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Abstract
The ability to image and ultimately quantitate beta-cell mass in vivo will likely have far reaching
implications in the study of diabetes biology, in the monitoring of disease progression or response
to treatment, as well as for drug development. Here, using animal models, we report on the
synthesis, characterization of, and intravital microscopic imaging properties of a near infrared
fluorescent exendin-4 analogue with specificity for the GLP-1 receptor on beta cells (E4K12-Fl).
The agent demonstrated sub-nanomolar EC50 binding concentrations, with high specificity and
binding could be inhibited by GLP-1R agonists. Following intravenous administration to mice,
pancreatic islets were readily distinguishable from exocrine pancreas, achieving target-to-
background ratios within the pancreas of 6:1, as measured by intravital microscopy. Serial
imaging revealed rapid accumulation kinetics (with initial signal within the islets detectable within
3 minutes and peak fluorescence within 20 minutes of injection) making this an ideal agent for in
vivo imaging.
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Introduction
Beta-cell mass (BCM) and the functional state of islets are critical measures when assessing
the magnitude of autoimmune destruction in type 1 diabetes (T1D). Progressive loss of
BCM is also believed causative in the secondary failure of many therapies in type 2
diabetes. Serum tests such as stimulated insulin or C-peptide do not reliably correlate with
BCM, particularly at the extremes of BCM (1). The gold standard continues to be the
laborious task of measurement at autopsy via morphometric methods. It is now believed that
imaging technologies could ultimately be exploited to a) better understand the history and
pathophysiology of diabetes, b) enable earlier diagnosis of T1D perhaps while in the occult
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phase, c) allow monitoring of therapeutic efficacy and durability (including islet
transplantation), and d) facilitate the discovery of new therapies. Unfortunately, the
necessary tools for reliably quantifying BCM in vivo have remained elusive.

A number of imaging agents with putative beta cell specificity have been investigated, partly
based on known markers/functions of these cells (e.g., glucose transporters or sulfonylurea
receptors) and partly based on profiling studies (reviewed in (2–4)). Many of the imaging
studies to date have relied on isotope-labeled compounds including compounds targeting
sulfonylurea receptors (5), neuroreceptors such as the pre-synaptic vesicular acetylcholine
transporter (6), the vesicular monoamine transporter (VMAT2) using the neurotracer 11C-
dihydroterabenazine (11C-DTBZ) (7–10), or an antibody against a pancreatic islet antigen
(IC-2) (11). Unfortunately, these agents have not been proven effective for in vivo islet
imaging, most likely on account of their failure to achieve the required high binding ratios
necessary for macroscopic imaging or a lack of understanding of the physiology of the
underlying target (5,12). Alternatively, to image at higher spatial resolution than possible
with isotopic imaging techniques, a variety of fluorescent compounds have also been
suggested. Labeled glucoses (13), fluorescent streptozotocin analogs (14), and Zn-chelators
(which bind zinc rich insulin vesicles) (15), antibodies (12) or activatable fluorescent
substrates for dipeptidyl peptidase 4 (DPP4) (16) have all been utilized. Many of these
probes have been tested primarily in insulinoma or in other cells expressing high levels of
glucose transporter 2 (GLUT2), where they have shown some success in vitro but not in
vivo. However, it is not until recently that intravital imaging approaches have emerged as a
method to validate the behavior of labeled agents in the pancreas in vivo (17–20).

Based on the recent success of therapeutic targeting of the glucagon like peptide-1 receptor
(GLP-1R) in the clinic with agonists (21,22), we hypothesized that certain fluorescent
exendin-4 analogs could be used to image beta cells in vivo, but that detailed investigations
would be necessary to assure target binding of putative key compounds. In this report, we
systematically investigated several analogs and characterized the most promising candidates
before performing in vivo validation studies including intravital imaging. Our results
demonstrated high islet specificity within the pancreas in vivo with the compound (E4K12-
Fl).

Experimental methods
Materials

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used without further
purification unless otherwise noted. Exendin-4 was obtained from Prospec (Rehovot, Israel).
Near-infrared fluorochrome Vivotag-680 (VT680-NHS ester) was purchased from VisEn
(Bedford, MA). LC-ESI-MS analysis and HPLC-purifications were performed on a Waters
(Milford, MA) LC-MS system. For LC-ESI-MS analyses, a Waters XTerra® C18 5 μm
column was used. For preparative runs, an Atlantis® Prep T3 OBD™ 5 μM column was
used. MALDI-MS spectra were collected on a Voyager-DE™ Biospectrometry™

Workstation spectrometer (Applied Biosystems™, Foster City, CA).

Preparation of 11-Azido-3,6,9-trioxaundecan-1-amide-Fl
To a solution of 10 mg (46 μmol) 11-Azido-3,6,9-trioxaundecan-1-amine in 300 μL 10X
PBS, 2.5 mg (2 μmol) VivoTag 680 was added and the reaction solution stirred at room
temperature in the dark for 2 hours. The crude mixture was directly subjected to HPLC-
purification, yielding 1.5 mg (1.1 μmol, 56%) of the title compound as a blue solid. ESI-LC-
MS m/z (%) = 1342 [M+H+]+.

Reiner et al. Page 2

Bioconjug Chem. Author manuscript; available in PMC 2010 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Preparation of E440-Fl
To a solution of 0.8 mg (0.2 μmol) exendin-4(40-Pra) in 400 μL of a 25 mM Tris-buffered
aqueous solution (pH = 7.2), 50 μL of a 50 mM solution of L-ascorbic acid in H2O and 50
μL of a 50 mM aqueous CuSO4 solution in H2O was added. 0.4 mg (0.3 μmol) of 11-
Azido-3,6,9-trioxaundecan-1-amide-VT680 in 500 uL 2X PBS solution was then added and
the reaction mixture was gently stirred at room temperature in the dark over night. The crude
mixture was diluted with 2 mL of 1X PBS and purified using an Amicon® Ultra 3 kDa
(Millipore, Carrigtwohill, Ireland) centrifugal filter, before it was subjected to HPLC
purification, yielding 0.3 mg (0.05 μmol, 25%) of the title compound as a blue film. ESI-
LC-MS m/z (%) = 1405 [M-4H+]4− (100); 1873 [M-3H+]3− (14).

Preparation of E4K12-Fl
To a solution of 250 μg (0.06 μmol) of Exendin-4 in 3.6 mL of a 25 mM Tris-buffered
aqueous solution (pH = 7.2), 1 mg VivoTag 680 (0.8 μmol) was added and the reaction
mixture stirred at room temperature in the dark for 3 hours. The mixture was subjected to
HPLC-purification, yielding the title compound as a blue solid (100 μg, 0.02 μmol, 33%).
ESI-LC-MS m/z (%) = 1769 [M-3H+]3− (100).

MALDI-MS spectra
To a suspension of sinapinic acid (5 μL, 10 mg/mL, AcN/H2O = 1/1, 0.5 % TFA), 5 μL of
protein sample (approx. 100 μM in H2O) was added and the carefully mixed solution
purified via ZipTips (Millipore, Billercia, MA) prior to measurement. Each sample was also
run with adrenocorticotropic hormone fragment 18–39 (ACTH fragment 18–39) as a
calibration standard.

Tryptic digest
To a solution of E4K12-Fl (10.5 μL, approx. 10 μg), 15 μL NaHCO3 (50 mM) and 1.5 μL
dithiothreitol (DTT; 100 mM) was added, and the mixture was incubated at 95 °C for 5
minutes. Subsequently, 3 μL of IAA (100 mM) was added and the sample was incubated at
room temperature for 20 minutes, before 1 μL of activated trypsin (100 ng/μL, Pierce,
Rockford, IL) was added. This was followed by an incubation at 37 °C for 3 hours. An
additional 1 μL of activated trypsin (100 ng/μL) was then added and the sample was further
incubated at 37 °C for 2 hours, before being purified using ZipTips (Millipore, Billerica,
MA) and subjected to MALDI-MS analysis.

Cell culture
Mouse insulinoma-derived MIN6 cells, courtesy of Dr. Miyazaki (23), were used between
passages 26 and 40 and grown in high-glucose DMEM containing 15 % (v/v) heat-
inactivated FBS, 50 U/ml penicillin, and 10 μg/ml streptomycin as reported previously (24).
HEK 293 cells, stably expressing human GLP-1R (HEK/hGLP-1R) (25),were grown in high
glucose DMEM containing 10% (v/v) heat-inactivated FBS, 50 U/ml penicillin, 10 μg/ml
streptomycin, 1 mM sodium pyruvate, and 150 μg/ml G418. NIH-3T3 fibroblasts (ATCC)
were grown in high glucose DMEM containing 10% (v/v) heat-inactivated FBS, 50 U/ml
penicillin, and 10 μg/ml streptomycin.

Western Blot
MIN6, HEK/hGLP-1R or NIH-3T3 cells, seeded into 6-well plates were washed twice with
ice-cold PBS and lysed on ice with 200 μl ice-cold RIPA lysis buffer. Protein concentrations
were determined using bicinchoninic acid (BCA) protein assays (Pierce, Rockford, IL). Cell
lysates (50 μg) were subjected to SDS PAGE, followed by immunoblotting using a specific
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anti-GLP-1R antibody (Abcam), and detection with chemiluminescence (Pierce, Rockford,
IL).

Cellular imaging
MIN6 (2×105 cells/well), HEK/hGLP-1R (7.5×104 cells/well) or NIH-3T3 (7.5×104 cells/
well) cells were seeded into 8-well chamber slides (LabTek, Rochester, NY) and incubated
for 48 hours before incubation with 100 nM of E4K12-Fl for the indicated time points at 37
°C. Cells were washed three times with PBS before subjected to imaging. MIN6, HEK/
hGLP-1R and NIH 3T3 cells were imaged on an Olympus FluoView1000 confocal laser
scanning microscope with an Olympus XLPan N 25x (N.A. 1.1) water immersion objective
and the FluoView 1000 Vers. 2.1a program. E4K12-Fl was imaged using a 635 nm laser,
dichroic mirrors DM405/488/559/635 and SDM640 and a barrier filter BA655-755.

Dose-response assays
MIN6 (1×105 cells/well), HEK/hGLP-1R (3×104 cells/well) or NIH-3T3 (3×104 cells/well)
cells were seeded into 96-well plates and incubated for 48 hours before adding different
concentrations of E4K12-Fl. After incubating for 1 hour at 37 °C, cells were washed three
times with PBS and the fluorescence levels were measured with a SynergyMx plate reader
(Biotek) with excitation at 620 nm and emission at 690 nm. Following fluorescence
measurement, proteins were extracted using RIPA lysis buffers (24) and quantified using
BCA (Pierce, Rockford, IL).

Blocking Experiments
MIN6 (1×105 cells/well), HEK/hGLP-1R (3×104 cells/well) or NIH-3T3 (3×104 cells/well)
cells were seeded into 96-well plates and incubated for 48 hours before incubation with
either exendin-4 (100 nM) for 1 hour at 37 °C and subsequently E4K12-Fl (10 nM) for 1
hour at 37 °C, or just E4K12-Fl (10 nM) for 1 hour at 37 °C. Following the incubation, cells
were washed three times with PBS and the fluorescence levels were measured with
SynergyMx plate reader (Biotek) with excitation at 620 nm and emission at 690 nm.
Following fluorescence measurement, proteins were extracted using RIPA lysis buffers (24)
and quantified using BCA (Pierce, Rockford, IL).

Animals
NOD MIP-GFP mice (NOD.Cg-Tg(Ins-EGFP)Hara/QtngJ), that express the fluorescent
protein EGFP within the islets under the mouse insulin 1 promoter were obtained from The
Jackson Laboratory (Bar Harbor, ME). All procedures and animal protocols were approved
by the subcommittee on Research Animal care at Massachusetts General Hospital.

Animal Preparation
Nondiabetic male NOD MIP-GFP mice were anesthetized with 2% isoflurane and 2 L/
minute O2. The peritoneal cavity was opened with a transverse incision in the disinfected
abdominal wall. The gastric-splenic ligament was dissected and the pancreas carefully
exteriorized. Robust blood ow was observed in the pancreatic arteries for the duration of
each experiment and pancreas perfusion was confirmed by observation of a circulating
fluorescent vascular agent (Angiosense 750, VisEn, Bedford, MA). The exteriorized
pancreas was completely submerged in temperature-controlled lactated Ringer’s solution.
Temperature near the spleen was carefully monitored using an Omega HH12A thermometer
with ne wire thermocouples (Omega Engineering Inc., Stamford, CT) and kept at 37 °C. A
tail vein catheter, made using a 30G × ½″ needle inserted into CLAY ADAMS®

Polyethylene10 tubing, was inserted prior to surgery. Subsequently, 200 μL (4 nmol/200 μL)
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of E4K12-Fl and 10 minutes after the initial injection, another 200 μL (4 nmol/200 μL) of
E4K12-Fl was injected via the tail vein catheter.

Intravital Laser Scanning Microscopy
Images were collected with a prototypical intravital laser scanning microscope (IV100,
Olympus Corporation, Tokyo, Japan) (26) using an Olympus 4x (UplanSApo N.A. 0.16),
and 20x (UplanFL N.A. 0.5) objective and the Olympus FluoView FV300 version 4.3
program. Samples were excited at 488 nm with an air-cooled argon laser (Melles Griot,
Carlsbad, CA) for visualization of the GFP expressing islet-cells, at 633 nm with a HeNe-R
laser (Model 05LHP925, Melles Griot) for visualization of E4K12-Fl, and at 748 nm with a
red diode laser (Model FV10-LD748, Olympus Corporation, Tokyo, Japan) for visualization
of the blood pool agent (AngioSense-780, VisEn Medical, MA). Light was collected using
custom-built dichroic mirrors SDM-560, SDM640, and SDM-750, and with emission filters
BA 505-550, BA660-730, and BA 770 nm IF (Olympus Corporation, Tokyo, Japan). The
E4K12-Fl signal was collected sequentially to the other channels to avoid bleed-through into
the VT680 channel. A prototypical tissue stabilizer (Olympus Corporation, Tokyo, Japan)
was used to reduce motion and to stabilize the focal plane. The stabilizer was attached to the
objective and its z-position was finely adjusted using a micrometer screw to apply soft
pressure on the tissue.

Histology
Nondiabetic male NOD MIP-GFP mice were cannulated with a tail vein catheter, made
using a 30G × ½″ needle inserted into CLAY ADAMS® Polyethylene10 tubing.
Subsequently, 200 μL (4 nmol/200 μL) of E4K12-Fl was injected via the tail vein catheter.
Mice were sacrificed 2 hours after the initial injection, the pancreas was harvested and
frozen in OCT compound (Sakura, Finetek, Torrance, CA) with isopentane on dry ice. The
frozen tissues were sectioned (thickness: 6 μm) and mounted on microscope slides. Without
further processing, tissue samples were excited with an EXFO X-CiteTM 120 light source
(EXFO Photonic Solutions Inc. Ontario, Canada) and imaged with a Nikon Eclipse 80i
microscope with either a 10x Plan Fluor N.A. 0.3 and a 20x Plan Apo 0.75 objective (Nikon
corporation, USA) respectively. GFP fluorescence was observed with a Chroma HQ FITC
filter cube (HQ480/40x EX, dichroic Q505LP BS, and emission filter HQ535/50m EM) and
Exendin-VT680 fluorescence with a Chroma Cy5.5 filter cube (HQ650/45x EX, dichroic
Q680LP BS, and emission filter HQ710/50m EM; Chroma Technology Corp., VT, USA).
Images were captured with a Cascade Model 512B camera (Roper Scientific, Tucson,
Arizona). Validation of fluorescence signals employed immunohistochemistry for insulin
(Insulin (H-86), Santa Cruz Biotechnology, Santa Cruz, CA) using the avidin-biotin
peroxidase method. The reaction was visualized with a 3-amino-9-ethyl-carbazole substrate
(AEC, Sigma Chemical, Saint Louis, Missouri). Adjacent sections treated with nonimmune
IgG provided controls for antibody specificity.

Results
Near infrared fluorescent exendin-4 analogues were created via two different strategies (Fig.
1). In the first strategy, an alkyne-modified artificial amino acid (S)-2-amino-4-pentynoic
acid was attached to the C-terminal end of exendin-4, yielding the peptide Exendin-4-Pra.
To this peptide, an azide-modified near infrared (NIR) fluorochrome 11-azido-3,6,9-
trioxaundecan-1-amide-Fl was covalently attached using standard copper catalyzed click-
chemistry protocols, yielding the exendin-4-like NIR-fluorochrome, E440-Fl. 11-
azido-3,6,9-trioxaundecan-1-amide-Fl was generated in good yields (56%) by conjugation of
11-azido-3,6,9-trioxaundecan-1-amine to the commercially available NIR fluorochrome
VT680-NHS ester in the presence of triethylamine. The structural identity of the exendin-
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like NIR-fluorochrome E440-Fl, was confirmed using liquid chromatography-mass
spectrometry (LC/MS) analysis, which confirmed the expected mass of 5623 g/mol (m/z (%)
= 1405 [M-4H+]4 − (100); 1873 [M-3H+]3 − (14)). The second approach was based on the
direct reaction of VT680-NHS ester with exendin-4, facilitated in a Tris-HCl buffered
aqueous solution. Although exendin-4 offers multiple nucleophilic sites, which can all
theoretically react with NHS esters at one or multiple sites, only three reaction products
were detected in the crude reaction mixture via LC/MS under current reaction conditions.
All of the products had the same mass of 5311 g/mol (m/z (%) =1769 [M-3H+]3− (100); Fig.
2b), which corresponded to the addition of a single fluorochrome per exendin-4. Three
products were observed in ratios of 5/5/90. The major product (90 %) was isolated using
preparative HPLC, yielding the exendin-4-like NIR fluorochrome E4K12-Fl (Fig. 1).

The mass of E4K12-Fl was analyzed using matrix assisted laser desorption ionization mass
spectrometry (MALDI-MS), which confirmed the exendin-4-like NIR fluorochrome to be
composed of exendin-4 and a single fluorochrome molecule (m/z = 5311, Fig. 2c).
Structural analysis of the compound was determined by tryptic digestion of both E4K12-Fl
and exendin-4. Whereas exendin-4 displayed two strongly ionizing fragments at 1278 Da
(H1-K12) and 948 Da (L21-K27), tryptic digest of E4K12-Fl did not result in the formation
of a 1278 Da fragment, but showed a dominant peak at 3373 Da (Fig. 2d). The fragment
corresponded to amino acids H1-R20 (2251 Da) plus the mass of the fluorochrome (1123
Da). Observation of a peak at 3373 Da for E4K12-Fl but not for exendin-4 indicated that the
fluorochrome was part of that fragment and that it was conjugated to amino acid K12. If the
fluorochrome were not conjugated to K12, the fragment would have been digested by
trypsin at the K12-position into two smaller fragments. The predominant attachment of the
fluorochrome to K12 compared to other nucleophilic residues (e.g. K27 or the N-terminus)
is likely explained by either sterically or electronically favored conformations of K12.

In order to determine accumulation of E4K12-Fl on GLP-1R expressing cells, we tested the
compounds against human GLP1-R overexpressing HEK/hGLP-1R cells (HEK/hGLP-1R),
GLP-1R naturally expressing MIN6, and against GLP-1R negative NIH 3T3 cells (Fig 3).
The expression levels of GLP-1R were then analyzed by staining the respective cell lysates
with an anti-GLP-1R antibody and equal cell lysate concentrations were analyzed by
staining against tubulin in western blots (Fig. 3). Western blotting confirmed GLP-1R to be
absent in NIH 3T3 cells and overexpressed in transformed HEK/hGLP-1R cells. Each cell
line was incubated with different concentrations of E4K12-Fl for 1 hour. The cells were later
washed and their fluorescence measured. The fluorescent signal was normalized to the
number of cells present in each well. GLP-1R overexpressing HEK/hGLP-1R cells
displayed the highest fluorescence, followed by insulinoma-derived MIN6 cells. GLP-1R
negative NIH 3T3 cells did not show any discernible fluorescence (Fig. 3a). For HEK/
hGLP-1R cells, a binding EC50 of 0.3 ± 0.2 nM was determined and for MIN6 cells, the
observed EC50 was 0.5 ± 0.3 nM. These findings were corroborated using confocal
microscopy (Fig. 3c). Blocking experiments with non-fluorescent exendin-4 were
subsequently conducted. Pre-treated HEK/hGLP-1R cells were observed to have a 12-fold
lower fluorescence and pre-treated MIN6 cells a 5-fold lower fluorescence. Finally, we also
tested the terminally labeled E440-Fl (as in a previous study (19)) which did not show strong
preferential accumulation in GLP-1R expressing cell lines.

In order to evaluate the performance of E4K12-Fl in vivo, NOD MIP-GFP mice were
anesthetized and the pancreas exteriorized onto a heated chamber for real-time multi-
channel confocal imaging. Microvasculature was imaged in the 750 nm channel after
injection of AngioSense-780, a long circulating blood pool agent, and islets were identified
in the 488 nm channel via their GFP expression. Following this, 8 nmol of E4K12-Fl in 200
μL of PBS was injected, and accumulation of the probe in the islets and surrounding tissue
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was monitored (Fig. 4). Intravital imaging confirmed that prior to imaging no signal
corresponding to a pancreatic islet was observable in the E4K12-Fl channel (Fig. 5, 0 min).
However, after 3 minutes, accumulation of E4K12-Fl could be observed in the pancreatic
islets, and this fluorescence increased during the observation time of 20 minutes, after which
steady state was reached (Target-to-background ratio of 6:1; Fig. 5). Ninety minutes after
injection, the signal still displayed a ratio of 6:1. Following comparison of imaging results
from the vasculature and the GFP-islets, it was confirmed that E4K12-Fl co-localized in the
pancreatic beta cells, and did not simply extravasate from the vasculature that traverses the
islets. During the time of measurement, no increase in background noise from surrounding
tissue was observed. The target-to-background ratio of islets over exocrine pancreas was 6.0
± 0.5 in steady state. To further confirm that probe accumulation occurs in pancreatic beta
cells, we performed additional immuno- and fluorescence histology (Fig. 6). These studies
also demonstrated exclusive accumulation of E4K12-Fl in the islets and specifically in the
pancreatic beta cells expressing insulin and GLP-1R. Biodistribution studies show renal
excretion of non-localized agent and intracellular degradation in endosomal compartments.

Discussion
T1D is a classic example of an organ-specific autoimmune disease. It has two stages. The
first is an occult phase, termed insulitis, in which a mixed population of leukocytes invades
the islets of Langerhans of the pancreas. This, in turn, eventually provokes specific
destruction of the insulin-producing beta cells. The second stage is the overt phase
(diabetes), in which the bulk of beta cells have been destroyed, and insulin production is no
longer sufficient to regulate blood-glucose levels. This eventually results in hyperglycemia.
To date, a major hindrance to both research on and treatment of T1D, has been the inability
to directly visualize beta cells during disease progression. Our goal has therefore been to
develop robust, non-invasive methods to image BCM (both experimentally in mouse models
and clinically). Thus far, we have tested most of the published fluorescent probes in vivo in
MIP-GFP mice, but with little or modest success. Based on profiling studies, we also
investigated a number of novel targets including carboxypeptidase E (CPE), proprotein
convertase subtilisin/kexin 2 (PCSK2) or islet amyloid polypeptide (IAPP), among others.
This study now reports on the first selective fluorophore-based probe for in vivo imaging of
pancreatic beta cells, and we confirm its potency in biochemical assays, in in vitro assays,
by histology and by in vivo imaging.

The islets of Langerhans, encompassing the endocrine pancreas, represent approximately 1–
2% of the pancreatic mass. They are also scattered throughout the pancreas, which is likely
the underlying reason for the previous difficulties in visualizing BCM with macroscopic
imaging techniques (5). Within each islet, there are five major endocrine cell types: insulin-
producing beta cells (60–80% of the islet), glucagon-producing alpha cells (15–20% of the
islet), somatostatin-producing delta cells (5–10% of the islet), and pancreatic-polypeptide-
producing (PP) cells (15–20% of the islet), and ghrelin-producing epsilon-cells (< 1%).

The adult mouse pancreas contains about 3,000 islets, with about 2×106 beta cells (27). The
human pancreas contains about 106 islets. These pancreatic islets measure 50–300 μm in
diameter and are highly vascularized, with 1–5 arterioles branching into numerous
capillaries. Capillaries are fenestrated and are therefore highly permeable. It has been
estimated that islets receive 10–20% of pancreatic blood flow, which is disproportionally
large for an area that assumes 1 to 2% of pancreatic volume and < 0.005% of body weight.
This feature, however, creates a favorable environment for the delivery of imaging agents.
In our studies, we used intravital confocal microscopy to study islet microvascularity and
were able to show rapid delivery of the E4K12-Fl agent to the pancreatic islets with high
spatial overlap with EGFP labeled beta cells.
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In the pancreas of mice, rats, and humans, the GLP-1R is highly expressed within the islets
and to a lesser extent within some ducts. Within the islets the GLP-1R protein almost
exclusively co-localizes with insulin and is highly restricted to pancreatic beta cells (28).
This distribution makes the GLP-1R a good target for measuring BCM. Glucagon-like
peptide-1 (GLP-1) is secreted by intestinal L cells as a gut hormone and its secretion is
dependent on the presence of nutrients in the small intestine. The physiological functions of
GLP-1 include potentiation of insulin secretion in a glucose dependent manner as well as
influencing a number of gastric functions (slowing gastric emptying and inhibiting acid
secretion). GLP-1 analogues are a new class of drugs for the treatment of diabetes as they
have a low risk of causing hypoglycemia (29). Exenatide (Byetta), the first FDA approved
GLP-1 analog, is a synthetic version of exendin-4, a hormone found in the saliva of the Gila
monster. It has 53% sequence homology with GLP-1 (30). A recent crystal structure shows
that exendin-4 binds to the extracellular domain of GLP-1R (30). From this crystal structure,
it follows that the amino acid K12 is not involved in GLP-1R binding (Fig. 1) and explains
its efficacy as an imaging agent. Conversely, other modifications with fluorochromes do
alter binding.

In this study, we focused on the exendin-4 analog E4K12-Fl. There are, however, several
other pharmaceutical analogues of GLP-1 that are currently in development or in clinical
use, including liraglutide, albiglutide and taspoglutide, each of which have variable
substitutions and modifications that alter their pharmacokinetics (21). It is entirely possible
that we will be able to further optimize probe development by using some of these newer
GLP-1 analogues as platforms. Another potential avenue for probe development would be to
use the peptide as a targeting ligand for the delivery of multimodal, nanoparticle based
constructs for imaging (31) and or therapeutics (32). We believe that the featured E4K12-Fl,
and possibly similar derivatives, will prove useful agents for the selective visualization of
beta cells. Finally, it appears reasonable that more immediately one should be able to use the
described agent in the imaging of often difficult to localize insulinomas, possibly via
positron emission tomography (PET) tracers, via magnetic resonance imaging (MRI) with
agents based on this peptide, or by intraoperative imaging of fluorescent compounds as
described.
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Figure 1.
Top: Amino acid sequences, molecular weight and structures of synthesized fluorescent
exendin-4 based compounds. Bottom Left: The molecular model of exendin-4-like NIR
fluorochrome, E4K12-Fl, is based on the nuclear magnetic resonance (NMR)-structure, 1JRJ
(33). Bottom right: The molecular model of exendin-4-like NIR fluorochrome E4K12-Fl
(amino acids 9–39) complexed with the extracellular domain of GLP-1R, is based on the
crystal structure, 3C59 (30).
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Figure 2.
(a) An ESI-MS trace of E440-Fl; (b) An ESI-MS trace of E4K12-Fl; (c) MALDI-MS traces of
Exendin-4 and E4K12-Fl; (d) MALDI-MS traces of tryptic digest fragments of Exendin-4
and E4K12-Fl.
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Figure 3.
(a) Dose-response curves of E4K12-Fl where GLP-1R is either overexpressed (HEK/
hGLP-1R) or naturally expressed (MIN6), and of a GLP-1R negative (NIH 3T3) cell line;
(b) blocking of E4K12-Fl (10 nM) with Exendin-4 (100 nM); (c) Live cell microscopy; HEK/
hGLP-1R, MIN6 or NIH 3T3 cells were treated with E4K12-Fl (10 nM) and then imaged.
Scale bar: 50 μm (d) Western Blot of HEK/hGLP-1R, MIN6 and NIH 3T3 cell lines against
GLP-1R and tubulin.
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Figure 4.
In vivo imaging of E4K12-Fl in a pancreatic islet of a live NOD MIP-GFP mouse; Green:
GFP-expressing pancreatic beta cells; Red: E4K12-Fl accumulation (dose: 0.4 nmol/g); Blue:
fluorescent vascular agent. All images acquired with 20× objective in anesthetized live mice.
Scale bar: 50 μm.
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Figure 5.
In vivo time course imaging of probe accumulation in an islet. (a) GPF channel (488 nm);
(b) E4k12-Fl channel (680 nm), (c) vasculature (750 nm; all images with 10× objectives).
Scale bar: 200 μm.
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Figure 6.
Immuno- and fluorescence histology of adjacent pancreas sections from a MIP-GFP mouse
injected with E4K12-Fl. Top left: GFP channel, green: pancreatic islets, 10X; top right:
E4K12-Fl accumulation, red: pancreatic islets, 10X. Bottom left: HE; bottom right: anti-
insulin staining. Scale bar: 100 μm.
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