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ABSTRACT 

A scourge of Type I and Type II diabetes impacts the health of hundreds of 

millions worldwide. The number and prevalence of diabetics are expected to rise 

dramatically in the next two decades. Diabetes is defined by chronic hyperglycemia 

which can result in a number of detrimental and costly metabolic, renal, cardiovascular 

and neurological disorders. Identification of at risk individuals and effective blood 

glucose management are critical to improving diabetic outcomes and preventing 

hyperglycemic complications. Diabetes prevention and treatment is limited by the 

understanding of islet function and mass in the diabetogenic and diabetic state. The islets 

of Langerhans are dispersed throughout the pancreas and comprise <2% of the pancreatic 

mass. The reclusive nature of islet cells presents unique challenges understanding disease 

development. No agent capable of exclusively targeting pancreatic β-cells within the islet 

has been discovered and the lack of targeting agent specificity impedes efforts to: 

quantify β-cell mass and develop novel therapeutics. We propose β-cell targeting can be 

improved by targeting unique combinations of receptors simultaneously with multivalent 

ligands. A synthetic multivalent agent composed of two β-cell specific diabetic 

therapeutics, glucagon-like peptide-1 (GLP-1) and glibenclamide (Glb), targeted against 

the GLP-1R and the sulfonylurea-1 receptor (SUR1) is a lead compound for the 

development of specific bi-functional islet cell targeting agents for use in the in vivo 

detection and treatment of β-cells. Herein, we describe the synthesis and initial 

characterization of a heterobivalent ligand composed of GLP-1 coupled to Glb. The 
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heterobivalent ligand binds to an unaltered β-cell line with increased specificity relative 

to a human pancreatic exocrine cell line. Additionally, receptor cross-linking modifies β-

cell signaling. Exposure of β-cells to the heterobivalent ligand results in antagonism of 

SUR1-Ca
2+

 signaling and equipotent agonism of GLP-1R-cAMP signaling, in 

comparison to the cognate monomeric ligands (Glb and GLP-1). Perturbations in 

intracellular signaling modifies β-cell insulin secretion resulting in decreased basal 

insulin secretion and with maintained yet reduced ability to potentiate β-cell glucose 

stimulated insulin secretion. GLP-1/Glb β-cell specificity and functional modulation 

suggests combinatorial receptor targeting is an effective strategy for the development of 

bi-functional cell-specific targeting agents, warranting further investigation and 

optimization. 
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1. INTRODUCTION 

 Diabetes is a global health concern, characterized by numerous physiological 

imbalances stemming from endocrine disruption and defects in nutrient assimilation. The 

two most common forms of diabetes are Type 1A diabetes (T1D) and Type 2 diabetes 

(T2D) mellitus. T1D is caused by an idiopathic auto-immune attack of the insulin 

secreting β-cells of the pancreas. This attack results in β-cell dysfunction, β-cell 

disappearance, insulin insufficiency and the development of hyperglycemia (19). T1D 

accounts for ~5% of the diagnosed cases of diabetes and the remaining ~95% of diabetic 

cases are attributed to T2D (7, 8). T2D is caused by peripheral insulin resistance, β-cell 

dysfunction and the development of hyperglycemia as β-cells fail to meet increasing 

insulin quotas in the presence of peripheral insulin resistance (114, 170, 181). T1 and T2 

diabetes are distinct diseases, but both ultimately result in the loss of functional β-cells 

leading to uncontrolled blood glucose.  

 Diabetics typically present with classical signs of diabetes including polyuria, 

polydipsisa and unexplained weight loss, and are diagnosed with diabetes when they 

meet one of the four criteria set forth by the American Diabetes association, including: an 

HbA1c > 6.5%, a 2 hr plasma glucose > 11.1 mmol/l during an oral glucose tolerance 

test, fasting plasma glucose of greater than 7.0 mmol/l or a random plasma glucose > 11.1 

mmol/l accompanied by hyperglycemic cues (8).  

 Current estimates predict that ~26 million people in the United States are living 

with diabetes with an additional 79 million American adults classified as pre-diabetic 
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(234). Worldwide, an estimated 285 million people are living with diabetes and by 2030 

the number of diabetics is expected to rise to 440 million (211). The long term 

consequences of uncontrolled hyperglycemia include an increased risk of: heart disease, 

stroke, high blood pressure, blindness, kidney disease, neuropathy and amputation (234). 

Diabetic complications contributed to 231,404 deaths in the United States in 2007, 

placing diabetes as the 7
th

 leading cause of death (234). The diabetic contribution to 

population morbidity and mortality places an enormous burden on world healthcare 

systems because of its extended time course (234). In the year 2007, total  healthcare cost 

related to diabetes was 174 billion dollars in the United States (234), and in 5 years has 

risen 41% to 245 billion in the year 2012 (9). As the prevalence and number of diabetics 

rise, so does the personal and monetary cost. Therapeutic approaches have remained 

largely unchanged for decades, limited by a lack of diabetogenic and diabetic 

understanding. New prevention and treatment strategies must be developed and 

appropriate planning must be implemented to curb the tide of diabetes. 

 Treatment of T1 and T2 diabetes is complex due to the multi-factorial nature of 

each disease combined with an inability to observe and access the in vivo biology of the 

islets of Langerhans, discrete “mini-organs” dispersed throughout the pancreas. The islet 

is composed of four main cell types: insulin secreting β-cells, glucagon secreting α-cells 

somatostatin secreting δ-cells and pancreatic polypeptide secreting F-cells. α-, δ- and F-

cell function will not be discussed in this dissertation, but are important for the proper 

endocrine function of the islet, which is critical to proper nutrient assimilation.  
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 Clinical presentation of diabetes can occur when up to ~90% of the pancreatic 

β-cell mass (BCM) is lost and the islet and remaining β-cells are in an advanced state of 

dysfunction (19, 31, 32). Currently, BCM mass cannot be restored after it is lost, and 

there is no way monitor the relative loss/gain of BCM which limits our understanding of 

diabetogenesis, diabetic prevention and therapeutic development. Diabetic therapy has 

changed very little in the last century with novel approaches seen only in the last two 

decades (166). One novel therapeutic approach is the use glucagon-like peptide-1 

receptor (GLP-1R) agonists which are currently being questioned due to their off-target 

effects (3, 33, 52, 74, 176, 217). 

 The inability to exclusively treat and detect β-cells in vivo is due to the lack of 

specificity of currently known targeting agents (225). Non-invasive targeting of β-cells in 

vivo with high specificity would allow for: determination of BCM and function 

relationships, and the analysis and creation of novel anti-diabetic therapeutics. In vivo β-

cell targeting would improve current knowledge of diabetogenesis leading to more 

effective prevention and treatment of diabetes. Various attempts to target β-cells non-

invasively have been attempted using antibodies, monomeric ligands and metabolic 

derivatives but each approach has been unable to achieve the required specificity (25, 

206, 218). These approaches are discussed in detail in section 1.5. 

 A unique combination of cellular epitopes and receptors identifies each cell type 

within an organism rendering that cell functionally and phenotypically distinct. These 

unique cellular epitope and receptor patterns serve as biological “molecular barcodes.” 

Recent observations have shown that multivalent ligands, molecules consisting of more 
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than one receptor binding domain (or recognition element), simultaneously cross-link 

multiple receptor targets improving specificity and apparent affinity (section 1.6) (24, 

111). We hypothesize that a unique β-cell receptor combination or “molecular barcode” 

can be identified and a tailor-made multivalent ligand targeted to this unique receptor 

combination may achieve the specificity required for non-invasive in vivo targeting of β-

cells.  

 Recent genetic analyses have identified receptor combinations relatively unique 

to the β-cell (130, 145, 186). Two receptor targets were chosen based on their relative 

specificity to the β-cell and therapeutic use/potential: the glucagon-like peptide-1 receptor 

(GLP-1R)  (43, 166) and the sulfonylurea-1 receptor (SUR1) (166, 225). The GLP-1R 

and SUR1 are reviewed in sections 1.8 and 1.9, respectively. 

 The GLP-1R is a guanine nucleotide protein coupled receptor (GPCR), and the 

SUR1 is an ATP binding cassette protein. GLP-1R activation potentiates glucose 

stimulated insulin secretion (GSIS), whereas SUR1 participates in the initiation of GSIS 

and the stimulation of insulin secretion in response to sulfonylurea drugs, which may act 

in the absence of elevated glucose. 

 Glucagon-like peptide-1 (GLP-1) is a endogenous 30 amino acid peptide 

hormone produced by the L-cells of the intestine by differential post-translational 

cleavage of proglucagon (105). GLP-1R ligands have received considerable attention in 

the recent years for the development of β-cell specific targeting agents (43, 257) due to 

the relatively restricted localization of the GLP-1R to the β-cell. GLP-1R agonists also 

have been investigated as diabetic therapeutics due to the variety of nutrient assimilating 
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effects related to GLP-1R activation including: enhanced insulin secretion, inhibition of 

glucagon secretion, β-cell protection, decreased gastric emptying and central anorectic 

effects (56) 

 Glibenclamide (Glb), a sulfonylurea and SUR1 agonist, is a long standing, well 

established diabetic therapeutic capable of enhancing insulin secretion and improving 

glycemic control (190). Glb has also been identified as a as one of the most specific β-

cell targeting agents known (225).  

 Leveraging β-cell specificity with therapeutic potential, the Ligand 

Development Laboratory at BIO5 synthesized a novel heterobivalent ligand composed of 

GLP-1 coupled to Glb via an optimized polyethylene glycol (PEGO), proline-glycine 

(Pro-Gly) linker. Details of the synthetic process are presented in section 2.5.1-2.5.14. 

Based on previous observations with multivalent ligands we hypothesize this 

heterobivalent ligand will be bi-functional; resulting in enhanced β-cell specificity 

relative to existing β-cell targeting agents, while simultaneously activating intracellular 

signaling pathways beneficial to β-cell function. 

 Due to the current and future burden of diabetes it is essential to explore new 

therapeutic approaches to diabetes. In this work we characterize the β-cell binding 

kinetics, specificity, intracellular signaling properties, and insulin secretory properties of 

a novel bi-modal β-cell targeting agent. 

 Chapter 1 of this dissertation reviews the development and treatment of T1 and 

T2 diabetes, current β-cell targeting agents, the need for improved β-cell targeting and, 

finally, multivalency as a possible strategy for improved β-cell targeting. Chapter 2 
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provides details concerning the synthesis and initial characterization of a novel β-cell 

targeting agent consisting of GLP-1 linked to Glb. Chapter 3 describes the analyses of the 

signaling and functional properties of the novel β-cell targeting agent, followed by 

Chapter 4 which will include a discussion of the totality of the work included herein and 

suggestions for the improvement and continuation of this work.   

1.1 Type 1A Diabetes  

 Type 1A diabetes (T1D) results from an idiopathic autoimmune attack of the 

pancreatic β-cells, insulin insufficiency and subsequent hyperglycemia (19). T1D’s peak 

expression is observed in children ages 10-14 (although it may occur at any age) (11). 

Prevalence of T1D is increasing worldwide, and if trends persist, cases of T1D in 

European children under 5 years of age will double between 2005 and 2020, 

accompanied by a prevalence increase of 70% in individuals younger than 15 (177). The 

number children under 20 years of age in the United States afflicted with T1D is expected 

to triple by the year 2050 from 179,388 to 546,488 with an increased prevalence of 144% 

(106). Little is known regarding the factors that initiate or underlie the development of 

T1D. However, there are certain genetic and environmental risks that are associated with 

T1D and increases in the prevalence of T1D suggest that these risk factors are also 

becoming more prevalent. 

1.1.1 Development of Type 1A Diabetes   
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 T1D involves genetic, immune and environmental components which combine 

to kill β-cells, which results in insulin insufficiency and hyperglycemia. A rouge immune 

system is the executor of β-cell death in T1D (19, 194, 229). Van Belle and Von Herrath 

present a dynamic model of the disease coined the “relapsing-remitting” model. In this 

comprehensive model, presented in detail in their review (19), an individual’s genetic 

susceptibility is revealed by an environmental exposure which triggers an autoimmune 

response. Van Belle and Von Herrath predict that β-cells, in response to an unknown 

impetus, begin to produce cytokines and antigens that are recognized by T-cells; these 

antigens are then taken up by antigen presenting cells and transported to pancreatic 

lymph nodes. As the islet environment becomes increasingly hostile to β-cells, a pro-

inflammatory environment is induced, favoring T-cell function over regulatory T-cell 

function. The pro-inflammatory environment causes T-cell proliferation and migration 

into the pancreas and converts plasma cells into mature B-cells, which begin production 

of auto-reactive antibodies. As the hostile environment persists, β-cells cease insulin 

production, and begin production of new β-cell antigens which are taken up by antigen 

presenting cells and B-cells. This new set of antigens results in new populations of T-

cells in a process called “epitope-spreading” causing a new wave of more effective β-cell 

killing which results in further dysfunction and depletion of BCM (19).  

 The time scale of this process is dynamic and varies between individuals 

requiring months to years, a time in which the development of immune disequilibrium 

shifts to autoimmunity resulting in a dynamic decline of β-cell mass with waves of 

recovery and loss (19). As BCM and function is depleted the remaining β-cells may 
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compensate for the depletion, to a point, but as a critical mass and functional depletion 

point is reached insulin production becomes inadequate and hyperglycemia develops. 

1.1.2 Risk Factors for Type 1A Diabetes  

1.1.2.1 Genetic Risk 

 In families with a history of T1D, the chances that a member of the same family 

developing T1D is ~10-15 times greater when compared to an individual without familial 

history suggesting a hereditary component of the disease (1, 19). A single gene variation 

is not responsible for the development of T1D, but rather a combination of genetic 

variations (including those yet to be identified) that confer susceptibility to individuals. 

Variations in the following gene loci have been linked to increased risk for the 

development of T1D: the human leukocyte antigen (HLA) region (46, 168), the insulin 

gene (16, 18), the protein tyrosine phosphatase non-receptor type 22 (PTPN22) gene (23), 

the interleukin 2α receptor (IL2RA or CD25) gene (139, 185, 242) and the cytotoxic T-

lymphocyte associated-4 (CTLA-4) gene (169, 235). Gene variations within this group 

have been linked to increased risk for the development of other autoimmune disorders 

suggesting their involvement in critical/proper self recognition, immune signaling and 

function (139, 235).  

 The mechanistic contributions of these genes to the development of diabetes are 

not well understood. The gene locus most strongly associated with an increased risk for 

T1D lies within the HLA region, in particular a heterozygous genotype DRQ3/4-DQ8 (6). 

Variations in the HLA region may disturb antigen presentation and education of T-cells 
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in the thymus leading to the production of self reactive T-cells (63, 194, 229).The insulin 

gene encodes for insulin, a major auto-antigen in T1D (174, 269). It has been proposed 

that mutations in the insulin gene leads to decreased transcription of insulin in the 

thymus, improper immune education and decreased insulin immune tolerance (183, 237). 

The PTNP22 gene encodes for the lymphoid tyrosine phosphatase which is important in 

T-cell signaling and is responsible for the negative regulation of T-cell function (23). The 

IL2RA region is responsible for the production of the interleukin 2 α receptor subunit 

known to be important in the maintenance, proliferation and negative regulation of T-

cells (139, 185, 242). The CTLA-4 gene encodes for cytotoxic T-lymphocyte associated 

protein 4 which is an important negative regulator of immune function (169, 235, 250). 

This subset of genes reveals the complexity of T1D genetic susceptibility in which gene 

variations vital in processes of antigen presentation, antigen recognition, T-cell education 

and immune control contribute to an increased risk for the development of T1D.  

Variations in the HLA, insulin, PTNP22, IL2RA and CTLA-4 gene loci may lead to 

development of T1D by deregulation of the immune system, resulting in development of 

β-cell autoimmunity. However, <10% of genetically susceptible individuals develop 

T1D, implying the requirement of additional environmental impetus. 

1.1.2.2 Environmental Risk 

 In addition to a predisposing genetic composition, there are poorly defined 

environmental factors that contribute to the etiology of T1D. In monozygotic twins T1D 

concordance is <50%, suggesting an environmental contribution to the disease (187). 
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Interestingly, T1D also displays a seasonal variation, further suggesting some 

environmental contribution to the disease (156).  

 Several environmental exposures have been suggested to cause T1D including: 

viral infection, bacteria, cow’s milk and wheat proteins, yet no single environmental 

factor has proven to be a causative agent of T1D (19).  

 Viral infection has received the most attention as a driver of T1D, however, 

viral infections may have deleterious or protective effects relative to T1D based on the 

timing of the infection and the state of the host’s immune system (65). Without proper 

knowledge of the timing of the viral infection and the state of the immune system during 

the infection, it may be impossible to discern the role of viruses in T1D (65).  

 No clear link has been established between a particular environmental factor 

and T1D. However, considerable work is underway to elucidate causative links between 

environmental factors and T1D.  

1.1.2.3 Development of Autoantibodies 

 Autoimmunity directed against pancreatic β-cells produces autoantibodies that 

are typically present months to years before clinical presentation of T1D (269). The 

primary autoantibodies in T1D are reactive to four islet autoantigens: insulinoma-

associated antigen-2 (IA2), insulin (IAA), glutamic acid decarboxylase (GAD65) and 

zinc transporter 8 (ZnT8) (253, 269). IAA autoantibodies are the most frequently 

detected, and typically precede the appearance of other autoantibodies and development 

of T1D (269). The risk of relatives of T1 diabetics for the development of T1D is linked 
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to the number of autoantibodies detected in their serum. For family members having 2 or 

more autoantibodies, the risk of developing T1D within 3 years is 39%, within 5 years 

68%, and for those with 3 autoantibodies the risk is 100% within 5 years (243).  

Analogous to diagnostic methods of heart and liver damage, the autoantigen GAD65 is 

released into the circulation in murine models of diabetes with streptozotocin induced β-

cell damage. This finding suggests that detection of β-cell enzymes in the blood may 

serve as a method to monitor β-cell injury (248).  

 The appearance of autoantibodies in the plasma provides the best current 

method for the detection of developing autoimmunity towards the β-cell (153, 243, 269) 

and in the near future may be assisted by serum markers of β-cell damage and other 

diagnostic methods. 

1.1.2.4 Metabolic Indications of Type 1A Diabetes  

 Metabolic dysfunction may precede the appearance of autoantibodies in the 

chronology of T1D (172). In a prospective metabolomic study of individuals followed 

from birth to T1D onset, those who developed T1D  had reduced serum levels of succinic 

acid, phosphatidylcholine and ether phospholipids during the study period when 

compared to study participants that did not develop T1D (172). Individuals who 

developed T1D also displayed increased levels of proinflammatory 

lysophophatidylcholine and diminished levels of ketoleucine and glutamic acid prior to 

the appearance of autoantibodies (172). This study suggests “abnormal” metabolism may 

precede the development of β-cell autoimmunity and identification of  an “abnormal” 
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metabolic state may serve as an early indication of T1D development and that restoration 

of  “normal” metabolism may be an approach to the prevention and treatment of T1D 

(172). 

1.1.3 Identification of at Risk Individuals 

 Early intervention in T1D is critical to preserve islet function and BCM, thus 

limiting hyperglycemic damage and endocrine disarray. Determination of those most at 

risk for T1D and/or are in a pre-T1 diabetic state is difficult, but individuals that are at 

risk for the development of T1D can be identified using a combination of screening 

methods.  

 As discussed previously in section 1.1.2.1 there are a number of genetic 

mutations associated with the development of T1D. The risk for T1D is 10-15 greater for 

those with familial history (19) and mutations in the HLA gene, particularly the 

heterozygous genotype DRQ3/4-DQ8, are most strongly associated with T1D (6). Thus, 

those most at risk for T1D may be identified by familial history and genetic approaches.  

Metabolic changes (172) and the appearance of autoantibodies (269) often precede the 

development of T1D. Autoantibodies raised to insulin typically appear early in the 

progression of T1D, prior to the appearance of other major autoantibodies (GAD65, IA2) 

(269). Additionally, the number of autoantibodies detected in the serum is strongly 

correlated to the development of T1D (243). Murine models also have shown release of 

the autoantigen, GAD65, into the serum in response to β-cell injury (248). Detection of 

immune and metabolic markers, in concert with familial history and genetic monitoring, 
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may provide reliable methods to detect T1D in its earliest stages, allowing for early 

disease interdiction. 

 Although, genetic, serologic and metabolic screening methods are available to 

clinicians for the identification of individuals at risk for the development of T1D (19), the 

understanding of T1D development is limited by an ability to specifically target β-cells in 

vivo. There is no method to non-invasively detect β-cell mass (BCM). In concert with 

multiple diabetic screening protocols, in vivo β-cell targeting can assist in: the prevention 

of diabetes, the understanding of BCM and function relationships in the development of 

diabetes, the optimization of current/future treatment regimens and the delivery of β-cell 

specific therapy. 

1.2 Type 2 Diabetes  

 Type 2 diabetes (T2D) is a disorder characterized by peripheral insulin 

resistance, β-cell dysfunction, and the development of hyperglycemia (114, 170, 181). 

Hyperglycemia in T2D is precipitated by a failure of β-cells to meet increasing insulin 

secretion quotas in response to progressive peripheral insulin resistance (170). T2D 

accounts for ~90-95% of all cases of diagnosed diabetes in adults (7, 8, 234) and 

estimates predict nearly 300 million people are living with diabetes worldwide and 

numbers are expected reach ~440 million by 2030 (211). As in T1D, prolonged, 

uncontrolled hyperglycemia in T2D is associated with deterioration of the nervous 

system and micro-/macro-vascular function, resulting in hypertension, stroke, blindness, 

neuropathy and amputations (234). 
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1.2.1 Development of Type 2 Diabetes  

 Human β-cell mass decreases by more than 60% in individuals with T2D (32). 

The Reduction of BCM observed in T2D is caused by increased rates of β-cell apoptosis 

(32). T2D is thought to develop as a result of over-nutrition and lack of physical activity 

which unmasks genetic susceptibility. In T2D peripheral insulin resistance develops, 

increasing the demand for insulin causing hyper-secretion of insulin in a “compensatory 

phase,” which is accomplished by expansion of BCM. As the β-cells become increasingly 

more taxed, they eventually develop an inability to meet insulin demand, and begin to 

decline in both function and mass. During the progressive functional and structural 

failure of the pancreatic islet, individuals progress from a state of normal glucose 

tolerance to impaired glucose tolerance and finally, T2D. Progressive β-cell failure and 

insulin resistance results in the dependence on exogenous agents for glucose control. An 

in depth presentation of the mechanisms of peripheral insulin resistance, β-cell 

compensation and failure are beyond the scope of this dissertation. Prentki et al. 2006 

(181), Nolan et al. (170) and Kahn (114) provide reviews of the mechanisms of initial β-

cell compensation characterized by increased β-cell mass, increased insulin synthesis and 

heightened secretory responsiveness. Additionally, Prentki et al. 2006 (181), Nolan et al. 

2011 (170) and Kahn 2003 (114) outline β-cell failure in T2D, beginning with β-cell 

susceptibility, environmental sensitizers and possible mechanisms which may lead to β-

cell malfunction, including: mitochondrial dysfunction, increased oxidative stress, ER 

stress, defective lipid cycling, glucolipotoxicity and islet inflammation. Each pathway of 
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β-cell dysfunction is complex and may provide potential therapeutic targets to modulate 

and potentially mitigate loss of functional BCM.  

1.2.2 Risk Factors for Type 2 Diabetes  

1.2.2.1 Genetic Risk 

 Like T1D, T2D is a disease that includes genetic and environmental 

contributions. The heritability of T2D is thought to exceed 50%, indicating a strong 

genetic component to the disease (97). The number of genetic loci associated with T2D 

has risen to ~40, and risk associated with single gene variations is low, indicating a 

complex combinatorial genetic contribution to T2D (97, 170). Many of the T2D 

associated gene variations are associated with impaired β-cell function, insulin 

sensitivity, metabolism and obesity (170). Of the ~40 gene variations associated with 

T2D, the strongest associations are caused by genetic variation in the TCF7L2 and 

KCNQ1 genes (82, 97, 110, 170, 181). 

 The TCF7L2 gene locus codes for a transcription factor important in β-cell 

development and function, while KCNQ1 codes for a pore forming subunit of the K
+
 

channel (Kir6.2) expressed in the pancreatic islets (97). TCF7L2 is thought to confer 

susceptibility to T2D by altering levels of the endogenous incretin GLP-1, a peptide 

encoded by the proglucagon gene and transcriptionally regulated by TCF7L2, important 

in the maintenance of β-cell health and function (82, 105). Variations in the KCNQ1 gene 

limit stimulated insulin secretion in human islets and in this way may contribute to T2D 

(110). Other sites of genetic variation of note include: the KCNJ11 and the PPARγ loci 
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due to their modest risk but high allelic frequency (5, 181). KCNJ11 encodes for the 

Kir6.2 inwardly rectifying potassium channel, a nexus in nutrient secretion coupling, 

which confers modest T2D risk, but is highly variable and is thought to have a large 

effect on population risk (76). Similar to KCNJ11, the peroxisome proliferator-activated 

receptor γ (PPARγ) gene confers modest risk but high frequency leading to large 

population risk (5).  

 While there is certainly an underlying complex component of T2D, much of the 

increase in prevalence is thought to be caused by current lifestyle and environmental 

factors. 

1.2.2.2 Environmental Risk 

 Overnutrition, lack of physical activity and fetal/neonatal development are 

environmental factors that may lead to the development of T2D. Barker et al. 1993 (15) 

observed that the prevalence of syndrome X (T2D, hypertension and raised fasting serum 

triglyceride concentrations) was related to birth weight. Individuals with low birth 

weights had a risk 10 times greater for development of syndrome X when compared to 

those with higher birth weights (15). A hyperglycemic intrauterine environment has also 

been linked to the development of T2D (41). In siblings born pre- and post- diagnosis of 

the mother with diabetes, it was found that the risk of diabetic development was 

significantly higher in siblings born after the mother had been diagnosed with diabetes 

(47).  
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 Green et al. 2010 (83) review a large body of evidence demonstrating a link 

between intrauterine growth restriction (IUGR) during fetal development and impaired 

glucose tolerance and T2D development later in life. Green et al. also present strong 

evidence for the disruption of normal pancreatic islet development in growth restricted 

fetuses. Recently, there has been a focus on fetal/neonatal programming and the role of 

initial environmental exposures and epigenetic programming in adult disease 

development (103). In concert with genetic disposition and developmental stress, a 

western diet of energy dense foods, and lack of physical activity may combine to initiate 

the development of T2D (10, 36, 170, 270). 

  Various synthetic chemicals such as pesticides, plasticizers, anti-microbials and 

flame retardants have been linked to endocrine disruption and various chemicals have 

been associated with obesity, metabolic syndrome and T2D (35). 

 The microbiotic flora of the gut has also been implicated in the development of 

diabetes and obesity (163). The genome size of the microbiota within the human gut 

exceeds the human genome by orders of magnitude providing biological and metabolic 

functions which are unknown to science (163). The alimentary canal serves as key link 

between the organism, its immune system and the external environment, and thus, is 

receiving attention for its possible role in metabolic disorders including T1 and T2D. 

As is the case in genetic risk, the environmental risk for T2D appears to be exceedingly 

complex, spanning fetal development, environmental exposures and lifestyle choices. Not 

surprisingly, the exact environmental contribution to T2D is yet to be determined. 
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1.3 Indirect Measures of β-cell function and a Role for β-cell Targeting Agents 

 There is no way to directly monitor changes in the relationship between BCM 

and function during diabetic initiation, progression, onset or treatment. BCM and 

function both decline during the development of T1 and T2 diabetes, yet there is limited 

understanding of how BCM and function relate to each other. Much of what is known 

about the relation of BCM and function is based on post-mortem pancreatic histology 

(31, 32, 72) and indirect measurement of β-cell function, limiting the understanding of 

the dynamic processes that surely underlie diabetic initiation, development and treatment. 

Although there are several methods for evaluating β-cell function in vivo for the purposes 

of this dissertation there will be a focus on three different methods: glycosylated 

hemoglobin (HbA1c), glucose tolerance tests, and C-peptide measurement.  

 HbA1c measures the non-enzymatic addition of glucose to the hemoglobin of 

circulating erythrocytes. Erythrocytes have a ~3 month lifespan in humans and thus: 

HbA1c is proportional to the mean blood glucose concentration of an individual over a 3 

month time period. HbA1c is used as diagnostic criteria in clinical diagnosis of diabetes 

(8) and has been the primary endpoint in various studies of diabetic therapeutics. As 

diabetic treatment has improved with intensive therapy achieving near normal HbA1c 

levels, HbA1c is becoming a less sensitive clinical endpoint (175). While HbA1c is an 

effective measure of blood glucose status, it is insensitive as a measure of β-cell function 

or mass.  
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 Glucose tolerance tests also are used to diagnose diabetes (8) and are the most 

frequently used metabolic measures for determining β-cell function in vivo in animals and 

humans (192). Oral glucose tolerance tests (OGTT) monitor blood glucose in response to 

an oral glucose challenge. OGTTs are easiest to administer and also take into account the 

endogenous incretin response, yet provide no information regarding the 1
st
 phase of 

insulin secretion, an important β-cell function parameter (192). The second glucose 

tolerance test is the intravenous glucose tolerance test (IVTT) which is capable of directly 

determining the 1
st
 phase insulin response, but does not consider the endogenous incretin 

response (192). Without pancreatic biopsy, glucose tolerance tests reveal very little about 

the underlying BCM-function relationship. However, it has been recently suggested that 

metabolic measures of β-cell function may be related to BCM (152). 

 Measurement of insulin secretion in the peripheral blood is problematic as up to 

60% of insulin is extracted from the plasma at first pass through the liver and is cleared 

from the periphery differentially by individuals (175). C-peptide and insulin are products 

of proinsulin cleavage and are secreted in equimolar concentration. C-peptide has a 

longer half-life relative to insulin, and is cleared exclusively by the kidneys. These 

attributes have lead to the identification of C-peptide as the most faithful indicator of β-

cell function and the most relevant clinical endpoint (175). Yet, C-peptide offers little 

insight into the underlying BCM, and how it relates to function. 

 HbA1c, glucose tolerance and C-peptide while useful, do not reveal the details 

of BCM-function relationships or disease progression. Furthermore, these measures are 

typically used only after the clinical presentation of the disease, and reveal very little of 
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the dynamic state of the β-cell longitudinally. Thus, there is a current need for agents that 

can longitudinally monitor BCM non-invasively and specifically target β-cells for 

therapeutic intervention. Specific β-cell targeting can be used in concert with metabolic 

measurements of β-cell function to reveal the nuances of diabetic initiation, progression, 

onset, which may lead to the development of new diabetic treatments and improved 

efficacy of existing treatments. 

 For example, during the development of T2D, BCM expands in response to 

increased insulin production quotas caused by progressive peripheral insulin resistance 

(32, 181) and after initiation of insulin treatment in T1D some patients enter a 

“honeymoon phase,” in which patients can achieve insulin independence and 

normoglycemia (99). BCM expansion and a “honeymoon phase” in diabetes suggest the 

presence of some BCM and functional plasticity in diabetes. Yet, BCM plasticity and β-

cell functional plasticity are not well understood, but provide potential translational 

therapeutic value. BCM expansion and increased β-cell productivity observed in the T1 

and T2 diabetes are both clinically relevant phenomena which beg further investigation 

and may lead to the development of therapeutics capable of increasing BCM and β-cell 

function, which is broadly applicable to the treatment of both T1 and T2D. An ability to 

monitor BCM in vivo would provide a clearer picture of the relationship between BCM 

and β-cell function. 

 Few improvements in diabetic treatment have been made in the last 50 years. 

To improve diabetic therapy, there is a requirement for improved in vivo β-cell targeting. 
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This can be achieved by the development of β-cell specific targeting agents. A review of 

current treatment strategies for T1 and T2 diabetes is presented below.  

1.4 Treatment of Type 1A and Type 2 Diabetes 

 T1D and T2D are distinct diseases with similar endpoints, β-cell dysfunction 

and loss followed by hyperglycemia. T1 diabetics require exogenous insulin for survival 

due to a complete loss of insulin secretory capacity. T2 diabetics do not initially depend 

on exogenous insulin for survival but may require exogenous insulin and other 

interventions as T2D progresses, in an attempt to preserve BCM and secretory function in 

the face of significant insulin resistance and β-cell stress. 

1.4.1 Treatment of Type 1A Diabetes 

 Clinical presentation of T1D typically begins after disease maturation when up 

to 90% of BCM is lost (19, 31). Early recognition and intensive therapy of T1D is 

associated with superior clinical outcomes and a reduction in hyperglycemia induced 

complications (87). Screening methods for detecting those susceptible to and are 

developing T1D are available. However, currently there are few treatment options for 

T1D.  

 The effectiveness of T1D treatment is dependent on patient adherence and 

fastidious monitoring of blood glucose. Unfortunately, early-life disease onset is an 

obstacle for T1D treatment due to lack of treatment adherence in adolescents and young 

adults (27).  
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 Treatment since the 1920’s has focused on insulin replacement and remains the 

primary form of treatment today. Insulin therapy is not a cure for diabetes but remains the 

best available method to control blood glucose. However, with improved technologies 

and increased abilities to detect the developing disease state, new treatment approaches 

are being explored, including: immune therapies, pancreatic mimetics, and β-cell 

transplantation. 

1.4.1.1 Insulin Therapy 

 Historically, insulin extracted from bovine and porcine pancreata was used for 

T1D treatment. Recently, recombinant DNA technology has allowed for the synthesis 

and manipulation of human insulin to improve its availability and pharmacokinetic 

properties (173). The goal of insulin therapy is to accurately reproduce the glucose 

sensing and insulin secretory properties of the islet in response to nutrient intake. This 

goal is limited by the methods currently used to monitor glucose, patient compliance, 

differential absorption/metabolism of insulin, correct insulin titration and hypoglycemia. 

A more realistic goal is general control of blood glucose by limiting post-prandial 

glucose excursions and suppressing glucose between meals. There are number of insulin 

analogues currently available which possess different pharmacokinetic properties which 

may be rapid acting, intermediate acting or long acting (133) With the advent of different 

insulin formulations, long acting insulin formulations are now used to set basal insulin 

levels while fast acting formulations are injected before meals to prevent hyperglycemic 

prandial excursions (48, 133). Novel formulations of insulin are in development 
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including insulin analogs that are glucose-responsive and may be tuned to act only 

specified blood glucose concentrations (133) 

1.4.1.2 Continuous Glucose Monitoring and Insulin Pumps 

 To improve insulin therapy, emphasis has been placed on the development of 

continuous glucose monitoring and insulin delivery systems with the goal of producing of 

a closed-loop pancreatic mimic capable of monitoring changes in blood glucose coupled 

with appropriate insulin administration.  

 Continuous and real-time glucose monitoring would allow for patients/ 

machines to make immediate adjustments to insulin dosage based on food intake and 

physical activity, with an improved ability of patients and physicians to observe glucose 

values and trends, offering a complete view of individual glucose control (133)  

Insulin pumps allow patients to infuse insulin at pre-selected rates, improving basal 

insulin levels and control of insulin boluses at meal time. Both continuous glucose 

monitoring and insulin pumps have been shown to significantly reduce HbA1c levels (20, 

179). 

 Efforts have been made to integrate these two approaches to form an artificial 

pancreas. However, the creation of a closed loop continuous glucose monitoring insulin 

pump requires the creation of a control algorithm capable of integrating blood glucose 

and insulin delivery during periods of fasting, feeding, exercise and rest (133) all 

dependent on individual metabolic variability. Other limitations associated with the 
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development of a closed loop device are prevention hypoglycemic episodes, accuracy of 

continuous glucose monitoring devices and insulin absorption (133)  

1.4.1.3 Immunotherapy 

 Immunotherapy is a novel therapeutic strategy in prevention and treatment of 

T1D aimed at arresting the autoimmune attack on β-cells by induction of immune (191). 

There is debate as to the effectiveness of immunotherapy, with some strategies showing 

detrimental effects, no effect or varying effect (22, 191, 221). Induction of immune 

tolerance with whole recombinant human GAD65 suspended in alum or with a 

monoclonal anti-CD3 antibody have shown some success (191). The alum formulated 

GAD65, designed to induce immune tolerance to the autoantigen GAD65 was shown to 

slow the decline of fasting and stimulated secretion of C-peptide in patients over a 30 

month period (140). However, GAD65 treatment displayed no protective effect in 

patients with a diagnosis 6 months or more before treatment, indicating that this approach 

may only contribute to preservation of insulin secretion in patients with recent 

development of T1D, emphasizing the need for early recognition of T1D (140).  

The use of monoclonal anti-CD3 to transiently activate the CD3 receptor , blocking T-

cell proliferation and differentiation (191), was shown to preserve C-peptide response to 

meals up to two years after a single course while reducing HbA1c and insulin 

requirements (98). These promising results warrant future investigation of anti-CD3 

immunotherapy.  
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 However, immunotherapy as a general treatment strategy has been fraught with 

problems. Advanced clinical trials have failed to meet their primary end-points, with 

some showing no effect or accelerating disease progression, however, anti-CD3 therapy 

appears to be the most successful strategy (221). Varying results with immunotherapy 

highlights the immune complexity of T1D and the complications that may arise from 

exploration of immunologic targets.  

1.4.1.4 Islet Transplantation 

 Islet transplantation can achieve normoglycemia and insulin independence in 

T1D patients, owing much of its success to the development and optimization of the 

Edmonton Protocol (208, 209). However, β-cell auto-immunity persists with 

transplantation requiring continued immune suppression to protect the islet graft (208) 

and less than 10% of patients who received transplants maintained insulin independence 

over 5 years (200). Islet procurement is extremely difficult with a requirement of ~2 

pancreatic donors per transplant due to graft rejection, islet viability and islet isolation 

yield (208). In order to fill this shortage, xenogeneic islet sources have been considered, 

especially from swine, as their islets are recognized to be the most physiologically 

similar. Transplantation of xenogeneic porcine islets will also require 

immunosuppression and graft function can decline quite rapidly. Recent studies have 

observed improved graft survival and normoglycemia in non-human primates using 

transgenically modified pig islets to reduce the need for immunosuppression (258). 
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Human islet transplantation is possible, but not necessarily practical. Thus, it is necessary 

to further explore alternate islet sources, methods to protect islet grafts from 

immunologic attack or to render the islet transplant/graft immunologically privileged. 

1.4.1.5 β-cell Proliferation and Survival 

 Agents that increase β-cell proliferation and survival also have been explored to 

increase BCM in diabetic patients and to possibly create new fonts of β-cells. Agonism of 

the GLP-1R, a current therapeutic strategy in T2D, is one possible approach to stimulate 

β-cell growth. Activation of the GLP-1R has been shown to increase human islet 

viability, inhibit apoptosis and increase intracellular insulin content in vitro (62), 

additionally, GLP-1R agonists exendin-4 and liraglutide have been shown to increase β-

cell proliferation in vivo in murine models (195, 223, 261). Other factors including 

combined gastrin and epidermal growth factor treatment, islet neogenesis protein, and 

DPP-IV inhibitors have been shown to restore normoglycemia and induce islet 

regeneration, stimulate islet neogenesis, and improve β-cell function and increase BCM 

in murine models, respectively (161, 180, 197).  

 A variety of agents, listed above, have shown the ability to promote islet 

proliferation and survival in animal models, however, the ability to recapitulate these 

results and monitor islet proliferation in humans is less certain. The ability to monitor 

BCM non-invasively in vivo would be invaluable in the characterization and discovery of 

therapeutics and their potential to cause islet proliferation in human models. The 
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discovery of agents that cause islet proliferation is a primary driver for the development 

of technology capable of BCM quantification. 

1.4.2 Treatment of Type 2 Diabetes 

 The American Diabetes Association and European Diabetes Association for the 

Study of Diabetes have put forward a consensus statement presenting a general algorithm 

for the therapeutic approach to T2D, focused on lowering the HbA1c (glycosylated 

hemoglobin, an indicator of prolonged hyperglycemia) to < 7% (166). In this algorithm, 

the first line of treatment begins with lifestyle changes and administration of metformin 

(to reverse insulin insensitivity), followed by initiation of sulfonylureas (to stimulate 

insulin release) and insulin. As the disease progresses administration of thiadiazolenes (to 

improve insulin insensitivity) and GLP-1R agonists (to improve glucose stimulated 

insulin secretion and β-cell function) are recommended. Additional options include 

glucosidase inhibitors, glinides, pramlinitide, and DPP-IV inhibitors. This consensus 

algorithm is largely based on the administration of a well established “core” of 

medication with modulation of treatment regiments with treatments more variable in their  

effectiveness (166). For the purpose of this dissertation, focus will placed on GLP-1R 

agonists and sulfonylureas. 

1.4.2.1 Glucagon-like Peptide-1 Receptor Agonists 

 The GLP-1R is an attractive therapeutic target for the treatment of diabetes as 

its activation has been shown to potentiate glucose simulated insulin secretion (126), 
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inhibit glucagon secretion (66, 148, 165), slow gastric emptying, and centrally reduce 

appetite (66, 233).  

 Glucagon-like peptide-1(GLP-1) is the endogenous agonist of the GLP-1R. 

GLP-1 is a 30 amino acid peptide, produced in intestinal L-cells by post-translational 

cleavage of proglucagon. GLP-1 secreted by L-cells in response to nutrients in the 

intestinal lumen (105). As early as 1992, the therapeutic potential of GLP-1 was 

recognized, based on observations that GLP-1 administration quickly lowered blood 

glucose in normal and diabetic patients (167). Subsequent studies showed that 6 weeks of 

continuous GLP-1 infusion significantly decreased fasting and 8 hr mean plasma glucose, 

HbA1c values, inhibited gastric emptying, decreased appetite, decreased body weight, 

improved β-cell function and insulin sensitivity in patients with T2D (265). However, 

GLP-1 is rapidly degraded in vivo by the ubiquitous enzyme DPP-IV with a plasma half-

life (t1/2) ~2-3 minutes (246). Thus, native GLP-1 is not practical as a therapeutic but 

GLP-1R agonist therapy remains an attractive anti-diabetic strategy.  

 In 1992, a potent GLP-1R agonist, exendin-4, was isolated from the venom of 

the desert lizard Heloderma suspectum (60). Exendin-4 shares 53% homology with GLP-

1 (60). Exendin-4 is DPP-IV resistant and is primarily cleared from the plasma via 

glomerular filtration, with a plasma t1/2 of ~22 min compared to ~ 2 min for GLP-1 (215). 

Administration of exendin-4 in murine and primate models of diabetes was shown to 

reduce plasma glucose, HbA1c, food intake, body weight and increase insulin sensitivity 

(264). Based on these observations, the effects of a synthetic exendin-4 (also known as 

exenatide) were subsequently explored in human patients with T2D. Reductions in 
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plasma glucose and glucagon concentrations were observed in both fasting and post-

prandial states, combined with slowed gastric emptying (122). These observations led to 

the development of exenatide as a human T2D therapeutic. Exenatide has been shown in 

clinical trials to reduce HbA1c levels by ~1%, reduce body weight, and reduce fasting 

plasma glucose (94). For a review of clinical trials vetting exenatide as a diabetic 

therapeutic see Hansen et al. (94).  

 Observations of the beneficial effects of Exenatide led to the development of 

longer lasting GLP-1R agonists. Knudsen et al. (121) began to experiment with a number 

GLP-1 analogs linked to fatty acids to prolong the bioactivity of GLP-1. The addition of 

fatty acid side chains to peptides facilitates binding to serum albumin thereby increasing 

plasma t1/2. Fatty acid conjugated GLP-1 analogs were shown to have similar potencies 

when compared to GLP-1 alone, with increased t1/2 of ~20 fold in pigs, illustrating that 

these GLP-1 analogs could be used as once daily injectable therapeutics for T2D (121). 

One derivation of these fatty acid conjugated GLP-1 derivatives would eventually 

become the FDA approved diabetic therapeutic Liraglutide. NN2211 (Liraglutide) is a 

human GLP-1 derivative produced via recombinant DNA technology with an arginine 

substitution for lysine at amino acid position 34 and addition of a 16 carbon palmitate 

fatty acid to position 26 via a glutamic acid linker, sharing 97% homology with GLP-1 

(109). In initial studies, NN2211 (Liraglutide) limited food intake in rats which was 

accompanied by a reduction in body weight of ~15% (131). NN2211 also was found to 

reduce blood glucose and increase β-cell mass and proliferation in murine models (195). 
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In human studies, NN2211 (Liraglutide) was administered to healthy male volunteers and 

the t1/2 was found to be ~12.6 hours (2).  

 Promising results with the lead compound NN2211 in animal models and 

humans, indicated prolonged bioactivity and similar potency relative to GLP-1, and led to 

a series of clinical trials characterizing liragltuide in human patients with T2D, reviewed 

by Joffe et al. (109). In summary: once daily administration reduced plasma glucose by 

20% over 24 hours in T2 diabetics (51), enhanced 1
st
 and 2

nd
 phase insulin secretion after 

a 14 week treatment period, reduced HbA1c by 1.45% (with an optimized dose), reduced 

body weight up to 3 kg, and reduced systolic blood pressure and triglyceride levels (245). 

The Liraglutide Effect and Action in Diabetes (LEAD) study observed decreases of 

~1.5% in HbA1c within the 1
st
 8-12 weeks of treatment extending throughout the 52 

week study (21). Liraglutide also caused decreases in fasting and post-prandial glucose 

levels and improved β-cell function (21). 

 Another GLP-1 analog known as albugon/albiglutide is a GLP-1 dimer 

covalently linked to human serum albumin, with amino acid modifications to protect 

against DPP-IV cleavage (12). Albiglutide has a half-life on the order of 6-8 days with a 

maximum concentration observed 3-4 days after injection (28). Albliglutide activates the 

GLP-1R and elevates downstream cAMP production with reduced potency (EC50=20nM 

) relative to exenidn-4 (EC50=0.2nM) (12). Murine in vivo experiments have shown 

albliglutide to reduce the amplitude of glycemic excursions and increase insulin 

secretion, responses which were absent in GLP-1R knockout mice (12). 

Intracereboventricular and intraperitoneal injection inhibited gastric emptying and 
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activated c-FOS in various areas in the brain, recapitulating the effects of GLP-1R 

agonists in the brain (12).  

 Lixisenatide, yet another GLP-1 analog, is a peptide composed of 44 amino 

acids sharing structural similarities to exendin-4 with the addition of 6 lysine residues to 

an amidated C-terminus (254). Lixisenatide is a potent agonist of the GLP-1R with a 

Ki~1.33nM (254). Pre-clinical studies have shown: potentiation of glucose stimulated 

insulin secretion, increased insulin biosynthesis, β-cell proliferation, delayed gastric 

emptying and reduced food intake (254). In clinical trials, lixisenatide has been shown to 

reduce HbA1c levels, improve post-prandial glucose levels, reduce fasting plasma 

glucose and decrease body weight by ~2kg during a 12 week treatment period (68).  

 Therefore, a variety of GLP-1 analogs demonstrate excellent characteristics and 

efficacy in reducing the hallmark effects of T2D. However, the safety of GLP-1R 

agonists has recently been questioned due to several potentially problematic side effects 

likely caused by the fact that multiple cell types bind these agonists, not only those which 

promote T2D positive outcomes. The most common side effects include: nausea, 

vomiting and diarrhea (199, 245), perhaps limiting tolerance and long term adherence. 

There also is evidence that GLP-1R agonists increase the incidence of pancreatitis and 

pancreatic cancer (33). Case reports have indicated GLP-1R agonist therapies in the 

development of pancreatitis (3, 52). The Food and Drug Administration adverse event 

reporting system indicated a relationship between liraglutide and pancreatitis (176). 

Treatment with GLP-1 based therapies was also shown to increase the odds of 

hospitalization for acute pancreatitis in a population based study (217). These concerns 
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led to prescription warning for both exenatide and liragltuide (202). Recent studies of 

exendin-4 treatment in murine and in vitro human ductal cell models have shown 

increased expansion of pancreatic ductal glands, accelerated disruption of exocrine 

architecture, and chronic pancreatitis with increases in neoplastic lesions in murine 

models of pancreatic cancer and increased pro-proliferative signaling in human ductal 

cell (74). Additionally, GLP-1R agonist therapy may stimulate thyroid C-cells causing 

increased calcitonin release and C-cell hyperplasia (144).  

 The identification of significant side effects related to GLP-1R agonist therapy 

indicates a need to develop more specific GLP-1 class therapeutics to improve patient 

tolerability and safety. Moreover, since many of the important effects of GLP-1 on T2D 

are due to β-cell responses, an ideal therapeutic would be β-cell specific with preserved 

potency at the GLP-1R. 

1.4.2.2 Sulfonylureas  

 Sulfonylureas act on the SUR1 associated with the ATP sensitive K
+
 channel 

(Kir6.2) on the β-cell. Sulfonylurea binding to the SUR1 results in the closure of the 

Kir6.2 channel, membrane depolarization, opening of voltage gated calcium channels, 

calcium influx and insulin granule exocytosis (96). Sulfonylureas were developed in the 

1950’s as the first oral drugs for the treatment of diabetes. Glibenclamide, gliclazide, 

glipizide, and glimperide are the primary sulfonylureas in clinical use and are typically 

used in combination with other diabetic therapies (190). The action of sulfonylureas are 

similar, but differences exist in their pharmacokinetics and metabolism (190). 
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Sulfonylurea treatment has been shown to reduce blood glucose by ~3-4 mM and reduce 

HbA1c levels by ~1.5% (86, 166). Unlike GLP-1R agonist therapy, initiation of 

sulfonylurea therapy is often associated with significant weight gain (166). The major 

side effect associated with sulfonylurea use is hypoglycemia as they may stimulate 

insulin secretion in the absence of glucose. Glibenclamide alone is particularly notorious 

for causing hypoglycemia (220) and also may increase hypoglycemic episodes in 

combination with other therapeutics (151). Sulfonylureas also have been associated with 

“secondary failure,” in which β-cells progressively lose their ability to secrete insulin, 

due to β-cell exhaustion and diabetic deterioration (71, 190).  

1.5 Targeting and Molecular Imaging of β-cells 

 Non-invasive in vivo targeting of β-cells would allow for interrogation of BCM, 

determination of β-cell function-mass relationships and diabetic therapeutic efficacies. 

Understanding the relation between BCM and functional capacity would expand our 

current knowledge of diabetogenesis resulting in more effective prevention and treatment 

strategies. Much of what is known about the development, progression and the point of 

diagnosis in T1D and T2D is based on indirect metabolic and post-mortem analyses.  

The location of the pancreas within the abdomen in proximity to organs of uptake and 

clearance, combined with the relatively miniscule and dispersed nature of BCM (<3% of 

pancreatic mass and <1% of abdominal mass), demands that targeting agents have 

extreme specificity to facilitate in vivo β-cell imaging/quantification. Attempts at 

targeting β-cells for in vivo interrogation have been made, but none have been able to 
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achieve the required specificity and are discussed in detail in this section of the 

dissertation. It has been proposed that any imaging agent must have high enough 

specificity to overcome the 100:1 mass ratio of non-β-cells to β-cells (225), with a 

specificity ratio of 1000:1 for β-cells versus exocrine tissue required to produce a 

clinically relevant β-cell imaging agent (224). Currently, there is no β-cell imaging agent 

capable of achieving this level of specificity and a discussion of relevant approaches are 

presented in section 1.5.  

 An optimal β-cell imaging agent should possess high affinity and specific 

binding to the proposed target on the β-cell, a high number of target sites per cell, a fast 

clearance rate with; high β-cell retention, and display no toxicity to islets. Available 

clinical imaging techniques have the capacity to interrogate BCM if a suitable imaging 

agent is developed. These include MRI, bioluminescence, Positron Emission 

Tomography (PET) and Single Photo Emission Computed Tomography (SPECT).  

1.5.1 Phage Based Targeting and Identification of Novel β-cell Epitopes 

 Phage display technology has the ability to identify peptides that bind to unique 

cellular epitopes without prerequisite knowledge of a particular target on the β-cell. One 

20 amino acid peptide, RIP1, was identified out of 10
8 

different peptides in an ex vivo 

islet phage panning experiment (201). The RIP1 peptide homed specifically to the islets 

in a normal rat and was able to distinguish endocrine tissue from exocrine tissue within 

the pancreas (201). In vivo analyses of the RIP1 phage in murine models of diabetes 

demonstrated that the RIP1 phage colocalized with anti-insulin staining and that the 
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phage did not accumulate in the islets of diabetic rats suggesting the RIP1 phage could 

discriminate between functional and dysfunctional β-cells, limiting BCM determination 

(201). However, significant non-specific accumulation was observed in the liver and 

kidney (201). Phage based panning of β-cell surface markers is an intriguing technique 

for the characterization of the β-cell surface, however, this technique is yet to provide a 

peptide with the required specificity for in vivo analysis of BCM. 

1.5.2 Selected Antibody Based β-cell Targeting Agents 

 Antibodies have been used for cell specific targeting and therapeutic delivery to 

tumors and are known to possess high affinity and specificity for their target proteins 

(259). Thus, this antibody based approach has been extended to specifically target β-cells.  

IC2 is a monoclonal antibody which binds to the sulfatide epitope galactose-3-suphate 

present in insulin granulae of β-cells. IC2 was shown to correlate with BCM in normal 

and diabetic animals (160). However, the antibody was cleared from the vasculature very 

slowly, a common problem involving antibody targeting approaches, causing an a high 

signal:background ratio making the IC2 antibody in its present form inadequate for in 

vivo analysis of BCM (206).  

 A monoclonal antibody targeting the transmembrane protein 27 (TMEM27), a 

glycoprotein highly expressed on β-cells and kidney collecting ducts, also has been 

investigated (241). TMEM27 expression in both human and mouse pancreata 

demonstrated β-cell specific binding with insulin colocalization (241). In vivo imaging 
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revealed a limited ability to detect native TMEM27, indicating that the sensitivity and 

specificity of TMEM27 targeting must be improved (241). 

 K14D10 is an antibody that binds specifically to rat islets. To optimize 

clearance and metabolism properties of antibodies, antibody fragments consisting of only 

the complimentary determining regions were developed. The full antibody K14D10 and a 

fragment of K14D10 were characterized for their ability to target BCM (89). The full 

antibody and the fragment displayed similar binding affinities, 6nM and 20nM, 

respectively (89). While the antibody fragment was cleared from the blood twice as fast 

as the full antibody, the authors concluded that the β-cell specificity was far below that 

needed for in vivo analysis of BCM (89). 

 Although antibodies directed to β-cell specific epitopes continue to be produced 

and evaluated, clearance by the liver and large size currently limits their usefulness for in 

vivo targeting and imaging of BCM. 

1.5.3 Neural Imaging Targets on the β-cell 

 β-cells share a number of characteristics with neuroendocrine cells and are 

known to interact closely with the nervous system (145). For this reason, currently used 

neural imaging probes have been tested for their ability to target β-cells. A description of 

selected neural imaging agents is presented below.  

1.5.3.1 Vesicular Acetylcholine Transporter and Muscarinic Receptor Dual 

Radiotracer Studies 
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 The neural imaging probe 4-
18

F-Fluorbenzyltrozmicol ([
18

F]-FBT) binds to the 

vesicular acetylcholine transporter (VAchT) on pre-synaptic cholinergic neurons (39). 

[
18

F]-FBT has been used to detect cholinergic activity, which has been demonstrated to 

be significantly higher in the setting of hyperglycemia, suggesting increased autonomic 

activity in the diabetic or pre-diabetic state (14, 39). VAchT has been shown to be present 

in the brain, pancreas and Ach related neuronal activity is ten times more abundant in the 

endocrine pancreas relative to the exocrine pancreas (260). Four adult mice, two rhesus 

monkeys, and one human subject were injected with [
18

F]-FBT and tracer uptake was 

monitored using PET. The pancreas was clearly labeled in each animal, with uptake 

qualitatively superior to that of any other organ (38).  

In addition to [
18

F]-FBT, a tritiated 4-diphenylacetoxy-N-methylpiperdine (DAMP) 

probe, which binds to M3 muscarinic receptors on β-cells, was combined with [
18

F]-FBT 

in a dual radiotracer analysis aimed to investigate changes in BCM and β-cell function 

(40).  

 [
18

F]-FBT uptake also was shown to be significantly higher in pre-diabetic 

pancreata (with 15-25% β-cell loss) and DAMP uptake was shown to be significantly 

reduced in pre-diabetic pancreata when compared to controls (40). [
18

F]-FBT was used to 

evaluate pancreatic cholinergic activity before and after dextrose infusion in non-human 

primates with normal glucose tolerance (NGT) or  impaired glucose tolerance (IGT) (40). 

There was no difference between baseline uptake between the groups, but with a dextrose 

challenge increased uptake was observed in IGT animals, suggesting increased 

parasympathetic input to the islets of the insulin resistant animals (40).  
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 However, recent studies suggest limited autonomic innervation of the human 

islet, with much of the VAchT staining localized to the α-cell and exocrine tissue perhaps 

limiting the usefulness of this approach for interrogation of BCM and function (193). 

Nevertheless, these are intriguing studies that warrant further investigation as a two-fold 

imaging strategy, assessing BCM and function simultaneously.  

1.5.3.2 The Vesicular Monoamine Transporter as a β-cell Specific Target  

 In a study designed to indentify unique islet epitopes three receptor families 

were identified as potential PET imaging targets on islets: glutamate receptors, serotonin 

receptors, and vesicular transporters (145). The vesicular transporters are a group of 

proteins that translocate monoamines into storage vesicles. A particular member of this 

family, the Type 2 Vesicular Monoamine Transporter (VMAT2) has been extensively 

investigated as a β-cell specific target. DTBZ is a VMAT2 ligand that was shown to bind 

islets with high affinity (Kd=0.8nM) and saturable binding.  DTBZ analogs are the only 

β-cell targeting agents to date to progress to clinical trials (145).  

 Initial studies using a [
11

C]-DTBZ were carried out in rodent models (216, 219) 

and non-human primates (162) showing apparent specific islet accumulation of the probe. 

In human studies, VMAT2 binding potential was reduced by 86% in patients with T1D 

when compared to controls, and a functional binding capacity of 40% was retained in 

T1D when compared to controls (79). The retained binding potential and functional 

binding capacity indicated an overestimation in the BCM in T1 diabetic patients, which 

was attributed to non-specific binding in the pancreas (79). 
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  A fluorine tagged DTBZ probe 
18

F-FP-(+)-DTBZ ( also known as 
18

F-AV-

133), a DTBZ derivative with high binding affinity Ki=0.11nM and a longer radioactive 

t1/2= 109.8 min compared to [
11

C]-DTBZ  t1/2=20.4 min (129), was developed to optimize 

VMAT2 targeting. This probe displayed a reduction of binding potential of 40% with a 

59% reduction in total radioligand binding in patients with T1D when compared to age 

and BMI matched controls (171). 
18

F-AV-133 binding was also correlated positively with 

insulin secretory capacity of β-cells measured by arginine challenge. However, the 

retention of signal in T1 diabetics, again, implied some degree of non-specific binding in 

the pancreas. 

 Subsequently, fluorinated DTBZ was shown to have a single high affinity 

binding site in the brain, and a high affinity binding site in the islet with an additional low 

affinity, high capacity binding site in both endocrine and exocrine tissues of the pancreas, 

revealing the probable cause of non-specific binding observed in previous studies (231). 

Furthermore, mice with luciferase and diphtheria toxin receptor (used to specifically 

ablate β-cells) expressed in β-cells exhibit inducible loss of BCM, loss which was 

detected by bioluminescence imaging upon induction with diphtheria toxin, but not by 

VMAT2 directed PET probes, indicating non-specific probe accumulation in the pancreas 

(247). In the same study human islets with luciferase expression were transplanted into 

mice, and resolved in vivo using bioluminescence, but the same islets could not be 

resolved with VMAT2 directed PET probes (247). Thus, DTBZ based VMAT2 targeting 

agents have not been validated as candidates for in vivo characterization of BCM due to 

their lack of specificity for β-cells and non-specific pancreatic accumulation (247). 
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1.5.4 The Glucagon-like Peptide-1 Receptor as a β-cell Specific Target 

 The glucagon-like peptide-1 receptor (GLP-1R) is highly expressed on the 

surface of islet cells and its activation is related to potentiation of glucose stimulated 

insulin secretion, inhibition of glucagon secretion, reduced gastric emptying and 

inhibition of feeding (43, 56, 105, 149). GLP-1R agonists have been investigated as 

diabetic therapeutics, but have also been investigated as β-cell targeting agents, due to the 

relatively specific expression of GLP-1R on β-cells. 

1.5.4.1 Exendin Derivatives 

 Exendin-4, a peptide with 53% homology to GLP-1, was discovered in 1992 

(60) and shown to be resistant to DPP-IV degradation (57, 215). The exendin-4 molecule 

has served as a foundational molecule for the development of β-cell targeting agents. 

Insulinomas and β-cells have been targeted with derivatives of exendin-4 (257) and the 

antagonistic, exendin-(9-39)  (249). Using PET imaging, 1.0-2.3 mm diameter 

insulinomas (which overexpress the GLP-1R) were detected, and specific pancreatic 

uptake was shown in rodents (257). Exendin-4 labeled with 
 
nucleides useful in positron 

emission tomography are considered candidates for clinical GLP-1R imaging studies for 

detection of insulinomas and perhaps BCM due to specific uptake into the pancreas 

(257). Exendin-3, differing from exendin-4 by 2 amino acids, labeled with 
68

Ga was also 

able to detect subcutaneous insulinomas with high levels of pancreatic accumulation (26). 

Conversely, 
18

F-exendin-(9-39)  showed signal accumulation in several organs, with 

relatively low accumulation in the pancreas with no observed difference between diabetic 
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and control animals in PET imaging studies of rodents (249). The observed lack of 

specificity of exendin-(9-39)  was attributed to the contrast agent conjugation site, 

warranting further studies with different derivatives (249).  

 18
F-EM3106B is a highly constrained form of GLP-1 containing lactam bridges 

and an amino acid substitution at position 8 rendering the molecule resistant to enzymatic 

degradation (70). 
18

F-EM3106B was shown to effectively identify insulinomas and bind 

the GLP-1R with high affinity, suggesting a possible utility in the detection of BCM (70). 

While the GLP-1R is an attractive target, much of what is known of the potential of GLP-

1R ligands for in vivo imaging is based on detection of insulinomas which over-express 

the GLP-1R relative to native β-cells. Moreover, these current targeting agents are limited 

by high uptake in tissues surrounding the pancreas. These results suggest GLP-1 and its 

derivatives lack the specificity required for in vivo β-cell targeting. 

1.5.5 The Sulfonylurea-1 Receptor as a β-cell Specific Target  

 The Sulfonylurea 1 Receptor (SUR1) has been shown to be a specific target on 

the pancreatic β-cell (145, 225). SUR1 is densely expressed on the plasma and secretory 

granule membranes of islet cells but not in exocrine tissue (88). The SUR1 receptor is 

coupled with the ATP sensitive K
+
 channel (Kir6.2) in the plasma membrane of the β-

cell. Together the SUR1 and Kir6.2 channel link cellular metabolism to the β-cell 

membrane potential responding to changes in the ATP:ADP ratio. If this ratio rises due to 

increased metabolism, the Kir6.2 channel closes, leading to K
+
 retention, cellular 

depolarization, opening of voltage gated calcium channels, resulting in calcium influx, 
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and degranulation of insulin vesicles (96). The SUR1 is the target of the sulfonylurea 

class of diabetic therapeutics (e.g. glibenclamide), which cause closure of the Kir6.2 

channel via activation of SUR1 without the necessity of metabolic influence (4). 

1.5.5.1 Glibenclamide  

 Glibenclamide is a drug currently used to treat T2D with a high affinity for the 

SUR1 (203) and has been identified as one of the most specific monomeric β-cell 

targeting agents (225). Schneider et al. (204) evaluated 20 different fluorine labeled 

glibenclamide derivatives and found 2-[
18

F]-fluorethoxy-5-bromoglibenclamide to be the 

most promising and was chosen for in vivo human trials (206). Human PET studies 

yielded a constant, weak signal in pancreas, far less than the signal observed in the liver 

and an assessment of BCM could not be made due to low signal to noise ratio (206). A 

glibenclamide derivative with lower lipophilicity and a technetium reporter was shown to 

have higher uptake in murine pancreata, however, non-specific uptake by surrounding 

tissues persisted, preventing assessment of BCM (206). Glibenclamide has been shown to 

be β-cell specific in in vitro models (225), but has proven problematic in in vivo 

translation due to its lipophilicity, non-specific binding and liver uptake. Furthermore, 

SUR1 is highly expressed on the insulin granule membrane and degranulation of β-cells 

may interfere with any probes directed against SUR1 (88). 

1.5.5.2 A Glibenclamide-Glucose Conjugate 
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 To reduce the lipophilicity of glibenclamide, Schneider et al. (205) synthesized 

a glibenclamide-glucose conjugate. This compound bound to the SUR1 with comparable 

affinity (although slightly reduced) when compared to monomeric glibenclamide (205). 

The conjugate was approximately 12 fold more hydrophilic than glibenclamide and due 

to this increased hydrophilicity was cleared via the kidneys at a much faster rate than 

glibenclamide alone, with a significantly reduced time of hypoglycemic action (205). 

Further investigation of the glibenclamide-glucose conjugate as an imaging agent must 

still be conducted. Nonetheless, the glucose-glibenclamide conjugate is a good example 

of directed manipulation to enhance pharmacokinetic properties of ligands via linkage to 

other compounds, which is conceptually important and relevant to the design of targeted 

agents. 

1.6 Multivalency to Improve Affinity and Specificity 

“Polyvalent interactions are characterized by simultaneous binding of multiple ligands on 

one biological entity (a molecule, a surface) to multiple receptors on another… 

polyvalent interactions can be collectively much stronger than corresponding monovalent 

interactions, and they can provide the basis for mechanism of both agonizing and 

antagonizing biological interactions that are fundamentally different from those available 

in monovalent systems.”- Mammen et al. 1998 (146) 

 Advancement of diabetic therapy and in vivo detection of β-cells is limited by 

non-specific binding of monomeric targeting agents. There are several examples, first 

observed in antibodies, in which increased molecular valency was shown to increase 
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affinity and specificity of binding (34, 84, 146, 198). Increased ligand valency may be 

useful in the creation of β-cell targeting agents. 

1.6.1 Early Observations of Multivalent Affinity and Specificity Enhancement in 

Antibodies 

 The most well investigated multivalent agents are antibodies, a family of 

variable glycoproteins that bind with high affinity and specificity to antigens. Among the 

earliest observations of multivalency and its relation to increased affinity can be 

attributed to Greenbury et al. in 1965 (84). Greenbury and colleagues observed that 

bivalent antibodies displayed 150-450 fold greater affinities to red blood cells, when 

compared to their monomeric fragments, which was attributed to the simultaneous 

attachment to two different binding sites (84). Different antibodies display varying 

valencies ranging from 2 (IgG) to 10 (IgM) and multivalent interactions between 

antibody and antigen increase affinity and specificity (128). The multivalent binding 

mode of antibodies increases the functional binding affinity (avidity) by 10
3-7

 in 

comparison to the monovalent intrinsic affinity interactions of the individual 

complimentary determining regions (128). Specificity of antibodies is achieved by 

multivalent interactions. Single epitope-antibody interactions are quite weak, however, 

when multiple heterologous eptitope sites interact with the heterologous antibody binding 

domains, multiple weak interactions form a strong, and specific avid interaction. 

Multivalency is used throughout physiological systems to enhance binding affinity of 

weak monomeric binding domains and to improve binding specificity through 
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heteromultivalent interaction, particularly in the immune system in the recognition of 

foreign agents. For a review of the potential for multivalency in biological systems see 

Mammen et al. 1998 (146). 

1.6.2 Early Observations in Synthetic Multivalency 

 To detect and develop directed diagnostic agents to melanomas, Sharma et al. 

(210) developed macromolecular conjugates designed to target the melanocortin receptor 

(MCR). Multiple copies of the α-melanocyte stimulating hormone (α-MSH) were 

covalently attached, along with multiple fluorophore copies, to a biologically compatible 

but inert scaffold producing a “polyfunctional macromolecule (210).” Sharma et al. 

observed high affinity and specific binding to melanotropin receptors on mouse and 

human melanoma cells, an effect they attributed to the cooperative affinity achieved by 

multivalency (210). From initial observations the authors predicted that reporter 

conjugation to multivalent peptide hormones may serve as novel diagnostic, imaging and 

therapeutic tools. These initial observations led to the development of a generation of 

synthetic multivalent ligands (210). 

1.6.3 Homovalent α-Melanocyte Stimulating Hormone and Linker Optimization  

 An important consideration for obtaining multivalent ligands that can 

functionally cross link multiple receptors on a cell surface is the optimization of the 

scaffold or linkers used to couple the independent binding domains (or recognition 

elements). Linker design should be biologically inert, hydrophilic to limit plasma 
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albumin binding and non-specific binding, small to facilitate tissue access and promote 

clearance, should not interfere with binding and also must orient pharmacophores 

properly in space to obtain simultaneous binding of multiple receptors. Poly-ethylene 

glycol (PEGO) meets all of these requirements, while being a relatively flexible linkage. 

Unfortunately, this flexibility may come with high entropic cost and may reduce the 

effect of multivalency (238). To optimize multivalent binding, a range of strategies were 

employed for coupling α-MSH ligands (238). Radiolabel binding assays were performed 

on cells engineered to express the human melanocortin-4 receptor (MC4R). A 5-7 fold 

decrease in the EC50 was observed with the addition of each α-MSH sub-unit from 

monomer to trimer (238). Subsequently, a group of homobivalent MSH ligands were 

synthesized with various semi-rigid linkages containing proline-glycine (Pro-Gly) repeats 

with and without PEGO linkages (91). Pro-Gly repeats were chosen as semi-rigid linkers 

due to promising observations in pilot studies performed by Vagner et al. 2004 (238). 

These studies also included GPCR structure modeling based on the crystal structure of 

rhodopsin, and this model was used to estimate distance between two adjacent GPCR 

binding sites (91, 111). The estimated linker length required to span the distance between 

two GPCR binding sites was predicted to be 20-50 Å (2-5 nm) which was consistent with 

the best compounds observed experimentally (91, 111). In a study of a series of 11 

homobivalent MSH ligands, all of the compounds bound to cells engineered to express 

the MC4R with at least a 10 fold greater affinity when compared to the monomeric MSH 

(91), demonstrating the ability to enhance receptor affinity by synthetic multivalency. 
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1.6.4 Heteromultivalency: α-MSH/Deltorphin II and CCK/MSH 

 Homomultivalent compounds were shown to attain the predicted increase in 

affinity, presumably by cross-linking multiple receptors. However, it is difficult to prove 

receptor cross-linking in a homovalent system, and more importantly homomulitvalent 

ligands will bind to any cell type displaying the single receptor target, and therefore this 

class of compound will not have enhanced specificity for a single cell type. In order to 

demonstrate receptor cross-linking and specificity it was necessary to create a 

heterobivalent ligand.  

 Each cell type possesses a unique surface epitope display or a “molecular 

barcode.” Theoretically, this “molecular barcode” can be identified and accessed by 

rational design of heteromultivalent ligands. To address these hypotheses, heterobivalent 

ligands composed of different binding domains, including α-MSH linked to deltorphin 

II(Delt-II) were synthesized to target a receptor combination, the MC4R and δ-opiod 

receptors (DOR), respectively (240).  

 The heterobivalent α-MSH/Delt-II ligand bound to cells with the MC4R and 

DOR with ~48 fold increase in affinity relative to cells with only the MC4R available for 

ligand-receptor interaction (DOR blocked by naloxone), demonstrating cross-linking of 

heterogeneous receptors and increased specificity with a synthetic ligand (240). 

Interestingly, binding enhancement was only observed at the MC4R and not at the DOR 

(240). This affinity enhancement at one receptor was attributed to a “saturation” of 

divalent interactions limited by the least abundant receptor (240). Once the divalent 
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interactions are “saturated” monovalent binding to the high abundancy receptor 

predominates with comparatively low affinity, due to the decreased affinities of the 

individual binding regions of the multivalent construct (240). In this model, the MC4R 

was the least abundant receptor while the DOR is the most abundant receptor (240). This 

observation was consistent with mathematical modeling predicting the importance of cell 

receptor number in multivalent enhancement of affinity and specificity (34, 263). 

These demonstrations of enhanced affinity, specificity and heterogeneous receptor cross-

linking by multivalent ligands (91, 238, 240) indicate that unique identifying cell receptor 

combinations can be targeted, suggesting a role for multivalency in cell specific targeting 

for disease diagnosis and therapy.  

 In a “receptor combination” approach, a cholecystokinin (CCK)/α-MSH ligand 

was constructed to link two functionally unrelated receptors known to be expressed on 

the surface of some melanomas (111). Based on the linker optimization models 

developed by Handl et al. (91) and Vagner et al. (238) a number of CCK/α-MSH 

multivalent compounds were produced with varying linker lengths and compositions 

(111). The kinetic characteristics of the multivalent CCK/α-MSH ligands were analyzed 

on HEK293 cells engineered to overexpress the CCK-2 receptor (CCKR), the MC4R or 

both (111). Affinity and specificity studies were performed  using a lanthanide-based 

time-resolved fluorescence assay, developed by Handl et al. 2004 (90, 92, 93, 111, 214).  

A construct consisting of PEGO-[Pro-Gly]3 showed the largest binding enhancement of 

(~24 fold) to cells expressing the MC4R and CCKR, relative to monomeric CCK6 (111). 

The CCK and MSH binding moieties within the multivalent construct were shown to 
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bind with decreased affinity to cells expressing just one of the receptors (111). Further 

investigation revealed an ~ 50 fold increase in affinity of the CCK/α-MSH ligand for 

cells expressing the complimentary receptor pair (CCKR and MC4R) when compared to 

monomeric CCK-6 (111). This increase in affinity was attributed to reduced receptor-

ligand dissociation rates due to multiple receptor-ligand associations promoted by the 

multivalent ligand (111). As observed previously by Vagner et al. (240), and in 

mathematical models (34) enhanced binding was only observed at the least abundant 

receptor (CCKR) (111).  

 Studies by Vagner et al., Handl et al. and Josan et al. served as important ‘proof 

of concept’ studies optimizing linker length and composition, which demonstrated 

multivalency induced increases in affinity and specificity for cell types engineered to 

overexpress the complimentary receptor pairs. 

1.6.5 Multivalency and Intracellular Signaling 

 Brabez et al. 2011 synthesized a group of homovalent α-MSH ligands, based on 

a low affinity 4 amino acid pharmacophore (Kd ~5 µM), to further explore binding 

kinetics and signaling properties of multivalent ligands for the MC4R receptor (24). In a 

HEK293 cell model, engineered to overexpress the MC4R, an order of magnitude 

increase in affinity was observed with each valency addition, ranging from monovalent to 

trivalent with an IC50= 4700 nM for acylated MSH or linker conjugated MSH, IC50= 310 

nM for divalent MSH and IC50= 14 nM for trivalent MSH (24). These ligands were not 

linked linearly, but attached on a dendrimer-like tripod scaffold.  
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 Valency may also influence downstream intracellular signaling (146). 

Therefore, the signaling properties of this group of ligands was investigated (24). MSH 

activation of the MC4R results in the production of cAMP and in experiments conducted 

by Brabez et al. the sensitivity of cAMP production was found to increase with valency. 

Comparison of the receptor occupancy and cAMP production revealed that the signal 

transduction mechanisms were similar (24). Observations of increased binding affinity 

with increased ligand valency in concert with increased efficacy of the multivalent 

ligands revealed that the multivalent constructs simultaneously engage multiple GPCRs 

(24). Brabez et al. demonstrated that increasing valency of a relatively weak agonist can 

yield high affinity agonists. This concept is particularly important in the design of 

multivalent ligands, especially those designed for cell specific targeting. A greater range 

between monomeric binding of multivalent ligand recognition elements and multivalent 

binding of all the recognition elements within the multivalent ligand is of great 

advantage, as it improves higher avidity specific binding to the target cell and limits non-

specific binding to cells that express only one of the receptors of interest. The studies by 

Brabez et al. indicate possible application of multivalency for the detection of melanoma 

cells, the exploration of signal transduction mechanisms of GPCRs,  and provide 

important considerations for multivalent design. 

1.7 Application of Multivalency to β-cell Targeting and Target Identification 

 Multivalent ligand based targeting of GPCRs has been shown to increase 

binding affinity and specificity when compared to cognate monomeric ligands (24, 91, 
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111, 238, 240, 263). Sections 1.4 and 1.5 describe the limitations of β-cell imaging and 

therapeutic agents, concerning their lack of specificity for the β-cell, which results in off-

target background signal and unwanted therapeutic side effects. A major effort to define 

proteins that uniquely identify β-cells from other cell types within the abdomen using 

transcriptome expression analysis has been undertaken (13, 145, 150). Moreover, 

analyses of agents that target β-cells relatively specifically have been extensively pursued 

(26, 38, 43, 70, 145, 201, 204, 205, 216, 224, 225, 241, 260). However, with extensive 

genetic and ligand based analyses to identify β-cell specific targets and targeting agents, a 

superbly β-cell specific ligand remains elusive. As a result, analysis of BCM is not 

currently possible and diabetic therapeutics are associated with a number of non-specific 

effects.  

 Two β-cell receptors, the SUR1 and GLP-1R, have received attention for their 

application in β-cell targeting as they are current targets of diabetic therapeutics and their 

expression is relatively unique to the β-cell. However, they are not individually sufficient 

to support β-cell specific targeting. Ligands of these receptors have been investigated in 

detail for their ability to target β-cells for imaging and therapy (43, 81, 204, 205). The 

GLP-1R agonist and FDA approved diabetic therapeutic exendin-4 possesses specificity 

on the fringe of the proposed specificity required for in vivo analysis of BCM (43, 80, 

81). Glibenclamide, a SUR1 agonist and long standing FDA approved diabetic 

therapeutic has been identified as the most specific β-cell targeting agent in in vitro 

analyses (225). We suggest that the dimerization of the GLP-1 peptide with Glb with an 

optimized PEGO-[Pro-Gly]3 linker may provide the required specificity enhancement to 
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interrogate BCM in vivo and abolish off-target effects associated with diabetic 

therapeutics.  

 The following sections contain a description of both the recognition elements 

contained within the GLP-1/Glb heteromultivalent ligand as well as their receptor targets 

(GLP-1R and SUR1). 

1.8 Glucagon-like Peptide-1 and the Glucagon-like Peptide-1 Receptor  

1.8.1 Glucagon-like Peptide-1 

 GLP-1 is a peptide hormone produced by differential post-translational 

cleavage of proglucagon in enteroendocrine L-cells in response to a nutrient load. 

Proglucagon is encoded by a single gene and produces identical mRNAs in both the L-

cells and the α-cells of the pancreas. L-cells cleave proglucagon to form glicentin, IP-2 

and GLP-1 and GLP-2 (105, 108). GLP-1 acts as a potent incretin, which augments 

glucose stimulated insulin secretion (126), inhibits glucagon secretion from pancreatic α-

cells (66, 148, 165), inhibits gastric emptying (165) and centrally limits food intake. 

The Kd of GLP-1 for the GLP-1R is reported to be 0.3nM, for exendin-4 0.4 nM and for 

the GLP-1R agonist exendin-(9-39) 1.7 nM (78, 227). The rank order of ligand potencies 

for the GLP-1R are as follows: GLP-1 7-36 amide=exendin-4>>GLP-2=glucagon 1-29 

(123). GLP-1 binding to the GLP-1R is specific with no relevant cross-reactivity to other 

receptors, however, glucagon can bind to the GLP-1R with ~1000 fold less affinity than 

GLP-1 (228).  
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1.8.2 The Glucagon-like Peptide-1 Receptor 

 The glucagon-like peptide-1 receptor (GLP-1R) is a guanine nucleotide-binding 

protein receptor (GPCR). The GLP-1R was first characterized by Drucker and Goke in 

the late 1980’s and cloned by Thorens in 1992 (55, 77, 228). The GLP-1R gene is located 

on the long arm of chromosome 6p21 (222) and is a 64-kDa protein (256) consisting of 

463 amino acids (61). The GLP-1-R is a class B or ‘secretin-like’ GPCR and belongs to a 

family of 15 peptide-binding receptors (102, 149). Receptor members of class B typically 

possess a large extracellular N-terminus (~100-160 amino acids) and bind peptide ligands 

of ~30-40 amino acids (102).  

 Class B GPCRs bind their peptide ligands using a common mechanism, known 

as the “two-domain” model (102). In the “two domain” mechanism, GLP-1 binds to the 

GLP-1R in an “kinked” L-shaped helical confirmation (102, 137), in which the C-

terminal region of the helical GLP-1 binds with the N-terminal region of the GPCR 

(236). The N-terminus of the GLP-1R serves as an “affinity trap” increasing the local 

concentration of the N-terminal region of GLP-1, promoting GLP-1 N-terminus binding 

to the membrane spanning domains of the GLP-1R (102). Based on crystal structures of 

GLP-1 in complex with the extracellular domain on the GLP-1R, GLP-1 is a continuous 

α-helix from threonine 13 to  valine 33 with a bend in the area of glycine 22 (236). The α-

helical region spanning alanine 24 to valine 33 interacts with the extracellular domain of 

the GLP-1R (236). The amphiphilic nature of the GLP-1 α-helix allows for both 

hydrophobic and hydrophilic interactions between GLP-1 and the GLP-1R (236). Thus, 
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the interaction of GLP-1R and GLP-1 in the extracellular domain is dependent on ~ 20 

weak interactions (236). GLP-1/GLP-1R interaction is dependent on the proper 

interaction of multiple amino acids within the extracellular and membrane spanning  

domains of the GLP-1R. There is no structure characterizing the binding of GLP-1 to the 

membrane spanning domains of the GLP-1R, however, this region is essential to the “two 

domain” binding mechanism. By indirect measures and the α-helical nature of the GLP-1 

peptide it is predicted that the interaction of GLP-1 with the membrane spanning domains 

of the GLP-1R occurs in a similar fashion and is dependent on a multitude of amino acid 

interactions (53). Although the exact interaction of GLP-1 with the membrane spanning 

sites of the GLP-1R are not known, this event is responsible for the initiation of 

intracellular signaling (102).  Quite interestingly, the affinity of GLP-1 for the GLP-1R 

may be modified by amino acid substitutions (53, 236). Thus, manipulation of the amino 

acid sequences of GLP-1R agonists may produce “tunable” ligands.  

 Agonist activation of the GLP-1R, results in promiscuous intracellular signaling 

(54). The GLP-1R is coupled to the Gαs and thus, its activation results in the activation of 

adenylate cyclase and the production of cAMP (55, 58, 116). cAMP is the primary 

intracellular second messenger of the GLP-1R, mediating acute and chronic molecular 

events in β-cells. As evidence, over-expression of the GLP-1R in a β-cell line was shown 

to increase basal cAMP, increase insulin content, increase glucose responsiveness and 

increased GSIS (54, 58, 116, 159). In β-cells GLP-1R activation results in localized 

cAMP oscillations in close proximity to the membrane (58). This cAMP production 

results in the activation of protein kinase A (PKA), a key regulator of the short and long 
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term β-cell function (54).Transient cAMP cycling is related to acute events, such as 

insulin granule exocytosis and ion channel regulation while prolonged elevation of cAMP 

is associated with long term effects such as nuclear translocation of PKA and PKA 

transcriptional regulation (54, 58). cAMP and PKA activation, stabilize the insulin 

mRNA transcript in β-cells (120), increase insulin transcription with elevated glucose 

(132) and increase production and nuclear localization of PDX-1 (29, 178).  

Inhibition of PKA reduced GLP-1 mediated insulin secretion by ~50%, indicating a role 

for a PKA-independent insulin secretory mechanism (116). Inhibition of both PKA and 

exchange proteins directly associated with cAMP (Epac) reduced GLP-1 mediated insulin 

secretion by ~90% indicating the involvement of Epacs as PKA-independent regulators 

of incretin mediated insulin secretion (116). In addition to cAMP mediated activation of 

PKA and Epacs, GLP-1R activation has also been shown to activate the phospholipase C 

signaling cascade (255) and the MAPK pathway (158). 

 GLP-1R activation enhances GSIS by initiating Kir6.2 channel closure causing 

a positive depolarizing shift in the β-cell membrane potential (85, 136). Repolarization 

and deactivation of the β-cell is accomplished by the voltage dependent K
+
 channel (Kv) 

(54). Agonists of the GLP-1R (GLP-1 and exendin-4) have been shown to antagonize the 

Kv channel (142). As a result, GLP-1 increases the magnitude and duration of the glucose 

induced membrane depolarization, allowing for greater Ca
2+

 influx and insulin secretion 

(54, 85, 136, 142). GLP-1 has also been shown to cause intracellular calcium oscillations 

that coincide with cAMP oscillations (58). GLP-1 activation of Ca
2+

 is thought to act 
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through two mechanisms, activation of voltage gated calcium channels and by enhancing 

calcium induced calcium release from intracellular stores (30, 54). 

 Upon activation of the GLP-1R, the receptor-ligand complex is primarily 

endocytosed via a clathrin pit mediated mechanism, and is removed from the membrane 

with a t1/2~3 minutes, recycling between the plasma membrane and endosomal 

compartments with a t1/2~15 minutes (256). Receptor internalization could not be 

completely blocked by inhibitors of clathrin pit mediated endocytosis, suggesting an 

additional clathrin independent internalization mechanism (256). There also is evidence 

that suggests the GLP-1R may be recycled via a caveolin-1 dependent mechanism (226).  

Promiscuous and complex intracellular signaling combined with receptor cycling and 

degradation of native GLP-1 suggests that the GLP-1-GLP-1R endocrine axis is 

exceedingly complex and dynamic. 

1.8.3 Tissue Expression of the Glucagon-like Peptide-1 Receptor 

 Tissue localization of the GLP-1R remains unclear. The GLP-1R has been 

detected in a number of tissues including: pancreatic islet, lung, brain, heart and kidney 

tissue but was shown to be absent in liver, skeletal muscle and adipose tissue (251, 252). 

Korner et al. 2007 (123) analyzed expression levels of the GLP-1R in human tumors and 

“normal” tissue. Korner et al. (123) observed GLP-1R expression in specific tissue 

compartments of various organs including: the islets and acini of the pancreas (with a 2 

fold greater GLP-1R expression in the islets), the intestine (largely localized to the 

myenteric nerve plexus), the lung (small muscular blood vessels), the kidney (arteries), 
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the breast (small milk ducts and lobuli) and the brain (neurohypophysis; the highest GLP-

1R density of all normal tissues) (123). In these studies no GLP-1R expression was 

identified in the liver, spleen, lymph, thymus, adrenal glands, skeletal muscle, 

adenohypophysis, prostate, or adipose and contradictory to the findings of Wei et al., in 

the heart (123). However, recent investigations of canine hearts have shown the 

expression of the GLP-1R in the coronary circulation as well as the myocardium by both 

western blot and immunohistochemistry (155).  

 Within the pancreas there is debate to the localization of the GLP-1R, reviewed 

by Doyle (54). Studies suggest β-cell specific localization of the GLP-1R in islets and 

others suggest expression of the GLP-1R in all islet cells (β,α,δ) (54). Recent studies have 

shown that GLP-1R mRNA and protein are highly expressed in the pancreatic β-cells and 

are rarely observed in α or δ-cells (230). The presence or absence GLP-1R expression 

within the ducts of the pancreas is also debated (54). GLP-1-R immunoreactivity has 

been identified in the large pancreactic ducts of rat, mouse and human pancreas (230). 

Additionally, GLP-1R agonists have been shown to cause expansion of pancreatic ductal 

glands, disruption of endocrine architecture and pro-proliferative signaling in human 

pancreatic ductal cells, suggesting GLP-1R presence in the exocrine pancreas (74).  

1.9 Glibenclamide and the Sulfonylurea-1 Receptor 

1.9.1 Glibenclamide 

 Glibenclamide is a synthetic second generation hypoglycemic sulfonylurea used 

for the treatment of diabetes. Glibenclamide, like other sulfonylureas, possesses a 
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sulfonylurea nucleus with large non-polar R groups on the ends of the nucleus (64). The 

sulfonylurea nucleus of glibenclamide is flanked by benzene and cyclohexyl rings (64).  

Glibenclamide has an increased potency compared to first generation sulfonylureas (~200 

fold relative to tolbutamide) due to the addition of a second lipophilic nucleus (64, 244). 

Glibenclamide has a Kd~2nM for the SUR1 on the β-cell surface (69) and is a highly 

specific islet cell targeting agent with and uptake 9 times greater observed in islets 

relative to the  human ductal cell line PANC-1 (225). 

1.9.2 The Sulfonylurea-1 Receptor  

 The sulfonylurea-1 receptor (SUR1) belongs to the ABCC sub-family of the 

ATP binding cassette proteins, which includes the cystic fibrosis transmembrane 

conductance regulator and the multi-drug resistance related proteins (49, 100, 101). The 

SUR1 possesses two transmembrane domains with six helices each containing two 

intracellular nucleotide binding folds that form the ATP binding cassette, and a 

hydrophobic N-terminus 5 helix bundle which is connected to the core by an extended 

cytoplasmic segment (244). 

 The SUR1 is intimately linked to the ATP sensitive K
+
 channel Kir6.2, an 

inwardly rectifying potassium channel. The Kir6.2 channel and SUR1 are unable to reach 

the plasma membrane in the absence of the other due to a mutual masking of ER 

retention tags (154, 266). The SUR1 and Kir6.2 channel form a 140-kDa (107) octameric 

K
+
  ATPase ion channel complex consisting of a central pore formed by 4 Kir6.2 

channels surrounded by 4 regulatory SUR1s (42). The SUR1-Kir6.2 complex controls the 
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flux of K
+
 ions across the β-cell membrane, in response to cytoplasmic ATP:ADP ratios, 

linking cellular metabolism to membrane potential and thus, participates in GSIS. SUR1 

has been shown to have a number of effects on the Kir6.2 channel, including: 

enhancement of open probability, ATP sensitivity, and sensitivity to drugs (i.e. 

sulfonylureas, diazoxide) (182, 232).  

 SUR1-Glibenclamide binding occurs via the interactions of two overlapping 

binding sites on the SUR1 to two different parts of glibenclamide. The lipophilic “A-site” 

recognizes the lipophilic portion of glibenclamide adjacent to the sulfonylurea group 

while the “B-site” recognizes the benzamido ring portion of glibenclamide (244). A-site 

and B-site occupancy by glibenclamide and other sulfonylureas is thought to result in 

high potency and specificity (244) demonstrated by the fact that sulfonylureas have 100-

1000 fold greater affinity for the SUR1 than SUR2 (a sulfonylurea receptor located in 

cardiac tissue which lacks a portion of the A-site) (244). The presence of large non-polar 

groups makes glibenclamide hydrophobic and lipid soluble (64). Fittingly, it is though 

that the sulfonylurea binding sites on the SUR1 are located on the intracellular leaflet of 

the plasma membrane (164, 207). Glibenclamide is metabolized by the liver, producing 

two metabolites with limited hypoglycemic potential which are excreted in equal parts in 

the urine and bile (64).  

 Data indicates a high affinity binding site on the β-cell, though significant 

lipophilicity and questions regarding the mechanism of binding and activation, causes 

some uncertainty in the exact effect of non-specific binding on the measured binding 

affinity. 
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1.9.3 Tissue Expression of the Sulfonylurea-1 Receptor 

 SUR1 tissue expression is not entirely clear. SUR1 has been shown to be highly 

expressed in islet tissue but not in liver, pancreatic exocrine or kidney tissue (145). Shi et 

al. 2005 have shown, through the compilation of multiple references, that SUR1 is 

abundantly expressed in the brain, pancreas and is also present in the heart, skeletal 

muscle, lung, liver, kidney and stomach (213). Interestingly, SUR1 has also been shown 

to be present in intestinal L-cells, sites of GLP-1 production, and are thought to 

participate in linking cellular metabolism to hormone secretion, analogous to insulin 

secretion coupling in β-cells (188, 189). SUR1 has also been shown to be expressed in 

endocrine granules of the islet (88) perhaps, indicating a role in insulin granule 

exocytosis (119).  

1.10 Heterobivalent Glucagon-like Peptide-1 linked to Glibenclamide (GLP-1/Glb) 

 As discussed previously, diabetic understanding, treatment, prevention and 

diagnosis is limited by the inability to specifically target pancreatic β-cells. Based on 

affinity and specificity gains demonstrated by our colleagues with synthetic multivalent 

ligands directed against overexpressed receptors, we extended this concept to a current 

and challenging paradigm: high specificity in vivo targeting of pancreatic β-cells. In 

many respects in vivo imaging/quantification of β-cells serves as a benchmark. An ability 

to detect β-cells in vivo would theoretically predict that almost any cell type in the body 

could be detected, revealing a new age of molecular targeting and imaging.  
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In order to specifically target β-cells for imaging and therapy our group synthesized a 

novel heterobivalent GLP-1/Glb ligand targeted to a specific combination of β-cell 

surface receptors (the GLP-1R and SUR1) identified by genetic analyses. In the 

following chapters the synthesis and initial characterization of the GLP-1/Glb ligand is 

described, followed by an in depth analysis of the therapeutic potential of the GLP-1/Glb 

ligand, which examines the intracellular signaling influences of the multivalent ligand 

relative to its monomeric components and its effects on non-stimulated and stimulated β-

cell insulin secretory function. 
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2. HETEROBIVALENT GLUCAGON-LIKE PEPTIDE-1/GLIBENCLAMIDE 

FOR TARGETING PANCREATIC β-CELLS: SYNTHESIS AND 

CHARACTERIZATION 

2.1 Abstract 

 Guanine nucleotide (G)-protein coupled receptor (GPCR) initiation of cell 

signaling is based on single agents binding to cell surface receptors that activate 

subcellular signaling cascades. Linking multiple heterologous ligands that simultaneously 

bind and potentially cross-link different receptors on the cell surface is a unique approach 

to modulate cell responses. Moreover, if the target receptors are pre-selected, based on 

analysis of cell specific expression of a receptor combination, then the linked binding 

elements may provide enhanced specificity of targeting to the cell type of interest; i.e., 

only to cells that express the complementary receptors. Two receptors whose expression 

is relatively specific, as a combination, to the insulin secreting β-cell of the pancreas, are 

the Sulfonylurea-1 (SUR1) and the Glucagon-like peptide 1 (GLP-1) receptors. A 

heterobivalent ligand was assembled of the active fragment of GLP-1 ([Phe
12

, Arg
36

] 7-

36 GLP-1) and Glibenclamide a small organic ligand to the SUR1. The synthetic 

construct was labeled with cyanine Cy5 or Europium chelated in DTPA to evaluate 

binding to β-cell lines using fluorescence microscopy or time-resolved saturation and 

competition binding assays, respectively. Once the ligand binds to β-cells, it is removed 

from the cell surface. The bivalent ligand had a ~3 fold higher affinity than monomeric 

GLP-1 likely due to cooperative binding to the complimentary receptors on the βTC3 
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cells. The high affinity binding was lost in the presence of either unlabeled monomer 

demonstrating that interaction with both receptors is required for the enhanced binding at 

low concentrations. Importantly, bivalent enhancement was accomplished in a cell 

system without over-expression of complementary receptors, indicating that this 

approach may be applicable for β-cell targeting in vivo. 

2.2 Introduction 

 Pancreatic β-cell loss and dysfunction underlies the presentation of overt 

diabetes. This deficiency in function provides a rationale to develop novel therapeutic 

strategies. Moreover, to determine the success of these strategies and to better understand 

diabetic pathology, reliable methods are required for assessment of β-cell regeneration or 

destruction. In particular, the ability to monitor changes in β-cell mass (BCM) and β -cell 

function is critical to assess the developing disease states and therapeutic responses (138, 

206, 218). A primary limitation for the analysis and therapy of β-cells is low specificity 

of current targeted agents. It has been proposed that selection and simultaneous binding 

to multiple receptors expressed on a cell surface, using multivalent ligands, will improve 

the selectivity of cell targeting (111, 118, 146, 238, 240). 

 Multivalent ligands are composed of multiple copies of the same (homo) or 

unique (hetero) ligands connected via linkers or a scaffold (210). Dynamic modeling 

suggests that multivalent interactions can lead to high affinity and specific binding, (34, 

118, 146, 198, 238)
 
which may be exploited to target contrast and therapeutic agents 

(212, 262). In previous studies, (111, 198, 212) we demonstrated that the structure of the 
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linker/scaffold used to combine the binding elements has considerable influence on 

binding affinities (212). Multivalent compounds must present ligands simultaneously to 

their cognate receptors with minimal possible entropic penalty. Although rigid linkers 

have low internal entropy, they may not be ideal. Indeed, melanocyte stimulating 

hormone (MSH) ligands connected with short rigid phenyl, biphenyl, and terphenyl 

linkers did not enhance binding affinity at the hMC4R (157, 239). Conversely, high 

flexibility may present a high conformational entropic cost. Interestingly, some 

investigators concluded that the flexibility of the linker does not have significant effect 

on the avidity (127). Therefore, flexible linkers with lengths longer than optimal distance 

may still be effective. In addition, linkers must have good physicochemical properties 

(e.g. solubility, low nonspecific binding affinity) and low toxicity.  

Based on modelling (MacroModel 9.1) using Monte Carlo conformational 

searches and Molecular Dynamic (MD) simulations (91, 111, 113), we chose short 

flexible ethylene glycol spacers (PEGO) in combination with semi-rigid Pro-Gly (PG) 

repeats as linkers for the heterobivalent ligand. The secondary structure of the Pro-Gly 

repeats was found to form a structure typical for Type II polyproline helices with a pitch 

of 5 Å per 7 residues in its lowest conformation. However, MD simulation showed that 

the pitch could be extended up to 12 Å per turn. This observation suggests that these 

repeats might promote a population of low-to- medium energy conformers that could 

broaden the helix to reach longer distances (212).
 
Both linkers, PEGO and PG, fit well 

into a modular solid phase synthesis scheme wherein ligands or linker units are 
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systematically built on the solid support. The combination of PEGO and PG repeats 

allows linkers to be constructed with various lengths and rigidities. 

Using this approach for linking binding domains, we prepared a series of 

melanocyte stimulating hormone (MSH), δ-opioid, and cholecystokinin (CCK) analogs. 

Studies with these multivalent ligands demonstrate that enhanced binding affinity and 

selectivity can be obtained via multivalent interactions, which also enhance targeting 

specificity (24, 111, 238) and may potentially provide unique therapeutic properties. In 

vivo selectivity was recently demonstrated using a mouse model wherein bilateral flank 

tumors expressing only one (control) or both targets (the melanocortin (MC1R) and 

cholecystokinin (CCK2R) receptors), were injected with a Eu-labeled MSH(7)/CCK(6) 

ligand. The fluorescent signal was highly retained only in tumors expressing both 

complimentary receptors (~13 fold compared to  MC1R expressing tumors and ~6 fold 

compared to CCK2R expressing tumors) (262). 

In order to produce a potentially β-cell specific therapeutic agent using a 

multivalent approach, a target receptor pair, which as a combination is relatively specific 

to the β-cell, was required. Based on genetic profiling studies, (130, 186) and previous in 

depth binding analysis of potential ligands, the glucagon-like peptide-1 receptor (GLP-

1R) and the sulfonylurea-1 receptor (SUR1) were identified as a receptor target pair that 

is relatively specific to β-cells (43, 205, 225, 257). The GLP-1R, a class B GPCR, has 

been difficult to target with small molecule drugs. However, GLP-1R agonists have been 

modified to produce several stable analogs, such as clinically proven Exenatide or 
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Liraglutide (12, 45, 94, 121). Partial peptide truncation to residues 7-36 is permitted 

without loss of activity, and the remaining N- and C-termini are both required for 

activity. Furthermore, a lysine in position 26 can be modified with long fatty chains or 

flexible oligoethyleneglycol without loss of function (143). With this information in 

hand, we designed and synthesized a prospective β -cell specific targeting and therapeutic 

agent based on GLP-1 and glibenclamide (SUR1 ligand). 

2.3 Results and Discussion 

Presented are the design, synthesis and initial evaluation of a heterobivalent 

ligand targeted to two heterologous receptors expressed on the surface of pancreatic β-

cells in islets of Langerhans. The GLP-1 and SUR1 receptors were chosen as targets, 

because as a combination they represent a relatively specific β-cell target (43, 130, 145, 

186, 225). 

2.3.1 Ligand Synthesis 

A GLP-1 peptide with truncation to residues 7-36 was used as the starting 

backbone.  The lysine in position 26 was modified with a flexible oligoethyleneglycol 

(143) to allow conjugation of the second component, glibenclamide (the SUR1 ligand).  

Glibenclamide does not contain a functional group suitable for direct attachment to GLP-

1. Therefore, glibenclamide was modified by carboxylate (compound 6, Scheme 1) to 

allow solid-phase conjugation to resin-bound GLP-1 peptide. From structure- activity 

relation studies, glibenclamide has been shown to be relatively inert to modifications in 
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its benzamide ring, allowing even hydrophilic carbohydrates to be conjugated without 

loss of activity (205).The glibenclamide carboxy-derivative 6 was prepared in six 

synthetic steps starting from commercially available methyl 5-chlorosalicylate in overall 

yield (35%) and high purity (96% by HPLC). The carboxy derivative 6 fit well in our 

modular solid-phase synthetic scheme. This modular approach provides flexibility in 

heterovalent ligand design and synthesis allowing for repetitive tuning based on analysis 

of initial construct binding properties. The glibenclamide derivative 6 was conjugated to 

the resin-bound GLP-1 via lysine side chain in position 26 as shown in Scheme 2. 

Briefly, the GLP-1 resin intermediate 7, prepared from Rink amide resin by Fmoc/tBu 

solid phase synthesis, was treated with Pd(0) to remove the Aloc group from lysine in 

position 26 while maintaining Boc/tBu permanent protection. The free amine of the 

lysine side chain was sequentially coupled with linkers (PEGO and Pro-Gly repeats), 

cysteine or glycine, followed by PEGO and then with derivative 6 as illustrated in 

Scheme 2. The resin 8 was treated with TFA scavenger cocktail, and the crude thiol 

intermediate was purified by HPLC and characterized by high-resolution Mass Spec. A 

cysteine residue was conjugated with a maleimide derivative of Cy5 to form Cy5 labeled 

GLP-1/Glb 9 (Cy5-GLP-1/Glb).  A Europium labeled GLP-1/Glb 10 (Eu-GLP-1/Glb) 

was prepared similarly as 9; the cysteine in Scheme 2 was substituted with Lys(Aloc), 

the orthogonal Aloc protection was removed and free ε-lysine functionalized with DTPA 

(Scheme 3). DTPA-GLP-1/Glb was cleaved off the resin and labeled with Europium as 

described (112). Similarly, a non-labeled GLP-1/Glb compound 11 (cysteine was 
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substituted with glycine), and Europium labeled GLP-1 12 (Eu-GLP-1) was prepared in 

high yield and purity  
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Scheme 1: Synthesis of glibenclamide carboxy-derivative 6. (i) Boc-glycinol, PPh3, 

DEAD, THF, 0 
o
C to room temp. (ii) 2.0M NaOH, methanol, room temp.  (iii) (a) ethyl 

chloroformate, NMM, DMF, 0 
o
C. (b) 4-(2-aminoethyl)benzenesulfonamide, DMF, 0 

o
C 

to room temp. (iv) cyclohexylisocyanate, CuI, DMF, room temp. (v) TFA, room temp.  

(vi) diglycolic anhydride, DMF, room temp. 
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Scheme 2: Synthesis of Cy5 labelled GLP-1/Glb 9. (i) Fmoc/tBu solid phase synthesis, 

ε-amine of Lys
26

 protected with Aloc. (ii) Pd(0) tetrakis Ph3P, N,N-dimethyl barbituric 

acid, DCM, 30 min, room temp.  (iii) Fmoc-PEGO, DIC, DCM, room temp. iv) 

Fmoc/tBu solid phase synthesis, Pro-Gly repeats and Cys(Trt).  (v) 6, DIC, HOBt, room 

temp, overnight.  (vi) TFA, scavenges, 4 hrs, room temp.  (vi) Cy5-maleimide, DMF, 

room temp. 
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Scheme 3: Synthesis of Eu-GLP-1/Glb 10 (i) Fmoc/tBu solid phase synthesis, ε-amine 

of Lys
26

 was protected with Aloc. (ii) Pd(0) tetrakis Ph3P, N,N-dimethyl barbituric acid, 

DCM, 30 min, room temp. (iii) Fmoc-PEGO, DIC, DCM, room temp. (iv) Fmoc/tBu 

solid phase synthesis, Pro-Gly repeats, Lys(Aloc), and PEGO. (v) Compound 6, 

HBTU/DIEA, room temp, overnight. (vi) (a) (ii) Pd(0) tetrakis Ph3P, N,N-dimethyl 

barbituric acid, DCM, 30 min, room temp. (b) DTPA HOBt ester, DMSO, overnight (vi) 

TFA, scavenges, 4 hrs, room temp. (vi) Eu(III)Cl3, pH 8.0, overnight, room temp. 
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2.3.2 Evaluation of β-cell Binding 

The insulin secreting β-cell line βTC3 was chosen as a platform for the analysis of 

ligand binding properties, because mRNA for both of the complimentary receptors was 

found to be expressed in these cells (Figure 1). Protein expression was verified by 

western blotting with receptor specific antibodies (Figure 2). Conversely, the INS-1F 

line expressed relatively little GLP-1R. 

To obtain an estimate of accessible number of receptors per cell, high throughout, 

saturation binding analysis (Figure 3) using 12 (Eu-GLP-1) and 10 (Eu-GLP-1/Glb in the 

presence of unlabeled GLP-1), was performed as previously described in detail (112, 

263). Binding analyses indicate that there are approximately 3X more GLP-1R (~250,000 

copies per cell) than SUR1R (~80,000 per cell) in the βTC3 population.  

The Cy5-labeled GLP-1/Glb 9 was utilized to evaluate binding at the level of 

single cells using fluorescence microscopy (Figure 4). The ligand binds to cell surface 

receptors, and begins to cap on the cell surface (Figure 4B), then within 3 minutes 

thereafter is retrieved into the cell. Moreover, cells expressing both receptors bind 

significant ligand at concentrations where little binding is observed to cells that express 

only one of the complimentary receptors (i.e., SUR1; Figure 5).  
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Figure 1: Cell line rt-PCR. SUR1 and GLP-1R mRNA concentrations (fmol/ng RNA) 

were determined by quantitative PCR in βTC3, PANC-1 and INS-1F cell lines. Level of 

RNA for GLP-1R in INS-1F cells was below 1 fmol/ng RNA. 
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Figure 2: Western Blots for evaluation GLP-1R and SUR1 in β cell lines. Protein was 

extracted from cells, and thirty-five micrograms of protein was separated on a 10% 

(GLP-1R) and 8% (SUR1) SDS-PAGE gel. After transfer to PVDF membranes, proteins 

were immunodetected with: Left: Abcam anti-GLP-1R (ab13181) and Right: Santa Cruz 

anti-SUR1 (sc-5789). The GLP-1R was identified at 53 kDa, and the SUR1 at 175 kDa. 
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Figure 3: High throughput saturation binding analysis for estimation of receptor 

number. βTC3 cells were incubated in the presence of varying concentrations of Eu-

labeled ligands 12 and 10 for 1 hour, and the amount of specific binding was measured 

(non-specific binding was evaluated by measuring binding in the presence of 1 µM 

unlabeled ligand. To obtain the number of SUR1 sites, the binding of the Eu-GLP-1/Glb 

10 was measured in the presence of 1 µM GLP-1 to block binding to the GLP-1R without 

affecting access to the SUR1. Ligand calibration curves were acquired simultaneously to 

obtain a measure of counts/mole ligand, which was then used to estimate receptors bound 

over the 1 hour incubation period. 
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Figure 4: Live βTC3 cells expressing the GLP-1R and SUR1 receptor pair bind 25 

nM Cy5-labeled GLP-1/Glb 9. Binding at 2 (A) and 5 (B) minutes following addition of 

the Cy-5-GLP-1/Glb 9. Bar = 25 µM 
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Figure 5: Binding of Cy5-GLP-1/Glb 9 to βTC3 and INS-1F Cells. Cells were 

incubated with 25 nM ligand for 1 minute then washed. Images were acquired within 2 

minutes following the wash. Surface plots at bottom show fluorescence intensity at each 

pixel within the image. At 25 nM ligand, background fluorescence (non-specific binding) 

is limited, while at 250 nM ligand non-specific binding is increased: indicated by the 

elevated total cell fluorescence rather than membrane concentrated at 2 minutes. Since 

the INS-1F cells only express the SUR1, the observation of binding only at 250 nM 

indicates that both receptors are required to bind significant ligand at lower 

concentrations; i.e., 25 nM. 
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Figure 6: Competition of Eu-GLP-1/Glb 10 by unlabeled monomers in live βTC3 

cells, measured by time-resolved fluorescence lanthanide based assays. Eu-GLP-

1/Glb 10 binding was measured on cell populations in the presence of 4.1 fM of 

unlabeled GLP-1 or Glb and in the presence of 1.6 nM GLP-1 or Glb. Incubations were 

carried out for 1 hour. As the concentration of either monomer is increased, bivalent 

binding is lost, indicating that the high avidity interactions are dependent on binding of 

both moieties of Eu-GLP-1/Glb 10 to the complimentary receptors. 
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Eu-GLP-1/Glb 10 binding was measured in the presence of individual monomeric 

ligands to evaluate the requirement of bivalent interactions for high affinity binding. At 

negligible concentrations of monomers (fM), binding of Eu-GLP-1/Glb 10 (at 15 nM) 

was significant, but in the presence of 1 nM of either monomer alone, Eu-GLP-1/Glb 10 

binding was reduced substantially (Figure 6). This finding indicates that high affinity 

binding is dependent on divalent interactions. Previously we demonstrated that a 

heterobivalent ligand composed of α-MSH and CCK-6 bound with enhanced affinity to 

cells over-expressing receptors in the range of 1 million copies per cell. Importantly, the 

present studies show that the heterobivalent Cy5-GLP-1/Glb 9 binds to cells that express 

a lower number of receptors (~ 80000 – 250,000 copies per cell), indicating that the 

ligand can cross-link these receptors even at physiologically relevant receptor levels. 

2.3.3 Estimation of Binding Constants for the Bivalent GLP-1/Glb 

To obtain a more precise estimate of binding “affinity,” the high throughput 96 

well saturation binding assay was modified to enhance the signal:noise ratio of the 

measurement. Rather than performing the saturation binding in the high throughput 

format, binding was carried out with a greater number of cells (receptors) grown in 6 well 

plates. Details of the protocol are described in section 2.5.15. Briefly, after washing off 

the unbound labeled ligand cells were collected by scraping from the wells. This 

suspension was centrifuged and the pellet suspended in “enhancement solution” (ES). By 

minimizing ES volume, the number of cells (receptors) per sample volume was increased, 

and contribution of non-specific signal from any ligand bound to the wells was 
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eliminated. Shown in Figure 7 are the total and non-specific binding curves for the Eu-

GLP-1 and Eu-GLP-1/Glb ligands. The presence of Glb in the bivalent ligand caused 

elevated non-specific binding at low concentrations (compared to Eu-GLP-1 12), and an 

overall linear signal increase with increasing ligand concentration. However, the 

signal:noise ratio remained sufficient for evaluation of concentration dependent specific 

binding up to, approximately, 100 nM ligand.  

In Figure 8 is the specific binding curve for Eu-GLP-1 compared to that of the 

bivalent Eu-GLP-1/Glb 10. The Eu-GLP-1 12 exhibits a binding profile with a Kd = 20.2 

nM. A clear shift to the right for the bivalent ligand is observed suggesting a decreased 

binding affinity. However, there is significant binding observed at concentrations below 

20 nM that is masked by the high level of binding observed at 75 nM. 

To fully evaluate the high affinity binding of the Eu-GLP-1/Glb 10, a focused 

binding study was performed, and the data were normalized to the amount of specific 

binding observed at 50 nM ligand (Figure 9). Binding is compared for the Eu-GLP-1/Glb 

10 ligand with and without Glb, at concentrations below 50 nM. Competition with 

unlabeled Glb blocks the high affinity binding, but has little effect on the curve shape at 

higher Eu-GLP-1/Glb 10 concentrations. In the presence of unlabeled competitive Glb, 

the binding constant of the GLP-1 domain within the bivalent construct to GLP-1R is 

interrogated, which shifts the estimated binding constant to 50.5 nM. Fitting the data at 

the lowest concentrations (up to [35 nM]) to obtain an estimate of the bivalent binding 
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constant indicates a half maximal saturation at 5.7 nM for the bivalent mode of the GLP-

1/Glb. 
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Figure 7: Total and non-specific binding for Eu-GLP-1 12 and Eu-GLP-1/Glb 10. 

Non-specific binding was determined at each concentration by competing the Eu-labeled 

ligands with 300 nM of their respective unlabeled ligands (GLP-1 or GLP-1/Glb 11). The 

non-specific binding of the Eu-GLP-1/Glb 10 exhibits a linear increase in non-specific 

binding with increases in concentration. 
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Figure 8: Saturation binding analysis of Eu-GLP-1 12 and Eu-GLP-1/Glb 10. To 

obtain estimated binding constants, data were fit using a sigmoidal relation. The data for 

Eu-GLP-1 12 match the fit with an R
2
 value of 0.99 with a Kd= 20.2 nM, while Eu-GLP-

1/Glb 10 data fit with an R
2
= 0.90 with a Kd= 50.5 nM. Data are expressed as a percent 

maximum binding observed within individual experiments with an n= 6 for Eu-GLP-1 12 

at concentrations below 75 nM and an n=3 for 75 nM and 100nM.  n=4 for Eu-GLP-

1/Glb 10. For GLP-1, maximal binding was consistently observed at either 75 or 100 nM 

depending on the experiment.  
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Figure 9: Focused binding study of the Eu-GLP-1/Glb 10 ligand. Competition with 

unlabeled 300 nM Glb blocks high affinity binding, indicating a Kd = 81.7 nM (R
2
= 0.93) 

for the GLP-1 moiety within the Eu-GLP-1/Glb 10 and a bivalent Kd = 5.7 nM (R
2
= 

0.97). 
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2.4 Conclusion  

A heterobivalent ligand consisting of GLP-1 and Glb, linked by a combination of 

PEGO and Pro-Gly repeats was synthesized to specifically target pancreatic β-cells. 

Initial analyses of ligand binding indicate that this ligand cross-links the complimentary 

surface receptors (i.e., GLP-1R and SUR1), that as a combination are relatively specific 

for β-cells. Binding analysis indicates an enhanced binding affinity of the ligand relative 

to the monovalent ligands, but more importantly, a substantial enhancement in binding at 

low concentrations compared to the binding constant of the GLP-1 binding domain 

within the ligand to the GLP-1 receptor. To our knowledge, this is the first time that 

cross-linking of multiple receptors using a heterobivalent ligand system has been 

accomplished in a cell system without over-expression of cognate receptors. This finding 

is especially important for cellular evaluation under physiological conditions, such as for 

measurement of β-cell mass. 

2.5 Experimental Section 

2.5.1 General Synthesis  

All chemical reactions were conducted under Ar atmosphere using oven-dried 

glassware. All chemicals were obtained from commercial sources and used without 

further purification. 
1
H NMR spectra were recorded on a Bruker-DRX-300 MHz 

instrument with chemical shifts reported relative to TMS (0.0 ppm) and residual DMSO 

(2.50 ppm). Proton-decoupled 
13

C NMR spectra were referenced to CDCl3 (77.0 ppm) as 
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well as DMSO (39.51 ppm). Low resolution mass spectra were obtained on AGILENT 

(HP) MDS 1100 using AP-ESI. High resolution mass spectra (HRMS) were recorded on 

a JEOL HX110A instrument. Melting points were measured using a Thomas Hoover 

capillary melting point apparatus and are uncorrected. 

N-α-Fmoc-protected amino acids, HBTU, and HOBt were purchased from 

SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). Rink amide Tentagel S 

and R resins were acquired from Rapp Polymere (Tubingen, Germany). For the Nα-

Fmoc-protected amino acids, the following side chain protecting groups were used: 

Arg(N
g
-Pbf); Gln(N

am
-Trt); Glu(O-tBu); Asp(O-tBu); His(N

im
-Trt); Ser(O-tBu); Thr(O-

tBu); S; Trp(N
i
-Boc) and N

α
-Boc-Tyr(O-tBu). An Fmoc-protected version of PEGO (1-

(9H-fluoren-9-yl)-3, 19-dioxo-2, 8, 11, 14, 21-pentaoxa-4, 18-diazatricosan-23-oic acid) 

was obtained from Novabiochem (San Diego, CA). The structure is depicted in Figure 

10. Reagent grade solvents, reagents, and acetonitrile for HPLC were acquired from 

VWR (West Chester, PA) or Aldrich-Sigma (Milwaukee, WI), and were used without 

further purification unless otherwise noted. The solid-phase synthesis was performed in 

fritted syringes using a Domino manual synthesizer obtained from Torviq (Niles, MI). 

DEAD (6.97 g, 40 mmol) was added to a mixture of methyl 5-chlorosalicylate (7.46 g, 40 

mmol), Boc-glycinol (6.13 g, 38mmol) and triphenylphosphine (10.5 g, 40 mmol) in 

anhydrous THF (200 mL) at 0 C then was stirred at this temperature for 30 min., and at 

room temperature overnight. The reaction mixture was concentrated under reduced 

pressure and the concentrated residue was diluted with hexane (400 mL). The resulting 

precipitate was filtered and concentrated under reduced pressure. 
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Figure 10: Structure of Fmoc-PEGO 2.5.2 Synthesis of methyl-2-(2’-(tert-

butoxycarbonylamino)ethoxy)-5-chlorobenzoate (1) 
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The residue was purified by silica gel column chromatography using a mixture of 

Hexane and ethyl acetate (4:1=v:v) to give methyl-2-(2’-(tert-butoxycarbonylamino) 

ethoxy)-5-chlorobenzoate (1, 12.5 g) a colorless oil (80 % isolated yield). Colorless oil; 

1
H NMR (300 MHz, CDCl3)  1.45 (s, 9H), 3.56 (q, J = 5.25 Hz, 2H), 3.92 (s, 3H), 4.10 

(t, J = 5.05 Hz, 2H), 5.51 (brs, 1H), 6.91 (d, J = 8.88 Hz, 1H), 7.41 (dd, J = 8.86, 2.74 

Hz, 1H), 7.80 (d, J = 2.73 Hz, 1H); 
13

C NMR (75 MHz, CDCl3)  28.4, 39.8, 52.3, 69.1, 

79.4, 115.4, 121.5, 125.9, 131.5, 133.4, 156.0, 157.0, 165.3; MS (ESI) m/z Calcd for 

C15H20ClNO5Na (M+Na)
+
 352.1, obsd 352.0. 

2.5.3 Synthesis of 2-(2’-(tert-butoxycarbonylamino)ethoxy)-5-chlorobenzoic acid (2) 

To a solution of compound 1 (9.99 g, 30.3 mmol) in methanol (60 mL) was added 

an aqueous solution of 2N NaOH (30.3 mL, 60.6 mmol) and the resulting mixture was 

stirred at room temperature for 2 hours. The reaction mixture was diluted with 10 % 

aqueous Na2CO3 (100 mL) and washed with diethyl ether (200 mL). The aqueous layer 

was acidified to pH 3 by an addition of 1 M citric acid and extracted with ethyl acetate. 

The organic layer was washed with H2O, dried over anhydrous MgSO4, filtered and 

concentrated. Recrystallization using a mixture of chloroform and hexane gave 2-(2’-

(tert-butoxycarbonylamino)ethoxy)-5-chlorobenzoic acid (2, 8.75 g) as a white solid at 

91 % isolated yield. 

White solid, mp = 118-120 C; 
1
H NMR (300 MHz, DMSO-d6)  1.37 (s, 9H), 

3.28 (q, J = 5.96 Hz, 2H), 4.04 (t, J = 6.00 Hz, 2H), 6.85 (t, J = 5.43 Hz, 1H), 7.17 (d, J = 

8.96 Hz, 1H), 7.53 (dd, J = 8.89, 2.80 Hz, 1H), 7.61 (d, J = 2.76 Hz, 1H), 12.9 (s, 1H); 
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13
C NMR (75 MHz, DMSO-d6)  28.2, 39.8, 67.9, 77.9, 116.1, 123.5, 124.2, 129.9, 

132.5, 155.6, 156.1, 166.0; MS (ESI) m/z Calcd for C14H18ClNO5Na (M+Na)
+
 338.1, 

obsd 338.0. 

2.5.4 Synthesis of 4-[-(2-(2’-(tert-butoxycarbonylamino)ethoxy)-5-chlorobenzene-

carboxamido)ethyl]benzenesulfonamide (3) 

To a mixture of compound 2 (1.58 g, 5.0 mmol) and N-methylmorpholine (0.556 

g, 5.5 mmol) in DMF (15 mL) was added a solution of ethyl chloroformate (0.597 g, 5.5 

mmol) in DMF (10 mL) at 0 C. After 30 min of stirring at this temperature, a solution of 

4-(2-aminoethyl)benzenesulfonamide (1.05 g, 5.25 mmol) in DMF (15 mL), pre-cooled 

at 0 C, was added. The resulting mixture was stirred at 0 C for 30 minute and allowed 

to warm-up to room temperature overnight. The reaction was quenched by an addition of 

saturated NaHCO3 aqueous solution and extracted with ethyl acetate. The organic layer 

was washed with H2O, dried over anhydrous MgSO4, filtered and concentrated. 

Recrystallization using the mixture of ethyl acetate and hexane gave 4-[-(2-(2’-(tert-

butoxycarbonylamino)-ethoxy)-5-chlorobenzenecarboxamido)ethyl] benzenesulfonamide 

(3, 2.40 g) as a white solid at 96 % isolated yield.  

White solid, mp = 164-165 C; 
1
H NMR (300 MHz, DMSO-d6)  1.36 (s, 9H), 

2.95 (t, J = 7.48 Hz, 2H), 3.32 (m, 2H), 3.57 (q, J = 6.87, 2H), 4.08 (t, J = 4.78 Hz, 2H), 

7.15-7.20 (m, 2H), 7.31 (s, 3H), 7.44 (d, J = 8.20 Hz, 2H), 7.50 (dd, J = 8.86, 2.82 Hz, 

1H), 7.74-7.77 (m, 3H), 8.40 (t, J = 5.48 Hz, 1H); 
13

C NMR (75 MHz, DMSO-d6)  28.2, 

34.8, 39.8, 68.8, 78.1, 115.2, 124.1, 124.7, 125.8, 129.1, 130.1, 131.9, 142.1, 143.6, 
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155.2, 156.1, 163.2; MS (ESI) m/z Calcd for C22H28ClN3O6SNa (M+Na)
+
 520.1, obsd 

520.1 

2.5.5 Synthesis of N-{4-[-(2-(2’-(tert-butoxycarbonylamino)ethoxy)-5-

chlorobenzene-carboxamido)ethyl]benzenesulfonnyl]-N’-cyclohexylurea (4)  

To a mixture of compound 3 (3.00 g, 6.0 mmol) and CuI (0.229 g, 1.2 mmol) in 

DMF (25 mL) was added a solution of cyclohexylisocyanate (1.13 g, 9.0 mmol) in DMF 

(5 mL). The resulting mixture was stirred in the dark overnight then 

cyclohexylisocyanate (0.377g, 3.0 mmol) in DMF (2 mL) was added, then this mixture 

was again stirred in the dark for 24 hr. The reaction was quenched by an addition of 

saturated NaHCO3 aqueous solution and extracted with ethyl acetate. The organic layer 

was washed with saturated NaHCO3 aqueous solution, dried over anhydrous MgSO4, 

filtered and concentrated. Recrystallization using ethyl acetate and hexane gave N-{4-[-

(2-(2’-(tert-butoxycarbonylamino)ethoxy)-5-chlorobenzenecarboxamido)-

ethyl]benzenesulfonnyl]-N’-cyclohexyl urea (4, 3.05 g) as white solid at 81 % isolated 

yield.  

White solid, mp = 141-143 C; 
1
H NMR (300 MHz, DMSO-d6)  0.95-1.20 (m, 

6H), 1.35 (s, 9H), 1.45-1.70 (m, 4H), 2.96 (t, J = 7.09 Hz, 2H), 3.20-3.40 (m, 3H), 3.58 

(q, J = 6.54 Hz, 2H), 4.04-4.10 (m, 2H), 6.33 (brs, 1H), 7.13-7.19 (m, 2H), 7.41-7.52 (m, 

3H), 7.76-7.83 (m, 3H), 8.39 (t, J = 5.70 Hz, 1H), 10.3 (s, 1H); 
13

C NMR (75 MHz, 

DMSO-d6)  24.2, 25.0, 28.1, 32.3, 34.8, 39.8, 48.1, 68.8, 78.0, 115.1, 124.2, 124.6, 
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127.3, 129.1, 130.0, 131.8, 138.4, 145.0, 150.8, 155.1, 156.1, 163.2; MS (ESI) m/z Calcd 

for C29H40ClN4O7S (M+H)
+
 623.2, obsd 623.2. 

 

2.5.6 Synthesis of N-{4-[-(2-(2’-aminoethoxy)-5-chlorobenzene carboxamido)ethyl]-

benzenesulfonyl]-N’-cyclohexylurea (5) 

Compound 4 (3.05 g, 4.89 mmol) was dissolved in TFA (20 mL) and the resulting 

mixture was stirred at room temperature for 1 hour. The reaction mixture was 

concentrated under reduced pressure and the residue was subjected to recrystallization 

using diethyl ether to give N-{4-[-(2-(2’-aminoethoxy)-5-chlorobenzene-

carboxamido)ethyl] benzenesulfonyl]-N’-cyclohexylurea (5,2.90 g) as a TFA salt with a 

93% isolated yield.  

White solid, mp = 126-128 C; 
1
H NMR (300 MHz, DMSO-d6)  1.02-1.72 (m, 

10H), 2.95 (t, J = 7.31 Hz, 2H), 3.17-3.30 (m, 3H), 3.54 (q, J = 6.70 Hz, 2H), 4.28 (t, J = 

4.55 Hz, 2H), 6.52 (d, J = 7.81 Hz, 1H), 7.23 (d, J = 9.74 Hz, 1H), 7.47 (d, J = 8.13 Hz, 

2H), 7.50-7.57 (m, 2H), 7.85 (d, J = 8.08 Hz, 2H), 7.90-8.15 (brs, 2H), 8.44 (t, J = 5.53 

Hz, 1H), 10.5 (s, 1H); 
13

C NMR (75 MHz, DMSO-d6)  24.2, 25.0, 32.3, 34.4, 38.6, 40.2, 

48.1, 66.4, 116.5, 125.3, 126.8, 127.3, 129.1, 129.4, 131.4, 138.3, 145.0, 150.5, 154.1, 

164.6; MS (ESI) m/z Calcd for C24H32ClN4O5S (M+H)
+
 523.2, obsd 523.2. 

2.5.7 Synthesis of 2-(2-(2-(4-chloro-2-(4-(N-(cyclohexylcarbamoyl) 

sulfamoyl)phenethyl-carbamoyl)phenoxy)ethylamino)-2-oxoethoxy)acetic acid (6) 
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To a mixture of compound 5 (1.05 g, 1.64 mmol), diglycolic anhydride (0.464 g, 

4 mmol) in DMF (20 mL) was added TEA (1.01 g, 10 mmol) and the resulting mixture 

was stirred at room temperature for overnight. The reaction was quenched by addition of 

saturated NaHCO3 solution and extracted with ethyl acetate. The aqueous layer was 

acidified to pH 2 using a 1N HCl solution and extracted with ethyl acetate. The organic 

layer was washed with H2O, dried over anhydrous MgSO4, filtered and concentrated. The 

residue was purified by silica gel column chromatography using a 20 % methanol in 

dichloromethane. The compound was further purified by recrystallization using diethyl 

ether to give 2-(2-(2-(4-chloro-2-(4-(N-(cyclohexylcarbamoyl)sulfamoyl)-

phenethylcarbamoyl)phenoxy) ethylamino)-2-oxoethoxy)acetic acid (6,700 mg) to give a 

white solid (700 mg) with a 67 % isolated yield. 

White solid, mp = 139-140 C; 
1
H NMR (300 MHz, DMSO-d6)  1.04-1.70 (m, 

10H), 2.94 (t, J = 7.03 Hz, 2H), 3.26-3.30 (m, 1H), 3.54-3.62 (m, 4H), 4.03 (s, 2H), 4.09-

4.18 (m, 4H), 6.36 (d, J = 7.73 Hz, 1H), 7.19 (d, J = 8.97 Hz, 1H), 7.39-7.59 (m, 3H), 

7.72-7.90 (m, 3H), 8.20 (t, J = 5.90 Hz, 1H), 8.37 (t, J = 5.87 Hz, 1H), 10.4 (brs, 1H), 

12.7 (brs, 1H); 
13

C NMR (75 MHz, DMSO-d6)  24.2, 25.0, 32.3, 35.0, 37.5, 40.0, 48.1, 

67.7, 68.5, 70.0, 115.0, 123.9, 124.7, 127.3, 129.2, 130.2, 131.9, 138.1, 145.3, 150.5, 

155.2, 163.1, 169.7, 171.4; HRMS (ESI) m/z Calcd for C28H36ClN4O9S (M+H)
+
 

639.1886, obsd 639.1892. 

2.5.8 Solid-phase Synthesis  
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Ligands were prepared by solid-phase synthesis as summarized in Scheme 2 on 

Rink Amide Tentagel resin (2 g, 0.23 mmol/g) using a Fmoc/tBu synthetic strategy and 

standard DIC and HBTU activation (113, 238, 240). N
α
-Fmoc amino acid was double 

coupled using preactivated 0.3 M HOBt esters and HCTU/2, 4, 6-collidine couplings. 

After the GLP-1 sequence assembly {Boc-His(Boc)-Ala-Glu(O-tBu)-Gly-Thr(tBu)-Phe-

Thr(tBu)-Ser(tBu)-Asp(O-tBu)-Val-Ser(tBu)-Ser(tBu)-Tyr(tBu)-Leu-Glu(O-tBu)-Gly-

Gln(N
am

-Trt)-Ala-Ala-Lys(Aloc)-Glu(O-tBu)-Phe-Ile-Ala-Trp(N
i
-Boc)-Leu-Val-Arg(N

g
-

Pbf)-Gly-Arg(N
g
-Pbf)-Gly-Rink resin}, the resin was washed, then dried under vacuum. 

Dry resin (10 µmol aliquot) was placed into a 2 mL reactor for synthesis of individual 

ligands. For heterobivalent ligand, the synthesis continued by stepwise assembly of 

repetitive Pro-Gly linker units, then attachment of Cys(Trt), Lys(Aloc), or Gly, another 

PEGO, and glibenclamide carboxy derivative 6 (Scheme 1). The resin was cleaved with 

TFA-scavengers and the crude products were purified. 

2.5.9 Solid-phase Synthesis of Protected GLP-1-resin (7) (Scheme 2) 

The Rink resin was washed with DMF, and the N
α
-Fmoc protecting group was 

removed with 1:10 piperidine in DMF (1  2 min and 1  20 min). The resin was 

washed successively with DMF, DCM, DMF, a solution of 0.05 mM solution of 

Bromophenol Blue in 0.2 M HOBt in DMF, then DMF. The N
α
-Fmoc amino acid was 

coupled using pre-activated 0.3 M HOBt esters in DMF-DCM mixture (3 equiv of N
α
-

Fmoc amino acid, 3 equiv of HOBt or HOCt, and 3 equiv of DIC). The resin slurry was 

stirred for 2 h or until the bromophenol test became negative (125). If the test failed, the 
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resin was washed with DMF and the amino acid was coupled again by the HCTU/2,4,6-

lutidine procedure (0.3 M solution of 3 equiv of N
α
-Fmoc amino acid, 3 equiv of HCTU, 

and 6 equiv of 2,4,6-lutidine in DMF) for 3 h or by a preformed symmetric anhydride ( 3 

equiv of N
α
-Fmoc amino acid and 1.5 equiv of DIC in a 1:1 DMF-DCM mixture) until 

Kaiser test was negative. If the couplings did not result in a negative Kaiser test, the resin 

was washed with DMF, and the free amino groups were capped with 50% Ac2O in 

pyridine for 10 minutes.  After GLP-1 coupling sequentially to the Rink amide resin, the 

resin was washed with DCM, dried under vacuum, and then stored in refrigerator. 

2.5.10 Solid-phase Synthesis of Cy5 labeled GLP-1/ Glibenclamide heterobivalent 

ligand (9) (Scheme 2)  

An aliquot of the dry protected GLP-1 resin 7 (10 µmol, from previous step) was 

placed in a 2 mL syringe reactor. The resin was swelled in DCM for an hour. The Aloc 

side chain of the lysine in position 26 was deprotected by Pd[0] under argon and oxygen-

free solvents as follows: dissolve 0.5% w/v of tetrakis(triphenylphosphine) palladium(0) 

[Pd(0)TPP4] and 3% w/v of dimethylbarbituric acid (DMBA) in DCM (10 mL per 1 g of 

resin). Treat the resin with the deprotection reagent mixture (2 × 30 min). Wash the resin 

with DCM (3X), DMF (3X), 5% DIEA in DMF (3X), DMF (2X), 1% sodium 

diethyldithiocarbamate trihydride in DMF (2X, 5 min; this step removes the resin-bound 

palladium), DMF (2X), 5% piperidine in DMF (2X), DMF (3X), 0.2 M HOBt in DMF 

(2X), DMF (2X), and DCM (3X).The Fmoc-PEGO spacer was introduced using HBTU 

coupling. The resin was washed with DMF and Gly and Pro were attached alternatively 
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as needed to synthesize the [Pro-Gly]3 repeats and Cys(TRT) using the Fmoc protocol 

(Scheme 2). The resin was coupled with the second PEGO spacer as described above. 

The resin was treated with activated compound 6 (0.2 M solution, 2 equiv.), HBTU (1.95 

equiv.), DIEA (4 equiv.) in DMF overnight. The final resin was washed thoroughly with 

DCM then cleaved. A cleavage cocktail (10 mL per 1 g of the resin) consisting of 

CF3CO2H (91%), H2O (3%), EDT (3%), and PhSMe (3%) was injected into the resin and 

the mixture was agitated at room temperature for 5 h. The solution was filtered, the resin 

was washed with CF3CO2H (2  3 min), the liquid phases were collected and 

concentrated under a stream of nitrogen, and the product was precipitated using cold 

Et2O. The crude thiol-intermediate was washed three times with cold Et2O, lyophilized, 

purified, and characterized as described above. The lyophilizate was dissolved in minimal 

DMSO. A 1 µmol aliquot was treated with Cy5-maleinimide (1.3 equiv., Invitrogen) 

overnight. The coupling conversion was verified by HPLC. When Cy5 conjugation 

complete, the reaction was quenched by 1.0 M acetic acid, was lyophilized and purified 

by HPLC. Mass spectra and HPLC characterization data are provided in the supplemental 

information (Table 1).  

2.5.11 Solid-phase Synthesis of Eu-GLP-1/Glb (10) 

 A Resin bound intermediate protected Phe
12

, Lys(Aloc)
26

, Arg
36

 GLP-1 (Scheme 

3) was treated with Pd(0) to remove Aloc protecting group from lysine in position 26. 

The solid phase synthesis continued on ε-amine of lysine with attachments of Fmoc-

PEGO, Fmoc-Gly, Fmoc-Pro, Fmoc-Lys(Aloc), Fmoc-PEGO, and compound 6 as 
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described for 9 (Scheme 2). The resin was washed with DMF and DCM. The resin was 

as treated with Pd(0) to remove Aloc protecting group then washed with DCM and 

DMSO. Attachment of DTPA of was performed using preformed HOBt activation (3 

equiv. DTPA anhydride and 6 equiv. HOBt, Scheme 3). Briefly, DTPA anhydride (3 

equiv.) and HOBt (6 equiv.) in DMSO were heated until dissolved (50-60
o
C) then stirred 

for 30 min at room temperature. 
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Table 1: Analytical data for multivalent ligands 

 Mass Spectrum
a
 HPLC 

Compound Structure Formula Ion Calculated Observed k 

9 Glp-1-PEGO-[PG]3-Cys(Cy5)-PEGO-Glb C268H387N61O81S4Cl (M+5)
5+

 1185.546 1185.540 9.38
b
 

10 Glp-1-PEGO-[PG]3-Lys(Eu-DTPA)-PEGO-Glg C246H371N61O81SClEu (M+4)
4+

 1425.396 1425.30 5.77
c
 

11 Glp-1-PEGO-[PG]3-Gly-PEGO-Glb C228H343N57O72SCl (M+1)
1+

 5099.441 5099.053 6.10
d
 

12 Glp-1-PEGO-(Eu-DTPA) C177H271N47O60SEu (M+3)
3+

 1390.301 1390.20 5.16
c
 

 

 

 

 

 

 

 

 

 

 

 

 

 

This reagent, preformed DTPA-OBt diester, was directly injected into the free-

amine GLP-1/Glb-resin and stirred overnight. The resin was washed with DMSO, THF, 

5% DIEA 5% water in THF (5 min), THF, and DCM. The compound was cleaved from 
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the resin as described above and purified by HPLC. The purified peptide was dissolved in 

0.1 M ammonium acetate buffer pH 8.0, 3.0 eq. Eu(III)Cl3 was added and the reaction 

was stirred at room temperature overnight. The Eu-labelled peptide was separated using 

Solid-Phase Extraction (SPE) and lyophilized to yield an amorphous white powder. The 

final compound was characterized by HPLC (TEAA buffer pH 6.0), ESI-MS and/or FT-

ICR. 

2.5.12 Solid-phase Synthesis of non-labeled GLP-1/Glb (11) 

An aliquot of the dry protected GLP-1 resin 7 (10 µmol, from previous step) was 

placed in a 2 mL syringe reactor. The resin was treated with similar reactant sequence as 

for compounds 10: PEGO, [Pro-Gly]3 repeats, Gly, PEGO, and compound  6. 

2.5.13 Solid-phase Synthesis of Eu-GLP-1 (12) 

An aliquot of the dry protected GLP-1 resin 7 (10 µmol, from previous step) was 

placed in a 2 mL syringe reactor. The resin was washed with DMF and DCM then treated 

with Pd(0) to remove the Aloc protecting group and washed with DCM and DMSO. 

Attachment of DTPA of was performed using preformed HOBt activation (as in 10, 

Scheme 3). The compound was cleaved from the resin and purified by HPLC. The 

purified peptide was dissolved in 0.1 M ammonium acetate buffer pH 8.0, 3.0 eq., 

Eu(III)Cl3 was added and the reaction was stirred at room temperature overnight. The Eu-

labelled peptide was separated using Solid Phase Extraction (SPE) and lyophilized to 
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yield an amorphous white powder. The final compound was characterized by HPLC 

(TEAA buffer pH 6.0), ESI-MS and/or FT-ICR. 

2.5.14 Quality Control and Purification  

The purity of products was checked by analytical PR-HPLC using a Waters 

Alliance 2695 Separation Model with a Waters 2487 dual wavelength detector (220 and 

280 nm) on a reverse phase column (Waters Symmetry C18, 4.6  75 mm, 3.5 µm). 

Peptides were eluted with a linear gradient of aqueous CH3CN/0.1% CF3CO2H at a flow 

rate of 1.0 mL/min. Purification of ligands was achieved on a Waters 600 HPLC using a 

reverse phase column (Vydac C18, 15–20 µm, 22  250 mm). Peptides were eluted with 

a linear gradient of CH3CN/0.1% CF3CO2H at a flow rate of 5.0 mL/min. Separation was 

monitored at 230 and 280 nm. Size exclusion chromatography was performed on a 

borosilicate glass column (2.6  250 mm, Sigma, St. Louis, MO) filled with medium 

sized Sephadex G-25 or G-10. The compounds were eluted with an isocratic flow of 1.0 

M aqueous acetic acid. The pure compounds were dissolved in DI water or DMSO at 

approximately 1-5 mM concentrations. Accurate concentrations were determined by 

HPLC at 280 nm. A solution of D-Trp in water or DMSO, accordingly, was co-injected 

as an internal standard. Structures were characterized by ESI (Finnigan, Thermoquest 

LCQ ion trap instrument) or MALDI-TOF (Bruker Reflex-III, α-cyanocinnamic acid as a 

matrix). For internal calibration an appropriate mixture of standard peptides was used 

with an average resolution of 8,000–9,000. High resolution mass measurements were 

carried out on a FT-ICR IonSpec 4.7T instrument. 
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2.5.15 Eu(III)-based Ligand Binding Assays  

2.5.15.1 High Throughput 96 Well Plate Format 

Binding parameters were measured at a population level using the Eu-based 

ligand binding assays (90, 92, 93, 112, 214). Binding assays were performed in 96-well 

plates. βTC3 cells were plated in Perkin Elmer or black walled CoStar 96-well plates at a 

density of ~70,000 cells/well and were allowed to grow for 3 days. On the day of the 

experiment, media was aspirated from all wells prior to the addition of the ligands to be 

tested. Ligands were diluted in binding media (RPMI, 1mM 1,10-phenanthroline, 

200mg/L bacitracin, 0.5mg/L leupeptin, 0.2% BSA) and samples were tested in 

quadruplicate, unless otherwise noted. Following the incubation periods, cells were 

washed three times with binding media; the media was carefully replaced manually using 

a vacuum manifold: it is important to make certain that cells are not removed from the 

wells during the washing maneuver. To release Eu(III) from the DTPA-cage, and provide 

the antenna to boost the Eu(III) signal, enhancement solution (Perkin Elmer; 1244-105) 

was added directly to the wells (105 μL/well) after the wash, and the plates were 

incubated for at least 30 min at 37°C prior to reading. The plates were read on a Wallac 

VICTOR
3
 instrument using the standard Eu(III) Time resolve fluorescence (TRL) 

measurement for Europium (112) (340 nm excitation, 400 sec delay, and emission 

collection for 400 sec at 615 nm). Data were analyzed with GraphPad Prism Software 

using appropriate non-linear regression analyses which provide apparent Kd values. For 

saturation binding, cells were incubated for 1 hour in the presence of different 
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concentrations of labeled ligand and ‘binding’ was measured. Non-specific binding was 

determined in the presence unlabeled 1 μM GLP-1/Glb 11 to completely block specific 

GLP-1 and Glb receptor interactions. The number of receptors per cell was calculated by 

evaluating the signal at saturation relative to a calibration curve indicating counts per 

molecule of ligand, and evaluating the number of cells per well, as previously described 

(263). 

2.5.15.2 6 Well Plate Format 

βTC3 cells were seeded in six well plates and allowed to grow to ~90% 

confluence. On the day of the experiment, media was aspirated and cells were rinsed two 

times with wash buffer (RPMI, 0.2% BSA and 25 mM HEPES). Ligands were diluted in 

binding buffer (RPMI, 0.2% BSA, 25 mM HEPES, 200 mg/L bacitracin and 0.5 mg/L 

leupeptin) then added to cells and incubated for 1hr at 37ºC. Non-specific binding was 

determined by competition with 300 nM cold GLP-1 or GLP-1/Glb 11 at each 

concentration tested. Cells were washed 4 times with wash buffer then 600 µl 

enhancement solution (Delfia, Perkin Elmer) was added to each well. Cells were scraped 

off the plate and the enhancement solution with cells was pipetted into 1.7ml eppendorf 

tubes. Another 200 µl of enhancement solution was added to each well to wash off any 

residual cells and then added to the eppendorf tube. Tubes with enhancement 

solution/cells were incubated at 37ºC for 1hr. The solution was centrifuged to pellet 

cellular debris. 100 µl of the supernatant was added to wells of a 96 well Perkin Elmer 

B&W Isoplate. Each sample was replicated six times. The plates were read on a Wallac 
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Victor
3
 instrument using the standard Eu(III) TRL measurement (340 nm excitation, 400 

s delay, and emission collection for 400 s at 615 nm). Saturation binding data were 

analyzed with GraphPad Prism software using non-linear regression analysis and fitted to 

a classic one-site- specific binding equation. 

2.5.16 Microscopic Imaging 

Microscopic imaging provides rapid information regarding binding, and 

ligand/receptor distributions (111, 268). βTC3 and INS-1F cells were grown on 25 mm 

#1 coverslips housed in wells of a six well plate. A single coverslip was placed in a 

chamber held at 37°C while mounted on the stage of an inverted Olympus IX70 

microscope equipped with a 40x1.4 NA ultrafluor objective, and a 300 W Xe lamp as the 

excitation source. Cy5 fluorescence was excited using a 20 nm bandpass centered at 640 

nm and emitted light collected through a 30 nm widepass filter centered at 680 nm and 

focused onto a CCD camera (Photometrics CH-350). Cells were incubated with the 

ligand for 2 minutes, and then the media containing the free ligand was replaced with 

ligand free media.  Images were acquired 2 and 3 minutes thereafter. 

2.5.17 Abbreviations 

Abbreviations used for amino acids and designation of peptides follow the rules 

of the IUPAC-IUB Commission of Biochemical Nomenclature in J. Biol. Chem. 1972, 

247, 977-983. The following additional abbreviations are used: Alloc, allyloxycarbonyl; 

AMBER, Asisted Model Building Energy Refinement; BCM, β-cell mass;Boc, tert-
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butyloxycarbonyl; BB, bromophenol blue; t-Bu, tert-butyl; CDI carbonyldiimidazolide; 

CH3CN, acetonitrile; DCM, dichloromethane; Cy5, Cyanine 5 dye ( for structure see 

Scheme 3); DEAD, diethyl azodicarboxylate; DI, de-ionized; DIPEA, 

diisopropylethylamine; DMF, N,N-dimethylformamide; DIC, diisopropylcarbodiimide; 

DMEM, Dulbecco’s Modified Eagle Medium; DOTA, 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid; Fmoc, fluorenylmethoxycarbonyl; FT-ICR, Fourier Transform-

Ion Cyclotron Resonance; ESI-MS, Electrospray ionization-mass spectrometry; EDT, 1,2 

ethanedithiol; Et2O, Diethyl ether;HCTU, O-[1H-6-chloro-benzotriazol-1-

yl)(dimethylamino) ethylene] uraniumhexafluorophosphateN-oxide; HOBt, N-

hydroxybenzotriazole; HOCt, 6-chloro-1-hydroxybenzotriazole; hCCK2R, human 

cholecystokinin 2 receptor; hδ-OR, human delta-opioid receptor; hMC4R, human 

Melanocortin-4 receptor; htBVL, heterobivalent ligand; MMFF, 5-HT1FR, 5-

Hydroxytryptamine 1F receptor; GLP-1R, glucagon-like peptide 1 receptor; Glb, 

Glibenclamide; Merck Molecular Force Field; MSH, melanocyte-stimulating hormone; 

MALDI, Matrix Assisted Laser Desorption Ionization-Time of Flight; Pbf, 2,2,4,6,7-

pentamethyl-dihydrobenzofuran-5-sulfonyl; PEGO, 19-amino-5-oxo-3,10,13,16-tetraoxa-

6-azanonadecan-1-oic acid; SPPS, solid-phase peptide synthesis; SD, stochastic 

dynamics; RP-HPLC, reverse-phase high performance liquid chromatography;  SUR1, 

sulfonylurea 1 receptor; TA, thioanisole; TEA,  triethylamineTHF, tetrahydrofuran; TIS, 

triisopropylsilane; TFA, trifluoroacetic acid; Trt,  

triphenylmethyl (trityl). 
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2.5.18 Cells and Culture Conditions 

βTC3 cells were maintained under standard conditions (37C, 5% CO2) and were 

grown in RPMI medium with 10% FBS and 1% Penicillin/Streptomycin. βTC3 from 

passages 20-30 in one lineage and passages from 42-52 from a second lineage were used. 

βTC3 cells express the sulfonylurea receptor at ~ 80,000 copies per cell and the GLP-1 

receptor at ~ 250,000 copies/cell for a ratio of approximately 3:1 (see Figure 3). 

2.5.19 Western Immunoblot Analysis 

Proteins (35 μg) were separated by 8-10% SDS-PAGE along with Precision Plus 

Protein Standards (Bio-Rad Laboratories). The electrophoresed proteins were transferred 

to polyvinylidene fluoride membrane (Bio-Rad Laboratories) and blocked in 5% non-fat 

dry milk with Tris-buffered saline (10 mmol l
−1

Tris-HCl, 150 mmol l
−1

NaCl, pH 8) with 

0.05% Tween 20 (TBST) at room temperature for 1 h. Immunoblot detection of GLP-1R 

and SUR1 were accomplished, respectively, with a rabbit anti-GLP-1R and goat anti-

SUR1 affinity-purified polyclonal antibody (GLP-1R, ab13181, Abcam, Cambridge, MA, 

USA; SUR1, sc-5789, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 1:500 

and 1:50 respectively in TBST containing 5% non-fat dry milk at 4°C for 16 h. The 

membrane was then washed 3 times for 10 min in TBST buffer. Binding of the rabbit 

antiserum was detected with anti-rabbit immunoglobulin G horseradish peroxidase 

conjugated secondary antibody (1:20,000, 170-5046; Bio-Rad Laboratories) and binding 

of the goat antiserum was detected with anti-goat immunoglobulin G horseradish 

peroxidase conjugated secondary antibody (1:20,000, sc-2020; Santa Cruz 
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Biotechnology, Inc.) in TBST for 1 h at room temperature and detected using 

SuperSignal West Pico (Thermo Fisher Scientific) exposed to Kodak x-ray film.  

2.5.20 RNA Extraction and Quantitative Real-time PCR (qPCR) 

RNA was extracted from cell lines and reverse transcribed as described 

previously (37, 44). Synthetic oligonucleotide primers were designed with the aid of 

OligoPerfect Designer software (Invitrogen Life Technologies, Carlsbad, CA, USA) and 

purchased from Eurofins MWG Operon (Huntsville, AL, USA; primers available upon 

request). The GLP-1R and SUR1 mRNA transcripts were measured by quantitative PCR 

using SYBR Green (Qiagen, Valencia, CA, USA) in an iQ5 Real-Time PCR Detection 

System (Bio-Rad Laboratories, Hercules, CA, USA). After the initial denaturation (95°C 

for 15 min), all reactions went through 40 cycles of 96°C (30 s), annealing temperature 

60°C (30 s), and 72°C (10 s), at which point the fluorescence intensity was measured. 

Melt curve analysis, starting at 60°C with an increase of 0.2°C every 6 s to 96°C, was 

performed at the end of the amplification to confirm product homogeneity. PCR 

efficiency and product concentration were determined with gene-specific plasmid DNA.  
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3. MODULATION OF β-CELL SIGNALING AND INSULIN SECRETION WITH 

A SYNTHETIC BIVALENT LIGAND COMPOSED OF GLUCAGON-LIKE 

PEPTIDE-1 LINKED TO GLIBENCLAMIDE 

3.1 Abstract 

Treatment of diabetes is currently limited by the lack of β-cell specific targeting 

agents.  Glucagon-like peptide-1 receptor (GLP-1R) agonist therapy meets many diabetic 

therapeutic goals including: improved glycemic control, weight loss, improved β-cell 

function and prevention of hypoglycemia. However, increasing evidence suggests GLP-

1R agonists may have detrimental off target effects. In an effort to preserve the 

effectiveness of GLP-1R agonist therapy while increasing specificity for β-cells, our 

group has developed a novel synthetic multivalent ligand consisting of glucagon-like 

peptide-1 (GLP-1) linked to glibenclamide (GLP-1/Glb) via an optimized linker. In live 

cell microscopy experiments we demonstrate specific binding of a Cy5 labeled GLP-

1/Glb to a β-cell line when compared to a human ductal cell line. We also demonstrate 

that the multivalent GLP-1/Glb is has reduced Ca
2+

 signaling capacity when compared to 

glibenclamide alone but exhibits nearly identical cAMP dose-response when compared to 

monomeric GLP-1. Additionally, GLP-1/Glb inhibits basal insulin secretion and 

maintains an ability, although reduced, to potentiate glucose stimulated insulin secretion 

in INS 832/3 cells. These data suggest that the GLP-1/Glb ligand may be a relatively β-

cell specific therapeutic, preserving GLP-1 agonist-glibenclamide combination therapy 

while eliminating the risk of hypoglycemia and off target effects. 
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3.2 Introduction 

Type 2 diabetes (T2D) is defined by peripheral insulin resistance, β-cell 

dysfunction and the development of hyperglycemia (114, 170, 181). T2D is a progressive 

disease that demands continual pharmacological manipulation including increased 

therapeutic dosages and combination therapy to achieve glycemic control (166). Patient 

and physician must consider safety, side effects, tolerability, ease of use, long term 

adherence, expense and non-glycemic effects in their treatment regimens (166). 

Traditionally, T2D has been treated with a well validated core of drugs. Sulfonylureas 

such as glibenclamide (Glb) enhance insulin secretion via their interaction with the 

sulfonylurea-1 receptor (SUR1) on the β-cell (166).  

In recent years, agonists of the glucagon-like peptide-1 receptor (GLP-1R) have 

received considerable attention as diabetic therapeutics due to the GLP-1R’s myriad of 

anti-diabetic properties (56). The endogenous ligand of the GLP-1R, glucagon- like 

peptide-1 (GLP-1), is produced by enteroendocrine L-cells in response to nutrient 

ingestion and has a variety of nutrient assimilating effects (56). These effects include 

potent stimulation of insulin secretion from β-cells (126), inhibition of glucagon secretion 

from pancreatic α-cells (66, 148, 165), decreased gastric emptying (165) and central 

anorectic effects (66, 233). Therefore, GLP-1R agonists have the potential to meet 

diabetic therapeutic goals of glycemic control by reducing glucose fluctuations, 

enhancing β-cell function, and preventing weight gain with reduced risk of 

hypoglycemia. These attributes make GLP-1R agonists uniquely suited to treat T2D. 
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However, GLP-1 itself is rapidly degraded by the ubiquitous enzyme dipeptidyl 

peptidase- IV (DPP-IV), and is cleared from the blood with a half-life (t1/2) of ~2 min 

(246) limiting its clinical utility.  

Various GLP-1R agonists have been developed to circumvent the rapid 

degradation and clearance rate of the native GLP-1. Exendin-4 is a 39 amino acid peptide 

GLP-1R agonist isolated from the venom of the desert lizard, the Gila monster 

(Heloderma suspectum) (60). Exendin-4 shares 53%  homology with GLP-1 (60) and is a 

relatively long acting compared to GLP-1 due to increased DPP-IV resistance conferred 

by its differential amino acid sequence (57, 215) making its lifetime primarily dependent 

on renal clearance (215). The discovery of exendin-4 led to the development of synthetic 

exendin-4, Exenatide, which was approved for use in T2 diabetics. Second generation 

degradation-resistant GLP-1R agonists have been developed including the fatty acylated 

GLP-1 Liraglutide (121) and the dimeric GLP-1 albumin conjugate Albugon (also known 

as Albiglutide) (12). These GLP-1R agonists lower blood glucose in diabetic patients (51, 

122, 199), result in significant weight loss (50, 199, 245) and are recommended for use in 

late progression of T2D in combination with well established insulin sensitizers and 

insulinotropic drugs such as metformin and sulfonylureas (166). 

While GLP-1R agonists significantly improve glycemic control and promote 

weight loss, their long term side effects are unknown. Due to their relative lack of β-cell 

specificity, GLP-1R agonists are associated with a number of potentially harmful side 

effects, with the most common side effects being gastrointestinal in nature; including 

nausea, vomiting and diarrhea (199, 245), that potentially limit tolerance and long-term 
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adherence. Concerns also have been raised related to long term use of GLP-1 agonists 

due to their potential role in the induction of pancreatitis and pancreatic cancer (33). In 

this respect, several case reports have implicated GLP-1 agonist therapies in the 

development of pancreatitis (3, 52) and the Food and Drug Administration adverse event 

reports indicate that Liraglutide may initiate pancreatitis (176). These concerns have 

resulted in prescription warnings for both Exenatide and Liraglutide (202). Additionally, 

recent studies of exendin-4 treatment have indicated increased expansion of pancreatic 

ductal glands, accelerated disruption of exocrine architecture and chronic pancreatitis 

with increases in neoplastic lesions in murine models of pancreatic cancer progression 

and increased pro-proliferative signaling in human pancreatic ductal cells (74). GLP-1R 

agonists may also stimulate C-cells of the thyroid resulting in increased calcitonin release 

and C-cell hyperplasia (144). We propose that increased specificity of GLP-1R agonists 

to β-cells will limit many if not all of these undesirable and deleterious effects. 

Previously, we have shown that the specificity and apparent affinity of G-protein 

coupled receptor (GPCR) ligands can be enhanced by coupling individual ligands, or 

their elemental binding domains, into multivalent complexes with flexible linkers that 

allow them to simultaneously bind to, and potentially cross-link, multiple receptors (24, 

111, 238, 263). As multiple ligands are tethered to form a single molecule, the proximity 

of the ligands increases the probability for simultaneous binding and once bound, reduces 

the likelihood of dissociation, yielding high apparent affinity interactions (34). Moreover, 

if the expression of a pair of complimentary receptors is relatively unique to the cell type 

of interest, the ligand itself will exhibit enhanced target specificity (111).  
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Based on these findings, we developed a multivalent ligand comprised of GLP-1 

coupled to Glibenclamide (Glb, SUR1 agonist) using polyethylene glycol to attach the 

binding domains to a central string of proline-glycine repeats. GLP-1 and Glb were 

chosen because as monomers they are currently used as anti-diabetic agents, and as a 

pair, their receptors exhibit relatively specific islet cell expression (17, 43, 88, 145, 225). 

Thus, this GLP-1/Glb heterobivalent construct was developed with the goal of increasing 

β-cell specificity, and thereby limit off target effects while improving or maintaining 

GLP-1R potency and efficacy. Furthermore, GLP-1-polyethylene glycol conjugation has 

been shown to increase DPP-IV resistance and significantly improve plasma half-life 

(134). This heterobivalent molecule also may be conjugated to imaging, therapeutic or 

stabilizing agents, rendering a molecule capable of optimization for therapy. In our initial 

characterization, we reported the synthetic approach and examined the binding 

characteristics of this novel construct (Chapter 2). In the current study, we focus on the 

signaling properties of GLP-1/Glb relative to its monomeric components and its ability to 

initiate insulin secretion in model β-cell lines. 

3.3 Results  

3.3.1 Single Cell Binding Analyzed with a Cy5 Tagged GLP-1/Glb 

Cy5 tagged GLP-1/Glb (Cy5-GLP-1/Glb) binding to live cells was compared 

between two cell lines. The βTC3 cell line, derived from a mouse insulinoma, expresses 

mRNA and protein for both the glucagon-like peptide-1 receptor (GLP-1R) and the 

sulfonylurea-1 receptor (SUR1) (Chapter 2; Figure 1 & 2). On the other hand, the 
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PANC-1 cell line, derived from a human ductal carcinoma, expresses no mRNA for the 

GLP-1R and only a relatively low amount of mRNA for the SUR1 (Chapter 2; Figure 

1). PANC-1 cells also are non-responsive to glibenclamide (Glb) indicating a lack of 

functional SUR1 (data not shown). Additionally, the PANC-1 cell line has been used as a 

negative control exocrine tissue model in studies exploring the specificity β-cell targeting 

agents (43, 225). 

The concentration of the Cy5-GLP-1/Glb was varied and the level of bound label 

5 minutes after washout of the chamber was evaluated to generate a live cell saturation 

binding profile (Figure 11). Cy5-GLP-1/Glb binding to βTC3 cells increases from 

concentrations of 1nM to 75nM, and saturating thereafter with an approximate Kd~25nM. 

The Cy5-GLP-1/Glb was applied to PANC-1 cells over a range of concentrations and no 

binding was observed, revealing that non-β-cell binding is negligible. These findings at 

the single level illustrate high affinity, specific binding to β-cells that express the 

complimentary receptor pair (GLP-1R and SUR1) targeted by the GLP-1/Glb and no 

binding to non-β-cells. 
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Figure 11: Saturation of Cy5 labeled GLP-1/Glb to live βTC3 cells. Cells were 

incubated with varying concentrations of Cy5-GLP-1/Glb, the ligand was then removed 

from the media and images acquired thereafter. Cy5 intensity was evaluated 3 minutes 

after removal of the Cy5-GLP-1/Glb from the media, at which time peak fluorescence 

was obtained. Binding to cells that express the complimentary receptor pair (βTC3), and 

to cells that do not express either receptor (PANC-1), was evaluated. Specific binding of 

Cy5-GLP-1/Glb to βTC3 cells at concentrations [10nM-75nM] is demonstrated as the 

ligand selectively binds cells that express the complimentary GLP-1R and SUR1 receptor 

pair. Negligible binding is observed to the pancreatic ductal cell. 
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3.3.2 Second Messenger Signaling 

To investigate the therapeutic potential of GLP-1/Glb, the effects of the GLP-

1/Glb on the GLP-1R and SUR1 signaling pathways were evaluated, and compared to the 

effects of the monomeric moieties of the heterobivalent GLP-1/Glb ligand, GLP-1 and 

Glb, on βTC3 cells.  

3.3.2.1 Ca
2+

 Signaling 

Glb leads to membrane depolarization via its interaction with the SUR1, 

subsequent closure of the ATP Sensitive K
+
 channel (Kir6.2), and opening of voltage 

gated Ca
2+

 channels, resulting in Ca
2+

 influx and insulin secretion (96). To interrogate the 

effect of GLP-1/Glb on intracellular Ca
2+

 ([Ca
2+

]i)  relative to monomeric Glb, dose 

response profiles of maximum [Ca
2+

]i responses elicited by Glb and the GLP-1/Glb were 

created (Figure 12). The [Ca
2+

]i response to GLP-1/Glb was reduced over the entire 

concentration range tested when compared to monomeric Glb, eliciting small but 

concentration dependent maximum [Ca
2+

]i spikes. The maximum monomeric Glb 

induced [Ca
2+

]i response was observed at 250 nM and this response was at least 3 fold 

greater than that observed with GLP-1/Glb at the same concentration (Figure 12). The 

EC50 for GLP-1/Glb was equal to 192 nM (r
2
= 0.9951) and for monomeric Glb, EC50= 51 

nM (r
2
= 0.9717). These findings indicate that the Glb moiety of GLP-1/Glb is not an 

effective Ca
2+

 signaling agent in comparison to monomeric Glb. 



133 

 

 

Figure 12: Ca
2+

 response to GLP-1/Glb in βTC3 cells expressing the GLP-1R and 

SUR1. Cells were incubated in 5.5 mM glucose. The maximum change in cytosolic Ca
2+

 

in response to Glb or the GLP-1/Glb was monitored using Fura-2. The GLP-1/Glb does 

not signal via Ca
2+ 

mediated pathways as effectively as monomeric Glb. *= significant 

differences between Glb and GLP-1/Glb (significance = p<0.05). 

 

 

 

 

 

 

 

* 
* 

* 

* 

* 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

5 10 100 250 450 

∆
 [

C
a
lc

iu
m

 (
n

M
)]

 

[Ligand (nM)] 

GLP-1/Glb 
Glb 



134 

 

3.3.2.2 cAMP Signaling 

GLP-1 enhances glucose stimulated insulin secretion (GSIS) in β-cells (126). 

Activation of the GLP-1R results in the stimulation of the Gαs which activates adenylate 

cyclase and increases cAMP generation with subsequent downstream  activation of PKA 

and exchange proteins directly activated by cAMP (Epacs) (54). cAMP production was 

measured in βTC3 cells, comparing the effects of GLP-1/Glb and monomeric GLP-1 

(Figure 13). The GLP-1/Glb stimulated cAMP production over a range of 

concentrations. cAMP production was not significantly different between GLP-1/Glb and 

monomeric GLP-1 at 0.1, 0.25, 1, 5, 10 or 50 nM and significant differences in cAMP 

production were only observed at 25 and 100 nM. The EC50 for GLP-1 was equal to 8.76 

nM (r
2
= 0.9934) and for GLP-1/Glb, EC50= 7.22 nM (r

2
= 0.9924). Therefore, the GLP-1 

moiety of GLP-1/Glb significantly activates cAMP production via the GLP-1R. 
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Figure 13: Effects of GLP-1/Glb and GLP-1 monomer on cAMP production in 

βTC3 cells. Cells were incubated with IBMX to inhibit cAMP degradation, and in 0.1 

mM glucose. Presented is the amount of cAMP produced over a 15 min incubation 

period. No significant differences between GLP-1 and GLP-1/Glb cAMP production 

were observed at 0.1, 0.25, 0.5, 1, 5, 10 or 50 nM ligand concentration. However, 

significant differences in cAMP production were observed at 25 and 100 nM ligand 

concentration. *=  a significant difference in GLP-1 and GLP-1/Glb cAMP production 
(significance = p<0.05). 
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3.3.3 Insulin Secretion 

The effect of the GLP-1/Glb on insulin secretion relative to its monomeric 

components was measured in the INS 832/3 cell line, which has been shown to be a 

incretin sensitive model of glucose stimulated insulin secretion (GSIS) (104, 196). The 

INS 832/3 cell line expresses both the GLP-1R and SUR1 (data not shown). In all 

experiments, insulin secretion was assessed at “non-stimulatory” glucose concentrations 

of 1 mM glucose, “stimulatory levels” of glucose of 15.5 mM glucose and “maximally 

stimulating conditions” of 15.5 mM glucose + 10 µM forskolin. 15.5mM glucose + 

10µM forskolin does not reflect the absolute maximum secretory capacity of the β-cells, 

but this condition was chosen because it represents the maximal response expected in the 

presence of the maximal activation of these two pathways combined. Insulin secretion 

values are presented as a percentage of the dynamic range where the minimum 1 mM 

insulin secretory response was taken as 0% and the maximum 15.5 mM + 10 µM 

forskolin response was taken as 100%. In an average of all experiments, the GSIS 

response elicited by 15.5mM glucose was ~10 fold greater than that observed at 1mM 

glucose (12.10% vs. 1.17% ). Cells were visually inspected for viability during the 

experimental time course and insulin secretion is normalized to total cellular protein. 

Visual inspection did not show any decreased cell viability and there was little intra- or 

inter-variability in cellular protein content (Mean= 0.167 mg-protein, SEM=0.001) in 

experiments. 
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In the presence of non-stimulatory glucose, 5 nM GLP-1/Glb significantly 

depressed insulin secretion relative to 1 mM glucose alone (0.48% vs. 1.27%). 5 nM 

GLP-1 or 5 nM Glb had no significant effect on insulin secretion in the presence of non-

stimulatory glucose. The combination of 5 nM GLP-1 and Glb in the presence of non-

stimulatory  

 

 

 

 

 

 

 



138 

 

 

Figure 14: Insulin secretion from INS 832/3 cells in non-stimulatory glucose. 5nM of 

GLP-1/Glb significantly inhibits insulin secretion under non-stimulatory conditions (1 

mM glucose) while both monomers GLP-1 and Glb have no significant effect alone but 

combined (GLP-1 & Glb) at 5nM concentration significantly elevate insulin secretion in 

the presence of non-stimulatory glucose. *= significant differences in insulin secretion in 

comparison to 1 mM glucose (significance = p<0.05). 
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glucose significantly increased insulin secretion relative to non-stimulatory glucose alone 

(5.34% vs. 1.27%) (Figure 14). 

Under stimulatory conditions (15.5 mM glucose) no significant increase of GSIS 

was observed with either GLP-1 or GLP-1/Glb below 1 nM ligand concentration (data 

not shown). At 1 nM both GLP-1 and GLP-1/Glb increased GSIS significantly with no 

statistical difference between the two groups (15.74% vs. 15.50%). At 5 nM ligand 

concentration, GLP-1 and GLP-1/Glb significantly increased GSIS with GLP-1 

stimulating GSIS significantly more than the GLP-1/Glb (43.03% vs. 21.68%). At 100 

nM ligand concentration both GLP-1 and GLP-1/Glb significantly increased GSIS with 

no significant difference observed between the two ligands (41.92% vs. 37.41%). (Figure 

15). 

Added in combination in the presence of stimulatory glucose, 5 nM GLP-1 and 

Glb stimulates GSIS significantly (30.07%) to levels significantly more than the GLP-

1/Glb (21.68%). Glb alone did not stimulate GSIS. (Figure 16) 
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Figure 15: Insulin secretion from INS 832/3 cells in stimulatory glucose. Both GLP-1/Glb 

and monomeric GLP-1 begin to augment GSIS at 1nM concentration with no significant 

difference between them. At 5 nM ligand concentrations GSIS is significantly augmented by 

monomeric GLP-1 when compared to GLP-1/Glb, yet GLP-1/Glb still increases GSIS to 

comparable levels to GLP-1 at 100nM ligand concentration. *= significant differences in insulin 

secretion when compared to 15.5 mM glucose, # = a significant difference between 5 nM GLP-1 

and 5 nM GLP-1/Glb, (significance = p<0.05). 
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Figure 16: Insulin secretion in INS 832/3 cells; comparison of monomeric ligands combined 

to GLP-1 and GLP-1/Glb in stimulatory glucose. 5 nM GLP-1 combined with 5nM Glb 

enhances GSIS to levels significantly greater than GLP-1/Glb. *= significant differences between 

insulin secretion when compared to 15.5 mM glucose, #= a significant difference between GLP-

1/Glb and GLP-1, $ = a significant difference between GLP-1/Glb and GLP-1 & Glb, 

(significance = p<0.05). 
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3.4 Discussion and Conclusions 

GLP-1R agonists used for the treatment of diabetes are associated with negative 

side effects, including nausea, vomiting, and diarrhea (199, 245). Recently, the use of 

GLP-1R agonists has been linked to pancreatitis (3, 52, 217) and may contribute to  

pancreatic cancer, thyroid C-cell activation and hyperplasia (33, 144). In this work, we 

present the characterization of a β-cell specific multivalent ligand, which acts with 

similar potency and efficacy as GLP-1. We show that GLP-1/Glb binds specifically to 

live βTC3 cells over a range of concentrations with no observed binding to PANC-1 

cells. This specificity is likely attributable to increased apparent affinity caused by 

significantly reduced ligand off-rates due to either cross-linking of the GLP-1R and 

SUR1 or proximity effects based on accessibility of receptors (34). 

Combination therapies using sulfonylureas and GLP-1R agonists have been shown to 

increase the incidence of hypoglycemic episodes in patients with diabetes (151). Leech et 

al. propose that GLP-1R may increase the sensitivity of the Sur1/kir6.2 to sulfonylureas, 

with subsequent elevation of cell [Ca
2+

]i and insulin secretion at lower sulfonylurea 

concentrations (135). The SUR1/Kir6.2 sensitization is purported to be related to Epac 

activation of PLC with subsequent cleavage of PIP2. PIP2 has been shown to reduce 

SUR1/Kir6.2 sensitivity to sulfonylureas, thus PIP2 membrane depletion may sensitize 

the SUR1/Kir6.2 to sulfonylureas (124). Alternatively, Leech et al. propose that Epac 

activation leads to activation of phosphatases PP-2A and PP-2B and the 
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dephosphorylation of the Kir6.2 channel, which also may increase the apparent affinity of 

sulfonylureas to the KATP channel (184).  

  Consistent with Leech et al., we observe an increased insulin secretory response 

in the presence of non-stimulatory glucose and 5 nM GLP-1 and Glb, but not in the 

presence of 5 nM Glb or GLP-1 alone, suggesting a sensitization of the SUR1 in the 

presence of GLP-1. However, our studies reveal that GLP-1/Glb is less effective in 

stimulating the Glb-SUR1-[Ca
2+

]i axis, and reduces insulin secretion at non-stimulatory 

glucose concentrations. Therefore, in addition to limiting off target effects of GLP-1 

agonists, GLP-1/Glb may be useful in preventing hypoglycemic incursions during fasting 

periods while maintaining GLP-1 potency and effect on β-cells in the presence of 

elevated blood glucose. 

Multiple findings indicate that GLP-1/Glb, by activation of GLP-1 mediated 

cAMP signaling interferes with the SUR1- Ca
2+ 

signaling axis. Consistent with this are 

the observations of reduced [Ca
2+

]i  signaling, reduction of insulin secretion under resting 

conditions [1 mM glucose] and a reduced ability of GLP-1/Glb to stimulate GSIS at [5 

nM] in comparison to monomeric GLP-1 and GLP-1 and Glb combined. We have 

observed apparent internalization of the Cy5 conjugated htbvl (<3 min) indicating 

removal of the GLP-1R from the plasma membrane upon activation, consistent with 

previous observations of GLP-1R recycling dynamics (256). Due to the predicted high 

avidity interactions caused by two receptor-ligand interactions mediated by GLP-1/Glb, 

the SUR1-Glb complex may be removed from the β-cell surface (or Glb removed from 

the SUR1) in concert with the endocytosis of the GLP-1R-GLP-1 complex. Either way, 



144 

 

this effect would limit sulfonylurea mediated increases in [Ca
2+

]i, as we observe . 

Alternatively,  Zhang et al. 2009, have suggested that sulfonylureas can directly bind 

Epacs (267). Epacs are predicted to localize to the membrane and scaffold to GLP-1R 

signaling machinery (75) thereby mediate Ca
2+ 

signaling (115) and insulin secretion (95) 

in response to GLP-1R activation. Based on these previous observations and our findings 

with GLP-1/Glb, it is plausible that the lipophilic Glb moiety of GLP-1/Glb penetrates 

the plasma membrane and binds to proximal Epacs with a simultaneous GLP-1-moiety-

GLP-1R binding event. This interaction would presumably limit [Ca
2+

]i elevation and 

insulin secretion by sequestration of Epacs and prevention of Glb-moiety-SUR1 

interaction.
 
Thus, in addition to therapeutic value of GLP-1/Glb, it may be useful in the 

investigation of the functional consequences of simultaneous receptor activation of cross-

linked receptors. 

Second messenger signaling data suggests that GLP-1/Glb is less potent with 

respect to Glb-SUR1-[Ca
2+

]i  signaling axis, but is equipotent in the GLP-1-GLP-1R-

cAMP axis. The GLP-1/Glb also retains the capacity to promote GSIS while decreasing 

insulin secretion in the absence of stimulatory glucose. Since the GLP-1/Glb is relatively 

β-cell specific, and displays similar potency to monomeric GLP-1, further investigation 

and optimization of this heterobivalent ligand as a β-cell specific therapeutic agent 

appears warranted. 

3.5 Experimental Methods 

3.5.1 Ligand Synthesis and Purification 
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Ligand synthesis and purification and synthesis is presented in detail in section 

2.5, but is presented briefly below. 

A glucagon-like peptide-1 (GLP-1) with truncation to residues 7-36 was used as 

the starting backbone and the lysine at position 26 was modified with a flexible 

oligoethyleneglycol to allow attachment for conjugation of the second component, 

Glibenclamide (SUR1 ligand, Glb). Glb does not have a functional group suitable for 

direct attachment to GLP-1. Glb was modified by carboxylate to allow solid phase 

conjugation to resin-bound GLP-1. From structural-activity relation studies, Glb has been 

shown to be relatively inert to modification in its benzamide ring, allowing even 

hydrophilic carbohydrates to be conjugated without loss of activity (205). The Glb 

carboxy-derivative was prepared in six synthetic steps, starting from commercially 

available methyl-5-chlorosaliylate. The carboxy-derivative fit well in our modular solid-

phase synthetic scheme. This modular approach provides optimal flexibility in 

heterovalent ligand design and synthesis, allowing for repetitive tuning based on analysis 

of initial construct binding properties. The Glb derivative was conjugated to the resin 

bound GLP-1 via the lysine side-chain at position 26. The GLP-1 resin intermediate was 

treated with Pd(0) to remove the Aloc group from lysine at position 36 while maintaining 

Boc/tBu permanent protection. The free amine of the lysine side-chain was sequentially 

coupled with the linker (polyethylene glycol and proline-glycine repeats), cysteine or 

glycine, followed by polyethylene glycol and then with the Glb carboxy-derivative. The 

thiol intermediate GLP-1/Glb was cleaved from the resin, purified by HPLC and 

characterized by high-resolution mass spectrometry. A cysteine residue was conjugated 
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with the maleinimide derivative of Cy5 to form a Cy-5 labeled GLP-1/Glb analog. A 

non-labeled compound was also prepared; the cysteine was substituted with glycine. The 

heterovalent ligands were prepared in high yield and purity. 

3.5.2 Cell Culture 

INS 832/3, βTC3 and PANC-1 cells were used in this study. The INS 832/3 cell 

line is a rat insulinoma derived cell line and expresses the GLP-1R and SUR1. βTC3 cells 

are derived from the mouse and also express the GLP-1R and SUR1. PANC-1 cells are 

derived from a human ductal carcinoma and do not express the GLP-1R or SUR1. The 

cell passage used for these studies was 20-40, 40-50, and 25-35, respectively. INS832/3 

and βTC3 cells were grown in RPMI medium supplemented with 10% fetal bovine 

serum, 1% Pencillin/Streptomycin and 5.5mM glucose (INS 832/3 media was 

supplemented with 10mM HEPES). PANC-1 cells were grown in DMEM medium 

supplemented with 10% super calf serum, and 1% Penicillin/Streptomycin. The cells 

were maintained at 37
ο
C in 5% CO2. 

3.5.3 Microscopic Imaging 

Cells were grown on 25 mm #1 coverslips housed in 6 wells plates. For live cell 

binding experiments, a single coverslip was placed in a chamber held at 37
ο
C while 

mounted on the stage of an inverted Olympus IX70 microscope equipped with a 40X 1.4 

NA ultraflour objective and a 150 W Xe lamp as the excitation source. The emitted light 

was appropriately filtered prior to focusing the cell image onto a Photometric CH-350 
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Charge Coupled Device camera. The incubation media was a HEPES buffered salt 

solution (HBSS) containing (in mM) 0.3 KH2PO4, 138 NaCl, 0.2 NaHCO3, 0.3 Na2HPO4, 

20 HEPES, 1.3 CaCl2, 0.4 MgSO4 and 5.5 glucose (unless noted) at pH 7.4. 

3.5.4 Cell-Surface Labeling with the Cy5 conjugated GLP-1/Glb 

For Cy5 imaging, light form the Hg lamp was passed through a 20 nm band pass 

filter centered at 640 nm and emitted light collected through a 30 nm band pass filter 

centered at 680 nm. Control images were acquired prior to the addition of the Cy5 

conjugated GLP-1/Glb to the incubation medium. Following addition of the Cy5 

conjugated compound, images were acquired at 30 sec, 1 min., and 2 min. The media was 

then changed, removing excess Cy-5 conjugated compound, and images were acquired at 

1 min., 3 min. and 5 min. thereafter. On average, groups of 10-20 cells were imaged for 

each experiment. For quantification, a region of interest (ROI) was drawn at the cell 

membrane to obtain average pixel intensity within that region. The same ROI was used 

throughout the time series to measure the intensity of the bound Cy-5 conjugated 

compound at all time points. Cy5 was chosen because the background/auto-fluorescence 

at these wavelengths was minimal and therefore optimal for observing binding at low 

fluorophore/ligand levels. 

3.5.5 Cystosolic Ca
2+ 

Measurements 

For cytosolic Ca
2+ 

([Ca
2+

]i
 
) measurements, coverslips with βTC3 cells were 

washed with HBSS at 37°C for 10 min. and then loaded with 2.5µM of the 
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acetoxymethylester form of fura-2 with 0.0025% pluronic acid in HBSS for 20 min. at 

37°C. The cells were rinsed in HBSS for 20 min. at 37°C to allow for hydrolysis of the 

fura-2 AM. The coverslip with the dye-loaded cells was then placed in a chamber held at 

37°C while mounted on the stage of an inverted Olympus IX-70 microscope equipped 

with a 40x 1.4 numerical aperture (NA) ultrafluor objective and a 150-W Xe lamp as the 

excitation source. Fura-2 loaded within the cells was alternately excited at 340 and 380 

nm using a filter wheel. The emitted light was filtered at 510 nm (10 nm band pass) 

before focusing the cell image onto a charge-coupled device (CCD) camera 

(Photometrics CH-350). Control images were acquired prior to the addition of the 

selected ligand. Following ligand addition images were acquired at 30 sec, 1 min., 2 min., 

3 min., 5 min., 5.5 min., 6 min., 7 min., 8 min. and 10 min. Following the 10 min. 

experimental period 10µM ionomycin was added to the media and images were collected 

at 30 sec, 1 min., 2 min. and 3 min. thereafter. On Average, groups of 10-20 cells were 

analyzed for each experiment. For quantification, a ROI was drawn within the cytosol of 

the cell to obtain the average pixel intensity within the ROI. The same ROI was used 

throughout the time series to measure the intensity of the 340 nm and 380 nm 

fluorescence. Data are presented as the maximal change in [Ca
2+

]i during the 

experimental course . These fluorescence values were then converted to a ratio of 340:380 

and this ratio was then compared to an in vitro calibration of the fura dye to yield 

approximate changes in concentrations during the experimental time course, as 

previously described in detail (141, 147). R
2
 and EC50

 
values were obtained using 

appropriate non-linear regression analysis in GraphPad Prism. 
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3.5.6 cAMP Assays 

βTC3 cells were seeded in a 96 well plate at a density of 70,000 cells/well in 

RPMI w/10% FBS, 1% Penicillin-Streptomycin, and allowed to proliferate for 72 hrs. 

Cells were washed with serum free RPMI, which was removed and replaced with cAMP 

assay medium (serum free RPMI with 1mM isobutyl-1-methylxanthine (IBMX)) for 5 

min at 37ºC. Cells were treated with the appropriate compound in fresh cAMP assay 

medium for 15 min at 37ºC. After treatment, medium was discarded, cells were lysed and 

cAMP amounts were determined using the cAMP Chemiluminescent Immunoassay Kit 

(Inivtrogen, Carlsbad, CA) per manufacturer’s instructions. R
2
 and EC50

 
values were 

obtained using appropriate non-linear regression analysis in GraphPad Prism. 

3.5.7 Insulin Secretion Assays  

INS 832-3 cells were added to each well of a 24 well culture plate at a density of 

600,000 cells/well in RPMI w/10% FBS, 1% Penicillin-Streptomycin, 10mM Hepes and 

5.5mM glucose and cultured for 96 hr. The on the third day of culture the RPMI media 

was replaced with RPMI media containing 1mM glucose. Cells were washed in 

oxygenated HBSS with 1mM glucose for 40mins at 37ºC on a plate shaker, after which 

the cells were treated with the appropriate compound and glucose concentration in fresh 

oxygenated HBSS for 40min at 37ºC on a plate shaker. Samples were obtained after the 

initial 40 min and 2
nd

 40 min incubation, treatment solution were added in 2X 

concentration. After treatment, insulin amounts were determined using the High Range 

Rat Insulin ELISA Kit (ALPCO, Salem, NH) per manufacturer’s instruction. For each 
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experiment a dynamic range was obtained between the minimal 1 mM glucose response 

and the maximum 15.5 mM + 10 µM forskolin response (ng insulin/mg total protein/ 40 

min) and secretion values are presented as a percentage of this dynamic range. (Extended 

details of this assay are provided in Appendix A) 

3.5.8 Statistical Analysis 

Statistical differences between group means were determined using a one-tailed 

unpaired Students t-test. A value of p< 0.05 was taken as a statistically significant 

difference between group means. 
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4. DISCUSSION AND CONCLUSIONS 

There is a demand for high specificity pancreatic β-cell targeting agents both for 

the determination of β-cell mass (BCM) and also for improved diabetic therapy. An 

ability to determine BCM would allow for longitudinal observation of β-cell status in the 

lead up to and in the diabetic state, providing an improved understanding of BCM and 

function relationships. Furthermore, this capability could be used to determine efficacy of 

current treatments and develop novel therapeutics by improvement of the understanding 

of β-cell plasticity. β-cell agents of high specificity may also be leveraged to target 

beneficial therapeutic targets on the β-cell, while limiting unwanted side-effects of GLP-

1R agonists which may reduce patient tolerance and adherence, activate thyroid C-cells 

and cause morphological changes and dysfunction in exocrine pancreatic tissue (3, 52, 

74, 144).  

Our approach to β-cell targeting is unique. We have selected a cell surface 

receptor combination that acts as a “molecular barcode” that specifically identifies the β-

cell. Then using rational design we developed a multivalent ligand complimentary to this 

unique receptor combination to improve β-cell targeting. The GLP-1R and SUR1 

receptors were chosen as the “molecular barcode” since as a combination they are 

relatively specific to the β-cell, they play important roles in β-cell function and health, 

and because of their current therapeutic potential and use. The GLP-1R and SUR1 

ligands chosen for inclusion into the pilot heterobivalent ligand were: GLP-1 and Glb. 

Herein, we have described in detail the synthesis of bivalent GLP-1/Glb ligand using 
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solid-phase supports; a modular approach which allows for optimization of multivalent 

ligand binding regions, linker composition and length. Based on theoretical modeling of  

GPCR modeling binding motifs and size considerations, an optimized semi-rigid linker 

composed of a proline-glycine core from which extends 2 polyethylene glycol arms, each 

of which connects to an individual ligand domain, was used to couple the GLP-1 and Glb 

binding domains, see section 2.5.1 through 2.5.14. The linker spans ~50 Å (5 nm), 

agreeing with previous modeling and experimental observations which indicate a distance 

of ~20-50 Å (2-5 nm) between two GPCR binding domains to optimize simultaneous 

binding of the complimentary receptor pair (91, 111). 

The bivalent GLP-1/Glb was shown to specifically bind to β-cells that express the 

complimentary receptor pair (GLP-1R and SUR1), but not to a β-cell line shown by 

western blot and qPCR, to express only the SUR1 and very little GLP-1R. Additionally, 

we have demonstrated with live cell fluorescence microscopy that the bivalent GLP-

1/Glb binds to β-cells, but does not bind to a cell line derived from human exocrine 

tissue, a site of undesirable side-effects of GLP-1R agonists (3, 52, 74). Of note is the use 

of un-manipulated β-cell lines which express the GLP-1R and SUR1 at ‘normal’ levels 

(~1-5 x 10
4 

/cell). This is significant because previous studies which demonstrated high 

affinity, cell specific binding with multivalent ligands employed cell lines engineered to 

express receptors in extreme number (~1-5 x 10
6  

/cell). Thus, simultaneous receptor 

interactions initiated by bivalent ligands can occur on cells expressing normal receptor 
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numbers where the probability of simultaneous multiple receptor binding is significantly 

lower than in the over-expression systems. 

The precise binding kinetics of the heterobivalent ligand were difficult to 

determine in unmodified cell lines, due to a number of confounding factors. First, low 

numbers of receptors limits the signal to noise of the measurement requiring changes to 

previously established protocols (see section 2.5.15) to enhance sensitivity (90, 92, 93, 

111, 214). Second, the glibenclamide moiety of the heterobivalent construct is a 

lipophilic molecule that exhibits significant non-specific binding which also limits the 

sensitivity of our analyses. Thirdly, the heterobivalent ligand does not behave with 

conventional equilibrium binding kinetics. Each recognition element of the heterobivalent 

ligand affects the association-dissociation rate of the other (cooperativity). In this case 

receptor dissociation is presumably slowed by avid interactions and is complicated 

further by the internalization kinetics (in live cells) of two heterologous receptors. 

However, we were able to demonstrate a relatively small change in apparent affinity of 

the Eu-GLP-1/Glb ligand in comparison to Eu-GLP-1 (~3 fold). This is likely caused by 

the lipophilicity of the Glb and also, possibly because the starting ligands (GLP-1 and 

Glb) are already high affinity ligands ( Kd’s in the low nM). We obtained a Kd of 7 nM for 

the Eu-GLP-1/Glb, an “apparent affinity” which requires access to both the GLP-1 and 

sulfonylurea-1 receptors, and thus at low concentrations this probe is β-cell specific.   

Several mechanisms of multivalent binding have been proposed. A chelate effect, 

in which multivalent ligands bind oligomeric receptors creating multiple contacts 
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between the multivalent ligand and multiple receptors would result in the observed 

decreased off-rates and increased apparent affinity. A clustering effect, dependent on 

diffusion of receptors in the plasma membrane in which the proximity and orientation of 

the receptors can be influenced by multivalent ligand binding which can in turn affect 

signaling functions of the receptors. Thirdly, a statistical effect, could be established by 

multivalent ligands which would lead to higher apparent affinities due to increased local 

concentrations of binding elements (73, 117).  

The clustering effect is the only binding mechanism that exploits the “molecular 

barcode” concept, and therefore is consistent with enhanced binding specificity. 

Presumably, multivalent engagement of the GLP-1R and SUR1 receptor pair is a 

cooperative event in which one of the recognition elements within the multivalent ligand 

serves as a “hook,” binding to its complimentary receptor bringing the second recognition 

element of the bivalent ligand into proximity of its receptor. This proximity-type binding 

is dependent on a number of factors including the diffusional rates of the GLP-1R and 

SUR1, the ability of the “non-hook” recognition element to gain access to the second 

receptor due to potential steric effects that are likely distance dependent, as well as the 

available receptor number (which is dependent on cellular expression and receptor 

internalization-recycling rates). Although it is not known, it is plausible that the GLP-1R 

and SUR1 are localized in proximity to each other in microdomains of the lipid bilayer, 

as their signaling pathways are known to interact, which also could further influence 

multivalent binding. Because of these unique properties of multivalent binding, the exact 
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kinetic properties are not easily accessible with standard binding assays. Moreover, 

comparison of multivalent binding constants to their monomeric components using 

standard binding assays based on equilibrium assumptions is likely inappropriate. 

However, the primary property of interest is similar to the primary advantage that 

multivalent mAb-antigen binding confers; that is, specificity, which we have 

demonstrated. The multivalent complex may display increased or decreased cellular 

affinity relative to the monomeric components as long as the multivalent ligand displays 

higher specificity for the target cell relative to other cells expressing just one of the 

complimentary receptor pair. In this case, binding of the multivalent ligand to the target 

cell will be high, but to other cell types low due to the relative loss of binding “affinity” 

of the individual recognition elements to their receptors. 

In that the GLP-1/Glb leverages specific β-cell receptors of current therapeutic 

value and potential it was important to investigate the downstream signaling at each 

receptor and to assess the effectiveness of the GLP-1/Glb in comparison to its monomeric 

counterparts. The SUR1 complexes with the pore forming Kir6.2 ATP sensitive K
+
 

channel on the pancreatic β-cell membrane to form an octameric complex (42). Together 

they link β-cell membrane voltage to metabolism and thus, insulin secretory function 

(96). In the presence of increased ATP production and changes in the ATP:ADP ratio, the 

ATP sensitive K
+
 channel closes, depolarizing the β-cell membrane, resulting in the 

opening of L-type voltage gated Ca
2+

 channels, subsequent influx of Ca
2+

 and fusion of 

insulin secretory granules with the β-cell membrane and insulin release (96). The SUR1 
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sensitizes the ATP sensitive K
+
 channels to sulfonylureas (182, 232). Thus, as an 

indicator of SUR1 downstream signal activation, Ca
2+

 was chosen. Using the Ca
2+

 

sensitive dye Fura-2, cystosolic Ca
2+ 

was measured in the presence of the heterobivalent 

GLP-1/Glb or in the presence of monomeric Glb. The data show that the GLP-1/Glb and 

monomeric Glb have similar potencies yet the efficacy of the GLP-1/Glb was 

significantly reduced at all concentrations tested. 

Unlike SUR1, signaling through the GLP-1R is promiscuous. However, many of 

its downstream signaling effects are mediated by the production of cAMP via the Gαs-

adenylate cyclase axis, and subsequent activation of both PKA and Epac proteins (54). 

To measure downstream signaling we measured cAMP production in βTC3 cells using an 

immunofluorescent assay. The rate of cAMP production stimulated by GLP-1/Glb and 

monomeric GLP-1 has nearly identical over a range of concentrations indicating that 

relative to the GLP-1R, the potency and efficacy of GLP-1/Glb is nearly identical to that 

of monomeric GLP-1. 

Thus, taken together our studies of second messenger systems in β-cells indicate 

that both moieties of the heterobivalent ligand act with similar efficacy to their 

monomeric counterparts, yet GLP-1/Glb induced Ca
2+

 stimulation via the SUR1 receptor 

is substantially reduced.  

In order to interrogate the functional consequences of signal modulation, insulin 

secretion was measured on INS 832/3 cells, a physiologically relevant β-cell line which is 

responsive to glucose and incretins (104, 196). Interestingly, in the presence of non-
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stimulatory glucose (1 mM) 5 nM heterobivalent GLP-1/Glb  reduced insulin secretion 

while addition of monomeric GLP-1 and Glb together, at the same concentration, 

significantly increased insulin secretion. The GLP-1R is known to induce sensitization of 

the SUR1 which can lead to hypoglycemic incursions with GLP-1R agonist and 

sulfonylurea combination therapy (135, 151). The observed decrease in insulin secretion 

with the bivalent GLP-1/Glb may provide unique characteristics for limiting treatment 

induced hypoglycemia, as it also acts as a functional insulin secretagogue in the presence 

of elevated glucose. 

In the presence of stimulatory glucose (15.5 mM) we observed similar efficacy 

between monomeric GLP-1 and GLP-1/Glb, both augmenting GSIS at 1 nM, 5 nM and 

100 nM ligand concentrations. However, at the mid-range concentration of 5 nM ligand, 

the ability of GLP-1/Glb ligand to augment GSIS was significantly reduced relative to 

monomeric GLP-1, and at high concentrations there was no apparent difference.  

These observations offer insight into the functional consequences of engaging two 

heterologous receptors, and begs further investigation.  

Concerning the diminished amplitude of the Ca
2+

 response, there are several 

possible explanations. Upon activation, the GLP-1R is known to be rapidly removed from 

the membrane (256). Consistent with these data, in live-cell experiments we observed 

internalization of the Cy5 tagged GLP-1/Glb (within 3 min). Considering the avid 

binding of the GLP-1/Glb to the GLP-1R/SUR1 combination, it is possible that SUR1 

sub-units are removed from the octameric complex formed with the Kir6.2, partially or 
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completely desensitizing individual channels to sulfonylureas but presumably not the 

entire population of Kir6.2 channels. Glb may also be removed from the SUR1. Either 

way, the result is a maintained efficacy Ca
2+

of activation yet reduced maximal amplitude. 

Due to the lipophilic nature of Glb, it is also possible that the Glb moiety of the 

bivalent ligand is able to penetrate the plasma membrane and interact with the 

intracellular signaling agent of the GLP-1R, Epac. Epac proteins are associated with the 

plasma membrane and are predicted to scaffold closely to the GLP-1R  (75) and 

sulfonylureas have been demonstrated to bind directly to Epac proteins (although 

controversial) (267). Epac proteins are known to participate in calcium signaling and 

insulin secretion in the β-cell (95, 115). Thus, it is plausible that heterobivalent ligand 

binding of the GLP-1R results in the association of the Glb moiety with Epac proteins 

associated with the GLP-1R, resulting in Epac sequestration and disturbances in calcium 

signaling and insulin secretion, phenomena which we have observed.  

Additionally, due to the lipophilic nature of Glb, it must also be considered that 

not all of the heterobivalent ligand is simultaneously bound to both receptors and a 

portion of the heterobvialent ligands involve glibenclamide membrane association 

resulting in an apparent reduction in signaling. This observation would be analogous to 

membrane tethered ligands which show increased potency and binding kinetics to the 

GPCR: PAR2 (67). As the SUR1 sulfonylurea activating site is predicted to be on the 

intracellular leaflet of the plasma membrane (164, 207), it is also possible that a portion 

of the heterobivalent ligands bind only to the GLP-1R as the linker length may be 
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inadequate to span the lipid bilayer, not allowing for optimal interaction between SUR1 

and the Glb recognition element of GLP-1/Glb.  Finally, it is also plausible that engaging 

heterologous receptors within ~50 Å (5 nm) of each other may disturb signaling scaffolds 

and activation domains thereby limiting ‘normal’ intracellular signaling. The GLP-1R 

and SUR1 have convergent intracellular signaling pathways and both have been shown to 

interact with various intracellular proteins ((59, 135). If this is the case, cAMP signaling 

appears to dominate when linked ligands cause simultaneous Ca
2+

/cAMP signaling. This 

phenomenon also has been observed with a multivalent MSH/CCK ligand (unpublished 

data-C. Weber et al). 

In regards to possible direct effects of the multivalent ligand on secretory 

machinery and decreased insulin secretion, it is plausible that the avid interaction of the 

GLP-1/Glb with the complimentary receptor pair combined with receptor internalization 

may disturb the SUR1. SUR1 plays an important role in the control of the β-cell 

membrane potential and is thought to play a role in granule priming and exocytosis (59), 

thus any steric disturbance of SUR1 by the multivalent ligand or intracellular proxies 

could disturb basal insulin secretion.  Eliasson et al. (59) have suggested that Epac, SUR1 

and sulfonylureas serve as important mediators of incretin stimulated insulin release. In 

this model all three factors combine to prime insulin granules via stabilization of Cl- 

channels as well as exocytic proteins. Perhaps, there may be interaction of glibenclamide 

moiety of the heterobivalent ligand with this complex that may also explain the decrease 

in both basal and stimulated insulin secretion observed in the presence of the bivalent 

GLP-1/Glb.  
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The interplay between SUR1 and GLP-1R signaling and function is complex and 

increasingly so when considered in simultaneous activation. This interplay is further 

compounded by PKA-independent and PKA-dependent potentiation of glucose 

stimulated insulin secretion which are both activated by cAMP but at different 

concentrations (59). However, it is clear that the SUR1 and GLP-1R are important in β-

cell function and incretin response. 

This study offers a number of considerations in the development of multivalent 

ligands for cell-specific targeting. The sensitization of the SUR1 by GLP-1R activation 

observed by Leech et al. may be of considerable interest. Receptors that are known to 

interact with and even sensitize other receptors may be excellent targeting candidates, 

since they may  influence the therapeutic effect or binding affinity of the other. 

Furthermore, it is clear that the ligand-receptor binding mechanisms should be considered 

in the design of multivalent targeting agents. Divalent GLP-1/Glb binding may actually 

result in a quadravalent interaction at the sites of receptor-ligand interaction, assuming 

correct and simultaneous dual receptor engagement. GLP-1 and the GLP-1R interact by a 

“two domain” mechanism in which the C-terminus of the GLP-1 interacts with the 

extracellular N-terminus of the GLP-1R and the N- terminus of GLP-1 interacts with the 

transmembrane regions of the GLP-1R (102, 137). Glibenclamide interacts with the 

SUR1 via interaction with two separate hydrophobic regions (244). In conjunction with 

the aforementioned challenges in the kinetic characterization of the GLP-1/Glb, these 

factors may further complicate kinetic and functional characterization. If even one of 
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these interactions is disturbed by multivalent binding it may drastically alter the kinetic 

and functional characteristics of the ligand/receptor interactions. However, this 

quaternary interaction also may lead to increased ligand avidity, a factor to be considered 

in the rational design of future ligands. Specific to the bivalent GLP-1/Glb, it may be 

necessary to increase the linker length coupling the two receptor recognition elements. 

The linker length was designed to bind two GPCRs, however, the SUR1 is not a GPCR 

and may have an intracellular binding site. Moreover, the SUR1 itself is part of a much 

larger functional unit complexed to the Kir6.2 channel. Thus, to optimize simultaneous 

multivalent interactions it may be necessary to extend the linker length allowing for glb-

SUR1 interaction on the inner leaflet of the plasma membrane, and adequate linker length 

to span the lipid bilayer to allow interaction of the GLP-1 recognition element with the 

GLP-lR. As this molecule is designed for in vivo use it may also be necessary to replace 

the GLP-1 peptide sequence with exendin-4 (or other DPP-IV resistant GLP-1R agonist) 

to prevent DPP-IV degradation of the GLP-1 and addition of a more hydrophilic 

molecule, either a modified glibenclamide similar to what has been described by 

Schnieder or a ligand for another β-cell receptor (e.g. yohimbine-α2 adrenergic receptor 

antagonist). 

As a pilot β-cell targeting agent GLP-1/Glb has displayed β-cell specificity, but 

likely falls short of that required to accurately quantify β-cells in vivo. GLP-1R agonists 

are promising diabetic therapeutics due to their nutrient assimilating and β-cell beneficial 

effects but have been recently scrutinized due to their non-specific effects on the exocrine 
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pancreas and thyroid. We have shown in cellular models that the heterobivalent GLP-

1/Glb does not bind exocrine tissue. Thus, due to its modulatory effect of β-cell signaling 

and insulin secretion it may be useful in the therapeutic realm, by specifically targeting β-

cells with preserved GLP-1R agonism and weak sulfonylurea action.  

Based on the specific targeting and signal modulating properties of GLP-1/Glb, 

the heterobivalent construct deserves further investigation as a potential β-cell specific 

therapeutic. Perhaps more importantly, this multivalent ligand has served as a pilot 

multivalent ligand targeting heterologous receptor combinations for cell-specific 

targeting. Based on the experimental observations with this molecule and the 

considerations for future rational ligand design, multivalent β-cell targeting strategies 

warrant further investigation and optimization.  
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APPPENDIX A: INSULIN SECRETION EXPERIMENTS-INS 832/3 CELL LINE 

AND ISLETS 

The INS 832/3 cell line is a model β-cell line derived from a rat insulinoma, 

which has been shown to be a robust model of β-cell function. The INS 832/3 cell line is 

responsive to glucose over a more physiological range compared to other β-cell lines (e.g. 

βTC3, INS-1, Min6). The INS 832/3 cell line has also been shown to be highly sensitive 

to incretin action. For a description of cell line development and characteristics refer to 

references: (104, 196). Based on these characteristics the INS 832/3 cell line was selected 

for in vitro analyses of the insulin secretory properties of GLP-1 and the heterobivalent 

GLP-1/Glb. 

Isolated murine, porcine, and human islets have been used to characterize the 

actions of glucose and incretins on insulin secretion. Our lab has worked with isolated 

islets in the characterization of incretin action on islet function, as well. 

Included in this appendix is the description of the insulin secretory experiments 

and the best practices based on the evolution and optimization of the protocol. 

INS 832/3 Protocol 

1. INS 832/3 cells should be grown to confluency in a T-75 cell culture flask in RPMI 

medium containing 5.5 mM glucose and 10 mM HEPES supplemented with 10% FBS 

and 1% Pencillin/Streptomycin. Cells should be grown ~25 ml of medium and medium 

replaced every 3-4 days. 



164 

 

2. Seed cells at a density of 600,000 cells/ml/well in 20 wells of a 24 well plate. Allow to 

proliferate for ~96 hours. Cells should be confluent. 

Note: Confluency of the cells on the day of the experiment is important to the success of 

the experiment. Proper intercellular connections and receptor expression are essential for 

the experiment. The cells are seeded in 20/24 wells of a 24 well plate allowing for 

duplicate insulin assay of two separate experiments with 5 conditions x 4 replicates using 

one 96 well insulin assay (ALPCO, Salem, NH).  

3. After ~72 hrs of proliferation, replace RPMI + 5.5mM glucose with 1 ml/well RPMI 

medium containing 1 mM glucose and 10 mM HEPES supplemented with 10% FBS and 

1% Pencillin/Streptomycin. 

Note: Replacing the cellular medium with RPMI + 1 mM glucose places the cells in a 

non-stimulatory environment. It is important to place the cells into a quiescent state prior 

to the experiment such that they are maximally responsive, relative to a low baseline, to 

glucose and incretins upon stimulation. 

4. On the day of the experiment prepare solutions of HBSS with 1 mM glucose and 30 

mM glucose using HBSS without glucose and freshly prepared 1 M glucose in diH2O.  

5. “Oxygenate” each solution by bubbling each aliquot with 95% O2 and 5% CO2 for a 

minimum of 10 minutes. 
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Note: The oxygenation step appears to be of substantial importance because it reduced 

intra- and inter-experimental variability, thereby, providing more consistent and robust 

secretory responses. This is presumably due to the cells ability to be consistently and 

maximally sensitive due to a maintained oxidative capacity. Glucose stimulated insulin 

secretion (GSIS) is intimately linked to cellular metabolism, thus maintaining an 

optimized metabolic environment during the experiment is of importance. β-cells are 

known to be susceptible to reactive oxygen species (ROS) due to limited expression of 

various antioxidant enzymes, providing an additional reason to supplement experimental 

media with O2. 

6. Aspirate RPMI media from each well and replace with 1 ml/well HBSS + 1 mM 

glucose. 

Note: INS 832/3 cells are sensitive to mechanical disturbances and can separate from the 

plate quite easily. Care should be taken when aspirating and adding medium. Inevitably, 

cells will be lost during this step but can be minimized with awareness. With the use of 

larger well plates, the loss of cells due to aspiration is more limited, but cell loss can be 

evaluated by observing confluency after aspiration using culture room phase microscope. 

7. After replacing the RPMI media with HBSS + 1 mM glucose, incubate the 24 well 

plate in an incubator at 37°C on a plate rocker at low speed for 40 minutes without the 

plate lid. 
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Note: We observed that when disturbed, INS 832/3 cells will release insulin, an 

observation that presumably extends to islets. Thus, this step is to introduce the cells to 

the experimental medium (HBSS) while maintaining a non-stimulatory environment and 

to allow cells to ‘recover’ from the initial disturbance. The plate is incubated without a lid 

and on a plate rocker to maximize cellular oxygen access. 

8. Prepare the desired experimental solutions during the 1st 40 minute incubation period. 

Solutions should be prepared in 2X concentration (except the HBSS + 1mM glucose, as 

the 1 mM glucose concentration will be kept constant, additionally HBSS + 30 mM 

glucose prepared earlier reflects a 2X concentration of glucose). Each experiment should 

contain 4 biological replicates of 5 conditions: 1 mM glucose, stimulatory 15.5 mM 

glucose, desired treatment condition 1, desired treatment condition 2 and stimulatory 15.5 

mM glucose + 10 µM forskolin. Forskolin drives cAMP production via activation of 

adenylate cyclase, reflecting the maximal cAMP induced insulin potentiation effect in the 

presence of stimulatory glucose. Below is the layout of a typical experiment in a 24 well 

plate. 

 1  2  3  4  5  6  

A  1mM glc 15.5mM glc Treatment 1 Treatment 2 15.5mM glc + 10µM forskolin blank 

B  1mM glc 15.5mM glc Treatment 1 Treatment 2 15.5mM glc + 10µM forskolin blank 

C  1mM glc 15.5mM glc Treatment 1 Treatment 2 15.5mM glc + 10µM forskolin blank 

D  1mM glc 15.5mM glc Treatment 1 Treatment 2 15.5mM glc + 10µM forskolin blank 

Layout 1: Insulin experiment  

9. “Gas” each treatment solution. Open 15 ml tube in which treatment solution is 

prepared and insert the tube from the oxygen tank and force out ambient air for ~20 
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seconds/tube. Cap the 15 ml tubes and place in incubator laying horizontally until 

needed. 

10. After the initial 40 minute incubation. Remove 500 µl/well of HBSS + 1 mM glucose. 

In initial experiments, this sample was saved. However, as the insulin content of this 

sample is typically very low and variable due to insulin assay sensitivity, the sample can 

be disposed of. After the removal, add 500 µl/well of treatment solutions in 2X 

concentration according to experimental layout (pictured above) yielding the desired 

experimental ligand and glucose concentrations. 

11. Incubate for 40 minutes in same conditions listed in Step 7. 

12. After the 2nd 40 minute incubation period collect 500 µl/well insulin secretion 

sample and place in 1.7 ml tubes previously labeled 1-20 (or whatever method is desired) 

in  correspondence with the well. 

13. Place samples on ice 

14. Spin each 1.7 ml tube in a centrifuge at low speed to “pellet” cells that may have been 

collected with media sampling. On centrifuge in Lynch lab: ~3 minutes at setting 1.5. 

15. Collect 400 µl from each tube, leaving 100 µl containing “pelleted” cells, and transfer 

to an appropriate labeled 1.7 ml tube. You may dispose of the 1
st
 tube. 
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Note: This step is performed to eliminate cells from the secretion sample which can lyse 

and release high amounts of insulin into the secretion sample thus skewing the sample. 

This is particularly important when working with islets. 

16. Scrape each well in the 24 well plate with a cell scraper in the remaining 500 µl/well 

making sure to remove all cells from the plate. Pipette up and down to reconstitute cells , 

wash the well, and collect 500 µl/well total protein content sample and place in 1.7 ml 

tubes labeled C1-C20 (or other appropriate labeling method). Freeze protein content 

samples down in -80°C. 

Notes:  The insulin assay can be run on the same day or the samples can be frozen down 

at -80°C until the assay is run. 

These experiments can be run with multiple 24 well plates simultaneously. However, it is 

important to familiarize yourself with the assay before attempting multiple plates. 

Islets Protocol: 

*this protocol can presumably be performed on islets of all species 

1. Place 1 ml/tube (*bubble solutions with oxygen before addition of BSA) HBSS or 

KRB medium + 0.5% BSA + non-stimulatory glucose levels (1mM glucose) in 1.7 ml 

tubes. 

Note: Be sure to add BSA (*bubble solutions with oxygen before addition of BSA). It 

keeps islets from “sticking” to everything.  
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2. Place ~ 15 ml HBSS + 1 mM glucose + 0.5% BSA into 2 petri dishes 

3. “Pick” islets from growth medium into the 1
st
 petri dish 

4. “Pick’ islets again from 1
st
 petri dish to 2

nd
 petri dish 

5. “Pick” 10 islets/ 1.7 ml tube according to experimental layout 

6. Allow islets to incubate for 40 minutes on plate rocker with lids open. 

7. During this time prepare the desired treatment solutions in 2X concentration. 

8. Remove 500 µl from 1.7 ml tube, taking care not to remove islets 

9. Add 500 µl per well or tube [2X] treatment solution 

10. Incubate on plate rocker an additional 40 minutes. 

11. Spin down each tube @ ~1000g for ~3min 

12.  Remove 500 µl per well or tube, taking care not to remove islets and place in 

appropriately labeled 1.7 ml tube 

13.  Remove remaining medium from 1.7 ml tubes taking care not to remove islets and 

add 100µl well AT buffer, cap and vortex. 

14. Run insulin assay or store samples in -80°C until insulin assay is run (Islets must be 

frozen) 



170 

 

Note: For islets, insulin secretion needs to be normalized to insulin content, which will 

require freezing the islets, thawing, sonicating the islets and running the islet insulin 

content using an insulin assay. We have estimated that a typical islet should release 1.5-

2.5 ng/hr in stimulatory glucose and each islet contains approximately 20-25 ng/insulin. 

Thus, samples must be diluted accordingly to achieve the range of the insulin assay. 

Insulin secretion also can be normalized to DNA content (PicoGreen) and protein 

(Bradford Assay see below) as well. 

 Insulin Assay:  

Insulin kits (ALPCO, Salem, NH) are species specific thus it is important to be familiar 

with the source of the experimental cell line or islet. Order the insulin assay kit for the 

appropriate species. Typically, it is best to use a high range kit to avoid diluting samples 

to attain the range of the kit. High range kits also allow for the inclusion of an entire 

experiment from low to high values without dilutions. The insulin assay kits are 

accompanied with a detailed protocol. Below is a representation of a typical insulin assay 

layout (Layout 1). 

Insulin Assay Data Collection and Analysis: Data collection is performed using the 

plate reader in the McKay laboratory located on the 2
nd

 floor. First turn on the plate 

reader (on the back) and turn on computer, choose FLEX3 on the login/user screen. On 

the desktop choose the SoftMax Pro 5.3 icon and start the program. Under the heading 

Protocols, scroll to ELISA Endpoint, and choose HRP and TMB. On the new protocol 

screen select: Settings. Click on Absorbance, choose 2 wavelengths. 450 nm should 
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already be selected, select 650 nm as the 2
nd

 wavelength. Close out of this tab. Select 

Reduction and select !LM1-!LM2. Close out of this tab. Select Template. Select Edit 

and ensure ng/ml are the units. Select boxes and input the appropriate standards (see 

Layout 1). Select boxes for controls and samples and select UnknownsNoDilution 

according to your layout (unless you have diluted your samples in which you select 

Unknowns and enter the appropriate dilution value). After readying the protocol, place 

the insulin microplate in the bottom drawer of the plate reader and press read. After the 

read is complete the desired data can be viewed by clicking on the arrow icons to the left 

of each data subset. The default standard curve is a 4 parameter curve, this can be 

viewed and changed by expanding the standard section. Copy the values for the 

UnkonwnsNoDilution into an excel spreadsheet labeled 4 parameter. Change the 

standard curve to cubic spline and copy these values as well into a different spreadsheet 

labeled cubic spline. Make a copy of the SoftMax data file and the excel spreadsheet 

onto the computer under Lynch Lab and also on a flash drive. 

2. Data Analysis (See Craig Weber or Dr. Lynch for a template excel sheet): After 

reading the insulin microplate and transferring the experimental values into an excel 

spreadsheet, cut, paste and transpose the data values into the 96 well plate layout. From 

the values in the layout average the duplicate values for each experimental condition. 

These will be the experimental insulin concentrations (ng/ml) for each condition. As the 

experiment was performed in 1 ml solution, this concentration reflects the amount of 

insulin produced in the experiment. Divide the experimental insulin values by the total 
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protein values for the corresponding well (assay described below) to yield a rate of 

insulin production= ng insulin/mg total protein/ 40 minutes. Using excel identify the 

minimum value in the 1 mM glucose and the maximum value in the 15.5 mM glucose + 

10 µM forskolin to identify the dynamic range of the experiment. Subtract the minimum 

1mM glucose response from each value and divide this value by the dynamic range and 

multiply by 100. This reflects a normalization in which insulin production (ng)/total 

protein (mg)/ 40 min is represented as a percentage of the dynamic range. Subtraction of 

the minimum value from each value provides a method to observe inhibition of basal 

insulin secretion. The equation is presented below: 

                 
                                       

                                                            
       

Protein Assay: 

In order to normalize insulin secretion to total cellular protein, total protein content is 

collected during final step of the experimental protocol. The total protein content samples 

must be frozen, thawed and sonicated for at least 5 minutes prior to the protein assay. 

This ensures cell lysis and complete protein release. The protein assay used is a Bradford 

assay (BioRad, see assay protocol for specific instructions) and standards/samples are run 

in triplicate. Each experimental 24 well plate will require one 96 well plate to 

accommodate assay in triplicate (see Layout 3).  

Data collection: After completing the Bradford assay protocol, read the 96 well plate 

using the Victor PerkinElmer plate reader in the Lynch Lab. Select Wallac icon. In the 
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protocol tab, chose 590 Absorbance (1 second) and press start to begin assay. After the 

plate is read, select results of latest assay run under tools. When the sheet appears, choose 

file and export the file to an appropriate folder. Transfer the exported excel sheet to a 

flash drive and transfer the file to a computer with GraphPad Prism 5 (in Lynch Lab 

located in back storage room). Select the GraphPad Prism 5 icon, in the prompt select 

Sample Data, then select Use Sample Data and select Linear Regression-interpolate 

from standard curve. Select Create. When the spreadsheet appears select the box with 

the label Table Format XY in the upper left corner of the spreadsheet. For Y, select 

enter 3 replicate values in side by side columns. Leave this window. Enter the 

standard values of the protein assay in column X. In the column headed Table 

Format XY enter labels for unknowns (Wells 1-20). Enter optical densities from 

plate reader spreadsheet into Y1:Y3, corresponding with appropriate standards and 

unknowns. In the Toolbar, under Analysis select Fit Line with Linear Regression and 

select Interpolate Unknowns From Standard Curve. This fit will produce a Standard 

Curve and a set of interpolated values. Cut and paste the interpolated values back into 

the original spreadsheet and save on the flash drive and transfer to computer where 

you will make the final analysis combining protein content with insulin secretion. 
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 1  2  3  4  5  6  7  8  9  10  11  12  

A Standard 

0 ng/ml 

Standard 

0 ng/ml 

1 1 9 9 17 17 5 5 13 13 

B  3 ng/ml 3 ng/ml 
2 
 

2 
 

10 10 18 18 6 6 14 14 

C  7.5 ng/ml 7.5 ng/ml 3 3 11 11 19 19 7 7 15 15 

D  30 ng/ml 30 ng/ml 4 4 12 12 20 20 8 8 16 16 

E  75 ng/ml 75 ng/ml 5 5 13 13 1 1 9 9 17 17 

F  150 ng/ml 150 ng/ml 6 6 14 14 2 

 

2 

 

10 10 18 18 

G  control control 7 7 15 15 3 3 11 11 19 19 

H  control control 8 8 16 16 4 4 12 12 20 20 

Layout 2: Insulin Assay layout. Insulin secretion samples are assayed in duplicate. 

Columns 1 and 2 are reserved for insulin assay standards and controls leaving space for 

analysis of 80 samples. Samples 1-20 from one experiment are represented by red borders 

and samples 1-20 from a second experiment are represented by black borders. 

 

 1 2 3 4 5 6 7 8 9 10 11 12 

A Standard 

0.5 

mg/ml 

Standard 

0.5 

mg/ml 

Standard 

0.5 

mg/ml 

1 1 1 9 9 9 17 17 17 

B 0.25 
mg/ml 

0.25 
mg/ml 

0.25 
mg/ml 

2 
 

2 
 

2 
 

10 10 10 18 18 18 

C 0.125 

mg/ml 

0.125 

mg/ml 

0.125 

mg/ml 

3 3 3 11 11 11 19 19 19 

D 0.08 

mg/ml 

0.08 

mg/ml 

0.08 

mg/ml 

4 4 4 12 12 12 20 20 20 

E 0.05 
mg/ml 

0.05 
mg/ml 

0.05 
mg/ml 

5 5 5 13 13 13 blank blank blank 

F diH2O diH2O diH2O 6 6 6 14 

 

14 

 

14 

 

blank blank blank 

G blank blank blank 7 7 7 15 15 15 blank blank blank 

H blank blank blank 8 8 8 16 16 16 blank blank blank 

Layout 3: Protein Assay Layout: Protein samples are assayed in triplicate. 
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APPENDIX B: MURINE ISLET ISOLATION 

*For assistance and additional advice see Dr. Sean Limesand 

Solutions: 

Quench buffer: (Sterile HBSS + 0.5% BSA) Approximately 150 ml split into 3 x 50 ml 

conical tubes will be required for one pancreas. Keep on ice. 

Collagenase solution (can also use liberase): Sigma Collagenase V #C9263. 20 ml HBSS 

+ 20 mg collagenase + 4 µl DNAse (40 units). Sterile filter after mixing in a 0.22 µm 50 

ml Steriflip tube. 

DNAse I, RNAse-free, Roche 

Histopaque 1119-1 (density = 1.119) Sigma Aldrich 

Note: Histopaque is to be stored in the dark in 4 C but needs to be at room temperature 

before use. Before starting experiment place the histopaque in a drawer and allow to 

warm to room temperature. 

Surgical Procedure: 

1. Anesthetize the rodent according to laboratory protocols (typically done with CO2 or 

halothane). 

2. Shave the ventral portion of the rodent, spray the shaved area with iodine or alcohol. 



176 

 

3. Make an incision extending from the xyphoid process of the sternum extending to the 

upper genitalia completely exposing the abdominal cavity. 

4. To ensure rodent is sacrificed sever a large blood vessel (vena cava, descending aorta) 

above the diaphragm (in order to keep the abdmonial cavity relatively free of blood), 

have gauze on hand to absorb blood. 

5. Cut away xyphoid process of the sternum and if necessary ribs, to clear a “working 

area” which should include the liver and intenstinal regions. 

6. At this point it is best to prop the rodent up on an elevated platform, allowing the head 

and chest to lay back further exposing the abdominal organs and improving access.  

7. Flip the liver back towards the head of the animal, it can be secured in this position 

with a hemostat or gauze. 

8. Identify the upper common bile duct, which will appear yellowish, leaving the lobes of 

the liver towards the intestine. Using tweezers, clear the area around the bile duct of 

excess connective and fat tissue. Adjust the animal on the platform to position the 

common bile duct in a position as horizontal as possible. 

9. Expose the omentum of the proximal small intestine. Look closely and you will be able 

to identify a small vessel within the adipose and connective tissue that is yellowish color, 

this is the lower common bile duct which feeds into the intestine. 



177 

 

10. After identification of the lower common bile duct, clamp across the intestine and 

point of insertion, blocking the drainage of the duct into the intestine allowing for 

retroperfusion of the pancreas. 

11. Stabilize the upper common bile duct with ligature or tweezers. 

12. Nick the upper common bile duct with microscissors/needle/scissors. 

13. Insert needle (22 Ga or 26 Ga) bevel down (to assist in catching the duct) and insert 

needle into the head of the pancreas if possible and steadily inject 10 ml of cold liberase.  

14. An effective injection will be immediately noticeable and the pancreas will swell and 

begin to appear clear. 

15. Quickly excise pancreas as digestion begins quite rapidly. The pancreas will 

immediately become quite diffuse. It is best to identify the spleen as a starting point. Pull 

on the spleen and this will expose the pancreas and then you may begin excising the 

pancreatic tissue from the spleen, intestine and connective tissue. 

16. Place excised pancreas in cold 10 ml liberase solution on ice. 
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Islet Isolation 

1. Place the excised pancreas in a water bath at 37°C to activate liberase and initiate 

pancreatic digestion. 

2. Digest for approximately 17-22 minutes, shaking tube every 5-10 minutes. The 

pancreas should be digested until it looks granular. A gelatinous appearance typically 

signals over-digestion. 

3. After digestion remove the 50 ml tube from the water bath and add cold quench buffer, 

bringing the volume to ~40-50 ml, ceasing the digestion. 

4. Mix the contents of the tube by inverting 5X and place on ice for ~10 minutes, 

allowing digested tissue to settle. 

5. Remove supernatant leaving ~20 ml. 

6. Add 20 ml cold quench buffer bringing the volume to ~40 ml and re-suspend by 

pipetting up and down.  

7. Filter solution through 500 µm mesh into a sterile beaker. Rinse the tube with 10 ml 

cold quench buffer, and filter through mesh. If needed use the pipette tip to scrape the 

filter and assist filtration. 
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8. Swirl the solution and swirling as you pour, transfer the 25 ml solution into 2X 50 ml 

tubes. Rinse the beaker with 10 ml cold quench buffer, and add an additional 5 ml to each 

50 ml tube. 

9. Place tubes on ice for 10 minutes 

10. Prepare histopaque solution (should be at room temperature by this point) 

11. After cells have settled, remove supernatant in both tubes to ~15 ml volume. Re-

suspend pellet in one tube, pipetting up and down, remove this 15 ml and use it to re-

suspend the pellet in the 2nd tube. 

12. Mix solution and add 15 ml of this solution to 2X 50 ml tubes 

13. Swirl each tube and slowly add 10 ml of histopaque (remove 11 ml of histopaque and 

stop dispensing at 1 ml) with the pipette tip at the bottom of the tube, layering the 

histopaque underneath the digestion solution. 

14. Centrifuge for 20 min at 1600 g (room temp) immediately 

15. After centrifugation, pancreatic exocrine tissue should be pelleted at the bottom of the 

tube and the islets should be suspended in the middle layer just above the histopaque. 

16. Pull off this layer, being careful to avoid the histopaque layer and place in 50 ml tube. 

Bring volume in 50 ml tube to 40 ml. 
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17. Immediately centrifuge at 1600 g for ~1minute. This should form a very small pellet. 

Carefully pour off or otherwise remove the supernatant, preserving the small pellet.  

18. Re-suspend the pellet in 10 ml quench buffer, pipetting up and down. 

19. Add this solution to a 100 cm petri dish. 

20. Rinse tube with an additional 5 ml quench buffer and pour into petri dish. 

21. “Pick” islet under a dissecting microscope into a 2nd petri dish containing quench 

buffer using a P200 pipette. Islets can be discerned by their rotund shape and golden 

color. 

22. Using a P20 pick islets into a 3rd petri dish with quench buffer 

For RNA: Transfer islets into a 1.7 ml tube, remove all fluid and freeze at -80°C 

For culture: 

Pick islets one more time into CMRL media with 10% FBS and 1% Pencillin-

Streptomycin (complete RPMI media is also acceptable) 

For imaging: in advance prepare a 6 well plate with cover slips. Coverslips can be 

coated with fibronectin or poly-lysine (according to other protocols)  

Add 2-3 ml of medium to each well and add desired number of islets to center of cover 

slip. 
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Note: If islets are not sticking to coverslips, before imaging experiment, place islets on a 

coverslip in the absence of BSA which may help the islet adhere. 

For insulin assays: 

Insulin assays can be run on the same day. 

Islets may also be cultured in the petri dish with the medium in an oxygenated 

pressurized chamber or specialized chambers developed by Dr. Klearchos Papas (see Dr. 

Lynch or Dr. Limesand for more information and access to these chambers). 
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APPENDIX C: PANCREATIC PERFUSION 

1. Inject approximately  5ml of a solution containing 10 µM sodium nitroprusside (a 

vasodilator) and a 10 units/ml solution of heparin (a anti-coagulant) prepared in HBSS or 

saline solution into the tail vein of the rat. Tail veins should be located on the inferior 

medial portion of the tail, and lateral sides. Often they are visible. 

Note: Tail vein injection can be troublesome. If the tail vein injection does not work:  

immediately after sacrificing the rat, open the thoracic cavity and inject all/remaining 

vasodilating anti-coagulant solution into the left ventricle of the heart. 

2. Sacrifice rat in CO2 chamber. 

3. Shave underside and left side of rat. 

4. Place rat on back, using tweezers lift up on the skin just above the sternum. Cut from 

sternum laterally towards the animal’s left side towards the vertebral column on the 

dorsal side of the animal. From sternum cut posteriorly towards the tail, and then laterally 

towards the left hind leg. The lateral cut should extend close to the verterbral column and 

the ventral cut along the midline. Pull back skin exposing the thoracic and abdominal 

cavities. 

Note: If tail vein injection was not successful, access the heart as quickly as possible and 

inject solution into left ventricle of the heart. 
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5. Prop rat up so that the exposed thoracic and abdominal cavities are facing you. This 

will allow for better visualization of descending aorta and celiac artery as gravity will 

pull some abdominal organs out of the way. 

6. Identify the descending aorta which is white in color and descends along the vertebral 

column . 

7. Follow the descending aorta past the diaphragm. 

Note: A dissection microscope will be helpful in the following steps. 

8. Identify the celiac artery which is the 1
st
 deviation of the descending aorta after the 

diaphragm, appearing to deviate towards the spleen, liver and intestine.  

9. Carefully clear the area surrounding the celiac artery of connective tissue etc., 

preferably using blunt dissection. 

10. Tie a small stitch on the celiac artery closest to its trunk/bifurcation from the 

descending aorta. Leave a bit of excess stitch to form a small handle. 

11. Use excess stitch to pull back on the celiac artery and make a small incision. 

12. While maintaining back tension on the celiac artery, insert a micro-catheter 

Note: Before perfusion begins, be sure to cut vena cava in order to open the “circuit” and 

ensure stopcock of micro-catheter is in the open position 

13. Begin infusion using a syringe pump at a rate of approximately 6 ml/hr 
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For India ink- one bottle india ink in 10ml saline, perfused one time with 5ml 

For labled ligands- will need to ‘clear’ pancreas with a wash (HBSS or saline), perfuse 

with ligand and wash again (5ml each), the perfusion with ligand will also need to be 

done in the dark. 

Note: during perfusion(s) ensure that abdominal organs do not desiccate. Occasionally,  

pour saline over abdominal organs, or soak gauze in saline and drape over organs. 

14. After desired perfusion is concluded. Remove pancreas. Using spleen as a guide 

(gently pulling on spleen to expose pancreas) carefully cut away tissue connecting the 

pancreas to stomach, intestine, etc. Conclude by cutting a portion of the duodenum 

attached the head of the pancreas 

15. Place pancreas in 4% paraformaldehyde and leave overnight in 4 C. 

16. Soak in sucrose solution overnight 

17. Freeze in OCT mix in preparation for sectioning. 
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Example of an india ink perfusion and possible data layout. 
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