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4 Abstract

ABSTRACT

Kirsi Mikkola, MSc 

VMAT2 and GLP-1R targeting tracers for pancreatic beta cell imaging

University of Turku, Faculty of Medicine, Institute of Clinical Medicine, Department of 
Clinical Physiology and Nuclear Medicine; University of Turku Doctoral Programme 
of Clinical Investigation; Turku PET Centre, Turku, Finland 

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Finland 2017

Diabetes is characterized by hyperglycemia associated with beta cell dysfunction in 
type 2 diabetes (T2D) or loss in type 1 diabetes (T1D). Positron emission tomography 
(PET) could provide a possibility for the in vivo imaging of beta cells. This could be 
used for pathogenetic studies and to monitor therapeutic interventions. Currently, 
such a radiotracer is not clinically available. 

In this thesis, the vesicular monoamine transporter 2 (VMAT2) and glucagon-like 
peptide-1 receptor (GLP-1R) were investigated as targets for beta cell imaging using 
[11C]DTBZ, [68Ga]NODAGA-exendin-4, [64Cu]NODAGA-exendin-4, [64Cu]NODAGA-
MAL-exendin-4 and [18F]exendin-4. The biodistribution and kinetics of the radiotracers 
in healthy and T1D animals was investigated by in vivo PET/CT imaging and ex vivo 
radioactivity measurements. The spatial distribution of radioactivity in pancreatic tissue 
sections of experimental animals and humans was analyzed by autoradiography.

The results showed that [11C]DTBZ accumulation in pancreas is mainly nonspecific 
and does not represent specific binding to beta cells. [18F]exendin-4, on the other 
hand, is a promising candidate for beta cell imaging. [18F]exendin-4, produced at high 
specific activity, specifically labeled the islets in both human and rat pancreas, while 
exhibiting low binding in the exocrine pancreas. Unlike the metal-labeled exendin 
tracers investigated, excretion of [18F]exendin-4 via the kidneys was rapid, resulting 
in a relatively low estimated absorbed radiation dose.

In conclusion, [18F]exendin-4 is a promising radiotracer for beta cell imaging due 
to its specific labeling of the islets and concomitant low kidney retention. These 
properties make it suitable for further clinical development. For preclinical research, 
[64Cu]NODAGA-exendin-4, with its long radioactive half-life, is also a useful tool. 

Keywords: beta cell, pancreas, DTBZ, exendin, VMAT2, GLP-1R, PET, diabetes
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TIIVISTELMÄ

Kirsi Mikkola, FM

VMAT2 ja GLP-1R kohdentuvat merkkiaineet haiman beetasolujen kuvantamisessa

Turun yliopisto, Lääketieteellinen tiedekunta, Kliininen laitos, Kliininen fysiologia 
ja isotooppilääketiede; Turun yliopiston kliininen tohtoriohjelma; Valtakunnallinen 
PET-keskus, Turku, Suomi

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Finland 2017

Diabetekselle on ominaista veren kohonnut glukoosipitoisuus sekä beetasolujen toimin-
tahäiriö (T2D) ja tuhoutuminen (T1D). Positroniemissiotomografialla (PET) voitaisiin 
kuvantaa beetasoluja, edistää sairauden tutkimusta ja hoitokeinojen kehitystä. Tällä het-
kellä ei ole olemassa merkkiainetta, jolla voitaisiin kuvantaa beetasoluja kliinisesti.

Tässä väitöskirjatyössä tutkittiin vesikulaarista monoamiini transportteri 2 (VMAT2) 
kuljetusproteiinia ja glukagonin kaltaisen peptidi-1 reseptoriin (GLP-1R) kohdentuvaa 
kuvantamista. Tutkimuksessa hyödynnettiin [11C]DTBZ sekä [68Ga]NODAGA-exen-
din-4, [64Cu]NODAGA-exendin-4, [64Cu]NODAGA-MAL-exendin-4 ja [18F]exendin-4 
merkkiaineita. Merkkiaineiden soveltuvuutta haiman beetasolujen kuvantamiseen tut-
kittiin merkkiaineen koko kehon jakaumana elävässä terveessä eläimessä ja T1D tauti-
mallissa PET/CT kuvantamisella in vivo, kudosmittauksilla ex vivo sekä autoradiogra-
fialla radioaktiivisuuden paikkajakaumaa ihmisen ja rotan haimakudosleikkeillä.

Tutkimustulokset osoittivat, että [11C]DTBZ kertymä haimassa on epäspesifistä eikä ku-
vasta spesifistä sitoutumista beetasoluihin. Peptideistä [18F]exendin-4 sen sijaan on lupaava 
beetasolujen kuvantamiseen soveltuva merkkiaine. [18F]exendin-4 merkkiaineella saavutet-
tiin korkea ominaisaktiivisuus, se leimasi saarekkeet sekä ihmisessä että rotassa ja sitoutui 
vain vähän haiman eksokriiniseen osaan. Toisin kuin metalli-leimatut peptidit, [18F]exen-
din-4 eritettiin nopeasti munuaisten kautta virtsaan. [18F]exendin-4 säderasitus oli alhaisin. 

[18F]exendin-4 on lupaava merkkiaine haiman beetasolukuvantamiselle. Korkea omi-
naisaktiivisuus, spesifinen sitoutuminen haiman saarekkeisiin ja alhainen munuais-
kertymä tekevät [18F]exendin-4 merkkiaineesta lupaavan kliinistä kehitystä varten. 
[64Cu]NODAGA-exendin-4 sen sijaan soveltuu pitkän puoliintumisajan ansiosta työ-
kaluksi prekliiniseen tutkimukseen. 

Avainsanat: beetasolu, haima, DTBZ, exendin, VMAT2, GLP-1R, PET, diabetes 
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8 Abbreviations

ABBREVIATIONS

AHH adult hyperinsulinemic hypoglycemia

ATP adenosine triphosphate

BB-DP biobreeding diabetes prone

BF blood flow

BID twice a day

CHI congenital hyperinsulinism of infancy

CT computed tomography 

DTBZ dihydrotetrabenazine

EOS end of synthesis

FOV field of view

GLP-1 glucagon like peptide-1

GLP-1R glucagon like peptide-1 receptor

HLA human leukocyte antigen

HPLC high performance liquid chromatography 

HPTLC high performance thin layer chromatography

5-HTP 5-hydroxytryptophan

IC50 half maximal inhibitory concentration

i.p. intraperitoneal

i.v. intravenous

IVGTT intravenous glucose tolerance test

L-DOPA L-dihydroxyphenylalanine

MAO-A monoamine oxidase A

MRI magnetic resonance imaging

NaOH sodium hydroxide

OGTT oral glucose tolerance test

PET positron emission tomography

p.i. post injection
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PSL photostimulated luminescence

PVE partial volume effect

ROI region of interest

SA specific activity

s.c. subcutaneous

SD standard deviation

SPECT single photon emission tomography

STZ streptozotocin

SUV standardized uptake value

T1/2 physical half-life

T1D type 1 diabetes

T2D type 2 diabetes

TAC time-activity curve

TFA trifluoroacetic acid

TLC thin layer chromatography

VMAT2 vesicular monoamine transporter 2

VOI volume of interest

ZDF zucker diabetic fatty
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1. INTRODUCTION

Despite the large number of affected people worldwide, diabetes mellitus is yet 
without a cure. Diabetes can be roughly classified into two main types: type 1 (T1D) 
and type 2 (T2D). T1D develops due to autoimmune beta cell destruction, usually 
leading to absolute insulin deficiency. T2D develops due to a progressive loss of beta 
cell insulin secretion frequently on the background of insulin resistance (American 
Diabetes Association, 2017). Hyperglycemia is a late marker of the disease progression 
both in T1D and T2D. Even though some of the beta cells are unable to function or 
become destroyed over the course of the disease, the rest of the cells are initially able 
to compensate by increasing their insulin production until a critical point is reached 
and frank diabetes develops. Due to this plasticity in insulin production it is difficult 
to determine the functional beta cell mass.

The development of sensitive, non-invasive methods for the characterization 
and quantification of beta cell mass would greatly enhance our means for gaining 
understanding of the pathophysiology of diabetes and allow the development of 
novel therapies to prevent, halt and reverse the disease. Furthermore, the ongoing 
development of novel therapeutic approaches to diabetes, whether based on 
pharmacology or cell replacement, also calls for the rapid development of methods 
for longitudinal in vivo assessment of beta cell mass and function. 

Studies with positron emission tomography (PET) suggest that pancreatic islets can be 
visualized using radioactive ligands that target insulin-producing beta cells (Medarova 
and Moore, 2008; Malaisse et al., 2009). However, there is an unmet need to develop 
a PET agent with the potential to enter clinical trials. Studies with laboratory animals 
are necessary to test the suitability of new radioactive tracers for studies conducted 
in humans. Preclinical evaluation of radiolabeled tracer candidates is needed to 
investigate their target specificity, biodistribution, metabolism and kinetic behavior. 

In this thesis, the VMAT2 receptor targeting molecule DTBZ labeled with 11C, 
and GLP-1R targeting exendin-based peptides labeled with 64Cu, 18F and 68Ga were 
evaluated using preclinical methods, and their potential use in clinical imaging is 
discussed. 
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2. REVIEW OF THE LITERATURE

2.1 Islet physiology and regulation

The pancreas is located deep in the abdominal cavity where it is demarcated by the 
spleen, stomach and duodenum (Figure 1). In humans, the pancreas is a clearly defined 
and solid organ whereas in rodents the structure is more diffuse. Anatomically it is 
divided into three compartments: head (caput), body (corpus) and tail (cauda). The 
pancreas has two distinct functions: 1) the exocrine part produces digestive enzymes 
to be excreted into the duodenum via the pancreatic duct, and 2) the endocrine part 
which secretes hormones into the blood circulation. 

superior mesenteric vein

head

body

tail
left kidney

duodenum

inferior vena cava

main pancreatic duct

common bile duct

superior mesenteric artery

accessory pancreatic duct

hepatopancreatic ampulla
uncinate process

right adrenal gland

Figure 1. Location of the human pancreas in abdominal cavity. (Modified from Ellis, 2013).

The endocrine pancreas consists of small clusters of cells called islets of Langerhans 
which are distributed throughout the exocrine pancreas, constituting only 1‒2 % of 
the total mass of the pancreas (Weir and Bonner-Weir, 2013). Islets consist of several 
different cell types: alfa, beta, delta, PP and ghrelin cells, and these produce glucagon, 
insulin, somatostatin, pancreatic polypeptide and ghrelin, respectively. Islets are 
densely innervated by sympathetic, parasympathetic and sensory nerves (Bockman, 
2007). The autonomic nervous system synchronizes the function of the islets and 
enables the fluctuations in hormone production and optimal hormone secretion 
during metabolic stress, e.g. hypo- or hyperglycemia. Islets are highly vascularized 
with a network of fenestrated capillaries within the islet. Studies have shown islet blood 
flow (BF) to be 5‒20 % of the total pancreatic BF and to be regulated independently of 
the BF in exocrine pancreas (Jansson et al., 2016). Islet BF is related to insulin release 
from the islets and is enhanced during hyperglycemia. Disturbed islet BF has been 
observed in impaired glucose tolerance (IGT) and T2D. 
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Blood glucose homeostasis

Glucose is the most important energy source for cell respiration and for the synthesis 
of organic compounds. The maintenance of glucose homeostasis is tightly regulated 
by the integration of hepatic glucose production, glucose uptake and utilization by 
peripheral tissues (muscle, liver and adipose tissue), and islet hormone secretion. The 
normal fasting blood glucose level in human is 4‒6 mmol/l. Insulin and glucagon 
are the fundamental hormones for maintaining blood glucose homeostasis. Glucose 
metabolism is insulin-independent only in nervous tissue and blood cells. Insulin 
is secreted primarily in response to elevated blood glucose levels. In addition to 
glucose, it is secreted in a less potent manner in response to amino acids and free fatty 
acids (FFAs). Glucose is actively taken up from the blood into beta cells via specific 
glucose transporter molecules (Thorens, 1996; Fu et al., 2013). In beta cells, glucose 
is metabolized via glycolysis, and simultaneously ATP (adenosine triphosphate) is 
generated, which acts as a signal to insulin exocytosis. Insulin is secreted in a pulsatile 
manner (frequency/cycle 6‒10 min) and in an oscillatory pattern (11‒15/24 h) 
(Polonsky et al., 1988; Ahren, 2000). Increased pulse amplitude has been observed in 
conditions such as insulin resistance in obesity where the demand of insulin secretion 
is increased (Radetti et al., 1998; Zarkovic et al., 1999). Insulin lowers blood glucose 
levels by promoting glucose uptake in target organs and by inhibiting the glycogenolysis 
and gluconeogenesis, and the excretion of glucagon. Glucagon has opposite effects 
by stimulating glucose release into the blood circulation via glycogenolysis (liver, 
muscle) and gluconeogenesis (liver, kidney, intestine). 

2.2 Diabetes – disease of the pancreas

The International Diabetes Federation has recently announced that 415 million 
people worldwide have diabetes at present and the incidence is estimated to rise to 
642 million by 2040 (International Diabetes Atlas, 2015). Diabetes is a heterogeneous 
group of diseases characterized by hyperglycemia. It is roughly divided into type 1 
(T1D) and type 2 diabetes (T2D). Other diagnosed diabetes subtypes are gestational 
diabetes, LADA (latent autoimmune diabetes in adults), MODY (maturity onset 
diabetes of the young), NDM (neonatal diabetes mellitus) and mitochondrial diabetes 
with deafness (MIDD) and other rare monogenic forms. Besides diabetes, other 
diseases of the pancreas, including pancreatitis, pancreatic insufficiency, Cushing’s 
syndrome, hemochromatosis, pheochromocytoma and acromegaly, may also disturb 
blood glucose homeostasis, causing so called secondary diabetes. (American Diabetes 
Association, 2017.)
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Type 1 diabetes (T1D)

Both genetic and environmental factors play an essential role in the pathogenesis of 
T1D (Figure 2). Human leukocyte antigen (HLA) genes were the first genes to be 
associated with genetic susceptibility of the disease, and several other loci have since 
then been identified (Atkinson, 2012). In most of the cases, beta cells are destroyed 
and T1D develops via T cell-mediated autoimmune attack and multiple antibodies 
against islet antigens are detected at disease onset (Bingley, 2010; Lampasona and 
Liberati, 2016). However, in 5.9 % of the cases where T1D was diagnosed, children did 
not express autoantibodies specific for T1D (Ziegler et al., 2013). Autoimmune attack 
is believed to be triggered by an environmental factor, e.g. diet, vitamin D deficiency, 
changes in normal gut microflora or after enterovirus infection, in genetically 
susceptible subjects (Atkinson, 2012). Development and onset of the disease is a 
long process where the asymptomatic non-diagnosed phase can last from months 
to years (Atkinson et al., 2014). The majority of the patients are diagnosed before 
30 years of age (Maahs et al., 2010). The most common symptoms of hyperglycemia 
are polyuria, weight loss and exhaustion and ketoacidosis (Atkinson and Eisenbarth, 
2001; Elding Larsson et al., 2014). Subjects are diagnosed to have T1D based on the 
autoantibodies, hyperglycemia at fast or during oral glucose tolerance test (OGTT) 
together with reduced C-peptide levels (Atkinson & Eisenbarth 2001, Elding 
Larsson 2014). Clinically diagnosed disease represents the end of the process when 
the majority of the beta cells are already destroyed (Eisenbarth, 1986). The speed of 
the beta cell destruction varies among the subjects and is highly variable during the 
course of the disease pathology. The rate of disease progression might be affected by 
several factors, e.g. genetic predisposition, age and metabolic control (Palmer, 2009). 
Insulin is required as a treatment to return normal blood glucose levels. Insulin 
therapy can be short- or long-acting compounds and administered via injections 
or specific pumps. Insulin treatment helps to balance blood glucose levels but may 
not completely prevent the long-term effects of diabetes such as eye, kidney, nervous 
and cardiac diseases. Maintaining the metabolic control in the body requires a major 
input from the patient. (Atkinson et al., 2014.)

Promising research results to restore the insulin secretion capacity have been 
obtained by immunotherapy and islet transplantation (Souza et al., 2006a). Although 
successful results have been achieved using the Edmonton protocol (Shapiro et 
al., 2000), transplantation of islets has not become a routine procedure in clinical 
practice because of the shortage of available islet donors, challenges in engraftment 
and side effects of the immunosuppressive medication needed to prevent the immune 
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system from rejecting the islets (Bruni et al., 2014). Transplantation of differentiated 
embryonic stem cells and induced pluripotent stem cells (iPSC) may help overcome 
some of the present limitations (Balboa and Otonkoski, 2015). Genome-editing 
technology, CRISPR/Cas9, holds promise for clarifying the relevance of gene variants 
causing T1D and T2D, providing understanding of the pathophysiology of the disease 
and potential therapy (Teo et al., 2015). As an alternative to external cell replacement, 
reprogramming of the cell populations in the exocrine pancreas into functional beta 
cells could offer an autologous source for functional beta cells (De Groef et al., 2016). 
Biomarkers of proliferative beta cells could be utilized in the development of drugs for 
regenerative therapy in diabetes. One approach to restore functional beta cell mass is 
to develop strategies to inhibit beta cell apoptosis and dysfunction. (Benthuysen et al., 
2016.) Clinically many of these approaches are still at an early stage of development. 

Type 2 diabetes

T2D develops as a synergism of genetic susceptibility and environmental factors. 
The risk to develop T2D increases over time but it can also evolve in adolescents. 
Metabolic defects underlying T2D are insulin resistance, non-autoimmune beta cell 
dysfunction and increased hepatic glucose production. Insulin resistance (IR) is a 
pathological condition where glucose-utilizing tissues, e.g. skeletal muscle, liver and 
adipose tissue, fail to respond normally to insulin and do not promote glucose uptake 

C-peptide absence

Triggering
environmental

factor

Overt immunological
abnormalities

Islet-cell antibody

Progressive loss of 
insulin release

Glucose intoleranceBe
ta

ce
ll

m
as

s

Time

Figure 2. Model of the pathogenesis and the natural history of T1D. Both genetic and 
environmental factors play a role in the development of T1D. Insulin-producing beta cells are 
gradually destroyed via autoimmune attack leading to hyperglycemia. Clinically diagnosed 
disease represents the end of the disease pathophysiology. (Modified from Atkinson and 
Eisenbarth, 2001). 



16 Review of the Literature

into the cells (Figure 3). The effect of IR is most prominent in skeletal muscle which 
uses approximately 75 % of the circulating blood glucose (Nuutila et al., 1992). As a 
consequence, blood glucose levels remain high, and the beta cells continue to produce 
insulin, leading to hyperinsulinemia. Hyperinsulinemia keeps the blood glucose 
levels normal for a variable period of time. Eventually, beta cells are no longer able 
to produce enough insulin to compensate for IR and for the glucose over-production 
from the liver. (Souza et al., 2006a.) This will result in a state of impaired glucose 
tolerance (IGT) and hyperglycemia. As the IR proceeds and insulin levels fall, hepatic 
glucose production increases, leading to impaired fasting glucose (IFG). Over time, 
beta cells become refractory to glucose, beta cell function decreases and insulin 
production declines, leading to development of frank T2D. Clinical symptoms are a 
late marker of the disease; in the beginning the disease is asymptomatic or only minor 
symptoms are observed. An early indication of the disease is the disruption of the 
pulsatile secretion of insulin. (Satin et al., 2015.) IFG and IGT serve as markers for a 
clinical diagnosis of T2D.

Healthy diet, exercise and weight loss can prevent or at least postpone the onset of the 
disease (Tuomilehto et al., 2001). The treatment of T2D is based on lifestyle changes 

Severity of T2D

Insulin resistance
Hepatic glucose
production

Postprandial blood glucose

Fasting blood glucose

Endogenous insulin

Impaired glucose tolerance Frank diabetes

Endogenous insulin

Diagnosis of diabetesTime (y) 
4 - 7 
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Figure 3. Model of the pathogenesis and the natural history of T2D.The disease is characterized 
by insulin resistance, impaired glucose tolerance and beta cell dysfunction leading to 
hyperglycemia and frank diabetes. Clinical symptoms are late markers of the disease process. 
(Modified from Ramlo-Halsted and Edelman, 2000).
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(diet, physical activity) and medication. For morbidly obese subjects (BMI≥35 kg/m2) 
bariatric surgery can be used as a tool to achieve remission. Early intervention reduces 
the incidence of micro- and macrovascular diseases and slows down the progression 
of the disease itself (Fowler, 2008). Different kinds of antidiabetic drugs appear to 
be effective at different stage of the disease to achieve glycemic control. Metformin 
is the first-line medication as it decreases weight and hepatic glucose production. 
Insulin secretion is increased by sulfonylureas (e.g. glibenclamide) but has a risk of 
hypoglycemia. Drugs either prolonging the half-life of naturally produced GLP-1 
intestine by inhibition of DPP-4 enzyme came on the market 10 years ago. Thereafter, 
GLP-1 receptor agonists (e.g. exenatide, liraglutide) have been shown to be more 
potent by stimulating insulin production, decreasing glucagon production and 
delaying gastric emptying. SGLT2 inhibitors, the newest class of antidiabetic drugs, 
act by preventing glucose reabsorption to blood in kidneys. Instead, the excess glucose 
is excreted into urine. In the later stage of T2D, insulin often becomes mandatory in 
the treatment because insulin production in the beta cells is significantly decreased 
and glycemic control is disrupted. Challenges in insulin treatment are weight gain and 
hypoglycemia. (Ramlo-Halsted and Edelman, 2000.) 

2.3 Beta cell mass and functional plasticity

Currently available methods for the diagnosis of diabetes only describe the function 
of the beta cells and not the mass of the cells. Due to the functional plasticity of 
beta cells, e.g. their ability to increase insulin production in response to increasing 
demands, the correlation between beta cell mass and function is poor. Also, a viable 
cell may have decreased insulin-secreting activity.

The architecture of the islet of Langerhans varies across the species. The shape of an 
islet is rather spherical in rodents, whereas in humans it is less regular with a size of 
40‒300 µm (Bosco et al., 2010). The amount of cells, the cell types in the islet and 
the size of the islets varies between different parts of the pancreas, within the species 
during different metabolic conditions, e.g. pregnancy, and between different species 
(Steiner et al., 2010; Roscioni et al., 2016). Studies with rats have shown the islet size 
to be smaller towards the upper duodenal part of the organ (caput) and larger towards 
the splenic part (cauda). The organization of the cells in the islets varies among 
species and has been associated with species difference in islet function. (Elayat et 
al., 1995.) It has been reported that in rodents beta cells form the core of the islet and 
are surrounded by the rest of the cell types (Figure 4) (Brissova et al., 2005). Instead, 
in primates, different cell types are distributed throughout the islet. In human islets, 
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beta cells are thought to constitute ~65 % of the islet cell mass, whereas in rodents, the 
number is ~80 % (Cabrera et al., 2006; Arrojo e Drigo et al., 2015). More than 90 % 
of the endocrine cell mass is in the islets. Some isolated endocrine cells are found in 
ductal epithelium and as small cell clusters in proximity of ducts or scattered within 
the exocrine tissue (Bouwens and Pipeleers, 1998).

Despite the small size of the endocrine pancreas it has great functional capacity 
(Ferrannini, 2010). In metabolically healthy condition, blood glucose levels are 
maintained within a narrow range despite the wide fluctuations in glucose entry (e.g. 
meals) or clearance (e.g. exercise), mainly by the action of insulin. Sustained blood 
glucose level requires an adequate mass of beta cells that respond to circulating blood 
glucose concentration. The beta cell’s capacity to produce appropriate amounts of 
insulin in response to fluctuating blood glucose levels is referred as beta cell function. 
(Matveyenko and Butler, 2008.) Studies have shown that the threshold for glucose-
induced insulin release and biosynthesis varies between the beta cells (Salomon and 
Meda, 1986; Schuit et al., 1988). Due to this capacity and flexibility, islets can respond 
rapidly to changing blood glucose levels. 

Studies with rodents have shown that beta cells exhibit a notable plasticity to adapt in 
response to altered insulin demand, starting at embryogenesis and continuing over 
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Figure 4. Islet cell architecture in rodent (A) and in human (B) is different. In rodents, beta cells 
are located in the core of the islet and are surrounded by the other islet cell types. In humans, 
different cell types are heterogeneously distributed in the islet. In diabetes the structure is 
disrupted and the ratio of islet cells is changed. (Modified from Arrojo e Drigo et al., 2015).
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the whole lifespan (Bonner-Weir, 2001; Mezza and Kulkarni, 2014). In humans, high 
proliferation of beta cells occurs during embryogenesis and decreases postnatally 
(Meier et al., 2010; Gregg et al., 2012). Under normal metabolic conditions, beta cell 
mass remains relatively constant during adulthood (from 20 to 100 years old) because 
of the low levels of proliferation and apoptosis. In adulthood, beta cells are sensitive 
to IAPP (aggregates of islet amyloid polypeptide, IAPP), cell cycle perturbations, 
ER (endoplasmic reticulum) stress and oxidative stress affecting beta cell function 
and survival. (Mezza and Kulkarni, 2014.) The rate of beta cell apoptosis has been 
reported to be increased both in obese and lean T2D subjects compared with the lean 
and non-diabetic ones. This has been explained by the fact that the amount of islet 
amyloid plaques are increased in obese compared to non-diabetic subjects. (Butler et 
al., 2003.) Islet morphology is changed and islet amyloid deposits have been found in 
up to 90 % of T2D individuals after autopsy (Kahn et al., 1999). 

Beta cells can cope with a wide range of body mass (Ferrannini, 2010). Autopsy 
studies have shown that obese non-diabetic individuals have extended beta cell mass 
and volume (Butler et al., 2003; Rahier et al., 2008). There is a significant reduction in 
beta cell mass when insulin dependent-diabetes develops (Weir et al., 1990). However, 
it is unclear how many beta cells are needed to maintain glucose homeostasis. Only 
minor deterioration in maintaining normal blood glucose levels is seen after 50 % 
pancreatectomy in humans and in experimental animals. Insulin resistance related to 
obesity is an important factor leading to hyperglycemia and yet diabetes is found only 
in a minority of obese people. (Ferrannini, 2010.) 

The necessary amount of functional beta cell mass varies among individuals and is 
affected by the body weight and the level of insulin resistance and metabolic stress. 
Autopsy samples have shown beta cell mass to be ~60 % of normal in T2D, and the 
decrease in beta cell mass correlates with the duration of the clinical disease (Rahier et 
al. 2008). Although, such a mass of beta cells could be considered sufficient for diabetes 
prevention, it has been noted that the arginine and glucose stimulated insulin secretion 
capacity is reduced to 15 % of normal (Weir et al., 1990). Beta cells can be present after 
long-standing (> 5 y) T1D (Coppieters et al., 2012) and it has been shown that beta cells 
may persist with some T1D subjects never reaching zero (Meier et al., 2005). Even after 
50 y of insulin-dependent T1D, residual beta cell mass and insulin secretion capacity 
have been reported (Keenan et al., 2010). Significant changes are observed in the size 
of the pancreas already before clinical diagnosis of T1D, indicating changes in exocrine 
pancreas in the course of the disease (Williams et al., 2012). At the moment it is not 
possible to connect this loss of function to the mass of beta cells.
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2.4 The rationale of beta cell imaging and its applications

There is an unmet need for a reliable method to non-invasively characterize beta 
cell loss and dysfunction. Human pancreatic samples are currently available only at 
autopsy, surgery and material received from organ donors. Because of the location 
in the abdominal cavity, enzymatic composition of the organ and therefore risk of 
complications, pancreas is an organ hard to biopsy (Krogvold et al., 2014). With the 
currently clinically available methods, one can not distinguish loss of beta cell mass 
from the loss of beta cell function, or distinguish beta cell regeneration from functional 
recovery during drug therapy (Eriksson et al., 2016). Current therapeutic approaches 
for T1D and T2D are aimed at to preserving and/or replenishing the functional beta 
cell mass, enhancing in vivo regeneration and proliferation of existing beta cells. 
New therapies are needed to halt the beta cell apoptosis, to promote the function 
of remaining beta cells and regenerate functional beta cells (Mezza and Kulkarni, 
2014). Understanding the concept of mass vs. function may be an area of particular 
interest in future diabetes research. Studies have revealed inter-individual variations 
in beta cell mass (Rahier et al., 2008). Increased knowledge of the pathophysiology of 
the disease will promote the development of more personalized care and therapy for 
the patient. Clinical imaging of beta cells will play a central role in the development 
towards personalized diabetes therapy and prevention. Such methods are expected 
to provide means for more precise treatment planning, such as deciding for a T2D 
patient whether or not it is beneficial to switch to insulin replacement therapy, or in 
order to learn if a T1D patient has a reserve capacity of non-functional beta cells that 
could restore endogenous insulin release (Faustman, 2014; Gotthardt et al., 2014).

Imaging beta cell derived tumors

Besides promoting the drug development and helping to distinguish between beta cell 
mass and function, beta cell specific tracers could be utilized in clinics as tools to image 
tumors and transplanted islets. The treatment strategy of congenital hyperinsulinism 
of infancy (CHI) and adult hyperinsulinemic hypoglycemia (AHH) relies mainly on 
the surgical removal of the tumor. Preoperative localization of the tumor is critical 
to minimize surgical intervention. CHI is a disease caused by gene mutations and is 
characterized by severe hypoglycemia due to beta cell hyperplasia and dysregulated 
insulin secretion. Although having a similar clinical presentation, the pathology of the 
disease can be either diffuse or focal, making clinical diagnosis and surgery difficult. 
[18F]DOPA (fluorine-18 L-3,4-dihydroxyphenylalanine) PET was successfully used to 
detect the focal form of CHI and is currently recommended when genetic changes 
suggest the focal form of the lesion (Otonkoski et al., 2006; Minn et al., 2009). In 
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contrast to CHI, the use of [18F]DOPA for AHH is not completely characterized 
(Kauhanen et al., 2007; Kauhanen et al., 2010; Tessonnier et al., 2010). Peptide-
based tracers such as [68Ga]DOTA-Tyr3-octreotate (DOTATATE), [68Ga]DOTA-1-
Nal3-octreotide (DOTANOC) and [68Ga]DOTA-Tyr3-octreotide (DOTATOC) that 
target somatostatin receptors (sst), have been used for imaging insulinomas in adults 
(Johnbeck et al., 2014). Unfortunately, the expression of somatostatin receptors, 
especially sst2, is limited in many insulinomas, leading to false negative results (Reubi 
and Waser, 2003). Instead, the GLP-1R has a promising expression profile for suitable 
imaging of insulinomas and other neuroendocrine tumors (Hubalewska-Dydejczyk et 
al., 2015). The GLP-1R targeting tracers [111In]DOTA-exendin-4 ([Lys40(Ahx-DOTA-
111In)NH2]exendin-4) (Christ et al., 2009), [68Ga]NOTA-exendin-4 (68Ga-NOTA-
MAL-Cys40-exendin-4) (Luo et al., 2016a), [68Ga]DOTA-exendin-4 ([Nle14,Lys40(Ahx-
DOTA-68Ga)NH2]exendin-4) (Antwi et al., 2015) tracers were more sensitive than 
conventional imaging methods (CT, MRI) for detecting tumors.

Imaging islet transplantation

For T1D, pancreatic islet transplantation is a promising but still experimental 
treatment. Although the hepatic portal vein is the standard grafting site in clinical 
islet transplantation it is not without potential procedural risks such as portal 
thrombosis and bleeding (Bruni et al., 2014). Also, the function of the graft has been 
reported to decline over time. Five years after transplantation, 10‒20 % maintained 
insulin independence (Ryan et al., 2005; Low et al., 2010). Further improvement of 
graft survival and function is required. Development of new implantation sites and 
new tools for in vivo detection of islet graft is needed to improve the transplantation 
outcomes. Pattou et al. 2010 successfully performed autologous forearm intramuscular 
islet engraftment and follow-up imaging with [111In]DTPA-exendin-4 ([Lys40(Ahx-
DTPA-111In)NH2]exendin-4) one year after transplantation (Pattou et al., 2010). Recent 
studies with mice and rats showed linear correlation between the number of islets and 
radiolabeled exendin accumulation, when muscle was used as an engraftment site 
(Espes et al., 2016; van der Kroon et al., 2016). 

2.5 Clinical imaging methods for beta cells

2.5.1 Non-invasive in vivo nuclear medicine imaging methods

Positron emission tomography (PET) is a functional and quantitative imaging method 
used widely to image various processes in the body. It is a sensitive method and can 
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be used to detect very low concentration of radiotracer in the tissue. However, the 
resolution is limited to 1‒2 mm in animal and 4‒6 mm in human PET scanners 
(Spanoudaki and Ziegler, 2008; Tai et al., 2005). It utilizes molecules that are labeled 
with short-lived positron-emitting radionuclides e.g. 11C, 18F (Table 1). A wide 
variety of biological molecules can be labeled with radionuclides and used to image 
various biological processes in the body, e.g. glucose metabolism or receptor-ligand 
interaction. Once a radiolabeled molecule is injected into the blood circulation, 
the radionuclide decays by emitting a positron (β+). The positron annihilates upon 
interaction with an electron (e-) and as a consequence two annihilation photons 
(511 keV each) are emitted simultaneously in opposite directions (Figure 5A). In 
a PET scanner, these photons are recognized in coincidence in a ring of detectors. 
Sinograms and cross-sectional images are formed after mathematical corrections, e.g. 
for tissue attenuation, dead-time and random events, and finally reconstructed PET 
images are formed. (Turkington, 2001; Rahmim et al., 2007; Rahmim and Zaidi, 2008; 
Spanoudaki and Ziegler, 2008.) 

Table 1. Physical properties of positron emitters used in PET.

Radio- 
nuclide

Half-life 
[min]

β+ fraction
[%]

Positron  
max energy 

[keV]

Max range  
[mm]* Production method

18F 109.8 96.7 634 2.4 cyclotron
11C 20.4 99.8 960 4.1 cyclotron

64Cu 762 17.6 653 2.5 cyclotron
68Ga 68.3 87.7 1899 8.9 cyclotron/generator

National Nuclear Data Center (www.nndc.bnl.gov/ 1.3.2015)
* In water

Single photon emission computed tomography (SPECT) is a method utilizing long-
lived radionuclides that emit gamma radiation, e.g. 111In and 99mTc. Singly emitted 
gamma rays are detected directly by a gamma camera rotating around the object 
(Figure 5B). This method of radioactivity detection has low sensitivity, meaning that 
a lower percentage of emitted events is detected compared to PET. Depending on the 
design of the collimators, higher spatial resolution, (animal SPECT scanner < 1 mm, 
human SPECT scanner 1‒2 cm) can be achieved with dedicated small animal SPECT 
scanners compared to PET (Rahmim and Zaidi, 2008; Spanoudaki and Ziegler, 
2008). However, increased resolution is a trade-off with decreased sensitivity. In 
addition to spatial resolution, temporal resolution is an important feature (dynamic 
imaging). As a more sensitive method, PET allows superior temporal resolution over 
SPECT. In SPECT, image quality is compromised by several factors including photon 
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attenuation, photon scatter, the partial volume effect, and motion artefacts (Ritt et 
al., 2011; Rahmim and Zaidi, 2008). These variables also confound the capacity of 
SPECT to quantify the concentration of radioactivity within given volumes of interest 
in absolute units (Bq/ml). In PET, options to correct for these confounding variables 
have been validated owing to the technical advantages offered by positron decay 
and coincidence detection. In SPECT, lacking the quantitative ability, such technical 
development has been notably slower. However, considerable technical advancement 
has been achieved in SPECT image reconstruction to improve the quality of data. 
(Ritt et al., 2011.) 
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Figure 5. Physics of PET (A) and SPECT (B). A radioactively labeled compound is administered 
into the body. PET imaging utilizes positron emitting radionuclides. In radioactive decay, 
positron is emitted, it annihilates with an electron and as a consequence two opposing 
annihilation photons are emitted. These photons are detected in coincidence in a ring of 
detectors. SPECT imaging utilizes gamma ray emitting radionuclides. These singly emitted 
gamma rays are registered directly by detectors rotating around the object. (Modified from 
Cherry and Gambhir, 2001; Zeng et al., 2004).
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2.5.2 Structural imaging methods – magnetic resonance imaging (MRI)

Compared to PET and SPECT, magnetic resonance imaging (MRI) does not involve 
radionuclides and can be used for repeated and long-term imaging. It has high spatial 
resolution, it is not limited by tissue penetration, and it provides excellent soft tissue 
contrast. However, it is less sensitive than nuclear medicine techniques. To improve 
the target to background signal, MRI involves the use of contrast agents such as 
manganese (Mn2+) and gadolinium (Gd3+). The use of contrast agents needs to be 
carefully planned to avoid the possible side effects such as allergic reactions, acute 
adverse reactions or nephrotoxicity. (Khalil et al., 2011; Beckett et al., 2015.)  

2.6 Non-invasive imaging of pancreatic beta cells

Various kinds of potential beta cell targeting molecules and targets have been 
investigated (Figure 6). From a clinical perspective, the most promising results 
have been obtained with PET, SPECT and MRI methods. Peptides (exendin), 
neurotransmitter precursors such as L-dihydroxyphenylalanine (L-DOPA) and 
5-hydroxytryptophan (5-HTP), antibodies for IC2 receptors or channels (repanglinide, 
glibenclamide) on the surface of the beta cell or inside the cell, or metabolic pathways 
(FDG) have been explored. Currently, molecules under clinical evaluation are 
radioactively labeled exendin, 5-HTP and DTBZ (dihydrotetrabenazine). Recent 
results have shown progress with G protein-coupled receptor 40 (GPR-40, also known 
as free fatty acid receptor FFAR1) and G protein-coupled receptor 44 (GPR-44, also 
known as prostaglandin D2 receptor PTGDR2) imaged with tritiated TAK875 and 
AZD 3825, respectively (Bertrand et al., 2016; Hellstrom-Lindahl et al., 2016). GPR-
44 showed high beta cell specificity and has potential for good islet-to-exocrine tissue 
ratio. Novel biomarker FXYD2γa, a regulatory subunit of the Na+‒K+-ATPase, was 
identified as beta cell specific membrane protein and its production was observed to 
decrease in parallel with the beta cell loss in T1D (Flamez et al., 2010). In addition, 
many other non-clinical methods are used for beta cell imaging purposes, for example, 
different optical imaging modalities such as intravital confocal microscopy (Reiner et 
al., 2011), optical projection tomography (Eter et al., 2016) and extended focus optical 
coherence tomography (Villiger et al., 2009).

MRI. Mn2+ is a contrast agent used in MRI. Mn2+ enters the beta cell in a glucose-
dependent manner via Ca2+ channels. Besides beta cells, Ca2+ channels are present 
in the alpha cells of the islets. Thus, only functional cells with proper glucose 
metabolism will take up high levels of Mn2+. The Mn2+ accumulation in pancreas of 
normal and streptozotocin (STZ) induced diabetic mice under glucose stimulation 
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were investigated (Antkowiak et al., 2009). In normal mice, glucose stimulation 
induced a 51 % increase in signal within the pancreas compared to the control (saline) 
group. In contrast, mice that were administered with a low dose of STZ gave a higher 
signal compared to mice administered with a high dose of STZ, indicating that Mn2+ 
enhanced MRI could be used to image beta cell function under glucose stimulation. 
However, the usefulness of Mn2+ is limited because Ca2+ channels are present in the 
alpha cells of the islets (lack of specificity) and because of possible cytotoxic effects of 
Mn2+. MRI was successfully used for beta cell imaging when exendin-4 was conjugated 
with magnetic iron oxide-based nanoparticle probe (MN-Ex10-Cy5.5) (Wang et al., 
2014). A significant decrease of probe accumulation in pancreas was observed in 
diabetic NOD mice compared to pre-diabetic ones, indicating the beta cell loss.

Monoclonal antibodies, such as [111In]DTPA-IC2 (Moore et al., 2001), have been 
considered promising probes for beta cell imaging. Its accumulation in the pancreas 
of healthy mice was higher than in mice with STZ induced diabetes. However, because 
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Figure 6. Schematic overview of targets and radioligands for pancreatic beta cell imaging. 
(Modified from Di Gialleonardo et al., 2012a).
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of the large size of immunoglobulins, its clearance from blood and therefore its 
kinetics is slow, which limits its use in clinical applications. To overcome this problem, 
single-chain antibodies and antibody fragments have been developed (Ueberberg et 
al., 2009).

5-HTP is a serotonin precursor and [11C]5-HTP was originally developed for 
neuroimaging. As the beta cell shares many features with neurons, 5-HTP was 
investigated for beta cell imaging. 5-HTP is taken up into beta cells via L-type amino 
acid receptor (LAT). Di Gialleonardo and colleagues observed [11C]5-HTP uptake 
in rat beta cells during inhibition of 5-HTP using MAO-A (monoamine oxidase A). 
Without enzyme inhibition, no signal was detected. Furthermore, it was shown that 
by inhibiting MAO-A in the STZ-induced T1D rat model, [11C]5-HTP uptake in 
pancreas was decreased as compared to control rats. (Di Gialleonardo et al., 2012.) 
Clinical studies showed a 66 % decrease of [11C]5-HTP uptake in pancreas of long-
standing T1D subjects compared to healthy volunteers. Besides beta cells, [11C]5-HTP 
also targets alpha cells in the islets, thus complicating the interpretation of the results, 
as a loss of beta cells can be expected to only partly reduce the signal. (Eriksson et al., 
2014.)

2.6.1 VMAT2 receptor and DTBZ tracers

Vesicular monoamine transporter 2 (VMAT2) is a transmembrane protein located 
in the monoamine-storing vesicles in beta cells (Zheng et al., 2006; Adam et al., 
2008). It transports monoamines such as serotonin, dopamine and adrenaline from 
the cytoplasm into the vesicles (Erickson et al., 1992; Peter et al., 1994). In the islets, 
VMAT2 is expressed in rodent and human beta cells, but also in the PP cells (Maffei 
et al., 2004; Saisho et al., 2008; Freeby et al., 2012). Besides islets, VMAT2 is known to 
be expressed in the neuroendocrine system (chromaffin cells of the adrenal medulla), 
enterochromaffin and enterochromaffin-like cells of the gastrointestinal tract cells, 
the central and peripheral nervous system and the hematopoietic system (Weihe et 
al., 1994; Peter et al., 1995; Weihe and Eiden, 2000).

Originally targeted for imaging Parkinson’s disease and other neurodegenerative 
diseases (Efange, 2000), DTBZ binds specifically to VMAT2 and has high affinity for 
the receptor ((+)-α-DTBZ, Ki 2 nM) (Kilbourn, 1997). Studies have shown [11C]DTBZ 
to accumulate in the healthy pancreas of control rats and decline in the STZ-induced 
diabetic rats (Simpson et al., 2006). A similar observation was made with BB-DP rats 
(biobreeding diabetes prone, spontaneously developing T1D) compared to healthy 
controls (Souza et al., 2006b). In addition, the uptake in pancreas was lower with 
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long-standing T1D subjects compared to healthy volunteers (Goland et al., 2009). 
Nevertheless, residual uptake in the pancreas was observed and it prompted the 
question concerning tracer specificity and binding to other cells than beta cells. This 
residual uptake might be partly explained by the uptake in PP cells or sympathetic 
nerve endings innervating the pancreas, or by non-specific binding (Mei et al., 2002; 
Saisho et al., 2008; Eriksson et al., 2010). PP cells constitute approximately ~0.81 % of 
the human pancreas total volume and are also found in the pancreas of humans with 
long-standing T1D (Freeby et al., 2012). Studies with the T1D rat model (BB-DP) 
have shown nerve endings innervating the islets to degrade during the onset of T1D, 
while the nerve endings innervating the exocrine pancreas remain intact (Mei et al., 
2002). Since VMAT2 in the pancreas is not solely expressed in beta cells of the islets, 
it challenges the interpretation of the in vivo imaging of results. 

Fluorine-18 labeled DTBZ ([18F]-FP-(+)-DTBZ, [18F]-FE-(+)-DTBZ) was developed 
to overcome the short half-life of carbon-11 and improve the affinity (FP-(+)-DTBZ, 
Ki 0.10 ± 0.04 nM) for the target receptor (Kung et al., 2007; Kung et al., 2008b). 
Animal studies with [18F]-FP-DTBZ showed high uptake in the pancreas and lower 
uptake in the non-target tissues, especially in the liver and decreased uptake in the 
pancreas of the T1D animal model (Kung et al., 2008a; Kung et al., 2008b; Singhal et 
al., 2010). Despite active research, tracer development, and promising in vivo results 
with different animal models and clinical imaging, the results of DTBZ localization 
selectively to pancreatic islets are controversial and have not yet been confirmed. 
More research is needed to understand which fraction of the radioactive signal is 
derived from beta cells, PP cells, exocrine pancreas or non-specific binding.

2.6.2 GLP-1, GLP-1 receptor and exendin tracers

Glucagon like peptide-1 (GLP-1) (plasma half-life < 2 min) is an incretin hormone 
secreted from the intestinal L-cells in response to ingestion of food. Increasing 
evidence show GLP-1 secretion also from the alpha cells of the pancreatic islets (Fava 
et al., 2016). GLP-1 contains an alanine residue in position two and is thus rapidly 
catabolized by dipeptidyl peptidase IV (DPP-IV). By binding to the 7-transmembrane 
G-protein coupled glucagon-like peptide-1 receptor (GLP-1R) on the surface of the 
pancreatic beta cells, GLP-1 stimulates insulin secretion in a glucose-dependent 
manner. GLP-1 also lowers blood glucose levels via inhibition of gastric emptying 
and inhibition of glucagon secretion from the alpha cells. (Drucker, 1998; Nadkarni et 
al., 2014; Fava et al., 2016.) The mechanism of GLP-1 induced inhibition of glucagon 
secretion is not fully understood (Holst et al., 2011). The  GLP-1R expression pattern 
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is rather similar in rat and in human (Körner et al., 2007). The GLP-1R is expressed 
in pancreatic beta cells with little to no expression found on other pancreatic islet cell 
types (Körner et al., 2007; Tornehave et al., 2008; Brom et al., 2015).

Originally, the 39-amino acid, long-acting GLP-1R agonist exendin-4 (1-39), was 
purified from the venom of the Heloderma suspectum lizard and subsequently found 
to elicit biological effects that mimic the physiological actions of GLP-1. In contrast 
to GLP-1, exendin-4 contains a glycine residue in position two and is therefore not 
a substrate for DPP-IV-mediated catabolism. Exendin-4 shares 53 % homology with 
mammalian GLP-1 and has 10-times higher GLP-1R affinity. Exendin-3 (9-39) is a 
stable antagonist of GLP1-R. (Göke et al., 1993; Rylova et al., 2016.) The primary site 
of GLP-1 clearance appears to be through the kidney via mechanisms that includes 
glomerular filtration and tubular catabolism (Simonsen et al., 2006). 

The GLP-1R has become an important target for imaging due to its abundant 
expression in pancreatic beta cells, the cardiovascular system, and in many tumors 
such as insulinoma, gastrinoma, pheochromocytoma and medullary thyroid cancer 
(Körner et al., 2007; Hubalewska-Dydejczyk et al., 2015). Several exendin-based 
tracers labeled with 111In or 99mTc for SPECT (Gotthardt et al., 2006; Wild et al., 
2006) and 68Ga, 18F, for PET (Brom et al., 2010b; Gao et al., 2011; Wu et al., 2011; 
Connolly et al., 2012; Kiesewetter et al., 2012b) have been intensively explored. 
Whether performed in animal models (Brom et al., 2010b; Wild et al., 2010) or 
clinical trials (Wild et al., 2008; Christ et al., 2009; Wild et al., 2011), many of 
the studies focused on imaging insulinomas, tumors that over-express the target 
receptor. [111In]DTPA-exendin-4 showed high uptake in tumor-bearing transgenic 
Rip1Tag2 mice (Wild et al., 2006). A study by Christ and colleagues reported proof 
of the concept that [111In]DOTA-exendin-4 SPECT is a tool to preoperatively detect 
intra- and extra-pancreatic insulinomas in humans (Christ et al., 2009). Tracer 
accumulation in tumors after in vivo SPECT correlated with the GLP-1R expression 
confirmed with in vitro receptor autoradiography of tumor samples. [111In]DTPA-
exendin-4 SPECT and [68Ga]DOTATE PET in vivo imaging combined with in vitro 
receptor autoradiography showed that malignant insulinomas do not necessarily 
express GLP-1R (Wild et al., 2011; Sowa-Staszczak et al., 2016). These tumors 
more frequently expressed sst2 receptor than GLP-1R. Negative scan results using 
exendin analogs, may potentially indicate tumor malignancy (Sowa-Staszczak et 
al., 2016; Luo et al., 2016b). In a principle of proof study, [64Cu]DO3A-VS-Cys40-
exendin-4 detected human islet cells transplanted into mouse liver (Wu et al., 2011). 
Pattou and colleagues reported detection of transplanted autologous islets in the 
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human forearm muscle with [111In]DTPA-exendin-4 SPECT scanning one year after 
the transplantation (Pattou et al., 2010). 

Biodistribution studies with [111In]DTPA-exendin-4 using organ-derived gamma 
counting showed tracer uptake in whole pancreas of healthy rats and mice (Gotthardt 
et al., 2006). Brom and colleagues revealed that pancreatic uptake of [111In]DTPA-
exendin-3, as determined by ex vivo measurements and by in vivo SPECT imaging, 
correlated linearly with beta cell mass in rats with alloxan-induced loss of beta cells, 
indicating specific GLP-1R mediated uptake (Brom et al., 2010a). In addition, the 
uptake was shown to correlate negatively with the alpha cell mass in a rodent model 
of diabetes, indicating a negligible effect of the alpha cells on tracer uptake in the 
pancreas (Brom et al., 2015). Ex vivo autoradiography studies of rat pancreas showed 
promising results of [64Cu]-Lys40-Ahx-DOTA-exendin-4 labeling the islets of a healthy 
rat. No binding was observed in ZDF (zucker diabetic fatty) rats or healthy rats pre-
treated with unlabeled exendin (Connolly et al., 2012). 

Metal-labeled (68Ga, 111In) and chelated (NOTA, DOTA) exendin-based tracers have 
been successful in specific uptake in the islets and GLP-1R-expressing tumors, but 
the obstacle with these has been high radioactivity retention in the kidneys (Brom 
et al., 2014; Vegt et al., 2008; Bauman et al., 2015). Since the kidney is an organ 
sensitive to radiation, the radiation dose might become unacceptably high especially 
with long-lived isotopes (Wessels et al., 2008). In addition, high radioactivity 
levels compromise tissue, e.g. pancreas, visualization in the vicinity of the kidneys, 
thus limiting diagnostic accuracy and quantitative imaging. Peptides are excreted 
via the kidneys but persistent retention is typical for radiometal-labeled exendin 
derivatives. Although the details still remain be clarified, it has been suggested that 
the binding of peptide to megalin receptor during glomerular filtration might lead to 
internalization and entrapment of radioactive metabolites into the lysosomes (Vegt 
et al., 2010; Vegt et al., 2011). Efforts to reduce kidney uptake with co-administration 
of amifostine, albumin derivatives, poly-glutamic acid or Gelofusine have had 
promising results (Gotthardt et al., 2007; Wild et al., 2010; Melis et al., 2012). 
Another approach is to introduce a cleavable linker before the radioactive moiety 
of the peptide. This linker serves as a site for the enzymes (e.g. carboxypeptidase) in 
the kidney brush border membrane to cleave the radioactive moiety and, as a result, 
the small radiometabolite fragment can be excreted into the urine (Nakamoto et al., 
1999; Fujioka et al., 2001; Fujioka et al., 2005). An Nε-maleoyl-L-lysine linker has 
been successfully used to reduce kidney retention of antibody fragments in mice 
while maintaining radioactivity uptake in the target site. More research is needed to 
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resolve the applicability of cleavable linkers for exendin and to ensure the safe use of 
radiometal-labeled exendin analogs. 

In contrast to radiometal-labeled derivatives, animal studies with fluorine-18 labeled 
exendin showed reduced radioactivity retention in the kidneys, and high and sustained 
uptake in INS-1 human tumor cell line and xenograft models. Importantly, after initial 
localization of high radioactivity levels in the kidneys, the clearance from kidneys 
was rapid as compared to radiometal-labeled analogues (Gao et al., 2011; Kiesewetter 
et al., 2012b; Yue et al., 2014). [18F]TTCO-Cys40-Exendin-4 showed specific uptake 
in transplanted islets in NOD/SCID mice and limited kidney retention (Wu et al., 
2013b). However, the usefulness of fluorine-18 labeled exendin-4 for imaging beta 
cells in human pancreatic islets remains to be determined. 

2.7 Development of a putative imaging agent: from preclinical 
evaluation to clinical use

Properties of an optimal radioactive tracer and requirements for in vivo imaging

New targets and probes for beta cell imaging can be identified using bioinformatic 
approaches and public access databases (Bouckenooghe et al., 2010; Lindskog et al., 
2012). Proteomic and transcriptomic analyses can be used to screen unique beta 
cell targets (Maffei et al., 2004). A quantitative biomarker must exhibit sufficient 
sensitivity, reproducibility, specificity and accuracy to represent the intended 
biological phenomenon. Several molecules, such as antibodies, antibody fragments, 
peptides and small molecules for in vivo targeting of beta cells have been explored. 
Evaluation of a candidate molecule starts with in vitro studies using cells and tissue 
sections (Figure 7). If the requirements are fulfilled, the research of a candidate 
molecule will continue with in vivo studies performed in living animals. Finally, the 
molecule will enter clinical trials and validation in humans. 

Of all imaging agents under development, 42 % are PET-based (Chopra et al., 2012). 
Good contrast, i.e. a high signal-to-background ratio, is of paramount importance for 
PET imaging and target visualization. Thus, the selected ligand should target the beta 
cell with high specificity and high affinity, and not bind to the other cells in the islet, 
the exocrine pancreas or organs close to the pancreas. Furthermore, the expression 
level of the target should be unaltered by metabolic stress such as hyperglycemia 
or inflammation. Simultaneously, the compound should have low non-specific 
binding and fast clearance from the blood and non-target tissues. Only then, will the 
radioactivity measured with PET mirror the beta cell mass.
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When imaging beta cells, the amount of target receptor may be much lower than 
in tumors, e.g. insulinomas in the case of GLP-1R. When imaging targets (e.g. 
receptors) of low expression levels, high specific activity (MBq/nmol, radioactivity/
concentration) of the radiotracer is needed in order to obtain high quality quantitative 
(PET) images and to avoid receptor saturation with the unlabeled, non-radioactive, 
compound. Potential pharmacological and toxic effects of the compound are avoided 
only when a low amount of mass is injected. A metabolically stable tracer allows 
specific accumulation into the target tissue. The time the tracer circulates in the blood 
is determined by its degradation and excretion speed. Small molecules and peptides 
are usually excreted faster than large antibodies. Depending on their lipophilicity, 
compounds are excreted via two main routs: hydrophilic via kidneys and lipophilic 
via liver. In pancreas, hydrophobic tracers may accumulate in the fat in the exocrine 
pancreas and impair the target-to-background signal. When no metabolic excretion 
pathway exists, a tracer may also be internalized and metabolically trapped in cells. 

Clinical
evaluation

In vitro In vivo

beta cell in vivo
specificity of the 
tracer,
pharmacokinetic
studies

a) in vivo PET study
of pancreas in 
healthy control
and T1D animal
model

b) dosimetry
calculations

c) ex vivo
autoradiography
of pancreas

Clinical
evaluation

a) receptor specificity
of the tracer using
appropriate ligand
(pretreatment, co-
adiministration)

b) γ-counting of blood, 
tissues and organs

c) ex vivo
autoradiography

1. 4.2. 3.
in vivo receptor
specificity of the 
tracer

in vitro receptor
and beta cell
specificity of the 
tracer

a) cell studies

b) in vitro
autoradiography of 
pancreatic tissue
sections

screening of 
candidate targets
and probes in
silico and by using
cell and tissue
samples

a) radioactive
labelling of the 
candidate ligand

Preclinical evaluation of a radiotracer

Figure 7. Basic stages of the preclinical evaluation of a given radiotracer candidate. Prospective 
scheme for the screening and evaluation process of novel beta cell imaging agents. After 
identification of a promising biomarker, a candidate ligand is radiolabeled. The in vitro 
specificity of the radioligand is tested with cell and tissue studies. Thereafter in vivo receptor 
specificity in healthy animals is investigated using appropriate unlabeled compounds. Finally, 
in vivo studies using T1D animal model and radiation dosimetry calculations are performed. 
After preclinical in vitro and in vivo assessment, radiotracer development continues with 
clinical trials. (Modified from Eriksson et al. 2016).
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Candidate tracers may fail for many reasons: insufficient uptake in the target 
tissue, low binding affinity, rapid catabolism or degradation relative to the process 
investigated, high hydrophilicity (low lipophilicity), inability to cross the blood-brain 
barrier (BBB), undesirable diffusion out of the target cells, low synthesis yield or low 
specific activity of the radiotracer. Also, species differences, e.g. in receptor expression 
or affinity between the experimental animals used for tracer evaluation and humans 
should be carefully considered. Many of these properties can be recognized before the 
animal studies or at the early phase of preclinical evaluation. However, a candidate 
molecule showing promising results in vitro may still fail in in vivo studies and in 
clinical trials. (Eriksson et al., 2016.)
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3. AIMS OF THE STUDY

The aim of this study was to evaluate novel positron emitting radiotracers for imaging 
pancreatic islet beta cells with PET.

The following objectives were set:

1. To investigate whether VMAT2 PET tracer [11C]DTBZ localizes in the islets of 
healthy and diabetic rat and healthy human pancreas (I). 
Study hypothesis: the binding of [11C]DTBZ is beta cell specific in pancreas.

2. To compare the binding kinetics and islet specificity of glucagon like peptide-1 
receptor (GLP-1R) targeting [64Cu]exendin-4 and [68Ga]exendin-4 radiotracers 
in healthy rat and to estimate their suitability for clinical imaging (II).
Study hypothesis: both tracers are beta cell specific and the longer half-life of 
[64Cu]NODAGA-exendin-4 and expected higher specific activity has benefits 
over [68Ga]NODAGA-exendin-4  in clinical use.

3. To investigate whether the radioactivity retention in kidneys could be 
decreased by incorporating a biodegradable MAL-linker into chelated, metal-
labeled exendin, [64Cu]NODAGA-MAL-exendin-4, or by using non-chelated, 
non-metal radionuclide, fluorine-18 (18F) to label exendin, [18F]exendin-4 (III), 
(IV). 
Study hypothesis: the biodegradable linker and radionuclide selection reduce 
the radioactivity accumulation in the kidneys and are valuable assets for further 
development of clinical grade beta cell imaging agents.
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4. MATERIALS AND METHODS

4.1 Experimental animals (I‒IV)

Sprague–Dawley male rats (200–350 g), bred and housed under standard conditions 
at the Central Animal Laboratory, University of Turku, Turku, Finland, were 
used. Bovine adrenal gland was obtained from a local slaughterhouse (Paimion 
Teurastamo Paimio, Finland). Finnish landrace pigs (N=3, 33 ± 3 kg) were obtained 
from a local farmer. All animal experiments were approved by the Regional State 
Administrative Agency for Southern Finland (permission ESLH-2009-05275/Ym-23, 
ESAVI/3899/04.10.07/2013, ESAVI/823/04.10.07/2013, ESAVI/4660/04.10.07/2016), 
and the animal care complied with the guidelines of the International Council of 
Laboratory Animal Science (ICLAS).   

4.2 Induction of diabetes in rats (I)

On day 1, 2 weight-matched groups of rats, were fasted for 4 h. The rats were 
anesthetized with isoflurane, and either streptozotocin (65 mg/kg) (Sigma Aldrich) 
dissolved in 0.1 M citrate buffer (pH 4.6) (N=8) or citrate buffer alone (N=6) was 
intravenously administered. Blood glucose levels and body weights were monitored 
regularly. The control rats remained euglycemic (7.0 ± 0.7 mM on day 8), and their 
body weights increased (from 332 ± 19 g on day 0, to 346 ± 16 g on day 8). Two of 
the rats in the streptozotocin groups were excluded from the study because they 
showed only moderate elevations in blood glucose levels, and their body weights 
increased.  The rest of the rats in the streptozotocin group (N=6) exhibited elevated 
blood glucose levels (exceeding 22 mM from day 3 onward), and decreasing body 
weights (from 329 ± 21 g on day 1 to 283 ± 22 g on day 7). On day 7 (streptozotocin 
group) or day 8 (control group), the rats were sacrificed, and the pancreata were 
dissected and frozen. Pancreatic sections were sliced on a cryostat and stored frozen 
until used.

4.3 Human tissue samples (I, IV)

Human pancreatic tissue was obtained from a total of 5 non-diabetic subjects that 
underwent pancreatic resection at Turku University Hospital (Turku, Finland). In 
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study I, tissue from 4 subjects (3 women and 1 man, 59 ± 12 y old) with pancreatic 
cystadenoma or pancreatic cystadenocarcinoma was used. In study IV, pancreatic 
tissue was obtained from 1 subject (woman, 36 y old) with pancreatic mucinous 
neoplasm. Approval for the use of human pancreatic tissue was obtained from 
the Ethics Committee of the Hospital District of Southwest Finland (ETMK 
42/180/2008). All subjects provided written informed consent before participating 
in the study.

4.4 Production of positron emitting radionuclides and synthesis of 
radiotracers

4.4.1 [11C]DTBZ (I)

(+)-α-[11C]DTBZ (11C-dihydrotetrabenazine) was synthesized by 11C-methylation 
of (+)-9-O-desmethyl-α-DTBZ with [11C]methyl triflate prepared from cyclotron-
produced [11C]methane via [11C]methyl iodide using a previously described method 
(Chan et al., 1999), with minor modifications. 11C was prepared by the 14N(p,α)11C 
nuclear reaction and obtained as [11C]methane. [11C]Methyl iodide was synthesized 
from [11C]methane and iodine in gas phase reaction at 720 °C (Larsen, 1997). 
[11C]Methyl triflate was prepared online by passing [11C]methyl iodide through a silver 
triflate/graphitized carbon column at 200 °C and bubbled into the reaction solution 
containing the precursor in acetone in the presence of sodium hydroxide (NaOH). 
The reaction mixture was purified with semi-preparative HPLC. After removal of 
the mobile phase by evaporation, [11C]DTBZ was formulated in propylene glycol / 
ethanol / 0.1 M sterile phosphate buffer (5/2/93, v/v/v). 

4.4.2 [11C]Methionine (II)

[11C]Methionine, which was used to verify the spatial location of the rat pancreas in 
the PET imaging studies, was prepared using a previously reported method (Någren 
and Halldin, 1998).

4.4.3 Peptides (II, III, IV)

In study II, the peptide sequence of NODAGA-exendin-4 (Nle14,Lys40(Ahx-
NODAGA)NH2-exendin-4(1‒39)) was HGEGTFTSDLSKQBEEEAVRLFIEWL
KNGGPSSGAPPPSK(X-NODAGA)NH2, where B=norleucine and X=hexanoyl 
spacer (Peptide Specialty Laboratories, Heidelberg, Germany). In study III, 
NODAGA-MAL-exendin-4 (Met14,Cys40(MAL-NODAGA)NH2-exendin-4(1-39)) was 
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synthesized from a thiol-maleimide addition between Nε-Maleoyl-L-lysyl-glycyl-
NODAGA and the peptide sequence HGEGTFTSDLSKQMEEEAVRLFIEWLKNG
GPSSGAPPPSC-NH2 (GenScript USA Inc., Piscataway, NJ, USA). In study IV, the 
peptide sequence of azido-exendin-4 ([Nle14,Lys40(N3)NH2]exendin-4(1-39)) was 
HGEGTFTSDLSKQBEEEAVRLFIEWLKNGGPSSGAPPPSZ, where B=norleucine 
and Z=azido-lysine-amide (Peptide Specialty Laboratories).

4.4.4 [64Cu]NODAGA-exendin-4 (II) and [64Cu]NODAGA-MAL-exendin-4 (III)
64Cu in the form of [64Cu]CuCl2 was produced via the 64Ni(p,n)64Cu nuclear 
reaction, as previously described (Avila-Rodriguez et al., 2007; Elomaa et al., 
2014). 

[64Cu]NODAGA-exendin-4 (64Cu-labeled [Nle14,Lys40(Ahx-NODAGA)NH2]
exendin-4) and [64Cu]NODAGA-MAL-exendin-4 (64Cu-labeled [Met14Cys40(MAL-
NODAGA)NH2]exendin-4 were prepared by incubating [64Cu]CuCl2 (500 MBq) 
and peptide (5 nmol) in ammonium acetate solution (500 μl, 0.5 M, pH 6) at 90 °C 
for 15 min (II) and at 60 °C for 30 min (III). Quality control was performed using 
reversed-phase radio-HPLC (high performance liquid chromatography) with a 
Proteo C12 column (Phenomex). The specific activity was calculated as the ratio 
of the added radioactivity to the total mass of added peptide, and corrected for 
radiochemical yield and decay.

4.4.5 [68Ga]NODAGA-exendin-4 (II)
68Ga was obtained as [68Ga]GaCl3 from a 68Ge/68Ga generator (IGG100 1850 MBq, 
Eckert & Ziegler) by elution with 0.1 M HCl.

[68Ga]NODAGA-exendin-4 (68Ga-labeled [Nle14,Lys40(Ahx-NODAGA)NH2]exendin-4) 
was prepared by mixing sodium acetate (18 mg, Merck) with 500 μl of [68Ga]GaCl3 
(268 ± 62 MBq, range=198‒399 MBq) and the pH was adjusted to approximately 3.5 
with HCl. Subsequently, NODAGA-exendin-4 (5 nmol) was added and the reaction 
mixture was incubated at 95°C for 15 min. The radiochemical purity was determined 
by radio-HPLC (C18 column, Phenomenex). 

4.4.6 [18F]exendin-4 (IV)

Aqueous [18F]fluoride was produced by proton bombardment of 18O-enriched water 
using the MGC-20 cyclotron from Efremov (St. Petersburg, Russia), as reported 
previously (Solin et al., 1988).
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The synthesis was started by allowing tosylate to react with a [18F]fluoride-
Kryptofix complex in anhydrous DMSO. After purification by HPLC, the collected 
fraction was concentrated on an Oasis HLB cartridge (Waters, Milford, MA, 
USA). The obtained [18F]fluoro-propargyl-triethylene glycol (FPTG) was allowed 
to react with  exendin-4-azide in the presence of pre-activated copper sulfate/
sodium ascorbate to produce radiofluorinated exendin-4. After purification by 
HPLC, the collected fraction was retained on a Sep-Pak C8 cartridge (Waters), 
and formulated in ethanol/saline. Radiochemical analysis of [Nle14,Lys40([18F]
FTTG)NH2]exendin-4 ([18F]exendin-4) was performed with HPLC and thin layer 
chromatography (TLC). The specific activity was determined from concentration 
series of azido-exendin. 

4.5 Synthesis of [natCu]- and [natGa]NODAGA-exendin-4 (II)

NODAGA-exendin-4 (10.1 mg) in ammonium acetate buffer (pH 5.4, 0.5 M, 500 μl) and 
an aliquot of an aqueous solution of natCuCl2×2H2O (6.7 μl, 0.3 M) was allowed to react 
at room temperature for 3.5 h. The complex formation was checked by analytical HPLC. 
[Nle14,Lys40(Ahx-NODAGA-natCu)NH2]-exendin-4 ([natCu]NODAGA-exendin-4) was 
purified by preparative HPLC and 3.3 mg was isolated.

A mixture of NODAGA-exendin-4 (13.5 mg) in sodium acetate buffer (pH 4.0, 0.2 M, 
1 ml) and an aliquot of an aqueous solution of natGa(NO3)3×H2O (24 μl, 0.3 M) was 
heated at 95 °C for 10 min. Complex formation was checked by analytical HPLC. A total 
of 2.4 mg of [Nle14,Lys40(Ahx-NODAGA-natGa)NH2]-exendin-4 ([natGa]NODAGA-
exendin-4) complex was isolated after preparative HPLC.

4.6 Characterization of binding affinity of [natCu]- and [natGa]NODAGA-
exendin-4 for GLP-1R (II)

The binding affinities of the two exendin analogues and GLP-1 as a control were 
evaluated in competition binding experiments performed in vitro in GLP-1R-
expressing human insulinomas using autoradiography, as reported previously (Reubi 
and Waser, 2003; Körner et al., 2007). For each of the tested compounds, complete 
competition binding experiments with [125I]GLP-1(7-36) amide (74 GBq/μmol, 
Anawa) and increasing concentrations of the unlabeled peptides (range 0.1‒1000 nM) 
were performed in triplicate. IC50 values were calculated as described previously 
(Körner et al., 2007).
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4.7 Stability and lipophilicity of the radiotracers in vitro (II, III)

The in vitro stability of [64Cu]NODAGA-exendin-4, [68Ga]NODAGA-exendin-4 
and [64Cu]NODAGA-MAL-exendin-4 was tested in human serum and in 
phosphate-buffered saline (PBS, pH 7.4) at 37°C. At selected time-points, 
aliquots were treated with acetonitrile to precipitate the serum proteins. After 
centrifugation, the supernatant was analyzed using radio-HPLC (C12 column, 
Phenomex). 

The octanol/water distribution coefficients of the peptides were measured by vortex-
mixing equal amount of 1-octanol and PBS (pH 7.4) (500 µl) with approximately 0.1 
MBq of radiolabeled peptide (for 2–3 min). Following centrifugation (at 16,000×g 
for 8 min), samples from the organic and aqueous phases were analyzed using a 
γ-counter (1480 Wizard 3″ Gamma Counter, PerkinElmer). Log(D)octanol/water 
was calculated as log([radioactivity]octanol/[radioactivity]water).

4.8 Tracer biodistribution studies

Details of the animals and methods are summarized in Table 2.

4.8.1 Ex vivo organ biodistribution (I‒IV)

Rats were briefly anesthetized with CO2:O2 gas or with isoflurane/O2 and injected via 
a tail vein with the tracer (Table 3). Animals were sacrificed at various time-points 
(15 min – 40 h) either with CO2 gas or isoflurane, and blood was collected by cardiac 
puncture. Plasma, tissues, and organs were weighed, and their radioactivities were 
measured using a γ-counter. The biodistribution of the radioactivity, corrected for 
radionuclide decay, was reported as percentage of the injected dose per gram of tissue 
(%ID/g). The GLP-1R specificity of the radiopeptides (II, IV) in rats was assessed at 
1 h post injection (p.i.) in separate groups of animals by intravenous injection (i.v.) of 
an excess of unlabeled exendin-3, administered immediately before the radiopeptide 
injection.
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Table 3. Characteristics of PET tracers for beta cell imaging used in the thesis (mean ± SD).

Study Radiotracer
Injected 

radioactivity
[MBq/kg]

Injected specific 
radioactivity
[MBq/nmol]

Injected mass
[μg/kg] N

I [11C]DTBZ 170 ± 105 155 ± 93 0.7 ± 0.7 14

II [64Cu]NODAGA-
exendin-4 94 ± 35 80 ± 42 9 ± 8 31

[68Ga]NODAGA-
exendin-4 121 ± 34 13 ± 2 46 ± 12 10

III [64Cu]NODAGA-
exendin-4 117 ± 53 76 ± 42 12 ± 12 12

[64Cu]NODAGA-
MAL-exendin-4 114 ± 53 52 ± 22 14 ± 11 14

IV [18F]exendin-4
SD rat 23 ± 5 66 ± 31 2 ± 1 43

pig 1.2 ± 0.2 40 ± 12 0.14 ± 0.04 3

4.8.2 Organ regional distribution of radioactivity

The pancreata (I‒IV) and brains (I, IV) were frozen by immersion in isopentane chilled 
with dry ice and sectioned (20 µm) on a cryostat. The sections were dried under a fan and 
apposed to imaging plates (Fuji BAS-TR2025; Fuji Photo Film Co., Tokyo, Japan) for 
approximately two radionuclide half-lives. In study II, the gastrointestinal channel was 
emptied and the stomach and the caecum were unfolded. The gastrointestinal channel 
was covered with cling film and apposed to an imaging plate for autoradiography as 
described above. Digital images were obtained by scanning the imaging plates with a 
BAS-5000 scanner (Fuji Photo Film Co.) at a 25 µm resolution or with an FLA-5100 
scanner (Fuji Photo Film Co.) at 10 µm resolution. Images were analyzed with an 
image analysis software (Aida 4 and 4.5, Raytest, Isotopenmessgeräte, Straubenhardt, 
Germany), and the results were reported as photostimulated luminescence per square 
millimeter (PSL/mm2). Three sections per rat were evaluated. In study I, the pancreatic 
head-to-tail binding ratio was determined for each rat, and the results were statistically 
analyzed by comparing the head-to-tail ratios to the hypothetical value 1. In studies 
II-IV, PSL/mm2 for ten prominently labeled islets and of the exocrine tissue was 
determined and corrected for background noise. Finally, the islet-to-exocrine tissue 
ratio was calculated. Islet localization was verified by insulin immunohistochemistry 
(see 4.12 Immunohistochemistry of human and rat pancreas). The radioactivity in 
the gastrointestinal region was analyzed similarly by outlining regions of interest and 
calculating regional signal ratios.
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4.9 Radiometabolite assay (I‒IV)

The presence of radioactive metabolites in rat plasma, urine and selected organs at 
several radionuclide-dependent time-points after tracer injection was determined 
either with HPTLC or radio-HPLC. Tracer added to rat plasma or pig plasma (IV) 
was used as a standard to allow identification of the parent (intact) compound. Plasma 
and urine (500 µl) proteins were precipitated by adding 1:1 volume of acetonitrile 
and removed by centrifugation (2 x 5 min, 12,000 g). The tissue samples were 
homogenized, treated with acetonitrile, and the radioactive material was purified in 
two centrifugation steps. Supernatants (10 µl) were applied to an HPTLC Silica Gel 
60 plate (105547; Merck) (I) or analyzed with radio-HPLC (C12 column, Phenomex, 
(250 × 10 mm) (II, III, IV). Chloroform:methanol (85:15) was used as the mobile 
phase with HPTLC. The HPTLC plate was subsequently apposed to an imaging plate 
as previously described (see 4.8.2 Organ regional distribution of radioactivity). The 
HPLC conditions were as follows: flow rate=1 ml/min, buffer A=0.1 % trifluoroacetic 
acid (TFA) in water, buffer B=0.1 % TFA in acetonitrile. The linear gradient was 18 % 
to 60 % of buffer B in buffer A over 5 min.

In addition, the stability of [18F]exendin-4 was determined in pig plasma (IV). Prior 
to blood sampling, the pigs were anesthetized (midazolam 1 mg/kg, xylazine 4 mg/kg 
intra muscular), connected to a respirator, and ventilated mechanically. Anesthesia 
was maintained with an i.v. infusion of propofol (10–20 mg/kg/h) and fentanyl 
(4–8 µg/kg/h). Vital signs were monitored throughout the study. Pigs were injected 
i.v. with [18F]exendin-4 (radioactivity: 1.2 ± 0.2 MBq/kg, mass: 0.14 ± 0.04 µg/kg), 
and blood was sampled at 5, 15, 30, 60, and 180 min p.i. (N=3 samples/time-point). 
Plasma was treated and analyzed as described above.

4.10 Small animal PET imaging (II, III, IV) 

Whole-body distribution kinetics of radiotracers in rats was evaluated using an 
Inveon Multimodality PET/CT (Siemens Medical Solutions, Knoxville, TN, USA). 
Rats were anaesthetized with isoflurane/O2 and kept warm on a heating pad during 
the imaging procedure. Animals were injected i.v. with the radiotracer and a dynamic 
PET scan started at the time of injection. Attenuation correction was obtained by a CT 
scan performed prior to the PET scan. PET data were acquired in 3D list mode with 
an energy window of 350‒650 keV. The data were reconstructed using the ordered-
subset expectation maximization OSEM2D algorithm. The details of the PET studies 
are presented in Table 2.  
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In study II, the pancreas was visualized using [11C]Methionine. In addition, animals 
were imaged with [64Cu]NODAGA-exendin-4 using two different study protocols. 
Dynamic [11C]Methionine data were collected either for 30 min immediately prior 
to a [64Cu]NODAGA-exendin-4  120 min PET scan (N=1) or dynamic 40 min 
[11C]Methionine data were collected the day before a [64Cu]NODAGA-exendin-4 
60-min PET scan (N=2).

After the PET scan, the rats were deeply anaesthetized with isoflurane, blood was 
collected by cardiac puncture and tissues of interest were collected and measured, and 
the results were reported as described above (see 4.8.1 Ex vivo organ biodistribution). 

4.10.1 Analysis of PET images

Quantitative analyses were performed using Inveon Research Workplace 3 software 
(Siemens Medical Solutions, USA Inc.) by defining the volumes of interest (VOIs) 
on selected tissues (heart, kidney, liver, lung, muscle, stomach wall). In study II, 
The VOIs for the pancreas were defined in the [11C]Methionine images and copied 
onto the corresponding [64Cu]NODAGA-exendin-4 images. The radioactivity 
uptake, corrected for radionuclide decay to the time of injection, was expressed 
as %ID/g or standardized uptake value (SUV). SUVbw was calculated as the ratio 
of tissue radioactivity concentration at time (t), c(t) and the injected radioactivity 
dose at the time of injection divided by body weight: SUVbw=c(t)/(injected dose/
body weight). 

4.11 Tracer in vitro studies

4.11.1 Pharmacological characterization of [3H]DTBZ binding (I)

α-2-[3H]DTBZ ([3H]DTBZ) (0.74 MBq/nmol, American Radiolabeled Chemicals) 
saturation and competition binding assays were performed by incubating duplicate 
sections of rat pancreas, rat brain, and bovine adrenal gland with [3H]DTBZ and 
various unlabeled compounds (chlorpromazine, haloperidol, ketanserin, lobeline, 
reserpine, tetrabenazine) in 50 mM potassium phosphate buffer for 2 h at room 
temperature. In the saturation binding experiment, sections from rat and bull were 
incubated with various concentrations of [3H]DTBZ (range 0.38‒47.3 nM). Adjacent 
sections were incubated in the presence of an excess of a VMAT2 antagonist (100 mM 
ketanserin) to determine non-specific binding. The competition binding experiment 
was performed with 1.8 nM [3H]DTBZ and several concentrations (range 0‒0.1 mM) 
of unlabeled VMAT2 specific compounds (chlorpromazine, haloperidol, ketanserin, 
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lobeline, reserpine, tetrabenazine, Sigma-Aldrich Co.). Rat pancreas, brain, and 
adrenal glands of cow and bull were used in the competition binding experiment. 
Because similar results were obtained from the cow and the bull, their corresponding 
binding values were averaged.

After the incubations, the sections were washed for 20 min in ice-cold buffer, rapidly 
rinsed in ice-cold distilled water, and dried under a fan. Sections were apposed to 
imaging plates (Fuji BAS-TR2025) for 10 d. Tritium standards (ART-123; American 
Radiolabeled Chemicals) were co-exposed with the sections to allow comparisons of 
the results from separate experiments. [3H]DTBZ binding levels in the rat pancreas, rat 
striatum and bovine adrenal medulla were measured. Equilibrium dissociation (Kd) 
and inhibition (Ki) constants were determined by least squares non-linear regression 
analysis of the binding results with GraphPad Prism 5 (GraphPad Software). The 
saturation binding results were analyzed with simultaneous fitting of total and non-
specific binding. Kd values obtained from the saturation binding experiment were 
used to calculate Ki values for the unlabeled compounds applied in the competition 
binding experiment; for this purpose, we used the Cheng–Prusoff equation (Cheng 
and Prusoff, 1973): Ki 5 IC50/(1 + [radioligand]/Kd), where IC50 is the 50 % inhibitory 
concentration.

4.11.2 Tracer binding in sections of human pancreas (I, IV)

In order to study the binding of [3H]DTBZ (I) and [18F]exendin-4 (IV) in human 
beta cells, sections of fresh frozen human pancreas were incubated with the tracer. 
To determine the specificity of tracer binding, an excess of competing compound 
(ketanserin or exendin-3 as indicated) was used. In study I, duplicate sections of 
pancreas were incubated at room temperature with 5.4 nM [3H]DTBZ in 50 mM 
potassium phosphate buffered saline for 30 min in the absence or presence of an 
excess of ketanserin. Sections of rat brain and bovine adrenal medulla were included 
as controls. The sections were washed in buffer for 20 min, rinsed in ice-cold distilled 
water, dried, and exposed to imaging plates for 14 d. In study IV, the sections were 
incubated for 30 min with 1 % bovine serum albumin/PBS prior to incubation with 
[18F]exendin-4. Thereafter, the sections were incubated for an hour with various 
concentrations of [18F]exendin-4 (range 2.5−20 nM) in the presence or absence of an 
excess of unlabeled exendin-3. Sections of rat pancreas were included as controls. The 
sections were washed and dried as described above and exposed to imaging plates for 
approximately 4 h. Digital images were obtained as described in 4.8.2 Organ regional 
distribution of radioactivity. 
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4.12 Immunohistochemistry of human and rat pancreas

To verify the islet localization, human and rat pancreatic sections that had been 
processed for autoradiography were stained with hematoxylin and eosin or with 
insulin antibody. A polyclonal guinea pig primary antibody raised against human 
insulin (Abcam), diluted 1:500, and then a biotinylated goat anti–guinea pig secondary 
antibody (Jackson ImmunoResearch), diluted 1:500 or MACH-1 (Biocare) detected 
with DAB (3,3′diaminobenzidine), were used. In addition, fluorescence labeled 
antibodies against insulin (1’ rabbit-anti-insulin 1/200, Euro-Diagnostica; 2’ Alexa 488 
goat-anti-rabbit 1/500, Invitrogen) and VMAT2 (guinea pig-anti-VMAT2 1/500, Euro-
Diagnostica; 2’ Alexa 568 goat-anti-rabbit 1/500, Invitrogen) were used. The results 
were documented by taking a high-magnification mosaic image of a stained section 
on a Zeiss Axiovert 200 M microscope (Carl Zeiss Inc.) or by using the Slide Scanner 
(Pannoramic 250F, 3DHistech, Hungary) of a confocal microscope (Melles Griot, 
Carlsbad, CA, Yhdysvallat). Pancreatic islets were identified and manually outlined on 
the digital images, and the outlines were combined with the autoradiographic images 
using Photoshop CS3 (Adobe Systems Inc.) or Corel-DRAW X3 (Corel Corp.).

4.13 Estimation of radiation doses for humans (II, IV)

Absorbed radiation doses were calculated with the OLINDA/EXM1.0 software 
(Howell et al., 1999; Stabin et al., 2005) which includes radionuclide information 
and a selection of human body phantoms. Rat ex vivo biodistribution results and 
PET imaging results were integrated as area under the time-activity curves. The 
obtained residence times were converted into corresponding human values by 
multiplication with organ-specific factors to scale organ and body weights: (WTB,rat/
WOrgan,rat)×(WOrgan,human/WTB,human), where WTB,rat and WTB,human are the body weights of 
rat and human (70-kg male), respectively, and WOrgan,rat and WOrgan,human are the organ 
weights of rat and human (70-kg male), respectively.

4.14 Statistics

Statistical analyses were performed using GraphPad Prism 4 and 5 (GraphPad 
Software) and results were reported as mean ± SD. Two-tailed, unpaired Student’s 
t test and one-way or two-way ANOVA were used for the analyses of statistical 
differences between groups. In further pairwise comparisons Bonferroni’s multiple 
comparison test was used.  Differences between ratios and 1 were analyzed with a 
2-tailed 1-sample t test (I). Values of P<0.05 were considered statistically significant.
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5. RESULTS

5.1 DTBZ (I)

5.1.1 Radiochemistry

The radiopharmaceutical [11C]DTBZ was obtained at a radiochemical yield of 
1360 ± 260 MBq, using a 40 min target irradiation with 17 MeV protons. The 
specific activity measured by analytical HPLC was 420 ± 220 GBq/µmol at the 
end of a 35‒40 min synthesis. The radiochemical purity exceeded 98 % in all 
syntheses.

5.1.2 Regional distribution of [11C]DTBZ in rat pancreas and brain

The highest accumulation of [11C]DTBZ radioactivity in the organs studied was 
found in the pancreas, with similar levels at 10 and 60 min p.i., 3.03 ± 0.62 %ID/g 
(N=7) and 2.74 ± 0.59 %ID/g (N=7), respectively (Figure 8). In addition, the 
striatum exhibited high uptake of radioactivity 10 min p.i. 2.92 ± 0.97 %ID/g (N=6), 
but at the 60 min time point, radioactivity in the striatum was significantly reduced, 
1.17 ± 0.43 %ID/g (N=5). These results suggest different kinetics for [11C]DTBZ 
binding in the pancreas and the VMAT2-rich striatum. Autoradiography results 

Figure 8. [11C]DTBZ biodistribution in rat 10 and 60 minutes after tracer injection measured 
by ex vivo gamma counting (N=3‒7). Results are expressed as mean ± SD percentage injected 
dose per gram of tissue. (Data based on study I). 
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showed heterogeneous distribution of radioactivity in the pancreas; the levels in 
the head of the pancreas were 70 % higher compared to those in the pancreatic tail 
(P 0.046 N=6) 10 min p.i. (Figure 9). At the 60 min time point, this gradient was 
no longer observed. At neither time point, did [11C]DTBZ radioactivity accumulate 
specifically in pancreatic islets. In brain, [11C]DTBZ binding corresponded to the 
known distribution of VMAT2.

5.1.3 Analysis of [11C]DTBZ metabolites

The amount of intact tracer 10 min p.i. was 94 % in plasma, 85 % in urine, 83 % in 
liver, 98 % in the head of the pancreas (caput), 99 % in the mid pancreas (corpus) and 
98 % in the tail of the pancreas (cauda). Two to three radioactive metabolites were 
distinguished. The Rf (retardation factor) values of the metabolites were lower than 
the corresponding value of [11C]DTBZ, which indicates that the metabolites were 
more polar than the parent compound.  

5.1.4 In vitro binding of [11C]DTBZ in pancreatic sections of control and STZ 
induced diabetic rats

Analysis of autoradiograms revealed lower [11C]DTBZ binding in the pancreas of 
diabetic rats compared to controls, supporting previous findings obtained by in vivo 
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Figure 9. Distribution of [11C]DTBZ radioactivity in rat pancreas (A) and brain (B) 10 min 
after tracer injection. A) Same pancreatic section used for autoradiography was stained with 
hematoxylin and eosin. 11C-radioactivity did not co-localize with the islets (black circles). 
Distribution of radioactivity was heterogeneous with higher levels toward the head of the 
pancreas (B) High [11C]DTBZ uptake in the striatum, VMAT2-rich area in the brain. Scale 
bars 5000 µm. (A Data modified from study I, B Data based on study I).
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PET imaging (Simpson et al., 2006; Souza et al., 2006b; Goland et al., 2009). The 
decrease in [11C]DTBZ binding was observed throughout the pancreas, indicating 
that it was not directly associated with a decrease in  beta cell mass.

5.1.5 Pharmacological characterization of [3H]DTBZ binding in rat pancreas in 
vitro

Pancreatic islets could not be visualized when sections of rat pancreas were 
incubated with [3H]DTBZ. Only homogenous binding was observed. In the 
pancreas, the [3H]DTBZ binding increased in a concentration-dependent, non-
saturable manner. In contrast, saturable [3H]DTBZ binding was observed in the rat 
striatum (Kd 1.3 nM) and bovine adrenal medulla (Kd 3.3 nM). In the rat striatum 
and bovine adrenal medulla, VMAT2 antagonists competed for [3H]DTBZ binding 
(rank order of potency: tetrabenazine > ketanserin > reserpine > haloperidol 
> lobeline ≈ chlorpromazine) corresponding to the pharmacological profile of 
VMAT2 (Scherman et al., 1983; Darchen et al., 1988; Teng et al., 1998). In the rat 
pancreas, a non-VMAT2 competition binding profile was observed (rank order of 
potency: lobeline ≈ ketanserin > haloperidol ≈ chlorpromazine > tetrabenazine ≈ 
reserpine) and a reliable 50 % inhibitory concentration could not be determined. 
In the pancreas, [3H]DTBZ (1.8 nM) binding was poorly displaced by unlabeled 
compounds. The in vitro binding results indicate that [3H]DTBZ binding in the rat 
pancreas, in contrast to binding in the rat striatum and bovine adrenal medulla, is 
non-specific.

5.1.6 [3H]DTBZ binding in human pancreatic tissue sections

Binding of [3H]DTBZ was low and in most islets of human pancreas did not exceed the 
binding in the exocrine pancreas (Figure 10). Only some intermediate to larger islets 
were faintly visible. Insulin staining of pancreatic islets was detected in all samples of 
human pancreas. Ketanserin (100 µM) inhibited islet-specific binding of [3H]DTBZ, 
suggesting specific ligand binding to VMAT2 receptor. Labeling intensity in the 
islets (ligand concentration 5.4 nM) was less than two times higher when compared 
to exocrine pancreas. In contrast, the labeling intensity was seven times higher in 
rat striatum and bovine adrenal medulla compared to rat cerebral cortex and bovine 
adrenal cortex. 
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5.2 Exendin-based tracers (II, III, IV)

5.2.1 Radiochemistry

The specific activity of [64Cu]NODAGA-exendin-4 was 90 ± 10 GBq/µmol at the end 
of synthesis, with a radiochemical purity of 93 ± 4 % (II). The corresponding values 
for [68Ga]NODAGA-exendin-4 were 20 ± 5 GBq/µmol and 98.0 ± 0.3 % (II). 

The specific activity of [64Cu]NODAGA-MAL-exendin-4 and its reference 
[64Cu]NODAGA-exendin-4 was  58 ± 33 MBq/nmol (N=4) and 106 ± 32 MBq/nmol 
(N=6), respectively, at the end of the synthesis, with a radiochemical purity of at least 
91 % (III).

The specific activity for [18F]exendin-4 was 12−323 MBq/nmol at the end of the 
synthesis, with a radiochemical purity exceeding 90 % (IV).

Figure 10. [3H]DTBZ binding (A‒C) and insulin-VMAT2 stainig (D‒F) in human pancreas. 
Binding of [3H]DTBZ in human pancreatic islets (arrows) was weak (A). Islets were identified 
and outlined (white circles) after insulin staining of the same section (B).Adjacent section was 
incubated with [3H]DTBZ and 100 µM ketanserin (C). Absence of [3H]DTBZ binding in islets 
indicated VMAT-2 specific labelling in A. Fluorescence insulin (D) and VMAT2 (E) staining 
of an islet in human pancreas and co-localization in the separate cells (white arrows) (F). Scale 
bars correspond to 1000 μm (A‒C), 30 μm (D‒E), 5 μm (F). (A‒C published in study I, D‒F 
unpublished data). 
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5.2.2 In vitro stability and lipophilicity of metal-labeled exendin tracers

The stability of [64Cu]NODAGA-exendin-4 (II), [64Cu]NODAGA-MAL-exendin-4 
(III) and [68Ga]NODAGA-exendin-4 (II) was tested in human serum and in PBS. After 
a 3 h incubation, the stability of [64Cu]NODAGA-exendin-4 and [68Ga]NODAGA-
exendin-4 exceeded 91 %. After 24 h, the amount of intact tracer was more than 82 % 
with copper-64 labeled tracers. Similar results obtained for [64Cu]NODAGA-exendin-4 
and [64Cu]NODAGA-MAL-exendin-4 indicated that glycyl-lysine sequence did not 
affect the in vitro stability of [64Cu]NODAGA-MAL-exendin-4. The Log(D) value for 
[64Cu]NODAGA-exendin-4 was ‒0.92 ± 0.37, for [64Cu]NODAGA-MAL-exendin-4 
‒1.38 ± 0.16, and for [68Ga]NODAGA-exendin-4 ‒2.38 ± 0.37. The difference in LogD 
value between [64Cu]NODAGA-exendin-4 and [64Cu]NODAGA-MAL-exendin-4 is 
probably due to the hydrophilic character of the maleimide linkage. The IC50 values 
were 1.0 ± 0.2 nM for GLP-1, 2.70 ± 0.62 nM for [natCu]NODAGA-exendin-4, and 
2.17 ± 0.42 nM for [natGa]NODAGA-exendin-4. 

5.2.3 Ex vivo and in vivo whole-body biodistribution

The biodistribution of [64Cu]NODAGA-exendin-4 (II), [64Cu]NODAGA-MAL-
exendin-4 (III), [68Ga]NODAGA-exendin-4 (II) and [18F]exendin-4 (IV) was 
investigated in blood and multiple organs and tissues. With all of the investigated 
tracers, radioactivity was rapidly cleared from the blood circulation. The accumulated 
radioactivity levels in whole pancreas were low but remained elevated over the whole 
time span of the study (Figure 11A). The uptake of [18F]exendin-4 in pancreas 
was significantly higher than its metal-labeled counterparts at 60 min p.i. (range 
0.04–0.18 %ID/g). With all investigated tracers, the kidney was the organ with the 
highest uptake of radioactivity (Figure 11B). Kidney radioactivity at the 1 h time-
point for [64Cu]NODAGA-exendin-4 was 30 ± 4 %ID/g, for [64Cu]NODAGA-
MAL-exendin-4 was 23 ± 8 %ID/g, for [68Ga]NODAGA-exendin-4 28 ± 7 %ID/g, 
and for [18F]exendin-4 17 ± 3. As a comparison, the corresponding value for 
[111In]DTPA-exendin-4 was 29 ± 2 (Brom et al., 2014). At 24 h p.i., kidneys still 
retained 25 ± 1 %ID/g of the [64Cu]NODAGA-MAL-exendin-4 activity, and at 40 h 
9 ± 7 %ID/g of [64Cu]NODAGA-exendin-4. In vivo imaging revealed that radioactivity 
accumulation of all exendin tracers was high in the kidneys soon after tracer injection. 
In comparison to its metal-labeled counterparts, the uptake of [18F]exendin-4 in the 
kidney was similarly high right after the injection, but thereafter clearance was fast 
and the retention decreased to 1.5 ± 0.4 %ID/g at 6 h p.i. (Figure 11B). Accumulation 
of exendin-based tracer radioactivity was also rather high in lung and stomach wall 
which fits with the known regional expression of GLP-1R. Liver accumulation of 
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tracers remained low over the course of the study, indicating that the tracer was not 
metabolized via the hepatic pathway. When animals were simultaneously injected 
with the radioactive tracer and cold exendin-3, significantly reduced uptake was 
observed in the pancreas, lung, and stomach wall but not in the kidney, suggesting 
that the observed radioactivity uptake was not GLP-1 receptor-specific in this tissue.

5.2.4 Ex vivo and in vitro autoradiography in rat 

All exendin-based tracers demonstrated uptake in pancreatic islets at all investigated 
time-points after injection into living animals (Figure 12). At the 1 h time-point, the 
islet-to-exocrine tissue ratio was observed to be similar for [64Cu]NODAGA-exendin-4 
(II) and [64Cu]NODAGA-MAL-exendin-4 (III), 106 ± 63 (N=9) and 96 ± 21 (N=11), 
respectively. The corresponding value for [68Ga]NODAGA-exendin-4 (II) (23 ± 8, 
N=6) was substantially lower when compared to the copper-64 labeled counterparts. 
Studies with [18F]exendin-4 (IV) revealed a sustained level of radioactivity in the islets 
and clearance from the exocrine pancreas over time. Analysis of autoradiograms 

Figure 11. Ex vivo retention of exendin tracers in pancreas (A) and kidney (B). The uptake in 
whole pancreas remained low but constant over the course of the study. Compared to metal-
labeled exendin tracers, the renal clearance of [18F]exendin-4 (blue) was rapid. (Data based on 
studies II‒IV).

Figure 12. Labeling of islets in rat pancreatic tissue sections at several time points after [64Cu]
NODAGA-exendin-4 injection. (Unpublished data based on study II). 
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showed increased islet-to-exocrine tissue ratio towards the longer time-points (78 ± 
29 1 h p.i. vs. 140 ± 63 6 h p.i.). The uptake of the tracers was not detected when the 
rats were co-injected with any of the radioactive exendin ligands and an excess of 
cold exendin-3, indicating GLP-1R specific binding in the islets. In addition to islets, 
autoradiography results revealed GLP-1R positive labeling in the glandular stomach 
and as a narrow band in the area of the pyloric sphincter at the border of the stomach 
and the duodenum. Binding of [64Cu]NODAGA-exendin-4 and [68Ga]NODAGA-
exendin-4 in the remainder of the gastrointestinal region was weak and homogenous. 

Similarly, islet labeling was observed after incubating rat pancreatic sections with the 
tracers in vitro (Figure 13 C‒D). Islet labeling was not detected when an excess of cold 
exendin-3 was added. Labeling of the GLP-1R areas in the brain was clearly visible 
(IV).

5.2.5 Tracer binding in tissue sections of human pancreas

To investigate the tracer binding in human pancreas, sections were incubated with 
various concentrations of [18F]exendin-4. The same section used for ligand incubations, 
was stained with insulin antibody to confirm the co-localization of ligand binding 
sites with the insulin-producing cells in the islets. In vitro autoradiography results 
combined with immunohistochemistry showed that 18F radioactivity co-localized 

A B

C D

Figure 13. In vitro binding of [18F]exendin-4 in human (A-B) and rat (C-D) pancreas. Tracer 
binding was clearly visible in human and rat pancreatic tissue sections and co-localization with 
the islets was confirmed with insulin immunohistochemistry (B‒D). Scale bars correspond to 
1000 µm. (A‒D Data modified from study IV). 
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with the human pancreatic islets expressing the GLP-1R (Figure 13 A‒B). No islet-
specific [18F]exendin-4 binding was observed when the sections were incubated with 
an excess of cold exendin-3.  

5.2.6 Analysis of exendin radiometabolites

In vivo radioactive metabolites were assessed using HPLC. The metal-labeled 
exendin molecules turned out to be more stable in rat plasma or serum than their 
fluorine-18 labeled counterpart. The amount of intact [64Cu]NODAGA-exendin-4, 
[64Cu]NODAGA-MAL-exendin-4 and [68Ga]NODAGAexendin-4 in serum at 1 h 
p.i. was 55 ± 12 %, 47 ± 26 % and 70 ± 5 %, respectively. The corresponding value 
for [18F]exendin-4 was 28 ± 2.9 %. In pancreas, 44 ± 13 % of the [64Cu]NODAGA-
exendin-4 radioactivity, 26 ± 14 % of the [64Cu]NODAGA-MAL-exendin-4 
radioactivity, 32 ± 5 % of the [68Ga]NODAGA-exendin-4 and 20 ± 7 % of the 
[18F]exendin-4 radioactivity represented intact tracer. In kidney and urine, almost all 
the radioactivity was observed to be in metabolized form. Additional plasma stability 
measurements in pig showed that 87 ± 6 % (N=3) of the radioactivity in plasma was 
attributable to [18F]exendin-4 at 5 min p.i. and decreased gradually to 77 ± 3 % at 
60 min after administration.

5.2.7 Dosimetry (II, IV)

For all the exendin-based tracers, the kidney was the dose-limiting organ (Table 4). 
Extrapolated from the rat ex vivo results, the mean effective dose for [64Cu]NODAGA-
exendin-4 was 0.074 mSv/MBq and 0.021 mSv/MBq for [18F]exendin-4. Extrapolated 
from the PET in vivo results the effective dose for [68Ga]NODAGA-exendin-4 
was 0.012 mSv/MBq. The absorbed kidney dose was highest for [64Cu]NODAGA-
exendin-4 (1.48 mSv/MBq) and lowest for [18F]exendin-4 (0.300 mSv/MBq). 

Table 4. Radiation dosimetry of exendin-based tracers.

 
Radiotracer

effective dose
[mSv/MBq]

absorbed kidney dose
[mSv/MBq]

[18F]exendin-4 0.021 0.300
[64Cu]NODAGA-exendin-4 0.074 1.48
[68Ga]NODAGA-exendin-4 0.012 0.523
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6. DISCUSSION

6.1 Radiolabeled DTBZ as an imaging agent (I)

Imaging rat pancreas

Previous studies using DTBZ or its derivatives showed accumulation of radioactivity 
in the pancreas (Souza et al., 2006b; Simpson et al., 2006; Kung et al., 2008a; Kung 
et al., 2008b). However, in those investigations tracer accumulation in islets was not 
assessed directly by using autoradiography to determine the spatial distribution of 
radioactivity within the pancreas. In the present study, [11C]DTBZ and [3H]DTBZ 
showed that accumulation of radioactivity in rat endocrine pancreas did not exceed 
the binding in exocrine pancreas in vitro or after injection into the living animals. 
Similar results were reported by Tsao and colleagues when [18F]-FP-DTBZ was used. 
[18F]-FP-DTBZ showed islet labeling when investigated with healthy rat pancreatic 
sections and in vitro autoradiography, but not after tracer injection into living animals 
(Tsao et al., 2010). Furthermore, we observed that the distribution of [11C]DTBZ 
radioactivity in rat pancreas was heterogeneous 10 min after tracer injection, but 
it did not correspond to the distribution of islets. This heterogeneous distribution 
might be a consequence of regional differences in blood flow or blood perfusion in 
the pancreas. However, [3H]DTBZ and [11C]DTBZ exhibited the expected binding 
pattern in VMAT2-rich areas in rat brain (striatum) and bovine adrenal gland 
(adrenal medulla). 

In vitro binding profiles of [3H]DTBZ further confirmed that the radioactivity did 
not co-localize with VMAT2 in the rat pancreas (study I). Our results showed that 
binding in rat pancreas was non-saturable (non-specific), whereas in brain and adrenal 
medulla saturable (specific) [3H]DTBZ binding was observed. Competition binding 
studies with VMAT2 antagonists showed a pharmacological profile corresponding to 
VMAT2 in rat striatum and bovine adrenal medulla, but not in rat pancreas. 

In the endocrine pancreas, VMAT2 has been shown to be expressed mainly in the 
beta cells of and, to some extent, in the PP-cells (Saisho et al., 2008). Sympathetic 
nerve fibers also show VMAT2-positive receptor expression (Anlauf et al., 2003). 
In addition, it was recently reported that, [18F]-FP-DTBZ binds not only to the high 
affinity VMAT2 receptor, but also to the low affinity sigma receptor in rat pancreatic 
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islets and exocrine pancreas (Tsao et al., 2010; Tsao et al., 2011). These multiple 
specific binding and non-specific binding sites complicate the attempt to discern the 
signal derived from the beta cells in vivo. Our studies showed decreased binding of 
[11C]DTBZ in pancreatic sections of STZ-induced diabetic rats compared to controls. 
Because the binding in control and STZ pancreatic sections was uniform, the decrease 
in radioactivity could not be due to a decrease in beta cell mass. The mechanism 
behind the reduction in non-specific (non-VMAT2) DTBZ binding in the exocrine 
pancreas in rats with T1D (STZ-induced or autoimmune) is still unknown. This 
reduction of non-specific binding instead of specific binding in beta cells may lead 
to misinterpretation of PET results, and can be falsely associated with beta cell loss. 
The studies show reduced tracer uptake in rodent models of T1D but simultaneously 
marked residual tracer uptake in the pancreas.

Although 18F-labeled DTBZ molecules were developed to improve the tracer affinity 
for the receptor and therefore islet labeling, time-activity curves of a PET scan showed 
similar kinetics for [11C]DTBZ and [18F]-FP-DTBZ in healthy rat pancreas (Singhal 
et al., 2010). Scans showed a 30 % decrease of both tracers in STZ induced T1D 
diabetic rats compared to healthy controls. A 65 % decrease of pancreatic [11C]DTBZ 
radioactivity was detected in another rat model of T1D, the BB-DP rat, when compared 
to controls (Souza et al., 2006b). Sympathetic nerves are gradually destroyed along 
with the beta cells as the disease progresses in the BB-DP model (Mei et al., 2002; 
Raffo et al., 2008). Instead, STZ destroys only the beta cells (Mei et al., 2002; Raffo et 
al., 2008). The concentration of VMAT2 is higher in sympathetic nerves than in beta 
cells, which might partly explain the differences of these two animal models (Anlauf 
et al., 2003). Taken together, these results underline the importance of the rodent 
model used when interpreting the results. 

In vitro imaging of human pancreas

In human pancreatic tissue sections, the [3H]DTBZ labeling of islets in vitro was weak 
and observed only in the larger islets (study I). In most of the islets, [3H]DTBZ binding 
did not exceed the binding in exocrine pancreas. In another study by Eriksson et al., 
in vitro studies with isolated human islets showed specific binding of [18F]-FE-DTBZ 
but the level of binding did not exceed the non-specific binding in exocrine pancreas 
(65 % non-displaceable, i.e. binding to other structures than VMAT2), resulting in 
a low islet-to-exocrine tissue signal ratio. Tissue autoradiography performed with 
human pancreatic slices revealed no difference in tracer binding between T1D or T2D 
and healthy control. Thus, the total tracer uptake in pancreas was not representative 
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of beta cell mass. (Eriksson et al., 2010.) These results are in line with our results 
when [3H]DTBZ was used to detect the islets in healthy human pancreatic sections in 
vitro (study I). In conclusion, the results of human tissue in vitro studies showed poor 
labeling of the islets.

Clinical imaging of pancreas 

A similar residual binding of radioactivity as observed in T1D animal models was 
reported in clinical studies. Residual binding of [11C]DTBZ radioactivity was observed 
in long-standing T1D subjects when imaged with PET although depletion of beta cell 
mass is almost total in long-standing T1D (Goland et al., 2009). Pancreatic binding 
potential (BPND, indicative of specific binding to VMAT2) was reported to decrease 
by 14 % in T1D subjects compared to healthy controls. C-peptide measurements 
correlated with BPND in controls but not in T1D subjects. When fluorine-18 labeled 
DTBZ was used, the mean integrated pancreatic uptake of [18F]-FP-DTBZ was 
decreased by 59 % (Normandin et al., 2012) and 63 % (Freeby et al., 2016) in T1D 
subjects compared to healthy subjects. Pancreatic [18F]-FP-DTBZ binding correlated 
with stimulated C-peptide measurements (Normandin et al., 2012; Freeby et al., 
2016). No significant difference in BPND between T2D and controls was observed 
(Freeby et al., 2016).

The above-mentioned 18F-labeled DTBZ derivatives displayed a similar uptake profile 
in the pancreas as 11C-labeled DTBZ. Preclinical studies with rodent models and 
clinical studies with healthy and T1D subjects have shown significant residual uptake 
of fluorine-18 and carbon-11 labeled DTBZ derivatives in the pancreas. This residual 
uptake can be caused by binding to the sigma receptor in endocrine and exocrine 
pancreas (Tsao et al., 2011), binding to the VMAT2 positive sympathetic nerve fibers 
innervating the pancreas (Anlauf et al., 2003; Mei et al., 2002), binding to the VMAT2 
expressed in PP cells of a healthy or long-standing T1D subject (Freeby et al., 2012), 
VMAT2 specific binding to residual beta cell mass even with long-standing T1D 
(Goland et al., 2009; Normandin et al., 2012; Freeby et al., 2016) or non-specific (non-
VMAT2) binding in exocrine pancreas (study I). Based on our results and those of 
others, the uptake of DTBZ-based PET tracers in the pancreas is not representative of 
beta cell mass, and the results are not promising for quantification of the mass. 
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6.2 Radiolabeled exendin-4 as an imaging agent (II, III, IV)

Tracer biodistribution in rat pancreas and other organs

Studies with radiolabeled exendin analogs for PET and SPECT have shown promising 
results and binding to GLP-1R expressing beta cells. Results have shown significantly 
reduced (80 %) tracer uptake in the islets of alloxan and STZ treated animals and 
other T1D animal models compared to healthy controls (Brom et al., 2014; Connolly 
et al., 2012). In this study, novel exendin-based tracers [64Cu]NODAGA-exendin-4, 
[68Ga]NODAGA-exendin4, [64Cu]NODAGA-MAL-exendin-4 and [18F]exendin-4 
were evaluated. The tracers showed persistent and islet specific binding when 
incubated with tissue sections in vitro and after injection into the living animal 
ex vivo. Specificity studies using unlabeled exendin-3 combined with autoradiography 
and insulin immunohistochemistry confirmed islet-specific and GLP-1R-specific 
binding. Uptake of tracer-derived radioactivity in the whole pancreas determined 
by gamma counting remained low at all investigated time-points, which together 
with autoradiography, indicated low binding in the exocrine pancreas. Of the tracers 
studied, uptake in whole pancreas was the highest with [18F]exendin-4. 

Tracers were rapidly cleared from the blood after i.v. injection, which is an 
advantageous feature for the target-to-background ratio. High and persistent uptake 
in the islets, together with low exocrine pancreas uptake, further contributes to a 
high islet-to-exocrine tissue signal ratio. Theoretical estimates of the islet-to-exocrine 
tissue ratio for successful quantitative in vivo beta cell imaging vary from 100:1 to 
1000:1 (Sweet et al., 2004a; Sweet et al., 2004b). [18F]exendin-4 was produced with a 
specific activity reaching 323 MBq/nmol. By analyzing the autoradiography results, 
[18F]exendin-4 showed the highest ratio, increasing over time (140 ± 63  at 6 h p.i.), 
indicating persistent uptake in the islets and clearance from the exocrine pancreas. 
These results are highly promising for the development of a clinical grade tracer.

Besides the pancreatic islets, GLP-1R-specific labeling was observed in lung, stomach 
wall and in a distinct narrow band in the proximal duodenum (II). A Similar kind of 
focal accumulation of [111In]DOTA-exendin-4 radioactivity was detected in subjects 
with insulinoma imaged with SPECT (Christ et al., 2009). In contrast to human, 
GLP-1R has been reported to have high expression levels in rat lung (Körner et al., 
2007). In study II, all the investigated target organs accumulated more [64Cu]NODAGA-
exendin-4 than [68Ga]NODAGA-exendin-4. This is most likely because of the higher 
specific activity of [64Cu]NODAGA-exendin-4 (90 ± 10 GBq/µmol) as compared to 
[68Ga]NODAGA-exendin-4 (20 ± 5 GBq/µmol), and therefore lower injected mass 



 Discussion 57

of the [64Cu]NODAGA-exendin-4 tracer. Previous studies have shown moderate to 
substantial accumulation of 18F labeled GLP-1 analogs in liver of mouse xenograft 
models (Gao et al., 2011; Yue et al., 2014; Kiesewetter et al., 2012a; Wu et al., 2013a; 
Wu et al., 2013b). The liver is the main site of insulinoma metastasis and an organ 
of choice for islet transplantation. In study IV, only low amounts of [18F]exendin-4 
radioactivity was observed in the liver, which should allow for sufficiently high tumor-
to-background and transplant-to-background signal ratios.

In vivo PET imaging of rat pancreas

Studies with in vivo PET imaging have shown variable results in the aim to visualize beta 
cells in rodent pancreas. Although the renal retention of [18F]exendin-4 was significantly 
decreased as compared to its metal-labeled counterparts, we were unable to visualize the 
pancreas in vivo by PET imaging. This was probably due to PVE (partial volume effect) 
and the spillover effect from the high radioactivity of the kidneys that hamper the signal 
from the adjacent low radioactivity pancreas. In humans the spillover signal from the 
kidneys is probably less severe since the distance between the organs is greater. 

In rodents, the resolution of CT is not good enough to discern the pancreas from 
the surrounding soft tissues in the abdominal area. In humans, the pancreas can be 
delineated on CT images. Therefore, in study II, [11C]Methionine was used to delineate 
the rat pancreas and derive the SUV of [64Cu]NODAGA-exendin-4. While others 
have been able to visualize the rat pancreas in vivo using [18F]Al-NOTA-MAL-Cys39-
exendin-4 (Mi et al., 2016), or [64Cu]DO3A-VS-Cys40-exendin-4 and [68Ga]NODA-VS-
Cys40-exendin-4 (Bandara et al., 2016) others have failed when using [68Ga]DO3A-VS-
Cys40-exendin-4 ([68Ga]DO3A-exendin-4) (Selvaraju et al., 2013). Mi and colleagues 
showed a reduction in the radioactive signal from the pancreas after pre-injection of 
unlabeled Cys39-exendin-4 and when using STZ treatment to induce T1D (Mi et al., 
2016). Bandara et al. confirmed the uptake in the pancreas only by using the unlabeled 
peptide, exendin-9-39-amide (antagonist) and exendin-4 (agonist) (Bandara et al., 
2016). These aforementioned unlabeled peptides are commonly used to demonstrate 
specific GLP-1R binding in the target tissue. However, as these peptides are structurally 
almost identical to the employed radiolabeled peptide, they can be expected to reduce 
also nonspecific binding, making interpreting the results of in vivo imaging, where 
individual islets cannot be identified, challenging. Besides using unlabeled exendin, 
the results of in vivo imaging could have been confirmed with a T1D animal model. 
Although contend to be able to visualize the pancreas in PET images, no time-activity 
curves (TACs) or further analyses were provided to confirm the results. In addition, 
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only one image plane instead of multiple ones (coronal, transaxial, sagittal) was shown 
(Bandara et al., 2016; Mi et al., 2016). Furthermore, no islet-to-exocrine tissue ratio 
was reported that would have supported the results. As shown in our study II, high 
and specific accumulation of [64Cu]NODAGA-exendin-4 radioactivity in the GLP-1R 
rich area in the proximal duodenum was detected. It can be speculated whether 
the signal could be falsely interpreted as a signal from the pancreas of in vivo PET. 
Studies with larger animals could overcome some of these hurdles. Unfortunately, 
the widely used pig as an animal model before clinical studies is challenging since 
i.v. injection of radiolabeled exendin-4 caused increased heart rate in pigs soon after 
tracer administration as noticed by us (study IV) and others (Nalin et al., 2014; Ryden 
et al., 2016). 

Kidney retention of radiometal-labeled exendin

Radiolabeled peptides are generally excreted via the kidneys into the urine. Studies with 
pigs showed exendin-4 to be cleared solely via glomerular filtration (Simonsen et al., 
2006). High and persistent kidney retention of metal-labeled PET and SPECT analogs 
with only minor clearance has been demonstrated previously (Vegt et al., 2008; Brom 
et al., 2014; Bauman et al., 2015). The high radioactivity accumulation of metal-labeled 
exendin analogs in the kidney cortex is mediated via a GLP-1R independent (non-
specific) mechanism (Vegt et al., 2011). Peptides may be partly reabsorbed and retained 
in the proximal tubular cells in the kidney cortex. Also in our study (II) autoradiography 
results of [64Cu]- and [68Ga]NODAGA-exendin-4 showed high and persistent retention 
in the kidney cortex. Several efforts have been made to reduce the radioactivity retention 
in the kidneys, e.g. introducing enzymatically cleavable functional groups that can be 
cleaved in the kidney and the metabolites excreted more readily into urine (Wilbur et 
al., 2011). Recently, cleavable linker sequences and substrates for kidney brush border 
enzyme meprin β were designed and investigated using indium-111 labeled exendin-4 
(Jodal et al., 2015). Although the linkers were cleaved in vitro they failed to do so in 
vivo. In this study (III), we developed a copper-64 labeled exendin peptide with MAL 
linkage in order to decrease the tracer retention in the kidneys by producing radioactive 
catabolites that could be excreted into urine. Although [64Cu]NODAGA-MAL-
exendin-4 showed persistent and high labeling of rat pancreatic islets, it unfortunately 
demonstrated similar kinetics and kidney retention as the reference compound 
[64Cu]NODAGA-exendin-4. This could be due to the limited exposure of the MAL 
linkage that would prevent enzyme access to the glycyl-lysine sequence, or due to steric 
interference of the exendin-4 peptide. Although these attempts were not successful in 
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decreasing the kidney retention, the tracer still retained its labeling efficiency towards 
the target, highlighting the versatility of this peptide for modifications.

The effect of radionuclide selection on kidney retention and radiation dose

Because of the persistent retention and low clearance, the half-life for the long-
lived copper-64 and indium-111 labeled exendin tracers, repeated scanning and 
longitudinal studies of healthy controls and T1D or T2D diabetic subjects are likely to 
cause an unacceptably high radiation burden for the kidney. Accordingly, it has been 
shown that high radiation doses of [111In]DTPA-exendin-4 caused nephrotoxicity in 
mice (Melis et al., 2010). The need to limit the maximum injected dose and thus 
hinder peptide-based receptor imaging and therapy (Behr et al., 1998). 

18F-labeled exendin-4 was developed to overcome this problem (IV). In the beginning 
of dynamic PET imaging (0‒30 min) the kinetics of [18F]exendin-4 in the kidney was 
similar to that of its metal-labeled counterparts (studies II and III) but, thereafter, the 
clearance was rapid as demonstrated also with ex vivo radioactivity measurements 
(Figure 11B). In studies II and III, the uptake of metal-labeled tracers in the kidney 
was similar. However, because of the longer half-life of 64Cu (12.7 h) as compared to 
68Ga (68 min), the radiation dose of 64Cu-labeled exendin was significantly higher 
than for 68Ga-labeled exendin (II) (Table 4). In study IV, the absorbed kidney dose 
and effective dose of [18F]exendin-4 was found to be similar to that reported for 
[68Ga]DO3A-exendin-4, 0.276 mSv/MBq and 0.016 mSv/MBq, respectively (Selvaraju 
et al., 2015), and the effective dose seven-fold lower than that for [111In]DTPA-
exendin-4, 0.155 mSv/MBq (Wild et al., 2010). Although the dosimetry results are 
similar for gallium-68 and fluorine-18 labeled exendin tracers. However, the radiation 
properties (β+ fraction and maximal energy, Table 1) and longer half-life of fluorine-18, 
enable longer study protocols and ensure high quality, high resolution PET imaging, 
making fluorine-18 better for beta cell imaging.

In vitro imaging of human pancreas

Quantitative PCR has shown GLP-1R to be expressed at higher levels in human islets 
than in rat islets (islet-to-exocrine ratio human 47, rat 13) (Brom et al., 2014). In 
our study (IV), in vitro experiments using non-diabetic human pancreas revealed 
specific [18F]exendin-4 labeling of the islets. Recently, in vitro studies with healthy 
human pancreatic sections have shown [125I]BH-exendin(9-39) binding in the islets 
and displacement using cold peptide (Waser and Reubi, 2014). Furthermore, stability 
studies of [18F]exendin-4 in vivo in pigs revealed significantly higher recovery of 
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the parent compound in pig plasma compared to rat plasma. These indications are 
promising for further clinical studies aiming to image pancreatic beta cells.

Clinical imaging of pancreas 

A clinical study with the SPECT tracer [111In]DTPA-exendin-4 revealed markedly 
decreased tracer uptake in T1D subjects compared to healthy controls (Brom et al., 
2014). However, inter-individual variation and overlap of the tracer uptake in the 
pancreas between the groups was observed. This variation may be caused by the 
natural variation in the existing beta cell mass in diabetic and healthy subjects (Ritzel 
et al., 2006; Rahier et al., 2008; Keenan et al., 2010). The radioactivity in the pancreas 
remained unchanged during the course of the study (4‒48 h), as could be predicted 
on the basis of the results of animal studies. The mean integrated pancreatic uptake 
was decreased by 62 % in T1D subjects compared to healthy subjects (Eriksson et al., 
2016).

In humans, the pharmacologically effective dose of exenatide is low (10 µg BID, s.c.), 
and in animal studies exendin-4 was a potent glucose-lowering agent at a dose of 0.001 
to 10 µg (i.p.) (Young et al., 1999). [18F]exendin-4 was produced with a specific activity 
up to 323 MBq/nmol, and therefore an injected mass as low as 2 ± 1 µg/kg. Studies have 
shown the plasma half-life of s.c. administered exendin-4 to be considerably longer 
compared to plasma concentrations after i.v. injection (Parkes et al., 2001). Properties 
such as high specific activity and injected mass in the light of receptor saturation 
and pharmacological effects should be carefully considered. With doses of 7–25 μg of 
[68Ga]NOTA-exendin-4 (i.v.), some of the subjects experienced palpitation, vomiting, 
and nausea after tracer injection (Luo et al., 2016b): these are known possible side 
effects also after s.c. injection of exenatide.

More clinical studies are needed to further understand the variation in tracer uptake. 
One approach would be to image subjects expected to have different beta cell masses, 
e.g. obese subjects with normoglycemia or subjects with early childhood onset of 
the T1D. Moreover, additional research is needed to better understand the effect of 
metabolic conditions on the expression levels of GLP-1R. Animal studies have shown 
significant decrease in GLP-1R mRNA expression in hyperglycemia (Xu et al., 2007). 
From an imaging point of view, this could lead to false negative results when tracer 
uptake would probably indicate a lower beta cell mass compared to histological 
analysis. 
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6.3 Limitations and challenges of beta cell imaging 

The feasibility of quantitative in vivo imaging of pancreatic beta cells is still an issue 
of debate (Andralojc et al., 2012; Blomberg et al., 2013). The limited spatial resolution 
of PET is associated with partial volume effect (PVE). The PVE comes into play when 
imaging small target tissues or targets with low expression levels of the receptor. PVE 
is most prominent for structures that are smaller than 2.5-times the spatial resolution 
of PET. Movement of the pancreas induced by respiratory motion further degrades the 
spatial resolution and increases the PVE. (Basu et al., 2007.) Moreover, the pancreas 
of T1D and T2D subjects is anthropic (approximately 30 % as determined by MRI) 
(Normandin et al., 2012; Williams et al., 2012). If not corrected for PVE, these issues 
will result in an underestimation of the true radioactivity concentration in the target, 
and may lead to misinterpretation of the PET result (Basu et al., 2007; Hickeson et 
al., 2002). Therefore, it is a challenge to reliably detect differences in radioactivity 
uptake between healthy controls and diabetic subjects. Because of the low resolution 
of the PET camera and the small size of the pancreatic islets, single islets cannot be 
distinguished, and instead the receptor density in unit per pancreatic tissue volume 
or total pancreatic receptor content (indicating beta cell mass) is measured (Kwee 
et al., 2011). It has been estimated that islets should retain ~100‒1000 times more 
radioactivity than the exocrine pancreas in order to enable quantitative imaging 
(Sweet et al., 2004a; Sweet et al., 2004b). To overcome these hurdles, a PET tracer 
with high affinity, high specific activity, long retention, a high number of binding sites 
per cell and a high target-to-background signal ratio is needed. Moreover, because 
of the high and specific accumulation of the ligand, a radionuclide with optimal 
radiation properties and half-life is essential in order to minimize the radiation dose 
for beta cells. Exendin peptides (studies II‒IV), and especially [18F]exendin-4, showed 
promising results regarding many of these qualities. 

Summary of clinical studies

Exendin (Brom et al., 2014) and DTBZ (Normandin et al., 2012; Freeby et al., 2016) 
derived ligands have shown variable pancreatic uptake in healthy controls and T1D 
subjects (Table 5). Uptake in the pancreas is decreased in T1D subjects but uptake 
levels overlap with those of healthy subjects. The mean average integrated decrease of 
[18F]-FP-DTBZ and [111In]DTPA-exendin-4 uptake in the pancreas of T1D subjects 
compared to healthy ones was  59‒62 %. However, [111In]DTPA-exendin-4 showed the 
highest maximal decrease in uptake (96 %) between the groups, and therefore shows 
promise for further studies. Studies have shown high variability in the beta cell mass of 
T1D and healthy subjects (Keenan et al., 2010; Coppieters et al., 2012). In addition, in 
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T1D, the mass of the exocrine pancreas is reduced even before the clinical diagnosis of 
the disease, implying disease-associated changes that are still unresolved (Williams et 
al., 2012). Moreover, animal studies have shown plasticity in islet cell composition in 
different metabolic conditions (Mezza and Kulkarni, 2014; Roscioni et al., 2016). On 
the basis of these considerations, variation in PET and SPECT tracer uptake can be 
expected and more clinical grade research is needed to further understand these results.  

Table 5. Signal decrease in pancreas of subjects with T1D compared to healthy controls.

Signal decrease (%) in 
pancreas [18F]-FP-DTBZ [111In]DTPA-exendin-4
Mean 59‒63 62
Maximal 78‒79 96
Integrated values (volume of the pancreas is taken into account). In [18F]-FP-DTBZ studies the number 
of healthy subjects is N=9‒14 and T1D subjects N=7‒8 (Freeby et al., 2016, Normandin et al., 2012). In 
[111In]DTPA-exendin-4 the number of healthy subjects is N=5 and T1D subjects N=5 (Brom et al., 2014). 
(Modified from Eriksson et al., 2016).
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7. SUMMARY AND CONCLUSIONS

In this study, five different PET tracers were investigated as tracers for the imaging of 
pancreatic beta cells.

In study I, the VMAT2 specific [11C]DTBZ tracer was investigated as previous studies 
had shown high [11C]DTBZ binding in the pancreas and decreased accumulation in 
T1D. However, our results clearly showed that [11C]DTBZ was not suitable for beta 
cell imaging. Non-specific binding in the exocrine pancreas dominated and specific 
binding in beta cells was not observed in rats and was very low in humans (study I). 
The results suggest that the decrease of tracer binding in T1D is not related to the loss 
of beta cell mass. The results of our studies suggest that [11C]DTBZ can not be used 
for the quantitative imaging of beta cell mass. 

In studies II‒IV, four different novel exendin-based imaging agents were developed 
and evaluated. In study II, the islet specificity of [64Cu]NODAGA-exendin-4 and 
[68Ga]NODAGA-exendin-4 was studied. Both tracers showed persistent islet specific 
labeling. Autoradiography results, together with the significantly higher tracer specific 
activity, showed [64Cu]NODAGA-exendin-4 to be more efficient in labeling the islets, 
with a higher islet-to-exocrine tissue signal ratio compared to [68Ga]NODAGA-
exendin-4. As a result of these properties, [68Ga]NODAGA-exendin-4 could be used 
to detect tumors that overexpress the GLP-1R. However, both tracers showed high 
and persistent kidney retention. The long half-life of [64Cu]NODAGA-exendin-4 
makes it a useful tool for preclinical research. The concomitant high radiation at the 
kidneys may, however, restrict the use of this tracer as a clinical imaging agent. 

The high kidney retention of all the metal-labeled exendin tracers also compromises 
tissue visualization in the kidney region, including pancreas, and therefore limits 
diagnostic accuracy. In study III, a biodegradable MAL linker was developed 
to reduce the renal radioactivity levels. Although maintaining the islet-specific 
labeling, the MAL linkage in [64Cu]NODAGA-MAL-exendin-4 did not reduce the 
tracer accumulation in the kidneys as compared to [64Cu]NODAGA-exendin-4. The 
applicability of metabolizable linkages in the design of kidney-saving exendin-4 
analogs requires further investigation.

To further investigate the possibility to reduce the kidney retention by radionuclide 
selection, [18F]exendin-4 was developed (IV). Moreover, the radiation properties of 
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fluorine-18 have potential to be used as a clinical tracer. In this study, [18F]exendin-4  
showed specific and sustained uptake in rat pancreas ex vivo and islet-specific labeling 
of human pancreatic tissue sections in vitro. In contrast to the metal-labeled exendin 
tracers, [18F]exendin-4 showed rapid renal clearance, excretion of radioactivity into 
the urine, and a concomitant reduced absorbed radiation dose for the kidneys. The 
indications are promising for the further development of clinical grade [18F]exendin-4 
tracer for beta cell imaging.
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