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ABSTRACT

Ischaemia/reperfusion (l/R) injury has a major influence on the outcome of liver 

transplantation. The cell adhesion molecule ICAM-1 has a central role in the interaction 

between polymorphonuclear neutrophils (PMNs) and sinusoidal endothelial cells (SEC's) 

which is fundamental to the development of l/R injury. This thesis has investigated the effect 

of liver preservation and reperfusion on ICAM-1 expression in both animal experimental 

models and human liver transplantation. Factors which are likely to induce ICAM-1 were 

analysed including endotoxic shock, warm and cold ischaemia and l/R injury using an animal 

model of lobar l/R and an isolated perfused liver circuit.

In the rat model of endotoxaemia ICAM-1 expression was markedly induced. Warm 

ischaemia for periods up to 45minutes or cold ischaemia up to 8 hours did not induce ICAM- 

1 expression on the sinusoidal endothelium but it was markedly induced with longer periods. 

ICAM-1 expression was found to correlate with biochemical evidence of hepatocyte damage 

(ALT& AST levels) and histological changes in the liver. l/R injury had a more marked effect 

on ICAM-1 expression than ischaemia alone. ICAM-1 expression was also induced in the non 

ischaemic liver lobe. The influence of adhesion molecule induction on the liver 

microcirculation was investigated in vivo using laser Doppler flowmetry. Increased SEC's 

ICAM-1 expression was directly associated with impairment of the hepatic microcirculation.

Adhesion molecule induction is associated with activation of 

inflammatory cytokines and the formation of oxygen free radicals. The effect of adding the free 

radical scavenger reduced glutathione (GSH) to the liver perfusate on ICAM-1 expression 

was investigated in an ex vivo perfused circuit. Isolated rat livers were perfused on bench with 

oxygenated buffer in a non-recirculating technique. GSH had no significant effect on the 

histological grading of l/R injury. However, SEC's ICAM-1 expression was significantly reduced 

in GSH perfused livers with cold ischaemia up to 16 hours but not with 24 hours.

The timing and significance of ICAM-1 induction was then investigated in 83 patients 

undergoing orthotopic liver transplantation (OLT). Liver biopsies were assessed for ICAM-1 

and compared with histological evidence of l/R injury, biochemical indicators of early graft 

function and the incidence of acute cellular rejection. ICAM-1 induction following graft 

reperfusion was associated with a higher incidence of acute cellular rejection.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

1.1 Liver transplantation

1.1.1 Experimental Background

The first report of experimental liver transplantation was by Welch in 1955 

(Rolles et al., 1987). An auxiliary liver was accommodated in the lower 

abdomen with the portal vein being supplied with systemic blood from the 

inferior vena cava of the recipient and the hepatic artery anastomosed to an 

iliac artery. Venous drainage was via the inferior vena cava and bile was 

drained via the gall bladder into the duodenum (Rolles at a!, 1987). In 1959 

and 1960 Moore and colleagues of Boston and Starzl and colleagues of 

Chicago published the first report on the technique of one stage total 

hepatectomy and orthotopic liver transplantation (OLT) in the dog (Caine etal,

1987). It was clear that the operation was unlikely to be successful unless a 

technique was developed to prevent the damming up of blood in the 

splanchnic and inferior vena cava drainage areas. Moore was able to 

decompress these two systems by means of external shunts. Starzl 

performed a sutured side-to-side portocaval anastomosis and then shunted 

the two drainage systems through an external shunt from the femoral vein to 

the external jugular vein. (Caine at a!., 1987) . Biliary drainage in the early 

canine experiments was usually by means of a choledocho-duodenostomy, 

the common bile duct having been ligated (Caine at al, 1987).

1.1.2 Liver Transplantation in Human

The first human OLT program performed in Denver between May and July 

1963. Out the four OLT performed, one patient survived for 23 days (Starzl at 

al, 1963). The next seven transplants performed in Denver, Boston and Paris 

were also unsuccessful. In 1964 Absolon and colleagues carried out the first
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heterotopic liver transplant in a child with biliary atresia who died from biliary 

leakage 13 days after transplantation (Abouna et al., 1982). Caine and 

Williams initiated the procedure at Cambridge and King’s College in London 

and Roy Caine performed the first successful OLT in the UK in 1968 (Caine 

etal, 1977).

The first long-term survival after liver transplantation was in 1967. The 

patient, an 18 month old child with a hepatoma, survived for 13 months before 

dying from widespread tumour metastasis (Starzl etal., 1968). The late 1960s 

and 1970s saw very slow progress in this field, with an overall 1 year patient 

survival of only 35% (Starzl et al., 1974). Disasters were recorded using the 

cystic duct for drainage, not only because it is a narrow passage for bile but 

also because the cystic duct in 15% of cases enters the common hepatic duct 

very low down behind the duodenum and has been inadvertently caught in the 

ligature with consequent prevention of drainage (Caine et al., 1987; Collins 

et al., 1982)

Several major advances in the early 1980s -  the introduction of cyclosporine, 

the progress in donor surgery and organ preservation, and the refinement of 

the surgical technique led to improve of the results. As from February 1st 1981 

through May 1982, 32 OLT were performed. The in hospital post-operative 

stay period averaged 57.1 ±7.9 day. In this series 11 recipient died (3 intra- 

operatively and 8 post-operative).

Currently OLT has proven to be clinically useful and often life saving in a 

variety of irreversible acute and chronic liver diseases for which no 

satisfactory medical therapy is available (table 1-1), with more than 4000 

transplants performed annually worldwide (Bismuth etal., 1987).
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Table 1-1. indications for iiver transplantation

I Unresectable primary malignancy of the liver
- hepatocellular carcinoma
- cholangiocarcinoma
- rare nonhepatocellular or bile ductular tumors that arise 
within the hepatic parenchyma
- isolated hepatic metastatic disease

carcinoid
pancreatic islet cell tumor

II Various types of end-stage cirrhosis
- predominantly cholestatic disease

primary biliary cirrhosis 
primary sclerosing cholangitis 
biliary atresia
familial cholestatic syndromes

- predominantly hepatocellular disease
chronic viral-induced liver disease 
chronic drug-induced liver disease 
alcoholic liver disease 
idiopathic autoimmune liver disease

- predominantly vascular disease
Budd- Chiari syndrome 
Veno-occlusive disease

- polycystic disease

III Acute or rapidly progressive liver failure from hepatic necrosis
- viral hepatitis
- drug induced liver disease (Halothane, Gold, Disulfiram, Acetaminophen)
- metabolic liver disease (Wilson’s disease, Reye’s syndrome. Organic 

aciduria)

IV Inborn errors of metabolism
- alpha-1- antitrypsin deficiency
- Wilson’s disease
- Homozygous type II hyperlipoproteinemia
- Crigler-Najjar syndrom type I
- Erythropoietic protoporphyria
- Urea cycle deficiencies
- Glycogen storage disease
- Tyrosinemia
- Hemochromatosis
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1.2 Liver graft preservation

The viability of the organ and its maintenance is very important during any 

transplant procedure and there is usually a period between the stoppage of 

the circulation in the donor and re-vascularisation of the organ again in the 

recipient. During this period the harvested organ may have an irreversible 

harmful series of events rendering it not suitable for transplantation. This non- 

reversible damage which occurs during the ischaemic period depends partly 

on the metabolic requirements and pathways in the specific tissues 

(Jamieson et al., 1991). In the field of kidney transplantation these problems 

have been overcome with live related kidney transplantation in which the 

ischaemic time is kept to a minimum by performing donor and recipient 

operations in adjacent operating theatres.

During the early days of Cambridge and Kings College Hospital’s experiences 

in liver transplantation, they transferred the recipient to the donor’s hospital 

with all the surgical team to keep the ischaemic time to a minimum. This was 

not a practical procedure (Wall etal., 1977). The need for organ preservation 

was increased to make transplantation procedures semi-elective as seen now 

in living related kidney transplantation. This semi-elective transplantation 

yields substantial benefits. An unnecessary recipient laparotomy may be 

prevented if the donor organ appears unsuitable for transplantation, or if the 

laparotomy findings indicate that the recipient is unsuitable for transplantation. 

Proper organ preservation gives time for another patient to be prepared for 

transplantation. Preservation will also allow for preparation time and well 

rested support in anaesthesia, nursing operating room, blood bank and 

Intensive Care Unit.

In 1960 Starzl et al developed the earliest device to protect the donor liver 

from ischaemia and this was based on hypothermia. Whole body cooling of 

the donor was achieved by immersing in an ice bath and the body 

temperature reduced to 25°C - 30°C. The liver was then perfused with cold 

Ringer’s lactate solution. In this way the hepatic core temperature fell to 

approximately 10°C - 20°C. Some of these livers sustained life up to 20 days in the 

dog using homograft with maximum cold ischaemic times of two hours. Longer ischaemic
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time in Starzl's studies resulted in acute liver failure. The liver became tense 

and dark in colour, with histologic evidence of intense congestion. Death 

followed few hours post- operatively due to haemorrhagic gastroenteritis as a 

result of haemorrhage from small capsular tears in the distended liver, or from 

acute hepatic failure due to outflow block. In the case of outflow block the 

transplanted liver was unable to transmit the required venous flow due to 

sequestration of the blood inside the liver. Histologic sections of the liver 

revealed acute congestion and early disruption of hepatic parenchymal 

architectural. The outflow block was likely to be caused by spasm of the small 

intra-parenchymal hepatic veins as these vessels have extra ordinarily well 

developed muscular coats in the dog.

Starzl’s technique of infusion with an electrolyte solution was the first effective 

method in liver preservation. He perfused the liver in situ through the portal 

vein. One liter of cooled (5 -10°C) ringer's lactate was used for gravity 

perfusion. As soon as perfusion was begun, the animal was bled to death 

through a catheter inserted into the aorta. During the perfusion the interior of 

the liver cooled to 10 -20°C.

In 1961 Kestens and McDermott reported a technique for isolated canine liver 

perfusion in which both the portal vein and hepatic artery were ex vivo 

perfused with blood and that physiological conditions of pressure and oxygen 

saturation. When they tried to re-implant the liver to the hepatectomised 

animal, they required an additional shunt from the splenic vein to the left 

jugular vein as well as from the infra-hepatic vena cava to the right jugular 

vein to prevent splanchenic pooling. This added to the complexities of the 

apparatus and presented additional metabolic and coagulation problems in 

the donor animals. Few years later Brettschneider and co-workers 

(Brettschneider et ai., 1968) described a combined preservation technique for 

extended storage of orthotopic liver homograft. They used total body cooling 

of the donor animal to 30°C in an ice bath. During donor hepatectomy the 

liver was further cooled by an intra-portal infusion with a balanced electrolyte 

solution, which has been buffered to pH 7.45 and chilled to 2°C. These 

homografts could be effectively preserved for 8 hours, they were put into cold 

(4°C) hyperbaric oxygen chamber and continuously perfused with diluted
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blood through the portal vein and hepatic artery. They succeeded to extend 

the liver preservation period to 8 hours. However the technique was too 

complex to apply clinically.

In the history of organ preservation experiences in kidney and liver 

preservation frequently supplemented one another. Caine (Caine et al .,1963) 

reported preservation of canine kidneys for periods up to 12 hours using 

surface cooling with ice. Caine concluded the report on renal preservation by 

ice cooling as follows "the cooling and rewarming period can be reduced by 

perfusion techniques, which may be especially pertinent to the clinical 

application of cadaveric transplants since there is an inevitable delay in 

removing the kidney after death and the relative large mass of the human 

kidney takes longer to cool by surface methods".

Colin and co-workers (Caine ef a/.,1969) explored the combination of surface 

cooling with hypothermic perfusion with a variety of solutions. They found that 

simple surface cooling of the canine kidney provided good storage for up to 

16 hours. With extended storage times to 24 hours they noticed irreversible 

damage to the kidney tissue. So, they combined the surface cooling with cold 

solutions (0 - 4°C) perfused through the renal artery. The perfusate was an 

attempt to simulate the electrolyte constitution of the intracellular fluid and 

was modified through a series of steps (Table 1-2).

This technique extended the storage time up to 30 hours by using the 

perfusate C4. The performance of the stored kidney was assessed by its 

capacity to maintain normal blood urea and creatinine level in the 

transplanted animal.

Table 1-2. Balanced electrolytic fluid (solutions Cl - 04) used to perfuse canine 
kidneys (pH 7.00 , temperature 25°C). X, the component is included in the solution.

components g. per litre C l C2 C3 C4

KH2PO4 2.05 X X X X
K2HPO4.3 H2O 9.7 X X X X
KCL 1.12 X X X X
NaHCOa 0.84 X X X X
Procaine HCL 0.10 X X
Heparine(5000 u/1) X X X X
Phenoxybenzamine 0.025 X
Glucose 25.0 X X X
MGSO4.7 H2O 7.38 X X X
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The Cambridge group continued to use capsular hypothermia with perfusions 

of modified plasma protein solution. Clinically the limitation of up to 4 hours of 

hypothermic storage in many cases resulted in transplantation operations 

outside their own institutions with transferal of medical and nursing personnel 

and the recipient to the hospital where the donor had died. This caused many 

logistic problems and it was felt if the advantages of the lower temperature 

used in simple storage could be combined with a continuous perfusion a 

useful system of organ preservation might be developed. Caine and 

colleagues (Caine et a/.,1972) introduced a new technique of continuous 

perfusion, the perfusate was administered intermittently at higher pressures 

as a squirt of a bolus of perfusate. In their experiments they perfused the 

donor portal vein with 500ml - 1500ml of chilled electrolyte solution containing 

1000 units of Heparin. Hartmann’s solution was used in most of the 

experiments. In two experiments the initial cooling was with Collin’s solution. 

The hepatic artery was perfused with 100ml of chilled solution. The perfusate 

consisted of plasma protein fraction. The interval between each bolus was 

five minutes. The bolus consisted of 20ml, which was introduced in 15 

seconds. The pressure recorded was between 40 and 60 mmHg. This 

technique allowed preservation of porcine liver for up to 17hr. However, the 

disadvantage of this technique was that it needed a continuous supply of 

perfusate fluid and 4 litres of perfusate was required to perfuse the liver for 17hr. 

Clarins (Clarins etal., 1973) reported successful 24hr preservation of canine 

livers using pulsatile hypothermic perfusion with membrane oxygenation and 

continuous monitoring and titration of pH to physiological levels. In all 

experiments all livers were flushed through the portal vein with 3 liters of cold 

solution consisting of lactate Ringer’s solution.

In the same year 1973 Sung ef a/reported 48 hour preservation of the canine 

liver using a similar technique used by Clarins. However, the perfusion circuit 

used by Sung allowed the hepatic artery to receive a pulsatile flow and the 

portal vein received a continuous flow. The temperature of the perfusate was 

maintained between 5°C and 7°C over the 48hr period of perfusion.

A comparison of the organ preservation methods is difficult as there are 

differences between the nature of the organ preserved, the preservation
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solutions, the chemical composition of the perfusate and whether the storage 

technique used continuous or intermittent perfusion. All this led to variations 

in the results. Added to that, continuous perfusion techniques have the 

disadvantages of being expensive, technically complex, bulky and not easily 

portable.

Wall and associates (Wall et al., 1977) reported successful preservation of 

human liver allograft by using a simple hypothermic preservation. Gravity 

infusion of heparinised chilled Hartmann's solution was used for initial rapid 

cooling of the liver. The flushing solution was then changed to ice cold plasma 

protein fraction (PPF). The liver was stored in a plastic bag containing 

physiological saline at 4°C. They used this technique in 12 livers, 5 out of 12 

were preserved for approximately 4hr before transplantation. Then Benishou 

and colleagues (Benishou at a!.,  ̂977) reported successful preservation of a 

canine liver for 9 and 18hr using 3 different solutions (lactate Ringer’s, plasma 

solution and Collin’s solution). The results of preservation for 9hr of all 3 

solutions were the same, as there were no differences in the criteria of post

operative behavior and mortality. At 18hr both the plasma solution and Collin’s 

solution gave better results than lactate Ringer’s. In the same reports they 

used Collin’s solution for preservation of 7 human allografts and they reported 

acceptable liver function in 6 allografts after lOhr of preservation using this 

technique. Subsequently most centres started to use Collin’s solution or its 

more recent derivative Euro Collins for human liver preservation and 

continued to do so until 1988. In that year Belzer and Southard (Belzer & 

Southard 1988) at the University of Wisconsin succeeded in producing a 

remarkably effective solution for liver preservation, the so called University of 

Wisconsin solution (UW). This cold storage solution has provided for the first 

time consistent 72hr preservation of the pancreas (Wahlberg etal., 1987) and 

30hr or longer preservation of the liver (Jamieson etal., 1988).
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1.3 University of Wisconsin (UW) Solution:

One of the most important advances in liver transplantation in recent years 

has been the development of newer preservation solutions which have 

extended the safe storage times. Belzer and Southard (Belzer & Southard.,

1988) at the University of Wisconsin, succeeded in producing a remarkably 

effective solution for liver preservation the so called UW solution. It was 

conceived on the basis of a thorough understanding of organ damage and 

protection mechanisms. This knowledge was gathered by extensive analysis 

of the basic principles of anaerobic hypothermic ischaemia and organ specific 

metabolism.

The rational for the special composition of UW is as follows:

1- Minimization of cell swelling by two impermeants with large relative 

molecular masses, lactobionate and raffinose.

2- Prevention of extracellular space expansion by using the non toxic 

colloid, hydroxyethyl starch.

3- Prevention of intracellular acidosis by omitting glucose.

4- Prevention of injury from oxygen free radicals by allopurinol and glutathione.

5- Facilitation of ATP resynthesis by the precursor adenosine.

Table 1 -3 showed composition of and rationale for ingredients of UW solution 

The UW solution is based on lactobionate and raffinose as impermeants to 

suppress hypothermic induced tissue swelling, replacing glucose and 

mannitol in Collins solution and hypertonic citrate respectively. The latter 

sugars are effective as impermeants in the kidney, but the liver shows free 

permeability to these small carbohydrates rendering them unsuitable as 

impermeants. The major effect of UW solution seems to be minimizing 

hepatocyte swelling rather than direct protection of sinusoidal cells (Belzer & 

Southard., 1988).

The superiority of UW solution has been demonstrated in experimental 

conditions. In vivo, it successfully preserved six out of eight dog livers for 48hr, 

and six out of 11 transplanted dogs survived for as long as 6-9 days (Moen et 

a!., 1989). In a clinical study (Cooper etal., 1998) comparing the use of Euro-
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Table 1-3. Composition of University of Wisconsin (UW) solution. This solution is brought to 
ph 7.4 at room temperature with NaOH. The final concentration are Na: 30±5 mmol, K+ : 
120±5 mmol, mOsm/ liter:320±5.

Substance Amount in one litre Rational

K^- Lactobionate 100 mmol Barrier

KH2PO4 25 mmol Buffer

MgS04 5 mmol Membrane stabilization

Raffmose 30 mmol Oncotic support

Adenosine 5 mmol ATP precursor

Glutathione 3 mmol Scavenger

Allopurinol ImM Xanthin Oxide inhibitor

Hydroxyethyl starch 50 g Colloid

Insulin 100 U

Penicillin 40 U
Dexamethasone 8 mg

Collins (EC) solution versus UW solution. The median duration of 

preservation for the grafts in the EC group was 6.3hr (range 3.6-11.7hr), 

compared with the duration of 10.2hr (range 5.3 - 16.4hr) in the UW group. 

The prolonged liver preservation (up to 16hr) with UW solution had no 

adverse effect on peri-operative blood loss or results of post-operative serum 

biochemistry studies. After use of UW solution, biliary and vascular 

complications as well as evidence of histologic damage were less compared 

to EC solution.

Jamieson and Colleagues (Jamieson et al.,1998) confirmed in a clinical report 

of 179 human liver transplants using UW solution or a simplified liver 

preservation solution, that the preservation time of livers for transplantation 

can be safely prolonged using UW solution to allow the operation to be 

performed as a "semi-elective" procedure under optimal conditions.
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1.4 The clinical problem

1.4.1 Preservation injury (ischaemic injury)

Preservation is the first phase of transplantation and the quality of it affects 

the outcome (Manner et al., 1990; Howard et al., 1998). The degree of 

damage due to ischaemia depends on the duration of the ischaemia, 

preservation temperature and the tissue sensitivity, which varies between 

organs and species. The relationship between reduced temperature and 

decreased rates of many biological reactions became evident in studies of 

isolated tissues. The finding that deliberate hypothermia could ameliorate 

ischaemic damage was an important advance in transplantation surgery 

(Caine and Williams., 1968). However, the pathological changes resulting 

from ischaemia could only be delayed and not prevented by hypothermia and 

might introduce new damaging factors, such as molecular reorganisation of 

cell membranes or cytoskeletal elements (Stansby et al., 1993; Churchill et 

al,. 1995). For normothermic animals they showed a 1.5 - 2.0 fold decrease 

in enzymatic activity for every 10°C decrease in temperature. Most organs 

can tolerate warm ischaemia ranging between 30 to 60 minutes without 

complete loss of viability and function. Therefore cooling an organ from 37°C 

degrees to 0°C would extend the preservation time to 12 -1 3  hours (Belzer & 

Southard., 1988).

Pathophysiology of Hypothermia

Suppressed sodium pump activity during the anaerobic hypothermic period 

leads to a decrease in the membrane potential of the plasma membrane. 

Sodium and chloride will enter the cell down a concentration gradient, and the 

cell swells because it accumulates water (Belzer and Southard., 1988).

The mitochondrial coupling of oxidation and phosphorilation is a very 

important process for ATP synthesis. Kim (Kim etal., 1991 ) conducted a study 

to demonstrate the effect of hypothermic preservation of rat livers (up to 96hr) 

and mitochondrial function. After only 20hr of preservation, there was a loss 

of mitochondrial function that increased up to 96hr. Mitochondrial dysfunction 

in cold stored liver may be due to free fatty acid accumulation during cold 

ischaemic storage of the livers, which will disrupt normal membrane linked
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functions. However, the origin of the free fatty acids could not identified. 

Cooling of the liver graft may results in rapid reductions in ATP because 

residual energy requirements exceed the capacity of the cell to generate ATP 

by anaerobic glycolysis (Kemiike ef a/., 1988).

During ischaemia and anoxia, glyconeogenesis and anaerobic glycolysis are 

stimulated causing increased production of lactate and hydrogen ions. This 

will lead to a decrease in the intracellular pH (Boudjema et al., 1990). This 

may explain why the GSH in UW solution is unstable and rapidly oxidised in 

the plastic storgae bags (Boudgema e t a l 1990)

In an experimental animal study on rabbit livers Boudgjema and co-workers 

(Boudjema et al., 1990) showed that hepatic preservation injury is more severe in 

rabbits following depletion of hepatic glycogen stores by fasting. This finding was 

confirmed by Anundi (Anundi et al., 1987) who reported that in livers from fed rats, 

damage as assessed by trypan blue uptake, enzyme release and ultrastructural 

alterations was not observed, possibly due to the high capacity for ATP production 

from endogenous glycogen. It was found that the cold preservation time affected the 

ATP content of rabbit livers. The ATP levels decreased from 1640 to 270 nMol/g 

tissues after 6hr in fed animals and 90 nmol/g tissues after 24hr of cold storage. In 

fasted animals it decreased to 66 and 33 nmol/g tissue after 6 and 24hr preservation 

respectively (Boudgjema et al., 1990). Sorrentino and co-workers (Sorrentino etal., 

1991) showed that extended hypothermic preservation up to 48hr has no major effect 

on the hepatocytes (parenchymal cells) and that they can regenerate their ATP 

content on rewarming after preservation in UW solution. This data suggested that 

cold ischaemia may damage non-parenchymal rather than parenchymal cells. Fratte 

and colleagues (Fratte et al., 1991) studied the effects of hypothermic preservation 

on the sinusoidal endothelial cells of rat livers and showed that cold preservation 

causes SECs to become rounded and eventually to slough into the sinusoidal lumen. 

Most SECs remain alive for long periods after detachment, as assessed by trypan 

blue staining (Holloway et al., 1990). At the beginning of cold ischaemia the highly 

specialised SECs lie adjacent to the hepatocyte microvilli, the long fenestrated cell 

processes forming the sinusoidal lining. Soon after initiation of cold storage the 

fenestrations enlarge and the large cell processes appear mesh-like. After a 

longer period (lOhr) the mesh collapses into thick cords which tether the
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detached cell bodies. Eventually the sinusoidal cells become almost 

completely detached and hepatocyte microvilli are exposed to the sinusoidal 

lumen. The cells are still alive at this time, but if preservation is continued, cell 

death will be detectable on reperfusion. In a study reported by Pober and 

Cotran (Pober & Cotran., 1998) they showed that during the inflammatory 

processes, endothelial cells contract and undergo cytoskeletal and junctional 

changes that ultimately lead to cell injury, lysis and denudation. The process 

of endothelial cell retraction leads to extravasation of fluid and plasma 

proteins through the vessel wall and subsequently contributes to blood stasis. 

Manner (Manner et al., 1990) assessed preservation injuries in orthotopic 

liver transplants in a pig model. After 9hr of preservation of the liver at 4°C, 

the microcirculation was reduced by 15% 30 minutes after transplantation and 

when the cold preservation time was extended to 18 hr, the microcirculation 

was reduced by 50%. The longer preservation period was associated with 

poor survival post-transplant. Manner also demonstrated that AST levels 

correlate with the preservation period, levels being significantly higher for 

18hr compared to 9hr preservation. In a clinical study conducted by Howard 

and associates (Howard et a!., 1998) 215 liver grafts were graded by AST 

levels. Those producing an initial AST of 2000 u/l or greater when they arrived 

in the Intensive Care Unit, were considered as having severe preservation 

injuries and those with an AST level of between 600 - 2000 u/l as having a 

moderate preservation injury. Patients with an initial AST of 600 u/l or less as 

having minimal preservation injury. They analysed the outcome of these 

patients and showed that the incidence of graft cellular rejection was much 

higher in patients who have severe graft preservation injury, 71% compared 

to 33% in the group with minimal preservation injuries. Grafts which sustained 

severe preservation injury also required significantly longer to return the 

bilirubin to less than 2.0 mg/dl. Patients with severe preservation injuries 

stayed in the Intensive Care Unit longer than patients with minimal 

preservation injuries. When comparing the clinical outcome at 6 months, it 

was found that survival of patients in the severe preservation injury group 

was worse than in the minimal preservation injury group. In a study of 151 

liver grafts by Katz and Colleagues (Katz et a/.,1993) graft survival at 3 

months was significantly lower in the group with severe preservation injury.
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However, in this study the investigators failed to demonstrate a relationship 

between the incidence and severity of early rejection and the degree of 

preservation injury. They suggested that there could be other factors other 

than cold ischaemic time, which could predominate in the pathophysiology of 

preservation injury

Effect of hypothermia on hepatocytes and sinusoidal cells

Fratte and co-workers (Fratte et al., 1991) conducted an experimental study 

to compare hypothermic changes in hepatocytes and sinusoidal cells. In this 

study rat livers were harvested after combined arterial and portal perfusion 

with cold storage solution. They were then preserved for 0 (controls), 2, 4, 6, 

10, 16, 24 and 48hr in the same solution at 4°C before being perfusion-fixed 

and processed for light and electron microscopy (EM). In the control group the 

sinusoidal cells were intact without any alteration and the sinusoidal 

endothelial cells forming the sinusoidal wall had numerous fenestrations. The 

thin endothelial processes came into close contact with hepatocyte microvilli 

through the space of Diss. They reported that the first preservation damage 

occured in endothelial cells. After 2hr of storage in UW solution, there was 

enlargement of fenestrations in sinusoidal endothelial cells with the microvilli 

swelling at their tips. With regards to hepatocytes, the glycogen content 

remained abundant. After 4 to 6hr of preservation the enlargement of the 

fenestration was more pronounced and the gaps were more numerous. Then 

after 10 to 16hr, the sinusoidal endothelial cells became string like. After 24 

hr of preservation in UW solution, the sinusoidal wall was composed of highly 

swollen cytoplasmic portions of sinusoidal endothelial cells. After 48hr, there 

was a slight disjunction of rough endoplasmic reticulum which was apparent 

in the hepatocyte, but glycogen was still present. Cellular cohesion between 

parenchymal cells was never compromised, bile canaliculi kept their normal 

appearance and neither Kupffer cells nor perisinusoidal cells were 

significantly modified by 48hr storage. Their findings suggested that 

endothelial cells were highly susceptible to preservation damage, whereas 

perisinusoidal cells and Kupffer cells are well preserved even at 48hr. There 

were no structural changes related to macrophage activation during storage
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suggesting that these changes occur only during reperfusion.

Adam (Adam etal., 1992) studied the effect of extended cold ischaemia using 

UW solution and graft function after analysing the data of 306 consecutive 

elective human liver transplantations. Grafts were divided into 2 groups 

according to cold ischaemic times, less than, or more than, 12hr. He found a 

direct correlation between the longer cold ischaemic time and elevated liver 

function tests, increased primary non-function, greater frequency of 

histological lesions, and decreased prothrombin time and bile output. Long

term graft survival was also poorer in the group which had extended cold 

ischaemic time and he drew a conclusion from this analysis that there should 

be a limit of cold ischaemic time, as increasing this time could be a great risk 

factor and might affect the post-operative outcome of the liver grafts.

Lukewarm ischaemia

This kind of ischaemia occurs between the time that the liver graft is removed 

from the cold storage box to start implantation and revascularisation. During 

this period the temperature is higher than 4°C, substantial organ damage may 

occur during this rewarming period because temperature increases, enzyme 

systems become more active and metabolic activity increases putting stress 

on energy availability in the cells (Cywes etal., 1991).

1.4.2 Reperfusion injury

Reperfusion is a prerequisite for recovery from ischaemic injury and has 2 

beneficial consequences for ischaemic tissue; restoring the energy supply 

and removing the toxic metabolites. However, these toxic metabolites return 

to the systemic circulation and may produce serious metabolic effects beyond 

local tissue injury (Nagano etal., 1990).

Pathophsyology of the reperfusion injury

The pathophysiology of reperfusion injury is complex and involves free radical 

mediated lipid peroxidation, arachidonic acid metabolites, complement, 

cytokines and tissue accumulation of neutrophils (Blanot et al., 1993). Of 

these factors, it is the sequestration of neutrophils into the tissues that is
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central to reperfusion induced tissue damage (Brigitte etal., 1998).

The fact that reperfusion of ischaemic tissue can increase tphysiological injury 

was shown by Parks and Granger in a feline model of intestinal ischaemia. 

They reported that three hours of ischaemia followed by an hour of 

reperfusion resulted in a greater tissue damage than four hours of ischaemia 

alone (Parks & Granger., 1986). Attempts at reperfusion may not always be 

successful because of progressive microcirculatory obstruction. This is called 

the "no-reflow phenomenon", the exact cause of this phenomenon is not fully 

understood. Microscopy has shown sludging of large numbers of red cells in 

the microcirculation, cellular oedema may also lead to capillary plugging 

during reperfusion and contributing to the no-flow phenomenon (Brown et a!., 

1997; Komatsu etal., 1992).

Three types of reperfusion injury have been postulated (Parks & Granger., 

1988; Marra ef a / 1997).

First, reperfusion injury may arise from inside the parenchymal cell, caused 

by either free radical production or calcium entry. In heart muscle, cell death 

during reperfusion is known to involve a rapid influx of calcium into cells but 

the mechanism for this influx is not known (Pretto et al., 1991; Cho et al.,

1990).

Second, reperfusion injury may be caused by endothelial cell swelling, 

interstitial oedema or neutrophil plugging, any of which could limit reflow of 

blood to the ischaemic area and this phenomenon has been investigated in 

great detail (Ishine etal., 1997; Goode etal., 1994).

Third, reperfusion injury may be caused by the infiltration of activated 

neutrophils which initiate an inflammatory response and further tissue 

destruction (Jaeschke, etal., 1990; Jaeschke., 1994; Kim etal., 1994).

Ischaemia-reperfusion injury is a complex phenomenon often encountered in 

surgical practice. There is now abundant evidence to suggest that cell 

damage following ischaemia is biphasic, with injury being initiated during 

ischaemia and exacerbated during reperfusion. Ischaemic injury has been 

well characterised the cell is deprived of the energy needed to maintain ionic 

gradients and homeostasis, and failure of enzyme systems leads to cell
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death. Thus reperfusion injury is believed to be largely mediated by the 

interaction of free radicals, endothelial cells and neutrophils (Jaeschke., 1993; 

Kim etal. 1994).

1.5 Role of Kupffer cells in organ preservation and Ischaemia/ 
reperfusion injury (l/R)

Hepatic sinusoids are lined with Kupffer cells representing 10-15 % of all liver 

cells (Reinders etal., 1997). Kupffer cells are anchored on the luminal side of 

endothelial cells, with processes occasionally reaching within the space of 

Diss. A plethora of functions is attributed to Kupffer cells depending on 

whether they are quiescent or activated and on the way they are primed 

(Reinders et al., 1997). Their main functions are phagocytosis (e.g. of 

bacteria, endotoxin, viruses, immune complexes, collagen), initiation of a 

nonspecific immune response, antigen presentation and release of various 

cytotoxic products such as cytokines (TNF, interleukins), nitric oxide, 

leukotrienes and proteases (Wardle etal., 1987).

Kupffer cells play a central role in intercellular communication within the liver 

by virtue of:

a) Their ability to capture various signals from the blood stream including 

bacterial products such as lipopolysaccharides (Decker et a/.,1990).

b) Their capacity to respond to such signals by secreting an array of mediators, 

including arachidonic acid metabolites and peptides (Decker etal., 1990).

c) The capacity of these mediators to elicit a biochemical or physiological 

response of the cells in the liver (Altin et al., 1988).

Pathophysiology

Kupffer cells become activated during cold storage and subsequent 

reperfusion.Aril (Arii et al., 1994) reported that cold preservation of the liver 

with Euro-Collins solution induced the activation of Kupffer cells, leading to 

increased levels of TNFproduction. In cold preservation TNF mRNA was 

induced only slightly.

In contrast mRNA was expressed strongly after reperfusion. This evidence
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indicates that Kupffer cells are primed by cold preservation then activated at 

the time of reperfusion. Reinders and colleagues (Reinders et a/.,1997) 

examined biopsies of livers after 8 and 24hr of storage and subsequently after 

90 minutes of reperfusion in the presence of carbon particles. After Bhr and 

24hr of cold storage Kupffer cells appeared intact with minor projections of the 

surface membranes and some lysosomes. After Bhr cold storage and 90min 

reperfusion Kupffer cells predominantly present in periportal areas appeared 

activated as evidenced by the large number of vacuoles, enlarged cytoplasm 

and protrusions of the plasma membrane. After reperfusion following 24hr of 

storage, some Kupffer cells were in poor condition, marked by a loss of cell 

integrity and release of vacuoles and granules (Figure 1-1). Other Kupffer 

cells were found to be completely disintegrated. When carbon particles were 

added to the perfusate phagocytosis by Kupffer cells could be demonstrated 

during reperfusion both in livers stored for Bhr and 24hr with subsequent 

reperfusion for 90 minutes.

The production of cytokines (mainly TNF) by activated Kupffer cells has been 

shown to be responsible for damage to hepatocytes and SECs (Arii et a i, 

1994) possibly by initiating an inflammatory reaction and attracting 

polymorphonuclear leukocytes (Lindell et al., 1994; Jaeschke et al., 1994).

Hepatocyte

SEC 

Kupffer cells
Storage

I—
Reperfusion

Figure 1-1. Effect of storage and reperfiision on hepatocytes, sinusoidal 
endothelial cells (SECs) and Kupffer cells. During cold storage 
hepatocytes swell. Kupffer cells and SECs show some retraction of 
cytoplasmic processes. After reperfiision hepatocytes reabsorb or shed 
their blebs. Kupffer cells ruffle and degranulate and SECs losse viability.
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Kupffer cells also produce oxygen-derived free radicals, initiating lipid 

peroxidation, which might play an important role in liver tissue damage during 

the post-ischaemic reperfusion processes (Arii, e ta l., 1994; Jaeschke at al 

1994).

In summary, Kupffer cells are activated, neutrophils are attracted, activated 

and fixed to the injured endothelium, migrating into the tissue and becoming 

a source of further cytotoxic mediators, phospholipases, peroxidases, 

proteases and free radicals.

1.6 Leukocytes and Ischaemia/Reperfusion injury

The initial studies on the diapedesis of leukocytes through capillary walls and 

into a site of inflammation have done much to explain later observations on 

the dramatic changes in cell trafficking that have occurred in response to the 

presence of an allograft and the mechanisms responsible (Heemann at al., 

1994). The passages of neutrophils across the endothelial barrier into the 

tissue involve the migration of the neutrophil through intercellular junctions 

(Jaeschke, atal., 1993). Infiltration of granulocytes is a well known feature in 

post ischaemic tissue, and it is been considered to be a consequence of 

ischaemia. Recently, a role of leukocytes in the pathogenesis of reperfusion- 

induced injury has been demonstrated (Jaeschke & Farhood 1991 ; Lemasters 

& Thurman 1991; Jaeschke at al., 1990). Migration through the endothelium 

represents an essential step in the trafficking of inflammatory cells from blood 

into the hepatic parenchyma. The primary interaction between leukocytes and 

the stimulated endothelial cell occurs through the binding of the adhesive 

integrin complex of the leukocyte.

Pathophysiology

Under normal conditions contact between leukocytes and vascular 

endothelial cells is random if both cell types are inactive and at rest. During 

their progression through the circulation the leukocytes touch vessel walls 

randomly depending on flow characteristics. Physiologic alterations, such as 

ischaemia, inflammation, or the presence of an allogenic organ or tissue, can 

initiate a cascade of events that may lead to and intensify interactions
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between circulating host cells and graft endothelium, with subsequent 

diapedesis into the involved organ (Heemann et al., 1994).

Mechanism of leukocytes migration

The cell traffic and positioning within a given tissue, such as an allograft has 

been shown to be regulated through finely adjusted gradients of 

chemoattractant released non-specifically after homeostatic alterations, 

tissue injury, or other stimuli. Circulating leukocytes contact an antigen on 

graft vascular endothelium or enter a site of inflammation, then re-circulate to 

host lymph nodes to disseminate their information widely to other, as yet 

uncommitted cells. Such cell movement entails a complex series of events, 

many involving activation of adhesion molecules (Heemann at a!., 1994).

The process by which leukocytes are recruited from the vascular lumen to

Rolling Activation and adhesion Transmigration

fo -in tegrin
( inactive)

LFA -1

cytokine
receptor

iC A M -3
P S G L -1L-selectin

•  I p2-integrin X \  y f c \V L A - 4

^  ^  ^  Pro teog iycan  (ac tivated) 8ICAM-1/2 ivC AM -1P -se iectint-s e le c tin
P E C A M -1

Extraceiiular

cytokines
M atnx

Figure 1-2. A scheme representing mechanism of leukocytes 
migration at an inflammatory site.

inflamed tissue requires a cascade of at least three sequential adhesion 

molecular events (Butcher., 1991). Figure 1-2

The first step

The so-called rolling of the circulating leukocytes along the surface of the 

endothelial cells in the postcapillary venule, it appears to be mediated by the 

selectin family. The effect is a selective reduction of the flow of leukocytes
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within the circulation, leading to increased secondary interaction of low-affinity 

adhesion receptors such as integrins (Heemann etal., 1994).

The second step

Referred to as activation, the leukocyte remains firmly attached to the 

endothelial cell surface, this strong adhesive interaction is also called 

adherence. These events may be mediated by cytokines such as tumour 

necrotic factor (TNF), interleukin-1 (IL-1) or interleukin-8 (IL-8) (Huber at a!.,

1991), and may also be mediated by inflammatory mediators such as 

leukotriene B4 or platelet activating factor (Paez-Rollys at a!., 1995). The 

presumed function of this phenomenon is to establish a physically close 

relationship between endothelium and leukocyte, thereby forcing the latter to 

remain in areas of higher cytokine concentrations and, at the same time, up- 

regulate other surface adhesion molecules. Both the presence of cytokines 

and the binding to selectins result in a conformational shift of integrin 

receptors on leukocytes from low to high avidity. The up-regulated B integrin 

receptors (particularly LFA-1) then adhere secondarily to other molecules 

appearing on endothelial cells, such as intercellular adhesion molecule-1 

which is a cell surface molecule accounting for 50% of leukocyte surface 

glycoproteins. This leads to permanent binding of the host cells to graft 

vasculature, activating the leukocytes further and initiating changing patterns 

of cell migration (Heemann atal., 1994).

The third step

The leukocyte is anchored on the endothelial cells and into the extracellular 

matrix, this step is called migration. The manifestation of the inflammatory 

reaction in different tissues is, most likely, dependant on organ and tissue- 

specific factors in the expression of adhesion molecules as well as the local 

cytokine effect. Adhesion molecule expression is directly involved in the 

localisation and migration of leukocytes from the circulation and into the 

tissues at the site of inflammation (Heemann atal., 1994).
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1.7 Free Oxygen Radicals (FOR)

Biochemical mechanisms

Evidence has accumulated that réintroduction of oxygen to anoxic tissue, 

though necessary to restore long term viability of the organ, is implicated in 

the pathophysiology of reperfusion damage by the generation of toxic free 

oxygen radicals (Granger etal., 1986).

free oxygen radicals are the only mediators that seem to be definitely 

implicated in the ischaemia/reperfusion injury (Goode et a!., 1994). The 

injurious effect of the free radicals after reperfusion of ischaemic livers has 

been highlighted in numerous reports (Koo etal., 1992; Maley etal., 1989).

Partial reduction of oxygen generates various free oxygen radicals. Their 

cellular origin during ischaemia/reperfusion is heterogenious multiple 

(hepatocytes, SECs, Kupffer cells and PMNs) (Jaeschke., 1993).

Production of free oxygen radicals has been shown to result from the 

combined effects of ischaemia and reperfusion (McCord et al., 1985). An 

ischaemic insult is characterised by a lack of oxygen and conversion of 

cellular metabolism to anaerobic pathways. Oxygen debt and energy 

depletion lead to biochemical alterations which include degradation of high 

energy metabolites, dysfunction of membrane transport systems and atypical 

build-up of intracellular metabolites (Weiss et al., 1986). During ischaemia, 

adenine nucleotides are rapidly broken down with accumulation of 

hypoxanthine and enzyme conversion from xanthine dehydrogenase to 

xanthine oxidase (Weiss et al., 1986). On reperfusion, this transfers an 

electron to oxygen and thereby generates a superoxide anion (0^‘) as a by

product of oxidation. The superoxide can then secondarily generate a highly 

toxic hydroxyl radical (Weiss etal., 1986).

A correlation between intracellular purine catabolism and length of cold 

ischaemia has been demonstrated in the liver (Nishida et al., 1987; Harvey 

etal., 1988). This may result in increased substrate for free oxygen radicals 

at the time of reperfusion, i.e., rewarming and reoxygenation.

There are other sources of free oxygen radicals, the nicotinamide adenine 

dinucleotide phosphate dehydrogenase dependent oxidase system on the
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membrane surface of neutrophils is a highly efficient sources of Ô " generation 

(Del Maestro., 1980). This system is also present in cells of 

monocyte/macrophage lineage, including Kupffer cells (Jaeschke., 1993). 

The oxidase is normally dormant but when activated, for example by bacteria 

or cytokines, it catalyses the rapid reduction of oxygen to H2O2 and O '̂ (Del 

Maestro., 1980 ).

free oxygen radicals do not act in specific ways but can attack most 

biochemical components of the cell. These highly unstable free radicals 

generally react with the first structure they encounter (the lipid component of 

the cell membrane) (Weiss et al., 1986). A single hydroxyl radical and 

molecular oxygen can combine with a polyunsaturated fatty acid to generate 

multiple fatty acid peroxy radicals which subsequently react with other lipids, 

proteins and nucleic acids, thereby propagating an electron transfer cascade 

to result in oxidation of these substrates (Duke et a!., 1978). Cell injury 

produced by lipid peroxidation can range from increased permeability to cell 

lysis. Proteins, both structural and enzymatic are also susceptible to free 

radical mediated dénaturation (Weiss etal., 1986).

The oxidative damage actually results from an imbalance between free 

radical production, which occurs during reperfusion, and the inability of 

naturally-present scavenging mechanisms to handle this free radical load, 

because this mechanism is depressed by the proceeding period of ischaemia 

(Parks etal., 1983; Cicalese etal., 1996).

1.8 Reduced Glutathione

Reduced glutathione is a naturally-occurring metabolite which plays an 

important role in cell protection from oxidative stress due to the generation of 

oxygen free radicals and its metabolites (hydrogen peroxide and lipid 

hydroperoxides). Therefore a reduction in endogenous oxidant defense 

mechanisms, such as glutathione could be a major factor in loss of organ 

viability following transplantation or delayed graft function (Jaeschke et al.,

1988).

Glutathione exists in two states which are inter-convertible and the reduced 

form of glutathione is the effective form (Jaeschke., 1993). It is released by
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hepatocytes and oxidised in the vasculature. This hypothesis is supported by 

two points.

1 The rate of glutathione disulphide (GSSG) formation during reperfusion 

is not affected by the inhibition of the GSSG reductase, which is the 

limiting step of glutathione redox cycle.

2 Glutathione is more rapidly oxidised to GSSG in the plasma of post- 

ischaemic animals than in controls when given intravenously (Jaeschke., 1993).

Southard (Southard et al., 1990 ) suggested that GSSG can be metabolised 

by the tissue (either reduced to glutathione or hydrolysed to the amino acid) 

and may be equally effective as reduced glutathione.

The redox state of glutathione at the time of liver procurement might be an 

important determinant of the quality of organ preservation. Reduced 

glutathione which is included in the commercial formulation of UW solution is 

rapidly oxidised in the plastic storage bags used for the solution (Boudjema

etal., 1991).

Effect of glutathione addition to the preservation solution

A clinical study conducted by Boudgema and co-workers (Boudgema et al.,

1990) investigated the effect of glutathione addition to the preservation 

solution for short and long preservation times (it was not mentioned in this 

paper wheather GSH is freshly prepared or not). They reported that dog 

livers, which were preserved for 24hr in UW preservation solution, either with 

glutathione or GSSG, gave the same post-operative outcome in both groups. 

The survival rate in both groups was 100%. However, for long-term 

preservation up to 48hr a significant difference was observed between both 

groups. In the group where livers were preserved with the presence of 

glutathione survival rate was 100% compared to the survival rate of 29% in 

the GSSG group. They concluded that the glutathione is an important 

component of UW solution for long-term preservation.

Southard and colleagues (Southard et al., 1990) investigated the effect of the 

glutathione on dog kidneys. After 48hr storage in UW solution without 

glutathione, the kidneys were still viable, but there was evidence of severe 

preservation injury as indicated by the high serum creatinine levels and
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slower return to normal renal function compared with kidneys which were 

stored in UW solution with glutathione. They also reported that rabbit livers 

stored in the absence of glutathione for 48hr in UW solution released more 

intracellular enzymes into the reperfusion medium than in rabbit livers 

preserved in the presence of glutathione. They also noted that livers, kidney 

and hearts that were flushed with UW without glutathione, lost about 50%- 

70% of their total glutathione.

Marion (Marion et al., 1991) compared patients receiving livers stored in UW  

solution after adding 0.92 g/L of fresh exogenous reduced glutathione with 

those whose livers were preserved with the standard UW solution. There were 

5 cases of primary non-function in standard UW solution group and one case 

which was retransplanted in the glutathione UW group. He also found that 

recipients of glutathione UW stored livers had a significantly lower incidence 

in the frequency of rejection (27.5%) compared with those recipients whose 

livers were stored in the standard UW solution (55.6%). There was no major 

difference between the two groups in liver transaminase and serum bilirubin 

levels during the first 10 days after transplantation. However, the number of 

re-admissions to the hospital were significantly less frequent in the 

glutathione-UW solution group compared with recipients of organs stored in 

the standard UW solution. In the field of heart transplantation Menasche 

(Menasche et a!., 1991 ) investigated the effects of the addition of reduced 

glutathione in an experimental animal model of heart transplantation. He 

divided the animals into two groups, controls were given modified cardioplegic 

and reperfusion solution and the treated group had both of these perfusates 

supplemented with glutathione (3mmol/L). He reported that glutathione 

treated hearts were able to generate significantly higher indices of contractility 

at the expense of significantly lower left ventricular filling pressures compared 

with untreated controls.

1.9 Cell Surface Receptor

The central event in inflammation is the activation of circulating leukocytes 

which must first adhere to endothelial cells, then migrate between adjacent 

endothelial cells and finally move through the extra cellular matrix to perform
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effector functions (Toledo-Pereyra etal., 1998; Yamaguchi etal., 1997). This 

leukocyte-endothelial adhesion occurs via surface receptors, termed cell 

adhesion molecules, which interact with each other by receptor ligand 

mechanisms (Fuggle et al., 1998). Specific cell surface receptors which 

mediate cell-cell adhesion, can be grouped into 3 distinct families on the basis 

of their molecular structure: selectin, integrins and the immunoglobulin 

superfamily. Selectins mediate the first contact between stimulated 

endothelial cells and leukocytes, integrins interact with cell membrane 

components of cells and co-ordinate extracellular stimuli with cell membrane- 

dependent actions such as motility, shape changes and phagocytic responses 

and the immunoglobulin superfamily is involved in T-cell proliferation and 

intercellular events (Heemann etal., 1994; Steinhoff etal., 1993).

1.9.1 Immunoglobulin superfamily

The immunoglobulin superfamily is the largest group of cell surface 

molecules, accounting for 50% of leukocyte surface glycoproteins. Most of the 

identified members of the immunoglobulin superfamily are integral plasma 

membrane proteins. Their structure is characterised by repeated 

immunoglobulin-like domains in the extracellular portion of the molecule and 

share variable numbers of 90-100 amino acid domains with similar structures 

(Dustin & Springer 1991).

The proteins of the members of this family are composed of a tightly backed 

barrel of beta strands, each made up of 3-4 short anti-barrel beta strands 

(Heemann etal., 1994). By mutation and selection the IG domain was evolved 

to serve many different functions including: receptors for growth factors, 

receptors for Fc region, and as cell-cell adhesion. Adhesion molecules are 

especially important in leukocyte-endothelial cell interactions, which now 

seem to be the predominant following ischaemia/reperfusion injury (Holness 

etal., 1994). The most prominent members of this family are ICAM-1, LFA-3 

and VCAM-1. These adhesion molecules are involved in T-cell proliferation 

and intracellular events that support antigen binding to the TCR/CD3 complex 

(Heemann et al., 1994). Intracellular adhesion molecule-1 is responsible for
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adhesion of polymorphonuclear cells, monocytes and lymphocytes to the 

endothelium (Oosten etal., 1995).

1.9.2 Molecular characterisation of ICAM-1

In 1986 Rothlein and co-workers (Rothlein at a!., 1986) Investigated 

adhesions between lymphocyte function associated antlgen-1 (LFA-1) and 

activated lymphocytes. They suggested two possibilities to explain this 

mechanism of adhesions;

1. LFA-1 mediates adhesions by binding to a distinct ligand or

2. LFA-1 regulates adhesions, but does not directly participate In 

receptor/llgand Interaction.

They postulated. In either case, that at least one cell surface adhesion 

molecule Is predicted to be of Importance In adhesion reactions. They 

produced hyperdomas from mice Immunised with LFA-1 deficient Ebestlne 

Bare Virus-transformed B lymphoblastold cells. They then screened the 

supernatants for Inhibition of phorbole-12-myrlstate acetate (PMA) stimulated 

JY cell line aggregations. Then they selected Inhibitory clones and subclones 

from this supernatant. They reported that the MAb secreted by subcloned 

hyperdoma designated as RR1/1 antigen constantly Inhibit PMA-stlmulated 

aggregation of LFA-posltlve Ebestlne Bare Virus cell line JY. RR 1/1 MAb 

Inhibits aggregation equivalently, or slightly less than MAb to LFA-1 alpha or 

beta subunits. Comparing these results to the control MAb against HLA, 

which Is abundantly expressed on JY, did not Inhibit aggregation. They 

reported this novel antigen (RR1/1) which was defined and functionally 

Important In PMA-stlmulated homotypic aggregation by leukocytes. They 

have designated the antigen defined by RR1/1 as Intercellular adhesion 

molecule-1 (ICAM-1). They showed by the Immuno precipitation that ICAM- 

1 from JY cells was completely distinct from LFA-1. They also found that 

ICAM-1 Is a leukocyte cell surface molecule and Is a widely distributed 

antigen and Its expression could be up regulated by IL-1 and several other 

cytokines. ICAM-1 has five extra cellular domains, a single transmembrane 

region and a short cytoplasmic tall, ant Its molecular weight Is 90-115 KDa 

(Simmons etal., 1988). Figure 1-3
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Figure 1-3. ICAM-1 structure
The molecular weight of ICAM-1 (CD54) is 90-115 kDa. ICAM-1 bindsth 
leukocytes b2 integrin LFA-1 via the Ig domains 1 & 2, and to Mac-1 
(CD 1 lb/CD 18), another b2 integrin on leukocytes via domain 3.

1.9.3 ICAM-1 ligand

ICAM-1 is a ligand for at least two members of the CD18 family of leukocyte 

adhesion molecules; LFA-1 [CD11a/CD18] and MAC-1 [CD11b/CD18]. It is most 

closely related to two adhesion proteins of the adult nervous system, neural cell 

adhesion molecule (NCAM) and myelin associated glycoproteins (MAG). 

NCAM, MAG and ICAM-1 each have five immunoglobulin-like domains. ICAM-1 

is 24% homologous with MAG and is 20% homologous with NCAM over the five 

immunoglobulin-like domains (Dustin etal., 1988; Simmons etal., 1988).

From studying the distribution of LFA-1 and ICAM-1, Dustin and Springer 

(Dustin & Springer.,1991) concluded that LFA-1 are specialised for use by 

leukocytes while ICAM-1 is distributed to facilitate T-lymphocyte interactions 

with any cell in the body under appropriate conditions. Expression of ICAM-1 

is restricted in non-inflamed tissues, but is found in diverse cell types in 

response to inflammatory mediators or to activation (Dustin etal., 1988).
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LFA-1/ICAM-1 dependent adhesions are strongest at 37°C and are not 

observed at 0°C, even when close contact between cells is established by 

co-centrifugation. Similarly adhesion of cells to purified ICAM-1 in artificial 

membranes is strongest at 37°C and decreases at lower temperatures until 

no adhesion is observed at 4°C (Marlein etal., 1987).

The LFA-1/ICAM-1 bearing demonstrates the interaction of two distinct 

molecular families, the integrin family and the immunoglobulin family 

respectively.

1.9.4 Tissue distribution of ICAM-1

Tissue distribution of ICAM-1 studied by using immunohistochemical 

techniques on frozen tissue sections of normal human organs, determined 

distribution of ICAM-1 in thymus, lymph nodes, intestines, skin, kidneys and 

livers. Endothelial cells from both small and large blood vessels revealed 

staining with ICAM-1 antibodies. The vascular endothelial staining was more 

intense in inter-follicular areas in lymph nodes, tonsils and Payer's Patches 

compared to kidneys, liver and normal skin. In the normal liver, the staining 

was mainly restricted to the sinusoidal lining cells. There was no staining 

detected in hepatocytes or the endothelial cells lining the portal veins and 

hepatic arteries (Dustin etal., 1998).

1.9.5 ICAM-1 expression in general

Resting lymphocytes lack ICAM-1 expression, but ICAM-1 expression 

increases during T- & B-lymphocyte activation. ICAM-1 has a low level of 

expression in endothelial cells, and is absent from most cells in normal 

tissues. Local inflammatory reactions result in a rapid induction in ICAM-1 

expression in endothelial of ICAM-1 epithelial and mesenchymal cells (Dustin 

& Springer., 1991). Figure 1-4

ICAM-1 expression is up-regulated by cytokines, and requires transcription 

and translation that takes 4-48hr to reach maximum levels. After this ICAM-1 

expression remains elevated in the presence of cytokines (Dustin & Springer.,

1991).

Dustin and associates (Dustin etal., 1998) investigated the effects of IL-1 and
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Figure 1-4. A scheme representing factors involved in 
the mechanism of ICAM-1 up-regulation.

Interferon on ICAM-1 expression. They showed that incubation with 100 U/ml 

recombinant human IFN for 18hr resulted in a five-fold increase in ICAM-1 

expression. Incubation of human dermal fibroblasts with IL-1 for 5hr increased 

ICAM-1 expression approximately four-fold.

1.9.6 ICAM-1 expression in normal and transplanted liver

Normal livers have weak ICAM-1 expression in sinusoidal endothelial cells 

and some Kupffer cells. Adams and colleagues (Adams etal., 1989) studied 

ICAM-1 expression in donor livers and recipients after transplantation. They
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reported that ICAM-1 was expressed strongly in sinusoidal lining cells and 

weakly in portal and hepatic endothelium in non-transplanted livers. There 

was stronger ICAM-1 expression in bile ducts and hepatocytes in patients in 

whom chronic irreversible rejection developed. ICAM-1 expression in patients 

with resolving rejection and those with stable grafts did not differ significantly 

from that seen in non-transplant controls. They concluded that ICAM-1 

expression seems more specific for rejection than Major Histocompatibility 

antigen expression.

Lautenschlager and co-workers (Lautenschlager etal., 1998) studied ICAM-1 

induction in hepatocytes in post-transplant liver allografts during acute 

rejection. They reported that ICAM-1 expression was only detected in 

hepatocytes during allograft rejection. It appeared that the expression of 

ICAM-1 on hepatocytes was induced 1-5 days prior to the onset of 

inflammation. The intensity of ICAM-1 expression increased toward the peak of 

inflammation and subsided slowly thereafter. They also showed that the up 

regulation of ICAM-1 in hepatocytes even proceeded the lymphoid activation 

and blast response of the anti allograft rejection. This expression started to 

subside by day 10 after administration of rejection therapy. They suggested 

that ICAM-1 expression could be one of the earliest markers described for 

liver allograft rejection.

In human OLT Steinhoff (Steinhoff etal., 1990) reported similar findings as the 

previous study that there is increased expression of ICAM-1 in hepatocytes 

during liver allograft rejection and bile duct epithelia remained comparatively 

unaffected.

A clinical study was conducted by Steinhoff and colleagues (Steinhoff et al., 

1993) to investigate the expression of ICAM-1 in post-reperfusion liver 

allografts and during cellular rejection. They observed that in 40% of post

reperfusion biopsies (60 to 90 minutes post-reperfusion), there was weak 

ICAM-1 expression on sinusoidal endothelial cells and in 60% of these 

biopsies, ICAM-1 was up-regulated to moderate ICAM-1 expression in 

sinusoidal endothelial cells and Kupffer cells. They also reported that in 

patients with moderate rejection, there is an induction of ICAM-1 expression 

in sinusoidal endothelial cells. However, with irreversible rejection they
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reported strong ICAM-1 expression in sinusoidal endothelial cells and they did 

not report any expression of ICAM-1 on bile ducts.

Nocera and co-workers (Nocera etal., 1998) investigated ICAM-1 expression 

in normal livers and in accepted liver allografts. They reported that in normal 

livers sinusoidal endothelial cells expressed ICAM-1 and there was positive 

staining of Kupffer cells, with no ICAM-1 expression in hepatocytes or bile 

duct epithelium. In non-rejected liver allografts in all patients have good liver 

function and histopathology showed normal tissue architecture. Biopsies were 

taken at different post-transplant dates (47 - 778 day). ICAM-1 expression 

was similar to the pattern found in normal livers. They also observed that 

during acute graft rejection there was an intense ICAM-1 staining and there 

was a positive bile duct epithelium for ICAM-1 staining.

In a clinical study conducted by Volpes and colleagues (Volpes et a!., 1998) 

weak expression of ICAM-1 was reported on SECs in normal livers. This in 

contrast to biopsy samples of acute or chronic liver disease where there was 

strong ICAM-1 expression. There is also ICAM-1 expression in hepatocyte 

membranes during cellular rejection and it gives a honeycomb pattern on 

staining. In another study carried out by Adams and colleagues (Adams etal.,

1989), they reported ICAM-1 expression on bile ducts and hepatocytes in 

patients who developed chronic or irreversible allograft rejection. They reported 

that ICAM-1 expression was reduced in resolving rejection after corticosteroid 

treatment (Lautenschlager etal., 1993).

1.9.7 Effect of ischaemia /reperfusion on ICAM-1 expression

In an experimental animal study Farhood (Farhood etal., 1995) showed that 

in normal rat livers there was weak staining of sinusoidal epithelial cells by 

ICAM-1 and there was no staining of hepatocytes. The intensity of ICAM-1 

staining increased after 45 minutes of lobar hepatic ischaemia and 2hr of 

reperfusion. There was no change in ICAM-1 expression between 2 and 6hr 

post-reperfusion. The immunohistochemical data was supported by 

measuring ICAM-1 mRNA levels and reported increased mRNA levels in 

ischaemic lobes during ischaemia and a further increase during reperfusion.
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After 24hr of reperfusion mRNA levels declined, this effect may In part due to 

the substantial Injury In the post-lschaemic lobes. Strong ICAM-1 staining was 

also reported post-reperfuslon In the sinusoidal linings and slight staining 

between hepatocytes In the non-lschaemic lobes.lt was suggested this was due 

to circulating TNF during reperfuslon as one of Its main effects In regulating 

ICAM-1 expression. It was also reported that hepatic reperfuslon Injury could be 

attenuated after administration of Monoclonal antibody antl-ICAM-1 (2mg/kg) 

after 1 and 8hr of reperfuslon as Indicated by 51% lower plasma ALT. He 

concluded that ICAM-1 plays a significant role during the neutrophil- 

dependent Injury phase after hepatic Ischaemia and reperfuslon.

In an experimental animal model to Investigate the ICAM-1 expression during 

liver transplantation, Takel and colleagues (Takel et al., 1998) Investigated 

ICAM-1 expression In normal rat livers and reported no evidence of staining 

of ICAM-1. They added that there was neither any staining after storage of the 

liver for 1 or 6hr. They observed that ICAM-1 began to be expressed In the 

sinusoidal lining cells within ISmln post-transplantatlon. This observation was 

limited to rats which received livers stored for 6hr. In rats which received livers 

stored for Ihr, Induction of ICAM-1 was not evident up to 24hr post

operative ly. They reported Increased serum ALT levels up to five-fold higher 

In the 6hr storage group compared to those of the 1 hr storage group 24hr 

post-transplantatlon. On histological examination of the liver biopsy they 

noticed that the percentage of necrotic areas was significantly higher In the 

6hr storage group compared with that of the Ih r storage group. In some rats 

they also Investigated the effects of antl-ICAM-1 antibodies F(ab)2 fragments. 

These antibodies act as a neutralising antibody for ICAM-1. Treatment with 

F(ab)2 fragment of antl-ICAM-1 antibodies decreased the leukocyte 

Infiltration In the liver allograft and there was an Improvement In the 

histological appearance of the liver. Moreover, this event correlated with 

reduced ALT values.

1.10 Aims of the current thesis:

l/R Injury has a major Influence on the outcome of liver transplantation. The 

cell adhesion molecule ICAM-1 has a central role In the Interaction between
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polymorphonuclear neutrophils (PMNs) and sinusoidal endothelial cells

(SECs) which is fundamental to the development of l/R injury.

The aims of the current work are:

i To investigate the effect of liver preservation and reperfusion on ICAM-1 

expression in both animal experimental models and human liver transplant

ation, and to analyse factors which are likely to induce ICAM-1 including 

endotoxic shock, warm and cold ischaemia and l/R injury.

ii To investigate the effect of addition of the free radical scavenger reduced 

glutathione (GSH) to the liver perfusate on post-reperfusion ICAM-1 

expression, histological changes due to l/R injury and post-transplant 

acute cellular rejection.

iii To assess liver biopsies for ICAM-1 expression and its correlation with 

histological evidence of l/R injury, biochemical indicators of early graft function 

and blood flow in the hepatic microcirculation.

iv To investigate ICAM-1 expression as a useful early marker of acute rejection 

in human OLT.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Experimental study

2.1.1 Animals

Male Sprague Dawley (SD) rats weighing 200-250g (Comparative Biology 

Unit, The Royal Free Hospital) were used in the experimental studies. The 

animals had free access to a standard diet and tap water prior to the 

experiment. All experiments were non recovery and were carried out 

according to Home Office regulations, Animals (Scientific Procedures) Act, 

1986.

2.1.2 Surgical procedures

The rats were anaesthetised with urethane (Sigma Chemical Co. UK) 0.7 ml 

per 100 g body weight injected intraperitoneally. After anaesthesia the animals 

were placed in the supine position on a heating pad to maintain body 

temperature between 36°C and 37°C. Laparotomy was carried out via a 

midline ventral abdominal skin incision. The incision was extended from just 

above the xiphoid cartilage to about half way towards the base of the tail. The 

transparent suspensory ligament attaching the convex face of the liver to the 

diaphragm and the falciform ligament were cut down to the posterior vena 

cava with broad blunt-ended curved scissors. Two suspensory ligaments were 

divided, one attaching the concave dorsal face of the left lateral lobe to the median 

blood vessels and the other to the stomach attaching the antero-lateral edge of 

the same lobe to the dorsal peritoneum. Blood supplies (portal and arterial) to the 

left and median hepatic lobes were identified. The main portal vein was dissected 

in situ. Animal body temperature, heart rate beat/m in and oxygen saturation (O2 

sat.) were continuously monitored during the experimental procedure using a 

pulsoximeter (connecting to the animal right lower limb).
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i Induction of septic shock

Septic shock was induced by intraperitoneal injection of endotoxin 

iipopolysaccharides (LPS) from E. Coii serotype 026:B6 (Sigma Chemical 

Co. UK) supplied as lyophilized powder prepared by phenol extraction. The 

powder was diluted in 25ml normal saline, each 1 ml contains < 10,000 

endotoxin units. LPS toxin was injected intraperitoneally at a dose of 5 ml 

per kg body weight. Three hours after the endotoxin injection animal 

underwent a laparotomy and wedge liver biopsies were taken. Animals 

were succumbed by cutting the inferior vena cava

ii In situ warm ischaemia

In situ warm ischaemia was induced by complete occlusion of the blood 

supply (arterial and portal) to the left and median hepatic lobes by 

microanurysm vascular clamp for 30, 45, 60, 90, 105 120 minutes.

iii In situ warm ischaemia followed by reperfusion

In situ warm ischaemia was induced as described in (a) for 30, 45 and 60 

minutes. Subsequent reperfusion for 60 minutes was obtained by releasing 

the clamp.

iv Total hepatectomy and cold storage

The abdomen was entered through a midline ventral incision and the liver 

was dissected as described in paragraph 2.1.2. The supra and infra hepatic 

inferior vena cava was identified. The main portal vein was dissected, then 

a 3.0 cm long and 1.7mm in diameter metal cannula bevelled at the end 

was inserted through the portal vein venotomy site. The cannula was tied 

in place with the aid of a ligature (3-0 Mersilene) and this is technically 

demanding procedure. Then as rapidly as possible (less than 5 minutes), 

the aorta was cross-clamped below the diaphragm, the infra hepatic vena 

cava was cut proximally to the renal veins, and the liver was flushed out 

through the portal vein using 100ml of cold (4°C) UW solution. After the
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flush out, the liver dissection from the diaphragm was completed and the 

liver removed from the abdominal cavity. The liver was weighed and stored 

in 200 ml of UW solution in a sterile container placed inside a second 

container containing 1L of ice cold saline and packed on ice. Livers were 

stored by this method for different time periods.

V On bench (in vitro) liver perfusion.

The liver which had been removed as mentioned (iv) was taken from the 

ice box and placed in a sterile dish. Isolated perfusion of rat liver was 

performed by a non-recirculating technique. The liver was perfused for one 

hour through the portal vein cannulae with Krebs-Henseleit bicarbonate 

buffer (pH 7.4, 37°C) gassed with 95%02 and 5% CO 2 (table 2-1). The 

perfusate was allowed to flow under gravity from a height of 150cm with the 

perfusion pressure not greater than 15cm water (physiological perfusion 

pressure) (Mckeown ef a/., 1988) as measured by a water manometer. The 

portal flow rate was gradually increased (with the same pressure) to reach 

a constant value of 1 .OmI/min/g (25-30 ml/min) after 5 minutes of perfusion, 

approximately two liters of perfusate were used in each experiment.

vi in vitro liver perfusion with reduced glutathione addition to the liver 

perfusate.

Freshly prepared reduced glutathione (GSM) was added to the liver

Table 2-1. Krebs-Henseleit bicarbonate buffer perfusate

For two litres

I litre UW 
I litre distilled water

Add

NaCL (sodium Chloride) 9.00 g
Hepes buffer 4.76 g
NaHC03 (Sodium Hydrogen bicarbonate) 1.6 g
MgCL2 (Magnesium chloride) 0.4 g
KH2P04 (Potassium dihydrogen phosphate) 1.36g
pH to 13-1A with NaOH solution
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perfusate. An aliquot of 10ml (3mmol) of GSH was added to one litre of liver 

perfusate (3mmol/L as the concentration in the UW solution). The treated 

group was perfused as described in section (v).

2.1.3 Standard Liver Function Tests

Portal blood samples (500 u ml) were collected for measurement of Alanine 

aminotransferase (ALT) and Aspartate aminotransferase (AST) levels with 

Sigma test Kit DG 159-UV (Sigma, UK) and values were expressed in 

international units per litre.

2.1.4 Liver biopsies

Wedge liver biopsies were taken during the different experimental 

procedures. Biopsies were snap frozen in isopentane at -70°C . They were 

then stored at -196°C  in a liquid nitrogen cache until cryotomy and 

immunohistochemistry. For hematoxylin and eosin staining liver biopsies were 

fixed in 10% formal saline and embedded in paraffin wax.

2.1.5 Tissue preparation 

Frozen sections

The frozen liver biopsies were cut using a cryostat set at 5um and placed on 

multiwell slides. The glass slides were coated with poly L-lysine (Sigma. UK, 

PI 399. Molecular weight > 150 000) before mounting the sections to prevent 

them from becoming detached from the slide during the immuno-staining 

procedure. The mounted sections were fixed in acetone for 10 minutes and 

air dried for Ih r at room temperature (18-20°C) before storing. Slides were 

wrapped in Cling Film and stored at -20°C until batch immuno-staining.

Routine paraffin sections

These were cut from paraffin tissue blocks. The liver biopsies were fixed in 

10% formal saline for 24hr, dehydrated with industrial methylated spirits 

(ethanol), cleared in xylene and embedded in paraffin wax (60°C).
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2.1.6 Immunohistochemistry staining

Immunohistochemistry is the identification of a tissue constituent in situ by 

means of a specific antigen-antibody reaction tagged by a microscopically 

visible label. The technique used in this thesis was that published by Polak 

and Noorden (Polak & Noorden., 1986). In the indirect technique, the primary 

antibody is unlabelled and is identified by a labelled secondary antibody 

raised to the immunoglobulin of the species providing the primary antibody. In 

this study a monoclonal antibody anti-Rat ICAM-lwas used as the primary 

antibody (R&D Systems, Abingdon, UK), and rabbit antimouse as secondary 

antibody (R&D Systems, Abingdon, UK). Intercellular Adhesion Molecule-1 

(ICAM-1) was demonstrated on duplicate sections.

5 um cryostat sections were transferred to a humidity chamber and 

rehydrated in tris buffered saline (TBS) pH 7.6, containing 0.85 % NaCL for 5 

minutes. Excess TBS was removed and sections were covered with normal 

rabbit serum diluted 1/10 TBS for 10 minutes to block non-specific protein 

binding (background). Rabbit serum was removed without wash and sections 

were covered with the primary antibody ICAM-1 mouse monoclonal antibody 

(BB1G-11) diluted 1/1000 in 0.1% bovine serum albumin (BSA)/TBS for 60 

minutes. Slides were washed in TBS 3 times, 5 minutes each time. A 

developing rabbit-anti-mouse peroxidase antibody (Dako, Denmark) diluted to 

1/100 in 10% normal human serum/TBS, was overlaid for a further 45 

minutes. Slides were washed in TBS 3 times, 5 minutes each time to remove 

unbound antibody. Slides were incubated in 3,3\diaminobenzidine 

tetrahydrochloride dihydrate (DAB) for peroxidase development. DAB was 

supplied in tablet sets (insoluble peroxidase substrate. Sigma , UK). Each set 

consists of two tablets, one tablet supplies DAB buffer and the second tablet 

supplies urea H2O2. Each set dissolves in 15 ml of TBS to make 15 ml of 

buffered substrate solution. The development time was usually 1-5 minutes 

controlled by microscopical examination (showed an insoluble brown 

precipitation at the site of antibody binding). Slides were rinsed in TBS and 

deionised water. Sections were counter-stained with Mayer’s Haemalum (HD 

supplies, UK), then washed in TBS and deionised water and dehydrated in 

industrial methylated spirit. Slides were cover slipped and let to dry at room 

temperature overnight.
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Analysis of ICAM-1 expression:

Using light microscopy ICAM-1 expression was assessed by professor

P Dhillon (Department of Histopathology, RFH) without knowledge of which 

were the treated groups. The staining intensity on sinusoidal endothelial cells 

(SEC's) and hepatocytes was scored semiquantitatively as reported in 

previous studies (Adams et al., 1989; Fuggle et al., 1993; Eberl 

et al., 1996; Randall et al., 1989; Mampaso et al., 1993; Farhood et al., 1995; 

Ghira et al., 1995). According to stain intensity, ICAM-1 expression was 

graded into four categories, no stain (no ICAM-1 expression), mild, moderate 

and intense staining. These grades were scored from 0 -3 respectively, see 

Table 2-2 (Vivot et a i, 1993), see page 74 & 75.

Table 2-2. Scorring of ICAM-1 expression.

Grade of ICAM-1 no stain mild moderate intense

Score of ICAM-1 0 1 2 3

2.1.7 Assessment of ischaemia and ischaemia/reperfusion injury

3 um sections were cut from paraffin wax blocks of liver tissue. The sections 

were floated in a water bath (45°C), picked up on glass slides and stained 

using Hematoxylin & Eosin (HE). Parallel sections were analysed using light 

microscopy.

Histological criteria and grading of ischaemia and ischaemia/reperfusion 

injury have been described previously. It was semiquantitatively assessed by 

looking at hepatocyte necrosis and neutrophilic infiltration (Colletti et a i,

1990). In another study (Zhou etal., 1992) l/R injury in a rat model with lobar 

l/R injury was assessed by only the number of PMNs that had infiltrated the 

hepatic lobule.

Takei and colleagues (Takei et al., 1998) designed a more detailed scoring 

system to assess l/R injury. They used a scale of 0 - 5 based on the degree of 

necrosis based on six structural parameters including; cellular swelling, 

acidophelic nuclear inclusions, nuclear pyknosis, cellular deposition, 

cytoplasmic vaculaization and sinusoidal dilatation.
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In the current study the same histological criteria of assessment of ischaemia 

and ischaemia/reperfusion injury to that previously published was used with 

some modification. A scale of 0 - 3 was used to assess the degree of liver 

injury. This scale was based on eight structural parameters including; 

hepatocyte and SECs morphological changes, preservation of hepatic lobule 

architecture, the presence of micro and macro cytoplasmic vacuolisation, bleb 

formation, apoptosis and the presence of necrotic foci. The maximum score 

is 24. The degree of injury was graded into three categories, mild (0-7), 

moderate (8-15) and severe injury (16-24).

Bleb formation;

Plasma membrane blebbing is the development of finger-like or bubble like 

protrusions on the cell surface (Gores et al., 1990). By light microscopy they 

look like small scattered eosinophilic spherical structures and probably 

represent dilated shed hepatocyte microvilli (Mckeown at a!., 1988). These 

blebs had previously been identified in hepatic injury e.g., after hypoxia in the 

isolated preserved hepatocyte (Sorrentino at a!., 1991) and during cold 

ischaemic storage of rat liver allografts (Mckeown at a!., 1988).

2.1.8 Measurement of flow of the hepatic microcirculation by Laser Doppler 

Flowmetry (LDF)

A commercially available LDF system was used in this study (Mult, Moor 

Instruments Limited, Axminster, Devon, UK). The theory of operation of this 

instrument has previously been described in detail (Oberg., 1990). Laser light 

from a 2 mW helium neon laser operating at 632.8 nm is guided to the 

measurement site via a 1.75 m length cable with a probe placed on the 

surface of the liver. The probe receives light scattered from the static tissue 

matrix, which has not been Doppler shifted, and a spectrally broadened 

component, resulting from interactions with moving blood cells. Optical mixing 

of these components at the photodetector surface produces an electrical 

signal containing all of the Doppler frequency shift information. Further 

processing within the frequency range of 20 Hz -1 2  kHz produces an output 

voltage that varies linearly with the product of mean blood cell speed and 

concentration at a low red blood cells volume fraction (RBCVF). RBCVF is
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that portion of space occupied by RBCs in the scattering volume of tissue 

beneath the probe. The product of mean blood cell speed and concentration 

is correctly referred to as the blood cell flux, but, since flow rate may also be 

defined as volume flux, then so long as the number of RBCs within a volume 

of blood Is constant the blood cell flux will be proportional to the volume flux 

or flow of blood.

The sensitivity of the Laser Doppler System was checked using a calibration 

standard consisting of a suspension of 2-um latex spheres (Brownian motion 

of polystyrene microspheres in water) provided by the manufacturer. This 

produced a standard deflection of 2.5 V or 250 perfusion units on the chart 

recorder. The LDF readings in arbitrary units of flux were continuously 

transferred and stored in a serially connected IBM compatible computer 

equipped with software to give a real time display, record and analyse the 

blood flow pattern and values (Mult, moor Instruments Limited, Axminster, 

Devon, UK). Flux values quoted are means of the recorded flow signals 

computed over a period of 15 minutes (Oberg., 1990).

The electronic system processed the Doppler-shifted signals to yield the 

value of tissue blood flow.

In vivo application of laser doppler flowmetry.

Once the animal was stable under general anaesthesia a laparotomy was 

carried out via a midline incision and the liver was exposed. Before any further 

intervention, a surface Laser Doppler probe was applied to the middle of the 

anterior surface of the left lobe. To minimise any disturbance to blood flow, the 

optical fibre probe was mounted on lightweight probe holder, so it produced 

no compression on the liver. Then optical coupling was achieved and this was 

identified by a green signal on the flowmeter. After the initial flow was 

recorded, the arterial and portal blood supply to the left lobe were carefully 

dissected free from the surrounding structures.

In the ischaemia groups an atraumatic microaneurysm forceps was applied to 

the blood supply to left and median lobes (arterial and portal). Hepatic artery 

and portal vein occlusion was maintained for different time periods. 

Throughout the occlusion the mean LDF measurement was recorded every 

15min.
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In the ischaemia/reperfusion groups temporary occlusion of the blood supply 

to the left and median lobes was carried out in a similar way (as in the 

ischaemia group). Reperfusion was obtained by releasing the microaneurysm 

forceps. Reperfusion was maintained for 60min in all animals.

Excessive drying of the liver surface was prevented by a slow but continuous 

irrigation with saline at 37°C. At the end of the experiment the animal was 

exsanguinated.

2.2 Clinical study

2.2.1 Recipients

Between May 1995 and June 1997, 83 consecutive patients who underwent 

87 orthotopic liver transplantation (OLT) in the Liver Transplant Unit at the 

Royal Free Hospital were studied. They were 43 males and 40 females. Two 

liver grafts were excluded from the study as there was not sufficient materials 

(liver biopsy & blood samples) to analyse. The minimum age of the study 

group was 14 years and the maximum was 66 years (mean 48.2 ± 12.70). The 

underlying pathology of the end stage liver diseases is shown in Table 2-2.

2.2.2 Donors

Livers were harvested from 87 heart-beating cadavers, of these 31 were 

harvested by the Royal Free Hospital Liver Retrieval Team and 56 were 

harvested by different teams. There were 29 females and 58 males. The 

minimum age of the donors in the female group was 7 years and the 

maximum was 64 years (mean 37.83±1.46). In the male group the minimum 

age was 16 year and the maximum was 66 year (mean 40.61 ±1 .71) The main 

causes of brain death were cerbrovascular haemorrhage, severe head injury, 

and brain tumour.
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Table 2-3. Underlying liver pathology of the transplanted patients

Liver pathology number

HCV 12
ALD 12
PBC 11
HBV 05
HCV/HCC 04
HBV/HDV 04
PSC 04
Fulminate hepatitis 04
HBV/HCC 03
Retransplant due to chronic rejection 03
ALD/HCC 02
ALD/HCV 02
ALD/HBV 02
ALD/HCV/HCC 02
Wilson's disease 02
PBC/HCC 01
Others 10

2.2.3 Surgical procedures

All procedures were undertaken in accordance with local institutional 

approval.

Donor's hepatectomy

Liver grafts were retrieved according to a standard protocol. Briefly, a long 

incision is made from the jugular notch to the symphysis pubis. Dissection of 

the hepatoduodenal ligament was commenced by dividing the right gastric 

and gastroduodenal arteries, as well as the distal common bile duct. The 

manipulation of the duct was kept to a minimum to preserve the blood supply 

to the common bile duct. The fundus of the gallbladder was incised and 

washed free of bile to prevent autolysis of the bile duct epithelium during cold 

storage. The pancreas was retracted, and the superior mesenteric vein was
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encircled near the confluence with the portal vein. The left gastric artery was 

then divided while the stomach was lifted anteriorly. The hepatic artery was 

dissected proximally until its origin at the coeliac axis. The terminal aorta was 

then dissected free and encircled. The supracoeliac aorta was encircled by 

separating the muscle fibres of the diaphragmatic crura longitudinally in a 

blunt fashion, and by incising the preaortic fascia. Two cannulaes were put in 

place, one into the portal vein (by way of the superior mesenteric vein) and 

one into the lower abdominal aorta, just proximal to the iliac bifurcation. On 

clamping the donor aorta, Soltran solution (citrate buffer 50mM, Baxter. UK) 

was perfused to cool the abdominal organs and wash out blood followed by 

organ preservation solution. University of Wisconsin solution (UW), both 

cooled at 4°C. Drainage of the inferior vena cava (IVC) was achieved by its 

intra-pericardial or infra-renal division. The hepatic artery removed with aortic 

patch and the liver, with pedicles fully intact (en bloc). After removal of the 

liver, the portal vein, hepatic artery and bile duct were flushed with 1000 ml, 

500 ml and 250 ml of UW solution respectively. The graft was fully immersed 

in cold perfusate before being stored in an airtight sealed sterile environment 

at 4°C.

Recipient's hepatectomy

A bilateral subcostal incision with a midline extension to the xiphoid was used, 

extending predominantly to the right of the patient. The round ligament, 

frequently very bulky and containing large collateralls, was divided between 

ties. Once the upper surface of the liver was freed from the diaphragm, a 

Thompson retractor was placed to retract the costal margins upwards and 

backwards. The left triangular and falciform ligaments were divided. As 

opposed to the donor hepatectomy, the recipient dissection took place high in 

the hilum to preserve as much length as possible for the various structures 

that would have to be used later for revascularisation. The infra-hepatic and 

supra-hepatic vena cava were dissected, encircled and clamped. The portal 

vein was dissected and clamped. The hepatic artery and the common bile 

duct were divided between ties and the liver was removed with the retro- 

hepatic cava.
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Implantation of the new liver

In this study anastomoses were performed in the following order: 

Supra-hepatic vena cava, infra-hepatic vena cava and portal vein. Before the 

completion of the anastomoses the liver graft was flushed using 500 ml of 

human serum albumin solution 4.5% (Bio.Products Laboratory, U.K) to 

remove the preservation solution. This procedure was done through a 

cannulae inserted in the portal vein and the effluent flushed out through 

another cannulae inserted in the infra-hepatic inferior vena cava. Once the 

graft was flushed the two cannulae were taken out, the anastomoses 

completed and graft reperfusion started by unclamping the portal vein first 

followed by the infra-hepatic IVC and finally the supra-hepatic IVC.

After unclamping and revascularisation of hepatic veins and portal flow, the 

arterial anastomosis was performed followed by bile duct (end to end 

anastomosis).

2.2.4 GSH addition to the wash out solution

Before implantation of the liver allografts they were randomly allocated to 

reduced glutathione (GSH) or saline additions to the graft flush out solution 

before starting reperfusion. 1.50 mmol (5 ml) of freshly prepared GSH 

(supplied by the RFH pharmacy) or saline was added to 500 ml of human 

albumin solution 4.5%.

The GSH group consists of 42 patients, 19 females and 23 males. The 

minimum age is 14 years and the maximum 66 years (48.6±13.50).

The saline group consists of 41 patients, 21 females and 20 males. The 

minimum age was 15 years and the maximum 65 years (47.8±11.96).

2.2.5 Liver allograft biopsies

Needle biopsies were taken from the liver grafts. The first biopsy was taken 

whilst the liver was still in the donor and prior to any dissection. The second 

biopsy was taken following infusion of cold preservation solution and prior to 

overnight storage (n=28). The third biopsy was taken at the end of the 

overnight storage (Plate 2-1). The fourth biopsy was taken 90 minutes post-
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reperfusion of the graft (n=87). Biopsies were processed for 

immunohistochemical staining.

Post-operative biopsies were taken on days 5 - 1 0  and 1 5 - 2 1  for routine 

histological assessment of cellular rejection.

Biopsies for immunohistochemistry were snap-frozen in isopentane and 

maintained at -70°C . They were then stored at -196°C  in a liquid nitrogen 

cache until cryotomy. The 5um frozen sections of serial biopsies from each 

graft were placed on multiwell slides, fixed in acetone for 15 minutes and air 

dried for 1 hr before storing. Cling Film wrapped slides were kept at -20°C until 

batch immunostaining as described in Chapter 2, paragraph 2.1.6.

Control biopsies

Normal liver biopsies were obtained from the normal hepatic lobe during liver 

resection (without inflow occlusion) for benign tumours and from the donor’s 

graft before starting the hepatectomy procedure.

Positive control

Frozen sections of biopsies of chronic liver diseases or livers diagnosed with 

acute rejection, which had previously been shown to be positive for ICAM-1 

(Volpes etal., 1998) were used as positive control tissue (e.g. alcoholic liver 

cirrhosis, primary scelerosing cholangitis, primary biliary cirrhosis and liver 

tumour)

Negative control

Negative controls included omission of the primary antibody and an isotype- 

matched irrelevant primary antibody.

2.2.6 Immunohistochemistry staining

The same technique as described in paragraph 2.1.6. was used. Monoclonal 

antibody anti-human ICAM-1 was used as a primary antibody (R&D Systems. 

UK)
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Plate 2-1. Needle biopsy from liver allograft after overnight storage.
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2.2.7 Grading of graft acute cellular rejection

Post-operative routine biopsies were examined to determine the histological 

diagnosis of cellular rejection. Cellular rejection was recognised by specific 

histological features including mixed portal inflammation, endotheliitis, 

eosinophils, and bile duct damage. The original histological diagnosis was 

recorded, and each biopsy specimen showing cellular rejection was graded 

according to a Royal Free Hospital scoring system (none, mild, moderate, or 

severe) (Gupta etal., 1995). Table 2-3

Table 2-4. The RFH scoring system of the features of cellular rejection

Histological feature Non (0) Mild (1) Moderate (2) Severe (3)

Mixed portal inflammation 
(maximally involved portal 
tract)

Eosinoptiils (number in the 
portal tract with most 
eosinophils)

None Few inflammatory cells Inflammatory cells
(less than half the tract) numerous but not packing 

the tract

1 - 4 5 - 9

Endotheiiitis (iifting of None <50% venules affected >50% venules affected
endothelium of portal or with damage to <1/2 with <1/2 circumference
central vein by lymphocytes) circumference of involved or <50% venules

maximally affected vein affected with damage

Bile duct damage 
(vaculation of
nucleus/nucleus/cytoplasm, 
hyperchromasia, 
cytoplasmic eosinophilia, 
infiltration by inflammatory 
cells)

None <50% ductules affected >1/2 circumference of
involving<1/2 
circumference in 
maximally affected 
ductule

maximally affected vein 
>50% ductules affected 
with involvement of<1/2 
circumference or <50% 
ductules affected with 
involvement of<1/2 
circumference of maximally 
affected ductule

Portal tract packed with 
inflammatory cells ± 
spillover

10 or more

>50% venules affected 
with >1/2 circumference 
involved of maximally 
affected vein

>50% ductules affected 
with involvement of <1/2 
circumference of 
maximally affected 
ductule

2.2.8 Graft Function Tests

Post-operative blood samples were collected from the recipients on post

operative day 1, 3 and 5. ALT, AST and bilirubin were measured in a standard 

clinical automated analyses (Biochemical lab. RFH). Prothrombin time was 

also recorded daily.
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2.3 Statistical analysis

Statistical analysis was designed with the help of Dr. Richard Morris 

(Department of Population, RFH). The data in this study have been confirmed 

for normal distribution (Gaussian distributioin). All data are given as 

mean±SE. Paired data were compared with the paired Student's t-test. 

Statistical significance between the control group and treated group was 

determined with the unpaired Student's t-test. Comparisons between multiple 

groups were performed with one-way analysis of variances followed by 

Bonferroni test. Spearman test was used for correlation coefficient and r value 

was mentioned. Graph Pad Prism Computer package was used for data 

analysis.

Results were considered statistically significant when the p value was < 0.05.
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CHAPTER 3

A STUDY ON LIVER ICAM-1 INDUCTION INCLUDING 

SEPSIS, WARM ISCHAEMIA, COLD ISCHAEMIA AND 

REPERFUSION INJURY.

3.1 Introduction and objective

Intercellular adhesion molecule-1 (ICAM-1), a member of the 

immunoglobulin-gene-superfamily, is constitutively expressed on vascular 

endothelium and mediates leukocyte-endothelial cell interaction by binding to 

the beta-integrins GDI la /G D I 8 (LFA-1) and GDI lb /G D I 8 (Mac-1) (Dustin 

etal., 1988; Simmons etal., 1988).

Inflammatory reactions result in a rapid upregulation of IGAM-1 expression on 

endothelial cells (Dustin & Springer 1991). The central event in the 

inflammatory reaction is the activation of circulating leukocytes which must 

first adhere to endothelial cells, then migrate between adjacent endothelial 

cells and finally move through the extra cellular matrix to perform effector 

functions (leukocyte-endothelial cell interaction) (Heemann etal., 1994).

Ischaemia and reperfusion of the liver is associated with transient hepatic 

dysfunction, presumably due to the high susceptibility of the liver to ischaemia 

and cell injury additionally induced by reperfusion (Sorrentino et al., 1991). 

The mechanism involved in the development of ischaemia/reperfusion 

hepatic disorders have to be considered as complex in nature based on the 

direct interaction of intravascular blood cells, i.e. leukocytes and platelets, 

with non parenchymal cells, i.e. endothelial and Kupffer cells, and indirect 

communication between the different cellular compartments, both releasing 

and responding to a variety of potent mediators, such as cytokines and 

oxygen drived-free radicals (Julie eta l., 1994; Galdwell-Kenkel et al., 1988;
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Howard et al., 1998; Kim et al., 1994). The understanding of this complex 

interaction is of major interest not only to extend knowledge on the 

pathophysiology of hepatic ischaemia/reperfusion injury but also to establish 

novel therapeutic approaches to counteract the manifestation of tissue injury.

LPS or endotoxin has been shown to be responsible for the pathophysiology 

associated with gram-negative sepsis (Van Oosten etal., 1995; McCloskey et 

al., 1991). LPS activates complement and signalling mechanisms in both 

macrophages and endothelial cells to produce inflammatory mediators 

(Vollmar et al., 1995; Oh ira et al., 1995). The hepatic macrophages, the 

Kupffer cells release a large number of these inflammatory mediators and are 

considered the major source of circulating mediators e.g. tumour necrosis 

factor (TNF), interleukins (IL-1, IL-6 and IL-8) and reactive free radicals or 

their precursors (Deaciuc et al., 1994). All of these substances may directly 

and/or indirectly affect hepatic parenchymal and sinusoidal endothelial cells 

(SEC's) as well as circulating blood elements resulting in an inflammatory 

response and tissue injury. The initial manifestation of this injury is 

characterised by activation of the endothelium with increased adhesiveness 

for leukocytes and platelets (Deaciuc et al. 1994; Van Oosten etal., 1995).

Oxidative stress is defined as an increase in the production of reactive oxygen 

species which has been related to ischaemia/reperfusion injury (Cicalese 

etal., 1996). It was shown that reperfusion of the ischaemic isolated rat liver 

produces sufficient quantities of reactive oxygen species to produce structural 

cell damage (Jaeschke et al., 1988). This event called vascular oxidant 

stress, has been identified as being generated by the resident macrophages 

of the liver (Parks & Granger 1988). Reactive oxygen species generated 

during reperfusion have been implicated by numerous pharmacological 

intervention studies to be involved in hepatic reperfusion injury (Boudjema 

etal., 1990; Jaeschke etal., 1988). Reduced glutathione (GSH) is one of the 

components of UW solution and it is important in cellular defence against 

oxidative stress (Jamieson etal., 1988 ). Induction of ischaemia in rat liver for 

90min resulted in decrease of 18.3% of reduced glutathione. Subsequent 

reperfusion for 60min resulted in marked decrease in reduced glutathione 

(Marubayashi et a/.,1989). Hypothermic preservation of rat hepatocytes in
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modified UW solution (no GSH) for 24hr resulted in more than 50% loss of 

intracellular GSH. The addition of GSH (3 mmol/L) to the UW solution 

improved the viability of hepatocytes stored more than 48hr, as was assessed 

by measuring ATP content and cellular membrane integrity (Kerr-Conte et 

a/.,1991).

The Objectives of this study are:

- To investigate ICAM-1 expression on normal rat liver cells (SECs and 

hepatocytes) and after induction of sepsis

- To investigate the effect of ischaemia (warm and cold) on ICAM-1 

expression.

- To investigate the effect of ischaemia/reperfusion (IR) injury on ICAM-1 

expression

- To investigate the systemic effect of IR injury on ICAM-1 expression in the 

non ischaemic liver lobe.

- To investigate the effect of the oxygen-derived free radical scavenger 

reduced glutathione (GSH), on ICAM-1 expression.

3.2 Methodology

Experiments were carried out under general anaesthesia in adult male 

Sprague Dawley rats (200-250 g), 6 animals in each group. All experiments 

were non-recovery and were carried out according to Home Office 

regulations, Animals (Scientific Procedures) Act, 1986 as described in 

Chapter 2, paragraph 2.1.1.

3.2.1 Experimental groups

I Induction o f sepsis (n=6 / group)
Groupl : normal control 
Group! : saline group
Group3 : treated group (injection of LPS intraperitoneal)
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II In situ warm ischaemia and ischaemia/reperfusion (n=6 / group)

Groupl :sham operation for two hours 
Group2 : 30min. ischaemia 
Group3 : 45min. ischaemia.
Group4 : 60min. ischaemia.
Groups : 90min. ischaemia.
Group6 : 105min. ischaemia.
Group? : 120min. ischaemia.
Groups : 30min. ischaemia followed by 60min. reperfusion.
Group9 : 45min. ischaemia followed by 60min. reperfusion.
Group 10: 60min. ischaemia followed by 60min. reperfusion.

Ill Cold ischaemia and cold ischaemia followed by warm reperfusion 

{in vitro reperfusion). (n=6 /  group)

Group 1 : Ohr cold storage time
Group 2 : Shr cold ischaemia
Group 3 : 16hr cold ischaemia
Group 4 : 24hr cold ischaemia
Group 5 : Ohr cold ischaemia/60min reperfusion.
Group 6 : Shr cold ischaemia/60min reperfusion.
Group 7 : 16hr cold ischaemia/60min reperfusion.
Group S : 24hr cold ischaemia/60min reperfiision.
Group 9: Ohr cold ischaemia/60min reperfusion + GSH addition.
Group 10: Shr cold ischaemia/60min reperfusion +GSH addition.
Groupl 1: 16hr cold ischaemia/60min reperfusion +GSH addition.
Groupl2: 24hr cold ischaemia/60min reperfiision +GSH addition.

3.2.2 Surgical procedures

Three different non-recovery animal models were used in this study. Wedge 

liver biopsies were taken in all models. Laparotomy was carried out via a 

midline ventral abdominal skin incision as described in the methodology 

Chapter 2, paragraph 2.1.2. Blood supplies (portal and arterial) to the left and 

median hepatic lobes were identified.

Animal body temperature, heart rate beat/m in and tissue oxygen saturation 

(O2 sat.) were continuously monitored during the experimental procedure.
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i Induction of septic shock model

Experiment conducted as described in Chapter 2, paragraph 2.1.2.

18 Sprague Dawley male rats (200-250 g) in three groups of 6 animal each 

were used in this model. In the first group (normal control group) animals 

underwent laparotomy under general anaesthesia and liver biopsies were 

taken. In the second group 5 ml/kg body weight of normal saline was injected 

intraperitoneally. In the third group 5 ml/kg body weight of Iipopolysaccharides 

(LPS) was administered intraperitoneally to induce a sepsis like effect (Van 

Oosten et al., 1995). Saline and LPS were injected without anaesthesia and 

there was no mortality in either groups after the injection. In the saline and the 

treated groups liver biopsies were taken 3hr after the administration of LPS 

(Vollmar at a!., 1995) and saline.

ii In situ warm ischaemia and ischaemia/reperfusion (l/R)

In situ warm ischaemia was induced by complete occlusion of the blood 

supply (arterial and portal) to the left and median hepatic lobes using a 

vascular clamp for different time periods. In the l/R groups subsequent 

reperfusion was obtained by releasing the clamp for 60 minutes. The 

procedure was described in detail in Chapter 2, paragraph 2.1.2.

Liver biopsies were taken immediately following laparotomy (baseline biopsy), 

post-ischaemia and post-reperfusion from the ischaemic lobe (left lobe). 

Additional post-reperfusion biopsies were taken from the non-ischaemia lobe 

(right lobe) to investigate the systemic effect of reperfusion injury on ICAM-1 

expression in this lobe.

iii Isolated perfused rat liver (IPRL)

Livers were retrieved from rats as described in Chapter 2, paragraph 2.1.2.

After hepatectomy livers were stored in cold UW solution for different periods 

(0, 8, 16 and 24hr). At the end of cold storage time, livers were perfused by 

non-recirculating technique (Chapter 2, paragraph 2.1.2). In the treated group 

freshly-prepared reduced glutathione (GSH) was added to the liver perfusate 

(3mmol/L). Liver biopsies were taken on laparotomy (baseline), after cold 

storage, and at the end of reperfusion time.
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3.2.3 Investigation of ICAM-1 expression

In all models liver biopsies were snap frozen in liquid nitrogen and processed 

for ICAM-1 expression (Chapter 2, paragraph 2.1.6). ICAM-1 expression on 

SECs and hepatocytes was assessed by light microscopy without the 

knowledge of the treated groups. The staining intensity on sinusoidal 

endothelial cells (SECs) and hepatocytes was scored semiquantitatively as 

reported in previous studies (Fuggle et al., 1993; Eberl et al 1996; Faull & 

Russ 1989; Mampaso etal., 1993; Farhood etal., 1995; Oh ira etal., 1995). 

According to stain intensity ICAM-1 expression was graded into four 

categories, no or faint stain of ICAM-1, mild, moderate and intense ICAM-1 

staining, these grades were scored from 0-3 respectively (Vivot et al., 1993). 

Figures 3-1, 3-2, 3-3 and 3-4

3.3 Results

In all experiments there was no mortality during the experimental protocol. 

There were no differences between groups in heart rat, body temperature and 

O2 sat. during the experiments.

3.3.1 Effect of intraperitoneal injection of LPS toxin on ICAM-1 expression

Sections from normal controls (Group 1) showed that (4/6) 67% of the 

animals had no ICAM-1 expression. In 33% there was mild ICAM-1 

expression on sinusoidal endothelial cells (SECs), but no ICAM-1 expression 

on hepatocytes was observed.

ICAM-1 expression was similar in the saline treated group with 3/6 animals 

(50%) showing no ICAM-1 expression, and the other 50% mild expression on 

SECs. Again there was no hepatocyte expression of ICAM-1. In Group 3 (LPS 

group) all treated animals 6/6 (100%) had an intense ICAM-1 expression on 

the SECs and hepatocytes. ICAM-1 expression had a score of 3.

There was a significant up regulation of ICAM-1 expression in Group 3 when 

compared with Groupl and Group 2, p<0.0001 (one way analysis of variances). 

The results are summarised in Table 3-1
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Table 3-1. ICAM-1 expression in normal rat liver and after intraperitoneal
injection of saline and LPS. Results are expressed as Mean±SE.

Groups ICAM-1 expression

Groupl (normal control) 0.33±0.21
Group2 (saline group) 0.5±0.22
Groups (LPS group) 2.83±0.17

See table 2-2 for ICAM-1 expression scorring (page 55)

3.3.2 Effect of warm ischaemia on ICAM-1 expression.

In between groups there were no differences on ICAM-1 expression in 

baseline liver biopsies.

Warm ischaemia for 30min did not induce ICAM-1 expression on SECs. 

However warm ischaemia for 45min or more produced sufficient induction of 

ICAM-1 on SECs.

In these ischaemic groups ICAM-1 expression was limited to the SECs, no 

expression was observed on the hepatocytes.

There was also significant difference in ICAM-1 expression in the post- 

ischaemia groups 3,4, 5, 6 and 7 when compared with the expression in the 

sham operated group (Fig 3-1) ,  p<0.05 (one way analysis of variances).

Results are summarised in Table 3-2.
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Table 3-2. Baseline ICAM-1 expression and following warm ischaemia. Results are 
expressed as Mean±SE and P value.

Warm ischaemia period Baseline warm ischaemia p value

Sham operated 0.17±0.17 0.50±0.22 ns (not significant)
30min 0.17±0.17 0.50±0.34 ns
45min 0.33±0.21 1.00±0.29 <0.05
60min 0.33±0.21 1.33±0.21 <0.05
90min 0.17±0.17 1.50±0.34 <0.05
105min 0.17±0.17 1.50±0.22 <0.05
120min 0.17±0.17 1.67±0.33 <0.05

See table 2-2 for ICAM-1 expression scorring (page 55)

Effect of warm ischaemia on ICAM-1 expression
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p<0.05

control 30minisch. 45mlnisch. eOmlnisch. 90min isch. 105min isch. 120minisch.

experimental groups

Figure 3-1. ICAM-1 expression increased progressively with the 
duration of warm ischaemia.
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Plate 3-1. No ICAM-1 staining on SECs in normal rat liver, grade 0 expression ( X I00).

Plate 3-2. Mild ICAM-1 expression on SECs, grade 1 expression ( X I00).
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Plate 3-3. Moderate ICAM-1 expression on SECs, no staining was 
observed on hepatocytes, grade 2 expression ( X I00).
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Plate 3-4. Intense ICAM-1 expression on SECs and hepatocytes, grade 3 expression (X I00).
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3.3.3 Effect of warm ischaemia/reperfusion on ICAM-1 expression

I  Effect of ischaemia/reperfusion injury on the ischaemic lobe (left hepatic lobe)

With 30, 45 and 60min of warm ischaemia followed by 60min reperfusion 

there was a significant increase in ICAM-1 expression on SECs when 

compared with baseline biopsies in each group, p<0.05. Fig 3-2.

In these groups ICAM-1 expression was moderate-intense on SECs and 

hepatocytes.

There was a significant up regulation in SECs ICAM-1 expression in the post 

-reperfusion groups when compared with the sham operated group, p<0.0001 

(one way analysis of variances). The results are summarised in Table 3-3.

There was also a significant difference in ICAM-1 expression after 

ischaemia/reperfusion when compared with the expression after warm 

ischaemia only (Fig 3-3 and 3-4).

Table 3-3. ICAM-1 expression at baseline and post-reperfusion liver biopsies. Results 
are expressed as Mean±SE and p value (paired t-test).

Ischaemia/reperfusion period baseline post-reperfusion p value

Sham operation 0.17±0.17 0.50±0.22 ns
30min isch./6omin rep. 0.17±0.17 1.30±0.21 <0.05
45min isch./60min rep. 0.33±0.21 2.50±0.22 <0.05
60min isch./60min rep. 0.17±0.17 2.80±0.17 <0.05

See Table 2-2 for ICAM-1 expression scorring (page 55)
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Effect of iscfiaemia/reperfusion on ICAM-1 expression

3 -

£? 2-1

T- «

Baseline ICAM-1 expression. 

Post-reperfusion ICAM1 expression.

p<0.05

p<0.05

p<0.05

A.m i..
30min iscWeOnin reper. 4Smin iscWeOmin reper

E x p e rim e n ta l g ro u p s

eOmin isciveonin reper

Figure 3-2. There is a significant up-regulation of ICAM-1 
expression in the post- reperfusion biopsies when compared with 
IC A M -1 expression on baseline biopsies.

E ffe c t  o f  Ic h a e m ia  v s  Is c h a e m ia / r e p e r f u s io n  
o n  IC A M -1  e x p r e s s io n

p<0.05
p<0.05

p<0.05

J L

30 min Is ch.
30min isch./60min reperfusion 

■ H i  45min isch.
45min isch./60min reperfusion 

I -—I 60min isch.
cnrD 60min isch./60min reperfusion

Experimental groups 
Fig 3-3. There is a significant up-regulation in post-reperfusion ICAM-1 
expression when compared with warm ischaemia expression.
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p < 0 .0 5
p<0.05

90 min isch.
30min isch/60min repr. 
105 min isch.
45m in isch/60min repr. 
120 min isch.

uim 60min isch./SOmin repr.

Experimental groups

Fig 3-4. There is no difference in ICAM-1 expression after 90min of warm 
ischaemia when compared with the expression after 30min warm ischaemia 
and followed by 60min reperfusion. However with extended warm ischaemia 
period beyond SOmin and followed by 60min reperfusion, there is significant 
different ICAM-1 expression when compared with groups who had warm 
ischaemia more than 90min.

II Effect of l/R on the non ischaemic lobe (right hepatic lobe)

Ischaemia for 30, 45 and 60min, followed by 60min reperfusion resulted in 

significant up-regulation of ICAM-1 expression in the non-ischaemic lobe 

when compared with the expression in the control group, p<0.05 (one way 

analysis of variances). Fig 3-5.
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Effect of Ischaemia/reperfusion on ICAM-1
expression in the non ischaemic lobe

p<0.05

p<0.05

p<0.05

control

« = 2 3  30min isch./60min reper. 

■■■■  45min isch./60min reper. 

eOtnin jsch./60min reper.

Experimental groups

Fig. 3-5. There is a significant increase of ICAM-1 expression in the non 

ischemic lobe when compared with the control.

3.3.4 Effect of cold ischaemia on ICAM-1 expression

There was no difference in ICAM-1 expression on SECs in livers who had 0 

and 8hr cold ischaemia times. There was also no difference noted when 

compared with the controls. With increasing the cold ischaemia time to 16hr 

and above there was up - regulation of ICAM-1 expression on the SECs when 

compared with the normal control group.

There was a statistical difference in ICAM-1 expression when the overall 

result for the cold ischaemia groups was compared with the normal control 

group, p <0.05 (one way analysis of variances). Figure 3-6.

Results are summarised in Table 3-4.
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Table 3-4. Effect of cold ischaemia on ICAM-1 expression. Results are 
expressed as Mean±SE and p value (unpaired t-test).

Cold ischaemia time post-isch. normal control p value

0 h (in situ liver flush) 0.67 ± 0.33 0.33±0.21 ns
8 h cold ischaemic time 0.83 ±0.31 0.33±0.21 ns
16 h cold ischaemic time 1.17 ±0.31 0.33±0.21 <0.05
24 h cold ischaemic time 1.83 ±0.31 0.33±0.21 <0.05

Effect of cold ischaemia on iCAM-1 
expression

co
80>

p<0.05

CL
X0) p<0.05

ns
nsS<

Ü

Experimental groups

control

in situe liver flushhg 

8hr cokJ isch.

16hr cdd isch.

24hr cdd isch.

Fig. 3-6. Cold ischemia up to 8h has no effect on iCAM-1 expression. However, 

when cold ischemia extended to 16h and above, ICAM-1 expression showed 

significant up-regulation.
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3.3.5 Effect of on bench (in vitro) reperfusion on ICAM-1 expression

There was an up - regulation of ICAM-1 expression after cold ischaemia 

which followed by warm reperfusion when compared with the expression at 

the beginning of laparotomy (baseline expression) in each group.

With the increase of cold ischaemia time to 16hr or more, followed by 60min 

warm reperfusion, ICAM-1 expression became more significant when 

compared with groups with cold ischaemia less than 16hr.

There was also a highly significant increase in ICAM-1 in post-reperfusion 

biopsies when compared with the expression in the control group, p<0.0001 

(one way analysis of variances). Results are summarized in Table 3-5

Table 3-5. ICAM-1 expression in baseline biopsies and after in vitro reperfusion. 
Results are expressed as Mean±SE and p value (paired t-test).

in vitro reperfusion baseline post-reperfusion p value

in situ liver flush./60min rep. 0.17±0.17 1.50±0.34 <0.05

8h cold isch./60min rep. 0.33±0.21 2.17±0.31 <0.05

16h cold isch./60min rep. 0.17±0.17 2.67±0.21 <0.0001

24h cold isch./60min rep. 0.17±0.17 2.98±0.02 <0.0001

3.3.6 Effect of GSH addition to the liver perfusate on ICAM-1 expression

There was no change in ICAM-1 expression in the post-storage biopsies in 

both GSH-treated and -untreated groups.

In post-reperfusion biopsies there was no difference in ICAM-1 expression in 

the treated group, which had cold ischaemia times up to 8hr followed by 

SOmin reperfusion, when compared with baseline ICAM-1 expression. With 

longer cold ischaemia periods of 16 and 24hr followed by SOmin reperfusion, 

there was significant up-regulation of ICAM-1 expression in the treated group 

when compared with baseline biopsies.
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However, ICAM-1 expression was more pronounced in the untreated group 

who had 16hr cold ischaemia followed by 60min reperfusion when compared 

with GSH treated group who had the same cold ischaemia and reperfusion 

times. There was no difference in ICAM-1 expression after 24hr cold 

ischaemia followed by 60min reperfusion between the treated and untreated 

groups.

Results are summarised in Tables 3-6 and 3-7

Table 3-6. ICAM-1 expression in the GSH treated group. Baseline vs post
reperfusion. Results are expressed as Mean±SE and p value.

in vitro reperfusion 
(with GSH addition)

baseline post-reperfusion p value

Oh cold isch./60min rep. 
8h cold isch./60min rep. 
16h cold isch./60min rep. 
24h cold isch./60min rep.

0.17±o.l7
0.33±0.21
0.50±0.22
0.33±0.21

0.50±0.17
1.00±0.26
1.33±0.21
2.67±0.21

ns
ns
<0.05
<0.05

Table 3-7. Post-reperfusion ICAM-1 expression in the GSH treated and untreated 
group. Results are expressed as Mean±SE and p value.

in vitro reperfiision untreated group treated group p value

Oh cold isch./60min rep. 
8h cold isch./60min rep. 
16h cold isch./60min rep. 
24h cold isch./60min rep.

1.50+0.34
2.17±0.31
2.67±0.21
2.98±0.02

0.50±0.17
1.00±0.26
1.33±0.21
2.67±0.21

<0.05
<0.05
<0.05

ns
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3.4 Discussion

In this study three different animal models were used to study, features for 

liver ICAM-1 expression.

In the first model LPS endotoxin was injected into the intraperitoneal cavity to 

induce a sepsis-like effect. The second model is the regional 

ischaemia/reperfusion model in which blood flow to the left and median lobes 

of the liver was occluded using a vascular clamp whereas flow to the right 

lobes remained intact. Reperfusion was obtained by removing the vascular 

clamp. The third model was the isolated perfused rat liver model.

ICAM-1 is known to be modulated by various inflammatory mediators such as 

interleukin-1 (IL-1), tumour necrotic factor (TNF), interferon and increased 

endotoxin levels (Ikeda et al., 1996; Nanji et al., 1995; Dustin et al 1998; 

Momsaki et al., 1995; Rothlein et al., 1998).

LPS is mainly cleared from the portal blood by the liver (endothelial cells and 

macrophages) (McCloskey ef a/., 1991) and causes the same clinical features 

that can be observed in sepsis. Vollmar and colleagues (Vollmar etal., 1995) 

reported accumulation of leukocytes, interacting with the endothelial lining of 

both sinusoids and post sinusoidal venules in rat liver exposed to LPS.

In the present study ICAM-1 showed a weak staining or no staining of the 

SECs in normal rat liver and no evidence of hepatocyte ICAM-1 expression. 

This result confirms previous reports (Farhood etal., 1995; Huber etal., 1991; 

Panes etal., 1995). In another in v/frostudy it was shown that there was weak 

staining of ICAM-1 on the hepatocytes (Kimoto etal., 1995).

In the present study the treated animals with LPS had intense expression of 

ICAM-1 in both SECs and hepatocytes, 3hr after LPS administration. On the 

hepatocytes there was diffuse membranous and focal cytoplasmic expression 

of ICAM-1. This up-regulation of ICAM-1 expression was observed previously 

on the SECs and on hepatocytes as well using same LPS dose and same 

animal model (Van Oosten etal., 1995). Significant up-regulation of ICAM-1 

expression in different rat organs has been reported after intraperitoneal 

administration of Staphyllococcus abortus equi to produce an endotoxemia 

that has the same pathophysiology as LPS endotoxemia (Panes etal., 1995).
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ICAM-1 expression up-regulation was reported 3-5hr after endotoxin 

administration.

This dramatic up-regulation of ICAM-1 expression could be explained by a 

direct effect of LPS on the Kupffer cells and SECs. LPS activates Kupffer cells 

and SECs which participate in the inflammatory response by releasing 

reactive oxygen intermediates and a variety of cytokines (IL-1, IL-8 and TNF). 

TNF levels increase significantly Ih r after LPS exposure and is followed by 

PMN infiltration of the sinusoids which peaks after the plasma TNF level 

(Huber etal., 1991; Ohira etal., 1995).

The pathophysiological mechanism of cellular injury that follows ischaemia 

and reperfusion is still incompletely understood. l/R of the liver is associated 

with transient hepatic dysfunction, presumably due to the high susceptibility of 

the liver to ischaemic cell injury additionally induced by reperfusion (Pretto et 

al., 1991; Nagano et al., 1990). The development of the post-ischaemic 

hepatic inflammatory response is complex in nature, involving leukocytic 

activation by potent chemotactic mediators, cell adhesion to the endothelial 

lining via distinct adhesion molecules and the action of additional mediators 

released by the adherent leukocytes (Post etal., 1993; Jaeschke etal., 1993). 

Previous experimental studies have demonstrated that leukocytes adhere to 

endothelial cells of both sinusoids and postsinusoidal venules after warm as 

well as cold ischaemia (Procheron et al., 1998) and ischaemia/reperfusion 

(Kim et al., 1994). ICAM-1 has been shown to be responsible to mediate 

adherence between leukocytes and the endothelial cells (Procheron et al., 

1998).

In the present study 30min of warm ischaemia did not induce ICAM-1 

expression but 45min of warm ischaemia or more produced marked SECs 

ICAM-1 expression. The hepatocytes exhibited no ICAM-1 expression. The 

mechanism of ICAM-1 expression during warm ischaemia is mainly due to 

Kupffer cells activation (Ikeda et al., 1992). Activated Kupffer cells produce 

various cytokines that lead to infiltration of polymorphonuclear leukocytes 

(PMNs) into the post-ischemic liver (Farhood etal., 1995). SECs are the first 

target of cytotoxic products released from Kupffer cells. This is followed by 

transendothelial migration and neutrophil accumulation at the site of
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inflammation which requires Mac-1 (CD11b/CD18)-ICAM-1 interaction 

(Toledo-Pereyra et al., 1998; Farhood et al., 1995). This followed by up- 

regulation of ICAM-1 expression on the SECs.

The duration of warm ischaemia affects survival. In a study of hepatic 

ischaemia in rats, the extent of warm ischaemia from 30min to 60min affects 

the survival outcome, as all recipients of allografts with SOmin of warm 

ischaemia lived more than 22 days and all recipients with 60min warm 

ischaemia died within 2 days (Ikeda etal., 1992).

The central role of ICAM-1 induction in warm ischaemia injury to the liver has 

been demonstrated by the survival improvement after the administration of 

anti-ICAM-1 antibody after the onset of the ischaemia (Toledo-Pereyra et al., 

1998). In the present study it was shown that warm ischaemia up to SOmin did 

not induce significant ICAM-1 expression.

Cold storage of transplanted organs reduces metabolic pathways and delays 

pathological changes (Stansby etal., 199S). Ultrastructural studies conducted 

on cold ischaemic rat livers (after 2, 4, 6 , 10 ,16 ,  24 and 48hr cold ischaemia) 

have demonstrated that the first evidence of preservation damage was in the 

SECs which became rounded and swollen after 16hr of cold ischaemia. Loss 

of viability of SECs as determined by morphological criteria was complete 

after 24hr or longer and Kupffer cells structure was altered dramatically. 

However, after 24hr there was no significant change in hepatocyte structure 

(Caldwell-Kenkel et al., 2000; Caldwell-Kenkel et al., 1989; Fratte et al., 

1991).

In the present study up to 8hr cold ischaemia had no influence on ICAM-1 

expression on SECs. With cold ischaemia of 16-24hr there was significant 

induction of ICAM-1 expression. Previous reports have shown no evidence of 

ICAM-1 expression in rat livers after 1 and 6 hr cold storage (Takei et al., 

1998). ICAM-1 expression in the cold preserved liver in the current study 

confirms previous published data which showed that 0 hr preserved livers 

released a negligible amount of TNF whereas 24hr preserved livers produced 

the highest amount of TNF (Rao etal., 2000).

Reperfusion of the post-ischemic liver resulted in definable and quantifiable 

changes in leukocyte kinetics. It has been shown that the number of infiltrating
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PMNs is significantly increased by short periods of ischaemia (20min) being 

followed by reperfusion for 2, 12 and 24hr (Brown et al., 1997). These 

changes are likely to be due to up-regulation of endothelial cell adhesion 

molecules (Brown etal., 1997). It was also previously reported that l/R (60min 

ischaemia followed by 60min reperfusion) induced rolling of leukocytes to the 

endothelial lining of postsinusoidal venules. In addition, leukocytes were 

found stagnant in hepatic sinusoids (Vollmar et a i, 1998).

In the current study warm ischaemia for 30, 45 and 60min followed by 60min 

reperfusion resulted in a highly significant ICAM-1 expression on both SECs 

and hepatocytes when compared with the controls. This ICAM-1 expression 

was intense on SECs and hepatocytes. There were also significant 

differences in ICAM-1 expression after ischaemia/reperfusion when 

compared with the expression after warm ischaemia only.

Reperfusion following cold ischaemia has been shown to activate Kupffer 

cells resulting in elevated levels of IL-1 and TNF (Rao et a i, 2000). In the 

current study cold ischaemia up to Shr followed by warm reperfusion for 

60min induced intense ICAM-1 expression on both SECs and hepatocytes. 

With extended cold ischaemia times up to 16 and 24hr as expected with liver 

transplantation, this produced a highly significant up regulation of ICAM-1 

expression on the SECs and hepatocytes. These results are in agreement 

with previously published data which showed an early induction of ICAM-1 

expression on SECs following 15min post-reperfusion in livers subjected to 

6hr cold ischaemia (Takei etal., 1998).

In another experimental animal model, isolated rat livers were stored for 8 or 

24hr and followed by 15min of reperfusion. Nuclear trypan blue uptake and 

lactate dehydrogenase release were used as indices of hepatocyte and SECs 

viability. Loss of hepatocyte viability was nearly undetectable. SECs loss of 

viability averaged about 4% after 8hr and 30 % after 24hr of storage and brief 

reperfusion (Caldwell-Kenkel et a i, 1989). This observation fits with the 

results in the current study where livers stored for 16hr and 24hr and followed 

by 60min warm reperfusion increased the ICAM-1 expression more than Ohr 

and 8hr cold ischaemia followed by 60min reperfusion. So, longer periods of 

cold storage (16 & 24hr) are associated with SECs ICAM-1 induction and

86



correlated with loss of endothelial cell viability (Caldwell-Kenkel etal., 1989).

In the present study l/R induced a significant up-regulation of ICAM-1 

expression in the non-ischaemic lobe. This ICAM-1 expression was intense 

on the SECs and weak on the hepatocyte. The ICAM-1 expression in the non- 

ischaemic lobe would suggest that activated Kupffer cells and SECs during 

l/R produce a general inflammatory response which, in turn, is responsible for 

the ICAM-1 induction of the non-ischaemic liver lobe (Toledo-Pereyra et a!., 

1998).

The current study was also designed to assess the effect of GSH addition to 

the liver perfusion solution. GSH is one of the components of UW solution and 

acts as a free oxygen radical scavenger (Jamieson et a!., 1988). Reactive 

oxygen metabolites are implicated in reperfusion injury occurring in liver 

(Jaeschke etal., 1993). Reactive oxygen radicals not only destroy the cell but 

can induce the activation of phospholipase A2, which produces eicosanoids, 

platelet activating factor and cytokines. These products act as activators and 

a chemoattractant for neutrophils. In addition they produce endothelial cell 

damage and activation (Adkison etal., 1986).

In this study reduced glutathione (GSH) was added to the liver perfusate in an 

attempt to modulate the effect of l/R injury and possibly ICAM-1 expression.

It was observed that there was no change in ICAM-1 expression in post

reperfusion biopsies in the GSH treated group who had cold ischaemia time 

up to 8hr when compared with controls. When the cold ischaemia time was 

extended to 16 and 24hr the GSH treated group still have a significant up- 

regulation of ICAM-1 expression when compared with controls.

In livers which had 16hr cold ischaemia ICAM-1 expression was more 

pronounced in the untreated group when compared with the GSH treated 

group. However, GSH addition has no effect on ICAM-1 expression in either 

group when the cold ischaemia time exceeded 16hr.
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CHAPTER 4

A STUDY ON THE EFFECT OF ISCHAEMIA AND 
ISCHAEMIA/REPERFUSION ON LIVER HISTOLOGY AND ITS 

CORRELATION WITH ICAM-1 EXPRESSION

4.1 introduction and objective

The effect of ischaemia/reperfusion injury in that rat liver has been studied in 

different experimental models (Momii and Koga 1990; Colletti et al., 1990). 

One of the most important aspects of this injury are its effects on the 

microscopic morphology of the different liver cells. The effects of l/R on 

hepatocyte cell morphology varies in the published literature. This may relate 

to the nature of the different experimental models or the preservation fluid 

used.

Long term storage of liver grafts results in increased adhesion of leukocytes 

to the sinusoidal walls, which eventually leads to graft damage through 

disruption of the hepatic microcirculation (Takei et al., 1998; Jaeschke et a!., 

1990). Further injury and /or alteration to SECs occurs after reperfusion of the 

grafts (Zhou et a!., 1992). This may also lead to adhesion of leukocytes to 

SECs but the precise mechanisms have not been elucidated.

During the last two decades, considerable experimental effort has focused on 

the role of oxygen derived free radicals in the pathogenesis of hepatic 

ischaemia/reperfusion injury (Merion etal., 1991; Boudjema et al 1991).

The objectives in this study are to investigate the effect of ischaemia and 

Ischaemia/reperfusion injury on liver histology and to determine whether 

ICAM-1 is actively involved in tissue injury during this procedure. The second 

objective was to investigate the effect of the free oxygen radical scavenger, 

reduced glutathione (GSH) addition to the liver perfusate on hepatic histology.
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4.2 Methodology

Experiments were carried out under general anaesthesia in adult male 

Sprague Dawley rats (200-250 g). All experiments were non-recovery and 

were carried out according to Home Office regulations, Animals (Scientific 

Procedures) Act, 1986 as described in Chapter 2, paragraph 2.1.1.

4.2.1 Experimental groups

I in situ warm ischaemia and ischaemia/reperfusion (n=6 / group)
Group 1 
Group 2 
Group 3 
Group 4 
Group 5 
Group 6 
Group 7 
Group 8 
Group 9 
Group 10

sham operation for two hours 
SOmin. ischaemia 
45min. ischaemia.
60min. ischaemia.
90min. ischaemia.
105min. ischaemia.
120min. ischaemia.
SOmin. ischaemia followed by 60min. reperfusion. 
45min. ischaemia followed by 60min. reperfusion. 
60min. ischaemia followed by 60min. reperfusion.

II Cold ischaemia and cold ischaemia followed by warm reperfusion 

{in vitro reperfusion). (n=6 / group)

Group 1 : normal control
Group 2 : in situ flush with cold UW solution, Oh cold storage time
Group S : 8h cold ischaemia
Group 4 : 16h cold ischaemia
Group 5 : 24h cold ischaemia
Group 6 : Oh cold ischaemia/60min reperfusion.
Group 7 : 8h cold ischaemia/60min reperfusion.
Group 8 : 16h cold ischaemia/60min reperfusion.
Group 9 : 24h cold ischaemia/60min reperfiision.
Group 10: Oh cold ischaemia/60min reperfiision + GSH addition.
Group 11: 8h cold ischaemia/60min reperfusion +GSH addition.
Group 12: 16h cold ischaemia/60min reperfusion +GSH addition.
Group IS: 24h cold ischaemia/60min reperfusion +GSH addition.
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4.2.2 Surgical procedures

Laparotomy was carried out via a midline ventral abdominal skin incision as 

described in Chapter 2, paragraph 2.1.2. Blood supplies (portal and arterial) 

to the left and median hepatic lobes were identified.

Animal body temperature, heart rate beat/m in and tissue oxygen saturation 

(O2 sat.) were continuously monitored during the experimental procedure.

i In situ warm ischaemia

Lobar in s/fu warm ischaemia was induced by complete occlusion of the blood 

supply (arterial and portal) to the left and median hepatic lobes by 

microanerysm vascular clamp for 30, 45, 60, 90, 105 120 minutes. Wedge 

liver biopsies were taken at laparotomy (baseline) and at the end of the 

ischaemic times

ii In situ warm ischaemia and ischaemia/reperfusion (l/R)

Complete occlusion of the blood supply (arterial and portal) to the left and 

median hepatic lobes by a vascular clamp for 30, 45 and 60 minutes. 

Subsequent reperfusion for 60 minutes was obtained by releasing the clamp.

Wedge liver biopsies were taken at laparotomy (baseline), post-ischaemia 

and post-reperfusion.

iii Total hepatectomy and cold storage

The livers were as described in Chapter 2, paragraph 2.1.2 and stored in 200 

ml of UW solution in a sterile container placed inside a second container 

containing 1L of ice cold saline and packed on ice. Livers were stored by this 

method for 0 ,8 ,  16 and 24hr. wedge liver biopsies were taken at laparotomy 

(baseline) and at the end of the cold ischaemia times.

iv Isolated perfused rat liver (IPRL)

After hepatectomy livers were stored in cold UW solution for 0, 8, 16 & 24hr. At the 

end of ischaemia times, livers were perfused in non-recirculating technique as 

described in Chapter 2, paragraph 2.1.2. In one group of animals reduced glutathione 

6mmol/L was added to two liters of the liver perfusate. Wedge liver biopsies were 

taken at laparotomy (baseline), after cold storage, and at the end of reperfusion.
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4.2.3 Assessment of ischaemia and ischaemia/reperfusion injury

Histological studies were performed after fixation of the liver biopsies in formal 

saline for 24h. Sections were cut at Sum and stained with hematoxylin and 

eosin (HE) and analysed using light microscopy as described in Chapter 2, 

paragraph 2.1.7. The histological features of Ischaemia and 

Ischaemia/reperfusion injuries relied on analysis of eight structural parameters 

including; hepatocyte and SECs morphological changes, preservation of 

hepatic lobule architecture, the presence of micro and macro cytoplasmic 

vacuolisation, bleb formation, apoptosis and the presence of necrotic foci. A 

scale of 0 -3 was used to assess the degree of liver injury in each of this 

structure. The maximum score is 24. The degree of injury was graded into three 

categories, mild (0-7), moderate (8-15) and severe injury (16-24). See 

Table 4-1

Bleb formation

Plasma membrane blebbing is the development of finger-like or bubble-like 

protrusions on the cell surface (Gores et al., 1990). By light microscopy they 

look like small scattered eosinophilic spherical structures and probably 

represent dilated and shed hepatocyte microvilli (McKeown at a!., 1988). 

These blebs have previously been identified in hepatic injury e.g after hypoxia 

in the isolated preserved hepatocyte (Sorrentino etal., 1991) and during cold 

ischaemic storage of rat liver allografts (McKeown etal., 1988).

Table 4-1. Scorring of Ischaemia and I/R injury. The degree of liver injury was graded 
into three categories (mild, moderate and severe) depending on 8 histological criteria.
The maximum score is 24.

Histological features non mild moderate severe

Hepatocyte changes 0 1 2 3

SEC’s changes 0 1 2 3

Hepatic lobule archeticture 0 1 2 3

Microcytoplasmic vacuolation 0 1 2 3

Macrocytoplasmic vacuolation 0 1 2 3

Bleb formation 0 1 2 3

Apoptosis 0 1 2 3

Necrotic foci 0 1 2 3
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4.2.4 Investigation of ICAM-1 expression

ICAM-1 expression was demonstrated using immunohistochemical staining. 

The technique was described in details in Chapter 2, paragraph 2.1.6. The 

staining intensity on sinusoidal endothelial cells (SECs) and hepatocytes was 

scored semiquantitatively as reported in previous studies (Adams etal., 1989; 

Fuggle e ta l., 1993; Eberl e ta l., 1996; Faull & Russ 1989; Mampaso et 

a/.,1993; Farhood etal., 1995; Ohira etal., 1995). According to stain intensity, 

ICAM-1 expression was graded into four categories, no stain (no ICAM-1 

expression), mild, moderate and intense staining, these grades were scored 

from 0-3 respectively (Vivot etal., 1993).

4.3 Results

In all experiments there was no mortality during the experimental protocol. 

There were no differences between groups in heart rate, body temperature 

and O2 sat. during the conduction of the experiments.

4.3.1 Effect of warm ischaemia on liver histology and ICAM-1 expression.

Histology assessment

There were no histological changes in the baseline biopsies between the 

groups (Plate 4-1).

The architecture of hepatic lobules was retained in the sham operated group 

and in the groups which had up to 45min warm ischaemia. The hepatocytes 

and SECs seemed normal. There was no difference in histology between 

these groups. After 60-90min warm ischaemia, the liver parenchyma still had 

preserved architecture. Although the SECs appeared normal, the liver cells 

frequently appeared vacuolated. Micro and macro cytoplasmic vacuolation 

was present particularly in the 90min ischaemia group (Plate 

4-2) livers had mild ischemic injury. There were no statistically significant 

changes in liver histology up to 90min when the warm ischaemia groups were 

compared with the baseline biopsies from each group.

In contrast to the shorter periods of warm ischaemia, after 105-120min warm 

ischaemia, the architecture of the lobule was frequently disrupted. The major 

histological change was separation of hepatocytes. There was diffuse micro
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Table 4-2. Histological score of warm ischaemia. Results are expressed as Mean±SE 
and p value.

Warm ischaemia times Histology score 
(baseline)

Histology score 
(post-ischaemia)

p value

Sham operation (120min) 0.17±0.17 0.33±0.21 ns
30min. 0.17±0.17 0.33±0.21 ns
45min. 0.17±0.17 0.50±0.22 ns
60min. 0.17±0.17 0.70±0.21 ns
90min. 0.17±0.17 0.70±0.21 ns
105min. 0.00±0.00 1.33±1.33 <0.05
120min. 0.00±0.00 1.33±1.33 <0.05

Effect of warm ischaemia on liver 
histology

p<0.05 p<0.05

j :

sham operation for 120min 

30min ischemia 

45min ischemia 

60min ischemia 

( = 2 3  gomin Ischemia 

I 11'I i 1105min ischemia 

EZZZ3 120min ischemia

Expe rime ntal groups
Fig 4-1. Up to 90min warm ischaemia has no significant effect on liver 
histology. However, extended warm ischaemia times to 105min & 120min 
produced significant changes on liver histology.
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and macro cytoplasmic vacuolisation. Blebs and degeneration in hepatocytes 

were exaggerated. Areas of inflammatory foci were seen (Plate 4-3). SECs 

showed a round form and some were detached from the hepatocyte. The 

degree of liver injury in these groups was mild to moderate and this was 

significant when compared with baseline biopsy, p< 0.05 (paired t-test).

The over all comparison of the histological changes in the post warm 

ischaemia biopsies was significant when compared with results in the sham 

operated group, p < 0.05 (One way analysis of the variances). Figure 4-1.

Results are summarised in Table 4-2.

ICAM-1 expression.

There were no differences in ICAM-1 expression in baseline biopsies between 

the experimental groups.

There was no change in ICAM-1 expression in the sham operated and the 

SOmin warm ischaemia Group. When the warm ischaemia time was 

extended, there was significant up-regulation in ICAM-1 expression (Chapter 

3, Table 3-2).

In the warm ischaemia group no correlation was found between ICAM-1 

expression and morphological changes in post-ischaemia liver biopsies.

4.3.2 Effect of warm ischaemia/reperfusion on liver histology and ICAM-1 

expression.

Histology

There were no histological changes in baseline biopsies between the 

experimental groups. With 30min ischaemia followed by 60min reperfusion, 

there was slight swelling of the hepatocytes with moderate infiltration of 

inflammatory cells in the portal areas. The l/R injury in this group was graded 

as moderate, which was significant when compared with baseline biopsies for 

each group (p<0.0001) (paired t-test).

With 45min to 60min warm ischaemia followed by 60min reperfusion, there were 

extensive areas of inflammation, severe liver cell injury and marked 

inflammatory cell infiltration in portal areas and sinusoids. In these groups the
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Plate 4-1. A low power view of normal rat liver (X40).

Plate 4-2. Histological changes due to warm ischaemia (up to 90 minutes). This 
illustration shows micro (red arrow) and macro (black arrow) 

cytoplasmic vacuolisations (X200).

95



Plate 4-3. Histological changes due to warm ischaemia ( up to 120 minutes). This 
illustration shows lobular inflammation characterised by an area of 

focal necrosis, comprising an aggregate of lymphoid cells (black arrow) 
around disintegrating hepatocytes (X400).

Plate 4-4. Histological changes due to warm/ischaemia reperfusion injury. This 
illustration shows multiple inflammatory necrotic foci (red arrows), 
marked micro and macro cytoplasmic vacuolisation, disintegrating 

hepatocytes and a mitotic figure in the middle of the field 
(black arrow) (X200).
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Table 4-3. Effect of warm ischaemia/reperfusion on liver histology. Results are
expressed as Mean±SE and p value.

Ischaemia/reperfusion times baseline post-reperfusion p value

Sham operation (120 min.) 0.17±0.17 0.33±0.21 ns
SOmin. isch./60min. reper. 0.17±0.17 2.3±0.21 <0.0001
45min. isch./60min. reper. 0.17±0.17 2.7±0.21 <0.0001
60min. isch./60min. reper. 0.17±0.17 2.8±0.17 <0.0001

l/R injury was graded moderate - severe. The changes are significant when 

compared with baseline biopsies for each group (p<0.0001, paired t-test) (Plate 

4-4).

The l/R groups had a significantly greater injury score when compared with the 

sham operated group (p<0.0001 ) (one way analysis of variances) Figure 4-2.

The l/R groups had also a significantly greater injury score when compared 

with the warm ischaemia groups. Figure 4-3

The results are summarised in Table 4-3.

ICAM-1 expression

There was a significant up-regulation of ICAM-1 expression on SECs and 

hepatocytes after 30, 45 and 60 minutes of warm ischaemia followed by 60 

minutes reperfusion. See Chapter 3, Table 3-3.

There was a significant correlation between ICAM-1 expression and 

morphological changes in post ischaemia/reperfusion biopsies (p<0.0001) 

(Spearman correlation coefficient r=0.8).

4.3.3 Effect of cold ischaemia on liver histology and ICAM-1 expression 

Histology

Normal control and in situ flushed livers (Ohr cold ischaemia time) had a 

normal histology with good preservation of hepatocytes and endothelial cells. 

Liver cells were of normal size and the architecture of the hepatic lobule was 

well preserved. The endothelial cells were usually pavement-like and

97



Effect of in situ ischaemia/reperfusion 
injury on liver histology.

3 -

w0)O)
« 3  2

P.

p<0.0001 P ^ 0 0 1

p<0.0001
I 1 sham operated group

«5=5=* 30min Bch./eOmia reperfusion, 
«æsssffisa 45mln GCh./GOmia reperfusion. 

eOmin isch./eOmh. reperfusion

Expe rime ntal groups

Fig 4-2. Ischemia/reperfusion produced significant changes on liver histology.

E f fe c t  o f  w a r m  is c h a e m ia  v s  i s c h a e m i a /  
r e p e r f u s io n  in ju r y  o n  l i v e r  h is to lo g y .

P < 0 .0 0 0 1
P <  0.0001

P <  0 .0 0 0 1

Ischaemia.

Ischaemia / Fteperfusion.

Experimental groups

Fig 4-3. Effect of warm ischaemia vs l/R on liver histology.
A: SOmin ischaemia followed by 60min reperfusion vs warm ischaemia for SOmin 
B; 45min ischaemia followed by 60min reperfusion vs warm ischaemia for 45min 
C: 60min ischaemia followed by 60min reperfusion vs warm ischaemia for 60min
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appeared to be attached to the underlying hepatocytes along their entire 

length.

The liver parenchyma following 8hr cold ischaemia was almost normal with 

well preserved architecture. The hepatocytic nuclei were very well preserved. 

In the centrilobular areas there were a few micro cytoplasmic vacuoles. Also 

scattered areas of micro and macro vacuolisation were seen. SECs appeared 

slightly swollen and showed a round form but were still located to the 

underlying liver cells (Plate 4-5).

After 16hr cold ischaemia, the architecture of the hepatic lobule was still 

retained. There was slight hepatocyte swelling. The sinusoidal lumen 

contained very small scattered eosinophilic spherical structures (blebs). The 

sinusoidal spaces were some what diminished. SECs were swollen and some 

nuclei were pyknotic. SECs were characteristically lifted from underlying 

hepatocytes and the normal smooth lining of the sinusoidal lumen was 

absent. Post-ischaemic liver biopsies in this group showed a mild degree of 

injury when compared with baseline biopsies , p<0.05 (paired t-test).

After 24hr cold ischaemia, bleb formation increased and some vacuolation in 

the hepatocytes was evident. Some hepatocytes had apoptotic changes. 

Almost all SECs were swollen and detached from the underlying hepatocytes. 

Many pyknotic spherical nuclei of the endothelial cells could be identified in 

the sinusoidal lumen. Liver biopsies had mild to moderate injury and this was 

significant when compared with baseline biopsies p<0.05 (paired t-test). Plate 

4-6.

Table 4-5. Histological score of cold ischaemic liver injury. Results are 
expressed as Mean±SE and p value.

Cold ischaemia time baseline cold ischaemia p value

Normal control 0.00±0.00
Ohr 0.02±0.02 0.33±0.21 ns
8hr 0.17±0.17 0.5±0.34 ns
16hr 0.17±0.17 1.0±0.37 <0.05
24hr 0.17±0.17 1.7±0.33 <0.05
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Effect of cold ischemia on liver histology

3 -

2-

(00)
g
™ o> 
0 . 5

P,
p<0.05

p<0.05

ns

control 
I I Ohr cold isch.

8hr cold isch. 
■ ■  16hr cold isch. 
^ 3  24hr cold isch.

Experimental groups

Fig 4-4. Up to 8hr cold ischaemia has no effect on liver histology. 16hr 
and 24hr cold ischemia induced significant histological changes when 
compared with baseline histology ( p<0.05). One way analysis of variances

There was a significant difference when the histological changes in the cold 

ischemic liver biopsies were compared with the normal control group, p<0.05 

(one way analysis of variances). Figure 4-4.

Results are summarised in Table 4-5.

The effect of cold ischaemia on liver histology was compared with the effect 

of warm ischaemia. It was found that there was no difference in the 

histological changes between 16hr cold ischaemia and 45min warm 

ischaemia. However, with extended cold ischaemic times beyond 16hr, the 

histological differences were greater than the effects of 60 minutes warm 

ischaemia (p <0.05) (unpaired t-test). See Table 4-6.

ICAM-1 expression

After Ohr and 8hr cold ischaemia, ICAM-1 expression was no different to the 

control group. However, after 16hr and 24h cold ischaemia there was up- 

regulation in ICAM-1 expression which was statistically different when 

compared with baseline expression, p <0.05 (paired t-test). See Chapter 3, 

Table 3-4. A correlation was found between ICAM-1 expression and 

morphological changes induced by cold ischaemia ( P<0.0001), Spearman 

correlation coefficient r=0.8.
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Table 4-6. Comparison between the effect of cold ischaemia vs warm ischaemia 
on liver histology. Results are expressed as Mean±SE and p value.

Cold isch. time Mean±SE Warm isch. time Mean±SE p value

8 hours 0.05±0.34 30 minutes 0.33±0.21 ns
16 hours 1.00±0.37 45 minutes 0.50±0.22 ns
24 hours 1.67±0.33 60 minutes 0.67±0.21 <0.05

4.3.4 Effect of on-bench (in vitro) reperfusion on liver histology and ICAM-1 

expression

Histology

Ohr and 8hr cold ischaemia followed by 60min warm reperfusion resulted in 

some hepatocyte nuclear swelling. The majority of SECs were flattened and 

some were lifted away from hepatocellular surfaces. Some hepatocellular 

focal necrosis was observed. The degree of l/R injury was graded as mild in 

the Ohr cold ischaemia group (p<0.05) and mild - moderate in the 8hr cold 

ischaemia group (p<0.05) (paired t-test).

After 16-24hr cold ischaemia followed by 60min warm reperfusion, the 

continuity of the sinusoidal lining was destroyed. There were areas of 

necrosis and some hepatocytes were apoptotic predominantly in the 24hr 

group (Plates 4-7 & 4-8).

The l/R injury was graded moderate - severe in the 16hr cold ischaemia group 

(p<0.05) (paired t-test) and severe in the 24hr cold ischaemia group 

(p=0.0001) (paired t-test). Results are summarised in Table 4-7.

Liver injury due to on-bench reperfusion in all groups showed a significant 

statistical difference when compared with the normal control histology, 

p <0.05 (One way analysis of variance) (Figure 4-5).

The effect of cold ischaemia /  reperfusion injury on liver histology is greater 

than the effect of cold ischaemia only. Figure 4-6.

The effect of in situ reperfusion on liver histology was compared with in vitro
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Plate 4-5. Histological changes after 8hr of cold ischaemia. The hepatocytes are 
arranged in single cell trabecular patterns with nuclear pleomorphism 
and prominence of cytoplasmic organelles. The SECs still attached to 

the sinusoidal wall (black arrow) (X200).

Plate 4-6. Histological changes after 24hr of cold ischaemia. The SECs are 
swollen and lifted up from the underlying hepatocytes (black arrows). 
There is a nuclear pleomorphism with prominent nucleoli. In addition 

an apoptotic body is seen in the middle of the field (X400).
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reperfusion. In situ warm ischaemia up to 45min followed by 60min 

reperfusion had greater effect when compared with cold ischaemia up to 16hr

Table 4-7. Effect of on bench reperfusion on liver histology. Results are 
expressed as Mean±SE and p value.

in vitro reperfusion baseline post-reperfusion p value

Normal control 0.00±0.00 0.00±0.17 ns
Oh isch./60min reper. 0.00±0.00 0.80±0.30 <0.05
8h isch./60min reper. 0.17±0.17 1.5±0.34 <0.05
16h isch./60min reper. 0.17±0.17 2.0+0.26 <0.05
24h isch./60min reper. 0.33±0.21 2.7+0.21 0.0001

followed by 60min reperfusion. There were no significant histological changes 

between extended warm ischaemia to 60min and cold ischaemia to 24hr, and 

both followed by 60min reperfusion (Figure 4-7).

In general it was found that warm ischaemia /  reperfusion had the greatest 

effect on liver histology when compared with the effect of warm, cold 

ischaemia and in vitro reperfusion (Figure 4-8).

ICAM-1 expression

On-bench liver reperfusion for 60 minutes of cold stored livers for, 0, 8 ,16  and 

24hr resulted in a significant up-regulation in ICAM-1 expression. See 

Chapter 3, Table 3-5.

There was a correlation between ICAM-1 expression and histological changes 

after on-bench reperfusion (P<0.0001), Spearman correlation coefficient r=.08.
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Plate 4-7. Effect of on bench (in vitro) liver perfusion on histology. This illustration 
demonstrates a cell undergoing early stages of apoptosis (arrow) with 

disintegrated neighbouring hepatocytes. There is also nuclear 
pleomorphism with prominent nuclei (X200).
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Plate 4-8. Effect of on bench {in vitro)  liver perfusion on histology. There is a 
marked sinusoidal dilatation with many pyknotic spherical nuclei in its 

lumen. There is micro and macro cytoplasmic vacuolisations. Some 
hepatocytes show apoptotic changes with the nucleus started 

disintegrating(arrows) ( X I00).
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Effect of h  vitro reperfusion on liver 
histology

p=0.0001

p<0.05

p<0.05

control

Oh cotl isch./eOnin reperfusion 

8h cokJ isch./60nin reperfusion 

16h cod isch./eOrrin reperfusion 

24h cod isch./60rnn reperfusion

Experimental groups
Fig 4-5. In vitro (on bench) reperfusion produced a significant difference in 
histology changes in post-reperfusion biopsies when compared with baseline 
biopsies. The over all comparison of the post-reperfusion results in all groups 
with controls revealed a significant statistical difference, p <0.05 (One way 
analysis of variance)

p<0.05

p<0.05

p<0.05

cod ischaemia 

in vitro repefusion.

Experimental groups
Fig 4-6. Effect of cold ischaemia vs in vitro reperfusion on liver histology. 
A: 8hr cold ischaemia vs 8hr cold ischaemia/60min reperfusion 
B: 16hr cold ischaemia vs 16hr cold ischaemia/reperfusion 
C: 24hr cold ischaemia vs 24hr cold ischaemia/reperfusion
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Bfect of In Wfro re perfusion vs in srfu re perfusion 
on liver histology

p<0.05
p<0.05

i in vitro reperfusion
I in situ reperfusion

Experimental groups 
Fig 4-7. Comparison between the effect of in vitro and in situ reperfusion on 

liver histology.
A: cold ischaemia for 8hr/60min reperfusion vs warm ischaemia for 30min/60min re perfusion 
B: cold ischaemia for 16 hr/ 60min reperfusion vs warm ischaemia for 45 min followed by 60 
min reperfusion
C: cold ischaemia for 24hr followed by 60min reperfusion vs warm ischaemia for 60min 
followed by 60min reperfusion.

comparison between the effect of cold Isch., 
warm Isch., In vitro and in situ reperfusion on 

liver hlstoloov.

P<0.0001 P<0.0001

P=0.0004
I I coW ischaerria

c s s  Warm tschaerria 

I ' in vitro reperfusion

in situ reperfusion

E x p e r im e n ta l  g r o u p s

Fig 4-8. The effect of in situ l/R warm on liver histology Is more pronounced than the effect of 
in vitro l/R or warm and cold ischaemia 

A: 8hr cold ischaemia, 30min warm ischaemia, 8hr cold ischaemia/60min reperfusion & 30min 
warm isch/BOmin reperfusion
B: 16hr cold ischaemia, 45min warm ischaemia, 16hr cold ischaemia/60min reperfusion & 
45min warm isch/60min reperfusion
C: 24hr cold ischaemia, 60min warm ischaemia, 24hr cold isch/60min reperfusion & 60min 
warm ischaemia/60min reperfusion
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4.3.5 Effect of GSH addition to tfie liver perfusate on histology and ICAM-1

expression

Histology

GSH was added to the liver perfusate and the liver was perfused for 60min 

after 0 , 8 , 1 6  and 24hr cold ischaemia. In the Ohr cold ischaemia group there 

were no significant histological changes in the post-reperfusion biopsies when 

compared with controls. However, following 8, 16 and 24hr cold ischaemia 

GSH addition to the liver perfusate had no significant effect to limit the extent 

of liver injury in the post reperfusion biopsies. However, there were still 

significant changes in liver histology in the post-reperfusion biopsies when 

compared with controls, p <0.05 (One way analysis of variance) (Figure 4-9).

There were no significant differences between the treated group (with GSH 

addition) and the untreated group. Figure 4-10

Results are summarised in Table 4-8.

Table 4-8. Effect of reduced glutathione (GSH) addition to the liver perfusate on liver 
histology in post-reperfusion biopsies. The results are expressed as Mean±SE and p value.

in vitro reperfusion baseline 
(no GSH)

post-reperfusion 
(with GSH)

p value

controls (sham) 0.00±0.00 0.00±0.17 ns
Ohr isch./60min reper. 0.00±0.00 0.70±0.30 ns
Shr isch./60min reper. 0.17±0.17 1.30±0.21 <0.05
16hr isch./60min reper. 0.17±0.17 1.8±0.31 <0.05
24hr isch./60min reper. 0.17±0.17 2.8±0.17 <0.0001
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4.4 Discussion

Two different experimental rat models were selected for this study. The 

isolated perfused rat liver model was a leukocyte-free system and was 

suitable to study the effect of l/R injury without the involvement of PMNs. The 

second model was the in situ regional ischaemia model in which blood flow to 

the left and median lobes of the liver was occluded whilst maintaining flow to 

the right lobe.

In recent years, the mechanisms of ischaemia and reperfusion injury to the 

liver have received increased attention. Some authors have claimed that the 

injury to SECs occurs after reperfusion rather than during preservation (Momii 

& Koga., 1990). In this study it was demonstrated that cold preservation up 

to 8hr had no significant effect on either SECs or hepatocytes. However, it 

was previously reported that the limit of cold preservation is 4hr (McKeown et 

a!., 1988). It has been suggested that SECs are more vulnerable to cold 

ischaemia than parenchymal cells (Caldwell-Kenkel et al., 2000; Momii & 

Koga 1990). This observation was confirmed in the present study as the 

SECs displayed remarkable morphological changes after 16hr and 24hr of 

cold preservation. The sinusoidal lining cells on light microscopy were swollen 

and detached from underlying hepatocytes and many nuclei of SCEs could be 

identified in the sinusoidal lumen. On the other hand, hepatocytes showed no 

remarkable changes. In previously published data there was no evidence 

linking this finding and ICAM-1 expression. In the present study morphological 

changes in the SECs due to cold storage appear directly correlated with 

ICAM-1 expression.

In the warm ischaemia group hepatocyte injury was the prominent feature 

especially after 120min ischaemia. This was evident by the disruption of the 

lobule architecture and increased number of bleb formation. On the other 

hand the SECs showed a round form and some were detached from 

hepatocytes. So, in the warm ischaemia model the morphological changes of 

hepatocytes were predominant compared with those in the cold ischaemia 

model and compared favorably with previously published data (Ikeda et al., 

1992). However, the morphological changes after warm ischaemia did not 

correlate with ICAM-1 expression. These observations might suggest that the
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histological changes and ICAM-1 expression induced by warm ischaemia 

were different from those after cold ischaemia i.e. the injury due to cold 

ischaemia was not merely delayed warm ischaemic injury.

After reperfusion morphological changes in SECs and hepatocyte were evident 

and more severe than those after cold or warm ischaemia alone. The endothelial 

lining was almost completely lost and the SECs could be found in the sinusoidal 

lumen. There were swellings of the hepatocytes and blebs do occur.

The extent of reperfusion injury was evident after cold ischaemia more than 

warm ischaemia and was directly dependent on the duration of the cold 

ischaemia and not upon the reperfusion period. In both models reperfusion 

injury was directly correlated with the ICAM-1 expression.

Studies have suggested that oxygen free radicals generated at the time of 

reperfusion can contribute to the loss of organ function by inducing cell 

damage and capillary plugging (Jaeschke etal., 1988; Cicalese et a i, 1996). 

Experiments with the glutathione reductase inhibitor provided indirect 

evidence for presence of an extracellular oxidant stress in vivo (Jaeschke at 

a!., 1990). Kupffer cells contribute to the postischemic oxidant stress that 

starts immediately after reperfusion (Jaeschke., 1993). The source of the 

reactive oxygen species in the liver remains controversial, however Kupffer 

cells seem to be the main source of extracellular reactive oxygen formed during 

the initial reperfusion period of 1 hr after hepatic ischaemia (Jaeschke at a/., 

1990; Jaeschke., 1993). Laboratory investigations have shown the role of 

glutathione in free oxygen radical scavenging and in suppressing oxidative 

injury to tissue exposed to warm and cold ischaemia reperfusion. Glutathione 

is synthesised within the hepatocyte. After ischaemia and reperfusion the 

reduced form of glutathione is released into the sinusoidal lumen where it can 

act as a trapping agent for free oxygen radicals (Stib at a!., 1998).

The present study demonstrated that the addition of GSH to the liver 

perfusate did not modify morphological changes when cold ischaemic time 

extended to 8hr (8-24hr). However, in the cold flushed livers, reperfused 

immediately for 60min (Ohr cold ischaemia), the hepatic morphological 

changes were limited to the group which had GSH addition to the liver 

perfusate.
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CHAPTER 5

CORRELATION OF HEPATOCELLULAR INJURY AND 
ADHESION MOLECULE ACTIVATION WITH LIVER 

ISCHAEMIA AND ISCHAEMIA/REPERFUSION

5.1 Introduction and Objective

Hepatic ischaemia and reperfusion initiates an inflammatory response that 

leads to hepatocellular injury (Hamamoto etal., 1995). Factors involved in the 

pathogenesis include microcirculatory disturbances (Pretto etal., 1991), and 

activationof Kupffer cells and infiltration of neutrophils (Arii etal., 1994).

The pathophysiology of the hepatocellular injury that follows ischaemia and 

reperfusion is still incompletely understood. There also seems no consensus 

on how to best monitor and record liver function. The parameters used to 

evaluate the tissue injury as a response of the liver to ischaemia/reperfusion 

vary considerably between studies. The commonly used parameters include: 

(1) changes in the hepatocellular permeability or cytolysis; (2) altered 

hepatocyte function (ALT and AST release); (3) impaired circulatory function, 

and (4) oxidative stress (Parks & Granger., 1988). Release of ALT and AST 

are the most commonly used indicators for hepatocellular injury (Vollmar et 

al., 1998; Kiriyama etal., 1994; Sumimoto etal., 1998; Jaeschke etal., 1990).

Recent studies suggest that adhesion molecules are critical for neutrophils 

cytotoxicity in the liver (Toledo-Pereyra et a i, 1998). Ischaemia/reperfusion 

injury induces ICAM-1 expression on vascular lining cells and on hepatocytes 

(Nakano et a i,  1995). ICAM-1 is postulated to play an important role in the 

transendothelial migration of leukocytes, which is a prerequisite of 

inflammation (Holness et al., 1994; Heemann et al., 1994; van Oosten et al., 

1995).

The objective of the current study is to investigate the effect of in situ hepatic

111



ischaemia and ischaemia/reperfusion on hepatocellular damage assessed by 

blood ALT and AST levels, and to correlate this with the expression of the 

adhesion molecule ICAM-1.

5.2 Methodology

Experiments were carried out under general anaesthesia in adult male 

Sprague Dawley rats (200-250 g). All experiments were non-recovery and 

were carried out according to Home Office regulations, Animals (Scientific 

Procedures) Act, 1986 as described in Chapter 2, paragraph 2.1.1

5.2.1 Experimental groups (n=6 /  group)

Group 1: control group (sham operation for 120min)

Group 2: in situ ischaemia for 30min.

Group 3: in situ ischaemia for 45min.

Group 4: in situ ischaemia for 60min.

Group 5: in situ ischaemia for 90min.

Group 6: in situ ischaemia for 105min.

Group 7: in situ ischaemia for 120min.

Group 8: in situ ischaemia for 30min followed by 60min reperfusion.

Group 9: in situ ischaemia for 45min followed by 60min reperfusion.

Group 10: in situ ischaemia for 60min followed by 60min reperfusion.

5.2.2 Surgical Procedure

Laparotomy was carried out via a midline ventral abdominal skin incision as 

described in Chapter 2, paragraph 2.1.2. Blood supply (portal and arterial) to 

the left and median hepatic lobes was identified.

Animal body temperature, heart rate beat/min and tissue oxygen saturation 

(0 2  sat.) were continuously monitored during the experimental procedure.

i In situ warm ischaemia

Lobar in situ warm ischaemia was induced by complete occlusion of the blood 

supply (arterial and portal) to the left and median hepatic lobes by 

microanurysm vascular clamp for 30, 45, 60, 90, 105 120 minutes. Wedge
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liver biopsies were taken at laparotomy (baseline) and at the end of the 

ischaemic times

ii In situ warm ischaemia and ischaemia/reperfusion (l/R)

This was achieved by complete occlusion of the blood supply (arterial and 

portal) to the left and median hepatic lobes by a vascular clamp for 30, 45 and 

60 minutes. Subsequent reperfusion for 60 minutes was obtained by 

releasing the clamp.

Wedge liver biopsies were taken at laparotomy (baseline), post-ischaemia 

and post-reperfusion.

5.2.3 Blood samples

Portal blood samples (500 uml) were taken from the main portal vein at 

laparotomy (baseline). A second blood sample was taken at the end of the 

procedure in the sham group, at the end of the ischaemia times in the 

ischaemia groups and at the end of the ischaemia/reperfusion times in the 

ischaemia/reperfusion groups. Samples were collected for measurement of 

alanine transaminase (ALT) and aspartate transaminase (AST) levels by 

Sigma Test Kit DG 159-UV (Sigma, UK). Values are expressed in international 

units per litre.

5.2.4 Liver biopsies.

In the sham operated group wedge liver biopsies were taken on laparotomy 

and at the end of the experiment (after 120 minutes).

In the ischaemia groups wedge liver biopsies were taken on laparotomy 

(baseline biopsies) and at the end of the ischaemia times.

In the ischaemia/reperfusion groups liver biopsies were taken on laparotomy 

and at the end of the ischaemia/reperfusion times.

5.2.5 investigation of ICAM-1 expression

Biopsies were snap frozen in isopentane at -70°G . They were then stored at 

-196°C  in a liquid nitrogen cache until cryotomy and immunohistochemici
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staining as described in Chapter 2, paragraph 2.1.6 Biopsies were investigated 

for ICAM-1 expression and graded from 0-3 according to the intensity of 

staining as no staining, mild, moderate and intense ICAM-1 staining.

5.3 Results

In all experiments there was no mortality during the experimental protocol. 

There were no differences between groups in heart rate beat/minute, body 

temperature and O2 sat. during the experiments.

5.3.1 Control group

In controls there was no change in ALT and AST between the baseline and 

end of the procedure blood samples.

In baseline liver biopsies there was minimal ICAM-1 expression on the SECs. 

There was no change in ICAM-1 expression between baseline biopsies and 

end of the procedure.

5.3.2 Effect of warm ischaemia on ALT & AST and ICAM-1 expression 

Liver enzymes ALT and AST

At baseline there was no change in the ALT and AST levels between the 

controls and the ischaemia groups. However, all periods of warm ischaemia 

(30-120 minutes) produced a significant increase in ALT and AST levels at the 

end of the ischaemia times (p< 0.05) (paired t-test). The results are 

summarised in Tables 5-1 & 5-2.

The post-ischaemia ALT and AST levels were significantly increased when 

compared with controls, P < 0.0001 (One way analysis of variance).

ICAM-1 expression

There was no ICAM-1 expression on SECs in baseline biopsies in both 

controls and the ischaemia groups. Warm ischaemia up to 30 minutes had no 

significant effect on ICAM-1 expression. However, 45 minutes and above of 

normothermic ischaemia produced significant ICAM-1 up-regulation on the 

SECs. Chapter 3, Table 3-2
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Correlation between ICAM-1 expression and ALT & AST blood levels.

Warm ischaemia produced significant increases in the blood ALT and AST, and 

up-regulation in ICAM-1 expression. There was a significant correlation between 

the high levels of ALT (p=0.0002) & AST (p=0.0008) and increased ICAM-1 

expression, Spearman correlation coefficient r=0.6 & 0.5 respectively.

Table 5-1. Effect of warm ischaemia on ALT levels. The results are expressed as Mean±SB 
and p value (paired t-test).

groups baseline End of ischaemia p value

control 65.00+1.97 66.50±1.77 ns
30min. isch. 64.67±2.09 95.17±2.60 <0.05
45min. isch. 64.83±3.05 150.30±18.63 <0.05
60min. isch. 61.67±1.71 181.50±6.137 <0.05
90min. isch. 63.00±2.81 191.50±10.24 <0.05
105min. isch. 86.17±7.23 170.00±13.89 <0.05
120min. isch. 91.33±18.87 230.70±21.48 <0.05

Table 5-2. Effect of warm ischaemia on AST levels, 
and p value (paired t-test).

The results are expressed as Mean±SE

Groups baseline End of ischaemia p value

control 123.000±3.568 130.800±8.163 ns
30min. isch. 118.500±5.760 192.000±18.050 <0.05
45min. isch. 120.700±7.168 237.700±13.510 <0.05
60min. isch. 125.500±5.530 336.200±28.460 <0.05
90min. isch. 124.700±3.403 336.500+28.490 <0.05
105min. isch. 118.800±6.353 349.300±35.290 <0.05
120min. isch. 138.800±23.470 441.700±39.420 <0.05
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5.3.3 Effect of warm ischaemia/reperfusion on ALT & AST and ICAM-1 expression 

Liver enzymes ALT and AST

At baseline there was no change in the ALT and AST levels between the 

controls and the ischaemia/reperfusion groups. However, all l/R groups 

showed a significant elevation in the ALT & AST levels, the elevation being 

most marked with the longer ischaemic period. See tables 5-3 and 5-4.

Table 5-3. Effect of Ischaemia/reperfusion on ALT level. The results are expressed as 
Mean±SE and p value (paired t-test).

groups (n=6/group) ALT at baseline ALT at post-reperfiision p value

control 65.00±2.00 67.00±1.80 ns
30min. isch./60min. rep. 65.00±2.10 1600.00±400.00 <0.05
45min. isch./60min. rep. 65.00±3.00 2700.00±380.00 <0.05
60min. isch./6Gmin. rep. 62.00±1.70 2600.00±340.00 <0.05

Table 5-4. Effect of Ischaemia/reperfusion on AST level. The results are expressed as 
Mean±SE and p value (paired t-test).

groups (n=6/group) AST at baseline AST at post-reperfusion p value

control 120.0±3.6 130.00±8.20 ns
30min. isch./60min. rep. 120.0±5.8 1600.00±300.00 <0.05
45min. isch./60min. rep. 120.0±7.2 2500.00±420.00 <0.05
60min. isch./60min. rep. 130.0±5.5 2900.00±420.00 <0.05

There was a significant increase in ALT and AST levels at the end of the 

reperfusion periods when compared with the controls.

There was a significant increase in ALT and AST in ischaemia/reperfusion 

groups when compared with the effect of ischaemia only. See table 5-5.
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Table 5-5. Effect of warm ischaemia on ALT and AST levels vs the effect of I/R The results 
are expressed as Mean±SE and p value (n=6/group).

30min. isch. 30 min. isch./60min. reper; p value

ALT 95.17±2.60 1600.00±400.00 <0.05
AST 192.00±18.05 1600.00±300.00 <0.05

45 min. isch. 45 min. isch./60min. reper.
ALT 150.30±18.63 2700.00±380.00 < 0.0001
AST 237.70±13.51 2500.00±420.00 <0.05

60min. isch. 60 min. isch./60min. reper.
ALT 336.20±28.46 2600.00±340.00 < 0.0001
AST 336.20±28.46 2900.00±420.00 < 0.0001

ICAM-1 expression

At baseline in Controls and the Ischaemia/Reperfusion groups there was 

minimal expression of ICAM-1 on SECs. However, Ischaemia/Reperfusion 

induced a significant up-regulation of ICAM-1 expression in post-reperfusion 

liver biopsies. See Chapter 3, Table 3-3

Correlation between ICAM-1 expression and ALT & AST at the end of the l/R 

times.

Ischaemia/reperfusion injury induced a significant increase in the blood level 

of ALT and AST and also up-regulation of ICAM-1 expression in post

reperfusion biopsies (Table 5-1 & 5-2). There was a significant correlation 

between post-reperfusion increase of ALT & AST and up-regulation of ICAM-1 

expression, p<0.0001, Spearman correlation coefficient r=0.09.

5.4 Discussion

Liver reperfusion after a period of ischaemia results in hepatocyte injury 

(Ikeda etal., 1992). The most commonly used indicator to assess such injury 

is ALT and AST levels (Parks & Granger., 1988), as previously reported in
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Correlation between IC ^ -1  and ALT blood level, post 
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Fig 5-1. There is a significant correlation between increased ICAM-1 
expression in post-reperfusion biopsy and elevated ALT blood level. P< 
0.0001, r=0.9 (Spearman's correlation test)
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many experimental studies (Vollmar et al., 1998; Shiratori et al., 1994; 

Sumimoto et al., 1998; Jaeschke et al., 1990). Their production requires 

adequate function of hepatocytes with ultrastructural integrity. The enzyme 

values of ALT and AST indicate the degree of hepatocellular membrane 

breakdown which indirectly reflects the hepatocellular functional integrity 

(Ikeda et al., 1992). In the current study hepatocyte injury was assessed by 

measuring ALT and AST levels in a rat model of in situ lobar ischaemia and 

ischaemia/reperfusion.

It was also shown that in hepatic inflammation due to post-ischaemic 

reperfusion injury Kupffer cells were activated during the initial phase of 

reperfusion (Reinders et al., 1997; Arii et al., 1994). Activated Kupffer cells 

release various cytokines like IL-1 and tumour necrosis factor (Rao et al., 

2000; Arii et al., 1994). Inflammation-induced interaction of neutrophils with 

endothelium represents the primary events for their infiltration into the hepatic 

tissue (Lemmens et al., 1993; Vollmar et al., 1998). Such inflammatory 

responses are associated with a broad inducibility of ICAM-1 on the surface 

of hepatic vascular endothelium (Nishimura etal., 1996; Vollmar etal., 1998; 

Nakano etal., 1995).

Zhou and colleagues (Zhou et al., 1992) induced lobar hepatic ischaemia in 

rats for 60 minutes followed by different periods of reperfusion (1-24hr). 

Hepatic injury in this model was quantified by measurement of the release of 

ALT into the plasma. They reported significant increase in ALT plasma levels 

after 60 minutes of warm ischaemia followed by 60 minutes of reperfusion. 

Two ALT peaks were observed, a first peak was seen after Shr of reperfusion 

and a second peak appeared after 24hr of reperfusion.

In the current study hepatocyte injury as assessed by ALT and AST levels was 

noticeable after 30 minutes of warm ischaemia. There was a significant peak 

in their levels after 60 minutes of warm ischaemia. These results are in 

agreement with that of Ikeda and co-workers (Ikeda etal., 1992) who reported 

that ALT levels in the 60 minute warm ischaemia group was higher than the 

level in the 30 minute warm ischaemia group. In a study by Shiratori and 

colleagues (Shiratori et al., 1994), ALT concentrations in serum was not 

increased in rats when liver ischaemia lasted for less than Ihr, while an
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enhanced ALT activity was demonstrated after 2hr of ischaemia. Serum ALT 

concentrations were enhanced after 1 hr of reperfusion following 40 minutes 

of ischaemia. Serum ALT concentrations then gradually decreased after 2hr 

of reperfusion. Furthermore when rats received 1hr of ischaemia, ALT 

concentrations in serum were much more enhanced than after 2hr of 

reperfusion.

Jaeschke and co-workers (Jaeschke etal., 1990) investigated the effect of l/R 

injury on ALT levels in a rat model of lobar hepatic ischaemia. They reported 

that 45 minutes of lobar ischaemia followed by 60 minutes of reperfusion 

resulted in an initial liver injury as determined by significant increases in ALT 

levels. In the present study, lobar ischaemia for 30, 45 and 60 minutes 

followed by 60 minutes reperfusion, resulted in a significant increase in ALT 

and AST levels. The increased levels of ALT and AST after reperfusion are 

more significant when compared with the effect of ischaemia only. In the 

current study it was also reported that the elevation of ALT and AST levels 

after reperfusion were most marked with longer ischaemic periods. These 

results were consistent with previously published data (Jaeschke & Farhood., 

1991; Ikeda etal., 1992; Otsuka etal., 1994).

Jaeschke and Farhood (Jaeschke & Farhood., 1991) showed that 45, 60 and 

120 minutes of lobar ischaemia in rat liver, followed by 60 minutes reperfusion 

produced a significant increase of plasma ALT activity. The severity of the 

damage correlated with the length of the ischaemic period. Ikeda (Ikeda etal.,

1992) reported that after warm ischaemia for 30 and 60 minutes followed by 

4 hr reperfusion, serum ALT was markedly elevated. ALT in the 60 minutes 

warm ischaemia group was higher than the ones in the 30 minutes warm 

ischaemia group. Otsuka and associates (Otsuka et al., 1994) demonstrated 

a significant increase in ALT and AST serum levels in rat livers subjected to 

90 and 120 minutes of warm ischaemia followed by 30 minutes reperfusion. 

The increase in ALT and AST levels being most marked following the longer 

ischaemia times.

Takei and colleagues (Takei et al., 1998) observed that ICAM-1 expression 

increased in the sinusoidal lining cells within 15 minutes post-reperfusion of 

rat livers. This observation was confirmed by Steinhoff (Steinhoff etal., 1993)
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who investigated the expression of ICAM-1 in post-reperfusion liver biopsies 

where he reported 60-90 minutes after reperfusion there was an up-regulation 

of ICAM-1 expression in 60% of these biopsies. In the present study there 

was up-regulation of ICAM-1 expression after 45 minutes of warm ischaemia. 

This result is in agreement with Farhood (Farhood etal., 1995), who showed 

that 45 minutes of lobar hepatic warm ischaemia increased ICAM-1 

expression on SECs. He also reported increased ICAM-1 mRNA levels in 

ischaemic lobes during ischaemia and a further increase during reperfusion.

In the current study it was shown that there was a correlation between 

increased ALT and AST levels and up-regulation of ICAM-1 expression in the 

warm ischaemia model. It was observed that ALT and AST levels significantly 

increased after 30 minutes of warm ischaemia, however, significant up- 

regulation of ICAM-1 expression begun after 45 minutes of warm ischaemia. 

This might be explained by the possibility that hepatocyte injury proceeded 

the up-regulation of ICAM-1.

Bell and colleagues (Bell etal., 1997) reported that partial hepatic ischaemia 

for 30 minutes caused liver injury after reperfusion for 1-5hr as indicated by 

the significant increase of plasma ALT activities. During ischaemia ICAM-1 

mRNA increased in the ischaemic lobes to 31 fold above baseline values. A 

further increase was observed during reperfusion (up to 127 fold at 5hr). 

ICAM-1 gene transcription was detected in hepatic endothelial cells during 

reperfusion.

In the present study, there was a significant correlation between increased 

ALT and AST levels and up-regulated ICAM-1 expression following l/R.

Vollmar (Vollmar et al., 1998) reported reactively high levels of serum AST 

and ALT activities in lobar hepatic ischaemia in rats after 60 minutes 

ischaemia followed by 60 minutes reperfusion. It was also reported that anti 

ICAM-1 treatment improved hepatocyte function as assessed by ALT and AST 

levels which significantly decreased when compared with the untreated 

group.

However, the data in the current study is in contrast to that of Shiratori 

(Shiratori et al., 1994) who demonstrated ALT concentrations in serum were
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not increased in rats when liver ischaemia lasted for less than 1hr, while an 

enhanced ALT activity was demonstrated after more than 2hr of ischaemia.

By means of measuring the liver enzymes ALT and AST, the present study 

provided in vivo evidence for the functional impairment of the hepatocyte after 

ischaemia and ischaemia reperfusion. ICAM-1 expression reflected the 

hepatocyte injury in the post-reperfusion procedure, however its expression 

appeared to be of limited value during the early periods of ischaemia.

These data support the conclusion that hepatic ischaemia/reperfusion 

induced ICAM-1 expression and enhanced the level of liver enzymes.
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CHAPTER 6

THE CORRELATION BETWEEN FLOW OF HEPATIC 
MICROCIRCULATION AND ADHESION MOLECULE 

ACTIVATION FOLLOWING ISCHAEMIA AND 
ISCHAEMIA/REPERFUSION

6.1 introduction and objective

Sinusoidal endothelial cells become activated by ischaemia and 

ischaemia/reperfusion, accordingly they may produce cytokines such as 

tumour necrosis factor or interferon alpha, or up-regulate adhesion molecules. 

As a result of this process, circulating leukocytes will begin to slow and stick 

the up-regulated adhesion molecule receptors (Heemann et al., 1994). 

Manner and colleagues (Manner at a!., 1990) studied the microcirculatory 

changes in a porcine liver transplant model using a hydrogen clearance 

technique. They reported compromised post-reperfusion of hepatic 

microcirculation. In a rat liver transplantation model Takei (Takei at a!., 1998) 

reported post-reperfusion microcirculatory disturbances as assessed by 

reflectance and fluorescence measurements, and uptake of colloidal carbon. 

An increase in the number of the intra-sinusoidal leukocytes which is a 

characteristic feature in the post-reperfusion liver biopsies was also reported 

(Otto at a!., 2000).

ICAM-1 is known to be partially responsible for permanent binding of 

circulating leukocytes and the endothelial vasculature. Thus, up-regulation of 

ICAM-1 may cause sticking of neutrophils, monocytes and lymphocytes to 

vessel walls, accordingly platelets will also accumulate and this may lead to 

impairment of the hepatic microcirculation (Heemann at a!., 1994). Therefore, 

evaluation of hepatic microcirculation blood flow is crucial to understand the 

pathophysiology of the ischaemia/reperfusion injury. A variety of techniques
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have been employed throughout the years in attempts to measure hepatic 

blood flow in experimental models and in man (Kotzampassi et al., 1992; 

Mathie et a!., 1994). A technique where blood flow in the hepatic 

microcirculation could be measured continuously and without interfering with 

the circulation itself is highly desirable. Laser Doppler Flowmetry (LDF) fulfils 

this role (Almond & Wheatley., 1992). However, no studies have investigated 

the hepatic microcirculation in parallel with ICAM-1 expression.

In this study the effect of total interruption of blood flow to the median and the 

left lateral hepatic lobes (no-flow warm ischaemia) for various time periods 

with subsequent reperfusion for 1 hr was carried out. Hepatic microcirculation 

was assessed before and during warm ischaemia and post-reperfusion by 

laser doppler flowmetery. The measurements of LDF were correlated with the 

ICAM-1 expression on sinusoidal endothelial cells in base line, ischaemic and 

post-reperfusion liver biopsies.

6.2 Methodology

Experiments were carried out under general anaesthesia in adult male 

Sprague Dawley rats (200-250 g). All experiments were non-recovery and 

were carried out according to Home Office regulations. Animals (Scientific 

Procedures) Act, 1986 as described in Chapter 2, paragraph 2.1.1.

6.2.1 Experimental groups (n=6 /  group)

Group 1: control group (sham operation for 120min)

Group 2: ischaemia for 30min.

Group 3: ischaemia for 45min.

Group 4: ischaemia for 60min.

Group 5: ischaemia for 90min.

Group 6: ischaemia for 105min,

Group 7: ischaemia for 120min.

Group 8: in situ ischaemia for 30min followed by 60min reperfusion.

Group 9: in situ ischaemia for 45min followed by 60min reperfusion.

Group 10: in situ ischaemia for 60min followed by 60min reperfusion.
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6.2.2 Surgical Procedure

Laparotomy was carried out via a midline ventral abdominal skin incision as 

described in Chapter 2, paragraph 2.1.2 and the blood supply (portal and 

arterial) to the left and median hepatic lobes were identified.

Animal body temperature, heart rate beat/m in and tissue oxygen saturation 

(O2 sat.) were continuously monitored during the experimental procedure.

i In situ warm ischaemia

In situ warm ischaemia was induced by complete occlusion of the blood 

supply (arterial and portal) to the left and median hepatic lobes using a 

microanurysm vascular clamp as described in Chapter 2, paragraph 2.1.2, for 

30, 45, 60, 90, 105 120 minutes.

ii In situ warm ischaemia followed by reperfusion (l/R)

In situ warm ischaemia was induced for 30, 45 and 60 minutes. Subsequent 

reperfusion for 60 minutes was obtained by releasing the clamp. The 

procedure was described in Chapter 2, paragraph 2.1.2

6.2.3 Liver biopsies

In the sham operated group wedge liver biopsies (< 0.5 cm) were taken on 

laparotomy from the left lobe and at the end of the experiment (after 120 

minutes).

In the ischaemia groups wedge liver biopsies were taken on laparotomy 

(baseline biopsies) and at the end of the ischaemia times.

In the ischaemia/reperfusion groups liver biopsies were taken on laparotomy 

and at the end of the ischaemia/reperfusion times.

6.2.4 investigation of ICAM-1 expression

Biopsies were snap frozen in isopentane at -70°C . They were then stored at 

-196°C  in a liquid nitrogen cache until cryotomy and immunohistochemistry 

staining as described in Chapter 2, paragraph 2.1.6, biopsies were investigated 

for ICAM-1 expression and graded from 0-3 according to the intensity of staining 

as no staining, mild, moderate and intense ICAM-1 staining. See Table 2-2
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6.2.5 Measurement of hepatic microcirculation by Laser Doppler Flowmetry

A commercially available LDF system was used in this study (Mult, Moor 

Instruments Limited, Axminster, Devon, UK) as described in Chapter 2, 

paragraph 2.1.8. A surface Laser Doppler probe was applied to the middle of 

the anterior surface of the left lobe. In all groups the base line flow In the 

hepatic microcirculation was recorded on laparotomy, then continuously 

monitored and measured throughout the procedure. The laser doppler 

Flowmetry readings In arbitrary units of flux were continuously transferred and 

stored In a serially connected IBM compatible computer equipped with 

software to give a real time display, record and analyse the blood flow pattern 

and values. Flux values quoted are means of the recorded flow signals 

computed over a period of ISmln.

6.3 Results

In all experiments there was no animal death during the experimental 

protocol. There were no differences between groups In hear rat, body 

temperature and O2 sat. during the conduction of the experiments.

6.3.1 Control group

In the sham operated group there was no change In flow between the 

beginning (baseline) and end of the procedure.

In baseline liver biopsies there was no ICAM-1 expression on the SEC's. 

There was no change In ICAM-1 expression between baseline biopsies and 

end of the procedure.

6.3.2 Effect of warm Ischaemia on hepatic microcirculation and ICAM-1 

expression.

Flow In the hepatic microcirculation

At baseline there was no change In flow between control and Ischaemia 

groups. However, all periods of warm Ischaemia (30-120 minutes) produced 

a significant reduction In hepatic microcirculation, (p< 0.0001),Paired t-test as 

shown In Figure 6-1.

The results are summarised In Table 6-1.
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Table 6-1. Hepatic microcirculation at baseline and end of ischaemia (with clamp on). LDF 
values are in flux units. The results are expressed as meantSE and p value (Paired t-test).

Warm ischaemia 
times

baseline end of
ischaemia times

p value

30min. 207.3±3.66 9.00±0.26 < 0.0001
45min. 206.3±6.67 8.17±0.30 < 0.0001
60min. 206.8±12.19 8.17±0.17 < 0.0001
90min. 221.5±15.59 6.50±0.34 < 0.0001
105min. 223.5±9.84 6.83±0.31 < 0.0001
12Gmin. 217.2±8.54 7.00±0.68 < 0.0001

ICAM-1 expression.

At baseline in controls and ischaemia groups there was minimal expression 

of ICAM-1 on SEC's. Warm ischaemia up to 30 minutes did not up-regulate 

ICAM-1 expression. However, 45 minutes and above of normothermic 

ischaemia produce significant ICAM-1 up-regulation. The results are 

summarised in table 6-2.

Table 6-2. ICAM-1 expression at baseline biopsies and the end of warm ischaemia 
times. The results are expressed as Mean±SE and p value (Paired t-test). For 
ICAM-1 scorring see Table 2-2 (n=6 animals/group)

Warm ischaemia 
(120 min)

period Baseline Following warm 
ischaemia

p value

Sham operation 0.31±0.17 0.50+0.22 ns

30min 0.17±0.17 0.47±0.34 ns
45min 0.17±0.21 1.00±0.29 <0.05
60min 0.17±0.21 1.32±0.21 <0.05
90min 0.17±0.17 1.53±0.34 <0.05
105min 0.17±0.17 1.54±0.22 <0.05
120min 0.33±0.17 1.69±0.33 <0.05
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Correlation of ICAM-1 expression with hepatic microcirculation, (with clamp 

on for both hepatic flow and post ischaemia biopsy)

Warm ischaemia produced significant reduction in the blood flow of the hepatic 

microcirculation, and up-regulated ICAM-1 expression. There was a significant 

correlation between reduced hepatic microcirculation and increased ICAM-1 

expression, p<0.05 (Spearman correlation coefficient r=0.5).

6.3.3 Effect of warm ischaemia/reperfusion on hepatic microcirculation and 

ICAM-1 expression

Flow in the hepatic microcirculation

At baseline there was no change in flow between control and 

ischaemia/reperfusion groups. However, all l/R groups showed a significant 

reduction in hepatic microcirculation, the reduction being most marked with 

the longer ischaemic period p<0.0001 (Paired t-test).

See Table 6-3 and Figure 6-2.

Table 6-3. HM (Flux Uint) at baseline and after ischaemia/reperfusion. Results are 
expressed as mean±SE and p value (Paired t-test).

groups (n=6/group) HM at baseline HM post- 
repei^sion

% of reduction in 
HM

p value

controls 233.2±16.43 230.3+17.64 0.02 % ns
30min. isch./60min. rep. 207.3± 3.66 140.0+21.28 32% <0.05
45min. isch/60min. rep. 206.3± 6.67 52.2± 3.03 15% < 0.0001
60min. isch./60min. rep. 206.8±12.19 43.8± 4.84 79% < 0.0001

ICAM-1 expression:

At baseline in controls and the Ischaemia/Reperfusion groups there was no 

expression of ICAM-1 on SECs. However, Ischaemia/Reperfusion induced a 

significant up-regulation of ICAM-1 expression in post-reperfusion liver 

biopsies. The results are summarised in Table 6-4.
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Effect of warm ischaemia on Mood 
flow in the hepatic microcirculation

300 n

3  250-

contro (sham operation for 120 nin)
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60 min isch.

106 min isch.

0 15 30 45 60 75 90 105 120
Duration of warm ischaemia time (minutes)

Figure 6-1. Different periods of warm ischaemia induce a significant reduction 
of the blood flow in the hepatic microcirculation, p<0.0001 (one way ANNOVA 
analysis).

Effect of Ischaemia/Reperfusion on blood 
flow in the hepatic microcirculation
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Duration of ischemia/reperfusion time (minutes)

Figure 6-2. There is a significant reduction in HM in all Ischaemia/reperfusion 
groups.
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Table 6-4. Baseline ICAM-1 expression and after reperfusion. The results are expressed as
Mean±SE and p value (Paired t-test).
Groups (n=6/group) baseline post-reperfusion p value

Controls 0.17±0.17 0.54±0.22 ns
30min isch. followed by 6omin rep. 0.17±0.17 1.32±0.21 <0.05
45min isch. followed 60min rep. 0.33±0.21 2.51±0.22 <0.05
60min isch. followed by 60min rep. 0.17±0.17 2.79±0.17 <0.05

Correlation of the ICAM-1 expression with hepatic microcirculation.

Ischaemia/reperfusion injury induced a significant reduction in the blood flow 

of the hepatic microcirculation and increased ICAM-1 expression in post

reperfusion biopsies. There was a significant correlation between post

reperfusion reduction of hepatic microcirculation and up-regulation of ICAM-1 

expression, p<0.0001, Spearman correlation coefficient r=0.9.

6.4 Discussion

Laser Doppler Flowmetry has been used widely for clinical and research 

applications. It allows liver tissue blood flow to be measured more easily, 

more directly, and less invasively (Otsuka et a i, 1994).

In this study LDF was used to monitor the hepatic perfusion in lobar ischaemia 

and ischaemia/reperfusion in a rat model. After induction of the lobar ischaemia 

(during the clamping procedure) there was a failure in hepatic perfusion as 

demonstrated by the marked decline of LDF measurements from the ischaemic 

lobe. It was observed that there was no complete arrest of flow with some 

residual signal which lay slightly above the electronic zero of the instrument. 

This residual signal may be attributed to the tissue micromotion or Brownian 

motion of red cells (Wheatley ef a/., 1993). This significant reduction in hepatic 

perfusion during warm ischaemic periods was associated with increased ICAM- 

1 expression on the SECs in liver biopsies that were taken at the end of the 

ischaemia times from the same ischaemic lobes.
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In the ischaemia/reperfusion model there was a remarkable reduction in 

tissue perfusion following clamping of the regional feeding vessels (arterial 

and portal blood vessels to the left hepatic lobe). On releasing the clamp there 

was an immediate recovery in tissue reperfusion but this never reached 

baseline measurements. On continuing reperfusion for 60 minutes tissue 

perfusion continued to drop. The reduction in tissue perfusion increased as 

the warm ischaemia time was extended. The results in this study are line with 

a previously published study designed to predict the viability of the liver after 

warm ischaemia/reperfusion. A significant reduction in liver tissue blood flow 

was found at 30 minutes post-reperfusion after warm ischaemia for 60, 90 

and 120 minutes when compared to a control group. It would seem possible 

to predict the outcome after warm ischaemia/reperfusion of the liver by 

determining liver tissue blood flow (Otsuka etal., 1994).

In the current study reduction of the hepatic perfusion during ischaemia and 

ischaemia/reperfusion was well correlated with the increase of ICAM-1 

expression at the end of the ischaemia and l/R times.

The relationship between flow in the hepatic microcirculation and adhesion 

molecules is complex. Neutrophils may easily get trapped in the sinusoids, 

where activated Kupffer cells and damaged endothelial cells further impair 

their passage (Farhood et al,. 1995). Ischaemia/reperfusion leads to loss of 

endothelial lining and alteration of the antithrombogenic milieu. Movement of 

blood through the denuded channels is impaired and presumably leads to low 

flow rates and stagnant hypoxia. It is likely that liver cell injury upon 

reperfusion is largely due to this microcirculatory malfunction (McKeown etal., 

1988). After 45 minutes of warm ischaemia PMNs accumulate in the liver and 

after Ih r of reperfusion the PMNs to hepatocyte ratio increases dramatically 

from about 1:1000 before ischaemia to about 1:10 at the end of the 

reperfusion period.(Lemmens etal., 1993) The microcirculatory disturbance in 

liver grafts may also be a consequence of non-parenchymal cell injury 

(Caldwell-Kenkel et al., 1989). As a result of Ischaemia/reperfusion Kupffer 

cells release inflammatory cytokines which activate the SECs and 

hepatocytes to express ICAM-1 on their membrane surfaces and also to 

release leukocyte activating factors such as interleukin-1 or platelet-activating
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factor. These induce LFA-1 on the surface of neutrophils, resulting in the 

adhesion of ICAM-1 to LFA-1. Thrombi of neutrophils may then be formed in 

hepatic sinusoids, causing tissue microcirculatory failure at the inflammatory 

sites (Nakano et a i, 1995). These mechanisms may explain the correlation 

between the impairment of tissue perfusion and increases of ICAM-1 

expression following lobar hepatic ischaemia/reperfusion.
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CHAPTER 7

EFFECTS OF WARM AND COLD ISCHAEMIA AND A FREE 
RADICAL SCAVENGER (GLUTATHIONE) ON MARKERS OF 

ISCHAEMIA/REPERFUSION INJURY AND ACUTE CELLULAR 
REJECTION IN CLINICAL HEPATIC TRANSPLANTATION.

7.1 Introduction and objectives

Reperfusion injury to preserved organs might contribute to graft dysfunction 

and damage following transplantation (Caldwell-Kenkel et al., 2000; Cicalese 

et al., 1996). Oxidant stress related to the formation of oxygen derived free 

radicals has been ascribed a significant role in the metabolic pathway 

following induced both by warm and cold ischaemia during reperfusion injury 

(McCord et al., 1985). Reduced glutathione (GSH), an endogenous 

antioxidant, has shown significant beneficial effects in protection from 

oxidative injury (Jaeschke., 1991). GSH is also an important component of 

UW solution, essential in preserving the ability of the cell to regenerate ATP 

and to maintain membrane integrity during cold storage (Merion etal., 1991). 

Glutathione is synthesized enzymatically within the hepatocyte, from cysteine, 

glycine and glutamic acid (Jaeschke et al., 1993). After ischaemia and 

reperfusion the reduced form of glutathione is released from the hepatocyte 

into the sinusoidal lumen where it can act directly, or in the presence of 

glutathione peroxidase as a trapping agent for reactive oxygen species 

generated in the extracellular medium (Kobayashi etal., 1992). This pathway 

is highlighted by the selective increase in the oxidized form of glutathione 

(GSSG) in post ischaemic livers (Lemmens etal., 1993).

The prevention of toxic effects of the generation of oxygen radicals is 

necessary for successful harvesting and transplantation of the liver. Despite 

the presence of GSH in University of Wisconsin solution, the GSH content 

decreases early after reperfusion in liver allografts, and predisposes tissues
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to further oxidative stress (Pageaux et al., 1995). By enhancing or, at least, 

maintaining the capacity of the parenchymal cells to release GSH at the time 

of reperfusion, the destructive potential of reactive oxygen species, which 

may also include initiation of inflammatory processes and immune rejection 

might be reduced.

The objectives of this study are:

- To investigate the effect of ischaemia/reperfusion injury on the incidence of 

the acute cellular rejection

- To investigate the effect of cold and warm ischaemia time on the severity of 

the ischaemia/reperfusion injury and the incidence of acute cellular rejection

- To investigate the possibility of improving the function and the outcome of 

transplanted liver allografts by adding GSH to the flush out solution used just 

prior to reperfusion.

7.2 Methodology

7.2.1 Patients

The study group consisted of 83 patients who underwent 87 orthotopic liver 

transplantations (OLT) in the Liver Unit at the Royal Free Hospital (RFH) over 

two years (May 1995 - June 1997). Two liver grafts were excluded from the 

study as there were not sufficient materials (liver biopsy & blood samples) to 

analyse. The liver allografts were prospectively randomised to freshly 

prepared reduced glutathione (GSH) or saline addition to the albumin flush 

out solution before starting reperfusion. An aliquot of 5ml (1.5 mmol) freshly 

prepared GSH (supplied by the RFH Pharmacy) or 5 ml saline was added to 

500 ml of 4.5% human albumin solution (flush out solution), used to wash out 

the preservation solution via portal infusion.

The GSH group consisted of 42 patients (who received 42 liver grafts), 

comprising 19 females and 23 males (mean age 48.6 years, range 1 4 - 6 6  

years). The saline group consisted of 41 patients (who received 43 grafts), 

comprising 21 females and 20 males (mean age 47.8 years, range 1 5 - 6 5  

years). The underlying liver pathology listed in table 2-2, Chapter 2
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7.2.2 Surgical procedures

The surgical procedure was described in detail in Chapter 2, paragraph 2.3. 

All procedures were undertaken in accordance with local institutional 

approval. Livers were harvested from heart beating cadavers and perfused in 

situ through cannulae placed in the portal vein and abdominal aorta with ice 

cold Baxter's kidney perfusion solution to cool the abdominal organs and 

wash out blood (non of these liver had macroscopic evident of fatty 

infiltration). After hepatectomy, the portal vein, hepatic artery and bile duct 

were flushed respectively with 1000ml, 500ml and 250ml of ice cold UW  

solution. At the recipient operation, immediately before reperfusion, the liver 

was perfused via the portal vein with 500ml of 4.5 % human albumin solution 

at room temperature to remove the preservation solution.

Cold ischaemic times (CIT) and warm ischaemic times (WIT) were recorded.

7.2.3 Liver allograft biopsies

Routine post-operative needle biopsies were taken at day 7, and additional 

biopsies were taken at the end of week 2 or 3 if there was a suspicion of 

ongoing graft rejection by an independent clinician. The severity of the 

rejection was graded according to the novel Royal Free Scoring System into 

no rejection, mild, moderate and severe rejection (Gupta et ai., 1995) as 

described in Chapter 2, paragraph 2.8 

See Plates 7-1, 7-2, 7-3 and 7-4.

7.2.4 Blood samples

Post-operative blood samples were collected on days 1, 3 and 5. Samples 

were processed for serum alanine transaminase (ALT) and aspartate 

transaminase (AST), bilirubin level and Prothrombin time (PT) by standard 

clinical assays.

7.2.5 Assessment of Ischaemia/Reperfusion injury (l/R)

The maximum serum levels of bilirubin, AST, ALT and PT were determind on 

post-operative days 1, 3 and 5. A scale of 1 -3 was used to assess the degree
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of liver injury in each of these parameters. The maximum score was 12 in 

severe liver insufficiency. The degree of injury was graded into three category, 

mild (4-6), moderate (7-9) and severe injury (10-12) Table 7-1.

Table 7-1. Scoring parameters of I/R injury.

parameter 1 point 2 point 3 point

AST <500 500-1000 >1000

ALT <500 500-1000 >1000

PT <30 30-50 >50

Bilirubin <50 50-100 >100

7.3 Results

Non of the patients had developed systemic signs of post reperfusion 

syndrome.

7.3.1 Effects of l/R on liver function during the first 5 post-operative days.

Liver grafts (n=87) were prospectively randomised for GSH or saline addition 

to flush out solution. Two grafts were excluded from this study as there were 

insufficient materials for the studies. ALT, AST, PT and bilirubin serum levels 

were recorded in post-transplant days 1, 3 and 5. Results are summarised in 

Tables 7-2a, 7-2b, 7-3a & 7-3b.

7.3.2 Effect of ischaemia reperfusion injury on acute cellular rejection

According to the scoring system used in this study, 35 grafts had mild l/R 

injury, 33 moderate and 17 had severe injury. The incidence of early (first 

week post-transplant) and late (2-3 weeks post-transplant) acute cellular 

rejection (ACR) were analysed among those grafts which developed l/R injury 

and results are summarised in table 7-4 & 7-5. Some liver allografts had no 

post-transplant biopsies during the first 2-3 weeks, as there were no clinical 

or biochemical suspicions of graft rejection.

There was no influence of l/R injury on either early or late ACR.
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Table 7-2a. AST level in the treated group (with GSH) and in saline group(without GSH), 
dl (post-operative day 1), d3 (day 3) and d5 (day5).

AST level Treated group (with GSH) without GSH

A STdl 2995 3249

AST d3 1946 1418

ASTd5 1098 1463

Table 7-2b. ALT level in the treated group (with GSH) and in saline group(without GSH), 
dl (post-operative day 1), d3 (day 3) and d5 (day5).

ALT level Treated group (with GSH) without GSH

ALTdl 2680 3402

ALTd3 2704 3427

ALTd5 1974 1763

Table 7-3a. Bilirubin level in the treated group (with GSH) and in saline group(without 
GSH), dl (post-operative day 1), d3 (day 3) and d5 (day5).

Bilirubin level Treated group (with GSH) without GSH

Bilirubin,dl 420 666

Bilirubin,d3 443 256

Bilirubin,d5 412 292

Table 7-3b. P T level in the treated group (with GSH) and in saline group(without GSH), 
dl (post-operative day 1), d3 (day 3) and d5 (day5).

P T level Treated group (with GSH) without GSH

P T d l 48 82

PTd3 37 37

PTd5 30 82
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Table7-4. Comparison between I/R injury and grade of early rejection.

I/R injury n no rejection mild moderate severe

Mild I/R injury 35 8 8 15 4

Moderate I/R injury 33 9 11 11 2

Severe I/R injury 17 3 9 4 1

Total number 85 20 28 30 7

Table7-5. Comparison between I/R injury and grade of late rejection.

I/R injury n no biopsy no rejection mild moderate severe

Mild I/R injury 35 7 8 2 11 7

Moderate I/R 33 8 12 1 9 3

Severe I/R 17 1 3 2 9 2

Total number 85 16 23 5 29 12

7.3.3 Effect of cold ischaemia time on l/R and ACR

The mean cold ischaemia time for this study group was 666 minutes (range 

72-1030 minutes). Minimum, maximum and mean cold ischaemia time of liver 

grafts which developed mild, moderate and severe l/R injury are summarised 

in table 7-6.

50 liver allografts had cold ischaemia time less than 12hr, of these 24 had mild 

l/R injury, 18 moderate and 8 had severe l/R injury. In 35 liver allografts the 

cold ischaemia time extended beyond 12hr, of these, 11 had mild l/R injury, 

15 moderate and 9 had severe l/R . There was a correlation between the 

increase of cold ischaemia time and the severity of l/R injury, p<0.05, 

Spearman correlation coefficient r=0.6.

However, there was no correlation between cold ischaemia time and early or 

late post transplant acute cellular rejection (Spearman correlation).

Results are summarised in table 7-7 & 7-8.
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Table 7-6. Minimum and maximum CIT

I/R injury n minimum CIT maximum CIT mean±SE

Mild I/R injury 35 72 940 610±38.33

Moderate 33 445 905 694±23.23

Severe 17 390 1030 727±41.25

Table 7-7. Cold ischaemia time (min) in accepted liver allografts and 
developed early post-transplant mild, moderate or severe ACR.

in grafts which

ACR n minimum CIT maximum CIT mean±SE

No rejection 20 382 931 694.8±37.38

Mild rejection 28 72 1030 688.3±41.10

Moderate rejection 30 123 940 631.5±31.09

Severe rejection 7 247 900 646.3±79.47

Table 7-8. Cold ischaemia time (min) in accepted liver allografts and in grafts which 
developed late post-transplant mild, moderate or severe ACR

ACR n minimum CIT maximum CIT mean±SE

No biopsy 16 271 910 586.90±40.35

No rejection 23 72 940 697.60±41.03

Mild rejection 5 508 932 725.00±87.11

Moderate rejection 29 123 1030 676.10±36.81

Severe rejection 12 247 870 664.00±50.92
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Plate?-1. Accepted liver allograft ( X I00).
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Plate 7-2. Mild acute cellular rejection (X200).
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Plate 7-3. Moderate acute cellular rejection (X200).
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Plate 7-4. Severe acute cellular rejection (X200).
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7.3.4 Effect of warm ischaemia time (WIT) on l/R injury and ACR.

The mean W IT was 67.6 minutes, and there was no correlation between WIT 

and the severity of l/R injury. Results are summarised in table 7-9

However, there was a correlation between the WIT and early post-transplant 

acute cellular rejection, p0.02, Spearman correlation coefficient r=0.2 (Table 

7-10). There was no correlation between WIT and late ACR (Table 7-11).

7.3.5 Effect of GSH addition to the wash out solution on l/R injury and acute 

cellular rejection

Patients in both groups were similar in age, sex and indications of 

transplantation (see section 7.2.1). There was no difference in warm 

ischaemia time (Table 7-12) or cold ischaemia time (Table 7-13) in either 

group.

Table 7-9. Warm ischaemia time in allografts which had mild, moderate or severe I/R 
injury.

I/R injury minimum WIT maximum WIT mean±SE

Mild I/R injury 45 100 66.29±1.6

Moderate I/R 50 81 68.79±1.5

Severe I/R 49 86 68.35±2.4

Table 7-10. Warm ischaemia time and early post-transplant rejection.

ACR n minimum WIT maximum WIT mean±SE

No rejection 20 49 80 64.4±1.9

Mild rejection 28 45 86 68.25±1.9

Moderate rejection 30 50 78 68.00±1.3

Severe rejection 7 60 100 73.00±5.1
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Table 7-11. Warm ischaemia time and late post- transplant acute cellular rejection.

ACR n minimum WIT maximum WIT mean±SE

No biopsy 16 57 80 66.50±1.9

No rejection 23 45 81 66.57±1.8

Mild rejection 5 49 75 62.4±5.4

Moderate rejection 29 50 100 69.41±2.0

Severe rejection 12 53 78 69.33±2.1

In the GSH group, 18/42 grafts had mild l/R injury, 16/42 moderate and the 

remaining 6 grafts had severe l/R injury. In the saline group 17/43 grafts had 

mild l/R injury, 17/43 moderate and 9 had severe l/R injury. There was no 

difference in the incidence of l/R injury in both groups (table 7-14)

The incidence of ACR in both GSH and saline groups is summarised in table 

7-15. There was no difference in ACR incidence in either GSH or saline grafts.

Table7-12. Warm ischaemia time in GSH and saline groups.

groups minimum WIT maximum WIT mean±SE

GSH 45 100 68.14±1.62

Saline 50 80 67.21±1.19

Table 7-13. Cold ischaemia time in GSH and saline groups.

groups minimum CIT maximum CIT mean±SE

GSH 72 1030 671.9±32.63

Saline 247 931 660.9±25.17
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Table 7-14. Ischaemia/reperfusion injury in GSH and saline groups.

groups mild moderate severe total

GSH 18 16 8 42

Saline 17 17 9 43

Table 7-15. Acute cellular rejection in GSH and saline groups.

groups no rejection mild moderate severe Total

GSH 10 16 14 2 42

Saline 10 12 16 5 43

7.4 Discussion

Ischaemia/reperfusion injury of liver grafts remains a crucial problem in liver 

transplantation and is characterised by both hepatocyte and endothelial cell 

injuries (Dunne et al., 1994). Various parameters have been suggested to 

assess the degree of l/R injury. However, the most commonly used 

parameters are serum levels of liver enzymes (AST & ALT) in the early post

transplant period. Kurzawinski (Kurzawinski etal., 1994) evaluated the quality 

of transplanted liver grafts by recording the maximum serum levels of 

bilirubin, AST, ALT and the lowest platelet count within the first 48hr after 

transplantation. In another study (Gunson etal., 1997) l/R injury was graded 

according to the early post-transplant peak of AST only. Mueller and 

colleagues (Mueller etal., 1996) introduced a scoring system for assessment 

of l/R injury. They used the maximal increase in AST and ALT during the first 

72hr after reperfusion, in combination with initial bile colour and bile 

production during the first 24hr. In a study by Katz and associates (Katz etal.,

1993) they investigated the severity and the incidence of preservation injury 

in 151 post-transplant patients. They defined preservation injury as a 

combination of hepatocellular damage and synthetic dysfunction and it was
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graded into minimal, moderate and severe injury according to AST and ALT 

levels on the first post-operative days and prothrombin time on the second 

post-operative day. In the current study the scoring system of Mueller was 

used to grade the l/R injury and the parameters in the Katz study were used 

to assess the degree of l/R injury. I/R was graded as either mild, moderate or 

severe injury.

Preservation injury (cold ischaemic injury) remains an important clinical 

consideration for transplantation surgery. The introduction of University of 

Wisconsin solution allowed safer solid organ preservation for longer times 

with improved post-operative graft function (Southard etal., 1990). However, 

experimental and clinical reports suggested that extended cold ischaemia 

times beyond 10-12hr significantly affected the graft outcome. In an 

experimental study on rat livers, Caldwell-Kenkel and colleagues (Caldwell- 

Kenkel et a!., 2000) reported that the severity of ultrastructural damage to 

endothelial cells and Kupffer cells was much more severe after 16hr and 24hr 

of storage than after 4hr and 8hr. Cavallari (Cavallari et a!., 1991) reported 

that cold ischaemic damage to preserved human liver allografts was mainly 

metabolic. It was found that extended cold ischaemia times beyond 12hr 

significantly affected the cellular content of ATP, ADP and AMP, this is 

associated with increase production of free oxygen radicals. In another study 

by Furukawa and colleagues (Furukawa et a!., 1991), they divided 593 

human liver allografts preserved with UW solution into 5 groups according to 

the cold ischaemia time. They reported that there was no difference in patient 

survival between the different cold ischaemia time groups. However, there 

were differences in early graft survival. The retransplantation rate and primary 

non function rate were significantly increased when cold ischaemia time was 

extended beyond 10hr.

In the current study the extension of cold ischaemia time beyond 12hr 

affected hepatocyte function and liver synthetic functions. The incidences and 

the severity of injury were increased in liver allografts which had 12hr or more 

cold ischaemia times. This result contradicted the results from Mueller and co

workers (Mueller et a!., 1996), in which they investigated 85 liver allografts 

which had cold ischaemia time varying between 3.5 and 22hr (median 9.5hr),
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These authors reported no significant difference in cold ischaemia time 

between patients with good, moderate and poor initial graft function. In a 

study of 72 liver grafts, Gaffey and colleagues (Gaffey etal., 1996) assessed 

the preservation injury according to the histological findings in the pre

perfusion graft biopsies, and graded these as absent, mild and moderate- 

severe injury. They found that peak AST and ALT values in patients with 

moderate-severe injury were significantly elevated compared with patients 

with mild or absent preservation injury. They also did not find any correlation 

between the degree of preservation injury and the period of cold ischaemia 

time. These variations in results may be related to the difference parameters 

used in each study to assess the ischaemia/reperfusion injury.

The effects of cold ischaemia time on the incidence of allograft rejection has 

attracted the attention of several investigators. Katz (Katz et a!., 1993) 

reported that cold ischaemia time has no effect on the degree of preservation 

injury. However, at 3 months, graft survival was significantly lower in the 

severe preservation injury group compared with minimal and moderate 

groups. It was also reported that there was no correlation between the 

preservation injury and the early incidence of rejection. However, Kiuchi 

(Kiuchi et a!., 1995) reported that there was a correlation between the peak 

level of AST and the incidence of rejection during the first week post

transplant. The current study found no correlation between the cold ischaemia 

time and the incidence of early and late graft rejection.

Transplanted livers are also subjected to variable warm ischaemia, during re

implantation. This kind of ischaemia occurs between the time that the liver 

graft is removed from the cold storage box to the start of implantation and 

vascularisation. During this period the temperature is higher than 4°C, and 

substantial organ damage may occur during this rewarming period as the 

temperature rises, enzyme systems become active and metabolic activity 

increases, putting stress on energy availability in the cells (Cywes et a!., 

1991). In a study of 103 adult patients to investigate the effect of the warm 

ischaemia time on graft function, it was found that warm ischaemia time < 

58min associated with satisfactory graft function, whereas a warm ischaemia 

time close to 74min was a possible predictor of PNF. In the current study it
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was found that the warm ischaemia time had no effect on the degree and the 

incidence of ischaemia/reperfusion injury. However, there was a significant 

correlation between the length of the warm ischaemia time and the incidence 

of acute cellular rejection during the first week post- transplantation. 

Ischaemia-reperfusion injury is a complex phenomenon often encountered in 

surgical practice. There is now abundant evidence to suggest that cell 

damage following ischaemia is biphasic, with injury being initiated during 

ischaemia that is exacerbated during reperfusion (Jaeschke., 1993). In the 

field of liver transplantation investigators have shown an interest to 

investigate the influence of l/R injury on the acute cellular rejection. Pirenne 

and colleagues (Pirenne et al., 1997) investigated Ischaemia/reperfusion 

injury in 493 transplanted patients. I/R injury was graded according to the 

early post transplant peak AST. They also studied the presence of ACR in 

post-transplant biopsies on day 7. They demonstrated a correlation between 

l/R injury and biopsy proven rejection on day 7.

In the present study there was no such correlation between l/R injury and 

either early or late acute cellular rejection. This result is on line with previously 

published data by Shackleton and colleagues (Shackleton at a!., 1995). In 

their retrospective study of 213 consecutive transplanted patients, the extent 

of ischaemia/reperfusion was assessed by the maximum value of AST during 

the first three days post-transplant. They concluded that there was no 

correlation between ischaemia/reperfusion injury and the incidence, timing 

and severity of allograft rejection. Some of these differences in results 

between reported studies may result from choice of different immunotherapy 

regimes in different centres.

According to a number of reports, the production of increasing amounts of 

oxygen free radicals during reperfusion are responsible at least in part for 

post-ischaemic reperfusion injury (Granger at a!., 1986; Goode at a!., 1994; 

Koo at a!., 1992; Maley at a!., 1989). Glutathione exists in two states which 

are inter-convertable, and the reduced form of glutathione (GSH) is the 

effective form (Jaeschke., 1993) for scavenging oxygen free radicals. After 3 

to 4 days at room temperature or 3 weeks at 4°C the total glutathione content 

present in the UW solution is oxidized to its disulphide form (GSSG) (Astier at
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al., 1989). Using a canine mode! to investigate the difference between the 

glutathione and disulphid glutathione in the preservation of the liver for 

transplantation, it was demonstrated that for long term preservation (48hr), 

addition of fresh GSH (3mmol/L) to the UW solution improved the survival rate 

to 100% when compared with disulphid glutathione addition, which produced 

a survival rate 29% (Boudjema etal., 1990). In a study by Marubayashi and 

colleagues (Marubayashi etal., 1989), they showed that the level of reduced 

glutathione decreased after 90 minutes of warm ischaemia and this decrease 

continued during the reperfusion period. It was also found that these were 

severely depleted antioxidant levels in patients undergoing liver 

transplantation due to chronic liver disease when compared with healthy 

individual (Goode etal., 1994). These reports encouraged many experimental 

and clinical workers to investigate the role of administration of oxygen free 

radical scavengers or antioxidants to provide a tissue protective effect. A 

study was conducted by Schon and Pegg (Schon & Pegg 1991) to 

investigate the effect of addition of different free radical scavengers 

(allopurinol, catalase and superoxide dismutase) to the liver perfusion 

solution. They used large animal liver (pig liver) which was subjected to 75min 

warm ischaemia followed by in vitro reperfusion for 3hr. They reported 

reduced damage by about 35% and 29% as measured by ALT and AST 

levels respectively in the treated groups compared to the controls. Dunne 

(Dunne et al., 1994) reported improvement of enzymatic and metabolic liver 

functions in isolated perfused rat liver as measured by AST and purine 

nucleoside phosphorylase (PNP) after addition of S-adenosylmethionine and 

N-acetylcysteine, both of which are precursors of reduced glutathione. 

Furthermore in experimental animal studies to investigate the effect of 

intravenous administration of GSH in rat livers subjected to 2hr ischaemia or 

Ih r reperfusion after 2hr ischaemia, Kobayashi (Kobayashi et al., 1992) 

measured liver tissue GSH and liver enzymes (ALT, AST and LDH). It was 

concluded that administration of GSH itself failed to maintain tissue GSH 

concentration and had no protective effect.

In the current study the addition of GSH to flush out solution did not improve 

the l/R injury or decrease the incidence of acute cellular rejection in the 

treated group. This result confirms previous report by Bromley and colleagues
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(Bromley et a!., 1995) who investigated the effects of intra-operative 

administration of N-acetylcysteine which acts by replenishing intra-hepatic 

glutathione stores. This was a prospective, randomised, double blind, 

placebo-controlled study of 50 patients with end stage liver disease 

undergoing OLT. During the recipient operation MAC was given IV. There 

were two intra-operative deaths, both in the control group. They concluded 

that MAC had modest beneficial effect on intra-operative oxygen transport, but 

no effects were observed on graft function or rejection. Exogenous 

administration of reduced glutathione had no effect either on hepatocellular 

protection against reperfusion injury or on the elevation of the cellular 

glutathione level (Ozaki etal., 1994). In a study by Bachmann and colleagues 

(Bachmann et al., 1992) Carolina rinse solution was show to prevent 

reperfusion injury to endothelial cells and to improve graft survival after 

orthotopic liver transplantation.

It is likely that in the clinical situation, other factors play a more significant role. 

For example, the impact of brain death in clinical donors is known to cause 

significant production of a range of cytokines, which can impact on graft 

function and inflammation. In animal models of liver preservation, there is 

usually no equivalent stress to brain deaths, and this may explain some 

differences between clinical and animal studies.
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CHAPTER 8

A STUDY ON HUMAN LIVER iCAM-1 INDUCTION AND ITS 
CORRELATION WITH REPERFUSION INJURY AND ACUTE 

CELLULAR REJECTION

8.1 introduction and objectives

Cytokine dependent adhesion molecules play an Important role In the 

Initiation of the host response to allogeneic cells (Vale & Brandtzaeg., 1993). 

The combined expression of class II major histocompatibility complex 

antigens and specialised adhesion molecules such as ICAM-1 and 

lymphocyte function-associated antlgen-1 (LFA-1) are necessary for the 

recognition of donor cells by recipient T-lymphocytes (Makgoba et al., 1988; 

Van Seventer at a!., 1990). This recognition Is crucial for successful antigen 

presentation. The recruitment of leukocytes to the allograft Is also adhesion 

dependent since binding to graft endothelium Is the first crucial step In 

emigration of circulating leukocytes Into the graft (Lemmens eta!., 1993).

Preservation Induced Injury Is a combination of Ischaemla and reperfuslon 

Injury (Relnders eta!., 1996). Toxic reactive free radicals are produced during 

Ischaemla and Increase after reperfuslon and these may result In Injury to 

endothelial cells, Kupffer cells and liver parenchymal cells (Rao eta!., 1990; 

Maley eta!., 1989).

In this study ICAM-1 expression on sinusoidal endothelial cells and 

hepatocytes was Investigated by Immunohlstochemlcal techniques In needle 

biopsies taken before and after transplantation. The prognostic Implication of 

adhesion molecule expression was then evaluated by comparison with clinical 

evidence of Ischaemla/reperfuslon Injury and early graft rejection.

The objectives of this chapter are:

- To Investigate the pattern of expression of the adhesion molecule ICAM-1 on
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hepatocytes and sinusoidal endothelial cells in normal human liver.

- To investigate this pattern of expression in donor liver allografts before 

harvesting, after in situ perfusion, after cold storage and 90 minutes post

reperfusion in the recipient.

- To investigate the effect of addition of the free radical scavenger reduced 

glutathione (GSH) to albumin flush out ICAM-1 in post- reperfusion allograft 

biopsies.

- To investigate any correlation between ICAM-1 expression with the degree 

of ischaemia/reperfusion (l/R) injury.

- To investigate any correlation between ICAM-1 expression with early and 

delayed post-transplant acute cellular rejection.

8.2 Methodology

8.2.1 Surgical procedures

The surgical procedure was described in detail in Chapter 2, paragraph 2.3. 

All procedures were undertaken in accordance with local institutional 

approval. Livers were harvested from heart beating cadavers and perfused in 

situ through cannulae placed in the portal vein and abdominal aorta with ice 

cold Baxter's kidney perfusion solution to cool the abdominal organs and 

wash out blood. After hepatectomy, the portal vein, hepatic artery and bile 

duct were flushed respectively with 1000ml, 500ml and 250ml of ice cold UW  

solution. At the recipient operation, immediately before blood reperfusion, the 

liver was perfused via the portal vein with 500ml of 4.5 % human albumin 

solution at room temperature to remove the preservation solution.

8.2.2 Reduced glutathione addition

87 liver allografts were randomly allocated to receive freshly prepared 

reduced glutathione (GSH) or saline addition to the graft flush out solution 

before reperfusion. 5ml (1.5 mmol) of GSH (supplied by the RFH Pharmacy) 

or 5 ml saline were added to 500 ml of 4.5% human albumin solution (flush 

out solution).
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The GSH group consisted of 42 patients (who received 42 liver grafts), 

comprising 19 females and 23 males (mean age 48.6 years, range 1 4 - 6 6  

years). The saline group consisted of 41 patients (who received 43 grafts), 

comprising 21 females and 20 males (mean age 47.8 years, range 1 5 - 6 5  

years).

The underlying liver pathologies are listed in table 2-2, Chapter 2.

8.2.3 Liver allograft biopsies

Needle biopsy was taken at laparotomy (baseline) before dissecting the 

donor's liver and the second biopsy after in situ infusion of the preservation 

solutions (n=28). Subsequent biopsies were taken after cold storage and 

approximately 90 minutes post-reperfusion (85 allografts). Two liver grafts 

were excluded from the study as there were insufficient materials (liver biopsy 

& blood samples) to analyse. Biopsies were snap frozen in liquid nitrogen until 

processed for immuonocytochemistry to investigate ICAM-1 expression.

Routine post-operative biopsies at day seven were taken, an additional 

biopsy was taken at the end of week 2 or 3 when there was a likelyhood of 

ongoing graft rejection. The severity of the rejection was graded according to 

the Royal Free novel scoring system (Gupta et ai., 1995) as described in 

Chapter 2, paragraph 2.8

Control biopsies

Normal liver biopsies were obtained from the margins of benign tumours and 

from a store of frozen biopsy material regarded as histologically normal. 

Frozen sections of biopsies of chronic liver diseases or livers diagnosed with 

acute cellular rejection, which had previously been shown to be positive for 

ICAM-1, were used as positive control tissue.

8.2.4 Immunohistochemistry staining

ICAM-1 expression was demonstrated on duplicate sections by the indirect 

immuonohistochemical peroxidase technique as described in Chapter 2,
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paragraph 2.1.6

Sections were systematically analysed by light microscopy for intensity of the 

stain (no stain, mild, moderate and intense stain), and for distribution on 

hepatocytes and sinusoidal endothelial cells. ICAM-1 expression was graded 

from 0-3 according to the intensity of the stain. The allograft biopsies were 

then compared to the normal staining pattern seen on liver as described in 

previously published reports (Nocera etal., 1998; Adams eta!., 1989; Dustin 

et al., 1998.) ICAM-1 staining pattern was then correlated with the degree of 

Ischaemia/reperfusion injury and incidence of acute cellular rejection in the 

early (first week) and late (week 2-3) post-operative phase.

A series of negative controls were obtained by omitting either primary 

antibody or primary and secondary antibody.

Ischaemia/reperfusion injury grading was recorded based upon early post

operative biochemical parameters and synthetic function as described in 

Chapter 7, paragraph 7.2.5

8.3 Results

8.3.1 ICAM-1 expression in controls

In normal livers there was no ICAM-1 staining on sinusoidal endothelial cells, 

or in hepatocytes (Plate 8-1). Conversely, in chronic liver disease, the staining 

pattern included increased ICAM-1 intensity on sinusoidal endothelial cells 

and positive staining of hepatocytes (Plate 8-4), thus serving as good positive 

controls. However, negative controls, obtained by omitting primary antibody or 

primary and secondary antibodies exhibited no staining of ICAM-1.

8.3.2 ICAM-1 expression in liver allograft biopsies

ICAM-1 expression was analysed in 85 allograft biopsies after cold storage 

and 90 minutes post-reperfusion. The results are summarised in table 8-1.

In the post-reperfusion biopsies 59/85 (69%) had increased intensity of ICAM-1 

expression on SECs and hepatocytes, of these 22/59 had mild expression, 

20/59 moderate and 17/59 had intense expression (Plate 8-2, 8-3). In 23/85
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(27%) there was no change in the intensity of stain, of these 19/23 had mild 

ICAM-1 expression, 3/23 moderate and 1/23 had intense expression. In 3/85 

(4%) had a decrease in the intensity of the stain was reported when compared 

with the post-storage biopsies for each, and in all 3 cases the original grading 

was mild ICAM-1 expression. Overall there was a highly significant up 

regulation of ICAM-1 expression in post-reperfusion biopsies when compared 

with the one seen at the end of cold storage expression, p < 0.0001 (one way 

analysis of variances).

From a total of 85 grafts, 28 had a complete set of serial biopsies (during 

harvesting of the donor liver, taken whilst in situ following infusion of the 

preservation solutions, after cold storage and post-reperfusion). Analysis of 

ICAM-1 expression in biopsies taken whilst the donor livers were in situ 

(baseline biopsy, n=28) revealed similar expression to normal liver with no 

ICAM-1 expression on sinusoidal endothelial cells or hepatocytes. There was 

no difference in ICAM-1 expression in biopsies obtained following infusion of 

preservation solutions (post-flush) when compared with baseline biopsies.

In the post-storage biopsies (n=28), 16/28 (57%) had increased intensity of 

the stain on SECs and induction of ICAM-1 expression on hepatocytes, of 

these 13/16 had mild ICAM-1 expression and 3/16 had moderate expression. 

In 12/28 (43%) there was no change in ICAM-1 expression. There was a 

significant overall difference in ICAM-1 expression in post-storage biopsies 

when compared with baseline biopsies, p< 0.0001 (one way analysis of 

variances).

In post-reperfusion of these grafts (n=28), all biopsies (100%) had increased 

ICAM-1 expression on SECs and hepatocytes, in comparison with baseline 

biopsies. Of these 28 biopsies, 17 showed mild ICAM-1 expression, 6 showed 

moderate and 5 had intense expression.

There was a significant statistical difference in ICAM-1 expression in post

reperfusion biopsies when compared with baseline and post-storage biopsies, 

p < 0.0001 (one way analysis of variance). See Figure 8-1.
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Figure 8-1. There was a significant up-regulation in ICAM-1 expression in post
reperfusion liver allograft biopsies when compared with baseline biopsies and 
post-storage biopsies, p < 0.0001 (one way analysis of variances).

Table 8-1. Analysis of ICAM-1 expression in post-storage and post-reperfusion allograft 
liver biopsies.

ICAM-1 expression no expression mild moderate intense

Post-storage 41 36 7 1

Post-reperfusion 0 44 23 18

8.3.3 Effect of cold ischaemla time on ICAM-1 expression:

Cold ischaemla time was recorded and ICAM-1 expression was analysed in 

post-storage and post-reperfusion biopsies, the results are summarised in 

table 8-2 & 8-3. There was no correlation between cold ischaemla time and 

ICAM-1 expression in either post-storage or post-reperfusion allograft liver 

biopsies (Spearman correlation).
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Plate 8-1 No ICAM-1 staining in normal human liver ( X I00).
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Plate 8-2 Mild ICAM-1 expression on SECs ( X I00).
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Plate 8-3 Moderate ICAM-1 expression on SECs (X200).
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Plate 8-4 Intense ICAM-1 expression on SECs and hepatocytes (X200).
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Table 8-2. Effect of cold ischaemla time on ICAM-1 expression in post-storage 
liver biopsy.

ICAM-1 n minimum CIT maximum CIT mean±SE

No expression 41 2.03 17.10 3.31 ±0.52

Mild expression 36 5.26 15.40 11.78±0.45

Moderate expression 7 9.08 13.03 10.90±0.47

Intense expression 1 8.28

Table 8-3. Effect of cold ischaemla time on ICAM-1 expression in post-reperfusion 
liver biopsy.

ICAM-1 n minimum CIT maximum CIT mean±SE

Mild expression 44 4.31 17.10 11.36±0.43

Moderate 23 2.03 15.40 11.47±0.63

intense 18 4.07 15.00 10.00±0.65

8.3.4 Effect of warm ischaemla time on ICAM-1 expression

Warm ischaemla time was recorded and ICAM-1 expression in post- 

reperfusion biopsies was analysed. The results are summarised in Table 8-4. 

There was no correlation between the warm ischaemla time and ICAM-1 

expression in post-reperfusion biopsies (Spearman correlation).

Table 8-4. Effect of warm ischaemla time on ICAM-1 expression in post-reperfiision 
liver biopsy.

ICAM-1 n minimum maximum mean±SE

Mild expression 44 49.00 86.00 67.30±1.37

Moderate 23 45.00 78.00 65.78±1.77

Intense 18 58.00 100.00 71.00±2.32
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8.3.5 Effect of reduced glutathione (GSH) addition to the wash out solution 

on ICAM-1 expression

42 liver allografts had pre-reperfusion flush out with GSH addition and 43 with 

saline addition to the flush out solution. ICAM-1 expression in post-storage 

and post-reperfusion biopsies was analysed.

In the post-storage allograft biopsies ICAM-1 expression in the GSH group 

was similar to the saline group. Results are summarised in Table 8-5.

In the post-reperfusion liver allografts biopsies ICAM-1 expression was more 

pronounced in saline group when compared with GSH group, p < 0.05 

(unpaired t-test). See Table 8-6.

Table 8-5. ICAM-1 expression in GSH and saline groups in post-storage biopsies.

groups n no expression mild moderate intense

GSH 42 23 16 2 1

Saline 43 18 20 5 -

Table 8-6. ICAM-1 expression in GSH and saline groups in post-reperfusion biopsies.

groups n mild moderate intense

GSH 42 27 8 7

saline 43 17 15 11

8.3.6 Correlation between ICAM-1 expression and l/R injury.

ICAM-1 expression was analysed in post-storage and post-reperfusion liver 

allografts biopsy. l/R injury was investigated and graded as described in 

Chapter 7, paragraph 7.2.5. The results are summarised in Tables 8-7 & 8-8.

There was no correlation between ICAM-1 expression in both post-storage
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and post-reperfusion biopsies and the degree of ischaemia/reperfusion injury 

as indicated by clinical parameters (Spearman correlation).

Table 8-7. Correlation between the degree of I/R injury and ICAM-1 expression in 
post-storage allograft biopsies.

ICAM-1 expression n mild I/R moderate I/R severe I/R

No ICAM-1 expression 41 15 19 7

Mild 36 14 12 10 ‘

Moderate 7 5 2 -

Intense 1 1 - -

Table 8-8. Correlation between the degree of I/R injury and ICAM-1 expression in 
post-reperfusion allograft biopsies.

ICAM-1 expression n mild I/R moderate I/R severe I/R

Mild expression 44 15 21 08

Moderate 23 11 07 05

intense 18 09 05 04

8.3.7 Correlation between ICAM-1 expression and acute cellular rejection

Acute cellular rejection was investigated and graded in the routine post

operative allograft biopsies during the early post-operative phase (ACR1) and 

delayed post-operative phase (ACR2) Chapter 2, paragraph 2.8 & Chapter 7, 

paragraph 7.2.3.

Early acute cellular rejection (ACR1)

Analysis of ICAM-1 expression in post-reperfusion allografts biopsy revealed 

44/85 had mild ICAM-1 expression, of these only 14% of the allografts 

developed moderate-severe ACR1 which required medical intervention. 23/85 

had moderate ICAM-1 expression, of these 57% had moderate-severe ACR1. 

18/85 had intense ICAM-1 expression, in this group all allografts (100%) had 

moderate-severe ACR1. The results are summarised in Table 8-9.
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There was a significant correlation between post-reperfusion ICAM-1 

expression and the development of early post-operative acute cellular 

rejection, p < 0.0001 (Spearman correlation coefficient r=0.9).

Table 8-9. Correlation between the degree of early acute cellular rejection and ICAM-1 
expression in the post-reperfusion biopsies .

ICAM-1 expression n no mild moderate severe

Mild 44 20 18 6

Moderate 23 10 11 2

Intense 18 13 5

Delayed acute cellular rejection

44/85 liver allografts had mild ICAM-1 expression, of these 9/44 had no post

transplant biopsy as the patients were doing well (no suspicions of ACR2) and 

15/44 (34%) had moderate-severe delayed acute cellular rejection.

23/85 allografts had moderate ICAM-1 expression, of these 3/23 patients had 

no post-transplant biopsy and 13/23 (57%) had moderate-severe delayed 

acute cellular rejection.

18/85 had intense ICAM-1 expression, of these 4/18 had no post-transplant 

biopsy and 13/18 (72%) had moderate-severe delayed acute cellular 

rejection. The results are summarised in Table 8-10.

There was a significant correlation between post reperfusion ICAM-1 

expression and late acute cellular rejection, p<0.05 (Spearman correlation 

coefficient r=0.5.

Table 8-10. Correlation between the degree of late acute cellular rejection and ICAM-1 
expression in the post-reperfiision biopsies

ICAM-1 expression n no biopsy no rejection mild moderate severe

Mild 44 9 17 3 11 4

Moderate 23 3 6 1 10 3

Intense 18 4 0 1 8 5
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8.4 Discussion

Intercellular adhesion molecule-1 (ICAM-1) is expressed constitutively on a 

wide variety of cells, including endothelial cells and leukocytes, occurring in 

only small amounts on a few resting cells but becoming dramatically up- 

regulated on endothelial cells during either inflammation or early antigen 

recognition. In this Chapter, the detailed immunohistological analysis of 

ICAM-1 expression in normal human livers and after transplantation revealed 

characteristic expression patterns. It was demonstrated in the present study 

that normal human liver has no ICAM-1 expression on the sinusoidal 

endothelial cells or on hepatocytes. This observation is similar to those in 

previously published studies (Oosten et al., 1995; Nocera et al., 1998; 

Steinhoff etal.,^993). However, Adams (Adams etal., 1989) observed strong 

ICAM-1 expression on sinusoidal endothelial cells in non transplanted liver 

(donor livers), and this was the only study to report faint membranous staining 

on hepatocytes.

In the current study it was shown that the harvesting procedure did not 

stimulate the immune system on the basis of adhesion molecule staining in 

the donor allografts, as there were no differences in ICAM-1 expression in the 

harvested allografts (after in situ flush) when compared with expression in 

baseline biopsies. It was also observed in a small number of post-storage 

allografts (n=28) that an up-regulation of ICAM-1 expression on sinusoidal 

endothelial cells was evident. However, when the number of analysed 

samples was increased (n=85) there was no significant effect of cold 

ischaemla time on the intensity of ICAM-1 staining. Marlin and Springer 

(Marlin & Springer., 1987) studied ICAM-1 adhesion to cells that might explain 

this observation. They reported reduced binding between ICAM-1 and T- 

lymphoblasts at 14°C, and the absence of binding at 4°C, but on the other 

hand ICAM-1 and T-lymphoblasts bound very effectively at 37°C.

It is known that Kupffer cells are primed during cold ischaemla, then activated 

at the time of reperfusion (Aril etal., 1994). The activated Kupffer cells produce 

a variety of inflammatory cytokines such as IL-1 and TNF (Rao et al., 1991). 

These cytokines may activate the sinusoidal endothelial cells and hepatocytes 

to express ICAM-1 on their membrane surfaces (Morita etal., 1994).
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In this study ICAM-1 induction on sinusoidal endothelial cells and hepatocytes 

was recorded at a very early phase of immune activation in the allograft. This 

was demonstrated by significant up-regulation of ICAM-1 expression 90 

minutes post-reperfusion. This observation is similar to that reported in 

previous studies

(Steinhoff et al., 1993). It was also noted that neither variable cold nor warm 

ischaemla times had significant effects on the intensity of ICAM-1 expression 

in post-reperfusion biopsies.

Many studies have suggested that reactive oxygen species generated at the 

time of reperfusion can contribute to the endothelial cell damage (Goode et 

a!., 1994; Kawamoto etal., 1989; Barker etal., 1985; Ward etal., 1986). The 

complete delineation of the precise sequence of events of the mechanism of 

free radical release has not been achieved. In a study by Jarasch and 

colleagues (Jarasch et al., 1986) using the electron microscopic peroxidase 

technique, they reported that xanthine oxidase was present in the cytoplasm 

of the endothelial cells in the dehydrogenase form, and as a result of the 

endothelial cell injury it was rapidly converted to the oxidase form, producing 

oxygen free radicals. Yokoyama and colleagues (Yokoyama et al., 1990) 

reported increased activity of released xanthine dehydrogenase and xanthine 

oxidase in the liver perfusate, which was subjected to 2hr global 

normothermic ischaemla and followed by 2hr reperfusion. This led to an 

increase in the resulting reactive oxygen species which would very likely 

damage the vascular endothelium (Yokoyama et al., 1990). Preservation 

injury is also associated with infiltration of the graft by leukocytes, particularly 

neutrophils, and inhibition of leukocyte recruitment reduces reperfusion injury 

in animal models (Jaeschke et al., 1993; Lemmens et al., 1993). Since 

adhesion to the endothelium is a pre-requisite for leukocyte emigration into 

tissue, this step will be crucial to the generation of the inflammatory infiltrate 

during ischaemia/reperfusion injury. Sellak and co-workers (Sellak et al.,

1994) investigated the binding of endothelial cells with polymorphonuclear 

neutrophils (PMNs) after their exposure to reactive oxygen species. They 

reported endothelial cells that were exposed for 15 minutes to reactive 

oxygen species had increased adherence to PMNs of approximately 2 - 2.5 

fold as compared with untreated endothelial cells. The morphology of the
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treated cells did not differ from that of control. They also reported that the 

adherence between endothelial cells and PMNs was ICAM-1 dependent, as 

the inhibition of adherence by 60% was obtained by treatment with anti-ICAM-1 

monoclonal antibodies. Incubation of endothelial cells with catalase (free 

radical scavenger) for 5 minutes before exposure of endothelial cells to 

reactive oxygen species for 15 minutes completely inhibited the increased 

PMNs adherence.

In the current study fresh GSH was used as a free oxygen radical scavenger 

and was added to the allograft flush out solution just before starting 

reperfusion. The ICAM-1 expression was significantly noticeable in the saline 

group when compared with the GSH treated group. The mean allograft post

storage time and ICAM-1 expression were not different between the two 

groups. It can be postulated that in vivo endothelial cell activation may have 

relevance for the regulation of leukocyte recruitment to the inflammatory site. 

This process may be further modulated and potentiated by the oxygen free 

radical scavenger reduced glutathione in the manipulation of the ICAM-1. 

However, no correlation was observed between the up-regulated ICAM-1 

expression in the post-reperfusion biopsies and the incidence of 

ischaemia/reperfusion injury. This observation may have be due to the clinical 

methods for reporting l/R injury not being sufficiently sensitive to register 

changes due to altered ICAM-1 expression.

In the field of transplantation it is important to detect early rejection before 

development of hepatic necrosis. Although a variety of methods, including 

clinical and biochemical markers for the detection of liver allograft rejection 

have been investigated, liver biopsy is still the only reliable means available 

for diagnosing hepatic allograft rejection, but it is costly and invasive. 

Therefore, a simple and predictive technique would be highly desirable.

The expression of ICAM-1 has been examined in several types of allograft 

tissue, including heart, kidney and liver. In the field of heart transplantation 

Ohtani and associates (Ohtani etal., 1995) demonstrated enhanced ICAM-1 

expression on the capillary endothelium from day four after heart transplant in 

parallel with the development of mononuclear cell infiltration. They also 

showed a strong correlation between ICAM-1 expression and histologic
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severity of cardiac rejection. Paul! and Russ (Pauli & Russ., 1989) have 

demonstrated increased de novo ICAM-1 expression on renal tubular 

epithelial cells in renal allografts during rejection.

Lautenschlager and Hockerstedt (Lautenschlager & Hockerstedt., 1993) in 57 

liver allograft recipients monitored the episodes of acute rejection by frequent 

fine needle aspiration biopsy. They demonstrated that ICAM-1 expression 

was induced in association with liver allograft rejection. The induction of 

ICAM-1 expression on hepatocytes was seen 1 to 5 days before lymphoid 

activation in the fine needle aspiration biopsies. ICAM-1 expression had 

always disappeared 10 days after the onset of rejection and the 

administration of anti-rejection therapy. They suggested that induction of 

ICAM-1 on hepatocytes could be considered a very early marker of anti

allograft immune response and liver transplant rejection.

The current study demonstrated early ICAM-1 expression (as early as 90 

minutes post-reperfusion) correlates significantly with early and late rejection 

episodes.

An up-regulation of ICAM-1 expression in rejecting liver allografts seems 

logical in light of current understanding of the pathophysiology of transplant 

graft rejection. This is likely to be due to the release of inflammatory mediators 

such as interleukin-1, tumour necrosis factor and interferon by immune cells 

infiltrating into the allograft. These factors lead to an up-regulation of ICAM-1 

expression on various cells of the graft, a process that facilitates leukocyte 

transmigration and a full-scale immune assault on the foreign tissue. This 

process may be further modulated and potentiated by the manipulation of the 

ICAM-1. Therefore, induction of ICAM-1 should be seen as one of the initial 

and essential events in the pathogenesis of rejection. The detection of ICAM-1 

induction, therefore, could provide an early and a specific marker of pending 

immune activation associated with acute rejection. Particularly, if intense 

expression of ICAM-1 is seen on the intra-operative post-reperfusion biopsies 

in the recipient, a strong likelihood of rejection is indicated. Perhaps this can 

lead the way to prophylactic treatment to prevent acute cellular rejection 

before it becomes fully manifested?
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CHAPTER 9

THESIS DISCUSSION

The work reported in this thesis has focused on the investigation of 

expression of ICAM-1 in relation to liver ischaemia/reperfusion injury. In 

particular, I have studied the effects of cold preservation and reperfusion, as 

encountered in transplantation, on adhesion molecule expression. Studies 

have been performed both in experimental animal models and in clinical liver 

biopsies. The thesis has been structured thematically rather than by 

methodology or chronology, since many of the studies proceeded in parallel 

to the chosen methods.

9.1 Analysis of methodology

9.1.1 Measurement of ICAM-1 expression by Immunohistochemistry

In this thesis, ICAM-1 expression has been measured by immunohistochemistry 

techniques and grading by a third party unaware of prior treatments to the liver. 

There are several methods which can be used to measure ICAM-1 expression, 

including measurement of the mRNA for ICAM-1 by Northern analyses, and 

Western blotting for protein detection (Hubbard & Rothlein., 2000). These 

molecular methods have the advantage that they can provide quantitative or 

semiquantitative information on the degree of ICAM-1 expression. However, 

immunohistochemistry has been a frequently used technique for investigations 

on ICAM-1, and has the benefit of being able to locate where within a complex 

tissue, the adhesion molecule is located. Also, the small amounts of tissue 

available from clinical liver biopsies were not sufficient to consider Western 

blotting. Thus, as a technique which could be used for both experimental and 

clinical liver studies, immunohistochemistry provided a reasonable solution to the 

various requirements of the various models.
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9.1.2 Experimental animal models

In this study three different animal models were used to study interaction, 

features for liver ICAM-1 expression.

In the first model LPS toxin was injected into the intraperitoneal cavity to 

induce a sepsis-like effect. This technique has previously been used in 

experimental rat models to study the sepsis syndrome and it was shown to be 

associated with leukocyte infiltration to the hepatic microvasculature (Vollmar 

etal., 1995).

The second model is the regional ischaemia/reperfusion model in which blood 

flow to the left and median lobes of the liver was occluded using a vascular 

clamp whereas flow to the right lobes remained intact. Reperfusion was 

obtained by removing the vascular clamp. With this procedure the blood 

pressure and acid-base balance of the rat are unaltered during the ischemic 

interval and also a severe ischemic insult was produced without inducing 

mesenteric venous congestion. With this model one can study the local 

effects of ischaemla and reperfusion in the liver without a major perturbation 

to the entire animal (Zhou etal., 1992; Colletti etal., 1990).

The third model was the isolated perfused rat liver model. This was a cell-free 

perfusion model, which allowed the investigations of low temperature storage 

and reperfusion on ICAM-1 expression. Although leukocyte activation may be 

an important factor in the overall progression of ischaemia/reperfusion injury. 

This model also demonstrated that ICAM-1 expression could be induced in 

the absence of circulating white blood cells.

9.1.3 Clinical evaluation of ICAM-1 expression

In human tissues ICAM-1 has a low level of expression in endothelial cells, 

but it is absent from most cells in normal tissues (Dustin & Springer., 1991). 

In normal liver, the staining was restricted mainly to the sinusoidal endothelial 

cells. There was no stain detected in hepatocytes or the endothelial cells 

lining the portal veins and hepatic arteries (Dustin etal., 1998).

In human OLT it was reported an increased intensity of ICAM-1 expression in 

hepatocyte during liver allograft rejection (Steinhoff etal., 1990).
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An up-regulation of ICAM-1 expression on SECs 60-90 minutes post- 

reperfusion was also observed (Steinhoff etal., 1993).

9.1.4 Measurement of the hepatic microcirculation by Laser Doppler 

Flowmetry

In this study LDF was used to monitor hepatic perfusion in lobar ischaemla 

and ischaemia/reperfusion in a rat model. Laser Doppler Flowmetry has been 

used widely for clinical and research applications. It allows liver tissue blood 

flow to be measured more easily, more directly, and less invasively (Otsuka at 

a!., 1994). It was previously reported that the surface of the liver is mainly 

perfused by the hepatic artery. This was concluded from a study in which liver 

blood flow in the rat was measured by the hydrogen gas clearance technique 

during occlusion of the hepatic blood supply (arterial and portal) (Gouma at 

a!., 1986). However, the hydrogen clearance technique underestimates the 

hepatic perfusion because it was used without the application of a complex 

mathematical algorithm to offset the influence of tracer hydrogen recirculating 

via the portal vein. Wheatley and colleagues (Wheatley at a!., 1993) 

contradicted the above hypothesis after they measured hepatic perfusion 

using a radioactive microsphere technique and LDF. They reported that, in the 

rat, the inter and intralobular distribution of portal venous blood flow is 

homogeneous and LDF on the surface of the liver gives specific information 

about average blood flow in the hepatic microcirculation. LDF measurements 

on the liver surface correlated well with the parenchymal microcirculation 

(Kotzampassi at a!., 1992).

9.1.5 Assessment of ischaemia/reperfusion injury in animal models by 

histological analysis

Histological criteria and grading of ischaemia and ischaemia/reperfusion 

injury have been described previously. Colletti and colleagues (Colletti at a!., 

1990) have investigated the effect of ischaemia and l/R in a rat model of lobar 

hepatic ischaemia. Using light microscopy they semiquantitatively assessed 

injury by looking at hepatocyte necrosis and neutrophilic infiltration. Jaeschke 

(Jaeschke at a!., 1990) used the same animal model in Colletti's study to
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score ischaemia/reperfusion injury by estimating the percentage of necrotic 

areas in parallel sections stained with H&E. However in another study (Zhou 

et al., 1992) ischaemia/reperfusion injury in rat model with lobar 

ischaemia/reperfusion the injury was assessed by PMN influx into the hepatic 

lobule. Momii and koga (Momii & koga., 1990) investigated the effect of cold 

preservation on rat liver. They reported the degree of injury of hepatocyte by 

using morphometric analysis of hepatocyte swelling, this swelling was 

expressed as an increase of hepatocyte area on microscopic images. In 

another study on isolated preserved rat hepatocyte, the preservation injury 

was assessed by hepatocyte volume and membrane blebs. Hepatocyte 

volume was calculated from the measured diameter assuming the 

hepatocytes are spherical (Sorrentino etal., 1991).

Mckeown (Mckeown e ta i ,  1988) scored the injury in cold preserved rat liver 

allografts by semiquantitative analysis of the morphological changes of the 

sinusoidal endothelial cells and preservation of hepatic lobule architecture.

Takei and colleagues (Takei et aL, 1998) designed a more detailed scoring 

system to assess l/R injury. They used a scale of 0 - 5 based on the degree 

of necrosis and 0 - 2 based on six structural parameters including; cellular 

swelling, acidophelic nuclear inclusions, nuclear pyknosis, cellular deposition, 

cytoplasmic vacuolisation and sinusoidal dilatation.

In the current study the same histological criteria of assessment of ischaemia 

and ischaemia/reperfusion injury previously published were used with some 

modification. Semiquantitative analysis using a light microscopy established 

a scale of 0 - 3 to assess the degree of liver injury. This scale was based on 

eight structural parameters including; hepatocyte and sinusoidal endothelial 

cells morphological changes, preservation of hepatic lobule architecture, the 

presence of micro and macro cytoplasmic vacuolaisation, bleb formation, 

apoptosis and the presence of necrotic foci. The maximum score was 24. The 

degree of injury was graded into three categories, mild (0-7), moderate (8-15) 

and severe injury (16-24).
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9.1.6 Assessment of ischaemia/reperfusion injury in human OLT by 

biochemical analyses

Ischaemia/reperfusion injury of liver grafts remains a crucial problem in liver 

transplantation as it is characterised by both hepatocyte and endothelial cell 

injuries (Dunne et aL, 1994). Various parameters have been suggested to 

assess the degree of ischaemia/reperfusion injury. However, the most 

commonly used parameters are serum levels of liver enzymes (AST and ALT) 

in the early post-transplant period.

Previously published criteria to assess ischaemia/reperfusion injury 

(dependent on liver transaminases) were used in this study (Pirenne et aL, 

1997; Kurzawinski etal., 1994; Gaffey etal., 1996). Kakizoe (Kakizoe etal., 

1990) specified poor graft function by peak serum values of AST>1,500 lU/L 

or ALT>1,000 lU/L on any day during the first post-operative week. A modified 

version of a scoring system used by Mueller (Mueller et al ., 1996) for 

determination of ischaemia/reperfusion injury after liver transplantation was 

used in the present study. Ischaemia/reperfusion injury was graded using the 

maximal increase in AST and ALT during the first 72hr after reperfusion, in 

combination with initial bile colour and volume. In the current study AST, ALT and 

bilirubin levels were used to assess ischaemia/reperfusion injury and prothrobine 

time to assess synthetic function of the graft. A scale of 1-3 was used to assess 

the degree of liver injury in each of these parameters. The maximum score was 

12 in severe liver insufficiency. The degree of injury was graded into three 

categories, mild (4-6), moderate (7-9) and severe injury (10-12).

9.2 Hypothesis and aims

It was hypothesized at the close of Chapter 1 that:

Ischaemia/reperfusion injury has a major influence on the outcome of liver 

transplantation. The cell adhesion molecule ICAM-1 has a central role in the 

interaction between polymorphonuclear neutrophils (PMNs) and sinusoidal 

endothelial cells which is fundamental to the development of 

ischaemia/reperfusion injury.

The results presented in this thesis are consistent with this hypothesis but
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have not wholly proved it. Proof of the hypothesis requires fulfilment of four 

conditions, which were encompassed within the aims of the thesis, as stated 

in Chapter 1 :

I  To investigate the effect of liver preservation and reperfusion on ICAM-1 

expression in both animal experimental models and human liver 

transplantation, and to analyse factors which are likely to induce ICAM-1 

including endotoxic shock, warm and cold ischaemia and 

ischaemia/reperfusion injury.

Local inflammatory reaction results in a rapid increase in ICAM-1 expression 

in endothelial cells and induction of ICAM-1 in epithelial and mesenchymal 

cells (Dustin & Springer., 1991). Resting lymphocytes lack ICAM-1 

expression, but ICAM-1 expression increases during T- and B- lymphocytes 

activation. Normal ICAM-1 has a low level of expression in endothelial cells, 

but it is absent from most cells in normal tissues (Dustin & Springer., 1991). It 

was shown in Chapter 3 that normal rat liver exhibits weak expression or no 

expression of ICAM-1 on sinusoidal endothelial cells and no evidence of 

staining on hepatocytes. Intraperitoneal administration of lipopolysaccharides 

toxin (LPS) induced sepsis like effects (Van Oosten et al., 1995) and resulted 

in dramatic up regulation of ICAM-1 expression on both sinusoidal endothelial 

cells and hepatocytes. It was also shown that up to 30min in situ warm 

ischaemia of rat liver did not induce ICAM-1 expression but 45-120min 

produced marked sinusoidal endothelial cells ICAM-1 expression and the 

hepatocytes exhibited no ICAM-1 expression.

Cold storage of transplanted organs reduces metabolic pathway activity and 

delays pathological changes (Stansby et aL, 1993). In the present study 8hr 

of cold ischaemia had no influence on ICAM-1 expression, however, cold 

ischaemia for 16hr or more induced ICAM-1 expression on sinusoidal 

endothelial cells. ICAM-1 expression in the cold preserved liver in the current 

study confirms the previous published data which showed that non- preserved 

liver released a negligible amount of TNF whereas 24hr preserved-liver 

produced the highest amount of TNF (Rao etai., 2000).

Livers are susceptible to ischaemia and cell injury additionally induced by 

reperfusion (Sorrentino et ai., 1991). Ischaemia/reperfusion is characterised
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by Kupffer cells activation, activated Kupffer cells produce various cytokines 

that lead to infiltration of polymorphonuclear leukocytes (PMNs) into the post- 

ischemic liver (Farhood et al., 1995). It was shown in the current study that 

Ischaemia/reperfusion resulted in significant up-regulation of ICAM-1 

expression, and the same was observed with in vitro reperfusion of cold 

stored livers for 8hr or more. With extended cold ischaemia times ICAM-1 

expression became more intense.

It was also demonstrated in the present study that the effect of 

Ischaemia/reperfusion injury is systemic and not localised to the ischaemia 

lobes only, as ICAM-1 expression was also up-regulated in non-ischaemic 

lobes.

In Chapter 8 the detailed immunohistological analysis of ICAM-1 expression 

in normal human livers and after transplantation revealed characteristic 

expression patterns. It was shown that normal human liver has no ICAM-1 

expression on sinusoidal endothelial cells or on hepatocytes. It was also 

shown that the harvesting procedure did not stimulate the immune system on 

the basis of adhesion molecule staining in the donor allografts, as there were 

no differences in ICAM-1 expression in the harvested allografts when 

compared with normal livers. In this study ICAM-1 induction on sinusoidal 

endothelial cells and hepatocytes was recorded at a very early phase of 

immune activation in the allograft. This was demonstrated by significant up- 

regulation of ICAM-1 expression 90 minutes post-reperfusion. It was also 

noted that neither variable cold nor warm ischaemia times had significant 

effects on the intensity of ICAM-1 expression in post-reperfusion biopsies.

I I  To investigate the effect of addition of the free radical scavenger reduced 

glutathione (GSH) to the liver perfusate in post-reperfusion ICAM-1 

expression, liver histology and the incidence of acute cellular rejection.

Reactive oxygen metabolites are implicated in reperfusion injury occurring in 

liver (Jaeschke., 1993). In Chapter 3, in an isolated perfused liver model (in 

vitro), reduced glutathione (GSH) was added to the liver perfusate in an 

attempt to modulate the effect of ischaemia/reperfusion injury and possibly 

ICAM-1 expression. It was observed that there was no change in ICAM-1
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expression in the GSH treated group which had cold ischaemia time up to 8hr 

when compared with controls. When the cold ischaemia time was extended 

to 16 and 24hr the GSH treated group still had a significant up-regulation of 

ICAM-1 expression when compared with controls. In livers which had cold 

ischaemia time up to 16hr, ICAM-1 expression was more pronounced in the 

untreated group when compared with the GSH treated group. However, GSH 

addition had no effect on ICAM-1 expression in either groups when the cold 

ischaemia time exceeded 16hr.

It was also shown in Chapter 4 that the addition of GSH to the liver perfusate 

did not modify the morphological changes when cold ischaemia time 

extended beyond 8hr (8-24hr). However, in the cold flushed liver, reperfused 

immediately for 60min (Ohr cold ischaemia,) the hepatic morphological 

changes were limited to the group that had GSH addition to the liver 

perfusate.

In Chapter 7 human liver allografts were randomly allocated to GSH or saline 

addition to the allograft flush out-solution just before starting reperfusion. 

ICAM-1 expression was significantly noticeable in the saline group when 

compared with the GSH treated group. However, the addition of GSH to flush 

out solution did not improve the ischaemia/reperfusion injury or decrease the 

incidence of acute cellular rejection in the treated group.

These results were in agreement with a previous study that reported 

exogenous administration of reduced glutathione had no effect either on 

hepatocellular protection against reperfusion injury or on the elevation of the 

cellular glutathione level (Ozaki etal., 1994).

I l l  To assess liver biopsies for ICAM-1 expression and its correlation with 

histological evidence of ischaemia/reperfusion injury, biochemical indicators 

of early graft function and blood flow in the hepatic microcirculation.

It has been suggested that sinusoidal endothelial cells are more vulnerable to 

cold ischaemia than are the parenchymal cells (Caldwell-Kenkel at a!., 2000; 

Momii & Koga., 1990). This observation was confirmed in Chapter 4 as 

sinusoidal endothelial cells displayed remarkable morphological changes 

after 16 and 24hr of cold preservation. On the other hand hepatocytes had no

173



remarkable changes. In previously published data there was no evidence 

linking this finding and ICAM-1 expression. In the present study the 

morphological changes in the sinusoidal endothelial cells due to cold storage 

appear directly correlated with the ICAM-1 expression.

In the warm ischaemia model the morphological changes in hepatocytes 

predominated over those in the cold ischaemia model. However, these 

morphological changes after warm ischaemia did not correlate with ICAM-1 

expression. This observation might suggest that the histological changes and 

ICAM-1 expression induced by warm ischaemia were different to those after 

cold ischaemia i.e. the injury of cold ischaemia is not merely delayed warm 

ischaemia injury.

After reperfusion morphological changes in the sinusoidal endothelial cells 

and hepatocytes were evident and more severe than cold or warm ischaemia 

alone. The extent of the reperfusion injury after cold ischaemia was more 

evident than warm ischaemia and is directly dependent on the duration of the 

cold ischaemia and not upon the reperfusion period. Histological changes due 

to ischaemia/reperfusion injury were directly correlated with ICAM-1 

expression.

Liver reperfusion after a period of ischaemia was shown to result in 

hepatocyte injury (Ikeda etal., 1992). The most commonly used indicators to 

assess such injury were ALT and AST levels (Parks & Granger., 1988). In 

Chapter 5 hepatocyte injury -as assessed by ALT and AST levels- was 

noticeable after 30 minutes of warm ischaemia with significant peaks in their 

levels after 60 minutes of warm ischaemia. There was a significant correlation 

between ICAM-1 expression and increased ALT and AST levels after 45 

minutes of ischaemia.

It was also shown in Chapter 5 that lobar ischaemia for 30 ,4 5  and 60 minutes 

followed by 60 minutes reperfusion resulted in a significant increase in ALT 

and AST levels. The increased levels of ALT and AST after reperfusion was 

more significant when compared with the effect of ischaemia only. The 

elevation of ALT and AST levels after reperfusion were most marked with 

longer ischaemic periods.
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There was a significant correlation between post-reperfusion increased ALT, 

AST levels and ICAM-1 expression. These data support the conclusion that 

ICAM-1 expression reflects hepatocyte injury in post-ischaemic and post

reperfusion injuries which up-regulate ICAM-1 expression and enhance the 

level of liver enzymes.

In Chapter 6 the flow in the hepatic microcirculation was assessed by Laser 

Doppler Flowmetry in lobar ischaemia and ischaemia/reperfusion in a rat 

model. After induction of lobar ischaemia there was a failure of hepatic 

perfusion as demonstrated by the marked decline of laser doppler flowmetery 

measurement from the ischaemic lobe. This significant reduction in hepatic 

perfusion during warm ischaemia periods was associated with increased 

ICAM-1 expression on the sinusoidal endothelial cells in liver biopsies that 

were taken at the end of the ischaemia times from the same ischaemic lobes.

In the ischaemia/reperfusion model there was an immediate recovery of the 

tissue microcirculation on reperfusion but this never attained baseline 

measurements. On continuing reperfusion for a further 60 minutes the tissue 

perfusion continued to drop. The reductions in tissue perfusion continued as 

warm ischaemia time was extended. There was a significant correlation 

between the decrease in tissue reperfusion and ICAM-1 expression in 

biopsies taken at the end of reperfusion times.

In Chapter 7, 4 parameters were used to assess post-transplant 

ischaemia/reperfusion injury. These included ALT and AST blood levels, 

bilirubin levels and prothrombin time. These parameters were measured in 

the first, third and fifth post-transplant day. Ischaemia/reperfusion injury was 

graded mild, moderate and severe. In Chapter 8 ICAM-1 expression was 

analysed in post-storage and post-transplant (90 minutes post-reperfusion) 

liver allograft biopsies. It was shown that there was no correlation between 

ICAM-1 expression in these biopsies and the degree of ischaemia/reperfusion 

injury as recorded by clinical symptoms.

IV  To investigate ICAM-1 expression as a useful early marker of acute 

rejection in human OLT.

The expression of ICAM-1 has been examined in several types of allograft 

tissue, including heart, kidney and liver. In the field of heart transplantation
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Ohtani (Ohtani et al., 1995) showed a strong correlation between ICAM-1 

expression and the histological severity of cardiac rejection. In Chapter 8 it 

was shown that early ICAM-1 up-regulation (as early as 90 minutes post

reperfusion) correlated significantly with acute allograft cellular rejection.

These results fit with the growing evidence that ischaemia/reperfusion injury 

can have consequences for the allo-immune response, leading to enhanced 

early and late rejection episodes (Haskowski et a!., 2000).

9-3 Conclusions, reflections and future perspectives

The results of the studies presented in this thesis highlight the relevance of 

immunohistological analysis of ICAM-1 expression in experimental animal 

models and in normal human livers as a consequence of ischaemia /  

reperfusion injury. The characteristic expression patterns of ICAM-1 due to 

ischaemia, ischaemia/reperfusion injury and post-transplantation were 

correlated with histological and functional parameters, which were used in this 

thesis to assess the reperfusion injury. Also the possibility was tested that 

ICAM-1 expression might act as a predictive marker for acute cellular 

rejection.

In Chapter 3, it was shown that up to 30 minutes of warm ischaemia did not 

induce significant up-regulation of ICAM-1 expression, however warm 

ischaemia of 45 minutes or more increased ICAM-1 expression on sinusoidal 

endothelial cells. It was reported that extent of warm ischaemia to 60 minutes 

or more affect the survival outcome in experimental liver transplantation 

(Ikeda eta!., 1992). Ischaemia/reperfusion resulted in a highly significant up- 

regulation of ICAM-1 expression on both sinusoidal endothelial cells and 

hepatocytes. Ischaemia/reperfusion had a more significant effect on ICAM-1 

expression than the effect of ischaemia only. The systemic effects of 

reperfusion injury were evident in Chapter 3, where significant up-regulation 

in ICAM-1 expression in the non-ischaemia lobe was observed. It was also 

shown that up to Bhr cold ischaemia had no influence on ICAM-1 expression 

on sinusoidal endothelial cells, whilst extended cold ischaemia to 16hr or 

more induced a significant increase in ICAM-1 expression. In vitro liver 

reperfusion resulted in a significant up-regulation of ICAM-1 expression which
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was more prominent when cold ischaemia times extended to 16hr or more.

The beneficial effect of the free oxygen radical scavenger, reduced 

glutathione added to the liver perfusate was investigated in an attempt to 

modulate the effect of ischaemia/reperfusion injury and possibly ICAM-1 

expression. It was demonstrated that there was no change in ICAM-1 

expression in livers treated with GSH with limited cold storage time up to 8hr 

when compared with controls. It was observed that ICAM-1 expression was 

more pronounced in the untreated group when compared with the expression 

in the treated group following longer cold storage periods.

Warm ischaemia mainly affected the parenchymal cells (hepatocytes) and 

cold storage mainly affected non-parenchymal cells sinusoidal endothelial 

cells. In Chapter 4 it was shown that the morphological changes of the 

sinusoidal endothelial cells due to cold ischaemia were directly correlated with 

ICAM-1 expression. However, there was no correlation between 

morphological changes due to warm ischaemia and ICAM-1 expression. 

These observations might suggest that the injury due to cold ischaemia is not 

merely delayed warm ischaemic injury .

Reperfusion injury resulted in morphological changes in both sinusoidal 

endothelial cells and hepatocytes which were more severe than those from 

cold or warm ischaemia alone. This injury was directly correlated with ICAM- 

1 expression. Treatment with GSH resulted in limited reperfusion injury in 

livers which had cold ischaemia up to 8hr. However, with longer ischaemia 

times GSH has no effect on such injury.

In Chapter 5 reperfusion injury was assessed by ALT and AST levels and 

was noticeable after 30 minutes of warm ischaemia. The severity of the 

damage was correlated with the length of the ischaemic period, as there 

was a significant peak in ALT and AST levels after 60 minutes of warm  

ischaemia. Ischaemia/reperfusion resulted in significant increase in ALT and 

AST levels which were most marked with longer ischaemic time. The 

increased ALT and AST levels after reperfusion were more significant when 

compared with the effects of ischaemia only. It was also shown that there was 

a significant correlation between ICAM-1 expression and increased levels of 

ALT and AST after ischaemia and ischaemia/reperfusion. However, it was
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noticed that reperfusion injury resulted after 30 minutes of warm ischaemia 

and ICAM-1 expression up-regulated after 45 minutes of warm ischaemia. 

This might explain why reperfusion injury proceeded the up-regulation of 

ICAM-1.

In Chapter 6 there was an observed reduction in hepatic perfusion during the 

warm ischaemia periods which was associated with increased ICAM-1 

expression on the sinusoidal endothelial cells in liver biopsies that were taken 

at the end of the ischaemia times from the same ischaemic lobes. 

Ischaemia/reperfusion was also resulted in a reduction in flow of the hepatic 

microcirculation. The reduction in flow increased as the warm ischaemia time 

was extended. The reductions in hepatic microvascular perfusion during 

ischaemia and ischaemia/reperfusion correlated with the increase of ICAM-1 

expression at the end of the ischaemia and ischaemia/reperfusion times.

The correlation between the reductions in hepatic flow and increases in 

ICAM-1 expression might be explained by the effect of Ischaemia/reperfusion 

on Kupffer cells. Activated Kupffer cells release inflammatory cytokines which 

activate the sinusoidal endothelial cells and hepatocytes to express ICAM-1 

on their membrane surfaces and also to release leukocyte-activating factors 

such as interleukin-1 or platelet-activating factor. These induce LFA-1 on the 

surface of neutrophils, resulting in the adhesion of ICAM-1 and LFA-1. 

Thrombi containing neutrophils may then be formed in hepatic sinusoids, 

causing tissue microcirculatory failure at the inflammatory sites (Nakano et a i,

1995).

In Chapter 7, in the field of human OLT, it was shown that extended cold 

ischaemia time beyond 12hr increased post-operative damage in 

hepatocytes as assessed by ALT, AST, bilirubin levels and prothrombin time. 

However, there was no correlation between cold ischaemia times and the 

incidence of early and late graft rejection. It was also found that warm 

ischaemia time had no effect on the degree and the incidence of hepatocyte 

injury. However, there was a significant correlation between the length of the 

warm ischaemia time and the incidence of acute cellular rejection during the 

first week post-transplantation.

There was no effect of ischaemia/reperfusion injury on either early or late liver
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allograft acute cellular rejection. The addition of GSH to flush-out solution did 

not improve the ischaemia/reperfusion injury or decrease the incidence of 

acute cellular rejection in the treated group.

In Chapter 8, harvesting procedures did not stimulate the immune system on 

the basis of adhesion molecule staining in the donor allografts, as there were 

no differences in ICAM-1 expression in the harvested allografts (after in situ 

flush) when compared with expression in baseline biopsies. There was also 

no significant effect of cold ischaemia time on the intensity of ICAM-1 staining.

During OLT, ICAM-1 induction on sinusoidal endothelial cells and hepatocytes 

was recorded at a very early phase of immune activation (90 minutes post

reperfusion). However, no correlation was observed between up-regulated 

ICAM-1 expression in post-reperfusion biopsies and the incidence of 

ischaemia/reperfusion injury. Freshly prepared GSH was added to the 

allograft flush out solution just before starting reperfusion. ICAM-1 expression 

was significantly noticeable in the untreated group when compared with the 

GSH treated group. It was also shown that post-reperfusion ICAM-1 

expression correlated with early and late acute cellular rejection.

Examination of the post-reperfusion allograft liver biopsies by light microscop 

after immunohistochemical staining could be a useful screening test to help in 

early prediction of acute cellular rejection.

In this thesis some functional parameters, may be more affected than others. 

However, collectively the data in these studies indicate that in the field of liver 

transplantation, all liver allografts experience periods of warm and cold 

ischaemi, injury followed by reperfusion injury. It may be that different 

protective strategies for periods of either warm or cold ischaemia will be 

required to optimise results of liver transplantation.

In summary, it can be stated that clinical liver preservation and transplantation 

is accompanied by stimulation of adhesion molecules as part of the 

inflammatory response. This was not only a result of the allograft response, 

because, in the experimental liver perfusion studies, ICAM-1 expression was 

up-regulated after cold storage even when reperfusion was carried out using 

a bloodless aqueous perfusate (Krebs solution). However, This sensitisation

179



of the immune system by ischaemia/reperfusion injury was associated with a 

demonstrable increase in the severity of the allograft response, leading to 

greater incidences of early and late acute rejection episodes. The results 

presented in this thesis therefore are additional support for the hypothesis that 

inflammation, arising from either of these two routes, combine to have a 

negative impact on the outcome of transplantation (Land eta!., 1999).

Whilst oxygen free radicals are generally implicated in the inflammatory 

process, addition of the scavenging agent reduced glutathione had only 

marginal effects on ICAM-1 expression. This suggests that the agent was 

either unable to deal with all the possible sources of oxygen free radicals (as 

a water soluble agent it may not be readily accessible to sources of oxygen 

free radicals generation within hydrophobic sites in the cells such as 

membrane bilayers), or was not present at the right time (it may have been 

needed to be present in the reperfusing blood, rather than only in the washout 

solution). On the other hand, the fact that GSH had any affect at all gives 

some hope that in the future a better therapy can be found.

Thus for the future, several areas are highlighted for further research on 

adhesion molecule expression. Firstly, further work should be aimed at 

investigating the early events which play a role. Activation of nuclear 

transcription factors such as nuclear factor-KappaB (NF-kB) are thought to be 

central to inflammatory responses (Rahman & MacNee., 2000), and it might 

be more useful to target these early molecular changes, rather than 

attempting to influence measurable ICAM-1 protein by immunohistochemistry, 

which may be already too late to stop interactions with circulating leukocytes. 

Another approach would be to use a combination therapy of drugs which 

could act both in the intra- and extra-cellular environments. Reduced 

glutathione, whilst being a clinically acceptable agent, does not penetrate cell 

compartments easily. Finally, improved preservation methods should be 

investigated to overcome the ischaemic cascade which leads to 

ischaemia/reperfusion injury. It is being consistently demonstrated that 

perfusion technologies provide enhanced aerobic renal preservation (Burdick 

etal., 1997). However, this has yet to be transferred to other organs such as 

the liver. Whatever route is taken, it is clear that a full understanding of
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inflammatory responses to ischaemia/reperfusion injury will yield benefits for 

patient outcomes in the future.
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ELSEVIER

Effect of Reperfusion on Human Allograft ICAM-1 Expression and Its 
Correlation With Histological Evidence of Reperfusion Changes
M. El-W ahsh, F. Fuller, N .S . Sreekum ar, A. Burroughs, P. Dhillon, K. Rolles, and B.R. Davidson

D u r i n g  liver transplantation, Kupffer cells are acti
vated as a result of cold ischaemia and reperfusion, 

inducing cytokine-dependant molecules, such as intercellu
lar adhesion molecule-1 (lCA M -1). These molecules are 
not constitutionally expressed by most,,normal epithelial 
and endothelial cells, but are induced by various pro- 
inflammatory and regulatory cytokines.'’̂  ICAM-1 plays an 
important role in the transendothelial migration of leuko
cytes— a prerequisite for inflammation and allograft rejec
tion.^

The effect of graft storage and reperfusion on ICAM-1 
has not been fully explored. In this study we investigated 
1 CAM-1 expression in serial biopsies following liver graft 
storage (cold ischaemia) reperfusion. The ICAM-1 
expression was correlated with the degree of postreperfu
sion injury, assessed histologically.^

MATERIALS AND M ETHODS

The study group consisted of 36 patients who underwent orthotopic 
liver transplantation for end-stage liver disease at the Royal Free 
Hospital between August 1995 and April  1996. Tru-cut biopsies 
were taken from the liver grafts, which had been stored overnight 
in University of Wisconsin (U W )  solution on ice, and again 
appro,ximately 90 minutes fol lowing reperfusion. These were im
mediately snap-frozen in liquid nitrogen and stored at -  196°C until 
cryotomy. Frozen sections (5 p.m) of serial biopsies from each 
allograft were placed on multiwell slides, air-dried for I hour, and 
then fixed in cold acetone at 4°C for 15 minutes. Sections were 
stained by the indireet immunoperoxidase technique using mouse 
monoclonal anti-human antibody IgGI (clone BBIG-11) as pri
mary, and rabbit anti-mouse immunoglobulins as secondary, anti
bodies. Sections were analysed using light microscopy for ICAM-1 
staining and distribution on sinusoids, bile ducts, endothelial cells, 
and hepatocytes. ICAM-1 expression was then compared between 
the end o f  cold ischaemia and postreperfusion biopsies, for each 
liver graft. Postreperfusion biopsies were also used for standard 
histological assessment.

RESULTS

Following the cold ischaemic period, all grafts expressed 
1CAM-1 on Kupffer cells lining the sinusoids, and sinusoi

dal endothelial cells (SEC). No expression was observed on 
large vessel endothelium, or bile ducts. O f the grafts, 8/36 
(22%) and also showed mild lCAM-1 expression on the 
hepatocyte cell membranes, but no cytoplasmic expression 
was observed.

In 25/36 (70%) grafts ICAM-1 expression on the SEC 
was increased following reperfusion, in comparison to the 
poststorage biopsies. O f these 25, 14 also had intense and 
11 moderate ICAM-1 expression on hepatocytes. In 7/36 
grafts there was no change in the pattern or intensity of 
ICAM-1. In 4/36 liver allografts, no postreperfusion biop
sies were obtained. Standard histological assessment was 
done on 20 of the postreperfusion biopsies. They were 
divided into three groups according to the Royal Free 
Hospital scoring system.'* Eight were normal (group 1), 7 
had mild reperfusion changes (group 2), and 5 were severe 
(group 3). ICAM-1 expression was correlated with histolog
ical findings in postreperfusion biopsies. Moderate or in
tense 1 CAM-1 expression was seen in 2 grafts from group 1 
(2/8, 25%), 3 in group 2 (3/7,43%), and all 5 in group 3 (5/5, 
100%).

DISCUSSION

This study has carefully documented using serial biopsies, 
the change in ICAM-1 expression in human liver allografts, 
following cold storage and reperfusion. Following storage 
the pattern of lCAM-1 expression on the Kupffer cells and 
SEC would be in keeping with lCAM-1 induction by locally 
released cytokines.'

Increased Kupffer activity by generation of free-oxygen 
radicals"' following reperfusion may explain the increased 
lCAM-1 expression in the postreperfusion biopsies. AJ-
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though the data is preliminary, increased postreperfusion 
ICAM -1 expression does seem to correlate with standard 
histological evidence of preservation and reperfusion injury 
in human liver allografts.

REFERENCES
1. Montavani A , Dejano E: Immunol. Today 10:370, 1989

2. Scoazec J-Y, Durand F, Degott C, et al: Gastroenterology 
107:1094, 1994

3. Takei Y, Nishimura Y, Kawano S, et al: Transplant Proc 
28:1103, 1995

4. Gupta SD, Hudson M, Burroughs AK, et al: Hepatology 
21:46, 1995

4. Garcia-Valdecasa JC, Rull  R, Grande L, et al: Transplanta
tion 60:662, 1995



S I 24 B iochem ica l Society Transactions (1 9 9 8 ) 26

43 D O ES G LU TA TH IO N E  FLUSH RED UCE ACUTE  
C E LLU LA R  R EJEC TIO N  IN LIVER A LLO G R A FTS 7

M E L -W A H S H \B  J F U L L E R ', ,  N S
S R E E K U M A R '. A K B U R R O U G H S ^ , P  ̂ A 
D H IL L O N \ B R D A V ID S O N ', and K R O L L E S \

D e p a rtm e n ts  of 'S u rg e ry , ^ H ep a to lo g y , and  
^ H is to p a th o lo g y .
T h e  R o ya l F re e  H o s p ita l,
Pond S t.. Lon do n , N W 3  2 Q G  
UK.

Despite highly effective preservation techniques, some 
degree of ischaemia /  reperfusion injury (IR) is 
unavoidable during orthotopic liver transplantation (OLT) 
Cell injury occurs both during the ischaemic period and 
after reperfusion

It has been demonstrated that reperfusion injury to non 
parenchymal cells is characterised by activation of Kupffer 
cells Activated Kupffer celts produce mediators such as 
Oxygen free radicals . Oxygen free radicals may be 
involved in the mechanism of graft rejection^ . Reduced 
glutathione GSH, normally found in high concentrations in 
hepatocytes, protects against oxygen free radicals 
damage"*.

In this study we investigated whether pre-treatment of 
liver grafts prior to reperfusion with GSH flush would affect 
the degree of early acute rejection after OLT.

Fifty six patients undergoing OLT. Liver grafts were 
randomly allocated to 4.8 ml GSH , supplied by the Royal 
Free Hospital Pharmacy , or saline .control, addition to 
500 ml of the human albumin flush solution used prior to 
graft reperfusion. Protocol day 5 post operative biopsies 
were taken. Biopsy specimens were interpreted Dy an 
experienced histopathoiogist and graded for ACR  
according to the Royal Free Hospital Scoring System  ̂ . 
The features
used to make this assessment were mixed portal 
inflammation, eosinophils, endotheliitis and bile duct 
damage.

Results;

ACR _ GSH group (n=24) Saline group (n=32)
No rejection...... 5 (21% )........................... T T (3 5% ).........................
minimal/mild 1 3 (54% ) 1 3 (40% )
mod./severe 6 (25%)_____________ 8 (25% )____________

In the treated group ( GSH group, Figure 1 ) 18/24  
patients had no rejection or minimal/mild rejection.

GSH group, figure 1

ACR Acute cellular rejection
In the control group ( Saline group, figure 2 )24/32 patients
had no rejection or minimal/mild rejection.

f T O d / s e v e r ^ 3 l i n e  group, figure 2
25%

N o re jec tio n

m inim a l/m ld

In both groups, there were 25% of liver grafts ( 6/24  
GSH group vs 8 /32 control group) which required active 
treatment for ACR.

This study has demonstrated that There were no 
statistically significant differences in ACR degree in both 
groups. Thus GSH flush prior to graft reperfusion does not 
appear to reduce episodes of ACR. Further evaluation of 
free oxygen radical scavengers is required.
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44  A D H E S IO N  M O LE C U LE  A C T IV A T IO N  AND
H E P A T O C Y T E  D A M A G E F O L L O W IN G  O R TH O TO P IC  
L IV E R  T R A N S P LA N T A TIO N  (O LT )
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ischaemia/reperfusion (IR ) injury is a complex 
phenom enon often affecting outcome in orthotopic liver 
transplantation (O LT) '. ICAM-1 has an established role in 
the inflammatory response associated with graft IR injury '

ICAM-1 expression following graft reperfusion has not 
previously been correlated with a measure of 
hepatocellular damage. This study has investigated the 
relation between ICAM-1 graft tissue levels and 
subsequent serum transaminases following OLT.

T he  study group consists of fifty one patients 
undergoing O LT at the Royal Free Hospital. Tru-Cut 
biopsies w ere taken from the liver grafts approximately 90  
minutes following graft reperfusion. These were  
immediately snap-frozen in liquid nitrogen and stored until 
cryotomy.

Five micron frozen sections from each allograft were  
placed on multiwell slides, air dried for 1 hour, and then 
fixed in cold acetone at 4  “C for 15 minutes.

Sections were stained by indirect immunoperoxidase 
technique using mouse monoclonal anti-human antibody 
Ig G I clone BB1G-11 ( R&D systems UK ) as primary 

antibody, and rabbit anti-mouse immunoglobulins ( DAKO  
A/S, Denm ark ) as secondary antibody. Sections were  
analysed using light microscopy for ICAM-1 staining. This 
w as expressed as minimal, mild, moderate, or intense 
staining in each biopsy.

Patients w ere arbitrarily divided into two groups 
according to the first post operative day liver enzymes 
Alanine and Aspartate transaminases ( ALT & AST ); 
group A < 300, group B >300 u/l.

Results 
Tab le 1. ALT

ICAM-1
expression

A L T  < 300 (n=30) A L T  > 3 0 0 (n = 2 I )

minimal/mild 18 10
moderate/intense 12 11

T ab le  2. AST
ICAM-1
expression

AST< 300 (n=18) AST>300 (n=33)

minimal/mild 13 15
moderate/intense 5 18

( A LT>300 ) and those showing minimal dam age ( ALT<  
300), ( moderate/intense ICAM-1 expression 11/21 vs 
12/30, x ' , P=0.3S ). Similarly of an analysis of A S T  levels 
and ICAM-1 expression there was no significant difference 
(1 8 /3 3  vs 5/18, x ' ,P = 0 .0 6 6 )

This study would suggest that :
(1) Sever graft reperfusion injury does not directly result in 

adhesion molecule induction.
(2) That tissue ICAM-1 does not mediate the 

hepatocellular dam age of IR injury.
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There was no significant difference in ICAM-1 expression 
between grafts showing marked hepatocellular damage

Abbreviations used:
ICAM -1
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A L T
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Intercellular adhesion molecule -1 
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Orthotopic liver transplantation 
Alanine transaminases 
Aspartate transaminases
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MOHAMED M EL-W AH SH', BARRY J FULLER', 
N H A TU VEETIL  S SREEKUMAR', ANDREW K 
BURROUGHS^ PAUL A D H IL L O N \ KEITH  
ROLLES', and BRIAN R D AVID SO N '.

Departments of 'Surgery, ^Hepatology, and 
■’Histopathology.
The Royal Free Hospital,
Pond St., London, NW3 2QG 
UK.

i t  is now we l l  established that ce l l -ce l l  and ce l l -m a t r ix  
in teract ions in endothel ia  m a in ly  depend on the 
expression o f  specialised membrane p ro te in s [ l j .  One o f  
the main in te rce l lu la r  adhesion proteins o f  m icrovascu lar  
endothelia is thought to be In te rce l lu la r  Adhesion 
Molecule-1 ( I C A M - 1 ) [2 ] .  IC A M -1  is a cytok ine-inducab le  
ce ll  adhesion molecule  invo lved  in leukocyte t ra f f ic k in g  
and emigra t ion  in in f la m m a t io n [3 ] .  Recent studies 
suggest a re lat ion  between IC A M -1  expression and graft 
reperfusion in ju ry .

The aim o f  this study was to assess In te rce l lu la r  
Adhesion Molecu le-1  expression in serial biopsies 
fo l lo w in g  cold  preservation and reperfusion o f  human 
l ive r  grafts. The ICAM -1 expression was correlated w ith 
the h is to log ica l  appearances o f  the post reperfusion 
biopsy.

T h i r ty  patients undergoing Orthotop ic  L ive r
Transp lanta t ion (O LT )  fo r  end stage l ive r  disease were 
studied. In al l patients biopsies were taken from the 
donor l ive r  at the end o f  the cold ischeamic period 
(stored g ra f t  b iopsy), and approx im ate ly  90 minutes after 
gra ft  reperfusion ( reperfus ion b iopsy).

The IC A M - I  expression was demonstrated on 
duplicate sections by im munohis tochem ica l technique 
( ind i rec t  immunoperoxidase method, monoclonal 
antihuman ICAM -1 as p r im a ry  ant ibody, and rabbit  
antimouse as secondary ant ibody).

Sections were sys tem at ica l ly  analysed for in tens ity  o f  
stain, (no stain, m ild  stain, moderate stain, and intense 
s ta in ing), and fo r  d is t r ibu t ion  on sinusoids, endothelia l 
cells , b ile ducts, and hepatocytes.

ICAM -1 expression in the biopsies was then compared, 
fo r  each graft ,  between the end o f  cold  preservation and 
fo l lo w in g  g ra f t  reperfus ion. F o l low in g  cold storage w ith 
all grafts IC A M -1  was expressed on K up ffe r  cells l in ing  
the sinusoids, and on s inusoidal endothelia l cells (SEC). 
No endothel ia l  ce ll  s ta in ing was seen on large vessels. 
No bile duct or hepatocyte s ta in ing  was noted.

In 8/30 biopsies there was m ild  ICAM-1 sta in ing on 
hepatocytes and no pos it ive  b ile  duct sta in ing. In 19/30 
reperfusion biopsies IC A M -1  expression was increased 
on SEC. O f  these 19, I I also had intense, and 8 moderate 
ICAM -1 expression on hepatocytes. In 7/30 patients 
there was no change in the pattern or in tensity  o f  IC A M -
I. In the remain ing 4/30 patients no post reperfusion 
biopsy was obtained.

ICAM -1 expression was correlated w ith 
h is topatho log ica l f ind ings in the post reperfusion 
biopsies. O f  the 14 patients who had post reperfusion 
standard h is to log ica l  assessment 6 were normal (group 
I ) ,  4 had m i ld  reperfusion changes (group 2) and 4 
severe (group 3).

Moderate or intense IC A M -1  expression was seen in I 
patient from group I (1 /6) ,  2 in group 2 (2/4)  and all 4 
patients in group 3 (4/4).  ‘

Th is  study has demonstrated that ICAM-1 expression 
on the sinusoids is increased over the period o f

reperfus ion in human l ive r  transplantation. ICAM-1 may 
also be corre la ted w ith  standard h is to log ica l assessment 
o f  reperfus ion in ju ry .
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pespite h igh ly  effective preservation techniques, some 

degree o f  warm and cold ischaemic damage and 
ftperfusion in ju ry  is unavoidable during hepatic 
îfanspIantation[l] . This ischaemia/reperfusion in ju ry  
Jnay be modif ied  by the free oxygen radica l scavenger 
fcduced glutathione (GSH). GSH can act as trapping 
jgent fo r  extrace l lu lar ly  generated reactive oxygen[2].
\  related factor may be Platelets Endothe l ia l  Cell 
adhesion Molecule  (PECAM). The study group consists 
of forty three l ive r  transplant recipients who underwent 
orthotopic l ive r  transplantation for end stage l ive r  
disease at the Royal Free Hospital.  L ive r  grafts were 
randomly allocated to GSH or saline (con tro l)  addit ion to 
[he flush solu tion used prior to graft reperfusion. Tru- 
cut biopsies were taken from the l ive r  grafts which had 
been stored overn ight in UW solution on ice, and again 
approximately 90 minutes fo l low ing  gra f t  reperfusion. 
These were immediately  snap-frozen in l iqu id  nitrogen

Abbreviations used:
PECAM Platelets Endothelia l Cell Adhesion Molecule
GSH Reduced glutathione
OLT Orthotopic L iver  Transplantation
SEC Sinusoidal Endothelia l Cell
and stored at - I960 C unt i l  cryotomy. F ive micron size
frozen sections o f  serial biopsies from each a l logra f t
were placed on m u lt iwe l l  slides, air dried fo r  1 hour, and
then f ixed in cold acetone at 4<> C for 15 minutes.
Sections were stained by ind irect immunoperoxidase 

technique using mouse monoclonal anti-human antibody 
IgGl (clone B B IG -1 1) as primary, and rabb it  anti-mouse 
immunoglobulins as secondary antibodies. Sections were 
analysed using light microscopy for PE C AM  stain ing and 
distribution on Sinusoidal Endothelial Cell  (SEC).This  
was expressed as min imal,  m ild ,  moderate, or intense 
staining in each biopsy.

PECAM expression were then compared between the 
two biopsies ( storage and postreperfusion), fo r  each 
liver graft.
Results are as shown in Table 1 & 2.
Moderate or intense PECAM expression was more 
common in saline group (table 2) than those in GSH 
group (table I) . (9 /2 1 .  43% Vs 4/22, 18%)_____________

Biochem ical Society Transactions (1 9 9 7 ) 25  5 0 1 8

The PECAM expression o f  the post storage biopsies 
was s im i la r  in both groups ( Table 1 &  2 ). W ith  
reperfusion the PECAM expression in the graft  was 
increased in the contro l group ( 9/21 Vs 1/21 moderate 
or intense PECAM expression, X* P< 0.01 ). This 
increased PECAM with reperfusion was not found in 
these in whom GSH was added.

This study would  suggest the addit ion o f  reduced 
g lu tath ione, as oxygen free radical scavenger, to the 
reperfusion solution can inh ib i t  adhesion molecule 
expression on graft endothelium.

PECAM is rap id ly  inducible and involved w ith  platelet 
adhesion and granulocyte migration. A g lutath ione 
“ f lush”  may therefore inh ib i t  the in f lamm atory  response 
to reperfusion and improve early graft funct ion.
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. Table 1. GSH group (n=22)
PECAM minimal mild 

.expression
moderate intense

storage 7 12 
biopsy

2 1

Postreper- 14 4 
Jusion

3 1

_ T a b le  2. Saline (con tro l) group (n =21)
PECAM minimal mild 

.expression
moderate intense

storage 12 8 
biopsy

1 0

postreper- 10 2 
\^ s io n

6 3
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In tercellu la r adhesion molecule-1 ( IC A M -1 )  is a 
cytokine-dependant molecule  belonging to the 
immunoglobul ins gene superfam ily ,  w i th  an essential 
role in immune responses [1 ] .  A  p re l im ina ry  study has 
suggested a relat ionsh ip  between IC A M -1  and acute 
cellular re ject ion (ACR) in human l ive r  a l log ra f ts [2 ] .
The aim o f  th is  study was to correlate ICAM -1 

expression in postreperfusion biopsy, w ith  post-operative 
ACR occurr ing in the graft.

The study group consisted o f  f i f t y  seven patients under 
going Orthotop ic  L ive r  Transplantat ion (O LT )  fo r  end 
stage l ive r  disease at the Royal Free Hospita l between 
August 1995 and November 1996. In all  patients biopsies 
were taken during the transplant procedure from the 
liver graft approx imate ly  90 minutes after reperfusion. 
Protocol l iv e r  biopsies were taken on the 5*^ 
postoperative day fo r  h is to log ica l  assessment.

Abbreviations used:
lCAM-1 In te rce l lu la r  Adhesion Molecu le  - 1 
ACR Acute Ce l lu la r  Rejection 
OLT Ortho top ic  L ive r  Transplantation
SEC Sinusoidal Endothe l ia l  Cells

Sections o f  the postreperfusion biopsies were stained by 
indirect immunoperoxidase technique and analysed using 
light m ic roscopy fo r  the in tens ity  o f  ICAM -1 stain ing. 
This was expressed as none, m i ld ,  moderate, or intense 
staining in each biopsy. A l l  57 patients had protocol day 
5 biopsies which were assessed h is to log ica l ly  fo r  acute 
cellular re ject ion. In each case the rejection was graded 
according to the h is topatho log ica l scoring system o f  the 
Royal Free Hospita l [3 ] ,  and the results expressed as 
none, m i ld ,  moderate or severe rejection.

In 14/57 biopsies there was intense ICAM -1 expression 
on hepatocytes and sinusoidal endothelia l cells (SEC), 
and no posit ive b ile  duct stain ing. In 13/57 biopsies there 
was moderate ICAM -1 expression on hepatocytes and 
SEC. In the remain ing 30 biopsies, there was m i ld  
ICAM-1 expression on SEC.

lCA M -1 expression in the post reperfusion biopsies 
were then compared to the h is to log ica l f ind ings in the 
post-transplant biopsies, in each l ive r  graft. Results are 
as shown in Tab le -1 .

Acute ce l lu la r  rejection requ ir ing  treatment (moderate 
or severe) was more common in l ive r  grafts w ith  intense 
sinusoidal IC A M  expression fo l lo w in g  graft  reperfusion 
than in those w ith  moderate expression o f  ICAM-1 
(9/14,64% vs 2/13,15%; test p=0.01), or those w ith  
mild IC A M -1  expression (9/14, 64% vs 4/30,13%;

Table-1. I C A M - 1 exoression VS acute ce l lu lar  reiection
(n= 57)

ICAM no mild moderate severe
^expression rejection

mild 15 1 1 4 0

moderate 1 10 2 0

intense 0 5 5 4

This study supports a corre la t ion  between I C A M - 1 
expression in the l ive r  a l log ra f t  in the early reperfusion 
phase w ith  the incidence and severity o f  acute ce l lu lar  
re jec t ion  in these transplanted livers.

Measurement o f  gra ft  IC A M -1  expression may iden t i fy  
l iv e r  recipients at r isk o f  increased acute rejection 
episodes after transplantat ion, and help to ta i lo r  the 
immune suppression regimens accordingly .
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ABSTRACT

The role of cold preservation in stimulating ICAM-1 expression during clinical liver 

storage was investigated. Needle biopsies were stained for ICAM-1 before and after cold 

storage, and after early reperfusion. Samples of preservation solution at the end of cold 

storage were incubated with endothelial cells. Increased ICAM-1 staining was seen at the 

end of cold storage compared to baseline (P<0.01), whilst reperfusion caused further 

increase (P<0.001). The flush solutions stimulated ICAM-1 expression in endothelial 

cells in vitro. Liver harvesting and cold storage can initiate adhesion molecule expression 

even before reperfusion. (90 words)



Hepatic cold preservation leads to varying degrees of ischaemia / reperfusion injury (I/R), 

affecting both early and late outcomes . (1,2). I/R injury represents a syndrome of 

pathological changes, affecting both the biology of the implanted graft and the 

physiological status of the recipient patient. Central to these inter-linked events is the 

stimulation o f adhesion molecules on cells within the graft (particularly the endothelial 

cells), which recruit and enhance the host leukocyte inflammatory responses (3). There 

are three classes of adhesion molecules which play important roles in these responses, the 

selectins (e.g. P-slectin, E-selectin), the (32 integrins (e.g. CD 11/CD 18), and the 

immunoglobulin superfamily (e.g. ICAM-1, V CAM-1). The selectins are involved in the 

early interactions between leukocytes and stressed endothelial compartments during 1/R, 

whilst the CAMs mediate firm attachment. The adhesion response is orchestrated 

through activation of nuclear transcription factors such as NF-kB (4) following pro- 

inflammatory signals in 1/R such as oxygen-derived free radicals and release of cytokines

(5). Given this scenario, several attempts have been made to reduce 1/R injury by 

blocking the adhesion response after administration of anti-adhesion molecule antibodies

(6 ), with contradictory results. Emphasis has been placed on the reperfusion phase, but 

little is known about the effects of donor organ harvesting and cold preservation on the 

cascade of events. The current studies were undertaken to investigate aspects of the cold 

storage period on the early events in adhesion molecule expression. Immunochemical 

investigations were performed on biopsy specimens during clinical liver transplantation.



Additional studies were performed on the effluent storage solutions washed out from the 

donor livers just prior to re-vascularisation, using cultured endothelial cells as a bio

assay. (264 words)

In 28 clinical liver transplant operations perfomied by the same surgical team, protocol 

biopsies were taken with local institutional approval using tru-cut needles in the donor 

livers at the start of the operation (A), during bench inspection of the organs just before 

implantation (B), and 90 minutes after full re-vascularisation in the recipient (C),. Part of 

each needle biopsy was snap-frozen in isopentane cooled in liquid nitrogen, and frozen 

sections were cut for staining. Investigations were made on expression of ICAM-1 on 

duplicate 5 pm sections by standard double-antibody labelling immunocytochemical 

methods (7), using a murine primary antibody (B B lG -11; R&D systems, Abingdon, UK) 

and a secondary rabbit anti-mouse antibody linked to peroxidase (Dako Ltd). After 

staining and washing, duplicate sections from each biopsy were scored by an independent 

observer, blinded to the protocols. Appropriate controls were produced by omitting 

primary and secondary antibodies. A scoring system was developed to rank the sections 

from 0 (no observable stain), 1 (faint staining on patches of the sinusoidal endothelium),

2 ( moderate staining, observable on continuous sinusoidal surfaces) and 3 (strong 

positive staining, extending to the hepatoc>1e cell surfaces). The scores were summed and 

presented as aggregate results for each observation point.



In another 10 recipient operations (mean cold ischaemic time 10.8 ± 1.2 h), the effluent 

albumin flush was collected at the point when the preservation solution was being 

washed out from the hepatic vascular bed just prior to re-establishing blood supply. The 

solution was centrifuged (1000 x G; 10 min) to remove any cellular debris, and stored at 

-40°C before analysis. Upon thawing, the solutions were dialysed overnight against 2.5 1 

of saline at 4°C to remove the residual high potassium content coming from the 

preservation solution (UW solution), which is cyto-toxic (7). The final dialysis was 

performed against 50 ml of tissue culture medium (Dulbecco’s Modified Minimal 

Essential Medium; DMEM, Gibco UK). Cultures of human endothelial cell line 

(ECV304, ECACC UK Ltd) were established using DMEM plus 10% newborn calf 

serum (Gibco Ltd) in 6-well plates (Sigma, UK) and cultured to confluence. The cultures 

were maintained for 24 h in DMEM without calf serum before assay. The medium in 

each well was then replaced with the DMEM dialysate (tests) or fresh DMEM (controls) 

and incubated for 5h. At the end of the experiments the cells were harvested and total 

RNA extracted using QIAGEN RNeasy Mini kit (Qiagen, UK). 0. l-0.25|ig o f total RNA 

was subjected to reverse transcriptase polymerase chain reaction (rt-PCR) using Promega 

Access RT-PCR system. Conditions for rt-PCR were 30min for cDNA synthesis at 48°C 

and 30 cycles of PCR (dénaturation = 94 °C, annealing temperature = 55 °C, extension = 

72 °C, MgCl] = 1.5mM). rt-PCR reactions were performed in a Perkin Elmer DNA 

cycler. After rt-PCR the products were resolved on 2% agarose gel containing ethidium 

bromide. Bands corresponding to lCAM-1, E-selectin, p-actin and glyceraldehyde 

phosphate dehydrogenase (GAPDH) were visualised under uv light and photographed 

using Syngene (UK) apparatus. The intensities of the bands were determined using



software provided by Syngene. Primers for rt-PCR were synthesised by VH BIO Ltd 

based on published sequenced o f ICAM-1, E-selectin, P-actin and GAPDH. 

Statistical analyses were performed by ANOVA and Mann Whitney Test for non- 

parametric data, and by Dunnett’s test for rankings.

The mean age of the donor patients was 48.6 years (range 14-66 years), and the mean 

cold ischaemic time of the organs was 11.5 ± 0.5 h. UW solution was the preservation 

solution used in all grafts. In the baseline (A) series o f biopsies, there was little evidence 

of ICAM-1 staining, with only a few organs demonstrating faint sinusoidal staining (See 

Table 1). The mean baseline grade score was 0.11 ± 0.06. However, there was a small but 

significant increase in grading at the end o f cold preservation, with more organs ranking 

as faint (grade 1 ), and in 3 cases, moderate (grade 2) scoring. The mean grade score was 

now 0.64 ±0.13, and this was a statistically significant increase at the level of P<0.01. As 

expected, the biggest increase in expression of ICAM-1 was seen in the post-reperfusion 

biopsies 90 min after the re-establishment o f blood circulation. All biopsies registered as 

positive (grade 1 or higher), with 35% of the grafts registering grades 2-3. The mean 

grade score for this group was 1.57 ± 0.15, which was again significantly higher than in 

baseline (series A) biopsies (P<0.001).

The molecular studies performed on the cultured endothelial cell line supported the 

immunocytotochemical findings. Northern analyses of typical cell culture results are 

shown in Figure 1. The cells showed overall molecular stability, with a constant



expression of constitutive genes during the culture period (ratios o f m RNA for P actin 

to GAPDH -  1.03 ± 0.01). In the cultures exposed to the donor flush effluents, 9/10 

cases showed stimulation of expression o f adhesion molecules. The ratios of E-selectin 

to p actin increased to a mean score of 1.21 ± 0.05, and ICAM-1 to p actin increased to

1.14 ± 0.03 (?<0.01 and p<0.05, respectively).

These results show that, in the clinical situation, factors involved in donor organ 

harvesting and cold preservation cause a measurable increase in the expression of 

adhesion molecules. This is prior to the more marked increase seen after restoration of 

normal blood supply and body temperatures upon reperfusion. It is known that donor 

brain death can induce a cytokine release which may potentiate I/R damage and the 

recipient allo-immue response in experimental studies (8,9). However, the baseline donor 

liver biopsies at the start of operation showed minimal evidence of ICAM-1 expression, 

suggesting that other factors, such as the flushing and cooling procedures, were important 

additional stresses required to initiate the inflammatory response. One important area of 

difference between clinical and experimental studies is the time required to achieve deep 

organ cooling and minimise hypoxia. In small animal work, cold flushing can reduce the 

core temperature of the flushed liver below 10°C in 3-5 minutes, whilst in the clinical 

multi-organ harvest, 40-50 min routinely elapse between start of flushing, removal of the 

liver and bench inspection before packing. Also, large livers cool considerably more 

slowly (10). The hypoxia and prolonged exposure to altered ion balance (as encountered 

in the UW solution) may combine to produce the initial steps in nuclear activation and 

the adhesion molecule cascade even before entry in deep hypothermic storage. Cytokines



are other potential activators of this up-regulation, and these have been demonstrated in 

the preservation solution after liver storage. Again, prolonged exposure of such 

cytokines, even at reduced temperatures, may be a stimulatory factor for adhesion 

molecule expression. Whatever the causes, it is likely that the adhesion cascade can be 

primed by the preservation procedure, and thus any therapy, aimed at treating the 

recipient, may not be sufficiently early to completely abrogate the response, {words
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Table 1. The ICAM-1 staining scores on donor liver biopsies (n=28). Values significantly 
greater than baseline for P values o f < *0.01 and **0.001 respectively

Baseline biopsy at opening Biopsy at end o f cold 
storage

Biopsy at 90 min post full 
revascularisation

0.11 ±0.0.06 0.64 ±0.13* 1.57 ±0.15**
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Figure 1. Northern blots o f inRNA for P-actin, GAPDH, lCAM-1 and E-selectin in 
cultured endothelial cells. Rt-PCR was performed using 0.5pg of total RNA (ICAM-1 
and E-selectin), and 0.2pg (p-actin and GAPDH).
Lanes; 1-2, Control cells; 3-4, 50®/o saline 50% albumin, 5-6 Cells treated with liver 
Hush ; 7-8, Cells treated with 5ng/ml TNF-a
Low le\ els o f ICAM-1 and E-selectin were detectable in cultured cells. These were 
increased after exposure to liver Hushes (lanes 5-6), and TNFa (positive control).
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Introduction

Cytokines dependent adhesion molecules play an important role in the initiation 

of the host response to allogeneic cells (Vale and Brandtzaeg., 1993). The 

combined expression of class II major histocompatibility complex (MHO) 

antigens and specialised adhesion molecules such as intercellular adhesion 

molecule-1 (ICAM-1) and lymphocyte function-associated antigen-1 (LFA-1) 

are necessary for the recognition of donor cells by recipient T-lymphocytes 

(Makgoba etal., 1988; Van Seventer et al., 1990). This recognition is crucial for 

successful antigen presentation. The recruitment of leukocytes to the allograft 

is also adhesion-dependent since binding to graft endothelium is the first crucial 

step in emigration of circulating leukocytes into the graft (Lemmens et al., 

1993).

Tissue distribution of ICAM-1 was reported by using the immunohistochemical 

technique on frozen tissue section of normal human organs determines 

distribution of ICAM-1 in thymus, lymph nodes, intestines, skin, kidneys and 

livers. The endothelial cells of blood vessels (both small and large) in all tissues 

revealed staining with ICAM-1 antibodies. The vascular endothelial staining 

was more intense in the inter-follicular areas in lymph nodes, tonsils and 

Payer’s patches as compared with vessels in kidneys, livers and normal skin. 

(Dustin at a!., 1998). Resting lymphocytes lack ICAM-1 expression, but ICAM-1 

expression increases during T- and B- lymphocyte activation (Dustin and 

Springer 1991).

The aim of the current work is to investigate ICAM-1 expression on sinusoidal 

endothelial cells and hepatocyte by immunohistochemical technique in needle 

biopsies taken before and after liver transplantation.



Materials and Methods

All procedures were undertaken in accordance with local institutional approval. 

Donors
Livers were harvested from 87 heart-beating cadavers, of these 31 were 

harvested by the Royal Free Hospital Liver Retrieval Team and 56 were 

harvested by different teams. There were 29 females and 58 males. The 

minimum age of the donors in the female group was 7 years and the maximum 

was 64 years (mean 37.83±1.46). The main causes of brain death were 

cerbrovascular haemorrhage, severe head injury, and brain tumour.

Recipients
Between May 1995 and June 1997, 83 consecutive patients who underwent 87 

orthotopic liver transplantation (OLT) in the Liver Transplant Unit at the Royal 

Free Hospital were studied. They were 43 males and 40 females. Two liver 

grafts were excluded from the study as there were not sufficient materials to 

analyse (liver biopsy & blood samples). The minimum age of the study group 

was 14 years and the maximum was 66 years ( mean 48.2 ± 12.70). The 

underlying pathology of the end stage liver diseases is shown in Table 1.

Surgical procedures
Livers were harvested from heart - beating cadavers and perfused in situ 

through cannulae placed in the portal vein and abdominal aorta with ice - cold 

Baxter's kidney perfusion solution to cool the abdominal organs and wash out 

the blood. After hepatectomy, the portal vein, hepatic artery and bile duct were 

flushed respectively with 1000ml, 500ml and 250ml of ice - cold UW solution. 

Liver anastomosis are performed in the following order:

Supra-hepatic vena cava, infra-hepatic vena cava and portal vein. Before the 

completion of the anastomosis the liver graft was flushed using 500 ml of 

Human serum albumin solution 4.5% (Bio. Products Laboratory, U.K) to remove



the preservation solution. This procedure was done through a cannulae 

inserted in the portal vein and the flush out came through another cannulae 

inserted in the infra-hepatic inferior vena cava. Once the graft was flushed the 

two cannulaes were taken out, the anastomosis were completed and graft 

reperfusion started by unclamping the portal vein first followed by the infra- 

hepatic IVC and finally the supra-hepatic I VC.

After unclamping and revascularisation of hepatic veins and portal flow, the 

arterial anastomosis was performed followed by bile duct (end to end 

anastomosis).

Liver allograft biopsies

Needle biopsy was taken on laparotomy (baseline) before dissecting the 

donor's liver and the second biopsy after in situ cold perfusion (n=28). 

Subsequent biopsies were taken after cold storage and approximately 90 

minutes post-reperfusion (n=85). Two liver grafts were excluded from the study 

as there were not sufficient materials to analyse (liver biopsy & blood samples). 

Biopsies were snap frozen in liquid nitrogen until processed for 

Immuonocytochemistry to investigate ICAM-1 expression.

Control biopsies

Normal liver biopsies were obtained from the margins of benign tumours and 

from a store of frozen biopsy material regarded as histologically normal. Frozen 

sections of biopsies of chronic liver diseases or livers diagnosed with acute 

cellular rejection, which had previously been shown to be positive for ICAM-1, 

were used as positive control tissue.

I mmunohistochemistry staining

ICAM-1 expression was demonstrated on duplicate sections by the 

indirect immunohistochemistry peroxidase technique which has previously 

been described in detail \  Briefly, liver biopsies for immunohistochemistry 

were snap-frozen in isopentane and maintained at -70°C . They were then



stored a t-19 6 °C  in a liquid nitrogen cache until cryotomy. The 5um frozen 

sections of serial biopsies from each graft were placed on multiwell slides, 

fixed in acetone for 15 minutes and air dried for 1 hour before storing.

Cling Film wrapped slides were kept at -20°C until batch 

immunohistochemistry staining. M onoclonal an ti-h um an  ICAM -1 was  

used as prim ary antibody, and rabbit an tim ou se as secondary  

antibody. Sections w ere system atica lly  an a lyzed  using light 

m icroscopy for in tensity of stain and for d istribution on 

sinusoidal endothe lia l cell (S E C ) and hepatocytes . IC A M -1  

expression was graded as 0 -3  on the fo llow ing criteria: 0 - no 

ev iden t stain; 1 - mild stain; 2 - m oderate  stain; 3 - in tense  

sta in .

All data are  given as m ean±S E . Paired data  w ere  com pared  

with the paired student's test. C om parison betw een m ultip le  

groups w ere perform ed with one- way ana lys is  of varian ces  

fo llow ed by Bonferroni test. R esu lts  w ere  considered  

sta tis tica lly  sign ificant when the p va lue was < 0 .05 .

Results

i ICAM-1 expression in controls

In normal livers there was no ICAM-1 staining on sinusoidal endothelial cells, or 

in hepatocyte. Conversely, in chronic liver disease, the staining pattern included 

increased ICAM-1 intensity on sinusoidal endothelial cells and positive staining 

of hepatocytes, thus serving as good positive controls. However, negative 

controls, which obtained by omitting primary antibody or primary and secondary 

antibodies exhibited no staining of ICAM-1.

ii ICAM-1 expression in liver allograft biopsies

From a total of 85 grafts, 28 had a complete set of serial biopsies. 1) before 

dissecting the donor liver (baseline), 2) following in situ cold perfusion, 3) after



cold storage and 4) post-reperfusion. ICAM-1 expression in biopsies taken 

whilst the donor livers were in situ (baseline biopsy) revealed similar expression 

to normal liver with no ICAM-1 expression on sinusoidal endothelial cells or 

hepatocytes. There was no difference in ICAM-1 expression in biopsies 

obtained following cold perfusion when compared with baseline biopsies.

In the post-storage biopsies, 16/28 (57%) had increased intensity of the stain 

on SEC's and induction of ICAM-1 expression on hepatocyte, of these 13/16 

had mild ICAM-1 expression and 3/16 had moderate expression. In 12/28 

(43%) there was no ICAM-1 expression.

In post-reperfusion all biopsies (100%) had increased ICAM-1 expression on 

SEC's and hepatocytes, in comparison with baseline biopsies. Of these 28 

biopsies, 17 showed mild ICAM-1 expression, 6 showed moderate and 5 had 

intense expression.

There was a significant statistical difference in ICAM-1 expression in post- 

reperfusion biopsies when compared with baseline and post-storage biopsies, 

p < 0.0001 (one way ANOVA). See Figure 1.

ICAM-1 expression was analysed in 85 allograft biopsies after cold storage and 

90 minutes post-reperfusion. The results are summarised in Table 2.

In post-storage biopsies 77/85 (91%) had no or mild ICAM-1 expression and 

8/85 (9%) had moderate - intense expression. In post-reperfusion biopsies all 

sections exhibited ICAM-1 expression, 44/85 (52%) had mild and 41/85 (48%) 

had moderate - intense ICAM-1 expression.

In the post-reperfusion biopsies 59/85 (69%) had increased intensity of ICAM-1 

expression on SEC's and hepatocytes, of these 22/59 had mild expression, 

20/59 moderate and 17/59 had intense expression (Plate 8-3, 8-4 and 8-5). In 

23/85 (27%) there was no change in the intensity of stain, of these 19/23 had 

mild ICAM-1 expression, 3/23 moderate and 1/23 had intense expression. In 

3/85 (4%) had a decrease in the intensity of the stain was reported when 

compared with the post-storage biopsies for each, and in all 3 cases the 

original grading was mild ICAM-1 expression. Overall there was a highly 

significant upregulation of ICAM-1 expression in post-reperfusion biopsies



when compared with the seen at the end of cold storage expression,

p <  0.0001.

iii Effect of cold ischaemia time (CIT) on ICAM-1 expression:

Cold ischaemia time was recorded and ICAM-1 expression was analysed in 

post storage and post reperfusion biopsies, the results are summarised in 

Tables 3&4. There was no correlation between CIT and ICAM-1 expression in 

either post-storage or post-reperfusion allograft liver biopsies.

vi Effect of warm ischaemia time (WIT) on ICAM-1 expression 

Warm ischaemia time was recorded and ICAM-1 expression in post-reperfusion 

biopsies was analysed. The results are summarised in Table 5. There was no 

correlation between the warm ischaemia time and ICAM-1 expression in post 

reperfusion biopsies.

Discussion

Intercellular adhesion molecule-1 (ICAM-1) is expressed constitutively on a 

wide variety of cells, including endothelial cells and leukocytes, occurring in 

only small amounts on a few resting cells but becoming dramatically up 

regulated on endothelial cells during either inflammation or early antigen 

recognition. In this chapter, the detailed immunohistological analysis of ICAM-1 

expression in normal human livers and after transplantation revealed 

characteristic expression patterns. It was demonstrated that normal human liver 

has a faint ICAM-1 expression on the sinusoidal endothelial cells (SEC's), 

whilst no expression was observed on hepatocytes. This observation is similar 

to those in previously published studies (Oosten et al., 1995; Nocera et al., 

1998; Steinhoff ef a/.,1993). However, Adams et al (1989) they observed strong 

ICAM-1 expression on SEC's in non transplanted liver (donor livers), and this 

was the only study to report faint membranous staining on hepatocytes.

In the current work it was shown that the harvesting procedure did not stimulate 

the immune system on the basis of adhesion molecule staining in the donor



allografts, as there were no differenœs in ICAM-1 expression in the harvested 

allografts (after in situ flush) when compared with expression in baseline 

biopsies. It was also observed in a small number of post-storage allografts 

(n=28) that an up-regulation of ICAM-1 expression on SEC's was evident. 

However, when the number of analysed samples was increased (n=85) there 

was no significant effect of cold ischaemia time on the intensity of ICAM-1 

staining. Marlin and Springer (1987) studied ICAM-1 adhesion to cells might 

explain this observation. They reported reduced binding between ICAM-1 and 

T-lymphoblasts at 14°C, and the absence of binding at 4°C, but on the other 

hand ICAM-1 and T-lymphoblasts bound very effectively at 37°C.

It is known that Kupffer cells (Kc) are primed during cold ischaemia, then 

activated at the time of reperfusion (Arii et a/., 1994). The activated Kc produce 

a variety of inflammatory cytokines such as IL-1 and TNF-a (Rao at a/., 1991). 

These cytokines may activate the SEC's and hepatocytes to express ICAM-1 

on their membrane surfaces (Morita at a/., 1994).

In this work ICAM-1 induction on SEC's and hepatocytes was recorded at a 

very early phase of immune activation in the allograft. This was demonstrated 

by significant up-regulation of ICAM-1 expression 90 minutes post-reperfusion. 

This observation is similar to that reported in previous studies (Steinhoff at a/., 

1993; Steinhoff at a/., 1993). It was also noted that neither variable cold nor 

warm ischaemia times had significant effects on the intensity of ICAM-1 

expression in post-reperfusion biopsies.

8



Effects of cold preservation and reperfusion on hepatic ICAM-1 expression 
; modulation by reduced glutathione in rat liver.

M El-Wahsh, B Fuller, B Davidson, K Rolles.

Introduction
The mechanism involved in the development o f ischaemia/reperfusion hepatic disorders 

have to be considered as complex in nature based on the direct interaction o f  

intravascular blood cells, i.e. leukocytes and platelets, with non parenchymal cells, i.e. 

endothelial and Kupffer cells, and indirect communication between the different 

cellular compartments, both releasing and responding to a variety o f potent mediators, 

such as cytokines and oxygen drived-free radicals (Julie et al., 1994; Caldwell-Kenkel 

et al., 1988; Howard et al., 1998; Kim et al., 1994). The understanding o f this complex 

interaction is o f major interest not only to extend knowledge on the pathophysiology o f  

hepatic ischaemia/reperfusion injury but also to establish novel therapeutic approaches 

counteracting the manifestation o f tissue injury.

Intercellular adhesion molecule-1 (ICAM-1), a member o f the immunoglobuline-gene- 

superfamily, is constitutively expressed on vascular endothelium and mediates 

leukocyte-endothelial cell interaction by binding to the beta-integrins CD 11 a/CD 18 

(LFA-1) and CDllb/CD18 (Mac-1) (Dustin et al., 1988; Simmons et a l, 1988). 

Inflammatory reaction results in a rapid upregulation in ICAM-1 expression on 

endothelial cells (Dustin and Springer 1991). The central event in the inflammation 

reaction is the activation o f circulating leukocytes which must first adhere to 

endothelial cells, then migrate between adjacent endothelial cells and finally move 

through the extra cellular matrix to perform effector functions (leukocyte-endothelial 

cell interaction) (Heemann et al., 1994).

Oxidative stress is defined as an increase in the production o f reactive oxygen species 

which has been related to ischaemia/reperfusion injury (Cicalese et al., 1996). It was 

shown that reperfusion o f the ischaemic isolated rat liver produces sufficient quantities 

o f reactive oxygen species to produce structural cell damage (Jaeschke et al., 1988). 

This event called a vascular oxidant stress, has been identified as being generated by



the resident macrophages o f the liver (Kc) (Parks and Granger 1988). Reactive oxygen 

species generated during reperflision has been implicated by numerous pharmacological 

intervention studies to be involved in hepatic reperfusion injury (Boudjema et al., 1990; 

Jaeschke et al., 1988). Reduced glutathione (GSH) is one o f the components o f the UW  

solution and it is important in cellular defence against oxidative stress (Jamieson et al., 

1988 ) . Reduced glutathione which is included in the commercial formulation o f UW  

solution is rapidly oxidised in the plastic storage bags used for the solution (Boudjema 

et al., 1991).

In the current work we investigated the effect o f addition o f  freshly prepared reduced 

glutathione (GSH) to liver perfusate on ICAM-1 expression after in vitro reperfusion o f  

rat liver.

Materials and methods

Experimental groups

Male Sprague-Dawley rats (240-3OOg) were divided into four main groups. The first 

group was the normal controls (n=6). The second group (cold ischaemia group), livers 

were stored for 0, 8, 16 and 24hr respectively (n=24). Biopsies were taken on 

laparotomy (baseline) and at the end o f cold ischaemia time. In the third group livers 

were stored for 0, 8, 16 and 24hr (n=24), at the end o f the cold ischaemia time they 

underwent in vitro reperfusion for 60min. In the fourth group (n=24), the livers had the 

same cold ischaemia and reperfusion times as described in group three, however, a 

freshly prepared reduced GSH was added to the liver perfusate. In group 3 and 4 liver 

biopsies were taken on laparotomy and at the end o f reperfusion period.

Animal preparation and surgical procedures

Animals were allowed free access to standard rat chow and tap water before 

experimentation. All experiments were performed under general anaesthesia using 

Urethane intraperitoneal injection (0.7 ml/100 g body weight) in a non-recovery 

procedure. The animals were placed in supine position on a heating pad (Harvard 

apparatus Ltd., Kent, UK) for maintenance o f body temperature between 36-37°C. The 

arterial oxygen saturation and heart rate (HR) was continuously monitored by a pulse



oximeter (Ohmeda Biox 3740-pulse oximeter, Ohmeda Co., Louisville, USA). In group 

1, laparotomy was carried out via a midline incision, ligamentous attachments to the 

liver were divided. The hepatoduodenal ligament was dissected. Wedge liver biopsies 

were taken at the time o f laparotomy and these biopsies served as normal controls. In 

groups 2,3 and 4 the abdomen was entered through a midline ventral incision and the 

liver was dissected as described in group 1. The supra and infra hepatic inferior vena 

cava was identified. The main portal vein was dissected, then 3.0 cm long and 1.7mm 

in diameter metal cannula bevelled at the end was inserted through the portal vein 

venotomy site. The cannula was tied in place with the aid o f a ligature (3-0 Mersilene). 

Then, the aorta was cross-clamped below the diaphragm, the infra hepatic vena cava 

was cut proximally to the renal veins, and the liver was flushed out through the portal 

vein using 100ml o f cold (4®C) UW solution. After the flush out, the liver dissection 

from the diaphragm was completed and removed from the abdominal cavity. The liver 

was weighed and stored in 200 ml o f UW solution in a sterile container placed inside a 

second container containing IL o f ice cold saline and packed on ice. Livers were stored 

by this method for different time periods (0, 8, 16 & 24hr). In addition in group 3 & 4, 

after the cold storage the livers were taken from the ice box and placed in a sterile dish. 

Isolated perfusion o f rat liver was performed by a non-recirculating technique. The liver 

was perfused for one hour through the portal vein cannulae with Krebs-Henseleit 

bicarbonate buffer (pH = 7.4, 37°C) gassed with 95%02 and 5%. The perfusate was 

allowed to flow under gravity from a height o f 150cm with the perfusion pressure not 

greater than 15cm water (physiological perfiasion pressure) (Mckeown et aZ.,1988) as 

measured by a water manometer. The portal flow rate was gradually increased to reach 

a constant value o f l.Oml/min/g (25-30 ml/min) after 5 minutes o f perfusion, 

approximately two liters o f perfusate were used in each experiment. In group 4, freshly 

prepared reduced glutathione was added to the liver perfusate (3mmol/L).

Assessment o f Intercellular Adhesion Molecule-1 expression (ICAM-1).

Liver biopsies were taken on laparotomy (baseline), at the end o f cold 

storage periods and at the end o f in vitro reperfusion. Biopsies were investigated 

for ICAM-1 expression. ICAM-1 was demonstrated on duplicate sections by



indirect immunoperoxidase technique which has previously been described in 

detail {J M Polak and S V Noorden 1986 ID: 5356}. Briefly, liver biopsies for 

immunohistochemistry were snap-frozen in isopentane and maintained at -70°C.

They were then stored at -196°C in a liquid nitrogen cache until cryotomy. The 

5um frozen sections o f serial biopsies from each graft were placed on multiwell 

slides, fixed in acetone for 15 minutes and air dried for 1 hour before storing.

Cling Film wrapped shdes were kept at -20°C until batch immunohistochemistry 

staining. M onoclonal anti-rat ICAM-1 was used as primary antibody, 

and rabbit antim ouse as secondary antibody. Section s were 

system atica lly  analyzed using light m icroscopy for in ten sity  o f  stain  

and for distribution on sinusoidal en d oth elia l ce ll (SEC ) and 

hepatocytes. ICAM-1 expression  was graded as 0-3 on the fo llow in g  

criteria: 0 - no evident stain; 1 - mild stain; 2 - m oderate stain; 3 - 

intense stain.

A ll data are g iven  as m ean±SE. Paired data were com pared w ith the 

paired student's test. S tatistical s ig n ifica n ce  betw een  the control 

group and treated group was determ ined w ith  the unpaired student's 

test. Com parison betw een m ultiple groups w ere perform ed w ith one

way an alysis o f  variances fo llow ed  by B onferroni test. R esults were 

considered sta tistica lly  s ign ifican t when the p value was < 0.05.

Results

Intercellular adhesion molecule-1 expression (ICAM-1).

i normal controls

In this group there was no staining o f  ICAM-1 on either SEC and hepatocytes

ii Cold ischaemia

Up to Shr cold ischaemia time has no significant effect on ICAM-1 induction. 

Increasing the cold ischaemia time to 16hr and above led to an up regulation o f ICAM- 

1 expression on the SEC when compared with the sham operated expression (see Figure 

1). There was a statistical difference in ICAM-1 expression when the overall result for



the cold ischaemia groups beyond 8hr storage were compared with the control group, p 

<0.05 (one way ANOVA). 

ii In vitro reperfusion

In vitro reperfusion induced a significant up regulation o f ICAM-1 expression in post

reperfusion biopsies when compared with baseline expression in each o f the groups. 

The intensity o f the ICAM-1 on SEC and hepatocytes increased when the cold 

ischaemia time extended beyond 8hr (Table 1). However, when GSH was added to the 

perfusate solution there was no difference in ICAM-1 expression in post-reperfusion 

biopsies in the treated groups which had Cold ischaemia times up to 8hr followed by 

60min reperfusion when compared with baseline ICAM-1 expression. Results are 

summarized in Table 2 & 3. With longer cold ischaemia periods o f 16 and 24hr 

followed by 60min reperfusion, there was still significant up-regulation o f ICAM-1 

expression in the treated groups when compared with baseline biopsies (Table 2). 

ICAM-1 expression was more pronounced in the untreated groups which had 16hr cold 

ischaemia followed by 60min reperfusion when compared with GSH treated group 

who had the same cold ischaemia and reperfusion times. There was no difference in 

ICAM-1 expression after 24hr cold ischaemia followed by 60min reperfusion between 

the treated and untreated group (Table 3).

Discussion

The pathophysiologic mechanism o f cellular injury that follows ischaemia and 

reperfusion is still incompletely understood. I/R o f  the liver is associated with transient 

hepatic dysfunction of the liver, presumably due to the high susceptibility of the liver to 

ischaemic cell injury additionally induced by reperfusion (Pretto et al., 1991; Nagano et 

al., 1990). The development o f the post-ischaemic hepatic inflammatory response is 

complex in nature, involving leukocytic activation by potent chemotactic mediators, 

cell adhesion to the endothelial lining via distinct adhesion molecules and the action o f  

additional mediators released by the adherent leukocytes (Post et al., 1993; Jaeschke et 

al., 1993). Previous experimental studies have demonstrated that leukocytes adhere to 

endothelial cells o f both sinusoids and postsinusoidal venules after warm as well as



cold ischaemia (Procheron et a l, 1998) and ischaemia/reperflision (Kim et al., 1994). 

ICAM-1 has been shown to be responsible to mediate adherence between leukocytes 

and the endothelial cells (Procheron et al., 1998).

Cold storage o f transplanted organs reduces metabolic pathways and delays 

pathological changes (Fuller, 1997). Ultrastructural studies conducted on cold 

ischaemic rat liver (after 2, 4, 6, 10, 16, 24 and 48 hours cold ischaemia) have 

demonstrated that the first observable preservation damage was in the SEC which 

became rounded and swollen after 16 hr o f cold ischaemia. Loss o f viability o f SEC as 

determined by morphological criteria was complete after 24 hr or longer and Kc 

structure was altered dramatically. However, after 24 hr there was no significant change 

in the hepatocytes structure (Caldwell-Kenkel et al., 2000; Caldwell-Kenkel et al., 

1989; Fratte et al., 1991).

In the present study up to 8 hr cold ischemia alone had no influence on ICAM-1 

expression on SEC. With cold ischemia o f 16-24 hr there was significant induction o f  

ICAM-1 expression. Previous report has shown no evidence o f ICAM-1 expression in 

rat livers after 1 and 6 hr cold storage (Takei et al., 1998). ICAM-1 expression in the 

cold preserved liver in the current work confirms the previous published data which 

shown that Ohr preserved liver released a negligible amount o f TNF-a whereas 24hr 

preserved liver produced the highest amount o f TNF-a (Rao et al., 2000). It is 

interesting to consider the increase in ICAM-1 beyond 16h o f cold storage, given the 

reduction o f metabolism expected at temperatures o f around 2®C. Further work will be 

necessary to establish whether this truly represents additional synthesis o f ICAM-1 at 

low temperatures, or follows ft"om cell membrane rearrangements which go hand-in- 

hand with the alterations in SEC shape and detachment noted above (Caldwell-Kenkel 

et al, 1989).

Reperfusion following cold ischemia has been shown to activate Kc resulting in 

elevated levels o f  IL-1 and TNF-a (Rao et ah, 2000). In the current study isolated 

perfused rat liver model was used. This was a cell-fi*ee perfusion model, which allowed 

the investigations o f low temperature storage and reperflision on ICAM-1 expression. 

Although leukocyte activation may be an important factor in the overall progression o f  

ischaemia/reperflision injury, this current work also demonstrated that ICAM-1



expression could be induced in the absence o f circulating white blood cells. Up to 8 h 

cold storage followed by warm reperfusion for 60min induced intense ICAM-1 

expression on both SEC and hepatocytes. With extended cold ischemia time up to 16 

and 24 hr (as would be found with clinical liver transplantation), this produced a highly 

significant up regulation o f ICAM-1 expression on the SEC and hepatocytes. These 

results are in agreement with the previously published data which showed an early 

induction o f ICAM-1 expression on SEC 15min post-reperfusion in livers who 

subjected to 6hr cold (Takei et al., 1998).

It was previously reported in isolated rat livers which were stored for 8 or 24 hr and this 

was followed by 15 min o f reperfusion (Caldwell-Kenkel et al., 1989). Nuclear trypan 

blue uptake and lactate dehydrogenase release were used as indices o f hepatocyte and 

SEC viability. Loss o f hepatocyte viability was nearly undetectable. SEC loss o f  

viability averaged about 4% after 8 hr and 30 % after 24hr o f storage and brief 

reperfiision (Caldwell-Kenkel et al., 1989). This observation fits with the results in the 

current study In livers stored for 16 hr and 24 hr and followed by 60min warm 

reperfusion the ICAM-1 expression increased more than in 0 hr and 8 hr cold ischemia 

followed by 60min reperfusion. So, longer periods o f cold storage (16 + 24hr) are 

associated with SEC ICAM-1 induction and are known jfrom previous studies to be 

associated with loss o f endothelial cell viability (Caldwell-Kenkel et al., 1989).

The current study was also designed to assess the effect o f GSH addition to the liver 

perfusion solution. GSH is one o f the components o f UW solution and acts as a free 

oxygen radical scavenger (Jamison et al., 1988). Reactive oxygen metabolites are 

implicated in the reperflision injury occurring in liver (Jaeschke et al., 1993). Reactive 

oxygen radicals not only destroy the cell but can induce the activation o f phospholipase 

A2, which is an early step in production o f  eicosanoids, platelet activating factor and 

cytokines, which also produce endothelial cell damage and activation (Adkison et al., 

1986).

In this study reduced glutathione (GSH) was added to the liver during reperflision in an 

attempt to modulate the effect o f I/R injury and possibly ICAM-1 expression. It was 

observed that there was no change in ICAM-1 expression in post-reperflision biopsies 

in the GSH treated group which had cold ischaemia time up to 8h when compared with



expression in controls. However, when the cold ischaemia time was extended to 16 and 

24h, the GSH treated groups still showed a significant up-regulation o f  ICAM-1 

expression when compared with controls. In livers which had 16h cold ischaemia, 

ICAM-1 expression after reperfusion was more pronounced in the untreated group 

when compared with the GSH treated group. However, by 24h o f cold storage, GSH 

addition has no effect on ICAM-1 expression. These results suggest that there is a 

limited window o f opportunity to abrogate the ICAM-1 response by supplementing 

with GSH during reperfiision following cold storage for moderate lengths o f time. After 

longer cold préservation, either the OFR response during reperfiision is so intense as to 

swamp the available GSH, or other damaging factors such as intra-cellular calcium 

imbalance or proteolysis, are acting to initiate the inflammatory cascade. Another factor 

is that GSH is a water-soluble scavenger which may not easily access sources o f OFR 

generation in hydrophobic sites in cells such as the membrane bilayer. Thus for longer 

preservation periods, perhaps a mixture o f hydrophylic and lipid-soluble antioxidants 

would need to be administered to minimise damage. On the other hand, the fact that 

GSH (as a clinically-accepted scavenger) had any affect at all gives some hope that in 

future a better therapy can be found. Further studies will be required to investigate these 

aspects.
Effect of cold ischaemia on iCAM-1 
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Fig. 1 Cold ischemia up to 8h has no effect on ICAM-1 expression. However, when cold ischemia 

extended to 16h and above, ICAM-1 expression showed significant up-regulation.
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Table 1. ICAM-1 expression on baseline biopsies (at laparotomy) and after in

In vitro reperfusion groups Baseline Postreperfusion p value
expression expression.

in situ liver flush./60min rep. 0.17±0.17 1.50+0.34 <0.05
8h cold isch./60min rep. 0.33±0.21 2.17+0.31 <0.05
16h cold Isch./eOmin rep. 0.17±0.17 2.67+0.21 <0.0001
24h cold isch./60min rep. 0.17±0.17 2.98+0.02 <0.0001

Table 2. ICAM-1 expression in the GSH treated subgroups. Baseline (at 
laparotomy) vs post-reperfusion. Results are expressed as Mean±SE and p 
value.

in vitro reperfusion (with GSH addition) Baseline expression Post-reperfusion expression p value

Oh cold isch./SOmin rep. 0.33+0.21 0.50+0.17 ns
8h cold isch./SOmin rep. 0.17+0.17 1.00+0.2S ns
16h cold isch./SOmin rep. 0.33+0.21 1.33+0.21 <0.05
24h cold isch./SOmin rep. 0.33+0.21 2.67+0.21 <0.0001

Table 3. Post-reperfusion ICAM-1 expression in the GSH treated and untreated

Cold ischaemia/reperfusion Post-reperfusion expression
(no GSH addition)

Post-reperfusion expression 
(with GSH addition)

p value

Oh cold isch./SOmin rep. 1.50+0.34 0.50+0.17 <0.05
8h cold isch./SOmin rep. 2.17+0.31 1.00+0.26 <0.05
ISh cold isch./SOmin rep. 2.67+0.21 1.33+0.21 <0.05
24h cold isch./SOmin rep. 2.98+0.02 2.67+0.21 ns
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INTRODUCTIO N

A considerable number o f  experimental studies have showed that hepatic 

m icrocirculatory disorders and individual cell activation, determine manifestation o f  

tissue injury associated with ischemia/reperfusion events The mechanisms involved 

in the development o f  post ischemia/reperfusion injury have to be considered as complex 

in nature, based on the direct interaction o f  the circulating blood cell (leukocytes) with 

the hepatic non-parenchymal cells (sinusoidal endothelial cells) and the indirect 

communication between the different cellular compartments both releasing and 

responding to a variety o f  potent mediators such cytokines, TNF and oxygen-derived free 

radicals \

The paradigm for leukocyte recruitment from the main blood stream describes initial 

tethering to the vessel wall, rolling along the endothelium and ultimately firmly adhering 

before migration out o f  the vasculature \  This sequence o f  events is mediated by a 

number o f  different adhesion molecules expressed on the cell membranes o f  both 

sinusoidal endothelial cells and leukocytes . Firm adhesion o f  neutrophils is mediated by 

p2 integrins (CD 11/CD 18) binding to the endothelial ligand intercellular adhesion 

m olecule-1 (ICAM -1) \  As the inflammatory response progresses, upregulation o f  

ICAM-1 contribute to the recruitment o f  additional leukocytes, including monocytes 

eosinophils and lymphocytes. Given the above hypothesis, the focus o f  this study is to 

investigate the effect o f ischemia/reperfusion injury on ICAM-1 expression and blood 

flow in the hepatic microcirculation with possible inter relationship.

MATERIALS AND METHODS

Experimental groups

Male Sprague-Dawley rats (240+30 g, n= 24) were divided into four groups o f  6 each. 

Group 1 (controls), were sham-operated animals. These animals underwent an identical



experimental protocol but without clamping o f  the hepatic blood vessels. Group 2-4 

underwent ischaemia for 30 minutes, 45 minutes or 60 minutes, respectively, followed by 

a 60-minute reperfusion period. The study was conducted under a license granted by the 

home office in accordance with the Animals (Scientific Procedures) Act 1986.

Animal preparation and surgical procedure

Animals were allowed free access to standard rat chow and tap water before 

experimentation. All experiments were performed under general anaesthesia using 

Urethane intraperitOneal injection (0.7 ml/100 g body weight) in a non-recovery 

procedure. The animals were placed in supine position on a  heating pad (Harvard 

apparatus Ltd., Kent, UK) for maintenance o f  body tem perature between 36-38°C. The 

arterial oxygen saturation and heart rate (HR) was continuously monitored by a pulse 

oxim eter (Ohmeda Biox 3740-pulse oximeter, Ohmeda Co., Louisville, USA). 

Polyethylene catheters were inserted into the femoral artery for monitoring o f  mean 

arterial blood pressure and for collecting blood samples and into the femoral vein for 

saline infusion (10 ml/kg/hour) to compensate for intraoperative fluid loss.

Laparotomy was carried out via a midline incision, ligamentous attachments to the 

liver were divided. The hepatoduodenal ligament was dissected. An atraumatic 

m icroaneurysm clip was used to induce lobar ischemia in the m edian and left lobes by 

clamping o f  the hepatic artery and portal branches. Reperflision was obtained by 

rem oving the microaneurysm clip. This method produces ischaemia to the left and 

m edian lobes o f  the liver while leaving the blood supply to the right and the caudate 

lobes uninterrupted \  At the end o f  the ischaemic period (30, 45, or 60 minutes), the 

vascular clip was removed and reperflision was allowed for 60 minutes in all the groups. 

During I/R  periods, the animal’s abdomen was covered with a  plastic wrap to prevent 

fluid evaporation. At the end o f  the experiment the liver was taken and weighed and the 

animal was killed by exsanguination.

Assessment o f  Intercellular Adhesion Molecule-1 expression (ICAM-1).

Liver biopsies were taken on laparotomy (baseline) and post reperflision (at the end o f  

the reperfusion period) and were investigated for ICAM-1. ICAM-1 was demonstrated on



duplicate sections by indirect immunoperoxidase technique w hich has previously been 

described in detail \  Briefly, liver biopsies for immunohistochemistry were snap-frozen 

in isopentane and maintained at -70°C . They were then stored at -196°C  in a liquid 

nitrogen cache until cryotomy. The 5um frozen sections o f  serial biopsies from each graft 

were placed on multiwell slides, fixed in acetone for 15 minutes and air dried for 1 hour 

before storing. Cling Film wrapped slides were kept at -20°C until batch 

immunohistochemistry staining. M o n o c lo n a l a n t i - r a t  IC A M -1  w as u se d  as  

p r im a ry  a n t ib o d y ,  and  r a b b it  a n tim o u s e  as  s e c o n d a ry  a n tib o d y . S e c tio n s  

w e re  s y s te m a t ic a l ly  a n a ly z e d  u s in g  l ig h t m ic ro s c o p y  fo r  in te n s i ty  o f  s ta in , 

(no  s ta in ,  m ild  s ta in , m o d e ra te  s ta in ,  an d  in te n s e  s ta in in g ) ,  an d  fo r  

d is t r ib u t io n  o n  s in u s o id a l  e n d o th e l ia l  c e l l  (S E C ) an d  h e p a to c y te s .  IC A M -1  

e x p re s s io n  w a s  g ra d e d  as 0 -3 .

Assessment o f  the blood in the hepatic microcirculation.

Hepatic microcirculation (HM) was assessed using a commercially available laser 

Doppler flowmeter (LDF, DRT4, Moor Instruments Limited, Axminster, UK). A  detailed 

description o f  the theory o f  LDF operation and o f  practical details o f  LDF measurement in 

the liver has been given elsewhere\ The technique is reliable and reproducible^' \  For 

measuring flow in the HM we used a surface multi-emitter/detector integrating laser 

Doppler probe (P9, Moor Instruments Ltd, Axminster, UK). The probe was placed on the 

surface o f  the left lobe o f  the liver. The probe has 8 emitting and 8 collecting fibers. The 

bundle o f  collecting fibres returns light to the photodetectors where it is converted into an 

electrical signal. Further processing o f  this signal finally produces the actual Doppler signal 

that varies linearly with the product o f  the total number o f  moving red blood cells in the 

measured volume o f  a few mm^, multiplied by the mean velocity o f  the red blood cells\ The 

numerical product is termed perfusion units or blood cell flux. LDF measurements at the 

relevant tim e points were collected as a m ean o f  one-minute data.

The LDF output signal was fed into a portable computer equipped with software to 

give a real time display, record and analyse the blood flow pattern and values (Mult, 

M oor Instruments Limited, Axminster, Devon, UK). The blood flow results were 

expressed in arbitrary flux units. The laser Doppler flowmeter probes were calibrated



before each study against a standard reference (Brownian motion o f  polystyrene 

microsphere in w ater), provided by the manufacturer. Prior to each examination, the zero 

level was obtained by placing the LDF probes against a white reflecting surface.

Data collection and statistical analysis.

The output from LDF & pulse oximeter were fed into a commercial analogue to digital 

data acquisition system  (Maclab, AD Instrumnet, UK). The data were acquired at a 

sampling rate o f  1 Hz. The LDF readings were averaged over 15min o f  continuos data 

collection. The data in each group was presented as mean±standard error (SE). The 

analyses o f  covariance were employed for the comparison o f  perfusion between sham and 

graded I/R. This allowed for any bias in the perfusion measurements caused by other 

haemodynamic data such as blood pressure or heart rate.

The HM was calculated as the mean o f  1-minute values. ANOVA and Student’s t-test 

w ith Bonferroni adjustment for multiple comparisons were used for statistical analysis 

between the groups, p  <  0.05 was considered statistically significant

RESULTS

Intercellular adhesion molecule-1 expression (ICAM-1).

Staining of frozen sham operated liver sections (group 1) with a monoclonal anti-ICAM-1 

antibody showed no staining of SEC or hepatocytes. There was no significant change in the 

ICAM-1 expression at the beginning and the end of the procedure in this group. 30 min warm 

ischemia followed by reperfiision for 60 min (group2), the staining intensity in the SEC increased 

substantially (moderate to intense ICAM-1 expression), hepatocytes showed no staining. After 45 

min ischemia and 60 min reperfiision (groupB) SEC showed intense ICAM-1 expression and 

hepatocytes had moderate expression. In group 4, who had 60 min ischemia followed by 60 min 

reperfiision, both SEC and hepatocytes had intense ICAM-1 expression. Results are summarised 

in table 1. In addition, ICAM-1 expression on post reperfiision biopsies (groups 2,3 &4) showed a 

significant statistical (P<0.0001) difference when compared with sham operated group (figure 1).

Bloodflow in hepatic microcirculation.

Table 2 shows the LDF measurements (base line and post reperflision). In the sham operated 

group there was no change in the HM measurements until the end of the procedure. In group2,



there was 32% drop in HPP which is significant when compared with the base line measurement 

(p< 0.05). In group 2 and 3 there were 75% and 79% reduction in the HPP respectively which is 

highly significant when compared with the base line measurements (p< 0.0001).

It was also noted that the ischemia/reperfusion injury in groups 2,3 & 4 produced a significant 

reduction in the HM measurements which showed a significant difference when compared with 

the sham operated group, p<0.0001 (one way analysis of variances) Fig 2.

Comparison between ICAM and HM.

When compared the ICAM-1 expression versus HM in post reperfusion state, between groups, 

there was inverse correlation, as HM reduced due to IR injury there was significant increase in 

ICAM-1 expression, p < 0.0001 Spearman correlation (figure 3, table 3).

DISCUSSION

M igration through the endothelium represents an essential step in the trafficking o f  

inflammatory cells from  blood into the hepatic parenchyma \  The primary interaction 

between leukocytes and the stimulated endothehal cell occurs through the binding o f  the 

adhesive integrin complex o f  leukocyte to ICAM-1, a  member o f  the immunoglobuline- 

gene-superfamily \

Our data showed significant increase in ICAM-1 expression as a result o f  

ischemia/reperfusion injury. These findings are consistent with a report demonstrating 

upregulation o f  ICAM-1 expression after reperflision o f  rat liver \

Experiments showed that adherence in post sinusoidal venules is mediated by ICAM-1, 

and that ICAM-1 mediated leukocyte adherence is responsible for the manifestation o f  

hepatocellular dysfunction and tissue injury  ̂ \  It was also demonstrated that I/R  injury 

induced leukocyte stasis in hepatic sinusoids and this was associated with perfusion 

failure o f  sinusoids as measured by means o f  intravital fluorescence microscopy \  In our 

study LDF was used to measure blood flow in hepatic microcirculation, as it was used in 

few experimental studies to assess the hepatic microvasculature  ̂ \

We dem onstrated that during the ischemic period there was failure o f  parenchymal 

perfusion. On restoring the blood flow, the parenchymal perfusion recovered but never 

back normal. So, on reperfusion there is the possibility that additional damage was 

happened and the severity o f  the damage increases with the increase o f  the ischemic time.



The impairment o f  the HM is associated with the significant upregulation o f  ICAM-1 

expression.

In conclusion; w ith the use o f  the LDF, experiments in rats have demonstrated that 

prolonged periods o f  hepatic ischemia followed by reperfusion are associated with 

impairment o f  hepatic parenchymal perfusion. The severity o f  H M  impairment during the 

reperflision period is dependent on ischemia time and is associated with a significant 

upregulation o f  ICAM-1 expression. This indicates a major contribution o f  ICAM-1 to 

the manifestation o f  impairment o f  HM.
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