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reface

Pancreatic islet transplantation aims to prevent, postpone or ameliorate the long-term 
crippling complications of insulin-dependent diabetes mellitus (IDDM), which affects 
0.2-0.4% of the population in industrialised countries. In these patients a high blood 
sugar level is the consequence of destruction of the fl-cells in the islets of Langerhans, 
which normally produce the insulin that is required to regulate the blood sugar level. 
The human pancreas contains roughly 1 million of these islets — which are up to 0.5 
millimetre in diameter, and together weigh approximately 1 gramme. Conventional 
treatment with daily insulin injections in IDDM patients sustains the patient's life, 
but usually does not prevent a chronic high blood sugar level which after 20-30 years 
may cause serious damage to vital organs — and may lead to e.g. blindness, kidney 
failure requiring dialysis or a renal transplant, and lower limb amputations. The 
overall morbidity accounts for a one-third reduction of the life expectancy of IDDM 
patients. Considerable efforts are focused on the education of patients for self-control, 
and the development of new insulin injection or infusion devices to normalise blood 
sugar levels. The current insulin therapies, however, do not mimic the moment-to- 
moment control and adjustion of insulin secretion by the normal islets. At present 
pancreas transplantation is the only way to reach long-term normal blood sugar control 
in diabetic patients. With a well functioning graft, the progression of most 
complications is halted or reversed, and the patient's quality of life improves, primarily 
by eliminating the need for frequent insulin injections and blood sugar measurements. 
Because transplantation of the pancreas requires major surgery and life-long 
immunosuppressive therapy, this operation is, in general, only considered for the 
minority of IDDM patients who need a kidney transplant for renal failure. Since the 
pancreatic islets produce the insulin, and since the islets can be isolated from the 
pancreas in the laboratory, transplantation of only the islets appears a more rationale 
approach. Islet transplantation potentially offers many advantages over pancreas 
transplantation. Because of the small size and volume of the islets, implantation of 
isolated islets is simple and safe, consisting of little more than an injection of a few 
millilitres of a suspension. Further, the islets can be stored frozen in 'banks' or cultured 
allowing a host of manipulations in the laboratory prior to transplantation, to lower or 
eliminate the need for anti-rejection drugs. Since 1989 over 100 islet transplants in 
diabetic patients were attempted, and 15 % of these patients could stop insulin 
administration temporary. Thus, the feasibility of this approach has been established, 
but many problems need to be solved before wide-spread application of this technique in 
IDDM patients before the onset of the devastating complications will become available. 
It was this future prospect which initiated the studies presented in this thesis.
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1 Introduction

The ultimate goal of pancreatic islet transplantation is to reinstate normal blood 
glucose regulation in patients with insulin-dependent diabetes mellitus to 
improve the quality of life, and prevent, postpone or ameliorate the long-term 
complications of the disease and, thereby, promote longevity.

Diabetes mellitus
Diabetes mellitus is a disease characterised by chronic high levels of blood 
glucose (hyperglycemia) which affects 2-4% of the population of industrialised 
countries. Two primary types of diabetes are recognised. By far the most 
common form of diabetes is non-insulin-dependent diabetes mellitus 
(NIDDM). NIDDM usually begins in middle age, but can occur earlier or later, 
and patients are frequently overweight. These patients — who still have 
endogenous insulin production, though quantitatively or qualitatively 
insufficient to maintain normal glucose levels — may be treated by diet or oral 
drugs (sulfonylureas). Some patients are treated with insulin to improve 
glucose control, but insulin administration is not of vital importance. NIDDM is 
also called type-2 diabetes. Roughly 5-10% of all diabetic patients depend, 
however, entirely on insulin administration to prevent life-threatening 
ketoacidosis [1-3]. In these patients with so-called insulin-dependent-diabetes- 
mellitus (IDDM) — also called type-1 diabetes — the hyperglycemia is a 
consequence of the inability to produce insulin, due to the loss of the insulin 
producing 6-cells within the pancreatic islets of Langerhans.

Both genetic and environmental factors — resulting in autoimmune 
destruction of the pancreatic B-cells — are involved in the development of 
IDDM. The conventional treatment with daily subcutaneous insulin injections 
is a life-saving intervention for patients devoid of 6-cells, but this approach falls 
short of the glycemic control achieved in normal individuals by the continuous 
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moment-to-moment adjustion of insulin secretion by the 6-cell in response to 
the small physiological changes of blood glucose levels — therefore, in general, 
chronic hyperglycemia cannot be prevented. IDDM usually starts in childhood, 
and 20-30 years later two-thirds of the patients end up with proliferative 
retinopathy, which impairs and threatens vision, and one-third of the patients 
end up with overt nephropathy, which leads to kidney failure requiring 
dialysis or a renal transplant — further, neuropathy, cardiovascular disease, 
and lower limb amputations are well-known complications [4-6]. The overall 
morbidity accounts for a one-third reduction of the life expectancy of the 
insulin-dependent diabetic patients [7-9].

Glucose control
It has become evident that the long-term complications of diabetes are to be 
considered as caused by derangement of glucose control instead of being 
manifestations of type-1 diabetes as such [10, 11]. The importance of tight 
glucose control [12] has recently conclusively been shown by the Diabetes 
Control and Complications Trial Research Group, which demonstrated that 
long-term tight control by intensive insulin treatment delays the onset and 
slows the progression of long-term diabetic complications [13]. Based on these 
data a strong case can be made for close to normal glucose regulation. The 
message for clinical practice is clear: near-normoglycemia must be the aim in all 
type-1 diabetic patients from diagnosis; however, new strategies are required 
for broad implementation of tight control in the diabetic population, while 
minimising the increased risk of hypoglycemic episodes concomitant with 
intensive treatment [12-15]. Now, considerable attention is focused on the 
education of patients for self-control [15, 16], and new techniques for the 
optimal delivery of insulin (and analogues) are currently examined [17] — such 
as, nasal insulin administration, polymeric capsules, and implantable pumps 
with glucose control by intermittent feedback from a glucose sensor ('artificial 
6-cell'). The refinement of these methods is anxiously awaited. As yet, technical 
problems hamper closed-loop insulin pumps, and current exogenous insulin 
delivery methods do not mimic the exquisite glucose control provided by the 
release of insulin and the counterregulatory hormone glucagon from native 
pancreatic islets [18].

In order to deliver insulin (and glucagon) at the right places, in right doses, 
and at right times, a rational choice would be transplantation of a normal 
pancreas or transplantation of only the islets in type-1 diabetic patients [19, 20]. 
At present pancreas transplantation is the only reliable method available to 
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realise long-term near-normoglycemia in diabetic patients [21, 22]. Pancreas 
transplantation, however, is a major operation [19, 23] and requires life-long 
immunosuppression — with its toxic side effects. This procedure will therefore 
probably never be applicable to diabetic children or young adults. Pancreas 
transplants are now generally restricted to a minority of type-1 diabetic patients 
who already have or simultaneously will have a kidney transplant for end
stage renal failure [24, 25]. Considering the usually advanced complications in 
these patients, no dramatic effects of the pancreas graft would be expected. 
Beneficial effects both in terms of morbidity, longevity, and quality of life have, 
nevertheless, been demonstrated. Morphological changes of the kidney graft 
are prevented or reversed, the nerve function improves, and the patient's 
quality of life considerably improves by the elimination of both the acute 
diabetic complications, the need for frequent insulin injections and glucose 
measurements, and other restrictions. [19, 21,23,26-31]

The transplantation of purified isolated islets potentially offers many 
additional advantages over pancreas transplantation:
• Because of the small mass of a purified adult human islet graft (~ 1 

millilitre) and the small size of the individual islets (with diameters from 
0.05-0.5 millimetre) islet implantation is simple and safe, consisting of little 
more than an injection of a few millilitres of an islet suspension.

• Islet 'banking' by cryopreservation or storage of islets in tissue culture [32, 
33] allows (i) the simultaneous or repeated transplantation of the islets of 
multiple donors [32], (ii) sophisticated prospective matching [32, 34], (iii) in 
vitro manipulation prior to implantation to lower the immunogenicity [35- 
37], or (iv) in vitro encapsulation in semipermeable artificial membranes 
('bioartificial pancreas') to eliminate the need for immunosuppressive 
therapy [38-40], and potentially xenotransplantation to obviate donor 
shortage [41].

• Islets can be implanted at immunoprivileged sites [42-46], and sites 
allowing portal physiological drainage of hormones [47-50]

Thus in contrast to transplantation of the 'big dirty island' (i.e. the whole 
pancreatic organ), transplantation of isolated islets could become available to 
patients before the onset of devastating complications and thereby prevent 
them. Recently, insulin independence following adult human islet allografting 
in insulin-dependent patients has demonstrated the feasibility of this approach 
[32, 51]. As yet, however, many problems still prevent the large-scale clinical 
application of this technique, although potential solutions are appearing in 
outlines [32]. Past accomplishments and a historical perspective of important 
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concepts and methods in the islet transplantation field are discussed below.

The pancreatic origin of diabetes mellitus
As far back as Egyptian times, 1500 BC, the syndrome of diabetes has been 
recognised, due to its remarkable symptoms of frequent and voluminous 
urination and unquenchable thirst [52]. For a long time the high production of 
urine was the major criterion of diagnosis. In 1685, Brunner was the first to 
observe these symptoms after partial pancreatectomy and duct ligation of the 
remnant pancreas in dogs — however, he did not think of the diagnosis 
'diabetes' [53]. The sweet taste of urine was reported first in the Western world 
by Willis in 1674 [52]. Next, when chemical methods for glucose assessment 
became available in the early 1800s, sugar in the urine and later in blood 
became the criterion. In 1869, Paul Langerhans was the first to describe the 
islets — which were later named after him by Laguesse — as "groups of cells ... 
appearing as vivid yellow specks...with a diameter of 0.1 to 0.24 mm ... 
scattered throughout the pancreas"; but Langerhans offered no explanation as 
to the nature of these 'groups of cells' [54]. The pancreatic origin of diabetes was 
first established in 1889 by Von Mering and Minkowski who observed glucose 
in the urine of dogs after pancreatectomy [55]. From 1890-1892 Hédon 
confirmed these experiments, and performed the first subcutaneous segmental 
pancreatic autograft (without interruption of the blood supply) in 
pancreatectomised dogs, and demonstrated that diabetes was prevented by 
some internal secretion prior to graft removal [56]. This was confirmed by 
Minkowski [57] in 1892, and by Thiroloix, who demonstrated by obliterating 
the pancreatic ducts with oil and lamp-black, that the fibrosed pancreas could 
likewise maintain normoglycemia in dogs [58]. Laguesse in 1893 not only 
proposed the name "islets of Langerhans" but also voiced for the first time the 
opinion that the islets were the seat of the internal secretion that served a 
regulatory function in carbohydrate metabolism [59]. Finally, in the early 1900s, 
after the link between diabetes and an abnormal histology of the human islets 
had been established by Opie and anatomical studies by Ssobolew had 
demonstrated that no diabetes develops after duct ligation induced atrophy of 
the acinar tissue as long as the islets remained intact [60], it was generally 
accepted that the islets produced a hormone — termed "insulin" by De Meyer 
in 1909 or "isletin" initially by Banting and Best [61, 62] — that plays an 
essential role in the regulation of glucose homeostasis.
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Towards a cure of diabetes
Insulin administration
After initial unsuccessful attempts, from 1892 by Minkowski [57] and a host of 
other investigators, to treat diabetes by injection of pancreatic extracts, 
promising blood glucose lowering effects were finally obtained in animals and 
man by Zülzer in 1904, Paulesco in 1921, and Banting and Best in 1921 [55, 62, 
63]. Toxic side-effects of these extracts, however, clouded the interpretation of 
data, and denied further clinical application, until Collip, Banting, Best, and 
McLeod discovered the purification of insulin which allowed the wide-spread 
successful treatment of diabetes from 1923.

Free grafts
The first attempt to treat insulin-dependent diabetes with pancreatic islet 
transplantation was performed by Williams and Harsant in 1893, who 
transplanted three pieces of a freshly slaughtered sheep's pancreas 
subcutaneously in a 15-year-old boy [64]. From this and similar experiments 
with free pancreatic grafts it became evident around the turn of the century that 
the survival of free grafts was threatened by necrosis due to the bulk of tissue 
and by autolysis due to the digestive enzymes [65-67]. Because the exocrine 
pancreas appeared unnecessary for treatment of diabetes, other approaches 
were adopted that aimed at transplantation of the islets without the potentially 
harmful exocrine pancreas. These new approaches comprised transplantation 
of either (i) islet-rich tissue such as the fetal or neonatal pancreas — and an 
allograft of cultured insulinoma tissue in one patient with transient success, by 
Gaillard at our institution (Lab. of Cell Biology and Histology) in 1944 [67] —, 
or (ii) islet-enriched, so-called, "modified" pancreatic grafts by duct obstruction 
of the pancreas, which results in atrophy of the exocrine tissue whilst largely 
preserving the islets [66, 67] — a method first proposed by Ssobolew in 1902 as 
"a means of isolating the islets ... and organotherapy for diabetes in a rational 
manner" [20]. An appropriately aged fetal or neonatal pancreas will provide 
islet-rich tissue that may continue to develop without the potential of autolysis. 
An initial intramuscular allotransplant attempt in man in 1928 was 
unsuccessful, but from the 1950s experiments in rodents have established the 
selective long-term survival of islets in these free grafts at several sites together 
with amelioration of the diabetic status of the recipient [66]. Over the past 
decade human fetal tissue has been shown to survive for up to a year in 
insulin-dependent patients and some graft functioning has been demonstrated; 
however, no substantiated cases of reversal of diabetes have been reported.
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Progress in this field of transplantation has been slow, probably because only a 
few groups have committed themselves to this field of islet transplantation, or 
perhaps for reasons of lack of tissue supply and ethical problems [68, 69]. 
Attempts to transplant the "modified" pancreatic grafts were successful, 
provided they were either finely minced to the size of large islets [65], or 
vascularised [58, 66, 67].

Vascularised grafts
The first successful transplants of vascularised pancreatic grafts were made in 
dogs in the 1920s. Further refinement of pancreas transplantation techniques 
worked out in the 1950s and 1960s led to the first clinical attempts at 
vascularised pancreas allotransplantation from 1966 [67]. Most of these first 
attempts with pancreaticoduodenal grafts failed, mainly due to exocrine 
leakage that led to poor graft survival and high mortality, and this subdued the 
initial enthusiasm about clinical pancreas transplantation. Pancreas 
transplantation revived following the introduction in 1977 by Dubernard and 
coworkers [70] of the new method of obliterating the ductal system of a 
segmental pancreas with a solidifying polymer (neoprene), which induces a 
chronic pancreatic inflammation, leading to atrophy of the exocrine pancreas. 
This technique avoided most of the complications after ligation of the ducts 
such as possible leakage of the pancreatic enzymes through dissected lymph 
vessels, and also avoided the need for an anastomosis of the ductal system for 
the drainage of acinar enzymes to a hollow organ such as the small bowel — 
and thereby similar risks of leakage of the enzymes. Segmental duct-obliterated 
pancreas transplantation evolved to the first widely applied islet replacement 
technique in diabetic patients. The safety of this method is the most important 
advantage, but the long-term glucose control is subject of much discussion [71- 
80], and this modality of vascularised pancreatic islet transplantation has 
recently been superseded by an improved method of transplantation of the 
vascularised whole organ with bladder drainage of the exocrine secretion [25]. 
According to the International Pancreas Transplant Registry data close to 5000 
pancreas transplants were performed since the revival of pancreas 
transplantation from 1977, and experienced centres currently report patient 
survival of over 90% and graft survival rates of 80-90% [25, 71].

Transplantation of collagenase-isolated islets
Basics. In mammals including man, the islets of Langerhans vary in size from 
roughly 0.05-0.5 millimetre in diameter, and are scattered throughout the 



Introduction 17

pancreas. The total number of islets in the human pancreas varies from about 
0.5 to 2 million, and the total weight of these islets roughly amounts to 1 
gramme — corresponding to approx. 1.5% of the adult human pancreas of ~70 
gramme. An islet comprises from a few cells to several thousands cells of 
mainly four types, i.e.: glucagon secreting alpha cells, pancreatic polypeptide 
secreting PP cells, somatostatin secreting D-cells, and mostly (60-80% of all 
cells) the insulin secreting fi-cells. The islets and the acinar structures in the 
pancreas of most mammals are surrounded and held together by a fine 
network of collagen-containing fibrous tissue and large inter-lobular septae, 
which can be degraded at 37°C using a collagenase-containing enzyme 
complex. After collagenase digestion of the pancreas the tissue is further 
dissociated mechanically e.g. by gentle shaking, or aspiration through needles 
to release the isolated islets. Large non-digested structures such as the capsule 
of the pancreas, ducts, and vessels, are retained by sieving. Because the density 
(specific gravity) of islets usually differs from the density of non-islet tissue, the 
islets may be separated by centrifugation in density solutions to obtain a pure 
islet suspension for transplantation by infusion in organs such as the liver and 
spleen.

Rodent islet isolation and first clinical attempts. Tedious microdissection 
techniques to isolate a small number of large islets for chemical and 
physiological experiments were reported by Bensley as early as 1911 [81], and 
Hellerström in 1964 [82], but Moskalewski's finding in 1965 at our institution 
(Lab. of Cell Biology and Histology) that the islets are released in large 
numbers from the chopped rodent pancreas after exposure to the digestive 
action of collagenase [83], opened the door to transplantation experiments. Two 
years later, Lacy and Kostianovsky [84] refined this method by (i) intraductal 
infusion of a saline solution resulting in distension of the rat pancreas prior to 
the chopping and collagenase digestion steps, and (ii) introduction of the 
concept of density gradient purification of islets — albeit using rather 
unsuccessful sucrose gradients. By intraductal distension, the mechanical 
disruption of tissue was improved, and thereby the exposure of tissue to the 
digestive collagenase action, which resulted in higher islet yields. Moskalewski 
demonstrated in 1969 the survival of collagenase-isolated islets from guinea 
pigs in culture and after transplantation in the pancreas and at other sites [49]. 
Next, in the early 1970s, a surge of interest developed in islet transplantation 
following reports of the amelioration of diabetes after transplantation of 
collagenase-isolated islets in the rat by Younoszai and coworkers in 1970 [85], 
and Ballinger and Lacy in 1972 [86] — who further introduced the now widely 
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used Ficoll density gradient technique for islet purification [81]. The several 
hundreds of islets needed to normalise the glycemia in diabetic rats for these 
and subsequent isogenic transplantation experiments were obtained from 
multiple donors (~3-6 animals). Besides separation of the islets by 
centrifugation in Ficoll density gradients, hand-picking of islets by pipette was 
used — and still is used [48, 87-89] — if high quality purification of islets is 
required, to exclude either contamination with non-islet tissue, or possible 
detrimental effects of density gradients. This protocol became the standard for 
rodent islet isolation during the next decade [81]. Subsequent application of this 
method to the pancreas of large animals and man was far less successful [81], 
due to the different more compact and fibrous nature of large mammalian 
pancreases. Since after collagenase dissociation of the large mammalian 
pancreas, islet-containing pancreatic microfragments rather than free isolated 
islets were obtained no efficient density purification was possible, but 
abandonment of the purification step nevertheless allowed successful 
intrasplenic autotransplantation of these pancreatic microfragments in 
pancreatectomised dogs from 1976 [90, 91]. In the late 1970s, several 
investigators transplanted non-purified human pancreatic microfragments into 
patients with diabetes [92]. As a result one IDDM patient was reported in 1979 
in Zürich by Largiader to have stopped daily insulin therapy after receiving an 
intrasplenic allotransplant of pancreatic microfragments simultaneously with a 
kidney [93]. Generally, however the outcome of these first clinical islet 
transplantation attempts had been disappointing. The problems included apart 
from an insufficient islet mass, inadequate immunosuppressive therapy and 
complications of portal hypertension and disseminated intravascular 
coagulation from inadequate graft purity after allo- and autotransplantation 
[92, 94]. It was obvious that new methods tailored to the isolation of islets from 
large mammalian pancreases were essential.

New concepts for large mammal islet isolation. The major breakthrough for large 
animal islet isolation was the inclusion of collagenase in the intraductal 
perfusion solution — first introduced in dog experiments by Horaguchi and 
coworkers in 1981 [95]. By using the duct for collagenase delivery the 
dissociation of the large mammalian pancreas was improved to the point that 
first (i) a superior functional outcome after autotransplantation of pancreatic 
microfragments in dogs was obtained [96-99] and next (ii), after slight 
modifications, islets cleanly separated from acinar tissue could be obtained 
from the human pancreas by Gray and coworkers in 1984 [100]. Further 
refinement of several steps in large animal islet isolation procedures led to 
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more efficient isolation of islets cleanly cleaved from acinar tissue and thereby 
allowed efficient subsequent density gradient purification, which in the late 
1980s led to successful transplantation of purified islets in large animals, and 
finally in man. These refinements comprised:
• new assessment methods that allowed direct comparison of the isolation 

outcome between centres [101-104]
• improved control over the temperature, pressure, and flow during 

intraductal collagenase delivery, either by injection or using a pump [92, 
105,106]

• the use of new collagenase preparations, and improved control over the 
conditions during digestion [106,107]

• emphasis on a gentle approach to prevent fragmentation of islets [92,106]
• substitution of solutions specifically designed for the hypothermic 

preservation of tissue, for the conventional physiological-salt type solutions 
during the cold phase of islet isolation — first introduced in 1989 by our 
group [108,109]

• and, modifications by Ricordi and coworkers [110] of the continuous 
digestion-filtration method [81, 111] that allows the continuous collagenase 
digestion of large pancreatic fragments in a perfusion chamber equipped 
with a mesh screen and simultaneous release of isolated islets, which are 
saved from further digestion [92].

First in 1986, Alejandro and coworkers — who at that time used a rather 
complex method of collagenase perfusion via both the ducts and veins of the 
pancreas [112] — reported the isolation of a sufficient number of purified islet 
cells from one pancreas to allow autotransplantation in dogs, and soon other 
centres reported successful islet auto- and allotransplantation in dogs and 
monkeys [ 104, 113-116]. These experiments finally led in 1990 to the first well- 
documented report, from the St. Louis group [51], of insulin-independence in a 
type-1 diabetic recipient of a highly purified adult islet allograft.

Clinical islet transplantation. According to the International Islet Transplant 
Registry data [117] 214 adult islet allografts and one adult islet xenograft have 
been performed in humans between Dec 12, 1893, and Dec 31, 1993, at 30 
different institutions (Table LI). The total number of diabetic patients reported 
to be insulin independent (for at least 1 wk) after adult islet allotransplantation 
through Dec 31,1993, was 25. Among these, two type-1 diabetic recipient of an 
islet allograft (after or simultaneous with a kidney allograft) have been insulin 
independent for -2.5 years, and one pancreatectomised recipient of a 
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simultaneous islet and liver allograft has sustained euglycemia in the absence 
of exogenous insulin for more than 4 years now. Thus the feasibility of clinical 
islet transplantation has been proven.

Islet Transplant Registry summary of adult islet allografts (and one xenograft*) 
through December 31,1993

In total 215 islet transplants were performed in 30 institutions.
Data from ITR Newsletter No. 5 Vol.4(No. 1), Hering et al. (eds) Giessen, 1994

Table 1.1

Institution Year of transplant No. of cases
Bristol* 1893 1
Newcastle-upon-Tyne 1916 2
Padova 1927 2
New York 1935 1
Leiden 1944 1
Petah Tikva 1968 1
Minneapolis 1974-1993 38
Zurich 1977-1988 8
Genoa 1978-1979 13
Hannover 1978 2
Detroit 1980-1985 7
Giessen 1980-1993 8
East-Berlin 1982-1987 8
St. Louis 1985-1993 25
Miami 1985-1993 13
Paris 1988-1991 7
Perugia 1989-1991 5
West-Berlin 1989 1
Edmonton 1989-1993 5
Milan 1989-1993 15
St. Louis/London, Ontario 1990-1992 4
Pittsburgh 1990-1993 30
Leicester 1991-1992 3
Oxford 1991-1993 3
Charlestown 1991 2
Los Angeles I 1992-1993 4
Madrid 1992-1993 3
Los Angeles II 1993 1
Verona 1993 1
Homburg/Saar 1993 1
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Rationale of the studies in this thesis
Although it can be concluded, as noted above, that clinical islet transplantation 
is technically feasible and insulin-independence can be attained, as yet many 
problems still prevent the large-scale clinical application of this technique [21, 
32, 94,118-121] — but potential solutions are appearing in outlines.

Problematical issues include:
• the condition of donor tissue, control of the conditions during islet isolation, 

the variability of islet isolation outcome
• the quality control of yield, purity, integrity, viability, and sterility of islets
• the diagnosis and prevention of rejection of the grafts
• B-cell toxic side-effects of immunosuppressive drugs such as CsA
• the beneficial or detrimental effects of exposure of the islet tissue to 

unnatural environments after implantation in e.g. the liver or thymus
• the metabolic sequelae of isolating the islets from their natural environment
• the impact of the metabolic state of the recipient on graft function and 

survival.
The studies in this thesis addressed some of the aspects of: (i) the variability of 
islet isolation outcome, (ii) the conditions during islet isolation, and (iii) glucose 
regulation after islet transplantation — with special attention to the importance 
of insulinotropic gut hormones for isolated islet function.

These issues were studied in a dog model, because (i) previous metabolic 
data and pancreas transplantation related experience were obtained in this 
model (ii) the anatomy of the dog's pancreas is similar to the human pancreas 
regarding the technical isolation-related problems, and (iii) the logistics of 
large-scale islet isolation and transplantation can be developed in this large 
animal.

Donor-related and isolation-related variability
The variability of islet isolation outcome is considered a major obstacle for large 
scale clinical application. Both donor-related variables and conditions during 
islet isolation may determine the pretransplant quality and quantity of isolated 
islets. In order to study the efficacy of islet isolation, however, new methods 
and parameters for assessment are needed.

In previous studies morphometric assessment of the total volume of isolated 
islets was reported, but the efficacy of islet isolation was indirectly and not 
directly addressed, because the isolation outcome was not compared with the 
native volume and size of islets in the pancreas before isolation. Therefore a 
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new approach in islet isolation assessment was adopted: the morphometric 
assessment of the islets in the native pancreas, and after collagenase isolation of 
the islets, in order to quantitate (i) the efficacy of islet isolation, and (ii) the 
variance due to interindividual differences in donor characteristics such as age 
and body weight and differences in islet content of pancreases. This study is 
reported in Chapter 2.

Assessment of islet isolation outcome
Assessment of islet isolation outcome is generally restricted to the 
measurement of the volume of isolated islets, and rather subjective measures of 
the purity of the islet preparation after collagenase dissociation of the pancreas 
and subsequent islet purification in density gradients. In addition, convenient 
biochemical assessment of insulin and amylase yield has been reported in the 
past. These biochemical parameters are generally no longer reported, because 
many factors during organ procurement and subsequent islet isolation are 
considered to potentially affect the viability or quality and thereby the insulin 
and amylase content of pancreatic tissue. Actually, both the outcome per se and 
the assessment of the outcome of large mammalian, especially human, islet 
isolation is generally considered uncertain. Therefore, the islet and acinar 
components of the intact pancreas and isolated tissues were examined using 
both morphometric, biochemical, and histological parameters to, (i) study the 
outcome of collagenase isolation and density gradient purification with respect 
to the yield, integrity, and purity of islets; (ii) to determine the impact of the 
donor pancreas, and the isolation and purification steps on the variability of 
outcome; (iii) for comparison of both (morphometric and biochemical) 
assessment methods, and (iv) to study new parameters based on both these 
methods. This study is reported in Chapter 3.
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Islet preservation in the University of Wisconsin solution
All previous islet isolation methods used conventional physiological salt-based 
solutions during islet isolation. After collagenase digestion of the pancreas the 
islets are generally, however, isolated in the cold (a non-physiological 
condition), and the tissue is thus in a situation analogous to the cold stored

Table 1.2
Comparison of the RPMI solution and the University of Wisconsin solution (UWS)

Components (mM) RPMI UWS

Cations

Na+ 114 30

K+ 5 120

Mg2* 0.4 5

Ca2+ 0.4 -

Anions

C1’ 110 -

lactobionate’ - 100

hc°3- 5 -

so/' 0.4 5

PO42- 6 25

Saccharides

glucose 11 -

raffinose - 30

Specific components metabolites / Hepes antioxidants/ Pentastarch

The mechanism of hypothermia-induced cell swelling is well-known. In the cold the ionic 
pumps in the cell membrane are suppressed, which leads to cell swelling — due to 
intracellular accumulation of sodium, chloride, and water — when the cell is bathed in a 
solution similar to the extracellular fluid (containing high sodium and chloride). The UWS has 
been designed to minimise cell swelling during cold storage of the pancreas — essentially by 
replacing chloride with lactobionate, which due to a larger molecular weight is relatively 
impermeable across the cell membrane. Likewise glucose is replaced by the larger raffinose 
molecule, and the impermeant Pentastarch also counteracts cell swelling.
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organ. Therefore, it seamed more logical to use the University of Wisconsin 
solution (UWS) — a solution originally designed specifically for preservation of 
the pancreas during cold storage prior to pancreas transplantation [122-124] — 
for islet isolation, and the effect of substitution of the UWS for the conventional 
RPMI tissue culture solution was explored. Next, after finding that islet 
isolation in the UWS greatly improves the outcome of density gradient 
purification [108-109]: the hypothesis was formulated and examined that (i) the 
UWS prevents cell swelling at low temperature during islet isolation and 
purification, and (ii) thus, preserves the normal density difference between islet 
and non-islet tissue, and, thereby, allows complete purification in density 
gradients, and further (iii) may improve the viability of islets. This study is 
presented in Chapter 4. The components of the UWS and the RPMI tissue 
culture solution that are important for cell volume regulation are illuminated, 
in Table 1.2.

Metabolic control by isolated islets
The thesis that diabetic complications are halted or prevented by continuous 
precise glycemic control is central to the concept of islet transplantation. 
Therefore, it is essential to establish whether islet transplantation can produce 
adequate long-term metabolic control. The main focus in the islet 
transplantation field has been on technical and immunological issues, and 
metabolic control generally received scant attention. The clinical work is still 
anecdotal, and experimental studies in preclinical models are generally 
confined to intravenous glucose tolerance testing — thus, detailed studies are 
needed, that address the insulin secreting capacity, insulin action, and 
particularly the performance of transplanted islets under normal physiological 
conditions [125].

The normal native islet function is a result of the anatomical and 
physiological neural, hormonal, and other interrelations of the gastro-entero- 
pancreatic axis, at several levels.
• At the bottom level of the individual islet, the islet architecture determines 

(i) the path of the intra-islet blood flow, (ii) intercellular communication via 
gap-junctions, and (iii) paracrine effects of the islet hormones, insulin, 
glucagon, pancreatic polypeptide, and somatostatin [18,126,127].

• At the next level within the pancreas: the islets are interrelated via an 
intramural network of the intrinsic nerves, which co-ordinates the pulsatile 
delivery of islet hormones [128].

• At the top level of the gastro-entero-pancreatic axis (and interrelated 
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systems, e.g. the central nervous system) the islets communicate via 
nutrients and both neural and hormonal interrelations with other organs 
and the exocrine pancreatic component [129-132].

Pancreatic islet isolation and transplantation leads to destruction or disturbance 
of at least some of these interrelations. The issue of the extent of isolation of 
islets after pancreatic islet transplantation and the repercussions for glucose 
regulation are addressed in the next chapters.

Metabolic sequelae after duct obliteration induced 'isolation' of the islet cells. Our 
previous studies have demonstrated that duct obliteration induces complete 
atrophy of the exocrine tissue, reduces the islet mass to roughly 50% of the 
normal endocrine mass, and disrupts the normal native islet architecture. These 
histological changes are accompanied with a deterioration of glucose tolerance 
and insulin secretion during intravenous glucose stimulation tests within the 
first posttransplant month [72-76]. A study of the concurrent interruption of 
the enteropancreatic axis is reported in Chapter 5. The functional data in this 
study demonstrated that duct obliteration not only eliminates the exocrine 
pancreas but also results in the in vivo intrinsic denervation of the islets. Thus 
the duct obliterated pancreas graft eventually ends as a graft of 'isolated' islet 
cells. From the metabolic data in this study it was suggested for the first time 
that following intrinsic denervation after pancreatic islet transplantation non- 
pulsatile delivery of the islet hormones may lead to postprandial 
hyperglycemia, and a hyperglycemia-enhanced enteroinsular axis may 
contribute to postprandial normo- or hyperinsulinemia after transplantation.

Physiological, insulinotropic effects of gut hormones during in vitro perifusion of 
isolated islets. The duct obliteration study suggested the importance of 
hyperglycemia-enhanced insulinotropic effects of gut hormones after 
pancreatic islet transplantation. However, direct effects of physiological 
('circulating') levels of potential insulinotropic gut hormones such as 
cholecystokinin (CCK), gastric inhibitory polypeptide (GIF) and the recently 
discovered incretin glucagon-like peptide (GLP-1) on isolated islets had not 
been reported. Therefore, the insulinotropic effects of these hormones were 
tested during in vitro perifusion of collagenase isolated islets at glucose levels 
as observed postprandially after pancreas and isolated-islet transplantation. 
This study is reported in Chapter 6.

Metabolic control after autotransplantation of isolated islets. Two consecutive series 
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of detailed metabolic studies after autotransplantation of collagenase-isolated 
islets in pancreatectomised dogs were performed. The first series of metabolic 
studies compared preoperative and postoperative data in dogs (that were their 
own controls) with emphasis after islet autografting on the natural history of 
the grafts, the comparison of intravenous versus oral stimulation tests, 
functional assessment of possible re-innervation, the metabolic contribution of 
the four major islet hormones (insulin, glucagon, pancreatic polypeptide, and 
somatostatin), the graft's insulin secreting capacity, and the predictive value of 
early posttransplant metabolic parameters for graft's life expectancy. This study 
is reported in Chapter 7. The second series of metabolic studies was performed 
in dogs with established islet autografts at 6 mo posttransplant (vs normal 
controls) with emphasis on the contribution of the insulin secreting capacity 
and intrinsic denervation of the islets to insulin resistance after grafting, the 
correlation of the insulin secreting capacity and action with postprandial 
performance, and the in vivo incretin effect during infusion of the major gut 
hormone GLP-1 at hyperglycemia after islet transplantation. This study is 
reported in Chapter 8.
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2 Impact of donor-related variables 
on islet isolation outcome in dogs*

* Michael P.M. van der Burg, Onna R. Guicherit, Marijke Frölich, Johannes P. Scherft, Jan 
Anthonie Bruijn, and Hein G. Gooszen. DiabetologiaZT, 111-114, 1994

Introduction
A major problem hampering large-scale human islet transplantation 
programmes is the variability of islet isolation outcome. Long-lasting insulin 
independence after allogeneic islet transplantation in type-1 (insulin
dependent) diabetic patients has been achieved recently in single cases, but 
necessitated a variable number of donors [1]. Due to the intertwined effects of 
numerous variables such as predonation events, donor and pancreas 
characteristics, organ preservation conditions, and isolation methods, the 
variability of isolation outcome is difficult to analyse. Although the importance 
of the donor pancreas is becoming more and more appreciated, the impact of 
donor-related variables on isolation outcome has not been evaluated 
systematically so far [2]. Knowledge of the variability attributable to intrinsic 
factors such as the islet content of the individual pancreas, is an essential 
prerequisite for analysis of the relative importance of the many extrinsic 
variables, which can be controlled. Morphometry of isolated islet yield has 
greatly contributed in the comparison of results from different laboratories and 
establishing the critical islet mass for successful transplantation [1, 2]. As yet 
however, no attempts have been made to extend the use of morphometry for 
comparison of islet yield with the islet volume of the individual pancreas. We 
therefore studied the impact of interindividual differences in islet content of the 
pancreas and other donor characteristics on isolation outcome in a dog model.
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Materials and methods
Female, outbred beagles (Harlan CPB, Zeist, The Netherlands) were used for 31 
consecutive islet isolations from the splenic segment of the pancreas. After a 24- 
h fast, the animals were anesthetised as described previously [3]. The splenic 
segment of the pancreas was mobilised, and the pancreas was divided, where it 
overlies the portal vein. A specimen was taken from the cut end for 
morphometry and insulin extraction, and an additional specimen from the 
opposite end of the splenic segment in nine of our dogs for extraction. The duct 
was cannulated with a 20-gauge stub adapter, and the gland was removed, 
weighed, and perfused (flow 1 ml/min per g pancreas) for 5-10 min with 150 
ml of an ice-cold recirculating collagenase solution (pH 7.5) containing 5% 
(w/v) Pentastarch (DCC-607; Du Pont Critical Care, Waukegan, Ill., USA), 20 
mM Hepes, 4.5 mM sodium bicarbonate, 90% (w/v) of the regular Hanks' 
balanced salts (Flow Laboratories, Irvine, Ayrshire, UK) and 1633 U/ml 
collagenase (type XI; Sigma, St. Louis, Mo., USA). The gland was immersed in 
the remaining collagenase solution on ice, and within 40 min incubated at 38°C 
for 20 min in a water bath. The collagenase solution was decanted, and the 
tissue was dispersed in ice-cold University of Wisconsin solution (ViaSpan; Du 
Pont Pharmaceuticals, Wilmington, Del., USA) by gentle aspiration and flush 
through a 14-gauge needle, and filtration through a 400-pm steel mesh. 
Trapped tissue was syringed and sieved again 1-2 times, and the final trapped 
tissue, which largely consisted of ductal and vascular fragments, was 
discarded. The islet suspension was centrifuged at 200 g and 4°C for 2 min, 
sediments were pooled and resuspended, and aliquots were taken for islet 
sizing.

Pancreatic biopsy specimens were fixed in Bouin's solution and embedded 
in paraplast. Ten serial sections (5 pm thick) taken at 150-pm intervals were 
stained with hematoxylin-eosin for measurement of the islet volume fraction 
with the grid method for point-counting [4]. At least 40,000 points (mean: 
116,250 ± 9917) per specimen were examined (relative standard error < 5%), 
using a 400-point lattice grid at x 200 final magnification on systematically 
chosen non-overlapping fields that covered the tissue section, with exclusion of 
the capsular and interlobular area. The islet volume fraction was calculated 
from the ratio of the sum of points falling on islet profiles in the sections of the 
specimen, and the total number of points examined. The absolute volume of 
islets in the fresh pancreas was calculated by multiplying the fractional islet 
volume by the wet weight of the gland — assuming a density for pancreatic 
tissue of 1.000 g/ml. No allowance was made for shrinkage of tissue during 
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histological processing, because — assuming isotropic, uniform, shrinkage for 
islet and non-islet pancreatic tissue [4, 5] — the volume fractions are unaffected 
by processing. For insulin assay, approximately 40 mg pancreatic specimens 
were homogenised (PT10; Polytron, Lucerne, Switzerland) and extracted 
overnight in 1 ml acid-alcohol (0.15 mol/1 HC1, 77% ethanol), centrifuged, and 
the supernatant was analysed by radioimmunoassay [3] using dog insulin as 
standard.

Duplicate 50-pl aliquots of the islet suspensions were stained with 20 pl 
dithizone (0.65 mM diphenylthiocarbazone and 4.5% ethanol in phosphate- 
buffered saline pH 7.2, containing NaH2PO4 2.9 mM, Na2HPO4 7.1 mM, NaCl 
138 mM) on a microscope slide. Islets were considered spheres and the mean 
diameters (> 40 pm) were recorded in increments of 10 pm using an ocular 
micrometer by transmission microscopy at x 100 magnification, for 
determination of the islet volume per gramme processed pancreatic tissue 
(pl/g). A total number of 196 ± 25 islets, with a total islet volume of 74 ± 11 nl, 
were examined. The coefficient of variation for duplicate measurements of islet 
volume was 17%.

Statistical analysis
Results are expressed as mean ± SE. Differences between means were analysed 
by analysis of variance, and considered not significant at p > .05. Linear

Table II. 1
Effects of body weight and age on fractional islet volume of the pancreas and isolated 
islet yield (n-31) by multiple correlation (r) and regression (b') analysis*

* Relative importance of body weight and age is indicated by beta-weights (b') of the 
linear multiple regression equation: Uj = b'w .Uw + b'a .Ua with standardised units (U) 
of measurement for islet volume (i), body weight (w) and age (a).
+ p< .00014 p< .001

Donor
Islet volume per gramme pancreas

Regression ________________________________________
indicators Pancreas Isolated islets

Body weight

Age

Body weight and age

b'w 0.72+ 0.62Z

b’a -0.71+ -0.671

r 0.75+ 0.681

r2 0.57 0.46
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regression and correlation was considered not significant at p > .01.

Results
The insulin content at the cut end of the splenic pancreas amounted to 21.6 ±1.5 
nmol/g (n = 31) and did not differ from the insulin content at the opposite end 
of this segment, which corresponded to 107 ± 9% of paired values in nine 
experiments (NS). Therefore, specimens from the cut end of the splenic 
pancreas were taken to represent the splenic pancreas for stereological analysis. 
Morphometry demonstrated a large variation of the fractional islet volume of 
pancreatic tissue, which averaged 1.57 ± 0.09% and varied threefold (from 0.84 
to 2.73%). Assuming a density of 1.000 g/ml for pancreatic tissue, islet volume 
per gramme pancreas amounted to 15.7 ± 0.9 pl. Age of the animals was 24 ± 2 
months and varied eightfold (from 8 to 67 months), and body weight averaged 
12.4 ± 0.5 kg and varied twofold (from 8.6 to 18.3 kg). Animal weight and age 
were not significantly correlated (r - 0.44). We examined the interrelations of 
these variables and islet volume fraction by multiple regression and correlation 
analysis (Table II.1). After standardising the units of measurements for age, 
body weight, and islet volume, we found that body weight and age had equal 
though opposite effects on the islet volume fraction of the pancreas. While 
controlling for the one variable, either body weight or age, a 100% change in the 
other variable was reflected by a 70% change in the islet volume per gramme 
pancreas. Together differences in body weight or age explained approximately 
60% (r2 - 0.57) of the interindividual differences in the islet volume fraction of 
the pancreas. Scattergrams illustrating these interrelations are presented in 
Figure ILIA, B. After collagenase digestion islet yield amounted to 7.6 ± 0.7 pl 
per gramme processed pancreas and varied ninefold (from 1.8 to 16.3 pl/g). 
The effects of body weight and age on pancreatic islet content were largely 
reflected in islet yield, and together explained almost 50% (r2 = 0.46) of the 
variance in yield. Interindividual differences in the islet content of the splenic 
pancreas also explained almost 50% (r2 = 0.48) of the variance in islet yield (Fig. 
II.Id). The efficacy of collagenase isolation — expressed as the ratio of islet 
yield and islet content of the pancreas — was not affected by age and body 
weight (r2 = .05).

Discussion
Little attention has been paid to the impact of the islet content of pancreases on 
islet yield — partly, probably, because morphometry is considered time 
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consuming, and partly, perhaps, because little has been published on the 
population characteristics of islets in the pancreas of large mammals. We 
observed a uniform insulin distribution in the splenic pancreas. No significant 
regression for the fractional islet volume across the splenic half of the pancreas 
was also reported by Davis et al. [6] and Kroustrup and Gundersen [7] in 
stereological studies of the pancreas in four and eight dogs, respectively. The 
average islet volume fraction of 1.6% and range of 1.9% for the splenic segment 
in our study are similar to values of Acosta et al. [8], who obtained values of 1.6 
and 2.3%, respectively, from a study of 11 dogs. A mean value of 2.1% and no 
significant interindividual differences (range: 0.6%) were reported by Davis et 
al. [6]. However, this study was carried out with a small number of dogs. In our 
study 60% of the variability of the fractional islet volume of the pancreas could 
be attributed to the combined effects of body weight and age. The fractional 
islet volume increased with body weight, and decreased with age. Our data 
corroborate reports of a decreasing pancreatic insulin concentration with age in 
human infant to adult pancreases [9], and a downward trend with ageing for 
the fractional islet volume in adult dog pancreases [10]. The positive correlation 
of body weight and fractional islet volume of the pancreas in our study 
confirms previous findings in rodents [5]. Studies in adult rats usually report 
an increase of the fractional islet volume with age; however, when controlling 
for the increase of body weight with ageing, the fractional islet volume would 
probably decrease initially, and only slightly increase later with ageing [5]. The 
interindividual differences in pancreatic islet content as well as body weight 
and age explained approximately 50% of the variability of islet yield after 
collagenase digestion and dispersion. Several factors may have been conducive 
to these results. We minimised warm and cold ischemia prior to digestion, 
which may adversely affect isolated islet yield [2]. By using the female 
laboratory beagle we further excluded variation due to sex, breed and diet. 
Apart from the effects of these variables [5] as well as body weight and age on 
pancreatic islet content, effects on the efficacy of collagenase digestion would 
have to be considered too. Age is a well-known variable in collagenase 
digestion of the pig and human pancreas [9], but not considered important in 
dogs. Indeed, no effects of age and body weight on isolation efficacy were 
demonstrated in this study. We conclude that the outcome of islet isolation may 
be fairly predictable after controlling for the variable islet content of pancreases, 
and other donor-related variables such as body weight and age. We suggest 
that similar studies should be done in man, which would further facilitate the 
analysis of other factors affecting the outcome of islet isolation for 
transplantation.
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Figure 11,1 A-C
Scattergrams illustrating 
correlation between the 
islet content of the splenic 
pancreas (per gramme) 
and
A body weight, 
and
B age.
Multiple correlation 
coefficient of the combined 
effects of body weight and 
age on islet content, 
r = 0.75
(p < .0001).

C Correlation of the islet 
content of the pancreas 
and isolated islet yield per 
gramme processed 
pancreas
(r = 0.69, p < .0001)
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Assessment of islet isolation 
efficacy in dogs*

* Michael P.M. van der Burg, Onno R. Guicherit, Marijke Frölich, Johannes P. Scherft, 
Frans A. Prins, Jan Anthonie Bruijn, and Hein G. Gooszen. Cell Transplants. 91-101, 1994

Introduction
The recent progress in islet isolation techniques has accentuated the need for 
further refinement of the methods for assessment of isolation efficacy. The 
outcome of islet isolation is considered uncertain because of the large 
variability of insulin recovery, size and yield of isolated islets [10,12,19,33]. In 
the past, the efficacy of isolation techniques has been estimated indirectly, by 
assessment of insulin recovery from the donor pancreas [13,14,17,21,36]. 
However, because islet and insulin recovery are generally expected to be 
affected differently by the many variables during isolation, insulin extraction 
has been largely superseded by the current method of sizing islets to assess the 
total volume of harvested islets. Morphometric assessment of islet yield has 
facilitated the comparison of results from different laboratories [12,20,26] and 
definition of the critical islet mass for successful transplantation [8,15,42]. As 
yet, no attempts have been made to extend the use of morphometry for 
assessment of isolation efficacy by comparison of islet yield with the native islet 
population of the pancreas — and, consequently, no comparison of islet and 
insulin recovery has been made either. We therefore addressed the assessment 
of islet isolation efficacy by both morphometry and extraction of insulin and 
amylase, and substantiated the viability of isolated islets by in vitro perifusion.
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Fig. Ill.l
Schematical representation of the beagle 
pancreas. In control dogs the insulin 
distribution in the splenic pancreas was 
studied from biopsies at sites 1 and 2. In 
expt: imental dogs the pancreas was 
transected at site 1, and a biopsy specimen 
was taken from the cut end for assessment.

Materials and methods

Design of the study
We report the results from 31 consecutive islet isolations from the splenic 
segment of the dog pancreas. First, the insulin distribution in the splenic 
pancreas was studied in a separate group (n=9) from biopsies at site 1 
(corresponding to plane of cleavage of the pancreas in the experimental group) 
and site 2 (Fig. III.l). Insulin values from site 2 amounted to 107±9% (NS) of 
values obtained from site 1. Therefore, specimens from the cut end of the 
splenic segment were taken to represent this segment in our experimental 
group. Islet isolation was performed by intraductal stationary collagenase 
digestion, using the same batch of collagenase throughout the study. Tissue 
was manually dispersed in cold (4°C) University of Wisconsin solution (UWS) 
and the resulting digest purified by density gradient centrifugation. We used 
three different density gradients for non-related studies, and pooled the results 
in this study because a similar purity, and similar distributions of islets and 
insulin were observed in the purified (Pure) and nonpurified (Rest) fractions of 
the gradients (Fig. III.2).
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Fig. III.2
Schematical representation of 
separation of >90% purified islets 
(Pure) and nonpurified tissue (Rest) 
using either discontinuous isodense 
gradients of dextran (n = 15) and 
Percoll (n = 10), or neutral density 
centrifugation in a starch solution 
(n = 6).

Starch

1.045

decant

Rest
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Samples from the pancreas, the digest suspension, and gradient fractions, 
were compared by morphometry of islet volume and the islet size distribution, 
by insulin and amylase extraction, and by microscopy for morphology and to 
assess 6-cell granulation as a parameter for the insulin content. Viability of 
isolated islets was assessed by glucose stimulation during in vitro perifusion.

Media for islet isolation
The collagenase solution (pH 7.5) contained 5% (w/v) hydroxyethyl starch 
(DCC-607 Pentastarch solution, Du Pont Critical Care, Waukegan, IL, USA), 20 
mM Hepes, 4.5 mM sodium bicarbonate, 90% (w/v) of the regular Hanks' 
balanced salts (Flow Laboratories, Irvine Ayrshire, Scotland) and 1633 U/ml 
collagenase (collagenase type XI, Sigma, St. Louis, MO, USA). The UWS 
(ViaSpan™, Du Pont Pharmaceuticals, Wilmington, Delaware, USA) was used 
without the regular additives insulin and dexamethasone, and supplemented 
with 0.4% (w/v) bovine serum albumin (fraction-V, 35%-solution in PBS, 
Sigma). No albumin was added to the UWS used for preparation of the 
gradients and washing after density separation. Dextran (D3759, average mol 
wt 71 kD, Sigma; or dextran T70, Pharmacia, Uppsala, Sweden) density 
solution (density 1.095 g/ml) was prepared in Hanks' balanced salt solution 
(HBSS), supplemented with 20 mM Hepes (pH 7.4), and autoclaved for 5 min at 
120°C. Percoll (Pharmacia, Uppsala, Sweden) density solution (density 1.095 
g/ml) was prepared in a basal UWS containing regular amounts of potassium 
lactobionate, KH2PO4, MgSO4, D-raffinose, and 4% (w/v) Pentastarch. Final 
pH was adjusted to 7.4 with NaOH, and dilutions for other densities were 
made with UWS. Starch (Pentastarch Powder, Du Pont Pharmaceuticals, 
Wilmington, Delaware, USA) density solution (density 1.103 g/ml) was 
prepared in UWS, and filter-sterilized. RPMI 1640 medium was supplemented 
with 4.2 mM sodium bicarbonate, 20 mM Hepes, 2 mM L-glutamine, and 10% 
(v/v) heat-inactivated fetal calf serum (Flow Laboratories).

Islet isolation
After a 24 h fast, female, outbred beagles (Harlan CPB, Zeist, The Netherlands) 
weighing 12.4±0.5 kg (range 8-18 kg) were anesthetised as described previously 
[9]. The splenic segment of the pancreas was mobilized and the pancreas was 
divided, where it overlies the portal vein. A specimen was taken from the cut 
end for morphometry and extractions (Fig. III.l). The duct was cannulated with 
a 20-gauge stub adapter, and the gland was removed, weighed, and within 90 s 
from the onset of ischemia, perfused (flow 1 ml/min per g pancreas) for 5-10 
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min with 150 ml of an ice cold, recirculating, collagenase solution, resulting in a 
fourfold increase of the volume of the gland. The gland was covered with the 
remaining collagenase solution, transported on ice to the islet isolation facility, 
and within 40 min incubated at 38°C for 20 min in a waterbath. The collagenase 
solution was decanted, pancreatic weight was corrected for the weight of the 
stub adapter and adhering nondigested tissue of the cut end of the gland (8 ± 
1%), and the tissue was dispersed in ice cold UWS by gentle aspiration and 
flush through a blunt, 14-gauge, needle, and filtration through a 400 gm steel 
mesh. Trapped tissue was syringed and sieved again for 1-2 times and the final 
trapped tissue — which largely consisted of ductal and vascular fragments — 
was blotted, weighed, and discarded. The -1000 ml suspension was centrifuged 
for 2 min at 4°C and 200 g in a Beckman J-6M/E centrifuge (JS3.0 rotor; 
Beckman Instruments, Palo Alto, CA, USA) in 50-ml screw cap conical tubes 
(Falcon®, Becton Dickinson Labware, Lincoln Park, New Jersey). Sediments 
were pooled into one tube and spun for measurement of the digest packed- 
tissue-volume (PTV). After resuspension, -1 ml samples for assessment were 
transferred to microfuge tubes on ice, and the digest aliquoted in tubes (PTV < 
2 ml per tube) for density gradient purification. After centrifugation and 
decantation the pelleted digest was resuspended by gentle passage through a 
10-ml pipet in a 12 ml solution (density 1.095 g/ml) of dextran (n = 15) or 
Percoll (n - 10), or a 1.103 g/ml density solution of starch (n - 6). The starch 
solution was topped with UWS; and the dextran or Percoll solutions were 
underlaid with another 4 ml of these density solutions, and overlaid with 6 ml 
each of these solutions with densities of 1.085, 1.075 and 1.045 g/ml resp. (Fig. 
III.2). Gradients were centrifuged at 4°C, 40 g for 5 min, and 500 g for 12 min, 
without braking. Purified islets were collected from the two uppermost 
interfaces of the dextran gradient, the top interface of the Percoll gradient, and 
collected by decantation of the starch density solution. The purified islets (pure 
fraction) and the remainder of the gradients (rest fraction) were washed thrice 
in UWS for resp. 4, 2, and 2 min at 200 g . After taking aliquots for assessment, 
the purified islets were washed in RPMI, aliquoted (< 2 pl PTV in 5 ml RPMI) to 
bacteriological petri plates (10 cm in diameter), and cultured at 36 °C in a 
humidified ambient atmosphere.

Perifusion studies
After overnight culture, aliquots containing 1 pl islets (range 0.3-3.3) were 
transferred to six 0.5-ml microchambers to conduct three duplicate perifusion 
tests in parallel in the Acusyst-S™ perifusion system (Endotronics, Coon 
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Rapids, MN, USA). Media were drawn via 3-way disposable stopcocks at 0.25 
ml/min, heated to 36°C and gassed with medical grade air. Each experiment 
consisted of an initial 90-min equilibration period with 2.5 mM glucose, 
followed by a 40-min period of 2.5, 7.5, or 10 mM glucose perifusion. From 30 
min before stimulation fractions were collected at intervals as indicated in the 
figures, and stored at -20°C pending insulin assay. The basic perifusion fluid 
was Krebs-Ringer-Hepes containing 4.2 mM NaHCC^, 10 mM Hepes, 2 mM 
CaCl2, 1 mM MgSO4, 5 mM KC1, 1.2 mM NaH2PO4, 118 mM NaCl (at 0 mM 
glucose), and 0.2% (w/v) bovine albumin fraction V (cell culture tested; Sigma). 
The sodium chloride content was adjusted to the amount of glucose added to 
maintain the osmolarity constant. Insulin secretion data from duplicate 
chambers were averaged and expressed as a percentage of the averaged three 
values for basal secretion from -15 to 0 min.

Morphometry
Pancreatic biopsy specimens were fixed in Bouin's solution and embedded in 
paraplast. Ten serial sections (5 pm thick) taken at 150 pm intervals were 
stained with hematoxylin-eosin for measurement of the fractional islet volume 
with the grid method for point-counting, assuming uniform shrinkage of islet 
and nonislet tissue [43]. At least 40,000 points (mean: 116,250 ± 9917) per 
specimen (relative standard error < 5%) were examined, using a 400-point 
lattice grid at x200 final magnification on systematically chosen 
nonoverlapping fields that covered the tissue section, with exclusion of the 
capsular and interlobular area. Islet volume was expressed per gram pancreas 
(assuming a density of 1.00 g/ml). Specimens (n - 10) containing at least 200 
islet profiles in sections taken at intervals of 450 pm were selected for islet 
sizing to derive the islet size distribution. The profile areas were measured by 
planimetry using the grid at x200 final magnification. Measurements were 
corrected for shrinkage during histological processing, using a linear shrinkage 
factor of 0.74 (mean value of 5 experiments). Assuming islets to be spheres, the 
diameter of the equivalent circular area was calculated. These profile diameters 
were grouped into 25 pm classes and analysed by the Saltykov diameter 
approach of 1958 [43] as modified by Cruz-Orive [6] to obtain the number of 
islets per cm3 pancreas for each size class. For comparison with isolated islets, 
the first class (diameters < 37.5 pm) was excluded from calculation of the total 
number of islets and a percentage for each size class (numerical size 
distribution). The maximum and mean size (number-average diameter) of islets 
were used as parameters for the numerical size distribution. The mean size was
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calculated by multiplying the mean diameter of each class by the number of 
islets for that class, summing the answers, and dividing by the total number of 
islets. Using the mean diameter of each class the volume size distribution was 
derived, and likewise the volume-average diameter calculated.

Duplicate 50-pl aliquots of the fresh islet suspensions were stained with 20 
pl dithizone (0.65 mM diphenylthiocarbazone and 4.5% ethanol in PBS) on a 
microscopic slide. The mean diameters (> 40 pm) of all dithizone-stained islets, 
fully cleaved from acinar tissue, were recorded in increments of 10 pm using an 
ocular micrometer by transmission microscopy at xlOO magnification. Islets 
were categorized into 25 pm diameter classes (> 37.5 pm) and considered 
spheres for determination of volume. The morphometric parameters 
investigated were similar as described for pancreas specimens: the maximum 
diameter, number-average diameter, total volume of isolated islets per gram 
processed pancreatic tissue (pl/g), and the volume-average diameter. The 
equivalent number of islets (lEq) was obtained by conversion of the total islet 
volume, assuming a standard islet diameter of 150 pm [26]. The total volume of 
aliquots examined for islet sizing averaged 0.11 ± 0.01% of an islet suspension, 
and contained 196 ± 25 islets with a total 74 ± 11 nl islet volume. The coefficient 
of variation for duplicate measurements of islet volume was 17% (n = 72).

Purity was expressed as the fractional islet volume of islet and acinar tissue 
— and was estimated from the morphometrically measured islet volume and 
the amount of amylase, as a measure of the acinar volume. The acinar volume 
corresponding to amylase recovery after purification, was extrapolated from 
the ratio of amylase and fractional acinar volume of the packed-tissue in 
corresponding digest preparations, assuming absence of fibrous tissue.

Reflection Contrast Microscopy
Aliquots of islet suspensions obtained during isolation were centrifuged (50 g, 
15 s, 20°C), the supernatant was aspirated and the sediment mixed with 30 pl 
cock plasma and 5 pl chicken embryonic extract to initiate clotting, centrifuged 
(50 g, 15 s, 20°C), incubated for 3-5 min at room temperature and fixed. 
Specimens for reflection contrast microscopy were processed as described in 
detail previously [5]. Briefly the pancreatic specimens or isolated islets 
entrapped in plasma clots, were fixed in 4% freshly prepared 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After dehydration in 
dimethylformamide and Lowicryl-embedding at room temperature ultrathin 
(50-70 nm) sections were placed on aminosilane coated slides. After washing in 
0.5 M NH4CI in PBS and preincubation with 1% (w/v) bovine serum albumin 
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in PBS for 15 min at 20°C the sections were first incubated 16 h at 4°C with 
rabbit-oc-human insulin IgG (1:20) and next, after washing, incubated 2 h at 
20°C with 15-nm gold-conjugated goat-a-rabbit IgG (1:40). Specimens were not 
counterstained and examined with an incident light microscope with a 75 W 
Xenon lamp (Leitz Orthoplan; Leitz, Wetzlar, Germany) equipped with special 
reflection contrast devices.

Insulin and amylase assay.
Pancreatic samples were thawed, divided into pieces of -40 mg, weighted and 
homogenized (at setting 8; Polytron PT10, Lucerne, Switzerland) for 20 s at 4°C 
in 1 ml acid-alcohol (0.15 M HC1, 77% ethanol) for insulin extraction, or 4 ml 
HBSS (20 mM Hepes) for amylase extraction. Samples obtained during islet 
isolation were thawed, a 100 pl aliquot plus 400 pl acid-alcohol for insulin, and 
300 pl aliquots for amylase, were sonicated in microfuge tubes on ice for 20 s 
(Sonicator™W375, amplitude set at microtip limit, Ultrasonics Inc., Plainview, 
NY). Homogenates were extracted overnight at 4°C, centrifuged, and the 
supernatant either stored at -20°C pending radioimmunoassay, or assayed 
immediately for amylase by colorimetric assay (Phadebas® a-Amylase Test, 
Pharmacia, Uppsala, Sweden). Acid-alcoholic extracts were assayed after ^100- 
fold dilution with assaybuffer. Insulin was measured by a radioimmunoassay 
previously reported [9] using dog insulin as standard.

Statistical Analysis.
Results are expressed as mean ± SE. Differences between means were analysed 
by single factor analysis of variance with repeated measures and multiple 
comparisons were performed by Scheffé's test. Differences were considered not 
significant (NS) at p >.05. With linear regression and correlation analysis 
differences were considered NS at p >.01.
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Results
Results are reported in Table III.1. The weight of pancreatic tissue processed for 
islet isolation amounted to 9.2 ± 0.4 g. Digest packed-tissue-volume (PTV) 
indicated a mean 79% recovery of processed tissue. Taking into consideration 
wasted tissue trapped with sieving, which averaged 0.6 ± 0.1 g, PTV 
corresponded to 85 ± 1% of the expected tissue volume. Both amylase and 
insulin recovery reflected the loss of tissue during isolation. After digestion 
95% of pancreatic amylase and 89% of pancreatic insulin were recovered. In 
contrast to these biochemical parameters, the morphometrically assessed 
volume of isolated islets in the digest (7.6 ± 0.7 pl/g) corresponded to a 49% 
recovery of pancreatic islets. It should be noted that islets (partially) entrapped 
in acinar tissue were not included in our counts. Subjectively, the volume of 
entrapped islets was estimated to amount to 20% — at most — of the total

Table lll.l
Recovery of pancreatic tissue, amylase, insulin, and islets after collagenase digestion (Digest) 
and density gradient centrifugation in the purified fraction (Pure) and rest of the gradient (Rest)

Pancreas Digest Pure Pure & Irest

Tissue vol (ml) 9.2 ±0.4 7.2 ±0.3* (79 ±1) <0.1* 5.2±0.5+t(78±9)

Amylase (lU/g) 7097 ±690 6706 ±771 (95 ±5) 1.3 ±0.3* (.02 ±.01) 3939 ±396* (64 ±6)

Insulin (nmol/g) 21.6 ±1.5 18.7 ±1.3+ (89 ±7) 6.5 ±0.7* (36 ±3) 15.3 ±1.2+ (83 ±5)

Islet volume (pl/g) 15.7 ±0.9 7.6 ±0.7* (49 ±4) 3.9 ±0.5* (53 ±3) 4.6 ±0.5* (64 ±3)

Islets (IEq.lO3/g)§ 8.9 ±0.5 4.3 ±0.4* 2.2 ±0.3* 2.6 ±0.3*

Islet size (pm) 11 ND
largest diameter 192 ±13 189 ±12 183 ±13

number-average 75 ±2 70 ±1 73 ±2

volume-average 106 ±5 119 ±6 120 ±7
Insulin/Islet 
(nmol/pl)

1.5 ±0.1 2.9 ±0.2* (190 ±13) 1.8 ±0.2* (68 ±5) ND

Purity: vol (%) 1.57 ±0.09 ND 94 ±1 ND

Values are means ± SE (n = 31) with % recovery in parenthesis. Amylase, insulin, islet volume 
and number (rows 2-5) are given per gramme pancreas. For Digest values significance of 
difference and % recovery are compared to Pancreas values. Similarly Pure and Pure & Rest 
values were compared with Digest values. ND, Not determined. * p < .001, + p <.05.
f Data from 8 experiments after dextran purification; analysis by paired comparison with 
Digest values. § The number of islet equivalents (IEq) is the number of islets with diameter 150 
pm, corresponding to the islet volume obtained. 11 Islet size parameters analysed within subject 
in 10 experiments 
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volume of dithizone stained tissue. Islet yield after digestion (range 1.9-15.9 
til/g) nevertheless, did correlate well (r = .63, p < .0001) with insulin yield 
(range 9.6-39.2 nmol/g). Similarly, a highly significant correlation (r = .74, p < 
.0001) was demonstrated between the islet content (range 8.4-27.3 gl/g) and 
insulin content (range 11.5-41.5 nmol/g) of pancreatic specimens. The islet 
content of pancreases further correlated well with islet yield (r - .69, p < .0001) 
and insulin yield (r - .57, p < .001) after digestion. Similar findings were 
obtained for pancreatic insulin: the insulin content of the pancreas correlated 
well with both islet yield (r - .75, p < .0001) and insulin yield (r = .71, p < .0001) 
in the digest suspensions. Recovery — expressed as a percentage of digest 
values — in the pure fraction vs the combined pure & rest gradient fractions 
(Table III.l) amounted to: ~0 vs 80% for tissue volume, 0 vs 64% for amylase, 36 
vs 83% for insulin, and 53 vs 64% for islet volume. Thus, most of the islets were 
harvested from the pure fraction of the gradients, while half of the total amount 
of recovered insulin was located in the rest fraction of the gradients. The islet 
content of the pure fraction correlated (r = .59; p < .001) with the insulin content. 
Correlations of the islet and insulin content in the digest and pure fractions of 
the gradients are illustrated in Fig. III.3. The islet content of the digest 
suspension correlated well (p < .0001) with the islet (r - .71) and insulin content 
(r - .65) of the pure fraction (Figs. III.3A,B), as well as with the total volume of 
islets in the combined pure and rest fractions of the gradients (r = .58; p < .001). 
In contrast, the insulin content of digest suspensions did neither correlate with 
islet (r - .34) or insulin recovery (r = .40) in the purified suspensions (Figs. 
III.3C,D), nor with total islet recovery in the combined pure and rest gradient 
fractions (r - .37), but did correlate well with insulin recovery in the combined 
pure and rest gradient fractions (r - .63; p < .0001).

Comparison of parameters for the islet size distributions of the pancreas, 
digest and purified suspensions demonstrated no differences for either the 
largest and average islet diameter (number-average diameter), or the volume
average diameter (Table III.l). Size distributions of islets in pancreas, digest and 
purified preparations are shown in Fig. III.4. Due to the restricted number of 
islet profiles available for sizing in sections of pancreatic specimens, these data 
were obtained in 10 experiments only. Size analysis of isolated islets in all 
experiments demonstrated significant correlations between the islet content of 
the pancreas (pl/g) and the maximum (r = .53) or volume-average diameter (r - 
.46) of islets in the digest suspensions (p < .01). Significant correlations were 
also found between yield (pl/g) and the maximum (r - .75) or volume-average 
diameter (r = .78) of islets in the digest suspensions (p < .0001). The maximum 
diameter of these islets further correlated with body wt of the animals (r - .44, p
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= .01).
The ratio of insulin and islet volume per gram (processed) pancreas was used 
to estimate the insulin content of islets. Similar values for purified islets (1.8 ± 
0.2) and the native endocrine pancreas (1.5 ± 0.1; NS) demonstrated no loss of 
insulin from islets during isolation. Comparison by reflection contrast 
microscopy (n = 3) of ultrathin sections of the pancreas and purified-islet 
sediments stained for insulin with the immuno-gold technique (Fig. III.5) 
demonstrated a similar degree of 6-cell granulation.

Viability of overnight cultured islets was demonstrated by glucose- 
stimulation during perifusion. Basal insulin secretion prior to stimulation 
averaged 0.08 ± 0.01% of the insulin content of islets per hour, corresponding to 
26 ± 5 fmol/min per pl islet volume or 0.0054 ± 0.0005 |aU/min per lEq. Glucose

Fig. III.3
Assessment of islet and insulin recovery in pure fractions after density gradient 
centrifugation. The morphometrical assessed islet content of digest suspensions correlated 
significantly (p < .0001) with the islet content (A) and insulin content (B) of purified 
suspensions; r = 0.71 and 0.65 respectively. No correlation was evident between the insulin 
content of digest tissue and the islet (C) or insulin (D) content of purified suspensions.
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Fig. III.4
Comparison of the size 
distributions of islets in 
the splenic pancreas, 
after isolation in the 
digest and in the pure 
fraction after density 
gradient centrifugation. 
No significant 
differences were 
demonstrated for the 
maximum diameter of 
islets, or the mean size of 
islets in the numerical 
(A) and volume (B) size 
distributions. Results are 
expressed as mean ±SE 
(n = 10).

stimulation resulted in a biphasic insulin response from 2 min to ~5x basal 
secretion at 7.5 mM and ~10x basal secretion at 10 mM glucose (Fig. IIL6; n = 6; 
p c.001).

— next page —
Fig. III.5
Reflection contrast micrographs of sections of the 
pancreas (A) and density gradient purified islets 
isolated from this pancreas (B), stained by the 
immuno-gold method for insulin, demonstrating 
similar fl-cell granulation. Not counterstained, x 630.
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Fig. 111.6
Dynamics of insulin release during in 
vitro glucose stimulation of overnight 
cultured islets. Aliquots of the islet 
preparation were perifused in parallel, 
initially with 2.5 mM glucose and 
from 0 to 40 min with 2.5 (squares), 
7.5 (open circles), or 10 (closed 
circles) mM glucose. A biphasic 
insulin response was observed from 2 
min to ~5x basal secretion at 7.5 mM, 
and ~10x basal secretion at 10 mM 
glucose (p < .001, n - 6).

Discussion
The variability of islet isolation outcome has been difficult to analyse, due to 
the intertwined effects of numerous variables, such as predonation events, 
pancreas characteristics, organ preservation conditions, and isolation methods. 
Knowledge of the variability attributable to intrinsic factors like the islet and 
insulin content of the individual pancreas is essential for analysis of the relative 
importance of extrinsic factors. We therefore compared the isolated and native 
islet populations, and addressed the efficacy of isolation by both morphometry 
and extraction — using a simple and gentle technique of islet isolation in dogs, 
to exclude extrinsic factors as much as possible. Our major finding was, that the 
variability of islet yield and size may be attributed to a large extent to the 
variability of the native islet population. Isolation efficacy was best 
documented by morphometry, because insulin recovery did not discriminate 
between isolated islets and islets entrapped in acinar tissue. Assessment by 
both morphometry and insulin extraction, however, demonstrated that we 
subjectively had underestimated the proportion of entrapped islets during islet 
sizing and further documented islet integrity by demonstrating preservation of 
the insulin content of isolated islets.

Only fully cleaved islets were considered for assessment of islet recovery. 
Although dithizone staining did allow the identification of islets entrapped in 
acinar fragments, sizing of these islets is difficult at best — and was not 
attempted, because entrapped islets settled in the acinar fraction after density 
separation, and moreover, were subjectively estimated to amount to 20% — at 
most — of the total volume of islet tissue. Correlation analysis demonstrated 
that -50% (r2) of the variance of both islet and insulin yield after collagenase 
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digestion may be attributed to interindividual differences in the islet and 
insulin content of the splenic pancreas. Thus, the -90% recovery of pancreatic 
insulin as opposed to a -50% recovery of pancreatic islets after collagenase 
digestion would indicate a — in contrast to our subjective findings — rather 
large proportion of entrapped islets. The uneven distribution of islets and 
insulin in the pure and rest fractions of density gradients supported this 
explanation. While most of the total volume of free islets recovered in both 
pure and rest fractions, was found in the pure fraction, roughly half of the total 
amount of recovered insulin was located in the rest fraction — representing 
mainly entrapped islets, because entrapped islets were clearly absent in the 
pure fractions. Similarly, the correlation of the islet and insulin content in the 
purified fraction of the gradients with the islet content but not with the insulin 
content of digest suspensions, may be attributed to a variable proportion of 
entrapped islets in the digest. Theoretically degranulation of B-cells during islet 
isolation could also have contributed to the poor correlation of the insulin 
content of digest and pure islet suspensions. No evidence for degranulation 
was found, however, neither by comparison of the insulin content of islets in 
the pancreas and after purification, nor by comparison of 6-cell granulation 
using reflection contrast microscopy.

Islet and insulin recovery are generally expected to be affected differently by 
the many variables before and during islet isolation. Indeed, insulin recovery 
did not reflect the volume of isolated islets in our study — due to the presence 
of entrapped islets during isolation. However the high recovery of insulin, and 
the intact insulin content of purified islets clearly indicated that insulin did 
accurately reflect the volume of islet tissue during isolation. Several factors may 
have been conducive to these results. By using the female laboratory beagle we 
excluded variation due to sex, breed, and diet — which may affect the islet and 
insulin content of the pancreas [11,24] as well as the efficacy of collagenase 
digestion [18]. We further excluded variation by minimizing warm and cold 
ischemia of the pancreas, which have been shown to reduce the insulin content, 
size, and yield of islets [1,19,27,45], and by using a simple and gentle isolation 
technique and the same batch of collagenase throughout the study. A similar 
80-95% recovery of both pancreatic tissue volume, insulin and amylase after 
digestion in our study compares favourably with previous reports of a -25% 
tissue recovery, 25-60% insulin recovery and a 2-6 times increase of the ratio of 
insulin to amylase, for large mammal islet isolation methods using extensive 
digestion or dispersion procedures [13,14,17,19,22]. Although the selective 
survival of islets in the latter studies have been considered an important 
contribution to the transplantability of dispersed pancreatic tissue, these 
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studies in fact demonstrated recovery of acinar tissue to be a more sensitive 
indicator for excessive trauma than islet recovery. Similar findings have been 
reported in a histological study on the effects of chopping and collagenase 
digestion of the canine pancreas by Schwartz et al. [32]. Thus our findings 
demonstrated that by avoiding traumatic methods the integrity of dispersed 
tissue can be preserved. A major methodological advance was the introduction 
in 1989 of the UWS for tissue preservation during the cold phase of islet 
isolation [37,38]. The near complete purity of the density separated islets, 
corroborated these preliminary reports of a dramatic improved purity, when 
the traditionally used physiological salt solutions are replaced by the UWS to 
prevent cell swelling during isolation. Tentatively, isolation in UWS may 
likewise have contributed to preservation of the insulin and amylase content of 
the isolated islet and acinar cells by preventing an increase of the permeability 
of the cell membrane during hypothermic isolation [35,39].

Little is known about the effects of islet isolation related procedures on the 
integrity of islets [26]. In contrast to the more compact spheroid form of rodent 
islets, the irregular form of native large mammal islets precludes qualitative 
morphological examination of islet integrity after isolation. Morphometric 
analysis of islet integrity has been hampered by lack of reference values for the 
normal size and number of islets in the large mammalian pancreas. A high 
proportion of small islets after isolation has generally been considered a sign 
for islet fragmentation. In our study, however, comparison of the size 
distributions of isolated and native islets demonstrated a similar high 
proportion of small islets and no signs of fragmentation as judged by the 
largest and average diameter. Diameters in our study usually ranged from 40 to 
300 pm, which corroborates previous findings in canine islet isolation [2]. 
Smaller islets, usually up to 150 pm, were obtained by the Miami group [3,16] 
from beagle dogs weighing 6-13 kg. The isolation of smaller islets by the Miami 
group may probably be explained from the lower body wt of their animals, 
because the maximum diameter of isolated islets correlated with body wt in 
our study, and similar findings have been reported in studies of the rat [11,24] 
and dog pancreas [29]. Comparison of 'the number of small islets or fragments' 
and numerical size distributions have been helpful to study islet integrity 
during isolation in previous studies [4,7,27,28,41,45]. However, parameters of 
the numerical size distribution, like the average islet diameter (number-average 
diameter) and number of small islets, largely depend on the lower limit set to 
sizing, and thus suffer from the same difficulties, previously encountered when 
reporting the total number of isolated islets to document islet yield [26,30]. 
Total islet volume is considered the best parameter to document islet yield.
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Because the number and size of larger islets — which mainly determine both 
the total islet volume and the volume-average diameter — are accurately 
measured, the volume-average diameter should be considered a more practical 
and objective parameter to document islet size and integrity, than parameters 
of the number size distribution.

Assessment of viability by perifusion demonstrated a low basal insulin 
secretion, indicating well preserved islets, and a tenfold insulin release during 
physiological glucose stimulation. Our data compare favourably with previous 
in vitro studies of isolated canine islets, reporting a two to tenfold higher basal 
insulin release [23,40,41] and a one to fourfold increase over basal insulin 
secretion during high-glucose perifusion [41] or static incubation [16,23,34]. 
Virtually no response, at all, to high-glucose has been reported in other studies 
of isolated canine islets [31,44] and low responses, from 0.5-2 times basal 
release, were reported for pig islets [4,20,25]. Both an improved preservation of 
islets by isolation in UWS and the virtual complete absence of acinar tissue in 
our preparations may have contributed to the excellent in vitro function.

We conclude that the variability of islet and insulin yield may be attributed 
to a large extent to the variability of the native endocrine pancreas. Isolation 
efficacy was best documented by morphometry of the isolated and native islet 
population — which demonstrated a yield of 50% of the islets from the dog 
pancreas and no fragmentation of islets during isolation by the gentle single
endpoint collagenase digestion technique. Although insulin extraction does not 
discriminate between free and entrapped islets, assessment by both 
morphometry and extraction allowed the quantitation of entrapped islets, and 
demonstrated preservation of 6-cell granulation during isolation. We suggest 
that similar studies should be done in man to facilitate the analysis of other 
factors affecting the outcome of islet isolation for transplantation.
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Introduction
Long-lasting insulin independence after allogeneic islet transplantation in type- 
1 diabetic patients has been achieved recently in single cases, but requires a 
variable number of donors [6]. The islet mass and purity of the graft are 
essential for successful clinical transplantation, and complete purity is desirable 
to reduce or manipulate the immunogenicity of the graft [5,6,8,9]. Density 
gradient separation of isolated islets is now the most efficient purification 
technique — the variable outcome, however, usually necessitates the choice 
between a low yield of highly purified islets or a high yield of impure islets.

Little attention has been paid to the composition of the isolation solution 
and the impact of the conditions before density purification on outcome [9]. 
After collagenase digestion of the pancreas, islet isolation is traditionally 
performed in physiological salt based solutions such as Hanks' balanced salt 
solution (HBSS) and RPMI culture medium, under hypothermic conditions — 
to inhibit the action of collagenase and slow down degenerative processes. 
Potentially detrimental effects of hypothermia when the cell is exposed to a 
physiological milieu — such as cell swelling, and eventually loss of integrity of 
the cell membrane — are well documented in studies designed for the 
hypothermic preservation of whole organs [2,10]. Swelling of isolated cells is — 
unlike the situation for native cells of the intact organ — not limited by the 
volume of the extracellular compartment [2,23]. Moreover, collagenase isolation 
of cells may increase the permeability of the cell membrane, resulting in 
accelerated swelling and irreversible damage to the isolated cells [10,18].
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The UWS has been primarily designed to minimise the side-effects of 
hypothermia during cold storage of the pancreas [18,23]. We hypothesised that 
the UWS would be also more appropriate for islet isolation. We, therefore, 
compared the outcome after islet isolation in either the UWS or RPMI, and 
studied the impact of the isolation solution on final outcome after density 
gradient separation. First, conventional hyperosmotic gradients of dextran in 
HESS were used — because hyperosmolality of the density solution has been 
shown essential for islet purification. Next, we further delineated the impact of 
the UWS — in the absence of the confounding effects of hyperosmolality — by 
purification in a novel normosmotic density gradient of Percoll in UWS.

Materials and methods
Design of the study
We used the splenic segment of the dog pancreas for 29 consecutive islet 
isolations (Fig. IV.1). Isolation was performed by collagenase digestion and 
dispersion of the tissue at 4°C in either RPMI (n - 8) or the UWS (n - 21). After 
using RPMI as the isolation solution, islets were purified in a hyperosmotic step 
gradient (densities 1.045-1.075-1.085-1.095 g/ml) of dextran in HBSS. After 
using UWS as the isolation solution, islets were purified by centrifugation in 
either the dextran gradient (n - 8) or an isodense step gradient (1.045-1.075- 
1.085-1.095) of Percoll in UWS, of near-normal osmolality (n - 13). Samples 
taken from the cut end of the splenic pancreas, the digest, and from the 
gradient layers, were compared by morphometry and amylase extraction to 
assess the recovery of islet and acinar tissue — and purity. Islet viability was 
studied by electron microscopy, in vitro during perifusion, and in vivo after 
total pancreatectomy and intrasplenic islet autotransplantation in another four 
dogs.

Density solutions
The 1.095-density solution (470 mOsm/kg H2O) of dextran (D3759; Sigma, St. 
Louis, MO) was prepared in HBSS supplemented with 20 mM Hepes (pH 7.4), 
and autoclaved for 5 min at 120°C. The 1.095-density solution (340 ± 6 
mOsm/kg H2O) of Percoll (Pharmacia, Uppsala, Sweden) was made in a basal 
UWS containing regular amounts of potassium lactobionate, raffinose, 
potassium phosphate, magnesium sulphate, and 4% (w/v) Pentastarch (DCC- 
607; Du Pont Critical Care, Waukegan, IL). Final pH of the basal UWS was 
adjusted to 7.4 with NaOH; and diluted density solutions were made with 
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regular UWS (320 ± 5 mOsm/kg H2O, density 1.045 g/ml; ViaSpan, Du Pont 
Pharmaceuticals, Wilmington, DE).

Islet isolation
After a 24-h fast, female, outbred beagles weighing 8-18 kg (Harlan, Zeist, The 
Netherlands) were anesthetised as described previously [4]. The splenic 
segment of the pancreas was mobilised and the pancreas was divided, where it 
overlies the portal vein (Fig. IV.l). After taking a specimen from the cut end for 
assessment, the duct was cannulated, and the gland was removed, weighed, 
and within 90 s from the onset of ischemia, perfused (flow 10 ml/min) for 5-10 
min with 150 ml of a recirculating, ice-cold collagenase solution — containing 
1633 U/ml collagenase (type XI; Sigma), 5% Pentastarch, 20 mM Hepes (pH 
7.5), 4.5 mM sodium bicarbonate, and 90% of the regular Hanks' balanced salts. 
The gland was incubated in the remaining collagenase solution at 38°C for 20 
min in a water bath. The solution was decanted, and tissue was immersed in 
ice-cold isolation solution — either UWS or RPMI-1640 supplemented with 10% 
newborn calf serum. The digest was stripped from large ducts, and dispersed 
by gentle aspiration and flush through a 14-gauge needle, and filtration 
through a 400 pm steel mesh. Trapped tissue was syringed and sieved again for 
1-2 times. The finally trapped tissue — which largely consisted of ductal and 
vascular fragments — and the earlier removed ducts were blotted, weighed, 
and discarded. The digest was pooled by centrifugation at 200 g and 4°C for 2 
min in 50-ml graduated tubes (Falcon; Becton Dickinson, Lincoln Park, NJ) for 
measurement of the packed tissue volume in a single tube — using a ruler for 
subdivision of the graduation. After resuspension, samples were taken for 
assessment, and the digest aliquoted in tubes (packed tissue < 2 ml/tube) for 
density separation. Tissue was pelleted and resuspended in 12 ml of either a 
dextran or Percoll 1.095-density solution, and overlaid with 6 ml each of 1.085, 
1.075, and 1.045 density solutions respectively (Fig. IV.l). Gradients were 
centrifuged at 4°C and 40 g for 4 min, and 500 g for 12 min. Purified islets were 
aspirated from the first layer (1.045/1.075) and second layer (1.075/1.085) of the 
gradients. After washing of the purified fractions and the combined other 
fractions of the gradients, aliquots were taken for assessment. Purified islets 
were cultured at ambient atmosphere in bacteriological petri plates with RPMI, 
containing 4.2 mM sodium bicarbonate, 20 mM Hepes, and supplemented with 
10% fetal calf serum.
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Fig. IV. 1
Schematical representation of the design of the study
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Perifusion studies
After overnight culture, aliquots containing 1 pl islets (range 0.3-3.3) were 
transferred to four 0.5-ml microchambers to conduct two duplicate tests in the 
Acusyst-S system (Endotronics, Coon Rapids, MO). Islets were perifused at 0.25 
ml/min and 36°C with Krebs-Ringer-Hepes containing 2.5 mM glucose during 
a 90 min equilibration period, and 2.5 or 7.5 mM glucose thereafter. From 30 
min prior to stimulation, fractions — as indicated in the figures — were stored 
at -20°C pending insulin assay [4]. Data from duplicate chambers were 
averaged, and basal secretion was defined as the mean value from -15 to 0 min.

Autotransplantation.
In another four dogs total pancreatectomy was performed for islet isolation 
from the whole pancreas in RPMI (n - 2) or the UWS (n = 2). Islets were 
purified in dextran gradients, washed in RPMI, and autotransplanted by 
venous reflux into the spleen of the dog. After surgery, meals were 
supplemented with protease-lipase-amylase pellets (Organon, Oss, The 
Netherlands). Fasting and 2-h postprandial plasma glucose (Glucose Analyzer 
II, Beckman Instruments, Palo Alto, CA) were assessed before, and weekly for 3 
months after transplantation.

Morphometry, extraction, and purity
After Bouin fixation and paraffin embedding of pancreatic specimens, ten serial 
5-pm sections were taken at 150-pm intervals, and stained with hematoxylin- 
eosin. The fractional volumes of islet and fibrous tissue were measured using a 
400-point and 25-point grid respectively, by the point counting method as 
described previously [20], and the remainder was considered acinar tissue. 
Duplicate 50-pl aliquots of the islet suspensions were stained with dithizone 
(diphenylthiocarbazone; Sigma). Using an ocular micrometer at xIOO 
magnification, the mean diameters of islets > 40 pm were recorded for 
determination of the total volume of isolated islets per gram processed 
pancreas. A total number of 196 ± 25 islets were examined, and the coefficient 
of variation for duplicate measurements of islet volume was 17%.

For amylase extraction, pancreatic specimens and aliquots of the islet 
suspensions were homogenised and sonicated in HBSS buffered with 20 mM 
Hepes, incubated overnight at 4°C, and centrifuged. The supernatant was 
assayed by the Phadebas «-amylase test (Pharmacia, Uppsala, Sweden).
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Table IV. 1
Comparison of the effects of canine islet isolation in either UWS or RPMI, on islet and 
amylase recovery, acinar cell volume, and amylase concentration in acinar cells

RPMI p* UWS

Islet yield (% islet volume in pancreas) 54±6 NS 5014
Amylase recovery (% content pancreas) 72±4 <.02 9515
Volume of isolated acinar tissue!

Expected (ml) 7.7±0.4 8.510.4
Observed (ml) 8.1 ±0.5 J 7.210.3§
Observed (% expected) 106 ±7 <.0001 8511

Amylase per pl acinar tissue
Native tissue (IU) 10.111.8 NS 7.910.8
Isolated tissue (IU) 7.511.111 NS 8.210.8^
Isolated (% native) 8019 <.01 10515

* Statistical analysis of differences between mean values after isolation in UWS vs 
RPMI. t Details for estimation of the expected and observed acinar volume are given 
in the Results section, if Observed vs expected acinar volume in RPMI, NS. § Observed 
vs expected acinar volume in UWS, p <.0001. II Amylase concentration before (native 
tissue) vs after isolation in RPMI, p - .06. H Amylase concentration before (native 
tissue) vs after isolation in UWS, NS

Purity was expressed as the fractional islet volume. The volume of acinar tissue 
in the gradient fractions was estimated from the amount of amylase, by 
extrapolation from the ratio of amylase and packed tissue volume of the 
corresponding digest, assuming absence of fibrous tissue. For microscopy, 1- 
4% aliquots of the islet suspensions were pelleted, captured in plasma clots, 
and fixed in Bourns solution. Paraffin sections were immunoperoxidase stained 
for insulin [4], and purity was estimated from the ratio of islet and acinar tissue.

Electron microscopy
Pancreatic specimens or isolated-islets captured in plasma clots were fixed in 
1.5 % glutaraldehyde - 1% paraformaldehyde in 0.1 M cacodyl buffer (pH 7.4), 
postfixed in 1% OsO4, and embedded in Epon. Ultrathin sections (50-70 nm) 
were stained with uranyl acetate and Reynold's lead citrate and examined in a 
Philips CM 10 electron microscope operating at 60 kV.

Statistical analysis.
Results are expressed as mean ± SE. Logarithmic transformation of data, and 
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arcsine transformation of percentage data were used when appropriate. 
Differences between means were tested by analysis of variance and multiple 
comparisons were made by the Tukey test and Scheffé's procedure for multiple 
contrasts. P values less than .05 were considered to be significant.

Results
Islet isolation.
The islet volume in the splenic pancreas amounted to 15.8 ± 1.0 pl/g (range 8.4 
to 27.3), and the acinar volume amounted to 903 ± 3 pl/g. Because of the 
variability of the islet volume in the pancreas, the yield of isolated islets was 
expressed and analysed as a percentage of the native islet volume.

Table IV. 1 summarises the recovery of islet tissue and amylase, and the 
effects of the isolation solution on the volume and amylase concentration of 
acinar tissue, before density gradient centrifugation. The isolation solution did 
not affect islet yield, but did affect the recovery of amylase and the volume of 
acinar tissue. Dispersed tissue in RPMI contained 72 ± 4% of the total amount of 
amylase in the pancreatic segment (pc.01). In contrast, no significant loss of 
amylase was observed during islet isolation in the UWS. Because ductal and 
vascular tissue had been largely discarded during isolation, we assumed the 
volume of isolated acinar tissue to equal the observed packed tissue volume, 
and we estimated the expected volume of isolated acinar tissue by subtraction 
of the weight of tissue discarded during isolation (9 ± 1% of the weight of the 
processed pancreatic segment) from the weight of the pancreatic segment. The 
volume of acinar tissue in the UWS amounted to 85 ± 1% (pc.0001) of the 
expected volume. In contrast, acinar tissue volume in RPMI was rather larger 
than expected (NS). Because the volume of isolated acinar tissue would be 
affected both by loss of acinar tissue during isolation, as well as by swelling or 
shrinkage of the acinar cells in the isolation solution, we calculated the amylase 
concentration in native and isolated acinar tissue as an indirect measure of the 
cell volume of the acinar cells. The amylase concentration of acinar tissue was 
not significantly affected by isolation in UWS, but had decreased (p = .06) to 80 
± 9% of the concentration in native acinar tissue after isolation in RPMI (pc.01 
vs UWS). These results — indicating differential effects of the isolation solution 
on cell volume and amylase concentration of the acinar cells — were 
corroborated by microscopic observations of freshly isolated acini. Acinar cells 
in RPMI demonstrated a dark-brownish apical area and a large translucent 
basal area, whereas compact, uniform dark-brown cells were evident in the 
UWS.
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J 1st layer HI 2nd layer layers

Dextran Dextran Percoll

Fig. IV.2
Islet recovery (A), 
distribution (B), and 
purity (C) at the first layer 
(density 1.045/1.075) and 
second layer (1.075/1.085) 
ofisodense step gradients 
(1.045-1.075-1.085-1.095) 
of dextran in Hanks' 
balanced salt solution or 
Percoll in UWS, after islet 
isolation in RPMI or the 
UWS.
*p<.05; **p<.01;
*** p<.001.
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Purification
Results after purification in the dextran and Percoll gradients are presented in 
Fig. IV.2. To minimise variability due to differences in the islet yield before 
purification, islet recovery after purification was expressed and analysed as a 
percentage of the volume of isolated islets before purification.

Comparison of the outcome of dextran purification after isolation in RPMI 
or the UWS, demonstrated no significant effect of the isolation solution on the 
total volume of islets collected from both the first and second layers of the 
gradient, which averaged 41 and 52% respectively of the volume of isolated 
islets before purification (Fig. IV.2A). However, islet recovery in the remainder 
of the dextran gradient (density > 1.085; not shown in figure) had increased 
(p<.02) from 5 ± 2% after isolation in RPMI (n = 6) to 20 ± 5% after isolation in 
the UWS (n - 5). The isolation solution affected the density of both islet and 
acinar tissue in the gradients. The apparent density of the major islet fraction 
had increased from 1.045/1.075 (first layer) after isolation in RPMI to 
1.075/1.085 (second layer) after isolation in UWS (pc.001). Thus — expressed as 
a percentage of the total islet volume at both the first and second layers (Fig. 
IV.2B) — the islet volume at the first layer decreased from 83 ± 6% after 
isolation in RPMI to 21 ± 9% after using the UWS (p<.001). What is more 
important, the density of acinar tissue had also increased after using UWS. 
Contamination with acinar tissue at the first and second dextran layers was 
conspicuous after isolation in RPMI, but virtually absent after isolation in UWS. 
Amylase contamination of the purified islets after isolation in UWS, amounted 
to only 0.02% of the amylase content of the digest — corresponding to a mean 
93% purity of the islet preparation (Fig. IV.2C). Comparison by electron 
microscopy of the intact pancreas and dextran-purified islets isolated in RPMI 
or the UWS demonstrated disappearance of the islet capsule, and a similar 
well-preserved endocrine cell ultrastructure, except for slightly swollen 
mitochondria after isolation in RPMI (Fig. IV.3).

Because the outcome of dextran gradient separation would be affected both 
by the composition of the isolation solution before purification, as well as by 
the composition and osmolality of the density solution, we next studied 
purification in a normosmotic, isodense gradient of Percoll in UWS. Compared 
to the outcome of dextran separation of islets isolated in UWS, islet recovery at 
both the first and second Percoll layers had increased (p<.05) to a mean 83% of 
the digest islet volume (Fig. IV.2A). In fact, the volume of islets at these Percoll 
layers did not differ significantly from the islet volume in the corresponding 
digest suspensions. Islet recovery in the remainder of the Percoll gradient 
(density > 1.085; not shown in figure) was 5 ± 2% (pc.Ol vs matching dextran 
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fractions after isolation in UWS; n - 10). The islet distribution in the two 
uppermost layers of the Percoll gradient demonstrated a lower islet density 
compared to the density in the dextran gradients after using the UWS during 
isolation (Fig. IV.2B). Acinar tissue contaminated the second layer of the Percoll 
gradient. Thus, the density of acinar tissue was also lower in the Percoll 
gradient. However, virtually no amylase and usually no acinar tissue were 
present at the first layer (Fig. IV.2C). Microscopy of the dithizone stained fresh 
preparations containing approximately 200 islets (Fig. IV.4), and histology of 
pelleted islets immunostained for insulin, demonstrated 1% acinar 
contamination — at most. Both the recovery (74 ± 10%) and purity (97 ± 1%) of 
islets at the first layer of the Percoll gradient had improved compared to the 
recovery and purity in the combined first and second layers of the dextran 
gradient after using RPMI (pc.Ol and pc.001, respectively) or UWS (NS).

Fig. IV.3
Electron, micrographs of (A) the normal canine pancreas, (B) islets isolated in RPMI, and (C) 
islets isolated in the UWS, demonstrating a well-preserved ultrastructure after isolation in 
both solutions, except for slightly swollen mitochondria after isolation in RPMI. x 2200.
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Fig. IV.4
Percoll purified canine islets stained with dithizone, demonstrating absence of exocrine tissue 
after using UWS as the islet isolation and density gradient medium.

Viability
Insulin release during perifusion (Fig. IV.5A) of dextran purified islets was 
considerably higher after isolation in RPMI (n = 4) compared to UWS (h = 6). 
After isolation in RPMI basal release was 0.27 ± 0.06 pmol/min per pl islet 
volume, compared to 0.02 ± 0 after isolation in UWS (p<.001). Islets isolated in 
UWS demonstrated a biphasic insulin response to 7.5 mM glucose, amounting 
to approximately five times basal secretion (Fig. IV.5B; p<.001). Only a 
transient, acute, response amounting to approximately 2 times basal release 
(p<.01) was observed after isolation in RPMI.

After intrasplenic autotransplantation of >6.0 pl islets per kg body weight in 
each of the total pancreatectomised dogs (mean dose 8.5 ± 2.5 pl/kg), normal 
fasting glucose levels and moderate postprandial hyperglycemia (< 11 mM) 
were observed from 2 weeks in all animals.
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Fig. IV.5
In vitro perifusion studies. 
(A) Insulin release, and (B) 
insulin release times basal 
release (mean value from -15 
to 0 min) from islets isolated 
in RPMI (filled symbols) or 
the UWS (open symbols). 
Aliquots of the islet 
preparation were perifused in 
parallel, initially with 2.5 
mM glucose and from 0 to 40 
min with 2.5 (squares), or 7.5 
mM glucose (circles).

Discussion
We previously presented preliminary evidence that acinar contamination after 
density separation of islets can be prevented by substitution of UWS for 
conventional isolation solutions — and speculated, that cell swelling during 
hypothermic isolation in conventional solutions might explain the overlapping 
densities of islet and acinar tissue, while prevention of cell swelling in the UWS 
and, consequently, conservation of the density difference between islet and 
acinar tissue, would account for the dramatically improved purity after density 
separation [19]. This study confirmed this hypothesis, delineated the impact of 
the UWS on the regulation of cell volume during islet isolation, and further 
demonstrated an improved yield and viability of islet and acinar tissue after 
isolation in UWS.
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We first studied the effect of substitution of the UWS for RPMI prior to islet 
purification in conventional hyperosmotic density gradients of dextran in 
HESS. The isolation solution did not affect islet yield before purification, nor 
did it significantly affect the recovery of islets in the purified fractions (density 
< 1.085) of the dextran gradient. However, the total recovery of islets in all 
fractions of the gradient had increased after isolation in UWS — which 
indicated an improved viability, e.g. increased resistance to hyperosmotic 
shock or sheer forces during centrifugation in this viscous density solution. 
Immediate effects of the isolation solution on the acinar tissue volume were 
reflected in the packed tissue volume before purification. Because ductal and 
vascular structures had been largely discarded during isolation, the volume of 
acinar tissue was assumed to equal the packed tissue volume. A reduction of 
the acinar tissue volume to 85% of the expected volume after isolation in UWS, 
and a rather increased amylase concentration in isolated acini — amounting to 
105% of the concentration in native acinar tissue — indicated that the UWS not 
only prevented swelling but, moreover, extracted some of the intracellular 
water of acinar cells. The 95% recovery of amylase indicated that the reduction 
of tissue volume can be partially attributed to loss of acinar tissue. We, 
therefore, estimate that slight dehydration of acinar tissue in UWS resulted in a 
5-10% reduction of the acinar cell volume. Changes in cell volume before 
purification were reflected by the apparent density of islets and acini in the 
density gradients. The densities of islet and acinar tissue were higher in the 
dextran gradient after isolation in the UWS compared to RPMI. However, near 
complete absence of acinar tissue in the major islet fractions of the gradient 
after isolation in UWS, and overlapping densities of islets and acini after 
isolation in RPMI, demonstrated the acinar cell to be more susceptible to cell 
swelling in the physiological solution. Swelling of acinar tissue in RPMI, 
causing damage to the cell membrane and loss of part of the acinar tissue, may 
also account for the lower amylase recovery. Tentatively, loss of amylase might 
be explained by release of amylase from viable cells. However, no significant 
loss of amylase was observed after isolation in the UWS. Thus, the decreased 
amylase concentration in isolated compared to native tissue, rather indicated a 
20% increase of cell volume due to the uptake of extracellular water during 
isolation in RPMI. Recently, several groups have started to study human islet 
isolation in UWS (see Chapter 9), and a significantly improved outcome after 
density separation of islets isolated in UWS has been confirmed [12].

Cell density and the outcome of density separation will be affected also by 
the conditions during exposure of tissue to the density solution [15]. 
Hyperosmolality has emerged as an important criterion for islet purification. 
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Hyperosmolar solutions increase the density difference between the islet and 
acinar cells — probably, due to a differential dehydrating effect on the islet and 
acinar cells [9,21]. Thus — to clearly delineate the impact of the UWS on the 
regulation of cell volume and the apparent density of islet and acinar tissue — 
the hyperosmotic dextran gradient was replaced by a Percoll gradient in UWS 
with an osmolality of 320-340 mOsm/kg H?O, which would be close to the 
osmolality of pancreatic tissue [22]. Only the impermeant components of the 
UWS known to be important to prevent cell swelling — i.e. lactobionate, 
raffinose, and Pentastarch — were included in the basal UWS of the Percoll 
gradient. Percoll consists of inert polyvinyl-pyrrolidone coated silica particles, 
which are also impermeable across the cell membrane. The low apparent 
density of islet and acinar tissue in the normosmotic Percoll gradient can be 
attributed to the absence of the dehydrating effect associated with the 
hyperosmotic dextran gradient. However — in contrast to previous reports 
[14,17] of poor purification of large mammal islets in conventional Percoll 
gradients — near 100% purity was observed at the major islet layer. Thus, our 
findings demonstrated the impermeant nature of the components of the UWS 
to be both necessary and sufficient to prevent cell swelling and obtain complete 
purity in the absence of hyperosmolality. Small differences between our 
microscopic findings and amylase recovery may probably be explained by 
contamination with free, extracellular, amylase during construction of the 
gradients, and incomplete washing of the islet fractions. The improved 
recovery of purified islets and decreased proportion of islets in the high density 
fractions (>1.085 g/ml) of the Percoll gradient, may be attributed to a 
combination of the low viscosity, low polymer concentration, and the low 
osmolality of this density solution. Viscous solutions, and a high concentration 
of polymers — such as dextran and Ficoll — promote tissue aggregation and 
entrapment of islets in the acinar fraction of density gradients [9,15,21]. Less 
mechanical trauma due to the low viscosity of the Percoll gradient, and 
prevention of osmotic trauma [21] by using an iso-osmotic solution before and 
during purification, may have contributed to the almost complete recovery of 
islets in both the purified and non-purified Percoll fractions. The 74% recovery 
and consistent near 100% purity after Percoll purification in our study, 
compared favourably with previous reports of the variability and efficacy of 
canine and human islet purification [1,7,8,11,12,14,16,17,24].

The low basal insulin release and sustained fivefold insulin response to 
physiological glucose stimulation during perifusion of islets isolated in UWS 
compared favourably both with our observations of a tenfold higher basal 
release and transient response to glucose-stimulation from islets isolated in 
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RPMI, as well as with previous in vitro studies of canine and human islets, 
reporting a two to 40-fold higher basal insulin release and a zero to fourfold 
increase over basal release during supraphysiological glucose stimulation 
[3,8,13,14,17,24]. The viability of the final islet preparation — both after 
isolation in RPMI and the UWS — was evident by an intact ultrastructure and 
successful intrasplenic autotransplantation in pancreatectomised dogs. 
Therefore, high in vitro insulin release after islet isolation in the physiological 
solution may, at least partially, be attributed to adverse effects of exocrine 
contaminants during culture and perifusion. We conclude that the density and 
viability of islet and acinar tissue were best preserved in the UWS during 
hypothermic isolation and purification. Prevention of cell swelling during islet 
isolation in UWS should facilitate the analysis of other variables — such as 
predonation events and organ preservation conditions — that may affect the 
outcome in man. Consistent near complete separation of canine islets in the 
normosmotic, low viscous, density gradient of Percoll in UWS, clearly 
demonstrated the impermeant nature of the components of the UWS to be both 
necessary and sufficient to prevent cell swelling and obtain complete purity in 
the absence of hyperosmolality. These findings further suggest that purification 
in a density solution of impermeants will facilitate the adjustment of osmolality 
and viscosity to obtain similar results in man.
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Contribution of 
partial pancreatectomy, 

systemic hormone delivery, 
and duct obliteration 
to glucose regulation 

in canine pancreas 
Importance in pancreas transplantation*
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Marijke Frölich, Frans A. van Haastert, and Cornells B.H.W. Larners. Diabetes38: 1082— 
1089, 1989

Introduction
The results of clinical pancreas transplantation have improved considerably in 
the last decade in terms of 1- and 2-yr patient and graft survival [1]. For many 
reasons, the quality of metabolic control is not optimally documented. The tests 
performed give only a global insight into the endocrine performance of the 
graft and the reserve capacity. The mutual influence of donor and recipient 
pancreases cannot be unraveled and the side effects of immunosuppressive 
agents on glucose regulation cannot be studied in depth in a clinical setting. 
The studies published on the effect of pancreas transplantation on secondary 
diabetic complications are contradictory [2-4], either because secondary 
complications are already too advanced at transplantation or because of 
suboptimal graft function.

Important issues for determining the best way to expand the role of 
pancreas transplantation in the treatment of diabetic patients are whole versus 
segmental pancreas transplantation, systemic versus portal drainage of the 
graft's venous effluent, and management of exocrine secretion. The isolated 
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contribution of partial pancreatectomy, denervation, systemic hormone 
delivery, or obliteration-induced histological changes and interruption of the 
enteropancreatic axis to glucose regulation after pancreas transplantation is 
essentially unknown. We studied these different aspects of pancreas 
transplantation in a crossover design in beagles by the consecutive performance 
of partial pancreatectomy, diversion of pancreatic hormone delivery from 
portal to systemic circulation, and duct obliteration, concentrating on changes 
in response patterns of the islet hormones insulin, glucagon and pancreatic 
polypeptide (PP) and on the role of cholecystokinin (CCK). The gut hormone 
CCK was studied because CCK not only influences gallbladder contraction and 
pancreatic exocrine function but also plays an important role in the regulation 
of postprandial pancreatic hormone release. Two different stimuli, intravenous 
glucose bolus injection and a test meal, were administered to study glucose 
regulation. Because partial pancreatectomy and duct obliteration may affect 
innervation of the endocrine pancreas, and bombesin-stimulated PP release 
seems largely neurally mediated [5-9], we also studied intravenous bombesin- 
stimulated PP release.

Research design and methods

Animals
Experiments were performed in inbred beagles weighing 9-15 kg (Central 
Institute for the Breeding of Laboratory Animals, Zeist, The Netherlands). They 
were maintained on a regular diet of semiliquid dog food (Complete Dog Food 
D-B, Hope Farms, Woerden, The Netherlands). After pancreatic duct 
obliteration the diet was supplemented with ~2 g/day protease-lipase-amylase 
granules (Pancreas Granulaat, Organon, Oss, The Netherlands) for exocrine 
substitution. General anesthesia for all operative procedures was induced with 
intravenous thiopental sodium (Nesdonal, Rhone-Poulenc, Paris, 25 mg/kg 
body wt), and maintained with an N2O/O2 (l:l)-halothane (1-2%) mixture after 
intubation. Atropine (0.05 mg/kg i.m.) was administered for premedication.

Experimental protocol
Glucose regulation was studied in two groups of dogs. Group 1 dogs (n = 14) 
were healthy unmodified, controls. Group 2 dogs (experimental dogs, n = 6) 
were studied at three intervals in a crossover design. The first function tests 
were performed 6 wk after partial (-70%) pancreatectomy, including body, tail, 
and part of the uncinate process of the pancreas with ligation of the inferior 
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mesenteric vessels, leaving regular enteric exocrine drainage from the duodenal 
pancreatic remnant intact (interval 1). Estimates of the weight of residual tissue 
are based on the weight of resected tissue and the mean weight of whole 
pancreases as obtained from previous experiments. After the function tests 
were completed, the cranial pancreaticoduodenal vein was transected at the 
junction with the portal vein, and an end-to-side anastomosis between the 
pancreaticoduodenal and the inferior caval vein was fashioned, thus shunting 
the remnant pancreas venous effluent from portal to systemic circulation. Two 
weeks after venous transposition, the function tests were repeated (interval 2). 
Finally, the ductal system of the pancreatic remnant was obliterated by 
injection through the ventral main pancreatic duct with 0.2-0.5 ml of the 
synthetic latex polymer neoprene (Neoprene Latex 671, Dupont de Nemours, 
Wilmington, DE) and again 6 wk after duct-obliteration function tests were 
performed (interval 3).

Function tests
Glucose regulation was studied by determining 1) peripheral (jugular vein) 
plasma levels of glucose, insulin, glucagon, CCK and PP in dogs that had been 
fasted 18 h overnight and after meal stimulation (regular semiliquid meals 
consumed within 15 min that contained 45% carbohydrate, 24% fat and 30% 
protein); 2) plasma glucose and insulin levels after intravenous glucose 
stimulation (intravenous glucose tolerance test [IVGTT]; 0.5 g/kg i.v. glucose) 
according to a method described previously [10]; and 3) plasma PP levels after 
an intravenous bolus bombesin injection (12.5 ng/kg body wt; bombesin-14, 
UCB, Brussels).

Fasting hormone levels were expressed as the mean of values on 2 
consecutive days. IVGTTs were used to determine both the glucose tolerance 
and glucose-stimulated insulin response. Glucose tolerance was expressed in 
Kg values (percent decline of glucose level per minute, calculated from 10 min 
untill the resumption of basal values). The insulin response at IVGTT was 
expressed in area under the curve (AUC; calculated with the trapezoidal rule) 
and incremental AUC (AAUC; area above baseline during the interval) for 60 
min after glucose injection (glucose-stimulated insulin, pU . mb1.60 min), and 
the acute (first-phase) insulin response (AIR; pU . ml-1.3 min) was expressed as 
AAUC for 3 min after glucose injection. Postprandial studies were expressed in 
AUC and AAUC during 5 h postprandial glucose (mM . 5 h), insulin (pU . ml4 . 
5 h), and glucagon (pg . mb1.5 h), and in absolute levels or incremental values 
of CCK and PP (pM) at 60 min. Results of intravenous bombesin studies were 
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expressed in the level and incremental value of PP at 5 min after injection.

Analytical procedures
Plasma glucose was measured by the glucose oxidase method. Blood samples 
for the determination of hormone levels were collected on ice with aprotinin 
(1000 KIU/ml blood, Trasylol, Bayer, Leverkusen, West Germany), centrifuged 
at 4°C, and stored within 15 min at -20°C (or -70°C for glucagon), pending 
assay. The detailed methods used for radioimmunoassay of insulin [11], PP 
[12], and CCK [13] have been reported previously. Plasma glucagon was 
radioimmunoassayed with a specific antiserum to a synthetic pancreatic 
glucagon that does not cross-react with enteroglucagon. Antibody-bound 
radioactivity was separated from free label by the double-antibody technique 
via goat anti-rabbit y-globulin. Reagents and method were obtained from 
Daiichi (Tokyo). Sensitivity was 15 pg/ml and intra- and interassay variation 
were 6.4 and 7.1%, respectively.

Statistical analysis
Results are expressed as means ± SE. Logarithmic transformation of data was 
used when appropriate to normalize the distribution of the data. All response 
curves and comparison of means at different intervals (for group 2), were 
evaluated by single-factor analysis of variance with repeated measures. 
Multiple comparisons were performed with Scheffé's test and Fisher's protected 
least-significant-difference test. Unless stated otherwise, Student's paired and 
unpaired two-tailed t tests were used as applicable. Differences were 
considered NS at p >.05.

Results
All animals were in good clinical condition throughout the observation period 
and did not lose a significant amount of weight. The results of fasting, 
postprandial, IVGTT, and bombesin-infusion studies are summarized in Table 
V.l. Response curves in controls and 6 wk after partial pancreatectomy in 
experimental dogs are compared in Fig. V.l. The 6-wk curves after partial 
pancreatectomy are shown again in Fig. V.2 for comparison with response 
curves after venous transposition and duct obliteration in these dogs.
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Table V.l
Effects of partial pancreatectomy, diversion of venous drainage to systemic circulation (shunt), 
and duct obliteration of these systemically draining remnants on glucose regulation in dogs

Parameters Group 1 
(n = 14)

Group 2 (n = 6)
70%

Pancreatectomy Shunt
Duct 

obliteration

Fasting*
Glucose (mM) 5.9 ±0.1 5.8 ±0.1+ 5.6 ±0.1+ 6.0 ± 0.2
Insulin (pU/ml) 13 ±1 12 ±2+ 23 ±2 17± 2
Glucagon (pg/ml) 77 ±18 61 ±10 66 ±15 64 ±14
CCK (pM) 2.3 ±0.3 2.7 ±0.4+ 1.2 ±0.2 1.8 ±0.6
PP (pM) 57 ±4 52 ±6+ 38 ±5 30 ± 4

IVGTT
Kg value (-%/min) 3.3 ±0.2+ 2.3 ±0.6 1.9 ±0.2+ 1.0 ±0.1
Glucose-stimulated 2775 ±282+ 1766 ±294+ 4291 ±674+ 2165 ±235
insulin (p.U/ml)f

AAUC 2095 ±205+ 983 ±273+ 2779 ±602+ 1075 ±151

AIR 184 ±18 149 ±59 184 ±23+ 66 ±11

Postprandial
Glucose (mM)§ 30 ±1 31 ±1 31 ±1+ 40 ± 4

AAUC 0.9 ±0.2 1.5 ±0.3 3.0 ±0.8 10.4 ±3.8
Insulin (|LiU/ml)§ 244 ±22 198 ±37+ 395 ±46 312 ±35

AAUC 170 ±23 146 ±33+ 304 ±62 231 ± 34

Glucagon (pg/ml)§ 593 ±87 440 ±44 557 ±78 613 ±87

AAUC 237 ±30 167 ±19 232 ±65 301 ± 47
CCK (pM)|| 9.1 ±1.6 7.2 ±1.2 5.6 ±0.9 5.5 ± 0.6

A60 min 6.3 ±1.6 4.9 ±1.4 4.8 ±0.7 3.8 ± 0.6

PP (pM)|| 364 ±30 280 ±49 222 ±16+ 70 ±17

A60 min 303 ±30+ 199 ±24 178 ±10+ 40 ±18

Bombesin-stimulated
PP (pM)I 213 ±34 106 ±24 81 ±19+ 29 ± 4

A5 min 160 ±32+ 50 ±16 45 ±16+ 2± 2

Group 1 served as healthy unmodified controls. Data are means ± SE. Details of statistical 
evaluations are given in RESULTS. CCK, cholecystokinin; PP, pancreatic polypeptide; IVGTT, 
intravenous glucose tolerance test; AAUC, incremental area under the curve; AIR, acute insulin 
response; A60 min, A5 min, increment over basal. ^Individual fasting levels were calculated as 
means of values obtained on 2 consecutive days. + p <05 compared with values in the same 
row and next column to the right, f Expressed in AUG of plasma insulin for 60 min after 
intravenous glucose bolus infusion. AIR is expressed in AAUC for 3 min after glucose bolus 
injection. § Expressed in AUC of response during 5 postprandial h. 11 Expressed in plasma 
levels at 60 min. T Expressed in plasma levels at 5 min
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Fig.V.l
The plasma insulin response to i.v. bolus glucose (0.5 g/kg) injection (A ), and postprandial 
curves of plasma glucose (B ), insulin (C) and glucagon (D ) in normal unmodified dogs 
(open circles; n =14) and ~70% pancreatectomized dogs (closed circles; n =6). Data are 
expressed as means ±SE.

Partial pancreatectomy
Fasting glucose and hormone levels were unaffected by partial pancreatectomy 
(Table V.1). values modestly declined (30%), and a concomitant reduction 
was observed with the insulin response at IVGTT. Glucose-stimulated insulin 
values (AUC) 6 wk after partial pancreatectomy were -33% lower than those 
observed in control animals (p <.O2). Incremental insulin values (AAUC) were 
more markedly diminished (p <.001), but the AIR was not significantly affected 
(Table V.l; Fig. V.1A ). Thus, the second-phase insulin response was 
particularly reduced. Postprandial glucose, insulin, and glucagon levels were 
not affected by partial pancreatectomy (Table V.l; Fig. V.1B-D). Both before 
and after partial pancreatectomy, postprandial CCK (p <.O5), PP (p <.001), and 
intravenous bombesin-stimulated PP (p <.O2) levels had significantly increased 
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over corresponding basal levels. However, partial pancreatectomy significantly 
reduced the incremental postprandial and bombesin-stimulated PP values (p 
c.05).

Diversion to systemic circulation
After venous transposition with diversion of the pancreatic remnant venous 
effluent from portal to systemic circulation, fasting levels of glucose , CCK, and 
PP declined (p <.O5), fasting glucagon did not change appreciably, and fasting 
insulin rose twofold (p <.O1). Kg values had not significantly changed. Except 
for the AIR, a significant two- to threefold increase of glucose-stimulated 
insulin values, both for AUC (p <.O1) and AAUC (p <.O2), was observed after 
venous transposition (Table V.l; Fig. V.2A). Postprandially, glucose and 
glucagon values had not changed appreciably after venous transposition (Table 
V.l; Fig. V.2, B and D) and again, as in fasting and IVGTT studies, both AUC (p 
c.02) and AAUC (p <.O5) insulin values had increased markedly after venous 
transposition (Table V.l; Fig. V.2C). Postprandial CCK, PP, and intravenous 
bombesin-stimulated PP levels, like corresponding basal levels, showed a 
tendency to decrease (NS, Table V.l). However, a significant increase over basal 
levels could be demonstrated (p <.O2), and corresponding incremental values 
remained essentially unchanged.

Duct obliteration
Duct obliteration of the systemically draining pancreatic remnants clearly 
affected both glucose metabolism and endocrine performance. An increase in 
fasting blood glucose levels was observed (p <.O5) with a tendency for the 
fasting insulin levels to decline (NS, Table V.l). The basal release of other 
hormones was not significantly affected. A conspicuous reduction of both Kg 
values (p <.O1) and the insulin response (p <.O2) at IVGTT was observed (Table 
V.l). The acute, first-phase, insulin response amounted to only ~ 30% of values 
obtained before obliteration (p c.005), and insulin response curves 
demonstrated compensatory second-phase release (Fig. V.2A). A highly 
significant sustained increase (p c.001) over basal insulin up to 60 min after 
glucose injection could be demonstrated, whereas before obliteration (at 
intervals 1 and 2) basal values had been attained within 30 min. Postprandial 
glucose increased (p <.O5), and corresponding incremental values nearly 
tripled, although no statistical confirmation was obtained (Table V.l). Glucose 
profiles after a test meal demonstrated a rise over basal glucose from 15 min (p 
<.O5) with sustained hyperglycemia (mean ~ 8 mM) during the test (p <.01; Fig.
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Fig.V.2
The plasma insulin response to i.v. bolus glucose (0.5 g/kg) injection (A), and postprandial 
curves of plasma glucose (B ), insulin (C) and glucagon (D) in experimental dogs (n =6) at 
three successive intervals: 6 wk after -70% pancreatectomy (closed circles), 2 wk after 
diversion of venous drainage from portal to systemic circulation (open squares), and 6 wk 
after duct obliteration (closed squares) of systemically draining pancreatic remnants. Data are 
means ± SE. Data from -70% pancreatectomized dogs studied at 6 wk are same as presented 
in Fig. V.l.

V.2B). In contrast, postprandial insulin, glucagon, and CCK were 
quantitatively unaffected (Table V.l; Fig. V.2, C and D). Postprandial PP values 
were markedly reduced (p < .02), however, a significant rise over basal levels 
could still be demonstrated (p <.O5). In contrast, bombesin failed to stimulate 
PP secretion after duct obliteration.

Discussion
In a recent study we showed that the insulin-secreting capacity of the splenic 
segment of the canine pancreas is reduced to 25% of its initial value after duct- 
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obliterated segmental autotransplantation if an intravenous glucose bolus 
injection was administered under general anesthesia [11]. That study did not 
address the individual contribution of partial pancreatectomy, venous 
transposition, and duct obliteration to this decrease in endocrine function. 
Other groups either studied the separate effects of these modifications in 
separate groups of animals or a combination of these measures compared with 
healthy unmodified controls. It has been emphasized that both duct-occlusion- 
induced fibrosis [10,11,14-17] and pancreatic mass reduction [18-21] are major 
determinants in the deterioration of glucose regulation in previous 
experiments. In this study we addressed the separate and additive effects of 
these aspects of segmental pancreas transplantation in a crossover design.

Carry-over effects are the obvious potential disadvantages of a crossover 
design. To minimize effects of potential progressive adaptation to previous 
treatments, glucose regulation was tested as soon as possible, 2 wk after the 
animals had recuperated from venous transposition and again at 6 wk after 
duct obliteration, because duct obliteration has been found to be associated 
with stable, albeit reduced, endocrine pancreatic function from 1 mo 
postoperation [10].

The main advantage of the model used in this study is that the regular 
enteric exocrine drainage from the pancreatic remnant could be left intact, in 
contrast to previous canine studies that used the tail or splenic segment of the 
pancreas. Studies of the duct-obliterated splenic segment in the conscious 
animal do not have adequate controls, i.e., the nonobliterated segment, because 
with pancreatic segments draining freely into the peritoneal cavity, fibrosis, 
after the spontaneous gradual occlusion of the duct, may interfere with islet 
morphology [22] and function [15,16,18-21].

After partial pancreatectomy, we observed a reduction in intravenous 
glucose tolerance and the second-phase insulin response at IVGTT. Our data 
are supported by findings in similar dog models of 50-70% partial 
pancreatectomy [23,24]. These groups also studied the duodenal remnant and 
observed no significant changes in the acute intravenous glucose-stimulated 
insulin response, a reduced intravenous glucose tolerance [23] and a reduced 
second-phase insulin response to intravenous glucose [24]. In contrast a 
reduced or abolished acute insulin response has been a general finding in dog 
studies of the intraperitoneal free-draining splenic segment after resection of 
the duodenal pancreas [21,25,26].

These conflicting results may be explained by changes of innervation to the 
remnant pancreas. The canine pancreas is innervated along different routes: the 
major supply of vagal parasympathetic fibers mixed with sympathetic fibers 
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originates from a plexus in the region of the duodenal bulb and enters the 
parenchyma of the duodenal pancreas. The majority of sympathetic fibers 
originate from the celiac and superior mesenteric ganglia and enter the 
parenchyma of the splenic segment. There are probably some parasympathetic 
nerves running along this course as well [27]. Thus, in this study, intact 
parasympathetic and at least partially intact sympathetic innervation of the 
remnant were present after partial pancreatectomy, whereas previous work 
studying the canine splenic lobe added virtually total parasympathetic 
denervation to mass reduction by resection of the duodenal pancreas.

Because direct vagal potentiation of intravenous glucose-stimulated insulin 
release has been demonstrated to be exclusively associated with the acute 
insulin response [28], an intact acute insulin response in this and other studies 
of the duodenal remnant as opposed to a dulled insulin response in studies of 
the splenic pancreatic segment may be explained from the intact vagal 
innervation of the duodenal remnant. Likewise, because meal- and bombesin- 
stimulated PP is known to be largely dependent on vagal cholinergic 
mechanisms [5,6,9], the significant PP response to these stimuli in our study, as 
opposed to the complete abolition of the PP response to these stimuli in studies 
of the innervated [29] and denervated [16,30] splenic pancreatic segment after 
resection of the duodenal segment, may be explained from transection of 
afferent cholinergic nerve fibers to the splenic pancreatic remnant.

The modest reduction in stimulated PP values after partial pancreatectomy 
here is likely to be the result of a reduction in PP cell mass. Although partial 
sympathetic denervation of the pancreatic remnant in our model cannot be 
excluded, rather an increase of intravenous glucose-stimulated insulin would 
have been expected after sympathectomy [25,31,32]. Thus, reduction of the 
second-phase insulin response also has yet to be ascribed to pancreatic mass 
reduction as such. Remarkable retrospective clinical data were gathered 
recently by Kendall et al. [33], who demonstrated that even the preoperative 
second-phase insulin response with IVGTT is a sensitive parameter predicting 
future deterioration of glucose regulation in living related donors of splenic 
pancreatic segments.

In pancreas transplantation, venous drainage to the systemic circulation is 
preferred for technical reasons. Both improvement of intravenous glucose 
tolerance after systemic delivery of pancreatic hormones [10, 34,35,37] and no 
effects [26,36-38] have been reported in several other studies with solid organs, 
islet grafts, or glucose-controlled insulin infusion systems (GCIIS). Although in 
this study, peripheral glucose-stimulated insulin levels increased significantly 
after venous transposition, no changes in glucose tolerance were observed. In a 
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previous study, we presented data suggesting that higher peripheral insulin 
levels after venous transposition would lead to more rapid disappearance of 
glucose from the peripheral circulation and thus to an increase in Kgvalues [10]. 
Differences in experimental protocol may explain these inconsistent results. In 
this study, the short-term effects of venous transposition — and the addition of 
duct obliteration to venous transposition — were studied with the 
nonobliterated segmental pancreas; whereas previously, portal and systemic 
drainage from the long-term obliterated segmental pancreas were compared. 
The doubled to tripled peripheral insulin values after venous transposition 
with systemic delivery of pancreatic hormones is undoubtedly at least partially 
the result of bypassing of first-pass hepatic insulin extraction, because the liver 
has been shown to be the major site of insulin breakdown [39-42]. Similar 
observations have been made with diversion from portal to systemic 
circulation, or vice versa, of the venous effluent of canine islet grafts [36,43] and 
in a recent study of the canine intraperitoneal free-draining splenic pancreatic 
segment by Krusch et al. [26]. The failure of glucagon and PP levels to rise after 
venous transposition confirms previous reports on the hepatic contribution to 
removal of these pancreatic hormones [39-41, 44].

Of special interest is the observed decline of basal CCK and PP levels after 
venous transposition. It is possibly that the decline of basal CCK levels may be 
attributed to the concomitant increase of peripheral insulin levels. Similarly, it 
has been suggested that insulin exerts a negative feedback on the basal and 
stimulated glucose-dependent insulinotropic polypeptide, another gut 
hormone involved in the enteroinsular axis [45,46]. However, with a reduction 
of fasting glucose rather an increase of PP secretion would be expected. The 
observed decrease of basal PP levels on venous transposition might be 
explained from the reduced CCK levels, because intravenous CCK is known to 
stimulate PP secretion [47].

The most dramatic changes in glucose regulation were observed after in situ 
duct obliteration. Duct obliteration induced sustained, fasting, and 
postprandial hyperglycemia. At IVGTT, a 50% reduced Kg value was associated 
with a 50% decrease in the peripheral insulin response and a 70% decrease in 
the AIR. These findings in the conscious animal corroborate our previous 
findings with IVGTT in the anesthetized animal demonstrating a 75% reduction 
of intraoperative insulin output in the pancreatic venous effluent at 6 wk after 
duct-obliterated segmental autotransplantation [11].

Although there are convincing data to show that duct obliteration interferes 
with endocrine function, it has not yet been clarified how glucose regulation is 
affected. A mean 50% reduction of intravenous glucose-stimulated insulin 
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contrasts with postprandial normoinsulinemia compared to the unmodified 
caval draining segment or hyperinsulinemia compared to the portal draining 
segment. Postprandial normoinsulinemia with duct-obliterated remnants 
rather than a severely reduced intravenous glucose-stimulated insulin response 
may be explained both from the different stimuli with these tests, as well as 
from the postprandial contribution of the enteroinsular axis. Although the role 
of CCK as an incretin is controversial with respect to the human species [45,48], 
evidence has been presented that CCK acts synergistically with GIP [49] and by 
itself may potentiate insulin secretion in other species including the dog [50,51]. 
Since the postprandial CCK response was not affected by duct obliteration with 
exocrine substitution and since CCK is known to have a progressively greater 
stimulatory effect on insulin release with higher glucose levels [52,53], normo- 
to hyperinsulinemia might be attained only as a consequence of a postprandial 
hyperglycemia enhanced incretin effect. Since postprandial insulin in the 
present study was not significantly affected, it is concluded that glucose- 
sensitivity rather than the insulin secreting capacity is involved.

Although postprandial hyperglycemia as outlined above may explain 
postprandial normoinsulinemia in contrast to reduced intravenous glucose- 
stimulated insulin after duct obliteration, these glucose excursions remain to be 
explained. Because quantitatively peripheral postprandial insulin was not 
affected by duct obliteration, although insulin delivery was insufficient with 
respect to the prevailing glycemia, and because intravenous glucose-stimulated 
acute release was affected, fine regulation of insulin release seems deranged. A 
growing body of evidence suggests that an intrinsic autonomously functioning 
intrapancreatic neuronal network coordinates the secretory activity of islets to 
produce pulsatile peptide secretion [for review, see ref. 54]. Intact islet 
architecture is probably also required for these short term oscillations [55]. 
Previous studies demonstrated that duct obliteration, apart from inducing 
atrophy of exocrine tissue, disrupts islet architecture [14,22]. Our finding that 
the PP response to bombesin stimulation was abolished by duct obliteration 
suggests intrinsic denervation of islets as an important effect of duct 
obliteration. This suggestion is supported by a remarkable fall of the first-phase 
insulin response. Meal-stimulated PP secretion was only partly inhibited by 
duct obliteration because postprandially released PP is mediated by both vagal 
cholinergic nerve fibers and stimulatory enteral hormones, especially CCK 
[6,47]. To date, no postprandial increments in bombesinlike peptides have been 
observed in plasma and because these peptides are primarily located in 
gastroenteric plexuses and nerve fibers innervating intrapancreatic ganglia and 
islets [7,8], bombesin-like peptides may have a neurotransmitter role in 
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physiology. Both a cholinergic-mediated response and direct bombesinergic 
action at the level of pancreatic intrinsic plexuses or PP cells may participate in 
intravenous bombesin-stimulated PP [5,6,9]. Thus, because basal PP levels were 
not affected and a significant postprandial increment was still observed, a 
substantial mass of viable PP cells was still present and it therefore follows that 
intrinsic denervation must be implicated in the abolished response to 
intravenous bombesin.

Because duct obliteration mimics the effects of denervation on 6-cell and PP 
cell function and interferes with normal islet morphology, we suspect that 
obliteration-induced intrinsic denervation of 6-cells interferes with normal 
pulsatile insulin delivery, which would explain the postprandial 
hyperglycemia with normo- or hyperinsulinemia. Pulsatile compared with 
nonpulsatile insulin delivery with GCIIS [54] requires far less insulin to obtain 
normoglycemia. Nonpulsatile insulin secretion has indeed been observed with 
pancreatitis and acinar fibrosis in humans [54,56,57]. Although pancreas 
transplantation necessitates extrinsic denervation, intrinsic innervation [58-61] 
and intrinsic fine regulation of insulin release might survive in the 
nonobliterated graft. Whether such a mechanism exists requires further 
investigation.
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Introduction
Insulin secretion from the fi-cells of the islets of Langerhans is regulated by 
nutrients, hormones and neural factors — the main controller being glucose, 
which stimulates insulin release and modulates the action of other 
secretagogues [1,2]. It is well established that oral glucose administration 
stimulates insulin release more than isoglycemic intravenous infusion [1]. The 
postprandial release and action of gut hormones, called "incretins", is held 
responsible for the alimentary augmentation of the insulin response to glucose 
[1-5]. Recent metabolic studies in dogs suggest that the incretin effect — which, 
normally accounts for roughly half of postprandial insulin [2,4,6] — may 
account for most (-80-90%) of the insulin released during mild postprandial 
hyperglycemia after islet transplantation [7,8]. Insulinotropic effects of 
physiological levels of the gut hormones cholecystokinin (CCK), gastric 
inhibitory polypeptide (GIF), and most recently glucagon-like peptide-1 (GLP- 
1) have been documented in vivo and in the isolated perfused pancreas, in 
various species — but effects of physiological levels of these peptides on 
isolated islets are not well established [9].

We, therefore, investigated whether physiological levels of CCK33, a major 
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circulating form of duodenal CCK [5], GIP, or GPP-1, stimulate insulin release 
during perifusion of canine isolated islets at glucose levels as observed 
postprandially after islet transplantation. Canine islets were employed, because 
the dog is generally used as a preclinical model for islet transplantation.

Materials and Methods
After a 24-h fast, the splenic pancreas was removed at surgery in 27 adult, 
female, outbred, beagles (Harlan CPB, Zeist, The Netherlands) for collagenase 
isolation and density gradient purification of the islets, as described in detail 
previously [10]. The total volume of isolated islets and purity of the 
preparations (relative volume of islet tissue) were assessed by morphometry 
[10], and purity was consistently over 95%. The islets were cultured in 
bacteriological petri plates for 2 days at 36°C in a humidified ambient 
atmosphere in RPMI-1640 medium containing 4.2 mM sodium bicarbonate, 20 
mM Hepes, 50,000 IU/1 penicillin and 50 mg/1 streptomycin, and 
supplemented with 10% heat-inactivated fetal calf serum (Flow Laboratories, 
Irvine Ayrshire, UK), with a medium change after 24 h.

After culture the islets were pooled and 5% (v/v) aliquots of the islet 
suspension were transferred to 0.5-ml microchambers equipped with nylon 
membrane filters (pore size 5 pm; Pall, England) for in parallel perifusion of up 
to six chambers per experiment in the Acusyst-S system (Endotronics, Coon 
Rapids, MO, USA). The total volume of islets per chamber, averaged over the 
experiments, was 0.8 ± 0.2 pl (1 pl islet tissue corresponds to 566 islets with an 
average diameter of 150 pm). Media were drawn via 3-way disposable 
stopcocks at 0.25 ml/min, heated to 36°C and gassed with medical grade air. 
Islet were perifused with 2.5 mM or 7.5 mM glucose during an equilibration 
period from -90 to 0 min, and next subjected to various protocols as indicated 
in the figure legends. From -20 min, samples of the effluent perifusate fluid 
were collected and analysed for insulin content by radioimmunoassay with dog 
insulin as standard [10]. Data from duplicate chambers were averaged. Basal 
insulin release was defined as the mean value from -15 to 0 min, and amounted 
to 178 ± 38 and 49 ± 16 fmol/min per pl islets after equilibration at 7.5 mM and
2.5 mM glucose, respectively. To reduce the variability of insulin release 
between experiments, the data were expressed in insulin release times basal 
release. Figures have been corrected for the 1.5 ml dead space in the perifusion 
apparatus.

The basic perifusion fluid was Krebs-Ringer-Hepes containing 4.2 mM 
NaHCOz, 10 mM Hepes, 2 mM CaC^, 1 mM MgSC^, 5 mM KC1, 1.2 mM
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NaH2PO4, 118 mM NaCI (at 0 mM glucose), and 0.2% (w/v) bovine albumin 
fraction V (cell culture tested, Sigma, St. Louis, MO, USA). The sodium chloride 
content was adjusted to the amount of glucose added to maintain the 
osmolarity constant. Synthetic porcine CCK33, synthetic porcine GIP, and 
synthetic human GLP-1 (7-36 amide) were purchased from Peninsula (code 
7580, 7192, and 7168 resp., Merseyside, St. Helens, UK). Stock solutions were 
prepared in a phosphate buffer (4 mM Na2HPO4, 1 mM NaH2PO4, and 0.5 % 
(w/v) bovine serum albumin; pH 7.4) aliquoted, and kept below -70°C until 
use. Net peptide content rather than gross weight was used for calculation of 
concentrations.

Calculation and statistical analysis
Results are expressed as mean ± SE The (weighed) mean insulin response 
during individual perifusion experiments was calculated by dividing the 
integrated insulin response (obtained using the trapezoidal rule) by its time 
interval. Differences between means were evaluated by analysis of variance 
with multiple comparisons by Scheffé's test and Fisher's protected least 
significant difference procedure. Differences were considered NS at p >.05.

Results
We first studied the sensitivity of the 6-cells to CCK33 and GIP during 
sequential perifusion of the islets with 0.1 nM, 1 nM, and 10 nM of the peptides 
at an ambient glucose level of 7.5 mM. The insulin response curves are shown 
in Fig. VI. 1, and the corresponding mean increment of insulin release over the 
first 15 min period at each peptide level is listed in Table VI.1. CCK33 elicited

Table VI. 1
Insulin response to sequential perifusion of canine islets with 0.1, 1, and 10 nM of 
either CCK33 or GIP in parallel at 7.5 mM glucose

Peptide levels (nM) CCK33 GIP

0.1 0.09±0.02* 0.13±0.04+

1 0.18±0.05 0.48±0.16f

10 0.20±0.05 1.87±0.51

Corresponding response curves are shown in Fig. VI.l. Values are means ± SE (n = 5) 
of the mean insulin response during the first 15 min of perifusion with each of the 
indicated peptide concentrations, over the basal release rate (defined as the mean 
value from -15 to 0 min). * p < .05 vs 1 and 10 nM CCK33. + p < .01 us 1 nM GIP; p < 
.001 vs 10 nM GIP. J p < .01 vs 10 nM GIP
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Fig. VI. 1
Insulin response to sequential 
perifusion of canine islets with 0.1 
nM (from 0 min), 1 nM (from 40 
min), and 10 nM (from 70 min) 
CCK33, or GIP.
Islets were perifused at a 7.5 mM 
glucose level, both during the 
equilibration period (-90 to 0 min), 
and during the experimental period 
(0-85 min).
In each experiment both peptides 
were perifused in duplicate and in 
parallel. Values are the mean ±SE of 
5 experiments. Significance of the 
difference with baseline level (mean 
value from -15 to 0 min) is indicated 
bp triangles (p < .01) and diamonds 
(p < .001).

an acute, transient, insulin response from the lowest level tested (Fig. VIA). The 
incremental insulin output increased from 0.09-times basal insulin at the 0.1 nM 
CCK33 level, to a maximum of ~0.20-times basal insulin from the 1 nM level 
(Table VI.l). GIP elicited a small, transient, insulin response at the 0.1 nM level 
(Fig. VI.l), and sustained dose-dependent insulin increments at higher GIP 
levels, which averaged 0.48- and 1.87-times basal insulin output in response to 
1 and 10 nM GIP, respectively (Table VI.l).

We next studied the potential insulinotropic effects of physiological levels of 
both CCK33 (20 pM), GIP (500 pM), and GLP-1 (100 pM) by in parallel 
perifusion at 2.5, 7.5, and 10 mM glucose levels. Prior to perifusion of the 
peptides a biphasic, sustained, and dose-dependent insulin response to glucose 
stimulation was observed (Fig. VI.2). No significant insulin response to 20 pM 
CCK33 was observed at all glucose concentrations. Additional experiments 
specifically designed to detect possible small insulinotropic effects of CCK33 by 
in parallel continuous perifusion of the islets with 10 mM glucose in the co
presence or absence of 20 pM CCK33 (graph inserted in the top panel of Fig. 
VI.2) demonstrated prolonged stable insulin release during the continuous 
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perifusion with glucose only, and also failed to demonstrate an incretin effect of 
CCK33. GIP potentiated glucose-stimulated insulin from the 7.5 mM glucose 
level (Fig. VI.2) and the insulin increment over prestimulus release (i.e., mean 
insulin output from 30-40 min) doubled from 0.48- to 1.09-times basal insulin 
output at the 7.5 and 10 mM glucose level, respectively (Table VI.2). GLP-1 
transient stimulated insulin release at the 2.5 mM glucose level (Fig. VI.2), and 
elicited a sustained maximum response amounting to 3- to 4-times basal 
insulin release, from the 7.5 mM glucose level (Table VI.2). Overall, the mean 
incretin effect of GLP-1 at both the 7.5 and 10 mM glucose levels (3.9 ± 1.7) was 
fivefold greater (p < .05) than the effect of GIP (0.79 ± 0.15) at these glucose 
levels.

Discussion
Generally, pharmacological levels (-10-100 nM) of CCK and GIP were required 
to demonstrate insulinotropic effects in previous studies of isolated islets [11- 
14]. However, exploration of 6-cell sensitivity in our model during perifusion 
with graded (0.1-10 nM) doses of these peptides demonstrated insulinotropic 
effects from the lowest dose used. We, therefore, subsequently focused on the 
potential insulinotropic effects of physiological levels of CCK33 (20 pM), GIP 
(500 pM) and GLP-1 (100 pM) — i.e., levels close to the reported circulating 
peak levels of -10-20 pM CCK, -200-400 pM of the biologically active 5-kDa 
form of GIP, and -50-100 pM GLP-1 [1,4,6,7,15-17].

Table VI.2
Glucose dependence of the insulin response to physiological GIP (500 pM) and GLP-1 
(100 pM) levels

Glucose levels (mM) GIP GLP-1

2.5 0.15+0.11* 0.39±0.15+

7.5 0.48+0.10* 3.31± 1.82

10.0 1.09+0.22J 4.46±3.16

Corresponding response curves are shown in Fig. VI.2. Values are means ± SE (n = 5) 
of the mean insulin response during 30 min perifusion with the peptides (from 40-70 
min), over the prestimulus release rate (defined as mean value from 30-40 min) at the 
respective glucose concentrations. < .05 vs effect of GIP at a next higher glucose 
level. + p < .01 vs effect of GLP-1 at higher glucose levels, f p < .001 vs effect of GIP at
2.5 mM glucose
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Fig. VI.2
Insulin response to physiological 
concentrations of CCK33 (20 pM), 
GIP (500 pM), and GLP-1 (100 pM) 
during perifusion of canine islets at 
2.5, 7.5, and 10 mM glucose.
Islets were perifused with 2.5 mM 
glucose during the equilibration 
period (-90 to 0 min), from 0-70 
min with either 2.5, 7.5, or 10 mM 
glucose, and from 70-85 min with
2.5 mM glucose.
In each experiment the peptide, was 
perifused from 40-70 min at the 
different glucose levels, in duplicate 
and in parallel.
Values are the mean ±SE of 5 
experiments for each peptide. 
Significance of difference with the 
prestimulus level (mean value from 
30 to 40 min) is indicated by 
triangles (p < .01) and diamonds (p 
< .001).

Insert top panel
In 7 additional experiments (graph 
inserted in the top panel) the insulin 
response was further examined 
during in parallel continuous 10 
mM glucose perifusion from 0 min, 
either with (closed symbols) or 
without (open symbols) the addition 
of 20 pM CCK33 from 40 to 70 min.

Pharmacological, but not physiological, CCK33 levels stimulated insulin 
release in our model. Likewise, pharmacological CCK levels evoked a transient 
insulin response in the perfused dog pancreas [5,18] but no incretin effect has 
been demonstrated in vivo in dogs and man during low dose CCK infusion, or 
the postprandial infusion of CCK receptor antagonists [5,17,19,20]. By contrast, 
in rat studies [2,5,21] incretin effects have been demonstrated during infusion 
of low dose CCK or CCK receptor antagonists — which, indicates a more 
predominant role of CCK as an incretin in this species.

Physiological levels of both GIP and GLP-1 potentiated glucose-stimulated 
insulin release in our model. In concert with these findings, in vivo studies in 
man [6,15,22] and in vitro studies of the perfused rat pancreas [4,21,23,24] have 
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demonstrated insulinotropic effects of (near-) physiological doses of exogenous 
GIF and GLP-1 under mild hyperglycemic conditions. In previous dog studies, 
pharmacological levels of GIF and GLP-1 have been reported to stimulate 
insulin secretion in the perfused pancreas [18,24] but in vivo low dose infusion 
of GLP-1 was ineffective [25]. Our finding that GLP-1, in contrast to GIF, is 
effective from a 2.5 mM glucose level confirms in vitro rat reports that high 
dose GLP-1 stimulates insulin secretion from this glucose level [23,26] and 
further corroborates recent reports that (near-) physiological doses of GLP-1, in 
contrast to GIP, are effective during basal glycemia in man [3,22,27]. This, and 
our finding that the maximum effect of GLP-1 was attained at a lower glucose 
level than observed with GIP, substantiate the contention that GLP-1 is a major 
incretin during euglycemia. GLP-1 was a considerably more potent incretin 
than GIP in our model, consistent with previous reports [3,4,6,15,22]. Note, 
however, that the potency comparison is limited by species differences 
associated with the use of canine islets and porcine GIP, which differs from 
canine GIP [28], and human GLP-1, which may be identical to canine GLP-1, 
because the structure of GLP-1 is identical in all mammals studied so far [3].

In contrast to the in vivo studies and in vitro studies of the perfused 
pancreas noted above, pharmacological concentrations (-10-100 nM) of CCK, 
GIP, and GLP-1 were generally required to stimulate insulin release from 
freshly isolated islets [11-14,26]. The low 6-cell sensitivity to gut hormones in 
the latter studies has been attributed to the trauma associated with islet 
isolation, and unknown in vitro conditions. In our study, in contrast, the islets 
were cultured two days before perifusion, to ensure recovery from isolation- 
associated trauma. Thus, our results indicate short-term culture of islets of 
paramount importance in the response to physiological levels of these peptides 
— consistent with recent reports of the insulinotropic effect of a physiological 
dose of GIP during static incubation of 24-h cultured rat islets [9] and GLP-1 
during static incubation of 4-day cultured rat neonatal dispersed pancreatic 
cells [29].

In conclusion, short-term cultured isolated islets do respond to 
physiological 6-cell stimulation with gut peptides. Our findings indicate that 
CCK is not an incretin in the dog, and corroborate the notion that GLP-1 is a 
major incretin during euglycemia. The physiological role of GIP during 
euglycemia is equivocal. However, both GIP and GLP-1 may contribute to a 
hyperglycemia-enhanced activation of the enteroinsular axis after islet 
transplantation, and other situations (e.g. type-2 diabetes) characterised by 
elevated glucose levels.
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Introduction
Transplantation of isolated islets of Langerhans has been successfully 
performed in large mammals, including man [1-10]. Physiological glucose 
regulation is of utmost importance for prevention or halting the progression of 
secondary diabetic complications, but as yet metabolic control by islet grafts 
has not been well established. Reports on normoglycemia and insulin 
independence after islet transplantation in man are anecdotal, and the 
metabolic data are difficult to interpret [1-5]. The main focus of most large 
animal studies has been on the technical aspects of islet transplantation, and 
functional assessment generally received scant attention [6-10]. We studied 
metabolic control after fasting, intravenous glucose, mixed meals, and an 
intravenous arginine bolus during 35 mM glycemia, before operation and up to 
three years after intrasplenic islet autotransplantation in dogs. The 
autotransplantation model was applied to circumvent the confounding effects 
of immunosuppressive drugs and rejection; the spleen was chosen for 
physiological, portal, drainage of the islet hormones. In addition, the pancreatic 
polypeptide response to intravenous insulin-induced hypoglycemia was 
measured — a vagal, cholinergic, mediated stimulus [11] — to monitor possible 
cholinergic re-innervation of the graft.
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Fig.VII.0 A-B
Schematical representation of pancreatectomy and subsequent intrasplenic islet 
autotransplantation.

A
The pancreas was mobilised with its major 
vascular connections preserved; two stub 
adapters were inserted into the main 
pancreatic duct, one directed to the left, and 
the other to the right lobe; the blood vessels 
were clamped, and the gland was removed.

B
After islet isolation and purification, the 
suspension was autotransplanted by reflux 
via two splenic vein tributaries, while 
clamping the splenic pedicle and short gastric 
vessels.

Materials and methods
Animals and posttransplant monitoring
Experiments were performed in adult, female, outbred, beagles (Harlan, Zeist, 
The Netherlands) weighing 11-14 kg. Care and use of animals was in 
accordance with the national ethical standards for animal experimentation. 
Dogs were housed in pairs, in kennels of 12 m2. They were maintained on a 
regular diet of semi-liquid dog food (50 energy"/-, carbohydrate, 20 energy"/-, fat 
and 30 energy"/-, protein; Complete Dog Food D-B; Hope Farms, Woerden, The 
Netherlands) twice daily and had free access to water. In the immediate 
postoperative period derangements of serum potassium levels were corrected, 
and hydration was maintained by hypodermoclyses (NaCl 76 mM, glucose 1.39 
mM). Dogs were allowed to drink from day two and intake was advanced to 
the regular diet, supplemented with 2 g/day protease-lipase-amylase pellets 
(Pancreas Pellets; Organon, Oss, The Netherlands) by day three. Graft function 
was monitored by determining fasting glucose during the first 14 days 
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posttransplant, and weekly by assessment of fasting and 2-h postprandial 
plasma glucose and insulin. Posttransplant time to normoglycemia was defined 
as time to the first of two consecutive fasting plasma glucose measurements 
less than 6.4 mM (upper limit of 95% confidence interval in 44 normal dogs). 
Time to functional graft failure was defined as the time to the first day of 
persistent fasting > 8 mM glycemia. Animals appeared to be in good condition, 
and had normal stools and steady body weights (102±3 % of preoperative 
weight) throughout the study.

Graft preparation and transplantation
In six consecutive experiments total pancreatectomy was performed for islet 
isolation and subsequent intrasplenic islet autotransplantation. After a 24-h 
fast, the animals were anesthetised as described previously [12]. The pancreas 
was mobilised with its major vascular connections preserved. Two 20 or 23- 
gauge stub adapters were inserted into the main pancreatic duct, one directed 
to the left, and the other to the right lobe (Fig. VII.O A). The blood vessels were 
clamped, and the gland was removed, weighed, and perfused at a flow rate of 
20 ml/min for 10-15 min with 350 ml of an ice-cold recirculating solution of 
1633 U/ml collagenase (type XI; Sigma, St. Louis, Mo., USA) in a modified 
Hanks' solution [13]. The animals remained anesthetised with the abdomen 
provisionally closed for approximately 4 h while the pancreas was processed. 
The gland was incubated in the remaining collagenase solution at 38°C for 20 
min in a water bath. The solution was decanted, and the tissue was dispersed in 
ice-cold University of Wisconsin solution (ViaSpan; Du Pont Pharmaceuticals, 
Wilmington, Del., USA) by gentle aspiration and flush through a 14-gauge 
needle, and filtration through a 400-gm steel mesh. Trapped tissue was 
discarded. The islet suspension was pooled by centrifugation at 200 g and 4°C 
for 2 min. After resuspension, samples were taken for assessment of the islet 
yield (as described below), and the suspension was aliquoted to eight 50-ml 
tubes. For density gradient purification, tissue was pelleted and resuspended in 
the bottom layer of step density gradients (1.095, 1.085, 1.075, and 1.045 g/ml) 
of dextran (D3759; Sigma) in Hank's solution, as described previously [14]. 
Gradients were centrifuged 40 g for 4 min and 500 g for 12 min at 4°C. Purified 
islets were collected from the two uppermost layers. Because of the expected 
variable islet yield after density gradient separation [14] the procedure was 
performed in two steps: first, one of the tubes was used to test the efficacy of 
the procedure; next, tissue in either part or all of the remaining tubes 
underwent density separation — to ensure a final dose of the combined 
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purified and non-purified islets > 3000 islet equivalents/kg body weight. One 
islet equivalent (lEq) equals the volume of an islet with an 150 pm diameter [1]. 
The purified and any non-purified islet suspensions were combined, washed 
thrice in RPMI-1640 (Flow Laboratories, Irvine, Ayrshire, UK), and 
resuspended in RPMI supplemented with 10% autologous serum. Aliquots of 
the islet suspensions were stained supravital with dithizone (Sigma) for 
morphometric assessment of the total volume of isolated islets and purity 
(relative volume of islet tissue) as described previously [14]. The suspension 
was autotransplanted after systemic injection of 100 U heparin per kg body 
weight, by reflux via two splenic vein tributaries, while clamping the splenic 
pedicle and short gastric vessels (Fig. VII.0 B).

Metabolic studies
Metabolic studies were performed two weeks before operation, and one month 
and six months (4-7 months) posttransplant in a crossover design in four dogs, 
under the following conditions: in fasting animals (18 h overnight); after meal 
stimulation, to study physiological glucose regulation; after — conventional — 
intravenous bolus glucose infusion (i.v. glucose tolerance test, IVGTT); after 
intravenous bolus arginine infusion during steady state 35 mM glycemia, to 
estimate the insulin secretory capacity and functional beta- and PP cell mass of 
the grafts; and after intravenous bolus insulin-induced hypoglycemia to study 
the PP response, as a measure of possible re-innervation of the graft.

The tests were carried out at least two days apart in conscious dogs after an 
overnight fast. With the exclusion of meal tests, dogs were resting in Pavlov 
slings. Intravenous infusions were delivered using syringe pumps (Terufusion 
STC-521; Terumo, Tokyo, Japan) through 20-gauge Teflon cannulas inserted in 
hindleg veins. Blood samples were drawn and boluses administered through 
17-gauge Teflon cannulas inserted in foreleg veins. Blood samples were 
collected on ice in EDTA-containing tubes supplemented with aprotinin (1000 
KIE/ml blood; Trasylol, Bayer, Leverkusen, Germany) for glucagon and GIP 
assay. Plasma was separated at 4°C within 15 min, and samples for RIA were 
kept below -70°C pending assay.

Meals were given in the kennel after separation of the dogs to ensure 
ingestion within 15 min of 500 ml of the regular semi-liquid meal. Blood 
specimens were drawn by puncturing external jugular veins at 0,15, 30, 60, 90, 
and 120 min for assessment of the integrated responses above baseline of 
plasma glucose, insulin, glucagon, PP, and GIP during two postprandial hours. 
Baseline GIP levels were below the detection limit of the assay (40 pM), and 
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were assumed to equal the detection limit for analysis.
IVGTTs were performed by bolus infusion over 30 s of 0.5 g/kg glucose as a 

40 % solution, and samples for measurement of glucose and insulin were 
obtained at 0, 1, 3, 5, 10, 15, 30, 45, and 60 min to determine glucose clearance 
(Kg) from 10 min as reported previously [12], and the weighed integrated 
insulin responses above baseline from 0-3 min (acute response) and from 0-60 
min.

For assessment of the insulin secretory capacity, a variable rate infusion of a 
40% glucose solution was started from 0 min at 150 ml/h to raise and maintain 
plasma glucose at approximately 35 mM, guided by on-line plasma glucose 
analysis every five min to manually control the glucose infusion rate. At 50 
min, 2 g arginine hydrochloride was administered as a 10% solution over 30 s, 
and blood for hormone assay was drawn at 0,15,30,45, 50,52, 53,54,55, 60, 70, 
and 80 min. The secondary insulin response to 35 mM glucose was expressed in 
the mean increment from 45 to 50 min above baseline. The acute insulin and PP 
responses to arginine were expressed in the mean increment from 52 to 55 min 
over the mean prestimulus level from 45 to 50 min.

The plasma PP response to insulin-induced hypoglycemia was tested by 
intravenous infusion of an insulin bolus (0.15 U/kg, Actrapid, Novo, 
Copenhagen, Denmark). Blood samples were taken at 0, 10, 20, 30, 45, and 60 
min for assay of plasma PP and glucose. The peak PP response was expressed 
in the peak increment above baseline.

Histology
In a separate group of normal beagles (n = 14) three wedge-biopsies were taken 
from the tail, body, and head of the pancreas respectively, for assessment of the 
native islet mass of the pancreas by the point counting method as described 
previously [13]. Briefly, after Bouin fixation and paraffin embedding of 
pancreatic specimens, ten serial 5-pm sections were taken at 150-pm intervals, 
stained with hematoxylin-eosin, and examined using a 400-point grid at x 200 
final magnification. The fractional islet volume of the whole pancreas was 
expressed in the mean of the three regional fractional islet volumes. The mean 
value in these animals served as a reference for estimation of the native islet 
mass in the pancreases of experimental animals by multiplying this reference 
value by the wet weight of their glands — assuming a density for pancreatic 
tissue of 1.000 g/ml.

After functional failure of the graft, specimens of the spleen were fixed 
immediately after surgical removal in formalin, and embedded in paraplast.
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Fig. VII.1
Profiles of weekly assessed fasting (fat line) and 2-h postprandial plasma glucose 
in each animal, until onset of overt fasting hyperglycemia. The number of 
transplanted islets per kg body weight is expressed in islet equivalents (lEq); one 
lEq equals the volume of an islet with a 150 pm diameter. Graft vol indicates 
packed tissue volume

Sections were stained with hematoxylin-eosin, azan, or immunostained for 
insulin as described previously [15].

Analytical procedures
Glucose was measured using a glucose oxidase method with a Glucose 
Analyser 2 (Beckman Instruments, Brea, Ca., USA). The detailed methods used 
for radioimmunoassay of plasma insulin, PP, pancreatic glucagon [12], and GIP 
[16] have been reported.
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Fig. VII.2 A-B
Correlation A of the 
postprandial insulinogenic index 
(ratio of 2-h postprandial plasma 
insulin to glucose) at one month 
posttranspant (mean value 2-6 
weeks) in each animal vs the 
time to functional graft failure (r 
= 0.99);
and B serial, weekly, 
postprandial insulinogenic index 
up to two years posttransplant 
in two representative dogs, 
illustrating the steadily 
declining insulin secretory 
capacity from one month (r =0.7, 
p < .001) in grafts that failed 
within one year (closed circles), 
and no deterioration of graft 
function in the grafts that 
functioned over two years (open 
circles)

Calculations and statistical analysis
Results are expressed as mean ± SE. Integrated responses were calculated using 
the trapezoidal rule, and weighed by dividing by the respective periods. 
Logarithmic transformation of data was used when appropriate to normalise 
the distribution of the data. Differences between means were evaluated by 
single factor analysis of variance with repeated measures and multiple 
comparisons were performed by Scheffé's test and Fisher's protected least 
significant difference procedure. Differences were considered not significant at 
p >.05.
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*p < .05, + p < .01, ip < .001 compared with preoperative values. Values are means ± SE 
of four animals. Individual fasting levels of glucose, insulin, and PP were calculated as 
means of three values obtained on separate days. PP, pancreatic polypeptide; GIP, 
glucose-dependent insulinotropic polypeptide; ND, not determined.

Table VII. 1
Graft function after intrasplenic islet autotransplantation in dogs___________________
Parameter Preoperation Postoperation

1 month 6 months

Fasting
Glucose (mM) 5.2±0.1 5.1 ±0.1 4.9 ±0.2
Insulin (mU/1) 10±l 9 ±1 10±0
Glucagon (ng/1) 48 ±12 56 ±17 52±14
PP (pM) 35±9 10±lt 11±2+

Intravenous glucose tolerance test
Glucose clearance, Kg(-%/min) 2.2±0.4 1.1 ±0.2+ 1.0±0.2+
Integrated insulin (mU/1) 25±2 6 + 2J 4±lt
Acute insulin response (mU/1) 54±7 7±li 6±3$

Glucose clamped at 35 mM
Insulin response (mU/1) 235 ±45 23 ±6} 14±4f

Arginine i.v. at 35 mM glycemia
Acute insulin response (mU/1) 116 ±40 16±6f 16±6f
Acute PP response (pM) 40±18 3±1+ 4±2+

Postprandial
Glucose (mM) 0.3±0.2 3.6 ± 1.6+ 4.2±1.5+
Insulin (mU/1) 22±4 21 ±5 26±7
Glucagon (ng/1) 44 ±13 56 ±18 91 ±17*
PP (pM) 275 ±42 3±3J 5±3J
GIP (pM) 198 ±13 250 ±33 281 ±43*

Insulin tolerance test
Trough glucose (mM) 2.6±0.4 3.4 ±0.3 2.5±0.2
Incremental peak PP (pM) 201 ±58 ND l±lt

Results
Animals and graft survival
The islet dose at transplantation ranged from 1588-9065 islet equivalents (lEq) 
per kg body weight. The fractional islet volume of the pancreas in control dogs 
was 1.07 ± 0.07 %. Based on this reference value, and the pancreas and body 
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weights of the experimental dogs, the native islet mass in the pancreas of 
experimental dogs averaged 14668 lEq/kg before operation, and the mean dose 
of transplanted islets (4267 lEq/kg) corresponded to 29% of the preoperative 
islet mass. Purity (relative islet volume) of the fully purified grafts was >95%, 
and total graft volumes were less than 0.3 ml. Packed tissue volume of the 
partially purified grafts ranged from 4 to 14 ml. The individual graft data and 
the fasting and 2-h postprandial glucose values until onset of hyperglycemia in 
the animals are shown in Figure VII. 1. The recipient of only 1588 lEq per kg, 
became overt hyperglycemic within a few days. The other animals received > 
3000 lEq/kg and four dogs became normoglycemic 10-12 days after 
transplantation of a packed tissue volume < 6 ml. Time to normoglycemia was 
delayed to five weeks in the recipient of the 14 ml graft. Microscopic 
examination of the spleens after functional failure of the partially purified 
grafts, demonstrated prominent scarring, well-formed acini and flattened 
epithelial cells surrounding cystic spaces, and fibrotic reaction surrounding 
islets. By contrast, a normal histology of the spleen in recipients of the >95% 
pure grafts was observed.

The individual postprandial insulinogenic index (ratio of 2-h postprandial 
insulin to glucose levels) during the first month posttransplant (mean of serial 
weekly indices from 2-6 weeks) predicted (r - 0.99, p <.001; Fig. VII.2 A) the 
time to functional graft failure (at 6, 19, 34, 125, and 175 weeks, respectively). 
Serial weekly assessment of the postprandial insulinogenic indices up to two 
years posttransplant demonstrated a declining insulin secretory capacity from 
one month in all three grafts that ultimately failed within one year (r = 0.7-0.8, 
p < .005), but no deterioration of graft function in the other grafts (Fig. VII.2 B). 
Correlation analysis of the time to graft failure vs other parameters of graft 
function at one month, demonstrated no correlation of graft life with IVGTT 
data, and less, though significant (p < .02), correlation vs the acute insulin 
response to arginine at 35 mM glycemia.

Metabolic studies
Results from metabolic studies in four dogs at six months (4-7 months) were 
similar to the data at one month posttransplant (Table VII.1). We will therefore 
mainly focus here on the data obtained at six months. Posttransplant, normal 
fasting glucose and hormones except for reduced PP levels, were observed. The 
integrated insulin responses to intravenous glucose and arginine were reduced 
to roughly 15 % of preoperative values. Corresponding response curves are 
illustrated in Figure VII.3. By contrast, a normal to increased postprandial
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Fig. VII.3
Plasma insulin response before 
operation (closed circles) and 
six months posttransplant 
(open circles)
to i.v. bolus glucose infusion 
(top panel),
and i.v. arginine bolus infusion 
(at 50 min) during a 35 mM 
i.v. glucose clamp (bottom 
panel)

insulin response was observed (Table VII.1, and Fig. VII.4), albeit at a mean 10 
mM glycemia (Fig. VII.4). Postprandial glucagon and the early GIF response to 
a meal had increased at six months (Table VIL 1, and Fig. VII.4). Comparison of 
the posttransplant insulinemia after meal stimulation versus intravenous 
arginine stimulation, demonstrated the meal to be more challenging (Fig. VII.5).

At 20-30 min post intravenous bolus insulin infusion, trough glucose values 
less than 3.0 mM were obtained both before operation and at six months 
posttransplant, but not at one month — therefore, PP data at one month were 
not studied (Table VII. 1). The PP responses to a meal, intravenous arginine, and 
insulin-induced hypoglycemia were severely reduced posttransplant (Table 
VIL1, Fig. VII.6). In contrast to insulin-induced hypoglycemia, however, both a 
meal and intravenous arginine still significantly stimulated PP release from the 
transplanted islets (bottom panel of Fig. VII.6).
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Fig. VII.4
Plasma glucose, insulin, glucagon, 
and glucose-dependent 
insulinotropic polypeptide (GIP) 
responses to a mixed-meal, before 
operation (closed circles) and six 
months posttransplant (open 
circles).
Asterisks indicate significant 
differences at the indicated 
postprandial time points before- vs 
post islet transplantation (p < .05)

Discussion
We studied metabolic function and the functional survival of isolated canine 
islets after intrasplenic autotransplantation. In the autotransplant model
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Time (min)

Fig. VII.5
Comparison at six months 
posttransplant of the postprandial 
insulinemia (squares) vs the 
insulinemia during an i.v. 35 mM 
glucose clamp with arginine bolus 
stimulation at 50 min (circles), 
demonstrating similar beta cell 
stimulation

important factors to be considered for functional graft survival are both the 
dose, purity, and implantation site of the graft, as well as the metabolic state of 
the recipient. The prolonged fasting normoglycemia after transplantation of 
>3000 lEq/kg body weight — corresponding to a volume of 5 pl islet tissue per 
kg — confirmed reports of the threshold islet dose for successful 
transplantation in dogs [8,10]. The functional graft life varied greatly, from one 
month to three years. In contrast to a previous study by Kaufman et al. [8] graft 
survival time did not correlate with the islet dose, because in our study purity 
was varied rather than the islet dose. The importance of purification of the islet 
graft is controversial, at least in autotransplantation [1, 10, 17]. Successful 
autotransplantation of non-purified islets in the canine spleen [10, 18] and 
human liver [17] indicates that these organs can accommodate a large volume 
of dispersed tissue. However, as yet no direct comparison of the function and 
survival of pure and nonpurified grafts at these sites has been reported. Both 
our finding that a small graft volume is associated with longevity of the grafts, 
and our finding that fibrosis was restricted to the partially purified grafts, 
support the contention that contaminating acinar tissue may impair islet 
engraftment [8, 10, 19]. In addition to the aforementioned factors, 
hyperglycemia may be a factor that precipitates graft failure. Chronic 
hyperglycemia augments the beta cell mass of the normal pancreas [20], but 
may reduce the marginally adequate beta cell mass of an islet graft [21, 22]. 
Hyperglycemia may therefore have contributed to the declining insulinogenic 
index in the grafts that failed within the first year.

Tentatively, because metabolic control — as outlined above — may affect 
graft survival, and because graft function may reflect the interplay of other 
factors — such as the islet dose and purity — that affect graft survival, 
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parameters of early graft function may best predict graft life. Our study 
corroborated previous reports of a poor correlation of graft life with IVGTT 
data early posttransplant [6, 8, 9, 18]. The acute insulin response to arginine at 
roughly 30 mM glycemia is a sensitive indicator of the reduction in beta cell 
mass in partial pancreatectomised and diabetic subjects [23, 24]. Therefore 
correlation of this parameter with the engrafted beta cell mass in our study 
probably underlay the correlation with graft life. Whereas this test is 
considered to normally elicit the maximum possible (or near-maximum) insulin 
response [23, 25], posttransplant in our study a meal — resulting in lasting 
insulinemia similar to the peak insulinemia after intravenous arginine — was 
clearly more challenging. This may account for the close correlation of the 
postprandial insulinogenic index and time to graft failure.

The reasons for spontaneous failure of islet grafts within a few years in the 
present and other studies [6, 8, 10, 17, 18] are not clear, but larger doses of 
purified islets are generally expected to extend graft life. We estimated the 
infused islet dose to correspond to approximately 30% of the native islet mass 
of the pancreas. With the assumption that the reduction in beta cell mass by 
islet transplantation is reflected by the arginine-stimulated insulin response — 
the reduction of the insulin response to 15% of the preoperative value would 
indicate that overall only half of the infused dose eventually became engrafted. 
However, the reduction of the arginine-stimulated insulin response may, 
actually, have overestimated the reduction in beta cell mass [24].

The postprandial normo- to hyperinsulinemia as opposed to the roughly 85 
% reduction of the intravenous glucose- and arginine-stimulated insulin 
response in the established autografts may be explained both from the different 
stimuli with these tests, as well as from the postprandial contribution of the 
enteroinsular axis. GIF and other insulinotropic gut hormones such as 
glucagon-like peptide 1 (GLP-1) are known to have a progressively greater 
stimulatory effect with higher glucose levels on insulin release from the 
pancreas [16, 26-28]. We recently demonstrated that physiological, circulating, 
levels of these peptides potentiate glucose-stimulated insulin from isolated 
perifused canine islets as well [29]. Thus, since the postprandial GIF response 
had rather increased after islet transplantation, the normo- to hyperinsulinemia 
was probably attained as a consequence of a postprandial hyperglycemia 
enhanced activation of the enteroinsular axis.

Although postprandial hyperglycemia as outlined above may account for 
postprandial normo-insulinemia, these glucose excursions remain to be 
explained. Apart from the reduced beta cell mass, both a deranged insulin 
secretion and PF deficiency may have been conducive to glucose intolerance. 
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Since postprandial insulin was not quantitatively affected, but insufficient with 
respect to the prevailing glycemia, fine regulation of insulin release seems 
deranged. Firstly, the largely or entirely (vagal) cholinergic mediated 
preabsorptive insulin response is important for postprandial glucose tolerance 
[30] — and either is absent or drastically curtailed due to denervation of the 
graft [30, 31]. Histological evidence for parasympathetic and sympathetic re
innervation from two months after imrahepatic and subcapsular renal 
implantation in rodents has been reported [32], and re-innervation of 
exclusively sympathetic origin has been observed in intrasplenic canine grafts 
[33]. Physiological confirmation of these findings has not been presented. In our 
study, the PP response to a meal and arginine demonstrated the posttransplant 
presence of functionally active PP cells. Since the PP response to hypoglycemia 
is exclusively mediated by vagal cholinergic nerve fibers [11], the abolished 
response to hypoglycemia after transplantation corroborated the latter 
histological report of persistent cholinergic denervation of the intrasplenic graft 
in dogs. Second, a growing body of evidence suggests that an intrinsic 
autonomously functioning intrapancreatic neuronal network co-ordinates the 
secretory activity of islets, to produce pulsatile peptide secretion [34]. Pulsatile 
compared to nonpulsatile insulin delivery requires far less insulin to obtain 
normoglycemia [35]. Pulsatile insulin secretion from isolated islets has been 
demonstrated [36-38], but pulse intervals were abnormal, and small changes in 
the periodicity are known to affect insulin sensitivity, and glucose handling 
[39]. Preliminary data from hyperinsulinemic euglycemic clamps at 6-9 months 
in three of the grafts (data not shown) indeed indicated insulin resistance, albeit 
non-significant, compared to values in a large (n = 26) control group. By 
contrast, a normal insulin sensitivity has been reported in a previous study of 
canine islet autografts [40]. This issue therefore requires further investigation. 
Studies of other conditions characterised by a reduced insulin secretory 
capacity and insulin resistance — such as pancreatectomy and pancreatitis — 
indicate that these defects may also account for the hyperglucagonemia and the 
normal to augmented postprandial GIP levels in our model [41-43]. Finally, 
apart from a deranged insulin secretion, PP deficiency may be related to 
impaired glucose handling after islet transplantation. Exogenous PP 
administration has been shown to improve insulin sensitivity in congenitally 
PP deficient obese rodents [44]. Duct-ligation induced chronic pancreatitis and 
glucose intolerance in the dog is also associated with PP deficiency and a 
diminished inhibiting effect of exogenous insulin on hepatic glucose 
production — and, exogenous PP has been shown to partially reverse these 
aberrations [45]. Thus, the postprandial PP response may be important to



Function and survival of transplanted islets 121

Fig. VII.6A-D
Plasma pancreatic polypeptide (PP) responses, before (closed circles) and six months after 
islet transplantation, to A mixed-meal stimulation, B an i.v. arginine bolus, and C i.v. bolus 
insulin-induced hypoglycemia. D Overlay plot of the posttransplant PP responses to a meal 
(circles), arginine (diamonds) and i.v. insulin-induced hypoglycemia (squares). Asterisks 
indicate significant differences with baseline PP levels. Insulin-induced hypoglycemia did not 
stimulate PP secretion, indicating no cholinergic re-innervation of transplanted islets

mediate the inhibiting effect of insulin on hepatic glucose production.
In conclusion, both the islet dose, purity of the graft, and resultant glycemia 

may determine graft life. The acute insulin response to arginine at >30 mM 
glycemia probably best reflected the engrafted beta cell mass, but both the 
insulin secretory capacity of the grafts, graft life expectancy, and glucose 
regulation were best documented by a meal challenge. Tentatively, the 
postprandial normoinsulinemia as opposed to a severely reduced insulin 
response to intravenous glucose and arginine can be explained by the 
postprandial hyperglycemia-enhanced activation of the enteroinsular axis; and 
the moderate postprandial hyperglycemia may probably be attributed to 
insulin resistance due to a deranged pulsatile delivery of insulin, and PP 
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deficiency.
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Introduction
Islet transplantation is considered a promising therapeutic approach to insulin
dependent diabetes mellitus, but its potential for long-term physiological 
glucose regulation has been incompletely investigated. Fasting normoglycemia 
and insulin independence can be achieved by islet transplantation in large 
animals and man. However, clinical data following successful islet 
transplantation are anecdotal [1], and detailed functional assessment received 
limited attention in experimental studies, as well [2-6]. We, therefore, 
investigated the insulin secretory capacity by intravenous arginine stimulation 
during 35 mM glucose clamps, the action of insulin during euglycemic clamps, 
and the efficacy of physiological meal stimulation, in 8 long-term islet 
autotransplanted dogs. Our preliminary data suggested that hyperglycemic 
potentiation of the enteroinsular axis may be the main mechanism to limit 
postprandial glucose excursions after islet transplantation [7]. However, no 
studies of the insulinotropic effects of gut hormones after islet transplantation 
have yet been published. We, therefore, also investigated the insulinotropic 
effect of exogenous administration of the major gut hormone glucagon-like 
peptide-1 7-36 amide (GLP-1) in the autograft recipients under hyperglycemic 
clamp conditions that mimicked the postprandial 8-9 mM glycemia observed 
after islet transplantation.
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Research design and methods

Dogs
Experiments were performed in 38 adult, female, outbred, beagles (Harlan 
CPB, Zeist, The Netherlands) weighing 8-18 kg. Eight dogs underwent total 
pancreatectomy and intrasplenic islet autotransplantation — the other dogs 
served as controls. The animals were maintained on a regular diet of semi
liquid dog food (50 energyo/o carbohydrate, 20 energy% fat and 30 energy% 
protein; Complete Dog Food D-B, Hope Farms, Woerden, The Netherlands) 
twice daily and had free access to water. After islet transplantation the diet was 
supplemented with 2 g/day protease-lipase-amylase pellets (Pancreas pellets, 
Organon, Oss, The Netherlands).

Graft preparation
After a 24-h fast, total pancreatectomy was performed for islet isolation and 
autotransplantation in anesthetized animals [8]. Islets were isolated from the 
pancreas by intraductal perfusion with 1600 U/ml collagenase type V or XI 
(Sigma Chemical Co., St. Louis, MO) in Hanks' balanced salt solution (Flow 
Laboratories, Irvine, Ayrshire, UK), digestion for 8-20 min at 37°C, and gentle 
trituration of the tissue at 4°C. The tissue was resuspended in the bottom layer 
of step density gradients (1.095, 1.085, 1.075, and 1.045 g/ml) of -70,000-Mr 
dextran (Sigma) in Hank's solution, and purified islets were collected from the 
two uppermost layers after centrifugation at 500 g. The total volume of isolated 
islets and the purity (relative islet volume) were assessed by morphometry [9] 
in multiple aliquots totalling 0.05% of the purified islet suspension, which was 
autotransplanted by reflux via two splenic vein tributaries, while clamping the 
splenic pedicle and short gastric vessels.

Metabolic studies
Glucoregulation was tested at 6-9 months posttransplant, and in the controls, 
under the following conditions: 1) after a meal to study physiological 
stimulation; 2) following conventional, intravenous bolus glucose stimulation 
(intravenous glucose tolerance test, IVGTT); 3) following an intravenous 
arginine bolus during a -35 mM glucose clamp, to determine the insulin 
secretory capacity; and 4) during a hyperinsulinemic euglycemic clamp to 
measure tissue sensitivity to insulin, and insulin clearance. In addition, in the 
experimental group, the insulin response to -8.5 mM glucose clamps with or 
without the co-infusion of GLP-1 was compared, in order to determine the 
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effect of the peptide under glycemic conditions close to the posttransplant -8-9 
mM postprandial glycemia.

The tests were carried out with an interval of at least 2 days in conscious 
dogs after an overnight 18-h fast. The animals were resting in Pavlov slings, 
except during meal tests. Blood was drawn and boluses were administered 
through 17-gauge Teflon cannulas inserted in foreleg veins, and infusions were 
delivered using syringe pumps (Terufusion STC-521; Terumo, Tokyo, Japan) 
through 20-gauge Teflon cannulas inserted in hindleg veins. Blood samples 
were collected on ice in EDTA-containing tubes. Plasma was separated at 4°C 
within 15 min, and samples for insulin assay were kept below -20°C pending 
radioimmunoassay using dog insulin as standard [8]. Glucose was measured 
using a glucose oxidase method with a Glucose Analyser 2 (Beckman 
Instruments, Brea, GA).

Means ± SE of data obtained in 8 grafted dogs and 30 normal control dogs. Individual 
fasting levels were calculated as means of baseline values of all tests. * p < .0001 vs 
controls., t p < .05 vs controls

Table VIII.1
Metabolic control at 6-9 months after intrasplenic islet autotransplantation in dogs

Parameter Controls Grafts

Fasting
Glucose (mM) 5.3±0.1 5.3 ±0.1
Insulin (pM) 62±3 57 ±2

Intravenous glucose tolerance test
Glucose clearance, (-%/min) 2.4±0.1 0.9 ±0.1*
Acute insulin response (pM) 305 ±37 37 ±8*

Glucose clamp at 35 mM
Secondary insulin response (pM) 922 ±120 81 ±20*

Arginine i.v. at 35 mM glycemia 
Acute insulin response (pM) 693 ±77 172 ±44*

Postprandial
Glucose excursion (mM) 0.2±0.1 2.9 ±0.7*
Insulin response (pM) 119± 10 164 ±15+

Hyperinsulinemic euglycemic clamp
Insulin action, Sj (102.L.kg-1.min-1 per pM) 38±5 21 ±3+
Insulin clearance (ml.kg-1.min-1) 42±4 34 ±3
First insulin level (pM) 157 ±9 172 ±13
Second insulin level (pM) 732 ±63 840 ±74
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A test meal consisting of 500 ml of the regular semi-liquid meal was given to 
the animal in seclusion, to ensure ingestion within 15 min of presentation of the 
meal. Blood specimens were drawn by puncturing external jugular veins at -5, 
0 (immediately before presentation of the meal), 15, 30, 60, 90, and 120 min for 
assessment of the integrated responses above baseline of plasma glucose and 
insulin during two postprandial hours. IVGTTs were performed by bolus 
infusion over 30 s of 0.5 g/kg glucose as a 40 % solution, and measurement of 
plasma glucose and insulin at -5, 0, 1, 3, 5, 10, 15, 30, 45, and 60 min, to 
determine both glucose clearance (Kg) from 10 min as reported previously [8], 
and the weighed acute insulin response above baseline from 0-3 min. For the 
assessment of the insulin secretory capacity, a variable rate infusion of a 40% 
glucose solution was started from 0 min at 150 ml/h to raise and maintain 
plasma glucose at ~35 mM, guided by on-line plasma glucose analysis every 
five min to manually control the infusion rate. At 50 min, 2 g arginine 
hydrochloride was administered as a 10% solution over 30 s, and blood for 
insulin assay was drawn at -5, 0,15, 30, 45, 50, 52, 53, 54, 55, 60, 70, and 80 min. 
The secondary insulin response to 35 mM glucose was expressed in the mean 
increment from 45 to 50 min above baseline. The acute insulin response to 
arginine was expressed in the mean increment from 52 to 55 min over the mean 
45-50 min prestimulus level. Tissue sensitivity to insulin was measured by a 2- 
step sequential hyperinsulinemic, euglycemic clamp. After taking baseline 
samples for glucose and insulin assay at -15, -10, -5, and 0 min, insulin 
(Actrapid, Novo, Copenhagen, Denmark) was infused at 10 mU/min from 0 
min, and at 50 mU/min from 90-180 min, during which a variable glucose 
infusion (20% solution) — guided by glucose analysis as before — kept plasma 
glucose at the mean fasting level. Samples for plasma insulin assay were drawn 
every 10 min from 60 to 90, and from 150 to 180 min, for calculation of the 
insulin sensitivity index, Sj (102.L.kg-1.min-1 per pM), as previously described 
[10]. Insulin clearance was expressed in the high-dose insulin infusion rate per 
kg body weight, divided by the corresponding mean insulin level, during the 
final 30 min. For assessment of the insulinotropic effects of GLP-1 each animal 
underwent two hyperglycemic experiments on separate days, one with and 
another without the simultaneous infusion of synthetic human glucagon-like 
peptide-1 7-36 amide (code 7168, Peninsula, Merseyside, St. Helens, UK) 
dissolved in 0.9% saline containing 0.1% bovine serum albumin. Net peptide 
content rather than gross weight was used for calculation of the dose. After 
taking baseline samples a variable 40% glucose infusion was started at 20 ml/h 
to raise and maintain plasma glucose at -8.5 mM, guided by glucose analysis as 
before. From 50 to 80 min 1.75 pmol.kgAmin-1 GLP-1 was infused in the 
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contralateral hindleg. Blood samples for plasma insulin were drawn at -5, 0,10, 
20, 30, and 40 min, next every 5 min until 90 min, and at 100 and 110 min. The 
possible insulinotropic effects of the peptide were examined by comparison of 
the mean insulin level, and glucose infusion rate from 65 to 80 min during the 
clamps.

Calculations and statistical analysis
Results are expressed as means ± SE. Integrated responses were calculated 
using the trapezoidal rule, and weighed by dividing by the corresponding 
periods. Logarithmic transformation of data was used when appropriate to 
normalize the distribution of the data. Differences were analysed by Student's t- 
test for paired or unpaired data and considered not significant at p > .05.

Results
The autografts comprised 6.5 ± 1.5 pl islets per kg body weight — which 
roughly corresponds to 25% of the normal native islet mass [9]. The purity 
(relative islet volume) of the grafts was 69 ± 10%. The recipients appeared to be 
in good condition, had normal stools, and steady body weights (92 ± 4% 
preoperative) throughout the metabolic studies.

Data from metabolic studies in the transplanted animals and the normal 
unmodified controls are listed in Table VIII.1. Fasting glucose and insulin levels 
after islet transplantation were similar as in the control animals. Intravenous 
glucose clearance (Kg value) after islet transplantation was 40% of the normal 
value. Both the acute insulin response to the glucose bolus during IVGTT, as 
well as the secondary insulin response to glucose during the intravenous 35 
mM glucose clamp amounted to only -10% of the control values. The insulin 
response curves during the IVGTT and the 35 mM glucose clamp are shown in 
Fig. VIII.1A and B, respectively. The insulin secretory capacity of the grafts — 
as estimated by arginine stimulation during the 35 mM glucose clamp — 
averaged 25 % of the control value (Table VIII.l). By contrast, the postprandial 
insulin response had increased posttransplant to -140% of the normal response 
(Table VIII.l, and Fig. VIII.1C). Postprandial glycemia had also increased after 
transplantation and reached a mean 8-9 mM (Fig. VIII.ID). The index of insulin 
action during euglycemic clamps in the autografted dogs amounted to 55% of 
the normal value. Insulin clearance was not affected by islet transplantation 
(Table VIII.l).

In the transplanted animals, the postprandial insulinemia was similar as 
observed during the arginine test of the insulin secretory capacity (Fig. VIII.2).
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Fig. VIII.1
Plasma insulin response to an intravenous glucose bolus (A), an intravenous arginine bolus 
during an intravenous -35 mM glucose clamp (B), and plasma insulin (C) and glucose (D) 
responses to a mixed-meal in 30 normal control dogs (open symbols) and 8 dogs with 
intrasplenic islet autografts (closed symbols) at 6-9 months after transplantation. Data are 
means ±SE.

The insulin secretory capacity of the individual grafts correlated significantly 
with both the postprandial glucose excursion (p < .001, Fig. VIII.3A), and — 
albeit marginally (p < .05) — with the index of insulin action (Fig. VIII.3B) in the 
recipients.

The insulin response curves during -8.5 mM glucose clamps with or 
without the co-infusion of GLP-1 in the autografted dogs, are shown in Fig. 
VIII.4. Insulinemia during the final 15 min of GLP-1 infusion increased to a 
mean 175% of the corresponding insulin level during the glucose clamp 
without co-infusion of the peptide (Table VIII.2). Glucose uptake — the glucose 
infusion rate required to maintain the -8.5 mM glycemia — paralleled the 
increment in insulin levels.
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Fig. VIII.2
Comparison of the posttransplant 

plasma insulin responses to 
intravenous arginine stimulation 
during a ~35 mM glucose clamp (open 
symbols) vs mixed meal stimulation 
(closed symbols), indicating a 
quantitatively similar stimulation of 
the grafted fl-cells during these tests. 
Data are the same as the posttransplant 
data presented in Fig. VIII.1 B and C 
but at a different scale.

Discussion
We studied the long-term 6-cell secretory capacity and glycemic control in dogs 
with established intrasplenic islet autografts — i.e., fasting normoglycemic 
recipients. Both the islet dose, and site of implantation of the graft are 
considered important factors for successful transplantation. The long-term 
fasting normoglycemia after transplantation of >4 pl purified islets per kg body 
weight in our recipients corroborated previous reports of the critical islet mass 
for successful autotransplantation [4]. Of the many sites for islet grafting that 
have been explored, best results have been obtained with islets transplanted in 
the intrasplenic and intraportal sites in large animals, and the intraportal route 
has been favoured for technical reasons in humans [1]. In this study the spleen 
was chosen rather than the liver, both for genuine portal drainage of the islet 
hormones — because intraportal grafts may actually partially drain directly to 
the systemic circulation [2,3,6] — and, further, to exclude exposure of the graft

* Values are means ± SE in 4 dogs, of the individual mean insulinemia, glycemia and 
glucose infusion rate during the final 15 min infusion of the peptide (from 65-80 min, 
see Fig. VIII.4). + p < .01, J p < .05

Table VIII. 2
Insulinotropic effect of GLP-1 infusion during ~8.5 mM glucose clamps in the grafted 
dogs

Parameter * No GLP-1 GLP-1

Insulin level (pM) 72 ±19 126 ±17+

Glucose level (mM) 8.5±0.2 8.4±0.3

Glucose infusion (mg.kg-1.min-1) 5.8±2.0 9.4±2.8J
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Fig. VIII.3
Correlation in the graft recipients of the insulin 
secretory capacity as determined by intravenous 
arginine stimulation at ~35 mM glycemia, vs 
the postprandial glucose excursion (A) and 
insulin sensitivity during euglycemic clamps 
(B), after logarithmic transformation of the 
data.

Fig. VIII.4
Plasma insulin response during intravenous 
~8.5 mM glucose clamps with (open 
symbols) or without (closed symbols) co
infusion ofGLP-1 (1.75 pm.ol.kg~1 .min'1) at 
6-9 months after islet autotransplantation 
in 4 dogs. Data are means ±SE. Significant 
differences between insulin levels at each 
time point are indicated by asterisks.

to high, intraportal, levels of endogenous gut hormones.
The poor 6-cell response and glucose intolerance during the intravenous 

glucose tolerance test in our graft recipients corroborate previous dog autograft 
reports [2,3] and studies in streptozotocin-diabetic rats — even — after 
isografting the average normal islet mass [6]. Because antecedent chronic 
hyperglycemia has been shown to impair the insulin response to intravenous 
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glucose [11], both the chronic postprandial hyperglycemia and a reduced 6-cell 
mass may have contributed to the severe reduction of the insulin response to 
intravenous glucose in our graft recipients. The insulin secretory capacity — as 
assessed by arginine stimulation under marked hyperglycemic conditions — is, 
in contrast, probably not affected by antecedent hyperglycemia [11,12], and, 
further, has been shown to be a sensitive indicator of the reduction in beta cell 
mass in partial pancreatectomized and diabetic subjects [13,14]. Considering 
the efficacy of the isolation procedure [9] the autografts comprised roughly 25% 
of the native islet mass, and the similar reduction of the graft's insulin secretory 
capacity to -25% of the normal value would thus suggest this parameter to be a 
sensitive indicator of the reduction in beta cell mass in our model, as well. The 
insulinemia during the arginine test and the meal test was similar in the grafted 
animals, hence — with the assumption of near-maximal 6-cell stimulation 
during the arginine test [13,15] — we conclude that the grafted 6-cells were 
near-maximal stimulated by a meal, too. This conclusion is further 
substantiated by the negative correlation after islet transplantation of the 
insulin secretory capacity versus the postprandial glycemic increment. These 
findings confirm and extend our previous reports of the remarkable difference 
between the insulin response to intravenous glucose and a meal, both after islet 
transplantation in rats and dogs [6,7], as well as after the in vivo isolation of 
islets following obliteration of the duct of the pancreas in dogs [8].

We hypothesized that the graft's hyperinsulinemic response to a meal, as 
opposed to the hypo-insulinemic response to intravenous substrates, may 
largely be attributed to a hyperglycemic potentiation of the enteroinsular axis 
— rather than the hyperglycemia per se — after a meal. GLP-1 is now 
considered the major insulinotropic gut factor in the enteroinsular axis, and 
both GLP-1 and other gut hormones such as gastric inhibitory polypeptide 
(GIP) are known to have a progressively greater potentiating effect on glucose- 
stimulated insulin release at increasing ambient glucose levels [16,17]. We 
recently demonstrated glucose-dependent potentiation of insulin secretion 
from freshly isolated canine islets in vitro, in perifusion experiments, by 
physiological levels of GIP and especially GLP-1 [2,18]. However, no studies of 
the insulinotropic effects of gut hormones after islet transplantation have yet 
been published. We therefore investigated the insulinotropic effect of low-dose 
infusion of GLP-1 during -8.5 mM glucose clamps to mimic the postprandial 
glycemic conditions after islet transplantation. In man, infusion of a similar 
dose of GLP-1 has recently been shown to lead to near-physiological plasma 
GLP-1 levels [19]. The insulinemia nearly doubled during GLP-1 infusion in 
our grafted dogs, and the same dose of GLP-1 has been shown previously to be 
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less insulinotropic under milder hyperglycemic conditions in normal dogs [20]. 
Thus, a hyperglycemia-enhanced insulinotropic effect of GLP-1 — and 
probably other insulinotropic hormones like GIF, as well — may largely 
account for the hyperinsulinemic response to a meal after islet transplantation. 
The fact that the glucose infusion rate had to be increased in order to maintain 
the glucose level at -8.5 mM during GLP-1 administration, is well compatible 
with its glucose lowering effect in both diabetic and normal subjects [21] — and 
GLP-1 may furthermore enhance insulin sensitivity [22], to fully explain this 
effect.

Although postprandial hyperglycemia as outlined above, may account for 
the postprandial insulinemia, the reason why the insulin secretion was 
inadequate to induce normal glucose levels remains to be addressed. Clearly, a 
reduced insulin sensitivity contributed to the postprandial hyperglycemia. 
Further, correlation of the graft's insulin secretory capacity with both the 
postprandial glucose excursion and insulin sensitivity in the grafted animals, 
indicated the graft's 6-cell mass to be the main determinant of the glucose 
intolerance. These findings corroborate studies in partially pancreatectomized 
animals, and newly diagnosed patients with insulin-dependent diabetes 
mellitus, that suggest that insulin resistance accompanies a reduced insulin 
secretory capacity, and furthermore may increase as the residual insulin 
secretory capacity decreases [14,23,24]. Aside from a reduced insulin secretory 
capacity, an altered pattern of insulin secretion due to the absence of neural fine 
regulation of insulin release from the isolated islets may also have led to the 
impaired glucose tolerance and insulin resistance in the autografted dogs. 
Firstly, the largely or exclusively neurally mediated preabsorptive insulin 
response is important for postprandial glucose tolerance [25], and has been 
shown to be either absent or diminished after transplantation of isolated islets 
[6,25]. Secondly, intrapancreatic neuronal co-ordination of the insulin release 
from native islets is required for organized pulsatile insulin secretion [26,27]. 
Isolated islets have been shown to secrete insulin in a pulsatile fashion both in 
vitro and in vivo [28-30], but the pulse intervals were abnormal in these 
studies, and small changes in the periodicity are known to adversely affect 
insulin action, and glucose handling [31]. Thus, both the deminished 6-cell 
mass and a deranged fine regulation of insulin release from isolated islets 
probably contributed to the glucose intolerance and insulin resistance in the 
grafted animals. A normal insulin sensitivity after intrasplenic islet 
autotransplantation in dogs was reported by Finegood and coworkers [5]. 
However, both the different methods for assessment of insulin action, and — 
considering the correlation of the insulin secretory capacity and insulin action 
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— possible differences in the insulin secretory capacity of the grafts might also 
account for this discrepancy.

We conclude that both a diminished 6-cell mass and a qualitatively 
defective insulin secretion may contribute to insulin resistance and mild 
postprandial hyperglycemia after islet grafting. The diminished 6-cell mass 
appeared to be the main determinant of these defects. The insulinotropic effects 
of GLP-1 and probably other gut hormones, as well, may largely account for 
the marked difference in the insulin response to the intravenous and oral 
challenges. Thus, after transplantation of a suboptimal islet mass, postprandial 
glucose excursions are probably largely restrained by hyperglycemic 
potentiation of the enteroinsular axis, which can lead to close to maximum 
stimulation of insulin secretion — and, eventually, may lead to functional 
failure of the graft. Transplantation of a larger islet mass should allow 
prolonged near-normal glycemic control.
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Summary and future prospects

Introduction (Chapter 1)
Pancreatic islet transplantation aims to reinstate normal blood glucose 
regulation in patients with insulin-dependent diabetes mellitus (IDDM) to 
improve the quality of life, and prevent, postpone or ameliorate the long-term 
crippling complications of the disease and, thereby, promote longevity of the 
patients. IDDM, also called type-1 diabetes, affects 0.2-0.4% of the population 
in industrialised countries. In these patients a chronic high blood sugar level 
(i.e. diabetes) is the consequence of destruction of the fi cells in the islets of 
Langerhans, which normally produce the insulin that is required to regulate the 
blood sugar level. The normal human pancreas contains roughly 1 million of 
these islets — which are tiny clumps of cells, up to 0.5 millimetre in diameter — 
scattered throughout the organ. Together the islets weigh approximately 1 
gramme.

Conventional treatment with daily insulin injections in IDDM patients 
sustains the patient's life, but does usually not prevent a chronic high blood 
glucose level which in roughly 50% of the patients after 20-30 years may cause 
serious damage to the eyes, kidneys, nerves, and blood vessels — which 
threatens vision, eventually leads to kidney failure requiring dialysis or a renal 
transplant, and may lead to amputation of the lower limbs. The overall 
morbidity accounts for a one-third reduction of the overall life expectancy of 
the insulin-dependent diabetic patients. The importance of tight control of the 
blood sugar level to prevent or postpone the long-term diabetic complications 
has been conclusively shown in selected patients, but new strategies are 
required for broad implementation of tight control in the diabetic community. 
Considerable efforts are focused on both the education of patients for self
control of the blood sugar level, and development of new insulin injection or 
infusion devices to normalize blood sugar levels. The current insulin therapies, 
however, do not mimic the moment-to-moment adjustion of the secretion of 
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insulin and other hormones by the normal islets.
At present pancreas transplantation is the only way to reach normal blood 

sugar control over prolonged periods of time in diabetic patients. Further, with 
a well functioning graft, the progression of the chronic complications is halted 
or reversed, and the patient's quality of life improves, primarily by eliminating 
the need for frequent insulin injections and blood glucose measurements, and 
the risks of serious hypoglycemic episodes — i.e., life-threatening low sugar 
levels, commonly experienced by diabetics. However, because transplantation 
of the pancreas requires major surgery and life-long immunosuppressive 
therapy, this operation is, in general, only considered for the minority of IDDM 
patients who need a kidney transplant for renal failure — and the concomitant 
immunosuppressive therapy to prevent rejection. Since actually the pancreatic 
islets produce the insulin, and since the islets can be isolated from the pancreas 
in the laboratory using digestive collagenase solutions, transplantation of only 
the islets potentially offers many advantages over pancreas transplantation. 
Firstly, implantation of the isolated islets is simple and safe, consisting of little 
more than an injection of a few millilitres of an islet suspension. Secondly, the 
islets can be stored frozen in 'banks' or cultured, allowing: (i) the collection of 
islets from multiple donors for a transplant, (ii) sophisticated matching of the 
donor and recipient to reduce the risk of immune rejection, and (iii) all kinds of 
manipulations in the laboratory prior to the transplant (e.g. irradiation, or 
encapsulation of islets in semipermeable membranes) which may lower or 
eliminate the need for immunosuppressive drugs to prevent rejection of the 
islets — either human islets or even islets from animals such as the pig, in order 
to overcome future donor shortage.

During the past few years over 100 transplants of human islets in diabetic 
patients with advanced complications were attempted. Roughly 10-20 % of 
these recipients of human islet grafts could stop the insulin injections 
temporary, and 3 patients were insulin independent for over 2.5 years. Thus, 
the feasibility of this approach has been established. As yet, however, many 
problems need to be solved and much work has to be done before wide-spread 
application of this technique in type-1 diabetic patients before the onset of the 
devastating complications will become available. The consistent isolation of 
adequate numbers of pure islets for transplantation is a major problem, and the 
crux of islet transplantation, i.e. the thesis that diabetic complications can be 
halted or prevented through the continuous precise glycemic control by grafted 
isolated islets — which entails that long-term high quality metabolic control is 
achievable after transplantation of isolated islets — has not been established. 
These latter two issues were addressed in the studies in this thesis.
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Donor effects on islet isolation outcome (Chapter 2)
A major problem hampering large-scale human islet transplantation 
programmes is the variability of islet isolation outcome — necessitating a 
variable number of donors. Due to the intertwined effects of numerous 
variables such as predonation events, donor and pancreas characteristics, organ 
preservation conditions, and isolation methods, the variability of isolation 
outcome is difficult to analyse. Knowledge of the variability attributable to 
intrinsic factors such as the islet content of the individual pancreas, is an 
essential prerequisite for analysis of the relative importance of the many 
extrinsic variables, which can be controlled. As yet however, the impact of the 
islet content of the pancreas and other donor-related variables on isolation 
outcome have not been evaluated systematically so far — either in large 
animals, or in man. We therefore studied the impact of these variables on the 
outcome of collagenase isolation of islets from the splenic part of the pancreas 
of 31 beagle dogs. The islet volume of the splenic pancreas averaged 15.7 pl per 
gramme pancreas, and varied threefold (from 8.4 to 27.3 pl). Isolated islet yield 
averaged 7.6 pl/g and varied ninefold (1.8-16.3 pl). The animals also varied in 
age eightfold (8-67 months) and body weight twofold (8.6-18.3 kg). The 
combined effect of interindividual differences in body weight and age 
explained 60% of the variability of the fractional islet volume of the pancreas. 
The fractional islet volume increased with body weight, and decreased with 
age. The interindividual differences in pancreatic islet content as well as body 
weight and age explained approximately 50% of the variability of islet yield 
after collagenase digestion and dispersion. Age and body weight of the animal 
did not affect the efficacy of the collagenase isolation of islets in this study. We 
conclude that the outcome of islet isolation may be fairly predictable after 
controlling for the variable islet content of pancreases, and other donor-related 
variables such as body weight and age.

Assessment of islet isolation (Chapter 3)
The outcome of islet isolation is considered uncertain, on the one hand because 
of the numerous extrinsic variables that potentially affect the outcome, and on 
the other hand because of the large variability of outcome, per se — in terms of 
e.g. the insulin recovery, and the size and yield of isolated islets. In the past, the 
efficacy of isolation techniques has been estimated indirectly, by comparison of 
the insulin extracted from samples of the donor pancreas and isolated islet 
suspensions. However, because islet and insulin recovery are generally 
expected to be affected differently by the many variables during isolation, 
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insulin extraction has been largely superseded by the current method of sizing 
islets to assess the total volume of harvested islets. Morphometric assessment of 
islet yield has facilitated the comparison of results from different laboratories 
and definition of the critical islet mass for successful transplantation. As yet, no 
attempts have been made to extend the use of morphometry for assessment of 
isolation efficacy by comparison of the isolated islet population with the native 
islet population of the pancreas — and, consequently, no comparison of islet 
and insulin recovery has been made either.

We addressed the efficacy of isolation by both morphometry and insulin 
extraction — using a simple and gentle technique of islet isolation in 31 dogs, to 
exclude extrinsic factors as much as possible. Islet isolation was performed by 
intraductal stationary collagenase digestion of the splenic segment of the dog 
pancreas. Tissue was manually dispersed in cold University of Wisconsin 
solution (UWS) and the resulting digest was purified by density gradient 
centrifugation. Samples from the pancreas, the digest suspension, and the 
purified (islet) and non-purified (acinar) fractions of the gradients, were 
compared by morphometry of islet volume and the islet size distribution, by 
insulin and amylase extraction, and by microscopy for morphology and to 
assess 6-cell granulation as a parameter for the insulin content. Viability of 
isolated islets was assessed by glucose stimulation during in vitro perifusion.

In contrast to a -90% recovery of pancreatic insulin and amylase after 
digestion, islet yield amounted to 50% of the islet content of the pancreas. After 
density separation, nearly all of the recovered islets were found in the purified 
fraction — which contained virtually no acinar tissue. In contrast, half of the 
recovered insulin was located in the non-purified (acinar) fraction of the 
gradients — indicating that a substantial proportion of islets remained 
entrapped in non-digested pancreatic fragments. Correlation analysis 
demonstrated that -50% of the variance of both islet and insulin yield after 
collagenase digestion may be attributed to interindividual differences in the 
islet and insulin content of the splenic pancreas. The insulin content of digest 
suspensions did neither correlate with islet nor insulin recovery in the purified 
fraction of the gradients, as opposed to the islet content of digest suspensions, 
which correlated with both the islet and insulin recovery in the purified 
gradient fractions. Theoretically degranulation of 6-cells during islet isolation 
could also have contributed to the poor correlation of the insulin content of 
digest and purified islet suspensions. However, the ratio of insulin and islet 
volume measurements in the pancreas and during the isolation and 
purification procedure, demonstrated no loss of insulin from the islets; and no 
histological evidence for 6-cell degranulation was found, either. A high 
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proportion of small islets after isolation has generally been considered a sign 
for islet fragmentation. In our study, however, comparison of the size 
distributions of isolated and native islets demonstrated a similar high 
proportion of small islets and no signs of fragmentation as judged by the 
largest and average diameter of the islet population.

We conclude that the variability of islet yield and size may be attributed to a 
large extent to the variability of the native islet population. Isolation efficacy 
was best documented by morphometry, because insulin recovery did not 
discriminate between isolated islets and islets entrapped in acinar tissue. 
Assessment by both morphometry and insulin extraction, however, 
demonstrated that we subjectively had underestimated the proportion of 
entrapped islets during islet sizing and further documented islet integrity by 
demonstrating preservation of the insulin content of isolated islets. We suggest 
that similar studies should be done in man to facilitate the analysis of other 
factors affecting the outcome of islet isolation for transplantation.

Cell preservation in UWS during islet isolation (Chapter 4)
After collagenase digestion of the pancreas, islet isolation is traditionally 
performed in physiological salt based solutions such as Hanks' balanced salt 
solution (HBSS) and RPMI culture medium, under hypothermic conditions — 
to inhibit the action of collagenase and slow down degenerative processes. 
Potentially detrimental effects of hypothermia when the cell is exposed to a 
physiological milieu — such as cell swelling, and eventually loss of integrity of 
the cell membrane and cell death — are well documented in studies designed 
for the hypothermic preservation of whole organs. The University of Wisconsin 
solution (UWS) has been primarily designed to minimise the side-effects of 
hypothermia during cold storage of the pancreas.

We hypothesised that the UWS would be also more appropriate for islet 
isolation and compared the outcome of islet isolation at 4°C in either the UWS 
or RPMI, and the final outcome after subsequent density gradient separation. 
Samples taken from the splenic pancreas, the digest, and from the gradient 
layers, were compared by morphometry and amylase extraction to assess the 
recovery of islet and acinar tissue, and purity. The isolation solution did not 
affect islet yield before purification which averaged 51% of the native islet 
mass. Loss of amylase (30%) and swelling of the acinar cells were observed in 
RPMI. In contrast, no loss of amylase and slight shrinkage of the acinar cells 
were observed in the UWS. The changes in cell volume were reflected by the 
apparent density and viability of islets and acini in the density gradients.
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First, conventional hyperosmotic density gradients of dextran in HBSS were 
used for islet purification — because hyperosmolality of the density solution 
has been shown essential for purification. The densities of islet and acinar 
tissue were higher in the dextran gradient after isolation in the UWS compared 
to RPMI. However, near complete absence of acinar tissue in the major islet 
fractions of the gradient after isolation in UWS, and overlapping densities of 
islets and acini after isolation in RPMI, demonstrated the acinar cell to be more 
susceptible to cell swelling in the physiological solution. Dextran density 
separation resulted in a 15% purity and 41% recovery of the islets that had been 
isolated in RPMI, as compared to a 93% purity and 52% recovery of islets 
isolated in UWS.

Cell density and the outcome of density separation will be affected also by 
the osmolality of the density solution. Thus — to clearly delineate the impact of 
the UWS on the regulation of cell volume and the apparent density of islet and 
acinar tissue — the hyperosmotic dextran gradient was replaced by a novel 
normosmotic density gradient of Percoll in UWS. Percoll density separation 
improved the purity (99%) and recovery (74%) of islets isolated in UWS. These 
findings demonstrated the impermeant nature of the components of the UWS 
to be both necessary and sufficient to prevent cell swelling and obtain complete 
purity in the absence of hyperosmolality. Islets isolated in UWS further 
demonstrated a superior basal and glucose-stimulated insulin release during 
perifusion. Electron microscopy demonstrated a well-preserved islet 
ultrastructure after isolation in both solutions — except for slightly swollen 
mitochondria after isolation in RPMI. Autotransplantation of islets in 
pancreatectomised dogs was successful both after isolation in UWS and RPMI.

We conclude that the density and viability of islet and acinar tissue were 
best preserved by substitution of the UWS for conventional solutions during 
hypothermic isolation and purification. Prevention of cell swelling during 
hypothermic isolation in the UWS and consequently conservation of both the 
viability of islet and acinar tissue, as well as the density difference between islet 
and acinar tissue, would account for the improved recovery of virtually pure 
islets after density separation. Thus, prevention of cell swelling during islet 
isolation in UWS should facilitate (i) the analysis of other variables — such as 
predonation events and organ preservation conditions — that may affect the 
outcome of islet isolation, and (ii) the adjustment of osmolality and viscosity of 
density gradients to obtain similar results in man.
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Duct-obliterated pancreatic islet transplantation (Chapter 5)
Duct-obliterated segmental pancreas transplantation is a widely applied islet 
replacement technique in diabetic patients. The safety of this method is the 
most important advantage, but the long-term glucose control is controversial. 
Both duct occlusion induced fibrosis and pancreatic mass reduction have been 
emphasised to be the major determinants in the deterioration of glucose 
regulation in previous experiments. In the study presented in Chapter 5 the 
separate and additive effects of these aspects of segmental ductobliterated 
pancreas transplantation were addressed.

Fasting, postprandial and intravenous glucose-stimulated glucose, insulin, 
glucagon, pancreatic polypeptide (PP), cholecystokinin (CCK) and intravenous 
bombesin-stimulated PP were studied in beagle dogs at three successive 
intervals in a crossover design: first at 6 wk following -70% pancreatectomy 
with regular enteric exocrine drainage from the duodenal pancreatic remnant, 
next at 2 wk after venous transposition with systemic delivery of pancreatic 
hormones, and finally at 6 wk following in situ duct obliteration of the 
remnant. Following partial pancreatectomy we observed a 50% reduction in 
glucose tolerance and the second-phase insulin response to intravenous glucose 
stimulation. Venous transposition is preferred for technical reasons in pancreas 
transplantation. The peripheral insulin levels doubled upon venous 
transposition with systemic delivery of pancreatic hormones, which is 
undoubtedly the result of bypassing of first-pass hepatic insulin extraction. 
Other parameters were not dramatically affected after these operations. The 
most dramatic changes in glucose regulation were observed after in situ duct 
obliteration. At intravenous glucose stimulation a 50% reduced glucose 
tolerance was associated with a 50%-70% reduction in the overall and acute 
insulin responses, respectively. Duct obliteration induced sustained, fasting 
and postprandial (-8 mM) hyperglycemia. Fasting hormones and — of note — 
postprandial insulin, glucagon and CCK were not affected. The postprandial 
PP response was severely reduced and the bombesin-stimulated PP release was 
abolished by duct obliteration.

Although there are convincing data to show that duct obliteration interferes 
with endocrine function, it has not been clarified as yet how glucose regulation 
is affected. Postprandial 'normoinsulinemia' with ductobliterated remnants as 
opposed to a mean 50% reduction of the intravenous glucose-stimulated insulin 
response may be explained both from the different stimuli with these tests, as 
well as from the postprandial contribution of the enteroinsular axis. Since the 
postprandial CCK response was not affected by duct obliteration with exocrine 
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substitution and since CCK is known to have a progressively greater 
stimulatory effect on insulin release with higher glucose levels, normo- to 
hyperinsulinemia might be attained only as a consequence of a postprandial 
hyperglycemia enhanced incretin effect. Since quantitatively peripheral 
postprandial insulin was not affected by duct obliteration though insulin 
delivery was insufficient with respect to the prevailing glycemia, and since 
intravenous glucose-stimulated acute release was affected, fine regulation of 
insulin release seems deranged. Previous studies demonstrated that duct 
obliteration apart from inducing atrophy of exocrine tissue, disrupts islet 
architecture. The present finding that the PP response to bombesin stimulation 
was abolished by duct obliteration is suggestive for intrinsic denervation of 
islets as an important effect of duct obliteration. This suggestion is supported 
by a remarkable fall of the first-phase insulin response. Since duct obliteration 
mimics the effects of denervation on 6-cell and PP cell function, and interferes 
with normal islet morphology we suspect obliteration-induced intrinsic 
denervation of 6-cells to interfere with normal pulsatile insulin delivery, 
explaining for postprandial hyperglycemia with normo- or hyperinsulinemia. 
Although pancreas transplantation necessitates extrinsic denervation, intrinsic 
innervation and intrinsic fine regulation of insulin release might survive in the 
non-obliterated graft. Whether such a mechanism exists requires further 
investigation.

In vitro effects of gut hormones on isolated islets (Chapter 6)
The postprandial release and action of gut hormones, called "incretins", is held 
responsible for the alimentary augmentation of the insulin response to glucose. 
Our metabolic studies in dogs suggest that the incretin effect — which, 
normally accounts for roughly half of postprandial insulin — may account for 
most (-80-90%) of the insulin released during mild postprandial 
hyperglycemia after pancreatic islet transplantation. Insulinotropic effects of 
physiological levels of the gut hormones cholecystokinin (CCK), gastric 
inhibitory polypeptide (CI?), and most recently glucagon-like peptide-1 (GLP- 
1) have been documented in vivo and in the isolated perfused pancreas, in 
various species — but effects of physiological levels of these peptides on 
isolated islets are not well established. We, therefore, investigated whether 
physiological levels of these hormones, stimulate insulin release during 
perifusion of short-term (2-day) cultured canine isolated islets at glucose levels 
as observed postprandially after islet transplantation. Dose-response studies 
with CCK and CI? during perifusion at a 7.5 mM glucose level demonstrated a 
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transient insulin response to pharmacological levels of CCK, and a dose
dependent insulin output during physiological to pharmacological GIP 
stimulation. Perifusion with physiological levels of CCK, GIP, and GLP-1 at 2.5, 
7.5, and 10 mM glucose levels demonstrated no effects of CCK, an 1.1 and 1.2- 
fold GIP-enhanced insulin release at 7.5 and 10 mM glucose respectively, and a 
maximum effect of GLP-1 from 7.5 mM glucose, resulting in a twofold insulin 
output.

Pharmacological, but not physiological, CCK levels stimulated insulin 
release in our model in concert with recent in vivo studies in dogs and man. 
Our finding that physiological levels of GIP and GLP-1 potentiate glucose- 
stimulated insulin secretion corroborates in vivo studies in man and studies of 
the perfused rat pancreas. GLP-1 was a considerably more potent incretin than 
GIP in our model. The finding that GLP-1, in contrast to GIP, is effective from a 
low glucose level corroborates recent reports that (near-)physiological doses of 
GLP-1, in contrast to GIP, are effective during basal glycemia in man. This, and 
our finding that the maximum effect of GLP-1 was also attained at a lower 
glucose level than observed with GIP, substantiate the contention that GLP-1 is 
a major incretin during euglycemia.

In contrast to these findings, pharmacological concentrations of GIP, and 
GLP-1 were required to stimulate insulin release from freshly isolated islets in 
previous studies. In our study, however, the islets were cultured two days 
before perifusion, which indicates short-term culture of islets of paramount 
importance in the response to physiological levels of these peptides. In 
conclusion isolated islets do respond to physiological 6-cell stimulation with 
gut peptides. Our findings indicate that CCK is not an incretin in the dog, and 
corroborate the notion that GLP-1 is a major incretin during euglycemia. The 
physiological role of GIP during euglycemia is equivocal. However, both GIP 
and GLP-1 may contribute to a hyperglycemia-enhanced activation of the 
enteroinsular axis after pancreatic islet transplantation, and other situations 
(e.g. type-2 diabetes) characterised by elevated glucose levels.

Function and survival of transplanted islets (Chapter 7)
Physiological glucose regulation is of utmost importance for prevention or 
halting the progression of secondary diabetic complications, but as yet 
metabolic control by islet grafts has not been well established. We, therefore, 
studied metabolic control after fasting, intravenous glucose, mixed meals, and 
an intravenous arginine bolus during 35 mM glycemia, before operation and up 
to three years after intrasplenic autotransplantation of isolated islets in six dogs. 
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In addition, the pancreatic polypeptide (PP) response to intravenous insulin- 
induced hypoglycemia was measured — a vagal, cholinergic, mediated 
stimulus — to monitor possible cholinergic re-innervation of the graft.

The islet dose at transplantation ranged from 1588-9065 islets per kg body 
weight (standardised islets, size 150 pm). A recipient of only 1588 highly 
purified islets per kg, became overt fasting hyperglycemic within a few days. 
All other animals received > 3000 islets per kg (i.e. >20% of native islet volume) 
by varying the purity of the grafts from -5 to 100% which led to packed graft 
volumes of 14 to <0.3 ml. Four recipients of grafts with a volume < 6 ml became 
fasting normoglycemic within 2 weeks. Time to normoglycemia was delayed to 
five weeks in the recipient of a 14 ml graft. Microscopic examination of the 
spleens demonstrated a normal histology in recipients of the -100% pure grafts, 
but prominent scarring, and fibrotic reaction surrounding islets after failure of 
the partially purified grafts. The individual postprandial insulinogenic index 
(ratio of 2-h postprandial insulin to glucose levels) at one month posttransplant 
predicted (r - 0.99) the time to functional graft failure (6-175 weeks). Metabolic 
studies at six months in four dogs demonstrated normal fasting glucose and 
hormone levels, except for reduced PP levels. Intravenous glucose- and 
arginine-stimulated insulin were reduced to 15 % of preoperative values. By 
contrast, a normal postprandial insulin response was observed, albeit at 
moderate hyperglycemia (-10 mM). Postprandial glucagon and GIP had 
increased. Comparison of the posttransplant insulin responses to a meal and 
intravenous arginine demonstrated similar — close to maximum — stimulation 
of the graft by a meal. No PP response to intravenous insulin induced 
hypoglycemia was observed — indicating persistent absence of cholinergic re
innervation.

In the autotransplant model important factors to be considered for 
functional graft survival are both the dose, purity, as well as the metabolic state 
of the recipient. The prolonged fasting normoglycemia after transplantation of 
>3000 lEq/kg body weight corroborated reports of the threshold islet dose for 
successful autotransplantation in dogs. The importance of purification of the 
islet graft is controversial. Our findings that a small graft volume was 
associated with longevity of the grafts, and that fibrosis was restricted to the 
partially purified grafts, support the contention that contaminating acinar 
tissue may impair islet engraftment. The acute insulin response to arginine at 
35 mM glycemia is known to elicit a close to maximal insulin response. 
Considering that after islet transplantation (i) the postprandial insulin response 
was at least as challenging as the latter test, and (ii) the postprandial insulin 
level probably depends on both the insulin secreting capacity as well as the
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prevailing glycemia, and finally (iii) overt hyperglycemia per se may 
precipitate early failure of grafts: it is not surprising that a close correlation of 
the 1 mo postprandial insulinogenic index and time to graft failure was 
observed.

The postprandial normo-insulinemia as opposed to the -85% reduction of 
the intravenous glucose- and arginine-stimulated insulin response in the 
established autografts may be explained both from the different stimuli with 
these tests, as well as from the postprandial contribution of the enteroinsular 
axis. Our recent in vitro perifusion studies demonstrated that physiological, 
circulating, levels of the insulinotropic gut peptides GIF and GLP-1 potentiate 
glucose-stimulated insulin from isolated perifused canine islets. Thus, since the 
postprandial GIF response had rather increased after islet transplantation, the 
normo-insulinemia was probably attained as a consequence of a postprandial 
hyperglycemia enhanced activation of the enteroinsular axis.

Although postprandial hyperglycemia as outlined above may account for 
postprandial normo-insulinemia, these glucose excursions remain to be 
explained. Apart from the reduced beta cell mass, both a deranged insulin 
secretion and PP deficiency may have been conducive to glucose intolerance. 
Firstly, the cholinergic mediated preabsorptive insulin response — which is 
known to be important for postprandial glucose tolerance — is either absent or 
drastically curtailed due to persistent cholinergic denervation of the grafts — as 
indicated by the abolished PP response to hypoglycemia. Second, a deranged 
pulsatile insulin secretion from isolated islets has been reported, and small 
changes in the periodicity are known to affect insulin sensitivity, and glucose 
handling. Finally, apart from a deranged insulin secretion, PP deficiency may 
be related to impaired glucose handling after islet transplantation. Previous 
studies of exogenous PP administration in PP-deficient animal models suggest 
that the postprandial PP response may be important to mediate the inhibiting 
effect of insulin on hepatic glucose production.

In conclusion, both the islet dose, purity of the graft, and the resultant 
glycemia may determine graft life. Both the insulin secretory capacity of the 
grafts, graft's life expectancy, and glucose regulation were best documented by 
meal testing. Tentatively, a postprandial hyperglycemia-enhanced incretin 
effect of GIP and other gut hormones may account for the difference in the 
insulin response to intravenous glucose and a meal; and both a reduction of the 
insulin secreting capacity, a deranged pulsatile delivery of insulin, as well as PP 
deficiency may have contributed to the moderate postprandial hyperglycemia. 
The reasons for spontaneous failure of islet grafts within a few years in the 
present and other studies are not clear, but larger doses of purified islets are 
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expected to extend graft life.

Insulin secretory capacity, insulin action and the enteroinsular 
axis after islet transplantation (Chapter 8)
Our previous studies suggested that after isolated islet transplantation, both a 
reduced insulin secretory capacity due to a subnormal islet dose, and a 
deminished insulin action due to a deranged fine regulation of insulin secretion 
may lead to postprandial hyperglycemia. The issue of the relative contribution 
of the insulin secretory capacity and the action of insulin in the postprandial 
glucose regulation has not been settled, yet. Further, we hypothesized that the 
graft's normo-insulinemic response to a meal, as opposed to the hypo- 
insulinemic response to intravenous substrates, may largely be attributed to a 
hyperglycemic potentiation of the enteroinsular axis — rather than the 
postprandial hyperglycemia per se. Glucagon-like peptide-1 7-36 amide (GLP- 
1) is now considered the major insulinotropic gut factor in the enteroinsular 
axis, and both GLP-1 and other gut hormones such as gastric inhibitory 
polypeptide (GIF) are known to have a progressively greater potentiating effect 
on glucose-stimulated insulin release at increasing ambient glucose levels. We 
previously demonstrated that physiological levels of GIP and notably GLP-1 
enhance the insulin secretion from freshly isolated (short-term cultured) canine 
islets during in vitro perifusion at glucose levels that mimic the postprandial 
glycemic range after islet transplantation. As yet, however, no studies of the in 
vivo insulinotropic effects of gut hormones on long-term transplanted islets 
have been published.

We, therefore, studied the insulin secretory capacity (ISC) by intravenous 
arginine stimulation during 35 mM glucose clamps, the action of insulin during 
euglycemic insulin-clamps, and physiological meal stimulation, in 8 dogs at 6 
months after intrasplenic autotransplantation of purified islets, compared with 
30 controls. The enteroinsular axis was examined in the graft recipients by near- 
physiological infusion of GLP-1 under hyperglycemic clamp conditions that 
mimic the postprandial 8-9 mM glycemia observed after islet transplantation. 
The islet dose at transplantation averaged -25% of the normal native islet mass, 
and the purity was -70%. After grafting the ISC averaged -25% of the control 
values. The postprandial insulin response, in contrast, had increased to 140% 
after transplantation — albeit with a concomitant mean glucose excursion to 
-8.5 mM. Insulin action declined by 45% posttransplant. In the grafted dogs a 
significant negative correlation was observed between the ISC and both the 
postprandial glucose increment (r - 0.9) and insulin action (r - 0.7). Infusion of 
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GLP-1 potentiated (175%) the insulin response to the 8.5 mM glucose clamp.
The intravenous arginine challenge under similar hyperglycemic conditions 

has been shown to evoke near-maximal stimulation of the 6-cells and this ISC 
test is known to be a sensitive indicator of the 6-cell mass reduction in other 
models. The on average similar reduction of the islet mass and insulin secreting 
capacity to -25% of the normal values after islet transplantation indicated the 
ISC to be likewise a sensitive indicator of the islet mass in our model. The 
insulinemia during the ISC test and the meal test was similar in the grafted 
animals, hence the grafted 6-cells were near-maximal stimulated by a meal, too. 
This conclusion is further substantiated by the negative correlation after islet 
transplantation of the insulin secretory capacity versus the postprandial 
glycemic increment. These findings confirm and extend our previous reports of 
the remarkable difference between the insulin response to intravenous glucose 
and a meal — both after islet transplantation, and after the in vivo isolation of 
islets following obliteration of the duct of the pancreas in dogs.

The insulinemia nearly doubled during GLP-1 infusion in our grafted dogs, 
and other workers have shown the same dose of GLP-1 to be less insulinotropic 
under milder hyperglycemic conditions in normal dogs. Thus, we conclude that 
a hyperglycemia-enhanced insulinotropic effect of GLP-1 — and probably other 
insulinotropic hormones like GIP, as well — may largely account for the 
hyperinsulinemic response to a meal after islet transplantation.

Postprandial hyperglycemia, as outlined above, may account for the 
postprandial insulinemia — the reason why the insulin secretion was 
inadequate to induce normal glucose levels remains to be addressed. Clearly, a 
reduced insulin sensitivity contributed to the postprandial hyperglycemia. 
Further, correlation of the graft's insulin secretory capacity with both the 
postprandial glucose excursion and insulin sensitivity in the grafted animals, 
indicated the graft's 6-cell mass to be the main determinant of the glucose 
intolerance. These findings corroborate studies in partially pancreatectomized 
animals, and newly diagnosed patients with insulin-dependent diabetes 
mellitus, that suggest that insulin resistance accompanies a reduced insulin 
secretory capacity, and furthermore may increase as the residual insulin 
secretory capacity decreases. Aside from a reduced insulin secretory capacity, 
an altered pattern of insulin secretion due to the absence of neural fine 
regulation of insulin release from the isolated islets may also have led to the 
impaired glucose tolerance and insulin resistance in the autografted dogs. 
Firstly, the largely or exclusively neurally mediated preabsorptive insulin 
response is important for postprandial glucose tolerance, and is probably 
absent or diminished after transplantation of isolated islets. Secondly, isolated 
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islets have been shown to secrete insulin in a deranged pulsatile fashion — 
which is known to lead to insulin resistance.

We conclude that both a diminished 6-cell mass and a qualitatively 
defective insulin secretion may contribute to insulin resistance and mild 
postprandial hyperglycemia after islet grafting. The diminished 6-cell mass 
appeared to be the main determinant of these defects. The insulinotropic effects 
of GLP-1 and probably other gut hormones, as well, may largely account for 
the marked difference in the insulin response to the intravenous and oral 
challenges. Thus, after transplantation of a suboptimal islet mass, postprandial 
glucose excursions are probably largely restrained by hyperglycemic 
potentiation of the enteroinsular axis, which can lead to close to maximum 
stimulation of insulin secretion — and, eventually, may lead to functional 
failure of the graft. Transplantation of a larger islet mass should allow 
prolonged near-normal glycemic control.

Conclusions and future prospects
Considerable effort has been devoted during the past few years to realize 
clinical islet transplantation. As noted in the introduction the feasibility of islet 
transplantation in humans has been demonstrated, but the obstacles that 
prevent its large-scale clinical application since the first rodent studies two 
decades ago are still the same: the islet isolation technique and rejection [1]. 
Isolation methods need to be developed further in order to consistently yield an 
adequate number of highly purified islets for transplantation. Further, although 
precise glycemic control is central to the concept of islet transplantation, as yet, 
the quality of metabolic control after islet transplantation has received 
comparatively little attention [2, 3]. The studies in this thesis addressed both 
technical aspects of the isolation procedure, and the metabolic control after islet 
transplantation in dogs. The autotransplantation model was chosen to 
circumvent the confounding side-effects of rejection and immuno-suppressive 
drugs [3-5].

The experiments that addressed technical aspects of islet isolation 
comprised a study of the causative factors of the extreme variability in islet 
isolation outcome in terms of yield, integrity, and purity of islets; and also 
introduced new methods to explain and reduce the variability of outcome — 
which hampers not only clinical application but also slows down technological 
innovation. In our study the major part of the variability of outcome could be 
attributed to the donor-related variability that exists prior to the isolation 
procedure. Donor-related factors such as body weight, age, and — of note — a 
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threefold variation of the islet content of the pancreas accounted for half of the 
variability of isolation outcome in our studies. Thus, assessment of the efficacy 
of islet isolation by morphometric assessment may accelerate, facilitate, and 
reduce the costs of the study of other factors that may also affect islet isolation 
outcome. Moreover, in contrast to the wide spread concern that islet 
fragmentation is an inevitable consequence of the isolation of islets in large 
mammals, the morphometric data demonstrated that islet integrity can be 
largely preserved using a gentle isolation method — at least in the dog. 
Additional assessment of insulin recovery as a simple alternative measure of 
the isolation efficacy, demonstrated the inadequacy of this biochemical method 
to discriminate between isolated islets cleanly cleaved from acinar tissue, and 
islets still embedded in pancreatic fragments. By using both assessment 
methods together, however, the latter valuable information was obtained, and 
further preservation of the insulin content of the purified islets was 
demonstrated.

More exciting was the finding — by serendipity — of the striking effects of 
the UWS as an isolation solution on tissue density and the subsequent density 
gradient purification of islets. The potentially adverse effects of cold 
preservation of tissue — although well-known in the organ preservation field 
— had not been recognised in the islet isolation field. Our subsequent studies of 
the beneficial effects of the UWS during islet isolation and density gradient 
purification, confirmed our hypothesis that consistent next to complete purity 
is obtained by prevention of swelling of islet and acinar cells — which is 
promoted during cold processing of the tissue in conventional physiological- 
salt based isolation solutions — and demonstrated further that a higher yield of 
viable islets is also obtained. Thus, in the experimental setting at least, the 
problem of purification of isolated islets has largely been solved. Admittedly, 
the additional factors related to organ procurement and storage, that may affect 
the outcome of human islet isolation, were circumvented in the dog work. 
However, preliminary human islet isolation data indicated similar beneficial 
effects of the UWS [6, 7], and the effectiveness of UW-isolation of human islets 
on the outcome of purification has been conclusively demonstrated recently by 
the Leicester group [8]. Now, most other groups have introduced the UWS for 
islet isolation from the pancreas of man and other species [8-18], or, 
alternatively, introduced the Euro-Collins organ preservation solution for islet 
isolation [19, 20], and purification [21]. The improved control over the 
conditions during islet isolation in the UWS should facilitate the identification 
and the control of other factors that may affect the islet isolation outcome. 
Currently the prevention or reversal of cell swelling during islet isolation and 
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purification appears to be the most important contribution of a preservation 
solution as islet isolation solution. We previously noted — to the best of our 
knowledge for the first time — that the convenient (commercially available) 
Ficoll-sodium-diatrizoate (FSD) density solution — which along with other 
radiopaque solutions has been widely favoured in many areas of cell separation 
because of the low viscosity and chemically inert components — may probably 
also contribute in islet purification by preservation of the volume of cells in the 
cold, because FSD — like the UWS — also contains a large molecular weight, 
impermeant, anion [7]. The latter preliminary report of simple highly efficient 
(-100% purity, and 80% recovery) neutral density purification of islets in FSD 
(1.119 g/ml) after islet isolation in the UWS, has been corroborated [22, 23] — 
and, the combination of islet isolation in an organ preservation solution and 
density purification in FSD or a similar solution will probably become the 
standard during the next years. Other important issues in the organ 
preservation field such as the buffering capacity of the preservation solution to 
prevent tissue acidosis [24] and the inclusion of free radical scavengers or 
cytoprotective substances such as polyethylene glycol [25, 26] might in the 
future prove equally important in islet isolation. A pressing need is the 
formulation of a solution that can be used during both the warm 
(physiological) and cold phases of organ procurement and cold storage, 
collagenase digestion at 37°C, and the isolation, purification, and rewarming 
steps — as well as, preferably, during a subsequent cryopreservation 
procedure. Currently different solutions during these different steps have to be 
used, and these solutions are difficult to change, and are inappropriate during 
the transition phases of warming and cooling. Cell and organ preservation 
studies with solutions that contain physiological concentrations of sodium and 
potassium as opposed to the inverse Na+/K+ ratio of the regular UWS [26-28], 
and the data with the physiological sodium based FSD solutions, indicate the 
concentration of these cations to be not important for cell volume preservation. 
Thus a physiological Na+/K+ ratio may be a first successful step in the design 
of a lactobionate based 'basic' UWS that may be used during both the warm 
and cold phases of islet isolation.

Our first indication that the anatomical isolation of islet cells from their 
natural environment may adversely affect glucose regulation was obtained in 
the study of effects of duct obliteration of the pancreas. The surviving islets 
after duct-obliteration-induced atrophy of the exocrine pancreas are not only — 
obviously — isolated from the exocrine tissue, but also become intrinsically 
denervated. The relative importance of the quantitative loss of insulin secreting 
capacity as a consequence of the loss of islets on the one hand and the adverse 
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qualitative effects as a result of the denervation and disrupture of the normal 
architecture of the islets following duct obliteration on the other, remains yet to 
be elucidated. In any case, the marked difference in the normal insulin response 
to meals and the severely reduced response to an intravenous glucose challenge 
indicated that insulinotropic gut hormones may play a more important role in 
the control of glucose regulation under the mild hyperglycemic conditions 
observed after pancreatic islet transplantation. The enteroinsular axis was 
therefore studied in more detail in the subsequent in vitro and in vivo studies 
of isolated islets.

Previously, direct insulinotropic effects on isolated islets of pharmacological 
rather than physiological concentrations of incretin candidates had been 
reported, therefore insulinotropic effects of GIP and particularly GPP-1 at 
physiological concentrations were established first in vitro during perifusion 
studies of isolated normal islets. In vivo studies with low-dose GPP-1 during 
hyperglycemic clamps that mimic the postprandial glycemic conditions as 
observed after islet transplantation confirmed the in vitro data and further 
demonstrated preservation of the insulinotropic effect of GPP-1 on long-term 
transplanted islets. These findings strongly suggested the hormonal branch of 
the enteroinsular axis to be the major physiological control mechanism for 
glucose regulation after islet transplantation.

Another interesting conclusion from the metabolic studies after islet 
transplantation was that the postprandial hyperglycemia leads to a chronic 
(close to) maximal pressure on the insulin secreting capacity of the grafts that 
comprised a clearly subnormal islet mass — which, eventually, may lead to 
functional failure of a graft. These findings suggest that exposure of 
intraportally transplanted islets — the preferred site in clinical practice — to the 
high intraportal levels of nutrients and gut hormones may be a contributing 
factor — along with the likewise high intraportal levels of immunosuppressive 
drugs and toxic substances — to the early failure of these grafts [3, 29-31]. Both 
an inadequate islet mass and the rather isolated state of the grafted islets, due 
to the persistent absence of innervation, contributed to a defective insulin 
secretion, glucose intolerance and the appearance of insulin resistance. Since 
the duct obliteration study a diminished action of insulin as a consequence of a 
deranged pulsatile insulin secretion due to the intrinsic denervation of islets 
was emphasised as a causative factor in the occurence of postprandial 
hyperglycemia. However, the present data indicate the islet dose to be the 
major determinant of both the glycemia and insulin action. Insulin resistance in 
the recipients, nevertheless, may precipitate the functional failure of the 
borderline-adequate islet grafts, which comprised — at the time of 
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transplantation — only -25% of the normal native islet mass. These findings 
underscore the importance of striving for optimal metabolic control in type-1 
diabetic recipients of islets grafts as advocated recently by the Giessen group
[32] and suggested by the Islet Transplant Registry findings which indicate that 
underlying peripheral insulin resistance prevented the reversal of insulin 
dependence in many of the type-1 recipients of islet allografts — explaining for 
the presence of insulin-independence at one-year after transplantation in 23 % 
of the IDDM recipients as opposed to 43% of the recipients of islet grafts to 
prevent diabetes secondary to pancreatectomy at the time of transplantation
[33] .
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9 Samenvatting en
toekomstverwachtingen

Inleiding (Hoofdstuk 1)
Transplantatie van de eilandjes van Langerhans heeft tot doel de late 
invaliderende complicaties van insuline-afhankelijke diabetes mellitus (IDDM) 
te voorkomen, uit te stellen, of te verminderen; en een betere kwaliteit van 
leven, alsook een langere levensduur voor de patiënt te bewerkstelligen. 
Ongeveer 0,2-0,4% van de bevolking van de geïndustrialiseerde landen wordt 
getroffen door IDDM — ook type-1 diabetes genoemd. Deze patiënten hebben 
chronisch te hoge bloedsuikerspiegels (glucosespiegels), als gevolg van 
verwoesting van de B-cellen van de eilandjes van Langerhans, welke normaal 
de nodige insuline produceren om de bloedsuikerspiegel te reguleren. Het 
normale menselijke pancreas (alvleesklier) bevat, verspreid over het hele 
orgaan, ruwweg 1 miljoen van deze eilandjes — kleine klompjes cellen met een 
doorsnede tot 0,5 millimeter. Samen wegen de eilandjes ca. 1 gram.

De traditionele behandeling met dagelijkse insuline injecties voldoet om de 
IDDM patiënt te laten leven, maar kan gewoonlijk niet een chronisch te hoge 
bloedglucosespiegel voorkomen. Bij ca. 50% van de patiënten kan dit na 20 tot 
30 jaar ernstige schade veroorzaken aan ogen, nieren, zenuwen, en bloedvaten 
— met als mogelijk gevolg blindheid, uitval van de nierfunctie, waardoor 
dialyse of niertransplantatie nodig wordt, en amputatie van de onderste 
ledematen. Door deze complicaties is de verwachte levensduur van de insuline- 
afhankelijk patiënt 1/3 korter dan normaal. Inmiddels is bij onderzoek in 
diabetische proefpersonen onomstotelijk aangetoond, dat met een zo intensief 
mogelijke glucoseregulatie de chronische complicaties voorkomen danwel 
uitgesteld kunnen worden. Er dienen echter nieuwe wegen gezocht te worden 
om een dergelijke uitstekende glucoseregulatie in de gehele diabetische 
populatie te verwezenlijken. Naast een aanzienlijke aandacht voor 
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diabeteseducatie en zelfcontrole van patiënten, staat momenteel ook de 
ontwikkeling van nieuwe apparaten voor injectie of infusie van insuline voor 
normalisering van de bloedglucose, volop in de belangstelling. De 
noodzakelijke, vrijwel continue bij regeling van de secretie van insuline en 
andere hormonen door de eilandjes kan echter vooralsnog onvoldoende 
nagebootst worden door behandeling met insuline.

Momenteel kan uitsluitend met pancreastransplantatie over langere tijd een 
normale bloedsuikerregulatie in diabetische patiënten bereikt worden. 
Bovendien wordt door een geslaagde transplantatie ook de voortschrijding van 
chronische complicaties tegengegaan of teruggedrongen, en de kwaliteit van 
leven van de patiënt verbeterd — voornamelijk, doordat injecties met insuline 
en metingen van de bloedglucose overbodig worden, en het gevaar voor 
ernstige hypoglycemische incidenten — de soms levensbedreigend lage 
spiegels van bloedglucose. Echter, omdat de transplantatie van het pancreas 
een grote operatie is, en ook levenslang afweer-onderdrukkende medicijnen 
vereist (met mogelijk ernstige bijwerkingen), is deze operatie vrijwel 
uitsluitend voorbehouden aan de kleine groep van IDDM patiënten die 
vanwege uitval van de eigen nierfunctie ook een niertransplantatie en dezelfde 
categorie afweeronderdrukkende medicijnen nodig hebben.

Daar de eilandjes het insuline produceren, en de eilandjes uit het pancreas 
geïsoleerd (geëxtraheerd) kunnen worden door gedeeltelijke vertering van het 
orgaan met behulp van een oplossing van collagenase en andere enzymen, zou 
er mogelijk veel te winnen zijn door in plaats van het gehele pancreas 
uitsluitend geïsoleerde eilandjes te transplanteren. Ten eerste is implantatie van 
geïsoleerde eilandjes zeer eenvoudig en veilig, daar volstaan kan worden met 
een enkele injectie van enkele milliliters van een eilandsuspensie. Voorts 
kunnen de eilandjes bewaard of opgeslagen worden door ze in kweek te 
houden of in te vriezen, waardoor het mogelijk wordt (i) eilandjes van 
meerdere donoren te verzamelen en te transplanteren; (ii) de donor en 
ontvanger goed op elkaar af te stemmen teneinde het gevaar voor 
immunologische afstoting van het transplantaat te verkleinen; (iii) 
voorafgaande aan de transplantatie de eilandjes te manipuleren (zoals door 
bestraling, of door inkapseling in semi-permeabele membranen) waardoor 
minder of geen immunosuppressieve medicijnen nodig zijn, en zelfs eilandjes 
van dieren zoals het varken getransplanteerd zouden kunnen worden, om zo 
een mogelijk toekomstig tekort aan donoren te voorkomen.

De afgelopen paar jaar zijn meer dan 100 transplantaties van humane 
eilandjes in patiënten met ernstige diabetische complicaties, uitgevoerd. Bij 
ongeveer 10-20% van deze patiënten kon na de transplantatie voor korte tijd de 
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behandeling met insuline gestaakt worden, en drie patiënten bleven zelfs meer 
dan 2,5 jaar insuline-onafhankelijk. Hiermee is duidelijk aangetoond dat deze 
behandeling kan werken, maar vooralsnog dienen er nog veel problemen 
aangepakt te worden voordat op grote schaal eilandjestransplantatie mogelijk 
wordt in een veelal jeugdige type-1 patiënt — nog voordat de ernstige 
complicaties optreden. Het is nog een groot probleem om consistent voldoende, 
en ook voldoende zuivere, eilandjes voor transplantatie uit het pancreas te 
isoleren. Ook de essentie van eilandjestransplantatie, de stelling dat zo 
langdurig een uitstekende glucoseregulatie kan worden bewerkstelligd, is nog 
niet bevestigd. Deze problematiek was het uitgangspunt voor het onderzoek in 
deze dissertatie.

Invloed van donorfactoren op de isolatie van eilandjes 
(Hoofdstuk 2)
Hoewel de afgelopen tien jaar de gemiddelde opbrengst aan geïsoleerde 
eilandjes uit het pancreas van de mens en grote dieren ruwweg met een factor 
5-10 is toegenomen, wordt de voortgang van onderzoek en klinische 
toepassing gefrustreerd door de grote variatie van de opbrengst. Talrijke 
factoren kunnen hierbij een rol spelen, zoals de omstandigheden (i) vóór en 
tijdens het uitnemen van het pancreas uit de donor, (ii) tijdens de opslag van 
het pancreas, en (iii) gedurende de verschillende isolatie-stappen. De oorzaak 
van de variabele opbrengst is daarom moeilijk te traceren. Kennis van de 
intrinsieke variabiliteit van het pancreas zoals het eilandjesgehalte, is een 
essentiele voorwaarde voor verdere analyse van de relatieve invloed van de 
vele extrinsieke factoren — welke potentieel beheersbaar zijn. Daar de relatieve 
invloed van het eilandgehalte van het pancreas, en andere donor-gerelateerde 
factoren op het resultaat na isolatie, nog niet systematisch in grote dieren en de 
mens onderzocht zijn, hebben wij de impact van deze factoren op de opbrengst 
aan eilandjes uit het linker deel van het pancreas van 31 honden bestudeerd. 
Het eilandgehalte bedroeg gemiddeld 16 microliter per gram pancreas, en het 
variëerde drievoudig (van 8 tot 27 microliter). De opbrengst aan geïsoleerde 
eilandjes bedroeg gemiddeld 8 microliter, en varieerde negenvoudig (-2-16 
microliter). Ook de donor-leeftijd varieerde achtvoudig (8-67 maanden) en het 
lichaamsgewicht tweevoudig (8-18 kg). Het gecombineerde effect van de 
interindividuele verschillen in lichaamsgewicht en leeftijd verklaarde ca. 60% 
van de variabiliteit van het relatieve eilandvolume van het pancreas. Het 
eilandvolume nam toe met het lichaamsgewicht, en nam af met de leeftijd. 
Deze factoren, alsook de interindividuele variatie in het eilandgehalte van het 
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pancreas verklaarden -50% van de verschillen in eilandopbrengst. De leeftijd 
en het lichaamsgewicht hadden geen invloed op de effectiviteit van de 
collagenase vertering van het pancreas. Geconcludeerd wordt, dat het resultaat 
van isolatie redelijk voorspelbaar kan zijn, wanneer rekening wordt gehouden 
met het variabele eilandgehalte van een pancreas, en andere donor-afhankelijke 
variabelen zoals leeftijd en lichaamsgewicht.

De effectiviteit van isolatie van eilandjes (Hoofdstuk 3)
Het resultaat van eilandisolatie wordt over het algemeen onzeker geacht, 
enerzijds omdat dit mogelijk door talrijke extrinsieke factoren beïnvloed wordt, 
en anderzijds vanwege de indrukwekkende variabiliteit van het resultaat, op 
zich. In het verleden werd de effectiviteit van de procedure indirect geschat, 
door vergelijking van de hoeveelheid insuline in het pancreas en de suspensie 
geïsoleerde eilandjes. Echter, omdat, algemeen wordt aangenomen dat de 
opbrengst aan eilandjes en insuline verschillend worden beïnvloed door de 
vele variabelen tijdens de isolatie, is de methode van insuline-extractie 
grotendeels verdrongen door de huidige methode van het opmeten van 
eilandjes ter bepaling van het totale volume geïsoleerde eilandjes. 
Morfometrische bepaling van de opbrengst aan eilandjes heeft de onderlinge 
vergelijking van resultaten in de verschillende laboratoria vergemakkelijkt, en 
ook een definitie van de kritische hoeveelheid eilandjes voor succesvolle 
transplantatie opgeleverd. Vooralsnog echter zijn geen pogingen ondernomen 
om morfometrie ook te gebruiken ter bepaling van de effectiviteit van de 
isolatiemethode door vergelijking van de hoeveelheid eilandjes vóór en na 
isolatie — en daarom is ook de recovery van eilandjes en insuline nog niet 
vergeleken.

Wij hebben door zowel morfometrie als insuline-extractie de effectiviteit van 
eilandisolatie gemeten, en deze twee methoden vergeleken. Daarbij werd 
gebruik gemaakt van een eenvoudige, zachtaardige, techniek voor de isolatie 
van eilandjes uit het linker pancreassegment in 31 honden, teneinde storende 
extrinsieke factoren en problemen door de ongelijke verdeling van eilandjes in 
het pancreas zoveel mogelijk uit te sluiten. De isolatie van eilandjes werd 
verricht, door via de afvoergang van het pancreas collagenase in te spuiten, en 
de klier zonder schudden te verteren (digestie). Het weefsel werd verder 
losgemaakt in een koude University of Wisconsin oplossing (UWS), en de 
eilandjes in het resulterende 'digest' (verteringsprodukt) werden gezuiverd 
door centrifugering in een dichtheidsgradiënt. Monsters van het pancreas, de 
digest-suspensie, en de zuivere fractie (eilandjes) en onzuivere fractie (acinair 
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weefsel) van de gradiënt, werden vergeleken door (i) morfometrie van het 
eilandvolume en de grootte-verdeling van de eilandjes; door (ii) extractie van 
insuline en amylase (als een maat voor het acinaire weefsel); en (iii) door 
microscopie van de morfologie en graad van 6-cel granulatie als een 
alternatieve maat voor het insulinegehalte. De kwaliteit van de geïsoleerde 
eilandjes werd verder onderzocht door stimulatie met glucose, gedurende in 
vitro perifusie.

In tegenstelling tot een -90% opbrengst van insuline en amylase na 
vertering, bedroeg de opbrengst aan geïsoleerde eilandjes 50% van het 
eilandgehalte van het pancreas. Na scheiding van het weefsel in 
dichtheidsgradiënten, werden de eilandjes vrijwel uitsluitend in de zuivere 
fractie aangetroffen — welke vrijwel geen acinair weefsel bevatte. De helft van 
het insuline werd daarentegen aangetroffen in de onzuivere (acinaire) fractie — 
wat er (in tegenstelling tot subjectieve microscopische beoordeling) op wees, 
dat een aanzienlijke hoeveelheid eilandjes gevangen bleef in niet-verteerde 
pancreasfragmenten. Correlatie-analyse toonde aan dat -50% van de variatie in 
eiland- en insuline-opbrengst, te herleiden valt tot de interindividuele 
verschillen in het gehalte aan eilandjes en insuline van het pancreas. Het 
insuline-gehalte van het digest correleerde niet met de eiland- en insuline- 
opbrengst in de zuivere fracties van de gradiënt; in tegenstelling tot het 
eilandjes-gehalte van het digest, dat zowel met de opbrengst aan eilandjes als 
de hoeveelheid insuline in de zuivere fracties correleerde. Theoretisch zou ook 
degranulatie van de fi-cellen, tijdens de isolatie en zuivering, een oorzaak 
kunnen zijn van een slechte correlatie van het insulinegehalte in het digest en 
de gezuiverde eiland-suspensie. Echter, eenzelfde ratio van de hoeveelheid 
insuline en het volume eilandjes, in zowel het pancreas, het digest, en de 
zuivere suspensies, toonde geen verlies van insuline uit de eilandjes. Bij 
histologisch onderzoek werden eveneens geen aanwijzingen gevonden voor de 
met insuline-verlies noodzakelijk gepaard gaande degranulatie van de B-cellen. 
Het relatief grote deel, kleine, eilandjes na isolatie wordt algemeen opgevat als 
een aanwijzing voor fragmentatie van eilandjes tijdens isolatie. Vergelijking 
van de grootte-verdeling van eilandjes in het pancreas, en na isolatie, liet echter 
eenzelfde aandeel kleine eilandjes zien, en wees ook — afgaande op de 
maximale, en gemiddelde, diameter van de eilandpopulaties — niet op 
fragmentatie.

Wij concluderen, dat de variabiliteit van de opbrengst, en grootte, van 
geïsoleerde eilandjes grotendeels kan worden toegeschreven aan de normale 
variatie van de eilandpopulatie van het pancreas. De effectiviteit van de 
isolatieprocedure werd het best gedocumenteerd door morfometrie, daar met 



164 Hoofdstuk 9

insulinemeting geen onderscheid gemaakt kon worden, tussen nog in het 
pancreasweefsel verblijvende eilandjes, dan wel vrije, geïsoleerde, eilandjes. 
Echter, de combinatie van morfometrie en insulinemeting gaf aan, dat wij het 
aandeel gevangen eilandjes hadden onderschat, tijdens het meten en tellen van 
de eilandjes; en leverde met de berekening van het insulinegehalte van 
eilandjes een extra maat ter bepaling van de integriteit van eilandjes. Wij stellen 
voor, dergelijk onderzoek ook bij humane eilandisolatie te verrichten, teneinde 
de analyse te vergemakkelijken, van andere factoren welke het resultaat van 
isolatie en transplantatie kunnen bepalen.

Preservatie in UWS tijdens eilandisolatie (Hoofdstuk 4)
Na collagenasevertering van het pancreas, wordt de isolatie traditioneel 
voortgezet in een op fysiologisch-zout gebaseerde oplossing, zoals de Hanks 
oplossing (HBBS) en het RPMI kweekmedium, onder hypotherme 
omstandigheden — teneinde de verdere werking van collagenase en 
afbraakprocessen te vertragen. De mogelijk negatieve effecten van koude 
tijdens blootstelling van de cel aan een fysiologisch milieu — zoals opzwellen 
van de cel, en uiteindelijk beschadiging van de celwand, en afsterven van de cel 
— zijn overbekend binnen het onderzoek naar de optimale omstandigheden 
voor het bewaren van organen op ijs voorafgaande aan transplantatie. De 
University of Wisconsin oplossing (UWS) is in eerste instantie ontwikkeld om 
de bijwerkingen van hypothermie tijdens koude opslag van het pancreas tegen 
te gaan.

Wij veronderstelden, dat de UWS ook beter geschikt zou kunnen zijn voor 
isolatie van eilandjes, en vergeleken het resultaat na isolatie van eilandjes in de 
UWS en RPMI, en het uiteindelijk resultaat na de hieropvolgende scheiding 
van eilandjes en ander pancreasweefsel door centrifugering in 
dichtheidsgradiënten. Monsters afkomstig van het pancreas, het digest, en van 
de gradiënten, werden vergeleken m.b.v. morfometrie en amylase-extractie om 
de opbrengst aan eiland- en acinair weefsel, alsook de zuiverheid te bepalen. 
Het isolatiemedium had geen invloed op de opbrengst aan eilandjes vóór de 
zuivering, welke overeenkwam met 51% van de oorspronkelijke eilandmassa in 
het pancreas. In RPMI werd verlies van amylase (30%) en zwelling van de 
acinaire cellen waargenomen. Geen verlies van amylase, en lichte krimp van de 
acinaire cellen werden daarentegen waargenomen in de UWS. De 
veranderingen van het celvolume werden gereflecteerd door de dichtheid en 
levensvatbaarheid van de eilandjes en acini in de dichtheidsgradiënten.

Eerst werden conventionele, hyperosmotische, dichtheidsgradiënten van 
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dextraan in HBSS gebruikt voor zuivering van eilandjes — omdat 
hyperosmolariteit voor de zuivering essentieel gebleken is. De dichtheid van 
eiland- en acinair weefsel was hoger in de dextraangradiënt na isolatie in de 
UWS, in vergelijking met RPMI. Echter, de afwezigheid van acinair weefsel in 
de belangrijkste eilandjesfracties van de gradiënt na isolatie in UWS, en een 
overlappende dichtheid van eilandjes en acini na isolatie in RPMI, toonden aan 
dat de acinaire cel meer geneigd is tot zwelling in de fysiologische oplossing. 
Celscheiding in de dextraangradiënten resulteerde in 15% zuiverheid en 41% 
recovery van de in RPMI geïsoleerde eilandjes, en 93% zuiverheid en 52% 
recovery van de in UWS geïsoleerde eilandjes.

Ook de osmolariteit van de dichtheidsvloeistoffen zal de dichtheid van de 
cel en het resultaat van scheiding op dichtheid beïnvloeden. Teneinde de 
impact van de UWS op de regulatie van het celvolume en de dichtheid van 
eilandjes en acini duidelijk te kunnen aangeven, werd daarom de 
hyperosmotische dextraangradiënt vervangen door een nieuwe normo- 
osmotische dichtheidsgradiënt van Percoll in UWS. Scheiding op dichtheid in 
Percoll verbeterde de zuiverheid (99%) en opbrengst (74%) van de in UWS 
geïsoleerde eilandjes. Deze gegevens tonen aan, dat het impermeabele karakter 
van de bestanddelen van de UWS zowel noodzakelijk als voldoende is ter 
voorkoming van celzwelling, en ter verzekering van volledige zuivering in 
afwezigheid van hyperosmolariteit. Na isolatie in UWS bleek de basale- en 
glucose-gestimuleerde insulinesecretie door de gezuiverde eilandjes superieur. 
Electronenmicroscopie liet een goede conservatie van de ultrastructuur van alle 
eilandcellen zien, zowel na isolatie in UWS als RMPI — afgezien van enigszins 
gezwollen mitochondria na isolatie in de RPMI oplossing. Ook 
autotransplantatie van eilandjes in de hond was zowel succesvol na isolatie in 
UWS als RPMI.

Wij concluderen, dat de dichtheid en levensvatbaarheid van eiland- en 
acinair weefsel het best bewaard blijven door UWS in plaats van de 
conventionele op fysiologisch zout gebaseerde oplossingen te gebruiken voor 
isolatie en zuivering van eilandjes in de kou. Preventie van celzwelling 
gedurende hypotherme isolatie in UWS, en bijgevolg behoud van de 
levensvatbaarheid en het dichtheidsverschil van eilandjes en acini kan de reden 
zijn van de hogere opbrengst, vrijwel zuivere, eilandjes na scheiding op 
dichtheid. Aldus, kan door celzwelling te voorkomen tijdens eilandisolatie in 
UWS, (i) eenvoudiger gezocht worden naar andere variabelen welke het 
resultaat van eilandisolatie kunnen beïnvloeden — zoals gebeurtenissen welke 
nog voor het uitnemen van het orgaan plaatsvinden, en de omstandigheden 
waaronder het pancreas bewaard wordt — , en kan voorts (ii) de osmolariteit 
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en viscositeit van de dichtheidsgradienten verder aangepast worden om 
dergelijke resultaten ook bij de mens te bereiken.

Glucoseregulatie na ductobliteratie (Hoofdstuk 5)
Transplantatie van een deel van het pancreas, na opspuiting met een snel 
uithardende substantie als neopreen via de afvoergang van het pancreas 
(ductobliteratie van de segmentele pancreas) is een vaak toegepaste methode 
voor transplantatie van de eilandjes in de diabetische patiënt. De veiligheid van 
deze pancreastransplantatie techniek is het grootste voordeel, maar de lange- 
termijn glucoseregulatie is controversieel. Fibrose, en reductie van de 
pancreasmassa tengevolge van het afsluiten van de afvoergang van het 
pancreas, worden benadrukt als de belangrijkste factoren bij de verslechtering 
van de glucoseregulatie in eerder onderzoek. Het in Hoofdstuk 5 behandelde 
onderzoek gaat in op de afzonderlijke en gecombineerde effecten van de 
transplantatie van een geductoblitereerd pancreassegment.

Het nuchtere, postprandiale, en i.v. glucose-gestimuleerde plasma- glucose, 
insuline, glucagon, pancreas polypeptide (PP), cholecystokinine (CCK), en het 
i.v. bombesine-gestimuleerde PP werden bestudeerd op drie 
achtereenvolgende tijdstippen in beagles, in een crossover-proefopzet: eerst 6 
weken na -70% pancreatectomie met behoud van een intacte, normale, 
exocriene drainage vanuit de duodenale restpancreas, vervolgens 2 weken na 
omzetting van de veneuze afvoer van de pancreashormonen naar de 
systemische bloedbaan, en tenslotte op 6 weken na in situ ductobliteratie van 
het restpancreas. Partiële pancreatectomie resulteerde in 50% reductie van de 
glucosetolerantie, en insulinerespons op intraveneuze glucosebelasting. 
Veneuze transpositie, met systemische afgifte van de pancreashormonen, 
wordt bij pancreastransplantatie verkozen om technische redenen. De perifere 
insulinespiegels verdubbelden bij veneuze transpositie, wat ongetwijfeld kan 
worden toegeschreven aan het omzeilen van de -50% primaire extractie van 
insuline door de lever. Andere parameters werden niet dramatisch beïnvloed 
door deze ingrepen. De meest dramatische verandering van de glucose
regulatie trad op na de in situ ductobliteratie. Bij intraveneuze glucosebelasting 
ging een 50% gereduceerde glucosetolerantie vergezeld van een 50-70% 
reductie van respectievelijk de totale en acute insulinerespons. Ductobliteratie 
induceerde een chronisch verhoogde bloedglucose na overnacht vasten, en na 
de maaltijd (-8 mM). Nuchtere hormoonspiegels, en het postprandiaal 
glucagon, CCK, alsook — opmerkelijk — het postprandiaal insuline, werden 
niet beïnvloed. De postprandiale PP respons was ernstig gereduceerd, en een
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PP-respons op bombesine bleef uit na ductobliteratie.
Hoewel overtuigend is aangetoond dat ductobliteratie interfereert met de 

endocriene functie, dient vooralsnog opgehelderd te worden hoe de 
glucoseregulatie beïnvloed wordt. De postprandiale 'normoinsulinemie' na 
ductobliteratie, in tegenstelling tot een gemiddeld 50% reductie van de door 
intraveneus glucose gestimuleerde insulinerespons kan worden verklaard door 
de verschillende stimuli bij deze testen, alsook door een postprandiale bijdrage 
van de entero-insulaire as. Daar ductobliteratie — met suppletie van de 
exocriene enzymen — geen effect had op de postprandiale CCK respons, en 
daar bekend is dat CCK een progressief stimulerend effect heeft op de insuline- 
afgifte bij stijging van de glucosespiegel, zou een postprandiaal 
hyperglycemisch versterkt insulinotroop effect van CCK (of andere 
darmhormonen) mogelijk de oorzaak kunnen zijn van de normale- tot 
verhoogde insulinemie. Daar ductobliteratie het perifere, postprandiale, 
insuline kwantitatief niet beïnvloedde, terwijl de insuline-afgifte toch 
onvoldoende bleek met het oog op de hyperglycemie, en daar voorts ook de i.v. 
glucose gestimuleerde acute insulinesecretie gestoord was, lijkt de fijne 
regulatie van de insulinesecretie ontregeld. Bij eerder onderzoek was gebleken, 
dat ductobliteratie naast atrofie van het exocriene weefsel, ook ontwrichting 
van de normale architectuur van de eilandjes induceert. Met de huidige 
bevinding, dat na ductobliteratie ook geen PP respons op bombesine meer 
mogelijk is, lijkt ook intrinsieke denervatie van eilandjes een belangrijk gevolg 
van obliterate — wat ondersteund wordt door de opmerkelijke daling van de 
acute insulinerespons. Daar ductobliteratie eenzelfde functioneel effect als 
denervatie van de 6-cel en PP-cel laat zien, en ook de architectuur van de 
eilandjes ontwricht is, vermoeden wij dat door denervatie van de 6-cellen de 
pulsatiele insulinesecretie afwijkt — wat de hyperglycemie bij een normale 
insulinespiegel zou verklaren. Hoewel pancreastransplantatie onvermijdelijk 
met extrinsieke denervatie gepaard gaat, zou de intrinsieke innervatie van de 6- 
cel, en fijne regeling van de insulinesecretie mogelijk gespaard kunnen blijven 
na transplantatie van een niet-geoblitereerd pancreas.

Insulinotrope eigenschappen van darmhormonen gedurende 
perifusie van geïsoleerde eilandjes (Hoofdstuk 6)
De postprandiale afgifte en insulinotrope werking van darmhormonen — 
welke "incretins" genoemd worden — wordt verantwoordelijk gesteld voor de 
bij voeding versterkte insulinerespons op glucose. Ons functieonderzoek in de 
hond suggereert dat het incretin effect — dat, normaal ruwweg de helft van de 
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insulinerepons op de maaltijd verzorgt — mogelijk 80-90% van de 
insulinerespons verzorgt bij milde postprandiale hyperglycemie na 
transplantatie van het pancreas en eilandjes. Insulinotrope effecten van 
fysiologische spiegels van de darmhormonen CCK (cholecystokinine) , GIP 
(gastric inhibitory polypeptide), en GLP-1 (glucagon-like peptide-1) zijn 
aangetoond in vivo, en in vitro, in het geperfundeerde pancreas — maar 
effecten van fysiologische spiegels van deze peptiden op geïsoleerde eilandjes 
zijn nog met duidelijk vastgesteld. Wij hebben daarom het insulinotroop effect 
van fysiologische spiegels van deze hormonen tijdens perifusie van kortdurend 
(2 dagen) gekweekte, geïsoleerde, honde-eilandjes onderzocht bij 
glucosespiegels zoals die worden waargenomen na eilandjestransplantatie. 
Dosis-respons studies met CCK en GIP tijdens perifusie bij een 7.5 mM 
glucosespiegel liet een tijdelijke insulinerespons op farmacologische CCK 
spiegels zien, en een dosis-afhankelijke respons op fysiologische tot 
farmacologische stimulatie met GIP. Bij perifusie met fysiologische spiegels 
CCK, GIP, en GLP-1 bij 2,5-7,5- en 10 mM glucose spiegels bleek geen effect van 
CCK, een 1,1 en 1,2-voudige GIP-versterkte insulinesecretie bij resp. 7,5 en 10 
mM glucose, en reeds een maximum effect van GLP-1 vanaf 7,5 mM glucose, 
resulterend in een tweevoudig versterkte afgifte van insuline.

Farmacologische, maar niet fysiologische CCK spiegels stimuleerden de 
insuline-afgifte in ons model, in overeenstemming met recente in vivo studies 
in de hond en mens. Onze bevinding, dat fysiologische spiegels GIP en GLP-1 
de glucose-gestimuleerde insulinesecretie versterken ondersteunt in vivo werk 
in de mens en experimenten met het geperfundeerde rattepancreas. GLP-1 was 
een aanzienlijk krachtiger incretin dan GIP in ons onderzoek. De waarneming 
dat GLP-1, in tegenstelling tot GIP, reeds effectief is bij een lage glucosespiegel 
steunt recente publicaties dat een (vrijwel) fysiologische dosis GLP-1, in 
tegenstelling tot GIP, effect heeft bij basale glycemie in de mens. Dit, en onze 
bevinding dat een maximum effect van GLP-1 eveneens bereikt werd bij een 
lagere glucosespiegel dan met GIP, draagt bij aan de overtuiging dat GLP-1 een 
belangrijk incretin is onder normale omstandigheden — bij euglycemie.

Bij eerder onderzoek waren — in tegenstelling tot onze bevindingen — 
farmacologische concentraties GIP en GLP-1 nodig om de insulinesecretie van 
geïsoleerde eilandjes te stimuleren. In onze experimenten, werden de eilandjes 
echter eerst 2 dagen gekweekt voorafgaande aan perifusie — wat lijkt aan te 
geven dat kortdurende kweek van groot belang is voor een effect van 
fysiologische stimulatie met deze hormonen. Geconcludeerd wordt dat 
geïsoleerde eilandjes kunnen reageren op fysiologische stimulatie van de fi-cel 
met darmhormonen. De gegevens duiden erop dat CCK niet belangrijk is als 
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een incretin in de hond, en ondersteunen het idee dat GLP-1 een belangrijk 
incretin is bij euglycemie. Aan het fysiologisch belang van GIP bij euglycemie 
wordt algemeen getwijfeld, echter zowel GIP als GLP-1 kunnen bijdragen aan 
een hyperglycemische versterkte activering van de entero-insulaire as na 
transplantatie van het endocriene pancreas, en onder andere omstandigheden 
(zoals type-2 diabetes) waarbij hyperglycemie optreedt.

De functie en overleving van getransplanteerde eilandjes 
(Hoofdstuk 7)
Er is nog relatief weinig onderzoek gedaan naar de kwaliteit van de 
glucoseregulatie door een transplantaat van geïsoleerde eilandjes. Daarom 
werd door ons de glucoseregulatie onderzocht na vasten, i.v. glucose, een 
gemengde maaltijd, en een i.v. arginine bolus bij een door glucose-infusie op 35 
mM gehouden glucosespiegel, vóór de operatie en tot drie jaar na 
autotransplantatie van geïsoleerde eilandjes in de milt bij zes honden. 
Bovendien werd de pancreas polypeptide (PP) respons op i.v. insuline- 
geïnduceerde hypoglycemie gemeten — een vagaal gemediëerde stimulus — 
teneinde eventuele cholinergische reïnnervatie van het transplantaat te kunnen 
registreren.

De eilanddosis bij transplantatie varieerde van 1588-9065 eilandjes per kg 
lichaamsgewicht (gestandaardiseerde eilandjes met een 150 pm diameter). Een 
ontvanger van slechts 1588 gezuiverde eilandjes per kg, werd binnen enkele 
dagen ernstig hyperglycemisch. Alle andere dieren ontvingen steeds meer dan 
3000 eilandjes per kg (wat overeenkomt met >20% van de gemiddelde, 
normale, eilandmassa in het pancreas) door de zuiverheid van het transplantaat 
te variëren van -5 tot 100%, wat resulteerde in een transplantaat-volume 
(sediment) van 14 tot <0,3 ml. Vier ontvangers van een transplantaat met een 
volume van minder dan 6 ml werden nuchter normoglycemisch binnen 2 
weken. De ontvanger van een 14 ml transplantaat werd pas na 5 weken 
normoglycemisch. Microscopisch onderzoek van de milt toonde een normaal 
beeld in ontvangers van de -100% zuivere transplantaten, maar uitgebreid 
lidtekenweefsel en een fibrotische reactie rond de eilandjes werden 
waargenomen bij onderzoek na falen van de onzuivere transplantaten. De 
insulinogene index (de verhouding van de insuline- en glucosespiegel 2 uur na 
de maaltijd) over de eerste maand na transplantatie voorspelde (r=0.99) de tijd 
tot het functioneel falen van het transplantaat (6-175 weken). Bij 
functieonderzoek na 6 maanden in vier honden, bleken normale nuchtere 
spiegels voor glucose en de hormonen, met uitzondering van gereduceerde PP 
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spiegels. De door intraveneus glucose en arginine gestimuleerde 
insulinerespons was tot 15% van de preoperatieve waarden gereduceerd. 
Daarentegen werd een normale insulinerespons op de maaltijd waargenomen, 
zij het bij een matige hyperglycemie (~10 mM). Het postprandiaal glucagon en 
GIP waren verhoogd. Bij vergelijking na transplantatie, van de insuline respons 
op een maal en intraveneus arginine bleek eenzelfde — vrijwel maximale — 
stimulatie van het transplantaat door de maaltijd. Geen PP-respons op de i.v. 
insuline-geïnduceerde hypoglycemie werd waargenomen — wat wijst op 
uitblijven van cholinergische reïnnervatie.

Belangrijke factoren voor overleving van de geïsoleerde eilandjes in het 
autotranspantatie-model zijn de dosis en zuiverheid van het preparaat, en de 
metabole status van de ontvanger. De langdurige nuchtere normoglycemie na 
transplantatie van >3000 eilandjes per kg lichaamsgewicht bevestigt eerdere 
publicaties over de noodzakelijke drempeldosis eilandjes voor succesvolle 
autotransplantatie in de hond. Het belang van zuivering van een eiland- 
autotransplantaat is controversieel. Onze aanwijzingen, dat een kleiner 
transplantaatvolume gepaard gaat met een langere levensduur van het 
transplantaat, en dat fibrose beperkt blijft tot de gedeeltelijke gezuiverde 
transplantaten, ondersteunt het idee dat verontreiniging met acinair weefsel de 
ingroei en functie van eilandjes kan belemmeren. Het is bekend dat arginine bij 
een ~35 mM glucosespiegel de insulinesecretie maximaal stimuleert. Daar na 
eilandtransplantatie (i) een maaltijd minstens zo sterk de insulinesecretie 
stimuleerde als de arginine test op de maximale secretiecapaciteit, en (ii) de 
postprandiale insulinespiegel zowel van de insulin-secretie capaciteit afhangt, 
alsook van de dan heersende glucosespiegel, en (iii) ernstige hyperglycemie op 
zich tenslotte de directe aanleiding kan zijn voor het vroegtijdig falen van een 
transplantaat: is het niet verwonderlijk, dat er een sterke correlatie bleek van de 
postprandiale insulinogene index zoals gemeten gedurende de eerste maand na 
transplantatie, en de tijdsduur tot het falen van het transplantaat.

De postprandiale normo-insulinemie, in tegenstelling tot een -85% 
gereduceerde insulinerespons op intraveneus glucose en -arginine in de 
autotransplantaten, kan zowel verklaard worden uit de verschillende stimuli 
bij deze testen, alsook door een postprandiale bijdrage van de entero-insulaire 
as. Onze recente in vitro perifusiestudies toonden aan, dat fysiologische 
spiegels — zoals die in plasma worden gemeten — van de insulinotrope 
darmhormonen GIP en GLP-1 de glucose-gestimuleerde insulinesecretie 
stimuleren tijdens perifusie van geïsoleerde honde-eilandjes. En daar het 
postprandiale GIP (hoog-) normaal was na eilandtransplantatie, zou de normo- 
insulinemie goed verklaard kunnen worden als het gevolg van een 
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postprandiaal hyperglycemisch-versterkte activering van de entero-insulaire 
as.

Hoewel postprandiale hyperglycemie, zoals boven beschreven, de normo- 
insulinemie zou kunnen verklaren, dienen deze glucose-afwijkingen nog 
verklaard te worden. Naast een gereduceerde fi-cel massa, kan zowel een 
ontregelde insulinesecretie als een PP-gebrek mede tot de verminderde 
glucosetolerantie geleid hebben. Ten eerste, is de geheel of grotendeels 
cholinergisch-gemediëerde pre-absorptieve insulinerespons — waarvan het 
belang voor de postprandiale glucosetolerantie vaststaat — afwezig of 
drastisch beperkt, daar cholinergische reïnnervatie van de transplantaten 
uitbleef, zoals bleek uit de afwezigheid van een PP-respons op hypoglycemie. 
Ten tweede, is eerder uit onderzoek door anderen gebleken, dat de periodiciteit 
van pulsatiele insulinesecretie door geïsoleerde eilandjes afwijkt van normaal 
— wat volgens in vivo onderzoek tot insulineresistentie en glucose-intolerantie 
leidt. Tenslotte, is uit eerder onderzoek met exogene PP-toediening in PP- 
deficiënte diermodellen gebleken dat de postprandiale PP-respons van belang 
kan zijn voor een remmend effect van insuline op de glucoseproductie door de 
lever.

Geconcludeerd wordt, dat zowel de eilanddosis, de zuiverheid van het 
transplantaat, en de resulterende bloedglucosespiegel op zich, de 
transplantaatoverleving mede kunnen bepalen. De maaltijdtest bleek zowel de 
insulinesecretiecapaciteit, de levensverwachting van het transplantaat, alsook 
de kwaliteit van de glucoseregulatie goed te documenteren. Een postprandiaal 
door hyperglycemie versterkt insulinotroop effect van GIP en andere 
darmhormonen zou een goede verklaring kunnen geven voor het opmerkelijke 
verschil van de insulinerespons op intraveneus glucose en een maaltijd; en 
zowel een verminderde insulinesecretiecapaciteit, een ontregelde pulsatiele 
insuline-afgifte, alsook een PP-gebrek kunnen bijgedragen hebben tot de 
matige postprandiale hyperglycemie. De oorzaak van het spontaan functioneel 
falen van een transplantaat na enkele jaren, in dit en ander onderzoek, is 
onduidelijk, maar verwacht wordt dat grotere doses gezuiverde eilandjes de 
transplantaatoverleving zullen verlengen.

Insulinesecretiecapaciteit, insulinewerking, en de entero- 
insulaire as na eilandtransplantatie (Hoofdstuk 8)
Ons eerder onderzoek suggereerde, dat na eilandtransplantatie zowel een 
gereduceerde insulinesecretiecapaciteit — als gevolg van een subnormale 
eilanddosis — alsmede een verminderde insulinewerking — door een 
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ontregelde neuraal-gemediëerde fijne regulatie van de insulinesecretie — kan 
leiden tot postprandiale hyperglycemie. De vraag naar de relatieve bijdrage 
van de insulinesecretiecapaciteit (ISC) en de insulinewerking bij de 
postprandiale glucoseregulatie, bleef nog onbeantwoord. Voorts 
veronderstelden wij, dat de normo-insulinemische respons van het 
transplantaat op de maaltijd, in tegenstelling tot een hypo-insulinemische 
respons op intraveneuze belasting, eerder dient te worden toegeschreven aan 
stimulering van de entero-insulaire as, dan aan een effect van de 
hyperglycemie op zich. GLP-1 (glucagon-like peptide-1 7-36amide) wordt 
momenteel beschouwd als de mogelijk belangrijkste insulinotrope darmfactor 
in de entero-insulaire as, en van GLP-1 en andere darmhormonen, zoals GIP 
(gastric inhibitory polypeptide), is bekend dat de potentiëring van de glucose- 
gestimuleerde insulinesecretie versterkt wordt bij stijging van de heersende 
glucosespiegel. Eerder toonden wij aan dat fysiologische spiegels GIP en, 
vooral, GLP-1 de insulinesecretie van pas geïsoleerde (kortdurend gekweekte) 
honde-eilandjes versterken, tijdens in vitro perifusie bij glucosespiegels zoals 
die postprandiaal worden waargenomen na eilandjestransplantatie. Vooralsnog 
echter, zijn nog geen in vivo effecten van darmhormonen na transplantatie van 
geïsoleerde eilandjes gepubliceerd.

Wij hebben daarom (i) de insulinesecretiecapaciteit (ISC) op een i.v. arginine 
bolus bij een 35 mM glucosespiegel, (ii) de insulinewerking gedurende 
euglycemische insuline-infusie, en (iii) fysiologische maaltijdstimulatie 
onderzocht in 8 honden op 6 maanden na autotransplantatie van gezuiverde 
eilandjes in de milt, in vergelijking met 30 normale honden. Na transplantatie 
werd de entero-insulaire as onderzocht door een vrijwel-fysiologische infusie 
van GLP-1 tijdens glucose-infusie tot een -8.5 mM spiegel — vergelijkbaar met 
de 8-9 mM postprandiale glycemie welke in de eilandjes-ontvangers werd 
waargenomen. De dosis getransplanteerde eilandjes kwam gemiddeld overeen 
met ca. 25% van de normale eilandmassa in het pancreas, en de zuiverheid van 
het eilandjespreparaat bedroeg -70%. Na transplantatie was de ISC gemiddeld 
-25% van de controlewaarden. De postprandiale insulinerespons was, 
daarentegen, na transplantatie toegenomen tot 140% — zij het dat ook de 
postprandiale glucose toenam tot -8.5 mM. Na transplantatie nam de 
insulinewerking gemiddeld met 45% af. In de getransplanteerde honden werd 
een significante negatieve correlatie tussen de ISC en zowel de postprandiale 
glucosetoename (r - 0.9) alsook de insulinewerking (r - 0.7) waargenomen. 
Infusie van GLP-1 verhoogde (175%) de insulinespiegel bij een 8.5 mM 
glucosespiegel.

Het is bekend dat de intraveneuze argininetest — onder vergelijkbare 
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hyperglycemische omstandigheden — een vrijwel maximale stimulatie van de 
6-cel bewerkstelligt, en dat deze ISC-test ook een gevoelige maat levert voor de 
reductie van de 6-cel massa, in andere modellen. De gemiddeld vergelijkbare 
afname van de eilandmassa na autotransplantatie en de insulinesecretie- 
capaciteit, tot -25% van normale waarden, wees erop dat de ISC ook een goede 
indicatie van de eilandmassa in ons model geeft. De insulinemie tijdens de ISC- 
en maaltijdtest was vergelijkbaar na transplantatie; wat er op wijst dat de 
getransplanteerde 6-cellen ook vrijwel maximaal werden gestimuleerd na de 
maaltijd. Deze conclusie wordt verder onderbouwd door de (negatieve) 
correlatie van de insulinesecretiecapaciteit versus de postprandiale 
glucosetoename. Deze gegevens bevestigen en completeren onze eerdere 
publicaties over het opmerkelijke verschil tussen de insulinerespons op 
intraveneuze glucose en een maaltijd — zowel na eilandtransplantatie, als na 
de in vivo functionele isolatie van eilandjes als gevolg van obliterate van de 
afvoergang van het pancreas.

De insulinespiegels verdubbelden bijna gedurende GLP-1 infusie in onze 
getransplanteerde dieren; en eerder onderzoek toont aan, dat eenzelfde GLP-1 
dosis minder insulinotroop is onder milder hyperglycemische omstandigheden 
in normale honden. Daarom wordt geconcludeerd, dat een hyperglycemisch- 
versterkt insulinotroop effect van GLP-1 — en waarschijnlijk eveneens andere 
insulinotrope hormonen zoals GIP — grotendeels de hyperinsulinemische 
respons op de maaltijd na eilandtransplantatie kunnen verklaren.

Postprandiale hyperglycemie kan, zoals boven aangegeven, de postpran
diale insulinemie verklaren — vervolgens dienen wij nog een verklaring te 
vinden voor het feit dat de insulinesecretie nochtans onvoldoende bleek om 
normale glucosespiegels te bewerkstelligen. Het is zondermeer duidelijk dat de 
afnomen insulinewerking heeft bijgedragen aan de postprandiale 
hyperglycemie. De correlatie van de insulinesecretiecapaciteit van de 
transplantaten met zowel de postprandiale glucosetoename en de 
insulinewerking in de getransplanteerde dieren, gaf aan dat de 6-cel massa van 
de transplantaten de meest bepalende factor voor glucose-intolerantie was. 
Deze data steunen eerder onderzoek in dieren met een gedeeltelijk verwijderd 
pancreas, en patiënten met recent-vastgestelde insuline-afhankelijke diabetes, 
dat suggereert dat een verminderde insulinesecretiecapaciteit gepaard gaat met 
insulineresistentie en dat de resistentie zelfs toeneemt met een verdere afname 
van de secretiecapaciteit. Naast een verminderde insulinesecretiecapaciteit, kan 
ook een veranderd insulinesecretiepatroon als gevolg van het ontbreken van de 
fijne neurale regeling van de afgifte van insuline door de geïsoleerde eilandjes 
geleid hebben tot een verslechterde glucosetolerantie en insulineresistentie in 
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de getransplanteerde dieren. Ten eerste, is de geheel of gedeeltelijk neuraal 
gemediëerde pre-absorptieve insulinerespons belangrijk voor de postprandiale 
glucosetolerantie, en afwezig of gereduceerd na transplantatie van geïsoleerde 
eilandjes. Ten tweede, is aangetoond dat na isolatie van eilandjes de pulsatiele 
insulinesecretie ontregeld is — en bekend is, dat dit tot insulineresistentie leidt.

Wij concluderen, dat een verminderde fi-cel massa en ook een kwalitatief 
mindere insulinesecretie kunnen bijdragen aan insulineresistentie en een milde 
postprandiale hyperglycemie na eilandtransplantatie. De verminderde Ê-cel 
massa leek de belangrijkste oorzaak van deze afwijkingen. De insulinotrope 
effecten van GLP-1 en waarschijnlijk ook andere darmhormonen lijken 
grotendeels verantwoordelijk voor het opmerkelijke verschil van de insuline 
respons na intraveneuze en orale belasting. Aldus, zouden na transplantatie 
van een suboptimale dosis eilandjes, afwijkingen van het postprandiale 
bloedglucose waarschijnlijk grotendeels worden beperkt door een, met een 
stijgende glucosespiegel tevens actiever wordende, entero-insulaire as — wat 
tot maximale stimulatie van de insulinesecretie, en uiteindelijk mogelijk tot 
definitief falen van het transplantaat kan leiden. Transplantatie van een grotere 
eilandmassa moet langdurige vrijwel-normale glucoseregulatie mogelijk 
maken.

Conclusies en toekomstverwachtingen
De afgelopen jaren heeft men zich veel inspanning getroost om transplantatie 
van eilandjes in de praktijk te brengen. Zoals in de introductie werd 
opgemerkt, is de haalbaarheid van deze techniek in de mens aangetoond, maar 
de hindernissen welke klinisch succesvolle toepassing op grote schaal in de 
weg staan zijn vrijwel hetzelfde als bij de eerste experimenten in ratten — 
twintig jaar geleden — namelijk: de isolatietechniek en afstoting [1]. 
Verbetering van de techniek van isoleren is nodig om consistent, voldoende, en 
ook voldoende zuivere, eilandjes voor transplantatie te kunnen verkrijgen. 
Bovendien, hoewel een nauwkeurige glucoseregulatie in het vaandel van 
eilandjestransplantatie staat, is eigenlijk nog maar weinig aandacht besteed aan 
de haalbare kwaliteit van de metabole controle na transplantatie van 
geïsoleerde eilandjes [2, 3]. Dit proefschrift handelt over enige technische 
aspecten van de isolatieprocedure, en de glucoseregulatie na 
eilandtransplantatie in de hond. Een autotransplantatie-model werd gekozen, 
om de storende neveneffecten van afstoting en immunosuppressieve 
medicijnen te vermijden [3-5].

Het onderzoek met betrekking tot technische aspecten van de isolatie, 
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bestaat enerzijds uit een studie van de oorzaken van de gewoonlijk extreme 
variatie van de resultaten met betrekking tot de opbrengst, integriteit, en 
zuiverheid van de eilandjes na isolatie; en introduceert anderzijds nieuwe 
methoden, ter verklaring en vermindering van deze variabiliteit — welke niet 
slechts klinische toepassing, maar ook technologische vernieuwing in de weg 
staat. In ons onderzoek kon het merendeel van de variabiliteit van de resultaten 
toegeschreven worden aan reeds bij de donor aanwezige variabiliteit — vóór 
de isolatieprocedure. Donor-gerelateerde variabelen zoals lichaamsgewicht, 
leeftijd, en — opmerkelijk — een drievoudige variatie in het eilandgehalte van 
het pancreas verklaarde de helft van de variabiliteit van onze resultaten na 
isolatie. Bepaling van de effectiviteit van isolatie van eilandjes door 
morfometrie zou daarom onderzoek naar andere factoren welke een rol kunnen 
spelen bij het uiteindelijke resultaat, eenvoudiger en minder kostbaar kunnen 
maken. Voorts — in tegenstelling tot de vrij algemene opvatting dat 
fragmentatie van eilandjes bij isolatie in grote zoogdieren helaas onvermijdelijk 
is — werd morfometrisch aangetoond dat eilandjes vrijwel intact geïsoleerd 
kunnen worden — tenminste in de hond, door een zachtaardige 
isolatietechniek te gebruiken. Door naast morfometrie ook de insuline- 
opbrengst te meten — als een mogelijk eenvoudig alternatief ter bepaling van 
de effectiviteit van isoleren — kon worden aangetoond dat deze biochemische 
methode niet voldoet, omdat zo geen onderscheid gemaakt kan worden tussen 
enerzijds eilandjes welke schoon (zonder aanhangend exocrien weefsel) 
geïsoleerd zijn, en anderzijds eilandjes welke gevangen blijven in nog 
onverteerde brokken pancreasweefsel. Echter, door beide meetmethoden toe te 
passen, kwam deze waardevolle informatie boven water, en kon ook behoud 
van het insuline-gehalte van de eilandjes tijdens isolatie worden aangetoond.

Spannender, was de vondst — door serendipiteit — van het effect van de 
UWS als isolatievloeistof op de dichtheid van het weefsel en de zuivering van 
eilandjes in een dichtheidsgradiënt. De mogelijk nadelige effecten van het koud 
houden van weefsel — uiteraard bij uitstek bekend terrein bij 
orgaanpreservatie onderzoek — waren nog onbekend binnen het eilandjes
isolatie onderzoek. Ons verder onderzoek naar het voordeel en de werking van 
UWS tijdens isolatie en zuivering van eilandjes in dichtheidsgradiënten, 
bevestigde de veronderstelling, dat consistente, vrijwel volledige zuiverheid 
het gevolg moet zijn, van het tegengaan van celzwelling — wat tijdens het 
verwerken van weefsel in de kou bevorderd wordt, door het werken in een 
traditionele oplossing gebaseerd op fysiologisch zout. Bovendien bleek, dat zo 
ook een hogere opbrengst aan levensvatbare eilandjes bereikt werd. 
Geconcludeerd wordt, dat zo tenminste onder experimentele omstandigheden 
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de problemen met betrekking tot het zuiveren van geïsoleerde eilandjes (zoals 
inconsistente zuiverheid, en verlies van eilandjes) vrijwel zijn opgelost. Hierbij 
dient wel te worden opgemerkt, dat de bijkomende problemen rond het 
verkrijgen en bewaren van menselijke organen omzeild werden in ons 
hondemodel. Echter, een eerste verkenning suggereerde dezelfde grote 
voordelen van het werken in de UWS bij isolatie van humane eilandjes [6, 7], en 
eveneens uitgesproken betere resultaten bij vervanging van een fysiologische 
isolatie-oplossing door UWS tijdens humane eilandisolatie, werden recent 
gerapporteerd door de Leicester groep [8]. De meeste groepen zijn inmiddels 
overgegaan op het gebruik van de UWS voor isolatie van eilandjes uit het 
pancreas van de mens en dieren [8-18], of, zijn de EuroCollins 
preservatievloeistof gaan gebruiken voor isolatie [19, 20], en zuivering [21]. Een 
betere beheersing van de omstandigheden tijdens isolatie, door werken in de 
UWS, maakt het eenvoudiger om andere factoren welke van invloed kunnen 
zijn op het uiteindelijk resultaat, op te sporen en te beheersen. Momenteel lijkt 
het voorkómen en terugdringen van celzwelling tijdens isolatie en zuivering 
van eilandjes de belangrijkste bijdrage van een preservatievloeistof. Wij hebben 
eerder al — voor zover bekend, voor het eerst — er de aandacht op gevestigd, 
dat de handige (commercieel verkrijgbare) FSD (Ficoll-natrium-diatrizoaat) 
dichtheidsgradient — welke met andere contrastmiddelen reeds de voorkeur 
geniet bij celzuivering binnen andere onderzoeksgebieden — een anion bevat 
met een hoog molecuulgewicht, dat zoals het 'impermeant' lactobionate in de 
UWS vrijwel onmogelijk het celmembraan passeert en evenals de UWS 
celzwelling zou helpen voorkomen [7]. Onze eerste, voorlopige, ervaring met 
deze eenvoudige zeer efficiënte (-100% zuiverheid, en 80% opbrengst) 
zuiveringstechniek, waarbij van slechts één (1.119 g/ml) FSD 
dichtheidsoplossing gebruik gemaakt werd, wordt bevestigd door ons recente 
werk in varkens (niet gepubliceerde gegevens) en recent publicaties van 
anderen [22, 23]. Waarschijnlijk zal een combinatie van eilandisolatie in een 
orgaan-bewaarvloeistof, met zuivering in FSD of een soortgelijke oplossing de 
komende jaren een standaard methode worden. Andere belangrijke 
onderwerpen op het gebied van de orgaanpreservatie, zoals een hoge 
buffercapaciteit van de bewaarvloeistof om acidose van het weefsel te 
voorkomen [24] en eventuele toevoeging van stoffen welke mogelijk vrije 
radicalen wegvangen, of op andere wijze de cel beschermen zoals — misschien 
door coating' — polyethyleen glycol [25, 26] kunnen in de toekomst mogelijk 
ook waardevol blijken bij isolatie van eilandjes. Momenteel is er grote behoefte 
aan het ontwerp van een gemodificeerde UWS welke zowel geschikt is tijdens 
de warme (fysiologische) en koude omstandigheden, welke onvermijdelijk, 
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afwisselend, optreden tijdens het uithalen en bewaren van het pancreas, de 
vertering met collagenase bij ~37°C, en verdere isolatie, zuivering, en 
opwarmingsstappen — alsook, bij voorkeur, tijdens een eventuele 
cryopreservatie-procedure. Momenteel dienen meestal nog verschillende 
oplossingen tijdens deze verschillende fasen gebruikt te worden, en de 
verschillende oplossingen zijn moeilijk tijdig en volledig uit te wisselen, en 
bovendien waarschijnlijk ongeschikt tijdens overgangsfasen van de 
temperatuur. Cel- en orgaan-preservatieonderzoek met oplossingen op basis 
van fysiologische concentraties natrium en kalium, in plaats van de 
omgekeerde concentratie-verhouding van deze kationen in de standaard UWS 
[26-28], en ook de gegevens met op een fysiologische natriumconcentratie 
gebaseerde FSD-oplossingen, wijzen erop dat de concentraties van deze 
kationen ook niet cruciaal zijn voor de celvolume-regulatie bij eilandisolatie. 
Overgaan op een fysiologische Na+/K+ verhouding is waarschijnlijk de eerste 
stap in de juiste richting bij het ontwerp van een op lactobionate gebaseerde 
'basale' UWS, welke zowel onder warme als koude omstandigheden tijdens 
eilandisolatie gebruikt kan worden.

Onze eerste aanwijzingen, dat de isolatie van eilandjes een nadelig effect op 
de glucoseregulatie kan hebben, werden verkregen in een onderzoek naar de 
effecten van ductobliteratie van het pancreas. De overlevende eilandjes na door 
ductobliteratie geïnduceerde atrofie van het exocriene pancreas — zijn niet 
slechts anatomisch geïsoleerd van het exocriene weefsel, maar raken ook 
intrinsiek gedenerveerd. De relatieve bijdrage van een kwantitatief geringere 
insulinesecretiecapaciteit als gevolg van verlies van eilandjes enerzijds, en 
nadelige kwalitatieve effecten als gevolg van de denervatie en ontwrichting van 
de eilandarchitectuur na obliterate anderzijds, is vooralsnog onopgehelderd. 
Hoe dan ook — het opmerkelijke verschil tussen een kwantitatief normale 
insulinerespons op de maaltijd, en een sterk gereduceerde respons op 
intraveneuze glucosebelasting, gaf aan dat insulinotrope darmhormonen een 
belangrijke rol kunnen spelen bij de glucoseregulatie onder de mild 
hyperglycemische omstandigheden zoals die na transplantatie van het pancreas 
en eilandjes worden waargenomen. De entero-insulaire as werd daarom 
gedetailleerd onderzocht bij het volgende in vitro en in vivo onderzoek met 
geïsoleerde eilandjes.

Bij eerder onderzoek naar een direct insulinotroop effect van 
darmhormonen op geïsoleerde eilandjes door anderen, werden eerder 
farmacologische dan fysiologische concentraties van de potentiële 'incretins' 
(d.w.z. onder fysiologische omstandigheden insulinotrope darmhormonen) 
gerapporteerd. Daarom werd door ons na een verkennend dosis-respons 
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onderzoek, eerst in vitro — in perifusie experimenten — het directe effect van 
fysiologische concentraties GIP en met name GLP-1 op vers geïsoleerde 
eilandjes aangetoond. Vervolgens werd in vivo aangetoond — door infusie van 
een lage dosis GLP-1 tijdens een glucose-infusie welke de glucosespiegel op het 
niveau hield dat postprandiaal resulteerde na eilandtransplantatie — dat GLP-1 
ook op lange-termijn na transplantatie van de geïsoleerde eilandjes nog een 
insulinotroop effect kan uitoefenen na de maaltijd. Deze gegevens tonen vrijwel 
zeker aan, dat de hormonale tak van de entero-insulaire as het belangrijkste 
fysiologische controlemechanisme is bij de glucoseregulatie na 
eilandtransplantatie.

Een andere interessante conclusie uit het functieonderzoek was, dat 
postprandiale hyperglycemie tot een chronische vrijwel-maximale druk op de 
insulinesecretiecapaciteit van de transplantaten leidt, voor zover deze uit een 
duidelijk subnormale eilandmassa bestaan — wat dan aanleiding zou kunnen 
zijn tot functioneel falen van het transplantaat. Deze data impliceren, dat 
blootstelling van intraportaal getransplanteerde eilandjes — de voorkeurs
locatie bij klinisch transplantatie — aan de intraportaal hoge spiegels van 
voedingstoffen en darmhormonen — naast de eveneens hoge intraportale 
spiegels van immunosuppressieve medicijnen en toxische voedings
bestanddelen — kan bijdragen tot het eerder falen na transplantatie in de lever 
[3, 29-31]. Het onvoldoende volume eilandjes, en het tamelijk geïsoleerd 
functioneren van getransplanteerde eilandjes, mede door uitblijven van 
(cholinergische) reïnnervatie, droeg bij aan een gestoorde- insulinesecretie, 
glucosetolerantie, en insulinewerking. Reeds vanaf het ductobliteratie- 
onderzoek werd steeds door ons de nadruk gelegd op een verminderde 
insulinewerking als gevolg van gestoorde pulsatiele insulinesecretie door 
intrinsieke denervatie van de eilandjes, als een mogelijk belangrijke oorzaak 
van het optreden van postprandiale hyperglycemie. De huidige gegevens 
wijzen er echter eerder op, dat de eiland-dosis de belangrijkste bepalende factor 
is voor de glycemie, en de insulinewerking. Nochtans, zou insulineresistentie 
op zich de doorslag kunnen geven voor het al-dan-niet kunnen functioneren 
van de ruwweg in een drempeldosis getransplanteerde eilandjes — welke 
ongeveer overeenkwam met 25% van de normale eilandmassa in het pancreas. 
Deze bevindingen onderstrepen het belang van streven naar een optimale 
metabole controle in type-1 diabetische ontvangers van een 
eilandtransplantaat, zoals onlangs naar voren werd gebracht door de Giessen 
groep [32], en ook werd afgeleid uit de gegevens van de internationale 
registratie van klinische resultaten (Islet Transplant Registry te Giessen). De 
verzamelde gegevens in deze databank suggereren, dat perifere 
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insulineresistentie het optreden van insuline-onafhankelijkheid in veel type-1 
ontvangers van allo-getransplanteerde eilandjes verhinderd — als een 
mogelijke verklaring voor de insuline-onafhankelijkheid één jaar na 
transplantatie bij 23% van de IDDM-ontvangers versus 43% van de patiënten 
welke eilandjes ontvingen ter voorkoming van diabetes secundair aan 
pancreatectomie ten tijde van de transplantatie [33].
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bbrevicrïions

AIR
AUC
CCK
CsA
DTZ
GIF

Acute insulin response
Area under the curve
Cholecystokinin
Cyclosporine-A
Dithizone (diphenylthiocarbazone)
Gastric inhibitory polypeptide, also called
Glucose-dependent insulinotropic polypeptide

GLP-1
HBS
HBSS
IDDM
lEq

Glucagon-like peptide-1
Hanks' balanced salts
Hanks' balanced salt solution
Insulin-dependent diabetes mellitus
Islet equivalent (one islet equivalent equals the volume 
of a sphere with a diameter of 150 jam)

ISC 
IVGTT

NIDDM 
PBS 
PP 
PTV 
RPMI 
Si

Insulin secretory capacity
Intravenous glucose tolerance test
Blood glucose clearance rate
Non-insulin-dependent diabetes mellitus
Phosphate-buffered saline
Pancreatic polypeptide
Packed-tissue volume
Roswell Park Memorial Institute (culture medium)
Insulin sensitivity index

UW 
uws 
A

University of Wisconsin
University of Wisconsin solution 
Incremental



Illustration of islet isolation and 
transplantation

1 Paul Langerhans
2 Section of the normal dog pancreas showing islets stained reddish-brown 

(immunostained for insulin)
3 The author, watching the dog islet isolation procedure in the Minneapolis surgical 

research laboratory
4 Start of the operation in the dog (From left to right: Professor Hein G. Gooszen, Ms. 

M. Jane Field (Minneapolis), and Dr. Onno R. Guicherit, at our surgical 
laboratory)

5 The pancreas is removed
6 Infusion of the collagenase solution via the ducts in the dog pancreas — collagenase 

leaking from the pancreas is recirculated using a pump (Islet laboratory, at the 
Department of Cell Biology and Histology, Leiden)

7 During collagenase digestion at 37-39 °C the pancreas falls apart (non-stained 
pancreatic exocrine tissue and free-ed small blood vessel, at low magnification)

8 Dissociated pancreatic tissue
9 Tissue is further dispersed by aspiration in a syringe, and sieved to remove 

undigested fragments, ducts and vessels — demonstrated by Ms. Jane Field at our 
islet laboratory.

10 Tissue suspension demonstrating low purity of the islets (stained red by dithizone) 
obtained by dextran gradient separation after isolation in the RPMI tissue culture 
solution (dark-brown exocrine fragments remain unstained)

11 Pure islet suspension (after dithizone staining) obtained by density separation in 
Percoll gradients (in University of Wisconsin solution) after islet isolation in the 
University of Wisconsin solution (islets are only slightly stained due to poor 
diffusion over the cell membrane in the preservation solution)

12 Section of highly purified islets obtained by dextran density separation after 
isolation in the University of Wisconsin solution

13 Islets are autotransplanted by infusion in the spleen of the dog
14 Transplanted islet in section of the spleen of one of the dogs shortly after the onset of 

fasting hyperglycemia at three months posttransplant (immunostained for insulin)
15 Highly purified human islets obtained by Percoll density separation after isolation 

in the University of Wisconsin solution (immunostained with gold for insulin; not 
counterstained)
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