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Abstract.

Islet cell transplantation offers a potential cure for diabetes. However, procurement o f a 

high quality donor pancreas, maintenance o f  islet viability during pancreatic preservation 

and isolation o f a high yield o f viable and functioning islets are critical for successful islet 

cell transplantation.

This thesis used a novel method o f assessing donor pancreatic adenosine nucleotide 

concentrations under different preservation conditions and throughout the isolation 

process. These were correlated with conventional measures o f islet yield, viability, 

function and novel immunohistochemical markers o f  pancreatic apoptosis.

In a rodent model, high tissue ADP:ATP ratios were correlated with low islet yields (R=- 

0.67), low in vitro islet function assessed by static incubation (R = -0 .61), high levels o f 

gradient contamination (R=0.73) and positive immunostaining for the pro-apoptotic 

protein Bax in islet (R=0.77) and acinar tissues (R=0.80).

In preserved porcine pancreata, higher pancreatic ADP:ATP ratios were obtained after 

machine perfusion (1.78) compared to either two-layered method (0.99), cold stored 

groups (1.19) and unpreserved pancreas (0.73); and were seen as the duration o f 

preservation.increased. High ADP:ATP ratios were correlated with a reduced islet yield (- 

0.51) but showed no correlation w ith other in vitro measures o f  gradient purity, islet 

function or apoptotic index.

In human pancreata, preserved using University o f  W isconsin cold storage, higher mean 

ADP:ATP ratios were obtained as the duration o f  cold ischaemia increased 

(F(4,32)=19.8); p<0.001)

Rapid luciferin-luciferase determination o f ADP:ATP ratios provides a means to predict 

islet yield in rodent and porcine models after pancreas preservation. Additonally, the ratio 

predicts islet purity and in vitro function o f  rodent islets. It provides a rapid means of 

assessing tissue viability during pancreas preservation, including cold ischaemic injury in 

the human pancreas, and may predict the likelihood o f subsequent successful islet 

isolation.
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MDA malondialdehyde

MEM minimal essential medium
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MHC major histocompatability complex
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MPO myeloperoxidase
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Na+ sodium
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NICE National Institute for Health and Clinical Excellence
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NIH National Institute for Health
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NOD non obese diabetic

NPH neutral protamine Hagedom
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PEP phosphoenolpyruvate

PFC perfluorochem ical

PNF primary non function

PT mitochondrial permeability transition pore
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PTA pancreas transplant alone

PTLD post-transplantation lymphoproliferative disease

RNA ribose nucleic acid

ROS reactive oxygen species

RPMI Roswell Park Memorial Insitute medium 1640

RR risk ratio

RT-PCR reverse transcriptase polymerase chain reaction

SCID severe combined immunodeficiency disease

SGFP silica gel filtered plasma

SI stimulation index

SIK simultaneous islet and kidney transplant

SPK simultaneous pancreas and kidney transplant

SPSS Statistical Package for Social Sciences

TAN total adenine nucleotides

TBA thiobarbituric acid

TBS TRIS buffered saline

TLM two layer method

TNFR tumour necrosis factor receptor

TNFa tumour necrosis factor alpha

TRIGR Trial to Reduce Insulin dependent diabetes in the Genetically at Risk

TUNEL terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling

UK United Kingdom

UNOS United Network for Organ Sharing

US United States

USRDS United States Renal Data System

UTI urinary tract infection

UW University o f Wisconsin solution

VCAM vascular cell adhesion molecule

VEGF vascular endothelial growth factor

VLA very late antigen

VPT vascularised whole pancreas transplant

13 cells beta cells

AcpM mitochondrial membrane potential
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Chapter 1. The Clinical Problem: Diabetes 
Mellitus.

1.1 Introduction.
Diabetes mellitus has been a clinical entity since ancient times and the Egyptian Ebers 

Papyrus dated tol550BC provides the earliest description o f a diabetes like illness. The 

term ‘diabete’ is Ionian Greek for a siphon (dia-‘through’ and banein- ‘to go’) and was 

first used by Aretaeus o f Cappodcia (81-138 AD); while ‘mellitus’ is Latin meaning 

honied. Aretaeus described diabetes as ‘a mysterious affection... melting down of the 

flesh and limbs into urine...life is short, disgusting and painful, thirst unquenchable, 

death inevitable...’ This graphically describes the three main symptoms of the disease: 

polydipsia, polyuria and weight loss.

In 1674 Thomas Willis(1621-1675) described the sweet nature of diabetic urine but 

attributed this to urinary salts and acids rather than sugar. Experiments carried out by 

Joseph Freiherr von Mering (1849-1908) and Oscar Minkowski (1859-1931) on 

pancreatectomised dogs first showed the relationship between the pancreas and diabetes. 

In 1869 Paul Langerhans (1847-1888) described pancreatic acinar tissue and islet cells, 

and in 1900 Opie (1873-1971) discovered that it was the destruction o f these islets that 

caused diabetes.

In 1921 insulin was extracted from canine pancreata by Frederick G. Banting (1891- 

1941) and Charles H. Best (1899-1978) for which they, along with MacLeod and Collip, 

won the Nobel Prize for Medicine and Physiology. In 1922, a fourteen year old boy, 

Leonard Thompson, became the first to be treated with an extract o f sheep pancreas 

containing insulin.

1.2 Classification o f  diabetes mellitus.
Diabetes is a syndrome o f metabolic disorders characterised by alterations in 

carbohydrate, fat and protein metabolism, and chronic hyperglycaemia due to relative 

insulin deficiency, resistance or both.

Two major sub-groups are described, insulin dependent or Typel, and non-insulin 

dependent or Type 2 diabetes mellitus. Insulin dependent diabetes mellitus (IDDM) is a 

chronic disorder caused by the autoimmune destruction o f insulin producing pancreatic 

beta ((3) cells in genetically susceptible individuals(l).
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Non- insulin dependent diabetes (NIDDM) is more common than IDDM and is 

associated with a lack o f sensitivity o f tissue insulin receptors in the face o f normal levels 

o f insulin production -  so called ‘insulin resistance’. This most commonly occurs in 

middle age and may be sub-classified into obese and non-obese NIDDM.

Other important, but less common types o f diabetes include gestational diabetes, where 

glucose intolerance first appears during pregnancy, mature onset diabetes o f the young, 

and malnutrition related diabetes. There are several secondary causes o f diabetes 

including pancreatic diseases such as chronic pancreatitis, endocrine disorders such as 

Cushings disease, acromegaly and phaeochromocytoma, and drug induced diabetes.

The American Diabetes Association (ADA) committee recommends the term Type 1A 

diabetes is used for immune mediated diabetes with destruction o f the islet (3 cells o f the 

pancreas, whilst non immune mediated diabetes with severe insulin deficiency is termed 

Type IB. In this thesis the terms ‘diabetes’, ‘diabetes mellitus (DM )’,‘Type 1 diabetes’ 

and ‘IDDM’ are synonymous and refer to Type 1A diabetes(2).

1.3 Clinical Features and Diagnosis.
IDDM classically presents as a triad o f symptoms, namely polydipsia, polyuria and 

substantial weight loss, though other symptoms may also occur at presentation.(Table 

1 - 1 )

POLYDIPSIA MYOPIA

POLYURIA DRY MOUTH

WEIGHT LOSS NOCTURIA

BALINITIS WASTING

FATIGUE/TIREDNESS PURITIS

VULVAE

Table 1-1. Clinical features o f diabetes mellitus.

Diagnosis of diabetes must be made by the demonstration o f hyperglycaemia, by three 

possible methods, which must then be confirmed on a subsequent day. These diagnostic 

criteria are presented in Table 1-2.
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S y m p t o m s  o f  d ia b e t e s  p l u s  r a n d o m

PLASMA GLUCOSE CONCENTRATION O F >  

ll.lM M O L /L

OR

F a s t in g  p l a s m a  g l u c o s e  o f >  7 .0 m m o l / l

AFTER AT LEAST 8 HOURS

OR

2 HOUR PLASMA GLUCOSE OF >  ll .lM M O L /L  

DURING AN ORAL GLUCOSE TOLERANCE 

TEST COMPRISING A GLUCOSE LOAD OF 75G  

ANHYDROUS GLUCOSE DISSOLVED IN WATER.

Table 1-2. ADA diagnostic criteria for diabetes(2)

L 4 Incidence and prevalence.
Diabetes is a common disorder affecting approximately 143 million people worldwide 

with the number expected to reach 333 million by 2025(3). The UK also has a rising 

incidence and 18 to 20 per 100,000 children are diagnosed each year(4). Furthermore, 

recent epidemiological studies now show a comparable incidence in adults and that 

another peak incidence is seen in people aged 65-74 years(5).

Geographical variation exists in the incidence o f diabetes. A child in Finland is almost 40 

times more likely to develop the disease than a child in Japan(6), and almost 100 times 

more likely to get it than a child in the Zunyi region o f China(4).

The EURODIAB collaborative study, involving 44 countries in Europe, indicates an 

annual rate of increase in incidence o f 3-4%, with a larger increases in some central and 

Eastern European countries especially amongst children aged 0-4 years(7).

There appears to be a gradient o f incidence from North to South across Europe. However 

this is not as simple as it first appears, as incidence rates in Iceland are similar to those 

found in Spain, and Sardinia has rates approaching those found in Finland(6) (Figure 

1 - 1 ).
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Unknown

Figure 1-1. The geographical incidence of 

diabetes.

In the UK, Scotland has the highest incidence o f  diabetes; rising from 13.8/100,000 

between 1968 and 1976, to 23.9/100,000 in 1993(8) whilst the Republic o f  Ireland has the 

lowest incidence (6.8/100,000)(9). Additionally, it is significantly more common in non 

Caucasian UK ethnic communities compared w ith the Caucasian population: up to five 

times more common in people o f  Asian descent and up to four times as common in 

people o f African and Affo-Caribbean descent. Though there is no difference between 

sexes and the peak age specific incidence, o f  22/100,000 occurs at 12 years o f  age(9).

1.5 Pathology o f  IDDM.
Islets o f Langerhans are discrete, rounded clusters o f  cells scattered throughout the 

pancreas and making up approximately 2-5% o f  the pancreatic mass in adults. There are 

four endocrine cell types within the islets. Approxim ately 80% are insulin secreting beta 

(6) cells, 15% glucagon secreting alpha (a) cells, 4%  somatostatin secreting delta (5) cells 

and 1% are F cells containing pancreatic polypeptide. In a person with long standing 

IDDM the pancreas contains islet remnants with normal numbers o f  a ,6 and F cells but an 

absence o f  p cells. However, there is a long prodrom al phase in IDDM and approximately 

80% o f the p cell mass must be lost before the disease is clinically apparent. So at the 

time o f diagnosis there are three morphologically distinct types o f islets in the pancreas 

which represent different stages o f the disease process, i.e. before, during and after 

destruction o f  P cells.(10). These are:

• Insulin deficient islets - which form the majority .

• Islets containing p cells infiltrated by chronic inflammatory cells (insulitis)



- 2 7 -

Histologically normal islets with a normal complement o f  p cells.

The hall mark o f Type 1 diabetes is the selective destruction o f insulin producing cells in 

the pancreas; termed ‘insulitis’ and is characterised by the presence o f certain genetic and 

immunological markers. Examination o f  islet tissue in pancreatic biopsies from patients 

with recent onset Type 1 diabetes confirms insulitis, and the presence o f  an infiltrate 

composed o f CD4" andCD8^ T lymphocytes, B lymphocytes and macrophages, 

suggesting that these cells have a role in the preferential destruction o f the p cells(l 1). 

Early studies in mice showed that using anti-CD3" treatment prevented diabetes( 12), and 

a trial using humanized anti-CD3" antibody in patients with new onset Type 1 diabetes 

showed maintained or improved insulin production after one year in 9 o f  the 12 patients 

in the treatment group. They also had reduced glycosylated haemoglobin (H bA lc) levels 

and insulin doses. These clinical responses were associated with a change in the ratio o f 

CD4+ T cells to CD8+ T cells at 30 and 90 days(13).

There seems to be a phased progression towards the developm ent o f overt diabetes 

(Figure 1-2). An initial interaction o f  genes and environm ental triggers precipitate an 

immune mediated response and insulitis, with the concom itant appearance o f 

autoantibodies, followed eventually by the loss o f  first phase insulin response. The 

progression to overt diabetes, resulting in significant p cell destruction, is triggered by the 

development o f a more aggressive autoreactive T cell phenotype with cell surface 

expression o f  CD95 ligand (FasL). Concurrent is a change in the T h l/ Th2 balance o f  

cytokine expression towards a more pro-inflammatory milieu comprosing interleukin 1

Immune
deregu lation

Autoantibody appearance

GADA. ICA512A. ICA

Interaction 
between 

susceptibility 
and protection 

genes

Loss of first phase of 
insulin response (IVGTT) 
N , Glucose 

intolerance
Loss of C 

Overt peptide 
diabetes

Evidence of 
insulitis

Environmental triggers

Pre*diabetes
Time

Figure 1-2. Time dependent pathogenesis o f Type 1A diabetes(14).
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beta (IL-1B), tumour necrosis factor alpha (TNFa) and gamma interferon (IFNy). 

Examination of islets during insulitis suggests that CD95 mediated apoptosis occurs(15). 

This is a potent mechanism o f (3 cell destruction which may arise from impaired p cell 

mitochondrial function( 16).

1.6 Genetic aetiology o f  IDDM.
Concordance for Type 1 diabetes is 30-40% for monozygotic twins, and the risk to a first 

degree relative is approximately 5%( 17). The major genetic determinant for susceptibility 

to Type 1 diabetes lies within the human leucocyte antigen (HLA) region of the major 

histocompatability complex (MHC) on the short arm o f chromosome 6; termed IDDM 1. 

More than 90% of patients who develop Type 1 diabetes have either DR3, DQ2 or DR4, 

DQ8 haplotypes at this region, whereas fewer than 40% o f  normal controls have these 

haplotypes(18). DR3-DR4 heterozygosity is highest in children who develop diabetes 

before age 5 (50%) and lowest in adults presenting with Type 1 diabetes (20-30%), 

compared with a US population prevalence o f 2.4%.

Four non-HLA susceptibility genes have been confirmed and named IDDM 4, 5, 8 and 

12(19) and there are some HLA antigens that confer resistance to IDDM including HLA- 

D R11, DR 15, DQB 1*0602 and DQB 1*0603(20). In total 17 candidate genes have thus 

far been described as inherited susceptability loci for diabetes.

1.7 Autoimmune basis o f  IDDM.
In 1974 Bottazzo et al first proposed the autoimmune nature o f  IDDM after discovering 

circulating autoantibodies to cytoplasmic components o f  islet cells (islet cell 

autoantibodies, ICA)(1). It was later noticed that the disease process recurred in the graft 

o f IDDM patients receiving twin to twin pancreas transplants(21). More recently it has 

been shown that the disease can be transferred by transplantation o f bone marrow from a 

diabetic donor to an immunosuppressed non-diabetic recipient, and in the non-obese 

diabetic (NOD) mouse model it has been shown that T cells have the ability to 

‘adoptively transfer’ the disease(22). In the NOD mouse the autoimmune process is 

CD4+ T cell mediated(22) and it is thought that this subset is critical in the early stages of 

the human disease(23). However the majority o f  human p cell destruction arises from a T 

cell mediated autoimmune process(22) where CD8+T cells predominate.

Autoantibodies are present in 70-80% o f newly diagnosed Type I diabetics(23), 

frequently years before the clinical onset o f  the disease(24). This supports the idea o f a
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long pre-clinical phase, during which the autoimmune destruction o f the P cells occurs 

and sub clinical disease can be detected( 1).

Several target epitopes for autoantibodies are implicated in the pathogenesis o f IDDM. 

Studies o f young children from birth suggest that the appearance o f autoantibodies is a 

major risk factor for the future development o f diabetes and that anti-insulin 

autoantibodies are often the first to develop(25). Nevertheless, in the Diabetes Auto 

Immunity Study in the young (DAISY Study), high risk children with positive 

autoantibodies, but without any intervention, seemed to have less severe diabetic 

ketoacidosis, lower HbAlc, and a lower rate o f  admission to hospital at time of 

diagnosis(26).

The development o f the disease, in relatives o f  patients with Type 1 diabetes, can now be 

predicted with reasonable accuracy by the detection o f  islet related autoantibodies. 

Detection o f  two or more autoantibodies (GAD, IA-2, or insulin autoantibodies) in 

relatives o f  patients with Type 1 diabetes has a positive predictive value for the 

development o f diabetes exceeding 90%(27). Furthermore the presence o f multiple 

diabetes related autoantibodies seems to be similarly predictive in the general 

population(28).

However, the role o f autoantibodies in the pathogenesis o f  Type 1 diabetes has not yet 

been established and the development o f  Type 1 diabetes in a patient with X linked 

agammaglobulinaemia suggests that they are not needed for either the initiation or 

progression o f the disease(29).

Type 1 diabetes is associated with other autoimmune conditions. The most common 

association is with thyroid disease(30) and the Belgian Diabetes Registry indicates that 

the prevalence o f thyroid peroxidase autoantibodies is 22% in patients with Type 1 

diabetes. Approximately lin 10 patients with Type 1 diabetes express transglutaminase 

IgA autoantibodies, and more than half o f  these patients have coeliac disease on intestinal 

biopsy. Recent studies from Europe and North Africa have documented prevalence rates 

o f coeliac disease in Type 1 DM patients o f  8.3% and 10.3% respectively(31, 32). Whilst 

approximately 1 in 50 people with Type 1 diabetes have 21-hydroxylase autoantibodies 

and around 25% o f these progress to A ddison’s disease.

1.8 Environmental basis o f  IDDM
Two major environmental hypotheses account for the increased incidence o f Type 1 

diabetes. The first ‘hygiene’ hypothesis proposes that environmental factors alter the
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development of autoimmunity. As an oversimplification, our environment for young 

infants is far too clean, leading to a deficiency in immunoregulation such that ‘Th2’ 

diseases (for example asthma) and ‘T h l ’ diseases (such as Type 1 diabetes) are 

increasing dramatically(33, 34).

The second hypothesis suggests that exposure to an environmental factor may be 

responsible, and is supported by the seasonality, increasing incidence, and epidemics o f 

Type 1 diabetes demonstrated in cross sectional and retrospective studies(35).The low 

concordance between monozygotic twins also implies an environmental role, as in a 

purely genetic condition concordance would be approaching 100%. Other evidence 

comes from migration studies, such as that o f  the Indian population now living in the UK. 

Though the incidence of IDDM in the Indian subcontinent is extremely low; studies from 

Leicester and Bradford with large migrant Indian populations show the incidence of 

IDDM in the populations is fast approaching that o f  the indigenous Caucasian 

population(36).

Many associations with viral infection have been found in Type 1 diabetes, though only 

congenital rubella syndrome has been conclusively associated with the disease(37). Post 

mortem studies show a tropism for islet cells amongst enteroviruses, some of which use 

established cell surface molecules as receptors(38). Coxsackie B2, B3, B4 and B5 

enteroviruses have been isolated from the sera o f  patients with newly diagnosed IDDM 

and B4 virus may be present in 30% o f serum from recent onset IDDM patients compared 

with 5% of controls(lO). Coxsackie virus has been cultured from the pancreas o f a child 

who died of diabetes; whilst the mumps virus and cytomegalovirus have also been 

suggested to be involved in triggering IDDM.

Several cases of patients developing anti-islet autoantibodies and Type 1 diabetes after 

treatment with interferon alpha (IFNa) are reported(39) and IFNa can generate insulitis 

and diabetes in animal models. Induction o f  this cytokine by viral infection has been 

proposed as a mechanism by which Type 1 diabetes is inititated(40) and neutralizing this 

cytokine may potentially prevent the disease(39).

The immature gut immune system has been implicated in the pathogenesis o f diabetes 

and exposure of the gut to bovine insulin in cow milk formulas may initiate the 

development of J3 cell specific autoantibodies in genetically susceptible children(41). 

Though the DAISY study, found that early ingestion o f cereal or gluten may increase the 

risk o f Type 1 diabetes(42, 43) no evidence that bovine milk ingestion, enteroviral 

infection, or vaccination contributed to the risk o f diabetes was established(44). Hence
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the TRIGR study in Finland is under way to determine if  elimination o f cow's milk from 

infants' diet can prevent Type 1 diabetes.

1.9 Costs and complications o f  IDDM.
Diabetes has both direct and indirect costs to the NHS and society. Indirect costs are 

difficult to quantify but include early retirement, absenteeism and early death. The 

diabetic population certainly carries the burden o f excessive mortality. Soedamah-Muthu 

et al compared the all-cause mortality data o f  7,713 patients with diabetes with those o f 

38,518 age and sex matched controls for the period 1992 to 1999 and found a mortality 

rate hazard ratio o f 3.7 between patients with and without diabetes(45).

The direct costs of diabetes refer to the expense o f treatment and services. Using the 

latest ADA criteria, even patients with abnormal fasting glucose incur increased health 

care costs compared to normoglycameic individuals(46). It is estimated that, once overt 

diabetes is present, it accounts for 9% o f  acute NHS expenditure and bed days; and that 

the presence o f diabetic complications increases costs to social services four fold(47). Per 

capita, adjusting for age, sex and ethnicity, the health costs incurred by a population with 

diabetes are 2.4 times those o f a non diabetic population(48).

Patients with diabetes have a high baseline rate o f diabetic complications. McAlpine et al 

studied the patients with diabetes in Tayside, Scotland during 1997. 942 patients had 

established Type 1 diabetes and 29 were newly diagnosed patients. The incidence per 

1000 patients o f diabetes complications were angina 8.8; myocardial infarction 8.6; 

cerebrovascular accident 1.1; lower limb amputation 3.2; peripheral vascular disease 5.5; 

blindness 1.1 and ESRF 6.4 with overall mortality o f  14.6 per 1000 patients(49). Roberts 

et al studied the mortality risk amongst patients under 30 years o f age with Type 1 

diabetes by analysis o f hospital admission data. Though death in the population was 

uncommon, over a three year period following a hospital admission it was nine times 

more frequent than in the general population(50) Cusick et al confirmed the association 

between the prescence o f diabetic complications and subsequent mortality in 1440 

patients with Type 1 diabetes. The 5 year estimate for mortality from all causes was 

5.5%, with amputation and poor visual acuity being the strongest predictors o f mortality 

in patients with Type 1 diabetes (hazard ratios 5.08 and 1.74 respectively)(51)

A large study, the Diabetes Control and Complications Trial, confirmed that the 

complications o f IDDM are associated with poor control o f blood glucose levels. The 

study concluded that intensive insulin therapy, using thrice daily injections, delayed the
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onset and slowed the progression o f microvascular complications by between 35 and 90% 

compared to conventional insulin treatment. The risks o f developing retinopathy and 

nephropathy were proportional to the mean H bA lc during the preceding period and the 

intensive regimen was most effective when begun early, prior to the development of 

complications, aiming to achieve an H bA lc  concentration o f 7% or less. However, the 

major drawback in adopting such an intensive insulin regimen was the tripling in 

frequency of severe and potentially life threatening hypoglycaemic episodes(52, 53).

L10 Prevention o f  IDDM .
Most studies using drug treatments have failed to prevent the development o f diabetes. 

The US Diabetes Prevention Trial failed to slow the progression to diabetes, in relatives 

at high and moderate risk, using antigen based treatment with oral or parenteral 

insulin(54). Whilst the European Nicotinamide Diabetes Intervention Trial also found no 

difference in the development o f diabetes when participants were assigned to receive 

either the oral B complex vitamin nicotinamide or placebo treatment(55).

More recently, the Diabetes Prevention Programe Research Group (DPPRG) found a 

reduction in the incidence o f Type 2 diabetes o f  31% over 2.8 years using metformin(56), 

and studies have suggested that metformin might improve the glycaemic control o f Type 

1 diabetes patients who are overweight, receiving large doses o f insulin, or have anHbAic 

> 8%(57). The co-existence o f insulin resistance in patients with Type 1 diabetes is a new 

area o f interest and it is possible that metformin may also slow the progression to overt 

Type 1 diabetes.

The recently published Diabetes Reduction Assessment with ramipril and rosiglitazone 

medication (DREAM) study showed a significant reduction in the incidence of diabetes over 

3 years with rosiglitazone compared to placebo (11.6 vs 26%); whilst ramipril therapy 

showed no reduction in the incidence of diabetes in patients with impaired fasting glucose, 

glucose intolerance or both (58). Though the use o f thiazolidinediones, such as rosiglitazone, 

may appear beneficial in preventing diabetes; this class of drug is associated with increased 

fluid retention, heart failure and liver toxicity in some patients(59).

Lifestyle alterations have had more impact upon the prevention o f diabetes. The DPPRG 

study showed a reduction in incidence o f diabetes by 58%, using a 7% weight loss and 

150 minutes o f physical activity lifestyle alteration, over a 2.8 year period(56) and a 

similar study from Finland again showed a risk reduction o f 58% in 522 at risk 

individuals(60). Despite the impressive results o f  clinical studies, the labour intensive and 

expense burden o f replicating these interventions make them impractical for most
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healthcare providers. However, over reliance upon drug therapies is likely to detract from 

research to find simpler and reliable lifestyle alterations which will prevent a population 

at risk from becoming reliant upon potentially harmful medication(61).

1 ,1 1  Treatments for diabetes.

Insulin is the mainstay o f treatment for Type 1 diabetes. Endogenous insulin is comprised 

o f two chains, the 21 amino acid a  chain and the 30 amino acid (3 chain, which are 

connected by two disulphide bridges. It is synthesized in pancreatic P cells as proinsulin, 

an 86 amino acid polypeptide which is incorporated into granules at the Golgi complex. 

Inside the granules, proinsulin undergoes proteolysis to form insulin and a cleaved 

peptide(C peptide). Insulin and C peptide are released in equimolar quantities by calcium 

dependent exocytosis. There are two types o f insulin secretion; basal, which occurs even 

during fasting, and stimulated, in response to raised blood glucose concentration. Insulin 

has many effects on carbohydrate, lipid and protein metabolism. However, its principal 

role is in the regulation o f blood glucose concentration.

Broadly there are two types o f exogenous insulins; short and long acting. Short acting 

(soluble) insulin acts rapidly within an hour o f  administration. Its peak action is at about 

3-4 hours and lasts about 8 hours. The actions o f insulin can be prolonged, by complexing 

it with zinc or proteins in crystalline form, to produce neutral protamine Hagedom (NPH) 

type insulins. These long acting insulins have a variable duration, usually between 12 and 

20 hours. IDDM patients usually inject a mixture o f both short and long acting insulin, 

which they can either mix themselves or use a ready mixed formulation. The primary 

objective of insulin therapy is to keep blood sugar levels as close to physiological levels 

without causing hyper or hypoglycaemia, but this level o f control is difficult to maintain. 

Since January 2006 inhaled insulin, with approximately 10% o f the activity o f injected 

insulin, has been available. It acts rapidly after 30 to 90 minutes but has a prolonged 

action compared to subcutaneous insulin(62). Furthermore it has a more pronounced 

effect on peripheral glucose disposal and reduced effect on hepatic glucose production 

than intravenous infused insulin in animal studies(63). Though overall glycaemic control 

is similar with subcutaneous and inhaled insulin(64, 65) the inhaled version is likely to be 

popular amongst patients who relinquish multiple daily injections for inhaled pre-prandial 

insulin and a single long acting evening insulin injection(66, 67). However the cost is 

likely to exceed that o f injectable insulin and NICE has currently declined funding for 

inhaled insulin in the NHS(68, 69).
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A more physiological pattern o f basal and stimulated insulin level is achieved using 

modem engineered very long acting and rapid acting insulins and insulin analogues. 

These can provide control and convenience similar to that obtained with insulin pumps, 

reduce the variability o f insulin absorption and allows insulin therapy even in very young 

children(70). The insulin analogue glargine is produced by recombinant DNA technology 

and at physiological pH forms amorphous microprecipitates which slowly release insulin 

into the circulation over 24 hours. It functions as a very long acting insulin mimicking 

peakless basal insulin secretion(71, 72). Lepore et al demonstrated glargine 

administration, at 0.3u/kg by subcutaneous injection, to closely mimic continuous 

subcutaneous insulin infusion; the current gold standard o f basal insulin replacement(73); 

while Rossetti et al demonstrated a significant improvement in H bA lc concentration, a 

reduction in the number o f severe hypoglycaemia episodes and reduction in total basal 

insulin dose when glargine was added to a multiple short acting subcutaneous injection 

regimen(74). Similar improvements in H bA lc and hypoglycaemia have been achieved by 

the addition of once daily glargine to NPH insulin regimens(75). Large open labelled 

randomized controlled trials comparing NPH insulin with glargine showed that basal 

insulin therapy with glargine to be as safe as NPH, and as effective as NPH insulin twice 

a day in maintaining glycemic control in Type 1 diabetes(76, 77). The majority o f studies 

in children and adolescents confirm that glargine gives comparable or improved 

glycaemic control, and reduced incidence o f nocturnal or severe hypoglycaemia, 

compared to regimens o f NPH insulin(78-80). Glargine is now recommended by NICE 

for patients with diabetes who require assistance with their insulin regimen, whose 

lifestyle is restricted due to recurrent hypoglycaemia and for those who would otherwise 

require twice daily insulin in combination with oral hypoglycaemic drugs(81).

1,12 Conclusion,
Diabetes is a common disease with a rising incidence. Though the precise aetiology is 

unknown; a combination o f genetic and environmental factors result in the autoimmune 

mediated destruction o f |3 cells within the Islets o f Langerhans. The chronic 

complications give rise to a significant clinical burden and incur vast expenditure for 

health care providers. Whilst intensive insulin therapy and strict glycaemic control can 

delay such complications, it risks life-threatening hypoglycaemia. No strategy has yet 

proven wholly effective in preventing diabetes, and conventional treatment is centred on 

exogenous insulin administration. Though novel agents and therapeutic targets are
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becoming established, their long-term efficacy upon diabetic complications is unknown. 

Therefore, the only recognized means o f attaining physiological glucose control and 

euglycaemia is by restoring in vivo insulin secretion from p cells(82). This is most readily 

achieved by whole pancreas or isolated islet cell transplantation.
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Chapter 2. Pancreas and Islet Cell 
Transplantation for Diabetes Mellitus.

2.1 Introduction.
Historically vascularised whole pancreas transplantation (VPT) has been undertaken to 

restore a functioning p cell mass which provides physiological endogenous insulin 

secretion to attain insulin independence(83). However, this poses considerable risks to the 

recipient with high rates o f surgical morbidity and mortality, and the need for 

maintenance immunosuppression(84, 85). Therefore, VPT remains an unrealistic 

treatment option for most young patients with diabetes or those unfit for major surgery.. 

Simplifying and restricting transplantation to only the islets o f Langerhans has been 

realized but has not become widespread in clinical practice. Until recently the success of 

islet transplantation has not been comparable to that o f VPT, but with improvements in 

islet isolation and immunosuppression this may change(86). Herein the current status of 

VPT and the recent progress, rationale and indications for human islet cell transplantation 

are reviewed.

2.2 Vascularised pancreas and clinical islet transplantation.
Vascularised pancreas transplantation is usually considered for medically suitable

patients with Type 1 diabetes who are either suitable for concomitant renal 

transplantation from the same donor (simultaneous pancreas and kidney; SPK); or in 

patients already in receipt o f a well functioning renal transplant with stable maintenance 

immunosuppression (pancreas after kidney; PAK); or in selected patients with severe 

hypoglycaemic unawareness (pancreas transplant alone; PTA).

Islet cell transplantation also has the potential to restore a functioning p cell mass, 

physiological endogenous insulin secretion and attain insulin independence(87). When 

compared to VPT this is achieved with relative technical ease and minimal potential 

morbidity; the transplant itself being performed under local anaesthesia as a potential day 

case procedure(88, 89). Though recipients still require a regimen of lifelong 

immunosuppression, the use o f a ‘cellular transplant’ means there is great potential to 

develop tolerogenic protocols and graft immunomodulation with the long-term aim of 

withdrawing immunosuppression.
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2.2.1 Demographics o f  pancreas transplantation.

The International Pancreas Transplant Registry (IPTR) at the University o f Minnesota has 

data regarding VPT activity from December 1966 to June 2004, during which time 

23,000 pancreas transplants have been performed. O f the 15333 transplants performed in 

the US between October 1987 and June 2004; 78% have been SPK, 16% PAK and 7% 

PTA. O f the 5017 cases performed outside the US in the same period; 91% have been 

SPK, 5% PAK and 4% PTA(90).

Between 2000 and 2004 the patient 1 year survival rates, amongst US Type 1 diabetic 

recipients of cadaveric pancreas allografts, were SPK 95%, PAK 95% and PTA 98%, 

whilst 1 year graft survival rates were 85%, 78% and 76% respectively(90). In the largest 

published single centre series o f 1194 recipients from December 1966 to March 2000 a 

progressive increase in 1 year graft survival rates was seen from 64% to 79% for SPK; 

76% to 98% for PAK and 67% to 88% for PTA(91). The low graft survival rates in PTA 

may reflect the high rates o f rejection (30%) especially amongst young recipients o f 

PTA(90). Knoll et al reported similar 1 year graft and patient survival rates o f 72% and 

94% for PAK and 71% and 98% for PTA(92).

Graft function is a strong predictor o f patient survival. A Cox regression analysis o f SPK 

outcomes has shown that loss o f the pancreas and renal allograft components were 

associated with a hazard ratio o f later patient death o f 3.51 and 14.99 respectively. For 

PAK recipients these hazard ratios were 4.17 and 9.17 respectively.

VPT has also been performed for Type 2 diabetes in 7.2% o f SPK, 4.9% of PAK and 

4.3% of PTA between 2000 and 2004. There were no significant differences in SPK graft 

survival between Type 1 and 2 recipients, though it may be reduced in recipients with 

very early onset diabetes(90). Nath et al reported the outcomes of VPT in 17 recipients 

with Type 2 diabetes. One year patient and graft survival rates were both 94% and after a 

mean 4.3 year follow up the patient survival rate remained high at 71%(93).

2.2.2 Technical aspects o f  pancreas transplantation.
VPT is a technically challenging operation. Refinements to the surgical techniques have 

largely concentrated on the method o f draining pancreatic exocrine secretions and 

optimizing pancreatic venous drainage.
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2.2.2.1 Management o f  exocrine secretions.
From the early 1990’s VPT with bladder drainage o f exocrine secretions was preferred,

as enteric drainage was associated with a high rate o f intrabdominal infection, enteric

leaks a n d  graft failure (Figure 2-1 an d F ig u re  2-2)(94, 95).

From 1987 to 1996 over 90% o f US pancreas transplants were performed with bladder 

drainage of the exocrine secretions. Analysis o f the IPTR data for SPK shows a one year 

pancreas graft survival rates o f 87% with bladder drainange vs 85% for enteric drainage. 

Renal graft survival was 91% and 93% respectively, and overall patient one year survival 

was 94% and 96% respectively. For PAK one year pancreas graft survival rates for 

bladder and enteric drainage were 80% and 77% respectively and one year patient 

survival rates were 96% and 95% respectively. For PTA one year graft survival rates for 

bladder and enteric drainage were 79% and 72% respectively and one year patient 

survival rates were 97% and 98% respectively(90).

In recent years the complications o f bladder drainage and the need for conversion to 

enteric drainage has reduced the number o f  primary bladder drained grafts. Between 2000 

and 2004, 9% of bladder drained grafts were converted to enteric drainage at 1 year and 

17% by three years. Increasing numbers o f grafts now have primary enteric drainage. In 

2002-2003, 82% of SPK, 72% o f PAK and 57% o f  PTA were enterically drained(90). 

Series reporting long-term patient, kidney or pancreas graft survival are equivalent when 

enteric or bladder drainage are compared(96-103). Sollinger et al have reported the 

largest series of VPT using both methods o f drainage. O f 388 bladder drained grafts 

62.5% had urinary tract infection (UTI), 17.7% haematuria, 15.4% anastomotic leakage, 

2.8% urethral strictures and 2.5% urethral disruption. O f 112 enterically drained grafts 

11.7% had UTI and 8% anastomotic leak. Rates o f fungal and cytomegalovirus (CMV) 

infection were higher in bladder drained grafts and 23.8% o f bladder drained grafts were 

later converted to enteric drainage(97).

Bloom et al reported a higher incidence o f leak, ascites, acute rejection, graft pancreatitis, 

UTI and other infections in bladder drained recipients; enterically drained grafts had a 

higher incidence o f abscess formation and hypertension. This series also demonstrated 

the phenomenon of intravascular volume depletion and loss o f bicarbonate from bladder 

drained grafts. Consequently a conversion rate o f 18.7% from bladder to enteric drainage 

was reported(99).

Hakim et al reported 20% of patients having complications arising from the duodenal 

vesical anastomosis including leaks, haematuria, recurrent UTI and bladder stones(103).
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Other urological complications such as duodenal stump rejection, stump rupture with 

haematuria and urine extravasation in bladder drained recipients are unusual but have 

been described(104, 105). Del Pizzo et al reported a series o f 140 bladder drained grafts. 

Half had significant urological problems requiring invasive corrective procedures and 

21% were converted to enteric drainage(106). In a similar series Gettman described 

significant urological complications in 79% o f recipients(107) and Kuo et al report the 

rate o f UTI in bladder and enterically drained grafts was 52% and 2% respectively(98). 

Notably two cases o f cancer in bladder drained grafts have also been reported(108, 109). 

Although primary or conversion to enteric drainage can reduce the infective complications it 

has its own unique problems including a reported 8% leak rate from the duodenal 

anastomosis(l 10).

2.2.2.2 Management o f  venous drainage.
Historically, VPT involved a systemic venous anastomosis to an iliac vein. This results in

relative systemic hyperinsulinaemia(l 11-114) and, to attempt to replicate a more

physiological pattern o f graft insulin secretion, Gaber advocated venous drainage into the

portal circulation (Figure 2-1 and Figure 2 - 2 ) (  115).

Stratta et al conducted a randomized trial o f venous vs systemic drainage and showed no 

significant differences in patient or graft survival after a mean 17 month follow up(102). 

A similar study by Petruzzo et al reported no differences in graft survival and other 

physiological parameters such as creatinine, H bA lc, and fasting glucose, insulin and C 

peptide concentrations^ 16). Using UNOS data from 1994-2001, Troppmann et al report 

a one year renal allograft rejection rate o f 48% and 37% respectively in systemic and 

portally drained SPK. Though these high rates o f rejection may reflect the historical use 

o f older calcineurin inhibiting immunosuppressants, it also illustrates disparate rates of 

graft rejection between systemically and portally drained grafts(l 17). A 3 year follow up 

study by Philosophe et al found a significantly higher rate o f rejection amongst 

systemically drained grafts, and 3 year graft survival rate o f  79% vs 65% for portal and 

systemic drainage respectively.(l 18). However, according to IPTR data, o f primary 

pancreas grafts with enteric drainage in the period 2000- 2004, 23% o f SPK, 27% o f PAK 

and 44% of PTA had portal venous drainage. There were no significant differences in one 

year graft survival or technical failure rates between portal and systemically drained 

grafts. Moreover there is now some evidence that portal drainage allows antigen delivery 

to the liver to achieve a state o f donor specific tolerance more readily than in systemically 

drained grafts( 119)
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Figure 2-1. SPK with vesical and systemic iliac Figure 2-2. SPK with enteric and portal venous
drainage. drainage.

2.2.3 Graft fa ilu re  in pancreas transplantation.
Primary non function (PNF) refers to those who never attained insulin independence and 

is a rare cause o f VPT graft failure in 3 to 5%  o f  recipients. More common are ‘technical 

failures’ which constitutes graft arterial or portal thrombosis, bleeding, infection, graft 

pancreatits or anastomotic leak leading to graft pancreatectomy. This is the major cause 

o f  graft loss in the first 6 months but technical failure rates for all VPT categories have 

decreased with time. In 1988 12.4 % o f  SPK, 13% o f  PAK and 24.3% o f PTA grafts 

encountered technical failures. In 2002 the rates were 6.4%, 7.7% and 7.4% respectively. 

Alloimmune mediated graft loss arises due to acute and chronic rejection. Acute rejection 

is seen in 1 to 25% o f recipients and occurs most frequently between 7 and 12 months. 

Low rates o f  graft loss due to acute rejection occur in enterically drained SPK and PAK 

(2.3% and 6.6% respectively) but the 1 year rejection rate in enterically drained PTA is 

significantly higher (14.6%). Chronic rejection occurs after 12 months in 2 to 33% o f 

recipients and, after technical failure, is the most frequent cause o f graft loss. Risk factors 

for chronic rejection include previous acute rejection, isolated pancreas transplantation, 

CMV infection, re-transplantation and 1 or 2 antigen mismatch at the B locus(120). 

Recurrent autoimmune mediated selective destruction o f  graft p cells can occur in 6 to 12 

weeks(21, 121) and grafts show T lymphocytic and monocytic infiltration. Even where 

excellent haplotype matching is achieved, such as in living donor pancreas
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transplantation, recurrent diabetes and the prescence o f circulating islet cell antibodies 

can be demonstrated( 122). Autoimmune recurrence is characterized by the return o f islet 

cell and glutamic acid decarboxylase autoantibodies, but the correlation o f the return of 

serological autoimmunity with the pathological demise o f allograft (3 cells is not yet well 

established. It is not known if adjustments to immunosuppressive regimens, in light o f the 

serological findings, may alter the course o f recurrent autoimmune disease(121, 123- 

125). Pancreatic allografts carried out with new immunosuppressive regimes demonstrate 

some resistance to recurrent diabetes mellitus. In a large series reporting the results o f 

needle biopsies o f pancreatic allografts, Drachenberg et al found no islet inflammation 

occurring outside the context o f acute graft rejection. Indeed such insulitis was restricted 

only to high grade acute rejection suggesting the absence o f an islet specific cell mediated 

inflammatory response in these grafts(126).

Finally allografted p cells are subjected to the physiological stress of post-transplantation 

Type 2 diabetes which occurs in the recipient. This arises from the toxic effects of steroids 

and/or tacrolimus based immunosuppression on islet cells( 127, 128) and the induction of a 

state of insulin resistance in the periphery. Indeed hyperglycaemia and normal to elevated C 

peptide secretion profile characteristic of Type 2 diabetes has previously been demonstrated 

in pancreas transplant recipients(129).

2.2.4 M onitoring pancreas graft function .
Techniques for monitoring graft rejection vary according to the type o f VPT performed. 

Where the graft is bladder drained, urinary amylase and bicarbonate content(130) or 

cystoscopic biopsy o f the pancreas and duodenum (131) can be performed. Alternatively, 

in SPK, the concomitant renal graft can be biopsied if  serum creatinine begins to rise as a 

surrogate marker o f pancreas rejection. For enterically drained VPT a pancreas graft 

biopsy is required(132) but is difficult to perform with the intra-peritoneally positioned 

graft. Despite ultrasound guidance, graft biopsy is associated with a significant failure 

(12%) and complication (2.8%) rate. A high proportion o f biopsy complications require 

surgical intervention(133, 134) despite attempts to improve the yield and safety o f the 

procedure using computerized tomography guidance, laparoscopic and percutaneous 

techniques(127, 135, 136). The severity o f  rejection is graded according to a standard 

histological grading scale after Drachenberg et cr/(137) which correlates well with other 

measures o f graft rejection such as serum lipase and response to supraphysiological 

steroid immunosuppressive therapy(138).
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Less invasive functional assessments, including IVGTT, are used for established allografts. A 

decline in the rate o f glucose utilization is 88.7% sensitive and 91% specific for underlying 

graft rejection(139). Graft failure within 12 months can be predicted with 93% sensitivity and 

100% specificity where fasting glucose are elevated to 128mg/dl, and rejection within 4 years 

where change in basal insulin secretion was less than 32 uU/ml during IVGTT (75% 

sensitivity and 75% specificity)(140). Poor post operative outcomes, in systemically venous 

drained grafts, may also be predicted by impaired glucose tolerance and poor stimulated 

insulin secretion after oral glucose tolerance but its value in graft monitoring is yet to be 

established(141).

2.2.5 Immunosuppression fo r  pancreas transplantation.
Immunosuppressive protocols can be divided into combinations o f long-term

maintainance and short term induction regimens. Most recent maintenance protocols have 

used combinations o f 5 main agents. Prior to 2000, cyclosporin A (CsA) with 

mycophenolate (MMF) was the most frequent regimen but this is now rarely used. In 

2000-2004 over 60% o f VPT received tacrolimus and MMF based regimens. When 

combined with anti-T cell induction agents, 1 year graft survival rates were 83 to 88% 

with the highest in SPK recipients. Sirolimus with tacrolimus is another synergistic 

regimen, though sirolimus is associated with poor wound healing in the early post

operative period.However, graft survival rates o f  83 to 87% comparable to tacrolimus and 

MMF have been achieved, though the follow up duration for these recipients is short. 

Multivariate analysis has demonstrated that tacrolimus with either MMF or sirolimus 

based regimens are independently associated with a reduced graft failure rate, whilst 

tacrolimus and MMF is associated with a reduced risk o f technical failure.

Hariharan et al showed an 80% PAK graft survival rate where tacrolimus based long

term immunosuppression was combined with induction monoclonal antibody 

agents(142). Now more than 75% o f VPT recipients receive some form of induction 

agent which can be divided into three main types: T cell depleting polyclonal 

(thymoglobulin, anti-thymocyte globulin, ATG), T cell depleting monoclonal (OKT3, 

Campath) antibodies, and non depleting anti-CD25 monoclonal antibodies (Zenapax, 

Simulect).

IPTR data shows that the use o f non depleting induction agents, depleting agents and no 

induction agent resulted in a one year graft survival rates o f  91%, 85% and 86% 

respectively in technically successful SPK under a tacrolimus and MMF maintenance 

regimen. For PAK, using the same maintenance regimen, graft survival rates are highest
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(85%) in those receiving depleting induction agents and lowest for those receiving no 

induction; whilst graft survival rates for PTA do not differ for any combination o f 

induction agents

2.2.6 Long-term results in pancreas transplantation.
The long-term results of VPT are now known and the majority of published series 

concentrate on SPK recipients(91, 96-99, 143-146) with comparisons between enterically and 

bladder drainage(91, 96-99, 143, 144).

Data from UNOS and IPTR between 1988 and 2003 show 5 and 10 year graft survival rates 

for SPK, PTA and PAK of 69% and 46%; 58% and 17%; 58% and 17% respectively(147). 

The results of the largest single centre series of 500 SPK performed from 1986 are shown in 

Table 2-1.

P a n c r e a s

GRAFT

SURVIVAL (% )

R e n a l  g r a f t  

s u r v i v a l  (% )

P a t ie n t  

s u r v iv a l  (% )

1 YEAR 8 7 .5 8 8 .6 9 6 .4

5  YEAR 7 8 .1 8 0 .3 8 8 .6

10  YEAR 6 7 .2 6 6 .6 7 6 .3

Table 2-1. Long-term outcomes o f  SPK from University o f \Visconsin(97).

Of 53 patients deaths, 25 still had graft function and causes of death in decreasing order of 

frequency were cardiac (38%), cerebrovascular (5.5%), infectious (17%) and malignancy 

(9%)(97). Nankivell et al have reported 1, 5 and 10 year patient survival after SPK of 96.7%, 

94% and 84.4%, and graft survival rates of 87.4%, 86.5% and 86.5% respectively and 

cardiovascular death accounted for 64.3% of mortality(148).

The United States Renal Data system (USRDS) indicate a 10 year patient survival of 67% 

with SPK, with 33.4% of deaths arising from cardiovascular disease, 7.1% from 

cerebrovascular disease, 21.5% from infective causes and 3.3% from malignancy(149). A 

similar analysis of the UNOS data from 1987 to 1996 reported an 8 year patient survival of 

72% and a similar profile of mortality(150).

Though not the major cause of patient death, recipients o f SPK are at greater risk of 

developing post-transplant malignancy than other recipient groups. This arises due to more 

aggressive immunosuppression(151), pre-existing malignancy in the pancreas graft(152) or
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as a complication of bladder drainage(108, 109). Additionally pancreas transplant recipients 

have a higher incidence, lower survival and shorter duration to diagnosis and death from post 

transplantation lymphoproliferative disease (PTLD) compared to other recipient groups(153).

2.2.7 Pancreas transplantation and diabetic complications.
With improving rates o f graft and patient survival, the impact o f VPT upon long-term 

diabetic complications can be assessed.

2.2 .7.1 Effect upon diabetic nephropathy.
SPKconfers a survival advantage over other therapies for diabetic ESRF. Tyden et al

showed a 20% 8 year survival in isolated renal transplant recipients but 80% survival in 

SPK recipients; whilst loss o f the pancreas component reduced 10 year survival to only 

33%( 154). Ojo et al determind an advantage o f SPK over both live and cadaveric donor 

renal transplants alone through a 67% vs 65% vs 46% ten year survival respectively(149); 

whilst Rayhill et al and Becker et al demonstrated annual recipient mortality rates in SPK 

o f 1.5% compared to the 6.27% after cadaveric donor renal transplantation alone(l 55, 

156). Studies using analytical models, incorporating potential complications and adverse 

transplant outcomes, have concluded that SPK yields a greater life expectancy and 

improvement in quality o f life when compared to either cadaveric donor renal 

transplantation or dialysis(92, 157).

Fioretto et al conclusively demonstrated that PTA can reverse histological diabetic 

nephropathy following five years o f post-transplant normoglycaemia(158). However, this 

comes at the expense o f a reduction in glomerular filtration rate (GFR) caused by 

calcineurin inhibitor based immunsuppression and it is recommended that baseline renal 

function is accounted for in selecting patients for PTA(159, 160).

2.2.7.2 Effect upon diabetic retinopathy.
The impact o f VPT on diabetic retinopathy is difficult to assess as many recipients

undergo ophthalmic procedures during their post-transplantation follow up(161, 162). 

Pearce et al confirmed the high rates o f  photocoagulation therapy amongst VPT 

recipients but showed no progression o f diabetic retinopathy after transplantation( 163). 

Koznarova et al showed significantly improved visual acuity at three years in recipients 

with functioning SPK grafts compared to renal transplants alone or SPK recipients after 

rejection o f the pancreatic component(164) and Chow et al showed reduction in 

photocoagulation treatments from 83% prior to transplantation to 14% with a functioning 

SPK and 19% with a non functioning renal component SPK(165). However, others have
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failed to show a significant impact upon progressive retinopathy in long-term follow up 

studies, suggesting that the effects o f retinopathy may be too far advanced to be reversed 

by restoring euglycaemia(166).

2.2.7.3 Effect upon diabetic neuropathy.
VPT has a beneficial effect on diabetic neuropathy which some attribute to improved

glycaemic control and correction of uraemic neuropathy with concomitant renal 

transplantation(167-170). Neurological scores and motor/sensory conduction are significantly 

improved compared to recipients of renal transplants alone or following VPT graft failure 

after a 10 year follow up, though residual neurological deficits remained in all 

recipients( 171). Others have also reported an initial improvement in nerve conduction 

velocity from 6 months(172) to 2 years(143), and a slower improvement with axonal 

recovery in 59 recipients of kidney-pancreas transplants over 8 years though again velocities 

never returned to normal(172). Improvements in autonomic neuropathy are also 

reported(171) particularly in orthostatic hypotension(173) and diabetic gastroparesis(174- 

176).

2.2.7.4 Effect upon cardiovascular disease.
VPT has variable effects on cardiovascular disease. LaRocca et al reported a significantly

higher ejection fraction and reduced diastolic function in 42 SPK recipients compared to 

26 kidney alone recipients. They also reported a lower incidence o f acute MI (2.4% vs 

17.6%) and a reduced number o f episodes o f  angina(177). A further study in a larger 

cohort confirmed the decreased incidence o f  MI (3% vs 20%) but showed no difference 

in frequency o f angina(178). Radionucleotide ventriculography has been used to compare 

left ventricular function in SPK recipients and isolated renal transplant recipients at 4 

years follow up with a significant improvement in SPK recipeints(179); whilst an 

angiographic study o f recipients with and without functioning pancreas grafts showed 

regression o f coronary atherosclerosis in 38% o f those with a functioning pancreas 

transplant after a 3.9 year follow up(l 80). The mechanism o f cardiac protection is unclear 

but likely relates to reduction in cardiac risk factors by lowering triglycerides, 

homocysteine and von Willebrand factor in VPT recipients(181).

VPT has less convincing effects on hypertension. Though short term studies demonstrate 

improved blood pressure control(179, 182, 183), long-term follow up results are less 

conclusive. Fiorina et al report a drop in rates o f hypertension in SPK recipients which 

did not reach statistical significance compared to kidney alone recipients at 4 years(184).
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N af et al also reported a fall in the proportion o f SPK recipients with hypertension before 

and 5 years after transplantation (88% vs 49% )(185) though La Rocca et al found no 

significant difference in rates o f  hypertension after two years follow up(178).

VPT does not impact upon diabetic non coronary vascular disease with a limb 

amputation, angioplasty or bypass grafting rate o f 0.11 events per patient per year 

amongst VPT recipients(186). Kalker et a l reported a 19% incidence o f lower limb 

amputation with no significant difference between SPK and kidney alone recipients(187) 

after a 56 month follow up(188). Indeed there is some evidence that carotid atheromatous 

disease progresses after pancreas transplantation(189, 190) and cerebrovascular events 

are a prominent cause o f death in 7.1 % o f SPK recipients(149).

2.2.8 Current results in clinical islet cel1 transplantation.
The Collaborative Islet Transplant Registry (CITR) holds data regarding islet cell

transplants performed at 31 centres in North America. Between 1999 and 2005, 593 islet 

infusions have been performed in 319 recipients, and detailed data is available on 225 

recipients (71%) and 425 infusions (72%). The median age o f an islet transplant recipient 

is 42.3 years with a median duration o f diabetes o f  29 years. 38% of recipients were 

maintained using an insulin pump prior to transplantation and 92.6% either had pump 

therapy or three or more insulin injections a day. 89% had basal C peptide secretion of 

less than 0.5ng per ml and 78% had an H bA lc o f 6.5% or greater(191).

Like VPT recipients, those receiving islet cell allografts can be catagorised. The recent 

majority are Type 1 diabetics who have received an islet transplant alone without a 

previous kidney transplant (ITA, n=203). In such recipients the benefit o f restoring 

euglycaemia and risks o f lifelong immunosuppression outweigh the risk o f death caused 

by their severe hypoglycaemic unawareness. The increase in ITA numbers reflects the 

efforts by islet transplant centres to replicate the success o f the Edmonton group in 

attaining insulin independence using a steroid free immunosuppressive protocol(88). 

Analysis o f CITR data shows half o f ITA recipients have some insulin independence 

within 6 months, and 49.4% within 1 year, o f their first islet infusion. Those receiving 

two islet infusions achieve higher rates o f insulin independence; 60.2% at 6 months and 

54.4% at lyear after their last infusion. So insulin independence is not yet sustained in the 

majority o f recipients, and only 67.5% o f those attaining any period o f insulin 

independence remain independent at 1 year, decreasing to 43.3% at 2 years.
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Despite a lack o f sustained insulin independence, there is a significant decline in the 

number o f patients reporting severe hypoglycaemic episodes following the first islet 

infusion (85% pre-transplant vs 2.6% post-transplant). The rate o f hypoglycaemic 

episodes remain low up to six (3.8%) and 12 months (4%) after transplantation, and all 

are reported by patients requiring exogenous insulin.

Following initial islet infusion; fasting glucose, H bA lc and C peptide secretion improve. 

Those achieving a period o f insulin independence had mean fasting blood glucose 

concentration o f 6.13 mmol/1, H bA lc o f  6% and basal C peptide secretion levels of 

l.lng/m l. This compares to 6.74 mmol/1, 6.5% and 0.41ng/ml in those who failed to 

attain any insulin independence at 1 year( 191).

Individual centres have reported results since the advent o f the Edmonton protocol. Ryan 

et al updated the original Edmonton series to report 54 transplants performed in 30 

recipients. Seventeen patients became insulin independent after infusion of at least 9000 

islet equivalents (IEQ) per kg body weight {vide infra). O f 15 consecutive recipients 

followed up for 1 year, 12 (80%) were insulin independent at 1 year(192). The National 

Institute for Health (NIH) experience was reported by Hirshberg et al. Six C peptide 

negative female patients with hypoglycaemic unawareness received intraportal islet 

transplants under a daclizumab, sirolimus and tacrolimus based immunosuppressive 

regimen. No patient required more than two islet infusions and, during a follow up period 

between 17 to 22 months, all patients reported less frequent and less severe episodes o f 

hypoglycemia and half achieved insulin independence at 1 year(193).

Shapiro et al recently reported the results o f an international multicentre study to 

demonstrate the feasibility and reproducibility o f  the Edmonton protocol. O f 36 recipients 

transplanted in 9 centres, 16 (44%) achieved insulin independence with adequate 

glycaemic control at 1 year. Though only 5 (14%) had maintained insulin independence 

at 2 years, islet graft function provided protection from severe hypoglycaemia and 

improved levels o f glycosylated haemoglobin(194).

The CITR report a smaller number o f recipients o f islet after kidney transplants (IAK, 

n=22). These are performed to improve glycaemic control in conjunction with renal 

replacement therapy for ESRF arising from diabetic nephropathy. 86.4% of recipients 

were either using an insulin pump, or having three or more daily injections of insulin, 

with a mean daily insulin requirement o f 35.7 units before the first islet infusion. 

Recipients o f a single infusion (n=5) have received a mean 12860 IEQ/kg body weight, 

those having 2 infusions (n=14) have received mean 15257 IEQ/kg and with 3 infusions
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(n=3) have had mean 22524 IEQ/kg body weight. 45.5% o f ITA recipients had 

daclizumab, sirolimus and tacromlimus based immunosuppression. At six months and 1 

year after first islet infusion, 46.7% and 42.9% respectively had achieved insulin 

independence. O f the small number who have completed six month (n=7) and 1 year 

(n=4) follow up, 46.7% and 33.3% respectively achieved insulin independence. There 

was a marked reduction in the frequency o f  severe hypoglycaemic episodes (54% before 

vs 4.5% after first islet infusion), reduced total insulin requirement (85% reduction at 6 

months and 71% reduction at 1 year), improved H bA lc titre (mean 8% pre-transplant vs 

6% at 6 months and 1 year) and increased C peptide secretion (mean 0.3 ng/ml pre

transplant vs 1.8ng/ml by 6 months and 1 year)(191). Lehmann et al previously reported 

the largest single centre series o f simultaneous islet with kidney (SIK) transplants. After a 

median follow up of 2.3 years, 80% o f recipients o f 2 or more islet infusions (n=6) had 

sustained insulin independence using a steroid free immunosuppressive protocol. This 

supports the concept that such regimens can prevent islet allograft rejection in patients 

with more advanced diabetic complications such as ESRF(195).

Prior to 2001, SIK (n=101) or IAK (n=59) were the most frequent type of islet transplants 

performed and the International Islet Transplant Registry (IITR) in Giessen, Germany is the 

most comprehensive source of data relating to this period. The University of Geissen has the 

most extensive single centre experience with SIK (n=35) and IAK (n=21), achieving 77% 

and 43% islet graft survival respectively. Mean HbAlc levels decreased from 7.8% to 7% 

and 8.5% to 6.9% in SIK and IAK recipients; and insulin requirements were reduced by a 

mean of 18U/day and 33U/day respectively. Insulin independence was achieved in ten 

patients, and no severe hypoglycaemic episodes occurred in the follow up period(196). The 

Geissen peritransplant protocol included the use of donor pancreata with less than 6 hours of 

cold ischaemia; a 1:1 donor to recipient ratio of intraportal infused islets; induction 

immunosuppression with anti T cell agents; the use of parenteral CsA; isolation media 

including antioxidants; transplantation of a minimum islet mass of 6000 IEQ/kg recipient 

mass, and finally islet cell culture to reduce islet immunogenicity. Finally, strict post 

operative glycaemic control was achieved using intravenous insulin and total parenteral 

nutrition. Where all these criteria were met 47% of recipients showed persistent graft 

function, with 29% attaining insulin independence at one year(196).

A small number o f recipients o f combined liver and islet cell allografts have also been 

reported to the IITR(196). These patients have been rendered diabetic after total 

pancreatectomy as part o f upper abdominal exenteration for extensive gastrointestinal
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malignancy. Co-transplantation with the liver offers a theoretical immunological 

advantage by increasing islet graft survival and enhancing the potential for 

tolerance(197). The largest reported series is from Miami (n=l 1) where islets were 

isolated from either the pancreas o f the liver donor (n=5) or from a third party (n=6) to 

establish an adequate islet mass. A mean islet mass o f 7938 IEQ/kg was transplanted, and 

insulin independence was achieved in seven patients for an average o f 514 days.

However tumour recurrence caused the death o f some recipients (n=4), despite them 

remaining insulin independent. Survivors with insulin independence had received a mean 

o f 6668 IEQ/kg under tacrolimus immunosuppression(198). Between 1990 and 1999, 

IITR data from all centres performing islet and liver co-transplantation shows 47% of 

recipients gaining insulin independence at one year(196). Furthermore, the high risk o f 

portal vein thrombosis and tumour recurrence after liver and islet co transplantation has 

rendered the technique o f historical interest and a surgical idiosyncrasy rather than 

established best practice.

The IITR has reported 21 islet cell transplants performed for insulin treated type 2 

diabetes or diabetes arising from liver cirrhosis, haemachromatosis or cystic 

fibrosis(196). The Miami group have reported a series o f liver and islet co-transplants 

(n=7) in insulin resistant, hyperinsulinaemic patients with cirrhosis to improve insulin 

resistance and restore normoglycaemia. Five recipients received an additional donor bone 

marrow stem cell infusion o f CD34+ cells, and all recipients received tacrolimus and 

steroid based immunosuppression. All showed a reduction in their insulin requirements 

and 2 recipients achieved insulin independence. However all recipients were C peptide 

positive prior to transplantation and had similar pre and post transplant C peptide levels. 

This infers that the islet grafts contributed minimally to endogenous insulin production 

and it is likely that the improved glucose homeostasis was due to their improved hepatic 

function as a result o f the liver component o f the graft(199).

2.3 Technical aspects o f  islet cell transplantation.

2.3.1 Islet cell isolation.

Islet isolation begins with the enzymatic digestion o f  the pancreas. This is achieved by 

intraductal distension o f the pancreas with collagenase(200-202), an enzyme mixture 

filtered from bacterial cultures o f Clostridium histolyticum(203). Crude collagenase is a 

mixture o f at least 12 component enzymes, o f which collagenase forms the major active 

constituent, and hence its production is subject to considerable batch to batch
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variation(204). Attempts have been made to purify collagenase and engineer the precise 

mixture o f enzymes required for pancreas digestion(205, 206) but it appears that synergy 

exists between the collagenase and neutral protease components o f the mixture in order to 

attain optimal digestive activity. Purified collagenases lacking neutral proteases result in 

poorer islet yields compared to the use o f  crude unpurified preparations(206); whilst 

enzyme blends with high neutral protease activity improve islet yield but are detrimental 

to islet viability and function(207, 208). For human islet isolation the semi-purified 

enzyme blend Liberase® achieves consistently superior islet yields(209). Liberase® has a 

low lipopolysaccharide endotoxin content(210, 211) and, prior to its introduction, 

reagents with a high endotoxin content, such as Ficoll and Collagenase P, probably 

contributed to the high levels o f islet allograft primary non-function(212). Studies have 

confirmed that endotoxin has a detrimental effect upon islet cell engraftment(213), 

activates proinflammatory cytokine gene expression(214), complement(215) and nitric 

oxide mediated allograft damage(216, 217). In a recent study Balamurguran et al 

demonstrated that the duration o f islet exposure to exogenous enzymes including 

Liberase HI correlated with decreased insulin secretory capacity, increased expression o f 

adhesion molecules implicated in the development o f  post transplant peri-islet 

inflammation and activation o f apoptotic pathways(218). The need to further improve the 

enzyme blend, control batch to batch variability and achieve consistently low endotoxin 

content continues to generate research interest in the optimal enzyme for human pancreas 

digestion(219). Whilst recently concerns regarding the transmission o f prion diseases 

have arisen as enzymes such as Liberase® contain bovine growth factors.

The pressure o f pancreatic ductal distension with collagenase influences islet yield(220). 

High pressure distension disrupts the integrity o f the islets allowing collagenase to enter 

the islet cells(221) and the use o f controlled perfusion devices, to maintain a constant 

ductal pressure, are now advocated by experienced islet isolation laboratories(222). The 

timing o f collagenase administration, where pancreata are subjected to periods of 

preservation, also influences islet yields(223). In a porcine model, pancreata pre-loaded 

with collagenase prior to preservation had improved in vitro islet function, but reduced in 

vivo function compared to islets from post-loaded or unstored pancreata (224). The use o f 

alternative solutions and adjustment o f pH for intraductal administration o f collagenase 

has also influenced the success o f islet isolation(225). Intraductal collagenase, dissolved 

in conventional media results in a reduced islet yield, function and viability, compared to
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dissolution o f collagenase in oxygen earring media specifically designed for intraductal 

administration(226).

After ductal distension, pancreas digestion occurs in an automated ‘Ricordi’ 

chamber(227). This allows progressive controlled mechanical dispersal o f the pancreas 

by steel spheres which collide within the chamber; disrupting the pancreas and yielding 

free islets. This involves either manual or mechanical agitation o f the chamber, though 

efforts to improve the isolation efficiency, by redesigning the chamber and incorporating 

automated agitation o f the apparatus, have not significantly improved islet yields(228, 

229). So the use o f the Ricordi chamber, by technical staff experienced in the isolation 

procedure, remains part o f the ‘gold standard’ for optimal human islet isolation.

The mechanical and enzymatic rigor o f islet isolation, and inherent islet fragility, has led 

to many efforts to modify the digestion process. Some groups have advocated the use of 

organ preservation solutions for dissolution o f collagenase, and utilise their 

cytoprotective properties to protect and improve the function o f the isolated islets. 

However, collagenase is a calcium dependent enyme, and many preservation solutions 

are calcium free, high sodium, low potassium media, which may be toxic to islets at the 

temperatures required for isolation(230). Other attempts to rationalize the digestion 

phase, simplify and reduce the cost o f the procedure have been attempted but the yields 

and functionality o f islets from such studies have not been superior to conventional 

methods(231). However, the addition o f antioxidants to isolation media may abrogate the 

detrimental effects o f islet exposure to inflammatory cytokines(232). The Geissen group 

first demonstrated a clinical benefit by including antioxidants in their peri-transplant 

protocol and Ichii et al recently reported an increase in clinically transplantable islet 

yields from UW and TLM preserved pancreata when nicotinamide was supplemented in 

processing media(233).

2.3.2 Islet cell purification.

Not all islet transplants require purification o f the islet digest and islet autotransplantation 

is frequently performed without purification to maximize the islet mass. Where the 

infused tissue mass is a very close haplotype match or is from a scarce donor source, such 

as a living related donor, islet purification may be forgone to achieve expedient 

transplantation of the maximal islet mass(234). However, most groups agree that islet 

purification is appropriate for the majority o f islet cell allotransplants(235). Advocates o f 

islet purification argue that infusing a small volume o f highly pure cells makes intraportal
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infusion safer, and much o f  the evidence for this is inferred from the adverse results o f  

some intraportal islet autotransplants. Disseminated intravascular coagulation(236), portal 

hypertension(237), visceral infarction(238), thrombosis(239) and death(236, 237) have all 

been reported following islet autotransplantation but fortunately with improved isolation 

methods and the use o f endotoxin free Liberase e® these are now rare. However, further 

support for islet purification arises from the low rates o f  graft survival from unpurified 

preparations, containing high levels o f  endotoxin and xenoprotein from unrefined 

collagenase blends(212).

Islet cell purification has been perform ed in all recent clinical series o f islet 

allotransplants and has changed little in the last decade(88, 240-242). It relies on the 

principle o f  density gradient separation using the CO BE 2991 cell processor (Figure 2-3 

and Figure 2-4)(243).

Figure 2-3. The COBE 2991 cell processor.

F igure 2-4 . D ensity gradient purification on the 
C O B E  processor.

This allows cellular components to migrate to their isodense point(244); the islets being 

less dense and therefore more buoyant in the gradient than exocrine contaminant. To 

achieve good separation o f  islets from acinar tissue there has to be good cleavage 

between them as any cellular attachm ent will affect density and purity. However, 

swelling o f the acinar tissue, a consequence o f  pancreatic preservation injury, allows non

islet cells to become less dense and contam inate the purest islet fractions o f the 

gradient(245). Storage o f  the pancreas and pancreatic digest in University o f Wisconsin 

(UW ) solution prior to islet purification reduces acinar contam ination and improves islet
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yield(246-248) and higher islet purity can also be achieved by using a continuous linear 

density gradient rather than a stepwise discontinuous gradient which was the original 

described technique(249). Important factors to consider for selecting gradient media are 

viscosity, osmolarity and endotoxin content(250, 251) and in the future media will have 

to be strictly non-toxic and endotoxin free to meet the stringent quality control criteria 

required for clinical transplantation.

Several gradient media have been evaluated but the most commonly used are Ficoll 

based; for example Ficoll(252), Euro-FicolI(253) and Ficoll-Sodium diatrizoate 

(FSD)(254). Newer non-Ficoll agents such as Nycodenz(254), Percoll(255) and Optiprep 

(iodixanol in UW solution)(256) have also been evaluated for islet purification. Recently 

Huang et al improved islet purification using Biocoll, a commercially prepared Ficoll 

derived gradient solution with very low levels o f endotoxin, diluted in UW solution to 

create linear density gradients o f 1.065 to 1.095 g/mL. Human islets purified using the 

new medium were increased in yield (435,318 vs 218,000) and viability (92.1% vs 

65.4%). More than 95% o f islets were present in discrete gradient fractions, the volume 

o f which increased from 20ml to 60ml. Islets showed good physiologic responses to 

insulin secretagogues and restored normoglycemia in a streptozotocin-induced diabetic 

severe combined immunodeficiency disease (SCID) mouse model(257). In our centre 

Biocoll gradients are now used for human islet purification and, where purification yields 

are low, additional ‘rescue gradient’ purifications are performed. Islets isolated from such 

gradients are comparable in viability, in vitro and in vivo function to conventional 

purified islets, and can increase the isolated islet mass from a donor pancreas by upto 

28%(258).

Not all centres performing islet isolation consistently produce transplantable islet 

preparations. Indeed upto 30% of isolates remain un-transplantable and the lack of 

reproducible consistently successful islet isolation remains a barrier to the widespread 

application o f islet transplantation(259). It is well known that good technique and 

practised expertise are critical to successful islet isolation. Organisation into isolation 

teams and networks allows such expertise to be maintained and shared; and can expand 

both the number o f transplantable islet preparations and recipient population(260).

2.3.3 Islet cell culture.

The majority (56%) o f recent clinical islet cell transplants have used a median 28 hour 

period o f cell culture between islet isolation and transplantation. Under careful 

monitoring o f pH, pC 02 and p02(261), and using cell culture medium(262), islets can be
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‘culture purified’. Critical to successful islet culture has been a low islet density within 

the culture vessel. This reduces islet hypoxia but means that upto 30 culture flasks are 

required for each pancreas processed. Recent modifications to culture flasks 

incorporating an oxygen permeable silicone rubber membrane base have allowed islets 

from a whole pancreas to be successfully maintained at high culture densities for upto 48 

hours with no decrease in islet viability(263).

During islet culture residual non viable acinar tissue, remaining within the purified islet 

fraction, dies allowing the islet fractional purity to increase. This period also allows 

pooling o f islets from multiple donors to achieve an optimal islet mass and the potential 

for islet modification by gene and protein transduction methods to alter islet phenotype 

and immunogenicity(264, 265). Furthermore there is increasing evidence that ex vivo islet 

expansion can be achieved to potentially increase the islet yield beyond that o f the 

original donor pancreas and allow transplantation o f multiple recipients from single donor 

pancreata(266-268). Hering et al demonstrated clinical success by transplanting cultured 

islets from two layer method (TLM) preserved pancreata (vide infra 3.4.4) using single 

donors. Under induction immunosuppression with a humanized anti-CD3 monoclonal 

antibody (hOKT3g.i) and maintainance therapy with sirolimus and low dose tacrolimus; 4 

out o f 6 recipients achieved insulin independence with normal H bA lc levels and no 

episodes o f hypoglycaemia(269). Similarly, Froud et al recently reported insulin 

independence rates o f  79%, 43% and 43% at 12, 18 and 33 months after 1 or 2 infusions 

o f cultured human islets under a steroid free immunuosuppression regimen (270).

2.3.4 Islet cell viability.

Current methods o f islet viability assessment and quality control do not accurately 

quantify islet viability prior to transplantation though several techniques have been 

investigated.

Brazda et al described the increasing concentration o f  amylase in preservation solutions 

as a valid ‘surrogate’ marker o f  whole pancreas graft viability. High concentrations were 

a strong indicator o f exocrine tissue destruction and showed good correlation with graft 

viability assessed by acridine-orange staining. They demonstrated differences in pancreas 

viability following Euro-Collins (EC) and UW solution preservation with significantly 

lower amylase concentrations following 4 and 8 hour UW cold storage (6.45 IU/g vs. 2.2 

IU/g and 11.5 IU/g vs. 3.58 IU/g respectively). The authors o f the study suggested that 

the time and cost saving implications o f such a test, as a surrogate marker o f subsequent 

islet viability, could be considerable(271). Dye testing for membrane integrity(272-274)
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and colorimetry(275) assays can distinguish dead from living isolated islets but give no 

information about islet function. Similarly confocal microscopy(276, 277) and laser 

scanning cytometry(278) show the integrity o f  islet cells but give no functional 

assessment, and are time consuming and expensive. A pre-isolation histomorphometric 

assessment o f islet density and size in the pancreas has been shown to correlate well with 

yield and successful islet xenotransplantation; but again is time consuming, labour 

intensive and, as yet, untested in the human clinical donor pancreas(279).

In vitro functional measures such as perifusion(280) and static glucose incubations imply 

information about islet function but give no measure o f  in vivo graft function(281, 282). 

To assess in vivo function there is reliance upon ‘bioassays’ using xenotransplantation 

into diabetic athymic nude rodent models(283-285). These do not necessarily reproduce 

the situation in the human allotransplantation and are impractical when there is an 

urgency to transplant fresh islet cells to optimize graft function(286).

Papas et al recently described a technique to predict the in vivo function o f  transplanted 

islets by ex vivo measurement o f islet oxygen comsumption. This was 89% sensitive and 

77% specific for predicting successful reversal o f  diabetes in the nude mouse model and 

the authors advocated its use in place o f this standard bioassay o f  islet viability and 

function(287). The same group used nuclear magnetic resonance spectroscopy to show 

alterations in oxidative metabolism during simulated islet transportation and 

storage(288). Armann et al recently described the use o f  a luminol based assay to 

determine the production o f  reactive oxygen species (ROS) by isolated islets.

Comparison with conventional measures o f  necrotic cell death, mitochondrial membrane, 

ATP:ADP and insulin secretory capacity confirmed a correlation between ROS 

production with the percentage o f  apoptotic cells and their functional potency in vivo .

The authors proposed the new assay as a further surrogate measure o f islet quality prior to 

transplantation(289). However, technical expertise and resources to allow such 

assessments prior to clinical islet transplantation is beyond the capacity o f the standard 

isolation laboratory.

Islet viability and function after transplantion have historically been determind by the 

recipients ongoing insulin requirement, C peptide secretion and improved gylcaemic 

control. The ‘beta score’, a more formal clinical assessment o f  post-transplant function 

which incorporates all o f  these factors, has been found to correlate well with graft 

response to a glycaemic challenge(290).

To date, clinical human islet transplantation lacks a suitable early marker o f graft 

rejection. Though the liver is accessible to allow biopsy, identification and monitoring o f
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intraportal islet grafts if  needed (291, 292). Such biopsies are not used routinely for the 

diagnosis o f  rejection as it risks bleeding and a poor yield o f  islet tissue in the biopsy 

sample in ITA recipients. Recently a promising ‘surrogate marker’ o f  islet graft rejection 

has been detection o f  insulin mRNA by reverse transcriptase polymerase chain reaction 

(RT-PCR) in the peripheral circulation. This coincides with the release o f  p cells into the 

circulation during acute rejection o f  intraportal islet allografts and may abrogate the need 

for invasive graft biopsies(293). Another method has used real time PCR analysis o f  

mRNA transcripts for the cytoxic lymphocyte genes granyme B, perforin and FasL. 

Elevated mRNA transcript levels in peripheral bool, particularly o f  granzyme B, were 

predictive o f islet graft rejection up to 197 days prior to the appearance o f  

hyperglycaemia and increased insulin requirements in a non human primate model(294). 

Similar analysis o f  mRNA transcripts in human (n=8) islet allograft recipients showed 

elevation 25 to 203 days before the onset o f  hyperglycaemia, and may be a means to 

predict islet allograft failure at a subclinical stage(295).

2.3.5 Islet transplant site and the inflammatory response.

The intraportal site is the commonest site for clinical islet cell transplantation. Both CITR 

and IITR data show that all recipients attaining insulin independence received intraportal 

islet transplants(191, 196). The intraportal site is used by default, in the absence o f  

another alternative site, but has important clinical advantages and disadvantages. 

Cannulation o f the portal vein for islet transplant infusion is achieved easily under local 

anaesthesia with fluoroscopic guidance(89). Intraportal islet grafts secrete insulin into the 

portal sinusoids mimicking the physiological pancreatic secretion o f insulin into the 

portal system seen in vivo(296, 297). However, localized high insulin concentrations 

around transplanted islets can cause glycogen deposition and microvesicular steatosis in 

the periportal region(87, 298). The consequence o f  this on islet viability and long-term 

function is unknown, though embolisation o f  islets into liver sinusoids also induces focal 

hepatic necrosis which contributes to islet graft failure(299). Additionally, studies o f  

intraportal islet auto transplants show a normal albeit blunted biphasic insulin response to 

glucose(300, 301) with less hepatic insulin extraction(301) and possibly overspill o f  

insulin into the systemic circulation(297). Hypoglycaemia induced glucagon responses 

have also been suboptimal with intraportal islet grafts in both dogs(302) and humans(300, 

301,303, 304).

The composition o f  portal blood has implications for intraportal grafted islets. They 

become exposed to supra-physiological concentrations o f  potentially damaging cytokines
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released from the gut(305, 306) and intraportal nitric oxide(217) which can mediate islet 

damage. Oral administration o f  immunosuppressive drugs also means that intraportally 

grafted islets are exposed to elevated and potentially toxic levels o f immunosuppression 

compared to systemic blood levels(307).

In VPT, completion o f  arterial and venous anastomoses mark the end o f ischaemic 

hypoxia but this is then followed by an injurous period o f  reperfusion. However, as a 

cellular transplant, islets have a more protracted period o f  ischaemia with no direct blood 

flow during the immediate post transplant period. Indeed, in the first 48 hours following 

transplantation the capillary bed o f the islet collapses and is expelled from the graft(308) 

leaving minimal or no donor endothelial tissue(309). At this point islet perfusion is 

dependent upon portal sinusoid endothelial vasoconstriction and vasodilatation. Within 

24-48 hours, expression o f  vascular endothelial growth factor (VEGF) is 

upregulated(310). This appears critical to establishing islet neo-vascularisation and the 

prescence o f  exogenous VEGF enhances the oxygenation o f islet grafts, inhibits the 

generation o f the allogeneic immune response and prevents islet necrosis and 

apoptosis(311). Indeed islet adenoviral transfection to increase the endogenous 

expression o f VEGF is a potent means o f  inducing resistance against inflammatory 

cytokine induced apoptosis whilst retaining in vitro glucose stimulated insulin secretion 

and islet viability(312). Perfusion o f  the graft is not achieved until the process o f neo- 

angiogenesis has established new capillary networks o f host origin(313). This begins as 

early as 7 days, and is well established after 10 to 14 days, after transplantation(314,

315). The most obvious consequence o f delayed arterial reperfusion is hypoxic injury to 

islets which causes islet death and dysfunction(316, 317). Normally the oxygen saturation 

and tension o f hepatic arterial and portal venous blood are 96% and 15.2 kPa, and 85% 

and 13.2 kPa respectively(318). Experimental studies have shown significantly reduced 

oxygen tensions in intrahepatically transplanted islets compared to native islets or whole 

pancreas transplants(319-321) though, interestingly, this hypoxia lasts up to 9 months; 

way beyond the time required for revascularization o f  the graft(322). Centrally located p 

cells may be more at risk from hypoxia due to limited diffusion o f oxygen and 

nutrients(323) and the administration o f hyperbaric oxygen improves graft function in 

animal models o f islet transplantation by abrogating this hypoxic injury(324, 325). Islets 

remain at risk, even in circumstances when graft oxygenation can be rapidly restored, 

from hypoxic-reoxygenation injury. In vitro experiments have shown a significant 

reduction in apoptotic cell death when islets are co- cultured with agents to abrogate H-R 

injury(326).
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The intra-portal m icroenvironment dictates the components o f the early innate and 

antigen specific immune responses to which islets are exposed. This comprises o f 

controlling the peri-islet inflammatory response, through the mobilisation o f leucocytes, 

activation o f  intrahepatic Kupffer cells and activation o f ‘resident macrophages'. 

Mobilisation o f leucocytes into islet grafts is achieved by the release o f leucocyte rolling 

receptors from the sinusoidal endothelium(327) and islet expression o f adhesion and co- 

stimulatory molecules which cause leucocyte adherence, diapedesis and infiltration into 

the graft(328). Indeed, islets may be predisposed to early destruction by infiltrating host 

leucocytes as they express adhesion molecules as a result o f  cytokine upregulation, 

hypoxia or after cell culture following isolation(329-332). Blockage o f adhesion 

molecules on islets by antibodies or antisense oligonucleotides is known to prevent islet 

graft rejection(333) and improves the early function o f islet allografts(334).

O f relevance to intrahepatic islet transplantion is activation o f Kupffer cells, the resident 

macrophages o f the liver which injure cells through the release o f free radicals or 

secretion o f inflammatory cytokines(335). Bottino et al confirmed Kupffer cell activation 

following intrahepatic islet transplantation by elevated levels o f Kupffer cell secreted 

TN Fa and interleukin 6 (IL-6). This trend was reversed after hepatic macrophage 

depletion(336). Endotoxin contamination o f  islets, due to persisting residual collagenase, 

causes Kupffer cell activation and pro-inflammatory' cytokine production(212) whilst 

necrosis o f co-transplanted acinar tissue releases inflammatory mediators which further 

activate Kupffer cells, cause foreign body giant cell reaction in islet grafts and decrease 

islet viability(337).

Islets themselves contain ‘resident m acrophages’ o f donor origin which are important 

potential mediators o f  islet injury and destruction(338-340). They are an intraislet source 

o f  IL-1B(341) and iNOS(340) and respond to proinflammatory stimuli such as TNFa, 

IFNy and LPS(342). Culture conditions which are toxic to resident macrophages result in 

decreased cytokine stimulated iNOS expression and NO production from islets(341, 343). 

After 7 days in such conditions, IFNy exposure causes no cytotoxicity whereas islets not 

depleted o f resident macrophages are destroyed(344).

Clinically immunosuppressive regimens have been designed to reduce the production o f 

inflammatory cytokines arising from islet grafts and in response to intrahepatic 

engraftment. Froud et al report insulin independence rates, comparable with using the 

Edmonton steroid free protocol, after 1 or 2 infusions o f cultured human islets under an 

anti-TNFa monoclonal antibody (Infliximab) induction regimen(270).
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Intrahepatic islets exist in a pro-thrombotic milieu. Expression o f TNFa and IL-lfl, by 

both islets and hepatic Kupffer cells, results in increased expression o f endothelial cell 

factor VII, thromboplastin and platelet activation factor. Additionally tissue factor, a 

membranous glycoprotein which activates the extrinsic clotting cascade, is expressed by 

Kupffer cells, hepatic sinusoidal endothelium and islets after stimulation with IL-1B, 

TNFa, LPS or immune complexes(345, 346). Moberg et al confirmed an increase in 

tissue factor expression which caused production o f thrombin, platelet activation and 

aggregation and the development o f  a fibrin capsule around the islets(347, 348); a process 

now termed the in stan t blood mediated inflammatory reaction’ (IBMIR)(349). The 

stystemic administration o f low molecular weight dextran showed a dose-dependent 

inhibition o f  IBMIR with inhibition o f  coagulation and complement activation and 

reduced consumption o f platelets. Though this treatment can be easily monitored using 

the APTT ratio it exposes the recipient to the risk o f bleeding(350). Similarly Ozmen et 

al successfully prevented IBMIR in vitro using a specific thrombin inhibitor. This 

showed a dose dependent reduction o f  active coagulation and complement components, 

reduced leucocyte graft infiltration and maintained islet m orphology(351). Cabric et al 

recently reported a method to conjugate heparin complexes to the surface o f  islets. This 

successfully prevented IBMIR in vivo and avoids the need for systemic administration o f 

anticoagulants(352). There is close correlation between the duration o f donor pancreatic 

warm ischaemia and the expression o f tissue factor. Tissue factor levels can be reduced 

by administration o f the anti-oxidant nicotinamide(353) and may be a useful surrogate 

marker to predict IBMIR in islet grafts prior to islet isolation(354).

Alternative sites for islet transplantation have been extensively studied. Canine 

autotransplantation studies using the intrasplenic site show a normal or exaggerated 

hypoglycaemic glucagon response(355). Similarly intrasplenic islet transplants in non

human primates have a capacity for inducing prolonged normoglycaemia(356, 357). 

However, experience with human intrasplenic islet autotransplantation has occasionally 

resulted in infarction or thrombosis requiring splenectomy; and intrasplenic islet grafts 

cannot be biopsied safely using percutaneous techniques. The renal subcapsular site is 

frequently used in small animal models o f  islet cell transplantation(358) but is unlikely to 

be adopted clinically. Human islet recipients have a preponderance o f  diabetic renal 

microangiopathy which could jeopardize renal subcapsular neo-angiogenesis.

Additionally the renal subcapsule results in low islet cell oxygen tension(319) and the 

systemic secretion o f  insulin from this site does not mimic the physiological situation. 

Comparable graft function is attained using an omental pouch which allows the islet graft
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to be transplanted, and explanted if required, with relative ease(359). Immune privileged 

sites, such as the thymus(360) and testis(361), have been studied for islet transplantation 

in the hope that a state o f donor specific tolerance may be achieved. Though successful, 

with intrathymic islet injection, in the animal model(362, 363) it has yet to be reproduced 

clinically.

2.3.6 Adequacy o f  islet mass.
It is difficult to determine the number o f  islets required to achieve insulin independence. 

Much o f  the information is inferred from patients having partial pancreatectomy, 

however islets are distributed unevenly with high numbers o f small islets in the head, and 

moderate numbers o f larger islets in the tail o f  the gland(364). Inherently, such pancreata 

are pathological and the number and distribution o f islets therein may not accurately 

reflect those in a healthy donor pancreas. Nevertheless, seventy two percent o f patients 

having resection o f greater than 80% o f the pancreatic mass, and 32% where a less 

aggressive resection is performed, develop post-operative diabetes(365). Donors for 

living related pancreas transplantation have a less extensive segmental pancreatectomy 

with a 15% risk o f developing impaired glucose tolerance as a result o f  the loss o f this 

islet mass(366). Using the tail o f the resected human pancreas, Matsumoto et al achieved 

an islet yield sufficient for transplantation(367) and have now reported the first successful 

live donor clinical human islet transplantation using 8100 IEQ/kg(234). Using more 

selective donor criteria including a supra-physiological insulin response to arginine 

stimulation, it is hoped that rates o f glucose intolerance in donors can be reduced. 

Variation in islet size, function, viability and engraftment makes comparison o f absolute 

islet numbers between recipients and studies largely uninformative. To standardize the 

measure o f transplanted islet mass, infusions are defined according to the number o f islet 

equivalents per kilogram o f recipient weight, based on a mean islet diameter o f 150 pm. 

Autotransplantation with an islet mass o f only 1000 IEQ/kg can achieve insulin 

independence(368) and a series from Leicester reported a median islet requirement o f 

2020 IEQ/kg to achieve a low H bA lc concentration (6.6%) and C peptide secretion 

(0.66mg/ml) following autotransplantation(369). However, the addition o f allogeneic and 

autoimmune responses in Type 1 diabetes results in increased islet cell loss and decreased 

engraftment because o f rejection and recurrent insulitis. Consequently the islet mass 

requirements for SIK and IAK allotransplants were originally estimated to be 5000 

IEQ/kg and 8000 IEQ/kg respectively(196). The original series o f allografts under the 

Edmonton protocol deemed this an underestimate and advocated infusion o f at least 

1 lOOOIEQ/kg in ITA recipients(88).
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IITR data comparing recipients o f less than 6000IEQ/kg (n=78) and greater than 

6000IEQ/kg (n=146) show C peptide secretion in 67% vs 78% (n=52 vs 114) and one 

year insulin independence in 5% vs 22% (n=4 vs 32)( 196). Similar CITR data, relating 

graft function to infused islet mass, show that 69% o f those infused with more than 5500 

IEQ/kg had C peptide secretion and/or insulin independence by 6 months, but only 60% 

o f  those infused with less than 5500 IEQ/kg achieved this. By 1 year 72% o f recipients 

having a higher transplant islet mass had sustained C peptide secretion whilst only 42% 

o f  those with a lower islet mass remained C peptide positive(191).

Some authors view IEQ as wholly inaccurate for measuring the transplanted islet mass, 

arguing that dithizone which is used to stain insulin positive particles may non 

specifically stain non-insulin containing cell types. A variable amount o f  exocrine 

contamination then overestimates the IEQ size o f the graft. Equally, under culture 

conditions, non-endocrine tissue can take up dithizone whilst p cells lose dithizone 

staining through insulin degranulation (370). Kemeulen et al recently published the 

results o f ‘P cell transplants’ using cultured islets with an anti-thymocyte globulin (ATG) 

induction protocol and MMF and tacrolimus based maintainence regimen. Non uraemic 

patients with Type 1 diabetes received between 0.5 and 5.0 xlO6 insulin positive p 

cells/kg body weight via intraportal infusions. Sixteen o f  17 patients receiving more than 

2 xlO6 p cells had graft function at 2 months but 0 o f 5 who received fewer p cells had 

graft function. O f 20 recipients who had at least 1 infusion o f >2 xlO6 p cells, 17 had 

maintained graft function with improved metabolic glycaemic control 1 year after 

transplantation. This supports the concept that the number o f infused p cells is closely 

correlated with metabolic graft function, and a minimum o f 2 million p cells/kg body 

weight is required for prolonged graft function(371).

Hyperglycaemic clamp studies have demonstrated that the insulin secretory capacity o f 

functioning islet grafts is only 25% that o f  age and sex matched controls(371) and, 

despite an adequately infused cell mass and insulin independence, the p cell reserve in the 

face o f  potential alio and autoimmune mediated rejection is considerably reduced. Ryan 

et al used a Kaplan -M eier survival analysis on the Edmonton series o f recipients which 

also showed a progressive decline in islet graft function (372). So it is likely that the islet 

mass required to sustain long-term insulin independence without islets ‘burning out’ is 

considerably higher than originally proposed.

Clearly transplantation o f  an adequate islet mass is crucial to the success o f islet cell 

transplantation and this currently appears to be only achieved by ‘sequential’ transplants 

with islets isolated from more than one donor pancreas. However, recently there have



- 6 2 -

been successful islet transplants using single donor pancreata. Hering et al used a 

humanized anti CD3 monoclonal antibody (hOKT3g.i) induction agent, TLM pancreas 

preservation method and islet cell culture to achieve long-term insulin independence 

(n=3) and freedom from hypoglycaemic unawareness in all recipients 5 out o f 6 

recipients(269).

2.3.7 Imm unosuppression and rejection.
Allorejection o f  islet grafts arises from expression o f MHC Class I antigens on the islet 

cells themselves, and MHC Class II antigens on ‘passenger leucocytes’ within the islet 

graft(373). A T cell mediated alloreactive response occurs either by ‘indirect’ antigen 

processing and presentation by host antigen presenting cells (APC); by ‘direct’ 

stimulation and T cell clonal expansion in regional draining lymph nodes mediated by 

donor APCs(374, 375) or by ‘antibody dependent cellular cytotoxicity’ mediated by the 

presence o f  alloantibodies in previously sensitized patients(376).

The initiators and modifiers o f the allogeneic response are cytokines secreted from the 

APCs and T lymphocytes. These mediate islet graft PNF and rejection(377, 378) and are 

directly detrimental to glucose stimulated insulin release from islets(379, 380). 

M anipulation o f the cytokine response following using monoclonal antibodies, 

antioxidants and phosphodiesterase inhibitors have produced conflicting and inconsistent 

results(381).

An alternative approach is to attempt to induce donor specific tolerance to islet grafts in 

the recipient. Immunomodulation was historically used to modify islet immunogenicity 

by deletion o f passenger leucocytes from the islet graft(382) and techniques have 

included islet low temperature culture(309, 383), gamma(384, 385) and ultraviolet 

irradiation(386-388) and the use o f  depleting monoclonal antibodies to delete or mask 

donor dendritic cell HLA antigens(389-391). Although tolerance has been achieved in 

small animal models, it is dependant upon the animal strain combinations used, and most 

experiments have required immunosuppressive drugs as well as leucocyte depleting 

immunomodulation o f  the graft to prevent rejection.

Conventional immunosuppressants such as CsA(392), azathioprine(393) and 

prednisolone(394) are unsatisfactory for islet transplantation. They are toxic to (3 

cells(395), impair insulin secretion(393, 396) and induce a state o f insulin insensitivity in 

peripheral tissues(397). Their mandatory use during the lifetime o f the graft incurs risks 

including malignancy, nephropathy, infection and hypertension. Nevertheless historical 

immunosuppressive regimens for islet transplantation were based around a ‘triple
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therapy’ combination o f azathioprine, prednisolone and CsA with either ATG or OKT3 

induction agents(383, 398, 399).

It is hoped that alternative agents may improve immunosuppression regimens. Based on 

achievements after renal, hepatic and thoracic transplantation(400, 401) tacrolimus 

(FK.506) was soon introduced for islet transplantation. However, tacrolimus is known to 

be more diabetogenic than CsA(402) through the direct inhibiton o f insulin mRNA 

transcription(403). Indeed upto 20% o f renal transplant recipients receiving tacrolimus 

based immunosuppressive regimens are rendered diabetic. Deoxyspergualin, which has 

inhibitor}' effects upon macrophage activity(404, 405), has also been used with success 

after clinical islet transplantation(406) and is associated with reduced p cell inhibition in 

both human and rodent models(407). Other agents with low p cell toxicity include MMF 

and the enteric coated derivative M yfortic(408, 409), leflunomide(410, 411) and 

FTY720(412). Hering et al recently reported successful long-term islet 

xenotransplantation using a combination o f  FTY720, everolimus and leflunomide 

combined with anti-CD25 and CD 154 monoclonal antibody induction. However the use 

o f  such potent combined immunosuppression in a clinical setting remains untested(413). 

The most recent, and most successful, agent in clinical islet transplantation has been 

sirolimus(88, 414) used in conjunction with low dose tacrolimus. These agents act 

synergistically, allowing the dose o f  potential nephrotoxic, neurotoxic and diabetogenic 

calcineurin inhibitors to be reduced, whilst preventing acute allorejection(415, 416). 

Despite a side effect profile including myelosuppression, hyperlipidaemia and 

predisposition to infection; sirolimus (trough concentration 12 to 15 ng/ml for 3 months 

then 7 to 10 ng/ml thereafter) with reduced dose tacrolimus (trough concentration 3 to 6 

ng/ml) formed the maintainance regimen for the Edmonton protocol. Shapiro et al first 

reported the successful use o f this steroid free immunosuppressive protocol to achieve 

short term insulin independence in seven recipients o f intraportal islet transplants. 

Though the novel immunosuppressive regimen undoubtedly contributed to their success, 

the peritransplant protocol also included early harvesting o f the pancreas from strictly 

selected donors, minimization o f  pancreatic cold ischaemia time, the use o f endotoxin 

free human liberase for pancreas digestion, induction immunosuppression with a 

humanized interleukin 2 receptor antibody (Daclizumab) and sequential allografting with 

a donor to recipient ratio o f  at least 2:1 to achieve an islet mass o f at least 11000 

IEQ/kg(88).

CITR data show that 61.1% of recent recipients have received a regimen that replicated 

the Edmonton protocol but a number o f other induction agents including infliximab
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(8.4%), alemtuzumab (4.4%), 15-deoxyspergualin (2.5%) and ATG (1.5%) have been 

used. O f note only 4.5% have received steroid immunosuppression as induction or 

maintainence agents. Furthermore a significant number o f recipients are maintained on 

tacrolimus and MMF (6.1%), sirolimus and MMF (3.7%) or a combination o f all three 

agents (8.0%); though information on the maintenance regimen in 25.8% o f recipients is 

not known. Notably there is recent evidence to suggest that sirolimus may also be 

harmful to islets and it is imperative that future immunosuppressive regimens be totally 

devoid o f  calcineurin inhibitors to prevent their diabetogenic effects(417).

2.3.8 A u to im m un ity  a n d  islet cell transplantation.
Recurrent autoimmune mediated islet graft loss resembles the insulitis o f early Type 1 

diabetes(418). Stegall et al reported three cases o f islet allograft autoimmune destruction 

in identical twin sibling recipients without immunosuppression, and a further case in an 

HLA identical non twin sibling allograft treated with low dose CsA(419). Jaeger et al 

observed the persistence and recurrence o f  autoantibodies in immunosuppressed 

recipients o f  islet transplants. This suggests that immunosuppression sufficient to prevent 

allorejection is inadequate in preventing autoimmune mediated islet graft loss in some 

recipients(420). Where recipients are autoantibody negative prior to transplantation and 

subsequently seroconvert; the islet allograft is potentially exposed to autoimmune 

mediated rejection. In such situations serological monitoring o f recipients for the 

prescence o f autoantibodies may be a means o f  determining islet grafts at risk(421). 

Conventional immunosuppressants can alter the progression to diabetes, and new agents 

may yet prevent both autoimmune recurrence and  allorejection. Patients with early type 1 

diabetes are occasionally treated with calcineurin inhibitors. Though it seems absurd to 

expose a failing residual islet mass to a drug known to decrease insulin secretion, 

promote insulin resistance and directly cause P cell damage; the beneficial effect o f these 

drugs upon the course o f autoimmune mediated p cell damage is well known(422, 423). 

Cyclosporin, administered in the early phase o f Type 1 diabetes, delays the progression 

towards insulin dependence and is associated with a reduction in islet autoantibodies and 

maintenance o f normal C peptide levels(424). However, double blinded, placebo 

controlled studies show no beneficial effect o f CsA in preserving p cell function, and 

have highlighted concerns over the administration o f such nephrotoxic agents to patients 

with potentially impaired renal reserve. Similarly the onset and severity o f autoimmune 

diabetes in animal models can be prevented using sirolimus(425, 426), FTY720(427) and 

leflunomide(428), though no large long-term trials o f their efficacy in clinical 

autoimmune diabetes are available.
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2.3.9 Stem  cells and islet cell transplantation.

The widespread application o f islet cell transplantation is limited by the low number o f 

donor pancreata. As the techniques o f both VPT and islet transplantation improve there is 

likely to be competition between the two modalities for donor pancreata, an increasing 

number o f  potential recipients but a static donor organ pool. It is necessary, therefore, to 

explore alternative sources o f insulin secreting cells for transplantation(429).

The concept o f artificially engineering an insulin secreting p cell at low cost, in unlimited 

numbers and in a pathogen free environment is not new. Groups have been successful in 

producing such cells from tumour(430-432) and genetically transformed cell lines(433- 

436) arising from both pancreatic and neuroendocrine tissues(437). Although clonal 

proliferation o f large numbers o f  cells is observed, their use for transplantation has 

several drawbacks. Firstly such transformed cells retain a potentially neoplastic 

phenotype and consequently pose a theoretical risk to the recipient. Secondly, the 

function o f such cell lines may not exactly mimic the exquisite physiological responses 

seen in islets. A maximal response at lower threshold glucose concentration, together 

with a progressive loss o f insulin secretion and synthesis has been observed in engineered 

P cell lines(438).

It is possible to harness the innate proliferation o f  human fetal tissues to produce a 

genetically modified clonal cell line which shows a glucose sensitive insulin 

secretion(439-441). This has been most successfully reproduced in neonatal islets cells in 

sufferers o f persistent hyperinsulinaemic hypoglycaemia in infancy which show an 

insulin secretion within the normal range(442).

A topical and exciting area lies in the developm ent o f insulin secreting cells from 

embryonic stem cells. The molecular mechanisms controlling the embryology o f the 

pancreas by various transcription factors can be controlled at several levels(443, 444).

The first stage o f development under the influence o f the embryonic notochord, and the 

second stage under the control o f  mesenchyme derived factors, can be influenced to allow 

insulin secreting cell production. This has been achieved using both embryonic 

pluripotential stem cells(445) and adult islet progenitor ductal cells(446).

The use o f stem cells has several disadvantages. Firstly, the ‘directed differentation’ o f 

embryonic stem cells into insulin secreting cells is not easily achieved. Endodermal 

derivatives such as pancreas, liver, and intestine have proved difficult tissues to produce, 

requiring precise and controlled differentiation protocols(447). Furthermore such 

differentiation yields a mixture o f cell types requiring further purification. Purification is 

based on using cell surface markers and fluorescence activated cell sorting or genetic
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selection using marker genes to confer antibiotic resistance(444, 448, 449). Despite cell 

purification, the insulin producing cells may require a period o f maturation before their 

phenotype is adequately established. This is certainly a feature o f those derived from 

embryonic stem cells which display variable characteristics according to the presence o f 

growth and differentiation factors(450, 451), and the surrounding glucose 

concentration(452). Concerns have been made regarding the stability o f  the phenotypes 

o f  such insulin secreting cells. Prior to use in transplantation, the cells would need to 

demonstrate a consistent and reproducible phenotype with no potential for malignant 

transformation or teratoma formation. It would also be advantageous to manipulate the 

immunogenicity o f engineered cells before transplantation. Through the use o f stem cell 

derivatives it may be possible to generate a clonal cell line mimicking the recipients own 

|3 cells. This would effectively make the procedure an ‘autologous’ transplant, and allow 

immunosuppression to be discontinued. Gaur et al recently published a report o f 

successful withdrawal o f immunosuppression where CD34+ enriched/CD 18+ depleted 

stem cells were co-infused with allogeneic islets to graft function and survival in a non 

human primate model(453).

A further advance in stem cell research has been the advent o f nuclear transfer o f adult 

DNA into enucleated embryonic stem cells(454), and the ability to reverse the 

phenotypes o f adult tissues towards their pluripotential stem cell stage(455). Both these 

techniques have the potential to allow the generation o f  autologous cellular grafts for 

transplantation. The latter technique to generate ‘adult stem cells’ has further advantages 

in avoiding the bioethical issues surrounding the use o f embryonic tissues for stem cell 

research. Indeed Todorov et al recently reported the isolation o f pluripotential progenitor 

cells from the discarded tissue following islet isolations(456).

2.3.10 Islet Xenotransplantation.

Much research has examined the use o f  islet tissue from other species for human 

‘xenotransplantation’. This has important implications as it may provide a potentially 

unlimited source o f donor islet tissue. Despite some success in vascularised whole organ 

xenotransplantation, the use o f cellular xenografts such as islets raises some unique 

problems that need to be addressed(457).

For whole organ xenotransplantation there is a need to choose a donor species with 

morphologically and physiologically similar characteristics to the recipient. Where a 

cellular transplant is performed the gross morphology o f  the original organ is a less 

important consideration. This would initially be seen as advantageous, allowing a large
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number o f  potential donor species to be considered. Cellular xenotransplantation, 

however, is still hindered by the considerable immunological barriers between some 

donor and recipient species combinations. Studies o f vascularised xenotransplants have 

demonstrated complement mediated hyperacute rejection (HAR) to be the first insult to 

the graft(458). This arises due to the binding o f xenoreactive preformed natural 

antibodies (PFNAs) to antigens present on the graft vascular endothelium(459-461), and 

results in endothelial activation(458) with graft haemorrhage, oedema, inflammation and 

thrombosis(458). Cellular xenotransplants, however, are avascular and as such contain no 

donor endothelial tissue(462, 463). As a result they are relatively resistant to HAR but are 

destroyed by a later process o f  cell mediated delayed xenograft rejection (DXR)(464). 

DXR arises due to ‘direct’ and ‘indirect’ presentation o f xenoantigens to host T cells by 

donor and host APCs respectively(465). During ‘direct’ presentation, donor APCs within 

the graft express xenoantigen-MHC II complexes. It is the recognition o f these by host 

CD 4+ T cells which induces the production o f  effector molecules and later clonal T cell 

activation against the presented antigen. Pivotal to this method of antigen presentation is 

the recognition o f  donor MHC as foreign. Where a large species disparity exists this 

recognition may be inefficient resulting in a less aggressive T cell response and 

prolonged xenograft survival(466). Conversely, homology between donor and recipient 

MHC will also fail to induce an aggressive T cell response, and it is thought that this may 

explain the survival o f  porcine to human xenografts(467). Furthermore, strategies to 

immunomodulate islet xenografts and deplete donor APCs should theoretically allow 

increased graft survival by preventing direct antigen presentation(468). Unfortunately 

extended xenograft survival has not proved so straightforward.

The ideal for xenotransplantation is to establish immune tolerance allowing 

immunosuppression to be stopped. This has been achieved in rodent models through 

donor lymphoid cell infusion with and without total body irradiation(469, 470). However, 

such irradiation is not without side effects and successful xenogeneic bone marrow 

engraftment in large animals has proved difficult to achieve. Even where xenogeneic 

chimerism has been established the survival o f islet grafts has been brief(471).

Attempts to prolong islet xenograft survival through encapsulation in biocompatible 

membranes have produced varying success amongst discordant models in both smal 1(472, 

473) and large animals(474, 475). A feature o f most failed encapsulated grafts is the 

formation o f pericapsular fibrotic tissue. This forms as a result o f  the bioincompatability 

o f  the alginates within the capsule, and the indirect cell mediated response that cannot be 

abrogated by encapsulation. Consequently recipient anti CD4 monoclonal antibody
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therapy is required for successful long term engraftment o f encapsulated islet 

xenografts(476).

The recent interest in transgenic animals for human transplantation has widespread 

implications for vascularised organ xenotransplants. Such animals are engineered with 

deliberate genomic alterations, deletions and inclusions o f human cDNA. These nuclear 

changes are phenotypically expressed as absence o f  xenoantigens or complement 

regulating protein production(477). As xenoantigen recognition and complement 

activation plays the pivotal role in the HAR response to xenotransplantation, it is hoped 

that this aggressive response can be dampened by transplanting organs from transgenic 

animals(220, 478-481). Such grafts are still subject to DXR and islet cellular xenografts 

from such animals may still be subject to this form o f cell mediated rejection. A recent 

study o f adult and fetal islets from transgenic pigs has showed a reduced expression o f 

human decay accelerating factor (hDAF), a regulator o f complement activity. In vitro 

protection against complement mediated cell lysis was seen when such transgenic porcine 

islets were exposed to fresh human serum(240).

The potential transmission o f zoonotic disease when performing xenotransplantation will 

need to be addressed as the technique develops. The risk o f viral transmission is o f 

particular concern when non-human primates are the donor species. Many unclassified 

simian viruses exist, with unknown potential to infect the immunocompromised human 

host(482). The use o f  porcine donors reduces the potential number o f infecting viruses 

although several pathogens are thought to be transmissible(483). More concerning is 

infection by porcine endogenous retroviruses which replicate after permanent 

incorporation into the host genome(484). Although transmission has been demonstrated 

in vitro, it is thought that this happens less readily in v/vo(485). Human recipients o f 

porcine islet xenografts have not demonstrated retroviral infection(486). However the 

routine screening o f  potential xenografts shall be required to minimize the risks o f cross 

infection.

2.4 Conclusion.
Vascularised whole pancreas transplantation is an established treatment that restores 

endogenous insulin secretion, achieves insulin independence and physiological 

euglycaemia in suitable recipients. It has recognised long-term benefits for some o f the 

complications o f diabetes but also has potentially lifethreatening surgical and 

immunosuppressive complications.
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Islet cell transplantation is a less established treatm ent modality but has achieved clinical 

success in restoring endogenous insulin secretion and short-term insulin independence. 

The impact o f  islet transplantation upon the long-term complications o f diabetes is not yet 

known.

Both modalities rely upon the scarce resource o f donor pancreata. Whilst VPT uses a 

single pancreas, islet transplantation usually requires sequential islet transplants from 

multiple donors to attain an adequate islet mass. However, improvements in islet 

isolation, purification and cell culture techniques mean that successful single donor islet 

transplantations are clinically feasible. There is, therefore, an urgent need to maximize 

the efficiency with which donor pancreata are used. By optimizing cadaveric pancreas 

preservation, and utilizing marginal and live donor pancreata, the donor pool can be 

expanded for both VPT and islet transplantation.

An increasing number o f laboratories are now proficient in islet isolation but wide 

variation in islet yield exists both between and within facilities. Several factors contribute 

to the unpredictable outcome o f  the procedure; the most notable being the variation in 

islet density after the pancreatic preservation and digestion phases.

All current methods o f pre-transplant islet viability and functional assessment have 

required the isolation process to be virtually completed before islets can be procured for 

testing. There is an advantage in making these assessments as early as possible. The ideal 

test would allow the success o f islet isolation and islet viability to be predicted from a 

simple assay prior to islet isolation. If  this could be performed during pancreas 

procurement or preservation the isolation could be stopped when there was little chance 

o f  producing a high yield o f viable functioning islets for transplantation. This could help 

to achieve consistently high quality islet isolates from good quality pancreata, whilst less 

suitable donor organs could be excluded from the time consuming and costly process o f 

unsuccessful islet isolation.
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Chapter 3. Management of the Donor 
Pancreas.

3.1 Introduction.
Both VPT and islet transplantation rely on procurement o f a good quality donor pancreas, 

but procurement and preservation processes cause pancreatic cellular injury that 

ultimately affect recipient outcomes and islet viability.

This chapter briefly reviews the pathophysiology that occurs before and during donor 

pancreas preservation. Developments in organ preservation technology are also discussed 

with an emphasis on static cold storage, perfusive and persufflative methods o f pancreas 

preservation.

3.2 The pre-preservation phase.

3.2.1 D onor selection.
The first stage o f successful VPT or islet transplantation is the identification o f a suitable 

high quality donor pancreas. Currently no ‘donor test’ can accurately predict the outcome 

o f  transplantation(487); but recently donor parameters have been used to construct 

scoring systems as surrogate markers o f  pancreas quality. These are now used to identify 

suitable organs for VPT and islet isolation(488, 489).

Beneficial factors for islet isolation appear to be the use o f young, lean donors with a 

short period o f ITU admission, no evidence o f  prolonged periods o f hypotension or 

requirement for ionotropic support(490-492). Nano et al retrospectively studied 437 

pancreata used for islet isolation. Univariate analysis showed that islet yield was 

significantly associated with donor age, donor BMI, good macroscopic condition o f the 

donor pancreas (i.e. no evidence o f  pancreatitis or calcification) and pancreas weight; 

whilst multivariate analysis found high donor BMI and pancreas weight significantly 

contributed to islet yield(493). Historically, extremely young(494), overweight or obese 

donors(495) have been underutilised but have now proven to be a potential source o f 

islets suitable for transplantation.

Successful VPT and islet transplantation using ‘marginal donors’ is now reported. 

Pancreata procured from non-heart beating donors (NHBD) have demonstrated good 

immediate function with a warm ischaemia time o f 20-30 mins with 16 hours o f cold
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storage(496). Furthermore, NHBD pancreata with a warm ischaemic period o f 30 to 40 

minutes have been successfully transplanted following UW preservation(497).

Markmann et al have demonstrated comparable recovery o f islets from NHBD and 

cadaveric donors. Such islets demonstrate equivalent in vitro and in vivo function, and an 

islet transplant o f 8500 IEQ/kg body weight was successful in achieving insulin 

dependence in a Type 1 diabetic recipient(498). A series o f 5 recipients o f NHBD islets 

have demonstrated C peptide secretion, significant improvement in H bA lc and reduced 

insulin requirements proving the clinical validity o f using this ‘marginal donor' 

source(499).

Live donors provide the optimal conditions for organ procurement by minimisng both 

warm and cold ischaemia times. Matsumoto et a l first proposed the potential for live 

donor islet transplantation by isolated sufficient islets from the segmentally resected 

pancreas(367) and the same group have now reported a successful islet transplant using a 

segmentally resected live donor pancreas(234).

3.2.2 Donor optimization.
Conventionally the pancreas is procured from a cadaveric heart-beating donor. 

Manipulation o f  donor physiology and metabolism can be undertaken prior to organ 

procurement which can alter recipient outcomes; but ethical issues, relating to consent 

from donor families, make large randomised controlled trials comparing potential organ 

donor treatments and subsequent organ function difficult to perform(500).

The process o f donor ‘brain death’ is detrimental to the human pancreas(501, 502) and 

careful maintenance o f donor physiology is required to optimize organ quality(503). 

Indeed studies have demonstrated accelerated acute rejection episodes in other solid 

organs procured from cadaveric donors which are attributed to abnormal donor 

physiology(504). Contreras et al studied islet isolation yields and functionality in relation 

to brain death in a rodent model. Induction o f donor brain death was followed by a time 

dependent increase in expression o f inflammatory cytokine mRNA (TNFa, IL-1B and IL- 

6 ) in the pancreas. Brain dead donor pancreata also had a lower perfusive insulin release, 

islet yield, viability and in vitro and in vivo islet function(505).

Outside o f conventional ionotropic and vasoactive agents, pharmacological manipulation 

o f human donor physiology has not been widely studied. However, Eckhoff et al 

achieved increased functional islet yields from experimental rodent donors treated with 

estradiol(506) after observing protection against pro-inflammatory cytokine mediated 

islet damage by in vitro estradiol exposure(507).
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Glucose homeostasis o f cadaveric donors is often disturbed prior to pancreas 

procurement. A state o f insulin dependence occurs with hyperglycaemia and 

hyperinsulinaemia due to haemodynamic instability and abnormal plasma epinephrine 

levels at the time o f  brain death(508). Pancreatic allografts procured from such donors 

have reduced graft survival(509), and the islet yield from such donors is often reduced 

when hyperglycaemia is prolonged(510).

Optimising cardiovascular physiology is critical to optimal pancreas procurement from 

cadaveric donors(511). Where significantly reduced haemoglobin is present due to donor 

blood loss, whole blood or packed red cells are transfused and, if there is suspicion o f 

thrombosis within the graft, heparinisation is carried out to improve circulation. 

Heparinisation appears particularly applicable in NHBD where it is used to maintain graft 

m icrovascular acrchitecture during in situ  perfusion(512). Additionally it may have 

immunological advantages by decreasing anti-TNFa activity and monocyte and T-cell 

infiltration by reducing expression o f graft MHC 11(513, 514). In some cases vasodilator 

therapy is indicated to maximize graft perfusion. This uses either catecholamines(515), 

epoprostenol or nitroglycerine(516) which improves oxygen delivery without 

compromising splanchnic perfusion to the abdominal viscera.

The nutritional status o f the multiorgan donor has been studied, most frequently relating 

to liver transplantation. Most have concentrated on modifying donor nutrition to allow 

maintainance o f glycolysis, optimal adenosine triphosphate (ATP) levels and improved 

graft energy states. Support for this concept can be seen in the higher levels o f ATP, 

energy charge and subsequent graft function when donor animals are treated with insulin 

and glucose to maintain glycolysis compared to non-treated or fasted donors(517). 

Similarly levels o f phosphorylated adenenine nucleotides can be maintained during cold 

ischaemia where liver glycogen stores are replenished by donor intraportal infusion o f 

insulin and hexoses(518). Nutritionally repleted liver grafts have shown improved in vitro 

function, such as bile production and cytosolic enzyme release, and graft sinusoidal 

epithelial morphology when subjected to isolated perfusion in both UW or Marshalls 

isotonic citrate solution (519). Clinical support for donor nutritional repletion was 

gleaned from evidence that peak post-operative AST levels demonstrated improved 

function o f grafts from glucose infused donors than from non-treated controls(520). Some 

have argued conversely that donor malnutrition may contribute to improved function and 

survival after liver transplantation(521) and Sun et al demonstrated reduced liver injury 

and sinusoidal endothelial cell apoptosis where donors rats were fasted for 4 days prior to 

transplantation(522).
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To date, Nishihara et a l have performed the only experimental study o f the effect o f 

donor nutrition upon the VPT donor pancreas. Pancreas grafts from fasted donor rodents 

had a better tolerance to warm ischaemia than grafts from fasted donor animals, and a 

41.7% pancreas graft survival rate was achieved when fasted donors were used in VPT 

compared to a 28.6% graft survival rate from fed donors(523, 524). The effect o f donor 

nutrition upon islet isolation and transplantation is currently unknown. However, fasting 

augments insulin secretion whereas feeding causes degranulation o f pancreatic exocrine 

enzymes. Such degranulation potentially alters the density o f the exocrine fraction within 

purification gradients, and putatively results in increased contamination o f the islet 

fraction.

3.2.3 Surgical organ procurem ent.
M eticulous surgical technique during organ retrieval is critical to obtaining quality 

organs(525, 526). It is well acknowledged that suitably trained surgeons should perform 

pancreas procurement early in the retrieval process. Most procurement teams use low 

pressure UW splanchnic and portal perfusion, explanting the pancreas en bloc with the 

liver, or separately after liver retrieval and prior to the kidneys(527). An alternative 

technique, practiced in the UK, is systemic cold perfusion alone followed by the 

introduction o f portal perfusion ‘on the back table’ after explantation.

Higher core pancreatic temperatures at the time o f retrieval appear to correlate with a 

reduced islet yield and reduced in vitro assessment o f islet function. Whilst maintenance 

o f  a core pancreatic temperature at or below 4°C during pancreas procurement seems to 

yield higher numbers o f functional islets(528) and this is achieved by liberal ice packing 

into the lesser sac at the time o f aortic cross clamping.

3.2.4 Pancreatic ischaemia.

Inherent in the retrieval o f  organs is a period o f ischaemia. A variable, but short, period o f 

‘warm ’ ischaemia is encountered as blood flow ceases at the time o f cross clamping. 

Organs are then subjected to ‘cold’ischaemia during in situ  organ cooling and pancreas 

explantation. Cold ischaemia ends when the graft is reperfused in the recipient. The 

sensitivity o f  tissues to ischaemia, and the injury which it causes, is species and organ 

specific and reflects the metabolic requirements o f the tissues. Some organs tolerate 

periods o f ischaemia and have the capacity to repair preservation induced injuries during 

a period o f delayed graft function (DGF). It is generally well recognized that warm 

ischaemia and prolonged periods o f cold ischaemia are detrimental to graft quality(529) 

and reducing ischaemic injury is associated with a lower incidence o f DGF, acute
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rejection and possibly less chronic graft dysfunction(530). This principle can be 

demonstrated by comparing living and cadaveric donor organs. Living donors generally 

experience very short periods o f warm and cold ischaemia prior to transplantation, whilst 

cadaveric donors are subject to less controlled periods o f ischaemia and organ 

preservation. The improved recipient survival following living donor transplantation may 

reflect these attributes(531), though this is compounded by the closer HLA tissue type 

matching which is usually achieved by using a live donor.

Slater et al performed the first studies o f the ischaemic tolerance o f the rodent pancreas 

and concluded that it resisted ischaemia more readily than other organs(532). Florack et 

al subsequently demonstrated ischaemic resistance in the rodent endocrine component 

compared to the exocrine(533). The canine donor pancreas was studied by disconnecting 

the pancreatic blood supply in situ  with later graft harvesting and transplantation. The 

survival o f  dogs with grafts exposed to 1 hour o f warm ischaemia was identical to that o f 

the 0 hour ischemia controls (80%) whilst 2 hours o f warm ischaemia was not tolerated 

and all animals died. The combination o f 30 minutes o f warm ischaemia and 24 hours o f 

cold storage resulted in 80% recipient survival, whilst 1 hour warm ischaemia with 24 

hours cold storage resulted in 60% recipient survival(534).

The quality o f  the human donor pancreas is similarly adversely affected by periods o f 

warm ischaemia(535-538) and prolonged periods o f cold ischaemia are associated with 

increasingly frequent surgical complications following pancreas transplantation(84, 539). 

Ischaemic injury increases the risk o f graft pancreatits, infection and vascular 

thrombosis(540); whilst the incidence o f duodenal leaks increases with increasing cold 

ischaemia time and is attributed to the increased susceptibility o f the duodenal patch to 

ischaemia(539, 541). Though VPT after 36 hours o f cold ischaemia has been described, it 

is generally accepted that the success o f VPT is limited by an 18-24 hour cold ischaemic 

tolerance o f the human pancreas.

The gross histopathological ischaemic injury comprises vascular endothelial damage and 

activation, microcirculatory disturbances and leucocyte aggregation. Alterations in the 

production o f vasoactive substances such as eicosanoids(542), platelet activating 

factor(543) and nitric oxide have been implicated in the process(544) and should be 

minimised to achieve optimal grafting o f the transplanted pancreas(545).

Pancreatic ischaemia also contributes to the development o f graft immunogenicity; an 

effect mediated by nitric oxide and neutrophil recruitment(546). Pressler et al showed 

that a prolonged period o f 18 hours pancreatic static cold preservation led to a significant 

induction o f ICAM-1 mRNA, enhancing leukocyte-adherence and extravasation
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compared to a 2 hour preservation period(547). Whilst Toyama et al demonstrated a 

mixed population o f T cell, B cells and macrophages, expressing a variety o f MHC 

antigens, in islets isolated from both fresh and preserved pancreata. They proposed that 

elimination o f  immunocytes which accumulate during pancreas preservation as a means 

to prevent early islet graft loss(548).

IPTR data reinforces the impact o f pancreatic ischaemia upon clinical graft function. 

During 2000-2004, 5% o f SPK, 7% of PAK and 11% o f PTA grafts were stored for more 

than 24 hours and 40%  o f  all grafts were stored for less than 12 hours. In PTA and PAK 

the duration o f storage had no impact upon graft survival or technical failure rates. 

However, in SPK longer preservation times were associated with reduced 1-year graft 

survival rates and higher technical failure rates.

Lakey et a l studied the effect o f  pancreatic ischaemic time on the outcome o f human islet 

isolation. O f 146 pancreata, 56 had been procured by a local retrieval team and had short 

cold ischaemia times. The remaining 90 had prolonged cold ischaemia times having been 

retrieved from distant centres. ‘Successful’ islet isolations were deemed to be those where 

>100,000 IEQ were present after purification, and was achieved in 83-86% o f locally 

retrieved grafts with up to 8 hours cold ischaemia. Where cold ischaemia was between 8 

to 16 hours or > 16 hours, successful isolation was achieved in 73% and 38% o f cases 

respectively. Furthermore, islet in vitro viability, by glucose stimulated perifusion, was 

significantly reduced where cold storage time exceeded 16 hours(536, 549).

3.3 Preservation o f  the donor pancreas.
Pancreas preservation aims to maintain cell viability and achieve optimal post transplant 

graft function. It also allows transportation o f  organs over long distances, tissue and 

organ banking for long-term storage, and the potential for immunological manipulation of 

graft and recipient prior to transplantation. Furthermore, pancreas preservation allows 

transplantation in a semi elective timeframe rather than on an emergency basis.

The overwhelming biochemical injury that occurs during pancreatic ischaemia is loss o f 

ATP from a lack o f oxidative phosphorylation. Several strategies are used to maintain 

ATP during pancreas preservation. These centre on cooling to reduce cellular 

metabolism, prevention o f ATP loss during the preservation period, and facilitating ATP 

recovery during reperfusion.

3.3.1 Organ cooling.
The cornerstone o f organ preservation is cooling. This reduces cellular metabolism to 

minimize ATP consumption, lowers the rate at which intracellular enzymes degrade the
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cellular components and reduces generation o f  potentially harmful metabolites(550-552). 

Nevertheless cooling is potentially harmful to cells and the precise method by which it 

extends the duration o f preservation is not known. Though it is slowed, a reduction in 

temperature does not arrest metabolism and even hypothermically stored organs have a 

viability limited by storage time. Moreover, freezing p er se is lethal to cells so very low 

temperature preservation does not readily lend itself whole organ transplantation(553- 

555).

Therefore, organ cooling is a complex interplay between the effects o f ischaemia and 

temperature reduction. Most enzymes show a 1.5 to 2.0 fold decrease in activity for each 

10 °C drop in temperature and cooling from 37°C to 0°C reduces the metabolic rate by 12 

to 13 fold to extent preservation times to around 12 hours. This was elegantly 

demonstrated by Caine et al who preserved renal function in the canine model by cold 

blood perfusion(556).

However, even during cooling, chemical and enzymatic reactions continue so the tissue 

still becomes irreversibly injured. A switch from aerobic metabolism to anaerobic 

glycolysis and glycogenolysis causes accumulation o f lactate and hydrogen ions which is 

responsible for acidosis. Acidosis kills cells by inducing lysosomal instability, activating 

enzymes, disrupting binding o f  transition ions to carrier proteins, and altering 

mitochondrial properties.

Cooling further attenuates mitochondrial and cellular membrane changes. Membrane 

fluidity is reduced and they begin to solidify which induces changes in their intercalated 

enzymes. Phospholipids in the membranes attempt to establish a thermodynamically 

stable structure by the interaction between polar phospholipid heads and non-polar fatty 

acid tail groups. Re-establishing a normal membrane structure at reperfusion takes time 

and may explain some loss o f organ viability during reperfusion. Similarly increased red 

cell rigidity is seen as calcium, previously bound to ATP, binds to the cell membrane.

This causes red cell trapping in the microcirculation o f reperfused organs.

Cooling also perpetuates cell swelling by inhibiting N a+-K+-ATPase pumps which control 

intracellular volume. Usually the impermeable nature o f intracellular anions is 

counterbalanced by extrusion o f  chloride from the cell together with water. Underlying 

this is the active extrusion o f sodium and influx o f potassium in the ratio 3:2 resulting in a 

net loss o f cations. Where this is reversed, due to denaturation o f Na+-K+-ATPase, and 

cells are bathed in a fluid resembling the extracellular milieu, there is a net gain in 

sodium and water together with consequential cell swelling due to colloid osmotic 

pressure exerted by intracellular anionic proteins. It is these changes in intracellular
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volume that can be opposed or manipulated by altering the composition o f organ 

preservation solutions.

3.3.2 Preserving purine metabolites.
During cold preservation cells have little capacity for adenosine nucleotide storage and 

production; though ATP generation does continue, albeit at a very reduced rate, through 

glucose-6 phosphate conversion to ribose-5 phosphate and subsequently to 

phosphoribosylpryophosphate(557). During cold preservation the rate limiting step for 

ATP synthesis is the temperature sensitivity o f adenine nucleoside translocase, a 

membrane bound enzyme that transports ADP into mitochondria. This enzyme displays a 

large increase in its required activation energy below 18 °C that reflects the membrane 

phase changes induced by cooling membrane lipids.

Therefore, during organ cooling continued metabolism o f adenosine nucleotides occurs in 

the face o f  a reduced capacity for their generation. This produces purine metabolites such 

as adenosine, inosine and hypoxanthine which permeate the cell membrane and can be 

washed from the graft during storage and upon reperfusion tissue(558-560). Loss o f these 

purines then limits the capacity o f  cells to regenerate ATP.

Preservation induced damage requires ATP for repair and, on reperfusion, a rapid return 

to ATP synthesis is required to allow the restoration o f a normal intracellular milieu. 

Therefore, in pancreas preservation, it is advantageous to limit loss o f purine metabolites 

and optimize opportunities for ATP regeneration upon reperfusion. Indeed the viability o f 

the organ, and prediction o f reversibility o f  preservation injury, is dependent upon the 

cells ability to regenerate ATP following reperfusion(561-566) and for successful ATP 

replenishment to occur adenine precursors, adequate oxygen delivery and mitochondrial 

function must be preserved(567).

Tanioka et al demonstrated that regenerated ATP is used to restore the function o f Na - 

K -A T P ase  and maintain membrane integrity o f  parenchymal cells and vascular 

endothelium in the donor pancreas. Where Na+-K+-ATPase was inhibited using ouabain 

there was an increase in nuclear trypan blue staining o f vascular endothelial cells and a 

significant decrease in pancreatic perfusion(568). Several studies have subsequrently 

demonstrated a correlation between pancreas graft viability and tissue levels o f total 

adenine nucleotides (TAN) and ATP. Fujino et al used a canine pancreas 

autotransplantation model to show the effect o f  warm ischaemia upon tisse ATP content. 

Autografts subjected to 60 minutes warm ischaemia, with the addition o f adenosine to EC 

solution, showed improved graft survival from 0 to 80% and allowed restoration o f tissue 

ATP levels (1.90 +/- 0.54 vs 8.13 +/- 0.98 pm ol/g dry wt). Four o f five autografts
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functioned immediately and maintained normoglycemia after transplantation(569). More 

recently a canine model o f prolonged warm ischaemia (30 -  120 mins) followed by 24 

hour UW cold storage and segmental pancreatic autotransplantation showed a similar 

good correlation between graft viability and tissue concentration o f ATP and TAN(570). 

The efficacy o f the two-layered method (TLM) at restoring graft ATP content has been 

shown by two studies. Fujino et al first demonstrated 100% graft survival, and no 

deterioration in tissue ATP content, when pancreata from either 72 hour fasted or fed 

dogs were subjected to 24 hour TLM preservation. Whilst Kuroda et al showed the tissue 

ATP concentrations o f  TLM preserved viable pancreas grafts were significantly higher 

than nonviable grafts (9.11 +/- 3.05 vs 5.22 +/- 1.02 pmol/g dry wt). An ATP tissue 

concentration o f 6.0 mumol/g dry weight was determined as a threshold for graft viability 

and subsequent graft survival. Adopting this value achieved a sensitivity, specificity, 

positive predictive value, and negative predictive value o f transplant success o f 100%, 

84.6%, 91.7%, and 94.3%, respectively(571).

3.3.3 Organ preservation solutions.
Organ preservation solutions are designed to prolonged organ storage. They contain 

several generic components but are individually unique and lend themselves to optimal 

storage o f certain tissues and organs over others. Lam et al illustrated this concept by 

demonstrating extended renal preservation times with a phosphate buffered solution, but 

very poor rates o f graft survival when the same solution was used for 20 hour liver 

preservation^ 72). The heterogeneity o f cell types in these tissues would logically suggest 

that this should be the case.

The constituents o f preservation solutions oppose the effects o f cooling and purine 

nucleotide loss; this is achieved by the inclusion o f an ‘im perm eanf to prevent cell 

swelling, an ionic composition to oppose Na+ influx and supplementation with adenosine 

for ATP regeneration.

The impermeant included in preservation solutions are either uncharged saccharides 

(mannitol, sucrose, glucose, raffinose, trehalose) or impermeable anions (gluconate, 

glycerophosphate and lactobionate) in a concentration o f 110-140mmol that oppose the 

osmotic effect o f intracellular anions(566). Tri and disaccharides may be more effective 

at reducing cell oedema than monosaccharides which easily penetrate the cell membrane. 

Their inclusion inpreservation solutions has been associated with better storage outcomes 

in pancreatic storage(573). Moreover there is evidence o f a direct cytoprotective effect o f 

saccharides over impermeable anions and it is proposed that saccharides in preservation
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solutions may act as alternative substrates for cellular metabolism during preservation to 

maintain cellular ATP content and abrogate preservation injury(574-576).

Changing a solutions concentration and ratio o f potassium and sodium can further reduce 

graft cellular oedema. Conventionally solutions have an ‘intracellular’ ionic composition; 

containing a high potassium and low sodium concentration to counter the osmotic driven 

shift o f  these cations(577). However the high potassium content has the potential to 

induce vasospasm and endothelial injury o f  the graft, and allow washout o f high 

concentrations o f potassium into the donor upon reperfusion. It is postulated that 

hyperkalaemic cardiac arrest, during in situ  flushing o f  the donor and following 

reperfusion o f  the recipient, may be avoided by reversing the concentrations o f sodium 

and potassium. Such ‘extracellular’ high sodium concentration solutions have also proven 

effective at reducing graft oedema(578-580).

Regeneration o f ATP can be improved by the supplementation o f either adenosine, or 

adenine and ribose, to preservation solutions(581-583) but this varies in efficacy. 

Delmas-Beuvieux et a l used 31P nuclear magnetic resonance to demonstrate the absence 

o f  ATP in a heterogenous group o f  donor organs at the end o f a 24 hour cold storage 

period regardless o f preservation solution(584). Subsequently the ATP signal was seen to 

disappear by 8 hours where UW, histidine-tryptophan-ketoglutarate (HTK) and histidine 

buffered lactobionate solutions were used, but lost in only 3 hours when Krebs or EC 

solution were used for cold storage.(584, 585).

It appears that adenosine supplementation is particularly effective in whole pancreas 

p reservation^69, 586) and improves the viability o f the ischaemically damaged 

pancreas(565, 569). However, adenosine supplementation can have negative effects by 

promoting endothelial nitric oxide production(587) which potently induces an 

inflammatory response through release o f endothelin and neutrophil recruitment(587). 

Hence high adenosine concentrations in the pancreas may exacerbate the post 

transplantation inflammatory response. Indeed, Pi et al observed a reduction in lipid 

peroxidation, neutrophil recruitment, thiobarbituric acid (TBA) reactive substance 

formation, myeloperoxidase (MPO) activity and tissue nitric oxide levels when the 

adenosine antagonist theophylline was added to UW solution, or adenosine was removed 

from UW solution(588).

Finally the addition o f  selective potassium channel opening drugs to preservation 

solutions has been shown to abrogate ischaemic injury in some organs(589). Such 

solutions may prove particularly applicable to pancreatic preservation as granular insulin 

storage, and the pulsatile control o f insulin secretion, are disrupted by exposure to the
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hyperglycaemic state in the organ donor. Administration o f a p cell selective K+ ATP 

channel opener at the time o f pancreas procurement could potentially induce a state o f p 

cell rest, preserving insulin stores and pulsatile insulin secretion within the donor 

pancreas(590).

3.4 Practical pancreas preservation methods.
Static cold storage and continuous hypothermic perfusion have been used for preservation 

o f  the donor pancreas. Comparative studies, using various combinations o f preservation 

solutions, show little difference in outcome up to 24 hours(591, 592). Meanwhile, the 

TLM means o f preservation has shown itself particularly applicable to pancreas 

preservation and has improved pancreatic tolerance o f warm and extended cold ischaemic 

periods.

3.4.1 Static cold storage f o r  pancreas transplantation.
Belzer(593) and Collins(594) first demonstrated extended renal cold ischaemic

preservation times up to 30 hours with simple cold storage. This involved a flush with 

preservation solution to remove blood from the vasculature, followed by rapid cooling to 

around 0 to 4 °C by refrigeration. This method is simple and cost effective, requiring 

little specialist equipment; but results in considerable losses o f purine metabolites. 

Baumgartner first reported successful static cold storage preservation o f pancreas grafts 

for up to 24 hours in the original Collins solution(595); whilst Dreikom proposed an 

improvement to the solution by omitting magnesium, which precipitated within the 

graft(596). This modified ‘Euro-Collins’ solution again proved to be effective in 

prolonging pancreas graft preservation(597). Serrou et al used a protein gel alternative to 

crystalloid solutions and demonstrated a survival advantage, compared to polysaccharide 

gel or Collins solution, in an 8 hour cold preserved canine pancreas transplant 

model(598). Florack confirmed that colloid solutions achieved efficient pancreatic 

preservation for 24 hours using a modified hyperosmolar silica gel filtered plasma 

(SGFP)(533). This solution was later modified by the addition o f sucrose(599) and 

substitution o f glucose with mannitol to produce the University o f  Minnesota solution 

specifically for pancreas preservation(600). Despite clinical success with this solution, 

the need for de novo preparation, batch to batch variation and infection risk from SGFP 

meant that, with the advent o f new solutions, its clinical use was largely abandoned(601). 

Early clinical VPT used crystalloid and simple colloid solutions for short-term 

preservation. O f 617 preserved pancreata from 1983 to 1986 a higher graft survival and 

reduced technical failure rate was observed when grafts were stored for more than 6 but
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less than 12 hours compared to those stored for less than 6 hours; but patient survival 

rates were unaffected by cold storage duration(602, 603). Hence for early VPT used 

pancreata be stored for no more than 6 to 10 hours(604) despite evidence that grafts were 

at increased risk o f graft pancreatitis when intracellular preservation solutions were used 

for more than 6 hours(605).

In an effort to further extend pancreas preservation times, the effect o f preservation fluid 

components upon pancreas storage were critically evaluated to define the optimal 

preservation solution. Oedema of pancreatic slices, stored in various saccharide 

containing solutions, decreased with the inclusion o f saccharides and anions with 

ascending molecular mass(573). Consequently a preservation solution (University o f 

Wisconsin solution) containing the high molecular mass saccharide raffinose and the 

anion lactobionate, was designed specifically for pancreatic preservation^ 73, 606). 

Following the introduction o f  UW solution the results o f  experimental and clinical 

pancreas preservation dramatically improved. UW preservation reduced pancreas graft 

oedema after reperfusion compared to EC solution(607) and extended canine pancreas 

preservation from 12-24 hours to 3 days compared to EC solution. It also functioned 

superiorly to more complex colloid solutions; achieving 50% graft survival after 96 hours 

UW preservation compared to 22% graft survival after SGFP preservation(608).

It also appears that UW, for pancreatic preservation, confers a distinct bioenergetic 

advantage over other solutions. In a canine model o f prolonged warm ischaemia (30 -  

120 mins) followed by 24 hour UW cold storage and segmental pancreatic 

autotransplantation, a good correlation between graft viability and tissue concentration of 

ATP and TAN levels was observed(570).

Clinical series using UW pancreas preservation resulted in high rates o f SPK graft 

viability. From 1987 to 1993, o f  253 UW preserved kidney-pancreas grafts with a mean 

pancreas preservation time o f 17 hours, immediate insulin independence was reported in 

99% o f  recipients and an 86% pancreas 1 year graft survival rate was achieved(609-611). 

Following clinical studies by the Madison and Pittsburgh groups(612, 613), and a 

European multicentre study(614, 615), UW solution was advocated as the first choice 

solution for pancreas procurement and preservation via in situ  donor aortic and portal 

perfusion and subsequent static cold storage though this is not widely practiced in the 

UK. This extended the mean pancreas preservation time to between 9 and 18 hours. The 

prospective multicentre study further concluded that cold ischemia time did not 

significantly influence pancreas graft survival when it exceeded 12 hours but that 

exceeding this risked a higher recipient complication rate(614).
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Experimental studies have continued to critically evaluate each component o f UW 

solution and alter its composition to further improve pancreas preservation. Ploeg et al 

used a 48 hour cold storage and segmental pancreas autotransplant canine model to study 

the impermeant colloid component o f UW. Conventional UW, containing hydroxyethyl 

starch (HES), yielded 90% recipient survival, whilst without HES 50% of recipients died 

from graft failure within the first week after transplantation(616). Converely, Urushihara 

et al omitted HES and insulin from UW, and reversed the sodium/potassium ratio to 

produce a simple ‘extracellular’ solution. In a syngeneic rodent transplant model, graft 

preservation for 48 hours at 4°C with the simplified solution resulted in 100% graft 

function compared to 44% graft function with commercially available UW solution(617). 

This extracellular type U W solution appears as effective as conventional UW solution for 

up to 72 hours o f pancreas preservation in animal autotransplantation models(618, 619). 

Despite widespread success in experimental and clinical pancreas preservation, UW cold 

storage does have disadvantages. It is chemically unstable, must be stored cold until use 

and has a short shelf life that increases its cost. Its high viscosity makes the initial flush 

into the pancreas difficult and its distribution in the pancreas is unpredictable(620). 

Moreover, when cooled, adenosine crystals can accumulate in UW solution which require 

filtration through a pore filter to remove(621).

A number o f other preservation solutions, with similar compositions to UW, have been 

studied to determine their suitability for whole pancreas preservation.

Bretschneiders HTK solution was designed for cardiac preservation. Histidine was 

included to retard acidosis, tryptophan to reduce membrane injury and ketoglutarate to 

provide a substate for metabolism. Hesse et al first used HTK solution in pancreas 

transplantation with a segmental porcine pancreas autotransplantation model. When 

compared to UW storage, no difference in graft function was observed after 24 hours o f 

preservation; after 48 hours preservation, 26% o f HTK stored grafts and 9% o f UW 

stored grafts achieved functional normoglycaemia in recipients; after 72 hours 

preservation all grafts stored in both HTK and UW failed to render the recipients 

normoglycemic(622). Leonhardt et al used a one-line reperfusion system at constant 

arterial pressure to compare in vitro pancreas function after 24 hours 4°C storage in HTK, 

UW and EC solutions. In this system the highest rate o f  arteriovenous flow was seen in 

pancreata preserved in HTK solution, followed by UW and EC solutions (5.7 +/- 0.91 

ml/min vs 7.4 +/- 0.81 ml/min vs 3.0 +/- 0.26 ml/min). This mirrored the distribution o f 

lowest lactate concentration in reperfusates (64.0 +/- 7.2 mumol/50 ml vs 114.2 +/- 1.7 

mumol/50 ml vs 148.0 +/- 28.6 mumol/50 ml) and amylase content in venous effluent
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(189 +/- 72.6 U/ml vs 188 +/- 39.4 U/ml vs 416 +/- 71.7 U/ml). They proposed that in 

vitro post ischaemic pancreas quality and function was not jeopardized by HTK 

preservation compared to UW solution(623).

Recently a porcine model ofN H B D , using a 15 minutes o f warm ischaemia followed by 

16 hours o f cold ischaemic static preservation, has shown HTK to be as effective as UW 

for pancreas preservation. There was less biochemical evidence o f pancreatitis within the 

grafts and similar values o f intravenous glucose tolerance testing amongst autografted 

recipients(624). Clinical experience with small numbers o f human whole pancreas 

allografts confirms similar efficacy o f HTK and UW solutions. Grafts preserved for a 

mean cold ischaemia time o f  11 +/-3 hours showed comparable post transplant function 

when fasting blood glucose, peak amylase and serial amylase levels were compared, 

along with 100% graft and patient survival in each group(625).

Celsior is a low viscosity, low sodium UW like solution originally developed for heart- 

lung preservation(626-628). A randomized clinical trial comparing Celsior with 

conventional UW solution found comparable rates o f 1 year graft and patient survival 

(98% and 96% respectively), and comparable graft function assessed by mean serum 

levels o f  glucose, amylase, and lipase(629)

3.4.2 Static cold storage fo r  islet transplantation.
Two principles are particularly important for static cold storage o f the pancreas prior to 

islet isolation. First, an adequate vascular flush and possibly a ductal flush with 

preservation solution before cold storage are thought to be critical to the success o f islet 

isolation. Ductal flush or infusion increases islet yield and viability by presumably 

preserving ductal architecture(630) and maintaining the integrity o f the small pancreatic 

ducts to allow full distension by collagenase(631). White et al confirmed that porcine 

islet yields were increased when collagenase was delivered by intraductal infusion in 

organ preservation solution rather than HBSS at the time o f retrieval prior to cold 

storage(220). Secondly, a static cold preservation time o f at least 2 hours allows a degree 

o f  endogenous pancreatic enzyme activation(632) and it is thought that this has a 

permissive effect upon pancreas digestion(633) which improves islet yield.

Three main preservation solutions (UW solution, EC solution and hyperosmolar citrate 

(HOC)) have been evaluated in clinical islet cell transplantation. UW solution remains the 

clinical standard in the majority o f  centre as, when cold ischaemia is greater than 6 

hours(634), UW solution has an advantage over EC(635, 636).

Prolonged cold ischaemic times are deleterious to islet yields. Yields are particularly 

reduced when the cold ischaemic time has exceeded 12 hours (536, 637) with very poor
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yields after 16 hours o f cold ischaemia(636). As part o f the Edmonton protocol, the total 

time for pancreas preservation and islet isolation combined was less than 13 hours (mean 

5 hours). Hence it seems that transplanting freshly isolated islets in a short timeframe 

confers the optimal chance o f graft survival; though some authors advocate a period o f 

cell culture before transplantation to allow post isolation recovery o f the most viable islet 

mass.

As previously discussed, extended periods o f static cold storage are complicated by 

ongoing cellular metabolism and loss o f purine metabolites. It is questionable whether it 

will be possible to prolong static cold storage preservation times beyond that already 

achieved with UW solution(638). Longer preservation times may require more complex 

solutions with constituents able to reduce the effect o f preservation induced injury.

3.4.3 M echanical perfusive preservation fo r  pancreas tansplantation.
Perfusion methods o f organ preservation have been used for over 25 years. They rely on a

mechanical means o f achieving perfusate flow to and from the preserved organ; the 

rationale being dynamic substrate delivery and metabolite removal from the tissue. The 

perfusates studied have usually been conventional organ preservation fluids, and have 

been delivered using both continuous and pulsatile flow dynamics. However, recent 

improvements in technology now allow a closer mimicking o f in situ perfusion by using 

hypo and normothermic blood perfusion in the ex vivo situation. Where appropriate 

substrates are supplied, most tissues can continue to synthesise ATP during hypothermic 

perfusion at physiological, even supraphysiological levels; and this is the advantage o f 

continuous perfusion over static cold storage. However, perfusive preservation is 

complex and expensive requiring specialist equipment. It damages the vascular 

endothelium that is vital for subsequent repair and restoration o f normal graft perfusion 

and function. This allows adherence o f  platelets and fibrin deposition during graft 

reperfusion. The pancreas, being a Tow flow ’ organ, has particularly delicate 

endothelium which is intolerate o f barotraumas, shear stresses and injuries induced by 

high pressure perfusive preservation. However, such injury is less o f a problem during 

islet transplantation where the graft is neovascularised gradually from recipient tissues. 

Reducing the perfusion pressure, or increasing the perfusate osmolality or viscosity, can 

overcome graft oedema during perfusion but these parameters have yet to be optimized to 

improve outcome. Therefore, for clinical whole pancreas transplantation, static cold 

storage is currently preferred over continuous pulsatile perfusion.

Experimental studies have used several machines and perfusates to attempt to improve 

the results o f perfusive preservation. The Belzer kidney perfusion machine was first used
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to preserve dog pancreata for 24 hours using a perfusate o f cryoprecipitated plasma (CPP) 

at 50-60mmHg perfusion pressure at 6-10°C. Allografts from these organs survived for a 

mean 11 days(639) and islets within these grafts were recognizable and functioning, 

though the acinar tissue was largely replaced with fibrous tissue(640). A reduced 

perfusion pressure (5-30mmHg) allowed preservation o f dog pancreaticoduodenal 

segments with CPP for 24 hours though allografts from these segments survived for only 

4 days(641). The addition o f human serum albumin, dextrose and methylprednisolone to 

the perfusate improved survival to 18.3 days(642) and Brynger et al used a human serum 

albumin perfusate at 50 mmHg to preserve dog pancreata for 24 hours and observed 

minimal amounts o f  organ oedema(643). Perfusive preservation o f the canine pancreas 

for 24 and 48 hours, using SGFP at 1 ImmHg, resulted in 70% and 0% recipient survival 

in an autograft model(595); and significant loss o f canine segmental pancreas grafts 

(30% and 40% respectively) compared to no graft loss amongst SGFP cold stored 

grafts(592).

Perfusive preservation has not been widely studied for pancreas preservation before islet 

isolation. In the only detailed published study, Leeser et al compared the isolation 

outcomes from human pancreata (n=4) preserved for a mean 13 hours using low flow 

machine pusatile perfusion with non perfused pancreata stratified for cold ischaemia 

time. Islet yields from perfused pancreata and those cold stored for <8 hours and >8 hours 

were 3435 (+/-1951), 5134 (+/-2700) and 2640 (+/-1000) IEQ/g pancreas respectively. 

Mean islet viability after perfusion was 86% (vs 74% and 74% for the <8 hour and >8 

hour groups) and insulin secretion index was 6.4 (vs 1.9 and 1.8 for the <8 hour and >8 

hour groups). This implies that low-flow machine pulsatile perfusion o f pancreata with 

prolonged cold ischemia time can result in islet yield, viability and function comparable 

to shorter periods o f static cold storage(644).

3.4.4 Two layered m ethod o f  preservation.
TLM pancreatic preservation uses the concept o f  normobaric oxygenation and was 

adapted from Fisher et al who described retrograde oxygen persufflation to rescue 

ischaemically damaged kidneys(645). The technique uses a cold conventional organ 

preservation solution and a perfluorochemical oxygen carrier solution, the pancreas being 

suspended between the two immiscible layers. Pefluorochemicals (PFCs) are 

hydrocarbons that have a very high capacity for binding dissolved oxygen but a 

negligible oxygen-binding constant. This allows them to release oxygen more effectively 

than hemoglobin into tissues with low oxygen tensions. In TLM preservation, PFC is 

oxygenated with a continuous pressure o f  10 to 12 mmHg and a flow rate o f 50 to lOOcc
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per minute. Pancreata are then oxygenated via the PFC whilst the organ preservation 

solution prevents graft oedema, provides substrates for metabolism and opposes the loss 

o f  purine metabolites (Figure 3-i)(646, 647).

i Inlet O utlet
O, 95% f

CO, 5%e .

Figure 3-1. Schematic illustration of TLM.

Early experiments with the TLM  using EC solution showed that whole canine pancreata 

preserved for 72 hours m aintained normoglycaem ia for 5 days after transplantation; and 

that their histological architecture was m aintained up to 4 weeks after 

autotransplantation(648, 649). TLM  was later modified to use UW solution(647) and 

canine pancreata were successfully preserved for 96 hours o f cold ischaemia, and 

successfully resuscitated after short periods o f  warm ischaemia by this method(650).

In the first clinical application o f  TLM  for VPT, 10 grafts stored in TLM were compared 

w ith 44 grafts stored in static UW  cold storage for mean cold ischaemic times o f 16.5 and

18.1 hours respectively. At reperfusion none o f  the TLM grafts were oedematous, whilst 

10 o f  the UW stored grafts had eodema. Nine o f  the TLM grafts allowed insulin 

independence immediately post-transplant, whilst only 31 o f  the UW stored grafts 

achieved this. Furthermore none o f  the TLM  preserved grafts suffered acute rejection. It 

was concluded that TLM preservation was at least equivalent ,and may be superior, to 

UW  static cold storage in both morphologic and functional assessment o f the transplanted 

whole pancreas(651).

Tanioka et a l first applied TLM to pancreata prior to islet isolation. They demonstrated 

improved isolation yields and in vivo viability o f islets in a canine autotransplantation 

model compared to conventional static cold storage in UW (652). Subsequently TLM has 

proved successful in achieving high numbers o f  isolated porcine islets after prolonged 

storage(224) and improved the results o f  islet isolation in the primate model(653). A 

large study o f non human prim ate islet isolations demonstrated that use o f  the TLM with
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trypsin inhibition during the isolation phase correlated with high pre and post purification 

yields, and good viability and function o f islets(654).

Hiraoka et al first demonstrated the efficacy o f TLM for extending the preservation times 

o f  human pancreata without adversely affecting islet yield(655). Short duration TLM then 

demonstrated a significant improvement in islet yield from pancreata previously 

subjected to a mean o f  11.8 hours UW static cold storage. This potentially increased 

opportunities for islet transplantation from human pancreases after prolonged cold 

ischemic periods; a group previously thought unsuitable for islet isolation(656). 

Subsequently both short (mean 11.3 hours) and long (mean 22.6 hours) periods TLM 

preservation following periods o f cold storage have resulted in increased islet yield 

compared to periods o f short and long UW cold storage alone(657). Recently islets 

isolated from pancreata with a very extended (24 hours) period o f TLM preservation 

successfully reversed diabetes in nude mice and were also associated with a low yield o f 

non viable ductal cells(658).

Hering et al have successfully used TLM preservation in a series o f clinical single donor 

human islet transplants in which insulin independence was attained(269). However it is 

unclear as to whether this success was entirely attributable to TLM preservation or to islet 

cell culture and the immunosuppressive protocol used in this series. However, Tsujimura 

et al have since confirmed significantly improved islet recovery, in vitro islet function 

and ATP content in human isolated islets after short term TLM resuscitation o f 

ischaemically damaged human pancreata(659, 660). A clinical study o f marginal donor 

human islet isolations (age>50 years) showed those subjected to TLM preservation 

yielded an average o f twice the number o f  islet equivalents than the control group 

subjected to UW cold storage alone. Subsequently 8 o f 15 organs from the TLM group 

were used for clinical islet transplantation, whilst only 2 o f 18 control pancreata were 

transplanted(661).

A retrospective analysis o f human islet isolations over two years placed the limit of 

pancreatic cold storage at around 10 hours. However, TLM, allowed the majority o f islet 

isolations to be successful after 10 to 16 hours o f TLM storage, confirming the prolonged 

storage time which is possible with the TLM(662). TLM has advantages over UW cold 

storage even for short duration (<8 hours) cold ischaemia times after local pancreas 

procurement. After TLM 72% o f isolation yielded >300,000 IEQ and were deemed 

suitable for clinical transplantation, compared to only 27% where UW cold storage alone 

was used(663). Therefore, it was largely accepted that, for clinical islet isolation, TLM 

preservation results in significantly higher yields o f islets with comparable viability,
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survival rate after culture, insulin content, and stimulation indices when compared to 

static cold stored pancreata(664-666).

However, a recent randomized controlled trial compared islet isolations from UW static 

cold stored and TLM preserved pancreata. No significant differences in tissue ATP 

content, pre- and post-purification islet yield or in vitro insulin secretory function were 

observed and each group functioned equivalently as a transplanted islet mass, allowing a 

significant decrease in insulin requirement amongst islet allograft recipients(667). 

Similarly a retrospective study o f 200 human islet isolations showed no difference in 

isolation outcome or post transplant function in PAK recipients when TLM and UW cold 

storage were compared(668). Consequently the clinical benefit o f the routine use o f TLM 

prior to islet isolation has now been questioned

As previously discussed, TLM putatively improves pancreatic ischaemic tolerance and 

‘resuscitates’ the graft by efficient regeneration o f  tissue ATP levels. This maintains the 

function o f cellular metabolism, preventing preservation injury caused by Na+-K+- 

ATPase inhibition and cell swelling (vide supra  3.3.2). However a recent study o f TLM, 

using a diffusion-reaction model to precisely measure oxygen distribution, showed poor 

external tissue penetration to a depth o f only 1mm and oxygenation o f only a small 

volume o f  pancreatic tissue. Hence the precise mechanisms by which ATP is replenished 

during TLM are more complex than merely reoxygenating the graft alone(669).

Kuroda et al studied the ATP content o f TLM preserved whole pancreata and the 

mechanism by which ATP content was restored. They demonstrated the efficacy o f 24 

hours o f TLM at 4°C for the preservation o f  canine pancreata subjected to warm 

ischaemia. In an autotransplant model, grafts preserved for 24 hours TLM and then 

subjected to 120 or 150 minutes o f  rewarming had 100% and 33% graft survival rates 

respectively; whereas grafts having 24 hours o f  UW static cold storage, or no 

preservation, all failed to function. Furthermore tissue concentrations o f ATP reached 

supraphysiological levels (8.23 +/- 0.72 vs. 4.44 +/- 0.49 mumol/g dry weight) and 

remained significantly higher when compared to grafts stored by the UW static cold 

storage method for all durations o f warm ischaemia(670). The regenerated ATP formed 

during TLM arises from the restoration o f oxidative phosphorylation which allows de 

novo ATP production from exogenous substrates such as glucose and adenosine, and 

endogenous graft adenine nucleotides. Substituting the glucose within EC solution for 

mannitol caused little change in tissue ATP concentrations in EC/PFC two layer 

preserved pancreata (7.91 +/- 1.21 vs 7.59 +/- 0.97 pmol/g dry weight); but the addition 

o f 2,4 dinitrophenol, an uncoupler o f oxidative phosphorylation, significantly reduced the
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ATP concentration (0.61 +/- 0.07 vs. 7.91 +/- 1.21pmol/g dry weight). Similarly, 

supplementation o f adenosine to EC solution resulted in a significantly increased tissue 

ATP content (7.23 +/- 2.17 vs. 1.90 +/- 0.53 pmol/g dry weight) suggesting that this 

exogenous substrate improves ATP reconstitution. Further [2-3 H] adenosine 

incorporation studies confirmed that during TLM, exogenous adenosine was used in ATP 

production that could not be reproduced by replacing adenosine with other exogenous 

nucleosides (671, 672).

Matsumoto performed detailed studies o f the effect o f TLM on vascular endothelial cells, 

graft reperfusion and ATP tissue levels. Pancreata subjected to 90 min o f warm ischaemia 

alone were not viable (0/5). However, 5 hour TLM preservation made it possible to 

recover the pancreas (5/5), whilst 8 hour preservation was not successful (0/3). ATP 

tissue levels, assessed by HLPC, after 5 and 8 hours preservation were 9.40+/-2.09 and 

7.37+/-1.06 micromol/g dry weight, respectively. By trypan blue exclusion staining, the 

viability o f  vascular endothelium was reduced in grafts preserved using 8 hours TLM 

compared with 5 hours TLM (37.6+/-11.6% vs 5.0+/-3.0%). By H2 clearance technique, 

pancreatic perfusion was 57 .1+/-4.4 ml/ min/100 g and 28.5+/-7.5 ml/min/100 g after 5 

and 8 hours o f TLM preservation respectively. Furthermore, the beneficial effects of 

TLM upon endothelial viability, microcirculation and reperfusion were further enhanced 

by the addition o f  the thromboxane A2 sythesis inhibitor OKY046 which allowed 

extension o f the TLM preservation period(673).

Iwanaga et al used HPLC analysis o f  ATP and light and electron microscopy to study the 

morphology o f TLM preserved canine pancreata. Though significantly higher levels o f 

ATP were found in TLM preserved grafts, light microscopy demonstrated no marked 

morphological abnormalities. However, EM demonstrated significantly increased 

mitochondrial swelling and rough endoplasmic reticulum vacuolization in the acinar cells 

o f  UW preserved grafts compared with those undergoing TLM preservation. This 

confirmed that intact cellular and intracellular organelle membranes is likely to contribute 

to the maintained graft ATP levels in TLM preserved islets(674).

Efforts continue to rationalize and improve TLM. Miyamoto et al demonstrated an 

increased islet yield from porcine pancreata preserved using a modified two-layer 

preservation method. This used PFC and University o f  Kyoto solution, a novel 

extracellular type preservation solution contining the impermeant trehalose (ET-K)(675). 

Recently the cumbersome equipment required for TLM has been modified to allow pre

oxygenation o f PFC sufficient to maintain oxygen concentrations for 24 hours. This 

allows pancreata to be transported after TLM without oxygen insufflation in custom-
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made containers (HugBox). However oxygen persufflation is unlikely to be omitted 

completely from the technique as pre-oxygenated PFC storage alone appears insufficient 

to resuscitate pancreata exposed to short duration warm ischaemia(676). Further 

simplifying the technique to a one layer method using PFC as the single preservation 

solution may be feasible. Porcine islet isolations following one layer preservation showed 

islet yield, purity, viability, ATP content and mitochondrial viability comparable to 

unstored pancreata. Moreover, improved in vitro stimulation indices were obtained 

following one layer preservation compared to TLM, and in vivo functionality o f islets 

from one and two layer storage methods were comparable(677).

5.5 Conclusion.
The procurement o f  a high quality pancreas, for either VPT or islet transplantation, 

commences with the identification and optimization o f a suitable organ donor.

Meticulous surgical technique with low pressure in situ  cold perfusion with UW allows 

optimal explantation. Pancreatic warm ischaemia is detrimental to post transplant 

function o f VPT and islets and should be minimized. In VPT no method has yet proven 

superior to static cold storage in UW solution for up to 18 hours. However, TLM 

preservation prior to islet cell transplantation has definite advantages over other 

preservation methods. It allows extension o f  cold ischaemic tolerance and has the 

capacity to ‘resuscitate’ the graft following short periods o f warm ischaemia. This is 

achieved by maintanence o f oxidative phosphorylation and efficient regeneration o f ATP 

from endogenous and exogenous substrates.

Despite the huge advances in pancreas preservation technology, cellular injury and death 

still occur which has a detrimental effect upon VPT graft function, islet yield and 

function. It would be advantageous if an assessment o f cellular death could be made 

throughout the procurement and preservation process. The efficacy o f pancreas 

preservation and a possible prediction o f graft viability could then be inferred.
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Chapter 4. Apoptosis in Pancreas and Islet 
Cell Transplantation.

4.1 Introduction.
Cells die by necrosis or apoptosis, and both are observed during pancreas procurement, 

preservation, islet isolation and after transplantation.

Necrosis is an irreversible commitment to cell death characterized by cell swelling, 

organelle disruption and lysis that excites a local inflammatory reaction and triggers the 

immune response. Apoptosis, in contrast, follows sequential changes resulting in the 

dismantling o f the cell without membrane rupture, little consequent inflammatory 

reaction or immune response, and disposal by neighbouring or phagocytic cells.

M oreover it is a potentially reversible process until mitochondrial bioenergetic changes 

commit the cell to death(678). It is relevant to study apotosis, rather than necrosis as a 

marker o f pancreatic preservation injury, as cells at an early stage o f apoptosis may be 

salvaged. Preservation methods causing low numbers o f apoptotic cells are likely to have 

low rates o f cell necrosis and consequently good graft function. Conversely high numbers 

o f apoptotic cells infer increased cell injury which is then likely to progress to secondary 

necrosis. Both primary and secondary necrosis then cause poor graft function and 

possibly augment graft immunogenicity(679) (680).

4.2 Morphology o f  apoptosis.
Apoptosis causes distinct morphological changes in cells (Table 4-1).

N e c r o t i c  d e a t h A p o p t o t i c  d e a t h

In c r e a s e d  c e l l  s i z e C e l l  s h r i n k a g e

O r g a n e l l e  d i s o r g a n i s a t i o n C h r o m a t i n  c o n d e n s a t i o n

M i t o c h o n d r i a l  s w e l l i n g  a n d  l i p i d

ACCUM ULATION

S w e l l i n g  o f  e n d o p l a s m i c  r e t i c u l u m , p r e s e r v a t i o n  o f  o r g a n e l l e  

a r c h i t e c t u r e

S h r i n k i n g  i n n e r  m i t o c h o n d r i a l

ENVELO PE

C e l l  m e m b r a n e  b l e b b i n g

C h r o m a t i n  f l o c c u l a t i o n  a n d  d i s p e r s a l S h e d d i n g  o f  a p o p t o t i c  b o d i e s

C e l l  m e m b r a n e  r u p t u r e  a n d  c o n t e n t s

RELEASED

R e c r u i t m e n t  o f  m o n o c y t e s  a n d

M A C RO PH A G ES T O  T H E SIT E  O F  C E L L  DEATH

Table 4-1. Morphology o f necrotic and apoptotic cell death.
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The nuclear changes o f apoptosis are complex and involve both the chromatin and 

nuclear skeleton. The nuclear envelope remains intact but nuclear pores are redistributed 

concurrent with breakdown o f the nuclear lamellae(681). Chromatin collapses and 

condenses, then marginates to form dense nodules at the inner nuclear envelope. 

Eventually the nucleus fragments and distributes unevenly amongst the generated 

apoptotic bodies(682). DNA degredation occurs by digestion o f linker regions between 

nucleosomes producing characteristic DNA ‘laddering’ patterns o f varying base pair 

lengths(683-688).

Apoptosis alters the cell membrane causing cells to become isolated from their 

neighbours and adopt a more spherical shape. Cell membrane blebs(689) become fused 

with the outer cistemae o f the endoplasmic reticulum, orientating phosphatidyl-serine 

residues from their intracellular positon to the external surface o f the cell and marking it 

for future phagocytosis(690). Eventually the cell membrane coalesces forming small 

apoptotic bodies from the cellular contents that may persist for hours, though actual cell 

death is normally rapid (F igure 4-1 )(689).

Histologically apoptotic cells can appear transient and in low numbers as the time from 

apoptosis induction to phagocytosis may be as little as 1 hour. Additionally cells enter the 

apoptotic cycle at differing times, proceed at different rates and are usually rapidly 

phagocytosed to remove them prior to membrane rupture, inflammation and consequent 

secondary necrosis(691). Failure to phagocytose an apoptotic cell results in secondary 

necrosis and cell lysis. In tissues with high numbers o f apoptotic cells, phagocytic 

capacity may be overwhelmed resulting in the appearance o f a secondary necrotic rather 

than apoptotic phenotype. Indeed though necrosis and apoptosis are viewed as separate 

forms o f  cell death, they share many early signaling pathways and a continuum exists 

whereby morphological necrosis is sometimes seen in cells whose initial commitment 

was towards death by apoptosis(692).
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Figure 4-1. Morphology of apoptosis and necrosis.

4.2.1 Apoptosis in pancreas preservation.

Apoptotic cell death is well documented during whole pancreas preservation and rates of 

apoptosis increase with the duration o f pancreas preservation. The histological cellular 

injuries in the ischaemic pancreas closely mimick those seen in acute pancreatits, most 

notably high rates o f acinar cell apoptosis(693). Significantly increased rates o f apoptosis 

are seen in reperfused rodent allografts after 18 hour UW cold storage compared to either 

unstored or 6 hour UW cold stored grafts(694) and high rates o f acinar cell apoptosis are 

observed after reperfusion o f experimental whole pancreas allografts(695) which 

correlate well with reduced pancreatic functional capillary density and increased 

leucocyte adhesion; both measures o f microcirculatory damage within the pancreas(696). 

Furthermore, rates o f acinar cell apoptosis varied, dependent upon procurement 

technique, in 6 hour cold preserved and reperfused pancreatic grafts (697) and using a 

short period o f warm ischaemic reperfusion prior to 6 hours o f cold preservation to 

‘precondition’ the donor pancreas failed to prevent microcirculatory damage and 

increased the occurrence o f apoptosis in a rodent syngeneic VPT model(698).

4.2.2 Apoptosis during islet isolation and culture.

Apoptosis causes loss o f islet mass during islet isolation. After experimental canine islet 

isolation a significant increase in cellular DNA fragmentation is observed coinciding with 

the appearance of pyknotic nuclei and apoptotic bodies upto 48 hours in cell culture; and 

rates o f cellular apoptosis increased from 5% to 60% from the day o f isolation to day 5 in
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cell culture(699). Similarly isolated rodent islets show significantly higher rates o f 

apoptosis following 7 days o f cell culture compared with either 7 day preservation in UW 

or overnight cell culture (38% vs 27% vs 11%)(700). Paraskevas et al first reported islet 

cell apoptosis following human islet isolation. After a standard isolation protocol,

31.4±2.2% o f islet cells had evidence o f DNA fragmentation o f an apoptotic phenotype 

and the distribution o f cells coincided with positive immunostaining for insulin implying 

that apoptosis was occurring in p cells(701).

Until recently TNFa/TNF receptor mediated islet apoptosis was thought to arise only 

after transplantation and upregulation o f TNFa expression in host inflammatory 

cells(336). However, significant increases in TNFa in the serum and pancreata o f rodent 

experimental brain dead donors have been observed which coincide with reduced islet 

yield, reduced islet in vitro viability and in vivo function(505). Subsequently, Hanley et al 

demonstrated a two-fold increase in islet TNFa expression between days one and three in 

isolated islets, with TNFa secretion peaking at day one. Cell culture for up to 1 week with 

a TN Fa inhibitor reduced TNFa secretion by 70.6%, the frequency o f TNFa secreting 

islets by 64.4% and apoptotic levels by 26.4% in the first day after isolation. These 

findings implicate intraislet cytokine production prior to and during isolation as a factor 

contributing to islet apoptosis and loss o f  islet mass.

Bemey et al used a murine model to compare rates o f islet apoptosis following isolation 

with and without the presence o f contaminant endotoxin. Following islet isolation using 

collagenase 17.2% o f islet cells appeared apoptotic; this rate fell to only 7.1% when 

endotoxin free Liberase was used for isolation(702). Whilst Balamurugan et al recently 

showed that the duration o f human islet exposure to exogenous enzymes during islet 

isolation correlated with rates o f islet cell apoptosis(218).

Pancreatic warm and cold ischaemia during organ preservation also correlate with rates 

o f isolated islet cell apoptosis and can be partially abrogated with organ preservation 

solutions(703). Additionally the preservation method preceding islet isolation affects 

rates o f apoptosis. A recent study, using gene array analysis, found twelve fold increases 

in the expression o f the antiapoptotic genes IAP and survivin, and reduced expression in 

proapoptotic genes (Bad, Bax and activated caspases) in islets isolated from TLM 

preserved pancreata(704).

Dependent upon the assay used, apoptosis can be detected as early as 3 hours after islet 

isolation. A study o f four different apoptotic assays was undertaken by Cattran et al to 

determine their sensitivities at detecting early islet apoptosis. Following isolation, and 

islet exposure to IL-113, TNFa and IFNy, early apoptosis was first detected by a rise in
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caspase 3 activity (0.8±0.3 U/100 IEQ to 1.4±0.45 U/100 IEQ) and annexin V binding 

(21±5.8% to 27.5±8.1%) after 3 and 6 hours respectively. Whereas an increase in the 

numbers o f  TUNEL positive nuclei (1.5±0.5% to 17±5%) was observed after 24 hours 

with a peak at 48 hours (19±5%); and an increase in DNA fragmentation by gel 

electrophoresis was only apparent after 24 hours(705).

Methods to prevent isolation induced islet apoptosis have included intraductal 

administration o f glutamine which reduced islet oxidative stress, increased islet yield and 

improved in vivo function o f islets compared to the use o f intraductal collagenase 

alone(706). Anti inflammatory agents such as lisofylline protect isolated islets from 

inflammatory cytokine induced apoptosis whilst maintaining glucose responsiveness and 

insulin secretion and allow a 30% reduction in islet mass required to achieve insulin 

independence and autoimmune recurrence in a murine transplant models(707, 708). Islet 

exposure to 176-estradiol shows a dose dependent increase in islet viability, reduced 

cytochrome c release and caspase 9 activation. This implies a degree o f protection against 

pro-inflammatory cytokine induced islet apoptosis and, when transplanted into NOD- 

SCID mice, 50% o f recipients o f  estradiol treated grafts achieved euglycaemia compared 

to only 8% o f untreated graft recipients(507). Finally caspase inhibitors, such as the 

specific caspase 3 inhibitor Z-DEVD-FM K(709) and pancaspase inhibitor Z-VAD- 

FMK(710), have demonstrated dose dependent reduction in islet apoptosis during cell 

culture with successful reversal o f diabetes in diabetic nude mouse transplant models.

4.2.3 Apoptosis follow ing islet transplantation.

Apoptosis is a source o f early islet graft loss and PNF(71 l).Davalli et al used a murine 

model to study the early fate o f transplanted islets and reported a 6% p cell apoptosis rate 

attributed to hypoxia in the centrally located P cells o f large islets(316). A recent 

experimental study, which mimicked the hypoxic and nutrient deficient conditions of the 

immediate post transplantation environment, concluded that 24 hours o f hypoxia was 

sufficient to cause central islet necrosis with concomitant apoptotic features such as 

nuclear pyknosis and DNA fragm entation^ 12). Central islet apoptosis reduces both in 

vitro and in vivo islet function, and recent studies have proposed that small diameter islets 

suffer less central apoptosis resulting in an improved functioning islet mass after 

transplantation(713, 714).

Hypoxia is not the sole pro-apoptotic stimulus encountered by transplanted islets, and the 

hyperglycaemic state in the diabetic recipient contributes to the pro-apoptotic milieu. 

Biames et al used a syngeneic mouse model to examine the effect o f persisting
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hyperglycaemia following transplantation o f  a borderline islet mass. Apoptosis was 

observed immediately following transplantation but also continued during chronic 

hyperglycaemia as an ongoing mechanism o f islet graft damage(715). A further study 

showed apoptosis was present in 60% o f transplanted islet tissue at 30 days even where 

insulin was used around the time o f engraftment to abrogate recipient 

hyperglycaemia(715).

Therefore islets are exposed to many potential apoptogenic stimuli before and during 

transplantation such as IBMIR, hypoxia, hyperglycaemia, recruited lymphocytes, 

cytokines(716) and immunosuppressants(717, 718). Therefore the effects o f pancreas 

preservation and islet isolation on islet apoptosis, viability and function is ideally studied 

ex vivo, before transplantation and their exposure to these other potentially apoptogenic 

stimuli.

4.3 Induction o f  apoptosis.
Apoptosis was originally described by morphological characteristics but these occur in 

the later stages at a time when the cell has been committed to the apoptotic pathway for 

some time. Prior to altered morphology are phases whereby pro and anti apoptotic stimuli 

act on pathways o f gene expression and protein sythesis. To enter apoptosis the cell must 

be ‘induced’ by one o f three main pathways; either ‘extrinsic’ ligand-receptor interaction, 

direct ‘intrinsic’ signalling mediated via the mitochondrion (F igure 4 -2 )  or by loss o f cell

cell and cell-extracellular matrix (ECM) interaction, which is o f particular relevance after 

islet isolation.



- 9 7 -

c ta n tfrio n

Figure 4-2. Extrinsic and intrinsic apoptotic induction pathways(719).

4.3.1 ‘E xtrinsic  ’ induction o f  islet ap o p to sis .
4.3.1.1 Death receptor-ligand interaction.

Apoptogenic stimuli originating outside o f  the cell interact with cell surface death 

receptors to transduce signals through the cell mem brane(720, 721). The majority o f 

death receptors are members o f  the o f  type 1 tum our necrosis factor receptor family 

(TNF-R1 )(721-724) which contain 4 extracellular cysteine rich domains for ligand 

interaction(725) and a death dom ain at the intracellular C terminus(726). Receptor 

ligation provokes both pro and anti apoptotic actions via downstream  protein interactions 

with the death domain.

The ligands o f  the TNF receptors are trimeric transmem brane proteins with extracellular 

cell surface domains(722, 727, 728). M any have the capacity to interact with multiple 

TNF-R1 receptors(729), decoy receptors, and other TNFR ligands(727) to regulate a 

large num ber o f  cellular processes other than apoptosis (Figure 4-2).

The CD95/CD95L (Fas/FasL) ligand- death receptor pathway is o f particular relevance in 

diabetes and islet transplantation (724, 730-736).

CD 95/CD95L is a recognized pathway to apoptotic p cell destruction in autoimmune 

insultitis prior to the onset o f  diabetes (vide supra  7.5)(15, 737-739) and in inflammatory
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cytokine mediated islet apoptosis(730). In the pro-inflammatory milieu encountered 

during pancreas preservation, islet isolation and transplantation, cytokine induced islet 

expression o f  CD95 provides a mechanism for islet cell apoptosis and loss o f [3 cell mass. 

CD95L is expressed by immunocytes(740-742) and non-lymphoid cells at sites o f 

‘immune privelage’ such as the Sertoli cells o f  the testis, epithelium o f the anterior 

chamber o f the eye and subretinal space(743-746). At such sites CD95 expressing 

lymphocytes undergo apoptosis by CD95/CD95L interaction. Putatively graft CD95L 

expression could induce apoptotic death amongst host immunocytes confering ‘immune 

privelage’ upon the graft and preventing graft rejection(744).

Furthermore, cotransplantation o f islets with CD95L expressing myoblasts(747-749) and 

testicular Sertoli cells(750, 751) has successfully extended the period o f islet allograft 

survival by inducing immune privelage and apoptosis o f anti-islet activated T cells. 

However, direct expression o f  CD95L on islets themselves has resulted in islet apoptosis 

and accelerated graft rejection(750, 752). A more successful means to prevent CD95 

mediated islet apoptosis may be to engineer the cells to endogenously express anti-CD95 

molecules which specifically cleave CD95 mRNA(753).

Experimental studies using alternative ligands and ‘decoy receptors’ to prevent pro- 

apoptotic signaling by TNF receptor pathways have showed some promise. Wu et al 

recently demonstrated that the soluble TNF decoy receptor TR6 could prevent FasL and 

cytokine mediated islet apoptosis and islet graft PNF(754). Whilst Machen et al 

successfully prolonged islet graft survival using a adenovirally transfected soluble TNF- 

R1 immunoglobulin-Fc fusion transgene which prevented ligation o f the TNF 

receptor(755).

4.3.1.2 Non death receptor-ligand interaction.

Non-TNF receptor pro-apoptotic pathways are activated by the preservation and isolation 

induced rise in inflammatory cytokines, reactive oxygen species and nitric oxide; and are 

largely mediated through activation o f nuclear factor kappa beta (NF-kB)(756, 757). 

IL-1B, for example, is implicated in apoptotic islet death during the development of 

diabetes and in islet transplantation(758). IL-1B levels increase significantly following 

islet cell transplantation(336), and following whole pancreas ischaemia-reperfusion 

injury(759). Experimental models have demonstrated that inhibition o f IL-1B release may 

prevent islet injury, that circulating anti-IL-lB antibodies prevents type 1 diabetes(760) 

and that preventing IL-1B receptor binding results in islet protection against IL-1B
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induced nitric oxide formation, impaired glucose-stimulated insulin production, and 

apoptosis(761).

IL-1B is secreted by activated macrophages, Kuppfer cells and neutrophils, and binding 

o f the IL-1B receptor indirectly results in NF-kB translocation from cytoplasm to the 

nucleus(762, 763). This ubiquitously expressed adaptor protein regulates a family of 

inducible genes(764, 765). At rest it is cytosolically sequestered to the inhibitory protein 

IkBoi(766) but cytokine and stress induced phosphorylation o f IicBa causes its 

degradation and subsequent release o f NFkB which translocates to the nucleus(767).

NFkB is the major transcription factor responsible for de novo transcription o f iNOS and 

elevated NO production(768), and is a key adaptor protein controlling cytokine induced 

beta cell dysfunction(769) and death(770, 771). There is evidence that NF-kB is activated 

in islets undergoing apoptosis(772, 773) and Giannoukakis et al demonstrated an 

upregulation o f iNOS caused by NF-kB which contributed to islet apoptosis in a rodent 

model, whilst adenoviral gene transfer o f the NF-kB inhibitor IkB resulted in reduced IL- 

1B mediated islet dysfunction and apoptosis(774). Similarly over expression o f other NF

kB inhibiting genes, such as A20, have resulted in reduced islet apoptosis and successful 

reversal o f diabetes using a marginal islet mass(775).

Abdelli et al recently demonstrated delayed accumulation o f iNOSmRNA activity 

concomitant with a delayed increase in NF-kB DNA binding activity during islet 

isolation compared to exogenous administration o f cytokines. This suggests that NF-kB 

mediated iNOS induction, arising from the isolation process, is unlikely to contribute to 

islet loss during or immediately following purification; but that iNOS induction, arising 

from cytokine exposure and the non-death receptor pathway, remains a potent mechanism 

for islet cell loss(776).

4.3.2 * Intrinsic9 mitochondrial path way induction.
Stressors such as hyperglycaemia(715) and hypoxia(777) can activate apoptotic pathways 

in isolated islets without the need for surface receptor interaction. This intracellular 

mitochondrial pathway requires phosphorylation o f members o f the mitogen activated 

protein kinases (MAPK) such as c-Jun NF^-terminal kinases (JNK)(778-780) and p38 

kinase(781), which stimulate apoptosis(782). It is postulated that a balance exists between 

the pro-apoptotic JNK/p38 pathways and antiapoptotic extracellular regulated kinase 

(ERK) pathway in determining the fate o f the cell(783). This balance is altered by the 

prescence o f  extracellular stressors and apoptotic modulators which determines the fate o f 

the cell(784).
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4.3.3 Cell detachment induction o f  anoikis.
In the donor pancreas the islets o f Langerhans interact with neighbouring pancreatic cells 

and their extracellular environment. Such cell interactions are required for survival and 

protection from apoptosis(785). The process o f islet isolation disrupts such interactions 

causing apoptosis in islet cells and reducing the islet cell mass for transplantation(711). 

When apoptosis occurs in response to a lack o f cellular adhesion it is called ‘anoikis’. 

Though anoikis has morphological characteristics and effector mechanisms largely 

identical to apoptosis, the signaling mechanisms initiating the process arise uniquely from 

disruption o f cellular adhesion(786, 787).

Therefore it is advantageous for the islet microenvironment to be maintained, or rapidly 

reconstituted, following isolation; and manipulation o f islet cell interactions may reduce 

islet apoptosis and improve the outcome o f islet isolation and transplantation(788). The 

requirement for trophic support from the surrounding microenvironment may explain 

why islets retaining a mantle o f  acinar tissue, after incomplete collagenase digestion, 

have good ex vivo survival and in vitro function(789). It also explains why transplantation 

o f a relatively small number o f  unpurified islets achieves graft function and insulin 

independence(790) more readily than purified(791) or immunoisolated autologous 

islets(792, 793); as islet trophic support is maintained.

The ECM is comprised o f interstitial matrix and basement membrane, and provides 

multiple cellular adherence and signaling pathways for proliferation, differentiation, 

migration and survival(786, 787). Enzymatic pancreas digestion readily destroys the 

interstitial matrix and can also disrupt the collagen IV, laminin and fibronectin islet 

basement membrane(788, 794). Disruption o f  both the islet cell-matrix(787, 795, 796) 

and islet cell-basement membrane relationships lead to induction o f islet anoikis(797).

4.4 Bcl-2 genes contolling apoptosis and anoikis.
A number o f genes, and their protein products, exhert further control over apoptosis. The 

most extensively studied are the Bcl-2 genes consisting o f pro and antiapoptotic 

members(798-800). Analogous to apoptosis, expression o f Bcl-2 family genes and 

proteins also determines the sensitivity o f cells to anoikis(801). Bcl-2 family gene 

expression is also regulated by cell interactions and adhesion(802-805), and through 

cytoskeletal protein signalling(806, 807).

The Bcl-2 sub family exhert antiapoptotic effects and share sequence homology in three 

‘Bcl-2 Homology' regions (BH 1, 2 and 4)(808). Bax sub family members exhert 

proapoptotic activity and share sequence homology only in the BH 3 region(809). Bcl-2 

family proteins have the capacity to form homo and heterodim ers(809-811) which
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regulates their function. A ‘rheostatic m odel’ explains how such protein dimers control 

the fate o f the cell. When Bcl-2 homodimerisation predominates cells develop an anti

apoptotic phenotype conferring protection against apoptosis, whilst. Bax 

homodimerisation usually bestows apoptotic death upon the cell(809, 812, 813). 

Mismatching o f Bax and Bcl2 expression forms heterodimers, and it is the ratio o f Bax to 

Bcl-2 proteins in such complexes which dictates signalling for or against apoptosis(809, 

814).

4.4.1 Bcl-2

Bcl-2 is one o f the most prominently expressed antiapoptotic Bcl-2 sub family 

genes.(815, 816). Antiapoptotic activity is proportional to the level o f Bcl-2 gene 

expression(817-819) which prevents apoptosis and necrosis(820-823) caused by several 

stressors and stimuli(824, 825).

Bcl-2 protein acts within the cytosol(826) and the mitochondrion(817, 827) to prevent the 

formation and opening o f  mitochondrial pores(828) and prevent the release o f 

apoptogenic factors such as cytochrome c and apoptosis-inducing factor (AIF) into the 

cytosol(829-835).

Gene and protein transduction provides a means to modify apoptotic gene and protein 

expression in pancreata during preservation and in islets following isolation. This can 

render them resistant to cytokine induced apoptosis but maintains insulin secretion(836, 

837). However, viral vectors used in transfection can damage islet cells and interfere with 

biologic function. Such vectors are themselves capable o f  inducing islet apoptosis and 

reducing glucose-stimulated insulin secretion in a dose dependent manner during gene 

transfection studies(83 8-840).

Liu et al first demonstrated protection against cytokine stimulated apoptosis in 

insulinoma cells transfected to overexpress Bcl-2 (837); whilst groups led by Rabinovitch 

and Dupraz independently demonstrated resistance to cytokine and hypoxia induced 

apoptosis, and preservation o f islet viability and function, in isolated pig, non human 

primate and human islets by adenovirally mediated transfer o f Bcl-2(841, 842). Similarly 

detachment induced anoikis can be abolished by overexpression o f the antiapoptoic 

proteins Bcl-2 and Bcl-xL(843-845).

Experimental studies o f transgenic islets have shown Bcl-2 transfected non human 

primate islets to have similar in vitro/vivo function, and apoptotic protection, as mantle 

islets surrounded by ECM. It appears that preservation o f the surrounding ECM may 

confer an anti-apoptotic signal equivalent to Bcl-2 over expression(846). A similar study,



-  102  -

using viral mediated transfection o f several antiapoptotic genes into an insulin producing 

p cell derived cell line, showed different gene combinations conferring varying degrees o f 

protection against apoptosis; the most potent o f  which offered apoptotic resistance 

equivalent to the use o f  as chemical caspase inhibitor(847).

In animal transplant models, Bcl-2 transfected macaque islets showed stable long-term 

protection against islet apoptosis, maintenance o f islet function and a reduced islet mass 

requirement for stable euglycaemia with transplantation o f  into severe combined 

immunodeficient mice(848). Other studies have failed to prevent rejection o f Bcl-2 

transfected islet allografts alone, but have achieved prolonged graft survival using Bcl-2 

transfection and anti -T cell co-stimulatory monoclonal antibodies(849).

4.4.2 B a x

Bax protein exists in the cytosol in inactive form and translocates to the mitochondria 

during apoptosis(819, 850, 851). It aids the formation o f  mitochondrial permeability 

transition pores(835, 852-854), mitochondrial release o f cytochrome c and AIF(833, 855) 

and loss o f the mitochondrial membrane potentialA(Pm)(833, 856).

After detachment from ECM and changes in cell adhesion signalling(857, 858), identical 

pro-apoptotic changes are observed with a rapid translocation o f Bax from cytosol to the 

outer mitochondrial membrane(859-861), membrane permeabilisation(862, 863), 

cytochrome c release(864) and effector caspase activation(865, 866). Overexpression of 

Bax induces apoptosis in v/vo(867), whilst ‘knockout’ disruption o f Bax results in cellular 

apoptotic resistance(868, 869).

Bax expression is known to be high in anoikitic isolated human islets and reducing Bax 

expression may preserve islet cell mass following isolation(870).

4,5 The Bioenergetics of Apoptosis and Pancreas Preservation.
Identical mitochondrial changes are observed during pancreatic preservation and early

apoptosis. Concurrently ATP levels decline by hydrolysis(585), the electron transfer

chain dissipates and oxidative phosphorylation uncouples(871, 872); whilst protein

mitochondrial permeability transition (PT) pores open in the mitochondrial outer

envelope(831, 832, 873-881) and A<pm dissipates(872, 882-887). After mitochondrial

permeabilisation downstream apoptotic pathways are activated that lead to the acquisition

o f  the biochemical and morphological hallmarks o f apoptosis(690, 830, 888-891).
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4.5.1 P T  pore form ation.

Bcl-2 family pro and anti-apoptotic proteins are intimately associated with PT pore 

formation {vide supra 4.4); either by direct pore generation(861, 892) or by inducing 

formation o f  pores from mitochondrial protein voltage-dependent anion channels(893, 

894).

PT pores allow release o f the mitochondrial intermembrane fraction containing 

apoptogenic factors(895) like cytochome c, procaspases (especially procaspase 2, 3 and 

9), heat shock proteins, AIF and DNAse into the cytosol(829, 831, 834). The significance 

o f  this is subject to wide interpretation. Some data suggest that intermembrane fraction 

release is an obligatory step for subsequent apoptosis(817, 832, 885, 895-900), some 

view it as an amplification step to accelerate the process(901), whilst others see it as a 

potentially reversible event in the apoptotic cascade(902, 903). Some even view the 

mitochondrial membrane changes as irrelevant after studies demonstrating a direct 

pathway to caspase activation without mitochondrial permeabilisation(904). Furthermore, 

in some cells, the bioenergetic and redox catastrophe o f mitochondrial permeabilisation is 

sufficient to induce apoptosis regardless o f the contribution from the intermembrane 

fraction(883, 885, 905).

4.5.2 The intermembrane fraction.

Release o f intermembrane cytochrome c appears critical to the initiation o f later apoptotic 

pathways via binding o f procaspase 9, proteolysis and activation o f the initiator pro

caspase 3(906-909). This step is closely regulated by endogenous inhibitors o f apoptosis 

(IAP) which bind proteins in the pathway(910, 911) or degrade cytochrome c, so 

apoptosis cannot proceed until a critical threshold concentration o f cytosolic cytochrome 

c is achieved.

Manipulation o f  IAP activity has been used experimentally to prevent islet apoptosis. 

Transgenic islet grafts expressing the IAP survivin achieved long-term engraftment and 

stable euglycaemia in a syngeneic murine transplant model(912); whilst human islets 

transduced with the endogenous X linked inhibitor o f apoptosis (XIAP) showed 

resistance to apoptosis, functional recovery after in vitro hypoxia and a reduction in islet 

num ber required to reverse chemical diabetes in diabetic nude mice(913, 914). Recently 

islet treatment with a cell permeable pentapeptide apoptosis inhibitor has caused up and 

downregulation o f antiapoptotic and proapoptotic protein expression respectively. This 

coincided with an increase in islet yield o f 44% and in vitro insulin secretion by fourfold,
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allowing successful reversal o f streptozotocin induced diabetes by a third o f the usual 

islet mass(915).

Other inducible enzymes in the intermembrane fraction, such as hemeoxygenase-1 (HO- 

1), act as non specific inhibitors o f apoptosis and are released during cytokine induced 

beta cell stress(916-918) and islet isolation(919). Overexpression o f such genes can 

protect islets from inflammatory cytokine mediated apoptosis in vitro , and prolongs the 

survival time o f islet allografts compared to untreated islets(920).

4.5.3 A T P  requirements.

Cytochrome c mediates in caspase activation which is co-dependent upon activation o f 

ATP binding proteins(907-909). This renders progression o f apoptosis an ‘active’ energy 

consuming process dependent upon the availability o f adequate ATP(829). When ATP is 

absent apoptosis cannot proceed and cells die by necrosis even though the early 

components o f apoptosis may be present and active(832, 873, 881, 921-923).

Therefore the mode o f  cell death during pancreas preservation and islet isolation is a 

function o f cellular levels o f  ATP(832, 873, 881, 921-924) and ATP repletion results in a 

return to apoptotic capability, and reduction in necrotic cell death(925). Pure hypoxic 

injuiy rapidly depletes ATP levels and results almost uniformly in cell necrosis(926-928); 

whereas pancreatic reperfusion, or resuscitation during preservation, potentially repletes 

ATP levels allowing a mixed morphology with variable rates o f apoptosis and 

necrosis(929-934). Hence a rapid, reliable and reproducible method to assay ATP might 

allow the predominant mode o f cell death, and efficacy o f pancreas preservation, to be 

assessed prior to pancreas transplantation or islet isolation.

4.5.4 Luciferin-luciferase measurement o f  A T P in apoptosis.
Firefly luciferase can be used to measure the ATP content o f isolated mitochondria and 

permeabilised whole cells. The luciferin-luciferase assay uses the phenomenon of 

bioluminescence whereby the enzyme luciferase catalyses the reaction between ATP and 

luciferin to generate light at wavelength 562nm with an intensity proportional to the 

concentration o f substrates in the reaction mixture (Figure 4-3). Light intensity is 

measured using a luminometer generating an output in mV. ATP concentration can then 

be determined with reference to a standard curve.
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Figure 4-3 The luciferase reaction to generate bioluminescence.

The reaction can be used to differentiate between proliferation, apoptosis and necrosis in 

cells using a two-phase method. Firstly, ATP within the cells is m easured directly by the 

biolum inescent reaction. Following a decay phase, ADP is m easured by its conversion to 

ATP, using a reagent com prised o f  phosphoenolpyruvate (PEP) and pyruvate kinase 

(Figure 4-4), and repetition o f  the bioluminescent reaction.

Figure 4-4. C onversion of ADP to ATP using ADP converting reagent.

The ratio o f  ADP/ATP (Equation 4-1) then distinguishes cellular proliferation, apoptosis 

or necrosis (Figure 4-5).
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Figure 4-5. Modes of cell death and output from the ATP assay.
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ADP:ATP ratio = (C-B )/A

Equation 4-1. Calculation o f ADP:ATP ratio.

Where ATP concentrations are high relative to ADP concentrations, the ADP:ATP ratio 

is low and cells are either proliferating or viable and in a state o f growth arrest. 

Apoptosis, being an active ATP driven process, results in a reduced ATP concentration, 

relative to the ADP concentration, and a moderate increase in the ADP:ATP ratio. In 

primary necrosis a rapid loss o f cellular ATP results in a very high, often reversed,

ADP:ATP ratio; whereas secondary necrosis results in an intermediate fall in ATP and 

consequently high ADP:ATP ratio(935).

Luciferin -  luciferase ATP bioluminescence was first used in human tissue to quantify 

ATP in platelets and plasma(936). Subsequently a modified assay, using ATPase to 

negate the effects o f extracellular ATP, showed good correlation with fluorescent 

assessment o f cell viability in human lymphocytes(937, 938).

Latterly luciferase luminescence was been used in situ to demonstrate the histological 

distribution o f ATP in normal and malignant tissue(939) and the technique was used to 

study ATP content in rodent brain tissue sections following cold induced brain 

injury(940). Luciferase bioluminescence provides a highly sensitive quantification of 

adenosine nucleotides in human tissue allowing a detailed evaluation o f its metabolic 

status comparable to standard spectrophotometric assays(941); and the technique is 

practical, reproducible and sensitive compared with other ATP assays(942).

Mundwiler et al previously made quantitative assessments o f pancreas viability prior to 

islet isolation using firefly luciferase assays o f ATP content(943) and a similar assay has 

allowed the quantification o f ATP in multiple(944) and single islets(945). Brandhorst et 

al employed a luciferase assay in a study o f isolated human islets and demonstrated a 

large variability o f ATP concentration. They recommended clarification o f the relevance 

o f intraislet ATP content for graft function and survival after islet transplantation(946). 

Recently Goto et al demonstrated that islet ADP:ATP ratio correlated with transplant 

outcome in immunodeficient rodents. They suggested that the simplicity and sensitivity 

o f the assay, using an established methodology and standard laboratory equipment, made 

it a promising measure o f post-transplantation islet quality(947).

4.6 Conclusion.
Islet mass is lost during pancreas procurement, preservation and islet isolation by 

apoptosis and anoikis, and by primary and secondary necrosis. Pancreatic ischaemic 

hypoxia, cytokine, mechanical and enzymatic stressors act via receptor mediated and
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mitochondrial pathways, and are closely regulated by pro and antiapoptotic proteins such 

as Bax and Bcl-2. Manipulation o f apoptotic and anoikitic signaling can reduce isolation 

induced and post-transplantation islet apoptosis, and potentially preserve islet mass.

The mitochondrial changes induced by pancreas preservation are synonymous with those 

seen in apoptosis, and apoptotic pathways are likely activated during periods o f pancreas 

preservation. A luciferase based ATP assay is an established means to indirectly assess 

apoptosis and necrosis by ADP:ATP ratio, and this ratio is predictive o f post-transplant 

porcine islet function in a nude murine transplant model(947).

The remainder o f this thesis studies the ADP:ATP ratio in pancreas and islet tissue 

subjected to various preservation protocols. Pre-clinical rodent and porcine models are 

studied, and finally results in a small number o f human pancreata are presented. The 

ADP:ATP ratio is evaluated as a marker o f pancreas and islet cell damage, and compared 

to PCR and immunohistochemical assays o f Bax and Bcl-2 mRNA and protein 

expression respectively, apoptosis, and standard measures o f islet yield, purity and in 

vitro function.
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Part II—Experimental Chapters.
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Chapter 5. Development of Novel 
Methodology.

5.1 Introduction.
This appendix summarises the development o f novel assays and methods used during the 

experimental chapters. The rationale, methods, results and analysis o f these preliminary 

experiments are described with the implications for the experimental work.

5.2 Preliminary experiments using the luciferin assay.

5.2.1 Rationale and aims.
These experiments studied the basic kinetics and optimal conditions for conducting the 

ATP chemoluminescence assay. As ATP is ubiquitous within living tissues it was 

hypothesised that ATP concentration would be increased as more tissue was assayed. 

Experiments using increasing volumes o f pancreas and digest tissue sections, and 

increasing islet numbers, were designed to test this basic hypothesis, and to optimise the 

amount o f tissue required to achieve readings within limits o f accuracy o f the assay. A 

further experiment examined the effect o f sampling different pancreatic sites to optimise 

the origin o f pancreatic biopsy. Finally, to allow experimental pancreatic preservation, 

digestion and islet isolation to continue unimpeded it was deemed advantageous to 

perform ATP assay after completion o f islet isolation; allowing the ATP assay to be 

performed upon stored samples o f tissue from throughout the isolation. Hence the 

feasibility o f pancreatic tissue storage to facilitate en masse assaying o f stored tissue was 

studied.

5.2.2 Methods.
Rodent pancreata were procured from three freshly culled animals and immediately ‘snap 

frozen’ in liquid nitrogen. Increasing numbers o f serial 10pm frozen sections were 

assayed to determine ATP concentrations using increasing amounts o f tissue. 

Confirmation o f  the effect o f increasing tissue volume upon assayed ATP concentration 

was sought by increasing the thickness o f single frozen sections used. To determine the 

effect o f  sampling from different areas o f the pancreas biopsies from proximal, mid and 

distal pancreas were studied. The feasibility o f performing the assay upon pancreatic 

digest tissue was investigated by assaying serial frozen sections o f pancreatic digest 

frozen in flexible microwells, and confirmed by assaying single frozen sections cut at 

10pm increments.
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The influence o f tissue storage conditions upon the ATP assay result was examined by 

storage o f procured blocks at varying temperatures for differing lengths o f time. Previous 

studies have demonstrated the unstable nature o f  ATP requiring rapid assays to prevent 

degradation o f the molecule. The rationale was to obtain the optimal storage temperature 

and duration for frozen sections prior to ATP assay to allow completion o f islet isolation 

without degradation o f ATP during storage.

Finally increasing numbers o f isolated rodent islets were exposed to the ATP assay before 

and after a perod o f  overnight cell culture. This would confirm the required number o f 

islets to obtain a chemoluminescent signal and allow the assay to proceed.

Bioluminescent reagents were supplied by Bio W hittaker (Apoglow™ , Cambrex, Maine, 

USA). After allowing reagents to equilibrate to room temperature experiments were 

conducted in triplicate. To the Eppendorf containing the sample lOOpl o f RPMI (Sigma, 

UK) was added and vortexed for ten seconds. lOOpl o f  nucleotide releasing reagent was 

added and the reaction allowed to proceed at room temperature for 5 minutes. 180pl was 

transferred from the Eppendorf into a white walled DNAse treated luminometer tube,

20pl o f ATP monitoring reagent (firefly luciferase, D-luciferin, 50mg BSA, 0.5 mmol 

magnesium acetate, 0.1 pmol inorganic pyrophosphate) was rapidly added and the 

luminometer (Wallac Series 1900, UK) cassette turned to allow a reading to be obtained 

in mV on a chart recorder (Wallac, UK). After the initial rapid peak o f ATP luminescence 

had been recorded the reaction was left to decay for 10 minutes before a further baseline 

reading was obtained. 20pl o f ADP converting reagent was then added to generate a 

second peak o f ATP luminescence on the recorder. ADP:ATP ratios were calculated from 

the readings made using the equations previously described (vide supra 4.5.4).

A standard curve was constructed by performing the assay using ATP standard dilutions 

to permit the calculation o f the absolute ATP content from the peak chemoluminescence. 

Standards were analysed in triplicate for the construction o f each standard curve. 

Logarithmic transformation o f these values appeared to show a linear correlation between 

log[standard concentration] and log[peak mV] o f  the form y=mx+c. Consistency between 

standard curves throughout the experiments is illustrated in the graph o f cumulative 

standard curves from the first twelve calibrations o f  the luminometer (Figure 5-1).
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Figure 5-1. Logarithm ic transform ation  o f ATP standard lum inescence.

y=0.4328x + 3.6950

1.0

>
E
uo
§ 0.0
£0 
c

1  -5
o
To
►3 -i.o

1 1 •9 •7 -6 •5-10 ■8

°  O b served  

°  Linear M  od el

Log 10 standard concentration mmol/1

The equation o f  the slope o f  Figure 5-1 can be rearranged to allow the calculation o f a 

value o f  ATP concentration thus:

Equation 5-1. [ATPl=10((yJ*’5v1M32*,

For improved illustration figures use the log [ATP] value on the y axis to allow ATP 

concentrations, increasing by logarithmic progression, to be observed on the same axes.
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Figure 5-2. Cumulative results of lum inometer ATP standard calibrations.

M ultiple regression analysis was used to determ ine correlations between the number and 

width o f  sections assayed, and the origin o f  the biopsy in the pancreas. This attempts to 

construct a linear equation that predicts the value o f  a dependent variable (ATP
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luminescence) from two or more independent variables (section number, width, biopsy 

site, storage method, islet number and animal used).

5.2.3 Results.
An increase in ATP concentration was observed when increasing numbers and widths o f  

pancreatic tissue and digest sections were assayed (Figure 5-3 to Figure 5-6). A strong 

correlation betw een the number and width o f  pancreas frozen section was observed by 

beta coefficients o f  0.91 and 0.93 respectively; p<0.001), an effect independent o f the 

individual anim als used in the experiments (beta coefficient 0.13; p=0.87). Similarly 

there were strong correlations between the num ber and width o f digest sections assayed 

(beta coefficient o f  0.83 and 0.87 respectively; p<0.001) with no correlation to individual 

anim als used in the experim ents (beta coefficient - 0.01; p=0.88).

Q.f-<
©

ooo-1

Animal Number

**i
Animal 1

A nim al 2

Animal 3

Number o f  sections.

Figure 5-3. Variation o f ATP concentration with number o f assayed pancreas sections.
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Figure 5-4. Variation of ATP concentration with number o f assayed digest sections.
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Figure 5-5. Variation o f ATP concentration with width of assayed pancreas section.
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Figure 5-6. Variation of ATP concentration with width o f assayed digest section.

Equal concentrations o f  ATP were observed in biopsies from each pancreatic area (Figure 

5-7). M ultiple regression analysis confirmed no correlation between pancreatic area and 

ATP concentration (beta coefficient -1.39; p=0.08). However, ATP concentration could 

be correlated with the animal used during these experiments, demonstrating a degree o f  

variation in ATP concentration amongst individuals assayed (beta coefficient -3.8;

p<0.001).
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Figure 5-7. Comparable levels o f ATP from three pancreatic areas.

M ultiple regression analysis demonstrated negative correlations between the storage 

temperature and increasing duration o f  section storage (beta coefficients -0.88 and -0.22; 

p<0.001 respectively). No deterioration in ATP concentration was observed when 

sections were assayed following storage in liquid nitrogen or -80C for up to 48 hours, 

confirming the feasibility o f  sample storage and later assay to allow islet isolation to 

proceed expediently (Figure 5-8).
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Figure 5-8. Variation of ATP concentration w ith section storage temperature and duration.

M ultiple regression analysis demonstrated a significant correlation between the number 

o f  both pre-and post-culture islets assayed and ATP concentration (beta coefficients 0.63 

and 0.95 respectively; p<0.001); again this was independent o f  the animal used for the
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islet isolation (beta coefficients 0.11, p=0.26 and 0.04, p=0.70) (Figure 5-9 and Figure

5-10).
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Figure 5-9. Variation o f ATP concentration with number o f pre-cultured islets assayed.
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Figure 5-10. Variation of ATP concentration with number o f post-culture islets assayed.

The ADP: ATP ratio could be calculated for each tissue type assayed. Figure 5-11 

demonstrates the ratios obtained. M ultiple regression analysis demonstrated the ratio to 

be dependent upon tissue type (beta coefficient 0.28; p<0.001) but independent o f 

number o f  sections assayed (beta coefficient 0.02: p=0.73), section width (beta 

coefficient -0.06; p=0.48), islet number (beta coefficient -0.09; p=0.16) and animal used 

for isolation (beta coefficient 0.07; p=0.12).
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Figure 5-11. ADP: ATP ratios for each phase of isolation in fresh pancreata.

5.3 Preliminary experiments to determine sample cellularity.

5.3.1 Rationale and aims.
Initial experiments dem onstrated a strong correlation between the volume o f tissue 

assayed and the generated luciferase chemoluminescence. Therefore, to allow meaningful 

comparisons o f  ATP concentrations in tissues a standard am ount o f  tissue was required. 

Attempts to cut uniform sized tissue sections, and calculate the volume o f  tissue based 

upon the mathematical calculation o f the area o f an ellipse, failed. An unacceptably high 

variation in ATP concentration between sections cut from identical tissue blocks was 

observed. Ostensibly this arose due to the high sensitivity o f  the ATP assay to small 

changes in amounts o f  tissue assayed. Hence an more accurate measure o f  sample 

cellularity would allow a ratio o f  ATP: sample cellularity to be calculated. This would 

facilitate more meaningful comparison o f  ATP levels, whilst abrogating the need to 

standardize the am ount o f  tissue sampled.

A conventional technique to precisely measure the cellularity o f  a tissue sample is to 

assay its DNA content. This requires DNA to be liberated from cells via mechanical or 

enzymatic cleavage o f  cell membranes. During the firefly luciferase assay cells are 

perm eabilised using a cationic detergent to release adenine nucleotides. Hence the 

feasibility o f  performing a rapid DNA assay o f sample cellularity upon the material 

previously used in the ATP assay was studied using frozen pancreatic sections, frozen 

digest sections and isolated islets. The results o f  these rapid DNA assays were then 

compared with a conventional DNA assay using sonication to release DNA. If  the results
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o f  the rapid DNA assay were comparable to the formal sonication method then the rapid 

DN A assay, performed on the same sample after completion o f  the ATP assay, would 

give an adequate measure o f  sample cellularity.

5.3.2 Methods.
500pl samples o f  the supernatant from the firefly luciferase assay were added to a sterile 

DN Ase treated Eppendorf with 1.5ml o f  DNA assay buffer (pH 7.4; 2M sodium chloride, 

0.05M  disodium hydrogen phosphate, 2mM EDTA). After vortexing for 10 seconds 

400pl was transferred to a sterile DNAse treated Eppendorf and 2.6ml o f  fluorochrome 

reagent was added (1 pg/ml Hoechst dye 33258 (Sigma) in NTE buffer). The reaction was 

left to proceed for 30 minutes at 30°C incubation in a waterbath. 1ml was then transferred 

to a DN Ase treated fluorometer cuvette and read on a fluorometer at wavelength o f  

350nm excitation and 455nm  emission. A serial dilution o f  50pg/ml ca lf thymus DNA  

(Sigma D 1501) in DNA assay buffer was used to generate standards from which standard 

curve was plotted. Sample fluorescence readings in mV were then converted to DNA  

concentrations by comparison with the standard curve.

Conventional DNA assay methodology was performed on comparable samples. This used 

the method described above with the additional step o f  sonification o f  the samples at 

14mHz for 3 periods o f  20 seconds prior to the addition o f  D N A  assay buffer.

Multiple regression analysis was used to determine correlations between the volume o f  

tissue assayed and rapid and conventional DNA assay results.

5.3.3 Results.
Using the rapid DNA assay an increase in DNA concentration was observed using 

increasing number and width o f  pancreatic (beta coefficient o f  0.71 and 0.88 respectively; 

p<0.001) and digest sections (beta coefficient o f  0.74 and 0.93 respectively; p < 0.001)) 

(Figure 5-12 and Figure 5-13).
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Figure 5-12. Variation in rapid DNA concentration with increasing number of sections assayed.
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Figure 5-13. Variation in rapid DNA concentration with increasing width of section assayed.

Confirm ation o f the effect o f  increased tissue volume upon rapid DNA assay result was 

obtained using increasing num bers o f  isolated islets (Figure 5-14). A strong correlation 

was observed between rapid DNA assay result and number o f  islets used for both pre and 

post-culture islets (beta coefficient o f 0.97 and 0.92 respectively; p<0.001).
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Figure 5-14. Variation in rapid DNA concentration with increasing number o f islets assayed.

The validity o f  the rapid DNA assay, to accurately determine DNA concentrations, was 

proven by a strong correlation between the results obtained in the rapid assay and those 

obtained by conventional DNA assay on sonicated material. Figure 5-15 illustrates the 

strong positive correlation between the results o f the assays using all tissue types 

(Pearson correlation coefficient 0.84; p<0.001).

-2 Vo
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-4

•5 Tissue Type 

°  Post-culture islets-6
° Pre-culture islets

-7 Digest

° Pre-stored pancreas•8
•5 -3 ■2-8 •7 -6 -4

Log 10 D N A  cone conventional assay (micromol/T)

Figure 5-15. Scatter plot demonstrating correlation between rapid and conventional DNA assays.

Hence an ATP:DNA ratio could be calculated for each tissue type assayed. Figure 5-16 

dem onstrates the ratios obtained. M ultiple regression analysis demonstrated the ratio to 

be dependent upon tissue type (beta coefficient 0.614; p<0.001) but independent o f 

num ber o f  sections assayed (beta coefficient -0.04; p=0.76), section width (beta 

coefficient -0.02; p=0.90) and islet number (beta coefficient 0.15; p=0.38).
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Figure 5-16. ATPrDNA ratios for each phase of isolation in fresh pancreata.

5.4 Preliminary experiments on immunohistochemistry o f apoptotic 
proteins.

5.4.1 Rationale and  aims.
These experiments optim ised the immunohistochemical techniques to allow the semi- 

quantitative analysis o f  the pro and anti-apoptotic proteins Bax and Bcl-2 in the rodent 

model. These techniques use mono and polyclonal antibodies raised in various species to 

generate epitope binding and facilitate a colour change in a developm ent phase. The 

concentrations o f  antibodies used was critical to prevent non-specific binding and false 

positive staining, and inadequate staining and false negative results. Hence appropriate 

positive and negative control slides were required to demonstrate the presence o f  false 

positive and false negative staining and determine optimal antibody concentrations.

5.4.2 M ethods.
The prim ary antibody was a polyclonal antiserum raised in rabbit and reactive against the 

rat pro-apoptotic protein Bax(948) (DB Pharmingen, Lot No.554106) or the anti

apoptotic protein Bcl2(949) (DB Pharmingen, Lot No.554087). The secondary antibody 

was a biotinylated anti-rabbit polyclonal antiserum raised in goat (Stressgen 

Biotechnologies, Victoria, Canada. Lot No. SAB-303). The tertiary phase used an 

avidin/streptavidin complex reactive against biotin and biotinylated alkaline phosphatase. 

The final developm ent phase utilized the colour change o f  fast red from colorless to red 

when acting as a substrate for alkaline phosphatase. Thus the Bax or Bcl2 epitopes are 

indirectly linked via a complex to alkaline phosphatase in an ‘indirect sandwich’ 

imm unohistochem ical assay (vide infra Figure 6-11).
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Optimisation o f  the staining protocol was undertaken using the test antibodies in varying 

combinations in ascending concentrations, with varying incubation times and 

temperatures. Rat thymic tissue was used positive controls, with application o f  identical 

concentrations o f  mixed rabbit antibodies to thymic tissue slides as a negative control. 

Optimal staining was deemed to be at antibody concentrations, incubation times and 

temperatures which achieved highly specific and intense staining o f  positive controls, but 

low levels o f  non-specific background staining indicated by absent staining o f  negative 

controls.

Rat thymic biopsies were fixed in 4% formaldehyde in 0.9% saline for a minimum o f  24 

hours. Samples were then placed in a tissue cassette and embedded in paraffin wax. 4pm  

sections o f  paraffin wax embedded tissue were cut using a microtome and serial sections 

were floated in a waterbath to allow mounting on silane coated slides. Slides were dried 

at 37°C for 24 hours. Slides were de-waxed by serial immersions in xylene (2x 3 

minutes), 99% industrial methylated spirit (IMS) (2x 3 minutes), 95% IMS (2x 3 

minutes) and ultra-pure water (2x 3 minutes).

The process o f  fixation and paraffin blocking may obscure the antigens o f  interest and 

produce false negative staining o f  sections. Hence antigen retrieval was used to facilitate 

staining intensity where antigen expression may have been impaired by tissue processing. 

This required determination o f  optimal citrate buffer pH, temperature and duration o f  

heating for a given concentration o f  primary and secondary antibody. For the antibody 

concentrations used during these experiments, antigen presentation by 850W  microwave 

heating in lOmM citrate buffer at pH6 for 20 minutes followed by 40 minutes o f  room 

temperature cooling produced optimal retrieval conditions.

Slides were then washed in TRIS buffered saline (pH7.65, TRIS 20mM, NaCl 137mM, 

HC1 1M) and, prior to the addition o f  primary antibodies, were blocked with application 

o f  50pl o f  a 1:20 dilution o f  normal goat serum in blocking solution (3% Bovine serum 

albumin, 0.1% Triton x-100, TBS) for 10 minutes to prevent non-specific binding o f  the 

primary antibody.

NGS was then poured from the slides and lOOpl o f  primary rabbit anti-rat Bax polyclonal 

antiserum added to each (DB Pharmingen, Lot No.554106) for Bax IHC. For Bcl-2 IHC 

this was replaced by lOOpl o f  a rabbit anti-rat Bcl-2 polyclonal antiserum (DB  

Pharmingen, Lot No.554087). Slides were placed in a darkened covered slide tray for a 

period o f  incubation at 4°C. The primary antibody solution was poured from each slide 

and lOOpl o f  secondary biotinylated goat anti-rabbit polyclonal antiserum added to each 

(Stressgen Biotechnologies, Victoria, Canada. Lot No. SAB-303). Slides were covered
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and incubated at 4°C for lhour. The secondary antibody was poured from each slide and 

the sides racked and washed in TBS for 5 minutes. lOOpl o f the tertiary phase 

avidin/streptavidin complex and biotin/alkaline phosphatase linkers was applied to each 

slide and the covered slides left to incubate. Slides were then racked in a Hellendahl and 

washed in ultrapure water on a rocking platform  for 5 minutes. The wash was then 

poured away and replaced with veronal acetate buffer (VAB) (pH 9.2; 0.39% w/v sodium 

acetate trihydrate, 0.59% w/v sodium barbitone, 0.58% w/v sodium chloride) for a further 

5 minutes. Slides were then transferred to a Hellendahl o f  filtered red developer solution 

(0.05%  w/v napthol ASBI phosphate in 500pl dimethylfemanide, 0.05% w/v fast red, 

0.02%  levamizole) to allow the final colour change to develop. Slides were washed in 

ultra pure water for 5 minutes, counterstained with haematoxylin for 5 minutes and 

rewashed before m ounting using an aqueous mountant and cover slips.

5.4.3 Results.

5.4.3.1 Bax immunohistochemistry.
Figure 5-17 to Figure 5-19 illustrate the most optimal staining protocol identified for 

rodent Bax staining. The optimal specificity and intensity o f positive control staining 

was achieved by overnight incubation o f  slides at 4°C using a 1:100 dilution o f  primary 

antibody following 20 minutes o f  850W  m icrowaving for antigen presentation.

Incubation Protocol

10 mrns 67 Celsius

30 mins 67 celcius

[30 mins 37 Celsius

|60 mins 37 Celsius

120 mins 4 Celsius

I 112 hours 4 Celsius-10
1:100 1:500 1:10001:20

Primary Antibody Dilution

Figure 5-17. Staining of positive controls after 10 minutes of antigen presentation.
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80 Incubation Protocol
A

10 mins 67 Celsius

^ | 3 0  mins 67 celcius 

■  30 mins 37 Celsius40

160 mins 37 Celsius

20
120 mins 4 celsius

I 112 hours 4 Celsius0
1:20 1:5001:100 1:1000

Primary Antibody Dilution 

Figure 5-18. Staining o f positive controls after 20 minutes of antigen presentation.

Incubation Protocol 

1 10 mins 67 celsius 

■  30 mins 67 celcius 

30 mins 37 celsius 

| | 6 0  mins 37 celsius 

L H 120 mins 4 celsius 

I 112 hours 4 celsius
1:20 1:100 1:500

Primary Antibody Dilution

1:1000

Figure 5-19. Staining o f positive controls after 30 minutes of antigen presentation.

This protocol provides optim al staining as reciprocally low levels o f staining o f  negative 

controls occurred (Figure 5-20 to Figure 5-22)
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Figure 5-20. Staining of negative controls after 10 minutes of antigen presentation.
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Figure 5-21. Staining of negative controls after 20 minutes of antigen presentation.
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Figure 5-22. Staining o f negative controls after 30 minutes of antigen presentation.

This combination o f  antigen presentation, primary antibody concentration, and incubation 

methodology was then used to optimise the concentration and incubation times o f  the 

secondary antibody and tertiary avidin/strepavidin phases o f  the assay. Figure 5-23 to 

Figure 5-28 illustrate that strongly positive staining o f  positive controls and negligible 

staining o f  negative controls was obtained using a secondary antibody dilution o f  1:200 

and incubation time o f  60 minutes for the secondary antibody and an incubation time o f  

90 minutes for the avidin/strepavidin phase.

1(10

sc
90

O*o

Secondary Incubation

H |3() minutes room temp 

^ | 6 0  minutes room temp 

■ 9 0  minutes room temp

On

1:20 1:200 1:400 1:1000

Secondary Antibody Concentration

Figure 5-23. Staining o f positive controls after 90 minutes tertiary antibody incubation.
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■ 6 0  minutes room temp 

■ < * >  minutes room temp
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1:1000

Figure 5-24. Staining o f positive controls after 60 minutes tertiary antibody incubation.
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Figure 5-25. Staining o f positive controls after 30 minutes tertiary antibody incubation.



-  1 2 7 -

■=HI

1:20 1:200 1:400

Secondary Antibody Concentration

1:1000

Secondary Incubation 

I B 30 minutes room temp 

■ 6 0  minutes room temp 

■ 9 0  minutes room temp

Figure 5-26. Staining o f negative controls after 90 minutes tertiary antibody incubation.
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Figure 5-27. Staining o f negative controls after 60 minutes tertiary antibody incubation.
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Figure 5-28. Staining o f negative controls after 30 minutes tertiary antibody incubation.

5.4.3.2 Bcl2 immunohistoclnemistry.
Optimisation studies for the Bcl2 assay yielded that the highest amount o f specific and 

intense staining o f  positive controls was achieved by overnight incubation o f slides at 

4°C using a 1:100 dilution o f  primary antibody following 20 m inutes o f  850W 

microwaving for antigen presentation (Figure 5-29 to Figure 5-31)

j5 80

N r

1:20 1:100 1:500

Primary Antibody Concentration

1:1000

Antigen Presentation

H 10 mins 67 celsius 

^ | 3 0  mins 67 celcius 

^ |3 0  mins 37 celsius 

■ 6 0  mins 37 celsius 

■  120 mins 4 celsius 

I 112 hours 4 celsius

Figure 5-29. Staining o f positive controls after 10 minutes antigen presentation.
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Figure 5-30. Staining o f positive controls after 20 minutes antigen presentation.
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Figure 5-31. Staining o f positive controls after 30 minutes antigen presentation.

This protocol provides optimal staining as reciprocally low levels o f  staining o f negative 

controls occurred (Figure 5-32 to Figure 5-34).



% 
po

si
tiv

e 
st

ai
ni

ng
 

% 
po

si
tiv

e 
st

ai
ni

ng

-  130  -

20

Antigen Presentation10

10 mins 67 celsius

*53
|30 mins 67 celcius

|30 mins 37 Celsius0

■ 6 0  mins 37 celsius

1120 mins 4 celsius

I 112 hours 4 celsius- H i

1:20 1:100 1:500 1:1000

Primary Antibody Concentration 

Figure 5-32. Staining o f negative controls after 10 minutes antigen presentation.
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Figure 5-33. Staining o f negative controls after 20 minutes antigen presentation.
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Figure 5-34. Staining o f negative controls after 30 minutes antigen presentation.

This combination o f  antigen presentation, primary antibody concentration, and incubation 

methodology was then used to optim ise the concentration and incubation times o f  the 

secondary antibody and tertiary avidin/strepavidin phases o f  the assay. Figure 5-35 and 

Figure 5-36 illustrate that strongly positive staining o f  positive controls and negligible 

staining o f  negative controls was obtained using a secondary antibody dilution o f  1:200 

and incubation time o f  60 m inutes for the secondary antibody and an incubation time o f  

90 minutes for the avidin/strepavidin phase.

120

100

Secondary Incubation

■ 3 0  minutes room temp 

■ 6 0  minutes room temp

190 minutes room temp
1:200 1:400 1:10001:20

Secondary Antibody Concentration

Figure 5-35. Staining o f positive controls after 60 minutes tertiary antibody incubation.
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Figure 5-36. Staining o f negative controls after 60 minutes tertiary antibody incubation.

5.5 Conclusion.

These preliminary experim ents confirm ed the feasibility o f the Luciferase assay to 

determine the ADP:ATP ratio from tissues throughout the isolation process. However, the 

ATP chemoluminescent signal was dependent upon the volume o f  tissue assayed, the 

temperature and duration o f  tissue storage and individual variation in tissue ATP content. 

Adequate ATP signal could be obtained using single 10pm sections o f pancreas or digest 

stored for up to 48 hours in liquid nitrogen, and from aliquots o f  ten or more islets upto 

24 hours in cell culture.

Furthermore, the Luciferase assay and rapid DNA assay can be performed on the same 

supernatant allowing the ATP:DNA ratio to be determind from tissues throughout the 

isolation process. This ratio is independent o f  the volume o f  tissue used and allows 

meaningful comparisons o f  tissue ATP concentrations.

Finally, these experiments determ ind the optimal conditions for Bax and Bcl-2 

immunohistochemistry to be:

•  20 minutes o f  850W  m icrowave antigen retrieval.

•  Overnight incubation at 4°C with a 1:100 dilution o f  primary anti-Bax or anti- 

Bcl-2 prim ary antibody.

•  60 minutes o f  incubation with a 1:200 dilution o f  secondary antibody.

•  90 minutes for the avidin/strepavidin phase.

These optim ised m ethods were then used throughout the remaining experiments using 

rodent, porcine and human pancreata.
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Chapter 6. Studies in the Rodent Model
6.1 Introduction.
This chapter describes experiments in the rodent model. Conventional tehniques were 

used to quantify islet yield, in vitro viability, gradient purity and mRNA g ene expression. 

The optimised novel methods, described in Chapter 5, were used to study ADP:ATP 

ratio, ATPiDNA ratios, Bax and Bcl-2 immunohistochemistry.

6.2 Aims.
Experiments were designed to test the null hypotheses that no statistically significant 

difference in islet yield, gradient purity, viability, Bax and Bcl-2 gene expression and 

ADPrATP or ATPiDNA ratio would be observed between the preservation methods 

studied.

6.3 Methods.

6.3.1 Rodent Pancreas Retrieval.
Donor animals were 200-300g male inbred Wistar rats (Division o f  Biomedical Sciences, 

University o f  Leicester, U.K) housed in standard conditions and receiving a standard 

dietary regimen. Culling was by HMHO Schedule 1 approved cervical dislocation. 

Pancreas retrieval was performed expediently as follows. Following supine positioning 

on a cork board the abdomen was shaved and cleansed using 0.1% ethanol. A  midline 

laparotomy allowed exposure o f  the abdominal viscera and pressure upon the inferior 

costal margin caused liver eversion cranially to expose the underlying biliary tract, 

pancreas and small bowel. The pancreas was dissected from its position within a 

circumferential duodenal loop and a tissue biopsy obtained and embedded in Tissuetek 

within flexible microwells prior to snap freezing in liquid nitrogen. A 26Gx 19mm 

cannula (Abbocath®-T, Abbott, Sligo, Rep. o f  Ireland) was positioned into the 

confluence o f  bilary and pancreatic ducts and this secured by a 4/o silk suture (Mersilk®, 

Johnson and Johnson International) (Figure 6-1). For immediate islet isolation a 

haemostat was applied to the distal pancreatic duct to allow controlled distension o f  the 

pancreas and in situ  distension was via introduction o f  10ml o f  2mg/ml collagenase 

solution (20mg collagenase(Serva Electrophoresis GmbH, Heidelberg, Germany; Cat. N o  

17456; Lot N o 15022) in 10ml Eagles minimal essential medium (MEM)(Gibco)) over 

20 seconds. The distended pancreas was excised from the circumferential duodenal loop
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and placed into a Universal container on ice for immediate transport to the isolation 

laboratory.

Figure 6-1. Rodent dissection demonstrating cannulation o f the pancreatic duct.

Where islet isolation was to be delayed until after a period o f  preservation a section o f 

small bowel including the junction o f  common bile duct into bowel was isolated between 

4/o silk ligatures allowing the pancreas to be excised en bloc by division o f the small 

bowel between the ligatures. The cannulated duct was then flushed with 0.5ml phosphate 

buffered saline to m aintain duct patency and the pancreas was transferred into its 

allocated preservation method.

Prior to discarding the cadaver a biopsy was taken from the thymus lying in the anterior 

mediastinum. This was fixed in 4%  formalin to be used as a positive control during 

subsequent imm unohistochem istry (IHC).

6.3.2 E xperim ental Groups.
Pancreata were random ised to experimental preservation protocols using combinations o f  

warm and cold ischaemia and preservation solutions to mimic the retrieval and 

transportation times achieved in clinical human islet isolation.(Table 6-1).
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Preservation M ethod Cold Ischaemia  Duration

Immediate Isolation 0 HOURS (8 )

U W C old Storage  alone
4 HOURS (8 )

8 hours (8)

ET-K Cold Storage alone
4 hours(8)

8 hours (8)

UW Two Layer M ethod
8 HOURS AND 1 HOURTLM  (8 )

8 HOURS AND 4 HOURS T L M  (8 )

ET-K Two Layer M ethod
8 HOURS AND 1 H OURTLM  (8 )

8 HOURS AND 4  HOURS T L M  (8 )

UW Cold Storage w ith  warm  ischaemia

3 0  MINS WARM ISCHAEMIA AND 4 HOURS COLD 

STORAGE (8 )

30  MINS WARM ISCHAEMIA AND 4 HOURS COLD 

STORAGE (8)

Table 6-1. Experimental protocols for the rodent studies. ()=n per group.

6.3.2.1 Static Cold Storage.

Pancreata subjected to periods o f  static cold storage were placed in sterile Universal 

containers (Sterilin, UK) in m elting ice (4°C ) with 15mls o f  the respective preservation 

solution (Figure 6-2).

JmOOOr 10001

Figure 6-2. UW and ET-K solutions compared during rodent experiments.

After the allocated period o f  static cold storage the preservation solution was decanted 

and two small biopsies were taken; one snap frozen in Tissuetek in a flexible microwell 

and stored in liquid nitrogen for later ATP and DNA assays, the other fixed in 4%
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formalin for IHC. The pancreas was then distended with collagenase via the indwelling 

cannula as previously described and the isolation phase was begun (Figure 6-3).

Lot

■ t o  W M 1

Figure 6-3. Collagenase and collagenase distension o f the preserved rodent pancreas.

6.3.2.2 Two Layer M ethod (TLM).

W here the pancreas was to be subjected to TLM preservation it was transferred to a 

modified 100ml Duran bottle. 40ml o f  perfluordecalin solution and 40 ml o f  the 

respective crystalloid preservation solution was added to this. Being immiscible, these 

formed two layers allowing the pancreas to float on the PFC whilst being bathed in the 

crystalloid preservation solution. An inlet tube in the Duran lid was connected to an 

oxygen supply and oxygen (95%02:5%CC>2) was insufflated through the PFC layer at 1 

litre per minute, whilst an outlet allowed the release o f  carbon dioxide and excess 

oxygen. The whole apparatus was placed in an ice box to maintain a 4 °C temperature for 

the duration o f  TLM preservation (Figure 6-4).

Figure 6-4. Apparatus for rodent TLM preservation.
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A fter the allocated period o f  TLM preservation the pancreas was retrieved into a sterile 

Universal container and two small biopsies were taken; one snap frozen in Tissuetek in a 

flexible microwell and stored in liquid nitrogen for later ATP and DNA assays, the other 

fixed in 4%  formalin for IHC. The pancreas was then distended with collagenase via the 

indw elling cannula as previously described and the isolation phase was begun. The 

perfluordecalin was re-used by filtration though a 14pm filter (M illipore, UK) and 

autoclaving at 121 °C for 40 minutes.

6.3.3 Rodent Isle t Isolation.
In a Class II m icrobiological cabinet the pancreas was transferred to a Universal 

containing 10ml M EM  in a waterbath at 38°C for 18 minutes to allow collagenase 

enzymatic digestion to proceed. Digestion was halted by decanting the supernatant from 

the Universal and the addition o f  10 ml o f MEM  (4°C). The Universal was then 

vigorously shaken for 1 m inute to facilitate mechanical pancreatic digestion. The 

pancreatic digest was poured through a sterile 500pm  nylon m esh into a sterile 50 ml 

conical bottom ed tube (C ostar Com ing, UK) to remove undigested tissue and the 

Universal and mesh washed into the conical tube with MEM supplem ented with 5% 

bovine serum album in (BSA) (Advanced Protein Products). The collected suspension was 

washed twice by centrifugation (270g, 1 minute, 4°C) and resuspension o f  the tissue 

pellet in MEM with 5% BSA. A fter the final washing the supernatant was aspirated 

leaving the digest pellet for purification, and a Drummond displacem ent pipette was used 

to extract a 200pl biopsy o f  digest into a flexible microwell. This was snap frozen and 

stored under liquid nitrogen for later assays.

6.3.4 D ensity Gradient Purification o f  R odent Islets.
A 7ml discontinuous density gradient was used for digest purification and islet 

separation. This was com prised o f  three densities o f  BSA at 1.086, 1.079 and 1.056 

g/cm 3. BSA solutions were prepared by dilution o f  stock high density l.lg /cm 3 BSA 

(Advanced Protein Products, U.K) with sterile distilled water and MEM, and densities 

were confirm ed using a calibrated densitom eter (Paar Scientific Ltd, UK). The digest 

pellet was resuspended in 4ml o f  1.086g/cm3 BSA by gentle pipetting and this was 

sufficient to provide the lower fraction in two 10ml sterile centrifugation tubes (Costar 

Com ing, UK). 2ml o f  the resuspended digest was pipetted into the base o f  each tube and 

onto this 2ml o f  1.079g/cm 3 BSA was layered with care not to mix the layers. A third
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layer o f  1.056g/cm3 BSA was applied and finally 1ml o f  MEM to complete the gradient 

(Figure 6-5).

Figure 6-5. Discontinuous BSA density gradients for rodent islet purification.

G radient tubes were centrifuged at 270g 4°C for 15 minutes to allow the digest 

com ponents to migrate to their isodense points on the gradient. After centrifugation the 

islet fraction was extracted from the interface o f  the 1.079g/cm3 and 1.056g/cm3 layers by 

aspiration at this level using a 2ml pipette tip. Islets were transferred to a 50ml conical 

tube and washed o f  BSA by 2 successive centrifugations (270g,4°C for 5 minutes) and 

resuspension in 50ml MEM.

6.3.5 Islet Culture Purification.
A fter isolation the islet pellet was resupended in 10ml o f  RPMI culture medium (Gibco, 

UK) supplem ented with 10%v/v fetal calf serum, l% v/v penicillin, l% v/v streptomycin, 

2% v/v Hepes and l% v/v pyruvate, and transferred to a large Petri dish. A Drummond 

pipette was used to extract a 200pl biopsy o f the islet fraction which was streaked onto a 

small Petri dish. This was then examined under a light m icroscope x 100 and ten aliquots 

o f  10 islets were handpicked from the biopsy using a drawn out glass micro-pipette. Islets 

were transferred to sterile Eppendorfs, snap frozen and stored under liquid nitrogen for 

later assays. The rem aining islets were then placed in a cell culture incubator (37°C, 

5%CC>2) for overnight culture purification. After 14 hours o f  incubation islets were again 

biopsied using the method above, and the post-culture islets were used in the remaining 

quality control assessments (Figure 6-6).



-  1 3 9 -

Figure 6-6. Rodent islets stained with dithizone - insulin granules within p cells staining red.

6.3.6 Islet yields.
Islets were removed from cell culture and five lOOpl aliquots o f  culture medium streaked 

across a Petri dish using a D rum m ond pipette. To the streaks 20pl o f  0.006% w/v 

dithizone (pH 7.8) was added with a G ilson pipette. Streaks were exam ined under a light 

m icroscope * 100 with a graticule (Cell Finder, Holland). Islets with diam eters o f  greater 

than 50pm  were counted in groups o f  50pm  ascending sizes. Islet counts were adjusted to 

IEQs and multiplied by the dilution factor 20 to generate a total IEQ per pancreas yield 

according to islet size.

6.3.7 G radient Purity.
An assessm ent o f  islet fraction purity was made by establishing the percentage o f 

exocrine contam ination in each 1 ml gradient fraction, and comparisons made at the level 

o f  60%  insulin content. This is deem ed to correspond to an acceptable islet yield from a 

continuous BSA minigradient.

6 .3 .7. 1 Continuous density gradient preparation.

C ontinuous linear m ini-gradients were constructed after the pancreas had been processed 

to the digest stage. 5.2ml aliquots o f  high density (1.103g/cm 3) and low density 

(1 .075g/cm 3) BSA were prepared by dilution o f  stock BSA (Advanced Protein Products, 

UK) with M EM  and checked with a calibrated densitometer (Paar Scientific Ltd, UK). 

Each aliquot was added to a side o f  a two cham ber gradient maker. A 1ml sample o f 

digest was added to the bottom  o f  a clear 12ml tube (Costar Com ing, UK) and the
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continuous density gradient layered onto this by running a roller pump and mixing the 

BSA densities with a magnetic flea in the base o f  the gradient maker (Figure 6-7).

m

Figure 6-7. Apparatus for BSA continuous mini-gradients and measurement o f gradient purity.

G radients were centrifuged for 5 m inutes (500g, 22°C) to allow digest components to 

occupy their isodense points. Eleven 1ml aliquots were aspirated down each gradient, 

washed tw ice in MEM and resuspended in 2ml MEM in Eppendorfs. These were 

sonicated at 14MHz for three periods o f  30 seconds (Soniprepl50, MSE, UK). 1ml was 

then w ithdrawn and frozen in 1ml Zeigler reagent (90% v/v ethanol, 10%v/v 1M 

orthophosphoric acid, 5% v/v distilled water) at -20°C for insulin assay. The remaining 

1 ml was frozen at -20°C for amylase assay.

6.3.7.2 Amylase assay.

Frozen gradient samples were thaw ed in a waterbath at 37°C. 200pl o f  the sample was 

m ixed with 4 ml distilled water in a 10 ml tube (Costar Coming, UK) and returned to the 

water bath. To each tube a tablet o f  Phadebas reagent (Pharmacia Diagnostics, Sweden) 

was added and vortexed. This contained a water soluble cross-linked starch polymer 

which was hydrolysed by a - amylase to generate a water soluble blue dye. Tubes were 

left for 15 m inutes after which the reaction was ceased by the addition o f  1ml 0.5M 

sodium  hydroxide. After centrifugation at 1500g for 5 minutes the clear supernatant was 

aspirated into spectrophotom eter cuvettes and the absorbance measured at 620nm 

wavelength against a blank cuvette containing ultra pure water. Amylase concentration 

was calculated from a series o f  standard absorbance curves. From the 11 samples the



-  141 -

cum ulative percentage amylase concentration was calculated. A cumulative percentage 

insulin and amylase concentration was established for each 1ml portion o f  the continuous 

gradient, and a graph constructed allowing the percentage amylase contam ination which 

coincided w ith a cumulative insulin content o f  60%. An example o f  the cumulative 

results o f  in freshly processed pancreata is shown in Figure 6 - 8 .
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Figure 6-8. Cum ulative insulin and am ylase content in a freshly processed pancreas mini-gradient.

6.3.8 In vitro islet function .

Duplicate static incubations were perform ed after aliquots o f  20 islets were handpicked 

from culture m edium  using a drawn out glass micro-pipette. Islets were place onto 4pm  

mesh inserts (Costar Com ing, UK) in a 12 well plate (Com ing Costar, UK) containing 

2ml per well o f  low concentration glucose solution (1.7mM; 6 6 %v/v Geys balanced salt 

solution (GBSS), 33% v/v M EM , 0.05% w/v BSA). After 1 hour the m esh inserts were 

transferred to another 12 well plate containing low concentration glucose for 30 minutes, 

then to a plate containing high concentration glucose solution (25mM ; 6 6 % v/v GBSS,

33% v/v M EM , 0.05% w/v BSA, 0.3%  w/v glucose) for 30 m inutes and finally to low 

concentration glucose solution for 30 minutes. As the islets were m oved between 

solutions, 1ml aliquots were aspirated from the wells and frozen at -20°C for insulin 

assay.

A solid phase two site enzyme linked immunosorbant assay (ELISA) kit was used to 

measure rodent insulin content. This used two monoclonal antibodies directed against 

different epitopes o f  rat insulin to generate a colour change.
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The kit w as supplied w ith standard insulin concentrations, and 25pl aliquots o f  these 

w ere added in duplicate to the first 16 wells o f  the 96 well assay plate. 25pl aliquots o f 

the test sam ples were added in duplicate to the rem aining wells. To each well 50pl o f  

peroxidase conjugated anti-insulin antibodies w ere added, and the plate incubated for 2  

hours. The plate was then washed in ultrapure w ater using a plate w asher (Denley 

W ellw ash, Denley, UK) and 200|il o f  3 ,3 ’,5 ,5 ’ -  tetram ethylbenzidine was added. After 

15 m inutes the reaction was ceased by the addition o f  sulphuric acid to generate the end 

colour change. Plates were read using a plate reader (Denley, UK) at 450nm  wavelength. 

A standard curve was generated for each plate from which the insulin content o f  the 

rem aining wells could be calculated. After insulin quantification o f  the static 

supernatants, the SI w as calculated using Equation 6 -1.

Insulin content in high concentration glucose 

Mean insulin content in low glucose solution

Equation 6-1. C alculation o f stim ulation index follow ing static incubations.

6.3.9 A popto tic  gen e m RN A expression.
RT-PC R  m ethodology previously described for the m easurem ent o f  m RNA in single 

hum an renal glom eruli(950) was used in this study. As an adjunct to this real tim e PCR 

analysis w as perform ed to assess the concordance betw een these m ethods o f  mRNA 

quantification.

6 .3 .9 .1 M essenger RNA extraction 

A liqouts o f  5 islets were handpicked from culture using a draw n out glass m icro-pipette, 

im m ersed into lOOpl o f  lysis binding buffer (Dynal, Brom borough, UK) and stored in 

sterile Eppendorfs at -80°C prior to m RN A  extraction.

Prior to extraction sam ples w ere incubated w ith 50pg/m l proteinase K (Roche,Lewes, 

UK) for 1 hour at 37°C. After this lOpl oligo-dT param agnetic Dynabeads® (Dynal, UK), 

w ere added and the reaction left to proceed at room tem perature for 10 m inutes. A 

m agnet was applied to the sam ple E ppendorf which allowed the Dynabeads to bind 

tightly to m RN A  w hilst the supernatant was removed. The Dynabead bound m RNA was 

w ashed tw ice in w ash buffer contain ing 1% lithium  dodecyl sulphate (LiDS) and three 

tim es in buffer w ithout LiDS (D ynal, UK) before being resuspended with the beads in 

lOpl DEPC treated water.
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6.3.9.2 Reverse transcription.

Com plem entary DNA (cD NA ) was synthesised from m RN A  using avian m yeloblastosis 

virus reverse transcriptase (RT) (Prom ega, Southam pton, UK) and the oligo-dT o f  the 

Dynabeads as a prim er. 8 pl o f  captured m RN A  w as incubated for 1 h at 42°C using a 

therm ocycler in a final reaction volume o f2 5 p l (5U  reverse transcriptase, 1U RT buffer, 

Im M  dN TPs (R oche) and 25U RNAsin (Prom ega). A negative control com prising 2jil o f  

captured m RN A  w ithout RT enzyme was included for each extraction.

6.3.9.3 Polymerase chain reaction.

PCR am plification o f  the endogenous gene p-actin was used to confirm  the presence o f  

cD N A  and to assess the purity o f  the extracted m RN A . A negative and positive control 

was included for each reaction, containing no tem plate and a previously am plified PCR 

product (dilution 1:50,000) respectively. The PCR reaction was perform ed in a 50pl 

reaction volum e under oil and contained lp l  o f  tem plate cDN A, 10 pmol p-actin forward 

and reverse prim er (designed in-house, 5 ’forward A G A TTA CTG CC CTG G C TCC TA , 3 ’ 

reverse CC A C C A A TC C A C A C A G A G TA C TTG ), 1U o f  Jum pStart Taq polymerase 

(Sigm a), 1U AJ buffer (lOOmM Tris pH 8 .8 , lOOmM (N H ^S C X , lOmM ultrapure dNTPs 

(Roche), lOOmM M gC l:, 2m g/m l ultrapure BSA, lOOpM EDTA pH 8  and p- 

m ercaptoethanol). Tem perature cycling was perform ed using a therm ocycler (Figure 6-9) 

as follows: 1 cycle o f  95°C for 1 m inute (tem plate denaturation); 40 cycles o f  95°C for 1 

m inute, 59°C for 30 seconds (prim er annealing) and 72°C for 30 seconds (prim er 

extension).

For PCR am plification o f  Bax cD N A  the reaction m ixture included 10 pmol Bax forward 

and reverse prim ers (Product No B8304, Sigma, 5 ’forw ard -G T T  TCA TCC AGG ATC 

GA G CA G-, 3 ’ reverse 5 ’-CA T C TT CTT CCA G A T G G T GA-); for am plification o f  

Bcl-2 cD N A  the m ixture included 10 pmol Bcl-2 forward and reverse prim ers (Product 

No B9179, Sigma, 5 ’forw ard -C C T  GTG GAT GAC TG A GTA CC-, 3 ’ reverse 5 ’-GAG 

ACA G CC AGG AG A AAT CA-).
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Figure 6-9. Therm ocycler used for RT-PCR. Figure 6-10. Gel electrophoresis used for PCR
product analysis.

6.3.9.4 Agarose gel electrophoresis.

PCR products were separated by electrophoresis on an agarose gel (3%w/v) and stained 

with ethidium  bromide. To prepare the gel, agarose was heated in a microwave oven in 

TAE buffer (40mM  Tris-acetate, ImM EDTA). Ethidium  bromide (0.5pg/ml) was added 

to the dissolved gel and the m ixture poured into a gel cast tank and allowed to set for Ihr 

at room tem perature (Figure 6-10). PCR product sam ples were diluted 5:1 with gel 

loading solution (0.25% w /v bromophenol blue, 50% v/v glycerol, 50%v/v TAE buffer) 

and were loaded into the gel alongside a 100 base pair control ladder. Gel electrophoresis 

perform ed using TAE running buffer at 150V for 30minutes. Gels were visualised under 

UV light and images captured using a gel documentation system. Electrophoretic banding 

o f  a 127bp PCR product was consistent with Bcl-2 expression, whilst banding o f  a 487bp 

PCR product was consistent w ith Bax expression.

6.3.9.5 Real-time PCR.

Pre-optim ised rat prim ers and probes were purchased from Applied Biosystems using 

their pre-developed assay range and assay-by-design service (Table 6-2). Constitutively 

expressed p-actin was used as an endogenous control to correct for variations in the 

concentrations o f  extracted mRNA. The PCR reaction was performed in a 50pl reaction 

volume and contained lp l  o f  template cDNA, 90nM  forward and reverse primer, 1U o f 

Jum pStart Taq polym erase, 1U AJ buffer and 75nM ROX reference dye (M olecular 

Probes, Cam bridge, UK). PCR was performed on a quantitative PCR instrument 

(Stratagene M X4000) using the thermal cycle: 1 cycle o f  95°C for 1 minute (template 

denaturation); 40 cycles o f  95°C for 30 seconds, 60°C for 1 minute (prim er annealing) 

and 72°C for 30 seconds (prim er extension). Quantitative measurem ents were recorded
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by the instrum ent, which calculated a Ct value from an am plification plot. This was the 

cycle num ber at which the ‘zero ’ threshold was crossed and an exponential increase in 

PCR product was detected. The am ount o f  product in the original sample was indirectly 

proportional to the Ct value i.e. where high levels o f  expression were present in the 

original sam ple fewer PCR cycles were required to attain the threshold. A value o f  1 /C t 

was calculated for each gene product under test and expressed as a ratio over the 

expression o f  the endogenous control.

Table 6-2. Prim er and probe sequences used Tor real tim e PCR analysis.

G en e 5' (FORWARD PRIMER) 3' (REVERSE PRIMER)
T a q M an  MGB p r o b e  (FAM

DYE-LABELLED)

Ra t  b-

ACTIN

AGATTACTGCCCTGGC

TCCTA

CCACCAATCCACACAGAGTACT 

TG

ACCATGAAGATCAAGATC

AT

Ra t

B a x

TGGCAGCTGACATGTT

TGC
CCAGCCCATGATGGTTCTGATC ACAGGGCCTTGAGCACC

Ra t

Bc l -2

Fo r  t h is  p r e - d e v e l o p e d  a s s a y , th e  st a r t  p o in t  is 773 a n d  t h e  st o p  po in t  is 876 w it h in  th e  

REFSEQ SEQUENCE NM 016993 (PRIMER SEQUENCES NOT AVAILABLE).

6.3.10 Apoptotic protein immunohistochemistry.

6.3.10.1 Sample preparation and  generic methods.

Form alin fixed biopsies w ere placed in a tissue cassette and em bedded in paraffin wax. 

N ine 4pm  serial sections w ere cut from each block using a m icrotom e and floated in a 

w aterbath to allow  m ounting on silane coated slides. Tw o 4pm  sections were cut from the 

thym ic biopsy o f  each rat studied to act as positive controls. Slides were dried at 37°C for 

24 hours before staining as described in Table 6-3
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S e c t io n  N u m b e r S t a in in g  P r o t o c o l

1
In s u l in  IH C t o  a l l o w  id e n t if ic a t io n  o f

ISLET TISSUE

2 1st Ba x  IH C

3 1st Bc l -2 IHC

4 Ba x  n e g a t iv e  c o n t r o l

5
In s u l in  IH C t o  a l l o w  id e n t if ic a t io n  o f

ISLET TISSUE

6 2>D Ba x  IH C

7 2S0 B c l- 2  IH C

8 Bc l -2 n e g a t iv e  c o n t r o l

9
In su l in  IH C t o  a l l o w  id e n t if ic a t io n  o f

ISLET TISSUE

T able 6-3. Serial section stain ing protocol for Bax and Bcl-2 im m unohistochem istry.

Slides were de-w axed by serial im m ersions in xylene (2x 3 m inutes), 99%  industrial 

m ethylated spirit (IM S) (2x 3 m inutes), 95%  IMS (2x 3 m inutes) and ultra-pure w ater (2x 

3 m inutes). Antigen retrieval w as by m icrow ave (850W ) heating in lOmM l% w /v citrate 

buffer (pH 6 ) for 20 m inutes follow ed by 40 m inutes o f  room  tem perature cooling.

6.3.10.2 Bax and Bcl-2 immunohistochemistry.

Bax and Bcl-2 im m unohistochem istry was undertaken using the m ethods and antibody 

concentrations which were optim ized in prelim inary experim ents (vide supra 5.4.2). De

w axed slides were w ashed in TR IS buffered saline (TBS)(pH 7.65; TRIS 20mM , NaCl 

137mM, HCI 1M) and blocked w ith 50pl o f  a 1:20 dilution o f  norm al goat serum (NGS) 

in blocking solution (3% w /v Bovine serum album in, 0.1%  w /v Triton x-100, 100ml TBS) 

for 10 m inutes. NGS was then poured from the slides and lOOpl o f  a 1:100 dilution o f 

prim ary rabbit anti-rat Bax polyclonal antiserum  added to each (DB Pharmingen, Lot 

N o.554106) for Bax IHC. For Bcl-2 IHC this was replaced by lOOpl o f  a 1:100 dilution 

o f  prim ary rabbit anti-rat Bcl-2 polyclonal antiserum  (DB Pharm ingen, Lot No.554087). 

Slides were placed in a darkened covered slide tray for overnight incubation at 4°C. The 

prim ary antibody solution was poured from each slide and lOOpl o f  a 1 : 2 0 0  dilution o f  

secondary biotinylated goat anti-rabbit polyclonal antiserum  added to each (Stressgen 

B iotechnologies, V ictoria, Canada. Lot No. SA B-303). Slides were covered and 

incubated at 4°C for lhour. The secondary antibody was poured from each slide and the
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sides racked and w ashed in TBS for 5 m inutes. 1 OOjj.1 o f  the tertiary phase 

avidin/streptavidin com plex and biotin/alkaline phosphatase linkers was applied to each 

slide and the covered slides left at room  tem perature for 90 m inutes. Slides were then 

racked in a Hellendahl and w ashed in ultrapure w ater on a rocking platform  for 5 

m inutes. The wash was then poured away and replaced with veronal acetate buffer 

(V A B ) (pH 9.2; 0.39% w/v sodium  acetate trihydrate, 0.59% w /v sodium  barbitone, 

0 .58% w /v sodium  chloride) for a further 5 m inutes. Slides were then transferred to a 

H ellendahl o f  filtered red developer solution (0.05%  w/v napthol ASBI phosphate in 

500pl dim ethylfem anide, 0.05% w /v fast red, 0.02%  levam izole) for 60 m inutes to allow 

the final colour change to develop. Slides were w ashed in ultra pure w ater for 5 m inutes, 

counterstained with haem atoxylin for 5 m inutes and rew ashed before m ounting using an 

aqueous m ountant and cover slips.

6.3.10.3 Preparation o f  controls.

Positive controls com prised thym ic tissue sections from the sam e anim als from which the 

pancreata under study w ere procured. Thymic tissue was selected as the positive control 

due to the high rates o f  T cells apoptotic cell death during the process o f  T cell clonal 

de le tion (951). The presence o f  staining in positive controls was desirable and confirm s 

function o f  the indirect sandw ich staining protocol used. N egative controls com prised 

pancreatic sections not exposed to the primary antibody. Instead lOOjil o f  m ixed rabbit 

antibodies (DB Pharm ingen) w ere applied. The rest o f  the staining protocol for controls 

w as identical to the studied slides. It was desirable to have no staining o f  negative 

controls to indicate that stain ing o f  study slides was entirely due to binding o f  Bax and 

Bcl-2 epitopes by the prim ary antibody. W here staining o f  the negative control occurred, 

positive staining o f  the test sections was quantified after first discarding the background 

staining seen in the negative control (Figure 6-11)
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Figure 6-11. The indirect sandwich system of Bax and Bcl-2 immunohistochemistry .

6.3.10.4 Insulin immunohistochemistry.

A three step indirect system was used for insulin immunohistochemisty. Endogenous 

peroxidase activity in dew axed slides was blocked by immersion in 6 %  hydrogen 

peroxidase for 10 minutes. Slides were washed in TBS for 5 m inutes and further blocked 

with 50pl o f  a 1:20 dilution o f  NGS in blocking solution (3% w/v Bovine serum albumin, 

0.1%  w/v Triton x-100, 100ml TBS) for 10 minutes. NGS was poured away and lOOpl o f 

a 1:50 dilution o f  the prim ary mouse anti-insulin antibody added to each (HB124 in 

house stock) for 30 m inutes at room temperature. After washing in TBS lOOpl o f 

secondary biotinylated goat anti-mouse antibody was applied for 30 minutes and the 

sections rewashed in TBS. lOOpl o f  the streptavidin and biotin/horseradish peroxidase 

detection complex (DAKO, UK) was applied for 30 minutes. Slides were then washed in 

TBS for 20 m inutes and lOOpI o f  the chromogen 3,3’-diam inobenzidine (DAKO, UK) 

applied to each to generate the brown imm unoprecipitate. Slides were then counterstained 

using haematoxylin and mounted using acqueous mountant and cover slips.
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6.3.10.5 Bax and  Bcl-2 semiquantification.

Slides w ere random ised for assessm ent two blinded observers. Slides were assessed by 

light m icroscopy x 40 m agnification (N ikon, Japan). Islets were identified by the position 

o f  positive insulin staining, and islet and acinar tissues separately assessed for the 

presence o f  dark red positive Bax and Bcl-2 staining. Ten m icroscope fields o f  both islet 

and acinar tissues were assessed for total cell num ber and num ber o f  positively stained 

cells. T he proportion o f  positive staining was the calculated as a percentage o f  the means 

o f  these values.

6.3.11 D eterm ination  o f  AD P:A  TP ratio.

6.3.11.1 Sample preparation.

The optim al param eters for sam ple storage and m ethods for A TP:A D P analysis had been 

established during prelim inary  experim ents (vide supra 5.2.2).

Frozen pancreas biopsies w ere rem oved from their freezing vials under liquid nitrogen 

storage and rapidly transferred  into a cryostat (-20°C ). All tissue handling was perform ed 

using m etal forceps to prevent excessive warm ing o f  the samples. The flexible m icrowell 

encasing the biopsy was cut aw ay using a scalpel blade (Swann M orton, UK) and the 

sam ple adhered in T issuetek and m ounted on cork by snap freezing in liquid nitrogen.

Ten serial 10|im  frozen sections were cut using the cryostat and transferred to individual 

pre-cooled sterile Eppendorfs. Sections were then stored tem porarily under liquid 

n itrogen until required for A D P:A TP assay which proceeded expediently.

Sam ples o f  ten pre-and post-culture islets had previously been handpicked into 

E ppendorfs and stored under liquid nitrogen. Triplicate specim ens from each pancreas at 

each phase o f  isolation w ere subjected to the assay.

6.3.11.2 AD P.ATP  Assay.

Reagents were provided in an Apoglow™  kit (BioW hittaker, UK) and were allow ed to 

warm  to room  tem perature before com m encing the assay. To the E ppendorf containing 

the sam ple lOOpl o f  RPM I (Sigma, UK) was added and vortexed for ten seconds. lOOpl 

o f  nucleotide releasing reagent was added and the reaction allow ed to proceed at room 

tem perature for 5 m inutes. 180pl was transferred from the E ppendorf into a white walled 

D N A se treated lum inom eter tube, 20jil o f  A TP m onitoring reagent (firefly luciferase, D- 

luciferin, 50m g BSA, 0.5 mmol m agnesium  acetate, O .lpm ol inorganic pyrophosphate) 

w as rapidly added and the lum inom eter (W allac Series 1900, UK) cassette turned to
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allow a reading to be obtained in mV on a chart recorder (Wallac, UK) (Figure 6-12 and 

Figure 6-13).

Figure 6-13. Chart recorder tracing o f ATPrADP
lum inescence.

Figure 6-12. Luminom eter cassette for 

ATPrADP assay.

After the initial rapid peak o f  ATP luminescence had been recorded the reaction was left 

to decay for 10 minutes before a further baseline reading was obtained. 20pl o f  ADP 

converting reagent was then added to generate a second peak o f  ATP luminescence on 

the recorder. ADP:ATP ratios were calculated from the readings made using the 

equations previously described. After completion o f  the assay 500pl o f  the supernatant 

was added to a sterile Eppendorf with 1.5ml o f  DNA assay buffer (pH 7.4; 2M sodium 

chloride, 0.05M  disodium  hydrogen phosphate, 2mM EDTA) and frozen for DNA assay 

(-20°C ).

6.3.12 Determ ination o f  ATP:DNA ratio.
Samples o f  frozen supernatant from the firefly luciferase assay were thawed at room 

tem perature for 30 minutes. After vortexing for 10 seconds 400pl was transferred to a 

sterile DNAse treated Eppendorf and 2.6ml o f  fluorochrome reagent was added ( lpg/m l 

Hoechst dye 33258 (Sigma) in NTE buffer). The reaction was left to proceed for 30 

m inutes at 30°C incubation in a waterbath. 1ml was then transferred to a DNAse treated 

fluorom eter cuvette and read on a fluorometer at wavelength o f  350nm excitation and 

455nm  em ission (Figure 6-14).
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Figure 6-14. Luminometer used for DNA assay.

A serial dilution o f  50jig/ml ca lf thymus DNA (Sigm a D 1501) in DNA assay buffer was 

used to generate standards from which standard curve was plotted. Sample fluorescence 

readings in mV were then converted to DNA concentrations by comparison with the 

standard curve.

The ATP concentration generated by the firefly luciferase assay was used to calculate the 

ATP:DNA ratio for each sample.

6.4 Statistical Methodology.
A one way analysis o f  variance (ANOVA) was used to compare mean islet yield, gradient 

contam ination, stim ulation indices, expressed levels o f  Bax, Bcl-2 and the endogenous 

control 6  actin. This test is used to compare three or more group means and 11 different 

preservation protocols were studied; rendering the preservation method a between 

subjects factor.

A two factor m ixed ANOVA was used to com pare the mean rates o f Bax and Bcl-2 

positive staining in islet and acinar tissues, m ean ADP:ATP ratio and mean ATP:DNA 

ratio. This is because each pancreas was subjected to a different preservation protocol, 

but was also subjected to IHC, ATP biolum inescence and DNA assay at four different 

phases o f  islet isolation. Hence the preservation method is a between subjects factor and 

the phase o f  islet isolation is a within subjects factor upon which repeated measurements 

were made. Tw o factor ANOVA generates F statistics by comparing the variability 

between groups with the variability within groups.
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ANOVA will determ ine if  a statistically significant difference exists between any  mean 

values but does not inform about precisely which mean values these are. Therefore, for 

all experim ents a post hoc Tukey test was perform ed to allow a pairwise comparison o f  

the group means. The Tukey test generates a table with means values that do not d iffer  

significantly  occupying the same subset. Conversely, where the mean results occupy 

different subsets they are deemed to differ with statistical significance.

Finally a factor analysis was performed using the results o f  all the experiments. This 

technique seeks to establish if  results in a series o f  variables can be explained by a 

sm aller num ber o f  dom inant latent variables. M ore potent latent variables have higher 

correlation coefficients (approaching 1.0) in factor analysis. O f particular interest was the 

correlation between AD P:A TP and ATP:DNA ratios in pancreatic tissue after 

preservation with established measures o f islet yield and in vitro function.

6.5 Results.

6.5.1 Isle t yields.
There were significant differences in mean islet yield between some preservation 

m ethods (F( 10,87)= 23.3; p<0.001). Figure 6-15 illustrates mean islet yield (total IEQ per 

pancreas) for each preservation method studied and the distribution o f  islet sizes obtained

after islet isolation.
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Figure 6-15. Stacked bar chart demonstrating islet yield and sizes from pancreata using different 

preservation methods.

Table 6-4 can be viewed as a league o f  increasing mean islet yields with a lack o f  subset 

overlap signifying a significant difference between preservation groups.
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Preservation m ethod
Subset

1 2 3 4 5 6

30 m ins warm. 4 hours 

U W  storage
292

8 hours U W . 4 TLM 295 295

6 0  m in warm, 4 hours 

U W  storage
309 3 0 9

8 hours U W . 1 TLM 371 371 371

8 hours U W  storage 382 382 382 382

8 hours ET-K , 4 TLM 566 566 566

8 hours ET-K , 1 TLM 581 581 581

8 hours ET-K  storage 650 650

4  hours U W  storage 849 849

4  hours ET-K storage 931

Fresh Pancreas 1093

Table 6-4. Significant differences in islet IEQ yields from preservation groups.

6.5.2 Gradient purity.
There were significant differences in mean amylase contam ination between preservation 

methods (F( 10,99)= 15.1; p<0.001). Figure 6-16 illustrates the mean amylase 

contam inant concentration, at 60%  cumulative insulin content, for each preservation 

m ethod studied.
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Figure 6-16. Calculated % amylase contamination at a 60%  insulin content by different storage methods.

Table 6-5 is a league o f  increasing mean gradient contam ination with a lack o f subset 

overlap denoting a significant difference between preservation groups.
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Storage Group
Subsets

1 2 3 4

4 hours UW storage 32.0

Fresh Pancreas 33.6

4 hours ET-K storage 39.3 39.3

8 hours ET-K storage 47.1 47.1

8 hours ET-K, 1 TLM 48.6 48.6

8 hours UW  storage 51.1 511

8 hours UW. 1 TLM 51.7 51.7

8 hours ET-K, 4 TLM 51.9 51.9

8 hours UW, 4 TLM 54.7 54.7

30 rruns warm, 4 hours 
UW  storage

54.8 54.8

60 min warm. 4 hours 
UW  storage

62.3

Table 6-5. Significant differences in gradient contamination between preservation groups.

6.5.3 Islet in vitro function.

There were significant differences in mean SI between each preservation method when 

assessed by static incubation (F( 10,99)= 29.8; p<0.001 (Figure 6-17).

■

Storage method

Figure 6-17. Islet stim ulation indices by static incubation achieved after differing 

methods o f  preservation.Table 6 - 6  shows increasing mean SI from static incubations and 

a lack o f  subset overlap again denotes a significant difference between preservation 

methods.
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Storage method
Subsets

1 2 3 4 5 6 7
60 mmswarm ischaemia, 4

.32
hours UW cold storage

30 mins warm ischaerma.
.56 .56

4 hours UW cold storage
8 hours UW cold storage. 

1 hour TLM
.74 .74

8 hours ET-K cold 105 1.05
storage. 4 hours TLM

8 hours ET-K cold
1.07 1.07

storage, 1 hour TLM
8 hours UW cold storage. 

4 hours TLM 1.12 1.12

4 hours UW cold storage 1.33 1.33 IJ 3
8 hours UW cold storage 1.34 1.34 1.34

4 hours ET-K cold storage 1.45 1.45 1.45
Fresh pancreas 1.56 1.56

8 hours ET-K cold storage 1.73

Table 6-6. D ifferences in mean stimulation index assessed by static incubation.

6.5.4 Apoptotic gene m RNA expression.

6.5.4.1 Reverse transcriptase polymerase chain reaction

Duplicate extractions and the use o f  a p-actin endogenous control demonstrated that pure 

mRNA could be consistently extracted from rodent islets. Figure 6-18 is a representative 

gel o f  p-actin amplification o f  cDNA synthesised from mRNA extracted from rat islets 

after 3 preservation methods.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

I

Figure 6-18. Example agarose gel o f B actin amplification from 3 preservation groups.

(Lane l:100bp DNA ladder. Lane 2: no template control. Lane 3: p-actin positive control. Lane 4: 4 hours 

UW solution minus RT. Lane 5: 4 hours UW solution plus RT. Lane 6: 8 hours ETK solution minus RT. 

Lane 7: 8 hours ETK solution plus RT. Lane 8: 60 minutes warm ischemia minus RT. Lane 9: 60 minutes 

warm ischemia plus RT. Lane 10: 4 hours UW solution minus RT. Lane 11:4  hours UW solution plus RT.
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Lane 12: 8 hours ETK solution minus RT. Lane 13: 8 hours ETK solution plus RT. Lane 14: 60 minutes 

warm ischemia minus RT. Lane 15: 60 minutes warm ischemia plus RT.)

The consistent electrophoretic banding pattern between the groups represents 

reproducible amplification o f  the p-actin control cDNA in the positive control and test 

groups, and absence o f  P-actin amplification in the negative control groups.

However, during RT-PCR analysis o f  both Bax and Bcl-2 m RNA expression significant 

differences in the expression o f  the p-actin endogenous control was observed. This 

included positive P-actin signal being generated in a negative control sample containing 

no cDNA template.

6.5.4.2 Real-time PCR. 

p-actin, Bax and Bcl-2 expression could be detected in isolated rat islet mRNA from all 

storage conditions using real tim e PCR. Figure 6-19 is a representative amplification plot 

illustrating the exponential increases in PCR product detection at different threshold 

counts.

Amplification Plots

High Bcl-2 
expression

0.7

0 6

OS

Low Bcl-2 e*
0.3

8 88-8  8 8 8 8oo4

4024 Negative control
Cycles

Figure 6-19. R epresentative real time PCR amplification plot o f Bcl-2 expression.
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Expression o f  Bax and Bcl-2 differed between groups, with a tendency to a reduced level 

o f  Bax, and increased level o f  Bcl-2 in TLM preserved groups. This equated to a reduced 

Bax/Bcl-2 ratio in these groups. (Figure 6-20).
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Figure 6-20. Variation in Bax and BcI2 mRNA expression between storage groups assessed by real time

PCR.

How ever comparison o f  the expression o f 6  actin endogenous control by ANOVA 

showed significant differences between the groups (F(9,70)=2.5; p=0.015) (Figure 6-21).
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Figure 6-21. Variation in expression o f the endogenous control beta actin between storage groups.

Though there appears to be a reduced Bax/Bcl-2 ratio in TLM preserved groups; it is 

im possible to draw any meaningful conclusions about the expression o f  Bax and Bcl-2
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betw een the preservation groups due to significant differences in the expression o f the (3- 

actin endogenous control.

6.5.5 Im m unoh istochem istry  o f  apoptoticproteins.
There were significant differences in the mean rates o f  Bax and Bcl-2 positive staining in 

islets and acinar tissues within groups (Bax F( 1,121 )= 1973; p<0.001; Bcl-2 

F( 1,121 >=5953; p<0.001), between preservation methods (Bax F(10,121)=659; p<0.001; 

Bcl-2 F(10,121)=44; p<0.001) and at each phase o f islet isolation when variability due to 

the preservation m ethod was accounted for (Bax F( 10,121 )=53; p<0.001; Bcl-2 

F( 10,121 )= 135; p<0.001). Figure 6-22 and Figure 6-23 illustrate the variation in mean 

rates o f  Bax and Bcl-2 imm unohistochem ical positive staining in islets and acinar tissues 

am ongst preservation groups.

4.0o

Tissue type

| Islet staining

0.0 | Acinar staining

Storage method

Figure 6-22. Variation in Bax positive staining amongst acinar and islet tissues in different preservation

groups.
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Figure 6-23. V ariation in Bcl2 positive staining in acinar and islet tissues in different preservation groups.

Table 6-7 and Table 6 - 8  show the increasing rate o f  Bax and Bcl-2 staining arranged in 

hom ogeneous subsets which do not differ significantly.

STO R A G E
Subset

1 2 3 4 5 6 7 8

Fresh Pancreas 

8 hours E T-K , 1 TLM  

4  hours ET-K  storage 

4 hours U W  storage 

8 hours E T-K , 4  TLM  

8 hours U W , I TLM  

8 hours U W  storage 

8 hours ET-K  storage 

8 hours U W , 4  TLM  

30  m ins warm, 4 hours 
U W  storage 

60  min warm , 4  hours 

U W  storage

.71

.88

.99

1.14

1.31

1.34

1.36

1.60

2 .1 0

2 .27

2.86

Table 6-7. Significant differences in mean Bax immunohistochemistry staining across preservation groups.
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STORAGE
Subset

1 2 3 4 5

60 min warm, 4 hours 
UW storage

2.14

30 mins warm, 4 hours
2.35 2.35

UW storage
8 hours UW, 4 TLM 2.48

8 hours UW storage 2.48
8 hours UW, 1 TLM 2.50

Fresh Pancreas 2.77

8 hours ET-K, 4 TLM 2.89 2.89

8 hours ET-K, 1 TLM 3.03 3.03

4 hours ET-K storage 3.09 3.09

4 hours UW storage 3.17

8 hours ET-K storage 3.21

Table 6-8. Significant differences in Bcl-2 immunohistochemical staining across preservation groups.

6.5.6 ADP:A TP ratio.
Significant differences in mean ADP:ATP ratios were observed at each phase o f  the 

isolation process (F(4,260)=262.3; p<0.001), between each preservation method 

(F(9,65)= 146.7; p<0.001) and at each phase when variability due to the preservation 

method was accounted for (F(36,260)=19.0; p<0.001). Figure 6-24 to Figure 6-28  

illustrate the ADP: ATP ratios obtained in the pre and post preservation pancreas, 

pancreatic digest and pre and post culture islets in the different groups.
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Figure 6-24. ADP:ATP ratios in the pre-stored pancreas across different preservation groups.
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Figure 6-25. ADP:ATP ratios in the post-storage pancreas across different preservation groups.
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Figure 6-26. A D P:A TP ratios in the pancreatic digest across different preservation groups.
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Figure 6-27. A D P:A TP ratios in pre-cultured islets across preservation groups.
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3.0i---------------------------------------------------------------------------

Preservation M ethod

Figure 6-28. A D P:A TP ratios in post-culture islets across preservation groups.

Table 6-9 to Table 6-13 illustrate the mean ADP:ATP ratio obtained for all phases o f  islet 

isolation, arranged in hom ogeneous subsets which do not differ significantly.

P reservation  M eth od Su bset

1

Fresh P an creas .25

8 hou rs E T -K  storage .26

4  hou rs E T -K  storage .27

4  hou rs U W  storage .29

8  hou rs U W . 4  T L M .32

3 0  m in s w arm , 4  h ou rs U W  storage .33

8 hou rs U W  storage .33

8  hou rs E T -K , 4  T L M .34

8 hou rs U W , 1 T L M .3 6

8 hours E T -K , 1 T LM .37

6 0  m in w arm , 4  h ou rs  U W  storage .39

Table 6-9. ADPrATP ratios in pre-preservation pancreata of each group.
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Preservation Method Subset

1 2 3 4 5 6 7 8

4 hours UW storage .37

4 hours ET-K storage .56 .56

8 hours ET-K storage .71 .71

8 hours ET-K, 1 TLM .78 .78

8 hours ET-K, 4 TLM .89 .89 .89

8 hours UW, 1 TLM .92 .92

8 hours UW, 4 TLM 1.04 1.04

8 hours UW storage 1.18

30 mins warm, 4 hours 
UW storage

1.54

60 min warm, 4 hours 
UW storage 1.78

Table 6-10. Significant differences in post-preservation ADP:ATP ratios between preservation groups.

Preservation Method
Subset

1 2 3 4 5 6 7

4 hours UW storage .29

Fresh Pancreas .39

8 hours ET-K storage .45 .45

4 hours ET-K storage .57 .57

8 hours ET-K, 1 TLM .75 .75

8 hours UW, 1 TLM .90 .90

8 hours ET-K, 4 TLM .91 .91

8 hours UW, 4 TLM 1.08 1.08

8 hours UW storage 1.32 1.32

30 mins warm, 4 hours UW 
storage

1.62 1.62

60 min warm, 4 hours UW 
storage

1.63

Table 6-11. Significant differences in digest ADP:ATP ratios between preservation groups.
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Preservation Method
Subset

1 2 3 4

Fresh Pancreas .53

8 hours ET-K. storage .60

4 hours UW storage .60

4 hours ET-K storage .77 .77

8 hours ET-K, 1 TLM 1.01 1.01

8 hours UW, 1 TLM 1.05 1.05

8 hours UW, 4 TLM 1.25 1.25

8 hours ET-K, 4 TLM 1.32 1.32

30 mins warm, 4 hours UW storage 1.32 1.32

8 hours UW storage 1.61

60 min warm, 4 hours UW storage 1.64

Table 6-12. Significant differences in ADP:ATP ratios in pre-culture islets between preservation groups.

Preservation Method
Subset

1 2 3 4 5

Fresh Pancreas .28

4 hours UW storage .33

4 hours ET-K storage .38 .38

8 hours ET-K, 1 TLM .49 .49

8 hours ET-K storage .54 .54 .54

8 hours ET-K, 4 TLM .70 .70 .70

8 hours UW, 4 TLM .83 .83

8 hours UW, 1 TLM 1.01

8 hours UW storage 1.85

30 mins warm, 4 hours 
UW storage

1.99

60 min warm, 4 hours 
UW storage

2.15

Table 6-13. Significant differences in ADP:ATP ratios of post-cuture islets between preservation groups.

6.5.7 A TP: DNA ratio.
Significant differences in mean ATP:DNA ratios were seen at each phase o f  the isolation 

process (F(4,260)=6181.1; p<0.001), between each preservation method (F(9,65)= 18.1; 

p<0.001) and at each phase when variability due to the preservation method was 

accounted for (F(36,260)=8.2; p<0.001). Figure 6-29 to 1-Figure 6-33 illustrate the 

ATP:DNA ratios obtained in the pre and post preservation pancreas, pancreatic digest and 

pre and post culture islets in the different groups.
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Figure 6-29. ATP:DNA ratios in pre-stored pancreata using different preservation methods.
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Figure 6-30. ATPrDNA ratios in post-storage pancreata using different preservation methods.
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Figure 6-31. ATP:DNA ratios in pancreatic digest using different preservation methods.
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Figure 6-32. ATP:DNA ratios in pre-cultured islets using different preservation methods.
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Figure 6-33. ATPrDNA ratios in post-culture islets using different preservation methods.

Table 6-14 to Table 6-18 illustrates the mean ATP:DNA ratio obtained for all phases o f 

islet isolation, arranged in homogeneous subsets which do not differ significantly.

Preservation M ethod
Subset

1

4  hours ET-K storage 2.13

8  hours U W , 1 TLM 2.16

8 hours ET-K . 1 TLM 2.16

8 hours ET-K, 4 TLM 2.19

30  mins warm, 4 hours U W  storage 2 .20

Fresh Pancreas 2 .22

8 hours U W  storage 2.23

8  hours ET-K storage 2.23

4  hours U W  storage 2 .24

8  hours U W , 4  TLM 2.25

6 0  min warm, 4  hours U W  storage 2.31

Table 6-14. ATPrDNA ratios in pre-preservation pancreata o f each group.
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Preservation Method
Subset

1 2 3

8 hours UW. 4 TLM 2.03

8 hours ET-K. 4 TLM 207 2.07

8 hours UW. 1 TLM 2.07 2.07

8 hours ET-K, 1 TLM 209 2.09

4 hours ET-K storage 2.16 2.16

8 hours UW storage 2.19 2.19

8 hours ET-K storage 2.24

4 hours UW storage 2.24

30 mins warm. 4 hours UW storage 2.61

60 min warm, 4 hours UW storage 2.71

Tablc6-lS. Significant differences in post-preservation ATP:DNA ratios between preservation groups.

Preservation Method
Subsets

1 2 3 4

8 hours UW, 1 TLM 2.95

8 hours UW, 4 TLM 3.01 3.01

8 hours ET-K, 1 TLM 3 13 3.13 3.13

8 hours ET-K, 4 TLM 3 28 3 28 3.28

30 mins warm, 4 hours UW storage 3.33 3.33

8 hours ET-K storage 3 35 3 35

4 hours UW storage 3.36 3.36

4 hours ET-K storage 3.37

Fresh Pancreas 3.40

8 hours UW storage 3.41

60 min warm, 4 hours UW storage 3.79

Table 6-16. Significant differences in digest ATP:DNA ratios between preservation groups.
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Preservation Method
Subsets

1 -> 3

8 hours UW, 1 TLM 93

8 hours UW, 4 TLM .94

8 hours ET-K, 1 TLM 95 95

8 hours ET-K, 4 TLM 95 95

Fresh Pancreas 97 .97 .97

4 hours UW storage 97 .97 .97

60 min warm, 4 hours UW storage 99 99 99

30 mins warm, 4 hours UW storage 1 00 1 00 1 00

8 hours UW storage 1.01 1.01

4 hours ET-K storage 1.01 1.01

8 hours ET-K storage 1 03

Table 6-17. Significant differences in ATP:DNA ratios in pre-culture islets between preservation groups.

Preservation Method
Subset

1 2 3

Fresh Pancreas .87

8 hours UW, 1 TLM .88

4 hours UW storage 88

8 hours UW, 4 TLM 89

8 hours ET-K, 1 TLM 89

8 hours ET-K, 4 TLM 90

30 mins warm, 4 hours UW storage .94

8 hours UW storage .95

4 hours ET-K storage .95

8 hours ET-K storage .96

60 min warm, 4 hours UW storage 1.02

Table 6-18. Significant differences in ATP:DNA ratios of post-culture islets between preservation groups.

6.5.8 Factor Analysis.

Table 6-19 and Table 6-20 show the results o f  factor analysis in the rodent experiments. 

The correlation matrix illustrates R values where positive correlations (R>0.5) and 

stronger correlations (R  approaching 1.0) between experimental results can be seen.



- 171 -

Post-stored 
pancreas 

ADP ATP 
ratio

Digest 
ADP ATP 

ratio

Pre-cuhured 
is lea  

ADP ATP 
ratio

Post-cultured 
islea  

ADP ATP 
ratio

S a tie
stimulation

index

Gradient amylase 
contamination at 
6 0 S  insulin yield

Total IEQ 
yield per 
pancreas

Bax protein 
immuno in 

islea

Bax protein 
immuno in 

acinar

Bcl-2 
protein 

immuno in 
acinar

Poet-stored 
pancreas ADP ATP 

ratio
1 000 890 719 839 -6 0 8 726 -6 6 6 .772 796 -7 8 5

Digest ADP ATP 
ratio

890 1 000 730 847 -5 9 7 675 -6 7 5 678 649 -7 6 9

Pre-cukured islets 
ADP ATP ratio 719 730 1 000 637 -3 9 6 597 -5 4 2 468 443 -6 6 7

Post-cultured islets 
ADP ATP ratio

839 847 637 1 000 -4 8 8 554 -601 614 642 -7 4 9

Static stimulatioii 
index • 608 -5 9 7 -3 9 6 • 488 1 000 -3 6 6 399 -502 -3 8 0 569

Gradient amylase 
contam ination at 
6 0 S  insulin yield

726 675 597 554 -3 6 6 1 000 -6 7 8 582 580 -5 6 8

Total IEQ yield per 
pancreas -6 6 6 -6 7 5 -5 4 2 -601 399 -6 7 8 1 000 -5 5 7 -541 669

Bax protein 
iminuno in islets 772 678 468 614 -5 0 2 582 -5 5 7 1 000 926 -6 6 6

Bax protein 
immuno in acinar 796 649 .443 642 -3 8 0 580 -541 926 1 000 -6 5 4

Bcl-2 protein 
immuno in acinar

-7 8 5 -7 6 9 -6 6 7 -7 4 9 569 -5 6 8 669 -6 6 6 -6 5 4 1 000

Table 6-19. Correlations of ADP:ATP ratio with other tests of islet function and viability.

Post-stored 
pancreas 

ATP DNA 
ratio

Digest 
ATP DNA 

ratio

Pre-cuhured 
islea  

ATP DNA 
ratio

Post-cultured
islea

A TPDN A
ratio

S a tie
stimulation

index

Gradient amylase 
conum ination at 
6 0 S  insulin yield

T o a l IEQ 
yield per 
pancreas

Bax protein 
immuno in 

is leu

Bax protein 
immuno in 

acinar

Bcl-2 
protein 

immuno in 
acinar

Post-stored pancreas 
ATP DNA ratio 1 000 586 299 .599 -4 5 4 .257 -.211 666 672 -3 9 7

Digest ATP DNA 
ratio 586 1 000 565 597 -0 5 0 049 042 350 387 -0 5 8

Pre-cuhured islea  
ATP DNA ratio 299 565 1 000 446 154 -.086 054 .038 123 095

Post-cultured islea  
ATP DNA ratio 599 597 446 1 000 -0 2 5 .278 -0 8 2 374 .481 -1 4 7

Static stimulation 
index -4 5 4 -0 5 0 154 -025 1 000 -3 6 6 399 -5 0 2 -3 8 0 569

Gradient amylase 
contam ination at 
6 0 S  insulin yield

257 049 -0 8 6 278 -3 6 6 1 000 -6 7 8 582 580 -5 6 8

T o ttl IEQ yield per 
pancreas

-211 042 054 -082 399 -678 1 000 -.557 -541 669

Bax protein immuno 
in islea

666 350 038 .374 -5 0 2 582 -5 5 7 1 000 926 -6 6 6

Bax protein iminuno 
in acinar 672 387 123 481 -3 8 0 580 -541 926 1 000 -.654

Bcl-2 protein 
immuno in acinar

-3 9 7 -0 5 8 095 - 147 569 -568 .669 -6 6 6 -.654 1 000

Table 6-20. Correlation of ATP:DNA ratios with other tests of islet function and viability.

6.6 Conclusion.

Highest islet yields were obtained from fresh pancreata and those preserved for 4 hours in 

either ET-K or UW solution. 8 hour ET-K cold storage and the addition o f both short (1
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hour) and long (4 hour) periods o f  TLM resulted in a higher yield than 8 hours o f UW 

cold storage alone but this did not reach significance. Indeed 8 hour UW  cold storage 

followed by short and long TLM exposure resulted in low islet yields comparable to 

pancreata subjected to 30 minutes and 60 minutes o f  warm ischaemia prior to UW cold 

storage.

Lowest levels o f  exocrine contamination were achieved in fresh pancreata and 4 hour ET- 

K and UW cold stored groups. Prolonged cold storage in ET-K solution, with or without 

short duration TLM, showed significantly increased contamination compared to fresh or 

4 hour UW  cold stored pancreata, but comparable contamination to short duration ET-K 

cold storage. Periods o f  warm ischemia prior to cold storage caused the highest gradient 

contamination.

In vitro function by static incubation was highest and comparable for islets isolated from 

unpreserved pancreata or those exposed to short or prolonged ET-K static cold storage 

(SI>1.45). The mean SI o f  islets from short and prolonged UW  stored pancreata were 

comparable to short duration ET-K and unpreserved groups, but were significantly less 

than prolonged ET-K cold storage. Islets from all groups involving periods o f  TLM 

preservation had significantly reduced mean SI compared to unpreserved or prolonged 

ET-K stored groups.

High quality pure mRNA could be consistently extracted from rodent islets. 

Unfortunatley, RT-PCR analysis o f  both Bax and Bcl-2 mRNA expression showed 

significant differences in the expression o f  the p-actin endogenous control, and positive 

P-actin signal was generated in a negative control sample containing no cDNA template. 

Real-time PCR, as an alternative quantitative method o f  transcript analysis, appeared to 

show a reduced Bax/Bcl-2 ratio in TLM preserved groups. However, the significance o f 

the disparate expression o f  Bax and Bcl-2 between the preservation groups must be 

interpreted cautiously due to significant differences in the expression o f  the p-actin 

endogenous control in these experiments.

The lowest rate o f  Bax immunostaining was in the unpreserved pancreas and the highest 

rates occurred in pancreata subjected to warm ischaemia. Short duration cold storage in 

ET-K solution resulted in significantly less Bax immunostaining, though this was 

reversed after 8 hours cold storage. TLM preservation using ET-K solution resulted in 

significantly reduced Bax immunostaining compared to equivalent durations using UW 

solution. Indeed Bax staining after 4 hours TLM  in ET-K solution, and 1 hour TLM using 

UW solution, were equivalent.
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Highest rates o f  Bcl-2 immunostaining were predominantly present in groups preserved 

in ET-K solution. Indeed, short and long duration ET-K cold storage and short duration 

TLM using ET-K solution, showed rates o f  Bcl-2 immunostaining comparable to short 

duration U W cold storage and significantly higher than unpreserved pancreata.

Rates o f  Bcl-2 staining were different between islet and acinar tissues. Groups with high 

mean rates o f  Bcl-2 immmunostaining appeared to show increased Bcl-2 staining in 

acinar tissue whereas islet Bcl-2 staining remained consistent and comparable between all 

preservation groups.

The lowest mean ADP:ATP ratios were achieved in short duration cold stored pancreata and 

more prolonged cold storage in ET-K solution. The highest ADP:ATP ratios occurred in 

pancreata subjected to prolonged UW cold storage and when exposed to periods of warm 

ischaemia. ADP:ATP ratio in the pre-preservation biopsies in all groups were low and 

comparable. The increase in ADP:ATP ratio in warm ischaemic and 8 hour UW preserved 

pancreata was apparent in the post-storage biopsied tissue, and continued throughout 

sampling o f the digest, pre-cultured and post-culture islets. Though the ADPiATP ratio 

increased in all other groups throughout the isolation process, a decrease in ratio occurred 

following cell culture o f isolated islets.

The highest ATP:DNA ratio occurred in the group exposed to 60 minutes o f  warm 

ischaemia; whilst the lowest ratios occurred in groups exposed to TLM preservation. Pre- 

preservation ATP:DNA ratios were comparable between all groups but began to rise 

during preservation resulting in significantly higher ratios in the warm ischaemia exposed 

pancreata. ATP:DNA ratios in pancreatic digest and pre-culture islets were lowest in 

TLM preserved groups.

Factor analysis showed strong correlation coefficients between high tissue ADP:ATP 

ratio and low islet yield (-0.67), low in vitro  islet function by static incubation (-0.61) and 

high levels o f  gradient contamination (0.73). Additionally, high ADP:ATP ratios were 

strongly correlated with the imm unostaining o f  the pro-apoptotic protein Bax in both 

islets (0.77) and acinar tissues (0.80), and a lack o f  immunostaining o f  the anti-apoptotic 

protein Bcl-2 in acinar tissues.

The ATP:DNA ratio in pancreatic tissue after preservation showed no correlations with 

standard measures o f  islet yield or in vitro function. Though there were positive 

correlations with the the percentage o f  Bax immunostaining in islets (0.67) and acinar 

tissues (0.67).
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Chapter 7. Studies in the Porcine Model.
7.1 Introduction.
This chapter describes the experiments conducted in the porcine model. Methodology 

optimised during preliminary studies in the rodent, and used successfully in rodent 

experiments, were used with modifications where required for porcine pancreas and 

insulin.

7.2 Aims.

Experim ents were performed to test the null hypotheses that no statistically significant 

difference in islet yield, gradient purity, in vitro function by SI, apoptotic index by 

Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling (TUNEL) assay 

and post-preservation pancreatic AD P.A TP or ATP:DNA ratio would be observed 

between the preservation methods studied.

7.3 Methods.

7.3.1 Porcine Pancreas Retrieval

Twenty porcine pancreata were procured from Landrace-Large White cross breed pigs 

aged 4 to 10 months (Sutton Bonnington, UK). Culling was by Home Office Schedule 1 

approved electrocution and exsanguination. Pancreata were explanted expediently 

without in situ  perfusion with care not to breach the pancreatic capsule or duodenum, and 

an aortic patch was maintained to facilitate later vascular perfusion. Pancreata were 

immersed in UW solution (DuPont, USA) at 4°C supplemented with lOOu/ml penicillin 

G, 50 pl/ml gentamicin and lpg/m l amphotericin B to reduce bacterial 

contamination(952) and transported to the isolation laboratory.

7.3.2 Experimental Groups.

Pancreata were randomised to one o f  four preservation conditions. The combinations o f 

cold ischaemia times, preservation solutions and methods were chosen to mimic the 

retrieval and transportation times achieved in clinical human islet isolation (Table 7-1).
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P r e s e r v a t i o n  M e t h o d
P a n c r e a t a  p e r  

g r o u p

I m m e d i a t e  i s l e t  i s o l a t i o n

WITHOUT PRESERVATION

N=5

4 HOURS UW STATIC COLD 

STORAGE

N=5

4 HOURS TLM PRESERVATION IN 

UW/PFC

N=5

4 HOURS MACHINE PERFUSION
N=5

Table 7-1. Preservation groups used in porcine studies.

7.3.3 Static Cold Storage.
Pancreata subjected to periods o f  static cold storage were placed in a Class II 

m icrobiological cabinet in a sterile bag containing UW solution in melting ice (4°C ). 

After 0, 2 hours and 4 hours o f  static cold storage two 0.5cm3 biopsies were taken; one 

snap frozen in Tissuetek in a flexible microwell and stored in liquid nitrogen for later 

ATP and DNA assays, the other fixed in 4% formalin.

7.3.4 Two Layer Method (TLM).
W here the pancreas was to be subjected to TLM  preservation it was transferred to a 2 

litre purpose built glass chamber (constructed in house). This comprised an oxygen inlet, 

with J shaped tube at the base o f  the chamber, and outlet. 500ml o f  perfluordecalin 

solution and 1 litre o f  UW  solution was added to the chamber. Being immiscible, these 

formed two layers allowing the pancreas to float on the PFC whilst being bathed in the 

UW preservation solution. Oxygen (95% 02‘.5% C02) was insufflated through the PFC 

layer via the inlet at 5 litre per minute, whilst the outlet allowed the release o f carbon 

dioxide and excess oxygen. The whole apparatus was placed in an ice box to maintain a 4 

°C temperature for the duration o f  TLM preservation.

A fter 0, 2 and 4 hours o f  TLM preservation two 0.5cm3 biopsies were taken; one snap 

frozen in Tissuetek in a flexible microwell and stored in liquid nitrogen for later ATP and 

DNA assays, the other fixed in 4% formalin. Following each preservation the 

perfluordecalin was re-used by filtration though a 14pm filter (Millipore, UK) and 

autoclaving at 121°C for 40 minutes, and the chamber was sterilized by autoclaving.
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7.5.5 Pulsatile  M achine Perfusion.
Pancreata random ised to pulsatile m achine perfusion were perfused via the arterial patch 

using the RM3 Waters machine (Figure 7-1). The aortic patch was cannulated into the 

superior mesenteric artery with a 4m m  plastic cannula (Waters, USA) tied in position 

with 3/0 Vicryl™  ligatures (Ethicon®, Johnson & Johnson International, Belgium). The 

rem ainder o f  the small pancreatic vessels and distal splenic artery were ligated with 3/<j 

Vicryl™  ligatures to prevent leakage o f  the perfusate. UW solution was used to perfuse 

the cannulated pancreas with collection o f  effluent and recirculation via the in built 

counter current cooling system. The tem perature o f  the system was m onitored using a 

tem perature probe throughout perfusion and varied with flow between 4 and 10°C. 

Similarly systolic perfusion pressure was m onitored and maintained at 60mmHg which 

m im icked physiological mean arterial pressure. After 0, 2 and 4 hours o f  pulsatile 

perfusion two 0.5cm 3 biopsies were taken; one snap frozen in Tissuetek in a flexible 

microwell and stored in liquid nitrogen for later ATP and DNA assays, the other fixed in 

4%  formalin. Any leakage o f  perfusate from the pancreatic capsule after sampling was 

repaired using 3/o Vicryl™  ligatures to m aintain the perfusion pressure.

Figure 7-1. The RM W aters renal perfusion machine used for perfusive preservation.

7.5.6 Porcine Isle t Isolation.

Following the allocated preservation period a modified automated m ethod was used for 

islet isolation(227). A digestion circuit was established containing Hanks balanced salt 

solution (HBSS) (Sigma, UK) supplem ented with penicillin and streptomycin, polyvinyl 

chloride tubing (COBE Laboratories, UK), a roller pump (W atson M arlow, UK) at 

80m l/min and a heat exchanger (COBE Laboratories, UK) at 4°C . pH 7.4 was 

maintained with aliquots o f  Hepes and sodium  bicarbonate.
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The pancreas was transferred to a cold Petri dish containing HOC at 4°C (Baxter, UK). 

Excess lymphoid, fat and connective tissue was excised and the pancreas weighed. The 

pancreatic duct was cannulated with a 14g cannula (Abbotcath, UK), secured with a 2/o 

silk ligature, and distended by slow injection o f  330ml Liberase® at 4°C (Roche, UK;

0 .14%w/v in M EM ) (Figure 7-2). The pancreas and Liberase® solution was placed in a 

stainless steel autom ated chamber divided by a 500pm  mesh and containing seven 1cm3 

steel spheres to aid mechanical disruption (Figure 7-3).

Figure 7-2. Human liberase used for porcine 

islet isolation.

Figure 7-3. Semi autom ated chamber for 

pancreatic digestion.

The circuit was heated gradually to 37°C during which time the chamber was manually 

agitated two or three times per minute. T issue exiting the chamber was sampled via a 

three way tap (5ml), stained with 0.006% w/v dithizone (pH 7.8) and examined under a 

light m icroscope (Nikon, Japan) for the presence o f ‘cleaved’ islets devoid o f  surrounding 

acinar tissue. Once these were identified the circuit was opened, to allow collection o f 

the digest into 250ml Falcon flasks containing 5ml newborn ca lf serum (Advanced 

Protein Products, UK), and the flow rate increased to 120ml/min with continuous manual 

agitation o f  the cham ber until 4 litres o f  m edia had run through the circuit. Once empty 

the cham ber was opened and the undigested pancreatic remnant was weighed. This was 

subtracted from the weight o f  the pre-digested tissue to give a total weight o f  digested 

pancreas.
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Collected digest was stored at 4°C, centrifuged at 200g for 2 minutes, pooled and 

resuspended in UW solution at 4°C. The total digest was centrifuged at 200g for 2 

minutes and the packed cell volume (PCV) documented. Four lOOpl samples were 

resuspended in 1ml o f 1.108g/cm3 BSA (Advanced Protein Products, UK) for purification 

and analysis o f  gradient purity. After resuspension o f the digest in 2.5 x PCV o f UW 

solution, five lOOpl samples were taken for islet yield quantification.

7.3. 7 Islet Culture Purification.

From the remaining three gradients sequential 1ml gradient fractions from 1 to 4ml, and 5 

to 8ml were pooled into 50ml conical tubes, washed o f BSA by 2 successive 

centrifugations (270g,4°C for 5 minutes) and resuspended in 50ml MEM. After the final 

wash the tissue pellet was resupended in 10ml o f RPMI1640 culture medium (Gibco,

UK) supplemented with 10%v/v fetal calf serum, l% v/v penicillin, l% v/v streptomycin, 

2%v/v Hepes and l% v/v pyruvate, and transferred to a large Petri dish. A Drummond 

pipette was used to extract a 200pl biopsy o f the upper fractions which was streaked onto 

a small Petri dish for islet quantification. The remaining tissue was then placed in a cell 

culture incubator (37°C, 5% C02) for overnight culture purification. After 14 hours o f 

incubation islets were again biopsied using the method above and the remaining post

culture islets were used in the in vitro functional assessments.

7.3.8 Islet Yield and Cleavage.

7.3.8.1 Islet yield.

Five lOOpl aliquots o f 2.5 times diluted digest were diluted in 0.9ml MEM. From these 

five further lOOpl samples were streaked across a Petri dish using a Drummond pipette. 

To the streaks 20pl o f 0.006%w/v dithizone (pH 7.8) was added with a Gilson pipette. 

Streaks were examined under a light microscope * 100 with a graticule (Cell Finder, 

Holland). Islets with diameters o f greater than 50pm were counted in groups o f 50pm 

ascending sizes. Islet counts were adjusted to IEQs and multiplied by the dilution factor 

25 to generate a total IEQ count. This was divided by the weight o f digested tissue to give 

a yield in IEQ per gram o f  pancreas.

7.3.8.2 Cleavage index.

During the determination o f islet yield the morphology o f each islet was noted. Where an 

islet was completely devoid o f surrounding acinar tissue it was deemed to be ‘cleaved’.
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The number o f  cleaved islets was divided by the total number counted to calculate the 

cleavage index.

7.3.9 Gradient Purity.
An assessment o f islet fraction purity was made by establishing the percentage o f 

exocrine contamination in each gradient fraction, and comparisons made at the level o f 

60% cumulative insulin content. This was deemed to correspond to and acceptable islet 

yield.

7.3.9.1 Continuous density gradient purification.

Continuous linear mini-gradients were constructed after the pancreas had been processed 

to the digest stage. 5.2ml aliquots o f  high density (1.103g/cm3) and low density 

(1 .075g/cm3) BSA were prepared by dilution o f stock BSA (Advanced Protein Products, 

UK) with MEM and checked with a calibrated densitometer (Paar Scientific Ltd, UK). 

Each aliquot was added to a side o f  a two chamber gradient maker. A lOOpl sample o f 

digest in 1ml o f 1.108g/cm3 BSA was added to the bottom o f a clear 12ml tube (Costar 

Coming, UK) and the continuous density gradient layered onto this by running a roller 

pump and mixing the BSA densities with a magnetic flea in the base o f the gradient 

maker. Gradients were centrifuged for 5 minutes (500g, 22°C) to allow digest 

components to occupy their isodense points.

Four gradients were prepared for each pancreas studied. From one gradient eleven 1ml 

aliquots were aspirated down each gradient, washed twice in MEM and resuspended in 

2ml MEM in Eppendorfs. These were sonicated at 14MHz for three periods o f 30 

seconds (Soniprepl50, MSE, UK). 1ml was then withdrawn and frozen in 1ml Zeigler 

reagent (90% v/v ethanol, 10%v/v 1M orthophosphoric acid, 5% v/v distilled water) at - 

20°C for insulin assay and the remaining 1ml was frozen at -20°C for amylase assay.

7.3.9.2 Insulin assay.

A solid phase two site ELISA kit was used to measure porcine insulin content. This used 

two monoclonal antibodies directed against different epitopes o f pig insulin to generate a 

colour change.

The kit was supplied with standard insulin concentrations, and 25 pi aliquots o f these 

were added in duplicate to the first 16 wells o f  the 96 well assay plate. 25 pi aliquots o f 

the test samples were added in duplicate to the remaining wells. To each well 50pl o f 

peroxidase conjugated anti-insulin antibodies were added, and the plate incubated for 2
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hours. The plate was then washed in ultrapure water using a plate washer (Denley 

W ellwash, Denley, UK) and 200pl o f 3 ,3’,5 ,5’ -  tetramethylbenzidine was added. After 

15 minutes the reaction was ceased by the addition o f sulphuric acid to generate the end 

colour change. Plates were read using a plate reader (Denley, UK) at 450nm wavelength. 

A standard curve was generated for each plate from which the insulin content o f the 

remaining wells could be calculated.

7.3.9.3 Amylase assay.

Frozen gradient samples were thawed in a waterbath at 37°C. 200pl o f  the sample was 

mixed with 4 ml distilled water in a 10 ml tube (Costar Coming, UK) and returned to the 

water bath. To each tube a tablet o f Phadebas reagent (Pharmacia Diagnostics, Sweden) 

was added and vortexed. This contained a water soluble cross-linked starch polymer 

which was hydrolysed by a- amylase to generate a water soluble blue dye. Tubes were 

left for 15 minutes after which the reaction was ceased by the addition o f 1ml 0.5M 

sodium hydroxide. After centrifugation at 1500g for 5 minutes the clear supernatant was 

aspirated into spectrophotometer cuvettes and the absorbance measured at 620nm 

wavelength against a blank cuvette containing ultra pure water. Amylase concentration 

was calculated from a series o f standard absorbance curves. From the 11 samples the 

cumulative percentage amylase concentration was calculated.

From the results o f the two assays a cumulative percentage insulin and amylase 

concentration was established for each 1 ml portion o f the continuous gradient, and a 

graph constructed to allow the percentage amylase accumulation to be found which 

coincided with a cumulative insulin content o f 60% (vide supra 6.3.7).

7.3.10 In vitro islet function.
Dynamic perifusion was used to study isolated islet function. Aliquots o f low 

concentration (960ml) and high concentration (600ml) glucose solutions were prepared 

and placed in a waterbath at 37°C. An aliquot o f 50 islets was handpicked from culture 

medium using a drawn out glass micro-pipette into a small chamber containing glass 

wool. The chamber was connected to the glucose solution reservoirs via a three way tap 

w hich allowed the islets to be bathed in a continuous flow o f either glucose solution. A 

roller pump was used to perfuse the islets with low concentration glucose solution at a 

rate o f 1ml per minute for 1 hour to reach a steady state. After perifusing the islets 1ml 

aliquots o f  effluent were collected from the circuit into sterile Eppendorfs and frozen at - 

20°C for insulin assay. Effluent collection began at 0,10 and 19 minutes after which the



bathing solution was switched to high concentration glucose. Further effluent samples 

were then collected at 2 minute intervals up to 29 minutes then at 10 minute intervals up 

to 79 minutes. After 79 minutes the circuit was switched back to low concentration 

glucose solution and the final samples collected at 10 minute intervals up to 140 minutes. 

After insulin quantification by ELISA, the SI was calculated using a plot o f insulin 

concentration against elapsed time in SPSS for Windows v l 1 (Figure 7-4).

E lapsed  tim e of perifuslon.

F igu re 7-4 . E xam p le  p er ifu sio n  p lot from  p orcin e  islets.

Calculation o f the areas under the curve for periods 0-19 mins (Area A), 19-79 mins 

(Area B) and 79-140 mins (Area C) allowed calculation o f the mean insulin secretion at 

low and high glucose concentrations. The SI was calculated by division o f the mean high 

glucose secretion o f insulin by the mean low glucose secretion o f insulin (Equation 7-1).

(A/20H(C/60)

B/60

E q u ation  7-1. C a lcu la tio n  o f  SI by p erifu sion .

7.3.11 Apoptotic index by TUNEL im m unohistochem istry .

7.3.11.1 Sample preparation.

Formalin fixed pancreatic biopsies were placed in a tissue cassette and embedded in 

paraffin wax. Seven 4pm serial sections were cut from each block using a microtome and 

floated in a waterbath to allow mounting on silane coated slides. Slides were dried at 

37°C for 24 hours before staining as described in Table 7-2. Tissue from 5 out o f 8
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porcine pancreata in each group were available for IHC analysis as a storage problem had 

rendered 3 biopsies in each group unsuitable for analysis.

Section Number Staining Protocol

1 Insulin IHC to allow  identification of islet tissue

2 1st TUNEL IHC

3 TUNEL NEGATIVE CONTROL

4 Insulin IHC to allow  identification of islet tissue

5 2nd TUNEL IHC

6 TUNEL NEGATIVE CONTROL

7 Insulin IHC to allow  identification of islet tissue

Table 7-2. Serial staining protocol for TUNEL assay.

Slides were de-waxed by serial immersions in xylene (2x 3 minutes), 99% industrial 

methylated spirit (IMS) (2x 3 minutes), 95% IMS (2x 3 minutes) and ultra-pure water (2x 

3 minutes).

7.3.11.2 TUNEL immimohistochemistry.

Slides were placed in a humidified darkened incubation box and 50pl o f proteinase K (pH 

7.6; 0.001%w/v proteinase K, TRIS 20mM, NaCl 137mM, HC1 1M) was applied to each. 

Slides were incubated for 1 hour at 37°C, removed, racked and washed in ultra pure 

water for 5 minutes. Slides were then immersed in TdT buffer (pH 7.0; 140mM sodium 

chloride, ImM cobalt chloride) for 5 minutes at room temperature. TdT enzyme was 

added in the ratio 10u:50pl to a solution o f  digoxigenin labeled dUTP nucleotides 

(0.2%v/v in TdT buffer) to produce the labeling solution. A negative control comprised 

o f digoxigenin labeled dUTP nucleotides alone. Slides were removed from TdT buffer 

and 50pl o f labeling solution or negative control applied. Slides were incubated at 37°C 

for 2 hours. Slides were racked and washed twice in ultra pure water for 5 minutes then 

in blocking solution (3%w/v Bovine serum albumin, 0.1% w/v Triton x-100, 100ml TBS) 

for 10 minutes. lOOpl o f a 1:600 dilution o f alkaline phosphatase conjugated anti- 

digoxigenin antibody in blocking solution was applied to each slide and the slides 

incubated at room temperature for 30 minutes. Slides were racked and washed twice in 

TBS for 10 minutes. Chromogen solution was prepared from a tablet o f 5-Bromo-4- 

Chloro-3'-Indolyphosphate p-Toluidine and Nitro-Blue Tetrazolium Chloride
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(BCIP/NBT) in sterile water. lOOpl was added to each slide and left to develop for 15 

minutes. Slides were washed in ultra pure water for 5 minutes, counterstained with 

haematoxylin for 5 minutes and rewashed before mounting using an aqueous mountant 

and cover slips.

During the assay TdT enzyme adds digoxigenin labeled dUTP nucleotides to the exposed 

5’ and 3’ ends o f DNA cleaved during apoptosis. Digoxigenin then binds the anti- 

digoxigenin antibody which itself is conjugated to alkaline phosphatase. Thus the 

exposed DNA ends are indirectly bound to alkaline phosphatase.

BCIP acts as a substrate for the enzyme alkaline phosphatase which phosphorylates 

BCIP. The product o f this reaction is then oxidized NBT to give a dark blue color in cells 

with cleaved DNA 

Figure 7-5).

7.3.11.3 Insulin immunohistochemistry.

A three step indirect system was used for insulin immunohistochemisty. Endogenous 

peroxidase activity in dewaxed slides was blocked by immersion in 6% hydrogen 

peroxidase for 10 minutes. Slides were washed in TBS for 5 minutes and further blocked 

with 50pl o f a 1:20 dilution ofN G S in blocking solution (3%w/v Bovine serum albumin, 

0.1% w/v Triton x-100, 100ml TBS) for 10 minutes. NGS was poured away and lOOpl o f 

a 1:50 dilution o f the primary mouse anti-insulin antibody added to each (HB124 in 

house stock) for 30 minutes at room temperature. After washing in TBS lOOpl o f 

secondary biotinylated goat anti-mouse antibody was applied for 30 minutes and the 

sections rewashed in TBS. lOOpl o f the streptavidin and biotin/horseradish peroxidase 

detection complex (DAKO, UK) was applied for 30 minutes. Slides were then washed in 

TBS for 20 minutes and lOOpl o f the chromogen 3 ,3 ,-diaminobenzidine (DAKO, UK) 

applied to each to generate the brown immunoprecipitate.

7.3.11.4 TUNEL semiquantification.

Each slide was randomised and assessed for staining by two observers. Slides were 

assessed by light microscopy x 40 magnification (Nikon, Japan). Islets were identified by 

the position o f positive insulin staining, and islet and acinar tissues separately assessed 

for the presence o f dark blue positive TUNEL staining. Ten microscope fields o f both 

islet and acinar tissues were assessed for total cell number and number o f positively
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stained cells. The proportion o f  positive staining was the calculated as a percentage o f the 

means o f these values.

Figure 7-5. The TUNEL technique o f immunohistochemistry.
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7.3.12 D eterm ination o f  AD P:A  TP ratio.

7.3.12.1 Sample preparation.

Frozen pancreas biopsies were removed from their freezing vials under liquid nitrogen 

storage and rapidly transferred into a cryostat (-20°C ). All tissue handling was performed 

using metal forceps to prevent excessive warming o f  the samples. The flexible microwell 

encasing the biopsy was cut away using a scalpel blade (Swann Morton, UK) and the 

sample adhered in Tissuetek and mounted on cork by snap freezing in liquid nitrogen.

Ten serial 10pm frozen sections were cut using the cryostat and transferred to individual 

pre-cooled sterile Eppendorfs. Sections were then stored temporarily under liquid 

nitrogen until required for ADP:ATP assay which proceeded expediently.

Triplicate specimens from each preservation group were subjected to the assay.
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7.3.12.2 ADP.A TP Assay.

Reagents were provided in an Apoglow™ kit (BioWhittaker, UK) and were allowed to 

warm to room temperature before commencing the assay. To the Eppendorf containing 

the sample lOOpl o f RPMI (Sigma, UK) was added and vortexed for ten seconds. lOOpl 

o f nucleotide releasing reagent was added and the reaction allowed to proceed at room 

temperature for 5 minutes. 180pl was transferred from the Eppendorf into a white walled 

DNAse treated luminometer tube, 20pl o f ATP monitoring reagent (firefly luciferase, D- 

luciferin, 50mg BSA, 0.5 mmol magnesium acetate, O.lpmol inorganic pyrophosphate) 

was rapidly added and the luminometer (Wallac Series 1900, UK) cassette turned to 

allow a reading to be obtained in mV on a chart recorder (Wallac, UK). After the initial 

rapid peak o f ATP luminescence had been recorded the reaction was left to decay for 10 

minutes before a further baseline reading was obtained. 20pl o f ADP converting reagent 

was then added to generate a second peak o f ATP luminescence on the recorder. 

ADP:ATP ratios were calculated from the readings made using the equations previously 

described. After completion o f the assay 500pl o f the supernatant was added to a sterile 

Eppendorf with 1.5ml o f DNA assay buffer (pH 7.4; 2M sodium chloride, 0.05M 

disodium hydrogen phosphate, 2mM EDTA) and frozen for DNA assay (-20°C ).

7.3.13 Determination o f  ATP: DNA ratio.
Samples o f frozen supernatant from the firefly luciferase assay were thawed at room 

temperature for 30 minutes. After vortexing for 10 seconds 400pl was transferred to a 

sterile DNAse treated Eppendorf and 2.6ml o f  fluorochrome reagent was added (lpg/m l 

Hoechst dye 33258 (Sigma) in NTE buffer). The reaction was left to proceed for 30 

minutes at 30°C incubation in a waterbath. 1ml was then transferred to a DNAse treated 

fluorometer cuvette and read on a fluorometer at wavelength o f 350nm excitation and 

455nm emission. A serial dilution o f 50|ig/ml calf thymus DNA (Sigma D 1501) in DNA 

assay buffer was used to generate standards from which standard curve was plotted. 

Sample fluorescence readings in mV were then converted to DNA concentrations by 

comparison with the standard curve.

The ATP concentration generated by the firefly luciferase assay was used to calculate the 

ATP:DNA ratio for each sample.
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7.4 Statistical Methodology.

A one way analysis o f variance (ANOVA) was used to compare mean islet yield and 

cleavage, gradient contamination and stimulation indices. A two factor mixed ANOVA 

was used to compare the mean proportions o f  TUNEL positive staining in islet and acinar 

tissues, ADP:ATP and ATP:DNA ratios. Post hoc Tukey tests were performed for 

multiple pairwise comparisons o f  group means. Factor analysis was used to establish if  

islet yield and in vitro function correlated with any latent variables. The ADP:ATP ratio 

o f  post-preservation pancreatic tissue was specifically studied during factor analysis after 

it showed strong correlations with islet yield and in vitro function in the rodent 

experiments (vide supra 6.5.8).

7.5 Results.

7.5.1 Islet y ie ld  and  cleavage.

There were significant differences in mean islet yield (F(3,31)= 7.7; p=0.001) but no 

difference in mean cleavage index (F(3,31 )= 1.5; p=0.23) between preservation methods. 

Figure 7-6 and Figure 7-7 illustrate the mean islet yields per gram o f pancreas and mean 

islet cleavage indices respectively for each preservation method.

Storage method

Figure 7-6. Mean islet yields after pancreas preservation by different methods.



- 187-

110

Storage method

Figure 7-7. Mean islet cleavage indices after pancreatic preservation by different methods

Table 7-3 and Table 7-4 show increasing mean islet yields and cleavage indices between 

groups. A lack o f  subset overlap denotes a significant difference between preservation 

methods.

Storage m ethod M ean cleavage index (%)

Perfusion U W 90

Fresh Pancreas 90

T w o Layer M ethod 94

C old Storage 95

Storage method N
Subsets

1 2 3

Perfusion UW 8 1250

T w o Layer Method 8 1858 1858

Fresh pancreas 8 327 9 3279

C old Storage 8 3438

Table 7-3. Differences between mean islet yields Table 7-4. Differences between islet cleavage
in different preservation groups. indices in different preservation groups.

7.5.2 Gradient purity.
There were significant differences in gradient purity between the preservation methods 

used (F(3,31)= 42.0; p<0.001). Figure 7-8 shows the mean % amylase contamination in 

each preservation group.
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60 ----------------------------------------------------------------------------------------

Storage method

Figure 7-8. M inigradient contamination at 60% islet yield after different preservation methods.

Table 7-5 shows the comparable amylase contamination in cold stored and TLM 

preserved pancreata, with a significant increase in contam ination in pefused and 

unpreserved pancreata.

Storage method
Subset

1 2 3

C old Storage 

T w o Layer M ethod 

Perfusion U W  

Fresh Pancreas

24 .9

30 .0

3 7 .0

4 8 .8

Table 7-5. Significantly increasing levels o f gradient contam ination between preservation groups.

7.5.3 In  vitro islet function .
No significant differences in stimulation indices were observed between preservation 

methods (F(3,31)= 1.8; p=0.16). Figure 7-9 illustrates the mean SI amongst the four 

preservation groups.



Storage method

Figure 7-9. Perifusion stimulation indices after different methods o f pancreas preservation.

Table 7-6 illustrates the ascending mean stimulation indices across the preservation 

groups.

Storage method N

Perfusion U W .94

T w o Layer M ethod .98

Fresh Pancreas 1.19

C old Storage 1.38

Table 7-6. Increasing perifusion stimulation indices by preservation method.

7.5.4 A ssessm ent o f  Apoptotic Index  by TU N EL H istochemistry.
There were significant differences in the m ean proportion o f  TUNEL positive cells in

islets and acinar tissues within groups (F(l,44)=86.9; p<0.001), between preservation 

methods (F(3,44)=l 2.8; p<0.001) and in each tissue type when variability due to the 

preservation method was accounted for (F(3,44)=94.7; p<0.0 0 1)(Figure 7-10).
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T Tissue Type

I s l e t s

Acmar tissue

Storage M ethod

Figure 7-10. Variation in TUNEL staining in islets and acinar tissues after different preservation methods.

Table 7-7 shows the significantly reduced apoptotic index in the machine perfused group 

compared to freshly processed pancreata. These, in turn, had a significantly reduced 

apoptotic index compared with cold stored pancreata.

Storage M ethod
Subset

1 2 3

M achine Perfusion 3 2
T w o Layer M ethod 3.5 3.5

Fresh Pancreas 3 .6

C old  Storage 3 .9

Table 7-7. Differences in mean TUNEL apoptotic index between preservation methods.

7.5.5 Pancreatic A DP:A TP ratio.
There were significant differences in mean ADP:ATP between each preservation method 

(F(2,62)= 10.8; p<0.001), between each preservation duration (F(2,62)=84.9; p<0.001) 

and also when both these factors were accounted for (F(4,62)=4.0; p=0.006) (Figure 

7-11).
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2 hours 4 hours(1 h o u rs

Storage duration

Storage method

| m  achinc Perfusion 

^ ^ T o ld  Storage 

^■ T w o  Layered M ethod

Figure 7-11. ADPrATP ratios in the porcine pancreas preserved using different methods.

Table 7-8 and Table 7-9 show the significantly higher mean ADP:ATP ratio in the 

machine perfused group o f pancreata compared to either TLM and cold stored groups, 

and the increase in mean ADP:ATP ratio with increasing duration o f preservation.

Storage method
Subset

1 2 3
Fresh Pancreas .73

Two Layer Method .99 .99
Cold Storage 1.19

Perfusion UW 1.78

Storage duration
Subset

1 2 3
0 hours .48
2 hours .92
4 hours 1.43

Table 7-8. Mean porcine pancreas ADPrATP  
ratios by preservation method. Table 7-9. Mean porcine ADPrATP ratios with 

increasing duration of preservation.

7.5.6 Pancreatic A TP:DNA ratio.
There were significant differences in mean ATP:DNA ratio between each preservation 

method (F(2,62)= 3.3; p<0.043) and between each preservation duration (F(2,62)=55.5; 

p<0.001) but not when both these factors were accounted for (F(4,62)=1.4; p=0.234). 

Figure 7-12 shows the variation o f  mean ATP:DNA ratios in pancreatic tissue from each 

preservation group for all storage durations.
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Storage duration
■  0 hours
■  2 hours 
□  4 hours

Machine Perfusion Cold Storage Two Layered Method

Storage method

Figure 7-12. ATP:DNA ratios by different preservation methods.

Table 7-10 and Table 7-11 illustrate the comparable mean ATP:DNA ratios between the 

preservation methods and the significant reduction in mean ATP:DNA ratio as the 

duration o f pancreas preservation is increased.

Storage method

M achine Perfusion 1.30

Cold Storage 1.35

T w o Layered M ethod 1.51

Table 7-10. Mean ATPrDNA ratios between 
different preservation groups.

Storage duration
Subset

1 2 3

4  hours .89

2 hours 1.40

0  hours 1.85

Table 7-11. Mean ATP:DNA ratios with 
increasing duration o f preservation preservation
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7.6 Factor Analysis.
Pancreatic
ADP:ATP

ratio

Islet yield 
(IEQ/g 

pancreas)

Cleavage 
index (%)

Stimulation
Index

Gradient
purity

Islet
apoptotic

index

Acinar i 
apoptotic 

index

Pancreatic ADP:ATP 
ratio 1.000 -.505 -.006 -.183 -.220 .133 -.258

Islet yield (IEQ/g 
pancreas) -.505 1.000 .016 .396 .092 -.221 .556

Cleavage index (%) -.006 .016 1.000 .547 -.246 .091 .177

Stimulation Index -.183 .396 .547 1.000 -.071 -.099 .385

Gradient purity -.220 .092 -.246 -.071 1.000 -.203 -.268

Islet apoptotic index .133 -.221 .091 -.099 -.203 1.000 -.275

Acinar apoptotic index -.258 .556 .177 .385 -.268 -.275 1.000

Table 7-12. Correlations of ADP:ATP ratio with other tests of islet function and viability.

7.7 Conclusion.

Cold storage o f  the pancreas resulted in islet yields com parable to the fresh pancreas, and 

significantly higher yields than from TLM  preserved or perfused pancreata. However, the 

cleavage index did not differ significantly between preservation groups.

Gradients from statically cold stored and TLM  preserved pancreata showed significantly 

reduced levels o f  exocrine contam ination com pared to UW  perfused and unpreserved 

pancreata. Indeed, unpreserved organs dem onstrated the highest level o f  exocrine 

gradient contamination.

No significant difference in in vitro function was observed between preservation 

methods.

M achine perfused pancreata had a significantly reduced num bers o f  apoptotic cells 

com pared to freshly processed pancreata; which, in turn, had a reduced apoptotic rate 

com pared to cold stored pancreata.

Higher m ean ADP:ATP ratios were found in machine perfused pancreata, compared to 

either TLM  and cold stored groups, and the mean ADP:ATP ratio increased with the 

duration o f  preservation. High ADP:ATP ratio were correlated with a reduced islet yield 

(-0.51) but porcine pancreatic ADP:ATP ratio showed no correlation with other in vitro 

measures o f  gradient purity, islet function o r apoptotic index.
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Chapter 8. Studies in the Human Donor 
Pancreas.

8.1 Introduction.
This chapter describes experiments conducted using a small num ber o f  hum an donor 

pancreata. This work was conducted during the Diabetes UK led UK Islet Transplant 

Consortium  (UKITC) attem pt to replicate the Edm onton protocol in UK islet isolation 

and transplant centres. W orking within the rem it o f  this protocol prevented random isation 

o f  pancreata into experim ental groups and the use o f  different preservation methods. 

Nevertheless the ADP: ATP and ATPiDNA ratios, as a m easure o f  pancreatic damage 

prior to hum an islet isolation, were studied alongside established measures o f  islet yield 

and function.

8.2 Aims.
To correlate the ADP: ATP ratio in pancreatic tissue w ith the duration o f pancreatic 

ischaemia, subsequent islet yield and in vitro  function after human islet isolation.

8.3 Methods.

8.3.1 H um an D onor Pancreas Procurem ent
As part o f  the Human Islet Transplant Program me eight hum an pancreata were procured 

from heart beating donors. O f  these five were subjected to clinical islet isolation with the 

intention to perform  clinical intraportal islet cell transplantation. Three were procured 

w ith donor fam ily consent for research but were not processed for islet isolation as the 

isolation laboratory facilities were closed. These pancreata were subjected to further 

controlled periods o f  cold ischaemia to study the effect upon the ADPiATP ratio.

During m ulti-organ donor retrieval the pancreas was m obilised in situ  by division o f  the 

splenic ligaments, Kocherisation o f  the duodenum  and division o f  the gastrocolic 

omentum to enter the lesser sac prior to circulatory arrest. The splenic artery was 

identified close to its origin at the SM A and a 1/0 VicrylTM  (Ethicon®, Johnson & 

Johnson International, Belgium) ligature slung around the vessel but not tied. A 0.5cm3 

biopsy was taken with scissors from the pancreatic head and haemostasis secured with 

diathermy. Biopsy tissue was placed into a flexible microwell, snap frozen and stored 

under liquid nitrogen. After aortic cross clam ping above the coeliac axis, and venting o f
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the inferior vena cava in the thorax, in situ  cold perfusion was commenced via aortic and 

superior mesenteric arterial (SMA) cannulae. Hyperosmolar citrate solution was perfused 

via the aorta and UW  solution via the SMA whilst the peritoneum and lesser sac were 

packed with sterile ice to maintain in situ  cooling. After 1 litre o f  SMA perfusion the 

splenic artery ligature was tied to prevent over distension o f the pancreas. After 

completion o f  in situ  cold perfusion, and explantation o f  the liver, the first and third parts 

o f  the duodenum were divided using staplers (GIA 80mm, Autosuture, TycoHealthcare, 

UK). The pancreas was excised from the retroperitoneum  from lateral to medial with 

sharp dissection and forward traction on the m obilised spleen (Figure 8-1).

Figure 8-1. En bloc retrieval of the human donor pancreas.

In a large kidney bowl o f  4°C UW  solution the main pancreatic duct entering the second 

part o f  the duodenum was identified, cannulated with a long 18g catheter (Abbotcath, 

UK) and secured with a 1/0 VicrylTM ligature. A second 0.5cm3 biopsy was taken from 

the pancreatic head and placed into a flexible microwell, snap frozen and stored under 

liquid nitrogen. The duodenum and spleen were then excised from the specimen and the 

pancreas placed in triple layer sterile plastic bags with 500ml o f  fresh 4°C UW  solution. 

The pancreas was transported to the islet isolation laboratory on melting ice in a 

polystyrene human organ retrieval box with generic UK Transplant donor information 

forms.

8.3.2 H um an Islet Isolation.
Islet isolations were performed in the University Hospitals o f  Leicester Islet Isolation 

Laboratory. This facility was accredited by the Department o f Health to perform clinical 

islet isolation and adheres to the Code o f Practice for Tissue Banks. All procedures 

adhered to the laboratory Quality System as outlined in the Quality M anual(953).
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8.3.3 Pancreas Distension.
In a sterile Class II m icrobiological cabinet the pancreas was rem oved from its transport 

m edium, weighed and disinfected by serial im m ersion into acqueous solutions o f  10% 

povidone iodine (Betadine, Purdue, UK), cefuroxim e (Zinacef, G laxoSm ithKline, UK), 

am photerin B (Am bisom e, Astellas Pharma, USA) and HBSS at 4°C. It was placed onto 

a cooled stainless steel tray (University o f  A lberta, Canada) with 100ml HOC 4°C and 

excess fat and lym phoid tissue was trimm ed w ithout disruption o f  the pancreatic capsule. 

This tissue was weighed prior to being discarded. Two 18G cannulae (Abbotcath, UK) 

were inserted retro- and antegrade after dissecting into the pancreatic duct and secured 

with 2/0 Vicryl™  ligatures (Ethicon®, Johnson & Johnson International, Belgium). A 

0.5cm 3 biopsy was taken with scissors from the pancreatic head, placed into a flexible 

m icrowell, snap frozen and stored under liquid nitrogen.

The pancreas was distended with 250ml hum an Liberase solution (Roche, UK; 0.14% w/v 

in HBSS) by controlled perfusion with W atson-M arlow pum ps on a bespoke stainless 

steel platform (University o f  Alberta, Canada). Tem perature was m onitored with Oakton 

therm ometers and m aintained at 4 to 7°C. Perfusion pressure was m onitored through 

rigid PVC tubing using pressure transducers and m aintained at 80mmHg for the first 5 

m inutes o f  distension. After this the pump rate was increased to generate 180mmHg 

perfusion pressure for a further 5 minutes. Leaks from the pancreatic capsule were 

reduced by application o f  haemostats to ensure uniform  pancreatic distension.

8.3.4 Pancreas Digestion.
The distended pancreas was divided into 8 equal sized portions to aid digestion and 

transferred, with the Liberase® solution, into a stainless steel autom ated cham ber divided 

by a 500pm  m esh and containing seven lcm 3 steel spheres to aid mechanical disruption. 

The cham ber was connected to a closed circuit o f  PVC tubing (Gambro, UK) comprising 

a W atson -M arlow  pump, heat exchanger and bubble trap/air release valve (designed in 

house; m anufactured by COBE Laboratories, UK). The circuit was prim ed with MEM 

(Cambrex, UK) and heated gradually to 37°C during which time the cham ber was 

manually agitated two or three times per minute. Tissue exiting the chamber was sampled 

via a three way tap (5ml), stained with 0.006% w/v dithizone (pH 7.8) and examined 

under a light m icroscope (Nikon, Japan) for the presence o f  ‘cleaved’ islets devoid o f 

surrounding acinar tissue. Once these were identified, or after a maximum  closed circuit 

digestion period o f  19 m inutes, the circuit was opened to allow collection o f  the digest 

into 250ml centrifuge flasks (Jencons, UK) containing 15ml 20% hum an albumin
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solution (Zenalb, Bio Products Laboratory, UK). Digest was collected at 120ml/min with 

continuous manual agitation o f  the chamber until 8 litres o f  media had run through the 

circuit. Once empty the chamber was opened and the undigested pancreatic remnant was 

weighed. This, and the mass o f  previously excised tissue, was subtracted from the weight 

o f  the pre-digested tissue to give a total weight o f digested pancreas.

Figure 8-2. Pancreatic digest prior to COBE purification.

8.3.5 Islet Purification.
Flasks containing digest were centrifuged at 200g for 2 minutes at 4°C and the 

supernatant decanted. Tissue pellets were resuspended in MEM and pooled by 3 serial 

centrifuge washings to obtain the digest in a single 250ml flask (Figure 8-2). A lOOpl 

digest sample was taken with a Drummond pipette and mixed with 900pl MEM for islet 

quantification. The digest was left on m elting ice for 15 minutes before a final 

centrifugation to determine the digest packed cell volume. Each 35 ml o f  PCV was 

resuspended in 100ml o f  UW  solution it was left on m elting ice for a further 45 minutes. 

Islets were purified using continuous density gradient separation on the COBE 2991 cell 

processor (COBE Laboratories, UK). Up to 35ml o f  resuspended digest PCV was used 

for each COBE gradient. The density gradient was constructed from 260ml high density 

(1.100g/cm3) Ficoll 400 ® (Biocoll, Gentaur, Belgium) and 140ml low density 

(1.077g/cm3) Ficoll 400 ®. Using a two sided gradient maker, Watson -M arlow  pump 

and stirring magnetic flea, 130ml o f  high density solution was run into the COBE 2991 

processor bag whilst running the COBE at lOOOrpm. W ith a further 130ml o f  high density 

solution and 140ml o f  low density solution in either side o f  the gradient maker the
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remainder o f the linear density gradient was overlaid by running the pump and turning 

the flea on a magnetic stirring platform.

As the gradient maker was about to empty the 100ml aliquot o f digest was added to the 

gradient and the COBE rate increased to 1800rpm. Finally 50ml o f UW was added to 

complete the gradient. The hydraulics o f the COBE were used to expel air from the bag 

and the COBE run for 4 -  6 minutes at 1800 rpm.

110ml was decanted from the top o f the gradient followed by 12 fractions o f 30ml 

collected into separate 50ml conical tubes. lOOpl samples o f each fraction were sampled 

with a Drummond pipette for islet quantification. The remainder o f each fraction was 

washed in MEM and centrifuged at 600g for 2 minutes at 4°C, then twice more with 

centrifugation at 200g for 2 minutes at 4°C. The packed cell volume o f each fraction was 

recorded and fractions were pooled based upon their islet content.

Where islet numbers were insufficient or the packed cell volume was too high for 

transplantation, pooled islet fractions were transferred to sterile T25 tissue culture flasks 

(Sarstedt, UK) containing a total volume o f  40ml M199 transplant medium (12.5%v/v 

20% human albumin solution; Cambrex, UK) for overnight culture at 37°C.

8.3.6 Unprocessed pancreata.
Three procured pancreata were not processed for islet transplantation. After arrival in the 

islet isolation laboratory pancreata were left in static cold storage in their transport UW 

media at 4°C. Biopsies were taken from the pancreatic head, mid pancreas and tail after 1 

hour, 2 hours, 4 hours and 8 hours o f cold ischaemia. Biopsies were placed in flexible 

microwells, snap frozen and stored under liquid nitrogen.

8.3.7 Digest and fraction yields.

A lOOpl sample o f digest was diluted in 0.9ml MEM. From this two further lOOpl 

samples were streaked across a Petri dish using a Drummond pipette. To the streaks 20pl 

o f  0.006%w/v dithizone (pH 7.8) was added with a Gilson pipette. Streaks were 

examined under a light microscope (Nikon, Japan) x 100 with a 100pm graticule (Cell 

Finder, Holland). Islets with diameters o f  greater than 50pm were counted in groups o f 

50pm ascending sizes. Islet counts were adjusted to IEQs and multiplied by the dilution 

factor 25000 to generate a total digest IEQ count. This was divided by the weight o f 

digested tissue to give a yield in IEQ per gram o f pancreas. The method described was 

also used for purified islets before and after cell culture purification, though the dilution
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factor was adjusted to reflect the volume in which fractions were pooled and 

resuspended.

8.3.8 Islet in vitro function.

8.3.8.1 Static incubations.

Duplicate static incubations were performed after aliquots o f 20 islets were handpicked 

from culture medium using a drawn out glass micro-pipette. Islets were place onto 4pm 

mesh inserts (Costar Coming, UK) in a 12 well plate (Corning Costar, UK) containing 

2ml per well o f low concentration glucose solution (1.7mM; 66%v/v GBSS, 33%v/v 

MEM, 0.05%w/v BSA). After 1 hour the mesh inserts were transferred to another 12 well 

plate containing low concentration glucose for 30 minutes, then to a plate containing high 

concentration glucose solution (25mM; 66%v/v GBSS, 33%v/v MEM, 0.05%w/v BSA, 

0.3% w/v glucose) for 30 minutes and finally to low concentration glucose solution for 30 

minutes. As the islets were moved between solutions, 1ml aliquots were aspirated from 

the wells and frozen at -20°C for insulin assay.

After insulin quantification the SI was calculated using Equation 6-1 (vide supra 6.3.8).

8.3.8.2 Insulin assay.

A solid phase two site ELISA kit was used to measure human insulin content. This used 

two monoclonal antibodies directed against different epitopes o f human insulin to 

generate a colour change.

The kit was supplied with standard insulin concentrations, and 25 pi aliquots o f these 

were added in duplicate to the first 16 wells o f the 96 well assay plate. 25 pi aliquots of 

the test samples were added in duplicate to the remaining wells. To each well 50pl o f 

peroxidase conjugated anti-insulin antibodies were added, and the plate incubated for 2 

hours. The plate was then washed in ultrapure water using a plate washer (Denley 

Wellwash, Denley, UK) and 200pl o f 3,3’,5,5’ -  tetramethylbenzidine was added. After 

15 minutes the reaction was ceased by the addition o f sulphuric acid to generate the end 

colour change. Plates were read using a plate reader (Denley, UK) at 450nm wavelength. 

A standard curve was generated for each plate from which the insulin content o f the 

remaining wells could be calculated.
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8.3.9 Determination o f  ADP.'ATP ratio.

8.3.9.1 Sample preparation.

Frozen pancreas biopsies were removed from their freezing vials under liquid nitrogen 

storage and rapidly transferred into a cryostat (-20°C). All tissue handling was performed 

using metal forceps to prevent excessive warming o f the samples. The flexible microwell 

encasing the biopsy was cut away using a scalpel blade (Swann Morton, UK) and the 

sample adhered in Tissuetek and mounted on cork by snap freezing in liquid nitrogen. 

Ten serial 10pm frozen sections were cut using the cryostat and transferred to individual 

pre-cooled sterile Eppendorfs. Sections were then stored temporarily under liquid 

nitrogen until required for ADP:ATP assay which proceeded expediently. Triplicate 

specimens from each pancreas were subjected to the assay.

8.3.9.2 ADP.ATP Assay.

Reagents were provided in an Apoglow™  kit (BioWhittaker, UK) and were allowed to 

warm to room temperature before commencing the assay. To the Eppendorf containing 

the sample lOOpl o f RPMI (Sigma, UK) was added and vortexed for ten seconds. lOOpl 

o f nucleotide releasing reagent was added and the reaction was allowed to proceed at 

room temperature for 5 minutes. 180pl was transferred from the Eppendorf into a white 

walled DNAse treated luminometer tube, 20pl o f  ATP monitoring reagent (firefly 

luciferase, D-luciferin, 50mg BSA, 0.5 mmol magnesium acetate, O.lpmol inorganic 

pyrophosphate) was rapidly added and the luminometer (Wallac Series 1900, UK) 

cassette turned to allow a reading to be obtained in mV on a chart recorder (Wallac, UK). 

After the initial rapid peak o f ATP luminescence had been recorded the reaction was left 

to decay for 10 minutes before a further baseline reading was obtained. 20pl o f ADP 

converting reagent was then added to generate a second peak o f ATP luminescence on 

the recorder. ADP:ATP ratios were calculated from the readings made using the 

equations previously described. After completion o f the assay 500pl o f the supernatant 

was added to a sterile Eppendorf with 1.5ml o f DNA assay buffer (pH 7.4; 2M sodium 

chloride, 0.05M disodium hydrogen phosphate, 2mM EDTA) and frozen for DNA assay 

(-20°C ).
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8.4 Statistical Methodology.

A one way ANOVA was used to compare mean islet yields in pancreatic digest, 

following COBE purification and after overnight cell culture; and for comparison o f islet 

in vitro function. A two factor mixed ANOVA was used to compare ADP:ATP ratios 

from pancreata subjected to controlled periods o f cold ischaemia.

8.5 Results.

8.5.1 Donor Pancreas Characteristics.

Donor demographics, clinical parameters and ischaemia times were extracted from 

accompanying UK Transplant donor information forms and digest data from 

measurements made during the islet isolation. These are summarized in Table 8-1.
(* indicates processed for islet isolation).

Pancreas

Number

Donor 

ag t &  

sex

Donor

BMI

W arm

ischaemia

time

(mins)

Cold

ischaemia 

time p rio r to 

arriva l (mins)

Digested

tissue

weight

(grams)

Closed 

circuit 

digestion 

time (mins)

Open circuit 

collection 

time (mins)

Digest

PCV

(ml)

1*
49 years, 

female
24 kg/'m2 0 233 159 17 63 33

2*
34 years, 

female
26 kg/m2 3 247 179 14 55 28

3*
44 years, 

female
29 kg/m2 0 258 203 18 48

44 (2

COBE

runs)

4*
55 years, 

female
25 kg/m2 6 279 116 14 61 30

5*
41 years, 

male
28 kg/m2 0 242 136 16 59 35

6
41 years, 

female
31 kg/m2 0 228 - -

7
47 years, 

female
28 kg/m2 5 158 - -

8
50 years, 

female
25 kg/m2 0 193 - -

Table 8-1. Human pancreas donor and digest data.
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8.5.2 Digest and p urified  islet yields.

There were comparable digest (F(4,9)=0.4; p=0.8), post-purification (F(4,9)=0.53; 

p=0.72) and post-cell culture (F(4,9)=1.33; p=0.38) islet yields from all five processed 

human pancreata. Figure 8-3 to Figure 8-5 show the distribution o f islet yield by size in 

pancreatic digest, after purification and cell culture.
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■  125 pm 
O  175 pm
■  225 pm
□  275 pm
■  325 pm
□  375 pm
l~~l 400 plus pm

= . 40 30
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Figure 8-3. Digest yields from human pancreata.
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Figure 8-4. Purified islet yields from human pancreata.
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Figure 8-5. Post-culture islet yields from human pancreata.

8.5.3 Islet in vitro fu n c tio n .
Comparable islet stimulation indices were obtained from all pancreata (F(4,9)=0.25; 

p=0.9). Figure 8-6 shows the mean stim ulation indices from islets isolated from the five 

pancreata subjected to islet isolation.

2 0 0 -

1 50-

5 1 oo-

5 0 50-
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Cold ischaemia time (mins)

Figure 8-6. Islet stimulation indices from human pancreata.
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8.5.4 A D P .A T P  ratio.

Significant increases in mean ADP:ATP ratio were obtained as the duration o f controlled 

pancreatic cold ischaemia was increased (F(4,32)=19.8); p<0.001). However, no 

significant difference in ADPrATP ratio was seen between pancreata (F(28,32)= 1.7; 

p=0.07). Figure 8-7 shows the comparable ratios between individual pancreata, but 

increasing ratios as the duration o f  cold ischaemia is increased.

|  Arrival 
|  Arrival + 1 hour 
[~~l Arrival + 2 hours 
|  Arrival + 3 hours 
□  Arrival + 4 hours

158 00 193 00 228 00 233 00 242 00 247 00 258 00 279 00

Cold ischaem ia time on arrival (mins)

Figure 8-7. ADP:ATP ratios obtained after controlled periods o f cold ischaemia in the human pancreas.

8.6 Conclusion.

The small number o f  human pancreata which were studied had comparable durations o f 

warm and cold ischaemia. Comparable digest, purified and post-culture islet yields were 

obtained which had equivalent in vitro function assessed by static incubation.

No significant differences in pancreatic ADP:ATP ratios were seen between pancreata 

used for human islet isolation. However, those pancreata subjected to controlled periods 

o f  cold ischaemia had statistically significant increases in ADP:ATP ratio with increasing 

duration o f storage.
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Chapter 9. Discussion, Limitations and 
Future Work.

9.1 Introduction.
This chapter summarises and discusses the findings o f the experimental work in the 

context o f the current literature. The limitations o f the experiments are discussed, 

together with methods which could be used to further verily the experimental findings. 

Finally suggestions for future studies in light o f these experimental findings are made.

9.2 Islet Yields.

9.2.1 Rodent experiments.
Total islet yields (mean 1093 IEQ per pancreas) were highest from fresh pancreata 

subjected to no preservation and processed immediately.

Short duration (4 hour) static cold storage in ET-K and UW solutions resulted in slightly 

lower islet yields, though still comparable to those from unstored pancreata. Prolonged (8 

hour) cold storage in ET-K solution resulted in a yield comparable to short duration UW 

cold storage, but when UW solution was used for prolonged storage islet yield was 

significantly reduced. Notably pancreata exposed to short (1 hour) and long (4 hour) 

periods of TLM preservation showed no significant increase in islet yield over prolonged 

cold storage in either UW or ET-K solution.

The lowest yields were from pancreata exposed to warm ischaemia followed by short 

duration cold storage. Interestingly these yields were comparable with those obtained 

from 8 hour UW cold stored pancreata regardless o f the duration o f TLM used. However, 

the majority o f methods involving ET-K cold storage resulted in yields significantly 

higher than pancreata exposed to warm ischaemia.

9.2.2 Porcine experiments.
The highest islet yields were obtained from unpreserved and static cold stored porcine 

pancreata. Yields from TLM preserved pancreata compared to those obtained from 

unpreserved pancreas; whilst the yield from UW perfused organs was significantly less 

than both unpreserved and statically cold stored pancreata.

Though statically cold stored pancreata had the highest cleavage index, there was no 

significant difference in cleavage index between either group.
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9.2.3 Human pancreas study.
The human pancreata processed had comparable durations o f warm and cold ischaemia 

(range 0 to 6 mins and 233 to 279 mins respectively) and had comparable islet yields in 

the digest, after COBE purification and after overnight islet cell culture.

9.2.4 Discussion.
The best rodent islet yields, obtained from unpreserved pancreata, compare with 

previously published data(954).

There is little published literature on the use o f trehalose containing ET-K solution in 

rodent pancreas preservation and its effect during static cold storage has not been 

previously established. Miyamoto et al reported increased islet yields from porcine 

pancreata exposed to a modified TLM preservation using PFC and Kyoto solution(675). 

Noguchi et al recently used a modified TLM, comprising PFC and a new Kyoto solution 

(M-Kyoto) containing the trypsin inhibitor ulinastatin. Porcine islet yields were 

significantly increased using this novel method, whilst trypsin activation was reduced and 

collagenase activity augmented(955). It is difficult to establish if the use o f Kyoto 

solution alone, or its combination with TLM, contributed to the increased yields in these 

studies.

The low islet yields from TLM preserved rodent pancreata are contrary to the findings o f 

previous studies. The study o f canine pancreas TLM preservation by Tanioka et al 

demonstrated improved islet yields after only 3 hours o f TLM(652); whilst Hiraoka et al 

achieved yields o f upto 916 islets per pancreas after 24 hours o f TLM preservation(655). 

It is possible that the 4 hours o f TLM preservation used in these experiments was 

insufficient to allow resuscitation o f rodent pancreata after a short duration cold 

ischaemic insult.

Reduced yields from warm ischaemically damaged pancreata are fairly well appreciated 

and consistent with results from the published literature. Tellez-Yudilevich et al first 

described the poor islet yield from rodent pancreata exposed to 30 minutes o f warm 

ischaemia(956). This was also observed by Avila et al who reported a fall in the mean 

islet yield per pancreas from 503 to 247 islets after the same warm ischaemic 

period(957). Corlett et al demonstrated 45.7 and 52.5% rodent and canine islet yields 

after 45 minutes o f warm ischaemia compared to freshly processed pancreata. These 

yields further decreased to 15.6 and 23.9% respectively after 90 minutes o f warm 

ischaemia(958).
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The porcine islet yields in this study compared with those o f the published literature. 

Ching et al used a semi automated isolation method to achieve an islet yield of 2398 ±

143 islets per gram o f fresh pancreas but used a different animal strain and age, 

isofluorane anaethesia, in situ UW arterial perfusion and collagenase P for pancreas 

digestion(959). Ricordi et al reported a wide range o f islet yields (16 400 to 1 265 000 

islets per pancreas) from large white porcine islet isolations, and found warm ischaemia 

time to be the limiting factor for successful isolation. After 18 to 20 minutes o f warm 

ischaemia, exocrine cells were beginning to contaminate the gradients suggesting a 

degree o f autolysis and exocrine cell swelling(960). Though not designed to investigate 

warm ischaemia, the porcine experiments reported in this thesis had an inherent period o f 

pancreatic warm ischaemia (6.8 to 8.3 minutes) during explantation which may have been 

sufficient to allow early autolysis which could reduce islet yields.

No literature exists to corroborate the low islet yields from perfused porcine pancreata. 

Though Toledo-Pereya et al found machine perfusion to be ‘a safe and reliable method 

for pancreas preservation’, they used a canine model, a SGFP perfusate with over 24 

hours o f perfusion and report no data on overall islet yield(961). However, this study did 

report islet fragmentation following perfusive preservation which is consistent with the 

reduced mean islet diameters found in the perfused group in this thesis. Though not 

specifically studied in these experiments, it is possible that machine perfusion may 

exaggerate changes in islet and exocrine cell densities resulting in significant loss o f islets 

into other gradient fractions and contamination o f islet fractions by exocrine components. 

Islet yields from the small number o f human pancreata were low compared to the 

published literature (mean digest count 71.9 IEQ/g, mean purified count 65.9 IEQ/g, 

mean post-culture count 65.5 IEQ/g). The most likely explanation for this is the short 

period of cold ischaemic storage (mean 252 minutes). Toso et al demonstrated an 

increased islet yield where cold ischaemia did not exceed 8 hours, but also showed 

reduced islet yields with cold ischaemia o f  less than 3 hours(962). Hence it would appear 

that a short period o f cold ischaemic preservation is beneficial for human islet isolation 

allowing reversal o f cellular oedema after organ retrieval and activation o f endogenous 

proteases which has a permissive effect upon later collagenase digestion(962).

9.2.5 Limitations.

The discrepancies in islet yield, between the experiments herein and the published 

literature, may be explained by the methodology used. Variations in animal strains,
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weight, age and collagenase batches are known to have effects upon islet yield, and make 

it difficult to make direct comparisons with published studies.

Notably the rodent experiments used intraductal flushing with PBS to maintain duct 

patency during preservation, and previous studies have advocated ductal flushing with 

HBSS and collagenase to optimize rodent islet yield(963). Preservation with intraductal 

collagenase, and the optimal flush solution, is likely to be dependent upon the animal 

model, duration and method o f preservation. Whilst maintaining duct patency during 

preservation is desirable to allow good collagenase distribution through the pancreas; 

over exposure to collagenase can result in over-digestion and islet fragmentation, and 

UW flushing has an inhibitory effect upon the action o f collagenase(964).

Timing o f collagenase administration is similarly critical during porcine islet isolation. 

White et al reported significantly higher islet yields (mean 21 524 IEQ/g pancreas), than 

achieved in this thesis, by intraductal administration o f collagenase in HBSS at the time 

o f retrieval, followed by expedient islet isolation within 2 hours(220). Though this 

resulted in improved delivery o f collagenase by preservation o f the ductal system, this 

method is not applicable to porcine pancreata having a more prolonged period of 

preservation. Porcine islet fragility means that exposure to collagenase over prolonged 

periods causes reduced islet yields(965).

Further sources of error arise in islet sampling and counting to calculate islet yields. Despite 

examining repeated samples under a graticule, this method assumes a uniform distribution of 

islets of all sizes in the samples to calculate overall islet yield. In future automated methods 

of islet sorting and quantification may allow more accurate and reproducible methods of 

assessing yields(966).

Inherent limitations in the human studies were the small numbers reported and the failure to 

properly randomly allocate human pancreata to different periods and methods of ischaemic 

preservation. This was because the study was performed within constraints of the Diabetes 

UK methodology to reproduce the Edmonton protocol which did not allow for such 

randomization. In future, clarification of the results in the clinical setting using human 

pancreas and islets would require a robust randomised study with controlled periods of 

ischaemia and different preservation methods.

9.3 Gradient purity.

9.3.1 Rodent experiments.
The exocrine contamination o f BSA mini-gradients was lowest from unpreserved 

pancreata. This was comparable to the contamination o f gradients from pancreata
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subjected to short duration static cold storage in either UW or ET-K solution. Though 

prolonged (8 hour) cold storage in ET-K solution, with or without a short duration of 

TLM resuscitation increased gradient contamination, this remained statistically 

comparable to short duration ET-K storage. This was not the case for prolonged UW cold 

stored pancreata.

As expected, pancreata subjected to periods o f warm ischaemia showed the highest 

gradient contamination (>50% mean amylase concentration). Notably all groups 

involving prolonged UW cold storage, with or without any period o f TLM resuscitation, 

showed gradient contamination comparable to warm ischaemic pancreata (>51%); 

whereas prolonged ET-K storage alone or combined with 1 hour TLM showed 

significantly reduced gradient contamination.

9.3.2 Porcine experiments.
Gradients from statically cold stored and TLM preserved pancreata showed significantly 

reduced levels o f exocrine contamination compared to both UW perfused and 

unpreserved pancreata. Unpreserved organs demonstrated the highest level o f exocrine 

gradient contamination.

9.3.3 Discussion.
Following pancreatic ischaemia acinar tissue is very susceptible to cellular oedema. This 

reduces the acinar tissue density causing it to occupy a similar isodense position in the 

centrifuged gradient thus contaminating the islet fraction(954). The function o f the 

impermeants in preservation solutions is to oppose the osmotic gradient generated by 

intracellular impervious anions. In this capacity it would seem that trehalose, contained in 

ET-K solution, may be superior to raffinose and lactobionate, in UW solution, for periods 

o f static cold rat pancreas preservation from 4 to 8 hours. This potentially challenges the 

conventional use o f UW solution as the optimal preservation solution for pancreatic in 

situ portal perfusion, static cold storage and storage o f the pancreatic digest(246).

The high rate o f exocrine contamination arising in UW pefused porcine pancreata 

compared to UW cold stored organs may be explained by inadequate perfusion o f the 

vasculature resulting in poor distribution o f UW throughout the pancreas. UW is a highly 

viscose solution (34.7 centipoise (cp) at 37°C; 86.2 cp at 4°C)(967) making perfusion o f 

the islet rich pancreatic tail, via superior mesenteric artery cannulation, difficult to 

achieve without the use o f high perfusion pressures. The perfusion pressure (60mmHg)
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used in this study represented a physiological mean blood pressure for pancreatic 

perfusion but may have been inadequate for UW perfusion o f the whole o f the pancreas.

9.3.4 Limitations.

The period o f TLM used in the rodent experiments failed to significantly reduce gradient 

contamination. However, the current literature would suggest that TLM is an effective 

means to resuscitate the ischaemic pancreas and abrogate the cell swelling causing 

gradient contamination. It is possible that the period o f TLM used in these studies was 

insufficient to allow adequate rodent pancreas resuscitation to be achieved.

As discussed, the perfusate and pressure parameters used in the porcine experiments are 

potentially inadequate for whole pancreas perfusion. Future experiments should seek to 

optimize such parameters by using less viscose perfusates or higher perfusion pressures, 

within the limits o f inducing baratrauma to the ductal system and islets. The application 

o f perfusive techniques to the human pancreas is complicated by variable vascular 

anatomy which differs from the porcine organ. Where perfusion via the SMA achieves 

perfusion o f the splenic lobe in the pig; the tail and body o f the human pancreas is 

supplied by the splenic artery with the head being supplied by small branches o f the 

gastro-duodenal artery. Hence perfusion o f two arteries is required in the human gland to 

ensure adequate delivery o f perfusate to all pancreatic areas.

Calculations o f gradient purity are based upon sampling gradient aliquots. Though 

repeated measures were used to minimize sampling errors, this assumes an equal 

distribution o f islets and exocrine tissue within the aliquot studied. Additionally both the 

amylase assay and insulin ELISA, used to quantify the exocrine and endocrine 

components in each gradient, are prone to error. Rather than a direct assay, each provides 

an indirect calculation o f reagent quantity via reference to a ‘standard curve’. In 

performing such calculations the accuracy and reproducibility o f such standards is 

assumed.

9.4 In vitro islet function .

9.4.1 Rodent experiments.
In vitro function by static incubation was highest and comparable for islets isolated from 

unpreserved pancreata or those exposed to short or prolonged ET-K static cold storage 

(SI> 1.45). The mean SI o f islets from short and prolonged UW stored pancreata were 

comparable to short duration ET-K and unpreserved groups, but were significantly less
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than prolonged ET-K cold storage. Islets from all groups involving periods o f TLM 

preservation had significantly reduced mean SI compared to unpreserved or prolonged 

ET-K stored groups.

Interestingly the mean SI o f islets from prolonged UW stored pancreata subjected to a 

long period o f TLM resuscitation was significantly higher than those having a short TLM 

exposure. The latter group had a mean SI comparable to the worst functioning islets from 

groups exposed to warm ischaemia.

9.4.2 Porcine experiments.
All preservation groups produced islets with comparable stimulation indices when 

assessed by dynamic perifusion.

9.4.3 Human pancreas study.
Comparable Sis were obtained from all five pancreata when post-culture islets were 

tested by static glucose incubation.

9.4.4 Discussion.
In the rodent experiments, static incubation demonstrated that unpreserved and short cold 

stored pancreata generate the best functioning islets, and that warm ischaemia is 

deleterious to islet function. Nevertheless there is considerable variation in the Si’s 

generated from each preservation group. Additionally the S i’s calculated during these 

experiments are lower than other reported studies which vary from 4.5, after 24 hours o f 

UW cold storage(954), to 12 after UW ductal flushing and 6 hours UW cold 

storage(630).

The Sis obtained from porcine perifusion experiments were low compared to those 

reported in current literature. An SI o f less than 1 implies no response to changes in 

glucose concentrations, but the significance o f  an SI o f greater than 1, and the threshold 

SI which correlates with in vivo islet function, has not been established. Though Holmes 

et al reported lower porcine islet SI compared to human islets(968) this study compared 

tissue culture media rather than methods o f preservation and used disparate species. The 

low SI arising in the porcine experiments may reflect the susceptablility o f porcine islets 

to ischaemia, islet fragmentation during preservation and presence o f exocrine 

contamination in islet fractions.
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9.4.5 Limitations.

The reasons for the SI variation between groups, and discrepancy between SI reported in 

the literature, may include the different rodent strain, preservation and isolation methods 

used in my experiments. Static and dynamic islet functional studies are also prone to 

inconsistencies between experiments with variation in islet size, individual islet viability, 

medium dissolved oxygen content and ambient temperature all contributing to errors in 

calculating the SI. Additionally the insulin ELISA is an indirect measure o f insulin 

content reliant upon the accurate construction o f a standard curve and calculation rather 

than direct measure o f insulin content.

The problem of reproducing consistent results, especially using perifusion, is well 

documented in the literature. Bertuzzi et al studied the results o f islet perifusions from 80 

cadaveric human pancreata to demonstrate that preservation and isolation variables such 

as the concentration o f collagenase used for isolation could be associated with subsequent 

islet SI(969). In most US centres perifusion has been superseded by simpler static glucose 

incubations for in vitro islet function assessment; whilst the majority o f recent 

experimental studies have used bioassays o f  islet in vivo function by transplantation into 

diabetic nude rodents to determine reversal o f hyperglycaemia. Although these give a 

valid measure o f in vivo islet function they are impractical during the immediate peri- 

isolation period when there is a need to transplant the optimal islet mass expediently into 

the recipient.

9.5 Apoptotic gene expression.

9.5.1 Rodent experiments.
The results o f experiments involving both RT-PCR and realtime PCR were inconclusive. 

Pure mRNA was successfully extracted from islets using the paramagnetic Dynabead 

method. Gel electrophoresis o f the amplified (3 actin endogenous control cDNA against a 

DNA ladder showed consistent amplification and electrophoretic banding in positive 

control and test wells, and a lack o f expression in negative controls without template 

cDNA or RT. This demonstrates a lack o f contamination in the extracted mRNA and 

amplified p actin cDNA.

Unfortunately significant differences in the expression o f P actin were seen during 

amplification o f both Bax and Bcl-2 PCR products. As p actin was functioning as an 

endogenous control, the amount o f p actin PCR product expressed in each test well 

should be at a constant and consistent level. Where this occurred, any variation in Bax or
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Bl-2 expression between samples could be interpreted as being derived from differences 

in the amount of original Bax or Bcl-2 cDNA. However in several experiments the 

significant differences in p actin expression, including apparent p actin expression from a 

negative control containing no template cDNA, meant that no conclusion could be made 

regarding Bax or Bcl-2 expression.

Similarly Bax and Bcl-2 expression could be successfully detected in rodent islet mRNA 

extracted using the paramagnetic Dynabead method prior to real time PCR. There was an 

apparent reduction in the Bax:Bcl-2 ratio in islets from TLM preserved pancreata; arising 

from a reduced level o f Bax, and increased level o f Bcl-2 expression. However, scrutiny 

o f the expression o f  the p actin endogenous control showed significant differences 

between groups, hence no conclusion can be made about the Bax:Bcl-2 ratios in any 

group after real time PCR analysis.

9.5.2 Discussion.
Positive amplification and significant variation from negative and endogenous controls 

during PCR is potentially caused by many factors. The slightest contamination o f controls 

can result in amplification o f contaminant cDNA so it is essential that good laboratory 

technique is followed precisely. Despite such protocols it is possible that controls in these 

experiments were contaminated.

PCR methodology requires strict parameters which, when adjusted, can result in ‘false 

positive’ gene amplification. In this case further experiments, using different cycle 

durations and temperatures for primer annealing and extension, different primer 

sequences or alternative endogenous control mRNA sequences like GAPDH or NADPH, 

may abrogate false positive results.

Future work might also included alternative PCR methodologies to increase the specificity of 

DNA amplification by reducing background due to non-specific amplification of DNA. For 

example, nested PCR uses two sets of primers in two successive PCR reactions. In the first 

reaction, a pair of primers generate DNA products which consist of the intended target and 

also non-specifically amplified DNA fragments. These products are then used in a second 

PCR reaction with a set of primers whose binding sites are different from, and located 3' of, 

each of the primers used in the first reaction. Touchdown PCR aims to reduce nonspecific 

background amplification by gradually lowering the annealing temperature as PCR cycling 

progresses. The annealing temperature at the initial cycles is usually a few degrees above the 

Tm of the primers used, while at the later cycles, it is a few degrees below the primer Tm. The 

higher temperatures give greater specificity for primer binding, and the lower temperatures
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permit more efficient amplification from the specific products formed during the initial 

cycles.A further technique, hot-start PCR, could be used to reduce non-specific amplification 

during the initial set up stages of the PCR reaction. The technique involves heating the 

reaction components to the melting temperature (e.g., 95°C) before adding the 

polymerase(970) and specialized enzyme systems that inhibit polymerase's activity at 

ambient temperature. Such hydrid polymerases are only activated following the high- 

temperature activation step.

Three published studies have previoulsy used PCR to assess mRNA expression o f 

apoptotic genes in the preserved pancreas or isolated islets. Federici et al demonstrated 

the pro-apoptotic effect o f human islet exposure to hyperglycaemia. RT-PCR confirmed 

increased expression o f the pro-apoptotic genes Bad, Bid and Bik; whilst showing no 

change in the expression o f anti-apoptotic Bcl-2(971). An increase in Bax over Bcl-2 

expression also occurs in human islets in response to isolation where real time PCR 

showed an islet ratio o f Bax to Bcl-2 o f 10.8:1(870). Reverse transcriptase PCR was used 

by Shirouzu et al to study Bax and Bcl-2 ratios in isolated rodent islets in conventional 

cell culture and prolonged UW cold storage for 7 days. The ratio was lowest after 

overnight cell culture suggesting that apoptotic gene expression was highest immediately 

after isolation and after prolonged period o f islet culture or cold storage(700). These 

studies prove that PCR analysis o f apoptotic gene mRNA is possible and provides a 

quantitative means o f determining apoptotic activity early after islet isolation and during 

islet culture.

9.6 Apoptotic immunohistochemistry.

9.6.1 Rodent Bax and Bcl-2 immunohistochemistry.
Immunostaining o f the pro-apoptotic protein Bax was lowest in the unpreserved pancreas 

and showed similar distribution amongst islet and acinar tissue. Short duration ET-K cold 

storage and prolonged ET-K cold storage followed by short duration TLM showed the 

second lowest mean Bax immunostaining.

Prolonged ET-K cold storage with long (4 hour) TLM resuscitation showed comparable 

Bax immunostaining to groups having prolonged UW cold storage with or without 1 hour 

TLM resuscitation. These groups had levels o f intra-islet Bax staining comparable to the 

first three groups but relatively increased levels o f positive Bax staining in acinar tissue. 

The most frequent Bax staining was observed in groups exposed to warm ischaemia, 

prolonged cold storage in ET-K solution and prolonged UW cold storage followed by 4
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hours o f TLM. These groups showed increased levels o f Bax staining in both islet and 

acinar tissues compared to all other groups.

Immunostaining o f the anti-apoptotic protein Bcl-2 was highest in pancreata exposed to 

short duration cold storage in either preservation solution, or after prolonged ET-K cold 

storage combined with any duration o f TLM resuscitation. These groups showed Bcl-2 

immunostaining equal or more intense than that seen in the unpreserved pancreas.

Though the overall mean percentage Bcl-2 staining was highest in these groups, the 

distribution o f staining is unequal with a disproportionately high amount o f staining in 

acinar tissue. The intensity o f Bcl-2 staining amongst islets themselves remained constant 

and comparable between all preservation groups.

Groups with the least Bcl-2 immunostaining included those exposed to warm ischaemia. 

Here there was a relative reduction in acinar Bcl-2 staining whilst islet staining remained 

comparable to other groups. This reduced the total mean number o f Bcl-2 positive cells.

9.6.2 Porcine apoptotic index by TUNEL assay.
The lowest apoptotic indices were found in pancreata subjected to machine perfusion and 

TLM. These were significantly reduced compared to the apoptotic index o f cold stored 

pancreata. However the distribution o f apoptotic cells may explain the differences 

between preservation groups, with relatively high numbers o f apoptotic cells in the acinar 

tissues o f unpreserved and cold stored pancreata. The numbers o f apoptotic cells amongst 

islets themselves varied little between preservation groups.

9.6.3 Discussion.
Published studies have confirmed increased Bax and reduced Bcl-2 staining in the beta 

cells o f rat islets upto 1 month in cell culture(972) and that human pancreas before islet 

isolation stains positively for Bax but not Bcl-2 protein(870). Moreover, isolated islets 

contain high numbers o f cells expressing Bax but low numbers expressing Bcl-2(870). 

Disparity between the intensity and distribution o f apoptotic protein staining in pancreatic 

tissue was observed by Bateman et al. Their immunohistochemical study o f human 

chronic pancreatitis showed a high rate o f acinar cell apoptosis by TUNEL assay, 

concurrent with frequent staining o f Bax and Bcl-2 proteins in acinar tissues compared to 

islets. The authors proposed that such differential rates o f apoptosis might explain the 

loss o f exocrine and preservation o f islet function occurring after chronic 

pancreatitis(973). Given the inflammatory cytokine and auto lytic mediation o f
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preservation injury in the pancreas, it would reasonable to expect a similarly non uniform 

distribution o f apoptotic cells and proteins after pancreas preservation.

9.6.4 Limitations.
IHC is a potentially unreliable method to study protein expression, which can be prone to 

a number o f errors. One o f the main difficulties was overcoming specific or non-specific 

background staining by optimising antigen retrieval, incubation methods and times, pre

treatment with blocking agents and optimising post-antibody wash buffers and wash 

times (Appendix A). In addition, the presence o f robust positive and negative controls for 

staining were essential for determining specificity. Recognition o f positive staining in 

tissue sections relied upon microscope field sampling and cell counting. This assumes a 

uniform distribution o f staining across tissue sections but is prone to sampling and 

observer error despite corroboration using a second slide assessor. Slides were scored 

using a basic binary assessment o f the presence or absence o f staining. This may have 

been too simple and took no account o f the precise distribution (nuclear vs cytoplasmic) 

or intensity o f staining within each cell. Such factors are frequently incorporated into IHC 

scoring systems and the use o f a more sophisticated method o f scoring IHC slides could 

be used in future work. Automated methods o f slide assessment, using computer based 

visual analysis software to perform cell counts and assessments o f cell staining, might 

further improve IHC assessment by removing observer error.

9.7Adenine nucleotide ratios.

9.7.1 Rodent experiments.
Pancreatic tissue ADP:ATP and ATP:DNA ratios were comparable between all groups 

prior to pancreatic preservation. Therefore, it is likely that any differences in subsequent 

adenine nucleotide ratios arose as a result o f  the preservation method, subsequent islet 

isolation and period o f cell culture.

The lowest ADP:ATP ratios, in pancreatic tissue and isolated islets, were achieved in 

short duration cold stored pancreata regardless o f preservation solution and prolonged 

cold stored grafts using ET-K solution. Ratios in these groups were significantly reduced 

compared to any group where TLM resuscitation was used. O f TLM preserved pancreata, 

the group exposed to short duration TLM after ET-K cold storage had a significantly 

reduced ADP.ATP ratio compared to all others. Nevertheless all TLM preserved groups 

had significantly reduced ADP:ATP ratios compared to pancreata exposed to warm 

ischaemia or prolonged UW cold storage alone.



- 217 -
In groups with a low mean ADP:ATP ratio, the ratio at different stages o f islet isolation 

was consistently low. Similarly when a high mean ADP:ATP ratio occurred this was 

observed in post-preservation pancreatic tissue, digest and islets before and after culture. 

However, groups exposed to TLM preservation showed a moderate increase in ratio at 

the post-preservation and digest stages, but a relatively high ADP:ATP ratio amongst pre

culture islets. This may explain the significant increase in mean ADP:ATP ratio 

compared to other methods o f preservation. Following a period o f cell culture, islets from 

TLM preserved groups had ADP:ATP ratios comparable with those from shorter duration 

cold preserved groups.

The ATP:DNA ratio gave a measure o f ATP concentration relative to the cellularity o f 

the assayed sample to allow comparison within and between groups. High ATP:DNA 

ratios suggest a high ATP concentration per cell, or a reduced sample cellularity or DNA 

concentration with normal or reduced ATP concentration.

The highest mean ATP:DNA ratios were found in groups exposed to warm ischaemia. 

This may be an artifact generated by cellular oedema during ischaemia and preservation, 

which reduces the DNA concentration in each cell, artificially increasing the calculated 

ATPrDNA ratio. High ratios were seen in post-preservation pancreatic biopsies exposed 

to warm ischaemia but these became comparable to other groups at the pre-culture islet 

stage o f isolation. Indeed islets from pancreata exposed to 30 minutes warm ischaemia 

had similar ATP:DNA ratios to islets from all cold stored pancreata regardless o f 

preservation solution.

The use o f TLM appeared to significantly reduce the mean ATP:DNA ratio below that of 

the 30 minute warm ischaemic group. O f TLM preserved groups, those exposed to 

prolonged UW cold storage then short duration TLM resuscitation had a mean ATP:DNA 

ratio significantly lower than any o f the static cold preserved groups.

9.7.2 Porcine experiments.
Pancreatic tissue and digest ADP:ATP ratios were lowest amongst unpreserved and TLM 

preserved pancreata. Both these groups had significantly reduced mean ADP:ATP ratios 

compared to perfused pancreata.

For all preservation methods, increasing duration o f preservation resulted in significant 

increases in the mean ADP:ATP ratio.
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There were no significant differences in mean ATP:DNA ratios between preservation 

methods but a statistically significant reduction in ATP:DNA ratios occurred with 

increasing duration o f preservation by all methods.

9.7.3 H um an pancreas study.
No significant differences in pancreatic ADP:ATP ratios were seen between pancreata 

used for human islet isolation. Notably those pancreata subjected to controlled periods o f 

cold ischaemia, but not used for islet isolation, had statistically significant increases in 

ADP:ATP ratio with increasing duration o f cold ischaemia.

9.7.4 Discussion.
There are few published studies using the luciferin-luciferase method to determine 

adenine nucleotide content o f either pancreas or islets.

Goto et al recently published the only study o f  ADP:ATP ratios in freshly isolated 

porcine and human islets. Porcine islets after 24 hours o f cell culture had an ADP:ATP 

ratio o f 0.1+0.01 which increased to 0.24±0.01 and 0.39±0.02 after freeze-thawing and 

heating respectively. Moreover the latter groups failed to restore euglycaemia in a 

streptozotocin induced athymic mouse transplant model. Porcine islet preparations which 

successfully cured diabetes in the model had significantly lower ADPrATP ratios than 

unsuccessful preparations (0.08+0.02 vs 0.15±0.01 respectively) and ADP:ATP ratio was 

significantly correlated to transplant outcome (p=-0.49, p=0.006). Islets with ADP:ATP 

ratios o f less than 0.10 consistently cured diabetes;whilst those with ratios greater than

0.10 cured diabetes in only 29.4% o f cases(947).

According to an early study by Brandhorst et al, mean intracellular ATP content o f 

freshly isolated human islets was 130.4+/-53.4 pg/pcg o f islet protein corresponding to 

20.7+/-6.3 pg/IEQ. After 5+1 days o f cell culture at 22 °C mean ATP content increased to 

265.5+/-113.3 pg/pcg islet protein or 43.7+/-15.3 pg/IEQ. These results suggest that islets 

in hypothermic cell culture retain the capacity to produce ATP but also showed a wide 

variation in ATP content between islets. This study used a different luciferase 

methodology combining liquid nitrogen tissue storage and islet sonification to release 

adenine nucleotides. ATP content was measured relative to islet protein content or islet 

size (IEQ). This, and the disparate species used, may explain the variation in ATP content 

between the published data and my experiments.

Ihm et al recently used ATP/DNA content to assess the impact o f donor age upon isolated 

human islet function. ATP levels o f 115.7+17.7 and 75.7+6.6 pmol/pg DNA were found
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in young (<40 years) and older donors respectively. Concomitantly there were 

significantly higher levels o f glucose stimulated insulin release, improved rates o f insulin 

independence in a diabetic nude mouse bioassay and higher C peptide responses to 

IVGTT in clinical islet transplantation where young donors were used(974). This study 

used high pressure liquid chromatography to determine ATP content which may explain 

the differences in ATP:DNA content relative to my results. Though ATP:DNA ratio was 

strongly correlated with donor age and transplant outcome in this study, the feasibility o f 

using such a complex and time consuming assay to predict transplant outcome is 

questionable. Moreover the experimental results contained herein would suggest that the 

ATP:DNA ratio is more prone to error than the direct calculation o f ADP:ATP ratio. The 

latter being independent of tissue volume and less prone to error arising from cellular 

oedema during pancreas preservation.

9.7.5 Limitations.
The method for ADP and ATP measurement is prone to error and spurious results. 

Samples had to be stored and analysed separately, with each assay taking 20 minutes to 

complete. Despite the use o f meticulous technique the potential for sample deterioration 

during storage, contamination, batch to batch variation in reagent concentrations and 

variations in the ambient temperature from assay to assay could give rise to spurious 

results. In future it would be advantageous for the assay to be semi-automated to allow 

multiple repeated samples to be tested instantly and simultaneously with precise timing 

and volumes for the introduction o f the various reagents. This would also allow 

simultaneous analysis o f ATP standard concentrations to allow accurate calibration o f the 

luminometer for each batch o f assays. This might result in a more accurate measure of 

sample ATP concentration.

Similarly the rapid DNA assay required repeated calibration o f the instrument and 

analysis o f samples separately in the fluorometer. Despite the use o f DNAse treated 

equipment, the potential for sample contamination exists. Again a semi-automated 

method using a fluorometer capable o f performing analysis o f multiple samples and 

standard would allow a direct measure o f sample DNA concentration.

9.8 Factor Analysis.

9.8.1 Rodent experiments.
The ADP:ATP ratio in rodent pancreatic tissue after preservation may be o f value in 

predicting the outcome o f subsequent islet isolation. High ratios are strongly correlated
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with low islet yield, low in vitro islet function, high levels o f gradient contamination, 

strong immunostaining o f the pro-apoptotic protein Bax in pancreatic tissue and lack of 

immunostaining o f the anti-apoptotic protein Bcl-2 in acinar tissues.

The ATP:DNA ratio appears less valuable as a latent variable in predicting the success o f 

islet isolation. This ratio showed no correlations with standard measures o f islet yield or 

in vitro function. Despite positive correlations with the the amount o f Bax 

immunostaining in pancreatic tissue, this is not routinely used as measures o f islet graft 

viability prior to transplantation.

9.8.2 Porcine experiments.
The ADP:ATP ratio o f porcine pancreatic tissue, after a period o f preservation, may be o f 

value in predicting subsequent yield during islet isolation. A high ADP:ATP ratio was 

correlated with a reduced islet yield (-0.51). Porcine ADP:ATP ratio did not show any 

correlation with other in vitro measures o f gradient purity, islet function or apoptotic 

index.

9.8.3 Discussion.
This thesis has demonstrated that the ADP:ATP ratio, determind by a rapid luciferin- 

luciferase based chemoluminescent assay, is a valid and reliable method to predict islet 

yield.

In the preserved rodent pancreas the ratio also predicts isolated islet purity and in vitro 

function, and higher ADP:ATP ratios are associated with increased expression o f pro- 

apoptotic proteins.

The ADP:ATP ratio is superior to measures o f ATP content which demand quantification 

o f DNA content. This negates the effect o f graft oedema and cell swelling during 

pancreas preservation which artificially increases the ATP:DNA ratio. Additionally the 

assay can be performed rapidly upon a small sample o f tissue using standard simple 

laboratory equipment.

ADP:ATP ratios o f isolated islets have been shown to be promising predictors o f post

transplant function(947). However, this thesis shows that ADP:ATP ratios from 

preserved pancreatic tissue can be used to predict islet isolation outcomes. This has 

potential advantages for clinical islet transplantation to allow early assessment o f the 

donor pancreas prior to the costly and time consuming process o f islet isolation.
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Performing the ADP:ATP assay on the preserved donor pancreas may potentially 

increase the number o f islet isolations producing high numbers o f good quality 

functioning islets for clinical transplantation.
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