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1. ABSTRACT 

Diabetes is a rapidly growing disease with 415 million affected adults worldwide. 

The pancreatic endocrine cells, most importantly the insulin producing β-cells, play 

an important role in regulating blood glucose homeostasis. Type 1 diabetes (T1D) is 

characterized by the inability of the pancreas to secrete sufficient amounts of insulin 

due to autoimmune destruction of insulin producing β-cells. Type 2 diabetes (T2D) 

on the other hand is characterized by defects in insulin secretion and insulin 

sensitivity. Alterations in the β-cell mass (BCM) and/or function play a major role in 

the development and progression of the disease. Understanding BCM dynamics in 

disease models is therefore a key aspect for better interpretation of research results. 

In this thesis, we have used optical projection tomography (OPT) as a tool to 

evaluate a non-invasive imaging modality for β-cell scoring and to study disease 

dynamics in frequently used animal models for T1D and T2D.  

 

The possibility to monitor BCM in vivo would radically improve our competence in 

studying the pathogenesis of diabetes and in therapeutic interventions. Single photon 

emission computed tomography (SPECT) is a widely used technique that has 

become a promising approach to monitor changes in BCM in vivo. A key issue for 

using this approach is to evaluate the β-cell specificity and read out of the utilized 

radiotracers. This is most commonly performed by conventional stereological 

approaches, which rely on the extrapolation of 2D data. We developed a protocol for 

SPECT-OPT multimodal imaging that enables rapid and accurate cross evaluation 

of SPECT based assessments of BCM. While histological determination of islet 

spatial distribution was challenging, SPECT and OPT revealed similar distribution 

patterns of the radiotracer 111In-exendin-3 and insulin positive β-cell volumes 

respectively between different pancreatic lobes, both visually and quantitatively. We 

propose SPECT-OPT multimodal imaging as an accurate and better approach for 

validating the performance of β-cell radiotracers. 

 

The leptin deficient ob/ob mouse is a widely used model for studies of metabolic 

disturbances leading to T2D, including obesity and insulin resistance. By OPT 

imaging we created the first 3D-spatial and quantitative account of BCM 
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distribution in this model. We observed a previously unreported degree of cystic 

lesions in hypertrophic islets, that were occupied by red blood cells (RBCs) and/or 

fibrin mesh. We propose that these lesions are formed by a mechanism involving the 

extravasation of RBCs/plasma due to increased blood flow and islet vessel 

instability. Further, our data indicate that the primary lobular compartments of the 

ob/ob pancreas have different potentials for expanding their β-cell population. 

Unawareness of these characteristics of β-cell expansion in ob/ob mice presented in 

this study may significantly influence ex vivo and in vivo assessments of this model 

in studies of β-cell adaptation and function. The tomographic data, on which this 

study was based, will be made publically available as a resource to the research 

community for the planning and interpretation of research involving this model. 

There are limited studies on early metabolic and functional changes of BCM in the 

settings of T1D. In order to assess initial metabolic alterations in BCM before the 

onset of diabetes, we characterized congenic diabetes prone Bio-breeding (BB) 

DR.lyp/lyp rats, a widely used model for T1D diabetes. We observed lower acute 

insulin response, reduced islet blood flow and a significant reduction in the BCM of 

small and medium sized islets at a very early stage (40 days), i.e. before insulitis and 

development of diabetes. Underlying changes in islet function may be a previously 

unrecognized factor of importance in the development of T1D. 
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5. INTRODUCTION  

Diabetes is one of the fastest growing diseases in the world with 415 million 

affected adults worldwide1. In addition, 318 million are affected with impaired 

glucose tolerance, which puts them at a high risk of developing diabetes in the 

future. The number of affected individuals is estimated to increase up to 642 million 

by 2040. This will impose a significant burden, not only on the affected individuals 

and their families, but also on the societal economies due to a significant burden on 

the healthcare system1. Therefore, a comprehensive understanding of the key organ 

involved, i.e. pancreas, and related mechanisms during diabetes progression are 

warranted for better prognostics, treatments and management of the disease. 

 
5.1 The Pancreas 

The pancreas is an endodermally derived organ composed of an endocrine and 

exocrine part, which play important roles in regulating blood glucose homeostasis 

and digestion respectively. The mouse pancreas comprises three primary lobular 

compartments, i.e. the splenic (SL), duodenal (DL) and gastric (GL) lobes2-5. The 

exocrine part of the pancreas constitutes more than 90% of the total gland, which is 

composed of secretory acinar cells that mainly produce digestive enzymes. These 

enzymes are transported into the intestine by pancreatic ductal networks to facilitate 

nutrient metabolism. The endocrine pancreas (1-2%) is composed of islets of 

Langerhans, which are scattered throughout the gland. Pancreatic islets are 

composed of five major cell types, α-cells, β-cells, γ-cells, δ-cells and ε-cells that 

secret specific hormones to the blood flow. The β-cells secrete insulin and amylin 

where, α-cells, δ-cells, γ-cells and ε-cells secrete glucagon, somatostatin, pancreatic 

polypeptide, and ghrelin, respectively2,3,6. In mice, the β-cells constitute most of the 

islet volumes (80%) and are tightly packed in the islet core; these are surrounded by 

α-cells in the periphery. Conversely, human islets display intermingled endocrine 

cells with β-cells still being the most frequent cell type7,8. Insulin secreted by β-cells 

plays a key role in maintaining blood glucose levels along with glucagon. Food 

intake triggers insulin release in response to increased blood glucose, which 

facilitates glucose conversion into glycogen mostly in liver, muscle and adipose 

tissues6. In contrast, glucagon secreted by α-cells during low blood glucose levels, 
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converts glycogen into glucose6. Furthermore, somatostatin inhibits insulin and 

glucagon secretion in the pancreas and modulates exocrine secretion9. Pancreatic 

polypeptide regulates exocrine secretion, inhibits food intake and are involved in 

regulating overall energy balance10 whereas ghrelin is considered to have an 

important role in metabolic regulation and energy balance6,11. An aberration in blood 

glucose homeostasis due to either insufficient insulin secretion or perturbed insulin 

sensitivity is commonly termed as diabetes mellitus. 

 
5.2 Diabetes 

Diabetes mellitus is a complex metabolic disease associated with hampered insulin 

secretion or insulin sensitivity leading to disturbed blood glucose homeostasis. The 

earliest known documentation of diabetes was presumed to be in the Ebers Papyrus 

that was written around 1500 BC12. Indian physicians around the same time 

described ‘Madhumeha’ or ‘honey urine’ a condition where urine from diabetic 

people attracted ants and flies. The patients also suffered from thirst and foul breath 

(most likely due to ketosis)12. Sushruta and Charaka (400-500 AD) were the first to 

describe two separate conditions of diabetes, one associated with thin and young 

individuals and another with overweight. The term ‘diabetes’ which in Greek means 

‘to pass through’ was used for the first time by Apollonius of Memphis, in referring 

to frequent urination associated with diabetes12. Thomas Willis in 1675 added 

‘mellitus’ to the name due to the sweet taste of urine from diabetic patients12. 

Diabetes disease was not effectively treatable until the discovery of insulin by 

Banting and Best in the 1920s, which made it possible for diabetic patients to live a 

normal life. 

 
Diabetes is generally divided into two major types: Type 1 and Type 2. However, 

several other forms and subtypes of diabetes have been described including e.g. 

gestational diabetes, latent autoimmune induced diabetes (LADA), pancreatitis 

induced diabetes, cystic fibrosis induced diabetes, malnutrition related diabetes 

mellitus (MMDM), maturity onset diabetes of young (MODY), and Alzheimer’s 

disease which is also referred as Type 3 diabetes13,14. The most common symptoms 

of diabetes are frequent urination, increased thirst, weight loss and fatigue. 

However, prolonged untreated diabetes may display secondary complications mostly 
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due to subsequent damage in vessels, e.g. diabetic retinopathy, heart diseases, 

chronic kidney diseases and peripheral vascular diseases. The symptoms of T1D are 

more often evident whereas diagnosis of T2D is initially more difficult due to the 

understated and gradual development of the disease over years. 

 

5.2.1 Type 1 Diabetes 

Type 1 diabetes (T1D) is a complex chronic disease in which both genetic 

susceptibilities and environmental factors influence and triggers the selective 

autoimmune destructions of β-cells and results in a severely impaired insulin 

secretion15. The disease often begins in childhood but it can also manifest in adults. 

T1D makes up approximately 5-10% of the total diabetic cases worldwide16. The 

human leukocyte antigen (HLA) regions can contribute nearly 40-50 % of the 

genetic risks to T1D diabetes17. Genetic susceptibilities together with environmental 

factors activate the immune system and cause lymphocyte infiltration into the 

pancreatic islets. Consequently, the infiltrated immune cells selectively destroy β-

cells. Autoimmune destructions of β-cells are mostly executed by activated CD4+ 

and CD8+ T cells, however the presence of autoantibodies including islet cell 

cytoplasmic autoantibodies (ICA), insulin autoantibodies (IAA), glutamic acid 

decarboxylase antibodies (GADA) and antibodies to tyrosine phosphatase-related 

IA2 are also observed during this process17-20. The autoimmune destruction of β-

cells terminates their capacity to secret insulin in response to elevated blood glucose. 

Subsequently, the inability of remaining β-cells to maintain blood glucose 

homeostasis due to insufficient amount of secreted insulin results in clinical diabetes 

onset. Although T1D is no longer a deadly disease due to the availability of daily 

insulin treatments and proper managements, it can be lethal in long term if not 

treated and managed carefully.  

 
5.2.2 Type 2 Diabetes  

Type 2 diabetes (T2D) is a multifactorial metabolic disease characterized by 

impaired insulin secretion, disturbed tissue sensitivity towards insulin and increased 

hepatic glucose production21. This is the most common form of diabetes, which 

constitutes ̴ 90% of the total diabetic cases in the world and is often referred as non-
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insulin dependent diabetes mellitus (NIDDM) or adult-onset diabetes1. However, 

there are several cases reported in children below 15 years of age22,23. Both genetic 

susceptibilities and environmental factors are responsible to disrupt insulin secretion 

and tissue insulin sensitivity in an individual. Disturbances in blood glucose 

homeostasis due to β-cell dysfunction and failure of tissue sensitivity towards 

insulin, result in hyperglycemia, which eventually prevails clinical T2D21. Although 

it is clear that hyperglycemia occurs due to β-cell dysfunction and insulin resistance 

during T2D, their relative importance and the mechanisms controlling the cross talk 

between these two impairments is still ambiguous21,24. In addition, functional 

impairment of α-cells also plays an important role in the development of T2D. To 

maintain euglycemia in normal conditions, low blood glucose triggers glucagon 

secretion that induces gluconeogenesis whereas high blood glucose suppresses 

hepatic production of glucose by inhibiting glucagon secretion. During T2D, these 

functional regulations of α-cells are hampered and they do not respond properly to 

elevated blood glucose levels. Therefore, the subsequent hyperglucagonemia due to 

impaired α-cell function brings on hyperglycemia by a constant stimulation of 

gluconeogenesis25,26.  

In addition to genetic predisposition, the occurrence of T2D is highly linked with 

food habits, physical activities, obesity and aging21. Physical exercise together with 

regulated food habits may reduce the potential risks and progression of T2D27,28. The 

most commonly used medications for the treatment of T2D are metformin, glucagon 

like peptide-1(GLP1) agonists, and in some cases insulin therapy. Metformin 

reduces the hepatic production of glucose by suppressing gluconeogenesis, as well 

as increases insulin sensitivity, whereas GLP-1 agonists inhibit glucagon secretion 

and stimulate insulin sensitivity29,30. 

 
5.3 Relation between β-cell mass and diabetes  

Pancreatic β-cells play a key role in maintaining blood glucose homeostasis and 

abundant numbers of β-cells are required to produce enough insulin in response to 

elevated glucose levels. In normal conditions, β-cells are able to adapt according to 

metabolic and physiological demands by modifying insulin secretion or by 

expanding the β-cell mass (BCM) to maintain euglycemia31. When this ability of β-
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cells to adapt and compensate for increased demand of insulin is hampered, 

hyperglycemia and eventually overt diabetes develops. Therefore, impairment in β-

cell mass and function are key issues in the disease progression. However, the 

relative contribution of altered BCM or function in disease development is still 

controversial32. In T1D, a 70-80% reduction in the BCM may indicate an alteration 

in insulin secretion33. However, the relative impact of reduced BCM in insulin 

deficiency and development of T2D is more divisive. Hence, although it is very 

challenging, understanding BCM and its correlation with β-cell function at different 

stages of disease progression is an important aspect of diabetes research. Most of the 

current studies rely on rodent models, and we know from previous observations that 

BCM distribution dynamics varies not only among different disease models but also 

within the lobular compartments of healthy animals4. Therefore, a detailed 

characterization of BCM alterations and islet morphology in connection with 

different stages of disease progression in diabetic models is highly warranted. 

Information of this kind is of significant importance for accurately interpreting 

research results in studies of BCM and β-cell function. In addition, the development 

of a technique that can provide a correlation between BCM and β-cell function in 

the future will improve our understanding about their relative contribution in 

diabetes progression. This will possibly also allow us to assess functional 

abnormalities of β-cells by monitoring BCM. 

 
5.4 Animal models for diabetes research  

Animal models play a significant role in diabetes research by providing us means to 

analyse and understand disease mechanism(s) and disease progression. Probably, the 

earliest animal models were generated by removing the pancreas, either partially or 

totally, which triggered polyuria, polydipsia and eventually diabetes34. In the past, 

several experiments were performed on rabbits and dogs (Marjorie, one of the dogs 

used by Benting and Best for the isolation and purification of insulin in 1920s 

received special attention in diabetes research34,35). At present mice and rats are the 

most preferable models due to the availability of advanced genetic tools. Mouse and 

rat models for diabetes can be developed by genetic/spontaneous mutations, 

chemical destructions of β-cells or by developing transgenic lines (suppression or 
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overexpression of genes involved in insulin signalling)36. The selection of an animal 

model obviously depends on the research question(s) at hand. The most commonly 

used spontaneously developed T1D models are non-obese diabetic (NOD) mice37,38 

and bio-breeding (BB) rats39. In addition, chemicals e.g. streptozotocin (STZ) and 

alloxan can also be used to develop rodent models for T1D by inducing β-cell 

destructions36. Examples of spontaneously developed models of T2D include the 

leptin deficient ob/ob mice40,41, leptin receptor deficient db/db mice42 and Zucker 

fatty rats that carry a recessive trait for developing obesity and diabetes43. Rodent 

models used in this thesis are described in further detail below. 

 
5.4.1 The ob/ob mouse model 

The leptin deficient ob/ob mouse is a model for obesity and insulin resistance 

leading to T2D. It was initially derived from a spontaneous mutation in the leptin 

gene (ob) in an outbred colony at Jackson Laboratory in 194944. The leptin gene 

encodes for a hormone leptin, which has several important physiological roles, but 

most importantly, it regulates appetite. The lack of functional leptin due to a 

mutation in the ob gene in ob/ob mice, results in an uncontrolled appetite. 

Consequently, ob/ob mice become hyperphagic and eventually a rapid increase in 

body weight occurs with hyperglycemia, hyperinsulinemia and β-cell 

hyperplasia41,45. The ob/ob mice display no phenotypic difference with their 

heterozygote littermates at birth. However, they become heavy and develop 

hyperinsulinemia already at 2 weeks. The serum insulin remains very high until a 

very old age ( ̴ 21 months)40. The ob/ob mice develop hyperglycemia at 4 weeks and 

the blood glucose continues to incline until 14-22 weeks when they also have high 

food intake and rapid growth40,41. Subsequently, normalization of blood glucose has 

been suggested to occur between 30-50 weeks of age in ob/ob mice40,46,47. β-cell 

hyperplasia and islet hypertrophy are the most common features of ob/ob mice, 

which most likely occur as a response to compensate increased insulin demand41. 

Long-term leptin treatment improves the diabetic phenotype in ob/ob mice48,49. 

Although there are several studies available on β-cell hyperplasia and islet 

hypertrophy in ob/ob mice, a comprehensive 3D information on islet architecture, 
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spatial distribution, lobular heterogeneities and age dependent variations in these 

aspects has been still lacking. 

 
5.4.2 The BB rat model  

The BB rat is one of the most widely studied animal model for autoimmune 

mediated T1D. These animals were initially derived from an outbred Canadian 

colony of Wistar rats due to the spontaneous development of auto immune diabetes 

in 197439. BB rats from both sexes develop pancreatic insulitis followed by selective 

destruction of β-cells and eventually diabetes between 8-16 weeks of age39. They 

display severe diabetic phenotype and therefore require insulin therapy for survival. 

Although BB rats suffer from insulitis with the presence of T cells, B cells, 

macrophages and NK cells, the onset of T1D in the BB rat is associated with T cell 

lymphopenia, which is characterized by a severe reduction in the number of CD4+ T 

cells and nearly absent CD8+ T cells36,39. Notably lymphopenia is not a characteristic 

feature of the NOD mouse. In addition, insulitis and overt diabetes are not preceded 

by peri-insulitis in spontaneous diabetic BB rats in contrary to NOD mice39. After 

the onset of insulitis and overt diabetes, the islets of BB rats become smaller, 

distorted and are mostly composed of non-β-cells39. The aberrations in metabolic 

and physiological aspects of BB rats are described in several studies39,50, however, 

evidence for initial changes of β-cell function in BB rats prior to development of 

overt diabetes is limited. 

 
5.4.3 The Alloxan and STZ models 

Alloxan and streptozotocin (STZ) are probably the two most common chemical 

compounds used to develop animal models of T1D by destroying endogenous β-

cells. Both are glucose analogues and enter the pancreatic β cells via the Glut-2 

transporter36. Alloxan and STZ have different mechanisms for the destruction of β-

cells. The diabetic effect of alloxan is mainly caused due to a rapid uptake by β-cells 

and formation of free radicals that triggers fragmentation of DNA leading to β-cell 

death51. There are other known mechanisms of β-cell destruction by alloxan that 

include oxidation of essential –SH groups52 and disturbance in the homeostasis of 

cytosolic calcium53. STZ, on the other hand, causes alkylation of the β-cell DNA 
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with subsequent inhibition of insulin production51,54. In addition, it also contributes 

to DNA damage by producing superoxide radicals and subsequent β-cell death51. 

Chemically induced diabetic animal models can be less optimal for certain studies of 

diabetes progression due to the difference in the mechanism of β-cell destruction 

from T1D. However, these models are relatively simple, cheap and appropriate to 

use as general models of β-cell ablation, e.g. in the development of imaging 

techniques. 

 
5.5 Imaging and quantification of BCM 

Alteration of the pancreatic BCM during diabetes progression is a well-known 

phenomenon32,55. However, technological limitations have largely hindered a 

detailed examination of BCM dynamics in humans as well as in rodents. In clinics, 

the correlation between β-cells and diabetes development are generally assessed by 

indirect means, i.e. blood sugar, insulin, and c-peptide measurements, which may 

not reflect the actual in vivo situation of BCM. The possibility to directly visualize 

and quantify BCM in connection with diabetes progression would provide a 

powerful means to study mechanistic and clinical aspects of disease development. 

Such methods may also have the potential to play an important role in the early 

diagnosis of the β-cell related metabolic disorders and allow longitudinal evaluation 

of therapeutic regimes and islet grafting protocols. However, in vivo measurements 

of the BCM are associated with several complications due to much smaller 

endocrine proportions compared to a larger exocrine parenchyma along with the 

complex anatomical position of the pancreas56. In addition, the scattered BCM 

distribution (islets of Langerhans) throughout the exocrine pancreas further 

complicates the picture and makes it very difficult to visualize and quantify islet 

BCM with high resolution in vivo. Although several studies are ongoing for the 

technological advancements to monitor BCM in humans, at present most 

physiological aspects of diabetes can only be studied in animal models. These 

include for example BCM dynamics, novel islet grafting protocols and validation of 

novel β-cell specific probes. Conventional stereological approaches are most 

commonly used to quantify BCM ex vivo. This approach is, however, limited for 

spatial and quantitative assessments of BCM throughout the gland because it is 
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based on extrapolation of 2D data57. Therefore, improvements and developments of 

imaging modalities for this purpose are also of great interest.  

A selection of imaging techniques that have promising potential in this respect are 

described in the following paragraphs.  

 
5.5.1. Nuclear Imaging 

Nuclear imaging techniques involve the use of radiotracers (SPECT or PET) or 

nuclear magnetic spin (MRI) to visualize internal organs for diagnostics, 

therapeutics, or biomedical research purposes58. Although these techniques are not 

commonly used in clinics to monitor BCM and diabetes progression in patients, 

recent technological advancements suggest the potential use of nuclear imaging in 

diabetes research59. 

 
5.5.1.1 SPECT and PET 

Single photon emission computed tomography (SPECT) and positron emission 

tomography (PET) imaging techniques rely on sources of radioactivity that are 

administered in the form of small radiotracers58. Gamma detectors can detect the 

emitted gamma radiations from the radiotracer and images can be reconstructed and 

quantified based on these informations58. The difference between these two 

techniques depends on the type of tracer used. In SPECT imaging, the utilized tracer 

emits a single gamma ray during the decay while the radiotracers for PET imaging 

emit positrons. The emitted positron immediately reacts with an electron and emits 

two gamma rays that can be recorded by gamma detectors, which allow higher 

detection sensitivity for PET imaging60,61. In addition to the above-mentioned 

differences, SPECT imaging is cheaper together with longer half-life of its 

radionuclides, which allows convenient labelling and use of the radiotracer. 

However, the shorter half-life of the radiotracers for PET imaging allows injecting 

higher doses of the tracer, which increases the detection sensitivity of the scanner 

without causing additional radiation damage to the individual62. PET imaging has 

shown the possibility to assess BCM, by utilizing a radiotracer specific to the 

vesicular monoamine transporter 2 (VMAT 2, expressed by -cells) 63,64. Further, 

SPECT based BCM assessment by using exendin-3, a glucagon like peptide-
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1(GLP1) agonist, has also shown a promising approach to monitor BCM in vivo65,66. 

Still the images generated by these imaging modalities, generally provide limited 

anatomical information due to poor spatial resolution. However, the high detection 

sensitivity provided by these techniques may deliver important insights to disease 

progression67.  

The limited availability of the specific, low molecular weight imaging probes is an 

important concern in assessments of BCM by using nuclear imaging techniques67. 

Hence, development of novel -cell-specific probes is required. Another key issue is 

the possibility of accurate evaluation for the functionality of such probes. Despite 

some limitations associated with SPECT and PET based imaging of endogenous 

BCM, recent technical advancements and developments of novel radiotracers/probes 

show great potential to monitor pancreatic BCM in vivo.  

 
5.5.1.2 MRI 

Magnetic resonance imaging (MRI) is a non-invasive technique that is most 

prominently used in the clinics to visualize anatomical structures and physiological 

processes. The technique is based on the magnetic properties of certain atoms that 

can generate radio waves when a strong external magnetic field is applied. 

Hydrogen atoms are most often utilized in clinics to generate different contrasts 

between the tissues due to its large natural abundance in the biological systems as 

well as its association with high magnetic moment. In a strong external magnetic 

field, positively charged spinning protons tend to align parallel or antiparallel to the 

magnetic field. When a radiofrequency pulse is applied, the protons absorb energy 

and change their position, which is called ‘excitation’. After turning off the 

radiofrequency pulse, they relax and come back to their original position by emitting 

radio waves that can be recorded by the scanner. The contrast arises between the 

tissues due the differences in the relaxation properties of hydrogen atoms therein68. 

MRI is not limited in terms of resolution as it can provide a spatial resolution of tens 

of microns under appropriate conditions68,69. MRI is an extensively used technique 

in the fields of neuroscience, cardiovascular diseases, musculoskeletal imaging, 

oncological studies and various other aspects of biomedical sciences70-73. However, 

imaging β-cells by MRI technique requires highly specific and non-toxic contrast 
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agents due to the poor differential contrasts of islets compared to surrounding 

pancreatic tissues. The identification and validation of such contrast agents would 

facilitate sufficient differential signal and potentially balance the relatively low 

sensitivity of the technique. In an attempt to exploit the potential of MRI in diabetes 

research, nanoparticles coupled with β-cell specific molecules are developed and 

tested particularly in the settings of islet transplantations74,75. Pancreatic islets were 

detected and quantitatively analysed in experimental mice by using manganese 

enhanced high filed magnetic resonance (MEHFMR) imaging, ex vivo as well as in 

vivo76. However, injecting a higher dose of the contrast agent that was used for ex-

vivo labelling, would be toxic and hence compromise the clinical use. Another study 

reported a single cell detection of pancreatic islets by applying a relatively higher 

magnetic field than that of clinical MRI machines and therefore it was limited for in 

vivo measurements77. Moreover, a recent study showed the potential of MRI to 

monitor early pancreatic inflammation in patients with T1D diabetes by using 

dextran-coated nanoparticles78. Nevertheless, MRI is a promising technique to 

measure BCM in vivo if provided with optimal conditions and suitable contrast 

agents. 

 
5.5.1.3 Development and cross-evaluation of β-cell specific 

probes/tracers 

One of the most important and challenging aspects of β-cell imaging is to develop 

suitable probes pertinent to the employed imaging technique. An ideal probe for β-

cell imaging should fulfil the following criteria: (1) specificity towards β-cells, with 

high penetration depth; (2) Ability to emit/express sufficient radiation/fluorescence; 

(3) easy penetrance and clearance from the body; (4) non-toxic to pancreas and other 

organs; and (5) minimal interaction with surrounding tissues to prevent high 

background67,79. Further, preclinical validation/cross-evaluation of the tracers is also 

an important aspect in the process of probe development. Immunohistochemical 

methods are most commonly used to validate co-localization of the tracers with 

insulin positive cells. However, these approaches are limited for providing 

information regarding spatial distribution of the selected probes. In addition, in vivo 

distribution pattern of the tracers/probes also depends on the endogenous BCM 
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situations and associated characteristic features pertinent to the animal model used. 

Therefore, developing an approach that can provide spatial distribution dynamics of 

tracers/probes would significantly improve the preclinical evaluation process. In 

addition, detailed prior knowledge of the BCM distribution dynamics of the utilized 

animal model is required for better interpretations. 

 
5.5.2 Optical Imaging  

Optical imaging techniques generally utilize visible light together with the special 

properties of photons to obtain detailed images of cell/tissue/organs for interrogating 

cellular and molecular processes. The images are usually generated by using light in 

the wavelengths between ultraviolet and the lower range of near infrared regions 

(400-900 nm), which depends on the employed technique. A collection of optical 

imaging techniques that are already established or in the process of development for 

β-cell assessments are briefly described below. 

 
5.5.2.1 Confocal Microscopy 

Confocal microscopy or confocal laser scanning microscopy (CLSM) is an 

extensively used technique in biomedical research and offers several advantages 

over a regular fluorescence microscopy due to the ability to generate sharp images 

with increased quality. A laser scans the sample at a single focal plane and the light 

(background) from out of focus areas is removed by adding a pinhole80. Although 

obtained information is in 2D, a 3D volume can be generated by combining the 2D 

images obtained at various depths of the sample. This technique provides excellent 

spatial resolution and a wide range of fluorescent contrast agents are available. 

However, the technique is limited in terms of penetration depth and it is difficult to 

image larger samples (≥500m). The recent development of various tissue clearing 

agents however may improve the penetration depth by facilitating deep propagation 

of light through the tissue81. In addition, multiphoton or two-photon microscopy 

may offer increased penetration depth and reduced photo toxicity compared to 

regular CLSM by using light of longer wavelengths and by facilitating excitation 

only in the focal plane 82. 
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Confocal microscopy has been widely used in diabetes research primarily as an ex- 

vivo technique. Although CLSM is not suitable for ex vivo imaging of intact 

pancreas, it has played an important role in elucidating variations in the architecture 

and composition of the pancreatic islets in humans, non-human primates and 

rodents7. Furthermore, confocal imaging on pancreatic tissue revealed numerous 

molecular and physiological aspects involved in diabetes pathophysiology83-85. 

Interestingly, a very powerful CLSM based approach is its utilization for in vivo 

monitoring of islets transplanted into the anterior chamber of the eye in mice and 

primates86. This approach has allowed longitudinal monitoring of islet 

pathophysiology during diabetes progression. Importantly, by utilizing this 

approach, reversal of diabetic symptoms together with normalization of endogenous 

islet phenotype in the host animals has been demonstrated 87-89. Although CLSM is 

associated with some limitations, it has a great potential to provide insights into 

cellular and molecular alterations pertinent to studies of diabetes. 

 
5.5.2.2 Ultramicroscopy 

Ultramicrscopy (UM) (also known as light sheet fluorescent microscopy (LSFM) or 

selective plane illumination microscopy (SPIM)) is a technique that images a sample 

at a relatively high resolution (cellular level) by illuminating from the sides using a 

thin light sheet. Since only a thin transverse section of the sample is illuminated, no 

out of focus light is generated and hence no light removal is required. This also 

prevents bleaching of the samples90. The images are generated by moving the 

samples through the illuminating plane and then a 3D volume can be generated by 

combining the optical sections. This technique has the potential to image relatively 

large samples compared to CLSM at single cell resolution and therefore, it bridges 

the gap between optical projection tomography (OPT, see below) and CLSM. 

Similar to OPT, UM also requires tissue clearing90. Recently, UM was used to 

visualize the developmental anatomy of the pancreas5. The technique is not suitable 

for studying quantitative BCM dynamics in larger cohorts of animals. However, our 

study on ob/ob mice (Paper II) demonstrates that UM is a strong compliment to OPT 

by providing the possibility of assessing the same mesoscopic size specimen (as 

used in the OPT assays) at cellular resolution. 
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5.5.2.3 Optical Coherence Tomography 

Optical coherence tomography is an imaging technique that utilizes light and maps 

the optical reflection from the tissue to generate cross-sectional images of the 

specimen. The contrasts between the tissues are generated based on their different 

backscattering properties and therefore exogenous labelling of targeted tissue is not 

required91. However, structures with similar back scattering properties hinder the 

specific contrast. In addition, the inability to detect fluorescent signals also limits the 

technique to assess gene or protein specific expressions in the tissue. The tissue 

penetration depth of OCT is between 1-3 mm with micrometre spatial resolution92. 

OCT has shown a great potential to image β-cells by exploiting the fact that islets 

display different optical scattering properties than exocrine parenchyma of the 

pancreas. Extending the focus of OCT was shown to facilitate in vivo and ex vivo 

imaging of islets without labelling and provided a spatial resolution of close to a 

cellular dimension93-96. A recent study showed the potential of OCT to 

longitudinally visualize and quantify functional aspects of islets transplanted in the 

anterior chamber of the eye97. 

 
5.5.2.4 Optical Projection Tomography (OPT) 

Optical projection tomography (OPT) is an ex vivo molecular imaging technique of 

high resolution (mm to cm range) and specificity with an excellent potential to 

visualize, quantify and create a 3D spatial account of targeted cell types/tissues in 

biological samples57,98,99. OPT bridges the imaging modality gap between MRI and 

confocal microscopy by facilitating the assessment of specimens in the millimetre to 

centimetre scale99,100. OPT can be used in two primary modes, transmission mode 

and emission mode. In the transmission mode, light passes through the optically 

cleared sample and the image is captured as a projection view by using the 

transmitted light. In emission mode, samples are usually labelled with fluorophores, 

mostly in the form of conjugated antibodies, which are excited by light of a certain 

wavelength. The imaging chip of a charged couple device (CCD) captures the 

emitted light as a projection image. In contrast to other optical imaging techniques 

such as CLSM and OCT, which detect signal intensities at specific coordinates in 
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3D space, the intensity value of each pixel in a projection view (by OPT) 

corresponds to the sum of intensities by a straight line through the scanned sample 

(Fig. 1D)100. 

In a typical OPT setup, pre-labelled samples are embedded in low melting agarose 

and sliced in a cylindrical shape to reduce diffraction of light. The agarose 

embedded specimens are subjected to tissue clearing in order to eliminate diffraction 

from the tissue4,98,100. The selection of tissue clearing agents depends on the specific 

imaging demands and can be based on specific parameters such as compatibility 

with specific probes or endogenous fluorescent proteins, shrinkage, expansion, etc81. 

The cleared samples are then mounted in a sample holder, maintained in the clearing 

solution and placed in the scanning chamber. Samples are then rotated to a complete 

360° by a series of different angular positions, usually at 0.45 or 0.90 around its 

own axis, and images are captured at each orientation (Fig 1.). Notably, the OPT 

setup should be aligned carefully to ensure that the axis of rotation is perpendicular 

to the optical axis to make sure that the projection data at each plane are collected by 

a linear row of pixels. The scanned projection data can be post-processed for further 

enhancement or can directly be reconstructed into tomographic sections. There are 

several softwares available, which can convert the tomographic datasets into a 3D 

volume allowing volumetric quantification of the sample for example Imaris, 

Volocity, Drishti etc4,57,98. 
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Figure 1. The basic method for OPT scanning. (A) A sample is mounted in an agarose 

block to immobilize the tissue. (B) A stepper motor facilitates a stepwise rotation of attached 

sample. (C) Lenses of microscope that focus the light onto a CCD chip. (D) A projection 

view, captured at every step during a 360° rotation. Image adapted from Sharpe et al 2002, 

courtesy C. Nord.  

 

The OPT technique has been successfully employed in studies related to embryonic 

development of the pancreas101-103. It was however, limited for studying larger scale 

specimens. By a series of adaptations and optimizations of the technique performed 

in our laboratory, it has been developed to facilitate assessments of intact rodent 

organs, including the pancreas4,57,98,104.  

OPT based BCM assessments are usually performed after immuno-histochemical 

labelling of the pancreas by anti-insulin antibodies. These assessments were initially 

associated with manual editing to remove artefacts by setting an intensity range 

during reconstruction process. The process was therefore prone to exclude signals of 

very low or very high intensities, which is usually obtained due to variations in 

insulin concentrations among islets. In order to solve this issue, a routine contrast 

limited adaptive histogram equalization (CLAHE) adaption was developed and 

applied to the projection views. CLAHE equalize the signal intensities that results in 
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a homogenous contrast and hence improves the reconstruction process4. Further, a 

near infrared optical projection tomography (NIR-OPT) setup was developed to 

facilitate the assessments of even larger samples (including rat pancreas) with the 

possibility to produce multichannel images (by utilizing a broader part of the 

spectrum). The NIR-OPT setup, due to its multichannel capacity, allows 

simultaneous high-resolution imaging and quantification of several features in the 

intact pancreas, e.g. islets and infiltrating immune cells98. As such, OPT has proven 

its capacity in a range of assessments including studies of -cell proliferation, 

neogenesis, destruction, normal distribution, and of islet morphology 4,105-107. In 

diabetes research, OPT thus provides a means to visualise and quantify the entire 

BCM throughout the intact rodent pancreata at high resolution in a large cohort of 

animals4,107. 

 
5.5.3 Future Prospects in β-cell imaging  

Although there are many imaging techniques available, monitoring BCM in vivo is 

still very challenging. The existing imaging approaches have proven their vast 

potential to assess BCM in preclinical/experimental research settings; however, each 

has its own strengths and weaknesses. Optical imaging techniques are limited for 

imaging larger samples due to limitations in the penetration depth, whereas nuclear 

imaging techniques (MRI, SPECT & PET) are associated with limited spatial 

resolution or sensitivity. In addition, inadequate availability of specific contrast 

agents together with the above-mentioned issues limits the possibility to assess 

BCM in vivo. Combining imaging modalities or complementing one imaging 

approach with another may contribute in achieving the imaging demands in diabetes 

research. Nevertheless, future development or refinement of existing techniques in 

terms of penetration depth, spatial resolution and specificity of the contrast agents 

utilized may facilitate in vivo measurement of the BCM in preclinical/clinical 

settings. 

In addition, the possibility to assess BCM in connection with β-cell function using 

the same specimen would provide new insights to understand the relation between 

BCM and function during disease progression. Therefore, developing such a 

technique or approach is also an important challenge for the future. 
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6. AIMS OF THIS THESIS 

 

By taking advantage of recent improvements of the OPT imaging technology, 

including the possibility to extract 3D quantitative data of the BCM distribution in 

rodent disease models, the overall aims of this thesis were to- 

 
 

 develop SPECT-OPT multimodal imaging as an approach to cross-

evaluate radiotracers for β-cell imaging. 

 

 create a detailed 3D spatial and quantitative account for BCM 

distribution dynamics in the ob/ob mouse model for obesity and insulin 

resistance. 

 

 assess BCM dynamics and β-cell function prior to diabetes onset in 

congenic diabetes prone Bio-Breeding (BB) rats. 
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7. RESULTS & DISCUSSION 

 

7.1 Paper I: SPECT-OPT multimodal imaging enables accurate 

evaluation of radiotracers for β-cell mass assessments 

 

New developments in the field of non-invasive imaging techniques and related 

imaging probes are the prerequisites for accurate monitoring of BCM during 

diabetes progression and for studying therapeutic effects. SPECT imaging is a 

commonly used imaging technique in clinical settings and has become a promising 

approach to monitor changes in the BCM. However, cross-evaluation of the utilized 

probe and SPECT readout is required for specificity and efficacy of the probes 

before their possible use in preclinical/clinical research settings. SPECT imaging of 

BCM is most commonly cross-evaluated by conventional stereological approaches, 

which rely on the extrapolation of 2D data. Although histological approaches 

provide high-resolution data for individual islets, the possibility to evaluate intra and 

inter lobular distribution of radiotracers throughout the pancreas is limited. 

Therefore, an alternative approach is required for accurate cross-evaluation of BCM 

imaging using radiotracers. In this regard, we developed a SPECT-OPT multimodal-

imaging approach after combining two independent imaging modalities, which is 

more accurate, convenient and time saving than conventional stereological 

approaches.  

 
7.1.1 SPECT based BCM assessments using 111In-exendin-3 correlates with 

insulin positive BCM measured by OPT in healthy and alloxan treated rats 

In order to develop an alternative approach for cross-evaluation of β-cell specific 

radiotracers, we utilized a recently developed probe, 111In-exendin-3, a β-cell 

specific GLP1 analogue conjugated with a radioactive compound65. 111In-exendin-3 

was intravenously injected into healthy and diabetic alloxan treated Brown Norway 

rats, and the rats were euthanized 1-hour post injection. SPECT imaging was 

performed after delineating the pancreata into their respective primary lobular 

compartments followed by the measurement of radioactivity by γ- counter to verify 

the accuracy of the SPECT readout. Later, the pancreata were subjected to OPT 
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related protocols for BCM assessments57,98 and the data from both modalities were 

compared for cross-evaluation.  

 
 
 

 
 
 

Figure 2. 111In-exendin-3 uptake correlates better with BCM assessed by OPT than 

histology. (A) Correlation between pancreatic uptake of 111In-exendin-3 (SPECT) by separate 

lobes and their respective BCM (OPT) (r2 = 0.77, p = 2.07 × 10−10). (B) Correlation between 

111In-exendin-3 uptake (SPECT) and BCM (Histology) (r2 = 0.52, p = 8.13 × 10−06). KBq. = 

kilobecquerels. 

In addition to a high uptake of 111In-exendin-3 (measured by SPECT) in a healthy rat 

compared to a diabetic rat, we observed that the distribution pattern of 111In-

exendin-3 was similar to insulin positive BCM (assessed by OPT). Subsequently, 

quantitative analyses revealed a linear correlation between the total uptake of 111In-

exendin-3 and the total BCM of the gland (r2= 0.81) in healthy and diabetic rats. In 

agreement with a previous study on lobular heterogeneities for BCM distribution in 

C57B1/6 mice4, we observed a similar lobular variation in 111In-exendin-3 uptake 

and BCM in healthy and diabetic rats. Further, a linear correlation between the 

uptake of 111In-exendin-3 and BCM per lobe (r2=0.77) (Fig. 2A) emphasizes the 

utilization of OPT for validating the lobular distribution and specificity of the 
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radiotracer under investigation. In agreement with a previous report65, these 

observations also confirm the specificity of 111In-exendin-3 towards β-cells. 

 
7.1.2 OPT provide a better correlation for SPECT-based BCM assessments 

than stereology 

To validate the SPECT-OPT multi-model imaging approach as a method of choice 

for cross-evaluation for β-cell specific radiotracers, we compared it with 

conventional stereological technique. To this end, pancreata labelled with111In-

exendin-3 from healthy and diabetic rats were processed for histological analysis 

after OPT based BCM assessments. It should be noted that the same samples were 

used sequentially for SPECT, OPT and histological analyses respectively (see 

method, Paper I). In contrast to the correlation between SPECT-OPT readouts 

(r2=0.77) (Fig. 2A), morphometric measurement showed less correlation between 

the insulin positive β-cell area and the uptake of 111In-exendin-3 per lobe (r2=0.52) 

(Fig. 2B). In addition, histological quantitative analyses of the BCM did not show a 

significant difference between the pancreatic lobes, whereas OPT based assessments 

displayed the highest BCM in the splenic lobe followed by duodenal and gastric 

lobe, similar to previous descriptions4. However, including more histological 

sections for BCM quantification per lobe may increase the accuracy, but will be 

more labour and time consuming. Jointly, these results advocate for SPECT-OPT 

multi-modal imaging as a better approach for validating the performance of 

radiotracers for β-cell imaging. It may further be possible to translate the approach 

into the evaluation of radiotracers used for other cell types and organs. 
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7.2. Paper II: Intra-islet lesions and lobular variations in β-cell 

mass expansion in ob/ob mice revealed by 3D imaging of intact 

pancreas  

 

The ob/ob mouse is a well-known model for marked expansion in BCM (see section 

5.4.1). One of the most comprehensive studies on BCM assessment of ob/ob mice 

described that BCM expansion occurs due to expansion in already existing islets108. 

Another study, using bioluminescence imaging (BLI) to monitor BCM in vivo, also 

provided important information regarding BCM dynamics in ob/ob mice46. 

However, these studies were mostly based on stereological approaches and they 

provide limited information concerning islet architecture, spatial distribution, 

lobular heterogeneities, etc. Further, the possibility of topological heterogeneity in 

β-cell adaptation was demonstrated in other models for insulin resistance109, but 

information of this kind does not exists for the ob/ob model. In view of this, we 

exploit OPT imaging accompanied with UM to understand BCM expansion and islet 

hypertrophy in ob/ob mice. 

 
7.2.1 The ob/ob pancreata display different lobular capacities for BCM 

expansion 

Lobular heterogeneities in BCM distributions as well as lobular variations in 

anatomical and functional properties of islets were reported in previous 

studies4,110,111. In view of these reports, we intended to assess the potential of lobular 

variations in BCM expansion in ob/ob mice (n=5) from 4 to 52 weeks of age by 

utilizing OPT imaging. Pancreata were stained for insulin and delineated into their 

respective lobular compartments before OPT scanning. In addition to a close to 

linear increase in total BCM expansion, from 3% at 4 weeks to 9 % at 52 weeks, our 

data showed different lobular capacities for BCM expansion in ob/ob mice (Fig.3). 

The gastric, duodenal and splenic lobes increased their BCM to 13.7, 9.8 and 6.3 

times respectively, between 4 to 52 weeks of age in ob/ob mice (Fig.3C). The most 

dramatic increase in the BCM of gastric lobe occurred between 26 and 52 weeks. In 

contrast to ob/ob mice, the relative increase in BCM of lean control mice was 1.46, 

1.93 and 2.29 times for the gastric, duodenal and splenic lobes, respectively, within 
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the same period (Fig.3C). Notably it was previously reported that the gastric lobe 

display the highest islet density in C57B1/6 mice and the average size of the islets in 

this lobe was smaller than the islets in duodenal and splenic lobes4. Hence, it is 

possible that the observed differences in lobular capacities for BCM expansion in 

ob/ob mice reflects an increased capacity of smaller islets to expand their BCM in 

response to an increased demand for insulin. Regardless of which, the observed 

lobular variations in BCM expansion reported in this study emphasize that a careful 

consideration of these variations is required while performing tissue sampling for 

studying diabetes disease dynamics/BCM alterations. Possibly these findings may 

also have implications for selecting islets for grafting purposes.  

  

 7.2.2 BCM expansion occurs in islets of all size categories 

Functional differences in islets based on their sizes have been a topic of discussion 

and various studies have reported size based differences in their insulin 

content/secretion112,113. The ob/ob mice are well known for BCM expansion in 

general, but variation in the capacities for BCM expansion based on islet sizes has 

never been addressed. To understand the size based capacities of islets to expand 

their BCM in ob/ob mice, we divided islets into three arbitrarily chosen size 

categories, i.e. small (<1X106 μm3), medium (1X106 μm3 - 5X106 μm3) and large 

(>5X106 μm3). Similar to C57B1/6 mice4, large islets in lean control mice were 

centrally located whereas smaller islets were dispersed in the periphery. Although a 

similar distribution pattern was initially observed in ob/ob mice, large islets started 

to gradually occupy the peripheral regions of the pancreas with age. We observed a 

decline in the numbers of small islets and an incline in the numbers of medium and 

large islets with age in ob/ob mice, which is a clear indication of age dependent 

BCM expansion in already existing small islets. Therefore, our data suggest that β-

cell hyperplasia occurs in islets of all sizes.  
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Figure 3. The lobular capacities for BCM expansion vary in ob/ob mice. (A) Iso-surfaced 

rendered OPT image of a representative splenic lobe from a 4-week and (B) a 52-week old 

ob/ob mouse. (C) The graph illustrates the average of total and lobular (SL, DL and GL) 
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BCM in control and ob/ob mice from 4 weeks to 52 weeks of age. SL= splenic lobe, DL= 

duodenal lobe, GL= Gastric lobe, Spl = Spleen, St = Stomach and Duo =Duodenum. Data are 

shown as means ± SEM (n=5). *p<0.05, **p<0.01, ***p<0.001 Scale bar in (B) and in inset 

(C) corresponds to 2 mm. 

 
7.2.3 Hypertrophic islets develop cystic lesions in ob/ob mice 

Islet hypertrophy in ob/ob mice is a well-known feature and has been addressed in 

several studies40,41,108,114,115. Only one study reported occasional cystic spaces in the 

core of hypertrophied islets of ob/ob mice116. However, the nature and mechanism of 

these lesions formation have not been reported previously. By analysing 

tomographic sections from the OPT and UM scans, we observed cystic lesions in the 

majority of hypertrophied islets at 17 weeks and 26 weeks of age in ob/ob mice 

whereas islets from 8 weeks displayed only occasional cystic lesions (Fig.4). To 

analyse the relative contribution of these lesions to the total islet volume, lesion 

areas were manually selected and quantified. The average lesion volume in a splenic 

lobe from 26 weeks old ob/ob mice constituted as much as 15.3% (SEM ± 3.65, 

n=4) of the total islet volume (i.e. volume of β-cells + lesion volume). Notably, the 

lesion volume was not included in our BCM analysis due to the nature of the 

employed OPT technique. Intra-islet lesions that have apparently been overlooked 

by 2D morphometric approaches in the past, may significantly affect analysis of 

BCM by other lower resolution imaging modalities e.g. MRI, SPECT. 
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Figure 4. The hypertrophic islets of ob/ob mice develop cystic lesions. (A) Iso-surface 

rendered OPT image of a representative splenic lobe from a 26 week old ob/ob mouse 

showing BCM (red) and cystic lesions (white). (B) Iso-surfaced rendered UM image of a 

representative hypertrophied islet showing surface morphology. (C) The same islet shows the 

presence of cystic lesion after applying digital sectioning. Sec. Plane = Section plane. Scale 

bar in (C) corresponds to1032 μm in (A) and 100 μm in (B) and (C). 

 
7.2.4 Formation of cystic lesions in the ob/ob islets is associated with 

extravasation of RBCs/plasma 

To understand the nature and mechanism of cystic lesion formation in the ob/ob 

mice, we analysed histological sections from control and ob/ob pancreata between 4 

and 52 weeks of age. Similar to OPT and ultramicroscopic analyses, we observed 

lesions formation in the majority of hypertrophied islets (Fig.5). The size and shape 

of the lesions varied between the islets ranging from single lesions to multiple fused 

lesions. By staining for DAPI, cleaved caspase 3 and TGFβ1, we did not observe 

any nucleated cell, apoptosis or fibrosis respectively in the lesion areas. However, 

H/E staining revealed the presence of RBCs and/or fibrin mesh in the majority of 
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lesions (Fig.5B). Smaller lesions were mostly occupied by RBCs whereas larger 

lesions were commonly occupied by fibrin mesh (Fig.5B). The majority of mesh 

like structures in the lesion areas was positive for fibrinogen (Fig.5D) and to a 

various extent stained positive for von Willbrand factor (vWF) and fibronectin. 

Fibrinogen, vWF and fibronectin are proteins involved in blood coagulation 117,118. 

Hence, presence of these proteins indicates a potential role of blood clotting in cystic 

lesion formation. Previous studies has shown increased islet blood flow, islet vessel 

dilation, altered vessel structure and eventually vessel instability in response to 

increased insulin demand in ob/ob mice114,119. In addition, extravasation of RBCs 

from aberrant and dilated vessels was also reported in ob/ob mice at 16 weeks119 . 

Based on our findings and these previous reports, we suggest a model for cystic 

lesion formation in ob/ob mice (Fig.6). We propose that increased demand of insulin 

in response to hyperglycaemia, results in increased islet blood flow, islet vessel 

dilation and islet vessel instability followed by extravasation of RBCs/plasma. 

Consequently, extravasated RBCs clot and area remodels into fibrin mesh, leading 

to lesion formation in ob/ob islets. More in depth studies will be required to address 

the potential effects of these cystic lesions on β-cell function. Notably, pioneering 

studies of isolated ob/ob islets, indicated that hypertrophied islets with visual cystic 

lesions were prone to deviate from the ob/ob islets without lesions and responded 

less to glucose stimulation in vitro (Profs. B.Hellman and J-O.Sehlin, personal 

communication). 
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Figure 5. Cystic lesions are formed by a mechanism involving extravasation of red blood 

cells in ob/ob islets. (A)-(B) Hematoxylin/Eosin staining of an islet from a lean control (A) 

and an ob/ob (B) pancreas at 26 weeks. Note the accumulation of RBCs (white arrows in (B)). 

(C)-(D), Consecutive section to (A)-(B) stained for Fibrinogen (green) and DAPI (Blue) 

indicating the presence of a fibrin mesh within the areas of the lesions (white arrows in (D), 

compare with (B)). RBCs= red blood cells; Exo= Exocrine tissue. Scale bar in (D) is 50μm in 

(A)-(D).  

In our study, we provide a detailed map of BCM distribution dynamics in ob/ob 

mice. We report, for the first time, that cystic lesions are a common feature of 

hypertrophied ob/ob islets, and therefore, careful consideration for intra-islet lesions 

is required during tissue sampling, non-invasive imaging and interpretations of 

research results obtained by using this animal model. 
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Figure 6. A proposed model for cystic lesion formation in ob/ob islets (see text for details). 
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7.3. Paper III: Spatial and quantitative datasets of the pancreatic 

β-cell mass in lean and obese (ob/ob) mice. 

 

Both within academia and pharmaceutical industry, the ob/ob mouse is a widely 

used animal model to study metabolic disturbances leading to T2D diabetes (see 

section 5.4.1). As described in Paper II, a 3D and quantitative assessment of BCM 

dynamics obtained by OPT imaging in ob/ob mice, revealed new aspects of BCM 

distribution dynamics associated with disease progression in this model, including 

variation in the lobular capacities for BCM expansion and formation of cystic 

lesions in hypertrophied islets. We are in the process of making the tomographic 

data, on which these studies were based, publically accessible in digital repositories 

as a resource to the diabetes research community. Hereby, we provide a combination 

of data records of the pancreatic BCM distribution throughout the volume of the 

pancreas in ob/ob and lean control mice between 4 and 52 weeks of age. These 

records include (A) OPT generated tomographic image stacks (*.bmp) throughout 

the volume of the splenic, duodenal and gastric lobes of ob/ob and control pancreas 

(≈230 000 tomographic images), (B) Imaris (*.ims) files with segmented islet 

volumes based on the signal from insulin specific antibodies and pancreatic lobular 

volumes based on the signal from endogenous tissue autofluorescence, (C) Excel 

sheets (*.xsl) providing information about individual islet β-cell volumes, their 

corresponding 3D coordinates, center of homogenous mass, area, distance to image 

border, ellipsoid axis, sphericity and number of voxels, amount of islets and 

pancreatic lobular volumes, and (D) Representative iso-surfaced reconstruction 

images of each sample for visual reference (*.jpg).  

These datasets provide, to the best of our knowledge, the currently most 

comprehensive record of the BCM distribution in the mouse, and they have 

significant re-use potential. This includes for example possibilities for 

computational modelling, assessments of intra- and/or interlobular BCM distribution 

patterns, spatial and temporal distribution of arbitrarily selected islet size categories, 

islet and BCM densities or other aspects of BCM distribution or growth dynamics in 

the mouse. Importantly, the records further provide a comprehensive reference 
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material for the planning and execution of stereological sampling assessments or in 

the application of established or experimental non-invasive imaging approaches of 

the mouse pancreas. Noteworthy, the publically available numerical data logs will 

make these records accessible and usable also to researchers that do not have 

immediate access to advanced computational infrastructure for image modelling and 

analysis. 
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7.4. Paper IV: Early deficits in insulin secretion, β-cell mass and 

islet blood perfusion precedes autoimmune onset of Type 1 

Diabetes in diabetes prone BB (Bio-Breeding) rats.  

 

In the past decades, multiple studies have been performed to dissect the underlying 

mechanism of immune mediated β-cell destructions in the settings of T1D. Still, 

evidence for β-cell dysfunction prior to T1D onset is limited. Detailed information 

on early metabolic and physiological changes associated with β-cells before the 

onset of diabetes, may contribute to our understanding of T1D and thereby facilitate 

better management of the disease. In view of this, we set out to explore the initial 

changes in β-cell function and BCM before diabetes onset in congenic Bio-breeding 

(BB) DR.lyp/lyp rat.  

 
7.4.1 Perturbation in insulin secretion occurs prior to T1D onset in DR.lyp/lyp 

rat 

In order to monitor the age of diabetes onset, blood glucose was regularly measured 

until the diagnosis of T1D in DR.lyp/lyp and control (DR.lyp/+ and DR. +/+) rats. 

DR.lyp/lyp rats displayed a mean age of 60 days for diabetes onset ranging between 

47-80 days, where female rats were prone to develop diabetes earlier than males. In 

addition, we evaluated serum insulin at three different time points i.e. 40 days, 50 

days and 60 days to evaluate β-cell function. Despite normoglycemia, we observed a 

decline (although not significant) in serum insulin levels already at 40 days, which 

became significant at 50 and 60 days in DR.lyp/lyp rats as compared to controls, and 

the serum insulin remained reduced after the onset of diabetes. We observed 

perturbed insulin release by doing intravenous glucose tolerance test (IVGTT) in 

DR.lyp/lyp rats at 40 days. Although DR.lyp/lyp rats remained glucose tolerant, they 

secreted less insulin as compared to controls and showed a reduction in the acute 

insulin response to glucose. Moreover, in vitro assessments of isolated islets also 

revealed decreased insulin secretion in DR.lyp/lyp islets (Fig. 7 A). Collectively our 

data demonstrate reduced insulin secretion prior to diabetes onset in DR.lyp/lyp rats. 



 

33 

 
 

Figure 7. The DR.lyp/lyp display secretory defects before T1D onset. (A) In vitro insulin 

secretion after one-hour batch incubation of isolated islets from control (DR.lyp/+ and +/+) 

and DR.lyp/lyp rats, stimulated by either 2.8 or 16.7 mM Glucose (n=6). (B) Islet blood flow 

measured in control and DR.lyp/lyp rats (n=11-15). (C) BCM constituted by arbitrarily chosen 

islet size categories (small <1x106 μm3, medium 1x106 to 5 x106 μm3 and large= > 5 x106 

μm3) in control and DR.lyp.lyp rats (n=6). Data are shown as means ± SEM. *p<0.05, 

**p<0.01, ***p<0.001. 

 
7.4.2 Reduction in the intra-islet blood flow plays a potential role in β-cell 

dysfunction 

Systematic blood flow plays a crucial role in maintaining oxygen and nutrient 

supply, which is important for the proper function of any organ. Similarly, islet 

blood flow and islet vasculature play important roles for the survival and function of 

β-cells120-122. Alterations in intra-islet blood flow were reported in association with 

perturbed acute insulin response to glucose in vivo123. To assess the potential role of 

intra-islet blood flow in reduced insulin secretion before diabetes onset, we 
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measured islet blood perfusion in DR.lyp/lyp rats (see method, Paper IV). Although 

we did not observe any significant difference in the total pancreatic blood flow 

between DR.lyp/lyp and control (DR.lyp/+ and DR +/+) rats, a significant reduction 

in the intra-islet blood flow of DR.lyp/lyp was recorded by a mean of 25% as 

compared to control (Fig.7B). The subsequent impact of reduced islet blood flow in 

the development of the disease remains to be elucidated. Yet, reduction in the islet 

blood flow indicates a possible alteration in β-cell functions and BCM, most likely 

due to limited oxygen and nutrition supply. A study on NOD mice, suggest that β-

cell dysfunction occurs due to early immune-cell infiltration by activating 

inflammatory cascades that triggers ER stress in the β-cells124. In contrast, we did 

not observe major infiltrations in the islets of DR.lyp/lyp rat pancreata (40 days) 

until a few days before diabetes onset. Jointly, these observations point to a possible 

role of reduced islet blood flow in developing the secretory defects in β-cells prior to 

diabetes onset. However, further studies are required to understand the mechanism 

of observed secretory defects in β-cells of DR.lyp/lyp rats. 

 
7.4.3 Alterations in the BCM of small and medium sized islets occur before T1D 

onset 

To understand whether perturbed insulin secretion was associated with 

reduction/alteration in the BCM, we assessed 40 days old DR.lyp/lyp and control rat 

pancreata by the OPT technique. Insulin stained rat pancreata were delineated into 

three lobular compartments, i.e. splenic, duodenal and gastric lobes and subjected to 

OPT scan essentially as described98. We did not observe a significant difference in 

the total BCM of the gland between DR.lyp/lyp and control rats. However, we 

observed a significant reduction in the BCM of small and medium sized islets in 

DR.lyp/lyp rats as compared to control (Fig.7C). Notably small islets are shown to 

be more efficient in insulin secretion in vitro113. Therefore, reduction in the BCM 

constituted by small and medium sized islets may contribute to reduced insulin 

secretion in DR.lyp/lyp rats. 

 

Jointly, our data demonstrate early secretory defects in DR.lyp/lyp rats prior to 

autoimmune mediated diabetes onset, which was evident by perturbed insulin 
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secretion, reduced intra-islet blood flow and loss in the BCM constituted by small 

and medium sized islets. 
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8. SUMMARY AND CONCLUSIONS 

 
 

 

 

 

Figure 8. Summarized schematic illustration of the key findings presented in this thesis.  
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The studies presented in this thesis deliver a better approach for the evaluation of 

radiotracers for SPECT based β-cell imaging, reveals previously unrecognized 

characteristics of BCM distribution dynamics and islet morphology (ob/ob), and 

shed light on initial aspects of T1D development (DR.lyp/lyp) in diabetes disease 

models.  
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