across, 
the endothelium^®; it may thus allow inflammatory events 
occurring intravascularly to develop into the patholog}' of 
capillary leak. It is possible that IL-8 originates in the 
pulmonary vascular bed, released by endothelial cells or' 
perhaps by alveolar macrophages, and appears in the cir
culation only after reperfusion of the lungs. It is also pos
sible that IL-8 is released by leukocytes, including neu
trophils themselves,-"* or by endothelial cells of the 
systemic vasculature.

What is the stimulus to IL-8 production? The failure 
to detect circulating IL-la, IL-1/3, and TN Fa in this 
study suggests that these cytokines are either being 
released into the circulation in these patients at low le\ els 
or not at all. A study in adults also failed to demonstrate 
TN Fa and showed elevated IL-1 activity only 24 hours 
after CPB by the more sensitive technique of analyzing 
monocyte lysates."*  ̂ Another study demonstrated circu
lating endotoxin (lipopolysaccharide) after release of the 
aortic crossclamp.'*"* Since it is thought that IL-8 requires 
both transcription and translation before release, the 
rapidity of its appearance in these patients (less than 2
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hours after anesthetic induction in one patient) is striking. 
A primary stimulus of early and rapid onset must there
fore be operating. Rapid expression of surface-bound 
IL-1 activity on platelets'*^ is a possibility that requires 
further investigation. Finally, it is possible that tempera
ture changes or hypoxia-ischemia or both, could directly 
induce lL-8 release.

Is the release of lL-8 in these patients associated with 
changes in neutrophil adhesive function? lL-8 causes 
shedding and upregulation, respectively, of the two 
important neutrophil adhesion molecules, leukocyte 
adhesion molecule-1 (also known as LAM-1, LECAM- 
1, and L-selectin) and CD 1 lb/CD  18.̂ ’̂ Adherence 
via the latter has been shown to mediate neutrophil prim
ing for the respiratory b u r s t a n d  degranulation.Pre
liminary results from our most recent studies show that 
important changes occur in the expression of these recep
tors on the circulating neutrophils of children during and 
after CPB.

An improved understanding of the cellular pathophys
iology of CPB-induced capillary leak affords the prospect 
of preventive intervention with the aid of either blocking 
monoclonal antibody therapy to neutrophil or endotheli
al adhesion molecules (or both) or soluble cytokine 
receptors. Since these operations are planned and the 
patients require protection for only a limited period, the 
problems of late presentation and immune response to 
infused antibodies, which can beleaguer attempts to use 
such therapy in acute sepsis and chronic inflammation, 
respectively, do not arise. Further studies of the activation 
of adherence pathways and cytokine networks in these 
patients will enable formulation of a rational approach to 
such therapeutic studies.

We thank R. D. H. Hayward and W. F. J. Harkness for 
allowing us to study their patients, Barbara Chan and Robert 
Heydermann for technical assistance, and Angie Wade, MSc, 
for statistical advice.
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S y s te m ic  in f lam m ation  during paediatric  
c a rd io p u lm o n a ry  b yp ass:  c h a n g e s  in neutrophil  
a d h e s iv e  properties
Adam Finn, Naomi Rebuck, S tephan  Strobel Division of Cell and Molecular Biology, Institute of Child Health, Neil M oat 
Royal Brompton National Heart and Lung Hospital and Martin Elliott Cardiothoracic Unit, Hospital for Sick Children, Great 
Ormond Street, London

The changes in circulating neutrophil numbers and expression of adhesion 
molecules CD11 a/CD 18, GDI 1b/CD18 and L-selectin were measured in 
membrane oxygenator circuits and in 10 children undergoing cardiopulmonary 
bypass (CPB) surgery with the same type of oxygenator. Plasma was also 
assayed for interleukin 8 (IL-8), which has specific effects on neutrophil adhesive 
function. In the circuits, circulating neutrophil numbers remained constant, but 
a proportion, which grew steadily in number with time, lost ail expression of 
L-selectin. IL-8 was detectable in circuits after 120 minutes. In most patients, 
neutrophil L-selectin rose during bypass or the early postoperative period, but no 
consistent pattern emerged. Small populations of L-selectin-negative neutrophils 
were observed in 6/10 patients during or immediately following bypass. After a 
neutropenia during bypass, there was a marked rise in neutrophil count at the 
end of bypass which coincided with the emergence of detectable plasma IL-8. 
These observations may contribute to the understanding of neutrophil-mediated 
endothelial injury following CPB.

Introduction significance of the leakage of fluid into the
extravascular space is particularly prominent in 

The complications of cardiopulmonary bypass the heart because of the effect on performance
(CPB) include a generalized capillary leak and in the lungs^ because of the effect on
syndrome which is particularly prominent in gas exchange, in both cases increasing the
infants and young children.i - The clinical requirement for intensive support. Neutrophil
____________  sequestration in the lungs occurs following
Address for correspondence:Adam Finn, Department of Pae- The removal of neutrophils by leukofiltration has
diatrics, Children’s Hospital, Sheffield SIO 2TH, UK. been shown to attenuate capillary leak following

© Edward Arnold 1993
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Figure 1 Diagram showing the main steps m the processes of neutropnil adhesion to endothelium, 
wnicn m ust precede any neutrophil-mediated tissue injury

C P B , im plicating them  in the pathophysio logy  
o f the vascu lar injury underlying this capillary  
leak.̂ -̂

R ecen t advances in im m unology have added  
greatly to our understanding o f  the m olecu lar  
m echanism s by w hich neutrophils adhere to 
the en d o th e lia l lin ing o f  the m icrovasculature  
-  an essen tia l prelude to the pathological 
infliction  o f  tissue injury (F igure 1).® T he  
initial slow in g  o f  the circulating leu cocyte  
(m ovin g  at approxim ately  1000  pm /s) to  a 
rolling state  in con tact with the en d oth eliu m  
(m oving at ap p roxim ately  30 prri/'s) is thought to 
be m ed ia ted  by a fam ily o f  adhesion  m olecu les  
know n as the se lectin s , including L-selectin^ on  
the leu cocy te  su rfaced  T he subsequent firm static  
adh erence and m igration through the en d othelia l 
cell m on o layer  is thought to be m ed iated  by 
a superfam ily  o f  ad hesion  m olecu les know n as 
the in tegrins, including a fam ily o f  3 leu cocyte  
in tegrins, p rotein  heterod im ers which share the 
sam e (3 ch ain , C D 1 8 , and have a  chains designated  
C D I la ,  C D  11b and C D llc .^  T he first tw o o f  this 
trio are exp ressed  abundantly on neutrophils, 
C D l la /C D lS ’’ at relatively  stable levels and  
C D  lib 'G D I  S'-' at levels w hich rise rapidly on  
activation  o f  the cell by m obilization  o f  stores 
within cytop lasm ic  granules to the cell surface

A  num ber o f  agents know n to activate n eu 
trophils. including the com p lem en t fragm ent C 5a,

cause an increase in expression  o f  C D  l ib /C D  IS 
and an au gm entation  in adhesive fu nction  o f  
th ese  integrins as w ell as rapid sh ed d ing  o f  
L -selectin  from  the leu cocyte  cell s u r f a c e I t  
has been  su ggested  that these changes may  
reflect an orderly  transition from the rolling  
to the firm ly adherent state under p h ysio log ica l 
con d ition s. H ow ever, since in tegrin -m ed iated  
adhesion  cannot occur under the shear stresses  
o f norm al b lood  flow ,*- the loss o f  L -selectin  in 
non ad h eren t neutrophils in the circulation  cou ld  
render them  unable to roll and thus adhere.

Interleukin  8 (IL -8 )^ is a cytok in e which  
appears to have specific effects on n eutrophils. 
In jected  extravascularly it induces neutrophil 
accum ulation^^ and . in travenou sly , neutrophilia  
and lung injury.^-* R eleased  by a w ide variety  o f  
cell types in resp on se to stim ulation  by T N F . IL-1 
or endotoxin,'-"' it can cause L -selectin  shedding,'^  
in creased  C D llb /C D 1 8  expression '^  and appears

“L-seiectin is the hum an equivalent of the m urine homing 
recep tor M E L -14 and is also known as LAM -1. LECA M -1 
and LEC-CA M -1
*’C D lla /C D 1 8  is also known as LFA-1 and was first described 
on lym phocytes
‘-CD1 lb /C D 18 is also known as .Mac-1, M ol and com plem ent 
recep tor for C3bi(CR 3)
''IL-8 is also know n as NAP-1
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to have a specific regulatory role in neutrophil 
transendothelial m igration4^ We have recently 
reported that IL-8 is detectable in the plasma 
of children following CPB in association with a 
rise in plasma levels of the neutrophil-derived 
protease e l a s t a s e ,w h i c h  has been implicated in 
endothelial injury4^

In these studies, we examined how changes in 
plasma IL-8 might be associated with changes in 
circulating neutrophil numbers and expression of 
adhesion molecules in oxygenator circuits primed 
with normal human blood and in children under
going CPB.

P atien ts and m ethods

Studies were approved by the local ethical com
mittees and informed consent was obtained as 
appropriate.

Oxygenator circuits 
Circuits consisted of hollow-fibre membrane 

oxygenators (Dideco, Modena, Italy; model D701 
Masterflo 34 Infant Hollow-Fibre Oxygenator) 
and reservoir connected with standard polyvinyl 
chloride tubing to an occlusive roller pump. 
Oxygenators were connected via a water circuit 
to a thermostatic heat exchanger and had filtered 
air passed through the oxygen port at 2 1/min 
throughout the experiment. The flow rate of 
the blood was maintained at 1.5 1/min; 400 
ml of human blood, obtained by venepuncture 
from healthy adult male volunteers, was mixed 
immediately with 600 ml of H artm ann’s solution 
and used to prime the circuit. Anticoagulation was 
achieved with heparin to a final concentration of 4 
units/ml prim e. A further 30 ml of blood was mixed 
with 45 ml of H artm ann’s solution, identically 
anticoagulated, and used to prime a closed loop 
of identical circuit tubing which was left static in a 
water bath at 37°C. The pump was then started and 
continuous circulation maintained for two hours at 
37=C.

Samples were taken from the oxygenator as 
follows:

•  At venepuncture (undiluted blood): code A
•  Immediately after haemodilution: code B
•  2, 30, 60, 90 and 120 minutes after com

mencement of circulation

— circuit: codes C2,C30,C60,C90,C120
— static: codes D2,D30,D60,D90,D120

Neutrophil numbers and IL-8 generation were 
studied in five identical experiments; assays for 
adhesion molecule expression were perform ed in 
three of these.

Clinical study
Ten unselected children undergoing corrective 

surgery for congenital heart defects with 
hypothermic CPB and postoperative ultrafil
tration were studied. All received a similar 
balanced anaesthetic including nitrous oxide, a 
volatile agent, a neuromuscular blocking agent 
and opiate analgesia. CPB was performed using 
a Stockert roller pump and membrane (hollow- 
fibre) oxygenator (for flow rates <  1500 ml/min; 
Shiley-Dideco 701; for flow rates >  1500 ml/min. 
Maxima). A  pure crystalloid prime was used in 
all cases (Plasma-Lyte 148 with mannitol 20% 
2.5 ml/kg, N aH CO j 8 mmol/1 prime, heparin 
2 mg/1 prime). A  haematocrit of 17-22% was 
achieved on bypass. A  flow of 2.4 l/m^/min 
was m aintained where possible. St. Thom as’s 
II solution was used for myocardial perfusion. 
Core-cooling and rewarming were achieved by 
arteriovenous heat-exchange. During rewarming, 
heated humidified inspired gases and sodium 
nitroprusside IV were also used. Ultrafiltration 
was carried out as previously reported,^^ elevating 
haematocrit to 35% during the first 15 minutes 
off bypass. Details of patients studied, including 
length and tem perature of CPB, are summarized 
in Table 1.

Arterial blood samples were taken as follows:

1) Shortly after anaesthetic induction
2) Upon reaching maximum hypothermia
3) Just prior to rewarming
4) A fter re warming, immediately after cessation 

of CPB
5) 60 minutes after sample 3
6) 90 minutes after sample 3
7) 120 minutes after sample 3
8) 180 minutes after sample 3
9) Approximately 24 hours after sample 3

10) A  sample of donor blood was taken before 
any transfusion was given

A 24 hour postoperative specimen could not be 
obtained in one case (4) because of lack of vas-
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Table 1 Details of 10 patients undergoing CPB surgery

Case Operation Age (y) Sex
Time (h) 
induction- 
skin closure

Time (h) 
on bypass

Minimum
tem perature
r c )

1 V Relief of left ventricular 
outflow tract obstruction

10.0 F 3.25 1.20 25

2  □ Atrioventricular septal 
defec t repair

0.25 F 3.37 1.93 25

3 A Ventricular septal 
defec t repair

0.42 F 2.83 1.28 25

4 0 Atrioventricular septal 
d e fec t repair

1.0 F 3.60 1.75 25

5 0 Atrioventricular septal 
defec t repair

2.3 M 3.47 1.83 25

6 T Atrial septal defect repair 7.8 M 2.38 0.53 32
7 ■ Atrioventricular septal 

d e fec t repair
6.5 M 2.87 1.35 25

8 À Ventricular septal 
defec t repair

1.3 F 3.35 1.48 25

9 ^ Tetralogy of Fallot repair 4.75 F 3.35 1.78 25
10 • Tetralogy of Fallot repair 0.48 M 3.07 1.68 25

cular access. Owing to sampling problems, blood 
counts were not obtained in 4 (out of 90) other 
specimens.

In both studies, specimens were divided
for blood count, for immediate direct
immunofluorescent staining, and for separation 
and plasma storage at —70°C for subsequent 
analysis for IL-8.

Immunofluorescence and flow cytometry
A total of 25 pi aliquots of blood

were immediately stained with saturating 
concentrations of mouse IgG l antihuman 
monoclonal antibodies to each of C D lla  (25- 
3-1, Imm unotech, Marseilles, France), C D llb  
(44, Cymbus, Southam pton, UK), L-selectin 
(T Q l, Coulter Electronics, Hialeah, USA) or an 
irrelevant epitope (X927, Dako, High Wycombe, 
UK) for 10 minutes at room tem perature. These 
antibodies are directly conjugated to fluorescein 
isothionate (FITC) except T Q l, which is conju
gated instead to phycoerythrin (PE). Erythrocytes 
were then lysed using FACS lysing solution
(Becton Dickinson, M ountain View, USA) 
for 10 m inutes, and, after centrifugation and 
removal of the supernatant, washed once with 
H ank’s balanced salt solution without calcium, 
magnesium or phenol red (Gibco, Paisley, UK) 
and resuspended in a 1% solution of formal

dehyde in phosphate buffered saline and 2% 
glucose and held at 4°C in the dark until 
analysis. Flow cytometry was perform ed using 
a FACScan® (Becton Dickinson). Green and 
red amplifier gains were calibrated before 
each experiment using beads (Flow Cytometry 
Standards Corporation, USA) to ensure that 
relative fluorescence values were comparable 
between experiments. 2000 events were recorded 
from each sample and analysed using Datam ate 
analysis software (Applied Cytometry Systems, 
Sheffield, UK). Granulocytes were gated by 
their characteristic forward and orthogonal light 
scatter characteristics. The median fluorescence 
channel num ber was computed for each gated 
population and converted mathematically into a 
relative fluorescence value corresponding to the 
average level of expression of the epitope on the 
cells’ surface. Blood from each sample was sent 
for full blood count which indicated that granu
locytes were >  90% neutrophils in all cases.

Interleukin 8 assay 
Enzyme-linked immunoassays (ELISAs) for 

IL-8 were perform ed using kits (Quantikine, R 
& D Systems, Minneapolis, USA) according to 
the m anufacturer’s instructions. Briefly, samples 
were diluted 1:2 in appropriate diluent, and 
incubated for two hours at room tem perature
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in w ells  co a ted  with m on oclon a l anticytok ine  
an tib od y . C ells w ere w ash ed , and then incubated  
sim ilarly w ith p o lyclon a l anticytok ine antibody  
con ju ga ted  to horse-rad ish  peroxid ase. A fter  
further w ash es, a substrate so lu tion  contain ing  
tetram eth y lb en zid in e  and was added;
the reaction  w as stop p ed  after 20  m inutes  
w ith 2M  H -.SO 4 and p lates w ere read  
using a sp ec tro p h o to m eter  (D yn atech  M R400(), 
B illin gsh u rst, U K ) set to 450 nm w ith w avelength  
correction  set to  570 nm . L ow er lim its o f  d etection  
w ere d e fin ed  as 1.5 x  the optical density for 
negative  con tro l w ells .

Statistics
t tests w ere used  to m easure significance o f  

d ifferen ces; p  va lu es ^  0 .05  w ere considered  
sign ificant.

Clinical study
T h ere  w as a fall in absolute neutrophil count 

during C P B  relative to pre-operative levels  
(F igure 5 a ). T his was not entirely exp la in ed  
by h a em o d ilu tio n , as the m ean ±  2S E M  value  
w hen  c o o le d  on bypass was 49 z  19% o f  the value  
at a n a esth etic  induction  even  after correction  for 
the chan ge in haem atocrit. There then fo llo w ed

Results
Oxygenator circuits

A fter  an initial fall due to  h aem od ilu tion , n eu 
trophil cou n ts rem ained  constant in both circuits 
and static loop s (F igure 2a). IL -8 was d etected  at 
low  leve ls in sam p les from  all five circuits taken at 
120  m in u tes, but not in sam ples taken initially or 
after 120 m inutes in static loop s (F igure 2b) \t  =  
4 .0 6 , p  <  0 .0 2 ).

C on sisten t ch an ges in neutrophil adhesion  
m olecu le  exp ression  w ere ob served  in the 
flow  cy tom etric  assays. A  rise in neutrophil 
C D I lb /C D lS  exp ression  was observed  in both  
circulating and static b lo o d  (F igure 3b); there  
was no sign ificant d ifference b etw een  these  
rates o f  rise i t  =  1.51, p  >  0 .1 ). .A. population  
o f L -se lectin -n ega tive  neutrophils (fluorescence  
equal to that o f  cells sta ined  w ith negative  
contro l an tib od y) em erged  in the circulating  
b lood  w ith tim e, so  that by 120  m inutes they  
w ere a lm ost as num erous as L -selectin  positive  
cells (F igu res 3c, 3d and 4). This population  
w as not seen  in static loop s (F igure 3d) {t =  
S. p  <  0 .0 0 1 ). C D l la /C D  18 expression  rem ained  
constant (F igu re 3a) and fluorescen ce in sam ples  
sta ined  w ith n egative  contro l antibody rem ained  
low  and u n ch angin g  (data  not show n).

c: C3C ;so C90CI 20 02 ojo o6o oso oi :o
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Figure 2a Neutrophil counts in blood at venebuncture(A), 
after haemoailution(B), and at 30-minute intervals during 
circulation througn m em brane oxygenators(C) or held static 
in oxygenator tubmgiD). Figure 2b Plasma interieuKin 3 
concentrations at time points B, Cl 20 and D120 In = 5). 
LLD = lower limit of  aetection. Values are mean ir 2SEM.
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Figure 3 Changes m GDI 1aCD18 (Figure 3a) and CDU b/CD lS (Figure 3b) expression on neutropnils 
at venepuncture(A), after haemodilutioniB), and at 30-minute intervals during circulation througn rr.enr.Prane 
oxygenatorsiC) or neid static m oxygenator tubmg(D). Figures 3c and 3d show tne equivalent data for 
L-seiectin: a population of cells em erged with time whicn did not express this adhesion molecule -  shown in 
black circles (numoers) and bars (expression) -  wnile cells expressing L-selectin are shown as open circles and 
bars [n = 3). Values are mean r  2SEV1.
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a m arked rise in n eutrophil count w hich b egan , 
in som e cases, during the period  o f  rew arm ing  
and reperfusion  o f  the cardiac and pulm onary  
vascu lature, and was m ost m arked during the 
early p ostbypass period . A fter  reaching a peak , 
values usually  fell tw o to three hours after the  
b eginn in g  o f  rew arm ing, but rem ained w ell above  
pre-op erative  levels 24 hours later. In all 10 
p atien ts, IL -8  b ecam e d etectab le  in p lasm a, the 
rise co in cid in g  c lo se ly  w ith the rise in neutrophil 
coun ts (F igure 4 b ), and reaching a peak tw o  
to  four hours after rew arm ins. T h ese  findings

32qii3-s

TOTAL.2Ô60 ^ ILi__H«î t GATED

corresp on d ed  to those in our previously  rep orted  
co n tro lled  study.

M arked  variations in neutrophil exp ression  o f  
ad h esion  m o lecu les  C D  11b/C D  18 and L -seiectin  
w ere o b s e r \e d  both  during and fo llow in g  C PB . 
D ata  from  tw o contrasting cases are show n in
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Figure 4 Fluorescence histograms of neutroohils stained 
for L-seiectin from a m em orane oxygenator circuit. Figure 
4a After TA/c m inutes’circulation. Figure 4b After 
120 m inutes' circulation. Fluorescence is snown on a 
four-decaoe logarithmic scale and is m aroitran/ units.

Figure 5a Neutrophil counts and Figure 5b plasma 
interleukin 8 concentrations in 10 children undergoing CPB 
surgery. Values are shown plotted against time with time 0 
being the onse t of rewarming towards tne end of oypass in 
eacn case. Symools correspond to those allocated to each 
case in Table 1.
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Figure 6 Changes m GDI 1 b/CD18 and L-selectin 
expression on neutropnils m two cnildren ta and b) 
undergoing CP3 surgery. Values are shown plotted against 
time with time 0 being the onset of rewarming tow arcs the 
end of bypass m each case.

Figure 7 Fluorescence histograms of neutrophils stained 
for L-seiectin from a child undergoing CPB surgery (case 
8). Figure 7a Immediately after induction of anaesthesia 
(prebypass). Figure 7b While on bypass (ust prior to 
rewarming ana Figure 7c 90 m inutes after onset of 
rewarming (postoperatively). Fluorescence is shown on a 
four-decade logarithmic scale and is m aroitrary units.
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Figure 6. Expression of L-selectin rose noticeably 
over the operative and early postoperative 
periods in eight out of 10 patients and, in 
general, expression of L-selectin varied more 
widely than C D llb /C D  18 (data not shown). 
C D lla /C D lS  expression remained constant. In 
contrast to changes in neutrophil count and 
plasma IL-8 in these patients, no consistent 
pattern was discernible in the timing of adhesion 
molecule changes. In six out of 10 patients, careful 
analysis revealed small populations of L-selectin- 
negative neutrophils during or immediately after 
CPB which subsequently disappeared (Figure 7). 
D onor blood used to transfuse patients always 
contained neutrophils with very low L-selectin 
expression (data not shown).

Discussion

Although the numbers of neutrophils in blood 
circulated through membrane oxygenator circuits 
remained approximately constant with time, a 
proportion of them, which grew with time, lost 
all expression of L-selectin. Such cells are likely 
to have impaired adherence to endothelium in 
the systemic microvasculature although they 
might selectively become sequestered in the 
pulmonary capillary bed, whose internal diameter 
is exceeded by the diam eter of the neutrophil 
particularly under conditions of slow flow around 
the time of recommencement of ventilation. 
However, in children undergoing CPB with the 
same oxygenator apparatus only small numbers 
of such cells became detectable in the circulation. 
Indeed the few L-selectin-negative neutrophils 
detected in these patients could have been 
derived from transfused blood. The reason for 
this difference could be that these cells are 
not generated by the circuitry in vivo, perhaps 
because of conditions not reproduced in our 
circuits such as hypothermia or the presence 
of pharmacological agents. Alternatively, these 
neutrophils may be removed in the systemic cir
culation. The neutropenia observed in patients 
during CPB and not in circuits suggests that 
neutrophils are lost from the circulation into the 
patient’s tissues during CPB. Selective removal 
of L-selectin-negative neutrophils appears para
doxical, however, and these observations require 
further investigation.

A  neutrophilia occurred consistently after CPB 
in our patients. The source of these circulating 
cells could be the marrow, the newly reperfused 
cardiac and pulmonary vasculature, a marginated 
population in the systemic vasculature or a com
bination of these. If IL-8 plays a role in inducing 
these changes, it is likely to be one of many 
controlling factors and to have complex effects. 
No clear relationship between the peak IL-8 level 
and the peak neutrophil count emerged in these 
patients, although it was interesting to note that 
in one patient who had exceptionally high plasma 
levels of IL-8 the rise in neutrophil count was 
rather blunted (Figure 5, case 10).

The emergence of IL-8 after 120 minutes in the 
circuits suggests that repeated circulation through 
the apparatus is sufficient to induce leucocytes 
to release the cytokine. However, the concen
trations and pattern of release contrasted sharply 
with those seen in vivo, suggesting that other 
cell populations and stimuli are also operative in 
patients. In both situations the specific stimulus 
inducing IL-8 m RNA transcription and trans
lation remains unclear. We failed to detect 
TNF, IL - la  or IL -ip  in children with elevated 
postoperative blood IL-8.1® Several reports have 
alluded to the release of bacterial endotoxin 
during C PB ,22 and it could be that this, 
in patients’ circulation and contaminating the 
oxygenator circuits in trace amounts, induces 
IL-8 release. It is also possible that activated 
platelets, adherent to neutrophils, could provide 
the stimulus.23

These observations demonstrate the complexity 
of the changes in neutrophil function during the 
acute inflammatory syndrome following CPB. 
Further studies of changes in both neutrophil and 
endothelial adhesive function in these patients 
may lead to elucidation of specific therapies to 
block the harmful elements of the inflammatory 
response during this critical period.
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Changes in neutrophil C D llb/C D 18 and L-selectin expression and 
release of interleukin 8 and elastase in paediatric cardiopulmonary 
bypass
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‘ The University of Sheffield. Dept, of Paediatrics. The Sheffield Children's Hospital. Sheffield SIO 2TH, UK. ’ The Hospital 
for Sick Children and Institute of Child Health. London W CIN.  ̂ Brompton Hospital, London SW3; * Dept. Paediatrics.
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Abstract

Children undergoing cardiopulmonary bypass (CPB) surgery for congenital heart defects develop an acute 
post-operative capillary leak which may be due to endothelial injury inflicted by adherent neutrophils 
(PMN). Direct immunofluorescence and flow cytometry were used to measure CD 11 a/CD 18, 
CDllb/CDlS and L-selectin ( l - s )  expression on circulating PMN in CPB circuits containing human blood 
and in children undergoing CPB. In vitro, a general rise in CDllb/CDlS expression over 2h contrasted 
with complete loss of L-s in a small but progressively increasing proportion of PMN. Marked but 
inconsistent changes in CDllb/CDlS and l - s  were observed in vivo, in conjunction with fluctuations in 
circulating PMN count. Circulating IL-8 was detected starting at rewarming from hypothermia and 
re perfusion of the heart and lungs with a simultaneous, closely correlated rise in both PMN count and 
circulating elastase. IL-1 and TNF were not detected. These studies demonstrate changes in the pathways 
of PMN-endothelial interaction during and after CPB.

Methods blood. Circulation was maintained for 2 h at 37 "C.
Control blood was held static.

Bypass circuits

Adult bubble (Wm Harvey H I700, CR Bard Inc, Patients 
Tewksbury, .VIA) and paediatric membrane hollow
fibre oxygenators (Model D701 Masterflo 34, The study received local ethical committee ap-
Dideco, Modena, Italy) were used. Circuits of proval. Nine children undergoing hypothermic
tubing, an occlusive roller pump and an oxy- CPB and a control group of nine children under-
genator/heat exchanger and reservoir were primed going craniotomy were studied,
with 1000 ml of diluted fresh heparinized human

The heierodimer CDI la, CD 18 is also known as LF.A-1.
Immunofluorescence and flow  cytometry

- The heterodimer CD lib /C D  18 is also known as M ac-1. Mol Whole b l o o d  was S t a i n e d  b y  d i r e c t  i m m u n o f l u o -

is .he human equ.valen. o f .he murine homing 
receptor MEL-14 and is also known as L A M -i, LECAM -i and Marseille, France), CDl lb  (44, Cymbus, South-
LEC-CAM-1. ampton, UK), l - s  ̂ (TQl, Coulter Electronics, Hial-
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eah. FL, USA) and an irrelevant epitope (X927. 
Dako, High Wycombe. UK). Flow cytometric ana
lysis of granulocytes, gated by their characteristic 
forward and orthogonal light scatter character
istics, yielded median relative fluorescence values 
for these epitopes. Granulocytes were always 
>90'>o PM N.

Other assays

Ueukocyte counts and differentials were performed 
by standard procedures. lU-8 , TNF%, lU -la  and /i 
in plasma were assayed using EUlSA kits (Quan- 
tikine, R&D Systems. Minneapolis, USA) accord
ing to the manufacturer's instructions. Plasma elas
tase %-l-antitrypsin concentrations were measured 
by EUlSA after Brower and Harpel [1],

R e su lts

Bypass circuits

PM N counts and GDI la C D  18 e.xpression re
mained constant. GDI lb GDIS e.xpression rose 
progressively in bubble oxygenator circuits (mean 
± S E M , 365 ± 49%  of the initial value after 2 h, n 
= 5) (Fig. la) relative to static controls ( I6 0 ±  12%); 
in membrane oxygenator circuits this rise was less 
marked (220±35® o, a =  3). L-s expression fell in 
circuits (and not static controls) by two distinct 
processes; a small progressive fall mirrored the rise 
in GDI lb  G D I8 and a population of PM N  emer
ged which had lost all L-s (i.e. fluorescence equal to 
negative control antibody) (Fig. lb). This popula
tion progressively replaced the cells expressing l - s 
(40-55‘’'o by 2 h). Of these two forms of l -s loss, the 
former was seen only in the bubble oxygenator 
circuits (71 ± 2% . n = 5), while the latter was seen m 
both types.

Figure I
(al C D llb .C D lS  an d  (b) L-selectin exp ress ion  on  n e u tro p h ils
before (------- 1 and  after I........) 2 hs c ircu la tio n  at 37"C th ro u g h  a
cardiopulmonary bypass oxygenator. Cell numbers are plotted 
against fluorescence on a logarithmic scale.

Patients

In children undergoing GPB (not controls), in
consistent changes in PM N  GDI lb GD18 and l -s 
expression were observed, including rises in both 
GDI lb G D 18 and l - s. In contrast to circuits, fluc
tuations in circulating PM N  numbers occurred 
including a rapid rise (2 .2± 0 .7  to 12.6± 1.7 x IG'̂ ,1) 
at and following rewarming from hypothermia. 
This coincides with reperfusion of the cardiac and 
pulmonary vasculature prior to discontinuation of

GPB. A small population of l- s negative PM N were 
observed at the end of GPB in some cases.
Plasma IU-8 was transiently detectable in GPB 
patients (Fig. 2) coinciding with the neutrophilia 
described above and a rise in circulating PM N  
elastase (Fig. 2). T N F x  IL-1 a and /I were not 
detected in these patients. In 8-9 control patients, 
IU-8 and elastase were not detected. In the 9th, a 
brief simultaneous rise in both occurred (to: elas
tase 2.0 pg, ml, IL-8 1025 pg^ml).
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lium under conditions of dow when shear stresses 
are too great for integrin-(CDl 1 C D 'S) medi
ated adhesion [2]. Loss of l - s could, thus, prevent 
P.VtN margination. The internal diameter of the 
p u lm o n a r y  microvasculature is less than that o f  the 
P.MN [3] and. on reperfusion, conditions of slo w  
blood flow  ex is t. L-s negative PM N  expressing high 
levels of C D U  G D IS might sequester selectively 
m the lunas -  a process which occurs foilowma 
CPB [ i ] .  '
.4 transient rise in plasma IL-8 has only previously 
been reported in experimental sepsis and endo- 
toxaemia following rises in IL-1 and T N F  [5. 6j. In 
view of the described effects of IL-8 including 
regulation of transendothelial migration ["], and of 
elastase [81, our nndings may represent a novel 
pathway of neutrophil-induced capillary leak.
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F igure : .
Interieu.vin S and elastase a-1-antitrypsin concentrations in 
plasma before, iuring and after nvpotnermic caraioDuimonary 
tiypass operations m nine cniicren. Time zero :s ,'Uit prior to 
-e\varming ind reperfusion of the near: and lungs to^vards the 
end of bvoass.

Discussion

Changes in P M N  adhesion molecule expression 
during circulation through CPB oxygenators may 
alter adhesion of these cells to endothelium. The 
selectins mediate the deceleration of circulating 
'.eukocvtes to a "rollina" state aiona the endothe-
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Neutrophil activation during cardiopulmonary 
bypass
To the Editor:

We write in response to the recent invited letter by Dreyer and 
associates.' We agree with the suggestions they propose for fur
ther investigation in this area and wish to communicate the pre
liminary results of our current studies, which address some of the 
questions they raise.

We examined changes in neutrophil adhesive and secretory 
function in a mock cardiopulmonary bypass circuit primed with 
fresh human blood. The circuit consisted of %-inch polyvinyl- 
chloride tubing, an occlusive roller pump, and an adult bubble 
oxygenator/heat exchanger (model Wm Harvey H I700, C.R. 
Bard Inc., Tewksbury, Mass.). Four hundred milliliters of 
human blood, obtained by venipuncture from healthy adult 
male volunteers, was mixed immediately with 600 ml of Hart
mann’s solution and used to prime the circuit. Anticoagulation 
was achieved with heparin to a final concentration of 4 units/ 
ml prime. Filtered air was passed through the gas port at 
2L/min and circulation commenced at a flow rate of 3L/min 
for 2 hours at 37® C. A further 30 ml of blood was mixed with 
45 ml of Hartmann's solution, identically anticoagulated, and 
used to prime a closed loop of identical circuit tubing, which was 
left static in a water bath at 37° C. Blood samples were taken 
as follows; (I) at venipuncture (undiluted blood); (2) immedi
ately after hemodilution; and (3) 2, 30, 60,90, and 120 minutes 
after commencement of circulation (circuit and static loop).

Aliquots of 25 pJ were immediately stained with saturating 
concentrations of mouse IgGl antihuman monoclonal anti
bodies to one of CDI la (25-3-1, Immunotech, Marseille, 
France), CDI 1 b* (-i4. Cymbus, Southampton, England), L-se- 
lectint (TQl. Coulter Electronics, Hialeah, Fla.), or an irrele
vant epitope (X927. Dako, High Wycombe, England) for 10 
minutes at room temperature. These antibodies are directly 
conjugated to fiuorescein isothionate (FITC) except TQl, 
which is conjugated instead to phycoerythrin. Erythrocytes were 
then lysed with F.ACS lysing solution (Becton Dickinson, 
Mountain View. Calif.) for 10 minutes, and after centrifugation 
and removal of the supernatant, washed once with Hanks bal
anced salt solution w ithout calcium, magnesium, or phenol red 
(Gibco, Paisley. England) and resuspended in a 1% solution of 
formaldehyde in phosphate-buffered saline and 2% glucose and 
held at 4° C in the dark until analysis. Flow cytometry was per
formed with an F.ACScan cytometer (Becton Dickinson). 
Green and red amplifier gains were calibrated with beads before 
each experiment ( Flow Cytometry Standards Corp., Research 
Triangle Park, N.C.) to ensure that relative fluorescence values 
were comparable between experiments. A total of 2000 events 
were recorded from each sample and analyzed with Datamate 
analysis software (Applied Cytometry Systems, Sheffield,

"The heterodimer GDI lb /C D  18 is also known as Mac-1, M ol and 
CR3.

tL-selectin is the human equivalent o f the murine homing receptor 
M EL-14 and is also known as L A M -I, LEG AM-1 and LEC- 
C A M -I.

England). Granulocytes were gated by their characteristic for
ward and orthogonal light scatter characteristics. The median 
fluorescence channel number was computed for each gated 
population and converted mathematically into a relative fluo
rescence value corresponding to the average level of expression 
of the epitope on the cells’ surface. Blood from each sample was 
sent for full blood count, which indicated that granulocytes were 
more than 90% neutrophils in all cases. Ethylenediaminete- 
traacetic acid-treated plasma was separated and stored at -7 0 °  
C. Five identical experiments were performed.

Dramatic changes in neutrophil expression of adhesion mol
ecules CDI lb/CD 18 and L-selectin were observed, whereas 
CD 11 a expression remained constant. The relationship between 
the changes was broadly reciprocal, as has been observed in in 
vitro studies.- A rise in CDI lb and a fall in L-selectin expres
sion took place in circulating blood, reactions that were absent 
or much less marked in static blood (Fig. 1, a and b). However, 
the nature of these changes was distinct. The rise in C D llb  
expression occurred as a single process, reflected uniformly in 
the entire granulocyte population, at a steady rate (Fig. 1, a), 
and could be visualized as a progressive shift of the respective 
fluorescence histograms to the right with time (Fig. 2, a) 
(mean ±  standard deviation; 120-minute value 365% ±111%  
of initial value, static loops 159% ± 26%, /» < 0.01 by paired 
Student’s t test). By contrast, the fall in L-selectin expression 
occurred as two distinct processes. The first was the reverse of 
that seen for CDI lb, a steady although much less rapid fall in 
expression of the epitope by the larger number of cells (Fig. 1, 
b) (mean ±  standard deviation; 120-minute value 71% ± 8% 
of initial value, static loops 94% ± 7%, p < 0.01). The second 
consisted of the emergence of a second population with low flu
orescence reflecting complete loss of the epitope. The rate of 
appearance of these cells steadily increased with time, and their 
rise in number was mirrored by a comparable fall in number of 
L-seleciin-positivecells (Fig. l,c ) (mean ± standard deviation; 
proportion of L-selectin-negative cells at 120 minutes 
42% ± 16%. static loops 3% ± 1%. p < 0.01).

We believe that these observations may lead to important 
advances in the understanding of the pathophysiologx' of 
neutrophil-mediated tissue injury during and after cardiopul
monary b\pass. As Dreyer and associates' point out, increases 
in CD I Ib /C D l 8 expression and decreases in L-selectin expres
sion could be expected to lead to enhanced and reduced adhe
sion of neutrophils to endothelium, respectively. However, our 
findings suggest that, after 2 hours of bypass, more than half the 
neutrophils may still have near normal expression of L-selectin 
and greatly enhanced expression of CD 11 b/CD 18 and thus be 
much more likely to adhere. Because the diameter of the neu
trophil exceeds that of the pulmonary capillary, and neutrophils 
must therefore deform to pass through,^ it is possible that neu
trophils stripped of L-selectin and therefore unable to adhere in 
conditions of rapid flow in the systemic circulation could selec
tively become sequestered in the lung at the time of pulmonary 
reperfusion when low rates of flow would lead to low shear 
stresses compatible with CDI I /C D  18-media ted adhesion.^

Dreyer and associates also discuss the possible role of 
complement activation in inducing these and other aspects of 
neutrophil activation during cardiopulmonary bypass. We were 
able to demonstrate substantial rises in plasma C3a under these 
experimental conditions (mean = standard deviation; 120-min
utes values: circulating 2485 ±  939 ng/ml, static 642 ± 86, 
p < 0.01; initial value 142 ±  65). Reduced neutrophil deform- 
ability resulting from complement activation^ could also 
enhance sequestration in small pulmonary capillaries. We are
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Fig. 2. N eu tro p h il surface expression of C D l l b / C D i 8  (a) 
and L-selectin (b) in hum an blood before and  a fte r  2 hours o f 
circulation a t  37° C in card iopu lm onary  bypass oxygenator c ir
cuits. F luorescence h istogram s for sam ples from  a single exper
im ent a re  show n.
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Fig. 1. N eutrophil su rface expression o f C D l lb /C D 1 8  (a) 
and  L-selectin ( b )  in hum an bicod before an d  d u ring  e ither 2 
hours o f circulation a t  37° C in card iopulm onary  bypass oxy
genato r circuits ( l e f t )  or 2 hours sta tic  ( r i g h t j .  M edian relative 
fluorescence values for each sam ple w ere converted  into a per
cen tage value relative to the value im m ediately  a lte r  hem odilu
tion ( D O N O R  4- P R I M E } - ,  data  shown are  the  m eans ±  s ta n 
d ard  deviations o f  these values for five experim ents. T he num ber 
of neutrophils in each sam ple stained for L-selectin. expressed 
again  as a m ean percentage, is shown in c. W ith tim e, a second 
population o f cells w ith low L-selectin-specific fluorescence 
em erged in the c ircu lating  blood. These cells a re  reoresented  by 
b l a c k  b a r s  in b  and b l a c k  c i r c l e s  \n . c; cells w ith high fluorescence 
are shown as o p e n  b a r s / c i r c l e s .  W here the num ber of cells was 

less than  21. no bars a re  sho\'Ti in b .

cu rren tly  exam in ing  the possible causal re lationship  between 
this activation  an d  changes in neutrophil adhesive and  secreto
ry function by selectively inhib iting  com plem ent activation  m 
this experim ental system .

T he experim ental design described herein addresses the 
effects induced on neutrophils by repeated  passage in diluted 
blood th rough  an oxygenator and  circu it a t 37° C. It does not 
assess the  p ro tective effect, or otherw ise, o f  hypo therm ia and 
rew arm ing, nor does it reflect the changes one would see in c ir
cu lating  neu troph ils if the system ic vasculature of a patien t w ere 
included in the  circuit. These questions now need to be 
addressed. P re lim inary  results in studies of a m ock b \p a ss  cir
cuit in which a ped iatric  hoilow-fiber oxygenator is used d em 
o n stra te  sim ilar changes in neutrophil adhesion molecule 
expression, w hereas children undergoing hypotherm ic card io
pu lm onary  bypass w ith the sam e oxygenator ap pear to dem on
stra te  substan tia l changes in c ircu la ting  neutrophil num bers and
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expression of both CDI I b/CD 18 and L-seleclin both during
and after bypass but in a much less predictable fashion.
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Invited letter concerning: Cytokines and 
mechanisms of capillary leakage after 
cardiopulmonary bypass
To the Editor:

As Finn and colleagues have noted (J T h o r a c  C a r d i o v a s c  
S u r g  1993; 105:234-4] ). the sequelae related to extracorporeal 
circulation are an important factor in cardiovascular surgery. 
Although considerable advances have been made in the techni
cal aspects of cardiopulmonary bypass (CPB) in the last 30 
years, the mechanisms that lead to such clinical problems as 
capillary leakage are not well understood. This article proposes 
that c\Tokines play a significant role in changes of microvascu- 
lar permeability after CPB. Cytokines are extremely potent 
intercellular signaling molecules by which relatively rare cells 
can recruit other cells and, in some situations, control major 
physiologic processes.' In the last few years, it has become 
apparent that cuokines participate in a large number of activ
ities related to the regulation of cellular growth, function, and 
differentiation. Most of the cnokines have been given the name 
interleukin (ID  followed by a number (IL-1, IL-2, etc.). The 
authors of this article refer to four cytokines: IL-1 a, lL-1/3, IL-8 . 
and tumor necrosis factor-a (TNFa).

The cytokine IL-8 is central in this article because it has been 
implicated in a number of effects that could relate directly to the 
phenomenon of capillary leakage. IL-8 (originally called neu
trophil chemotactic factor or T-lymphocyte chemotactic factor) 
is chemotactic for neutrophils, induces degranulation,* and also 
stimulates neutrophil attachment and transendothelial migra
tion .^ T h e h\-pothesis that Finn and colleagues have tested is 
that changes in raicrovascular permeability are a function of 
damage to the vascular endothelium by neutrophils that have 
been activated by lL-8 . The IL-8 could stimulate neutrophils to 
attach and degranulate, thus releasing a number of proteolytic 
enzymes onto the vascular endothelium. The results of this study 
support such a model, because a rise in IL-8 occurs in patients 
exposed to CPB but not in the control group. Further, the 
amount of IL-8 release correlates with the length of CPB. 
Although this does not formally demonstrate a causal relation
ship between lL-8 release and the leakage of fluid into the 
extravascular space, it is clear that the release of IL-8 is asso
ciated with the phenomenon.

One of the more interesting issues raised in the article was the 
source and regulation of IL-8 release. A number of studies have 
demonstrated that IL-8 can be produced by many cell types, 
such as vascular endothelial cells, when they are stimulated by 
the cytokines TNFa or IL-I.^’  ̂ It was thus logical for the 
authors to examine also the levels of TNFa and lL-la//3, 
because it would follow that if IL-8 is found in large quantities 
in plasma, then the concentration of these two cytokines might

also rise before the induction of IL-8 synthesis. The surprising 
result that these cytokines are not found in the plasma suggests 
that TNFa and IL-1 are consumed or sequestered at the site of 
productio:;, or else that IL-8 secretion is triggered by some 
alternate pathway. As the authors point out, the bulk of IL-8 is 
produced after warming. Because crossclamp removal and 
rewarming are mostly coincidental events, then the pulmonary 
vascular bed may be responsible for the bulk of IL-8 production. 
It has been noted that, after exposure of the cell to IL-1 or 
TNFa, transcription of the IL-8 gene into messenger ribonu
cleic acid (m RNA) can occur within 1 hour after stimulation, 
reaching a maximal level within 3 hours and decreasing steadi
ly thereafter.^ With the caveat that there are posttranscription- 
al modes of regulation of protein synthesis, these kinetics 
roughly correlate with the kinetics of IL-8 levels in the serum of 
the CPB group. It is thus possible tha t induction of the I L-8 gene 
could occur in close temporal proximity to crossclamp removal. 
These hypotheses are speculative but are fortunately readily 
testable in an animal model when the appropriate reagents 
become available. The relationship between the induction of 
TNFa and IL-1 and the role of IL-8 in capillary leakage can be 
approached by blocking the action of individual c>Tokines with 
monoclonal antibodies. This strategy has been successfully used 
to demonstrate the role of TN Fa in capillary leakage after a 
period of hepatic ischemia in rats.  ̂Levels of IL-8 mRNA syn
thesis could be measured in the lungs at various times before, 
during, and after perfusion after CPB either with Northern 
blotting (which can be used to measure the quantity of a spe
cific mRNA in a sample) or the polymerase chain reaction 
(which can quantitate a specific mRNA in an extremely small 
sample). This type of information is important because it can 
definitively show whether cytokine genes are activated in a giv
en tissue, thus helping us to determine the source and kinetics 
of cytokine production.

This study makes an excellent conceptual contribution by 
proposing that cytokines may represent a significant component 
of the disorders that can arise after CPB. To understand the 
mechanisms of this phenomenon, however, it will be necessary 
to determine the source and regulation of IL-8 and other cyto
kines. It will then be possible to determine what specific stimuli 
are triggering the induction of IL-8 during rewarming and 
whether there is a direct causal relationship between IL-8 and 
changes in microvascular permeability.

James F. George, PhD
Department o f  Surgery 

Division o f  Cardioihoradc Surgery 
University o f Alabama at Birmingham 

Birmingham, AL 35294-0007
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Reply to the Editor:
We are grateful to Dr. George for his comments on our arti

cle. We agree that it would be interesting to ascertain the cel
lular origins of the interleukin-8 (IL-8) detected in our patients' 
blood. To investigate the possibility that IL-8 could be released 
by circulating leukocvtes. stimulated by repeated circulation 
through the oxygenator circuit, we have circulated normal blood 
anticoagulated with heparin and diluted with Hartmann's solu
tion through oxygenator circuits (n = 5) identical to those used 
in our clinical study for 2 hours at 37° C. With the same 
enz}Tne-linked immunoassay, we were able to detect 1 L-8 at low 
levels (median 89 pg/ml. range 64 to 121 pg/ml) in plasma 
taken from the circuits after 2 hours of circulation but not in 
plasma taken at the outset or in control plasma from blood held 
static in circuit tubing during the same period. These data indi
cate that leukoc}ies may contribute at least some of the lL -8 
detected in vivo, but the large increases observed in our patients, 
which occurred after b>pass, cannot be explained by these 
physical stimuli in isolation.

We have also investigated the possibility that IL-8 could have 
been generated in the ischemic heart or lungs during bypass. 
Blood samples were taken from the arterial return of the pump 
circuit and the coronar}' sinus immediately after removal of the 
aortic crossclamp and from the pulmonary artery and left atri
um immediately after recommencement of ventilation in four 
patients. No signincani rise in plasma IL-8 level was detected 
in any of these samples. In arterial blood taken at intervals after 
the end of bypass, however, IL-8 concentrations rose in all four 
cases ( 15 minutes, median 424 pg/ml, range 58 to 487 pg/mi: 
60 minutes, median 653 pg/ml, range 166 to 910 pg/ml) as 
previously. These data suggest that IL-8 is not “flushed out” on 
reperfusion of the cardiac and pulmonary vascular beds and that 
Dr. George is correct in proposing that the release of IL-8, 
whether controlled at the level of messenger ribonucleic acid 
expression or posttranscripticnally, follows rather than precedes 
crossclamp remm ai.

It would indeed be possible to look for IL-8 messenger ribo
nucleic acid in lung tissue with the methods suggested by Dr. 
George. More directly, it may be feasible to visualize endothe
lium-associated IL-8 by immunofluorescent examination of tis
sue sections. Because it is now proposed that endothelial cells

may present IL-8 to neutrophils in haptotactic (bound chemo
tactic) gradients, thus promoting transendothelial migration,' 
this would provide compelling evidence for an active role tor the 
cytokine in neutrophil-endothelial interactions under the. " con
ditions.

Finally, we agree that it will be important to investigate 
whether any causal relationship exists between the release of 
IL-8 and the development of increased microvascular perme
ability in these patients. To this end, we are currently studying 
postoperative changes in body water accumulation, lung com
pliance, and pulmonary gas exchange in children undergoing 
cardiopulmonary bypass and correlating these changes with 
release of this cytokine.

Adam Finn, M RCPiUKf 
Naomi Rebuck, BS<f 

Neil Moat, FRCS"^ 
Suren Naik, FRCS^ 

Nigel Klein, M RC PiVKf 
Roland Levinsky, FRCP^ 

Stephan Strobel, MD, PhFP 
Martin Elliott, MD, FRCS^ 

Division o f  Cell and Molecular Biology, 
Institute o f  Child Health^ 

Cardiothoracic Unit, Hospital fo r Sick Children, 
Great Ormond Street^ 

Department o f Paediatrics, St. Mary's Hospital
.Medical SchooF

Royal Brompton National Heart and Lung Hospital 
London, United Kingdom
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Degradation of Glycosaminoglycans and Fibronectin on Endotoxin-Stimulated 
Endothelium by Adherent Neutrophils: Relationship to CDllb/CD18 and 
L-Selectin Expression

Nigel J. Klein, Michael Levin, Stephan Strobel, and 
Adam Finn

Departntem o f  Paediatrics. St. M ary's Hospital Medical Sciwnl. and 
Division o f  Cell and ^oiectilar Biology. Institute o f  Chiid Heaiin.

London. United Kingaoni

Vascular endothelial injury observed in overwhelming sepsis may be caused by neutrophil-de
rived enzymes. Adherence to the endothelium, a prerequisite for this process, is mediated sequen
tially by the neutrophil adhesion molecules L-selectin and the 02 integrins including CDI lb / 
CD 18. The relationship between expression o f these molecules, neutrophil adherence, 
endothelial activation, and consequent endothelial injury was assessed by changes in heparan 
sulfate and fibronectin matrices. Endothelial prestimulation with lipopolysaccharide caused both 
an increase in adherence and a generalized reduction in heparan sulfate; disruption o f the fibro
nectin matrix occurred only on the funher addition of FMLP. Although maximal disruption of 
these matrices was associated with elevation o f neutrophil CDI lb /C D  18 and reduction in L-se- 
lectin expression, these changes did not determine either the nature or extent o f endothelial 
damage. This model may provide further insights into the interrelationship between neutrophil 
activation and endothelial damage in gram-negative sepsis.

Capillary leak and intravascular thrombosis are serious 
consequences o f  endotoxem ia and are indicative o fa  general
ized alteration in the hom eostatic properties o f  the vascular 
endothelium  [1 ,2 ] . R ecent evidence suggests that endotoxin  
may mediate this vascular injury through its effects on cells 
and inflammatory mediators [3]. Resultant modulation o f  
endothelial and leukocyte function, which are normally vital 
to the effective clearance o f  bacteria from intra- and extravas
cular sites, may be detrimental to the host [4], Activation o f  
adherent neutrophils (PM N L) can cause local release o f  pro
teolytic enzymes, endoglycosidases. cationic proteins, and 
reactive oxygen intermediates, which may be responsible for 
much o f  the cellular and extracellular damage seen in gram- 
negative sepsis [5],

Tw o important m olecular species associated physically 
and functionally with vascular endothelial cells are the sul- 
fated glycosam inoglycans [6 ] and fibronectin (FN ) [7], Lo
cated on the endothelial cell surface and in the pericellular 
matrix, they are particularly vulnerable to enzymatic degra
dation and may therefore be a sensitive marker o f  experim en
tal endothelial injury [8 , 9]. The sulfated glycosam inogly
cans are important in regulating vascular permeability to
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plasma proteins [ 10], maintaining endothelial cell thrombo- 
resistance through specific interactions with antithrombin III 
and heparin cofactor II [11], m odulating cellular traffic 
across the vascular wall, and binding important m acrom ole
cules such as lipoprotein lipase, fibroblast growth factor, and 
superoxide dismutase [12, 13]. The most prom inent endothe
lial-associated sulfated glycosam inoglycan, heparan sulfate 
(H S), also binds specifically to other extracellular matrix 
proteins including FN, lam inin, and collagen [6 ]. Together 
they help to maintain the physical integrity o f  the vascular 
endothelium .

Fibronectin, synthesized by endothelial cells, is involved  
in cell motility, wound healing, tissue repair, and leukocyte 
adhesion [14, I 5]. Endothelial cells bind to FN through spe
cific attachment sites, including the R O D  (A rg-G ly-A sp) se
quence, important in integrin-mediated cell adhesion [16]. 
Recent evidence also suggests that proteolytic cleavage o f  
FN is a potent stimulus o f  PMNL activation [17, IS]. By 
inducing the release o f  proteolytic enzym es [19], enhancing  
the respiratory burst [20], and increasing PM NL adherence 
[21], FN degradation may be an important com ponent o f  the 
pathophysiologic cascade seen in overwhelm ing sepsis. Mod
ulation o f  the giycosam inoglycans-FN  matrix in response to 
inflammatory mediators and cells would therefore be e.x- 
pected to com prom ise significantly the hom eostatic func
tions o f  vascular endothelial cells.

Recent studies suggest that the adherence o f  circulating 
PMNL to endothelial cells in acute inflamm ation is m e
diated by a com plex series o f  interactions between specific 
adhesion m olecules on both cell types [22]. The Initial slow 
ing o f  the circulating PMNL to a marsinated state, rolling 
aions the endothelium , involves L-seiectin on the PMNL
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[23] (L-selectin is the human equivalent o f  the murine hom
ing receptor M E L -14 and is also known as LAM -L LECAM- 
I, and LEC-CAM -1). Subsequent transmigration o f  the 
PM NL to the extravascular space involves adherence via the 
leukocyte (/J^) integrins (C D I 1 a /C D  18 [also known as LFA- 
1], C D I 1 b /C D  18 [also known as M ac-1, Mo l ,  and CR3], 
and C D  1 1 c /C D  18 [also known as p 150,95 and C R 4]) [24]. 
Circulating, unstimulated PMNL express high levels o f  sur
face L-selectin and low levels o f  CD 11 b /C D  18; the reverse is 
true o f  those that have migrated through the endothelium  
[25, 26]. This, and the fact that several PM NL chemoattrac- 
tants induce the shedding o f  L-selectin and the rapid mobili
zation o f  C D I lb /C D  18 from intracellular stores onto the 
cell surface [23. 26], suggests that these changes may be im
portant regulatory steps in the transition between margina
tion and transmigration. CD 11 b/C D  18 binds endothelial in
tercellular adhesion m olecule (ICAM ) J [24] and fibrinogen 
[27] and may adhere to other proteins o f  the endothelial 
extracellular matrix since it binds iC3b through an ROD  
sequence [28], one shared by many extracellular matrix pro
teins [16], A dhesion via C D I 1 b /C D  18 has been shown to 
prom ote release o f  both reactive oxygen intermediates [29] 
and proteolytic enzym es [30] by PMNL. However, the associ
ation between the quantitative expression o f  these adhesion  
m olecu les and endothelial injury is currently unclear.

W e therefore explored this relationship in a human umbili
cal vein endothelial cell (H U V E C ) m odel o f  inflammation  
in w hich stimulated PM NL have previously been shown to 
degrade HS and FN [8 , 9], We assessed the effect o f  endothe
lial stim ulation with lipopolysaccharide (LPS) on PMNL ad
hesive function and the relationship o f  such changes to 
disruption o f  these endothelial extracellular matrix com po
nents.

Methods

Reagents. All cell cultures were carried out in RPMI 
(GIBCO, Paisley, UK) supplemented with L-glutamine (1.6 
mM). penicillin (80 units/mL), streptomycin (80 Mg/mL), and 
20% fetal calf serum (GIBCO). PMNL separation was done us
ing mono-poly resolving medium (Flow Laboratories, High Wy
combe, UK). LPS {Escherichia co/i 0 128:B 12), FMLP, and por
cine gelatin were purchased from Sigma (London). A mouse 
monoclonal antibody to the cell attachment domain o f FN was 
obtained from Boehringer (Mannheim, Germany) and visual
ized with 3 fluorescein isothiocyanate (FITC)-conjugated rabbit 
anti-mouse IgG (Tago: TCS, Botolph Claydon, UK). Gold-con
jugated poly-L-iysine (cationic gold) and silver enhancer were 
from Biocell Research Laboratories (Cardiff, UK). Citifluor was 
from City University (London). Mouse monoclonal antibodies 
to CD 1 I b(44) conjugated to FITC and L-selectin (T Q 1 ) conju
gated to phycoerythrin were purchased from Cymbus (South
ampton, UK) and Coulter Electronics (Hialeah, FL). respec
tively. FACS lysing solution (Becton Dickinson. Mountain

View, CA) was used for erythrocyte lysis and Hanks’ balanced 
salt solution without calcium, magnesium, or phenol red 
(GIBCO) for leukocyte washes. All solutions used were free 
from contaminating endotoxin, as assessed with a limulus ame- 
bocyte lysate assay (Kabi Vitrum, Uxbridge, UK).

Endothelial culture. Endothelial cells were obtained from 
human umbilical veins by digestion with 0 . 1% collagenase as 
previously described [31]. Cells were grown to confluence in 
25-cm^ flasks and passaged by exposure to EDTA, 10 mM, onto 
gelatinized 13-mm glass coverslips in 24-well plates. Cells were 
always from the second passage and were verified as endothelial 
by their characteristic morphology, the presence o f  von Willi- 
brand factor, and prostacyclin production.

Preparation o f PMNL. Venous blood from adult donors was 
collected into 3.8% trisodium citrate and aliquoted into test 
tubes containing mono-poly resolving medium. After centrifuga
tion at 300 g for 45 min, a discrete band o f  PMNL could be 
located easily and pipetted free from contaminating blood con
stituents. PMNL were washed in Hanks’ buffered salt solution 
without calcium and magnesium containing 20% fetal calf 
serum, counted, and reconstituted in culture medium. Morpho
logic assessment o f  PMNL purity and viability were estimated to 
be >93% and >95%, respectively.

Incubation o f PMNL with endothelial cells. In each experi
ment, three identical rows o f  six wells were treated as follows: 
well A, HUVEC alone; B, HUVEC with PMNL (1.25 X 10̂  
cells/well) added; C, HUVEC with PMNL and LPS ( 1 ^g/mL) 
added simultaneously; D , HUVEC with PMNL, LPS, and 
FMLP (1 tiM) added simultaneously; E, HUVEC previously 
stimulated for 4 h with LPS with PMNL added; F, HUVEC 
previously stimulated for 4 h with LPS with PMNL and FMLP 
added. In preliminary experiments done to establish appropriate 
conditions, addition o f PMNL with FMLP to HUVEC in the 
absence o f LPS consistently produced endothelial immunohisto- 
chemical results identical to those with PMNL added without 
FMEP or LPS. Therefore, this condition was not included in 
further experiments. To assess changes in the absence o f endo
thelial cells, in each experiment samples o f  PMNL were held as 
suspensions in culture medium and stimulated with LPS and 
FMLP identically to wells B, C, and D. A protocol that included 
removal o f LPS before addition o f  PMNL was not included be
cause repeated washes caused damage to the integrity o f HU
VEC monolayers. Fit'teen minutes after the addition o f neutro
phils to HUVEC, saturating concentrations o f  antibodies to 
CDI lb and L-selectin were added to two rows o f wells and to 
the PMNL suspensions. After a further 15 min, the supernatants 
(nonadherent cells) from the same rows were removed by aspira
tion using a Pasteur pipette, and these and the PMNL suspen
sions were diluted with PBS and centrifuged at 300 g for 4 min. 
and the tissue culture medium was removed. The ceil pellet 
(nonadherent cells) was then incubated with 10 mM  EDTA in 
PBS at 37"C for 1 min to simulate conditions for adherent cells 
(below) and added to an equal volume o f  fixative (2% formalde
hyde, 2 g/L glucose in PBS). Simultaneously, the coverslips 
from these rows were washed twice in PBS and incubated for I 
min with 10 mM  EDTA at 37°C, and the dissociated cells (HU
VEC and adherent PMNL) were removed and fixed as above.
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S u sp en s io n s  a n d  n o n a d h e re n t  a n d  a d h e re n t  P.M NL w ere then  
a n a lv z e d  bv Mow c y to m e try  as d esc rib ed  below .

A fte r  w ash in g  in PBS. th e  m o n o lay e rs  from  th e  th ird  row  w ere 
M.xed in co ld  ( - 2 0 ° C )  m e th a n o l for 10 m in b e fo re  s ta in in g  for 
e n d o th e lia l HS a n d  FN  as d escrib ed  below .

E n d o th e lia l  s ta in in g  w as d o n e  in nve e .xperim en ts u n d e r  id e n 
tical c o n d itio n s , in th ree  o f  w hich  P M N L  a d h e s io n  a n d  C D  I I b /  
G D IS  a n d  L -se lec tin  ex p ress ion  w ere m easu red .

S t a i n i n g  f o r  e n c i o i h e i i a l  f.V  a n d  H S .  Cel Is lixed  in co ld  m e th 
an o l w ere w ash ed  in PBS a n d  s ta in e d  w ith  a m o u se  m o n o c lo n a l 
a n tib o d y  raised  ag a in s t th e  cell a t ta c h m e n t d o m a in  o f  FN at a 
c o n c e n tra tio n  o f  5 >tg/m L in PBS for I h. A n tib o d y  b in d in g  was 
d e te c te d  w ith  F IT C -la b e le d  goat a n ti-m o u se  IgG  at a d ilu tio n  o f  
I ; 100. T h e  co v erslip s  w ere w ashed  in PBS a n d  th e n  s ta in e d  w ith  
c a tio n ic  go ld  as d esc rib ed  [32]. Briefly, a n io n ic  sites (H S ) w ere 
v isua lized  w ith  a 5 -nm  g o ld -c o n ju g a te d  po ly-L -lysine p ro b e  d i
lu ted  1:100 in PBS w ith o u t ca lc iu m  o r  m ag n es iu m  a t pH  1.2. 
T h e  p ro b e  w as a p p lie d  to th e  cells for 60  m in . w ash ed  o ff  w ith  
d e io n ized  w ater, a n d  d e v e lo p ed  w ith  a silver e n h a n c e r  for 15 
m in (o r  un til th e  in te n s ity  o f  sta in  w as o p tim a l)  a t  room  te m p e ra 
tu re. T h e  co v erslip s  w ere th en  m o u n te d  in C itif lu o r a n d  v isu a l
ized a n d  p h o to g ra p h e d  on  an O ly m p u s B H 2 f lu o rescen t m icro 
scope.

A s s e s s m e n t  o f  e n d o t h e l i a l  F N  a n d  H S  m o r p h o l o g y .  W e have 
p rev iously  sh o w n  th a t u n d e r  the  s ta in in g  c o n d itio n s  d esc rib ed , 
c a tio n ic  g o ld  p rim arily  recog n izes e n d o th e lia l H S. w hich  cod is- 
tr ib u te s  w ith  FN  on  th e  cell su rface. In th is s tu d y , se m iq u a n tita -  
tive ana ly s is  o f  F N  a n d  HS in teg rity  w as assessed  by sco rin g  the  
p resen ce  o r  a b sen ce  o f  s ta in in g  in 10 h ig h -p o w er m icro sco p ic  
neids. If  the fib rilla r p a tte rn  o fs ta in in g  w as seen  in > 8  ite lds, the 
coverslip  w as g iven  a sco re  o f  3: 5 -7  fields sc o red  2: 2 - 4  fields 
sco red  1; a n d  s ta in in g  in <  1 field sco red  0. .A to ta l sco re  for FN  
a n d  HS was c a lc u la te d  for each  set o f  e x p e r im e n ta l c o n d itio n s .

C/cnv c y t o m e t r y .  T h e  fixed cell su sp e n s io n s  w ere  h e ld  a t 4 °C  
in th e  dark  un til flow cy to m etry  w as d o n e  u s in g  a B ecton  D ick 
inson  F.ACScan. G re e n  a n d  red a m p lifie r  g a in s w ere c a lib ra te d  
b efo re  each e x p e n m e n t. O n  forw ard  a n d  o rth o g o n a l ligh t sc a tte r  
tw o -d im e n sio n a l d o t p lo ts, pure su sp e n s io n s  o f  P M N L  an d  
E D T A -tre a te d  e n d o th e lia l cells w ere c learly  d is tin g u ish a b le  ( fig
ure 1). S u p e rn a ta n ts  from  e n d o th e lia l m o n o la y e rs  a lo n e  c o n 
ta in ed  a sm all p o p u la tio n  o f  cells th a t o v e r la p p e d  w ith  the  
P.MNL light sc a tte r  p ro file . .A ssessm ent by try p an  b lu e  ex c lu s io n  
in d ica ted  th a t these ce lls w ere p ro b ab ly  d e a d  e n d o th e lia l cells.

A s s e s s m e n t  o f  a d h e r e n c e .  E ach cell su sp e n s io n  was a sp ira ted  
by th e  cy to m ete r  a t a fixed rate  a n d  a c q u ire d  fo r 10 s. T h e  n u m 
ber o f  ev en ts  falling  w ith in  the g ra n u lo c y te  g a te  w as n o te d . T h e  
n u m b ers  o f  a d h e re n t a n d  n o n a d h e re n t  f.V^,) P M N L  w ere 
c a lcu la ted  by su b tra c tio n  o f  the n u m b e r  o f  e v e n ts  in the  re le v a n t 
co n tro l sam ple  (.4 ,, .-!„,) (H L ’V E C  o n ly )  from  the n u m b e r  o f  
ev en ts  in the  sam p le  u n d e r  study . By ex p ress in g  these  n u m b ers  
as a p ercen tag e  o f  th a t in u n s tim u la te d  w ells ( B.^). a m easu re
o f  re la tive  a d h e re n c e  co u ld  be m ade: -  A^^)/{B^^ -
X 100.

H e a s u r e m e n i  o f  P M N L  a d h e s i o n  m o l e c u l e  e . x p r e s s i o n .  T h e  
m ode fluo rescence  c h a n n e l n u m b e r  w as c o m p u te d  on  the  a p 
p ro p ria te  co lo r fluo rescen ce  d e te c to r  h isto g ram  for the  g ated  
g ran u lo cy te  p o p u la tio n , a n d  the la tte r  w as c o n v e r te d  in to  a rela-
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F ig u re  1. Forw ard and  o rthogonal light sca tter tw o-d im ensional 
do t p lo t from represen tative exp erim en t show ing  d istinct p o p u la 
tions o f  neu troph ils (le ft) a n d  end o th e lia l cells (righ t) in suspension  
a fter trea tm en t w ith E D T A .

five fluo rescen ce  v a lu e  c o r re sp o n d in g  to  th e  av erag e  level o f  
ex p ress io n  o f  the  e p ito p e  on  th e  c e lls ’ su rface . U se o f  th e  m o d e  
e ffec tive ly  ex c lu d ed  an y  e rro r  d u e  to  sm a ll n u m b e rs  o f  c o n ta m i
n a tin g  e n d o th e lia l  cells. P re lim in a ry  s tu d ie s  u sin g  cells s ta in e d  
w ith  an  F lT C -c o n ju g a te d  m o u se  m o n o c lo n a l a n tib o d y  to an  
e p ito p e  n o t fo u n d  o n  h u m a n  cells (X 9 2 7 ; D a k o , H igh W y 
c o m b e . U K ), a t the  sam e c o n c e n tra t io n  as th e  s tu d y  a n tib o d ie s , 
p ro d u c e d  a u n ifo rm ly  low  re la tiv e  f lu o rescen ce  ( < 1 1) u n d e r  all 
the  s tu d y  co n d itio n s , to e x c lu d e  n o n sp e c ific  b in d in g .

In an  ad d itio n a l e x p e r im e n t, th e  a n ti-C D  1 lb  a n d  a n ti-L -se -  
lec tin  m o n o c lo n a l a n tib o d ie s  w ere a d d e d  to th e  w ells befo re  
a d d itio n  o f  P M N L . T h is  n e ith e r  re su lte d  in re d u c tio n  in P.MNL- 
in d u c e d  ch an g es in e n d o th e lia l  HS a n d  FN  n o r  sig n ifican tly  
a lte re d  the  a d h e re n c e  o f  the  P M N L  to  e n d o th e liu m  c o m p a re d  
w ith  w ells in w h ich  th e  a n tib o d ie s  w ere  a d d e d  15 m in  a fte r 
P M N L  In c u b a tio n  o f  e n d o th e lia l  ce lls  w ith  LPS a n d  F M L P  at 
th e  sa m e  c o n c e n tra t io n s  a n d  for the  sam e tim e p erio d s in  the  
a b se n c e  o f  P M N L  c o n s is te n tly  failed  to p ro d u c e  a n y  ch a n g e  in 
HS a n d  FN s ta in in g  (d a ta  n o t sh o w n ).

S t a t i s t i c s .  T h e  effects o f  e n d o to x in  s tim u la tio n  o f  e n d o th e 
lium  on  a d h e re n c e  a n d  a d h e s io n  m o lecu le  ex p ress io n  w ere 
c o m p a re d  by one-w ay  a n a ly s is  o f  v a rian ce  an d  t  tests m o d ified  
by th e  B onferron i m e th o d . P e a rso n 's  c o rre la tio n  co effic ien ts 
w ere c a lc u la te d  by s ta n d a rd  m e th o d s , a n d  the  p ro b a b ility  th a t 
g ro u p  m ean  = 0 tes ted  by s ta n d a rd  i tests. D iffe ren ces w ere 
c o n s id e re d  sig n ifican t i f  F" <  .0 5 . V alues a re  ex p ressed  as m ean  
r  2SE.

Results

F . \ '  a n d  H S  m o r p h o l o g y .  In  th e  a b s e n c e  o f  P M N L . H U 

V E C  m o n o la y e rs  w e re  e x te n s iv e ly  c o v e re d  in  a f ib r illa r  n e t-
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F ig u re  2. P ho tom icrog raphs o f  
ivpical h igh-pow er rields o f  cu l
tu red  hum an  um bilical cord  en d o 
thelial cells (H U V E C ) double 
sta in ed  for ribronecttn  (left) by im 
m u n o fluo rescence  and  heparan  
su lfate  (n g h t)  by an im m unogo ld  
tech n iq u e  (panels rep resen t experi
m en ta l cond itions); A, H U V E C  
only; B, C, neu tro p h ils  (PM N L ) or 
PM N L  and  lip cp o lv saccn an d e  
(LPS) added ; D. PM N L. LPS. and  
FM L P added ; E. LPS added  4 h pre
viously and  PM N L added; F, LPS 
ad d ed  4 h previously and  PM N L 
and  FM L P added . In A. colocaiiza- 
tion o f  two h b n lla r  netw orks is 
c learly  seen. Bar = it) /xm.
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Figure 3. Scores for heparan sulfate and fibronectin matrix integ
rity of cultured human umbilical vein endothelial cells (HUVEC) 
from five experiments; wells were treated as follows: A, HUVEC 
only: B. neutrophils (PMNL) added: C, PMNL and lipopolysaccha
ride (LPS) added: D. PMNL. LPS. and FMLP added: E. LPS added 
4 h previously and PMNL added: F. LPS added 4 h previously and 
PMNL and RylLP added. Scores indicate fibrillar pattern of stain
ing: 3. 8-10 o f 10 high-power fields: 2. 5 -7  fields: 1. 2 -4  fields: 0, 
0-1 field. Data are mean ±  2SE.

work o f  FN and HS as shown previously [32] (figure 2A). 
There was absolute congruity between the FN and HS matri
ces observed in all o f  the experim ents, although there was 
som e variation in uniformity o f  staining. The pattern o f  FN  
staining after incubation with PMNL with or without LPS 
was similar to that o f  H U V EC  alone, and there was no signifi
cant diminution in the intensity and integrity o f  the HS ma
trix (figure 2B. C). A ddition o f  FMLP resulted in staining 
distinct from that described so far. In all experim ents, numer
ous discrete areas o f  matched FN and HS loss could be seen  
dispersed throughout much o f  the monolayer (figure 2D ). 
Phase contrast microscopy revealed a positive correlation be
tween the presence o f  PMNL and extracellular matrix de
struction (data not show n). The predominant feature o f  H U 
VEC monolayers stimulated with LPS before incubation  
with PMNL was a marked disparity between HS and FN  
staining. Dissolution o f  the charged network o f  HS was al
most com plete in the face o f  a FN matrix that was predomi
nantly intact (figure 2E).

In marked contrast to this, addition o f  FMLP induced an 
alm ost complete destruction o f  both HS and FN fibrillar ma
trices (figure 2F). In these wells. FN staining was seen as 
diffuse cell-associated fluorescence throughout much o f  the 
HUVEC monolayer.

By use o f  the described scoring system, these changes were 
shown to be consistent in all five experiments (figure 3). This 
demonstrates clearly the isolated loss o f  HS induced by 
preincubation o f  endothelium  with LPS (figure 3, wells C. E)

and the selective reduction in FN after addition o f  the PMNL 
stimulant FMLP (figure 3, wells D, F). In spite o f  these 
changes, the endothelial monolayer remained intact under 
these experim ental conditions, as previously shown [9 , 32].

PMNL adhesion. Figure 4 shows that, as expected, the 
numbers o f  nonadherent and adherent PM NL showed an 
approxim ately reciprocal relationship. Prior stim ulation o f  
H U V EC  with LPS for 4 h (well £ )  resulted in a marked 
increase in PM NL adherence (as indicated by a marked fall 
in numbers o f  nonadherent cells and a rise in numbers o f  
adherent cells). By contrast, addition o f  LPS with the PMNL  
(w ell C) did not produce these changes. Analysis o f  these two 
sets o f  results (w ell C vs. E) showed a significant effect o f  
endothelial cell preincubation with LPS on adhesion (/? = 6 . 
P -  .02). The pattern o f  changes in adherence (figure 4) was 
notable for its similarity to that observed for HS staining 
(figure 3). Correlation coefficients for numbers o f  adherent 
cells to HS matrix scores were 0 .4 5 -0 .9 7 , P = .001. Con
trasting with this observation, no such association was ob
served between adherence and loss o f  FN.

PM NL CDI I b/CD 18 expression. CD 11 b /C D  18 expres
sion rose markedly under all experimental conditions rela
tive to unstim ulated cells (figure 5A shows data from one 
experim ent). N o consistent difference was evident between  
nonadherent or adherent cells and those in suspension. Per
centage differences between PMNL CD 11 b /C D  18 expres
sion on cells added to H U V EC  without or with prior stimula
tion with LPS (w ell C, E) did not show significance in either 
nonadherent or adherent PMNL.

PM NL L-selectin expression. Figure 5B show s equivalent 
data for L-selectin expression. W hile conditions that pro
duced a rise in C DI lb /C D  18 expression tended to cause a 
loss o f  L-selectin expression, the relationship betw een the 
two parameters was not entirely reciprocal. Comparison o f  
neutrophils held in suspension with those exposed to unstim
ulated H U V EC  (figure 5B, well B) showed a significant drop 
in L-selectin expression in both adherent (range, 67%-78%; n 
=  3; ?  <  .01) and nonadherent (range, 52%-78%; n = 3: P < 
.01) cells. PM NL added with LPS to H U V E C  (well C) 
show ed a further loss o f  L-selectin, leaving som e residual 
expression in both adherent and nonadherent cells; in H U 
VEC prestimulated with LPS there was no residual expres
sion discernible relative to negative controls. T he addition o f  
FMLP always induced com plete L-selectin loss (w ells D. F). 
Percentage differences between PMNL L-selectin expression 
in cells added to H U V EC  without or with prior stimulation  
with LPS (w ell C vs. E) showed a significant difference only  
in nonadherent PMNL (/? = 3, ?  = .01).

Discussion

T o assess the relative contribution o f  endothelial cells and 
PMNL in mediating endothelial damage, we have studied
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Figure 4. Neutrophil adherence, shown as relative numbers of adherent (A) and nonadherent (B) neutrophils (PMNL). Wells were 
treated as follows: B. PMNL added: C. PMNL and lipopolysaccharide (LPS) added: D. PMNL, LPS, and FMLP added; E, LPS added 4 h 
previously and PMNL added: F, LPS added 4 h previously and PMNL and F\ILP added. Values are percentages o f those in wells B. Results 
from si.x sets of observations are shown (mean ±  2 SE).

the effects o f  LPS, FMLP, and PMNL in a model o f  endothe
lial injury. Simultaneous analysis o f  PM NL adhesion mole
cule expression and PMNL adherence has also enabled us to 
explore the com plex interrelationship that exists between 
these parameters in conditions o f  experim ental inflamma
tion.

In the model used in this study, the earliest observed indi
cator o f  endothelial disturbance was a detectable reduction

in HS on the endothelial surface. The disruption o f  the HS 
matrix progressively increased (figure 3) as the experimental 
conditions favored enhancem ent o f  PM NL adherence (fig
ure 4), These results suggest that m echanism s promoting 
PMNL adhesion may be integrally related to HS dissolution  
in this experimental m odel. However, although increased ex
pression o f  CD 11 b /C D  18 appeared to be associated with the 
loss o f  HS, it was not quantitatively related to PM NL adher-
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Figure 5. Relative fluorescence values o f  suspended, nonadherent, and adherent neutrophils (PMNL) from representative experiments, 
stained with (A) fluorescein-conjugated anti-CD I lb and (B) phycoerythrin-conjugated anti-L-selectin (L-sel). Wells were treated as 
follows: B, PMNL added; C. PMNL and lipopolysaccharide (LPS) added: D, PMNL. LPS. and FMLP added; E. LPS added 4 h previously 
and PMNL added: F, LPS added 4 h previously and PMNL and FMLP added. Data are modes of >  1000 events.
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ence or lo the reduction in HS. Elevated C D ! 1 b/C D  18 ex
pression was observed under conditions that did not increase 
adherence (LPS only added with PMNL, tigures 4 and 5, 
well C) and when the overall level o f  adhesion was increased 
(LPS presiimulation. figures 4 and 5. well E). and no differ
ence in C D l l b / C D l S  expression was observed between 
nonadherent and strongly adherent cells (figure 5A, well E). 
These findings support previous work suggesting that up-reg
ulation o f  CD 11 b /C D  18 alone is insufficient to induce adher
ence [33], which inasmuch as it is CDI lb/C D 18-m ediated, 
is likely to depend on further functional changes in the adhe
sion molecule. Additionally C DI la /C D  18 [34, 35] and 
members o f  the /3, integrin family [36] have been shown to 
contribute to PMNL adhesion to endothelial cells and the 
extracellular matrix including FN.

Reduction in L-selectin expression on the PMNL surface 
was induced by contact with unstimulated endothelium, 
conditions that did not alter C D I 1 b/C D  18 expression. LPS 
directly induced similar degrees o f  L-selectin loss from 
PMNL in suspension. Exposure to LPS-prestimuiated endo
thelium or FMLP induced com plete loss o f  L-selectin from 
both adherent and nonadherent cells. In this model, there
fore, adhesion is inversely related to L-selectin expression. 
Since our model measures adhesion under static conditions, 
this is consistent with reports o f  a role for L-selectin in induc
ing margination under conditions o f  flow [23]. It also dem on
strates that L-selectin loss can occur in the absence o f  
CDI lb /C D  18 up-regulation, indicating that despite the fre
quent appearance o f  synchronous changes in these two adhe
sion molecules [26], they can be independently regulated.

Conditions that produced maximal PMNL adhesion to en
dothelium, maximal expression o f  CDI I b/C D  18. and loss o f  
PMNL L-selectin also resulted in the greatest degree o f  dam
age to the endothelial extracellular matrix. However, our re
sults also demonstrated that such changes in PMNL adhe
sion molecule expression were not always related to PMNL  
adhesion and extracellular matrix destruction. This suggests 
that although these m olecular changes may be necessary to 
facilitate endothelial injury, they do not alone determine or 
indicate the extent o f  endothelial damage as assessed in this 
model. It can be inferred from our results that modulation o f  
endothelial cells by LPS may be critical in inducing the gener
alized reduction o f  HS staining following the addition o f  
PMNL. The mechanisms causing this reduction were not spe
cifically addressed in this study. However, it has previously 
been shown that PMNL contain not only enzymes capable 
o f degrading HS [37] but also cationic proteins [38] that can 
bind to endothelial HS and inhibit the deposition o f  gold- 
conjugated poly-L-lysine onto these anionic sites. Enhanced 
recruitment o f  PMNL to the endothelial surface through 
LPS-directed up-regulation o f  endothelial adhesion mole
cules [22] may be sufficient to explain the greater reduction 
in HS staining after endothelial pretreatment with LPS. Alter

natively or additionally. LPS could induce the synthesis o f  
endothelial-derived mediators, such as interleukin-8 [25], 
which could then signal the release o f  PMNL-derived en
zym es or cationic proteins onto the endothelial cell surface 
[39. 40]. In either case, these results highlight the importance 
o f  the endothelium  in regulating leukocyte adhesion and leu
kocyte-induced endothelial injury. _

Previous studies have im plicated PM NL pro teases as im
portant mediators o f  vascular endothelial injury [41, 42]. 
Elastase in panicular can damage endothelial functional in
tegrity as it can degrade collagen, elastin. proteoglycan, and 
FN [43], which form much o f  endothelial extracellular ma
trix and basem ent membrane. It is likely that such PMNL- 
derived proteases are responsible for the loss o f  immunoreac- 
tive FN  observed in this study. In contrast to the 
LPS-dependent reduction in stainable HS, loss o f  FN stain
ing occurred only with the additional presence o f  FMLP. 
This concurs with previous reports indicating that extensive 
endothelial injury requires the presence o f  more than one 
stim ulus [41, 44]. It has been postulated that “ primed” 
PM NL w ould, on further stim ulation, release oxygen free 
radicals, proteases, or cationic proteins capable o f  mediating 
endothelial injury [5, 45]. A dhesion to endothelium  may 
play the dual role o f  inducing the primed state [30] and 
bringing PMNL into proximity, where proteases can inflict 
m axim al injury [46], w hile proteases released from nonad
herent cells may be inactivated by protease inhibitors [47]. 
Disruption o f  the fibrillar endothelial FN  matrix may thus 
reflect increased PM NL adherence at the tim e o f  FMLP stim
ulation.

There is increasing evidence that m odulation o f  endothe
lial cell glycosam inoglycans may explain som e o f  the vascu
lar consequences o f  acute inflamm ation [4 8 -5 0 ]. Viewed in 
this light, the results o f  our study may be pertinent to under
standing the underlying m echanism s responsible for the cap
illary leak and intravascular thrombosis associated with 
gram-negative sepsis. Patients with septicem ia frequently ex
hibit high levels o f  circulating endotoxin , and indeed, levels 
may correlate with adverse outcom e [4, 51]. W e found that 
the addition o f  PM NL to endothelium  exposed to LPS for 
only 4 h was sufficient to induce a generalized reduction in 
stainable HS. It could be inferred that if  this occurred in 
patients with gram-negative sepsis, circulating endotoxin  
alone could be responsible for the extensive changes in vascu
lar permeability and thromboresistance seen in this condi
tion. Additional stimuli such as C5a, interleukin-8, and bac
terial factors may be required to induce the more extensive 
tissue necrosis frequently responsible for the end organ dam
age seen in overwhelm ing sepsis [2]. A lthough the patho
genic m echanism s outlined here are currently speculative, 
the results presented may provide clues to direct future in
vestigations into the pathogenesis and treatment o f  gram- 
negative sepsis.
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