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ABSTRACT 
  

Diabetes Mellitus (DM) is a metabolic disorder in which the body fails to achieve glucose 

homeostasis, due to either insulin resistance or reduced insulin secretion or both. This inadequate glucose 

control leads to hyperglycemia which, if left unchecked, leads to secondary complications like nephropathy, 

neuropathy, retinal degeneration and other serious conditions [1]. In non-disease state, normal glucose level in 

the blood is maintained by pancreatic β-cells, which secrete insulin. However, during diabetes development, 

there is loss of β-cell mass and function; resulting in decreased insulin secretion which is the ultimate cause of 

hyperglycemia [2]. The ability to non-invasively monitor changes in the β-cell mass during the development 

or treatment of diabetes would be a significant advance in diabetes management. However, a primary 

limitation for analysis of β-cell mass and developing dysfunction is the lack of specificity of β-cell targeting 

agents.  

 

Our novel approach for achieving the required specificity for a usable β-cell targeted contrast agent is 

to target a set of receptors on the cell surface that, as a combination, are unique to that cell. Through genetic 

screening, Glucagon Like Peptide-1 Receptor (GLP-1R) and α2Adrenergic Receptor (α2AR) were chosen as a 

potential molecular barcode for β-cells since their combination expression is relatively unique to the β-cells. 

GLP-1R and α2AR are both G-protein couple receptors (GPCRs) that, apart from being a β-cell specific 

combination, play an important role in regulating fundamental downstream signaling pathways in β-cells [3, 

4]. To target these receptors effectively, we synthesized a multivalent ligand composed of Yohimbine (Yhb), 

an α2 adrenergic receptor (α2AR) antagonist, linked to an active Glucagon-like Peptide 1 analog (GLP-17-36). 

In this manuscript, I describe the synthesis and characterization of binding selectivity and signaling ability of 

GLP-1/Yhb at the cellular level. 

 

Using high throughput binding assays, we observed high affinity binding of GLP-1/Yhb to βTC3 cells, 

a β-cell mimetic line expressing both receptors, at a Kd of ~3 nM. Using microscopy, we observed significant 

Cy5-tagged GLP-1/Yhb binding and rapid internalization in cells expressing the complementary receptor pair 

at low concentrations, as low as 1 nM and 5 nM. When one of the receptors was made inaccessible due to 

presence of saturating quantities of a single unlabeled monomer, GLP-1/Yhb-Cy5 failed to bind to the cells at 

low concentrations (<10 nM). Similarly, in cells where either GLP-1R or α2AR were knocked down (using 

shRNA), binding of GLP-1/Yhb was significantly reduced (≤ half of cells with both receptors), indicating 

strong selectivity of the ligand to cells expressing the combination of receptors. We also observed that GLP-

1/Yhb construct modulates downstream signaling in βTC3 cells resulting in enhanced Glucose Stimulated 

Insulin Secretion (GSIS). In presence of stimulatory glucose, GLP-1/Yhb significantly potentiated GSIS with 

a half-maximal effective dose of 2.6 nM. Compared to GLP-17-36 alone or GLP-17-36 and Yhb monomers 

added together, only GLP-1/Yhb could significantly potentiate GSIS at 1 nM, demonstrating that GLP-1/Yhb 

could translate high affinity binding to increased efficacy for GSIS potentiation. Unlike for insulin secretion, 

high affinity divalent binding did not translate to increased cAMP production at low concentrations, with 

significant increases above baseline seen only at 10 nM and higher. Nevertheless, these data show that GLP-
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1/Yhb binds selectively to β-cells and affects signaling, demonstrating its potential for targeted β-cell imaging 

and therapy.  

 

Overall, our work indicates that synthetic heterobivalent ligands, such as GLP-1/Yhb can be developed 

to increase cellular specificity and sensitivity making them a strong candidate for both noninvasive imaging 

and targeted therapy. 
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1. INTRODUCTION 

1.1. Diabetes: Impact, diagnosis and categorization 
 

 Diabetes mellitus (DM) is a chronic disease in which the body is not able to process the glucose it 

consumes, resulting in hyperglycemia or elevated blood glucose. Hyperglycemia leads to serious life-

threatening complications. However, DM also results in more severe mortal conditions like neuropathy and 

nephropathy and it aggravates the risk of health conditions like blindness, heart disease and stroke [1]. Its 

chronic nature coupled with severity of its complications makes DM a costly disease not only for the affected 

individual and their families but also for the healthcare system because of its extended time course. Case in 

point, United States alone spent $245 billion on total costs for the diagnosed cases in 2012: an amount that is 

more than the GDP of 33 African countries combined. Out of this $245 billion, $176 billion were direct 

medical costs, while $69 billion was due to reduced productivity: DM, thus, apart from being a health threat is 

also a quality of life disrupting disorder [5].  Not only is the cash spent on DM daunting but also the 

penetration of this disease into today’s society is dreadful. In 2012, approximately 29 million Americans had 

diabetes, compared to 30 million people worldwide with diabetes in 1985 [6]. World Health Organization 

predicts the number of DM cases in the world to be 300 million by 2025. Diabetes was listed as the 

underlying cause of 231,404 cases of death, placing it as 7th leading cause of death in the United States [1]. 

 

The incidence of diabetes in America in 2012 was 1.7 million new diagnoses/year. 5% of the 

population diagnosed with DM has Type 1 DM (T1DM) while 90-95% cases have Type 2 DM (T2DM); 1-5% 

have other kinds, of which gestational diabetes is the most common. Most cases of gestational diabetes are 

diagnosed between 24 and 28 weeks’ gestation, and many mothers with gestational diabetes progress to overt 

diabetes later in life [6]. Both T1DM and T2DM present with classic signs of polyuria, polydipsia and 

unexplained weight loss. 

 

The patient is diagnosed as having diabetes if he/she presents with an overt hyperglycemia defined by 

a random plasma glucose level of ≥ 200 mg/dl (11.1 mmol/L). This is only one of the 4 criteria for diabetes 

diagnosis according to the American Diabetes Association. Diabetes may be also diagnosed based on 

glycosylated hemoglobin (HbA1c), fasting plasma glucose levels or glucose tolerance tests and C-peptide 

measurement. The A1c represents the average blood glucose level over 3 months and 6.5% is considered the 

A1c cut-off for diagnosis. The diagnosis cut-off for fasting plasma glucose (FPG) is blood glucose level ≥ 126 

mg/dL (7 mmol/L), while a 2-hour plasma glucose (2-h PG) value of ≥ 200mg/dl (11.1 mmol/L) after a 75 g 

oral glucose tolerance test (OGTT) is considered overt diabetes. Compared with the A1c and FPG cut points, 

the 2-h PG value diagnoses more people with diabetes, as confirmed by numerous studies [1]. Apart from 

being tools for diagnoses, the non-invasive methods of glucose tolerance test or C-peptide measurement, can 

also be used to indirectly measure β-cell function in-vivo. These measures are typically used only after the 

clinical presentation of the disease and they reveal very little of the dynamic state of the β-cell longitudinally. 
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An outline of the initiation and progression of diabetogenic events in T1 and T2DM is given below. 

For most cases, detection of ongoing diabetogenic events occurs much later than the beginning stages of the 

disease which poses a problem for timely intervention [7]. 

1.2. DM: Outline and Epidemiology  

1.2.1. T1DM 
 

T1DM, a polygenic disorder, is one of the most common chronic diseases in childhood and accounts 

for approximately 2/3rd of all cases of diabetes diagnosed in children. The frequency of T1DM for residents of 

the United States aged 0–19 years is 1.7 to 2.5 per 1,000 [8]. During the past decades, the incidence of T1DM 

has been rising by as much as a 5.3% annually in the United States. T1DM peaks between 5 to 7 years of age 

and again when children enter puberty although it can occur in adults as well, with a slightly higher incidence 

in men than women [8, 9].  

 

The linear β-cell decline hypothesis postulated by Eisenbarth in 1986 remains the most widely 

referenced benchmark model for T1DM development [10]. According to this model, in genetically 

predisposed individuals, an unidentified trigger, which could be either an environmental trigger or infectious 

event, initiates an abnormal immune response, causes the immune system to attack and damage the insulin 

producing β-cells of pancreas (islet autoimmunity). The development of islet autoantibodies directed against 

proteins in β-cells results in the loss of β-cell mass. The linear decay in β-cell mass, results in insulin 

deficiency and overt hyperglycemia that allows for clinical diagnosis of T1DM [11, 12]. Herrath et al. 

postulated that rather than a linear decline in β-cell mass, it is possible that T1DM follows a relapsing-

remitting disease model; where, with each relapse, a new antigen is recognized and an immune response is 

directed to it. 

 

There are currently four biochemical islet autoantibodies measured in the serum directed against 

Insulin (IAA), Glutamic decarboxylase (GAD65), islet antigen 2 (IA-2), and zinc transporter 8 (ZnT8), with 

insulin appearing to be the primary target [12, 13]. Development of islet autoantibodies occurs before clinical 

diagnosis of T1DM. The risk of developing T1DM increases proportionately with the number of 

autoantibodies present; that presence of 1 antibody gives rise to 10% chance, 2 autoantibodies in 50% chance 

and 3 autoantibodies leads to 100% chance of developing T1DM in subsequent 5 years. 

 

Studies of serological elements obtained from T1DM patients suggest that a series of functional 

defects in the bone marrow and thymus, immune system, and β-cells collectively contribute to the 

pathophysiology of the disease [9]. There are several triggers that induce an initial breach of immune 

tolerance and according to Herrath et al., the resulting disease progression depends on the degree of epitope 

spreading, the rate of proliferation of β-cells in response to immune attack, and the regulation of autoreactive 

effector T-cell responses by regulatory T-cells [13]. A diverse repertoire of autoantibodies develops over time, 

that leads to a steady progression of β-cell killing by pathologic T-cells, eventually resulting in the loss of 
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80% to 90% of β-cell function and 70-80% of β-cell mass, loss of glucose stimulated insulin secretion (GSIS), 

insulin deficiency and overt hyperglycemia at the time of diagnosis [7, 11-13]. 

1.2.2. T2DM 
 

T2DM is a complex metabolic disorder resulting from insulin resistance coupled with decreased 

insulin production. T2DM develops in response to overnutrition and lack of physical activity in subjects that 

have underlying genetic and acquired predisposition to both insulin resistance (and/or hyperinsulinemia) and 

β-cell dysfunction. A global study survey by Shaw et al. in 2009 revealed that the prevalence of T2DM is 

advancing at an extremely rapid rate in the world with an estimate of 439 million cases by 2030 [14]. The 

overall total predicted increase in numbers with diabetes from 2010 to 2030 is 54%, at an annual growth of 

2.2%, which is nearly twice the annual growth of the total world adult population. Described below is a 

simple outline that skims the surface of an extremely complex mechanism of T2DM development that 

involves peripheral insulin resistance, initial β-cell compensation and eventual islet failure. 

 

The time-line of T2DM development begins with insulin resistance, which was thought to be the 

dominant defect. This resistance is kept in check by β-cells due to compensation, which involves expansion of 

β-cell mass, enhanced insulin biosynthesis, and increased responsiveness of nutrient-secretion coupling. As 

islet β-cell compensation for the insulin resistance fails, there begins a progressive decline in β-cell function. 

As a consequence, subjects progress from normal glucose tolerance to Impaired Glucose Tolerance (IGT) and 

finally to established T2DM.  

 

More detailed studies have revealed that β-cell dysfunction not only occurs before the onset of 

prediabetes, at the time of transition from normoglycemia to IGT, but also is the key pathogenic event that 

causes that progression, establishing that T2DM is a dual defect disease [15]. T2DM only develops in insulin 

resistant subjects with the onset of β-cell dysfunction that fails to compensate for insulin resistance, resulting 

in hyperglycemia. Once hyperglycemia has developed, additional processes linked to glucotoxicity such as 

islet inflammation accelerate β-cell demise, resulting in severe β-cell phenotypic alterations and further loss of 

β-cell mass [16]. T2DM is diagnosed when severe loss (40-60%) of β-cell mass has already occurred. 

 

Several cellular mechanisms have been proposed for insulin resistance, including contributions of, 

inflammatory cytokines, adipokines, increased non-esterified fatty acids and mitochondrial dysfunction. 

Similarly, the eventual malfunction of a genetically susceptible islet β-cell has been attributed to 

glucotoxicity, lipotoxicity, ER and oxidative stress, defective lipid cycling, and amyloid formation. An in 

depth analyses of all these mechanisms underscoring the development of T2DM is beyond the scope of this 

dissertation. Expertly written reviews by Prentki et al. 2006, Nolan et al. 2011 and von Haeften et al. 2006 

address the several mechanisms of insulin resistance, initial β-cell compensation and eventual β-cell failure 

leading to T2DM [6, 16, 17].  
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1.3.  Location and function of β-cells and changes during diabetes development 
 

β-cells are located in islets of Langerhans, which are islands of cells distributed throughout the 

pancreas. β-cells are one of the 4 major types of cells present in these islets and together make up the 

endocrine portion of the pancreas. It is estimated that adult humans have approximately 2 million islets and 

they make up  ~2% of total pancreas by weight [18].  

 

The main role of β-cells is to synthesize and secrete insulin and they do so mainly in response to 

glucose, but also in response to several nutrients, hormones and neural stimuli. β-cells secrete insulin in a 

pulsatile fashion, with oscillations every 11 to 14 min that are thought necessary for normal regulation of 

hepatic glucose production [19]. In the face of increased glucose input, especially after meals, β-cells exhibit 

biphasic insulin secretion - an acute rise in glucose normally causes a large burst of insulin secretion that lasts 

5–10 min (first phase) and is followed by a second insulin response that lasts as long as the hyperglycemia 

(second phase) [15].  

 

In T1DM, all insulin secretion suffers due to immune destruction of β-cells. In T2DM, the pulsatile 

secretion patterns are disrupted and a loss of the first phase of insulin secretion is observed which is a 

characteristic of a β-cell defect [20, 21]. However, the key factor responsible for progression from impaired 

glucose tolerance (IGT) to overt diabetes is loss of β-cell mass [6, 15, 16, 18, 22]. Comparison between BMI-

matched non-diabetics to diabetics group revealed a 40–60% reduction in β-cell volume in the latter. This 

observed reduction was due to a β-cell number decrease (rather than changes in islet size) mainly due to 

increased β-cell death that was three- and tenfold higher in obese and lean type 2 diabetic samples, compared 

with their BMI matched non-diabetic control group. On the other hand, the frequency of β-cell replication was 

found to be substantially similar in type 2 diabetic and control pancreata, indicating that diabetes is the result 

of enhanced β-cell death rate without adequate regeneration [23]. Furthermore, due to changes in β-cell 

function, compared to other fuel and non-fuel stimuli, insulin secretion in response to glucose is found to be 

markedly lowered during diabetes. Marchetti et al. in 2010 measured the Adenosine triphosphate (ATP) 

content and found that islets from diabetic subjects were not able to increase their ATP content in the presence 

of acute glucose stimulation. As a consequence, the ATP/ADP ratio was approximately 40% lower in diabetic 

than in control islets, which possibly explains the blunted or absent GSIS in diabetics [24].  

 

Due to the several physiological changes in mass and function during diabetes development, β-cells 

are the lynchpin in the quest to provide improved diabetes treatment. As mentioned previously, T1 and T2DM 

are clinically diagnosed after severe loss of β-cell mass has already occurred. Without comprehensive non-

invasive methods to investigate the dynamic role of β-cells, it becomes challenging to detect key changes 

during diabetic initiation and progression. Development of β-cell specific targeting agents will allow 

monitoring β-cell mass in-vivo, and the agents can also be used to assist therapeutically by improving β-cell 

function.  

 

There are observations that suggest the presence of some β-cell mass and functional plasticity in 

diabetes which offer opportunities for treatment intervention and improvement. For example, the temporary 
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recovery of β-cell function i.e. the “honeymoon phase” observed in T1DM that occurs after initiation of 

insulin treatment, in which patients can achieve insulin independence and normoglycemia [13]. Similarly, the 

expansion of β-cell mass observed in T2DM as the initial response to insulin resistance [16, 23]. An ability to 

monitor changes in β-cell mass and function will help in observing and improving the efficacy of existing 

treatments while therapeutic interventions will help craft better diabetic treatments of both T1 and T2DM. 

1.4. Current β-cell targeting agents and their limitations 
 

Several non-invasive techniques are being tested for imaging β-cells with the goal of providing 

methodology for the detection of onset of β-cell loss and facilitate clinical intervention before the complete 

loss of mass and function of β-cells. Modern diagnostic equipment can provide very high sensitivity (by 

positron emission tomography (PET) and single photon emission computed tomography (SPECT)), spatial 

resolution (by magnetic resonance imaging (MRI)) or both (by PET/CT). Despite these advances in imaging 

devices, the main problem is the lack of a specific structural or molecular marker to enable differentiation 

between scattered islets or single β-cells, and surrounding tissue [25]. β-cells comprise only 2% of the total 

pancreatic mass and make up an insignificant fraction of surrounding tissue in the abdominal imaging field 

such that even a small amount of non-specific binding to or uptake by surrounding tissue overwhelms the β-

cell specific signal [26]. There is a need for developing cell/organ specific targeting agents that can be used 

with these non-invasive functional imaging techniques that provide good resolution, high sensitivity, and 

accurate quantification of the physiological, biochemical, and pharmacological processes in living subjects. 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 [26], with a specificity ratio of 1000:1 for β-cells versus exocrine tissue required 

to produce a clinically relevant β-cell imaging agent [27]. The ideal islet imaging agents would have an 

acceptable residence time in the human body, be capable of providing high-resolution images with minimal 

uptake in surrounding tissues (e.g., the liver), would not be toxic to islets, and would not require pre-treatment 

of islets prior to transplantation [28]. The following review of currently researched β-cell targeting probes 

outlines some of the more promising ones. This list encompasses probes that have been evaluated in-vivo with 

various animals and/or are being evaluated in human clinical trials but the list is far from being exhaustive. 

1.4.1. Neural imaging agents for β-cell imaging 
 

Pancreas is a peripheral organ innervated with both parasympathetic and sympathetic neurons that 

tightly control its endocrine and exocrine functions. β-cells in the endocrine islet share a number of gene 

products as well as functional characteristics with neuroendocrine cells [29]. Additionally, β-cells are known 

to interact closely with the nervous system and therefore research is currently carried out to exploit these 

similarities by using neurofunctional radiotracers for studying the peripheral nervous system in the pancreas. 

A description of selected neural imaging agents tested for imaging and quantifying β-cell mass is presented 

below. 
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1.4.1.1. Vesicular MonoAmine Transporter 2 (VMAT2) probes 
 

 VMAT2 is a member of vesicle transporter protein family that translocates monoamines into storage 

vesicles. It is present on neuronal surfaces and has been widely targeted for neural imaging using radiolabeled 

high affinity probes. Using immunohistochemical staining studies of gene expression, VMAT2 was found in 

the pancreas, localized to the β-cells of islets but not in the exocrine tissues of the pancreas and many other 

abdominal tissues. Therefore, extensive studies are being conducted to use current neural imaging probes like 

VMAT2 substrate dihyrotetrabenazine (DTBZ) as β-cell specific imaging agents to quantify β-cell mass in-

vivo. DTBZ, which binds with high specificity to VMAT2, can be used as a PET imaging probe when labeled 

with either 11C or 18F. Using 11C-DTBZ, Harris PE et al. showed decreased binding to pancreas of a 

streptozotocin induced diabetic rat as compared to control rat [30]. In human studies, VMAT2 binding 

potential was reduced by 86% in patients with T1DM when compared to controls [31]. However, metabolized 
11C-DTBZ was observed to be accumulated in bile, which could pollute the pancreas imaging field making it 

difficult to obtain a good region of interest from the pancreas for β-cell mass estimation [32]. A fluorine 

tagged DTBZ probe 18F-FP-(+)-DTBZ was developed to optimize VMAT2 targeting as it had a longer 

radioactive t½= 109.8 min. compared to [11C]-DTBZ t½=20.4 min. [33, 34]. This probe displayed a 59% 

reduction in total radioligand binding in patients with T1DM when compared to age and BMI matched 

controls [35]. However, the non-VMAT2 binding of labeled DTBZ to the exocrine pancreas was higher than 

VMAT2-specific binding to β-cells, such that DTBZ based imaging estimated a much higher number of β-

cells than actually present [28, 36]. In-vitro autoradiography of human pancreas showed DTBZ uptake 

represented mainly non-specific uptake while whole body scans failed to show significant DTBZ 

accumulation in the pancreas as compared to other tissues [28]. It was observed that VMAT2 was present in 

vesicles and expressed by cells of many other tissues than endocrine pancreas, such as endometrial and 

gastrointestinal tissues [25]. Schneider et al. indicated to the possibility that VMAT2 expression may be 

altered in β-cells under non-diabetic conditions; thereby altering the sensitivity of these targeting agents, and 

potentially their specificity [37]. A study conducted by Eriksson et al. with 18F-DTBZ concluded that due to 

high non-displaceable binding of DTBZ to exocrine tissue, it was not a suitable tracer for in-vivo β-cell 

imaging [38].  

1.4.1.2. Vesicular acetylcholine transporter (VAchT) probes 
 

Vesicular acetylcholine transporter (VAchT) is a neural imaging target that is present on presynaptic 

cholinergic neurons and correlates with cholinergic activity in-vivo. The neural imaging probe 18F-

Fluorbenzyltrozmicol ([18F]-FBT) binds to (VAchT) and can detect cholinergic activity especially in areas of 

high parasympathetic innervation [39]. In the pancreas, acetylcholine (Ach)-related neuronal activity is 10 

times more abundant in the endocrine pancreas compared to the exocrine pancreas [28]. Consequently, 18F-

FBT has been tested for β-cell imaging through the VAchT receptor. Clark et al. used 18F-FBT to scan four 

adult mice, two adult rhesus monkeys, and one adult human volunteer with PET. The pancreas was clearly 

visualized in all subjects and uptake of the PET tracer in the pancreas was qualitatively superior to that of any 

other organ. [18F]-FBT was used to evaluate pancreatic cholinergic activity before and after dextrose infusion 
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in non-human primates with normal glucose tolerance (NGT) or impaired glucose tolerance (IGT). There was 

no difference in baseline pancreatic uptake between the groups on 18F-FBT PET. Importantly, after 

intravenous dextrose infusion, acute increases in pancreatic cholinergic activity in-vivo were detected with the 

post-dextrose to baseline uptake ratio significantly higher in IGT subjects suggesting increased 

parasympathetic input to the islets of the insulin resistant animals [40]. However, the presynaptic cholinergic 

vesicles, to which FBT binds, are located in intra-pancreatic neural elements that are not part of the beta cells 

themselves. FBT could therefore measure the increased cholinergic activity in response to the β-cell 

functional state but not measure the β-cell mass itself. The parasympathetic neurotransmitter Ach mediates 

insulin release via M3 muscarinic receptors on β-cells. Another radiotracer compound, 4-diphenylacetoxy-N-

methylpiperidine (4-DAMP, available in a tritiated form) binds to these M3 muscarinic receptors located on 

the β-cells themselves and thus 4-3H-DAMP activity in the pancreas might correlate with β-cell mass. Using 

dual radiotracer studies with 18F-FBT and 4-3H-DAMP, Clark et al. observed a significantly lower 4-3H-

DAMP uptake concurrently with an significantly higher 18F-FBT uptake in pre-diabetic pancreas (with 15-

25% β-cell loss) than controls, likely reflecting a loss of β-cell mass and receptor number [41]. These data 

suggest that a combination of radiotracers that bind to neuronal elements intimately involved in insulin 

production might be an effective method of evaluating changes associated with early β-cell loss using PET. 

However, it remains to be determined whether the density of M3 receptors on each remaining beta cell 

remains constant during the diabetes development. Also, recent studies suggest limited cholinergic 

innervation of the human islets, which has been found to be reduced further in T1D [42]. Yet, the noninvasive 

imaging of pancreatic cholinergic activity and M3 receptor density might be a viable strategy for evaluating 

pancreatic β-cell function and mass, respectively but further studies are necessary [28]. 

1.4.2. Cell-specific antibodies for β-cell imaging  
 

Antibodies show promise as cell specific imaging agents as they can identify their unique 

corresponding antigen with remarkable specificity. Some antibodies and antibody fragments have been 

studied for use in measuring β-cell mass. Two different antibodies, IC2 and K14D10, have been evaluated for 

β-cell specific binding. IC2 binds to a sulfatide epitope galactose-3-sulphate present in the insulin granula and 

Moore et al. modified it with a radioisotope chelator to obtain 111In-DTPA-IC2 [28], [43]. Both in-vitro and 

in-vivo evaluation showed that the accumulation of 111In-DTPA-IC2 was specific to β-cells. A correlation was 

observed between the accumulation of the probe in the pancreas and β-cell mass and there was significant 

signal intensity difference between the normal and diabetic pancreases in ex-vivo experiments. Though 

promising, it was observed that the expression of corresponding cell surface antigen to IC2 depended on the 

functional state of the β-cells, which might change with disease progression. In 2005, Hampe et al. reported 

the use of another existing β-cell specific antibody (K14D10, IgG). In-vitro experiments with K14D10 

showed robust binding to β-cells, with low to no binding observed to exocrine cells. However, because of the 

relatively large nature of the antibodies, there is very slow movement from the vasculature into the islets of 

Langerhans. In addition, because antibodies are cleared by the liver, there was unacceptable background due 

to hepatic antibody processing and unfavorable signal-to-background ratio in-vivo [44].  
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To overcome the effect of size of the antibodies, Hampe et al. also tested a fragment of K14D10 

(rFab) for the assessment of pancreatic β-cell mass, consisting of only the complimentary determining 

regions. In in-vivo experiments, the binding characteristics of the K14D10 rFab were similar to those of the 

IgG with similar affinities (in the low nM range) and similar binding kinetics (rapid binding compared to 

tracer half-life). The antibody fragment (Fab) cleared from the blood twice as fast as the IgG antibody, but did 

not preferentially accumulate into pancreas. Though it exhibited high affinity, cellular specificity was far 

below the estimated requisite values needed to overcome the very low β-cell mass in the pancreas. Therefore, 

antibody fragments showed potential as targeting agents but in order for molecules to be useful for tracking β-

cell mass, antibodies and their fragments of greater cellular specificity will have to be used [28, 45].  

1.4.3. Individual receptors on β-cell surface  
 

Several cell surface receptors prominently expressed on β-cells have been targeted for imaging. Due to 

their small size and relatively high binding affinity, ligands to the corresponding receptors pose as targeting 

agents worth exploring. Glucagon Like Peptide-1 receptor (GLP-1R) and Sulfonylurea receptor (associated 

with the KATP channel) have been researched as promising receptor candidates for β-cell targeting. There has 

been a remarkable advancement in synthetic chemistry research in the last 5 years for β-cell imaging using 

radioligands. 

1.4.3.1. GLP-1R  
 

Glucagon Like Peptide-1 (GLP-1) receptors are highly expressed in islets, especially β-cells, and play 

an important role in glucose homeostasis [3, 46-48]. GLP-1, an incretin hormone secreted by the small 

intestine, binds to GLP-1R and activates downstream signaling that potentiates insulin secretion among other 

beneficial outcomes. GLP-1 is rapidly degraded by Dipeptidyl peptidase-IV (DPP-IV) enzyme with a half-life 

of ~2 min. in circulation, which is not ideal for an imaging probe [3, 49, 50]. Thus, DPP-IV-resistant agonistic 

or antagonistic ligands of GLP-1R have been evaluated instead of GLP-1 for both imaging and therapeutic 

purposes.  

 

Exendin-4 (synthetic = exanatide) displays biological properties similar to human GLP-1, but is 

metabolically much more stable than GLP-1 and consequently, it has been extensively studied as a GLP-1 

substitute [28]. Different linkage molecules, different chelators and different radiotracers encompassing PET 

and fluorescent tracers have been extensively evaluated to observe exendin binding to β-cells with a lot of 

success [51-55].  

 

In 2011, Gao et al. labeled EM3106B, a GLP-1 analogue containing multiple cyclic lactum bridges, 

with 18F. 18F-EM3106B was shown to effectively identify insulinomas and bind the GLP-1R with high 

affinity, suggesting a possible utility in the detection of β-cell mass. Building on that, they next modified 

exendin-4 with Cysteine residue and tagged it with 18F. The [18F] FBEM-[Cys40 ]-exendin-4 showed specific 
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binding to INS-1 xenograft tumor as well as pancreas but it also exhibited specific uptake into the stomach 

and the lung [51]. Yang et al. also used modified forms of 18F-Exendin-4 for β-cell imaging. With [18F] 

FBEM-[Cys39]-exendin-4, they observed that the GLP-1R-positive INS-1 insulinoma xenograft was visible 

with good contrast over background, while GLP-1R-negative breast tumor was barely visible [56]. To reduce 

time taken for radiotracer synthesis, they introduced a one-step simple procedure involving aluminum 

attached to 18F. They observed that the pancreas of healthy rats was readily visualized after administration of 

(18)F-Al-NOTA-MAL-Cys(39)-exendin-4, whereas the pancreas of diabetic rats, as well as those from rats co-

injected with excess of unlabeled peptides, was barely visible by microPET [57, 58].  

 

Several investigators have evaluated Ga and Cu and their ideal chelators for use as radiotracers. Nalin 

et al. evaluated the feasibility of non-invasive imaging and quantification of GLP-1R in pancreas using the 

positron emission tomography (PET) tracer [(68)Ga]Ga-DO3A-VS-Cys(40)-Exendin-4 in non-diabetic and 

streptozotocin (STZ)-induced diabetic pigs treated with insulin. They observed that [(68)Ga]Ga-DO3A-VS-

Cys(40)-Exendin-4 uptake did not differ between non-diabetic and diabetic pigs. Although uptake in the 

pancreas of both non-diabetic and diabetic pigs was almost completely abolished by co-injection of unlabeled 

Exendin-4 peptide indicating specificity to pancreas, the uptake of [(68)Ga]Ga-DO3A-VS-Cys(40)-Exendin-4 

was not reduced by destruction of β-cells in STZ-induced diabetic pigs indicating it was not binding to the β-

cells in the pancreas. It was also of concern that in all animals, administration of the tracer resulted in an 

immediate increase in the heart rate [53]. Bandara et al. compared and contrasted using Copper-64 (Cu-

64) and Galium-68 (Ga-68) tracers with either DOTA or NOTA chelator conjugates of exendin-4 for 

preclinical pancreatic β-cell imaging. They reported specific pancreatic uptake with exendin-4 derivative in a 

rat animal model visualized via in-vivo dynamic PET imaging. However, all radiotracers tested showed high 

retention in kidney and specific binding to stomach and lungs [55].  

 

Reiner et al. observed β-cell mass using a bimodal imaging probe where Exendin-4 was tagged with a 

near-infrared fluorescent dye along with the Cu-sarcophagin chelator cage. Using the fluorescent properties of 

the probe, they were able to detect individual pancreatic islets, while the agent showed good performance in-

vivo and ex-vivo, visualizing small xenografts (<2 mm) with PET and pancreatic β-cell mass by phosphor 

autoradiography [52, 59]. Brand et al. and Wu et al. also used Cu as the radiotracer, synthesizing exendin 

compounds tagged with Cu-sarcophagine chelator cage. Wu et al. probed use of PET agents containing 

monomeric or dimeric exendin-4 subunit tagged with a Cu-sarcophagin chelator radiotracer to target GLP-1R 

on the β-cell surface. In-vitro binding to INS-1 cells, which over-express GLP-1R, demonstrated that the 

exendin dimer exhibited around 3 times higher binding affinity compared to monomer. After 64Cu labeling, 

microPET imaging of 64Cu-BaMalSar-exendin-4 and 64Cu-Mal2 Sar-(exendin-4)2 were performed on 

subcutaneous INS-1 tumors, which were clearly visualized with both probes. The tumor uptake of 64Cu-Mal2 

Sar-(exendin-4)2 was significantly higher than that of 64Cu-BaMaSarl-exendin-4 likely due to multivalent 

effect [59].  

 

Antwi et al. have furthered this research for detecting benign insulinomas in humans. They performed 

PET/CT using 68Ga-DOTA-exendin-4 and SPECT/CT using 111In-DOTA-exendin-4 in a randomized cross-
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over order on 5 patients with endogenous hyperinsulinemic hypoglycemia. The gold standard for comparison 

was the histologic diagnosis after surgery. While previously performed conventional imaging (CT or MR 

imaging) was not able to localize the insulinoma in 4 out of 5 patients, histologic diagnosis confirmed a 

benign insulinoma in 4 patients. 68Ga-DOTA-exendin-4 PET/CT correctly identified the insulinoma in 4 of 4 

patients, whereas 111In-DOTA-exendin-4 SPECT/CT correctly identified the insulinoma in only 2 of 4 

patients indicating that PET/CT using 68Ga-DOTA-exendin-4 radiotracer is a viable tool for detecting hidden 

insulinomas [60].  

 

While some studies have targeted pancreatic β-cells in non-diabetic animals, most studies have imaged 

insulinomas and tumors that over-express the GLP-1R relative to native β-cells. Besides, many studies are 

limited by high specific uptake in tissues surrounding the pancreas. Developing imaging agents using GLP-1 

analogues while improving upon these studies will prove highly valuable in β-cell targeting. 

1.4.3.2. SUR1 
 

Insulin secretion in response to glucose is mediated through a change in membrane potential of the β-

cell, which depends on the activity of the ATP-sensitive potassium channels (KATP channels) present on the 

membrane. These KATP channels are composed of an inwardly rectifying K+ channel subunit (Kir6.2) and a 

sulfonylurea receptor (SUR1). An increase in the ATP:ADP ratio (as a result of glucose metabolism by the β-

cell) results in the closing of the Kir6.2 channel, leading to K+ retention, cellular depolarization, opening of 

voltage gated calcium channels, resulting in calcium influx and degranulation of insulin vesicles [61]. 

Agonists of SUR1 receptor can bypass the metabolic requirement by closing Kir6.2 channel via activation of 

SUR1 and are thus are used as anti-diabetic agents.  

 

Glibenclamide and its analogues (glyburide, tolbutamide) are used currently as sulfonylurea based oral 

hypoglycemic drugs as they have shown have high binding affinity to SURs, a desired quality for imaging 

probes as well [37, 44]. Schneider et al. have conducted extensive studies with radiolabeled glibenclamide 

analogues to exploit their use as β-cell imaging agents. They evaluated 20 different fluorine tagged 

glibenclamide derivatives found 2-[18F]-fluorethoxy-5-bromoglibenclamide to be the most promising and was 

chosen for in-vivo human trials. Human PET studies yielded a constant, weak signal in pancreas. This signal 

was far less than that observed in the liver and thus, assessment of β-cell mass could not be made due to low 

signal to noise ratio [37]. Subsequently, Schneider et al. developed a 99 mTc-glibenclamide and a 

glibenclamide glucose-conjugate both with a significant lower lipophilicity and a higher uptake in the 

pancreas; however, unspecific uptake by various tissues persisted, preventing assessment of β-cell mass [37, 

62].  

 

Sweet et al. conducted a systematic screening of β-cell imaging agents and observed that 

glibenclamide showed specific islet uptake in-vitro in the absence of albumin. This could not be translated in-

vivo because of high lipophilicity, plasma protein binding, non-specific binding and high uptake in the liver 

all of which led to insurmountable background [26]. Also, Guiot et al. showed that a large proportion of 
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SUR1 is associated with the insulin granule membrane. Degranulation, as observed during diabetes, leads to a 

decreased labeling with SUR1 probes in-vitro [63]. Therefore, the possibility of SUR1 probes detecting lower 

insulin stores rather than a lower β-cell mass, as well as their specificity ratio still well below that needed to 

attain a robust signal-to-background, suggests they are not good candidates for islet imaging [44].  

1.5.  Enhanced cell-specific targeting based on multivalent binding 
 

The methods to target β-cells described above have mostly aimed at a single target on the β-cell and 

used a single substrate to access that target. One of the main limitation as described above with the current 

crop of β-cell imaging and therapeutic agents is lack of specificity to β-cell, which results in off-target 

background signal and unwanted therapeutic side effects. Monovalent interactions involve a distinct 

recognition element within the ligand binding to a complementary region on its receptor to activate 

downstream pathways. However, some agents simultaneously bind multiple recognition elements within a 

single molecule to multiple receptors on the surface of a single entity, giving rise to multivalent interactions. 

Multivalent ligands have the potential to overcome many shortcomings of single epitope targeting agents. 

 

The binding and recognition between antibodies and antigens is the premier example of a multivalent 

interaction in a biological system. All antibodies of different classes have multiple receptor sites within their 

3D structure that bind to their complementary binding regions within their respective antigen. This allows any 

single antibody to identify its unique corresponding antigen with remarkable specificity. Also, though each 

individual binding interaction is weak, when all domains are bound, the apparent affinity (avidity) of the 

antibody-antigen interaction is greatly enhanced due to cooperativity. Similarly, cooperative and simultaneous 

binding of cell receptors slows ligand/receptor dissociation and allows for increased accumulation of targeting 

agent. 

 

The advantages of multivalent interactions have been exploited to improve cell-specific targeting for 

both imaging and therapeutic purposes. Several studies have shown that ligands exhibit higher specificity for 

their receptors if multivalent interactions are involved and they often exhibit downstream activation that is 

fundamentally different from those observed in monovalent systems [64-66]. Miller L.J. et al showed that 

even with multiple receptors, advantageous multivalent interactions could be achieved using appropriately 

designed multivalent ligands. Using bivalent ligands containing μ-opioid agonist and CCK2 receptor 

antagonist, they demonstrated that the ligand is capable of inducing association of G-protein-

coupled receptors. They also showed that this interaction is optimizable since they observed association 

between receptors only with pharmacophores linked through spacers containing 16-22 atoms but not with a 

shorter (9-atom) spacer [67].  

 

Similar studies involving synthesis and optimization of multivalent ligands performed over the past 

two decades by Dr. Gillies, Dr. Hruby, Dr. Vagner and others at the University of Arizona have laid the 

foundation for the development and use of multivalent ligands as cell-specific imaging tools. A detailed 
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review of development and use of multivalent ligands is presented in Master’s thesis by Jayasundera 2013. A 

condensed review of the timeline of multivalent ligand development is given below:  

 

In 1994 the Hruby lab developed macromolecular conjugates, consisting of multiple copies of 

melanocortin analog (α-MSH) to target melanotropin receptors (MCR). The α-MSH copies were covalently 

attached, along with a reporter fluorophore, to a biologically inert scaffold and tested on melanoma cells. 

Sharma et al. observed high affinity and specific binding to MCR on mouse and human melanoma cells, an 

effect they attributed to the cooperative affinity achieved by multivalency [68, 69]. These initial observations 

followed by optimization of distinctive features of multivalent structure led to the development of a 

generation of synthetic multivalent ligands. 

   

Vagner J. & Hruby V. J. et al. evaluated multivalent melanotropin compounds using radiolabel 

binding assays performed on Human Embryonic Kidney cells (HEK293) engineered to express human 

melanotropin-4 receptor (MC4R). Homo-multivalent ligands, constructed by linking together multiple 4- and 

6-amino acid fragments of melanocortin (α-MSH) with linkers of varying lengths and rigidity, were compared 

against their monomeric counterpart. The synthesized compounds had low nM binding activity with at least a 

10-fold greater affinity to cells expressing MC4R than the corresponding monovalent [70-72]. An optimal 

linker length of 25 ± 10Å was inferred from these binding studies.  

 

Work with homo-multivalent ligands provided ample evidence that enhanced apparent affinity could 

be obtained with multimerization. To address the specificity required for cell-specific targeting Caplan et al., 

using a modeling approach, indicated that enhanced specificity could be achieved by targeting combinations 

of receptors on a cell surface rather than a single receptor. This is based on the assessment that, though each 

cell type has a repertoire of receptors that individually maybe present in other cell types, certain receptors, as 

a combination, are unique to the cell type of interest [73]. Together, this unique surface epitope display acts as 

a ‘molecular barcode’ with which we can identify the target cell. Theoretically, this unique code could be 

identified and accessed by rational design of heteromultivalent constructs comprising of ligands binding to 

two or more receptors of the molecular bar code. Caplan and Rosca’s mathematical model predicted that a 

hetero-bivalent construct could achieve an order of magnitude higher specificity for cells expressing the 

complementary receptor combination, even when the target cell does not over-express either receptor type 

[73].   

 

To address these hypotheses, small synthetic hetero-bivalent peptide ligands were developed and their 

binding to cell lines engineered to co-express the respective complementary pair of G-protein coupled 

receptors (GPCRs) was evaluated. In 2008, Vagner J et al. synthesized a heterobivalent comprising of α-MSH 

linked to deltorphin II (Delt-II) to target a receptor combination, the MC4R and δ-opiod receptors (DOR) 

respectively, co-expressed in Chinese Hamster Ovary (CHO) cells. The heterobivalent α-MSH/Delt-II ligand 

bound with ~48 fold higher affinity to cells where both the MC4R and DOR were available for ligand-

receptor interaction compared to cells with only the MC4R available (DOR blocked by naloxone) [74]. Josan 

et al., in 2009, developed a cholecystokinin (CCK)/α-MSH ligand to explore the feasibility of the ‘receptor 
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combination’ approach to link two functionally unrelated receptors. Human Embryonic Kidney 293 

(HEK293) cells were engineered over-express MC4R, human cholecystokinin-2 receptor (CCK2R) or both, a 

combination known to be expressed on the surface of some melanomas [72]. Affinity and specificity studies 

were performed for a number of CCK/MSH multivalent compounds with varying linker lengths and 

compositions using a lanthanide-based time-resolved fluorescence assay, developed by Handl et al. 2004 [72, 

75, 76].  

 

Based on previous studies by Vagner J. et al., ideal linkers consisted of proline-glycine repeats that 

provided the necessary rigidity to Poly Ethylene Glycol (PEGO) spacers which offered high flexibility and 

hydrophilic nature [70]. Fittingly, heterobivalent constructs with PEGO connecting the ligands to the semi-

rigid [Pro-Gly]3 linker showed 20-24 fold increase in binding affinity to cells expressing both MC4R and 

CCKR receptors compared to cells with only one of the receptors [72]. Furthermore, when only one receptor 

was available for binding (i.e., monovalent binding), the binding affinities of CCK-(6) and MSH(7) binding 

motifs within the heterobivalent ligands were decreased compared to the parent monomeric ligands. However, 

once bivalent constructs were able to bind both recognition elements simultaneously, an ~ 50 fold increase in 

apparent affinity was observed when compared to the monovalent CCK(6) peptide [72]. Based on the earlier 

modeling study of Caplan and Rosca, this increase in affinity of the heterobivalent construct was attributed to 

reduced receptor-ligand dissociation rates in the bivalent binding mode due to cooperativity between multiple 

receptor-ligand associations [73].  

 

Using a fluorescent label, it was observed that the ligand bound to the dual-expressing cells at sub-

nanomolar concentrations while displaying weak binding at these concentrations to the cell lines expressing 

only a single receptor. Studies by Vagner et al., Handl et al. and Josan et al. demonstrated that multivalency 

indeed induced increases in affinity and specificity for target cells [74, 77, 78].  

 

Xu & Gillies et al. conducted experiments to evaluate whether this enhanced affinity and selectivity 

could be translated in-vivo. Bilateral flank tumors expressing only one (control) or both targets (the 

melanotropin (MC1R) and cholecystokinin (CCK2R) receptors) were grown subcutaneously in mice and 

targeted using a synthetic hetero multivalent ligand composed of melanocortin [MSH(7)] and cholecystokinin 

[CCK(6)] ligand. On injecting Eu-labeled MSH(7)/CCK(6), they observed that the fluorescent signal was 

highly retained only in tumors expressing both complimentary receptors. Quantification of selectivity 

performed using ex-vivo measurements showed ~13 fold increase in retention compared to MC1R expressing 

tumors and ~6 fold compared to CCK2R expressing tumors [79].    

 

These studies revealed that multivalent ligands could target cells over-expressing complementary 

receptor pairs with high affinity and specificity. Yet, the work of Caplan & Rosca (2005) indicated that 

hetero-multivalent ligand systems could deliver selective and specific targeting over their monovalent 

counterparts, even when their respective receptors are not over expressed in cells. To investigate this 

phenomenon, a synthetic heterobivalent ligand composed of glucagon-like peptide-1 (GLP-1), which binds to 

GLP-1 receptors, and glibenclamide, a small organic ligand that binds to the sulfonylurea-1 (SUR1) receptors, 
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was developed. The binding characteristics of this GLP-1/Glb ligand were studied using βTC3 cells, a 

pancreatic β-cell model, expressing both these receptors. Fluorescence microscopy showed cells expressing 

both receptors bound significant ligand at concentrations where little binding was observed to cells that 

express only one of the complimentary receptors. Also, the binding affinity of the Eu-GLP 1/Glb in bivalent 

mode was increased approximately 3 fold compared to that of monovalent domains within the construct. 

However, it proved difficult to compare binding affinity of the bivalent ligand to the constituent monovalent 

ligands because of the relatively high lipophilicity of glibenclamide, and the resultant high non-specific 

binding. This lipophilicity could impact affinity as well as specificity in-vivo, thus making the ligand not an 

ideal candidate for β-cell imaging [66]. However, this finding demonstrated that the hetero-multivalent ligand 

approach holds promise for specific targeting of select cells under normal physiological conditions; such as 

for measurement of β-cell mass. 

1.6.  Multivalency and Intracellular Signaling 
 

Multivalent constructs described above are developed from ligands that inherently activate 

downstream signaling on binding to their respective receptors. These multivalent constructs interact with, and 

therefore may activate, more than one cell surface receptor/s epitopes. Therefore, it is unclear how this cross-

linking of receptors prior to cell internalization may affect their downstream cell signaling.  

 

To explore binding kinetics and signaling properties of multivalent ligands, Brabez et al. synthesized 

monovalent, bivalent, and trivalent constructs of the low affinity 4 amino acid pharmacophore of α-MSH, 

MSH(4) (monomeric Kd ~5 µM) using a dendrimer-like scaffold. Binding characteristics were evaluated 

using HEK293 cells engineered to overexpress the MC4R. With every additional ligand to the scaffold an 

order of magnitude increase in the apparent binding affinity was observed; 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 [65]. cAMP measurements were carried out to evaluate the 

downstream signaling properties of the MSH constructs, since MSH activation of the MC4R results in the 

production of cAMP. cAMP production was activated by the mono-, bi- and trivalent MSH(4) constructs, 

demonstrating that all are agonists for the MC4R receptor. The sensitivity for activation of cAMP production 

was found to increase with valency to the same extent that binding affinity was enhanced [65]. 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. 

 

Hart et al. investigated the effects of a hetero-bivalent ligand (GLP-1/Glb) on the functional activity of 

insulin secreting pancreatic β-cell lines. They observed that there was no effect of GLP-1/Glb on basal insulin 

secretion. However, at glucose concentrations where insulin secretion is activated, a substantial potentiation 

of GSIS by the heterobivalent GLP-1/Glb was seen [66]. Since glibenclamide by itself can activate insulin 

secretion, the absence of a ligand activated response at low glucose concentrations suggested that multivalent 

ligands may not have the full efficacy of the cognate monomeric binding domains.  
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In addition to unique signaling properties, multivalent ligand also exhibit increased binding affinity to 

target cells and an ability to bind only to cells that express their unique complementary receptor combination 

[66, 72, 79, 80]. Thus, multivalent ligands can possibly be exploited for targeted therapeutics and these 

findings indicate a potential of GLP-1 based multivalent ligands as targeted therapeutics specifically for β-

cells. 

1.7.  β-cell receptors for multivalent targets: 
 

Multivalent ligands have shown to exhibit cell specificity and actively engage their respective 

downstream signaling pathways in the target cells. Thus, hetero-multivalent ligands not only have potential as 

imaging agents, but also as therapeutic agents based on their signaling ability. Accessing unique receptor 

combinations using multivalent ligands may provide the required specificity enhancement in-vivo to image β-

cells, and act as therapeutic without off-target effects.  

 

Genetic and functional analyses have identified receptors that are highly expressed on the β-cell 

surface and play a physiological role in β-cell signaling, and also during development of diabetes. These 

receptors potentially could be used to target β-cells with high specificity. Two such receptors that as a 

combination may uniquely identify the β-cell are the Glucagon Like Peptide-1 receptor (GLP-1R- a Gs-

protein coupled receptor) and α2Adrenergic receptor (α2AR- Gi- protein coupled receptor) [29, 81-83]. We 

propose that targeting this distinctive receptor combination with a hetero-bivalent ligand composed of GLP-1 

linked to Yohimbine (GLP-1/Yhb) will provide the specificity required to exclusively target β-cells. 

 

The following sections contain a description of both receptors (GLP-1R and α2AR) as well as their 

corresponding recognition elements in the heterobivalent construct (GLP-1 and Yhb).  

1.8.  Receptors: GLP-1R and α2AR 

1.8.1. GLP-1R 
 

The GLP-1 receptor (GLP-1R) belongs to the class B family of 7-transmembrane–spanning, 

heterotrimeric G-protein-coupled receptors [3]. The human GLP-1R gene has been mapped on chromosome 

6p21.1 spanning 40 kb and consisting of at least 7 exons. It is 64 KDa protein and 463 amino acids in length 

[49]. GLP-1Rs are widely expressed in various tissues including pancreas, lung, heart, brain, pituitary, 

stomach, kidney and several regions of the CNS including the hypothalamus and brainstem [3, 49, 84]. Within 

the pancreas, it is abundantly expressed in β-cells of the islets of Langerhans, where it plays an important role 

in glucose homeostasis. The GLP-1R localizes in lipid rafts and interacts with caveolin-1 to regulate receptor 

subcellular localization, trafficking, and signaling [3]. The GLP-1R can couple to Gαs, Gαq, Gαi, and Gαo 

leading to promiscuous intracellular signaling through increases in intracellular Ca2+, adenylate cyclase, and 

phospolipase C, and activation of PKA, PKC, phospatidylinositol-3 kinase (PI-3K), Epac2, and MAPK signal 
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transduction pathways [3, 49]. Naturally occurring agonists of the GLP-1R include GLP-1(7–37), GLP-1(7–

36) amide and a Heloderma suspectum protein exendin-4 [3].  

 

GLP-1R, like all Class B family of GPCRs, possesses a unique large extracellular N-terminal domain 

(NTD) at the first transmembrane helix that extends above the plane of the membrane [85]. This NTD, which 

is connected to the integral membrane core domain, orients the extracellular domain relative to the membrane. 

It is responsible for the two-domain binding model mechanism of GLP-1 to its receptor. The allosteric 

binding, in which NTD first binds to the C-terminal helical region of the ligand, enables the orthosteric second 

interaction between the N-terminal region of the ligand and the core membrane spanning domain of the 

receptor. Binding of GLP-1 to both the allosteric and orthosteric site of GLP-1R enables initiation of 

intracellular signaling, with the latter being critical for agonist-induced receptor activation [86, 87] [85, 88]. 

 

Although the exact interaction of GLP-1 with the membrane spanning sites of the GLP-1R are not 

known, Miller LJ et al. have conducted extensive research on structure of GLP-1R and binding of GLP-1 to it. 

They established the importance of spatial approximation in both carboxyl and amino terminal residues of 

GLP-1 that, upon binding, affects the biological activity of GLP-1R. Moreover, the natural GLP-1 ligand is 

found to bind to multiple unique sites on the GLP-1R. The N-terminal extracellular region of the GLP-1R has 

been shown to be essential for ligand binding, while its extracellular loop 2 is critical for efficient coupling of 

the receptor to specific G-proteins and signal transduction. Several studies have assessed the effect of amino 

acid substitutions on the affinity of GLP-1 to the GLP-1R. The Glu9 position on GLP-1 was observed to be 

extremely important in determining the binding affinity of GLP-1 to its receptor. Various amino acid 

substitutions at this position have shown a significant decrease in binding affinity. For example, substitution 

with Ala9 at Glu9 reduced binding by 80-100 fold while Asp9 didn’t show much decrease; Pro9, Phe9, Tyr9 

substitutions showed 7-10 fold decrease in binding affinity compared to native GLP-1. These studies by 

Green et al. and others by Miller and colleagues have identified potential sites for optimization of ligand 

chemistry [89-92]. 

 

The primary outcome of GLP-1 binding to GLP-1R is activation of adenylate cyclase activity and 

production of cAMP. cAMP is the principal intracellular second messenger of GLP-1 action, mediating acute 

and chronic molecular events in β-cells. Increase in cAMP results in potentiation of GSIS through both PKA-

dependent phosphorylation of downstream targets and PKA-independent activation of Epac2. GLP-1 can also 

stimulate insulin secretion directly through its effect on membrane depolarization and increasing intracellular 

Ca2+, though this effect appears to be cell-type dependent [3]. GLP-1R undergoes rapid homologous and 

heterologous desensitization and internalization, with both processes being dependent on phosphorylation of 

specific residues in the GLP-1R C-terminal tail [3]. It is removed from the membrane with a t½ ~3 minutes, 

recycling between the plasma membrane and endosomal compartments with a t½ ~15 minutes [93]. GLP-1 has 

been shown to also promote insulin gene transcription, mRNA stability, and biosynthesis [3, 49]. GLP-1R 

agonists replenish and maintain β-cell insulin stores and secretory capacity by increasing glucose-induced 

insulin biosynthesis at the translational level thus preventing exhaustion of β-cell reserves. GLP-1R agonists 

also stimulate β-cell proliferation and cytoprotection through multiple signal transduction pathways exhibiting 
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transcription factor Pdx-1 as a shared component. GLP-1 has been shown to improve β-cell neogenesis and 

inhibit β-cell apoptosis, thereby increasing β-cell mass, all of which makes GLP-1R an appealing target for 

combating T2DM [3, 49].  

1.8.2. α2AR 
 

α2ARs also are a part of the GPCR superfamily with 7 transmembrane-spanning regions that regulate 

their effector systems via coupling to heterotrimeric (α-, β-, γ -subunits) G-proteins. However, α2ARs do not 

have extensive extracellular domains, and as such have less extensive interactions with their natural agonists 

than the Class B GCPR’s. Naturally occurring agonists of α2ARs are catecholamines; i.e., epinephrine and 

nor-epinephrine. Binding of catecholamines occurs within the bilayer of α2AR and coupling to G-proteins 

appears to be determined by regions of sequence in the second and third intracellular loop and the juxta-

membrane regions of the third cytoplasmic loop [94, 95].  

 

There are 3 subtypes of the α2AR: α2A, α2B, and α2C. α2ARs are widely expressed including in the 

brain, platelets, spleen, kidney, endothelial cells, epithelial cells, ileum, adipocytes, lungs and pancreas. In the 

pancreas, they are expressed on the α-cells and β-cells of the islets of Langerhans [96, 97]. Recently, α2ARs 

have gained prominence as diabetes therapeutics since changes in their activity may play a role in diabetes 

development. Rosengren et al. discovered that a genetic variant of α2AAR was associated with defective β-cell 

function and this risk allele led to overexpression of α2AARs. Increased α2A-adrenoceptor expression has been 

associated with impaired glucose-stimulated insulin secretion, elevated fasting blood glucose levels and an 

increased risk of T2DM [98]. 

 

In pancreatic β-cells, α2ARs are potent inhibitors of insulin secretion [4]. Selective knockout studies 

have shown that the α2A and α2C adrenoceptor subtypes are functionally expressed on the β-cells and mediate 

the inhibition of glucose-stimulated insulin secretion by catecholamines [99, 100]. All three α2AR subtypes 

couple to the same signaling systems, through Gi and Go, which leads to inhibition of adenylyl cyclase, the 

opening of K+ channels, and inhibition of voltage-gated Ca2+ channels [101]. Epinephrine causes a strong 

concentration-dependent inhibition of cAMP accumulation through inhibition of membrane adenylyl cylase 

and subsequent suppression of insulin secretion. Additionally, work by Pan et al. in 2011 revealed that sub-

threshold α2adrenergic activation with clonidine also counteracts GLP-1 potentiation of glucose-stimulated 

insulin secretion [102]. In α2A specific knockout studies by Fagerholm et al., α2A-KO mice were observed to 

have a tendency for slightly decreased insulin sensitivity but the glucose tolerance in α2A-KO mice was 

significantly better than in WT mice. However, glucose-stimulated insulin secretion was not increased in α2A-

KO mice compared to WT controls [100].  

 

Due to their vast presence and impact, several pharmacological antagonists of α2ARs have also been 

identified: the prominent one being yohimbine. These α2AR antagonists have been investigated to combat the 

inhibitory effect of α2ARs on insulin secretion. In experiments done by us and our collaborators Limesand et 

al., we observed that epinephrine maximally reduced insulin secretion 72±9% and had a half maximal 
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inhibitory concentration of 60 nM in porcine islets. This epinephrine effect was inhibited by the α2A 

Adrenergic (ADRα2A) antagonist yohimbine [81]. Yohimbine also has been shown to increase insulin 

secretion and reduce blood glucose levels by inhibiting tonically active α2AARs on pancreatic β-cells [103]. 

These results demonstrate a key role for the α2AAR in adrenergic regulation of blood glucose and insulin 

homeostasis. 

 

1.9.  Ligands: GLP-1 and Yohimbine 

1.9.1. GLP-1 
 

GLP-1 is an incretin hormone produced by enteroendocrine L-cells located in the distal intestine. It is 

a single 42 amino acid peptide product of the proglucagon gene, spanning 10 Kilobases and located on the 

long arm of chromosome 2 [84]. In response to nutrient ingestion, GLP-1 is secreted from the mucosal L-cells 

mainly in two bioactive forms: GLP-1(7-37) and the predominant circulating active form GLP-1(7-36) amide, also 

called “truncated” GLP-1.  

 

GLP-1 helps maintain glucose homeostasis by acting on different physiological systems. It potentiates 

glucose stimulated insulin secretion from the β-cells, inhibits glucagon secretion from the α-cells, exerts 

inhibitory effects on gastric secretion and motility, slows gastric-emptying which reduces postprandial entry 

of glucose into the systemic circulation and reduces caloric intake and enhances satiety [49, 84]. GLP-1 also 

has the added advantage of having its incretin effects dependent on the level of serum glucose, only acting in 

the presence of hyperglycaemia, and thereby preventing hypoglycemic responses. Plasma concentration of 

GLP-1 is low in the fasting state (5–10 pmol/L) and increases 2-3 fold within 5-15 min. of a meal (15–50 

pmol/L) [49, 84]. GLP-1 and its interaction with the GLP-1R play an important role in β-cell function and 

thus can be a viable target for T2DM treatment. 

 

The circulation half-life of GLP-1 is 1–2 min. since it is a substrate for DPP-4 enzyme and is it quickly 

deactivated in the plasma. 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 [104]. In 

fibroblasts stably transfected with human GLP-1 receptor, the Kd of GLP-1 was reported to be 0.3 nM, of 

exendin-4, 0.4 nM and of the GLP-1R antagonist exendin-(9-39) was 1.7 nM [46, 105]. GLP-1 binds to GLP-

1R through the two-domain binding mechanism and allosteric modulators have been shown to affect the 

orthosteric binding of full-length and truncated GLP-1 differently [91]. The two-domain binding could lead to 

biased signaling through the receptor as no two allosteric-orthosteric ligand pairs induce the 

same signaling profile [106]. Any modification to the GLP-1 structure impacts its binding affinity to GLP-1R; 

for example attaching palmitate at Lys26 combined with N-terminal amino acid substitutions showed 100-150 

fold decrease in binding to human GLP-1R in stably transfected fibroblasts [105]. Amino acid substitutions or 

other structural modifications of GLP-1 have an effect on downstream signaling as well. In isolated islets, the 

half-maximal effective dose (ED50) for insulin production for native GLP-1 was reported as 25 nM; while 
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attachment of a water-soluble polymer to GLP-1(7-37) through PEG linker shifted the ED50 to 55nM in isolated 

rat islets [107]. Therefore, ligands constructed with different GLP-1 modifications and peptide lengths will 

exhibit different binding and downstream activation. Several studies by Miller et al., Green et al. and others 

on GLP-1 and GLP-1R structural chemistry and signal transduction provide the basis for optimization of 

ligand chemistry to suit targeting needs. 

 

1.9.2. Yohimbine 
 

Yohimbine is a pharmacological antagonist of α2ARs that has a Kd of 0.5 to 2 nM for α2AR and 

shows slight selectivity between α2AR subtypes with preference for α2A over α2B ARs with low non-specific 

binding [108]. Because of its relative specificity to α2ARs, Yohimbine has been investigated for improving 

glucose tolerance and insulin secretion in normal and diabetic conditions. Janssen et al. used Goto-Kakizaki 

(GK) rats as animal models for diabetes and evaluated the effect of Yohimbine compared to Wistar-Furth 

(WF) control rats. Anesthetized GK and WF rats were given α2AR inhibitor, yohimbine (2.5 mg per kg body 

weight), intravenously. The GK rats had higher blood glucose and serum insulin concentrations than WF rats. 

Yohimbine affected neither of these values in WF rats, but decreased blood glucose and increased serum 

insulin concentrations in GK rats [109]. Abdel-Zaher et al. investigated the antidiabetic activity of α2AR 

antagonists. They observed that pretreatment with yohimbine potentiated glucose-induced insulin release in 

non-diabetic control rats and produced an improvement of the oral glucose tolerance and potentiated glucose-

induced insulin release in type-2 but not in type-1 diabetic rats. Treatment with yohimbine reduced the plasma 

glucose level and increased the plasma insulin level of non-diabetic control and type-2 diabetic rats but not of 

type-1 diabetic rats [110].  

 

Rosengren et al. performed clinical trials with Yohimbine in humans having a genetic variant of 

ADRα2A that encodes the α2A-adrenergic receptor (α2AAR), and was recently associated with T2DM. A total 

of 50 T2DM patients were recruited on the basis of ADRα2A genotype for a randomized placebo-controlled 

intervention study with the α2AAR antagonist yohimbine. The primary endpoint was insulin secretion at 30 

min. (Ins30) during an oral glucose tolerance test. Patients with the risk variant had 25% lower Ins30 than 

those without risk genotype. The patients received 0, 10, or 20 mg of yohimbine at three separate visits. After 

administration of 20 mg of yohimbine, Ins30 was enhanced by 29% in the risk group, making secretion 

similar to patients carrying the low-risk allele. The beneficial effect of yohimbine was not a consequence of 

improved insulin sensitivity. In summary, the data showed that the insulin secretion defect in patients carrying 

the ADRα2A risk genotype could be corrected by α2AAR antagonism [103]. Based on these, binding of 

Yohimbine to α2AR can be a used for T2DM targeting and treatment. 
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1.10. Heterobivalent ligand GLP-1/Yohimbine 
 

Previous work with multivalent ligands have shown that an increased affinity and selectivity can be 

attained by targeting two different receptors that in combination, are unique to that cell. Moreover, signaling 

studies have shown that multivalent ligands exhibit unique downstream signaling properties, which may make 

them useful as therapeutics as well. Therefore, our goal is to develop multivalent peptides to target a receptor 

combination on β-cells with the purpose of improving specificity and thereby provide reduced off-target noise 

of the agent for better imaging. Multivalent ligands so constructed will help us achieve high-specificity 

targeting along with therapeutic benefits.  

 

For this purpose, our group synthesized a novel heterobivalent ligand- GLP-1 linked to Yohimbine, to 

selectively bind β-cell surface receptors that were identified by genetic analyses as a combination specific to 

β-cells: that is the GLP-1 and α2A receptors. In this thesis, I describe a thorough evaluation of binding and 

signaling properties of this bivalent GLP-1/Yhb. To do this, we needed to examine these properties of GLP-

1/Yhb relative to its monomeric components. The following chapters detail the characterization of the GLP-

1/Yhb ligand and its potential as a β-cell specific imaging and therapeutic agent. 
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2. EVALUATION OF ENHANCED BINDING AND SPECIFICITY OF 

HETEROBIVALENT LIGAND COMPOSED OF GLUCAGON LIKE PEPTIDE-1 

AND YOHIMBINE 

2.1. Introduction 
 

Pancreatic -cell dysfunction, and subsequent loss of -cell mass, underlies the development of Type 

1 and Type 2 Diabetes Mellitus (DM) [13, 16]. A non-invasive measure of β-cell mass is required to evaluate 

progression of β-cell loss prior to diabetes and to monitor the efficacy of therapeutic strategies to retard β-cell 

destruction in pre-diabetic patients. To date, a primary limitation in evaluating the progression of β-cell 

dysfunction, and thus failure of insulin secretion, are the lack of sensitive non-invasive detection 

methodologies.  

 

Various imaging agents are being developed for conquering this inadequacy. For example, contrast 

agents linked to ligands that bind to cell-surface receptors have been used to evaluate β-cell mass [25, 28, 37, 

51]. Glucagon Like Peptide-1 Receptors (GLP-1Rs), which are highly expressed in -cells, have been 

extensively studied as a potential -cell target. GLP-1, the natural ligand of GLP-1R, shows high affinity 

binding to GLP-1Rs, but has a short half-life due to rapid degradation by Dipeptidyl Peptidase IV (DPP-IV) 

[3, 111]. GLP-1 analogues like Exendin, which are resistant to DPP-IV, have been evaluated for -cell 

targeting and have shown high selectivity to -cells in-vitro, as well as uptake and retention in the pancreas 

in-vivo. Apart from the GLP-1R, the α2 adrenergic receptor (α2AR), Sulfonyl Urea Receptor (SUR) and, 

Serotonin receptor also have been shown to be potential targets. However, due to low β-cell mass relative to 

total abdominal tissue mass, imaging using only a single target, specific to the β-cell surface, remains 

challenging [37]. It has been postulated that a 100X increase in specificity for β-cells over exocrine pancreatic 

tissues is required to non-invasively monitor β-cell mass within the pancreas [27]. One approach for 

developing a high specificity probe is to utilize antibody targeting. Antibodies specific to the β-cell, including 

the IC2 and K14D10 specific to rodent β-cells, have been shown to have the ability to distinguish β-cells from 

exocrine pancreatic cells. 111In-DTPA labeled IC2 showed high specificity and retention to β-cells, as well as 

direct co-relation between accumulation of probe and β-cell mass in both diabetic and normal animals. 

Nevertheless, the fundamental issue with intact antibodies is the relatively slow tissue penetration and 

washout kinetics (for imaging), and hepatic antibody processing which causes unacceptable background 

within the abdominal imaging field [25, 36, 43, 45]. Another approach that has gained traction is targeting 

non-surface receptors like VMAT2. Extensive studies are being conducted to use current neural imaging 

probes like VMAT2 substrate dihyrotetrabenazine (DTBZ) to quantify β-cell mass in-vivo. However, 

specificity is a big concern with neural imaging probes; it was observed that VMAT-2 was present in vesicles 

and expressed by cells of many other tissues than the endocrine pancreas, such as endometrial and 

gastrointestinal tissues. Another problem faced is whether the density of these receptors remains constant 
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through the development of disease [25, 44]. Therefore, there remains a need for targeting agents with 

improved probe selectivity and avidity.  

 

We propose that targeted contrast agents can be improved to meet the needed requirements of high 

selectivity, and thereby improved signal-noise ratio, by harnessing the knowledge of the β-cell surface 

receptor repertoire. In previous studies, we have demonstrated that cell type specificity can be enhanced by 

linking the binding domains of two ligands into a single construct (a multivalent ligand), which will then bind 

with high affinity only to cells the express both complementary receptors. For example, a homo-multivalent 

melanocyte-stimulating hormone ligand (two of the same MSH(4) moiety tethered together) bound with 

higher apparent affinity compared to the monovalent ligand [71]. This enhanced affinity requires an ability of 

each binding domain within the ligand to access its receptors either simultaneously or within a limited time 

frame [70]. A heteromultivalent ligand (two or more different moieties) also exhibited a higher apparent 

binding affinity compared to its constituent monovalent ligands [64, 66, 74]. The multivalent ligand’s higher 

binding affinity is dependent on the presence of both complementary receptors (not necessarily in high 

number) demonstrating cell-type specificity [72, 80].  

 

In this chapter, we describe the synthesis and testing of a multivalent ligand composed of GLP-1 and a 

α2AR antagonist, yohimbine (Yhb). GLP-1R is abundantly expressed in rodent and human pancreatic β-cells 

making it a suitable target for noninvasive monitoring of β-cell mass [48]. Though in-vivo and in-vitro 

imaging approaches for GLP-1R agonists demonstrate it has β-cell targeting capabilities [53, 58], approaches 

to enhance GLP-1 avidity and specificity would improve β-cell targeting, potentially meeting clinical needs. 

To obtain the multivalent effect, and to improve β-cell targeting, another surface receptor needed to be 

identified that when coupled to GLP-1R detects β-cell specifically. α2ARs also are present on human and 

rodent β-cells and overexpression of α2AR has been shown to result in reduced fasting insulin levels, 

impaired glucose-stimulated insulin secretion and an increased risk of Type 2 diabetes [98]. Together, α2AR 

and GLP-1R provide a class of G-protein coupled receptors for which there is several well characterized and 

approved pharmaceutical agents. We hypothesized that targeting these two receptors, as a combination using a 

heterobivalent GLP-1/Yhb ligand would be beneficial for β-cell specific targeting and therefore, imaging. The 

binding characteristics and cell fate of this ligand were evaluated using the βTC3 cell line that is an 

immortalized model of β-cells, and importantly expresses both receptors. The aim of this study was to 

evaluate the ability of the GLP-1/Yhb construct to specifically target β-cells and thereby evaluate its potential 

as a noninvasive imaging agent. 
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2.2. Experimental methods 
 

2.2.1. Ligand synthesis 
 

Ligand synthesis was carried out in the lab of Dr. Josef Vagner. 

  

General synthesis: 

 

Ligands were prepared by solid phase synthesis using standard Fmoc/tBu chemistry on Rink Amide 

Tentagel resin (0.23 mmol/g) [78]. After the GLP-1 sequence assembly, to obtain a truncated GLP-1 analog 7-

36, the resin was washed and then dried under vacuum. A resin bound intermediate protected Phe12, 

Lys26(Aloc), Arg36 GLP-1 was either cleaved from the resin to obtain the monovalent GLP-1 (Figure 1) or 

was replaced into a 2 mL reactor for synthesis of individual ligands (Intermediate compound A, Figure 1). 

The crude products were isolated and purified by preparative HPLC [66]. 

 

Addition of Yohimbine for synthesis of unlabeled GLP-1/Yhb, Cy5-GLP-1/Yhb or Eu-DTPA-GLP-

1/Yhb 

 

Dry resin containing GLP-1(7-36) was placed into a 2 mL reactor for synthesis of individual ligands. For 

heterobivalent ligand, the synthesis continued by stepwise assembly of PEGO on Lys26 of GLP-1 followed by 

repetitive Pro-Gly linker units, then attachment of Cys(Trt) (for Cy5 attachment), Lys(Aloc) (For DTPA 

attachment), or Gly (for unlabeled ligand), another PEGO, and Yohimbine (Intermediate compound B, Figure 

1) [80]. 

 

This protected intermediate product was either cleaved from the resin and purified to obtain unlabeled 

GLP-1/Yhb (GLP-1/Yhb) or was used further to synthesize labeled ligands. 

 

Synthesis of Eu-DTPA labeled ligands (Eu-GLP-1 or Eu-GLP-1/Yhb) 

 

Intermediary compound A (for Eu-GLP-1) or intermediary compound B (Eu-GLP-1/Yhb) with amino 

acid Lys at the attachment point, was used as the starting compound and attachment of DTPA was performed 

using preformed HOBt activation (3 equiv. DTPA anhydride and 6 equiv. HOBt). Briefly, DTPA anhydride (3 

equiv.) and HOBt (6 equiv.) in DMSO were heated until dissolved (50-60°C) then stirred for 30 min. at room 

temperature. This reagent, preformed DTPA-HOBt diester, was directly injected into the free-amine GLP-1 or 

GLP-1/Yhb-resin and stirred overnight. The compound was cleaved from the resin as described below and 

purified by HPLC. The purified peptide was dissolved in 0.1 M ammonium acetate (pH was adjusted to 8 with 

aqueous 0.1 M NH4OH) and treated with 3 equiv. of EuCl3.6H2O in water. The reaction mixture was stirred at 

room temperature overnight.  The excess of Eu(III) chloride and ammonium salts was removed using a 

SEPAC C-18 reverse-phase column with repetitive washing. The final product was eluted using 50% aqueous 

acetonitrile lyophilized [66, 80]. 

 

Cleavage of compounds from the resin 

 

To cleave the peptide from the resin, the resin was washed with Dichloromethane (DCM) (3X), 
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Dimethylformamide (DMF) (5X), Tetrahydrofuran THF (2X), DCM (2X), and dried over vacuum. A 

cleavage cocktail (10 mL per 1 g of resin) of 82.5% trifluoroacetic acid (3% water, 3% 1, 2-ethanedithiol, and 

3% thioanisole) was used and then the compound was lyophilized [78, 80]. 

 

Synthesis of Cy5-GLP-1/Yhb 

 

Using intermediary compound B with amino acid Cys(Trt) at the attachment point, a cost-effective 

conjugation of the Cy5 dye in solution via a thiol-maleimide reaction was carried out. The Cy5-maleimide 

was added to the purified peptide in DMSO and then monitored with HPLC until conversion of the peptide to 

Cy5 products was complete [80]. 

 

Purification of compounds 

 

After ether extraction of scavengers, all compounds were purified by high-performance liquid 

chromatography (HPLC) and/or size-exclusion chromatography (Sephadex G-25, 0.1 M acetic acid) to 99.5 % 

purity. All compounds were analyzed for purity by analytical HPLC and mass spectrometry [80]. 
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Figure 1: Synthesis of Eu-GLP-1, GLP-1/Yhb, Cy5-GLP-1/Yhb and Eu-GLP-1/Yhb ligands  

[Adapted from: Steyn, Ananthakrishnan et al., 2015] [80] 
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2.2.2. Cell Culture:  
 

βTC3 cells were cultured under standard conditions (humidified incubator at 37 °C with 5 % CO2) in 

RPMI media supplemented with 10 % FBS and 1 % Penicillin/Streptomycin. For binding assays 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 3-4 days to achieve 90-100% confluency. Cells were monitored daily 

and experiment was performed when the desired confluency was reached. For binding assays in 6 well plates, 

βTC3 cells were seeded in 6-well plates at a density of ~600,000 cells/well and were allowed to grow for 3-4 

days to achieve 90-100% confluency. Cells from p.19-30 and from 42-50 were used for these assays. For 

microscope assays, βTC3, INS832/3 or HEK293 cells were plated in 6 well plates containing 25 mm no.1 

glass cover slips. 

2.2.3. Binding assays: 
 

To obtain binding constants for GLP-1/Yhb, saturation and competition assays were performed. 

Saturation assays were performed using Eu-GLP-1/Yhb to determine the half maximal binding affinity Kd of 

the bivalent ligand while competition assays assessed the half maximal inhibitory concentration of GLP-

1/Yhb or monovalent GLP-1 needed to compete with Eu-GLP-1. Competition assays were performed to 

obtain a concentration range for GLP-1/Yhb, which were explored further to obtain the Kd of the ligand using 

saturation assays. However, due to the multiple binding modes exhibited by a multivalent ligand, establishing 

a stable Kd for GLP-1/Yhb proved difficult. Therefore, saturation assays were performed using three different 

protocols, which were optimized to interrogate specific aspects of ligand binding. Detailed control 

experiments, described in Appendix, set the optimal parameters for each approach. At least 4 experiments 

were carried out using each protocol. The unique methodological approaches in competition assay protocol as 

well as each of the three saturation assay protocols are detailed below.  

2.2.3.1. Competition binding assays: 
 

βTC3 cells, grown in 96 well plates, were monitored daily and experiments were performed when the 

desired confluency was reached (See cell culture in methods). On the day of the experiment, media were 

aspirated from all wells prior to the addition of the ligands to be tested. Ligands were diluted in binding media 

(RPMI, 200 mg/L bacitracin, 0.5 mg/L leupeptin, 25 mM HEPES, 0.2% BSA, and 1 mM 1,10-

phenanthroline) and samples were tested in quadruplicate. Cells were incubated for 1 hour with 20 nM of 

Eu(III)DOTA-GLP-1 in the presence of increasing concentrations of unlabeled GLP-1 alone or unlabeled 

GLP-1/Yhb, starting at 0.03 nM up to 1 μM . Following the incubation period with the ligands, cells were 

washed three times with basic buffer (RPMI, 25 mM HEPES and 0.2% BSA). The media were carefully 

replaced manually using a vacuum manifold to prevent cell loss during wash. DOTA was used as the 

Europium (Eu)-cage to reduce non-specific loss of Eu during the incubation period. To effectively release Eu 

from the DOTA cage, a series of steps including acidification and subsequent neutralization of the sample are 
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required [112]. Therefore, before addition of enhancement solution, the cells were first incubated with 1 N 

HCl (100 μL/well) for at least 3 hours to fully release Eu(III) from the DOTA cage. An equal volume of 1 N 

NaOH (100 μL/well) was then added to neutralize the solution for maximizing signal by the enhancement 

solution. The average intensity of Eu-GLP-1 obtained at the various concentrations of either ligand was 

graphed. 1 μM of unlabeled (cold) ligand was used to obtain complete competition of the 20 nM Eu-GLP-1, 

therefore the average signal intensity observed in the presence of the full competition was considered to be the 

‘non-specific’ binding. This non-specific binding value was subtracted from the average intensity of Eu-GLP-

1 obtained to provide a measure of specific binding obtained with various concentrations of the ligands. 

2.2.3.2. Saturation assays 

2.2.3.2.1. Basic protocol for all saturation assays 
 

βTC3 cells were grown in culture and experiments were performed when the desired confluency was 

reached (See cell culture methods). On the day of the experiment, media were aspirated from all wells prior to 

the addition of ligands. Cells were incubated for 1 hour at 37°C in the presence of varying concentrations of 

Eu-DTPA-GLP-1/Yhb (Eu-GLP-1/Yhb) or Eu-DTPA-GLP-1 (Eu-GLP-1) ligand and ‘total binding’ was 

measured. ‘Non-specific’ binding was determined under the same conditions, by measuring binding in the 

presence of saturating quantities of unlabeled GLP-1/Yhb or GLP-1 to completely block receptor specific 

tracer interactions. Following the incubation period with the ligands, cells were washed three times. The 

media were carefully replaced manually using a vacuum manifold to prevent significant cell loss during wash. 

At this time, standard procedures were used to evaluate signal from the Eu tracer including addition of an 

enhancement solution (Perkin Elmer; 1244-105), which acted as an ‘antenna’ to boost the Eu(III) signal. The 

cells, along with the enhancement solution, were incubated for at least 30 min at 37°C prior to reading. The 

plates were read on a Wallac VICTOR3 instrument using the standard Eu(III) Time resolved fluorescence for 

Europium (340 nm excitation, 400 μsec delay, and emission collection for 400 nsec at 615 nm). The specific 

binding curve was calculated by subtracting the non-specific binding from total binding at each ligand 

concentration, and the values obtained are presented as a % maximum value measured for each experiment. 

Data were analyzed with GraphPad Prism Software using non-linear regression analyses. 

2.2.3.2.2. Protocol 1- Estimation of GLP-1 and α2A receptor expression 
 

Protocol 1 was designed to evaluate the receptor numbers of both GLP-1R and α2AR on the βTC3 

cells. For this purpose, cells were grown in 96-well plates until they achieved 90-95% confluency (Verified 

visually). On the day of the experiment, cells were first incubated with RPMI containing 2% BSA for 1 hour 

at 37 °C. Post BSA incubation, increasing concentrations of Eu-GLP-1/Yhb or Eu-GLP-1 were used to 

establish the ‘total binding’. A ‘Yhb-binding’ curve was also generated using Eu-GLP-1/Yhb in presence of 

500 nM GLP-1 (such that only the Yhb binding domain within the bivalent had access for binding to its 

receptor i.e. the α2AR) [64]. Non-specific binding was measured by blocking receptor specific tracer 
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interactions using either unlabeled 500 nM GLP-1/Yhb (for Eu-GLP-1/Yhb) or unlabeled 500 nM GLP-1 (for 

Eu-GLP-1). Ligands were diluted in binding media (RPMI, 200 mg/L bacitracin, 0.5 mg/L leupeptin, 25 mM 

HEPES, 0.2% BSA, and 1 mM 1,10-phenanthroline) and samples were tested in quadruplicate. The wash 

buffer used contained RPMI with 25 mM HEPES, 0.2% BSA, 0.01% Tween and 20 μM EDTA. Incubation, 

post-incubation and analyses were carried out as described above in general protocol. Simultaneously, in 

wells without cells, standard calibration curves for Eu-labeled ligands were generated by adding increasing 

amounts of Eu-GLP-1/Yhb or Eu-GLP-1. These were used to generate a relationship between fluorescence 

intensities and ligand concentrations (Figure 4, inset). These calibration data allowed for the determination of 

the amount (molecules) of ligand present at the Bmax obtained from the saturation binding data shown in Fig. 

4A and B. The fluorescence counts obtained at Bmax were extrapolated on the X-axis of the calibration curves 

to obtain the corresponding Eu-ligand concentration. Then the number of molecules at that ligand 

concentration was calculated using Avogadro’s number. This, divided by the number of cells in each well, 

provided the number of ligand molecules per cell. Considering 1:1 ligand:receptor ratio, the number of 

molecules of ligand helped determine the number of receptors available for binding over the 1 hour incubation 

period [64]. 

Calculation: 

Number of molecules of ligand per cell = 
  

 
Protocol 1 allowed for receptor number estimation. However, as with high throughput screening 

assays, the low signal:noise (S/N) did not allow for optimal separation of total and non-specific binding. 

Control experiments described in Appendix C indicated that increasing cell number (total receptor numbers) 

would allow sufficient S/N to evaluate specific binding and therefore, binding constants. Thus, in protocol 2, 

cells were grown in 6-well plates instead of 96-well plates to evaluate the broad range of concentrations as 

well as focus on high affinity, low concentration binding of GLP-1/Yhb. Number of cells in one well of the 6-

well plate (700,000) is 10X that in each well of the 96-well plate (70,000), allowing for better S/N and 

thereby, improved binding kinetic evaluation. 

2.2.3.2.3. Protocol 2- Broad range and high affinity binding kinetics 
 

βTC3 cells were seeded in six well plates and allowed to grow until a desired level of confluency was 

attained. On the day of the experiment, media were aspirated and cells were rinsed two times with basic buffer 

(RPMI, 0.25% BSA and 25 mM HEPES). Total and Non-specific binding were determined using the ligand 

composition and incubation procedure described in protocol 2. Following incubation, the cells were washed 3 

times with basic buffer and then cells were collected into 800 μL/well enhancement solution using a cell 

scraper. The solution was transferred to a 1.7 ml eppendorf tube. Another 200 μL/well enhancement solution 

was added to the wells to acquire any residual cells, which were also added to the collection tubes. The tubes 

containing enhancement solution were incubated for 1 hour. The solution was centrifuged to pellet cellular 
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debris. 100 μL of the supernatant was added to wells of a 96-well Perkin Elmer or CoStar plate and each well 

sample was analyzed in quadruplicate. 6-well plate saturation binding data were analyzed with GraphPad 

Prism software in the same manner as the 96-well plate assays were analyzed. Protocol 2 provided an 

improved S/N and thus allowed us to characterize the high affinity binding Kd of GLP-1/Yhb observed at 

lower concentrations.  

2.2.3.2.4. Protocol 3- Low affinity binding kinetics 
 

Protocol 3 used the basic 96-well plate high throughput screening method described by Handl et al. to 

evaluate the binding profile of GLP-1/Yhb over a wide range of concentrations and to estimate the low 

affinity Kd [75]. Cells grown in a 96 well plate were incubated with increasing concentrations of Eu-GLP-

1/Yhb from 0.1 nM to 150 nM by adding appropriate aliquots of a stock solution sequentially in wells. 

Simultaneously, in a similar set of wells, unlabeled 12.5 μM GLP-1/Yhb was added along with the Eu-ligand 

to estimate non-specific binding. As in protocol 1, ligands were diluted in binding media (RPMI, 200 mg/L 

bacitracin, 0.5 mg/L leupeptin, 25 mM HEPES, 0.2% BSA, and 1 mM 1,10-phenanthroline) and samples were 

tested in quadruplicate. The wash buffer used consisted of RPMI with 25 mM HEPES and 0.2% BSA. 

Incubation, post-incubation and analyses were carried out as described above in general protocol. 

 

Appendices A and B describe the modifications that were made to the 96-well plate protocol 3 to 

evaluate Kd for GLP-1/Yhb and to estimate the receptor number through protocol 1 in the βTC3 cells. 

Appendix C, as mentioned previously, discusses the increase in receptor number to allow sufficient S/N to 

evaluate specific binding and therefore, binding constants; while Appendix D describes optimization of 

Protocol 2 for establishing standardized protocol for obtaining binding affinities for all multivalent ligands in 

a non-over-expressing cell systems. 

2.2.4. Cell imaging using fluorescence microscopy 
 

βTC3 cells were plated in six-well plates containing 25 mm no.1 glass cover slips for 3-4 days. On the 

day of the experiment, the coverslip containing βTC3 cells was placed into a chamber held at 37 °C on the 

stage of an Olympus IX70 inverted microscope equipped with a 40X, 1.4 NA ultrafluor objective. The 

chamber was filled with Hanks Buffered Saline (HBSS pH 7.3; 5 mM KCl, 0.3 mM KH2PO4, 138 mM NaCl, 

0.2 mM NaHCO3, 0.3 mM Na2HPO4, 20 mM HEPES, 1.3 mM CaCl2, 0.4 mM MgSO4, and 5.6 mM glucose). 

Binding of ligand to the cells was measured using a Cy5-labeled GLP-1/Yhb ligand. The Cy5 fluorescence 

was excited using a 100 W Hg lamp as the excitation source with the white light passed through a 60 nm band 

pass filter centered at 620 nm. The emitted light was appropriately filtered at 700 nm using a 75-nm band pass 

prior to focusing the cell image and captured onto a Photometrics Cascade 512B camera. Cy5 was chosen 

because background auto-fluorescence at these wavelengths was minimal, and therefore optimal for observing 

binding at low fluorophore/ligand concentrations. 

http://link.springer.com/search?dc.title=GLP-1&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
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2.2.5. Analysis of Cy5 labeled GLP-1/Yhb binding: 
 

Experiment was carried out in the microscope chamber by incubating cells with designated 

concentrations of Cy5-labeled GLP-1/Yhb as described above with or without unlabeled competitors 

(1 μM GLP-1 or 1 μM Yhb) for 2 min., after which the media was replaced with ligand-free buffer. All 

images for Cy5-labeled GLP-1/Yhb binding were acquired 3 min. after buffer replacement (5 min. after ligand 

addition). This time point was chosen because preliminary experiments indicated that binding was complete, 

but removal from at or near the cell surface was minimum. On average, groups of 10–20 cells were imaged 

for each coverslip. Analysis of` binding was carried out by outlining a region of interest (ROI) at the cell 

membrane to obtain the average pixel intensity within that region using ImageJ software. Average intensities 

(±SEM) are presented for three or more independent experiments.  

2.2.6. Analysis of Receptor knockdown 
 

For the receptor knockdown experiments, cells were split onto 25 mM round #1 coverslips and 

cultured for 24 hours prior to transfection. Following transfection (see below), cells were maintained in 

culture for 2-3 days. On the day of the experiment, βTC3 cells on the coverslips were imaged first for GFP 

fluorescence to distinguish transfected (GFP positive) from non-transfected (GFP negative) cells. The filter 

was then switched to the Cy5 filter set. Image acquisition and analysis for Cy5-labeled GLP-1/Yhb binding 

was identical to that described above. For each experiment, the average fluorescence intensity across the 

group of non-transfected cells at 5 min. after ligand addition (3 min. after buffer replacement) was determined 

and the SEM was subtracted from this value. This value of [Average GFP negative - SEM] was set as a 

threshold. If the average fluorescence intensity on the membrane of a cell in either GFP positive or GFP 

negative group was higher than the threshold, that cell was counted as having significant binding. The 

percentage of cells in each experiment from either GFP positive or GFP negative group that showed binding 

compared to all the cells in that group was calculated. The average percentage of cells in each group that 

showed binding across all the experiments (±SEM) was represented in the graph and statistical analyses were 

done to obtain significant differences.  

2.2.7. shRNA Transfection 
 

SureSilencing™ shRNA plasmids containing GFP were purchased for GLP-1R and Adrα2A (Qiagen 

Inc., Valencia, CA, USA). Control and gene-specific shRNA plasmids for each receptor were amplified in 

Mach1 E. Coli cells (Invitrogen Life Techonology, Grand Island, NY, USA) and purified with a Qiagen 

Plasmid Midi Kit (by Steyn L.V., Limesand S.). The control plasmid expressed a shRNA sequence that does 

not match anything in the relevant genome. βTC3 cells were transfected using Lipofectamine 2000 and 

shRNA plasmid (4 μg/well) complexes according to manufacturer’s instructions. Transfection efficiency was 

determined by fluorescence detection of GFP. The duration post transfection was optimized to achieve 

maximum receptor knockdown of protein concentrations. 

http://link.springer.com/search?dc.title=GLP-1&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com/search?dc.title=GLP-1&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
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2.2.8. Western Blotting 
 

Polyacrylamide gel electrophoresis and immunoblotting was performed on 50 μg of βTC3 protein as 

described previously [113]. The primary antibodies for immunoblotting were raised in rabbit against GLP-1R, 

Adrα2A and β-tubulin (1:500; Santa Cruz Biotechnologies, Santa Cruz, CA, USA) were detected with Super 

Signal West Pico chemiluminescent reagent (Pierce, Rockford, IL). The membranes were exposed to X-ray 

film and densitometry measured with ImageJ image analysis software (National Institute of Mental Health, 

Bethesda, Maryland, USA). Protein was isolated 72 hours after the transfection and representative western 

blots are shown for α2AR and GLP-1R. 

2.2.9. Statistical analyses 
 

Fluorescence intensities for competitive binding experiments were analyzed within a concentration by 

a least squares analysis of variance with the use of the GLM procedure of the Statistical Analysis System 

(SAS Institute, Cary, NC, USA; v9.3, 2011). A two-tailed unpaired t test was performed to observe significant 

(P<0.05) differences in βTC3 cells transfected with shRNA plasmids. A significance level of P<0.05 was 

used for all statistical tests. Results are presented as mean±SEM. 
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2.3. Results 

2.3.1. Expression of Receptors on β-Cells 
 

Evaluation of receptor mRNA and protein expression was carried out in the lab of Dr. Sean Limesand. 

Several β-cell lines were screened using rt-pcr to determine expression levels of GLP-1 receptors. Figure 2A 

shows the mRNA levels of GLP-1R in two cell lines compared to INS1 cells. Amongst those, βTC3 expressed 

GLP-1R at relatively high levels. α2AR expression was then measured in absolute counts (Figure 2B) in 

βTC3 and MIN6 cells to obtain a cell line that expressed both receptors. As shown in Figure 2, the βTC3 cell 

line express mRNA for both the receptors at relatively high levels. The presence of both GLP-1R and α2AR 

mRNA in the βTC3 cell line indicate the use of these cells as a pancreatic -cell model. (Kelly A., Limesand 

S., unpublished) 

 

 
Figure 2:  Comparative expression of α2AR (Left) and GLP-1R (Right) mRNA in β-cell lines.   

mRNA estimation carried out in the lab of Dr. Sean Limesand. The α2AR is expressed as mean 

concentration measured using quantitative rt-PCR data, while the GLP-1R is expressed as the amount relative 

to that observed in INS1-X cell line. INS1-X is a cell-line clone of INS1 line originally derived from rat islets. 

This specific clone expresses relatively low levels of GLP-1R mRNA. (Kelly A., Limesand S., unpublished)   
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To verify the mRNA findings, western blotting was performed to evaluate receptor protein levels in 4 

different cell lines of βTC3, MIN6, INS1-X and HEK293 (Figure 3, Kelly A., Limesand S., unpublished). 

βTC3 cells expresses both GLP-1R and α2AR mRNA (Figure 2) and protein (Figure 3) and thus were used as 

the β-cell model for primary experiments. 

 

 
Figure 3: Western blot for evaluating α2AR and GLP-1R protein expression. 

Performed in the lab of Dr. Sean Limesand. Orange arrow indicates the Molecular Weight at which the 

full-length α-2 AR migrates. (Kelly A., Limesand S., unpublished)  
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2.3.2. Competition assay 
 

Competition assays were carried out as the first step in high throughput screening assays to compare 

the ability of GLP-1/Yhb and GLP-1 to compete off Eu-GLP-1. These studies provide an estimate of the Kd of 

GLP-1/Yhb. Competition of Eu-GLP-1 with increasing concentrations of unlabeled GLP-1 (Figure 8A) 

exhibited competition above 5nM while increasing GLP-1/Yhb concentrations (Figure 8B) resulted in a two-

site curve with Eu-GLP-1 competition occurring at concentrations as low as 1nM. 

 

 

 
Figure 4A, 4B: Eu-GLP-1 competition with GLP-1: A) One-site competition curve of unlabeled GLP-1 with 

Eu-GLP-1, B) Competition curve of unlabeled GLP-1/Yhb with Eu-GLP-1 

In Figure 4A, at and above 30 nM concentration, Eu-GLP-1 is successfully competed off but this is not 

seen below that concentration. In Figure 4B, Eu-GLP-1 is easily competed off by the bivalent starting at 

concentrations as low as 1 nM. *= significant difference compared to fluorescence intensity of 20 nM Eu-

GLP-1 without any competitor present. 



47 
 

2.3.3. Analysis of GLP-1R and α2AR expression levels 
 

To help interpret the two site curve observed with GLP-1/Yhb in competition assays, saturation assays 

were performed using Protocol 1 (described in detail in methods, section 2.2.3.2.2) to quantify the GLP-1 and 

α2A receptor number expressed on the surface of βTC3 cells (Figure 5). The specific binding values, 

calculated from total binding and non-specific binding measurements, were graphed as shown in Figure 5. 

Using Eu-GLP-1 and Eu-GLP-1/Yhb in a system without cells, the amount of signal per nM of tracer was 

obtained (Figure 5, inset). The Bmax values obtained were compared to the calibration curve and this allowed 

for estimation of the receptor numbers (Calculations given in Protocol 1, section 2.2.3.2.2). GLP-1R number 

(220,000/cell over 1 hour) was about 1.7X greater than the number of α2ARs (130,000/cell over 1 hour). This 

represents the number of receptors available for binding on the cell surface over the 1 hour incubation period 

and includes receptor turnover. The actual number of receptors available at a given point in time on the cell 

surface is relatively lower.  

  

Figure 5: Binding curves of Eu-GLP-1 (A) and Eu-GLP-1/Yhb in presence of 500 nM GLP-1 (B)  

Average values from n=5 individual experiments. The receptor ratio of GLP-1R: α2AR is 1.7, 

indicating more GLP-1 receptors than α2AR in βTC3 cells. Inserts: Calibration curves of GLP-1 (Figure 5A 

insert) or GLP-1/Yhb (Figure 5B insert) obtained by direct measurement of counts per nM tracer ligand. 
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2.3.4. Analysis of GLP-1/Yhb binding affinity 
 

Since GLP-1R is expressed at approximately 1.7 times greater than α2AR in βTC3 cells, it is likely 

that that bivalent binding is limited (saturated) by the lower α2AR expression. Thus, multivalent ligands are 

likely to exhibit multiple binding modes over a broad concentration range. Using the method described in 

protocol 2, Specific Eu-GLP-1/Yhb binding was evaluated over a wide range of concentrations to allow 

observation of the potential multiple binding modes. As shown in figure 6, the data were best fit to a two-site 

specific binding curve with a high affinity binding site and a low affinity binding site. The high affinity 

binding site (below 50nM) likely corresponds to the divalent binding, limited by the α2AR expression, while 

the low-affinity binding site likely corresponds to the GLP-1/Yhb binding in monovalent GLP-1 mode to 

‘spare GLP-1 receptors’. 

 

 
Figure 6: Specific binding of Eu-GLP-1/Yhb to βTC3 cells.  

With these data, two unique binding sites appear to have been observed, with one site (high affinity) in 

the low nM range (~Kd of 10nM) and a low affinity site beyond 100 nM, likely due to the monovalent binding 

mode of the GLP-1- moiety to the ‘spare’ GLP-1 receptors, since GLP-1R is expressed at higher levels than 

α2AR (n=6). 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 20 40 60 80 100 120 140 160 

I
n

te
g

r
a

te
d

 i
n

te
n

s
it

y
 a

s
 a

 %
 m

a
x

 c
o

u
n

ts
 

[Eu-GLP-1/Yhb] (nM) 



49 
 

2.3.5. High affinity binding of GLP-1/Yhb 
 

To evaluate the high affinity Kd of Eu-GLP-1/Yhb binding in detail, the saturation binding 

experiments (protocol 2, section 2.2.3.2.3) focused on a low ligand concentration range. Using data only from 

concentrations ≤ 50 nM, a binding curve for GLP-1/Yhb was generated and the high affinity Kd was 

calculated. Protocol 2, which allowed high cell counts and therefore receptor number due to use of 6-well 

plates, provided the best estimate of GLP-1/Yhb high affinity Kd. Figure 7A graphs the high affinity binding 

profile of GLP-1/Yhb which provided a calculated Kd of 2.8 nM (R2 = 0.71).  

 

 
Figure 7A, 7B, 7C: One-site specific binding analyses of GLP-1/Yhb high affinity binding.  

Figure 7A represents binding counts focusing on low concentrations (≤ 50 nM) of GLP-1/Yhb and is 

fit to a classic one-site specific binding equation that provides an apparent Kd value of 2.8 nM (n ≥ 8). 

 

 

  

A 
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Although, the Kd obtained using Protocol 2 (section 2.2.3.2.3) was designated as the gold standard for 

high affinity binding of GLP-1/Yhb, the Kd established through Protocol 1 (section 2.2.3.2.2) and 3 (section 

2.2.3.2.4) also agreed with this estimate. The high affinity Kd value obtained from Protocol 1 and Protocol 3 

were 8.5 nM (R2 = 0.92) and 2 nM (R2 = 0.63) respectively. The average Kd across the three protocols was 

calculated to be 4.43 nM ± 2 nM indicating that the difference in protocols still provided a Kd within a 2 nM 

margin of error. There were more than 4 individual experiments carried out using each protocol. 

 

 
Figure 7B, 7C: One-site specific binding analyses of GLP-1/Yhb high affinity binding using Protocol 1 (B) 

and Protocol 3 (C) (n ≥ 4). Graph represents binding counts focusing on low concentrations (≤ 50 nM) of 

GLP-1/Yhb and is fit to a classic one-site specific binding equation that provides an apparent Kd value of 8.5 

nM (R2 = 0.92, Protocol 1, B) and 2 nM (R2 = 0.63, Protocol 3, C). 

  

B C 
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2.3.6. Low affinity binding of GLP-1/Yhb 
 

To evaluate the low affinity binding constant i.e. the binding of the GLP-1 site within the bivalent in 

its monovalent binding mode, binding curves were generated by focusing on concentrations ≥ 20 nM, 

concentrations at which the α2AR should be saturated. Figures 8 shows that the binding affinity of GLP-

1/Yhb is 40X lower to the spare receptors; as is seen with Kd obtained from Protocol 3, 72.7 nM; R2 = 0.99. 

 

 
Figure 8:  Low-affinity binding site of GLP-1/Yhb to βTC3 cells.  

The binding curve was obtained using values at concentrations ≥ 20 nM, fit to a one-site specific 

binding equation. X-axis is presented as Ligand concentration in log10 scale, with values in antilog format. At 

high concentrations, the bivalent binds as a monovalent moiety to the spare receptors 
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2.3.7. Microscopic analysis of single cell binding of Cy5- GLP-1/Yhb 
 

Binding of the bivalent GLP-1/Yhb ligand to βTC3 cells was visualized using live-cell microscopy. As 

shown in Figure 9A, immediately following the addition of 50 nM GLP-1/Yhb ligand to βTC3 cells, the probe 

was primarily distributed across the cell surface. Within a few minutes, the ligand was observed in punctuate 

structures that are presumably membrane capping regions, and early endosomes (Figure 9B). 

 

 
Figure 9A, 9B: Cy5-tagged GLP-1/Yhb distribution on βTC3 cells.  

A: Membrane binding of 50 nM GLP-1/Yhb immediately after its addition to the incubation medium 

with ligand remaining in the medium. B: 5 minutes after ligand addition, the chamber was cleared of ligand, 

and cells were again imaged in ligand free medium for Cy5 fluorescence. 

    

  



53 
 

2.3.8. Specificity of bivalent ligand binding using unlabeled monomers as blockers 
 

The specificity of bivalent ligand binding for cells expressing both complementary receptors was 

evaluated using saturation binding analyses. Binding of Cy5-labeled GLP-1/Yhb to βTC3 cells was 

monitored with or without competitors (Fig. 10). High affinity binding (at 1 and 5 nM) was observed only 

when both ligands within the GLP-1/Yhb have access to their receptors; i.e., binding of the GLP-1/Yhb was 

eliminated at concentrations of 1 and 5 nM when co-incubated with a saturating concentration of an inhibitor 

of either one of the cognate monomers. In the presence of 1 μM unlabeled Yhb, Cy5-labeled GLP-1/Yhb 

binding to the GLP-1R alone was observed at concentrations of 50 nM and 100 nM. Binding to α2AR (in the 

presence of unlabeled 1 μM monomeric GLP-1) also was observed at 50 nM and 100 nM Cy5-labeled GLP-

1/Yhb. Binding of Cy5-GLP-1/Yhb to only one of its receptors (in presence of saturating concentrations of 

unlabeled monomers, dark and light grey bars) at 50 and 100 nM was significantly lower than ligand binding 

to both receptors in absence of any competitors (Solid black bars). It is also important to note that no 

significant difference was observed between bivalent GLP-1/Yhb binding (Solid black bars) and the estimated 

additive binding density for GLP-1/Yhb in the presence of the independent monomeric competitors. 

 

 
Figure 10: Bivalent binding increases GLP-1/Yhb ligand specificity in βTC3 cells. Average fluorescence 

intensities (a.u.f.; ± SEM) shown for βTC3 cells incubated for 2 min. with varying concentrations of Cy5-

GLP-1/Yhb.  

Black bars represent Cy5-labeled GLP-1/Yhb binding without competition. Dark grey bars present 

average fluorescence intensity for Cy5-labeled GLP-1/Yhb in presence of saturated GLP-1R (unlabeled 

1 μM GLP-1), exposing monovalent Yhb binding to the α2AR. Light grey bars represent average fluorescence 

intensity for Cy5-labeled GLP-1/Yhb in presence of saturated α2AR (unlabeled 1 μM Yhb), exposing 

monovalent GLP-1 binding to the GLP-1R. [previously published in: Steyn, Ananthakrishnan et al., 2015] 

[80] *P<0.05 for no competitor vs. either monovalent binding. #P<0.05 for monovalent GLP-

1 binding vs. monovalent Yhb binding. 
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2.3.9. Specificity of bivalent ligand binding using shRNA receptor knockdown 
 

shRNA plasmid purchase, amplification and evaluation was carried out in the lab of Dr. Sean 

Limesand by Dr. Leah Steyn. The requirement of both complementary receptors for binding below 50 nM 

was evaluated by reducing the expression of one of the complementary receptors with shRNA. GLP-1R or 

α2AR protein concentrations were decreased with transient transfection of shRNA plasmids in βTC3 cells 

(Fig. 11). GLP-1R was reduced by 82–96 % and α2AR was reduced by 93–97 % at 72-hour post transfection 

[80]. 

 
Figure 11: GLP-1R or α2AR knockdown in βTC3 cells.  

βTC3 cells were transiently transfected with either a α2AR or b GLP-1R shRNA plasmids. Two 

shRNA plasmids were evaluated for each gene and compared to a control plasmid and b-tubulin was used as 

loading control. Experiments were carried out by Dr. Leah Steyn in the lab of Dr. Sean Limesand. Duplicate 

lanes are shown for each transient transfection. Protein expression for shRNA plasmid 1 (light grey bars) and 

plasmid 2 (dark grey bars) for each gene is presented as a percentage of the control plasmid (black bars). 

Three independent transient transfections were used to determine receptor protein expression. [previously 

published in: Steyn, Ananthakrishnan et al., 2015][80]. 
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The transfected shRNA construct also codes for GFP expression and so the presence of GFP identifies 

shRNA expressing cells. An important aspect of these studies relates to the heterogeneity of transfection with 

cells that express the shRNA with GFP marker. This allows for binding to be compared within a cell 

population treated equally with transfection chemicals like lipofectamine. Binding of Cy5-tagged ligand to 

cells with receptor knockdown, identified by GFP, can be compared to adjacent cells that do not express the 

shRNA (no GFP expression). Binding of Cy5-labeled GLP-1/Yhb to cells transiently transfected with receptor 

specific shRNA plasmid was clearly reduced when compared to adjacent non-transfected cells (Fig. 12); i.e. 

on addition of 25 nM Cy5-GLP-1/Yhb, less binding was seen on cells with knockdown of either GLP-1R 

(Fig. 12b) or α2AR (Fig. 12d) compared to substantial binding (~2-fold greater intensity) in non-transfected 

cells within the same field of view. Therefore, Cy5-labeled GLP-1/Yhb binds preferentially to cells 

expressing both receptors (i.e., non-transfected), and does not appreciably bind to cells expressing only one of 

the complementary pair at this relatively low ligand concentration. 

 

 
Figure 12a, 12b, 12c and 12d: Knockdown of one of the receptors of the complementary pair decreases Cy5-

labeled GLP-1/Yhb binding in βTC3 cells.  

Binding was evaluated after 5 mins of incubation with 25 nM Cy5-labeled GLP-1/Yhb in βTC3 cells 

transiently transfected with either GLP-1R (a, b) or α2AR (c, d) shRNA plasmids. GFP expression is shown 

in (a, c) and identifies cells in which either the GLP-1R shRNA (a) or α2AR shRNA (c) are expressed. Cells 

in the field of view that were not transfected (i.e., do not express GFP) and therefore, are presumed to have a 

full receptor complement, are highlighted by dashed lines in these images. Shown in (b) and (d) is Cy5-

labeled GLP-1/Yhb binding preferentially to non-transfected βTC3 cells. [previously published in: Steyn, 

Ananthakrishnan et al., 2015] [80] 
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An unbiased approach to evaluate the effect of receptor knockdown on binding is to set an intensity 

threshold indicating bound ligand (calculated using method described above), then count the number of cells 

exhibiting labeling (a.u.f.) above the threshold assigned to GFP positive or negative bins. Figure 13 shows the 

percentage of cells in each group (transfected or non-transfected) that bound Cy5-labeled GLP-1/Yhb 

compared to all the cells in that imaging field. Only 19.2% and 23.6% of cells that were transfected with 

GLP-1R or α2AR shRNA plasmids respectively bound significant ligand at 25 nM Cy5-labeled GLP-1/Yhb 

above background threshold compared to 62.4% and 56.3% of cells in the non-transfected group. The 25 nM 

concentration of GLP-1/Yhb was chosen for comparing its binding between the two groups since at that 

concentration, GLP-1/Yhb bivalent binding is at maximum, while only a small amount of some monovalent 

binding can occur (based on measured Kd values), making it a good concentration for comparison. There was 

43.2% or 32.7% less cells transfected with GLP-1R or α2AR shRNA plasmids that bound Cy-labeled GLP-

1/Yhb at 25 nM as compared to non-transfected βTC3 cells expressing both receptors. 

 

 
Figure 13A, 13B: Individual receptor knockdown decreases Cy5-labeled GLP-1/Yhb binding in βTC3 cells. 

The black bars in A & B represent percentage of cells in the field of view that bound the Cy5-labeled 

GLP-1/Yhb at levels above threshold (see methods, section 2.2.6), and were not transfected with shRNA 

(i.e., do not express GFP and therefore are presumed to have a full receptor complement). The dark grey bar 

in A represents the percentage of cells with GLP-1R knockdown that bound the ligand above threshold and 

the light grey bar in B represents percentage of cells with α2AR knockdown that bound the ligand above 

threshold. Cy5-labeled GLP-1/Yhb binds preferentially non-transfected βTC3 cells. It should be noted that 

GFP expression does not indicate complete knockdown of receptor expression. 
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2.4. Discussion and Conclusion 
 

In this study, we evaluate a novel multivalent ligand for targeting β-cells. A pre-requisite for non-

invasive imaging of β-cells is that the probes need to have high specificity and avidity. To facilitate 

specificity, we have selected a cell receptor surface combination, which acts as a molecular barcode that 

uniquely identifies β-cells relative to other cell types in the abdominal imaging field. GLP-1R and α2AR were 

chosen as the molecular barcode because based on genetic screening, they are, in combination, relatively 

unique to the β-cell. The probe synthesized to access this receptor combination is a heterobivalent ligand 

composed of GLP-1 linked to Yohimbine. Previous studies have shown multivalent ligands may exhibit up to 

a 100 fold increase in avidity to the target cell likely due to cross-linking of multiple surface receptors [66, 

74].  

 

In this chapter, the ability of GLP-1/Yhb heterobivalent ligand to bind with high affinity to an 

insulinoma cell line (βTC3) in which GLP-1R and α2AR are expressed at ‘normal’ levels is demonstrated. 

Normal receptor levels are 1-3 x 105/ cell over 1 hour as calculated in figure 5. Since our binding assays use 

live cells, this value is dependent on receptor recycling after ligand binding over the full time period. Our 

ability to precisely monitor ligand binding in these βTC3 cells is significant because previous studies 

demonstrating similar high affinity binding of multivalent ligands employed cell lines engineered to express 

receptors in excessive numbers (1-3 x 106/ cell) [65, 71, 114]. When receptors are over-expressed, there is a 

possibility that the increase binding affinity observed is a statistical effect i.e., increased binding is detected 

due to an increase in the probability of the ligand encountering a receptor [115]. However, working with cell 

lines having receptors expressed at mostly physiological levels eliminates the presumption that the high 

affinity observed with the ligand is solely due to a statistical effect.  

 

Overall, the data presented here demonstrate that the GLP-1/Yhb binds with both high avidity and 

specificity to βTC3 cells that express receptors to both of its cognate binding domains. The full range GLP-

1/Yhb binding data (Figs 4-7) are best fit to a two-site curve with GLP-1/Yhb bivalent binding exhibiting 

approximately 20 fold higher affinity than the second low affinity site (Figure 6). Multivalent ligands have 

shown to exhibit unique binding properties in that they bind divalently at low concentration and once the 

divalent interactions are “saturated” due to saturation of the low expression receptor (α2AR in case of βTC3), 

monovalent binding to the high abundancy receptor (GLP-1R) occurs with comparatively low affinity. In 

βTC3 cells, since GLP-1R expression was measured to be higher than α2AR expression, the low-affinity 

binding is predicted to be due to binding to spare GLP-1 receptors, with all α2AR likely saturated in high 

affinity bivalent mode. The Kd for the low affinity binding is ~75 nM which is higher than native GLP-1 

binding to its receptor (~20 nM Kd) [66]. Multivalent ligands have been shown to bind with comparatively 

low affinity to the spare receptors, which is likely due to the decreased affinities of the individual binding 

regions within the multivalent construct [74]. Therefore, the innate affinity of the GLP-1 binding domain, 

within the bivalent construct, for the GLP-1R is significantly decreased possibly due to stearic effects caused 

by the linker and second binding domain [74].  
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Regardless, the avidity of the ligand in bivalent mode is high (Kd ~3 nM), while monovalent binding 

mode for the GLP-1 or Yhb moieties are in the 70 nM range (Figure 5). Since high affinity binding is due to 

simultaneous engagement of the GLP-1 and α2A receptor pair, specificity for cells expressing both receptors 

is predicted from these data; which, according to Sweet et al. is crucial in imaging agents. Conversely, 

binding of the ligand to cells expressing only one of the complementary receptors will be significantly less, 

with a high Kd, as observed when GLP-1/Yhb binds as its monomeric constituents. In addition to these 

observations, saturating quantities of unlabeled ligand effectively block ligand uptake into β-cells at low 

concentrations, demonstrating that the uptake is receptor mediated and therefore, specific. Similarly, 

knockdown of either of the receptors also results in significant decrease in binding (less than half) compared 

to that seen in cells with the complementary receptor pair (Figure 10,11 and 12). In-vivo experiments confirm 

that within the pancreas and abdominal tissues, GLP-1/Yhb binding was specific for β-cells. Moreover, loss of 

specific binding to the pancreata in streptozotocin induced diabetic rats and in isolated rat islets is consistent 

with β-cell specific interaction [80]. 

 

Overall, the binding experiments with βTC3 cells clearly demonstrate that access to both cognate 

receptors is required for high affinity binding.  

 

A variety of probes have been evaluated for β-cell targeting including β-cell specific antibodies, neural 

imaging agents and ligands targeting single receptors that are expressed predominantly, but not exclusively, 

on the β-cell surface. The neural imaging agents have shown some promise, but due to high non-specific 

binding, these agents need to be improved for their use in β-cell imaging. Antibodies, on the other hand, have 

shown specificity to β-cells, but due to their large size and slow clearance rates, antibody based targeting has 

been insufficient for analysis of β-cell mass. Ligands to individual receptors, especially to GLP-1Rs, have 

demonstrated specific pancreatic binding. Radiolabeled Exendin derivatives have been successful for analysis 

of β-cell mass in-vivo in rats and have also been used for clinical trials in humans for β-cell imaging using 

Positron Emission Tomography (PET). However, accurate assessment or visualization of β-cell mass in-vivo 

has been limited by uptake in tissues surrounding the pancreas [55-60]. It is clear that improvements in the 

current targeting agents are required to increase the prospects for non-invasive β-cell imaging for clinical 

evaluation of β-cell mass. 

 

Schneider et al. proposed that a compound able to evaluate β-cell mass in humans should have the 

following properties: (i) a β-cell specificity of at least 100:1, (ii) a high affinity for binding sites present in 

high number and a fast excretion from the vascular system to overcome the bound to free ratio, (iii) detect a 

target that is highly expressed in human β-cells and remains proportional to β-cell mass, and (iv) have no 

toxicity for β-cells or other tissues [44]. In addition to the criteria outlined by Schneider et al., Sweet et al. 

suggest that the main challenge for PET imaging studies of -cell mass resides in the selection of a 

radiolabeled ligand with a reasonably high affinity for a β-cell-specific target as well as high specific activity. 

They estimate that the dissociation constant of such a ligand needs to be less than 1 nM considering ‘normal’ 

receptor numbers available on the cell providing a signal: background ratio of at least 5:1 [27]. Along with 

high avidity and specificity, Sweet et al. suggest that due to the relatively small size of β-cell mass [27], the 
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key for non-invasive imaging is the ability of the β-cells to retain the probe longer than the surrounding 

tissues. Therefore, the imaging agent used should be readily cleared from the circulation and extra-cellular 

space to reduce background in adjacent tissues; both of which together could reduce the requirement for high 

affinity by a factor of ~10. 

 

GLP-1/Yhb has shown high affinity binding to β-cells with high selectivity at low concentrations. 

Moreover, GLP-1/Yhb exhibits rapid clearance rates with selective retention in β-cells. These in-vivo studies 

with GLP-1/Yhb have shown that due to the relatively small molecular weight, the wash out of 111In labeled 

GLP-1/Yhb takes place within 30 mins of injection, which provides the kinetic properties optimal for an 

imaging agent [80]. Using live cell microscopy, the binding to βTC3 can be visualized (Figure 9) and it is 

seen that within minutes of binding, the GLP-1/Yhb ligand is internalized, indicating that ligand retention will 

be significant, potentially enhancing β-cell specific signal. Therefore, high retention and rapid clearance rates 

make the GLP-1/Yhb a good candidate for non-invasive imaging. GLP-1/Yhb exhibits high specificity and 

high avidity with a Kd ~3 nM, which coupled with retention in β-cells and rapid elimination of non-specific 

signal from surrounding tissues, puts GLP-1/Yhb in the required Kd range for optimal tracer properties for 

PET. Furthermore, the doses of GLP-1/Yhb used for assessing β-cell mass have shown no toxicity for β-cells 

or other tissues; indicating use of GLP-1/Yhb as an effective non-invasive β-cell imaging agent. Also, 

flexibility in the synthesis of the multivalent constructs suggests potential to further refine β-cell targeting 

agents by using either additional β-cell ligands or other novel combinations. 

 

Overall, our work indicates that synthetic heterobivalent ligands, such as GLP-1/Yhb can be developed 

to increase cellular specificity and sensitivity. Experimental observations with this specific molecule provide a 

basis for developing and optimizing additional cell-specific multivalent imaging agents by using other ligand 

combinations or additional binding domains. These findings validate the use of multivalent constructs as non-

invasive imaging agents. 
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3. EVALUATION OF THERAPEUTIC POTENTIAL OF GLUCAGON LIKE 

PEPTIDE-1 LINKED TO YOHIMBINE BY MEASUREMENT OF DOWNSTREAM 

SIGNALING THROUGH cAMP AND INSULIN SECRETION 

3.1. Introduction 
 

Diabetes Mellitus (DM) is a chronic disease that occurs when the pancreas does not produce enough 

insulin, or when the body cannot effectively sense the insulin that the pancreatic β-cells secrete [6, 8]. 

Hyperglycemia, or raised blood sugar, is a common outcome of uncontrolled diabetes and over time leads to 

serious damage to many of the body's systems, especially the nerves and blood vessels. Changes in β-cell 

mass and function are central to the development and progression of diabetes, therefore accurate measurement 

of β-cell mass and ability to enhance β-cell function can provide a two-pronged approach for tackling diabetes 

[2]. Non-invasive methods are being developed, based on delivery of β-cell specific agents to the islets of 

Langerhans, with the goal of evaluating β-cell mass at regular intervals over time [2, 37]. Some of these 

agents also have therapeutic properties to allow for intervention and retrieval of β-cell function. However, 

current targeting agents show insufficient specificity for β-cells and thus, these potential agents often 

demonstrate off-target side effects [26, 37].  

 

Our approach for achieving the required specificity is to target two different receptors on the cell 

surface that, as a combination, are unique to the cell. This approach is based on the premise that, though each 

cell type has a repertoire of receptors that individually may be present on other cell types, specific 

combination of receptors are unique to a given cell type of interest. Accordingly, such receptor combinations 

may act as a ‘molecular barcode’ with which we can identify the target cell. This unique code can be accessed 

using multivalent targeting agents composed of ligand binding domains to two or more receptors of the 

molecular bar code. Through genetic screening, Glucagon Like Peptide-1 receptor (GLP-1R- a Gs-protein 

coupled receptor) and α2Adrenergic receptor (α2AR- Gi- protein coupled receptor) were chosen as a 

combination of receptors that may provide specificity for β-cells.  

 

GLP-1Rs are G-Protein Coupled Receptors (GPCRs) that are abundantly expressed on pancreatic β-

cells [48]. GLP-1, an incretin hormone secreted by intestinal L-cells in response to nutrient ingestion, binds to 

the GLP-1R. On binding GLP-1R, GLP-1 activates the Gs pathway and adenylate cyclase, and thereby 

increases cAMP production, which potentiates Glucose Stimulated Insulin Secretion (GSIS) [3]. Not only 

does GLP-1 have an effect on insulin secretion, it also increases transcription of the gene coding for insulin, 

thus increasing production. Since the secretogogue activity of GLP-1 is glucose dependent, GLP-1 binding to 

β-cells by itself does not lead to significant insulin release, which could subsequently cause hypoglycemia. 

Moreover, GLP-1 has been shown to promote β-cell proliferation. Its action on β-cell proliferation is 

complemented by its effect on preventing apoptosis and enhancing β-cell survival [116-118]. Even in disease 

states, GLP-1 plays a role in β-cell protection; for example GLP-1 has been shown to prevent glucose and 

fatty acid mediated toxicity [119]. Additionally, GLP-1 has been found to restore glucose competence in 

glucose-resistant β-cells and also attenuate endoplasmic reticulum (ER) stress that occurs during diabetes 
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development [119]. For these reasons, GLP-1 plays a crucial positive role in β-cell function, preservation and 

proliferation [116, 117, 119]. For these reasons, GLP-1 and GLP-1 mimetics are currently being used for the 

treatment of diabetes. It has been shown that when administered to type 2 diabetics, GLP-1 normalizes blood 

glucose levels, increases circulating insulin and diminishes glucagon secretion [117]. However, the effects of 

GLP-1 are limited due to its short half-life (t½ < 2 mins) because of rapid degradation by dipeptidyl peptidase 

(DPP4) [117]. Current efforts are focused on developing long-lasting, potent GLP-1 analogs (e.g. exenatide) 

with more suitable pharmacokinetic profiles [117]. However, off-target, GLP-1 analog based medication may 

have some deleterious effects; the most common side effects being nausea and other digestive tract 

disturbances [120]. To focus the positive effects on β-cell while reducing off-target negative effects, it is 

imperative to improve GLP-1 specificity to β-cells. 

 

α2ARs also are GPCRs expressed on β-cells and regulate β-cell function. On binding, agonists like 

epinephrine activate the Gi pathway, which inhibits adenylate cyclase leading to decreased cAMP production 

and consequently blocks potentiation of GSIS [4, 96]. α2AR agonists markedly decrease insulin secretion to 

metabolic stimulus [96]. It has been shown that overexpression of α2AR results in reduced fasting insulin 

levels, impaired glucose-stimulated insulin secretion with an increased risk of T2DM [98]. However, an 

antagonist to α2AR, like Yohimbine, reverses the inhibitory effects of α2AR agonists on insulin secretion 

both in-vitro and in-vivo [96, 98]. Pre-treatment with yohimbine has been shown to potentiate GSIS and 

improve oral glucose tolerance in Type 2 diabetic rats. Yohimbine also inhibited hyperglycemia induced by 

α2AR agonists and reversed α2AR agonist induced hypoinsulinemia [110]. Thus, Yohimbine can provide an 

additive or even synergistic effect to the positive function of GLP-1 on β-cells. However, using Yohimbine 

alone is not viable since α2ARs are present on many cell types including the nervous system and vasculature 

and there is a potential for impacting general sympathetic activity [121]. There also is evidence suggesting 

that Yohimbine (Yhb) causes increased blood pressure [122]. Hence, once again, it is necessary to target 

α2AR agents specifically to the cell type of interest. 

 

Previous studies carried out in our lab have demonstrated that both homo and hetero-bivalent ligands 

show increased binding affinity and enhanced specificity to target cells. Also, these ligands have shown to 

actively engage the signaling pathways in these cells; with improved efficacy for activation of signaling seen 

with increased binding affinity [64, 66, 72, 80]. Literature shows GLP-1R and α2AR play an integral role in 

β-cell signaling and function. Hence, we designed a multivalent ligand composed of GLP-1 linked to Yhb 

(GLP-1/Yhb) to access this GLP-1- α2A receptor combination in β-cells to allow for modification and 

enhancement of β-cell signaling and consequently develop a therapeutic intervention during diabetes 

development. Chapter 2 of this thesis described the increased binding affinity and β-cell selectivity of GLP-

1/Yhb in-vitro. Studies carried out in our lab by Brabez et al. showed an increase in apparent binding affinity 

obtained using multivalent ligands resulted in enhanced affinity for activating signaling as well [65]. As GLP-

1/Yhb exhibited an enhanced binding affinity (Chapter 2, section 2.3.5), we predicted that the heterobivalent 

construct would have enhanced signaling ability as well. To evaluate this, we performed assays to observe the 

secondary messenger cAMP production and insulin secretion. 
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3.2. Experimental methods 

3.2.1. Cell culture 
  

 βTC3 and INS832/3 cells were used for the experiments performed. βTC3 is a mouse insulinoma cell 

line that expresses both GLP-1R and α2AR as previously shown by the rtPCR (Limesand S. et al., 

unpublished, Chapter 2, section 2.3.1). INS832/3, on the other hand, is a rat insulinoma derived cell line. 

rtPCR revealed that the INS832/3 cells show high expression of GLP-1R and limited α2AR expression 

(Limesand S. et al., unpublished). Both these cell lines were maintained in a CO2 regulated incubator at 37 

C, 5% CO2 in RPMI medium with 10% FBS and 1% Penicillin/Streptomycin. The INS832/3 media was 

supplemented with 10 mM HEPES. βTC3 from passages 42-52 and INS832/3 cells from passages 20-40 were 

used.  

3.2.2. cAMP assays 
  

 βTC3 cells were plated 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- 96 hours until ~90% confluency was achieved, 

which was visually confirmed. Cells were washed with serum free RPMI and incubated with the same for 1-2 

hours. To initiate an experimental period, this media was removed and replaced with cAMP assay medium 

[serum free RPMI with 1mM isobutyl-1-methylxanthine (IBMX)] for 5 mins at 37 ºC. 2X concentrations of 

the appropriate compound in fresh cAMP assay medium was added on top of the original cAMP media in 1:1 

ratio. The cells were exposed to the ligands for 15 min at 37 ºC. 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. The absolute cAMP values were normalized as a 

percent of control, where control (i.e baseline) is cAMP production in cells treated with only the assay 

medium (either containing 15 mM glucose (Figure 14) or 5.5 mM glucose (Figure 20)) and is set to 100%.  

3.2.3. Insulin secretion assays 
  

 βTC3 or INS8323 cells were cultured in a 24 well plate at a density of ~600,000 cells/well in 5.5 mM 

glucose RPMI w/ 10% FBS, 1% Penicillin-Streptomycin. Experiments was carried out when cells were ~90% 

confluent, which was ~72-96 hours after plating. The day prior to the experiment, the 5.5 mM glucose RPMI 

medium was replaced with 0.25 mM glucose RPMI (1 mM glucose RPMI for INS8323 cells). After overnight 

incubation with low (0.25 mM) glucose RPMI, cells were washed and then incubated in oxygenated 0.01 mM 

glucose HBSS (1 mM glucose HBSS for INS832/3 cells) for 40 min. at 37 ºC. Incubation with 0.01 mM 

glucose ensured elimination of any effect by glucose on the cells. Half the solution from the wells was then 

removed and the cells were treated with the appropriate compounds in fresh, oxygenated 15 mM glucose 

HBSS for 40 min. at 37 ºC. For experiments with epinephrine, epinephrine was added at the same time as the 

compounds and comparisons were made between groups with or without epinephrine. For all experiments, 15 
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mM glucose + 10 μM Forskolin was used as a positive control to determine the maximum potentiation of 

GSIS through the cAMP pathway. Though forskolin represents maximal potentiation of GSIS through 

adenylate cyclase, it may not reflect the absolute maximum secretory capacity of β-cells. However, both GLP-

1R and α2AR act through the cAMP pathway and thus, forskolin was considered a useful positive control for 

the effectiveness of potentiation via cAMP mediated effects. After treatment, media samples were collected 

and the amount of insulin secreted was determined using the High Range Mouse (or Rat) Insulin ELISA Kit 

(ALPCO, Salem, NH) per manufacturer’s instruction. 

  

 In order to assure consistent assay dynamic range between experiments, an acceptable maximal 

response criteria for each experiment was established based on the ratio of insulin secretion at 15 mM glucose 

+ 10 μM Forskolin: 15 mM glucose ≥ 2.6. This cut off was based on previous results where forskolin presence 

increased the GSIS by at least 4 fold [66, 123]. Experiments that didn’t meet the success criteria were not 

included in the statistical analyses. Insulin secretion under basal, glucose stimulated and forskolin potentiated 

conditions were normalized as ng insulin per mg protein per min. There was little difference in intra- and 

inter-protein content variability within and between experiments (Mean =0.140 mg-protein, SEM=0.002). 

Hence, for evaluating differences in secretion activated by the various ligands and conditions, insulin 

secretion values (ng insulin/40 min.) were determined without normalization to protein. Data are expressed as 

a ‘Percent of the Dynamic range’ measured in each individual experiment. % Dynamic range values for each 

individual measurement were calculated by first subtracting the insulin secretion measured at 0.01 mM 

glucose, then expressing the subsequent value as a percent of secretion measured in the presence of forskolin 

+ 15 mM glucose. All values represented in graphs show insulin secretion as a percentage of dynamic range 

(unless otherwise noted). The minimum 0.01 mM glucose insulin secretory response (1 mM glucose for 

INS832/3 cells) was established as 0% and the maximum 15 mM glucose + 10μM Forskolin response as 

100%.  

 

 
Equation 1: Calculation for percentage dynamic range 

3.2.4. Statistical Analysis  
  

 Statistical differences between basal, glucose stimulated and forskolin-potentiated groups were 

determined using an unpaired, two-tailed Student’s t test. All other experimental groups in cAMP and insulin 

assays were compared least squares analysis of variance with the use of the GLM procedure of the Statistical 

Analysis System (SAS Institute, Cary, NC, USA; v9.3, 2011). For all statistical analyses, a value of p< 0.05 

was taken as a statistically significant difference between group means. 

Experimental value − 0.01mM Glucose minimum  

15mM Glucose + 10µM Forskolin maximum − 0.01mM Glucose minimum 
* 100 % Dynamic Range = 
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3.3. Results 

3.3.1. cAMP signaling 
  

 Activation of both GLP-1R and α2AR modulate the cAMP second messenger pathways. Therefore, 

we evaluated the ability of GLP-1/Yhb to alter cAMP production in presence of 15 mM glucose. GLP-1/Yhb 

significantly elevated cAMP production compared to control (i.e. the baseline cAMP production obtained in 

presence of 15 mM glucose) at 10 nM and higher concentrations, which was approximately 40% above 

baseline at its maximum. The EC50 value of GLP-1/Yhb (i.e. the GLP-1/Yhb ligand concentration required to 

induce half-maximal cAMP production) was 18 nM (R2 = 0.82). The combination of both GLP-1 and Yhb 

monovalents or GLP-1 alone also resulted in significant elevation of baseline cAMP production at 10 nM and 

higher concentrations. All three ligands did not elevate baseline cAMP production at 1 nM and lower 

concentrations. There were no differences in the level of activation elicited by GLP-1/Yhb when compared to 

its monovalent constituents together (GLP-1 & Yhb) or GLP-1 alone at any concentration tested. 

  

 
Figure 14: cAMP production from βTC3 cells in response to GLP-1/Yhb and its constituent monomers 

cAMP production in response to GLP-1 (grey bars), GLP-1/Yhb (black bars) or GLP-1 & Yhb (white 

bars) from 0.1 nM to 100 nM. All ligands significantly elevate baseline cAMP production at 10 M and higher 

concentrations.  No significant difference in cAMP production is seen between GLP-/Yhb and GLP-1 & Yhb 

together or GLP-1 alone at the concentrations tested. The values are represented as a percent over the control 

i.e., baseline cAMP production rate, which is set to 100%. *= significant differences in cAMP production in 

comparison to baseline control (significance = p<0.05). 
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3.3.2. Determining the Dynamic Range for the Insulin secretion assay 
  

 Insulin secretion rate in βTC3 cells was measured under 3 conditions: 1) Basal secretion measured at 

‘non-stimulatory’ glucose (0.01 mM), 2) Glucose Stimulated Insulin Secretion (GSIS) stimulated by 15 mM 

glucose, and 3) Maximum potentiation of GSIS through the cAMP dependent pathway measured in presence 

of 15 mM glucose + 10 μM forskolin. By evaluating the basal and maximal cAMP potentiated rates, a 

dynamic range was obtained for each experiment, which was then used to normalize the rate of insulin 

secretion in response to all other ligands. The rate of GSIS was ~3 fold higher than the basal rate of insulin 

secretion at 0.01 mM glucose (11.57 ng/mg protein/min vs 3.77 ng/mg protein/min) as shown in Figure 15. 

Insulin secretion in response to 15 mM glucose + 10 μM forskolin (46.26 ng insulin/mg protein/min) was ~ 12 

fold higher than baseline and ~4 fold higher than GSIS. 

 

 
Figure 15: GSIS and maximal cAMP potentiated Insulin secretion from βTC3 cells  

Insulin secretion in response to stimulatory 15 mM glucose (crossed bar) is significantly higher than 

that obtained at basal 0.01 mM glucose (dashed line bar). Forskolin in presence of stimulatory glucose 

(squared bar) significantly potentiates GSIS. #= significant differences in insulin secretion rate in comparison 

to 0.01 mM glucose, *= significant differences in insulin secretion rate in comparison to 15 mM glucose 

(significance = p<0.05). 
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3.3.3. Insulin secretion in response to ligands in the presence of non-stimulatory 

glucose 
 

The effects of GLP-1/Yhb or GLP-1, under non-stimulatory conditions, were evaluated to determine if 

the bivalent ligand exhibited unique effects independent of their effect on cAMP production (Figure 16). 

GLP-1 at 100 nM exhibited a small elevation of basal insulin secretion (observed at 0.01 mM glucose), which 

was not significant. Similarly, GLP-1/Yhb at 1 nM also elevated basal insulin secretion (15% higher) that 

trended towards being significant. At 100 nM, GLP-1/Yhb significantly elevated insulin secretion to 

approximately 40% above basal. However, of note is that at all concentrations tested, both ligands in the 

presence of non-stimulatory glucose exhibited significantly lower insulin response than that observed with 

stimulatory (15 mM) glucose alone (less than 50% of GSIS). 

 

 
Figure 16: Insulin secretion from βTC3 cells in non-stimulatory glucose  

Under non-stimulatory glucose conditions, GLP-1/Yhb at 1 nM (dotted black bar) and 100 nM (solid 

black bar) as well as GLP-1 alone at 100 nM (solid dark grey bar) shows significantly lower insulin secretion 

than GSIS (crossed bar). GLP-1/Yhb at 100 nM shows significantly higher insulin secretion than that 

observed with 0.01 mM glucose alone. All values are represented as a percentage dynamic range over basal 

insulin secretion observed at 0.01 mM glucose (0%). *= significant differences in insulin secretion in 

comparison to 15 mM glucose, #= significant difference in insulin secretion compared to 0.01 mM glucose 

(significance = p<0.05) 

 

0 

5 

10 

15 

20 

25 

0.01mM 

glucose 

15mM glucose GLP-1         

100nM 

GLP-1/Yhb    

1nM 

GLP-1/Yhb 

100nM 

In
su

li
n

 s
ec

re
ti

o
n

 a
s 

a
 %

 D
y
n

a
m

ic
 R

a
n

g
e 

* 

*, # 

 # 

* 



67 
 

3.3.4. Dose response profile of GLP-1/Yhb 
  

 To evaluate the dose-response profile of GLP-1/Yhb on GSIS potentiation, insulin secretion from 

βTC3 cells was measured over a range of concentrations, in presence of 15 mM glucose (Figure 17). The EC50 

value of GLP-1/Yhb (i.e. the GLP-1/Yhb ligand concentration required to induce half-maximal potentiating 

response GSIS) was 2.6 nM (R2 = 0.88). 

 

  
Figure 17: Sensitivity of potentiation of GSIS by GLP-1/Yhb in βTC3 cells 

GLP-1/Yhb significantly potentiates GSIS at all concentrations except the lowest 0.5 nM with an EC50 

value of 2.6 nM. All values are represented as a % dynamic range, and X-axis is presented as Ligand 

concentration in log10 scale, with values in antilog format. 
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3.3.5. Evaluating insulin secretion by GLP-1/Yhb, GLP-1 alone or GLP-1 and Yhb 
  

 To directly compare the potentiating effect of GLP-1/Yhb to GLP-1 alone or to both monovalent 

ligands together, insulin secretion at three different concentrations of ligands (1, 10 and 100 nM) was 

measured (Figure 18). 1 nM GLP-1/Yhb, significantly potentiated GSIS while neither GLP-1 alone, nor GLP-

1 & Yhb at this concentration elicited potentiation indicating GLP-1/Yhb exhibited enhanced affinity for 

activation. At 1 nM, the effect of GLP-1/Yhb on GSIS was significantly greater than that observed for the 

combination of monovalent ligands. At 10 nM and 100 nM, all 3 ligands significantly potentiated GSIS. There 

were no significant difference amongst them at 10 nM but at 100 nM, GLP-1/Yhb potentiated GSIS 

significantly greater than GLP-1 alone.  

 

 
Figure 18: Effects of 1 nM, 10 nM and 100 nM ligands on Insulin Secretion  

At 1 nM (dotted bars), neither monomeric GLP-1 (grey) nor the combination of GLP-1 &Yhb (white) 

monomers significantly augment GSIS; whereas only GLP-1/Yhb (black) significantly potentiates GSIS. At 

10 nM (dashed line bars) and 100 nM (solid bars), all ligands significantly potentiate GSIS. All values are 

represented as a % dynamic range. *= significant differences in insulin secretion when compared to 15 mM 

glucose, $= significant differences compared to corresponding concentrations of GLP-1/Yhb. (significance = 

p<0.05). 
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3.3.6. Insulin secretion with INS832/3 cells 
  

 INS832/3 is a rat insulinoma cell line that is an incretin sensitive model of GSIS. It was previously 

used in our lab to evaluate the signaling ability of multivalent GLP-1/Glb ligand as it showed significant 

potentiation of GSIS at lower concentrations of the ligand, which was otherwise unobservable using βTC3 

cells. Therefore, to establish a point of comparison with previous experiments, INS832/3 cells were used to 

evaluate GSIS in response to GLP-1/Yhb and its cognate monovalent counterparts. The basal glucose, 

stimulatory glucose and forskolin potentiated insulin secretion rates were 4.13 ng/mg protein/min (±0.73), 

7.36 ng/mg protein/min (±1.07), 40.81 ng/mg protein/min (±3.74) which were analogous to our previous data 

with these cells [66]. Figure 19 shows insulin secretion rate in response to 1 and 100 nM GLP-1/Yhb 

compared to GLP-1 alone or to the combination of GLP-1 & Yhb in presence of stimulatory glucose. All 

ligands at both concentrations significantly potentiate GSIS with no significant difference amongst them. 

 

 
Figure 19: Insulin secretion in INS832/3 cells under stimulatory glucose  

GLP-1 (grey bars), GLP-1/Yhb (black bars), and GLP-1 & Yhb monovalents together (white bars) 

significantly potentiate GSIS (crossed bar) at both 1 nM (dotted bars) and 100 nM (solid bars) without any 

significant difference between them. All values are represented as a % dynamic range. *= significant 

differences in insulin secretion when compared to 15 mM glucose (significance = p<0.05). 
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3.3.7. Epinephrine effect 

3.3.7.1. Effect of Epinephrine on cAMP 
  

 Epinephrine, on binding α2AR, inhibits adenylate cyclase and prevents cAMP production, thus 

blocking potentiation of GSIS. To evaluate the ability of GLP-1/Yhb to reverse the effect of epinephrine, 

cAMP production was measured in the presence and absence of epinephrine (Figure 20). Epinephrine 

significantly depressed the basal cAMP production rate obtained in presence of 5.5 mM glucose (control). 

1nM GLP-1/Yhb in presence of 5.5 mM glucose, in the absence or presence of epinephrine, stimulated cAMP 

production significantly over that observed with epinephrine as well as over baseline. 25 nM GLP-1 in 

presence of 5.5 mM glucose, also showed the same effect, although cAMP production in response to 25 nM 

GLP-1 in the absence of epinephrine was significantly higher than that observed with 1nM GLP-1/Yhb in 

absence of epinephrine. 

 

 
Figure 20: cAMP production in presence and absence of epinephrine  

cAMP production in presence of 10 nM epinephrine alone (squared bar) is significantly lower than 

baseline as well as that produced in presence of 1 nM GLP-1/Yhb (squared black bar) and 25 nM GLP-1 

(squared grey bar). 1 nM GLP-1/Yhb and 25 nM GLP-1 significantly elevate baseline cAMP production in 

absence or presence of epinephrine. The values are represented as a percent over the control i.e. baseline 

cAMP production rate at 5.5 mM glucose, which is set to 100%. *= significant differences in cAMP 

production in comparison to baseline control, #= significant difference in cAMP production compared to that 

observed with 10 nM epinephrine (significance = p<0.05). 
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3.3.7.2. Effect of epinephrine on Insulin Secretion 
  

 Figure 21 illustrates experiments performed to observe the effect of epinephrine on GSIS and to 

evaluate the ability of GLP-1/Yhb to overcome the effect of epinephrine. Insulin secretion measured in 

presence of 0.1 nM and 1 nM epinephrine without any ligand was not significantly different compared to 

GSIS. In presence of 0.1 nM epinephrine, only 100 nM GLP-1/Yhb was able to significantly potentiate GSIS. 

Yet, even 100 nM GLP-1/Yhb could not significantly potentiate GSIS in presence of 1 nM epinephrine. 

However, 100 nM GLP-1/Yhb in presence of 0.1 nM or 1 nM epinephrine could significantly elevate the 

insulin secretion observed with 0.1 nM or 1 nM epinephrine alone.  

 

  
Figure 21: Insulin secretion in presence of Epinephrine at stimulatory glucose  

100 nM GLP-1/Yhb (solid black bars) significantly potentiates GSIS (crossed bar) in presence of 0.1 nM 

epinephrine but not 1 nM epinephrine. 100 nM GLP-1/Yhb (solid black bars), but not 1 nM GLP-1/Yhb 

(dotted black bars), in presence of 0.1 nM or 1 nM epinephrine elicits significantly higher insulin secretion 

than the respective epinephrine effect. Both 0.1 nM epinephrine (wavy line bar) and 1 nM epinephrine 

(dashed line bar) do not show a significant difference in insulin secretion compared to GSIS at 15 mM 

glucose (crossed bar). *= significant differences insulin secretion when compared to 15 mM glucose, $= 

significant difference in insulin secretion compared to that observed with 0.1 nM epinephrine #= significant 

difference in insulin secretion compared to that observed with 1 nM epinephrine (significance = p<0.05). 
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3.4.  Discussion and Conclusion 
 

Presented in this chapter is a characterization of the effects of a bivalent ligand, composed of GLP-1 

linked to Yohimbine, on pancreatic β-cell function. Both GLP-1R (binds GLP-1) and α2AR (binds 

Yohimbine) act through the cAMP pathway to modulate insulin secretion. When bound to the GLP-1R, GLP-

1 potentiates glucose stimulated insulin secretion (GSIS) [3]. Conversely, activation of α2AR by agonists like 

epinephrine inhibits adenylate cyclase, which reduces cAMP production, and blocks cAMP mediated 

potentiation of GSIS [4]. Yohimbine is an α2AR antagonist, and therefore counters the effect of epinephrine, 

allowing potentiation of GSIS through the cAMP pathway [98, 110]. Though, as monomers, both GLP-1 and 

Yhb alter β-cell function, the primary aim of our study was to evaluate the effect of divalent GLP-1/Yhb on 

downstream signaling and the functional response i.e. insulin secretion. Our findings demonstrate that the 

GLP-1/Yhb heterobivalent ligand has the capacity to activate downstream signal transduction pathways and 

impact β-cell insulin secretion.  

 

Insulin secretion is an important end point of β-cell downstream signaling. GLP-1/Yhb exhibited a 

capacity to impact and promote GSIS. Under non-stimulatory glucose (basal condition), 100 nM GLP-1/Yhb 

significantly elevated insulin secretion compared to basal. However, similar to 1 nM GLP-1/Yhb and 100 nM 

GLP-1, the insulin secretion observed with 100 nM GLP-1/Yhb under non-stimulatory glucose condition was 

significantly lower than GSIS. This is an important observation as it shows that GLP-1/Yhb is not acting in a 

glucose independent pathway to increase insulin secretion higher than GSIS (Figure 16). This is consistent 

with GLP-1 itself, and indicates that GLP-1/Yhb will not cause hypoglycemic spells during fasting periods. 

 

Conversely, in presence of stimulatory glucose, GLP-1/Yhb significantly potentiates GSIS with an 

EC50 value of 2.6 nM (Figure 17), demonstrating that GLP-1/Yhb effectively potentiates GSIS during non-

fasted states, allowing for better glucose disposal.  

 

Comparison with its constituent monomers sheds more light on the superior ability of GLP-1/Yhb to 

potentiate GSIS. Compared to GLP-1 alone or GLP-1 and Yhb monomers added together, only GLP-1/Yhb is 

able to significantly potentiate GSIS at 1 nM (Figure 18). This observation suggests that high affinity divalent 

binding (as demonstrated in chapter 2, section 2.3.5) is able to translate to increased efficacy in GSIS 

potentiation. At 10 nM and 100 nM, all 3 ligands are able to significantly potentiate GSIS, with no significant 

difference between their max responses. These results suggest that at low concentrations, the number of 

receptors occupied for GLP-1 alone or GLP-1 and Yhb monomers together are much lower than those 

occupied by the divalent, giving rise to a higher max response for insulin secretion. 

 

Our lab had previously performed experiments with INS832/3 cells, a cell line selected for its high 

responsiveness to ligands for downstream signaling and insulin secretion due to high expression of GLP-1R 

[124]. We were able to replicate the potentiation of GSIS by 1 nM GLP-1, as observed by Hart et al. (Figure 

19) (Hart et al., Unpublished). Using Western blots, our colleagues Limesand et al. observed that INS832/3 

cells have low expression of α2AR (Kelly A., Limesand S. Unpublished). However, even with low α2AR 
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expression in INS832/3 cells, we observed significant potentiation of GSIS with 1 nM GLP-1/Yhb as wells as 

1 nM monomers together (Figure 19). We believe different signaling thresholds in different cell lines could 

underlie this observation. It will be interesting to observe the effect of these ligands on GSIS at concentrations 

lower than 1 nM. However, the issue of assay sensitivity could impede this observation.  

 

cAMP, the second messenger molecule, through which GLP-1R and α2AR signal is another measure 

for evaluating the effect of GLP-1/Yhb on downstream signaling pathways that modulate insulin secretion. 

GLP-1/Yhb was effective in triggering cAMP production and is equipotent to monomeric GLP-1 alone or the 

two monomers (GLP-1 and Yhb) in combination (Figure 14). Using βTC3 cells, we were able to observe a 

significant increase in baseline cAMP production by all three ligands at concentrations of 10 nM and higher, 

but not at 1 nM and lower. Thus, unlike for insulin secretion, high affinity divalent binding (as demonstrated 

in chapter 2) does not translate to increased cAMP production at low concentrations.  

 

It is possible that not much change in cAMP is required to see the downstream effect of increased 

GSIS, indicating, that the downstream signal shows exponential rise from cAMP production to insulin 

secretion. Alternatively, the lack of significant increase in cAMP production at low GLP-1/Yhb 

concentrations could be due to a lower sensitivity of the cAMP assay. Nevertheless, insulin secretion is 

clearly potentiated by 1nM GLP-1/Yhb, which is approximately a 10 fold lower threshold then seen for the 

cognate monomers in combination. 

 

Epinephrine is an α2AR agonist and on binding to α2AR on plasma membrane, inhibits insulin 

secretion by blocking cAMP production. In experiments carried out in presence of epinephrine in βTC3 cells, 

we observed that 1 nM GLP-1/Yhb could reverse the inhibition of cAMP by 10 nM epinephrine (Figure 20). 

At low concentrations like 1 nM, we postulate that the ligand binds to both receptors simultaneously [80]. It is 

possible that this high affinity binding allows for the Yohimbine moiety in the ligand to block the action of 

epinephrine. Furthermore, similar to 25 nM GLP-1, 1 nM GLP-1/Yhb could significantly increase baseline 

cAMP production (Figure 20). 

 

This effect however, was not translated to insulin secretion. As seen in figure 21, when insulin 

secretion was measured in presence of 0.1 nM and 1 nM epinephrine, only 100 nM GLP-1/Yhb could reverse 

the effect of epinephrine. 1 nM GLP-1/Yhb did not show this effect. 100 nM GLP-1/Yhb also showed 

significant potentiation of GSIS in presence of 0.1 nM epinephrine but not in presence of 1 nM epinephrine. 1 

nM GLP-1/Yhb, on the other hand, failed to potentiate GSIS in presence of either concentration of 

epinephrine. 

 

Therefore, though GLP-1/Yhb at low concentrations could elevate baseline cAMP in the presence of 

10 nM epinephrine, it could not overcome the effect of even 0.1 nM and 1 nM epinephrine on insulin 

secretion. A possible explanation for this inconsistency is that epinephrine affects and modifies many factors 

that influence insulin secretion from β-cells [125]. Inhibition cAMP production is not thought to entirely 

account for epinephrine’s inhibition of insulin secretion [126]. Epinephrine has shown to be capable of 



74 
 

inhibiting calcium-induced insulin secretion from permeabilized β-cells and even block the autocrine pathway 

of stimulatory glucose induced transient insulin receptor tyrosine phosphorylation that would result in 

stimulus-secretion coupling and vesicular exocytosis [127, 128]. It is plausible that low concentration of GLP-

1/Yhb is not able to reverse the effect on insulin secretion of epinephrine, because epinephrine is blocking 

another mechanism that modifies insulin secretion that is not regulated by α2AR inhibition (Figure 21). 

 

Nevertheless, our results demonstrate that the GLP-1/Yhb construct is active and influences 

downstream signaling in β-cells resulting in increased insulin secretion through cAMP. Importantly, GLP-

1/Yhb not only retains the capacity to promote GSIS, it also may have a small effect on insulin secretion 

under non-stimulatory glucose. Therefore, in addition to the potential for limited off target effects due to 

enhanced β-cell specificity [80], GLP-1/Yhb may be useful in improving β-cell function and insulin secretion 

during non-fasted states, without the risk of hypoglycemic episodes. This therapeutic effect observed with 

GLP-1/Yhb in-vitro needs to be investigated further, especially in human islets and eventually in-vivo. 

Optimization of this bivalent ligand as a β-cell specific therapeutic agent could lead to the development of the 

much needed dual targeting and therapeutic agent. 
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4. DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS 
 

Through genetic screening, we deduced that GLP-1R and α2AR in combination are relatively unique 

to β-cells and therefore potentially could act as a molecular barcode. To target these receptors jointly, we 

synthesized a multivalent ligand (i.e. two ligands coupled together using a flexible linker) composed of 

Glucagon Like Peptide-1 (GLP-1, GLP-1R agonist) and Yohimbine (Yhb, α2AR antagonist). The GLP-1/Yhb 

construct has a molecular weight of ~3.5 KDa. In theory, the low molecular weight structure would enable 

this ligand to gain access to the desired cell-type and to be cleared easily from the extracellular space and 

circulation. We examined the binding, specificity and signaling ability of GLP-1/Yhb to evaluate its potential 

as a β-cell targeting and therapeutic agent. 

 

4.1.  GLP-1/Yhb binding to β-cells  
 

Different binding characteristics of GLP-1/Yhb were evaluated using binding assays. Using βTC3 

cells, β-cell surrogate that express the GLP-1 and α2A complementary receptor pair, saturation binding assays 

were performed to estimate GLP-1/Yhb affinity constants. The data obtained for GLP-1/Yhb binding to βTC3 

cells was best fit into a two-site binding curve. Hetero-multivalent ligands have been shown to exhibit 

multiple binding modes because the number of receptors for each recognition element of the ligand are rarely 

equal, such that the ligand not only binds in the bivalent mode, but also in the monovalent mode to the 

receptor expressed at higher levels, after bivalent binding is saturated [66]. GLP-1Rs are expressed at about 

twice the level of α2ARs in βTC3 cells (1.7:1). Therefore, we suggest that the GLP-1/Yhb initially binds with 

high affinity in the bivalent mode, giving rise to high affinity binding Kd in the two-site binding curve. Once 

the lesser-expressed receptor (α2AR) becomes saturated, the GLP-1 moiety of GLP-1/Yhb likely binds to the 

spare receptors present, in this case the GLP-1R. Binding of GLP-1/Yhb in monovalent mode through GLP-1 

gives rise to the low affinity site. In this assay, GLP-1/Yhb exhibited a high affinity binding site of ~3 nM and 

a low affinity binding Kd of ~70 nM. This low affinity binding constant is in contrast to the significantly 

higher affinity of the monovalent GLP-1 of 20 nM that we measured using the same assay [66]. From this 

observation, we postulated that the innate affinity of the GLP-1 binding domain within the GLP-1/Yhb 

construct for the GLP-1R is decreased potentially due to stearic hindrance caused by the linker and second 

binding domain. The importance of this left-displaced low affinity monovalent binding is that GLP-1/Yhb 

would exhibit subsequently lower binding to cells expressing the either receptor alone, leading to lower non-

specific signal.  

 

Our previous studies with other bivalent ligands, which demonstrated high affinity and cell specific 

binding, employed cell lines engineered to express a non-physiologically high number of receptors (~1-5 x 

106/cell). As we show in Figure 5, the βTC3 cells express both GLP-1 and α2AR an order of magnitude lower 

(220,000/cell and 130,000/cell respectively), in a more physiological range. Therefore, the high affinity 

binding of GLP-1/Yhb observed to βTC3 cells, which express GLP-1 and α2AR receptors at ‘normal’ 

physiological levels, makes this finding noteworthy. 
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4.2.  Specificity of Ligand Binding 
 

Live-cell microscopy of fluorophore labeled GLP-1/Yhb binding to βTC3 cells was performed to 

evaluate if the high affinity binding required expression of both receptors. Either the GLP-1R or α2AR was 

knocked down using shRNA technology. GLP-1/Yhb showed significantly lower binding to cells expressing 

only one receptor compared to cells within the same imaging field that expressed the complementary receptor 

pair. Since high affinity Kd of GLP-1/Yhb is enhanced at least 20 fold compared to its low affinity binding, at 

low concentrations of 25 nM, specificity of binding to cells expressing the complementary receptor pair is 

clearly observed. 

 

We also observed this phenomenon when one of the receptors was made inaccessible due to presence 

of saturating quantities of a single unlabeled monomer. We observed significant Cy5-tagged GLP-1/Yhb 

binding to cells expressing the complementary receptor pair at low concentrations, as low as 1 nM and 5 nM. 

However, Cy5-GLP-1/Yhb failed to bind to the cells at low concentrations (<10 nM), when either of these 

receptors was blocked with an unlabeled single constituent monovalent ligand. This finding further 

demonstrates high affinity ligand binding requires access to both complementary receptors [115]. 

 

4.3.  GLP-1/Yhb for in-vivo analysis of β-cell mass  
 

In-vitro studies with live cells showed that once bound, ligand was internalized, indicating capacity for 

its retention in target cells. To further evaluate specific binding and retention ability of GLP-1/Yhb, Steyn et 

al. carried out ex-vivo experiments with isolated islets and in-vivo bio-distribution studies. After perfusion of a 

Cy5-GLP-1/Yhb into excised pancreas, an Islet: Acinar binding ratio of 2:1 was observed. Furthermore, after 

injection of an 111In-labeled GLP-1/Yhb into rats, washout of 111In-DTPA-GLP-1/Yhb occurred within 30 

mins, possibly due to the relatively small molecular weight, which provides the ligand the kinetic properties 

required of an imaging agent [80].  

 

The bivalent also showed receptor-specific binding along with retention in islets during bio-

distribution studies in rats. Loss of specific binding to the pancreata was observed in streptozotocin induced 

diabetic rats where islet mass is eliminated proving β-cell specific interaction [80]. 

 

Sweet et al. suggest that for non-invasive imaging, apart from high avidity and specificity of the 

imaging agent, target β-cells must retain the probe longer than the surrounding tissues and that the agent used 

should be readily cleared from circulation to reduce background in adjacent tissues due to the relatively small 

size of β-cells [26]. Through in-vitro and in-vivo studies, we observed that GLP-1/Yhb exhibited high binding 



77 
 

affinity, cell-specificity and retention as well as rapid clearance from surrounding tissue, thus making it a 

suitable candidate for non-invasive imaging targeting agent. 

4.4.  Therapeutic potential of GLP-1/Yhb 
 

In order to assess the effectiveness of GLP-1/Yhb as a therapeutic agent in comparison to its 

monomeric counterparts, we examined its impact on β-cell downstream signaling. When GLP-1 binds, the 

GPCR GLP-1R acts through its Gαs subunit to increase cAMP production through PKA, which potentiates 

glucose stimulated insulin secretion (GSIS) [3]. Conversely, activation of α2AR by agonists like epinephrine 

inhibits adenylate cyclase through its Gαi pathway, which reduces cAMP production, and blocks cAMP 

mediated potentiation of GSIS [4, 96]. Yohimbine is an α2AR antagonist, and therefore counters the effect of 

epinephrine, allowing potentiation of GSIS through the cAMP pathway [98, 110].  

 

The proximity and orientation of cell-surface receptors can be influenced by multivalent ligand 

binding, which can in turn affect signaling pathways through the receptors [72, 129]. The effect of GLP-

1/Yhb on signaling is further complicated by simultaneous activation of receptors, both of which signal 

through cAMP. We studied the effect of GLP-1/Yhb on cAMP signaling and insulin secretion.  

  

In presence of stimulatory glucose, GLP-1/Yhb significantly potentiated GSIS with an EC50 value of 

2.6 nM. Compared to GLP-1 alone or GLP-1 and Yhb monomers added together, only GLP-1/Yhb could 

significantly potentiate GSIS at 1 nM, demonstrating that GLP-1/Yhb is able to translate high affinity binding 

to increased efficacy for GSIS potentiation. Moreover, with GLP-1/Yhb, we observed a 20 fold increase in 

divalent binding affinity compared to its constituent monomers and preferential binding to cells expressing the 

complementary receptor pair. Therefore, the signaling effects of GLP-1/Yhb may be β-cell specific. Based on 

these in-vitro observations, we predict that GLP-1/Yhb will allow for glucose disposal during assimilation of 

a meal, but will not cause hypoglycemic spells during fasting periods.  

 

Unlike for insulin secretion, high affinity divalent binding did not translate to increased cAMP 

production at low concentrations, with significant increases above baseline seen only at 10 nM and higher. 

This has been observed previously in studies with modified GLP-1 structures where, despite apparent 

reduction in cAMP generation, GLP-1 analogues stimulated insulin secretion to the same or better extent as 

compared to the native ligand [105]. A possible explanation is that a minor increase in cAMP (below 

detection limits of the assay) triggers downstream effect through cAMP mediated pathway leading to 

increased GSIS, indicating, that the downstream signal shows exponential rise from cAMP production to 

insulin secretion. Alternatively, the ligands may trigger a localized cAMP elevation that initiates the 

potentiation response. An increase in cAMP production results in GSIS potentiation through both PKA-

dependent phosphorylation of downstream targets and PKA-independent activation of Epac2. Epac proteins 

are associated with the plasma membrane and are predicted to scaffold closely to the GLP-1R [130]. They are 

known to participate in calcium signaling and insulin secretion in the β-cell both through cAMP and non-

cAMP mediated pathways [131, 132]. Therefore, during simultaneous activation of GLP-1 and α2AR, the 
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Epacs are possibly activated both through cAMP and directly through association with GLP-1R, and might 

explain the exponential increase in insulin secretion as compared to cAMP production. Nevertheless, insulin 

secretion was clearly potentiated by 1 nM GLP-1/Yhb, which was approximately a 10 fold lower threshold 

than seen for the cognate monomers in combination. 

 

Our results demonstrate that the GLP-1/Yhb construct is active and modulates downstream signaling 

in β-cells resulting in increased GSIS. Along with the high affinity and cell-specific binding and retention 

compared to surrounding tissue, GLP-1/Yhb shows enhanced β-cell signaling and potentiated GSIS. All these 

traits together make GLP-1/Yhb a dual functionality ligand that is a very strong candidate for both non-

invasive imaging and therapeutic agent. 

4.5. Future directions for Ligand characterization and use 
 

The binding and signaling studies carried out in-vitro with mouse and rat insulinoma cell lines need to 

be verified with experiments in isolated mouse and rat islets and optimally human β-cells or islets. In-vivo 

experiments in rodent models of T1 and T2 Diabetes that mimic diabetes development are essential to observe 

the effect of GLP-1/Yhb on the general physiology as well as to evaluate the therapeutic potential of the 

ligand [80, 109]. Ravassard et al. have engineered a human pancreatic β-cell line, which expresses several β-

cell specific markers without any substantial expression of markers of other pancreatic cell types, making it an 

ideal starting line for venture into human studies [133]. To investigate whether we can discern β-cell specific 

signal from background noise using GLP-1/Yhb, we need to start with small animal non-invasive imaging. So 

far, MRI is the only method to have been used to successfully visualize β-cells in-vivo, but this was performed 

to evaluate labeled islet groups after transplantation [25]. Unfortunately, this method could not detect native 

β-cells or islets because they are non-uniformly dispersed within the pancreas and therefore below MRI 

resolution (~0.1 mm). We have worked with the MRI contrast agent Europium in our in-vitro studies and with 

PET agent 111Indium in our in-vivo studies. With our ability for cell-specific delivery of the radiolabel, we 

might be able to obtain specific signal above background to quantify β-cell mass in-vivo through PET 

counting.  

 

GLP-1 and Yhb individually have been scrutinized for their undesirable non-specific effects. GLP-1R 

agonists has been shown to cause acute gastrointestinal discomfort and in rare cases, pancreatitis. Acute 

Yohimbine administration has been shown to depress blood pressure and induce hypothermia in rats with diet-

induced obesity while significantly elevate blood pressure and increase impulsivity in healthy human subjects 

[122, 134-138]. Therefore, continuous monitoring of blood pressure and food intake is necessary while 

evaluating the effect of GLP-1/Yhb on blood glucose and insulin secretion in animal models. Particularly, the 

effect of GLP-1/Yhb on Ca2+ secretion needs to be thoroughly investigated because of the role of Ca2+in β-cell 

signaling and because most GPCRs exhibit promiscuous downstream signaling i.e., they can interact with 

more than one G-protein subtype and different GPCR ligands can have different efficacies for activating these 

signaling pathways. Sexton et al. observed that in the two-domain binding model mechanism of GLP-1 to 

GLP-1R, allosteric modulators affected the orthosteric binding of different peptide agonists. This led to biased 
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signaling through the receptor and no two allosteric-orthosteric ligand pairs induced the same signaling profile 

[106]. Similarly, studies by Kolok et al. showed that a series of agonists acting at the α2CAR displayed 

different degrees of functional selectivity through four signaling pathways that have distinct functional and 

physiological outcomes [139]. Therefore, it is important to explore the effects of GLP-1/Yhb on multiple 

signaling pathways, to evaluate whether the multivalent construct induces biased agonism or functional 

selectivity and to understand its signaling ability with more clarity.  

 

GLP-1/Yhb provides a model template that, through optimization, could lead to the development of a 

much needed β-cell specific dual targeting and therapeutic agent. Based on the experimental observations with 

this heterobivalent molecule, we believe multivalent targeting strategies could be applied to several cell-types 

in both normal and disease states. With their ability as cell-specific imaging agents that impact cell function, 

multivalent ligands could herald a new age of dual functionality targeting agents. 
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5. APPENDICES: OPTIMIZATION OF LIGAND BINDING ASSAYS 
 

High throughput saturation assays were carried out to screen newly synthesized ligands to determine 

their binding characteristics. All previous work to determine the binding constants have been performed using 

modified cell lines that over-express the receptor of interest [64, 65, 71, 72, 114, 140]. However, for testing 

multivalent ligands designed for β-cell targeting, the βTC3 cell line was used, which expresses a physiological 

(normal) level of receptors. Compared to receptor expression in the over-expressing cell lines used to evaluate 

other multivalent constructs (1-3 x 106 receptors/cell), βTC3 cells express almost a magnitude lower i.e. 

approx. 1-3 x 105 receptors/cell (see Chapter 2, section 2.3.1). Because of constrained cell surface receptor 

numbers, the signal to noise (S/N) of the standard binding assays was substantially decreased and therefore 

our ability to obtain a precise Kd values for each ligand was limited. To overcome this drawback, we 

evaluated a number of changes to the high throughput screening protocol originally described by Handl et al. 

in 2004 [75]. Documented here in this appendix are the tested modifications, their advantages, their 

shortcomings and the control experiments required to validate the use of these protocols. 

 

High throughput screening assays commonly use 96 well plates for evaluating the binding affinities of 

a large number of compounds in one test. Using 96 well plates proved very valuable to narrow down ligand 

combinations and fine-tune the chemistry of multivalent ligands for all previous multivalent work carried out 

by our lab and our collaborators. By testing a vast array of compounds for binding affinities, the optimal 

distance between the ligands in a multivalent construct and the number of proline-glycine units and PEGO 

lengths within the linkers were established and confirmed [77, 112].  

 

For the work described in this manuscript, multivalent ligands for targeting βTC3 cells were 

constructed after evaluation of receptor expression and specific chemical modifications to optimize ligand 

chemistry. This approach limited the number of constructs that needed to be tested. Therefore, a high 

throughput screening technique was not necessary to evaluate these small number of compounds designed to 

target β-cells. Moreover, as indicated, the use of β-cell surrogates with lower receptor expression put a 

premium on optimizing S/N. To optimize binding assays, we evaluated the detail of every step of the assay 

protocol.  

 

The appendices are divided into 4 sections, with each section addressing one method to improve 

Signal/Noise (S/N) ratio. Control experiments, explained in detail in each section, helped determine the 

modifications needed to establish a better S/N ratio. The sections begin with a flow chart outlining the aim 

and the results of the experiments in that section. The blue boxes in the flowchart indicate the experiments 

carried out, red boxes show undesirable result while the green boxes show a desirable outcome.  

  



81 
 

5.1.  Appendix A: Assess type of plate and wash buffer: 
 

 
 

Initially, saturation assays were performed using Perkin Elmer 96 well plates with washes carried out 

using basic buffer (consisting of RPMI, 25 mM HEPES, 0.2% BSA, and 1 mM 1, 10-phenanthroline). This 

method is described in detail in Protocol 3, Chapter 2 (section 2.2.3.2.4). Using this protocol, a low affinity Kd 

of the ligand at higher concentrations could be established averaging 4 experiments (Figure 8, Chapter 2, 

section 2.3.6). 

 

However, individual experiment values varied greatly and non-specific binding was oftentimes higher 

than total binding at low concentrations, which did not allow for accurate high affinity Kd at lower 

concentrations to be established. Also, relatively high concentrations of cold ligands were used (10 - 12.5 μM) 

leading to wastage. To correct for this and to establish a better protocol for evaluating Kd, we examined 

contribution of the type of 96-well plate and type of wash buffer to the non-specific binding. These control 

experiments were performed in plates without cells. 
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Effect of type of plates:  

 

Two types of plates were predominantly used for these assays in the literature: 1. Perkin Elmer plate: 

Both the bottom and the walls of the wells in this plate are white and 2. Corning Costar plate: Bottom of the 

Costar plate is black while the walls of the plate are transparent. We compared and contrasted the Perkin 

Elmer 96 well plate with the Costar 96 well plate to test non-specific binding of Europium to the plates.  

 

After incubation with 10 nM Eu-GLP-1 for 1 hour (simulating the same conditions of an actual 

experiment, except without cells), enhancement solution was added to the wells to obtain fluorescence 

reading. The enhancement solution was added either directly to the ligand solution (‘Direct’ counts) or after 

removal of ligand solution without washes (‘No wash’ counts) or after removal of ligand solution with wells 

washed 1, 2, or 3 times with wash buffer (‘Wash 1’, ‘Wash 2’, ‘Wash 3’ counts respectively) The wash buffer 

for these experiments consisted of 0.01% Tween and 2% EDTA added to the basic buffer (i.e. RPMI, 25 mM 

HEPES, 0.2% BSA, 0.01% Tween and 20μM EDTA).  

 

Perkin Elmer plates consistently provided higher counting efficiency than costar plates (6 million vs 2 

million). When fluorescence was measured as a percentage of the direct counts, Perkin Elmer plates retained 

~10% of the direct counts after removal of ligand solution and even after 3 washes ~6% of the counts still 

(~500,000 counts) remained. This indicated that the PE plate retained a large amount of Eu- apparently 

sticking to the plate, thereby giving rise to high non-specific counts. On the other hand, Costar plates proved 

more efficient in removal of the non-specific binding of Eu-GLP-1 with <1% (~12,000) of the direct counts of 

~2 million remaining after 3 washes in the Costar plate.  
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Figure 22A, 22B: Effect of type of plate on residual Eu-GLP-1 activity.  

Eu-counts observed in A: Perkin Elmer and B: Costar plates on addition of enhancement solution 

either directly to ligand solution (Direct) or after removal of ligand solution without washes (No Washes) or 

with 1, 2 or 3 washes (Wash1, Wash2, Wash3 respectively). The inset in each graph shows the counts 

remaining in the plate as a percentage of the ‘direct’ counts. 
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Effect of type of wash buffers 

 

We examined different wash buffers to identify one that allowed maximum removal of non-specific 

Eu-GLP-1 binding from the plate. The effect of the different wash buffers was evaluated using Costar plates. 

The fluorescence intensity observed, on adding enhancement solution to wells washed 3 times with the 

respective wash buffer after removal of ligand solution, was plotted. Literature review revealed addition of 

detergent Tween and Ca/Mg chelator EDTA to the wash buffer could be a useful in decreasing non-specific 

binding and background noise. The Basic buffer (BB) along with both Tween and EDTA (Wash buffer-TE) 

provided the lowest remaining counts compared to a BB with either one or without both or even a Tris-based 

buffer (with and without Tween-EDTA).  

 

 
Figure 23: Effect of different wash buffers on 10 nM Eu-GLP-1/Yhb counts in Costar plates.  

‘No Washes’ indicates addition of enhancement solution after removal of ligand solution without any 

washes. ‘Enhancement only’ indicates that the well had no ligand and only had enhancement solution while 

‘Water only’ had only water in that well without prior addition of Eu-GLP-1. The ‘Water only’ control 

provided a measure of system (plate reader) noise. All other data points plotted are fluorescence intensities 

observed after 3 washes with the respective wash buffers. ‘Tris’ is the Tris based wash buffer without any 

additions. Tris EDTA or Tris- Tween or Tris- EDTA-Tween is the Tris buffer with only EDTA added or only 

Tween added or both added respectively. BB is the RPMI based basic buffer and BB-EDTA, BB-Tween and 

BB-EDTA-Tween are the BB with only EDTA, only Tween or both EDTA and Tween added respectively.  
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 Based on the control experiments above, Costar plates and BB with Tween and EDTA as Wash buffer 

(Wash buffer-TE) were chosen as optimal conditions for subsequent studies. These experiments were 

performed using Protocol 3 (Methods, Chapter 2, section 2.2.3.2.3) and 200 nM unlabeled ligands were used 

to determine non-specific binding. However, even with using Costar plates and modified wash buffer, 

separation of total and non-specific binding was not complete, and the specific binding was still poor at low 

concentrations. 

 

 
Figure 24: Specific binding of Eu-GLP-1  

Calculated using total binding obtained with increasing concentrations of Eu-GLP-1 and subsequent 

subtraction of non-specific binding obtained by competing specific Eu-GLP-1 binding with 200 nM unlabeled 

GLP-1. 
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5.2.  Appendix B: Restrict non-specific binding of Eu to the plates: 
 

The next area of focus for improving saturation assays was obtaining better separation between total 

and non-specific binding. Two approaches were used for this purpose. One was using a less lipophilic Eu-

GLP-1 ligand, achieved by synthesizing Eu-GLP-1 without the PEGO linker. We hypothesized that if the 

construct was less lipophilic, it will not allow easy attachment to the cell membrane or the plate and thus, 

reduce both cell-based and plate-based non-specific binding. The other approach was using Bovine Serum 

Albumin (BSA) to block non-specific Eu-GLP-1 binding. BSA is often used in a variety of situations (e.g. 

western blotting) to both block surface charge and provide binding matrix for a lipophilic compounds, and 

therefore is likely to lower undesirable binding of ligand to the plate. 
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For approach 1, a set of experiments (n=4) were performed, with Eu-GLP-1 without PEGO using 

Costar plates and Wash buffer-TE. A clear separation between total and non-specific binding was observed. 

However, the overall counts obtained with Eu-GLP-1 without PEGO was very low, not more than 10,000 

fluorescence units. Though specific binding values could be established at all concentrations, a binding curve 

could not be generated due to a small min-max range between 2000-10000 (a.u.) 

 

 

 
Figure 25A, 25B: A: Total (Blue) and non-specific (Red) binding curves of Eu-GLP-1 without PEGO. B: 

Specific binding curve of Eu-GLP-1 without PEGO 
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For approach 2, the experiment plates were incubated with BSA prior to ligand addition. BSA is a 

large protein likely that attaches to the plate and blocks charge dependent non-specific binding to the plate. 

Hence, we hypothesized that BSA might restrict non-specific Europium binding to the Costar plates. In the 

control experiments without cells, incubation with BSA for 1 hour at 37 °C reduced the counts remaining after 

ligand removal without washes (No washes) as well as after 3 washes with Wash buffer-TE (Wash1, Wash2 

and Wash3), indicating that BSA does reduce non-specific binding of Eu to the plate. 

 

 
Figure 26: Effect of BSA incubation on residual counts.  

Blue bars represent Eu-GLP-1 counts in wells that were pre-incubated with BSA for 1 hour before 

experimentation. Red bars represent Eu-GLP-1 counts observed in wells that were not pre-incubated with 

BSA for 1 hour.  ‘No Washes’ indicates addition of enhancement solution after removal of ligand solution 

without any washes i.e., residual counts; Wash1, Wash2 and Wash3 indicate counts after addition of 

enhancement solution to the wells that were washed 1, 2 or 3 times respectively with wash buffer-TE. 

 

 Based on the results of these control experiments, saturation binding assays were carried out using 96-

well Costar plates to evaluate receptor number after initial incubation of cells with 2% BSA for 1 hour before 

ligand addition (Detailed in Protocol 1, Chapter 2 Methods, section 2.2.3.2.2). Washes were carried out with 

Wash buffer-TE. Using these modifications, we were able to obtain specific binding up to 80 nM and thus, the 

Kd and receptor numbers could be determined (Chapter 2, Figures 5A and 5B, section 2.3.3). 
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5.3.  Appendix C: Evaluating effect of increased cell numbers on total and specific 

binding 
 

 
 

 To increase receptor-based binding of Eu-tagged ligands, we hypothesized that an increase in cell 

numbers would result in increased access for Eu-ligands to receptors. With increased receptor numbers, more 

signal from receptor-mediated specific binding of Eu-ligand would occur. Also, more coverage of plate with 

biological material might limit access of Eu-ligands to the plates for non-specific binding. Therefore, we 

decided to use 6-well plates instead of the 96-well plate to conduct saturation assays to increase cell numbers 

and therefore, receptor numbers.  

 

First, we evaluated the effect of increased cell number on the signal obtained and the role the 

variability in cell number played in influencing non-specific binding. In a 6-well plate, cells were plated in 3 

different initial densities: 100,000, 500,000 and 1 million and were allowed to grow for 4 days. Experiment 

was carried out using the same method as in protocol 2 (Chapter 2, Methods, section 2.2.3.2.3). 20 nM Eu-

GLP-1 was added to all wells (with no unlabeled ligand added). Washes were carried out using Wash buffer-

TE and the fluorescence intensity obtained was plotted. Contrary to the assumption of direct proportionality, 

wells with higher protein concentration indicating higher number of cells (Figure 27A), exhibited lower 

fluorescence counts of 20 nM Eu-GLP-1 (Figure 27B). 
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Figure 27A, 27B: A: Protein concentration in the wells seeded with different cell numbers. B: Total binding 

of Eu-GLP-1 in wells seeded with different cell numbers.  

*= significant differences in protein concentration and fluorescence counts compared to 1 million 

cells, #= significant differences in protein concentration and fluorescence counts compared to 500K cells 

(p<0.05, using unpaired, two-tailed t-test). 

 

We conducted an experiment to investigate why there was an inverse relationship between cell number 

and higher fluorescence. We obtained both total and non-specific binding at 20 nM Eu-GLP-1 for different 

cell counts. Total binding was obtained using only 20 nM Eu-GLP-1, while non-specific binding was obtained 

by adding 300 nM unlabeled GLP-1 along with 20 nM Eu-GLP-1. We observed that though higher 

fluorescence counts were seen in wells with lower cell number (100K cells), most of these counts were non-

specific. When the specific binding was plotted, the wells seeded with 1 million cells exhibited significantly 

higher specific binding.  
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Figure 28A, 28B: A: Total and non-specific binding observed in cells seeded with 100,000 cells (Blue bars) 

or 1 million cells (Red bars). B: Specific binding of 20 nM Eu-GLP-1 seen in wells seeded with 100,000 cells 

(Blue bars) or 1 million cells (red bars).  

*= significant difference in non-specific fluorescence counts compared total fluorescence counts seen 

in wells seeded with 1 million cells (p<0.05, using unpaired, two-tailed t-test) 

 

These experiments graphed in Figure 27 and 28 together revealed that if more the area of the well is 

exposed, more non-specific binding occurs probably due to Eu-GLP-1 sticking to the plate. Therefore, in 

addition to using 6-well plates to increase cell (and receptor) number, it was important to make sure the wells 

of the plate were confluent with cells (up to 95% confluency) to allow minimal exposed plate area so as to 

reduce non-specific binding. 

 

Thus, a new set of experiments was designed incorporating these modifications to the protocol. 

Protocol 2 (Chapter 2, Methods, section 2.2.3.2.3) outlines the 6-well plate assay method in detail. Using this 

protocol, we were able to obtain a high binding affinity for Eu-GLP-1/Yhb (Chapter 2, Figure 6 and 7A, 

section 2.3.4 and 2.3.5), which was supported by the Kd obtained using 96 well plates (Chapter 2, Figure 7B 

and 7C, section 2.3.5).  
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5.4.  Appendix D: Further optimization of saturation assay protocol for future 

experiments: 
 

In order to obtain better specific binding curves, we explored methods to improve 2 aspects of 

saturation assays: one to lower non-specific binding signal and second to increase total binding signal. 
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Methods to lower non-specific counts: 

 

To lower non-specific binding counts, we assessed non-specific binding in cell lines that do not have 

GLP-1R and α2AR. We hypothesized that any binding observed to these cells would be non- receptor-

mediated binding i.e. non-specific binding. This non-specific binding could then be subtracted from the total 

binding seen with βTC3 cells to obtain specific binding curves and thus, the Kd. Two cell lines were evaluated 

for this purpose: CHO cells and PANC1 cells; literature review indicated that these two cell lines do not 

express either GLP-1R or α2AR. 

 

Experiments with PANC1 cells were carried out in the same manner as with βTC3 cells in protocol 2 

(Chapter 2, methods, section 2.2.3.2.3) using increasing concentrations of Eu-GLP-1/Yhb. However, instead 

of using 500 nM unlabeled GLP-1/Yhb to obtain non-specific binding, unlabeled monovalents (400 nM GLP-

1 and 400 nM Yhb) were used together for blocking receptor access of Eu-GLP-1/Yhb. Experiments with 

PANC1 cells revealed that the total and non-specific binding curves overlapped; indicating that all binding 

seen to PANC1 cells was non-receptor mediated, non-specific binding (n=3). 

 

 
Figure 29A, 29B: A-Binding of Eu-GLP-1 (A) and Eu-GLP-1/Yhb (B) in PANC 1 cells.  

A: Total (Blue line) and non-specific (Red line) binding of Eu-GLP-1 in PANC1 cells. B: Total (Blue 

line) and non-specific binding (Red line) of Eu-GLP-1/Yhb with PANC1 cells. 
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Figure 30 shows the comparison of the non-specific binding curves obtained with βTC3, CHO and 

PANC1 cell lines (n=8, 6 and 3 respectively). When plotted with the total binding curve obtained with βTC3 

cells, PANC1 cells show the lowest non-specific binding values. 

 

 
Figure 30: Non-specific binding observed in βTC3 cells (blue line); in presence of 500 nM unlabeled GLP-1 

and Yhb, CHO cells (purple line) and PANC1 cells (green line) compared to the total binding obtained with 

βTC3 cell line (Red line). 

 

Though PANC1 cells showed very low non-specific binding, it is important to note that these values 

were obtained using a cell line different from βTC3. By nature of being different cells (of pancreatic ductal 

cell origin), the binding values of the labeled ligand might be lower. Thus, it is necessary to conduct more 

experiments to validate the use of different cell lines to obtain non-specific binding values.  

 

Another approach to modify non-specific binding counts was varying the incubation temperature 

during the experiment as well as investigating different unlabeled ligands that block receptor mediated 

binding.  

 

Incubation temperature is a variable that can be manipulated so to lower non-specific counts during the 

experiment. Cells cannot recycle receptors, exhibit pinocytosis or express more new receptors on the cell 

surface in cold temperatures of 4 °C. Therefore, performing incubation at 4 °C would presumably lead to 
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limited non-receptor mediated uptake of the Eu-ligand, but would likely affect the level of specific receptor 

mediated binding and therefore, total binding 

 

Among the different monovalents ligands that block GLP-1R, Exendin, a GLP-1 analog, has been 

researched extensively as a possible β-cell targeting and therapeutic agent. Unlike GLP-1, exendin, on binding 

to the GLP-1R, does not promote pinocytosis and receptor intake in the βTC3 cells which, we hypothesized, 

might lead to lower cell-based non-specific uptake of ligand.  

 

As predicted, use of 500 nM unlabeled exendin as a blocker decreased non-specific binding counts of 

Eu-GLP-1 in βTC3 cells where binding of GLP-1 to its receptor is expected to increase pinocytosis and 

receptor recycling. When the experiments were performed at 4 °C, and unlabeled exendin was used as a 

blocker, the non-specific binding was further reduced, with values comparable to that observed with PANC1 

cells. Overall, using 500 nM GLP-1 at 37 °C resulted in highest non-specific binding counts while using 500 

nM unlabeled Exendin at 4 °C resulted in lowest non-specific binding counts.  

Note: All the groups were ‘pre-treated’ with high glucose RPMI and 100 nM GLP-1 one day prior to 

experiment. (Further explanation of ‘pre-treatment’ is provided below) 

 

 
Figure 31: Non-specific binding obtained in βTC3 cells with different unlabeled ligands and different 

incubation temperatures.  

Blue line: Non-specific binding obtained by blocking Eu-GLP-1 with 500 nM unlabeled GLP-1 with 

the experiment carried out at 37 °C (n=3). Red line: Non-specific binding obtained by blocking Eu-GLP-1 

with 500 nM unlabeled Exendin with the experiment carried out at 37 °C (n=7). Purple line: Non-specific 

binding obtained by blocking Eu-GLP-1 with 500 nM Exendin with the experiment carried out at 4 °C (n=2). 

Green line: Eu-GLP-1 binding to PANC1 cells at 37 °C (n=3) i.e. non-specific binding in PANC1 cells. 
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Methods to increase total binding counts: 

 

In order to increase the signal obtained from binding of labeled ligand to cells, we explored methods to 

increase receptor expression on the cell surface. On the day prior to the experiment, cells were incubated with 

high glucose RPMI (25.5 mM glucose) and 100 nM GLP-1. We hypothesized that the high glucose as well as 

GLP-1 would stimulate receptor recycling and increase cell-surface receptor expression; leading to higher 

total binding values. Moreover, we varied the temperature at which incubation with the labeled ligand on the 

day of the experiment was carried out. All experiments were carried out according to Protocol 2, Chapter 2 

Methods.  

 

Figure 32 below displays the total binding of Eu-GLP-1 to βTC3 cells obtained with 3 different 

conditions. The ‘Pre-treated’ group consists of cells treated with high-glucose and GLP-1 one day prior to the 

experiment (n=7) while cells in the ‘Non-pre-treated’ group did not see any prior treatment (n=4). The cells 

were then incubated at 37 °C until experiment day.  

 

On experiment day, we evaluated two different incubation temperatures: 37 °C and 4 °C. The pre-

treated group of cells were incubated with ligands on the day of the experiment either at 37 °C (blue line) or at 

4 °C (n=3, purple line) while the non-pretreated group were incubated only at 37 °C (red line).  
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The pre-treated group incubated at 37 °C on experiment day showed the highest total binding values 

overall. Incubation at 4 °C resulted in lower total binding values at all concentrations presumably due to an 

inability to accumulate signal because of limited receptor recycling and limited expression of new receptors 

on cell surface.      

 

 
Figure 32: Total binding in βTC3 cells with different treatments and incubation temperatures.  

Blue line: total binding in cells pre-treated with 25.5 mM glucose and 100 nM GLP-1 and incubated at 

37 °C on experiment day. Purple line: total binding in cells pre-treated with 25.5 mM glucose and 100nM 

GLP-1 a day prior, and incubated at 4 °C on experiment day. Red line: total binding in cells without any pre-

treatment that were incubated at 37 °C on experiment day. 

 

The final graph in the appendix section displays the specific binding curves of Eu-GLP-1 calculated by 

subtracting the non-specific binding values from the total binding counts. The total binding values were 

obtained after pre-treatment of cells with 25.5 mM glucose and 100 nM GLP-1 one day prior to the 

experiment. On experiment day, incubation was carried out at either 37 °C or 4 °C and non-specific binding 

was evaluated using different unlabeled ligands as blockers (as seen previously in Figure 31 and 32 red line, 

purple line and blue line). Using unlabeled GLP-1 as blocker with a 37 °C incubation led to the weakest 

specific binding curve while using unlabeled exendin for obtaining non-specific binding counts resulted in 

improved specific binding curves both at 37 °C and 4 °C. At 4 °C, though low total binding counts were 

observed likely due to inadequate signal accumulation (Figure 32, purple line), there was also limited non-

specific binding seen (Figure 31, purple line) possibly due to reduced non-receptor mediated uptake of the Eu-

ligand, leading to a better specific binding curve. 
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Figure 33: Specific binding curves calculated in βTC3 cells with different unlabeled ligands and different 

incubation temperatures.  

Blue line: Specific binding calculated by subtracting non-specific binding obtained using 500 nM 

unlabeled GLP-1 from total binding at 37 °C. Red line: Specific binding calculated by subtracting non-

specific binding obtained using 500 nM unlabeled Exendin from total binding at 37 °C. Purple line: Specific 

binding calculated by subtracting non-specific binding obtained using 500 nM unlabeled Exendin from total 

binding at 4 °C. Green line: Specific binding calculated by subtracting PANC1 Eu-GLP-1 binding from βTC3 

Eu-GLP-1 total binding at 37 °C. 
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5.5. Appendix E: Modified saturation protocol 
 

 Based on the results obtained from all the experiments described above, changes were made to the 

high throughput screening protocol described by Handl et al. [75]. Outlined below is a saturation protocol 

modeled to incorporate all changes observed to optimize the assays in order to obtain a reliable specific 

binding analyses.  

  

 The result charts shown in the document above have led to the design of each step in this protocol and 

are given in brackets as a note after each step for reference.      

 

1. Plate 700,000 to 1 million cells in each well of a 6-well plate. Allow the cells to grow till they reach 90-

95% confluency (established visually). Continuously monitor cells so that they become confluent and 

occupy the entire well without becoming over-crowded and balling up. (Figure 27 and 28) 

2. Experiment is ideally performed on the 4th or 5th day after cells are plated. One day before the experiment, 

incubate the cells with 1mL high glucose (25.5 mM) RPMI containing 100 nM unlabeled GLP-1. (Figure 

32) 

3. On the day of experiment, wash cells with binding buffer 2 times (3 min. each wash). Then incubate the 

cells for 1 hour at 37 °C with 1 mL RPMI solution containing 2% BSA. (Figure 26) 

4. Remove the BSA solution and then add either increasing concentrations of Eu-labeled compound (total 

binding) or increasing concentrations of Eu-labeled compound in presence of 2 fold higher concentration 

of unlabeled ligand (for non-specific binding). Incubate the cells with 1 mL of the respective ligand 

solutions for 1 hour at 37 °C. (Figure 33, general protocol for saturation binding described in Chapter 2 

methods, section 2.2.3.2.1) 

5. Remove the ligand mixtures and add 1mL Wash buffer-TE (Figure 23).  Scrape off the cells into a 1.5mL 

eppendorf tube. Make sure all the cells are transferred to the eppendorf tube. Centrifuge the tubes at 5000 

rpm for 3 min. Discard the supernatant and re-suspend the cell pellet in another 1mL of Wash buffer-TE. 

Repeat the centrifuge step again and for the third wash, use the Wash buffer with Tween but without 

EDTA (general protocol for saturation binding described in Chapter 2 methods, section 2.2.3.2.1).  

6. After centrifuging the tubes, discard the supernatant, add 600 µL enhancement solution to the cell pellet, 

and re-suspend the pellet in the enhancement solution.  

7. Incubate the tubes with the cells in the enhancement solution for 1 hour in a water bath at 37 °C. 

Centrifuge the tubes after 1 hour incubation for 3 min. at 5000 rpm (general protocol for saturation 

binding described in Chapter 2 methods, section 2.2.3.2.1).  

8. Pipette 100 µL of supernatant into a Costar plate; with 4 repeats for each well in a 6-well plate. (Figure 

22A and 2B) 

9. Read using a Europium protocol using plate reader. 

10. Perform the same experiment with PANC1 cells to validate non-receptor mediated binding (Figure 31)  
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