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Abstract

Children w ho undergo cardiopulmonary bypass (CPB) for heart surgery 

develop identifiable tissue oedema which may be caused by  inflam m atory 

responses to CPB. We investigated these responses in a series of in  vitro  and 

in vivo studies. In vitro, we tested in mock CPB (n = 15) using donor blood 

the effects of circulation, stasis and temperature variation. In vivo, we 

conducted a random ised trial of modified ultrafiltration (MUF) in  children (n 

= 20) undergoing surgical repair of ventricular septal defect exam ining the 

changes in these responses and total body water (TBW).

Expressions of neutrophil adhesion molecules C D llb  and L-selectin were 

assayed using immunefiuorescence and flow cytometry. Serum  interleukin-8 

(ILS), interleukin-6 (IL6), tumour necrosis factor-alpha (TNF-a), leukocyte 

elastase and terminal complement complex (TCC) were determ ined using 

enzyme linked immunosorbent assay. TBW was m easured by using 

bioelectrical impedance.

In vitro, mock CPB caused up-regulation of C D llb , down-regulation of L- 

selectin and increased serum IL-8, TNF-a, leukocyte elastase and TCC. These 

changes were higher in  circulation than in stasis. Cooling decreased and 

rewarm ing increased, up-regulation of C D llb , down-regulation of L-selectin 

and serum IL-8.

In vivo, MUF improved patients’ haemodynamic param eters com pared to 

control. TBW and IL 8 peaked at 3 - 6 and 1 hour after CPB, respectively. The 

rise of TBW in  the MUF group was less than the control (p < 0.001). This was 

associated w ith reduction of serum IL-8, C D llb  and L-selectin in the MUF 

treated patients. MUF did  not cause further increase of TCC, leukocyte
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elastase, IL-6 and T N F -a .

Thus, CPB preparations (circulation and temperature variations) stim ulated 

neutrophil adhesion molecules and cytokine release. MUF reduced TBW and 

serum  IL-8. We speculate that modulation of neutrophil activation, e.g. by 

using monoclonal antibodies or modified ultrafiltration, may reduce the 

inflammatory responses to CPB and may reduce patient morbidity.
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chapter 1

1, Introduction

In this introduction, I will review aspects of cardiopulmonary bypass and 

neutrophil physiology particularly those related to adhesion molecules 

and inflammation.

1.1. Cardiopulm onary Bypass

The advent of cardiopulmonary bypass in  the m iddle of the tw enty 

century (Dennis et al, 1951, Senning 1952) and its further refinements 

have securely established the speciality of cardiovascular surgery and, in 

conjunction with the improved methods of myocardial preservation, 

have allowed the safe repair of acquired and complex congenital cardiac 

defects.

Goals of cardiopulm onary bypass

The essential goals of cardiopulmonary bypass are to m aintain adequate 

circulation and respiration by diverting blood flow to an extracorporeal 

circuit that functionally replaces the heart and lung to facilitate surgery of 

the heart and great vessels. Adequate knowledge of the cardiopulm onary 

bypass circuit will make it easier to understand the function of o th er 

extracorporeal circuits such as haem odialysis, fem oral-fem oral 

cardiopulm onary support, or extracorporeal membrane oxygenation. The 

essential components of the cardiopulmonary bypass machine rem ain the 

same despite different machine designs. The artificial circuit is composed 

of a venous cannula, venous line tubing, venous and cardiotom y 

reservoirs, arterial and suction pumps, arterial cannula, arterial line 

tubing, arterial filter, a flow meter, an oxygenator, and haem oconcentrator 

(figure 1.1.). Venous blood is drained from the patient by  gravity via the 

cannulae inserted in the right atrium, vena cava, or femoral veins into a 

reservoir (Casthely and Bregman, 1991) . Blood is then oxygenated and
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chapter 1

pum ped back through the arterial line into the patients using a roller or 

occasionally a centrifugation pump.

Volum e aspects

During the initial experience w ith cardiopulmonary bypass, one of the 

largest obstacles was the large volume of blood needed to prime the bypass 

pum p, which made heart surgery cumbersome and dangerous (Elliott et 

al. 1990). The reduction in  size of the circuit components has allowed a 

m arked reduction of prime volume in the cardiopulmonary bypass. The 

other obstacle the CPB faced was to maintain the blood in  an  

uncoagulated state during circulation. Thus, heparin w as administered 

and this is followed at the end of bypass by reversal of anticoagulation 

w ith the administration of protamine (Jobes et al. 1981). Despite the rapid 

success of cardiovascular surgery and advancement of anticoagulation 

and reversal, postoperative bleeding has been a persistent concern, w ith 

bleeding forcing the surgeon to explore the chest in  m any cases. The 

dem onstra tion  of the haemorrhagic tendency accompanying the CPB is a 

com plex reflection of m any haem ostatic  d e fec ts , su c h  as 

thrombocytopenia, platelet dysfunction, mild fibrinolysis, linneu tra lised  

heparin and excessive protamine administration (Ellison 1988).

Cardiopulm onary bypass and capillary leak

CPB is essential for open heart surgery. Annually, it is used in over 2/500

new born infants and children in United Kingdom. Many of these patients

suffered from identifiable adverse sequelae which included generalised

tissue oedema and multiple organ dysfunction (Breckenridge et al. 1970).

T he tissue oedema is most likely due to shift of plasm a water to the

extravascular compartment. An important mechanism w ould be the

occurrence of small vessel endothelial dysfunction. This phenom enon is
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chapter 1

know n as capillary leak. This iŝ  thought to be a combination of 

in flam m ation  and reperfusion injury. An acute inflammatory response 

to the cardiopulmonary bypass may be a primary factor causing capillary 

leakage. To reduce the likelihood of tissue oedema developing after such 

surgery, a technique known as modified ultrafiltration has been devised 

(Naik et al. 1991).

1.1.1. U ltrafiltration during open heart surgery

Ultrafiltration is a process in which aggregates w ith a molecular mass of 

less than (< 50 kDa) the size of the pores in the membrane are filtered 

because of a pressure gradient across the membrane. During u ltrafiltration  

no fluid is transfused back to the patient. When fluid is traitsfused to 

replace the filtrate the process is called haemofiltration.

Conventional ultrafiltration

The ultrafilter is placed w ith the inlet connected to the arterial line and 

the outlet to the venous reservoir of the cardiopulmonary bypass circuit. 

Ultrafiltration is then commenced during rewarming and sometimes 

continued till the end of cardiopulmonary bypass; thus gradual increase 

in p a tie n t haematocrit is achieved as the temperature is returned back to 

normal. In this technique, both the patient and the cardiopulm onary 

bypass circuit are filtered, which is practically difficult. The blood in the 

venous reservoir drops to a low level which may cause air bubbles in the 

circuits. Therefore, extra fluids are added to the circuit which then cause 

more haem odilution than the patient requires (figure 1.1).

M odified ultrafiltration

Some of the problems of conventional ultrafiltration were overcome by

the m ethod of modified ultrafiltration (Naik et al. 1991). In  this technique,
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chapter 1

the ultrafiltration is performed after the end of cardiopulmonary bypass 

(Figure 1.2).

Venous line Arterial line
patient I
Ultrafilter UP inlet

UF outline 
± suction Oxygenator/ 

heat exchangerFiltrate

pump

A
Figure 1.1. A schematic diagram of conventional ultrafiltration during 
cardiopulm onary bypass. Note that the filtered blood is returned to the 
venous reservoir. UF = ultrafilter

The filter is placed so that the inlet is connected to the arterial line close to 

the arterial cannula and the outlet is returned to the right atrium (instead 

of the venous reservoir). A small roller pump is connected to the inlet of 

the ultrafilter to increase the blood flow to approximately 100-300 

m l/m in. A suction is applied to the filter port of the ultrafilter to 

maximise the transmembrane pressure and achieve high rate of 

ultrafiltration. This technique has the advantage that it filters and 

haemoconcentrates the patient and leaves the cardiopulmonary bypass 

circuit primed all the time if needed. The disadvantage of the technique is 

that it delays de-cannulation for approximately 10 minutes (Elliott, 1993).
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venous line
removed
c i^ p e d

venous 
reservoir

arterial t o e

MUF CIRCUIT 
pump

patient

to RA

ULTRAFILTER

suction

CPB Circuit
roller
pump

oxygenator

Figure 1.2 Schematic diagram of modified ultrafiltration (MUF). The
m odifications are use of smaller roller pump in the MUF circuit, filtered 
blood is returned directly to the patient and the procedure is carried out at 
the end of cardiopulmonary bypass. RA = right atrium.

1.1.2. Cardiopulmonary bypass and acute inflammation

Cardiopulm onary bypass causes specific clinical end-points including 

postoperative impairment of pulmonary oxygen exchange, myocardial 

dysfunction, injury to the kidney, brain, gut, tissue oedema, bleeding, and 

fluctuations of body temperature (Rea et al., 1978; Kirklin, 1989; M aehara 

et al. 1991; Casey 1993; Journois et al., 1996). The CPB induced lung injury 

resembles the adult respiratory distress syndrome associated with sepsis 

and multiple organ failure (Llamas and Forthman, 1973).

A n  important initiating factor for CPB-induced tissue and cell injury is 

the contact of heparinised blood with the foreign surface of the CPB 

material (tubes and oxygenator). The exposure of blood to any foreign 

surface leads to the triggering of the contact activation systems. The 

contact systems include activation of humoral (complement, factor XU, 

kallikrein and generation of thrombin) and cellular mediators
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(neu troph il, macrophages and platelets) of inflammation (Kirklin, 1989; 

Chenoweth e t al., 1981; Wachtfogel et al., 1987; Riegel et al., 1987; H arlan, 

1987). Thus, the contact system is designed for triggering the host defence 

m echanism s, to isolate and possibly destroy the foreign substance or 

surface which the blood recognise.

Following contact of blood w ith negatively charged surface, factor Xn 

undergoes confirmational change, becomes activated (Xlla) and b inds to 

h igh  molecular weight kininogen. The high molecular w eight kininogen 

releases kallikrein (a protease w ith serine at its active site, p resent in  

p lasm a in  an  inactive state known as prekallikrein) and bradykinin. 

Factor XUa is increased in concentration by a feedback system involving 

kallikrein .

Factor Xlla starts a series of interactions that augment the intrinsic cascade 

of coagulation that generate thrombin. Once generated throm bin has a 

variety of actions including chemotaxis, cytokine production, endothelial 

activation, platelet aggregation and fibrin formation. Even in  a high 

concentration of heparin, some fibrin is formed by the action of throm bin 

on  fibrinogen which may cause microemboli. It was show n that factor 

XUa activates both the first complement component and prekallikrein 

during  CPB in  the presence of heparin (Watchfogel et al., 1987)

Kallikrein is able to activate neutrophil to produce agents such as oxygen 

free radicals and proteolytic enzymes (elastase and cathepsin). Kallikrein 

and  bradykinin stimulate the fibrinolytic system. Bradykinin induces the  

release of tissue plasm inogen activator from the  endothelium  

(Faymonville et al., 1984). Factor XUa/Kallikrein and complement system s 

are able to interact to augment each others actions. Furthermore,
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Kallikrein can cleave C5 directly to produce C5a and C3 can be cleaved by 

p lasm in .

The findings of increased serum concentration of C3a during CPB led to 

the suggestion that complement activation was the key factor in the 

genesis of the damaging effects of open heart surgery (Chenoweth et al., 

1981, Kirklin et al., 1983). During CPB, the hum an complem ent system 

can be activated by a classical or alternative pathways (Parker et al., 1972; 

Van Oeveren et al., 1985; Wachtfogel et al., 1989). The classic pathw ay is 

activated by factor Xlla. The alternative pathway is p redom inan te ly  

involved in  the complement activation by biomaterials. In  both 

pathw ays, the third complement component (C3) binds to the surface and 

release C3a. The fragment of C3 remaining on the surface is joind by the 

inactive factor B and properdin to produce the active proteolytic enzym e 

C3 convertase. C3 convertase cleaves the fifth complement component 

(C5) to generate the active fragment C5a. C3a and C5a are vasoactive 

anaphylatoxins which increase vascular permeability, release histamine 

from m ast cells and cause hypotension and contraction of airway smooth 

muscle (Hugh, 1979). They cause neutrophil chemotaxis and activation 

(O'Flaherty et al., 1977). The process of complement activation continues 

the recruitm ent of the terminal effector sequence C5-9 (term inal 

com p lem en t complex). The terminal complement complex is able to 

perfo rm  and generate the vasoactive, chemotactic, imm une regulatory 

and  cytolytic activities of complement.

The precise role of C3 has been questioned by two of seperate lines of

research. The early research showed that the probability of developing

serious lung injury is unrelated to the degree of complement activation (a

rise in  plasma C3a concentration) (Weinberg et al 1984). The late research
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showed that abnormalities in  indices of lung function occur as frequently 

in dogs deficient in C3 as those suffidient in C3 (Gillinov et al., 1994). 

However, there are data to support the view that inhibition of either 

production or activity of terminal complement complex by  the use of 

protease inhibitor is associated with a significant reduction, or prevent th e  

deleterious effects, of ischemia and reperfusion on the m yocardium  

(Homeister et al, 1992). It was demonstrated that there w as an  im portant 

interaction between complement level, age and CPB time (Kirklin et al., 

1983). Younger patients were more likely to have pulm onary or renal 

dysfunction or postoperative bleeding for the same level of C3a relative to 

adult patients. In an animal model it was show n that greater perm eability 

of capillaries occurred in immature animals (Mills and H aw orth, 1991). 

Therefore, it may be that complement plays a part in the dam aging effects 

of open heart surgery particularly in children.

The extent of complement activation during CPB is influenced by  the type 

of oxygenator. Complement seemed to be less activated w ith  membrane 

th a n  bubble oxygenators (Utley, 1990). The benefit from the use of 

mem brane system appears to be related to im proved cerebral and 

m ycardial functions after CPB (Nilsson et al., 1990). N o appreciable 

differences in outcome were noted between the two systems w ith  regard 

to pulm onary function (Sundaram et al., 1994). Recently, it has been 

show n that C3 m ay not be essential for neutrophil activation (El Habbal et 

al., 1996).

A lthough there is considerable evidence for the activation of neutrophils 

during open heart surgery, it is not clear whether this is a direct result of 

its contact w ith CPB or due to activation of other systems e.g. 

complement. Studies have failed to demonstrate differnces betw een
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oxygenator systems w ith regard to the expression of neutrophil cell 

adhesion receptors (Gillinov et al., 1993). The im portant role of the 

neutrophils in the pathogenesis of acute vascular injury was 

demonstrated in experimental studies using animals depleted of 

circulating neutrophils (Horgan et al. 1990; Pillai et al. 1990). These studies 

showed that depletion of the neutrophils resulted in  im proved heart and 

lung functions after ischemia and reperfusion. The activated neutrophils 

can produce an inflammatory response and tissue injury by one of three 

m echanism s.

First, the cells can become adhesive due to expression of its adhesion 

m olecules (integrin and selectin) (Wedmore and Williams 1981). If there 

is intravascular activation, the cells may clump together to  occlude a 

vessel and cause ischemia. This effect can be induced by com plem ent 

fragments, cytokines or lipid mediators such as platelet activating factor. It 

has been shown that complement activated neutrophil sequester w ithin 

the lung and increase perivascular oedema (Craddock et al., 1977; H arlan  

1987).

Secondly, the activated neutrophils secrete a num ber of cytotoxic products

of which oxygen free radicals (Royston et al., 1986) and proteolytic

enzymes (e.g. elastase) are most often implicated. Superoxide is generated

on the cell surface from molecular oxygen and the enzyme NADPH

oxidase. Superoxide is a relatively unreactive species, bu t can be converted

to the very aggressive singlet oxygen by the enzyme myeloperoxidase. The

enzymes myeloperoxidase, elastase and cathepsin are stored in the

azurophilic granule of the neutrophil. The response of the body to free

radical attack was assessed by lipid per-oxidation (Freeman and Crapo,

1982). It was shown that lipid per-oxidation products were increased
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during cardiopulmonary bypass (Royston et al., 1986). Scavenging of free 

radicals (Menasche and Piwnica, 1989, Menasche et al., 1990), inhibition of 

proteolytic cleavage (Gurevitch et. al, 1994; Sunamori et al, 1988) and 

inhibition of xanthine oxidase with allopurinol (Coghlan e t al., 1994) 

have all shown benefits on post-ischemic cardiac function.

The third possible mechanism for neutrophil induced tissue injury is 

following de-activation of the dum bed cells and restoration of the blood 

flow to produce reperfusion injury (ischemia - reperfusion).

Reperfusion of an organ after a period of ischemia causes release of 

oxygen free radicals from the endothelial cells (Shlafer et al., 1982). This 

causes alteration in  endothelial cells that promote early n e u tro p h il 

targeting, neutrophil activation, local activtion of serum  complement and  

induction of cytokine synthesis. Initial neutrophil attachement to the 

endothelium  results in translocation of selectin molecules to the cell 

surface and initiation of platelet activating factor formation. These 

changes lead to more neutrophil activation, adhesion and expression of 

adhesion  molecules CD11/CD18 (von Asmuth and Buurman, 1995). 

Proinflammatory cytokines ILl and TNF-a and chemokines such as IL8 

are newly synthsised within endothelial cells in reperfused organs and 

induce increased expression of adhesion molecules on endothelial cells 

and other tissue specific cells such as myocytes, pulm onary alveolar cells 

and glomeruli (Herskowitz et al., 1995). In turn, this results in  tighter 

neutrophil adhesion to the endothelium, transmigration into in terstitia l 

space and release of free radicals and proteolytic enzymes. Thus, 

neutrophil-endothelial cell adhesion is central to post-ischem ic 

reperfusion tissue injury (Lefer et al, 1993).
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Ischem ia-reperfusion can generate mediators which produce iiyury at a 

separate site. A period of ischemia of a limb produced by  cross clam ping of 

the aorta followed by reperfusion is associated w ith the developm ent of 

inflammatory lung lesion w ith protein rich oedem a (W elboum  et al., 

1991, Gadaleta et al., 1994). The ischemic cells may be prim ed to be more 

susceptible to injury by a second challange e.g. activated complement 

fragments and cytokine release (IL8). In the rabbit, neutralisation of IL8 by 

using monoclonal antibody for IL8 prevented ischem ia-reperfusion 

injury of the lung (Sekido et al., 1993). Therefore, potential candidates for 

the involement in  this process are the cytokines. Interleukin 6 and 

interleukine 8 concentrations rise during cardiopulm onary bypass (Finn 

et al, 1992). This rise is unrelated to complement activation (Steinberg et 

al., 1993). However, only the rise in serum IL6 was related to abnormal 

m yocard ia l w all m otion  as m onitored  b y  transoesophageal 

echocardiography (Hennein et al., 1994). ILl does no t rise until day one 

after CPB and then falls rapidly (Haeffner-Cavaillon e t al., 1989). Tumour 

necrosis factor was released into circulation after CPB.

These cytokines m ay act directly or by priming the inflam m atory cells to 

produce a response of an inappropriate magnitude. In the following 

sections I will review aspects of the neutrophil, its adhesion molecules, 

IL8, IL6 and tumor necrosis factor and complement.

1.2. The N eutrophil

The blood granulocytes appear at 8 week of gestation (Stites et al. 1972). At

20 weeks the hum an foetus can respond to congenital infection w ith  the

production of plasma cells and antibody (Wilson 1986). N eutrophil is the

first line of defence in adults. In neonates, it dem onstrate decreased

random  and direct movement to stimuli which m ay depend on  their
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reduced deformability (Boner et al. 1982; Vandeven et al. 1995; Rosenthal* 

and Cairo, 1995). Reduced deformability gives these cells a mechanical 

disadvantage w hen compared to adult neutrophils. Several groups have 

show n that the adherence and aggregation of leukocytes to a substrate o r 

to a cell involves a series of surface glycoproteins, the leukocyte function- 

associated (LFA-1) molecules (Springer et al. 1989). The poor adherence of 

neonatal peripheral neutrophils to most surfaces has been attributed to a 

failure to up-regulate the expression of these surface glycoproteins 

(Anderson et al. 1990). On the other hand, respiratory function in  the 

resting neutrophil seem to be normal. Stimulated cells from neonates 

exhibit decreased microbial killing activity and decreased oxidative burst 

(Ambruso et al. 1984; Chang et al. 1996).

N eutrophil Activation

Blood neutrophils are in a resting or non-activated state. Once activated 

via a chemical stimuli or by attachment to surfaces, their morphology 

changes. They become polarised and flattened to assume an amoeboid 

shape w ith a front and a rear end. This process is known as prim ing of the 

neutrophil. Priming involves preparing the neutrophil before full 

activation. This 2 stages activation process may be needed to minimise 

non-specific activation of the neutrophil that can indiscriminately attack 

host tissues (Edwards 1994).

A num ber of neutrophil surface receptors involved in  activation o ther 

than those implicated in cellular adhesion have been characterised. In 

addition to receptors for complement component C3a, C5a and  

leukotriene B4 and C4 (inflammatory mediators) one well characterised 

chemoattractant receptor is that of fMLP (formyl-met-leu-phe) (Boulay 

1990). fMLP is a synthetic glycoprotein that closely resembles bacterial
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products, and is used experimentally to mimic tcellular responses to 

bacteria (Murphy and McDermott 1991). There are approximately 100,000 

FMLP receptor sites per neutrophil (Sklar 1986). This fMLP receptor is a 

cross-linked, heavily glycosylated protein of 55-70 KDa (Boulay 1990). 

Follow ing the binding of the peptide to its receptor, the receptor-ligand 

complex is internalised to the Golgi apparatus (Jesaitis et al. 1987). 

Subsequent to an initial decrease in receptor expression on  the surface 

after binding, there is an increase in surface receptor expression, 

suggesting receptor recycling. There are two classes or states of fMLP 

receptor as identified on membrane preparations. A high affinity receptor 

is thought to be operative in low concentrations of fMLP, while low 

affinity receptors become active in high concentration, probably to 

prevent prem ature neutrophil degranulation (Sklar et al. 1985). This 

duality  of receptor response allows greater specificity in  control. The 

FMLP receptors are thought to signal through the guanosine regulatory 

proteins (G proteins) (Koo et al. 1983), as binding to its receptors 

stimulates both GTP and GTPase activity in neutrophil.

Signalling via G Protein

Gg and Gj are plasma membrane proteins that couple adenylate cyclase to

stimulatory and inhibitory receptors (Gilman 1987). The G proteins are

used as second messengers by a number of cell surface receptors. The G

pro te in  used by neutrophils appears to be unique, because it is

pertussis/cholera toxin sensitive (Narasimhan et al. 1988). After fMLP

binding to G proteins, phospholipase C is activated, w ith  subsequent

mobilisation of intracellular calcium, mediated through the inositol

pathw ay (McCloskey and Cahalan 1990). Following the addition to

neutrophils of fMLP, a calcium dependent rise in intracellular cyclic AMP

m ay function to terminate the stimulatory signal (Veghese et al. 1985).
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These signalling events of tphosphoinositol metabolism and  protein 

kinase C activation are common pathways used by m any ligands as they 

bind to their respective receptor on the phagocytic cell.

Endocytosis and exocytosis

T he neutrophil is capable of both endocytosis and exocytosis. Endocytosis 

means the uptake of extracellular materials by the infolding of the plasma 

membrane. This is followed by the budding of a m em brane-bound vesicle 

containing extracellular fluid and materials. Exocytosis refers to the 

secretion of granular contents to the outside of the cell. A lthough it is 

common usage to refer to degranulation as exocytosis, degranulation is 

the discharge of granule contents into the phagosomes. Granules are the 

arm am entarium  of the neutrophil, and are pivotal in  the destruction of 

micro-organisms. Granule contents are synthesised w ithin the neutrophil 

before release from the bone marrow (Gantz et al. 1985).

G ranules of the  neutrophil

The neutrophil contains two main populations of granules azurophil 

(primary) and  specific (secondary). Neutrophil azurophil granules are 

peroxidase positive, more dense and generally larger than the specific 

granules w hich are peroxidase negative. Azurophil granules are rich in 

acid hydrolases and other degenerative enzymes. The m ature neutrophil 

contains approximately 33% azurophil and 67% specific granules (Gallin 

1984).

A zurophil granule

Two im portant cationic proteins of the azurophil granule are the 

defensins and  bactericidal/permeability increasing protein (Malech and 

Gallin 1987). Cationic proteins released from the neutrophil m ay be
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im portant in neutralising electrostatic repulsion between the neutrophil 

and its cell of contact e.g. the high negatively-charged glycosoamino- 

glycans on the endothelium (Weiss et al. 1983).

Specific granules

The specific granules contain specific receptors, e.g. fMLP, components of 

the  enzymatic complex that produce hydrogen peroxide, and the 

leukocyte integrins CR3 and CR4. A third type of granule is thought to 

contain gelatinase and is mobilised in response to mild stimuli (Klebanoff 

and Clark 1987).

D egranulation

In resting neutrophils, the granules do not fuse with the plasma 

membrane. After phagocytosis however, granules move and fuse to the 

phagosome. Initially the specific granules fuse and discharge, followed by 

the azurophilic granules. Discharge of these granules converts the 

phagosome into phagolysosome, w ith a concomitant decrease in 

cytoplasmic granular contents (Henson 1971). The factors controlling 

degranulation are poorly understood.

Secretion

Specific granule contents are more likely to be delivered extracellularly

than are azurophilic contents in response to chemotactic stimuli (Gallin

1984). Secretion of granular contents into the extracellular milieu is

becoming increasingly recognised as being of physiological and

pathological importance in inflammatory mechanisms. However, this

secretion is not necessarily a particularly distinct process from

degranulation. If a phagosome is not completely walled off before

degranulation occurs, granule contents will escape to the outside of the
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neutrophil, a process termed regurgitation while feeding (Hirsqh et al. 

1963).

The escape of granule contents is regularly seen during phagocytosis 

induced by such agents as immune complexes, rheum atoid factor 

complexed w ith IgG, aggregated immunoglobulins, opsonised micro

organisms, zymosan and starch (Hirsch et al. 1963). The tissue destruction 

in rheum atoid arthritis might in part be due to enzyme regurgitation 

from neutrophils (Klebanoff and Clark 1987). Phagosomes m ay gain access 

to the outside of the cell in  certain circumstances e.g. in attachm ent to a 

plastic or some other non-phagocytostable surface, a process term ed 

frustrated phagocytosis. If the cell membrane integrity is disturbed, there 

is likely to be a release of granule contents. For example the enzymes 

streptolysin 0 and S are capable of inducing neutrophil secretion (Henson 

1971).

A n  increase in intracellular ionised calcium acts as a trigger that 

stimulates neutrophil secretion (Delisle and Williams 1986). The secretory 

membrane fuses with the plasma membrane by poorly understood 

m echanism s, although calcium-binding proteins such as calmodulin 

m odulate this process. Two small caldum-binding proteins, designated 

MRP-8 and MRP-14, are expressed in large am ount in the cytosol of the 

neutrophil. Their role is uncertain, but the large am ounts of these 

proteins suggest that they have a pivotal function. They may be im portan t 

in m odulating calcium flux across the neutrophil membrane (Lagasse and 

Clerc 1988).

Diapedesis and phagocytosis

The m igration of white blood cells through the vessel wall (diapedesis),
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engulfing and internalisation of particles (phagocytosis), are the principal 

means of defence possessed by nearly all animals (Dautry-Varsat and 

Lodish 1984). Two types of phagocytes exist in  the hum an body, 

macrophage and neutrophils. As soon as an infective agent penetrates the 

body, a whole army of white cells proceeds to the menaced spot, where 

they enter into a fight w ith micro-organisms. The leukocytes, having 

arrived at the spot where the intruders are found, seize them  after the  

m an n e r of the amoeba, and subject them to intracellular digestion 

(Wisseman and W addell 1983).

1.3. A dhesion Molecules

Over the last three decades, the axiom "corpora non agunt nisi fixata",

'bodies that do not attach do not act", was increasingly appreciated as an

early counterpart to the receptor ligand theory (Sperry 1963). It is equally

applicable to the requirement for the circulating leukocytes to attach

specifically to endothelium in order to effect their diapedesis through the

vessel wall. Thus, the presence of specific receptors involved in  cellular

adhesion is essential for the inflammatory responses. The organisation of

animal cells in differentiated organs and tissues has long been postulated

to depend on cell-surface interactions both w ith molecules on  the surface

of other cells and w ith extracellular matrix (Parrott and W ilkinson 1981).

Localisation of cells can thus, in principle, be driven by the interplay

betw een interactions with cell-surface and matrix molecules that regulate

adherence, and chemo-attractant gradients that direct cell migration.

These principles operate throughout the biology of multicellular

organisms (Young et al. 1978). Cells of the immune system, in  particular,

depend upon regulated interactions w ith other cells to activate and direct

the response to infection. The presence of hom ologous families of

adhesion molecules reveals relationships betw een molecules in the
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imm une system and many other tissues. These molecules participate in 

the control not only of cell-cell interactions but also in the regulation of 

cell migration.

A dherent and nonadherent states

The mechanisms for regulating adhesion, and their functional 

importance, are richly illustrated by the adhesion receptors of the 

imm une system (Springer 1990). To patrol the body effectively for 

infectious organisms, the cells of the immune system m ust bo th  circulate 

as nonadherent cells in the blood and lymph and migrate as adherent 

cells through tissues in the presence of a foreign antigen. They m ust be 

able to migrate across the endothelium and basement m em brane to 

aggregate at the site of infection, and adhere to the infected cells (Albelda 

and Buck 1990). Rapid transition between nonadherent and adherent 

states is of key importance for the dual functions of immune surveillance 

and responsiveness (figure 1.3).

Families of adhesion molecules

Three families of adhesion receptors mediate these interactions, the 

im m unoglobu lin , integrin a n d  selectin superfam ilies. The 

immunoglobulin superfamily includes the antigen-specific receptors of T 

and B lymphocytes. The integrin  superfamily is im portant in  dynamic 

regulation of adhesion and migration. The selectins are prom inent in 

lymphocyte and neutrophil interaction with the vascular endothelium  

(Ruoslahti and Pierschbacher 1987). Many adhesive molecules play a part 

in m ore than one of these functions, and some of them  (i.e. ICAM 1) are 

exploited as receptors by viruses. Functional regulation of the integrin 

and selectin receptors, which are expressed by the neutrophil, are 

outlined in the following section .
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Adhesion of Neutrophils

cytokine
circulating

neutrophil

rolling

L-selectin

transmigration
adherence

■JLC D llb

.  i / .
Endothelium ^

degranulationIL6 andTNF-a X
tissue injury

Figure 1.3. A schematic diagram of neutrophil adhesion and trans- 
endothelial migration. The initial step of neutrophil adhesion which 
invo lves rolling is mediated by L-selectin which binds to its counter-part 
E-selectin on the endothelium. Then, L-selectin is down-regulated and 
C D llb  is up-regulated. C D llb  that binds to intercellular adhesion 
molecule-1 (ICAM-1) confirms firm adhesion of the neutrophil and is 
essential for transendothelial migration. This directional migration is 
mediated by IL8. Neutrophil degranulation and release of IL8, IL 6 and 
TNF-a may cause an increase in capillary permeability and tissue damage.

1.3.1. The integrin superfamily

The integrins are recognised as a widely expressed family of cell surface 

adhesion receptors. They appear to be the major receptors by which cells 

attach to extracellular matrices. Some integrins mediate important cell

cell adhesion events. Through these functions, they play important roles 

both in development and in adult organs. Several hum an diseases 

affecting in teg rins dem onstrate  th e ir  im p o r ta n c e  in  th e
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pathophysiological processes. The ability to interfere \yith integrin 

functions using antibodies or peptides offers opportunities for therapeutic 

intervention in  diseases as diverse as thrombosis, inflammation and 

cancer (Albelda and Buck 1990).

Structure of integrin

Each integrin molecule consists of a  and p subunits (Young et al. 1978). 

The a  subunits vary in size between 120 and 180 kDa. Each a  subunit non- 

covalently associates w ith a P subunit (90-120 kDa). There are 8 know n p 

subunits and 14 a  subunits, most if not all of which have been sequenced 

at the cDNA level. Considerable progress has been made in defining the 

in teg rin  recognition sites in ligands (Smith and Cheresh 1988) and 

counter receptors.

Classification

T hree integrin families can be distinguished by their p-subunits. These 

are know n as the p-1 (CD29), p-2 (CD18) and p-3 (CD61) integrins.

beta-1 family

The p-1 family molecules have been designated VLA (very late 

activation antigen) because two of them, VLA-1 and VLA-2, appear on 

lymphocytes 2-4 weeks after antigen stimulation Z7itro (Helmer et al.

1987). In fact, some VLA molecules are basally expressed on leukocytes, 

and their expression on nonhaematopoetic cells does not require 

activation. Induction of VLA-1, -2, -3 and -5 expressions after leukocytes 

cross the endothelial barrier may be of great importance in controlling 

leukocyte localisation in inflam m ation (Helm er 1990). VLA-4 

(CD49d/CD29) is an unusual p-1 integrin expressed on resting 

lymphocytes, monocytes and neural crest-derived cells. It functions as a
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matrix and cell receptor. In congenital deficiency - of the p-2 integrins 

(Timino et al. 1988), which does not affect VLA-4, lymphocytes retain the 

ability to migrate across the endothelium at the inflammation site. This 

seems to be related to the expression of VLA-4 by lymphocytes and not by 

neutrophils (Timino et al. 1988).

beta-2 family

The p-2 integrin (CD11/CD18), a glycoprotein complex, is required for 

num erous adhesion-dependent functions includ ing  aggregation, 

spreading on artificial substrates, chemotaxis, phagocytosis, cell m ediated 

killing and adherence to endothelium (Graham et al. 1989). The various 

functions of this molecule have in common the need of the cell to adhere 

to a target in a reversible manner in order for directional cell movement 

to occur as well as dependence on temperature and the presence of 

divalent cations (Mg++ and /o r Ca++) (D'Souza et al. 1990). This molecule 

is composed of three heterodimeric subunits C D lla/CD 18, C D llb/C D 18 

and CD llc/CD 18. C D lla, also called LFA-1, is present on the surface of 

virtually all circulating leukocytes. C D llb  (Mac-1, M ol) is limited to the 

neutrophils, monocytes and natural killer ceUs. C D llc  (gpl50,95) has the 

same distribution as that of C D llb . Each unit consists of a distinct heavy 

a -chain  polypeptide noncovalently linked to a light or p -  chain 

polypeptide common to all three subunits. The common p-chain is 

designated CD18 (Springer et al. 1990).

beta-3  family

The p-3 subunit includes receptors that bind to the extracellular matrix

components fibronectin, laminin and collagen. They are expressed on

m any non-haematopoietic and leukocyte cell types. These receptors play a

general part in tissue organisation by binding to molecules in the
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extracellular matrix within many tissues, in  the basement membranes 

found in muscle, the nervous system, and underlying the epithelium and 

endothelium (Tamkun et al. 1986).

The importance of the leukocyte integrins is illustrated in congenital 

leukocyte adhesion deficiency (LAD) in which they are deficient because 

of m utations in the common p-2 subunit (Arnaout 1984, Arnaout 1990). 

Patients have recurring infections, often fatal in childhood unless 

corrected by bone m arrow transplantation or gene therapy (Hibbs et al. 

1990, Le Deist et al. 1989). Neutrophils from these patients fail to orient 

and  migrate in response to chemoattractants and are unable to bind to, 

and  cross, the endothelium at sites of infection, so that pus fails to form. 

T his is the most striking example of the role of adhesion molecules in 

leukocyte localisation in vivo.

C D llb/C D lS

The neutrophils from patients with congenital deficiency demonstrate in  

vi t ro  defects in adhesion-dependent functions that can be reproduced in 

norm al neutrophils by addition of monoclonal antibodies (MAbs) 

directed to function-related epitopes of the glycoprotein complex. The 

MAbs anti-C D llb and anti-CD18, recognising respectively the C D llb  and 

CD18 polypeptides, have been shown in vitro to prevent stimulated 

neutrophil aggregation and adherence to endothelial monolayers (Parkos 

et al. 1991). The mechanism by which C D llb/C D 18 augments n eu tro p h il 

adhesiveness in response to stimulation is unknown. It has been show n  

that in  unstimulated neutrophils, the C D llb  exists both on the cell surface 

and in  far greater quantities within the secondary a n d /o r tertiary granules 

(Todd et al. 1984). After stimulation, the contents of these granules are 

translated to the cell surface, resulting in a 3- to 10-fold increase in  surface-

page 40



chapter 1

assayed C D llb . It has been suggested that this increase in  surface 

expression an d /o r conformational changes may play a role in  the 

mechanism of enhanced neutrophil adhesiveness (Vedder and  Harlan

1988).

Integration of a -  and p -  subunits

The complexity of the integrin family was increased by the discovery of 

novel p-subunits that can associate w ith the a -4 , a -6  and a -V  subunits 

alternative to the previously described p-1 and p-2 subunits. Both a - and 

P- subunits affect ligand specificity. Their combinatorial use confers 

considerable diversity in ligand recognition. Their differences in 

transm em brane and  cytoplasmic dom ains m ay help regulate  

com m unication  between the inside and outside of the cell (Kishimoto et 

al. 1989).

Interaction w ith the cytoskeleton

Interactions of integrins with the cytoskeleton m ay be regulated by 

binding to ligand, and conversely, may help regulate ligand binding, thus 

m ediating a bi-directional dialogue across the membrane (Rosen and 

Gordon 1989). Several of the integrins can localise near to focal contacts, 

areas where the cell membrane is closely opposed to the extracellular 

matrix substrate and where actin bundles terminate, surrounded by a ring 

of vinculin and talin. Talin seems to interact w ith  the cytoplasmic 

dom ain of a - 5 / p - l  (Burridge et al. 1988).

Signalling

Integrins are novel receptors with respect to the inside-out type of

signalling. Signals from the cytosol are transduced across the membrane

to generate changes in extracellular functions such as adhesion. On
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inactivated platelets, the integrin gpHbllla does not bind fibrinogen, b a t 

on  activation binds soluble fibrinogen (Ginsberg et al. 1988). The high 

avidity state of gpfibllla seems to be permanent rather than transient. The 

mechanism of avidity regulation is unclear, but the ability of antibodies to 

detect conformational changes in LFA-1 and in gpHbllla in sites distinct 

from the ligand-binding site may also occur (Dustin and Springer 1989). 

O n stimulation with chemoattractants, neutrophils transiently adhere to 

other neutrophils, endothelial cells and to C3bi-coated cells. There is 

evidence that this may be due to a transient changes in avidity of Mac-1 

(Pattarroyo and Makgoba 1989). The cytoplasmic dom ain of integrins, 

perhaps by interaction w ith other cellular proteins, m ay signal the 

changes in the extracellular domains that regulate avidity. The P-2 

integrin cytoplasmic domain is required for functional activity in  binding 

to ICAM-1. This was shown by transfection of patient cell lines that 

genetically lack the p-subunit w ith intact and truncated p-subunit cDNAs 

(Hibbs e ta l. 1990).

1.3.2. The selectin superfam ily

T he selectin superfamily consists so far of three members, L-selectin 

(LAM-1, LECAM-1, Mel-14, TQl, Leu-8, lymph node hom ing receptor) P- 

selectin (GMP-140) and E-selectin (ELAM-1) (Picker 1991). All three 

selectins help leukocyte binding to endothelium at inflammatory sites.

L-selectin

L-selectin is a polypeptide with a molecular weight range of 74-95 kDa.

The L-selectin molecule has an N-terminal lectin dom ain and diverse

role in adhesion (Ord 1990). The finding of the lectin-like dom ain in L-

selectin correlates with the Ca^*^ requirement for lymphocytes binding to

lym ph node endothelium. The counter-receptor is carbohydrate-like
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(Stoolman 1989). The num ber of short consensus repeats, w hich varies 

from 2 to 9 in the three different selectins, may serve to position their N- 

terminal lectin-like putative binding sites at varying distances from the 

plasma membrane. L-selectin on neutrophils but not on lym phocytes, 

carries the carbohydrate structure sialyl-Lewis x. This carbohydrate is a 

ligand for the E- and P-selectins which can be expressed on the endo the lia l 

cells. The interaction of L-selectin with these selectins has been argued to 

play a role in the initial adhesion of neutrophil to endothelium  (Tedder 

1989).

Tissue distribution of L-selectin

L-selectin is expressed on the majority of peripheral blood T and B cells, 

monocytes, NK cells, neutrophils, eosinophils, haematopoietic progenitor 

cells and on subpopulations of immature and m ature thymocytes (Griffin 

et al. 1990). It is expressed weakly on a minority of spleen thymocytes. 

Culture of myeloid cells w ith GM-CSF, TNF, fMLP and leukotriene B4 

causes a rapid decrease in the surface expression of L-selectin Qutila et al. 

1989). The tissue distribution in the mouse is similar to that in  the 

hum an, except that only about 3% of thymocytes express high levels of L- 

selectin (Kansas 1992). The gene for hum an L-selectin is localised to 

chromosome lq23-25 (Spertini 1991).

Stim ulation of L-selectin

L-selectin not only functions as a lymphocytes recirculation receptor, bu t 

also contributes to neutrophil emigration at inflam m atory sites 

(Kishimoto et al. 1989). After stim ulation of neutrophil w ith  

chemoattractants, L-selectin is rapidly shed from the cell surface. Rapid 

removal of L-selectin from the cell surface m ay be required for 

detachm ent of leukocytes from endothelium to allow their em igration
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into tissues. This interaction is accompanied by endothelial expression of 

its adhesion molecule E-selectin (Abbassi et al. 1993).

E-selectin

The endothelial leukocyte adhesion molecule, ELAM-1, is a selectin that 

is transiently expressed on endothelial cells 2-8 h after stim ulation with 

IL-1 and other inflammatory agents, and mediates a neutrophil adhesion 

pathw ay distinct from that mediated by ICAMs and leukocyte integrins 

(Luscinskas et al. 1989). The neutrophil chemoattractant IL 8, w hich is 

secreted by activated endothelium and monocytes stimulate binding to E- 

selectin (Gimbrone et al. 1989). The proteolytic release of Mel-14 from  the 

cell surface upon neutrophil activation, and the similar inactivation of 

the E-selectin counter-structure on the neutrophil, suggests that L-selectin 

and E-selectin function in an early step in neutrophil binding to the 

endothelium, before transendothelial migration. This contrasts with 

integrins, which are increased on the neutrophil surface by mobilisation 

from granule compartments within minutes after stim ulation of 

neutrophils w ith chemo-attractants, and then remain perm anently up- 

regulated (Farrell and Rest 1990). Although both selectins and integrins 

can regulate neutrophil adhesion to endothelium, w hen selectins 

mediate adhesion, integrins are still required for the subsequent event of 

transendothelial migration (Anderson and Springer 1987). This may 

explain w hy congenital deficiency of the leukocyte integrins so completely 

inhibits neutrophil emigration from the blood.

P-selectin

A th ird  selectin called P-selectin (PADGEM, GMP-140 or CD62) is stored in

a-g ranu les of platelets and Weibel-Palade bodies of endothelial cells, and

is rapidly mobilised to the surface of these cells after stim ulation by
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products of the clotting cascade such as thrombin, where it mediates 

adhesion of neutrophil and monocytes (Larsen 1989).

Thus, selectins function in a wide range of cell interactions in  the 

vasculature and are expressed both on leukocytes and endothelial cells.

1.3.3. Cell adhesion receptors in inflammation

Inflam m ation , w o u n d  healing , and th ro m b o sis  d e p en d  on  

communication between the resident cells of the injured tissue and 

circulating effector cells (Arnaout 1993). One avenue of communication is 

through soluble mediators (cytokines) (Clinton and Libby 1992). The other 

is through direct cell-cell contact, using specific cell adhesion receptors. A 

highly simplified scenario for the role of adhesion receptors in an 

inflam m atory  response is illustrated in figure 1.3. The inflammatory 

response to foreign antigens or bacteria begins w ith the attraction of 

tissue-based macrophages or mast cells that release biologically active 

mediators such as IL 8, IL 1, tumour necrosis factor, histamine, and TGF-B 

(Kuraoka et al. 1992). In bacterial infection, endotoxin and other 

chemoattractants are also present (Brady et al. 1992). These cytokines 

a n d /o r  bacterial products stimulate the expression of adhesion molecules 

such as ICAM-1, E-selectin, P-selectin, and VCAM-1 on endothelial cells 

and  up-regulate the expression of LEU-CAMs and ICAM-1 on white cells 

in the vascular lumen (Ockenhouse et al. 1992). White blood cells then 

adhere to the activated vessel wall, migrate through the endothelium, 

and enter into areas of infection or tissue damage. In an immune-based 

inflammatory response, T lymphocytes interact w ith antigen-bearing 

macrophages. Although the specificity for this recognition event rests 

w ith the TCR, recent evidence suggests that this interaction generates 

intracellular signals that promote LFA-1 to ICAM-1 binding (Dransfield et
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al. 1992). This binding is thought to stabilise cell-cell contact, greatly 

increasing the sensitivity of T cells by lowering the number of TCR-ligand 

interactions required for antigen recognition.

A similar series of events may be operative in wound healing and 

coagulation. After tissue damage, platelets bind to exposed matrix via p-1 

and p-3 integrins, including the a - 2 / p - l  collagen/laminin receptor, the 

a - 5 / p - l  fibronectin receptor, and the a -6 /p -1  laminin receptor (Hindriks 

et al. 1992). The activation of the blood coagulation cascade also generates 

thrombin, which activates platelet gp n b /m a, and in turn promotes 

further platelet aggregation and granule release (Perutelli and Mori 1992). 

A provisional wound matrix is thus formed which contains platelets, 

fibrinogen, fibrin, and fibronectin. At this point, an inflammatory 

reaction is initiated by the secretion of platelet granule contents (i.e., TGF- 

B) (Pierce et al. 1992). A cascade of endothelial cell and white blood cell 

activation, much like that occurring in an inflammatory reaction, ensues 

and results in the extravasation of white blood cells. Cytokine released by 

the activated white blood cells and platelets accumulate at the site of 

injury. These agents may then stimulate the up-regulation of integrins on 

macrophages and fibroblasts that promote their migration into the w ound  

site. Epithelial cell migration over the Hbronectin-containing wound 

matrix may also depend on the induction of new integrins.

1.4. Chem okines

Over the past 14 years, at an ever-accelerating pace, numerous members of

a new family of cytokines (cyto = cell, Kine = hormone) have been

identified. These chemokines characteristically are basic, heparin-binding

cytokines (Niewiarowski and Paul 1981). They exhibit from 20% to 50%

homology in amino acid sequence, range from 8-10 kd in  molecular
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w eight and have proinflammatory and reparative activities. The cDNA 

for these cytokines has been recognised by their characteristic conserved 

single open reading frames, typical signal sequences in the 5' region, AT- 

rich sequences in their 3’ untranslated regions, and rapidly inducible 

m R N  A expression (Oppenheim 1990). Although some of these cytokines 

have been called macrophage inflammatory peptides, this term  is 

inappropriate because many of the cytokines are produced by various 

other cells. The roles of cytokines in acute inflammatory responses are 

shown in figure 1.3.

Classification of chemokines

Chem okines are cytokines that induce chemotaxis, or direct migration, of 

leukocyte subsets (Lindley et al., 1993; Schall and Bacon 1994). The hum an 

chemokines are structurally related and can be subdivided into a  (or CXC) 

subfamily in which the first two cysteines in the molecule are separated by 

an intervening aminoacid residue and P (or CC) subfamily in which the 

first two cysteines are adjacent (Lindley et al., 1993; Baggiolini et al., 1994). 

A third subfamily of chemokines has only two cysteines and has 

significant homology to both a  and p subfamilies (Kelner et al., 1994). 

These structural distinctions are important since they are associated with 

the ability to act on particular leucocyte subsets. The a  chemokines of 

which IL8 is the prototype, act predominantly on neutrophils, and the P 

chemokines of which monocyte chemotactic protein is the prototype, act 

on monocytes, lymphocytes, mast cells and eosinophils. Lym photactin 

(th ird  subfamily) appears to act solely on lymphocytes. Chemokines are 

more than mere chemotactic mediators. They are implicated in leucocyte 

activation, angiogenesis and antimicrobial functions, including a 

protective role in hum an immune deficiency viral infection (Streiter et
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al., 1995; Bleui et al., 1996). These molecules provide potentially variable 

targets for therapeutic intervention in a wide range of diseases.

1.4.1. Interleukin 8

This is also known as IL 8, neutrophill activating protein, NAP-1, inter = 

in between, leu = leukocyte, kine = hormone (Samanta et al. 1989).

page 48



chapter 1

Table 1.1 Effects of IL 8.

Cell target Effect reference
neu tro p h il chemotaxis

shape change 
degranulation 
respiratory burst

T lymphocyte 

Basophil

M onocyte

Kératinocytes

increase cytosolic free 
calcium
adherence to endothelium,
fibrinogen, subendothelial
matrix, cytokine-stimulated
endo thelium
binding of C3bi and LPS
CRl
granulocyte CD11/CD18

release of LTB4 and 5-HETE 
phosphorylated cytosolic 
48kd protein which activates 
5-lipoxygenase 
lysosomal enzyme release 
chemotaxis

chemotaxis

histamine release 
leukotriene release 
adhesiveness to 
endo the lium  
proliferation

(Yoshimura et 
all987)
(Thomas 1991) 
(Peveri et al. 1988) 
(Matsushima and 
Oppenheim 1989) 
(Schroeder and 
Christopher 1986) 
(Carveth et al. 1989, 
Detmers et al. 1990, 
Paccaud et al. 1990)

(Farina et al. 1989) 
(Schroeder 1989) 
(Larrick and W right 

1992)
(Leonard et al. 1990) 
(White et al. 1989)

(Walz et al. 1987) 
(Dahinden et al. 
1989)
(Miyazaki and 

Kobayashi 1992) 
(Krueger et al. 1990) 
(Wang et al. 1990) 
(Hirano et al. 1985)

(Hirano et al. 1985)

IL8 acts as neutrophil chemoattractant and stimulator. It also stimulates 
lymphocytes, basophils and monocyes. Thus, it is an im portant 
proinflammatory chemokine.

Am ino acid sequence of IL 8

The precursor for IL 8 consist of 99 amino acids w ith a putative signal

sequence (Matsushima et al. 1988). The amino terminal end of the m ature

form ofIL  8 starts w ith serine at the residue number 28. Recently, longer

intermediate forms (79-77 amino acids) as well as truncated (69 amino

acids) forms of IL 8 have been purified from conditioned media not only
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from LPS"Stimulated human PBMC (Yoshimura et al. 1989) bu t also from 

IL-1, TNF, or poly IC-stimulated fibroblasts (Schroeder et al. 1990) and 

endothelial cells (Gimbrone et al. 1989). There are 14 basic amino acids 

(lysine and arginine) in the 72-amino acid form of mature IL 8, 

contributing to the basic characteristics of the protein (Wolpe and Cerami 

1989).

The mature form ofIL 8 (72 amino acids) contains four cysteine residues. 

The sequence Lys-Phe-Leu-Lys-Arg-(residues 91-95) at the C-terminal 

region is most probably the heparin binding site. There is no N- 

glycosylation site in IL 8, and IL 8 is not glycosylated (Wolpe and Cerami 

1989).

Structure of 1L8

Figure 1.4. Structure of 1L8. Schematic representation of the solid model of 
the structure of IL8 dimer (not to scale) (Baldwin et al. 1991).

T hree dimensional structure analysis of human IL 8 has been performed 

by both nuclear magnetic resonance (Clore et al. 1989) and X-ray
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crystallography (Clore et al. 1990), using purified recombinant hum an IL 8 

expressed in Escherichia coli (Baldwin et al. 1990). The structure of IL 8 

deduced by these methods is essentially the same. At high concentration 

IL 8 exists as a hydrogen bonded dimer (Furuta et al. 1989). The secondary 

and tertiary structures of IL 8 are similar to the AB dim er in the 

determined tertiary resolution crystal structure of PF-4 (St Charles et al.

1989). However, the PF-4 forms tetrameres rather than dimers. The 

architecture of the IL 8 dimer is also closely related to the folding of the a  

1 /a  2 domains of the class IM HC antigen-HLA-A2 (Bjorkman et al. 1987). 

In the case of HLA-A2, the sites of antigen recognition and T-cell receptor 

interaction are both believed to reside in the region betw een two 

approximately parallel-a-helices. This has led to speculation that receptor 

binding site of IL 8 molecules might also reside in the region of the-a- 

helix at the C-terminal end of IL 8. This hypothesis is particularly 

attractive because the C-terminal tridecapeptide of PF-4 is reported to have 

both chemotactic and immuno-regulatory activities (Zucker et al. 1989).

IL 8 Receptors

0000-

ooôô<

COOH

Figure 1.5. ILS receptor. There are two sequences of IL8 receptors. One type 
has high affinity (CDwl28, Mr 40,000) and the other has lower affinity (Mr 
58,000 - 67,000). Both are transmembrane spanning, G-protein-linked 
receptors of the rhodopsin superfamily. (Adams and Lloyd 1997).
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The directional migration of the neutrophil to a very low concentration 

of IL 8 suggested the presence of specific receptors for IL 8 o n  the plasma 

membranes of the neutrophils through which IL 8 exerts its specific 

effects. The binding of ^^^I-IL 8 to hum an peripheral blood neutrophils 

reached a maximal level in 1-3 hours at 4 °C (Samanta et al. 1989). Two 

forms of the hum an IL 8 receptor have been identified, one w ith  high 

affinity (Kd=3.6 nM) and one with low affinity for IL 8 (Holmes 1991).

Both forms contain seven hydrophobic transmembrane dom ains and are 

members of rhodopsin superfamily of G protein-coupled receptors 

(M urphy and Tiffany 1991). The two receptors have 77% identical am in o  

acid and contain potential Ser and Thr phosphorylation sites near the 

COOH-terminus (Strader 1989). The cDNA clone originally reported to 

encode the rabbit fMLP receptor is in fact the rabbit homologue of the IL 8 

receptor (79% identity) (Thomas 1991). Cross-linking experiments show 

that tw o proteins of 44-48 kD and 76-70 kD bind IL 8 (Moser 1991). 

Scatchard analysis showed that there are about 20,000 receptors per 

neutrophil w ith a single type of high affinity binding. Based on 

competitive binding assays at 4 °C, the receptors for IL 8 are clearly 

different from the receptors for other cytokines and chemotactic agents, 

such as IL-1, TNF, MCAF, fMLP, C5a, léukotriene B4, and  platelet 

activating factor. In addition, only GRO/MGSA and MIP-2, b u t not MIP-1, 

CTAP-m, LD-78, ACT-2, or PF-4 compete in binding to U937 cells w ith 

^^^I-IL 8, suggesting that the receptors for cytokines are all the same.

Expression of IL 8 receptor

M ature neutrophils express more IL 8 receptors than  promyelocytic cell- 

line  cells, and other types of hum an leukocytes. T lymphocytes that 

respond to lower doses of IL 8 than neutrophils only express a very low 

num ber of receptors (<300 per cell). This may reflect the expression of IL 8
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receptors on a subpopulation of T lymphocytes.

Regulation of IL 8 receptor expression

The hum an IL 8 receptor is expressed on neutrophils, basophils, a subset 

of T cells, monocytes, kératinocytes, melanoma cells and myelomonocytic 

cell lines (Yoshimura and Leonard 1990). Its gene is located on 

chromosome 2 (Oppenheim et al. 1991).

O n hum an neutrophils IL 8 down-regulates >90% of its ow n receptor 

expression within 10 min at 37°C  This down-regulation is accompanied 

by internalisation of IL 8, followed by proteolytic degradation by  lysosomal 

enzym es and release in culture media, starting at 60 min. The IL 8 

receptor reappeared on the cell surface within 10 m in after removal of 

free ligand from the culture medium. The addition of a protein synthesis 

inhibitor, cycloheximide, did not alter the internalisation of the ligand 

receptor complex or the appearance of the receptor, suggesting that de  

n o v o  protein synthesis of IL 8 receptors is not involved in this rapid 

turnover of the receptors and that IL 8 receptors are probably recycled. The 

addition  of inhibitory lysosomotropic agents such as chloroquine, 

methylamine, menonsin, and ammonium chloride, and of ATP synthesis 

inhibitors, such as 2,4-dinitrophenol and sodium azide, also d id  n o t 

inhibit the binding ligand or linkage internalisation, bu t partially 

inhibited the appearance/recyding of the receptors. A direct correlation 

appeared between the dose of ammonium chloride that blocked the 

reappearance/recycling of IL 8 receptors and the dose that inhibited the  

neutrophil chemotactic activity. These data suggest that IL 8 receptor 

expression is dramatically regulated by the ligand itself and that rapid 

recycling of IL 8 receptors may be essential for the chemotactic response of 

the  neutrophils. Of the few reagents that have been tested for their effect

on IL 8 receptor expression, T N F-a has been shown to down-regulate IL 8
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receptor expression on neutrophils by 50% at ST^C within 30 min.

IL 8 and  inflamm ation

The production of IL 8 in  response to TNF, IL-1 and other cytokines 

suggests that activated m ononuclear phagocytes can  m ediate  

in flam m atory  cell migration by either directly generating IL 8, or by 

inducing its production from surrounding non-immune cells (Carveth et 

al. 1989). The interaction of IL 8 with its own specific neutrophil receptor 

induces motility, directional migration, exocytosis of storage enzymes, 

and expression of the leukocyte integrin C D llb\C D 18 complex (Detmers 

et al. 1990). Its biological activity is maintained in the presence of 

significant changes in pH, and is relatively resistant to proteolysis and 

dénaturation as compared to other known chemotactic factors (Paccaud et 

al. 1990). The stability of IL 8 suggests that the production of this cytokine 

at in vivo sites of acute inflammation may have prolonged biological 

activity for the recruitment of neutrophils, making it pivotal cytokine in 

neutrophil-m ediated endothelial injury.

1.4.2. Interleukin 6

This is also known as IL 6, B-Cell Stimulatory Factor 2, p-2-Interferon and

Hepatocyte Stimulating Factor. Hum an interleukin 6 was first described

by H irano and colleagues (Hirano et al. 1985), and its B-cell differentiation

activity demonstrated the ability to increase IgM secretion from an

Epstein-Barr virus transformed B-cell line. IL 6 is produced by various

cells that regulate the immune responses, acute phase reactions and

haematopoiesis and may play a role in host defence mechanisms (Van

Snick 1990). IL6 exerts growth-inducing, grow th-inhibitory, and

differentiation-inducing activities, depending on the nature of the target

cells. Amongst its major roles are stimulation of terminal differentiation
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of B lymphocytes (Hirano et al. 1986), activation of proliferation and 

cytotoxic differentiation of T cells (Okada et al. 1988), triggering the 

production of acute phase proteins by hepatocytes (Gauldie e t al. 1987) and 

acting as a growth factor for murine hybridoma and plasmacytom a cell 

lines (Van Snick et al. 1987). IL 6 is involved in  the induction of IL-2 and 

IL-2 receptor expression, proliferation and differentiation in  T cells 

(Garman et al. 1987), enhancement of IL-3 induced m ultipotential colony 

cell formation in haematopoeitic stem cells (Ikebuchi et al. 1987), and the 

m aturation of megakaryocytes as a thrombopoietic factor. It has an active 

role in mediating Escherichia coli adherence to m ucous m em branes since 

it is secreted by the latter in response to E coli infection associated w ith 

polym orph nuclear infiltration (Linder et al. 1991). It has been  suggested 

that IL 6 has a role in cardiac allograft rejection (Weyand et al. 1992).

IL 6 receptors (IL 6R)

IL 6 receptor is expressed at high levels on activated and EBV-transformed 

B cells and myelomas bu t it is also present at lower levels on m ost 

leukocytes, epithelial cells, fibroblasts, hepatocytes and neural cells (Coulie 

et al. 1987). The functional high affinity receptor for hum an IL 6 

(K^=10pM) is formed by the noncovalent association of tw o  subunits 

(Hibi 1990). The a  subunit binds IL6 with low affinity (K ^=l nM) and 

contains a cytokine receptor domain and a fibronectin type m  domain, 

w hich is conserved in m any cytokine receptors (Patthy 1990). The p 

su b u n it does not bind IL6 in isolation and consists of a C2-set IgSF 

dom ain, a cytokine receptor motif and four fibronectin type m  domains 

(Taga 1989). The p subunit bears sequence similarity to the G-CSF receptor 

(Larsen 1990).
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Figure 1.6. IL6 receptor. High affinity of IL6 receptors are formed by the 
non-covalent association of two subunits. The IL6 receptor a-chain 
(CD126) binds IL6 w ith low affinity and does not signal. The p-chain (gp 
130, CD130) does not bind IL6, but is associated w ith the a-chain/IL6 
complex and is responsible for signal transduction. C2 = C2-set IgSF 
domain, CK = cytokine receptor domain, F3 = fibronectin type m  domain. 
(Kishimoto 1989)

Regulation of IL6

In the steady state IL6 is not produced constitutively by normal cells, but 

its expression is readily induced by viral infections (Frei et al. 1989) or 

lipopolysaccharide (Nordan and Potter 1986). In addition a variety of 

cytokines, including ILl (Shalabby et al. 1989), tumour necrosis factor-a, 

either alone (Van Damme et al. 1987) or in combination w ith IFN gamma 

(Sanceau et al. 1989), platelet derived growth factor (Kohase et al. 1987), IL3 

and GM-CSF also induce IL6 production (Walther et al. 1988). However,
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not all cells respond similarly to these factors. IL l for example is probably

the m ost potent inducer of IL6 in fibroblasts, b u t induces little IL6 in  bone

m arrow cells which, in contrast, respond very well to IL3 or GM-CSF.

Com pounds which activate protein kinase C were found to stim ulate IL6

gene expression in  tonsillar lymphocytes (Namba and H anaoka 1972) and

in hum an fibroblasts, suggesting that the protein kinase C-dependent

signal transduction pathway can induce IL6 gene expression (Zhang et al.

1988). In hum an fibroblasts, IL6 response to IL l was found to  be cAMP-

dependent and protein kinase C-independent (Sehgal e t al. 1987). The

existence of multiple gene regulation of IL6 is consistent w ith  the

presence of several transcriptional enhancer elements in  the 5' flanking

region of the IL6 gene (Galien et al. 1996).

IL6 expression in  clinical diseases

In  addition to its possible role in  the development of plasm a cell

tum ours, dysregulated production of IL6 may be linked to a variety of

o th er diseases. Two intriguing coincidences suggest that excessive

production of IL6 may induce a polyclonal B-cell activation resulting in

hypergamma-globulinaemia and auto-antibody production. One is cardiac

myxoma (Hirano et al. 1987) and the other is Castlem an's disease

(Kishimoto 1989), a condition characterised by  the benign hyperplastic

lym phadenopathy associated w ith fever and by increased Ig titres. In  both

cases, the hyperplastic tissue produces IL6 and removal of the tum oral

tissue is followed by a rapid normalisation of Ig levels. The existence of a

causal relation between IL6 and hyper-gammaglobulinemia is also

supported  by the observation that transgenic mice expressing the hum an

IL6 gene conjugated to the hum an Ig heavy chain-gene enhancer develop
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splenomegaly w ith massive infiltration of plasma cells resulting in  a 

dram atic elevation of Ig levels. Over-production of IL6 has also been 

implicated in localised proliferative diseases. One instance where this 

implication has been hypothesised is Lennert's T-cell lymphoma, a non- 

H odgkin  lymphoma characterised by a massive macrophage-like 

infiltration of the lymphomatous tissue (Shimizu et al. 1988). Another 

exam ple is proliferative mesangial glomerulonephritis. Recently, 

increased IL6 levels were detected in the urine of patients w ith  this 

disease, bu t not in patients with minimal change nephrotic syndrom e or 

w ith  membranous nephropathy. Immune-histological staining showed 

th a t the mesangial cells themselves were the most likely source of this 

IL6. Moreover, IL6 has been found to act as an autocrine grow th factor for 

the rat mesangial cells. Taken collectively, these results suggest that 

unregulated production of IL6 by mesangial cells may, under certain 

circumstances, lead to anarchic proliferation of these cells.

IL6 and inflam m ation

The role of IL 6 in the inflammatory reaction is well exemplified by  its 

effect in inducing differentiation of B cells, augmenting T-cell responses 

(Shimizu et al. 1988), and enhancing differentiation of bone m arrow  

progenitor cells (Houssiau et al. 1989). Elevated levels of IL 6 have been 

reported in  m any diseases including cardiac myxoma, uterine carcinoma, 

acute bacterial infection (Helfgott et al. 1989), meningococcal septic shock 

(Waage et al. 1989), multiple myeloma (Kawano et al. 1988), rheum atoid 

arthritis (Houssiau et al. 1988), and systemic lupus erythematosus. In 

addition , IL 6 has been shown to induce the synthesis of acute phase 

proteins (Hirano 1992) and was elevated in patients suffering severe bu rns 

or undergoing the stress of surgery (Hirano. 1992).
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IL 6 and complement

It was noted that elevated levels of C5a appear in these situations 

(Marinkovic et al. 1989). Based on the observations that IL 6 and other 

cytokines (e.g. IL-1, IL 8, TNF-a) are associated w ith  the auto- 

inflammatory disease process, it was found that C5a is a potent inducer of 

IL 6 synthesis and the interaction is temperature dependent (Hugh 1986).

1.5. C om plem ent

The complement system continues to be a riddle that has challenged 

generations of investigators since its first description a century ago. Man 

has been continually fascinated and at times obsessed by the m arve llous, 

mysterious and even baffling qualities of blood. In 1889, Hans B üchner 

(Büchner 1889) described a heat-labile bactericidal principle in  the blood 

w h ich  was later identified as the complement system (Cruse and Lewis 

1993).

The classical pathway of complement activation was described first by 

investigators using sheep red blood cells sensitised w ith  a specific 

antibody and lysed w ith guinea pig or hum an complement. Coca in  1914 

described the third complement component. Pillemer et al., 1954, 

proposed an alternative mechanism of complement activation which 

they term ed the properdin pathway. Since then research has revealed that 

m ore than 20 soluble plasma and other body fluid proteins together w ith 

an  equivalent number of cell receptors and control proteins found on 

blood and other tissue cells comprise the complement system. These 

proteins play a critical role in the phagocytosis of im m une complexes 

w hich activate the complement system (Pillemer et al. 1954). These 

molecules and their fragments resulting from the activation process are 

significant in  the regulation of cellular immune responsiveness.
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Third complement complex (C3)

Of the 30 distinct complement proteins recognised to date, C3 is probably 

the m ost versatile and multifunctional molecule known, interacting with 

numerous serums, cell surfaces, and foreign proteins, and playing an 

im portant role in immune surveillance and immune response pathways 

(Sim 1992).

H um an C3 is the most abundant complement component in  serum  (1-2 

m g/m l) and has been characterised as a glycoprotein comprised of a 115- 

kD a -chain  linked to a 75-kD p-chain by a single disulphide bond and 

noncovalent forces.

Function of C3

One of the distinguishing features of C3 is its ability to bind covalently to

acceptor molecules on the cell surface (Lambris 1990). Upon activation of

either the classical or alternative pathway the native C3 is cleaved by C3

convertase to C3a (9000 kD) and C3b (181,000 kD), exposing the highly

reactive thioester bond (MuUer-Eberhard et al. 1966). The deposition of

C3b to surface structures is important for the initiation of membrane

attack complex (MAC), the phagocytosis of foreign particles, and the

enhancement of effector cell-target cell contact (Volanakis and  Fearon

1990). The C3 fragments soluble and /o r surface bound, generated during

complement activation have the potential to bind to several cell surface

receptors, known as CRl (CD35, C3/C4b), CR2 (CD21, C3d/EBV), CR3

(C D llb /C D lS , iC3b), CR4 (C D llc/C D lS, pl50/95), CR5 and C3a receptors.

The binding of these proteins to C3b leads either to amplification of the C3

convertase (by B and P in the presence of factor D) and initiation of the

MAC convertase (C5), or inactivation of C3b (by factor I) (Volanakis 1992).
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W hether amplification or inactivation occurs depends on  the nature of 

the surface to which C3b is fixed.

M em brane attack complex

The mechanism by which complement lyses cells is not fully understood. 

Over the years, the question of whether cell lysis occurred by  the 

complement-mediated digestion of cell-membrane proteins or by  the 

cleavage of cell-membrane lipids w as examined. There w as compelling 

evidence that activation of complement fragments on the cell surface led 

to the formation of a functional "hole" in the cell mem brane (Kilgore et 

al. 1996; Rautemaa et al. 1996; Magro et al. 1996). Because of the defective 

m embrane the cell lost its ability to maintain osmotic equilibrium , w ater 

accompanied solutes into the cell, and  osmotic lysis occurred. Since it was 

difficult to isolate the enzymatic cleavage of the final steps of the 

complement cascade, researchers focused on  the possibility that 

complement activation led to the formation of a hydrophilic core 

surrounded by a hydrophobic rim, and there is now  evidence to support 

this possibility. The hydrophobic rim  interacts w ith  the lipids of the cell 

membrane, thereby interrupting the integrity of the bimolecular lipid 

layer. The hydrophilic centre allows water and water-soluble ions to pass 

through. The protein complex composed of C5b, C6, C7, C8, and  C9 has 

been termed the "membrane attack complex". This m em brane attack 

complex is formed by complement activation. It has a central tube-like 

core that has been observed with the electron microscope.

1.6. Tum our necrosis factor

Tum our necrosis factor (the term TNF refers to T N F -a  and  TN F-p 

jointly) was originally discovered by its antitumor activity (Carswell e t al. 

1975), but is now recognised to be one of the m ost pleiotropic cytokines
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acting as a host defence factor in immunologic and inflammatory 

responses. The TNF family includes two structurally and functionally 

related proteins, T N F-a or cachectin and TNF-p or lymphotoxin (Weigle 

et al. 1983). T N F-a is produced primarily by monocytes a n d /o r  

macrophages, whereas TNF-p is a product of lymphoid cells (Old 1985). 

The close relationship between these two proteins was not know n until 

1984 w hen cloning of cDNAs for hum an TNF and lymphotoxin 

unexpectedly revealed that they are about 30% homologous at the amino 

acid level (Beutler et al. 1985). T N F-a and TNF-p bind to the same cell 

surface receptors and they are very similar (though not identical) in  the 

spectra of their activities (Gray et al. 1984). Nevertheless, the processing of 

the two corresponding proteins by the producing cells is completely 

different.

Functions of T N F -a

Originally thought of as selective anti-tumour agents, T N F -a  and TNF-p 

(especially the former) are now grouped among the major inflam m atory  

cytokines, i.e. they are characteristically produced at the sites of 

inflammation by infiltrating mononuclear cells. They play a beneficial 

role as immunostimulants and important mediators of host resistance to 

m any infectious agents and, probably, malignant tum ours (Permica et al. 

1984). O n the other hand TN F-a turned out to be identical to cachectin, 

postulated to cause wasting during chronic infection (Old 1985). There is 

increasing evidence that there is overproduction of T N F -a  during 

infections, leading to severe systemic toxicity and even death, e.g. T N F -a  

is a major factor in the development of septic shock following infection 

w ith  gram-negative bacteria (Aggarwal, et al. 1985). T N F -a  has also been 

implicated in the pathogenesis of some autoimmune disorders (H avell

1987) and of graft-versus-host disease (Tracey et al. 1987).
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Among its many different activities, TNF has effects on  the vascular 

endothelium that may contribute to tissue injury in pathologies such as 

disseminated intravascular coagulation seen in septic shock or in cerebral 

malaria, and m ay in part be responsible for the haemorrhagic tum our 

necrosis in animal models.

Table 1.2 TNF-a induces the following genes and proteins
Class G ene/protein reference
Cytokines IL-1,IL6, (Mukaida et al. 1990,

IL 8, EFN-B Jacobsen et al. 1989 
Haijar et al. 1987)

TNF (Broudy et al. 1986 
Shakhov et al. 1990)

Receptors IL 2-a (Pober et al. 1987
A dhesion
m olecules E-selectin, (Scarpati and Sadler

ICAM-1 1989 Lee et al. 1990)
Inflam m atory
m ediators Tissue factor. (Collins et al. 1986

collagenase Fujita et al. 1989
strom elysin Gauldie et al. 1989)

Acute phase
proteins C3 (Wong and Goeddel 1988)
Histocom patibility
com plex MHCI,MHCn (Duh et al. 1989 George 

et al.l989)
Multiplicity of actions of TNF-cc can be ascribed to the following (1) TNF 
receptors are present on virtually all cells examined, (2) TNF action leads 
to the activation of multiple signal transduction pathw ays, kinases, and 
transcription factors; and (3) TNF action leads to the activation of an 
unusually large array of ceUular genes.

Structure of TNF

T N F -a  consists of 157 amino acids (156 in  the rat, rabbit, or mouse), 

w hereas TN F-p consists of 171 residues (Aggarwal and Vilcek 1991).
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U nder denaturing conditions, the molecular weights of hum an T N F-a 

and -p  are approximately 17 kd and 25 kd respectively. In addition to the 

14 additional amino acids present at the amino terminus of m ature TNF- 

P, the difference in size can be accounted for by the absence of N- 

glycosylation in human TN F-a as opposed to the presence of one N- 

glycosylation site in TNF-p. In native form, both features of T N F -a  and 

TNF-p are tightly packed trimers, which is in agreement with the earlier 

molecular weight estimates of approximately 45,000 and 65,000 for T N F-a 

and TNF-p respectively (Eck and Sprang 1989). TN F-a and TNF-p differ 

strikingly in the mode of their secretion. The 34 amino acid long 

presequence of TNF-p shows characteristics typical for signal peptide 

sequences of secretory proteins, i.e. it is very hydrophobic and has charged

Figurel.7. Structure of TNF. Schematic diagram of the solid model of the 
structure of TNF-a trimer (Callard and Gearing, 1994).

residues near the amino terminus. These features suggest that TNF-P is

processed and released from cells in a manner characteristic of most

secreted proteins. In contrast, TN F-a has a 76-residue long precursor
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sequence containing both hydrophobic and hydrophilic regions. There is 

evidence that this long presequence serves to anchor the T N F -a  

precursor polypeptide in the plasma membrane (Perez et al. 1990). The 17- 

kDa released form of T N F-a is derived from the 26-kDa integral 

transm em brane T N F-a molecule by proteolytic cleavage (Kriegler et al.

1988), possibly involving a serine protease (Scuderi 1989). It is postulated 

th a t the portion of the transmembrane form of T N F -a  exposed on the 

outside of the cell not only serves as a precursor of released T N F -a  but 

also that this membrane-anchored molecule can itself bind to a receptor 

on an  adjacent cell and thereby engage in intercellular com m unication 

(Luettig et al. 1989). There is evidence that membrane-anchored T N F -a  

on the surface of the monocytes an d /o r macrophages can m ediate the 

lysis of TNF-susceptible tum our cell lines and the nonsecretable cell 

surface m utant of T N F-a can kill tumour cells or virus-infected cells 

(Olsson et al. 1989).

W ith this background, I formulated the hypothesis for this thesis w hich is 

outlined in the next chapter.
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2. Aim of the thesis

The overall aim of the thesis w as to investigate the role of 

cardiopulm onary bypass conditions in causing acute inflamm atory 

responses during open heart surgery in children. The possible 

m odulation of these responses by using modified ultrafiltration was 

evaluated.

The studies described here were designed to test the hypothesis that 

conditions of cardiopulmonary bypass, even in the absence of 

endothelium, can activate circulating inflammatory cells, particularly the 

neutrophils (figure 2.1). Neutrophil interaction w ith  endothelium  

accom panied by neutrophil activation and release of proteolytic enzymes 

(e.g. leukocyte elastase), could then be responsible for the tissue oedema 

which occurs in  children w ho undergo open heart surgery (capillary leak 

phenom enon). These inflammatory responses m ay be influenced by 

cardiopulm onary bypass variables, particularly mechanical circulation 

and variation of temperature. Application of modified ultrafiltration at 

the end of such surgery may reduce the observed tissue oedem a and m ay 

m odulate acute inflammatory responses by rem oving low molecular 

weight inflammatory mediators.

A mock cardiopulmonary bypass was used to test the hypothesis in vitro. 

W e also carried out, in vivo, a random ised trial of modified 

ultrafiltration on children undergoing repair of ventricular septal defect 

to determine its effect on modulating inflammation and reducing tissue 

oedema. We focused on evaluating neutrophil adherence to e n d o th e liu m  

which is m ediated by the adhesion molecules C D llb  and L-selectin. The 

release of the inflammatory mediators IL8, IÏ.6, TNF-a„ leukocyte elastase
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TNF-a

I
reactive 

oxygen species

Cardiopulmonary bypass

t
Acute inflammationy

IL-6i
complement

activation

neutrophil stimulation
membrane 

attack
leukocyte elastase ^-selectin C D llb  complex

endothelial damage

I

Figure 2.1. Schematic diagram of cardiopulmonary bypass induced acute 
inflam m ation . The central process of acute inflammation is neu tro p h il 
stimulation and adherence. Neutrophil adherence to endothelium  is 
mediated by its adhesion molecules L-selectin which is followed by its 
m igration  using C D llb  molecules. Neutrophil activation involves the 
release of its proteolytic enzymes (e.g., leukocyte elastase). This directional 
migration of the neutrophil is mediated by the release of IL8 which acts as 
neutrophil chemoattractant and activator. Acute inflammation is also 
associated with complement activation and release of IL6 and TNF-a. 
These interactions result in endothelial damage and an increase in 
capillary permeability (tissue oedema).
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3. Materials and methods

Our analysis of inflammatory responses was conducted using venous 

blood from patients and volunteers. Expression of neutrophil adhesion 

molecules C D llb  and L-selectin was measured by using the fluorescence 

labelled monoclonal antibody technology and flow cytometry. The 

changes in serum concentration of IL8, IL6, TNF-a, leukocyte elastase and 

terminal complement complex (TCC) were performed by ELISA 

techniques.

3.1. Assessm ent of neutrophil adhesion molecules

3.1.1. M aterials 

Reagents

Sodium azide ( Sigma, St Louis, USA, number 5-2002).

D-glucose ( BDH Co., UK, number C6H1206).

Phosphate buffer (BPS, Dulbecco, Basingstoke, UK, num ber BR14a).

Flow cytometry calibration green and red microspheres (CaliBrite, Becton 

Dickinson, USA Code 95-0002).

Sodium bicarbonate (NaHCOg), Sodium carbonate (Na2C0 3  ̂Sigma, St 

Louis, USA)

Sodium phosphate (Na2HP0 4 , Phosphate buffered saline tablets. Sigma,

St Louis, USA)

Concentrated hydrochloric acid. Citric acid, 2 N  sulphuric acid (Sigma, St 

Louis, USA)

H ydrogen peroxide (30%, Sigma, St Louis, USA) 

o-phenylenediamine (OPD, Sigma, St Louis, USA)

Bovine serum albumin (Sigma, St Louis, USA)

Tween-20 (Sigma, St Louis, USA)
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Solutions

Azide solution Hank’s w ith azide (0.1%) was prepared by dissolving 0.5 

gm of sodium azide in 500 ml of Hanks (Dulbecco, Basingstoke, UK). The 

mixture was stored at 4 °C.

FACS fix solution (0.7%) Flow cytometry fixative solution (FACS fix) was 

prepared by mixing one tablet of phosphate buffered saline, 2 gm of D- 

glucose, and 1 ml of formaldehyde (70%) to 100 ml of de-ionised and 

purified water. The solution was stored at 4 °C

FACS lyse solution Flow cytometry red cell lysing solution (Becton 

Dickinson, San Jose, USA, number 92-0002). 10% concentration of the  

flow cytometry lysing solution (FACS lyse) was prepared by adding 1 

volume of FACS lyse solution to 9 volume of de-ionised and purified 

water.

Form aldehyde (70%, British Drug House, Ltd, Pole, UK).

Salt solution H ank's balanced salt solution, w ithout phenol red and  

w ithout iodine, was kept at root temperature (GIBCO, Paisley Scotland, 

num ber 041-04175m).

M onoclonal antibodies

All antibodies were kept at 4 °C in the dark.

M onoclonal antibodies to C D llb  (anti-CDllb, FITC labelled, mouse IgM, 

Cym bus Bioscience, UK, no. CBL145).

M onoclonal antibodies to L-selectin (T Q l-R D I, m o u se  Ig G l, 

Phycoerythrine labelled. Coulter Immunology, Hialeah, FL, USA, num ber 

6602944).

Negative control (isotype specific unrelated antibody, m ouse monoclonal

IgG l, Kappa, FITC labelled, Dakopatts, Denmark, num ber 927 MKB).
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3.1.2. M ethods ,

3.1.2.1. Staining technique

Prior to the experiments, antibodies were diluted to 50% concentration by 

adding the salt solution at 1:1, volume by volume. Aliquots of 25 

microlitre of blood were taken and 5 microlitre of the diluted antibody 

w as added and mixed thoroughly. The mixture was incubated at room 

tem perature (25 °C) for 10 min. Leukocyte enriched m edium  was prepared 

by lysing red blood cells using FACS lyse solution, and w ashing in  azide 

solution. The pellets were suspended in 0.5 ml of FACS fixative solution. 

They were kept at 4 °C until analysed by flow cytometry (within 24 hours). 

We used the FACS fix solution because in our experiments the difference 

in timing between the first and last sample could be u p  to 2 hours. 

Fixation was used to preserve cellular integrity and fluorescence.

3.1.2.2. Flow cytometric examination of fluorescence

All samples were analysed in the same setting to enable quantitative 

analysis of changes of fluorescence in one experiment. To avoid 

variability between experiments, the detectors of the flow cytometer were 

adjusted using standard calibration microspheres for both the FTTC (green, 

w ave length 660 nm) and Phycoerythrin (red, wave length 500 nm). 

Calibration was performed according to the m anufacturer's instructions. 

The detector for one channel of the flow cytometer (FL-1) w as adjusted to 

read the CaliBrite green bead. This channel was used to analyse 

expression of neutrophil adhesion molecule C D llb . A second channel 

(FL-2) was adjusted to read the red beads which was then used for analysis 

of L-selectin expression.

Evaluation of variability of the calibration

To assess variability of the calibration, ten samples were analysed for
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expression of adhesion molecules at two different time points (24 hours 

later, figure 3.1). The samples were fixed and stored at 4 °C in  the dark. 

Prior to each analysis, the flow cytometer was calibrated as described 

above. The m edian (and range) of the difference betw een the first and 

second observations was -2 (-4 to 3) (p=0.5).

observation 1 
m in u s  

observation 2 4 -

1

0
-1

•2

3
4

oo
o

0 50 100 150 200 250 300
average of observations 

Figure 3.1. Reproducibility of flow cytometric m easurem ents. Ten sam ples 
were analysed at two different times. The differences betw een observation 
1 and observations 2 are plotted against the average of both  observations. 
A lth o u g h  the relation between difference and average is weak (r=0.17), it 
suggests that the difference decreases w ith the m agnitude of the 
measurements. The variance ratio of observation 1 /  observation 2 is 1.04 
which suggests that the flow cytometric measurements are reproducible 
w ith negligible variability (Bland and Altman 1995). Interrupted lines = 
confidence intervals, solid line = a regression line.
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neutrophils
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Fluorescence

Figure 3.2. FACS analysis of the neutrophils. The red blood cells were 
lysed prior to the analysis. The white cell populations were differentiated 
according to the forward (FSC) and side (SSC) scatter. A gate was then 
placed around the cells of interest (neutrophils, upper graph) and further 
analysis was carried out from a histogram (lower graph). The median 
value of fluorescence was derived from the histogram.
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/  Si

3.I.2.3. Analysis of immunofluorescence

The flow cytometer was set to examine the neutrophil by adjusting the 

amplification, forward and side scatters. The forward scatter scale was 

adjusted to enable positioning of the neutrophils at the centre of the scale. 

W ith this adjustment, neutrophil populations were in the m iddle of 

computer screen. Thus, on changing to the flow cytometry channels the 

detection of the neutrophil population was made by its size on  the side 

scatter and the changes of fluorescence was assessed on the horizontal 

scale. Two fluorescence channels were used. Fluorescence 1 (FL-1) was 

adjusted for detecting changes in C D llb  and negative control expression 

(green colour) and Fluorescence 2 (FL-2) for detecting the changes for L- 

selectin (red colour).

In each sample, 2000 events were acquired. Thus, during the analysis, the 

num ber of neutrophil populations was identical. The data w ere stored 

and analysed at a later time.

W e started the analysis by obtaining a cytogram. Neutrophils were 

separated from lymphocytes and monocytes by gating on their 

characteristic forward and right angle light scatter, figure 3.2. A histogram 

was then acquired. The level of expression of neutrophil adhesion 

m olecules was expressed as relative to the average value of fluorescence. 

To be able to identify the significance of the differences, the m edian 

v a lu es were converted to linear scale, i.e. antilogarithm of the median, 

and divided by average fluorescence

Relative fluorescence = /64

For the FITC and PE the average of fluorescence was 64. The conversion 

was chosen to reflect the rate of change on the linear scale of the flow
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cytometer where the scale of variation was expressed as 10% of negative 

values.

3.2. ELISA techniques
3.2.1. M aterials

Solutions

R D I and RD5 Diluting solutions prepared (and commercially available) 

by  the manufacture of the ELISA for diluting samples prior to analysis 

(m ade of buffered protein base with preservatives).

W ash buffer 20 ml of the wash (phosphate) buffer, w hich was pre

prepared by the manufacturer, was diluted in 500 ml de-ionised water.

Substrate solution The substrate solution was made by adding equal 

volum es of colour reagents A (stabilised hydrogen peroxide) and B 

(stabilised chromogen, tetramethylbenzidine) as supplied by the 

m anufacture of the kit.

Carbonate buffer Carbonate coating buffer was m ade by adding of 5.86 g 

sodium  bicarbonate to 3.18 g of sodium carbonate and 0.40 g of sodium  

azide. These were then dissolved into 2 litres de-ionised water. The pH  of 

the solution w as adjusted to pH=9.6 by using hydrochloric a d d  (10%). The 

solution was then autodaved and stored at room temperature.

Substrate solution pH 5 Substrate solution was m ade of 10.5 g dtric a d d  

in 500 ml de-ionised water and 14.195 g sodium  hydrogen phosphate 

(N a2HP04 ) in 500 ml de-ionised water. A mixture, w ith pH  of 5.0, was

m ade up of a 1:1 (volume/volume) of dtric a d d  and phosphate solutions.

The solution was sterilised by autoclaving prior to storage at room

tem perature. 10 ml of hydrogen peroxide and 10 m g of cé
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phenylenediamine to 20  ml of the substrate solution were added 

immediately prior to the assay.

Blocking so lu tion  Blocking solution w as p rep a red  from  1% 

w eight/volum e solution of bovine serum albumin and  divided into 20 

m l portions and stored at -20°C

Phosphate wash buffer Wash buffer was prepared from 10 m g phosphate 

buffered saline tablets and 0.5 ml of Tween-20 dissolved in 1 litre of de 

ionised water.

Stop solution 2 N  sulphuric acid.

A ntibodies

Polyclonal anti-hum an elastase antibodies (IgG fraction. The Binding Site, 

UK, code num ber PC052).

H um an a-l-an titrypsin  (peroxidase-conjugated. The Binding Site, UK, 

code num ber PP034).

Polyclonal antibodies against IL8, conjugated with horseradish peroxidase 

w ith  preservatives (R and D Systems, Minneapolis, USA).

Polyclonal antihum an IL6 antibodies (British Biotechnology, Oxon, UK).

Polyclonal anti hum an TNF-a antibodies (British Biotechnology, Oxon, 

UK)
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ELISA Kits

ELISA kits for IL8, IL6 and TNF-a were obtained from Quantikine R&D 

Systems, Minneapolis, USA.

3.2.2. M ethods

3.2.2.I. ELISA for Interleukin 8

IL 8 ELISA precoated plates were obtained. ILS standard solution was 

prepared from recombinant hum an ILS which was reconstituted by  using 

5 ml of the calibrator diluent RD5 to a final concentration of 6000 pg /m l. 

Serial concentrations of 0, 93.S, 1S7.5, 375, 750, 1500, 3000, 6000 p g /m l 

(figure 3.4) were made. According to the manufacturer instructions, 

samples were diluted to 50 % by using RDI solution. Then, 100 m icrolitres 

were incubated for 2 hours (at 37 °C)in wells precoated w ith m onoclonal 

antibodies for IL S, washed w ith the wash buffer, and re-incubated w ith 

polyclonal antibody for IL S conjugated to horseradish peroxidase. After 

three further washes, the substrate solution containing tetram ethyl- 

benzedine and hydrogen peroxide was added and incubated for 20 

minutes. The reaction was stopped by adding 50 ml of 2N sulphuric acid. 

The optical density was determined by using a spectrophotom eter 

(Dynatech MR 4000, Billingshurst, UK) at 450 nm. A standard curve was 

constructed from the optical density against the known concentration of 

the standard (figure 3.3). The limit of detection was < 20 p g /m l and the 

upper limit was 6000 pg/m l. W hen a sample had concentration exceeding 

the upper limit, it was diluted and re-examined.
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Figure 3.3. IL8 standard curve. The IL 8 was measured by using ELISA kits 
and  a hum an recombinant ILS according to the m anufacturer's 
instruction. The equation obtained was then used to m easure the serum  
concentration of ILS (Cx). a and b were constants. ODx was optical density 
m easured at A^^O.

3.2.2.2. ELISA For Interleukin 6

Serum concentrations of IL6 were assayed by using IL6 ELISA kit. 

Standard curve ranging from 0 to 300 p g /m l was obtained (figure 3.4). IL 6 

standard solution was made of recombinant hum an IL 6 which was 

dissolved in 5 ml of diluting RD5 solution to give a stock solution w ith 

concentrations of 0,3.13,6.25,12.5,25,50,100, and 300 pg /m l.

Samples were diluted (50%) in RD5 solution. They were incubated for 2 

hours (37 C°) in wells coated with monoclonal antibodies for IL 6. T he 

wells were washed and then re-incubated w ith horseradish peroxidase 

conjugated anti-IL 6 polyclonal antibody. Following three washings w ith 

the  washing buffer, the substrate solution was added to each well. This 

reaction was stopped by adding 2N sulphuric acid. The optical density was
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determined by using a spectrophotometer adjusted at the optical wave 

length of 450 nm. The lower limit of the assay was 0.35 pg /m l.

3.5

2.5

1.5

m ean ± SD

0.5 n  = 15

100 100010 100001
IL-6

Figure 3.4 IL6 standard curve. Standard curve of hum an recom binant IL6 
in relation to measured optical densities (n=15) was derived from the 
ELISA kits. The equation shown was used to extrapolate unknow n serum 
concentrations of IL6 (Cx). a and b are constants, ODx is the optical density 
m easured at

3.2.2.3. ELISA for tumour necrosis factor alpha (TNF-a)

TNF-a standard solution was made of recombinant hum an TN F-a which 

was provided w ith  the kits. It was reconstituted in 5 ml of calibrator RD5 

solution to final of concentrations of 0, 15.7, 31.3, 62.5, 125, 250, 500 and 

1000 pg /m l.

Samples were diluted (50%) in RD5 solution. They were incubated at 

room  temperature (25 °C) for 2 hours in wells coated w ith monoclonal 

antibodies for TNF-a. They were washed and then re-incubated w ith 

horseradish peroxidase conjugated anti-TNF-a polyclonal antibody. 

Following three washings w ith the washing buffer, the substrate solution 

was added and the reaction was stopped by using 2N sulphuric acid. The
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optical density was determined by using a spectrophotometer at 450 nm 

(figure 3.5).

A450 3-n

Cy = a + b X OD2 .5 -

n = 102 -

mean ± SD
1 .5 -

1 -

0.5 —

1000100 10000101
TNF-a

Figure 3.5 T N F-a standard curve. The standard curve of TNF-a was 
obtained w ith the described ELISA. Unknown serum concentrations of 
TNF-a were derived from the equation shown. Cx in  an u n k n o w n  
concentration of TNF-a. Abbreviations are described in figure 3.4.

3.2.2.4. ELISA for term inal complement complex.

This ELISA was kindly performed by Pofessor Paul M organ at the

University of Cardiff. Plasma levels of TCC were determ ined using a

standard sandwich ELISA. Briefly, 96-wells ELISA plates were coated with

monoclonal antibody against TCC diluted in carbonate buffer (10 g/m l).

After incubation for approximately 16 hours at 4°C, the plates were

w ashed twice using PBS-Tween (0.1% Tween). A blocking step w as then

carried out using 1% BSA in PBS-Tween at 37°C for 1 hour. The range of

the standard curve was 1/10000 to 1/1000 of insulin-activated norm al

plasma. Standards and samples were assayed in triplicate (2 hours at 37°C).

The wells were washed three times prior to adding rabbit anti-S protein

IgG diluted to 1/2000 in 1% PBS-Tween. Following an incubation of 1

hour at 37 ®C, further washing preceded the addition of a second antibody
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(anti-rabbit horseradish peroxidase-conjugated antibody diluted to 1/5000» 

in  1% BSA/PBS-Tween). O-phenylenediamine substrate was added and 

the colour w as allowed to develop before stopping this reaction using 2N 

sulphuric acid. The optical density w as determ ined using a 

spectrophotometer at 492 nm.

S.2.2.5. ELISA for leukocyte elastase 
3 1

A450

2 -

0

Cv = a + b X OD.
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m ean ± SD 

n  — 5

.1
I I I 1 1 1  i i| I 'i-i ' n i i i| I I i i i i i i | ' I  I i i i i i i i

1 10 100 1000
leukocyte elatase

Figure 3.6 Leukocyte elastase standard curve. A standard  curve of 
leukocyte elastase was determined by ELISA technique in five 
experiments and blotted as means and standard deviations (SD). a and b 
w ere constants.

Polyclonal anti-hum an elastase antibodies (15 m g/m l) and hum an a -l- 

antitrypsin antibodies (peroxidase-conjugated, 5 m g/m l) w ere aliquot into 

10 pi portions upon delivery and store at -20°C.

The ELISA plates (96 wells /  plate) were coated w ith anti-hum an elastase 

antibody diluted to 1 in 1000 carbonate buffer, volume by volume. Plates 

w ere allowed to stand at room temperature overnight before washing. 

Samples were diluted to 1 in 2 of the 1% BSA, volume by  volume, and
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incubated at room temperature in the coated wells for 1 hour. After 

washing the plates, peroxidase-conjugated anti-human a-l-antitrypsin  

was added and incubated at room temperature for 1 hour. Wells were 

then washed once more. A substrate solution was added and plates were 

incubated for 25 minutes at 37 C°. The reaction was stopped by using 2N 

sulphuric acid. The optical density was determined using a 

spectrophotometer set to 450 nm (figure 3.6).

3.3. Statistical analysis

The results were expressed as medians and ranges and plotted as a box and 

w hisker plot. The box shows the distance between the quartiles, with the 

median marked as a line, and the whiskers show the extremes (figure 3.7).

units maximum

75% 

Median

25% 

minimum

time
Figure 3.7. A schematic diagram of values presented in a box and w hisker 
p lo t The data were plotted as box blot with the vertical axis showing the 
units of measurements and the horizontal axis the time intervals. The 
box blot was chosen to show the distribution of the data. % is the 
cumulative relative frequencies.

Because of non-normal distribution of the data, non-parameteric analysis 

was performed. The Friedman test was used for statistical analysis of tim e- 

dependent parameter changes within the group (Friedman 1937; Rahlfs
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and Zimmermann 1995; Hutchinson 1996).

Repeated measurements of analysis of variance were perform ed on ranks 

to assess whether curves were significantly different from imm ediately 

before the onset of CPB to the end of experiments (Kepner and W ackerly 

1996, Cartwright et al., 1991). Values of p < 0.05 w ere considered 

statistically significant. In graphic representation of the ELISA results, the 

lowest limit of the assay was assigned level 0.

3.4. Com ment

In this chapter, I outlined details of the experimental m ethods and 

techniques used throughout the thesis. Immuno-fluorescence and flow 

cytom etry were used for examining neutrophil expressions of C D llb  and 

L-selectin. ELISA was applied for assaying plasma concentrations of IL8, 

IL6, TNF-a, leukocyte elastase and terminal complement complex.

The mainstay of immuno-fluorescence and flow cytometry was the 

careful calibration which allowed reliable reproducibility of the results. A 

simple and competent way of calibrating im m uno-fluorescence 

measurements was by the use of commercially prepared fluorochrome 

conjugated microspheres. A range of microspheres containing know n 

num bers of fluorochrome molecules was run on the flow cytometer at 

the voltage and amplifier gains to be used. The histogram  scale can th e n  

be calibrated directly in to  th e  n u m b e r  of f lu o ro c h ro m e  

molecules / channel. The use of these beads w ould not only allow the  

calibration of linear and logarithmic amplifiers to be carried out, bu t 

w ould  also check for non-linearity in the measurements.

Each of the stained samples contained two controls, i.e. a positive and  a 

negative control. The positive control was used to  confirm the
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effectiveness of secondary antibodies in indirect staining protocols and  to 

quantify the accuracy of selective scatter gate. The negative control was 

essential. It was used to set the threshold on the im m uno-fluorescence 

histogram above which cells were considered positive for antibody 

binding. It was usual to set the threshold at a position on the negative 

histogram so that less than 1% of the events was above the threshold. 

Ideally, the negative control should be an irrelevant antibody of the  same 

immunoglobulin subclass as the test antibodies. An unstained sam ple of 

cells could also be a useful control to measure the auto-fluorescence of the 

cells and the background optical noise of the cytometer. In  indirect 

staining procedures, comparison between the unstained sam ple w ith  the  

negative antibody control would also indicate the effectiveness of 

secondary antibody blocking. It was also useful to m aintain a small range 

of previously stained, fixed, and analysed samples as know n biological 

standards. These samples could be re-analysed to verify correct 

instrum ent performance w hen unexpected results were encountered.

Body fluids, in particular blood, contain individual cells w hich could be 

stained and  processed directly on the flow cytometry. However, if the cell 

of interest was relatively rare, it would be necessary to enrich the sam ple 

before analysis. This was the case for neutrophils w hich constituted less 

than  0.1% of the cells in peripheral blood. It was necessary to lyse red 

blood cells o r to use a simple density gradient centrifugation procedure to 

obtain a sample of white blood cells for analysis.

The sample of white blood cells contained neutrophils as well as

lymphocytes and monocytes. The use of the forward scatter and the right

angle (side) scatter could aid in cell separation because the degree of

deflection of light w ould depend on the cell size. The neutrophil could be
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separated from the lymphocytes and  monocytes using  these 

characteristics. Thus, during analysis the cell of interest could be 

identified.

Histograms could then be acquired using either linear or logarithmic 

amplification of the signals. Both signal processing techniques have 

advantages and disadvantages for displaying immuno-fluorescence 

profiles. Linear amplification allows direct estimation of relative 

fluorescence intensities.

Using logarithmic amplification, negative cells are usually acquired over 

the first decade of the display (one quarter of the available channel 

resolution). The fluorescence distribution of negative cells tends to cover 

a similar channel range and so produce a more even visual em phasis on 

the histogram. Signals could also be acquired over greater dynamic range, 

allowing both intensely and weakly stained cell populations to be 

displayed on the same scale. These two features of logarithmic signal 

processing have lead to the current popularity of these amplifiers for cell 

subset analysis.

Immuno-assays use the binding specificity of an antibody for its specific 

antigen to measure either the antigen or antibody (Parker, 1976). To 

quantitate the reaction either the antigen or the antibody is labelled. The 

label m ay be a radioactive isotope (radioimmuno-assay) or enzyme 

(ELISA). An enzyme with high turnover numbers such as horseradish 

peroxidase, alkaline phosphatase or B-galactosidase can be used attached 

to an  antibody or antigen. It is used w ith  im m uno-enzym e 

measurements. Immuno-assays have been shown to be very useful for
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discriminating between closely related; protein species as well as for 

determining their absolute concentrations.

Monoclonal antibodies are very useful for developing highly specific 

immuno-assays, bu t their monospecifidty may be a disadvantage from 

the point of view of immuno-assay sensitivity. The sensitivity of an 

immuno-assay depends in part on the spectrum of antigen epitopes the 

antiserum  recognises. The stability of the antibody-antigen complexes is 

increased if the antigen as well as the antibody is operationally 

multivalent. This permits cross-linking and the formation of lattices. A 

protein-antiprotein reaction is probably best described by  an overa ll 

avidity constant (Kav) which is affected in turn by the Ka values of the 

antibody combining sites for their individual epitopes as well as the 

different antibodies which participate together in co-operative binding. 

The effect of the antigen valence on complex formation probably is the 

m ajo r explanation for the high sensitivity of immuno-assays. To avoid 

loss of multivalency with monoclonal antibodies in  proteins w hich lack 

repetitive epitopes, a mixtures of monoclonal antibodies recognising 

different epitopes on the antigen may be very useful. However, if the 

affinities of the antibodies are not as high as in polyclonal antibodies, the 

monoclonal system may not be optimal. While polyclonal antisera 

suitable for assay are likely to contain both high- and low-affinity 

antibodies, at the very dilute serum concentrations used in  sensitive 

im m uno-assays, only the high-affinity antibodies are likely to be 

im portant in antigen binding.

The limits of the ELISA techniques were very low in as m uch as that a

minor change in serum concentration was detectable to the point accuracy

that comparative analysis was very reliable. In all our assays, samples
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from the same experiment were analysed simultaneously to avoid any 

potential errors which may occur when preparing sam ples on 

comparative analysis of the data. The manufacturer provided data 

dem onstrating the sensitivity and specificity of the kits. The use of the 

recombinant protein at various known concentrations in  each k it 

perm itted confirmation of its sensitivity.

The assay conditions that are used in  immuno-assays vary w idely w ith 

total incubation conditions (time, temperature, dilution and pH). An 

initial relatively short incubation at 37 °C or room tem perature helps 

accelerate imm une complex formation. It seems preferable to initiate the 

assay at low temperatures. However, if the assay needs to be completed 

rapidly (e.g. for rapidly degrading protein), it may be completed at room 

tem perature. Too short an incubation time is undesirable because of 

possible disequilibrium when antibody-bound and free antigen are 

separated.

Dilution helps eliminate non-specific binding effects in the assay. 

Obviously, the avidity of the antibody for antigen is an im portant 

consideration here. It therefore seems desirable that the incubation 

volum e be optimised for the antigen-antibody system being studied. 

Commonly used buffers for dilution include phosphate, borate, or Tris- 

buffered saline. Usually the choice of buffer is not important. 

Nonetheless, a careful examination of the effect of buffer, pH , ionic 

strength, and  divalent cations should always be made in  a new  im m uno

assay system in order to maximise sensitivity. Although assays are usually  

carried out at neutrality, doing so is not always optimal.

These techniques (ELISA and immuno-fluorescence) will be used in our 

studies throughout the thesis.
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4. N eutrophil adhesion molecules and release of cytokines du ring  

norm othermic cardiopulm onary bypass

4.1. Introduction

A significant increase in extra-cellular fluid has been reported to follow open 

intracardiac operations w ith hypothermic CPB, particularly in  infants and 

young children (Breckenridge et al. 1970; Pacifico et al. 1970). This w as further 

confirmed by the findings of a marked increase in total body w ater after such 

surgery (Barns et al. 1981). In adult patients, the effects are not clinically 

evident. However in young children they are more m arked and m ay be 

severe enough to cause significant post-operative morbidity and  sometimes 

mortality (Kirklin et al. 1987; Elliott et al. 1990).

Previous studies suggest that an acute inflammatory process occurs in 

response to CPB (Bonser et al. 1990). Focal leukocyte extravasation is the 

hallm ark of inflammation (Grant 1973). Typically, acute inflam m ation is 

heralded by local vasodilatation that increases blood flow and  the delivery of 

leukocytes to the affected area. This is accompanied by an accum ulation of 

fluid and plasma proteins in  the involved tissue, a process know n as capillary 

leak (Vedder et al. 1989).

It w as demonstrated that IL8 release increased at the end of, and following, 

CPB in children (Finn et al. 1992). This coincided w ith the previously 

observed general finding of increased total body w ater occurring 

predom inantly postoperatively. These findings suggest that IL8 production 

may correlate temporarily w ith the capillary leak phenomenon. It is not 

know n w hether the endothelium is necessary to activate these changes, nor 

w hat is the contribution of circulating elements of donor blood to the 

observed rise in serum IL-8.
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To identify the role of the CPB circuit and preparations in  the initiation of 

acute inflammatory responses, we constructed in vitro paediatric CPB circuit 

under normothermic conditions using donor blood. The inflammatory 

responses (neutrophil expression of adhesion molecules and release of IL8, 

IL6, TNF-a, leukocyte elastase and TCC) were monitored sequentially. This 

m ethod eliminates potential influences of endothelial adherence and 

activation phenomena, and maintains the integrity of cellular interactions 

(Haskill et al. 1988>

4.2. Experimental design and protocol

We constructed in vitro CPB circuits identical to those used in  clinical practice. 

The circuits were filled with donor blood mixed w ith prim e solution. 

Experiments were conducted under constant temperature (37 °C) to avoid the 

effects which may arise from temperature variation. The duration of 

circulation was 2 hours. Samples were taken by venaesectio (time 0 or resting 

state) and from the exit of the oxygenator at 10, 25, 65, 90, 105 and 120 

m inutes after starting circulation (figure 4.1.).

37-C-l------- 1-----1-----1-----1-----1---- ^
venaesectio 10 25 65 90 105 120

time in minutes

Figure 4.1. Experimental tem perature and sample time intervals.
Experiments were conducted at 37 °C and samples was obtained sequentially 
up to 120 minutes. The sample, which was taken from venaesectio, was 
considered as time 0 of the experiments.

4.3. M aterials 

Study subjects

Blood was obtained from 5 healthy adult volunteers (2 females and 3 males) 

aged 23 to 36 years. A brief medical history was taken from each volunteer.
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At the time of the study, they were not receiving any drug treatment.

In vitro circuits

The CPB circuit consisted of a Dideco D762 cardiotomy reservoir (Dideco, 

Mirandola, Italy) and a Dideco masterflo 701 oxygenator (Dideco, Mirandola, 

Italy). They were connected by 3 /8  inch polyvinyl chloride tubing. A 

Stockert-Shirley multiflow roller pump (Stockert, Munich, Germany, number 

10111S09) was used to generate flow (figure 4.2).

venous
reservoir

polyvinyl 
chloride tube

J
oxygenator 
Dideco 701

Stockert heat 
exchanger

mJf

roller pump
Figure 4.2. Schematic diagram of the mock cardiopulmonary bypass circuit 
used for examining the inflammatory responses. Five circuits were 
constructed. Each circuit was filled with 250 mis of donor blood mixed with 
plasma-lyte(^) 148. The curved arrows indicate the direction of flow which 
was maintained at 0.8 litre per minute and temperature of 37 °C. Temperature 
was maintained at 37 °C by using Stockert heat exchanger filled w ith water. 
The straight arrows indicate the direction of flow of water.

Temperatures were controlled by Stockert N orm o/ Hypothermic instrument 

(number 16-12-00), and a Stockert Thermostat, (Stockert, Munich, Germany). 

Air and CO2 deliveries were regulated using a gas flow meter (TRI Co. Med, 

London, UK, number 88071127).
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4.4. M ethods

After constructing the circuit, blood was obtained from the donor using a 

standard method. Lignocaine hydrochloride (0.5 ml) was injected 

subcutaneously. A plastic cannula was inserted into the antecubital part of the 

basalic vein. Over a period of 15 to 20 min, 250 mis of blood were collected 

into a heparinised blood transfusion bag (4 units of heparin / ml of blood) and 

used immediately. A further sample of 5 mis was collected into a plastic 

syringe containing 4 units of heparin/m l of blood. The assays of this sample 

were considered as a base line (resting state, time 0) of measurements. 

Samples were assayed for cellular expression of neutrophil adhesion 

molecules C D llb  and L-selectin by immuno-fluorescence technique and flow 

cytometry. Serum concentrations of IL-8, IL-6, TNF-a and leukocyte elastase 

were determined using ELISA assays.

Prim ing of the circuit

200 mis of plasma-lyte(^) 148 were placed in the circuit and circulated until 

its tem perature reached 37 °C. Circulation was then stopped and blood (250 

ml) was drained into the reservoir via a blood transfusion set. Thus, all 

elements of blood were diluted to 55%. The dilution factor was determ ined 

from the following equation.
volume of blood

dilution factor = ----------------------------------------------------------  x 100
volume of blood x volume of plasma-ly te

A sample was taken from the mixture and the base deficit of the mixture was 

m easured. The acid-base deficit was then adjusted by adding sodium  

hydrogen carbonate, aiming for a range of -1 to + 1. The time needed for 

buffering the solution was 5 to 10 minutes. Circulation was then started and 

m aintained at 0.8 1/m in using the roller pump. The tem perature of the 

circuits was controlled and maintained at 37 °C by the heat exchanger and
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m onitored throughout the experiment. Air (250 m l/m in) and  CO^ (10 

m l/m in ) were supplied continuously.

Environm ental control of the circuit

Samples were analysed for blood gases, acid base balance, serum  sodium , 

potassium  and chloride concentrations. The activated coagulation time (ACT, 

w hich is routinely used during open heart surgery to assess anticoagulation) 

was measured using HemoTec instruments, (HemoTec, Inc, Englewood, 

Colorado, USA, number 201691). Leukocyte count, serum album in, glucose 

and osmolality were measured at a later time.

Analysis for cell surface expression of neutrophil adhesion molecules 

C D llb  and L-selectin

Details of this technique were described in chapter 3. Briefly, the expressions 

of C D llb  and L-selectin of neutrophils were assessed using flow cytometry 

(Scott et al. 1990). Monoclonal antibodies for C D llb , L-selectin and a negative 

control were used. 25 |il of blood were placed into a Falcon FACS tube, to 

w hich the monoclonal antibodies were added bringing the final concentration 

to 10% (volume/volum e) and incubating for 10 m in at room  tem perature. 

Red blood cells were lysed by using FACS lysing solution for 10 min. The 

neutrophils were centrifuged at 100 g (4 min) and the supernatant was 

decanted. Cells were then washed once in 3 ml of HBSS solution w ith 0.1% 

sodium  azide, suspended in 1% buffered formaldehyde and stored in the 

dark at 4 ^C. At the end of the experiment, all samples were analysed using 

flow cytometer and the results were expressed in relative fluorescence units.

A nalysis of interleukin 8 (IL-8), interleukin 6 (IL-6) and TN F-a

Plasma IL-8, IL6 and TNF-a were determined using ELISA kits according to

the m anufacturer's instructions. Briefly, samples were diluted 1:2 in
page 91



chapter 4

appropriate diluent, and incubated for 2 hours at room tem perature in  wells 

coated with monoclonal antibodies for IL8, IL6 or TNF-a. Wells were washed, 

and  then incubated similarly w ith the respective polyclonal antibody 

conjugated to horseradish peroxidase. After further washes, a substrate 

solution containing tetramethyl-benzidine and H2O2 was added. The reaction 

w as stopped after 20 minutes using 2M H2SO4 and plates were read using a 

spectrophotometer set to 450 nm. The lower and upper limits of detection 

w ere < 20 and 6000 p g /m l for IL8, < 0.35 and 300 p g /m l for IL6, and < 7.5 

and  1000 p g /m l for TNF-a. In the mock circuit model, the elimination of 

cytokines was negligible. This enabled us to measure the rate of release of IL8 

as the rate of change in its plasma concentration and w as expressed as 

p g /m l/m in .

Leukocyte elastase

The plasma level of leukocyte elastase was determined by using a standard 

sandwich ELISA as previously described in chapter 3. The lower and upper 

lim its of the assay were 30 and 15,000 ng/m l, respectively.

A nalysis of serum  Term inal Complement Complex (TCC)

The terminal C5-C9 complement complex (TCC) was quantified in a double 

antibody ELISA (Mollnes et al. 1985). Zymosan-activated and  non-activated 

sera were used as positive and negative standards, defined as containing 1000 

or 0.3 |ig per ml, respectively. All measurements were made in  triplicate.

4.5. Results

4.5.1. Leukocyte count

All volunteers had normal neutrophil counts, 4.29 (2.38-5.68) x 10^/1. Ten 

m inutes after starting circulation, neutrophil counts were below the level 

expected from the effect of dilution (1.5 (0.96-1.79) vs 2.36 (1.3-3.12) x  10^/1, p
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< 0.05). At 120 minutes, the reduction was more marked (0.84 (0.56-1.27) x 10  ̂

/I , p < 0.01, figure 4.3.).

4

xlO^

0

p < 0.05

n = 5

estimated reduction

venous Ô 10 25 65 90 105 120

time in minutes

Figure 4.3. Neutrophil count in mock CPB circuits. Reductions of neutrophil 
counts in normothermic in vitro CPB circuits were more than that estimated 
from mixing blood with crystalloid solution. This reduction increased further 
with time. The solid line represents the mean of expected reduction of 
neutrophil counts and measured as, estimated neutrophil count = the actual 
count in venous sample x 0.55. 0.55 is the dilution factor, (see data in
appendix 1, page 224).

The lymphocyte counts were similar to those anticipated from dilution. The 

medians and ranges of lymphocyte counts were 1.91 (1.27-2.11) x 10  ̂ /I, 

before dilution, and 0.92 (0.75-1.4) vs 1.1 (0.7-1.16) x 10  ̂ /I, at 10 minutes.

4.5.2. Effect of Plasma-lyte

Mixing blood with plasma-lyte(^) 148 (pH = 6.4 (5.6-6.B)) caused a fall in pH 

and an increase in the base deficit [pH of blood = 7.38 (7.3-7.42) and base 

deficit = 0 (-1-2) at rest vs. pH of the mixture = 7.31 (7.29-7.32) and base 

deficit = 11 (10-13), p < 0.0001]. This was corrected w ithin 5 minutes by
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adding sodium hydrogen carbonate (pH = 7.38 (7.36-7.4) and base deficit = 0.5 

(0-1).

Blood pQ2 and pC02 were identical in the circuits. The serum sodium, 

potassium, chloride, and glucose remained within normal limits whereas 

albumin was reduced by dilution. The ACT ranged between 725 and 999 

(median = 850).

4.5.3. Expression of C D llb

800
FU n = 5

700

600

500

400

300

200
NS100

venous 0 10 25 65 90 105 120
time in minutes after starting circulation

Figure 4.4. Neutrophil C D llb  expression in mock CPB circuits. C D llb  was 
expressed on the surface of the neutrophil at rest. Up-regulation of C D llb  
occurred within 10 minutes after starting circulation (p<0.0001). Continuing 
circulation caused further increase in C D llb  expression which levelled at 120 
minutes. Experiments were carried out at 37 °C. FU = fluorescence units, NS = 
not significant. (See data in appendix 1, page 218)

In the resting state, median expression of C D llb was 62.64 (45.32-96.47) FU

which increased to 365.17 (352.27-562.34) FU after 10 minutes (p < 0.0001). A

gradual increase in C D llb expression continued to occur thereafter. It peaked
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at 105 minutes after which it slightly decreased. At 105 minutes, the m edian 

of expression of C D llb  was 523.3 (469.76-582.94) FU and at 120 minutes it 

was 469.76 (469.75-562.34) FU for C D llb  (NS, figure 4.4.).

4.5.4. Expression of L-selectin

Down-regulation of expression of L-selectin on neutrophil cell surface was 

found in all samples after 10 minutes of circulation (figure 4. 5.). The m edian 

and ranges of expressions of L-selectin were 133.35 (115.48-184.34) FU, at rest, 

and 31.62 (15.4-45.32) FU, at 10 minutes (p<0.0001). Continuing circulation 

caused a further reduction of L-selectin expression. At the end of the 

experiments (120 minutes), only traces of these molecules were detectable on 

the cell surface. At 120 minutes, the median of expression was 7.23 (5.83-8.06) 

FU.

FU

200 -  

180 
160 
140 
120 
100 

80 
60 
40 
20 -  

0

I
p < 0.05

n — 5

X

venous 0 10 25 65 90 105 120
time in minutes after starting circulation

Figure 4.5. L-selectin expression in mock CPB circuits. A m arked down- 
regulation of neutrophil L-selectin occurred in all circuits w ithin 10 minutes 
after starting circulation. Continuing circulation caused further reduction of 
L-selectin expression. At 120 minutes, traces of L-selectin were detectable on 
the neutrophil cell surface, (see data in appendix 1, page 219).
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4.5.5. Serum interleukin 8 (ILS)

The median and range of serum concentration of IL 8 were (30 (0-220) p g /m l 

in the venous sample. This was similar to that detected at 10 minutes after 

circulation. Continuing circulation caused a gradual increase of serum ILS 

concentration. It was 620 (420-1200) pg /m l at 65 minutes (p < 0.01). The 

release of ILS continued to increase with time to reach a high level. At 120 

minutes, the mean was 1900 (lSOO-2100) pg/m l, p < 0.0001, (figure 4.6.).

2250- 
p g /m l 2000-

1750-

1500-

1250-

1000 -

750-

500-

250-

0

n = 5

NS

p < 0. 01

X

p < 0.0001

T

venous 0 10 25 65 90 105 120
time in minutes after starting circulation

Figure 4.6. Serum ILS in mock CPB circuits. ILS was detectable in the venous 
samples. After 10 minutes from starting circulation, the serum levels of ILS 
were similar to those found in the venous samples. Time related increase of 
ILS concentration occurred in all circuits. It reached a high level at 120 
minutes. (See data in appendix 1, page 222).

Rate of release of ILS

The rate of release of ILS increased with time to reach a maximum at 105 

minutes, before decreasing at the end of the experiments. The median and 

range of the rate of release of ILS increased from 3 (0 - 24) pg /m l/m in  at 10 

m in to 33.3 (16.7 - 45.3) p g /m l/m in  at 105 after starting circulation, (p < 0.05,
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figure 4.7.). At 120 minutes, the rate of release of IL8 was 13.3 (10.2 - 35) 

pg /m l/m in .

p g /m l/m in

p < 0.0545-
40-
35-
30;
25;
2 0 -

15-
1 0 -

105 120
time in minutes after starting circulation

Figure 4.7. Rate of release of IL8 in mock CPB circuits. The rate of release of 
IL8 in mock circuits increased gradually to reach a peak at 105 minute. At 120 
minutes, it dropped to a lower level (NS).

4.5.6. Serum TNF-a

TNF-a was undetectable in all venous samples. A time related increase in 

serum TNF-a occurred in all circuits. It increased with circulation to reach 

levels at end of the experiments (180 (120-1100) p g /m l at 120 min, p < 0.05, 

figure 4.8.).

4.5.7. Terminal complement complex (TCC)

Terminal complement complex was detectable in the venous samples. 

Complement, as indictated by increasing TCC, was activated in all circuits. 

The increase was time dependent and reached a maximum at the end of the 

experiments. Serum concentration of TCC ranged between 0 to 4.5 (median = 

2) p g /m l at time 0 and 6 to 120 (median = 31.3) pg /m l at 120 minutes (p < 

0.05, figure 4.9.).

page 97



chapter 4

pg/m l
1200 1

p < 0.05
1000 -

800 -

600 -

400 -

200 -

105 120venous 0
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Figure 4.8. Serum TNF-a in mock CPB circuits. TNF-a was undetectable in 
all venous samples. It was released and increased gradually in the mock CPB 
circuits (n = 5). The release was time related and levelled at 120 minutes. (See 
data in appendix 1, page 225).

pg /m l 
140 -

120

100

80

60

40

20

0 -

p < 0.05

venous 0 10 25 65 90 105 120
time in minutes after starting circulation

Figure 4.9. Terminal complement complex in mock CPB circuits. Terminal 
complement complex was detectable in venous samples. It increased 
gradually in all circuits at 37 °C (n = 5). These time related changes indicated 
that CPB circuits could activate complement. (See data in appendix 1, page 
227).
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Figure 4.10. Leukocyte elastase in mock CPB circuits. Traces of leukocyte 
elastase were detectable in the venous samples. It was released in all mock 
CPB circuits (n = 5) conducted at 37 °C. The released leukocyte elastase 
suggested that the neutrophil secretory pathway was activated. (See data in 
appendix 1, page 221).

4.5.8. Leukocyte elastase

Leukocyte elastase was released in the mock CPB circuits. The release was 

time dependent. At time 0, serum concentration of leukocyte elastase ranged 

between 48 to 246.2 (median = 91.6) ng/m l which increased to 905.5 to 6976.9 

(median = 2701.1) ng /m l at 120 minutes after circulation (p < 0.001, figure 

4.10.).

Serum IL6
IL6 was undetectable in all samples.

4.6. Comment

In this study, we examined the role of mock CPB circuits under normothermic 

conditions on activation of neutrophil adhesion molecules and release of 

inflammatory mediators. We constructed, in vitro, cardiopulmonary bypass 

circuits (n=5) identical to those utilised clinically using donor blood (n = 5)
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mixed w ith crystalloid (plasma-lyte (^) 148) solution. The cellular expression 

of neutrophil adhesion molecules C D llb  and L-selectin were assayed by 

means of immuno-fluorescence techniques. Serum concentrations of ILS, IL6, 

TNF-a, leukocyte elastase and terminal complement complex were examined 

by ELISA techniques.

In  all experiments, a marked up-regulation of C D llb  and a down-regulation 

of L-selectin occurred within 10 minutes of starting circulation. This was 

followed by a more gradual increase in expression of C D llb  to reach a 

maxim um  at 105 minutes, after which it was reduced. However, the 

expression of L-selectin remained very low. Serum concentrations of ILS, 

TNF-a, leukocyte elastase and terminal complement complex had increased 

gradually to reach maximum at 120 minutes, whereas IL6 was undetectable.

The observation of reduced neutrophil counts above w hat we w ould  expect 

from dilution m ay be due to their adhesion to the CPB material or the 

destruction of the cells by the roller pump. In vivo, circulating these activated 

cells into a child during heart surgery may result in neutrophil adherence to 

endothelium  and consequently leakage of capillaries. Neutrophil adherence 

to endothelium  has been shown to control capillary permeability (Wedmore 

and Williams 19S1).

It appears from these results that in the absence of endothelium, mock CPB 

under normothermic conditions can cause neutrophil and complement 

activation and the release of ILS, TNF-a and leukocyte elastase from  donor 

blood. The mechanism by which this occurred may be related to the effect of 

mechanical circulation.

page 100



chapter 4

Circulatory arrest (static condition) is currently used for the repair of complex 

heart conditions in new-borns. In further studies, we evaluated the effect of 

CPB in static conditions on these inflammatory responses.
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5. N eutrophil activation in  static conditions

5.1. Introduction

During open heart surgery, circulation is maintained via a roller pum p 

placed in  the CPB circuit. The flow generated by such pum p is non-laminar 

and poorly-pulsatil compared to that generated by the heart. This type of 

flow m ight cause an increase in the shear stress resulting in  neutrophil 

activation (Kasschau et al. 1996; Okuyama et al. 1996; Morigi e t al. 1995). 

Activation of neutrophil adhesion molecules and cytokine release in mock 

CPB circuits implicated the roller pum p in these inflammatory responses.

To identify the essential role of the roller pum p in initiating acute 

inflammatory responses, we eliminated it from the circuit. Thus, we 

examined the effect of CPB preparations, under static conditions, on the 

initiation of neutrophil activation and release of inflammatory mediators, the 

experiments were carrie out using donor blood mixed w ith  a balanced 

crystalloid solution.

5.2. Experimental design and protocol

We constructed loops made of the same material as the CPB circuits 

(polyvinyl chloride). Experiments were conducted using donor blood mixed 

w ith plasma-lyte (^) 148 solution at a ratio of 1.25 : 1, volume by volume, 

blood /  plasma-lyte. The studies were carried out in norm otherm ia (37 °C). 

Samples were obtained by venaesectio at time 0 and from the m ixture at 10, 

25, 65, 90, 105 and 120 mins. These time intervals were selected to match 

those of an average CPB surgery and identical to those of the in vitro circuit 

experiments (chapter 4). Thus, a comparison can be m ade betw een the 

studies. All samples were examined immediately for neutrophil expressions
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of C D llb , L-selectin and release of IL8, IL6, leukocyte elastase, TNF-a 

and terminal complement complex.

5.3. Material 

Donor blood

Blood was obtained from 5 healthy adult volunteers (2 female and 3 male). 

Their ages ranged between 23 to 36 years. A history was taken from each 

volunteer and, at time of the studies, they had negative history for 

inflammatory and immunological diseases. Twenty five mis of blood were 

withdrawn into a plastic syringe containing heparin at a final concentration 

of 4 units/m l of blood and used immediately.

5.4. M ethods 

Preparing the loop
Stockert heat 

exchanger

W ater bath

sample 

1— -----------1 -------------- ► 37*»C

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

Figure 5.1. A schematic diagram of the static loop. The loops (n = 5) were 
made of polyvinyl chloride tubes and filled with donor blood mixed with 
plasma-lyte(^) 148 solution in a ratio of 1.25 to 1, volum e/volum e. The loop 
was immersed into a water bath. Its temperature was maintained at 37 °C by 
a Stockert heat exchanger. The arrows indicates direction of flow of water 
between the bath and heat exchanger.

The loops were made of polyvinyl chloride tube (3/8 inch in diameter). Both 

ends of the tube were joined together via a T-shaped sterile connection, 

leaving one outlet open for sampling and gas exchange with room  air. We 

used these tube for connecting the CPB circuit in clinical open heart surgery
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and in the mock circuits. The other material used were a w ater bath, Stockert 

Heat Exchanger and three way connections (figure 5.1.).

After constructing the loop, it was primed w ith donor blood m ixed w ith 

plasm a-lyteW  148 in a ratio of 1.25 to 1 volum e/volum e, blood/plasm a-lyte. 

Plasma-lyte(^) 148 solution bag was placed in a 37 °C w ater ba th  for 15 mins. 

Then, 20 ml of the solution were w ithdrawn into a 50 m l sterile plastic 

syringe. Twenty five mis of blood were added into the syringe. The mixture 

was then placed into the loop. The loop was immersed into a w ater bath 

running at 37 °C. Outlet of the loop was left open to allow for gas exchange 

w ith room air (25 °C). Throughout the experiments, we m onitored blood 

gases, acid-base balance, serum glucose, sodium potassium  and osmolality. 

Neutrophil counts were measured at a latter time.

Assays for neutrophil adhesion molecules and cytokine

Samples were analysed for cellular expression of neutrophil adhesion 

molecules C D llb  and L-selectin using immunefiuorescence technique and 

flow cytometry. Serum concentration of IL 8, IL 6, T N F -a , TCC and 

leukocyte elastase were determined by means of ELISA. Both 

immunefiuorescence and ELISA techniques were described in  chapter 3 and 

sum m arised in chapter 4.

5.5. Results

Serum sodium, potassium, albumin, glucose and osmolality w ere norm al in

all volunteers. Mixing w ith plasma-lyteW  148 caused an expected reduction

in serum  albumin without alteration of electrolytes, glucose and osmolality.

The pH  of the plasma-lyte(^) 148 solution was 5.6 (5.4-5.8). U pon mixing

blood w ith the plasm a-lyteW  148, blood pH decreased from pH  = 7.38 (7.32-

7.4) and base deficit of 0.2 (0- 1.4) to pH  of 7.31 (7.28-7.5) and  base deficit of
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-11.6 (-9 to -14), p < 0.01. This was corrected, immediately, by adding 0.8 mis 

of 8.4% sodium hydrogen carbonate. Throughout the experiments blood 

oxygen and carbon dioxide pressures were normal.

5.5.1. Leukocyte count

The m edian of neutrophil count was 4.29 (2.38-5.68) x 10^/L  at venaesectio. 

It was reduced after mixing with plasma-lyte(^) 148 to 2.08 (1.33-3.12) x 

10^/L(at 10 mins) which was similar to that expected from the effect of 

dilution (2.36 (1.31-3.12) x lO^/L, p > 0.05, dilution factor 0.55). This was 

further reduced to 1.77 (1.4-2.01) x 10^/L at 120 mins (p > 0.05). The 

lymphocyte counts was reduced as expected from mixing with the plasma- 

lyte(^) 148 and remained unaltered throughout the experiments.

X 1Q9
6

5

4

3

0
venous

n = 5

N S

10 25 65 90 105 120
time in minutes after starting experiments

Figure 5.2. Neutrophil counts in static loop. Neutrophil counts were 
reduced initially to the level expected by dilution (solid line). This was 
derived by multiplying the median of neutrophil count by a dilution factor of 
0.55. The counts were not reduced, further, with time (NS). (See appendix 1., 
page 224)

5.5.2. Expression of C D llb

M arked up-regulation of C D llb occurred in the first 10 mins of the
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experiments (figure 5.3.). The median (range) of expression of C D llb  was 

62.64 (45.32-96.47) FU at venaesectio and 352.3 (205.4-542.5) FU at 10 mins (p 

< 0.001). This was followed by a gradual in increase in expression of this 

molecule to reach a maximum at 90 mins. The medians of expressions of 

C D llb  were 453.2 (327.8-723.4) FU at 90 mins vs 365.2 (305.1-649.4) FU at 120 

mins (NS). These changes were similar to those which occurred in mock CPB 

circuits (chapter 4, figure 4.4.).

800 - p < 0.001
700

600

venous
time in minutes after starting experiments

Figure 5.3. C D llb  expression in static loop. Exposing donor blood to CPB 
tubes at 37 °C under static conditions caused up-regulation of neutrophil 
adhesion molecules C D llb  in 10 mins. Continued exposure resulted in a 
reduction of this up-regulation. (See appendix 1., page 218)

5.5.3. Expression of L-selectin

Mixing the blood with Plasma-lyteW 148 and placing it into the loop caused 

rapid down-regulation of L-selectin (figure 5.4.). The median of expression of 

L-selectin was 133.35 (115.48-184.34) FU at venaesectio and 45.3 (12-67.3) FU 

at 10 mins (p < 0.001). The expression of L-selectin on the neutrophil cell 

surface was minimum at 120 mins, 11.1 (5-54.2). Again these changes were 

similar to those observed in the mock CPB circuits (chapter 4, figure 4.5).
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FU 
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p < 0.001
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venous 0 10 25 65 90 105 120
time in minutes after starting experiments

Figure 5.4. L-selectin expression in static loop. Rapid decline of L-selectin 
expression occurred in the first 10 mins. This was followed by further 
reduction to reach low levels of expression at 120 mins. (See appendix 1., 
page 219)

p g /m l 
1600 -1 p < 0.01

1400

1200

200 -

venous 0 10 25 65 90 105 120
time in minutes after starting experiments

Figure 5.5. Interleukin 8 in static loops. IL 8 was released in all loops in 
static conditions at 37 °C. The increase was time dependent reaching a 
maximum at 120 mins. NS = insignificant. (See appendix 1., page 222).
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Figure 5.6. Rate of release of interleukin 8 in static loops. There was a 
considerable variation in the rate of release of IL8. The maximum rate of 
release of IL 8 was observed at 90 mins.

5.5.4. Serum interleukin 8 (IL-8)

The m edian of serum IL 8 was 140 (0-220) pg /m l at venaesectio and 770 (600- 

1500) p g /m l at 120 mins (p < 0.01). The increase in the serum concentration 

of IL 8 was gradual and reached maximum at 120 mins (figures 5.5.).

Rate of release of IL8

The rate of release of IL 8 was estimated as the rate of change of plasma 

concentration over time and expressed in pg /m l/m in . There was fluctuation 

in the rate of release of IL 8 (figure 5.6.). It peaked at 90 mins after starting the 

experiments (16 (7.2-37.2) pg/m l/m inute).

5.5.5. Serum TNF-a

Tum our necrosis factor-a was not detectable at rest in any of our research

subjects. It was only detectable at 65 mins after starting the experiments

(figure 5.7.). It increased gradually to reach maximum at 120 mins (50 (40-80)
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pg /m l, p < 0.01).

pg /m l 
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< 0.01

n — 5

venous 0 10 25 65 90 105 120
time in minutes after starting experiments

Figure 5.7. TNF-a in static loops. TNF-a was detectable in all loops after 65 
mins. Its serum concentrations increased to a median of 30 (range = 20-60) at 
105 mins and 50 (40-80) at 120 mins (p< 0.01). (See appendix 1., page 225).

ng /m l
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p < 0.011800 -
1600 -
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venous u 10 25 65 90 105 120
time in minutes after starting experiments

Figure 5.8. Leukocyte elastase in static loops. Gradual increase in serum 
leukocyte elastase occurred in all loops. The changes were time related and 
reached maximum at 120 mins (p< 0.01). See appendix 1., page 221).
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5.5.6. Leukocyte elastase ^

Time related increase of serum leukocyte elastase was observed in all loops 

(figure 5.8.). The concentrations of serum elastase were 90.7 (48-246.2) n g /m l 

at time 0 and 1300 (590.7-1596.9) n g /m l at 120 mins (p < 0.01).

5.5.7. Term inal complem ent complex

Traces of terminal complement complex were detectable in  some samples. 

This might indicate that complement was not activated (NS). (See data  in 

appendix 1., page 227).

5.6. Com ment

We examined the effect of preparations for CPB under static condition on 

inflammatory responses. Clinically, static conditions are used during open 

heart surgery w ith profound hypothermia (12 °C) and circulatory arrest to 

repair complex congenital heart diseases in neonates. We constructed loops 

m ade of the same m aterial of the CPB tubes (polyvinyl chloride). Loops were 

filled w ith donor blood (n = 5) mixed w ith  Plasma-lyte(^) 148. The 

experiments were carried out under normothermic conditions (37 ®C) to 

avoid possible effects of hypothermia and rewarming on the inflammatory 

responses. We m easured the changes in expression of neutrophil adhesion 

molecules C D llb  and L-selectin and serum IL8, IL6, TNF-a, Leukocyte 

elastase and terminal complement complex.

M arked activation of neutrophil adhesion molecules C D llb  and L-selectin 

occurred. Serum IL8, TNF-a and leukocyte elastase were increased. IL6 was 

undetectable. Thus, preparation for CPB (mixing with plasma-lyte and using 

CPB tubes) under static conditions causes neutrophil activation and release 

of cytokines. This was not associated with complement activation. Terminal 

complement complex w as undetectable.
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It appears from the results of these studies that mixing blood w ith  plasma- 

lyte(^) 148 solution and placing it into polyvinyl chloride tubing results in an 

acute inflammatory responses similar to those observed in vitro CPB circuits. 

However, the inflammatory responses seemed to be less severe (table 5.1.). 

Serum levels of ILS, TCC, TNF-a and leukocyte elastase were higher in 

circuits than in the static loops. This may be because of reduction of 

intercellular interaction in the static loops. However, neutrophil adhesion 

molecules were expressed in a similar pattern and nearly to the same extent 

as that in the circuits. The up-regulation of C D llb  and down-regulation of L- 

selectin had occurred within 10 minute of starting the experiments followed 

by gradual changes and tendency for reduction of stimulation at the end of 

the experiments.

Table 5.1. A comparison betw een the inflam m atoty responses in static 
loops and circuits.

m easurem ents static loops circuits p value

neutrophil count 
X 1q9 /L

2.66 (0.9-3.67) 3.4 (1.8-4.4) <0.05

C D llb  (FU) 385.9 (282.5-626.9) 495 (426.8-506.1) N S

L-selectin (FU) 112.6 (77-175.6) 123.9 (108.7-178.3) N S

IL8 (pg/m l) 630 (480-1500) 1800 (1680-2070) < 0.001

leukocyte elastase 
(ng/m l)

1053.8 (499.1-1516.8) 2621 (813.9-6886.2) < 0.001

TNF-a (pg/m l) 50 (40-80) 180 (120-1100) <0.01

TCC (pg/m l) 6.4(0.2-21.6) 26.8 (6.5-121) <0.01

The data shown are the medians and ranges of differences betw een the 
highest and lowest measurements. N  S = not significant.

It was thought that neutrophil elastase was a major factor in disrupting the 

vascular basement membrane inducing leakage of capillaries (Maillard et al.
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1992). It was suggested that the neutrophils could extravasate and  generate 

vascular leakage w ithout the use of its elastase activity (Rosengren and 

Arfors 1990). Thus, the reduction in the release of neutrophil inflammatory 

m ediators in the static conditions does not necessarily indicate that less 

vascular injury will occur under reduction of flow. The expressions of 

neutrophil adhesion molecules C D llb  and L-selectin were similar in stasis 

and  circulation. Previous studies demonstrated that the use of leukocyte 

elastase inhibitor did not prevent neutrophil m ediated vascular injury 

(Rosengren and Arfors 1990).

It w as not surprising that IL 6 was not released in these experiments. The 

m ain source of IL 6 is the fibroblast. However, we m easured it to  enable 

adequate understanding of changes which might be observed in our in vivo 

studies.

We conclude that CPB preparations under static and normothermic 

conditions stimulated acute inflammatory responses. These responses were 

less severe than those in circulating environment.

O ur experiments were conducted under normothermic tem perature (37 ®C). 

Clinically, CPB is carried out in hypothermic environment. Cooling and 

rew arm ing may have varied effect on the inflammatory responses that 

accompany CPB. The effect of temperature variation on the occurrence of 

these inflammatory responses is not known. In the next chapter, w e will 

outline our studies on the effect of hypothermia in mock CPB experiments.
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6. H ypotherm ia and rewarm ing in mock cardiopulm onaiy bypass 

Circuits and  static loops

6.1. Introduction

In chapters 4 and 5, we demonstrated that acute inflammatory responses to 

mock CPB circuits and static loops occurred under normothermic conditions. 

However, hypothermia is routinely applied in clinical paediatric open heart 

surgery. The degree of hypothermia varies (according to complexity of the 

heart defect) from mild (32 °C) e.g. repair of atrial septal defect, m oderate (25 

°C) e.g. repair of ventricular septal defect, to profound (12-17 ®C) e.g. repair 

of transposition of great arteries in a new-born. At the end of such surgery, 

the tem perature is brought back to normal (37 °C). In the following 

experiments, we examined the effects of temperature variation (hypothermia 

and rewarming) on these inflammatory responses.

6.2. Experimental design and protocol

We designed in vitro CPB circuits and static loops, similar to those described 

in chapter 4 and  5, using donor blood mixed w ith prime solution. The 

investigation w as performed at 25 °C and 17 °C. The tem peratures of the 

circuits and static loops were controlled via a single heat exchanger.

After 10 minutes of circulation at 37 ®C, blood was cooled to 25 °C or 17 ®C 

over a period of 15 minutes. Temperatures were m aintained at those levels 

for 40 minutes. Gradually, blood was rewarmed to reach 37 °C over a period 

of 25 minutes. Circulation was continued for a further 30 m inutes and then 

the experiments were stopped. Thus, the total time of the experiment was 2 

hours. These temperatures and time intervals were based on  the duration of 

an average open heart surgery and to match previous normothermic 

experiments.
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Figure 6.1. Experimental protocol. Five experiments of mock CPB circuits 
and static loops were conducted at 25 °C and 17 °C. Samples were obtained 
at the times indicted. The duration of cooling, cold period and rewarming 
were selected to match those of an average open heart surgery.

Samples were obtained at venaesectio (time 0) and at 10, 25, 65, 90, 105 and 

120 minutes. Each sample was examined for expression of neutrophil C D llb  

and L-selectin; serum IL8, IL6, TNF-a, leukocyte elastase, terminal 

complement complex; neutrophil and lymphocyte counts.

6.3. Materials

Blood was collected from 10 healthy volunteers (1 female and 9 males, aged 

22 to 31 years).

The circuits were composed of a Dideco Cardiotomy reservoir (Dideco, 

Mirandola, Italy) and a Dideco masterflo oxygenator (Dideco, Mirandola, 

Italy), connected by 3 /8  inch polyvinyl chloride tubes. The loops were made 

of polyvinyl chloride tubes. Temperatures were controlled by Stockert 

Normo /  Hypothermic instrument. A Stockert-Shirley multiflow roller pum p 

was used to generate flow in the circuits. Air and carbon dioxide were
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regulated by a gas flow m eter (TRI Co. Med, London, num ber 88071127), 

Blood anticoagulation (heparin) was monitored by using HemoTec 

instruments, (HemoTec, Inc, Englewood, Colorado, number 201691).

6.4. M ethods 

Collecting donor Blood

After the circuits were constructed, 270 mis of venous blood were collected 

into a heparinised blood transfusion bag to a final concentration of 4 units of 

heparin /  ml of blood. It was used immediately to avoid variations of stored 

blood. An additional sample (5 mis) was w ithdraw n into a heparinised (4 

units/m l) plastic syringe. It represented the zero sample (or resting state) of 

the study.

Preparing the circuits and loops

The circuits and loops were filled w ith donor blood mixed w ith  Plasma- 

lyte(^) 148 solution at a ratio of 1.25 to 1, volume by volume, blood to prime. 

While obtaining the blood from the donor, the Plasm a-lyteW  148 solution 

was placed into the circuit (200 mis) and heated to 37 °C. Then, 250 mis of 

donor blood were added through the reservoir using a blood transfusion set. 

Priming of the loop was carried out by mixing 25 mis of blood w ith  20 mis of 

the Plasma-lyte(^) 148 in a sterile plastic syringe. The mixture was gently 

placed into the tube. The ends of the tubes were joined together via a T- 

shaped sterile plastic connection. The loop was immersed into a w ater bath 

which was sealed with a single outlet connected to the loop. The outlet was 

kept open to allow for gas exchange w ith room air. Blood in the loop was 

kept in  a static condition.

N eutrophil count

We estim ated the predicted reduction in neutrophil counts w hich occurred
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due to dilution and compared it to the actual neutrophil count.

expected neutrophil count = resting count x 0.55 

where 0.55 is the haemodilution factor.
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Stockert heat 
exchanger

oxygenator 
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sample

Static loop --------------------------------------- I Water bath

Figure 6.2. Schematic diagram of CPB circuit and static loop. We
constructed CPB circuits and static loops to examine effects of hypothermia 
and re warming on the inflammatory responses. Donor blood mixed with 
Plasma-lyte(^) 148 was used to prime the circuit and loop. The loop was 
immersed into a water bath. A single heat exchanger controlled tem peratures 
of the circuit and water bath. The short arrows indicated the directions of 
flow in the circuit. The long arrows indicated the direction of flow of water 
for heat exchange.

Immunoflourescence and flow cytometry

Aliquots of 25 |il of blood were placed into a Falcon FACS tube to which the 

monoclonal antibodies for C D llb  and L-selectin were added, bringing the 

final concentration to 10% v /v . They were incubated for 10 minutes at room 

temperature. Leukocyte separation was performed by lysing the red blood 

cells, using the FACS lysing solution and centrifugation at 100 g for 4 

minutes. Cells were then washed once with 3 mis of HBSS solution and 0.1% 

sodium azide, suspended in 1% FACS fixative solution and stored in the
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dark at 4 °C. At the end of the experiment, all samples were analysed at the 

same time using flow cytometer and results were expressed in  relative 

fluorescence units.

ELISA for IL-8, IL-6 and TNF-a

Serum IL-8, IL6 and TNF-a were determined using enzym e-linked 

imm unosorbent assay (ELISA) kits according to the m anufacturer's 

instructions. Briefly, samples were diluted 1:1, volume by volum e, in the 

appropriate diluent, and incubated for 2 hours at room tem perature in wells 

coated w ith monoclonal antibodies for IL8, IL6 or TNF-a. Wells were 

washed, and then incubated siimlarly w ith the respective polyclonal 

antibody conjugated to horseradish peroxidase. After further washes, a 

substrate solution containing tetramethyl-benzedine and H2O2 w as added. 

The reaction was stopped after 20 minutes using 2M H2SO4 and  analysed 

using a spectrophotometer at 450 nm. The lower limits of detection were < 20 

p g /m l for ILS, < 0.35 p g /m l for IL6, and < 7.5 p g /m l for TNF-a.

Because of the closed environment of the experiments (i.e. no elimination), it 

was possible to calculate the rate of release of ILS (pg /m l/m in ).

Leukocyte elastase and terminal complement complex

The plasma level of leukocyte elastase was determined using a standard

sandwich ELISA as described in chapter 3. Briefly, 96 well ELISA plates were

coated w ith anti-human elastase antibody (The Binding Site, Code PC052)

diluted 1 in 1000 using carbonate buffer (5.S6 g sodium  bicarbonate, 3.1S g

sodium  carbonate, 0.4 g sodium azide and 1 litre of de-ionised water). Plates

w ere allowed to stand at room temperature overnight before washing.

Samples were diluted 1:1, volume by volume, in diluent containing 1% BSA

and incubated at room temperature in coated wells for 1 hour. After washing
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the platesy peroxidase-conjugated anti-human a-l-antitrypsin was added and 

similarly incubated. Wells were then washed once more prior to the addition 

of a substrate solution comprising O.IM citric acid, 0.2M phosphate buffer, 

hydrogen peroxide and 10 mg OPD. Plates were allowed to stand in the dark 

for 25 minutes. The reaction was stopped by using 2N sulphuric acid. 

Absorbency was read at 450 nm.

The terminal C5-C9 complement complex (TCC) was quantified in  a double 

antibody ELISA (Mollnes et al. 1985). Zymosan-activated and non-activated 

sera were used as positive and negative standards, defined as containing 1000 

or 0.3 pg /m l. All measurements were made in triplicate. M easurements were 

perform ed by Professor Paul Morgan, University of C ardiff.

6.5. Results

Serum sodium, potassium, chloride and glucose were normal and rem ained 

unaltered throughout the experiments.

Plasm a-lyteW  148 solution had a pH of 5.6 (5.2-5.8). Mixing blood with 

Plasma-lyte(^) 148 solution caused a fall in blood pH  and an increase in the 

base deficit. Prior to mixing, the blood pH  was 7.38 (7.32-7.42) and the base 

deficit was 0 (-1-1.4). After mixing, the pH  of the mixture was 7.31 (7.28-7.34) 

and the base deficit was 11.6 (8.2-14), (p < 0.0001). The pH  w as corrected 

immediately (less than 5 minutes) by adding sodium hydrogen carbonate. 

Blood oxygen and carbon dioxide pressures were m aintained at normal 

levels in the circuits and static loops.

6.5.1. N eutrophil count

All volunteers had normal neutrophil counts which ranged betw een 1.61 and 

4.64 (m edian = 2.8) x 10^/litre. Upon mixing w ith the Plasma-lyte(^) 148
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solution, a reduction in the neutrophil counts occurred (figure 6.3). 

109/1
circulationstasis

□  17 °C
■  25 °C4.5 ■

3.5 N S
p < 0.05

15 ■

V 0 10 25 65 90 105 120 V 0 10 25 65 90 105 120

time in minutes after starting circulation

Figure 6.3. Neutrophil counts. In mock CPB circuits (n = 5), reduction in 
neutrophil count was greater than expected from dilution alone (solid line). 
In static loops, the counts were as predicted from dilution w ith Plasma- 
lyte(^) 148. Time related reduction in neutrophil counts were observed in the 
circuits. Cooling to 25 °C or 17 °C and rewarming did not alter counts of the 
neutrophil, v = venous sample. (See appendix 1., page 224 - 225).

In the circuits^ the neutrophil counts were lower than that expected from the 

effect of dilution alone. Further reduction in neutrophil counts occurred 

during circulation.

In the static loops, the counts were similar to the predicted values after 

dilution. Cooling to 25 °C or 17 °C and rewarming to 37 °C had no effect on 

the neutrophil count in both circuits and loops. At 120 minutes, the medians 

of neutrophil counts were 0.81 (0.32-1.32) x 10^/litre in the circuits and 1.66 

(0.69-2.48) X 10^/litre in the loops (p < 0.01).

6.5.2. Serum interleukin 8 (IL 8)

IL 8 was released in all experiments (figures 6.4.). The increase in serum IL8

was time-related and was modulated by temperature variations. It was
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higher in the 25 °C experiments than in the 17 °C ones.

In circuits, serum concentrations of IL 8 were 0 (0-290) p g /m l at venaesectio 

and 100 (500-2500) pg /m l at 120 minutes (p < 0.002). At 120 minutes, it was 

1500 (1100-2500) pg /m l in the 25 °C experiments and 780 (500-900) p g /m l in 

the 17 °C studies (p < 0.01).

pg /m l
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□  l7°C  
l 2 5 ° C  
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V 0 10 25 65 90 105 120

circulation
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m 25 °c

V 0 10 25 65 90 105120 
time in minutes after starting circulation

Figure 6.4. Serum interleukin 8 in static loops and CPB circuits. Serum IL 8 
increased in all loops and circuits particularly during rewarming. It reached 
higher levels in 25 °C experiments than at 17 °C (p < 0.001) and in the circuits 
than in static loops (p < 0.01). (See appendix 1., page 223).

In static loops, serum IL 8 increased from 0 (0-290) p g /m l at venaesectio to 

480 (180-1050) at 120 minutes (p < 0.001). At 120 minutes, the medians of 

serum IL 8 were 720 (200-1050) pg/m l at 25 °C and 240 (180-400) p g /m l at 17 

°C (p < 0.05).

Comparing circuits and static loops, serum IL 8 was higher when circulating 

than in static conditions. At 120 minutes, the median of difference of serum 

IL 8 between circuits and loops was 510 (100-1780) p g /m l (p < 0.0001).
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Rewarming, under both circulating and static conditions, was associated 

with an increase in the serum concentration of IL 8.

The rate of release of IL 8 was higher in the circuits than in the static loops (p

< 0.05, figure 6.5). In both circulating and static conditions, rewarming was 

associated with an increase in the rate of release of IL 8 (figure 6.5). It was

higher in the 25 °C experiments than at 17 °C, p < 0.05.
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Figure 6.5. Rate of release of interleukin 8 in static loops and CPB circuits.
The rate of release of IL- 8 was increased with rewarming in both mock CPB 
circuits and static loops. It was higher in the circuits than in the loops (p < 
0.001) and in 25 °C than in 17 °C experiments (p < 0.05).

6.5.3. Expression of C D llb

In all experiments, marked up-regulation of C D llb  occurred after 10 minutes 

of starting the studies. Cooling and rewarming affected the pattern of 

expression of these molecules (figure 6.6).

In circuits, the expression of C D llb  was 504.8 (305.05-866) FU at the

beginning (25 minute sample) and 453.2 (316.23-777.4) FU at the end (65
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minute sample), of the cold period (p < 0.001). Rewarming from 17 °C to 37 

°C was accompanied by a further up-regulation of C D llb  expression which 

became 649.4 (542.5-866) FU at 120 minutes (p < 0.001). Cooling to 25 °C 

halted the up-regulation CD llb. During the cold period, C D llb  expression 

did not change. Rewarming to 37 °C was accompanied by further up- 

regulation of CD llb. The expression of C D llb  was 392.42 (316.23-626.43) FU 

at end of cold period (65 minute sample) and 562.34 (486.97-805.84) FU at end 

of the experiments (120 minutes), p<0.001

FU
900 7

800-

700-

600-

500-

400-

300-

□  17 °C 
0  25 "C

□ 17 °C 
i  25 °C

200 -

circulationstasis100 -

V 0 10 25 65 90 105 120V 0 10 25 65 90 105 120
time in minutes after starting circulation

Figure 6.6. C D llb  expression in static loops and CPB circuits. M arked up- 
regulation of C D llb occurred within 10 minutes (n = 5). Cooling to 17 °C 
reduced C D llb  expression compared to 25 °C. Rewarming from 17 °C or 25 
°C to 37 °C was accompanied by further up-regulation. v = venous sample. 
FU = fluorescence units. (See appendix 1., page 218 - 219).

In static loops, cooling to 17 °C reduced expression of C D llb  compared to 25

°C. The medians of reduction of C D llb  were -81.3 (-142.8-0) in the 17 °C

experiments compared to an increase of 84.3 (0-155.3), in the 25 °C studies (p

< 0.05, figure 6.6). At end of the cold period, the expressions of C D llb  were

504.8 (421.7-523.3) at 25 °C and 294.3 (283.9-649.4) at 17 °C, p < 0.05.
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Rewarming caused up-regulation of C D llb  such that at 120 minutes its 

expressions were similar in both studies. At 120 minutes, the expressions of 

C D llb  was 487 (406.8-582.9) in the static loops compared to 453.2 (365.2- 

777.1) in the circuits (p < 0.05).

6.5.4. Expression of L-selectin

In all experiments, marked down-regulation of L-selectin occurred in the first 

10 minutes of the studies (figure 6.7).

In circuits, further time related down-regulation of L-selectin occurred during 

circulation. Hypothermia and rewarming did not affect L-selectin expression. 

At 120 minutes, the expression of L-selectin was 9.65 (6.73-12.86) in the 17 °C 

and 12.86 (4.87-33.98) in 25 °C studies (NS).

FU
250 7 circulationstasis

200 -

□  l7  °C 
■  25 °C150-

100 -

50 ■

I I I I ------------1-------------1— 1—  ■*— I------------------1------------ 1----------- 1------------1 I I—

V  0 10 25 65 90 105 120 v 0 10 25 65 90 105 120
time in minutes after starting circulation

Figure 6.7. L-selectin expression in static loops and CPB circuits. Expression 
of neutrophil L-selectin decreased markedly by 10 minutes after starting 
circulation (n = 5). The changes were time-related. In stasis, cooling to 17 °C 
caused up-regulation of L-selectin which was reversed by rewarming. In 
circulation, cooling and rewarming did not affect the reduction of L-selectin 
expression. (See appendix 1., page 220).

page 123



chapter 6

In static loops, cooling to 17 °C up-regulated expression of L-selectin (figure

6.8). At end of the cold period, the expression of L-selectin was 58.3 (52.3-

89.8) in the 17 °C and 30.5 (22.9-42.2) in the 25 °C studies, p < 0.05. 

Rewarming from 17 °C to 37 °C down-regulated L-selectin expression. At 120 

minutes, the expressions of L-selectin were 37.9 (16-40.7) at 17 °C and 25.5 

(13.8-29.4) in 25 °C studies, p < 0.05. The pattern of L-selectin expressions in 

the experiments carried out at 25 °C was similar to those in the circuits.

FU 
250 -

200  -  

150 -1 

100  -  

50 -

0

II
TT

n = 5 I I circuits 
H loops

p < 0.05

17 °C

120venous 0 10 25 65 90 105
time in minutes after starting experiments

Figure 6.8 L-selectin expression in mock CPB circuits and static loops at 17
°C. Expressions of L-selectin in mock CPB circuits were lower than in the 
static loops. Cooling up-regulated and rewarming down-regulated L-selectin 
expression in the loops. (See appendix 1., page 220).

6.5.5. Serum interleukin 6 (IL 6)

The levels of IL 6 ranged between 8 and 10 pg /m l and remained unchanged 

throughout all experiments.

6.5.6. Serum tum our necrosis factor alpha (TNF-a)

In the circuits, TNF-a was detectable at 10-25 min after starting circulation. 

Serum TNF-a increased during rewarming and the warm  period. It was
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higher in 25 °C than in 17 °C experiments (p < 0.05, figure 6.9).
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time in minutes after starting circulation

Figure 6.9 Serum TNF-a in static loops and CPB circuits. At rest, TNF-a was 
undetectable in all volunteers. It increased in circulation more than in stasis 
(p < 0.001). In circulation at 105-120 min, it was higher in the 25°C than in 
17°C experiments (p< 0.05). Rewarming did not affect serum TNF-a. (See 
appendix 1., apge 226).

In the static loops, time related increase in serum TNF-a occurred, but at 

lower levels compared to the circuits (figure 6.9, p < 0.01). Cooling to 17 or 25 

°C did not affect the pattern or level of these changes.

6.5.6. Leukocyte elastase

Serum leukocyte elastase increased in all experiments. The increase was time 

dependent. It was higher in circulation than in stasis, p < 0.05. Temperature 

did not affect the increase in serum leukocyte elastase.

In the circuits, serum leukocyte elastase increased gradually (figure 6.10). At 

venaesectio, it was 83.2 (58.6-869.1) ng /m l in the 17 °C studies and 195.1
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(110.4-477.4) ng /m l in the 25 °C (NS). At 120 min, it was 1443.8 (962.6-1709.5) 

ng /m l in 17 °C studies and 1332.6 (895.7-3973.9) ng /m l in 25 °C (N S).

In static loops, serum concentration of leukocyte elastase increased gradually 

during the experiments. Temperature affected its release that it was higher at 

25 °C than at 17 °C, p < 0.05 (figure 6.10). At 120 minutes, the medians of 

serum leukocyte elastase were 761.8 (175.1-988.1) n g /m l in the 17 °C 

experiments and 1103.1 (832.6-1800) ng/m l in the 25 °C (p < 0.05).
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Figure 6.10 Leukocyte elastase in static loops and CPB circuits. Serum 
leukocyte elastase increased during stasis and circulation (p < 0.05). It was 
higher in circulation than in stasis (p < 0.05). In stasis, cooling to 17 °C 
suppressed its release compared to 25 °C (p < 0.05). (See appendix 1., page 
221-222).

6.5.7. Terminal complement complex

In circuits, TCC increased irrespective of cooling and rewarming. Serum 

levels of TCC were similar in mock CPB circuits conducted at 17 °C and those 

at 25 °C (figure 6.11).
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In the static loops, traces of TCC were detectable in the experiments. At 120 

minutes, serum TCC was 8.2 (2.8-16.9) pg/m l in 25 °C and 2.7 (0-8) p g /m l in 

17 °C experiments (p < 0.05, figure 6.11.).

Comparing circuits to static loops at all temperatures showed that serum 

levels of TCC were higher in the circuits (p < 0.001).

|ig /m l

circulationstasis
100 '

Q i 7 °C 
■  25 °C
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0
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Figure 6.11 Terminal complement complex (TCC) in static loops and CPB 
circuits. Time related increase in serum TCC in circulating and less evidently 
in static conditions (p < 0.001). Temperature variation did not affect serum 
TCC in circulation. In the stasis, serum TCC was higher in the 17 °C 
experiments than at 25 °C (p < 0.05). (See appendix 1., page 227-228).

6.6. Comment

In these studies, we tested the effects of temperature variation during 

circulating and static conditions on the expression of neutrophil adhesion 

molecules and the release of inflammatory mediators. We constructed CPB 

circuits and static loops identical to those used in clinical paediatric practice. 

The loops and circuits were filled with donor blood mixed w ith Plasma- 

lyte(^) 148 solution. Cooling to 17 °C (n = 5) or 25 °C (n = 5) and rewarming
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to 37 °C were carried out in both circulating and static conditions. Samples 

were taken at venaesectio, and serially up to 120 minutes. N eutrophil counts, 

expressions of C D llb  and L-selectin, serum IL8, IL6, TNF-a, leukocyte 

elastase and terminal complement complex were analysed.

M arked up-regulation of C D llb  and down-regulation of L-selectin occurred 

in aU experiments after 10 minutes. Cooling reduced and rew arm ing 

increased the up-regulation of C D llb  and down-regulation of L-selectin in 

static loops and to a lesser extent in the circuits. This w as associated with 

lower neutrophil counts in circuits than in loops.

The releases of IL8, TNF-a, leukocyte elastase and term inal complement 

complex in the circuits were more than in static loops. Cooling reduced and 

rew arm ing increased the release of IL8, bu t had no effect on TNF-a, TCC or 

leukocyte elastase. Serum IL6 did not increase above the base line levels in all 

experiments because IL6 is released mainly by fibroblasts.

As previously described (El Habbal et al. 1995) complement activation 

occurred during CPB. This activation was both time and circulation 

dependent, whereas temperature had no effect.

O ur findings demonstrated that in vitro CPB in circulating and to a lesser 

extent in static conditions can trigger acute inflammatory responses. It 

confirmed that the circulating elements of blood were im portant source of 

IL8, TNF-a, leukocyte elastase and TCC. These responses w ere m odulated by 

tem perature variation which was more evident at 17 °C than  at 25 ®C. The 

differences between circulating and static conditions m ay be due to  closer 

inter-cellular interactions an d /o r the effect of shear stress in  the circulating 

conditions.
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O ur in vitro studies (chapter 4,5  and 6) suggested that mechanical circulation 

and tem perature variations were likely to contribute to the clinical picture 

(tissue oedema) observed in children after open heart surgery. Therefore, we 

designed in vivo studies to investigate/irsf/y the extent of tissue oedem a and 

the effect of modified ultrafiltration by measuring the changes of total body 

w ater in children w ho undergo such surgery; and secondly to establish 

whether the inflammatory responses could be m odulated by  reducing total 

body w ater using the same technique.
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7. Effect of m odified ultrafiltration on total body  w ater in  ch ild ren  

who undergo open heart surgery

7.1. Introduction

O u r in vitro studies showed that CPB circuits cause acute inflam m atory 

responses. Acute inflammation was known to cause an  increase in 

capillary permeability (Harlan 1987). Such imbalances m ay lead to tissue 

oedem a and organ dysfunction postoperatively (Foglia et al. 1978; Bolt et 

al. 1988). Tissue oedema was noted to occur in  children w ho undergo 

open  heart surgery (Elliott et al. 1990; M aehara et al. 1991). The 

extravasation of fluid during such surgery m ay be due to several 

mechanisms. In open heart surgery, crystalloids are used as the  

oxygenator priming solution as well as the cardioplegic solutions. The 

technique of perfusion, management of anaesthesia and  perioperative 

flu id  regimen result in marked haemodilution and reduction of colloid 

osmotic pressure (Laver and Buckley 1972; Lilleasen 1977; Yeoman et al. 

1981; Sanchez et al. 1982). Thus, w ith increased capillary permeability, 

interstitial fluid volume is increased, particularly after perfusion for long 

duration (Laks et al. 1974; Lumb 1987).

To overcome these problems, the system of modified ultrafiltration 

(MUF) was devised and applied at the end of open heart surgery. The use 

of an  ultrafilter allowed removal of water and possibly other low 

m olecu lar weight cytokines. Thus, it may m odulate the inflam m atory 

responses to CPB. The effect of MUF on the changes in body w ater and the 

observed acute inflammatory responses are unknow n and  need to be 

exam ined.

Awareness of the body fluid status is crucial to the successful
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intensive care management of children w ho undergo open heart surgery. 

The use of bioelectrical impedance for body composition analysis was 

proposed in 1940 and applied in m any circumstances thereafter. The 

technique is based on the knowledge that the conductivity of a 

compartment is related to its fluid volume and ion concentration 

(Goovaerts et al. 1988). By measuring the conductivity and  the ion 

content, it is possible to calculate fluid volume (de Vries et al. 1989; Segal 

et al. 1991). A low frequency current (10-30 kHz) only passes the 

extracellular compartment. Therefore, low frequency conductivity is a 

m easure for extra cellular fluid volume status. On the other hand, a high- 

frequency current (50-100 kHz) passes through the cell membrane (Olthof 

et al. 1993). Thus, high-frequency conductivity is a m easure of total body 

water. A n equation was then derived to estimate changes in total body 

water as percentage of change in body weight in children using a high 

frequency current (Novak et al. 1992). As the technique is non-invasive, 

simple and relatively cheap, it seemed to be an ideal tool for studying the 

body composition of children. In contrast to other techniques, for example 

anthropom etric m ethods, bioelectrical impedance is m uch less 

p o p u la tio n  specific. However, the technique has been revised and 

problem s have been reported w ith its use in the neonatal period bu t these 

may be associated more w ith the difficulty of validation in  this 

population rather than with the technique itself.

W ith this background, we conducted a randomised trial of MUF and 

analysed the changes in total body water which occur during CPB using 

bioelectrical impedance.

7.2. Study design and protocol

We carried out a prospective randomised trial of modified ultrafiltration,

page 131



chapter 7

applied at the end of CPB. Measurements were made at the time of 

induction  of anaesthesia, before starting CPB after cannulation, 20 

minutes after end of CPB and serially up to 72 hours (figure 7.1.).

—  operating room — 
cardiopulmonary bypass

ITU

in pre CPB pre CPB MUF 20 1 2 3 6 10 24 48 72
CPB on warm off min hours

Figure 7.1. A schematic diagram of the study protocol and sam pling time 
intervals. Total body water was estimated, using bioelectrical impedance 
and expressed as percentage change in body weight. Measurements were 
m ade at time of induction of anaesthesia (in) and serially up to 72 hours 
after end of the CPB. MUF was applied at the end of CPB. CPB off= end of 
cardiopulmonary bypass, CPB on=starting of CPB, in=induction of 
anaesthesia, MUF=modified ultrafiltration, ITU=intensive care unit, pre 
CPB=before CPB, pre warm= before rewarming

7.3. Patients

We studied, prospectively, 20 patients who were undergoing surgical 

repair of a ventricular septal defect. Their ages ranged between 3 months 

to 5 years (table 7.1.). All patients were consented to the studies according 

to the guideline of the Flospital Ethical Committee. Patients characteristics 

are shown in table 7.1.

7.4. Methods

R andom isation

The randomisation was carried out using card selection technique.

Identical cards were labelled as MUF or NO MUF (n = 10). Each card was

placed into a sealed envelope by another observer. All envelopes were

then labelled for the study (MUF Study). The perfusionist, who conducted
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th e  CPB and was unaware of the method of labelling, pulled a card prior 

to the preparation for CPB. Thus, patients were assigned to the study. 

Patients were excluded from the studies if they had an infection.

Table 7.1. Patients' characteristics.

Patients sex age (mon) height (cm) w eight (Kg)

MUF

1 fem ale 3 61 4.24
2 fem ale 5 63.5 5.1
3 m ale 60 89 13.6
4 fem ale 11 76.5 9.7
5 m ale 4 55.2 3.4
6 m ale 3 55 4.2
7 fem ale 6 65 6.02
8 m ale 6 62 5.25
9 fem ale 5 56.9 3.4
10 m ale 3 58 4.6
m e a n 10.6 64.2 6

N O  MUF

11 fem ale 3 61 4.2
12 fem ale 7 71 8.3
13 m ale 24 80 8.7
14 fem ale 6 62 4.4
15 fem ale 6 62 5.25
16 m ale 4 63 5.29
17 m ale 5 55.4 4.2
18 m ale 54 84.3 10.65
19 fem ale 5 57 4.2
20 m ale 7 71 8.3

m ean 12.1 66.7 6.35

Twenty patients were recruited for the study. They were random ised to 
receive MUF or act as controls (NO MUF). The two groups had similar 
characteristics.
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Anaesthetic techniques »

Patients were pre-medicated with atropine if body weight w as less than 5 

kilograms, pethidine with promazine if weight was 5 to 15 kilograms. 

Anaesthesia was induced w ith cyclopropane 50% given by face m ask over 

a 2 m inute period followed by nitrous oxide and oxygen prior to 

heparinisation. Paralysis was achieved w ith pancuronium  brom ide at an  

initial dose of 0.15 mg /  kilogram followed by 0.725 m g /  kilogram at 40 

m inute intervals. Anaesthesia was maintained using fentanyl (20 to 50 

m g /  kilogram) and isofluorane (0.5 to 1 %) as appropriate.

CPB techniques

In all cases, the CPB circuit consisted of a Dideco D762 Cardiotom y 

reservoir (Dideco, Mirandola, Italy) and a Dideco masterflo 701 oxygenator 

(Dideco, Mirandola, Italy) which were connected by 3 /8  inch polyvinyl 

chloride tubing (polyvinyl chloride, Dideco, Mirandola, Italy). A Stockert- 

Shirley multiflow roller pum p (number 10111S09) was used to generate 

flow. Temperatures were controlled by Stockert N orm o /H ypo therm ic  

in s tru m e n t (number 16-12-00), and a Stockert Thermostat, (Stockert, 

Munich). Air and CO2 deliveries were regulated using a gas flow meter 

(TRI Co. Med, London, number 88071127). All circuits had  a filter 

(Amicon Diafilter 20, Amicon, Dublin, Ireland) which was prim ed as part 

of the CPB circuit (figure 7.2).

Prim ing of the CPB circuit

C ircuits were primed with Plasma-lyte(^) 148 (crystalloid) and  donor

blood. Donor blood was added to maintain a haematocrit of 20 while on

bypass. The pH  of Plasma-lyte(^) 148 was 5.6. The pH  of the mixture was

corrected (to 7.3) by adding sodium hydrogen carbonate (2 m g /500 ml of

blood). Heparin was used for anticoagulation of the m ixture (2 mg
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heparin /  500 ml of blood and 1 mg of heparin /  500 ml of crystalloid). It 

was our perfusion practice to add manitol (20%) at a dose of 25 ml /  

kilogram body weight. The prime volume was adjusted according to 

patients' body surface area. The prime was circulated to mix its 

components and warmed to 30 °C prior to connection to the patient.

venous line 
removed 
and 
clampe

patient

to RA

ultrafilter

filtrate

MUF CIRCUIT

pump

<S»
suction

Stockert 
heat exchange

venous
reservoir oxygenator

CPB Circuit

roller pump

Figure 7.2. A schematic diagram of CPB and modified ultrafiltration 
circuits. At the end of the bypass the venous cannula was removed and 
ultrafiltration was commenced. The ultrafilter was attached to a reservoir 
which was connected to a suction (10-15 mmHg). The filtrate was collected 
in the reservoir. RA = right atrium.

Patients' anticoagulation and cannulation

Patients received a heparin dose (300 units /  kg body weight) 

intravenously. At the end of CPB anticoagulation was reversed using 

protamine sulphate ( 5 - 6  mg /  kg). Endovascular cannulae were inserted 

in the following locations to allow connection to the CPB circuit.

• an arterial cannula into the ascending aorta,

• a 1/4 inch venous cannula in the inferior vena cava,

• a 1/4 inch venous cannula into the superior vena cava,
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• a small cannula placed into the left ventricle (a vent to keep the left 

ventricle empty during CPB) and

• a small cannula into the aortic root for infusion of cardioplegia.

The cardioplegic solution (St Thomas' H, high potassium  content) was 

excluded from the CPB circuit by using a separate suction and the 

cardioplegia was returned to a separate container.

Tem perature treatm ent

Following connection to the CPB circuits, patients were cooled to 25 ± 0.5 

°C. After finishing the surgical repair, the tem perature was gradually 

raised to normothermia (37 ± 0.5 °C) over a period of 40 ± 5 minutes. 

Cooling and rewarming was carried out by arteriovenous heat-exchange 

via the oxygenator. Sodium nitroprusside (dose of 5-10 m g /  Kg /  minute, 

intravenously) was used during rewarming and w as stopped 3 to 5 

minutes prior to cessation of the CPB. Patients were weaned from the 

bypass w ith dopamine 0-10 |ig /  kg /  min. Blood pressure, central venous 

pressure and heart rate were monitored. Core tem perature was m on ito red  

by a tem perature probe placed in the oesophagus. Skin tem perature 

(peripheral) was measured by another electrode placed on ventral surface 

of the patient's big toe.

M odified ultrafiltration

U pon  reaching the target temperatures and w hen haemodynamically

possible, CPB was stopped. At end of CPB, all patients received transfusion

through the CPB pum p (blood mixed w ith the plasma-lyte) to adjust the

central venous pressure to 7-9 cm water. MUF w as perform ed when

selected (figure 7.2.). Blood was allowed to pass from  the arterial line

through the filter and was then transfused back into the right atrium. The

filtrate was w ithdraw n into a container which was connected to a suction
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pum p adjusted to 10-15 mmHg. The MUF was stopped w hen patient 

haematocrit reached 35-40%. The duration of MUF was 10-15 minutes. 

The long duration of MUF was due to the time needed to measure 

patient's haematocrit.

Bioelectrical im pedance

Two electrocardiographic electrodes (2 centimetres apart) were placed on 

th e  extensor surface of the right wrist and two on the extensor surface of 

the ipsilateral leg. The electrical resistance (in Ohms) was m easured in 

triplicates and the m ean was taken.

Total body water was determined as percentage changes in preoperative 

body weight using the following two equations (Maehara, et al. 1991)

TBW = 0.158 + 0.662 x Ht^/BEI (equation 1)

TBW % Body weight = 100 x TBW/body weight (equation 2)

TBW (total body water), Ht^ (height in meter squared) and BEI 

(bioelectrical impedance). The constants 0.158 and 0.662 are derived from  

studies in normal children (Maehara, et al. 1991). Every patient had a 

urinary catheter and the urine was collected into a sterile bag. Urine 

ou tpu t and fluid balance were monitored.

7.5. Results

Patients' ages ranged between 3 - 6 0  months in the treatm ent group (MUF) 

and 3 - 5 4  m onths in controls (no MUF). Their heights and weights were 

comparable (table 7.1.). Patients' oesophageal tem peratures w ere similar 

during and after CPB (figure 7.3).
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Figure 7.3. Patients' temperatures. After end of surgery, patients 
temperatures were brought back to normothermia (37 °C). The 
temperatures of the MUF treated group and control (NO MUF) were 
similar. Abbreviations were mentioned in figure 7.1. (See appendix 2., 
page 236-237)

HOT 
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Figure 7.4. Patients' haematocrit (HCT). The FICT was similar in both 
group before and during the CPB. From 3 to 24 hours after CPB, the HCT 
levels were higher in the control (p < 0.05) than MUF treated patients. 
(See appendix 2., page 238).
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7.5.1. Haematocrit

Patients haematocrits were similar in both groups at the time of induction  

of anaesthesia and throughout CPB. From 3 to 24 hours after CPB, the 

haematocrit was higher in the control than in the treatment group, (p 

< 0.05, figure 7.4.).

7.5.2. Total body water

TBW % wt 
130 -

120

110 n = 10

in  pre CPB pre CPB 20 1 5 3*
CPB on w arm  off m in

time intervals

6 10 24 48 72
hr

Figure 7.5. Total body water (TBW). TBW as percentage of body weight 
was measured using bioelectrical impedance. It was similar in both groups 
prior to the CPB. It increased in all patients during rewarming and 
reached maximum at 3 and 6 hours (p < 0.0001). Modified ultrafiltration 
(MUF) significantly reduced the rise in TBW which was noted at several 
time intervals. The significance of differences was as follows a = p < 0.003, 
b = p < 0.001, c = p< 0.0.001, d = p <  0.01, e = p < 0.0001, f = p < 0.0001, g = p 
< 0.05. (See appendix 2., page 239-240).

Total body water as percentage of body weight was similar in both groups 

before and during CPB. It increased during rewarming, peaked at 3 to 6 

hours after surgery and gradually returned to preoperative values by 24 to
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72 hours. Total body water as a percentage of body weight was lower in the 

MUF treated group than in the control at 20 minutes and up to 10 hours 

after CPB. At 24 and 72 hours the values were similar in both  groups 

(figure 7.5.).

7.5.3. Haemodynamic measurements

Patients' blood pressures were only different immediately after modified 

ultrafiltration. The blood pressure at 20 minutes after CPB were 88 (72-126) 

mmHg in the MUF treated group and 73 (61-91) mmHg in the controls (p 

< 0.05). Central venous pressures were similar in both groups. During the 

CPB, there was a marked reduction in the central venous pressure to 

allow for blood drainage into the reservoir. Modified ultrafiltration did 

not affect central venous pressure.
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320 n
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CPB on warm off min

10 24
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Figure 7.6. Serum osmolality. Prime mixture had a high osmotic pressure 
(297.5 (268-366) mosmol in MUF group vs 352.5 (278-390) mosmol in 
controls, NS). Serum osmolalities were lower in the treatment (MUF) 
group than control (NO MUF). a, b, c, d, e = p < 0.05. (See appendix 2., page 
241).
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7.5.4. Serum electrolyte and osmolality

All patients had normal serum electrolyte and osmolality. Prime solution 

had high serum osmolality and sodium content, which accounted for the 

increase in serum osmolality during CPB. Modified ultrafiltration 

reduced these changes temporarily (from 1 to 10 hours after CPB) in the 

treatment group (figure 7.6.). Serum glucose remained w ithin norm al 

values in all patients.

7.5.5. Serum albumin

All patients had normal serum albumin prior to surgery. Prime m ixture

had a low albumin content which reduced serum albumin during CPB.

After surgery, serum albumin was gradually increased in both groups. It 

reached pre-operative level at 24 hours (figure 7.7).
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Figure 7.7. Serum albumin during CPB. Serum albumin was reduced 
during CPB. MUF (n = 10) increased serum albumin at 20 minutes (p < 
0.05). It was returned to preoperative values by 10 to 24 hours after CPB. 
(See appendix 2., page 242).
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7.6. C om m ent _

A  prospective randomised trial of modified ultrafiltration was conducted 

on  a group of children (n = 20) who were undergoing surgical repair of 

ventricular septal defect to determine its effect on total body water. 

Patients were assigned to receive a modified ultrafiltration procedure (n = 

10) or act as control (n = 10). Total body water was determined sequentially 

from induction of anaesthesia and up to 72 hrs after CPB, by  using 

bioelectrical impedance.

Total body water increased in all patients and reached maximum at 3 to 6 

h o u rs  after end of CPB. Modified ultrafiltration actively reduced the 

increase of total body water and brought about an earlier im provem ent in 

patient blood pressure than the control.

These studies showed that the composition of the prime solution used in 

practice is nonphysiological. It had a high sodium, low album in content 

and  high osmolality because of the volume of concentrated blood cells. 

Donor red blood cells were preserved by suspending in an optim al salt 

solution (877 m g of sodium chloride, 16.9 mg of adenine, 818 m g of 

glucose and 525 m g manitol /  100 ml of normal saline) w ith an osm olality  

of 330. Furthermore, the prime solution had a low albumin content tha t 

resulted in lowering patient serum albumin. Hypoalbuminaemia m ight 

cause tissue oedema. Therefore, future modifications of the prime 

solution were needed to abolish possible causes of tissue oedema.

From  these data we concluded that modified ultrafiltration reduced total 

body water and reduced patient morbidity. The effect of this technique on 

the inflammatory responses to CPB were unknown and needed to be 

exam ined.
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8. M odified ultrafiltration and its effect on the inflamm atory

Responses to cardiopulmonary bypass in children

8.1. Introduction

In chapter 7, a randomised trial of modified ultrafiltration was conducted on 

patients undergoing repair of ventricular septal defect. It showed that total 

body water increased after open heart surgery and that modified 

ultrafiltration reduced this increase. In our earlier studies (chapter 4 ,5  and 6), 

acute inflammatory responses were found to occur in mock CPB. The 

responses were in the form of stimulation of neutrophil adhesion molecules 

(C D llb  and L-selectin), complement activation (increased terminal 

complement complex) and the release of inflammatory mediators (IL8, TNF- 

a  and leukocyte elastase). These changes could lead to neutrophil-endothelial 

interactions which may account for the increase in total body water via 

increasing capillary permeability (Harlan 1987; Nolte et al. 1994; Astiz et al. 

1995).

In this chapter, I outlined our in vivo studies examining the inflammatory 

responses to CPB and its modulation by modified ultrafiltration. A 

random ised trial of MUF was conducted in children who were undergoing 

open heart surgery. The expression of neutrophil adhesion molecules, release 

of inflammatory mediators (IL8, IL6, TNF-a, leukocyte elastase) and terminal 

complement complex were assayed.

8.2. Study design and Protocol

We carried out a prospective, controlled randomised trial of MUF in children 

who were undergoing surgical closure of ventricular septal defect. Blood 

samples were taken from each patient at the following time intervals.

• induction of anaesthesia (in),
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• before connecting to the CPB (pre CPB),

• starting of bypass (CPB on),

• pre-warming (pre-warm),

• end of bypass (CPB off),

• 20 minutes later and

• 1 ,3 ,6, (± 10) and 24 hours after the end of CPB.

Each sample was examined for neutrophil expressions of adhesion molecules 

C D llb  and L-selectin using immuno-fluorescence technique and flow 

cytometry. Also, serum IL-8, IL6, TNF-a and leukocyte elastase were assayed 

by using ELISA. Haematocrit and neutrophil counts were examined.

operating room — 
cardiopulmonary bypass

ITU

in pre CPB pre CPB MUF 20 1 2
CPB on warm off min

(10) 24
hours

Figure 8.1. Protocol. Schematic diagram of the time intervals at which blood 
samples were taken. Some measurements were made at the (10) time point. 
ITU = intensive care unit. Other abbreviations are as mentioned above.

8.3. Patients

We recruited 20 patients (10 males and 10 females) with ventricular septal 

defect. Their ages ranged between 3 months and 5 years. They were 

subdivided randomly into two groups who were matched for age and sex. 

Each group consisted of 10 patients. These patients were the same as in the 

previous study (chapter 7).

Inclusion and exclusion criteria

Patients were included in the study if they had isolated large ventricular

septal defect. They were free from infection for at least 1 month prior to
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surgery. Patients w ith Down's syndrome were excluded because their 

neutrophils were known to have chemotactic defects (Novo et al. 1993).

CPB components

The CPB circuit consisted of a Dideco D762 Cardiotomy reservoir (Dideco, 

M irandola, Italy) and a Dideco masterflo oxygenator (Dideco, Mirandola, 

Italy), the circuit was connected by using 3 /8  inch polyvinyl chloride tubing 

(polyvinyl chloride, Dideco, Mirandola, Italy). A Stockert-Shiley multiflow 

roller pum p was used to generate flow. A filter (Amicon Diafilter 20, 

Amicon, Dublin, Ireland) was placed in the circuit (figure 7.2).

8.4. M ethods 

Random isation

The assignment to receive MUF or to act as control (NO MUF) was done 

random ly using 20 sealed and unmarked envelopes. Thus, two groups were 

generated MUF and NO MUF (n = 10). Patients' characteristics are shown in 

table 7.1.

Anaesthetic techniques

Patients were pre-medicated with pethidine and promazine. Anaesthesia was 

induced w ith cyclopropane 50% given by face mask, followed by nitrous 

oxide and oxygen prior to heparinisation. Paralysis was achieved with 

pancuronium  bromide at an initial dose of 0.15 m g/kg , followed by 0.725 

m g /k g  at 40 minute intervals. Anaesthesia was maintained using fentanyl 

(20 to 50 m g/kg) and isofluorane (0.5 to 1 %) as appropriate. Priming, 

anticoagulation and MUF were carried out as described in chapter 7.

Im m une fluorescence technique and flow cytometry

Details of this technique are given in chapter 3. In brief, the neutrophil
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expressions of C D llb  and L-selectin were assessed using flow cytometry. 

Monoclonal antibodies for C D llb  and L-selectin were used.

Aliquots (25 pi of blood) to which the monoclonal antibodies were added 

bringing the final concentration to 10% volume /  volume, were incubated for 

10 m in at room temperature (25 °C). Red blood cells were lysed using FACS 

lysing solution for 10 min. The neutrophils were isolated by centrifugation at 

100 g (4 m in at 4 °C). Cells were then washed in 3 ml of HBSS solution with 

0.1% sodium  azide. They were suspended in 1% buffered formaldehyde and 

stored in  the dark at 4 °C. At end of the experiment, samples were analysed 

at the same sitting using flow cytometer. The expressions of adhesion 

molecules were presented in relative fluorescence units (FU).

ELISA for IL-8, IL6, TNF-a

Serum IL-8, IL6 and TNF-a were determined using ELISA kits (Quantikine, 

R&D Systems Minneapolis, USA) according to the manufacturer's 

instructions. Samples were diluted 1:1, volume /  volume, in appropriate 

diluent. They were incubated for 2 hours at room tem perature in wells 

coated w ith monoclonal antibodies for IL8, IL6 or TNF-a. Wells were 

washed, and incubated similarly with the respective polyclonal antibody 

conjugated to horseradish peroxidase. A substrate solution containing 

tetramethyl-benzidine and H2O2 was added. The reaction was stopped after 

20 minutes using 2M H2SO4 . The plates were read using a 

spectrophotometer (Dynatech, Billingshurst, UK) set to 450 nm.

ELISA for leukocyte elastase

The plasma level of leukocyte elastase was determined using a standard 

sandwich ELISA as previously described in chapter 3. The lower limit of the 

assay was 30 ng /m l.

page 146



chapter 8

Analysis of serum TCC

The terminal C5-C9 complement complex (TCC) was quantified in a double 

antibody ELISA (Mollnes et al. 1985). Zymosan-activated and non-activated 

sera were used as positive and negative standards. When the contents of a 

sample exceeded the upper limit of the assay, it was diluted and re-assayed. 

All measurements were made in triplicate. These assays were carried out by 

Professor Paul Morgan, at the University of Cardiff.

8.5. Results

8.5.1. Neutrophil count
X lOVl 

16 -

I I MUF

mm NO MUF

n = 10

in pre CPB pre CPB 20 1 3 6 10 24
CPB on warm off min

Figure 8.2. Neutrophil counts during CPB. The neutrophil counts increased
during CPB and up to 24 hrs after CPB. It was similar in the MUF treated
group and control (no MUF). At 10 and 24 hrs, it was higher in the MUF
treated group than in controls (p < 0.05). Prime solution contained low
numbers of neutrophils. (See appendix 2., page 231).

All patients had normal neutrophil counts prior to the CPB. The prime 

mixtures had a low concentration of neutrophils. The neutrophil counts
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increased during CPB and rewarming. At the end of CPB, the counts were 

higher compared to those at induction of anaesthesia (p < 0.001). At 10 and 

24 hours after CPB, the MUF treated group had higher counts than control 

(figure 8.2., p < 0.05).

Table 8.1. CPB time intervals
The durations of CPB and cross clamping were similar in  both MUF treated 
group and the control (NO MUF). The time intervals were measured in 
minutes.

MUF (min) NO MUF (min)

Patient
num ber

CPB Cross
clamp

Patient
num ber

CPB Cross
clamp

Case 1 76 45 Case 11 74 49

Case 2 98 71 Case 12 68 43

Case 3 74 48 Case 13 86 65

Case 4 83 35 Case 14 57 31

Case 5 90 54 Case 15 98 71

Case 6 62 31 Case 16 110 95

Case 7 62 39 Case 17 92 64

Case 8 92 61 Case 18 62 30

Case 9 78 48 Case 19 83 61

Case 10 104 93 Case 20 76 55

8.5.2. D uration of CPB and cross clamping

Because of the similarities in patients' heart disease and the type of surgery 

perform ed, the duration of CPB and cross clamping were alike. Table 8.1 

summarises these time intervals.

page 148



chapter 8

Table 8.2. Patients' haematocrit

time induction prime pre
CPB

CPB
on

pre
warm

CPB
off

MUF 0.29
(0.19-0.36)

0.2
(0.13-0.25)

0.27
(0.18-0.33)

0.21
(0.18-0.27)

0.22
(0.03)

0.236
(0.17-0.27)

NO
MUF

0.33
(0.26-0.37)

0.22
(0.17-0.26)

0.3
(0.12-0.35)

0.25
(0.17-0.28)

0.24
(0.2-0.28)

0.23
(0.21-0.26)

p value NS NS NS NS NS NS

time 20 m in 1 3 6 10 24 hrs

MUF 0.4
(0.33-0.44)

0.38
(0.35-0.47)

0.39
(0.29-0.47)

0.37
(0.33-0.43)

0.38
(0.34-0.4)

0.38
(0.33-0.4)

NO
MUF

0.42
(0.17-0.49)

0.41
(0.27-0.55)

0.43
(0.38-0.58)

0.42
(.36-0.48)

0.42
(0.37-0.45)

0.39
(0.36-0.42)

p value NS NS <0.05 0.005 < 0.01 NS

A comparison between the haematocrits of modified ultrafiltration treated 
patients and controls (n=10). At 3, 6 and 10 hours after CPB, the haematocrit 
levels were higher in the control group (NO MUF) than in the MUF treated 
group (p < 0.005 - 0.05). At 20 minutes and up to 24 hours, patients' 
haematocrits were higher than at induction (p < 0.001). Data are presented as 
m edians and ranges in between brackets (). NS = not significant.

8.5.3. Haematocrit

Before and during CPB, patients' haemoatocrit were similar in both groups. 

Modified ultrafiltration increased patients' haematocrit after CPB without the 

need for blood transfusion which was given to the control. At 3, 6 and 10 

hours after CPB, the haematocrit levels in the control group were higher than 

the treated group (table 8.2.).
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8.5.5. Expressions of neutrophil adhesion molecules 

L-selectin expression

Up-regulation of neutrophil adhesion molecule L-selectin occurred in all 

patients. The increase occurred during CPB and rewarming (p < 0.01). It 

peaked at 20 minutes after the end of bypass and was higher than at 

induction (p < 0.001). Although modified ultrafiltration tended to reduce the 

level of expression of L-selectin, this was statistically insignificant (p > 0.05, 

figure 8.3.).

FU
350 -1

MUF
NOMUF

300 -

250 -

0200 -

150

100

50 -

in prime pre CPB pre CPB 20 1 3 6 24
CPB on warm off min 

time intervals
hr

Figure 8.3. L-selectin expression. Expressions of L-selectin increased during 
rewarming and peaked at 20 minutes after CPB. There was tendency for 
lower levels of expression of L-selectin in the MUF treated group. 24 hours 
after CPB, it returned to the preoperative values in MUF group whereas the 
control remained high (p < 0.05). Prime solutions contained neutrophils with 
low levels of expressions of L-selectin. (See appendix 2., page 230).

C D llb  expression

Neutrophil adhesion molecules C D llb increased in both groups during 

re warming. It reached a peak at 3 hours after CPB (p < 0.0001). Modified
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ultrafiltration caused a fluctuation in the expression of these molecules. 

Three hours after CPB, the expression of C D llb was lower in the treatment 

group than the control (p < 0.01). Twenty four hours after surgery neutrophil 

expression of C D llb  were similar to the preoperative values in both groups 

(figure 8.4.). Prime solutions contained neutrophils with high C D llb  

expressions [median of 191 (range = 86.6-542.47) FU in treatment group vs 

212.88 (124.09-378.55) FU in control, NS].

FU
350 I I MUF 

M  NOMUF

n = 10
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100

CPB on warm off hrsmin

time intervals

Figure 8.4. Expression of C D llb . A gradual increase in neutrophil cell 
surface expressions of C D llb occurred during rewarming in both groups. At 
20 minutes and 3 hours expressions of C D llb were lower in the MUF group 
than the control (NO MUF), p < 0.01. Neutrophil expressions of C D llb  in the 
prime solution were higher than in patients (p < 0.001). 24 hours after CPB 
the expressions were returned to inductive values, in = induction, FU = 
relative fluorescence units. (See appendix 2., page 229).

8.5.6. Serum interleukin 8 (IL 8)

At the time of the induction of anaesthesia, traces of IL8 were detectable in 

the serum of all patients. Thoracotomy and cannulation was associated with
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an increase in serum ILS. The median of increase of ILS from induction to 

before starting CPB was 55 (0-115) pg/m l (p < 0.001). Prime solutions 

contained ILS values similar to those of the patients prior to CPB. Thus, upon 

starting CPB no changes were observed in serum ILS. Further, increase in 

serum ILS occurred during rewarming and peaked at 1 hour after CPB. It 

was lower in the MUF treated group than the control (730 (350-1500) vs 1219 

(S20-2000) pg/m l, p < 0.0001). It gradually returned to preoperative values 24 

hours after surgery but remained higher than those measured at the 

induction of anaesthesia (p < 0.001, figure S.5.).

pg/m l

1750-
MUF
NOMUF

1500“

1250“
n = 10

1000“
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500 - prime
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^

CPB pre CPB 20in pre 1 3 6 24
CPB on warm off min hrs

Figure 8.5. Serum interleukin 8 (ILS). An increase in serum ILS was noted in 
the modified ultrafiltration group (MUF) and the controls (NO MUF). It 
peaked at 1 hour after end of CPB and returned to pre CPB values at 24 hours 
after surgery. Modified ultrafiltration reduced the increase in serum ILS 
compared to controls (p < 0.0001). (See appendix 2., page 233)

8.5.7. Terminal complement complex

Complement activation occurred in all patients as indicated by the increase 

in terminal complement complex. This increase reached a peak at 3 to 6 hours
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after CPB. Prime solution contained higher terminal complement complex 

molecules compared to pre CPB samples. During CPB and rewarming a 

further increase of TCC occurred. Modified ultrafiltration had no effect on 

the concentration of terminal complement complex. Although some 

reduction in serum terminal complement concentration occurred by 24 hours 

after CPB, it remained higher than those measured at the time of the 

induction of anaesthesia (p < 0.001, figure 8.6.).

4.5 -
g/m l

I I MUF 

n = 10

0
in pre prime CPB pre CPB 20 1

CPB on warm off min

time intervals
Figure 8.6. Terminal complement complex (TCC). Prime solutions had 
higher levels of TCC than patients prior to the CPB (pre CPB). This resulted 
in an immediate increase in TCC concentration in patients at the beginning of 
CPB (CPB on) and increased during CPB and rewarming. It peaked at 1 to 3 
hours after end of CPB. The levels gradually decreased thereafter. At 24 
hours after surgery it was higher than at induction ( p < 0.0001). Thus MUF 
group and controls had similar serum concentrations of TCC. (See appendix
2., page 232).

8.8. Serum interleukin 6 (IL6)

IL6 was detectable at the end of and following CPB. It increased and peaked
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at 6 hours. It was similar in both MUF treated group and the control. At 24 

hours, serum IL6 remained detectable but at lower values. Prime solution did 

not contain detectable values of IL6 (figure 8.7.).
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Figure 8.7. Serum IL6. IL6 was detectable in patients after end of CPB. It 
peaked at 6 hours and was reduced to lower values by 24 hours after 
surgery. It was similar in the MUF treated and control groups. (See appendix
2., page 234).

8.9. Leukocyte elastase

Leukocyte elastase was detectable in all patients at the time of the induction 

of anaesthesia. Prime solution contained leukocyte elastase at a concentration 

similar to that of patients. It increased during CPB and peaked in 20 minutes 

samples. Although it gradually declined over the next 24 hours it remained 

higher than the preoperative values (p < 0.01). MUF had no effect on serum 

concentration of leukocyte elastase. The changes in leukocyte elastase were 

time-related and not related to cooling and rewarming (figure 8.8.).
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Figure 8.8. Leukocyte elastase. Serum leukocyte elastase increased, similarly, 
during CPB in the MUF treated group and the controls (NO MUF). It peaked 
at 20 mins and declined to lower values at 24 hrs but remained higher than 
at induction (p < 0.01). (See appendix 2., page 235).

8.5.10. Serum TNF-a

TNF-a was undetectable in all samples at all time points.

8.6. Comment

This study demonstrated that neutrophil activation and the release of 

inflammatory mediators occurred in response to CPB operations in children 

who undergo repair of ventricular septal defect. We also demonstrated that 

modified ultrafiltration could reduce the serum concentration of ILS and 

could modulate neutrophil cell surface expression of CD llb. We measured 

mediators which were thought to cause the capillary leak phenomenon 

(complement, TNF-a and leukocyte elastase) (Chenoweth et al. 1981; Stahl et 

al. 1991; Gillinov et al. 1994; Zehr et al. 1994), and those which are

page 155



chapter 8

fundam ental for the process of neutrophil-endothelial interaction (C D llb , L- 

selectin, IL8 and IL6) (Tonnesen et al. 1984; Finn et al. 1993).

The reasons for the increase of circulating neutrophil counts were not clear. It 

m ight be due to stimulatory effect of IL8, and /o r a spontaneous release of the 

neutrophils from the bone marrow in response to acute inflammatory state. 

W hether any other inflammatory mediators, e.g. terminal complement 

complex, leukocyte elastase, IL 6, etc., might have, singularly or collectively, 

caused this phenomenon was unknown. Another possible cause for the 

increase in neutrophil counts might be the healing process of a large surgical 

w ound (thoracotomy).

The release of the inflammatory mediators was similar to that observed in 

vitro mock CPB circuits (chapters 4, 5 and 6) with two exceptions. The first 

was that TNF-a was not released in vivo whereas it was released in vitro. The 

reason for this was unknown. We speculated that in vivo TNF-a was bound 

to other tissues which made it undetectable in serum. The second was the 

presence of IL6 in vivo and its absence from the in vitro model. This may 

have occurred because the main source of IL6 is the fibroblasts {in vivo ) 

rather than the circulating elements of blood {in vitro ).

It appears that up-regulation of both C D llb  and L-selectin expression on the 

neutrophil cell surface occurred simultaneously. The initial step of neutrophil 

adherence to and rolling on the endothelium is mediated via L-selectin. The 

up-regulation of L-selectin is an initial step of neutrophil stimulation. Upon 

adhesion, shedding of the L-selectin occurs. Thus, the finding of up- 

regulation of L-selectin on the circulating neutrophil, in v ivo , suggested that 

they m ight be on the way to adhere. Up-regulation of C D llb  was then
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required for the firm adherence and transendothelial migration. Fine 

regulation of neutrophil adhesion molecules is fundamental for the process 

of neutrophil adherence to the endothelium. The in vitro studies 

dem onstrated that with continuous exposure to the CPB conditions marked 

up-regulation of neutrophil cell surface expression of C D llb  and down- 

regulation of L-selectin was the end result of this process.

The m ost striking effect of modified ultrafiltration was a marked reduction of 

serum  concentrations of ILS. This was also accompanied by reduced 

expression of L-selectin and C D llb  in the ultrafiltration treated group 

compared to controls. Although it may seem that the reduction of ILS may be 

due to removing it from circulation, only traces of ILS were detectable in the 

filtrate. Thus, the mechanism of reducing serum ILS remained unknown. 

The reduction of this cytokine may have affected the expression of neutrophil 

adhesion molecules C D llb  and L-selectin in that at 3 hours after CPB the 

expression of C D llb  was lower in the MUF treated group than the control. It 

has been demonstrated that ILS stimulation of C D llb  expression is dose- 

dependent (Roberts et al. 1993; El Habbal et. al. 1996).

The absence of effect on the release of leukocyte elastase and terminal 

complex is possibly because of the size of these molecules which exceeded 

the pore size of the ultrafiltre (<50 kda). Although IL6 has a molecular weight 

similar to that of ILS, its serum concentrations were similar in both the MUF 

treated group and the controls. IL6 was released nearly 6 hours after 

modified ultrafiltration. Thus, it was not removed directly from circulation.

These data suggest that modified ultrafiltration could be used to modulate

acute inflammatory responses. Its effects depend on size of the pores of the

ultrafilter and the time of its application in relation to the release of
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inflammatory mediators.

It appears that the process of ultrafiltration, when used in combination with 

CPB, did not cause further inflammatory responses. On the contrary, there 

were reductions in the neutrophil expression of its adhesion molecules and 

serum  concentration of ILS in patients treated w ith MUF compared to 

control. In the previous studies (chapter 7), modified ultrafiltration reduced 

the increase in the total body water which occurred after CPB. Thus, MUF 

could be used in children to reduce the observed postoperative tissue 

oedema as well as the inflammatory responses.
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9. General Discussion

This thesis demonstrates that the use of CPB for open heart surgery triggers a 

cascade of acute inflammatory responses and increases total body water. The 

application of modified ultrafiltration at the end of such surgery can 

m odulate the inflammatory responses as well as reducing the increase of 

total body water.

The in vitro studies of mock CPB circuits showed that the inflammatory 

responses to CPB were diverse. Some responses (IL8 and L-selectin) had time- 

related changes whether the blood was flowing or static. Others (TNF-a, 

leukocyte elastase and terminal complement complex) were time-related 

w hen  flowing and m uch less when static. Whereas, neutrophil counts, C D llb  

and L-selectin changed strikingly on first exposure to the CPB conditions. 

These changes were an inescapable consequence of exposure to artificial 

surface, while time-related changes might be less (or more) of a problem in 

short (or long) operations.

Several factors operated during CPB. Of these factors, temperature was one. 

The effect of tem perature on the acute inflammatory responses is protean. In 

the in vitro studies, terminal complement complex, TNF-a and leukocyte 

elastase were unaffected by temperature variation. However, there were 

reductions in expression of C D llb , proteolytic release of L-selectin and 

release of IL-8 on cooling which was more apparent at 17 °C than at 25 °C, 

and w ere reversed by rewarming. Similar phenomena might occur during 

norm otherm ia. There was an increase in serum IL8 and a stimulation of 

neutrophil adhesion molecules in normothermic (37 °C) CPB circuits and 

static loops. Necessary rewarming after hypothermia during open heart

surgery m ight accentuate the inflammatory responses that m ight cause
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biological disadvantages to the host. There was a high rate of release of IL«-8 

and  an increased expression of C D llb  which could mediate neutrophil 

adherence to the endothelium and possibly cause endothelial damage 

manifesting as capillary leak (tissue oedema).

Another factor which might be considered during CPB was the use of a roller 

pum p. Mechanical circulation , as used in vivo CPB increased cytokine release, 

complement activation and, to a lesser extent, expression of neutrophil 

adhesion molecules. The serum levels of IL8, terminal complement complex, 

TNF-a, up-regulation of C D llb  and down-regulation of L-selectin in in vitro 

circuits were higher than those in the static loops. Although phagocytosis was 

reported to be well preserved in culture, neutrophil adhesion was more 

striking in circulating than under static conditions (Smith et al. 1988). This 

m ight be the result of less exposure to artificial surfaces, reduced mechanical 

stress (for example shear stress), or combination of both in the static loops.

The in vivo studies confirmed that an increase in total body water and acute 

inflammatory responses occur in children who undergo open heart surgery. 

The increase of total body water as a percentage of body weight peaked at 3 

to 6 hours after the end of CPB. Random application of modified ultrafiltration 

show ed that it reduced the increase in total body water as well as m odulated 

the inflammatory responses to CPB. The increase in total body w ater and 

serum  IL8 in  the modified ultrafiltration treated group w as less than that of 

the control. These effects of modified ultrafiltration seemed to be 

accompanied by an improvement of patients haematocrit and blood pressure 

at the time which was critical in patient management immediately after the 

end of CPB. This was achieved without the need for further blood 

transfusion. In a previous study, MUF was found to reduce the length of stay 

in the intensive care unit (Elliott 1993).
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Examining the inflammatory responses to cardiopuln\onary bypass in vitro as 

well as in vivo allowed further understanding of these responses. There were 

differences between the in vitro and in vivo studies. TNF-a was detectable in 

the mock circuits and not in the in vivo studies, whereas IL-6 was released in 

the patients and not in the in vitro circuits. These differences are inevitable 

due to the complexity of the hum an biological systems.

The changes in expressions of neutrophil adhesion molecules C D llb  and L- 

selectin were different in the in vitro circuits compared to the in vivo studies 

(figure 9.1). In the mock circuits, these responses suggested that events at the 

beginning of CPB an d /o r mere exposure to the artificial surfaces of CPB 

activated the neutrophil. Marked stimulation of neutrophil adhesion 

molecules occurred in 10 minutes. This rapid up-regulation of C D llb  might 

be due to its mobilisation from intracellular store vesicles (Miller et al. 1987). 

It was reported that up-regulation of C D llb  and proteolytic release of L- 

selectin occurred simultaneously within a few m inutes (Kansas 1992) and that 

these events were indicative of neutrophil activation w ith an increase of its 

adhesiveness in vivo (Jutila 1992). These changes in neutrophil adhesion 

molecules were typical of those observed in the prim e solution. The prime 

neutrophils were not found in subsequent samples after the initiation of 

bypass in vivo which suggested that they might have adhered to the patient 

endothelium. Similarly, lower counts of the neutrophils in the circuits than 

expected from dilution could be because of their adherence to components of 

the circuit.

The central roles of L-selectin and C D llb  in neutrophil adhesion and 

adhesion -dependent neutrophil functions are well docum ented (Patarroyo et 

al. 1990; Scott et al. 1990). The initial process of neutrophil adhesion is
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associated w ith adherence and rolling on the endothelium is mediated via L-

selectin.
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Figure 9.1. Expressions of neutrophil C D llb  and L-selectin in vivo  and in 
vitro  CPB. The pattern and extent of changes in the expression of C D llb  and 
L-selectin were different between the in vivo and in vitro studies. This may be 
related to the complexity of the in vivo model (contribution of other factors). 
(A) A sum m ary graph of in vivo studies showing up-regulation of C D llb  and 
L-selectin. The MUF treated group had lower levels of expressions of these 
molecules. (B) A summary graph of in vitro studies showing m arked up- 
regulation of C D llb  and down-regulation of L-selectin in circuits and static 
loops. The changes in expression of C D llb  and L-selectin were similar 
during stasis and circulation.
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L-selectin is then shed of the cell surface (proteolytic release). O ur in vivo 

studies showed that some up-regulation of L-selectin occurred upon  exposure 

to the CPB. However, continuing exposure to the CPB circuits in vitro caused 

m arked down-regulation of L-selectin. In a previous study, we show ed that 

an  initial up-regulation of L-selectin occurred in responses to the release of 

IL8 (El Habbal et al. 1996).

The increase in C D llb  expression is an im portant m echanism for 

transendothelial migration of the neutrophil. This process of adhesion and 

migration was reported to cause vascular injury (Anderson et al. 1990; Jones 

et al. 1990; Shappell et al. 1990; W autier et al. 1990; Kuijpers et al. 1992). 

Previous studies demonstrated that patient morbidity and sometimes 

mortality is related to the level of expression of C D llb  (Morisaki and  Torisu 

1991; Entm an et al. 1992). In vivo and in vitro studies dem onstrated up- 

regulation of C D llb  particularly during rewarming (figure 9.1). Neutrophil 

adherence to endothelium was shown to control capillary permeability 

(Wedmore and Williams 1981). The differences in the level of expression of 

C D llb  between the MUF treated group and control m ight be due to reduced 

serum  IL-8. A direct relationship was found between serum  concentration of 

IL8 and expression of C D llb  (EL Habbal et al. 1996).

ILS is a well-characterised chemokine that is shown to be a potent stimulator 

for neutrophil-endothelial interaction and consequently tissue injury 

(Baggiolini et al. 1989). The report of the important role of IL8 in post

ischemia reperfusion lung injury delineates the possibility of this cytokine in 

inducing the capillary leak phenomenon (Sekido et al. 1993). The mechanism 

for reducing serum IL8 in the MUF. treated group is unknow n. It m ight be 

thought that because of its low molecular weight, IL8 m ay be rem oved during 

the process of ultrafiltration. However, only traces of IL8 were detectable in
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Figure 9.2. Schematic representation of the changes in serum cytokine and 
com plem ent activation in vivo and in vitro CPB. IL8 and leukocyte elastase 
are released both in vitro circuits and in vivo open heart surgery. They were 
higher in the in vitro circuits (B) than in patients (A) due to the cumulative 
effect of the in vitro model. Although terminal complement complex (TCC) 
had increased in both model, this appeared to be negligible when plotted (in 
units) on the same graph with the other cytokines. In vitro, we detected TNF- 
a, whereas, in vivo, IL6 was released. The right vertical axis is the scale for 
TCC.
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some of the filtrate. The association of reduced serum IL8 w ith total body 

w ater suggested that the capillary leak phenomenon may be related to serum 

IL8. The reduction of serum IL8 and possibly after m odulation of its trans

endothelial gradient may impair the emigration of the neutrophil and, 

consequently, cause less tissue injury. Another possible mechanism could be 

that the inflammatory effect of IL8 is via stimulation of neutrophil adhesion 

molecules which is dose-dependent (El Habbal et al. 1996). There was 

decreased expression of neutrophil adhesion molecule C D llb  in the MUF 

treated group than in the control.

Evidently circulating cellular components of the blood are a major source of 

serum  IL8 which we and others observed in vivo (Firm et al. 1993). The 

higher levels of IL8 in  the in vitro compared to the in vivo studies are likely 

to be due to the cumulative effect of the in vitro model (figure 9.2).

Com plem ent activation plays a pivotal role in the recruitment and activation 

of neutrophils. The demonstration of complement activation during CPB in 

our in vitro studies and others (Chenoweth et al. 1981) led to speculation that 

it is the mechanism whereby neutrophil activation occurs. Monoclonal 

antibodies that recognise C D llb  or CD18 epitopes inhibit a variety of 

adhesion-dependent functions of neutrophils that include binding to C3bi- 

opsonised particles and certain unopsonised micro-organisms, preventing 

subsequent phagocytic, secretory, and oxidative burst responses that may 

accompany particle binding, aggregation, chemotaxis, adherence and 

spreading to non-physiological (coated or uncoated plastic and glass surface) 

or physiological substrates (monolayers of endothelial or epithelial cells) 

(Hynes 1992).
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The depletion of complement by the administration of cobra venom  factor 

(CVF) significantly reduced polymorphonuclear infiltration into ischaemic 

m yocardium  (Crawford et al. 1988). CVF activates the alternative pathw ay 

w ith depletion of the third (C3) and terminal (C5-C9) components (Hunsicker 

et al. 1973). This process of C3 depletion includes its immediate and maximal 

activation. The fact that complement depletion does not abolish neutrophil 

m igration leads to the hypothesis that the activation of C3 m ay not be 

essential for this process. The suggestion that the placement of an ultrafilter 

in the CPB circuit causes more complement activation w as challenged in our 

studies. It appears that the ultrafilter which we used does not stimulate 

com plem ent (El Habbal et al. 1995). Although MUF had no effect on 

complem ent activation, it successfully reduced TBW. Thus, complement 

activation is not essential for the occurrence of the capillary leak 

phenomenon.

Leukocyte elastase is a large molecule (molecular weight is > 50 kDa). It was 

not possible to remove it via a filter which has a pore size of < 50 kDa. Like 

complement, leukocyte elastase did not seem to affect the changes in  TBW. 

Serum leukocyte elastase was similar in MUF treated group and controls. 

Previous studies showed that the use of leukocyte elastase inhibitor does not 

prevent neutrophil-m ediated vascular injury (Rosengren and Arfors 1990).

TNF-a has been show n to be an important mediator in recruiting neutrophil

to the site of inflammation (Eichacker et al. 1992). TN F-a challenges in

animals produced cardiopulmonary dysfunction similar to that occurring in

septic shock (Waage et al. 1987). Neutrophil depletion has been show n to

protect against TNF-induced tissue injury in animals (Stephens et al. 1988).

TNF-a is produced mainly by the monocytes and macrophages. In our in vitro

model, the source of serum TNF-a is most likely the circulating monocyte. It
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has been demonstrated that TNF-a increases neutrophil-endothelial 

interaction by inducing neutrophil activation and inducing endothelial 

adhesion molecules E-selectin and ICAM-1 (the ligands for L-selectin and 

C D llb  respectively) (Pober et al. 1987; Bevilacqua et al. 1989). A lthough we 

did not detect TNF-a in vivo, it m ight have been released in  lower 

concentrations than that detectable by the available ELISA kits. Thus, the role 

of TNF-a in  the CPB model remained unclear.

Conclusions and future outlook

We suggest that, independently of the endothelium, CPB mechanics initiate 

acute inflammatory responses characterised by the stimulation of neutrophil 

adhesion molecules and cytokine release. Tem perature variation and 

circulation modulate these inflammatory effects. MUF can reduce TBW and 

low molecular weight cytokines in as much as MUF should be applied  at the 

end of CPB in children. These findings have implications for reducing the 

tissue oedem a observed after open heart surgery and may be useful in 

m odifying the inflammatory responses in septic shock or similar conditions.

These observations w arrant further studies to apply therapeutic m odalities to 

remove as m uch as possible of the inflammatory mediator, IL8, w hich may 

reduce the inflammatory responses as well as patient morbidity. A n efficient 

w ay of removing IL8 may be achieved by allowing it to bind to monoclonal 

antibodies. The monoclonal antibodies may be incorporated into a gel filter 

which w ould, specifically, remove IL8 from the plasma. Also, studies to 

evaluate other variables of CPB (prime solutions, haematocrit, pH  alteration, 

anticoagulation) are needed to improve the CPB techniques.
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Appendices

In the following sections (appendix 1 and appendix 2), I include the data obtained from 

the in vitro and in vivo studies. All graphs and figures presented in the thesis are 

based on the data included in the following appendices.
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Appendix 1. Data obtained from invitro  experiments. 

C D llb  expression (FU) in circuits at 37 °C
time in 
minutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 67.32 62.64 45.32 96.47 56.23
10 352.27 562.34 365.17 365.17 392.42
25 453.16 673.17 421.7 406.79 421.7
65 523.3 697.83 453.16 453.16 504.81
90 562.34 562.34 504.81 523.3 562.34
105 523.3 582.94 469.76 523.3 523.3
120 469.76 562.34 469.76 523.3 469.76

time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 60.43 67.31 62.64 45.31 96.47
10 421.7 205.4 316.2 352.3 542.5
25 523.3 327.8 421.7 406.8 649.4
65 562.3 406.8 365.2 378.6 723.4
90 626.4 453.2 406.8 327.8 723.4
105 406.8 406.8 453.2 327.8 723.4
120 453.2 365.2 352.3 305.1 649.4

C D llb  expression (FU) in circuits at 25 °C
time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 119.710 212.880 74.989 54.247 46.976
10 254.83 339.82 562.34 305.05 339.82
25 305.05 604.30 352.27 392.42 392.42
65 316.23 626.43 352.27 406.79 392.42
90 378.55 673.17 406.79 469.76 469.76
105 352.27 673.17 453.16 542.47 504.81
120 486.97 805.84 486.97 626.43 562.34

time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 119.71 212.88 74.99 54.25 46.98
10 237.1 469.8 294.3 437.1 339.8
25 392.4 469.8 378.6 542.5 327.8
65 504.8 504.8 487 523.3 421.7
90 673.2 542.5 469.8 542.5 365.2
105 626.4 582.9 542.5 562.3 406.8
120 582.9 469.8 487 523.3 406.8
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Table 1. CD llb expression (FU) in circuits at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 96.5 67.3 64.9 60.4 60.4
10 835.4 582.9 453.2 421.7 469.8
25 866.0 604.3 504.8 523.3 504.8
65 777.4 523.3 453.2 469.8 453.2
90 805.8 604.3 523.3 378.6 504.8
105 835.4 673.2 542.5 421.7 542.5
120 866.0 697.8 542.5 649.4 562.3

C D llb expression (FU) in static loops at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 96.466 67.317 64.938 60.43 60.43
10 673.2 437.1 365.2 294.3 365.2
25 649.4 294.3 339.8 294.3 283.9
65 562.3 327.8 339.8 254.8 237.1
90 504.8 453.2 378.6 392.4 378.6
105 749.9 582.9 392.4 392.4 378.6
120 777.1 523.3 365.2 453.2 437.1

L-selectin expression (FU) in circuits at 37 "C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 184.34 153.99 128.64 133.35 115.48
10 29.43 15.4 31.62 45.32 32.78
25 13.34 8.06 16.55 31.62 17.15
65 8.06 6.98 8.06 15.96 8.06
90 6.98 5.05 8.06 9.31 8.35
105 6.04 6.04 4.7 9.31 6.73
120 7.23 5.83 7.5 8.06 6.49

L-selectin expression (FU) in static loops at 37 ° C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 184.34 153.99 128.64 133.35 115.48
10 42.2 67.3 45.3 56.2 12
25 25.5 42.2 31.6 42.2 5
65 10.7 25.5 19.8 56.2 4.2
90 13.3 16.5 14.9 52.3 5.2
105 8.7 9.3 16 56.2 4.7
120 11.1 10.7 11.5 54.2 5
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L-selectin expression (FU) in circuits at 25 ° C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 171.54 115.48 171.54 115.48 184.34
10 111.4 17.78 69.78 29.43 56.23
25 93.06 8.66 29.43 22.88 25.48
65 69.78 10 19.81 16.55 15.96
90 54.25 8.35 17.78 11.14 8.66
105 52.33 9.31 13.34 14.86 9.31
120 33.98 4.87 12.86 13.82 8.35

L-selectin expression (FU) in static loops at 25 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 171.54 115.48 171.54 115.48 184.34
10 133.5 28.4 75 32.8 62.6
25 107.5 17.8 32.8 21.3 42.2
65 40.7 22.9 24.6 30.5 42.2
90 29.4 12.4 18.4 17.8 35.2
105 27.4 13.3 17.2 14.3 23.7
120 27.4 21.3 29.4 13.8 25.5

L-selectin expression (FU) in circuits at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 220.67 177.83 177.83 119.71 153.99
10 22.07 36.52 25.48 26.42 42.17
25 15.96 27.38 15.4 17.15 35.23
65 13.34 26.42 13.82 14.86 35.23
90 11.97 14.86 8.35 9.31 21.29
105 10.75 11.14 8.35 7.77 13.82
120 9.65 9.65 7.77 6.73 12.86

L-selectin expression (FU) in static loops at 17 °C
time in 
minutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 220.67 177.83 177.83 119.71 153.99
10 32.8 52.3 54.2 56.2 56.2
25 45.3 96.5 58.3 52.3 58.3
65 52.3 89.8 52.3 58.3 86.6
90 60.4 80.6 35.2 32.8 48.7
105 14.9 28.4 34 20.5 36.5
120 18.4 40.7 37.9 16 40.7
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Leukocyte elastase (ng/ml) in circuits at 37 °C
time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 91.6 48 90.7 246.2 80.1
10 385.6 454.9 1538.9 481.8 441.8
25 281.2 595.9 1899.8 834.5 811.9
65 642.9 1364.1 3390.2 1040.8 985.7
90 503.6 1682.3 4648 1144.3 1279.2
105 788.1 2356 4163.6 1148.2 1564.4
120 905.5 2780.6 6976.9 1126.3 2701.1

Leukocyte elastase (ng/ml) in static loops at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 91.6 48 90.7 246.2 80.1
10 44.8 21.6 52.2 279.3 188.6
25 58.2 65.3 59.1 459.3 513
65 195.9 543.2 183.2 1302.1 962
90 236.7 595.9 437.4 989.9 1190.9
105 238.2 651.5 982.8 834.5 1451.1
120 590.7 809.2 1359.6 1300 1596.9

Leukocyte elastase (ng/ml) in circuits at 25 °C
time in experiment experiment experiment experiment experiment
m inutes no. 1 no. 2 no. 3 no. 4 no. 5
0 110.4 274.9 477.4 181.3 195.1
10 219 1183.8 387.4 790.9 412.6
25 268.9 3014.7 596.4 299.5 732.3
65 452.1 3239.6 1131.2 565.2 875.8
90 756.3 3427.8 1149.1 992.6 1789.9
105 742.2 3985.5 1340.7 1245.8 3505.9
120 895.7 3973.9 1332.6 1211.6 2595.5

Leukocyte elastase (ng/ml) in static loops at 25 °C
time in experiment experiment experiment experiment experiment
m inutes no. 1 no. 2 no. 3 no. 4 no. 5
0 110.4 274.9 477.4 181.3 195.1
10 99.8 121.3 138 159.6 117.8
25 104.3 303 187.6 537.1 336.2
65 262.7 1008.2 465.6 246.2 276.7
90 470.8 1928.3 1211.6 323.2 650.1
105 680.8 1825.5 1300.5 734.9 740.1
120 777.9 1800 1103.1 1257.3 832.6
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Leukocyte elastase (ng/ml) in circuits at 17 °C
time in 
minutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 158.1 70.2 58.6 83.2 869.1
10 611.8 436 328.2 1112.2 752.8
25 477.7 722.6 307.2 1120.4 726.4
65 777.5 865.7 363 1324.2 606.7
90 935.5 1188.3 594.1 1545.9 1040.9
105 829.5 1522.1 1319.5 2966 2211.9
120 1664.1 1190.9 962.6 1443.8 1709.5

Leukocyte elastase (ng/ml) in static loops at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 158.1 70.2 58.6 83.2 869.1
10 85.7 68.1 108.7 96 165.8
25 124.2 38.9 143.8 245 337.2
65 181.8 69.1 348.2 147.6 265.5
90 168.5 112.2 326.5 340.8 692.3
105 418.8 95.9 533.3 836.4 996.9
120 538.9 175.1 761.8 789.2 988.1

IL8 (pg/ml) in circuits at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 0 30 220 140 0
10 0 0 170 380 0
25 0 0 430 560 50
65 500 620 1200 700 420
90 720 1050 1500 1400 1300
105 1400 1570 1750 1650 1800
120 1800 2100 1900 1850 2000

IL8 (pg/ml) in static loops at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 0 30 220 140 0
10 0 0 230 0 0
25 200 260 320 0 70
65 350 310 450 470 400
90 600 460 500 550 1000
105 800 530 650 630 1300
120 1500 600 700 770 1250
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ILS (pg/ml) in circuits at 25 °C
time in 
minutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 40 0 0 0 290
10 0 0 0 100 120
25 5 0 0 160 170
65 0 300 50 500 330
90 105 900 170 900 550
105 1200 980 400 1550 1100
120 1500 1100 1150 2500 1600

ILS (pg/ml) in static loops at 25 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 40 0 0 0 290
10 0 0 0 130 105
25 0 0 0 260 300
65 0 175 300 285 350
90 70 520 400 570 440
105 70 600 450 610 550
120 200 580 1050 720 950

ILS (pg/ml) in circuits at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 90 40 0 0 0
10 150 110 0 93.8 60
25 160 105 93.8 90 80
65 165 110 90 85 130
90 358 250 300 100 150
105 560 360 450 330 650
120 780 500 820 640 900

ILS (pg/ml) in static loops at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 90 40 0 0 0
10 98 0 0 0 0
25 98.8 0 0 60 0
65 100 0 0 62 0
90 150 0 100 70 130
105 230 120 180 105 280
120 310 180 240 200 400
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Neutrophil counts (xlO^/L) in circuits at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 4.06 5.68 4.62 2.38 4.29
10 1.12 1.75 1.79 .96 1.5
25 1.22 2.26 1.77 .68 1.4
65 1.06 2.03 1.81 .69 1.07
90 .82 1.26 1.1 .42 1.14
105 1.33 1.71 1 .88 .92
120 .64 1.27 .84 .56 .94

Neutrophil counts (xlO^/L) in static loops at 37 °C
time in experiment experiment experiment experiment experiment
m inutes no. 1 no. 2 no. 3 no. 4 no. 5
0 4.06 5.68 4.62 2.38 4.29
10 2.08 1.43 3.12 1.33 2.44
25 1.2 1.71 2.59 1.51 2
65 .39 1.94 1.71 1.17 1.88
90 .46 2.34 1.75 1.27 1.83
105 1.68 2.27 2.04 1.34 1.85
120 1.4 2.01 1.77 1.48 1.98

Neutrophil counts (xlO^/L) in circuits at 25 °C
time in experiment experiment experiment experiment experiment
m inutes no. 1 no. 2 no. 3 no. 4 no. 5
0 2.44 2.7 4.64 3.38 2.9
10 .75 .84 2.35 1.32 1.5
25 .55 .72 1.78 1.32 1.21
65 .57 .32 1.5 1.11 1.44
90 .33 .31 1.1 1.23 .89
105 .71 .39 .88 1.02 .91
120 .740 .395 1.32 1.08 .84

Neutrophi counts (xlO^/L) in static loops at 25 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 2.44 2.7 4.64 3.38 2.9
10 .69 1.2 1.68 .92 1.72
25 .96 1.64 1.88 2.57 1.72
65 .64 1.1 1.96 1.89 1.46
90 .81 2.38 2.36 1.65 1.19
105 .95 2.26 1.88 1.05 1.29
120 .88 1.26 2.48 2.1 1.97
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Neutrophil counts (xlO^/L) in ciniits at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 2.68 2.62 4.31 1.61 3.72
10 .57 .95 1.89 .3 1.51
25 .29 .64 1.23 .18 .91
65 .09 .28 .95 .32 1.27
90 .12 .41 1.15 .26 .97
105 .05 1.18 1.17 .23 .95
120 .72 .77 1.02 .32 .93

Neutrophil counts (xlO^/L) in static loops at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 2.68 2.62 4.31 1.61 3.72
10 1.12 1.55 1.77 .68 2.91
25 .33 2.3 2.1 .86 2.92
65 .63 2.1 1.71 .54 2.14
90 .79 1.27 1.97 .68 1.92
105 1.17 1.69 1.59 .69 2.26
120 1.12 1.34 2.01 .69 2.26

TNF-a (pg/ml) in circuits at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 0 0 0 0 0
10 0 0 10 4 0
25 0 0 25 8 0
65 550 0 65 45 20
90 850 60 90 85 80
105 860 200 105 95 115
120 1100 470 120 130 180

TNF-a (pg/m l) in static loops at 37 °C
time in experiment experiment experiment experiment experiment
m inutes no. 1 no. 2 no. 3 no. 4 no. 5
0 0 0 0 0 0
10 0 0 0 0 0
25 0 0 0 0 0
65 2.5 3.2 0 0 0
90 0 0 0 4 3.5
105 60 30 20 25 36.2
120 80 50 40 56.8 43.5
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TNF-g (pg/ml) in circuits at 25 °C
time in 
minutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 0 0 0 0 0
10 0 0 0 0 0
25 10 0 0 12 6
65 45 95 50 80 60
90 100 150 200 157 123
105 250 350 470 400 300
120 400 550 650 600 500

TNF-g (pg/m l) in static loops at 25 °C
time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 0 0 0 0 0
10 0 0 0 0 0
25 0 10 0 0 5
65 0 15 0 0 8
90 10 25 30 12 28
105 45 50 60 45 55
120 50 60 70 55 65

TNF-g (pg/m l) in circuits at 17 °C
time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 0 0 0 0 0
10 0 8 0 0 5
25 12 38 0 0 20
65 80 130 0 40 100
90 120 180 60 100 150
105 165 210 93 120 185
120 350 500 130 200 400

TNF-g (pg/m l) in static loops at 17 °C
time in 
m inutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 0 0 0 0 0
10 0 0 0 0 0
25 0 0 8 0 0
65 0 10 14 0 0
90 18 15 20 0 16
105 30 25 40 0 25
120 60 55 65 20 35
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TCC (Ug/ml) in circuits at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 4.5 2.0 .2 0 0
10 6.2 1.7 1.5 .5 10
25 13.6 2.5 2.1 .5 22
65 29.1 5.7 0 2.9 63
90 46.5 8.1 3.4 2.0 91
105 46.5 6.0 16.9 6.8 100
120 31.3 8.5 34.1 6.8 121

TCC (ug/mll in static loops at 37 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 4.5 2 .2 0 0
10 .9 0 0 0 0
25 1.1 4 0 0 0
65 2.6 6.4 0 .2 3.
90 3.3 0 5.8 0 4.5
105 3.1 0 0 .1 6 .
120 4 0 21.6 .2 9.1

TCC (ng/mll in circuits at 25 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 3.5 0 .2 0 0
10 8.1 5.1 0 2.7 0
25 15.6 7.7 2.5 7.9 1.4
65 24.0 11.1 6.0 14.1 3.7
90 37.2 18.2 13.1 23.8 7.7
105 46.5 14.2 17.6 18.9 11.1
120 46.5 25.9 20.7 21.2 20.6

TCC (ng/mr in static loops at 25 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 0 .4 1.4 .9 .6
10 0 5.7 0 0 0
25 1.1 2.6 0 0 0
65 1.6 3.1 6.6 0 0
90 0 15.6 10.5 3.4 0
105 .2 3.5 12.1 2.6 5.3
120 2.8 16.9 14.1 5.9 8.2
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TCC (p,g/ml) in circuits at 17 °C
time in 
minutes

experiment 
no. 1

experiment 
no. 2

experiment 
no. 3

experiment 
no. 4

experiment 
no. 5

0 0 .4 .3 1.4 .9
10 .2 2.5 22.7 2.5 1.7
25 2.3 10.0 19.1 5.1 1.5
65 2.4 3.0 18.1 19.7 4.9
90 9.0 16.5 16.8 20.8 6.7
105 7.4 9.2 34.1 27.9 10.8
120 34.1 12.9 35.1 29.0 11.7

TCC ([L^m\] in static loops at 17 °C
time in experiment experiment experiment experiment experiment
minutes no. 1 no. 2 no. 3 no. 4 no. 5
0 3.5 0 .2 0 0
10 .9 .6 0 1.7 0
25 0 1.9 0 2.8 0
65 0 2.2 0 1.7 0
90 0 2.4 .4 3.3 0
105 1.9 1.5 2.2 5.1 0
120 2.7 5.5 .8 8.0 0
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Appendix 2. Data obtained from invivo studies 

GDI lb  expression (FU) in MUF treated patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 119.71 56.23 50.48 107.46 171.54 86.6 37.86 42.17 111.4 87.0
prime 273.84 148.55 191 283.87 191.1 542.47 113.34 86.6 103.66 247.7
preCPB 107.46 56.23 50.48 107.46 133.35 86.6 37.86 42.17 111.4 82
CPB on 316.23 60.43 89.77 198.1 100 93.06 52.33 46.98 143.3 119.3
prewarm 171.54 54.25 138.24 119.71 80.58 103.66 64.94 39.24 198.1 107.4
CPB off 205.35 62.64 159.63 159.63 148.55 171.54 86.6 128.64 107.46 140.2
20 min 171.54 67.32 177.83 128.64 124.09 133.35 148.55 69.78 115.48 127
Ih r 153.99 64.94 228.76 124.09 100 153.99 159.63 60.43 77.74 127.8
3 hrs 228.76 80.58 96.47 115.48 103.66 159.63 177.83 128.64 111.4 136.2
6 hrs 148.55 67.32 100 191.1 103.66 171.54 77.74 50.48 69.94 115.2
24 hrs 148.55 77.740 86.6 103.66 89.77 119.71 67.32 32.78 77.74 92.3

C D llb  expression (FU) in controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 133.35 83.54 133.4 . 115.48 96.47 77.74 80.58 42.17 52.33 91.2
prime 378.55 294.27 378.6 191.1 212.88 212.88 153.99 133.35 124.09 229.3
preCPB 133.35 83.54 115.48 96.47 96.47 77.74 80.58 42.17 52.33 87.5
CPB on 153.99 85.62 154 111.4 93.06 72.34 124.09 46.98 119.71 97.4
prewarm 165.48 64.94 165.5 93.06 143.3 72.34 36.52 39.24 96.47 102
CPB off 264.16 228.76 171.54 171.54 115.48 138.24 100 159.63 115.48 158
20 min 264.16 119.71 264.16 165.48 148.55 100 143.3 143.3 171.54 166.9
Ih r 316.23 107.46 316 171.54 171.54 93.06 111.4 128.64 212.88 180
3 hrs 316.23 159.63 264.16 228.76 159.63 212.88 264.16 171.54 138.24 207.5
6 hrs 220.67 143.3 221 124.09 159.63 86.6 96.47 115.48 124.09 145.1
24 hrs 93.06 119.71 93 138.24 89.77 96.47 86.6 103.66 111.4 102.2
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patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 96.78 153.99 171.54 115.48 143.3 128.64 50.48 205.35 191.1 144.7
prime 6.04 31.62 12.86 4.07 13.34 8.060 5.42 12.86 10 11.4
preCPB 96.78 153.99 171.54 133.35 143.3 128.64 50.48 205.35 191.1 146.6
CPB on 93.06 133.35 142.3 128.64 133.35 103.66 58.29 205.35 191.1 136.1
prewarm 245.82 198.1 103.66 103.66 165.48 165.48 50.48 133.35 220.67 160.7
CPB off 316.23 220.67 153.99 165.48 171.54 171.54 93.06 138.24 237.14 190.5
20 min 228.76 177.83 133.35 165.48 184.34 133.35 72.34 198.1 212.88 171.9
Ih r 171.54 205.35 133.35 165.48 184.34 165.48 91.11 138.24 198.1 165.1
3 hrs 228.76 153.99 119.71 171.54 171.54 138.24 72.34 148.55 198.1 160.1
6 hrs 191.1 119.71 133.35 198.1 171.54 148.55 50.48 124.09 143.3 142.4
24 hrs 171.54 124.09 77.74 138.24 184.38 124.09 72.34 198.1 148.55 140.5

time patient 
no. 11

patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 184.34 245.82 96.47 143.3 60.43 138.24 100 86.6 128.64 100
prime 11.14 17.15 6.04 10.37 11.97 97 10.37 5.42 11.14 17.15
preCPB 184.34 245.82 96.47 143.3 60.43 177.83 100 86.6 128.64 100
CPB on 115.48 264.16 77.74 148.55 93.06 148.55 148.55 103.66 115.48 153.99
prewarm 138.24 198.1 124.09 264.16 159.63 177.83 237.14 119.71 138.24 198.1
CPB off 128.64 305.05 103.66 273.84 133.35 93.06 205.35 138.24 128.64 305.05
20 min 171.54 283.87 124.09 339.82 153.99 148.55 254.83 138.24 171.54 283.87
Ih r 228.76 237.14 143.3 273.84 119.71 184.34 212.88 165.48 228.76 237.14
3 hrs 165.48 264.16 100 228.76 119.71 212.34 205.35 133.35 165.48 264.16
6 hrs 148.55 237.14 138.24 254.83 148.55 83.54 212.88 165.48 148.55 237.14
24 hrs 165.48 254.83 165.48 198.1 124.09 72.34 198.1 184.34 119.71 228.76
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Neutrophil counts (x lO^/L) in MUF treate patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 6.96 2.2 .350 1.63 1.71 2.85 4.95 .31 3.83 1.35
preCPB 2.18 1.02 1.97 1.84 1.05 2.81 .68 .81 1.5 3.95
prime .45 .33 1.08 .65 1.03 .62 1 1.24 .44 .59
CPB on .33 7.02 1.98 1.17 .18 1.58 2.34 .93 .9 .52
prewarm .85 6.6 12.3 1.01 2.34 1.18 .32 4.07 .49 1.9
CPB off .73 6.5 6.63 7.32 7.73 2.86 10.3 11.7 1.22 3.17
20 m in 6.53 7.02 8.74 6.46 1.67 5.44 12.4 8.51 10.5 5.07
Ih r 5.12 8.06 8.62 5.1 4.01 9.8 8.85 8.92 8.44 4.89
3 hrs 7.92 9.2 8.9 8.9 6.5 11.5 6.8 6.5 15 10.4
6 hrs 9.9 8.5 6.9 7.8 5.7 12.3 9.4 10.4 12.6 12.2
24 hrs 7.05 7.4 8.7 10 8.2 12.9 11 12 14.9 14

counts (x 10^/L)i n  controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 2.31 4.41 3.6 8.96 5.25 3.49 1.92 .32 7.77 2.85
preCPB 1.08 4.4 4.37 6.63 4.89 .14 3.09 .09 1.48 5.49
prime 1.33 1.46 1.98 .44 .84 .58 3.65 .14 .13 2.1
CPB on 4.8 1.42 3.03 1.76 3.07 .82 4.27 .06 4.03 5.3
prewarm 5.28 1.23 3.73 3.02 3.43 1.63 7.98 .11 6.07 3.2
CPB off 4.68 2.58 17.6 4.48 5.07 5.46 8.7 .33 8.03 9.4
20 min 2.85 3.75 13.2 13.5 6.41 7.35 6.08 .62 7.99 5.1
Ih r 4.9 5.60 12.4 16.6 5.22 6.1 7.5 .75 5.4 3.2
3 hrs 5.6 6.96 11.4 13.8 8.6 9.6 8.9 6.96 8.3 2.5
6 hrs 8.3 9.39 10.5 12 7.65 8.7 10 7.4 6.2 3.1
24 hrs 7.8 9.4 8.4 9.4 5.31 8 9 6.1 4.8 2
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TCC ([ig/ml) in MUF treated patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 0 0 0 .20 0 .32 0 0 .05 0
preCPB 0 0 0 .27 0 .42 0 0 .05 0
prime .87 1.64 .35 .68 .79 .80 .51 .16 .78 .68
CPB on .20 1.08 0 .60 .3 .42 0 .1 .62 .53
prewarm .04 1.16 .07 .78 .86 .56 0 .2 .86 0
CPB off .56 1.07 .47 1.05 .42 1.47 .36 .2 1.53 1.21
20 min 1.16 1.77 1.75 1.67 1.11 .96 .79 .38 2.77 .84
Ih r 2.05 1.95 4.09 2.67 .95 1.42 .86 .7 3.86 1.8
3 hrs 2.7 2.18 3.80 1.16 1.3 2.48 .16 .9 1.86 1.64
6 hrs 2.73 2.20 1.30 1.91 2.24 4.13 2.3 1.4 3.21 1.63
10 hrs 1.95 .70 .83 1.20 .29 1.55 1.5 1.8 4.5 1.4
24 hrs .70 .30 .40 .50 .20 1.6 1.2 .50 1.86 0

TCC (fig/ml) in controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 0 0 0 0 0 .20 .18 0 0 0
preCPB 0 0 0 0 0 .23 .16 0 0 0
prime .4 1.73 0 1.04 .48 .51 0 .81 .39 .5
CPB on .42 .58 .45 .86 0 .39 0 .47 .24 .2
prewarm 1.2 1.13 .9 1.05 .01 .83 .92 .46 .63 .4
CPB off 2.21 1.26 1.08 1.16 .97 1.34 .94 .59 .16 .9
20 min 1.79 3.12 1.12 3.16 1.05 1.97 1.4 1.2 1.29 1
Ih r 2.6 1.96 2.6 3.14 1.05 1.35 1.51 1.22 1.5 1.1
3 hrs 1.4 4.12 1.1 3.89 2.71 .85 .71 .98 .9 .9
6 hrs 1.45 2.66 1.1 3.05 .69 1.56 2.13 1.2 .95 .95
10 hrs .45 1.12 1.4 2.36 .12 1.03 1.51 1.83 1.5 .9
24 hrs 1.5 .35 0 1.31 1.6 .9 2.4 1.3 2.5 .8
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IL8 (pg/ml) in MUF treated patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 0 0 0 0 15 0 6 10 0 0
preCPB 115 65 0 95 30 65 90 0 45 65
prime 0 164 0 50 10 520 50 0 30 90
CPB on 0 164 0 50 10 520 50 0 30 80
prewarm 130 105 0 89 50 530 70 0 50 105
CPB off 140 155 800 650 450 750 714 318 560 155
20 min 220 280 400 700 640 1000 950 530 830 280
Ih r 550 350 700 850 688 1500 890 760 1200 350
3 hrs 120 130 0 720 570 850 350 487 637 130
6 hrs 140 190 30 82 246 300 240 126 320 190
24 hrs 105 58 30 80 0 40 35 25 0 58

IL8 (pg/ml) in controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 0 6 10 0 0 93 0 0 0 40
preCPB 65 90 0 45 75 115 0 0 65 35
prime 65 0 95 30 180 96 0 30 65 520
CPB on 65 0 95 30 170 96 0 30 65 520
prewarm 38 98 65 125 0 105 0 0 38 530
CPB off 180 211 370 540 600 800 135 250 180 490
20 min 980 1108 1325 1895 1700 810 650 583 980 540
Ih r 1059 1278 1534 1865 2000 1450 930 820 1059 1150
3 hrs 848 1028 1109 1658 1600 650 748 804 848 710
6 hrs 458 630 530 670 125 345 250 420 458 120
24 hrs 120 50 0 0 80 91 60 35 120 80

page 234



IL6 (pg/ml) in MUF treated patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 0 0 0 0 0 0 0 0 0 0
prime 0 0 0 0 0 0 0 0 0 0
preCPB 0 0 0 0 0 0 0 0 0 0
CPB on 0 0 0 0 0 0 0 0 0 0
prewarm 0 0 0 0 0 0 0 0 0 0
CPB off 0 0 0 0 0 10 12 0 0 0
20 min 0 0 10 25 30 30 25 0 0 25
Ihr 0 50 20 38 56 70 49 45 10 38
3 hrs 0 75 60 90 80 100 120 60 20 90
6 hrs 20 100 125 165 120 250 290 90 35 165
24 hrs 0 55 40 0 36 80 64 0 10 0

time patient 
no. 11

patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 0 0 0 0 0 0 0 0 0 0
prime 0 0 0 0 0 0 0 0 0 0
preCPB 0 0 0 0 0 0 0 0 0 0
CPB on 0 0 0 0 0 0 0 0 0 0
prewarm 0 0 0 0 0 0 0 0 0 0
CPB off 0 0 0 0 0 10 12 0 0 0
20 min 0 0 11 24 28 30 25 10 0 25
Ihr 0 45 18 37 50 70 49 35 10 38
3 hrs 0 80 74 85 79 100 120 71 20 90
6 hrs 25 130 135 164 125 260 290 105 60 165
24 hrs 0 50 35 0 38 80 64 0 10 0
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elastase (ng/ml) in MUF treated patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 199.6 45 39.6 183.7 189.9 126.9 29.2 27.2 31.9 374
prime 298.7 51 25. 665 179.8 226.9 75.3 26.2 51.1 271
preCPB 44.2 218.2 359.1 137.8 292.4 75 81 120 370.6 125
CPB on 380.6 199.9 65. 937.2 1628.5 262.5 165 84.1 1741.5 742.2
prewarm 986.7 375.1 350 447.8 523.4 168.6 301 223.6 2050.5 661.1
CPB off 581.5 284.7 245.7 932.7 1309.3 434.2 939.8 265.2 1301.2 1565.4
20 min 1100 608.9 232.4 1063.4 2845.8 758.2 1970.2 380 2863.2 3292.2
Ih r 801.1 330.4 190 2426.8 1389.4 917.9 2656.5 454.8 4434.4 2399.2
3 hrs 3012.5 881.6 168 1051.5 203.6 863.5 231.4 800.2 4007.1 1264.5
6 hrs 327 245.5 234.9 249 586.1 1218.5 287.5 432.5 1274.9 408.4
24 hrs 65.7 350 1023 698.6 454.9 673.8 694.8 259 986.6 108

time patient 
no. 11

patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 45.2 264.5 57.2 67.4 56 58.3 67 162.3 249.4 45
prime 54 202.9 69 230.6 155.4 75 167.9 271.4 364.3 147.2
preCPB 93 84 35 122.4 129.4 59.8 158 124.7 588.3 526.3
CPB on 141.69 227.4 486.7 110 510 241.7 90.9 137.4 904.5 171.4
prewarm 207.1 3560.5 610 2117.7 1939.8 852.5 1465.1 271.7 588.4 764.3
CPB off 1096.1 2932.7 805.5 3185.2 1592.6 2386.5 1538 623 2211.9 1126.9
20 min 1843.6 2715.5 1299.7 4078.1 1886.4 1047.9 1389 652.2 1481.5 1011.6
Ih r 1665.6 2207.2 2062.2 2834.7 1243.1 1877.7 1538 903.4 1417.9 806.2
3 hrs 1431 1664.9 1005.5 1330.8 1606.9 946.3 3144.6 364.2 570.4 2123.1
6 hrs 567 542.2 824 3307.9 571.3 353.3 432.7 505.4 271.2 245.5
24 hrs 359 128 210 304.9 146.5 275.6 169 258 420.5 854.7
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time patient 
no. 1

patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 36 35.6 37.3 35. 34.7 36 36.4 37 35 34.3
pre CPB 34.5 34 35.5 34.3 34.1 33 36 35.6 34.4 33.8
CPB on 33.6 31.1 33.5 30.4 33.2 32 32 35 30 32.1
pre Warm 25.6 24.7 25.6 25. 22.5 25.8 26.2 25 24.5 25
CPB off 37.4 37.6 37.2 37.6 37.1 37.7 , 37 35.8 37.5 37.5
20 min 36.1 35.4 36.6 36.3 36.6 36.7 37 37.1 35.1 36.5
I h r 35 31 36.4 34.9 36.8 37 37.4 37 35.6 36.7
2 hrs 36 35.4 37.0 35 36.5 37. 34.6 35 36 36.5
3 hrs 36.4 36.9 38.2 37.4 38.1 36.9 37.8 37.2 36.8 37.4
6 hrs 36 37.6 39 36.9 38 37.8 38.7 37.4 38.5 38.5
10 hrs 38 37.4 38.2 37.5 36.9 37.8 38.1 37.5 37.9 38.7
24 hrs 36 37.6 39 36.9 38 37.8 38.7 37.4 38.5 38.5
48 hrs 36 37.6 39 36.9 38 37.8 38.7 37.4 38.5 38.5
72 hrs 37.2 37.4 38.2 37.5 36.9 37.8 38.1 37.5 37.9 38.7
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controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 35.9 35.4 36.5 36 33.9 35 36 35.6 35.9 36.5
pre CPB 34.4 34.3 35.1 35.1 33 34.6 35.2 31.3 35.4 36.5
CPB on 33.6 33 32.4 34.7 32 34.6 34.8 31 31.2 30.4
pre Warm 23.6 25.3 25.6 25.1 24.6 24.7 25.2 26.3 25 26
CPB off 36.5 37.7 37 37.3 37.2 36.8 37.5 36.1 38.8 37.4
20 min 35.4 36.6 36.2 36.8 37 36 36.9 35.3 35.9 36.3
I h r 35.4 36.1 36.7 36.7 37.5 35.5 36 36.4 35.9 36.4
2 hrs 36 37.5 37.1 37.6 37 36.5 36.9 36.5 36.5 35.1
3 hrs 36.5 38.2 37.5 35.6 38.1 37.3 36.2 37.5 38.2 36.2
6 hrs 36.8 38.3 38.5 35.6 37.9 37.2 37.4 37.9 37.5 37.3
10 hrs 37.5 38.7 38.3 37 38.1 37.6 37.9 37.6 38 38.2
24 hrs 36.5 38.2 37.5 35.6 38.1 37.3 36.2 37.5 38.2 36.2
48 hrs 36 37.6 39 36.9 38 37.8 38.7 37.4 38.5 38.5
72 hrs 36 37.6 39 36.9 38 37.8 38.7 37.4 38.5 38.5
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HCT in MUF treated
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction .228 .354 .25 .313 .348 .297 .357 .193 .276 .235
prime .2 .21 .15 .23 .223 .131 .15 .226 .18 .248
preCPB .21 .32 .23 .275 .3 .25 .325 .18 .265 .21
CPB on .203 .24 .196 .245 .274 .18 .2 .19 .23 .215
prewarm .23 .21 .2 .237 .213 .242 .17 .265 .214 .24
CPB off .258 .220 .2 .25 .277 .262 .22 .176 .254 .24
20 min .436 .329 .35 .37 .404 .382 .393 .337 .41 .428
Ih r .4 .354 .465 .35 .35 .378 .398 .378 .377 .36
3 hrs .38 .39 .43 .32 .352 .417 .36 .289 .468 .399
6 hrs .36 .38 .42 .36 .33 .37 .35 .35 .43 .38
10 hrs .365 .34 .4 .38 .38 .38 .39 .35 .401 .36
24 hrs .37 .375 .38 .33 .38 .4 .385 .34 .390 .37

HCT in controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction .315 .325 .325 .36 .284 .322 .294 .256 .366 .339
prime .22 .19 .172 .249 .24 .258 .2 .246 .22 .21
preCPB .321 .296 .308 .303 .345 .249 .294 .117 .195 .235
CPB on .26 .23 .248 .275 .26 .24 .245 .17 .207 .22
prewarm .24 .23 .276 .25 .26 .23 .245 .2 .22 .21
CPB off .245 .23 .26 .243 .25 .23 .22 .261 .22 .21
20 min .466 .416 .415 .382 .257 .44 .418 .168 .351 .486
Ih r .42 .552 .429 .327 .295 .45 .401 .265 .348 .433
3 hrs .4 .576 .4 .491 .465 .46 .42 .382 .38 .43
6 hrs .36 .402 .39 .456 .453 .48 .44 .39 .4 .45
10 hrs .41 .39 .387 .43 .439 .45 .42 .37 .385 .44
24 hrs .38 .4 .375 .41 .365 .42 .378 .356 .385 .4
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TBWas%
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 77.1 73.8 72.3 89.9 90 81 91.7 82.4 102.1 78.3
pre CPB 76.6 75.1 75.3 90.6 89.3 76.9 87.7 79.3 100 .2 77.8
CPB on 78.4 77.9 74 95.4 90.8 79.5 85.3 78.2 97 76.5
pre Warm 78.7 77.8 71.1 93 89.6 77.3 80.9 83.3 96.9 78.8
CPB off 87.2 80.7 76.9 98.4 92.8 84.7 85.5 92.1 100 .9 82.3
20 min 88.4 70.6 78.1 100 88 87.6 88.3 86.7 102.8 85.7
I h r 90 73.7 80.6 102.5 89.5 87.9 89.4 86.7 103.4 86.5
2 hrs 91.3 75.7 83 106.9 91.1 89.5 91.7 88.1 106.2 88.4
3 hrs 96.9 79.2 103 111.7 92.8 93.6 95.6 100 .3 110.5 95.4
6 hrs 95.4 77.6 96.4 113.8 93.6 93.1 95 98.6 110 95.4
10 hrs 92.1 76.9 85.1 107.8 91.9 91.5 93.3 89.8 107.8 91.3
24 hrs 103.2 68.9 81.7 100 .8 91.1 85.8 9&8 86.4 100 .4 84
48 hrs 91.3 70.1 75.7 91.2 90.8 76 88.6 79.3 100 .8 77.8
72 hrs 79 71 71.9 74 85 72 80 76 96.9 73
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weight in controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 76.8 88.3 90.8 83.1 75.7 102.3 74.8 74.1 96 84.9

pre CPB 76.4 87.5 85.2 81.5 81.1 100.3 75.8 75.6 97.2 82.5

CPB on 77.7 88.9 82.7 85.2 83.4 99.1 75.8 76 97.8 83.2

pre Warm 78.2 87.7 79.4 82 82.4 97.3 76.1 75.9 91.2 84.1
CPB off 82.8 93.5 93.2 94.7 89.6 100 .7 80.1 78.9 99.3 88.4

20 min 89.2 107.8 97.3 98 96.2 114.3 100 .3 92.6 119,7 104.5
I h r 99.9 111.9 101.3 105.1 109.4 118.4 97.8 94.3 122.5 107.8
2 hrs 107.5 116.9 112.9 105.6 112.5 117.6 100 .6 93.4 123.6 107.8
3 hrs 120.9 119.4 119.1 105.6 114.5 121 105 95.5 125.9 108.7
6 hrs 120.6 124.5 120.5 105.9 127.7 125 112.2 101.1 125.4 111
10 hrs 119.9 118.9 112 99.9 127.2 123.6 104.1 100.1 123.6 108.7
24 hrs 103.9 107.8 101.3 92.8 123 115.7 90.3 88 109.5 96.5
48 hrs 84.4 85.5 66.5 79.2 101.3 72.1 88.5 83.8 103.3 76.1
72 hrs 68.8 83 69 74 77 75 76.4 73.3 70 78
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in MUF treated patients
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 267 273 276 273 267 288 267 274 280 276
prime 299 358 275 361 366 361 268 270 296 279

pre CPB 275 280 285 270 278 291 288 282 286 286
CPB on 283 295 296 294 300 305 290 307 287 289
pre warm 291 305 302 296 291 300 296 295 284 291
CPB off 294 304 295 292 295 305 307 295 283 299
20 min 299 305 293 291 290 297 300 290 289 291
I h r 297 299 275 291 290 300 290 291 290 288
3 hrs 287 291 306 283 279 281 291 288 285 290
6 hrs 281 280 312 285 275 280 290 285 283 287
10 hrs 275 299 290 276 270 280 280 280 273 280
24 hrs 278 295 290 276 273 278 283 280 273 279

Serum osmolality (mosmol/kg) in controls
time patient patient patient patient patient patient patient patient patient patient

no. 11 no. 12 no. 13 no. 14 no. 15 no. 16 no. 17 no. 18 no.l9 no. 20
induction 302 277 279 264 270 283 274 278 264 278
prime 390 363 368 363 340 360 345 278 342 284
pre CPB 292 277 295 263 300 310 276 292 270 290
CPB on 312 293 307 290 296 300 299 287 297 295
pre warm 309 298 304 296 299 295 293 288 297 306
CPB off 309 304 302 305 299 296 294 286 295 305
20 min 311 308 300 303 317 298 295 286 298 305
I h r 307 305 294 304 305 301 299 278 296 303
3 hrs 295 300 293 313 292 295 295 277 290 298
6 hrs 280 298 300 305 281 312 290 280 292 287
10 hrs 299 295 286 298 300 300 289 275 280 284
24 hrs 299 285 281 284 279 300 283 275 282 278
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time patient 
no. 1

patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 29 37 31 33 36 36 39 40 32 41

pre CPB 22 30 14 32 28 28 34 31 20 39

prime 13 10 29 16 17 17 7 9 27 11
CPB on 17 18 14 22 19 19 17 21 20 18

pre warm 13 16 27 22 19 19 18 22 16 29

CPB off 14 17 22 20 20 20 15 21 31 31

20 min 23 32 29 29 37 37 20.1 29 25 35
I h r 23 27 36 30 29 29 22 30 27 35
3 hrs 28 27 34 30 32 32 22 31 26 34
6 hrs 30 21 34 34 32 30 25 32 26 34

10 hrs 34 33 35 31 32 31 26 27 28 35
24 hrs 31 35 28 34 39 32 34 29 30 36

in controls
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 33 42 43 35 33 35 36 33 40 33
pre CPB 26 32 33 27 16 18 33 31 39 18
prime 12 14 10 12 13 8 13 9 34 15
CPB on 18 20 20 16 17 22 19 13 32 19
pre warm 19 21 19 17 18 18 16 16 25 20
CPB off 22 19 21 16 21 21 21 17 25 23
20 min 19 23 27 21 18 26 25 28 23 20
I h r 21 31 27 27 20 27 32 29 28 22
3 hrs 23 29 36 32 21 36 26 30 30 23
6 hrs 28 21 32 33 27 37 28 30 31 29
10 hrs 27 33 39 38 35 39 29 28 32 37
24 hrs 32 35 38 34 36 39 31 28 34 36
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Mean blood
time patient 

no. 1
patient 
no. 2

patient 
no. 3

patient 
no. 4

patient 
no. 5

patient 
no. 6

patient 
no. 7

patient 
no. 8

patient
no.9

patient
no.lO

induction 66 44 46 64 91 49 79 57 74 56
pre CPB 40 53 91 59 106 68 90 77 47 63

CPB on 39 79 50 67 95 34 24 22 42 50
pre warm 32 53 39 52 58 46 56 54 53 46
CPB off 70 63 64 72 90 71 56 39 33 56
20 min 75 98 91 126 99 72 84 93 77 82
I h r 82 86 102 97 118 71 89 81 75 94
2 hrs 79 83 77 128 120 82 89 97 80 111
3 hrs 97 80 112 102 124 95 95 99 87 85
6 hrs 91 88 89 115 113 87 95 85 66 83
10 hrs 89 72 106 99 90 100 115 89 74 72
24 hrs 91 88 89 115. 113 97 112 102 124 95

Mean blood
time patient 

no. 11
patient 
no. 12

patient 
no. 13

patient 
no. 14

patient 
no. 15

patient 
no. 16

patient 
no. 17

patient 
no. 18

patient
no.l9

patient 
no. 20

induction 39 34 55 68 69 51 56 57 47 77
pre CPB 46 40 72 69 75 70 72 73 59 53
CPB on 55 77 42 38 47 68 56 82 66 36
pre warm 42 55 40 65 69 69 59 46 59 61
CPB off 44 44 62 124 56 42 53 95 66 60
20 min 61 64 89 80 64 72 66 73 80 91
I h r 88 89 84 108 74 81 105 115 98 77
2 hrs 106 122 89 121 93 76 78 118 86 125
3 hrs 79 96 91 95 101 85 81 126 84 101
6 hrs 85 75 85 89 87 72 97 104 95 102
10 hrs 132 74 104 87 80 75 98 118 93 129
24 hrs 87 85 83 74 79 96 91 95 101 85
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