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A capillary electrophoresis competitive immunoassay was developed for the simultaneous quantitation
of insulin, glucagon, and islet amyloid polypeptide (IAPP) secretion from islets of Langerhans. Separation
buffers and conditions were optimized for the resolution of fluorescein isothiocyanate (FITC)-labeled
glucagon and IAPP immunoassay reagents, which were excited with the 488 nm line of an Ar+ laser
and detected at 520 nm with a photomultiplier tube (PMT). Cy5-labeled insulin immunoassay reagents
were excited by a 635 nm laser diode module and detected at 700 nm with a separate PMT. Optimum
resolution was achieved with a 20 mM carbonate separation buffer at pH 9.0 using a 20 cm effective
separation length with an electric field of 500 V/cm. Limits of detection for insulin, glucagon, and IAPP
were 2, 3, and 3 nM, respectively. This method was used to monitor the simultaneous secretion of these
slet of Langerhans peptides from as few as 14 islets after incubation in 4, 11, and 20 mM glucose for 6 h. For insulin and
IAPP, a statistically significant increase in secretion levels was observed, while glucagon levels were
significantly reduced in the 4 and 11 mM glucose conditions. To further demonstrate the utility of the
assay, the Ca2+-dependent secretion of these peptides was demonstrated which agreed with published
reports. The ability to examine the secretion of multiple peptides may allow for the determination of
regulation of secretory processes within islets of Langerhans.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Glucose homeostasis is a complex process that if unregulated,
eads to various metabolic diseases including type 2 diabetes melli-
us. A key step in glucose regulation is the release of hormones from
slets of Langerhans located in the pancreas. Islets of Langerhans
re composed of multiple cell types with each cell type releasing
ne or more peptides that play a role in glucose regulation. For
xample, during fasting, �-cells release glucagon to promote hep-
tic production of glucose from glycogen, thereby maintaining a
upply of glucose [1,2]. Upon an increase in postprandial glucose
evels, �-cells release insulin, which in turn, stimulates glucose
ptake in peripheral tissues, catabolic inhibition of fatty acid syn-
hesis, inhibition of gluconeogenesis in the liver, and inhibition of
lucagon secretion from �-cells [3]. Other peptides are also released

rom pancreatic �-cells, including the 37-amino acid islet amy-
oid polypeptide (IAPP), whose physiological role is still unclear
lthough it has been shown to slow gastric emptying [4]. Interest in

∗ Corresponding author. Tel.: +1 850 644 1846; fax: +1 850 644 8281.
E-mail address: roper@chem.fsu.edu (M.G. Roper).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.05.006
IAPP has risen as IAPP can result in insoluble fibrils that form amy-
loid plaques within diabetic islets. While these fibrils were initially
thought to induce �-cell apoptosis [5], newer evidence suggests
that cell death is due to IAPP oligomers, a form of IAPP somewhere
between monomeric and fibril [6–8]. The mechanisms regulating
the formation of IAPP oligomers are unknown.

Overall blood glucose is regulated through the release of these
numerous peptides, as well as others not mentioned above. Since
these peptides are involved in multiple autocrine and paracrine
interactions within the islet that influence their own, and each
others, secretion, it would be ideal to have a method that could
simultaneously monitor secretion of these peptides. This method
would aid in understanding the complex intra- and inter-islet rela-
tionships that regulate their release.

Common methods for monitoring secretory biomolecules are
capillary electrophoresis (CE) immunoassays [9–14]. It is possible
to multiplex CE immunoassays for the simultaneous detection of
multiple analytes since the antibodies confer the specificity neces-

sary to identify each particular analyte [15–18]. Typically in these
multi-analyte immunoassays, the signals from the analytes in a sin-
gle run are similar, which allows for a single detection channel to
be used, if the separation resolution is sufficient for quantitation

dx.doi.org/10.1016/j.chroma.2011.05.006
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:roper@chem.fsu.edu
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f the peaks. However, due to insulin being released at ∼100-fold
igher levels than other peptides, more complicated 2-dimensional
eparations have been required to measure insulin simultaneously
ith other peptides [19]. Previously, we developed a capillary

lectrophoresis immunoassay for the simultaneous detection of
nsulin and glucagon using a single separation dimension [20]. Sep-
rate detection channels for insulin and glucagon reagents were
equired due to the higher levels of insulin present as compared to
lucagon.

In this report, we describe a simultaneous capillary elec-
rophoresis competitive immunoassay to monitor insulin,
lucagon, and IAPP secreted from islets of Langerhans. Due to
he large amounts of insulin present, detection of the insulin
mmunoassay reagents was made with a Cy5 fluorophore using

635 nm laser. Glucagon and IAPP have similar concentrations
nd their immunoassay reagents were labeled with fluores-
ein isothiocyanate (FITC) and excited with a 488 nm laser.
eparation of these reagents was optimized to allow simulta-
eous quantitation, and the secreted amounts of each of these
nalytes were monitored from as few as 14 islets. The ability
o investigate intra- and inter-islet signaling mechanisms was
emonstrated by examining the Ca2+-dependent secretion of these
eptides.

. Materials and methods

.1. Materials

Porcine glucagon (G3157) and monoclonal antibody (Ab) to
lucagon from mouse ascites fluid (clone K79bB10, Kd = 1.6 nM),
ovine insulin, Tween-20, phosphate buffered saline (PBS), sodium
arbonate, sodium bicarbonate, and sodium phosphate monobasic
ere purchased from Sigma–Aldrich (Saint Louis, MO). A mono-

lonal Ab to human insulin C-terminal (E86211M, Kd = 1 nM) was
btained from Meridian Life Science, Inc (Saco, ME). Mouse IAPP and
rabbit anti-rat IAPP antiserum IgG fraction (T-4145) were from
achem Americas, Inc (Torrance, CA). FITC-IAPP (IAPP*) and FITC-
lucagon (Glu*) were custom-synthesized by CHI Scientific, Inc
Maynard, MA) using the mouse and porcine amino acid sequences,
espectively. Cy5 monofunctional N-hydroxysuccinimide ester
as obtained from GE Healthcare Bio-Sciences (Piscataway, NJ).

thylenediaminetetraacetic acid (EDTA), bovine serum albumin
BSA), and sodium hydroxide (NaOH) were from EMD Chemicals
San Diego, CA). All islet isolation materials were purchased from
igma–Aldrich unless otherwise stated. All solutions were prepared
sing ultrapure deionized water (NANOpure® DiamondTM deion-

zation system, Barnstead International, Dubuque, IA).

.2. Cy5 labeling and purification of Cy5-labeled insulin

Insulin from bovine pancreas was labeled with Cy5 according
o the manufacturer’s instructions. Briefly, insulin was dissolved
t 1 mg/mL in bicarbonate buffer, pH 9.3. 1 mL of this solution
as added to the Cy5 dye vial and mixed thoroughly for 1 min.

he reaction mixture was incubated for 30 min at room temper-
ture in the dark with mixing every 10 min. Cy5-labeled insulin
Ins*) was separated from unconjugated dye using a PD-10 desalt-
ng column (GE Healthcare Bio-Sciences). Ins* was eluted with
BS and 500 mL fractions were collected, and the concentration of
ach fraction determined by UV–Vis absorbance using the molar
xtinction coefficient of insulin [21] (ε = 6000 M−1 cm−1 at 280 nm)

nd Cy5 (ε = 250,000 M−1 cm−1 at 650 nm). Due to the multiple
abeling sites present on insulin, the three most concentrated frac-
ions were purified by HPLC. A Waters Symmetry300 C4 column
5 �m, 4.6 mm × 250 mm) (Waters Corporation, Milford, MA) was
r. A 1218 (2011) 4059–4064

used with an isocratic mobile phase consisting of 30% acetoni-
trile/70% water with 0.1% trifluoroacetic acid. All peaks separated
and detected by HPLC were collected and tested for their reactivity
to the insulin Ab by CE. The most reactive fraction was kept and
quantified using UV–Vis absorbance.

2.3. Capillary electrophoresis

CE was performed with a P/ACE MDQ CE instrument (Beckman
Coulter, Fullerton, CA) mounted with a dual-wavelength LIF detec-
tor. A 3 mW argon-ion laser (Beckman) and a 25 mW Radius 635
laser diode module (Coherent, Santa Clara, CA) were used as exci-
tation sources (488 and 635 nm, respectively). After excitation of
the analytes through the capillary detection window, the emis-
sion wavelengths were split by a half-silvered mirror at a 50:50
ratio and directed through either a 520 ± 20 nm bandpass or a
663 nm longpass filter prior to detection by separate photomulti-
plier tubes (PMTs). Data were acquired at 16 Hz and analyzed using
32 Karat software (Beckman Coulter). Separations were performed
in a 50 �m i.d. × 360 �m o.d., 30 cm (20 cm effective length) fused-
silica capillary (Polymicro Technologies, Phoenix, AZ) maintained
at 20 ◦C. At the beginning of each day, the capillary was rinsed with
1 M NaOH for 5 min and with deionized water for 2 min at 60 psi.
The capillary was then conditioned with the run buffer for 5 min at
60 psi. Between analyses, the capillary was rinsed with 1 M NaOH
and run buffer for 1 min at 60 psi. Samples were injected by apply-
ing 0.5 psi for 10 s. Separation was performed at 15 kV with a 1 min
voltage ramp time.

2.4. Sample preparation

Immunoassay reagents were prepared in 20 mM NaH2PO4,
1 mM EDTA, pH 7.4, with 1 mg/mL BSA, and 0.1% (w/v) Tween
20 (sample buffer). Peptide standards were dissolved in either
RPMI 1640 media (Invitrogen, Carlsbad, CA) or balanced salt solu-
tion (125 mM NaCl, 5.9 mM KCl, 1.2 mM MgSO4, 2.4 mM CaCl2,
25 mM HEPES, pH 7.4 with 1 mg/mL BSA) as stated in the text.
Final samples contained a mixture of Ins*, Glu*, IAPP*, anti-insulin
antibody (AbIns), anti-glucagon antibody (AbGlu) and anti-IAPP anti-
body (AbIAPP) at concentrations given in the text. Calibration curves
were obtained using 100 nM Ins*, 10 nM Glu*, 10 nM IAPP*, 50 nM
AbIns, 40 nM AbGlu, 300 nM AbIAPP, 0–500 nM unlabeled insulin
(Ins), 0–50 nM unlabeled glucagon (Glu), and 0–50 nM IAPP, in
10 �L. In each of these standards, 3 �L of the 10 �L reaction mix-
ture was either RPMI 1640 media or balanced salt solution and the
other 7 �L was sample buffer. The mixtures of antigens and anti-
bodies were incubated for 10 min in the dark at room temperature
before analysis.

2.5. Islet of Langerhans isolation and culture

Islets of Langerhans were collected from male mice as previously
described [22,23]. After isolation, islets were incubated at 37 ◦C, 5%
CO2 in RPMI 1640 media containing 10% FBS and 11 mM glucose.
Islets were used within 5 days after isolation.

2.6. Static incubation of islets of Langerhans

For the measurement of insulin, IAPP, and glucagon secretion,
14 islets were washed and placed in 10 �L of RPMI 1640 containing
4, 11, or 20 mM glucose and held in an incubator at 37 ◦C, 5% CO2.
In the Ca2+-dependent study, 15 islets were incubated in 10 �L in

a calcium-deprived balanced salt solution containing 4 or 20 mM
glucose and in an equivalent media containing 2.4 mM Ca2+. After
6 h, 3 �L of the supernatant was removed and diluted with 10 �L of
sample buffer that contained the appropriate amounts of reagents
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Fig. 1. Simultaneous electropherograms of IAPP, glucagon, and insulin. IAPP and
glucagon (green traces) were detected in FITC detection channel (left y-axis) and
insulin (red traces) was detected in Cy5 detection channel (right y-axis). Each sam-
ple had 100 nM Ins*, 10 nM Glu*, 10 nM IAPP*, 50 nM AbIns, 40 nM AbGlu, 300 nM
AbIAPP and the amount of unlabeled IAPP, Glu, and Ins as indicated in the figure.
Injection was performed by applying 0.5 psi for 10 s followed by separation at 15 kV
C. Guillo, M.G. Roper / J. Chro

o produce the same concentrations of AbIns, AbGlu, AbIAPP, Ins*,
lu*, and IAPP* that were used in the calibration curves. Each of

hese incubations was repeated 4 times.

.7. Data analysis

Peak heights of the bound (B) and free (F) labeled reagents were
ound using the 32 Karat software supplied with the CE instru-

ent. Peak resolution was determined by fitting Gaussian curves
nd finding the peak widths from these idealized curves since base-
ine resolution was not achieved. All calibration data are shown as
he mean ± 1 standard deviation of the B/F ratio (n = 3). A weighted
our parameter logistic model was fit to each set of calibration
ata and all fits had adjusted r2 > 0.99. Limits of detection were
etermined by the concentration of unlabeled antigen that would
roduce a B/F ratio equal to the B/F of the blank runs minus three
imes the standard deviation of the blank [13]. For the biological
esults, the concentrations of each antigen were quantified using
he four parameter logistic curve, converted to mass, and normal-
zed to the time and number of islets present in the incubation

edia. These results are presented as the standard error of the mean
rom four experiments. Statistical significance was tested with a 2-
ailed Student’s t-test and results were deemed significant when
< 0.05.

. Results and discussion

To obtain a complete picture of islet of Langerhans physiology,
t is desirable to monitor the release of multiple peptides simul-
aneously. Previously, we developed a capillary electrophoresis
ompetitive immunoassay for insulin and glucagon and used it to
easure the amount of these peptides within islets of Langerhans

20]. A two-color detection scheme was used to separate the signals
rom each analyte, since insulin levels are approximately ∼100-fold
igher than glucagon. We have now extended this assay to include
he peptide IAPP, which is co-released with insulin from pancreatic
-cells, albeit at similar levels as glucagon [24,25].

The first change made from our previous report [20] of the
nsulin and glucagon assay was to label glucagon and IAPP with
ITC and insulin with Cy5. With this change, the longer wavelength
ye was used for the detection of the higher concentration analyte
nd reduced the spectral crosstalk between the detection chan-
els. At the concentration of the analytes we used, there was no
etectable crosstalk between the detection channels and there-
ore, no correction was used throughout the data analysis. Since
lucagon and IAPP have similar secretory levels, the use of a new
etection wavelength was not necessary. The inclusion of the IAPP
ssay to our previous dual analyte assay necessitated finding the
ptimum separation conditions for IAPP* and its antibody, followed
y the inclusion of insulin and glucagon immunoassay reagents
nd re-optimization of the separation parameters to find conditions
hat would separate all immunoaffinity reagents.

.1. Development of IAPP immunoassay

A polyclonal antibody to rodent IAPP was used, as monoclonal
ntibodies were not available from a commercial source. As will
e described in Section 3.2, the working concentration of AbIAPP
as found by varying the concentration of AbIAPP which produced
detectable AbIAPP:IAPP* complex peak while still maintaining a

ensitive assay.
Initially, separation of the free IAPP* and bound AbIAPP:IAPP*
as attempted with the buffer used in the previous report (20 mM
orate, pH 9.3), but was unsuccessful. After attempting a variety
f other buffers with limited success, the conditions that allowed
he highest resolution of bound AbIAPP:IAPP* and free IAPP* in the
with a 1 min voltage ramp time. The electropherograms were offset for clarity. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

shortest time was a 20 mM bicarbonate buffer at pH 10 with a 10 cm
separation length.

3.2. Incorporation of IAPP immunoassay with insulin and
glucagon assays

After optimization of the IAPP separation conditions, AbGlu and
Glu* were included to determine if the two immunoassays in
the FITC detection channel could be resolved. Although the pH
10 bicarbonate buffer was ideal for the resolution of the IAPP
immunoassay components alone, this buffer did not adequately
resolve the AbIAPP:IAPP* and AbGlu:Glu* peaks. Acceptable resolu-
tion between the two complex peaks was achieved by lowering
the pH from 10 to 9.0, and increasing the separation distance
from 10 to 20 cm (Fig. 1). However, due to the relatively long
separation length, significant dissociation of the AbGlu:Glu* peak
occurred during the separation such that the B/F ratio of the
glucagon assay was �1 without the addition of unlabeled Glu.
Having such a low initial point in the calibration curve reduced
the sensitivity and dynamic range of the glucagon immunoas-
say to a point where it was not useful. Although the increased
separation length likely reduced the AbIAPP:IAPP* and AbIns:Ins*
peaks as well, the problem was particularly severe for the glucagon
assay.

One solution to prevent dissociation of the bound AbGlu:Glu*
peak was to increase the amount of the immunoassay reagents
injected into the capillary by increasing the injection volume [26],
but this led to lower resolution for all peaks. We also attempted to
lower the separation temperature, but this also failed to maintain
a suitable complex peak. A solution to the problem was found by
increasing the amount of AbGlu used in the binding assay. The ratio
of AbGlu:Glu* was raised to 4:1 (mol:mol), which provided a B/F ∼ 2
with no Glu added. Due to the presence of an unknown concentra-
tion of high affinity antibodies in the antiserum, the AbIAPP:IAPP*

ratio (30:1, mol:mol) was optimized experimentally. Very little
change in the B/F ratio of insulin was observed over a number of
separation conditions. The major disadvantages to increasing the
ratio of antibody:labeled antigen are lower sensitivities and smaller
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Fig. 2. Calibration curves of IAPP, glucagon, and insulin competitive immunoassays.
Concentrations of immunoassay reagents are given in the text and the amounts of
unlabeled IAPP, glucagon, and insulin were varied as shown on the x-axes (glucagon
and IAPP on bottom x-axis and insulin on top x-axis). Peak heights of bound and
free IAPP* (diamond), Glu* (circle), and Ins* (triangle) were quantified from electro-
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Fig. 3. IAPP, glucagon, and insulin secretion in response to varying glucose lev-
els. Batches of 14 islets were incubated in 4 (black bars), 11 (grey bars), and 20
(white bars) mM glucose and the levels of IAPP, glucagon, and insulin secretion were
measured after 6 h of incubation. Average values are plotted (n = 4) with error bars
corresponding to ±1 standard error of the mean. IAPP and glucagon values are shown
herograms like those shown in Fig. 1 and the B/F ratio shown on the y-axis. Average

alues are plotted (n = 3) with error bars corresponding to ±1 standard deviation.

ynamic ranges of the assays; however, as it will be shown below,
he assays were able to detect secretion of the analytes from a small
umber of islets.

Shown in Fig. 1 are separations of three immunoassay stan-
ards at the indicated concentration of unlabeled reagents. The
ound AbIns:Ins* peak and free Ins* peaks were well separated in
he Cy5 detection channel (red traces corresponding to the right y-
xis) for all concentrations tested. In the FITC channel (left y-axis),
he resolution of the bound AbIAPP:IAPP* and free IAPP* peaks was
.95 ± 0.02 over all concentrations of IAPP tested, while the reso-

ution for the glucagon immunoassay peaks was 0.74 ± 0.03 for all
oncentrations of glucagon tested. It is possible that bivalent com-
lexes are present between the Glu* and AbGlu:Glu* peaks shown in
ig. 1; however, although baseline resolution of the glucagon peaks
as not achieved, quantitation of both glucagon and IAPP was not
indered. Since the detector gain was optimized for each detec-
ion channel independently, it is important to note that the insulin
eagents would obscure the glucagon and IAPP reagents if a single
etection channel were used.

After optimizing the separation of the immunoassay reagents,
imultaneous calibration curves over the concentration range
xpected to be observed in the secretion assays were made. Fig. 2
hows the calibration curves obtained for each analyte during
imultaneous runs. Concentrations of IAPP and glucagon tested are
hown on the bottom x-axis and the insulin concentrations on the
op x-axis. Weighted four parameter logistic fits to the curves were
erformed and used to determine limits of detection of the three
nalytes as described in Section 2.7. The limits of detection for
nsulin, glucagon, and IAPP were 2, 3, and 3 nM, respectively. As
escribed above, the limits of detection of the glucagon and IAPP
ssays may have been increased by the large amount of antibod-
es used. Nevertheless, these detection limits allowed us to utilize
his assay for simultaneous measurement of the secretion of these
hree analytes.

.3. Measurement of insulin, glucagon, and IAPP secretion from
slets of Langerhans
Development of assays aimed at monitoring simultaneous
ecretion of multiple peptides is important, as the numerous pro-
esses controlling the release of these peptides are still unknown.
on the left y-axis and insulin values are shown on the right y-axis. *p < 0.05.

Glucagon is released under low glucose concentrations to initi-
ate hepatic breakdown of glycogen to glucose. Upon increases in
extracellular glucose, insulin secretion is initiated and glucagon
levels fall, both processes helping to lower blood glucose levels.
IAPP, which is co-secreted with insulin, increases with increas-
ing glucose concentrations. Although these general trends are
well known, the intracellular mechanisms controlling the release
are still under investigation and will likely benefit from hav-
ing an assay available that can measure the three analytes
simultaneously.

Batches of islets were incubated for 6 h in 4, 11, and 20 mM glu-
cose prior to measurement of their secreted peptides. As shown
in Fig. 3, insulin and IAPP secretion increased, and glucagon
decreased, as the glucose concentration in the incubation medium
increased. These results were in accordance with the well-
known trends described above. Insulin levels were 11.6 ± 5.2,
90.0 ± 9.4, and 110.8 ± 7.1 pg islet−1 h−1 at 4, 11 and 20 mM glu-
cose, respectively. Glucagon values were 3.4 ± 0.1, 2.6 ± 0.1, and
1.8 ± 0.4 pg islet−1 h−1 at the same glucose values. IAPP secre-
tory levels at 4 mM glucose were below the LOD in 3 samples
and 1.6 pg islet−1 h−1 in one sample. IAPP secretion increased to
1.8 ± 0.1 and 3.1 ± 0.8 pg islet−1 h−1 at 11 and 20 mM glucose,
respectively. The difference in the secretory levels was statis-
tically significant to varying degrees as shown in Fig. 3. These
measured values are within ranges that have been reported
in the literature using other techniques [24,25,27,28]. Incuba-
tion times longer than 6 h led to islet death, which produced
an increase in the values of all peptides measured due to cell
lysis.

3.4. Ca2+-dependence of peptide secretion

3.4.1. Insulin
It is well known that glucose-stimulated insulin secretion from

pancreatic �-cells is dependent on the presence of extracellular
Ca2+ [29]. After incubating islets in the presence and absence of Ca2+
in low and high glucose conditions, peptide secretion was mea-
sured. As expected, at 20 mM glucose, insulin release was high at
116.9 ± 2.6 pg islet−1 h−1 in the presence of 2.4 mM Ca2+, but dimin-
ished by 86% (p < 0.01) to 16.5 ± 0.2 pg islet−1 h−1 in the absence of
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Fig. 4. Ca2+-dependence of IAPP, glucagon, and insulin secretion. Insulin, IAPP, and
glucagon secretion was measured from 15 islets in 4 mM glucose with 0 mM extra-
cellular Ca2+ (light grey bars), 4 mM glucose with 2.4 mM extracellular Ca2+ (black
bars), 20 mM glucose with 0 mM extracellular Ca2+ (white bars), and 20 mM glucose
with 2.4 mM extracellular Ca2+ (dark grey bars). Average values of four replicate
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xtracellular Ca2+ (Fig. 4). When the experiments were performed
t a non-stimulatory glucose level (4 mM), insulin secretion values
ere similar in the absence (14.0 ± 0.7 pg islet−1 h−1) and presence

14.1 ± 1.4 pg islet−1 h−1) of Ca2+ (p > 0.05). The results obtained
or insulin matched published results for Ca2+-dependent insulin
elease [30].

.4.2. IAPP
In adult rat islets, IAPP secretion is regulated through a Ca2+-

ependent process [31,32]. As seen in Fig. 4, we also observed
a2+-dependent IAPP secretion. In the presence of Ca2+, IAPP secre-
ion increased from 1.5 ± 0.7 pg islet−1 h−1 at 4 mM glucose to
5.3 ± 0.6 pg islet−1 h−1 in 20 mM glucose (p < 0.01). However, in
he absence of Ca2+, IAPP release was measured in only one repli-
ate of islets (out of 4 total replicates) at 4 mM glucose with a value
f 1.2 pg islet−1 h−1, but undetectable at 20 mM glucose. The secre-
ion of IAPP therefore appears to be Ca2+-dependent in mice as well
s in rats.

.4.3. Glucagon
In contrast to insulin and IAPP, the signaling pathways reg-

lating glucagon release from �-cells are less clear. It has been
bserved that �-cells are electrically active [33] and contain elec-
rically active Ca2+ channels [34]. Several reports have indicated
hat entry of extracellular Ca2+ is required for glucagon release,
hereas others have reported that glucagon can be released in the

bsence of Ca2+ [35–37]. Adding to the confusion is the inhibition of
lucagon release from as yet unknown islet-derived factors, includ-
ng insulin [38] or Zn2+ [39]. Further complicating these studies is
hat these islet-derived factors have their own Ca2+-dependency.
deally, simultaneous measurement of multiple peptides from islets

ill aid in clarifying this process.
As shown in Fig. 4, in the presence of Ca2+, glucagon secretion

as higher at 5.4 ± 0.2 pg islet−1 h−1 in 4 mM glucose compared
o 3.3 ± 0.5 pg islet−1 h−1 at 20 mM glucose (p < 0.01), similar to
he trend found in Section 3.3. In the absence of Ca2+, glucagon
ecretion was 4.9 ± 0.5 pg islet−1 h−1 at 4 mM glucose, but the lev-
ls increased ∼30% in 20 mM glucose to 6.3 ± 0.1 pg islet−1 h−1

p < 0.05). While we initially expected that removal of Ca2+ would

lock secretion of glucagon, perhaps the dramatic decline in insulin
nd IAPP levels, both known to inhibit glucagon secretion [28], may
ontribute to its increased release in this extreme condition. Or
lucagon may be released through a non-exocytotic process in the

[
[

[
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absence of Ca2+ [36] which would result in increased levels detected
in this condition.

4. Conclusion

Development of a simultaneous immunoassay for peptide
secretion from islets of Langerhans will aid in delineating the mul-
tiple mechanisms involved in glucose regulation. The 3-analyte
immunoassay described here was expanded from our initial report
for a simultaneous assay for insulin and glucagon by including an
assay for IAPP in the FITC detection channel. While inclusion of
more analytes makes the optimization of separation conditions
more difficult, the ability to measure IAPP simultaneously with
glucagon and insulin compensates for this difficulty. With this
assay, measurement of secretion was possible from as few as 14
islets. To further demonstrate the applicability of the assay for bio-
logical measurements, the Ca2+-dependent nature of insulin, IAPP,
and glucagon secretion was also measured. Improvements to the
assay will focus on increasing the sensitivity of the glucagon and
IAPP assays, by either reducing complex dissociation or through
higher affinity binding agents. In the future, measurement of other
peptides could be performed in either the Cy5 or FITC channel, or
more detection channels could be added.
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