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To analyze the exocytosis of glucagon-like peptide-1 (GLP-1) granules, we imaged the motion of GLP-1
granules labeled with enhanced yellow fluorescent protein (Venus) fused to human growth hormone
(hGH-Venus) in an enteroendocrine cell line, STC-1 cells, by total internal reflection fluorescent (TIRF)
microscopy. We found glucose stimulation caused biphasic GLP-1 granule exocytosis: during the first
phase, fusion events occurred from two types of granules (previously docked granules and newcomers),
and thereafter continuous fusion was observed mostly from newcomers during the second phase. Closely
similar to the insulin granule fusion from pancreatic B cells, the regulated biphasic exocytosis from two
types of granules may be a common mechanism in glucose-evoked hormone release from endocrine cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Glucagon-like peptide-1 (GLP-1) is stored in secretory granules
in intestinal L cells, and is secreted in response to dietary nutrients
[1]. Oral administration of glucose and fat results in biphasic GLP-1
secretion [2-4]. GLP-1 is a potent incretin hormone that enhances
the glucose-dependent insulin release from pancreatic B cells
through receptor binding [1,5]. Using GLP-1-secreting cell lines
such as GLUTag and STC-1, the mechanisms underlying GLP-1 re-
lease have been identified at the single cell level. A number of sti-
muli, including glucose and certain amino acids, result in
membrane depolarization and Ca?* entry through voltage-depen-
dent Ca®* channels [6]. Glucose triggers membrane depolarization
both by closing ATP-sensitive potassium channels and through the
uptake of glucose by Na*-coupled glucose transporters [6]. Very re-
cently, Reimann et al. clearly demonstrated using primary intest-
inal L cells from transgenic mice with L cell-specific expression
of a fluorescent protein that glucose can directly stimulate L cells
by triggering membrane depolarization, action potential firing,

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; GFP, green
fluorescent protein; GLP, glucagon-like peptide; hGH, human growth hormone;
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and voltage-dependent Ca®* entry [7]. However, it is still unclear
how GLP-1 containing granules exocytose and whether high glu-
cose directly evokes biphasic GLP-1 release from the L cells.

Imaging techniques are powerful tools for detecting granule
exocytosis in live cells. The use of total internal reflection fluores-
cent (TIRF) microscopy, which allows fluorescence excitation with-
in a closely restricted domain close to the plasma membrane
(within 100 nm) [8], has enabled us to observe single granules
undergoing exocytosis. Indeed, we have previously reported the
docking and fusion of a single insulin granule in primary cultured
B cells using TIRF microscopy [9].

To image the GLP-1 granule exocytosis, the observation of gran-
ules labeled with fluorescent protein-tagged GLP-1 in primary cul-
tured L cells may be the best method; however, it is technically
difficult to prepare large numbers of pure intestinal L cells and to
directly label GLP-1 which is liberated from the processing of prog-
lucagon with other proglucagon-derived peptides [1,10]. To over-
come this problem, we used an expression vector encoding
enhanced yellow fluorescent protein (Venus) fused to human
growth hormone (hGH-Venus) to label the GLP-containing gran-
ules in STC-1 cells. Transiently expressed hGH in various secretory
cells including STC-1 cells [11] is well known to be localized pre-
dominantly in secretory granules in the regulated secretory path-
way [12].

In the present study, we first confirmed that hGH-Venus is effi-
ciently packaged in GLP-1 containing granules and co-secreted
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with GLP-1. Next, we analyzed the docking and fusion of a single
hGH-Venus tagged GLP-containing granules using TIRF micros-
copy. We found that high glucose stimulation caused biphasic
GLP-1 granule exocytosis both from previously docked granules
and newcomer granules. By analogy with glucose-induced insulin
granule exocytosis from pancreatic B cells, regulated biphasic exo-
cytosis from two types of granules may be a common mechanism
in glucose-evoked hormone release from endocrine cells.

Materials and methods

Cells. Murine enteroendocrine cell line STC-1 cells [13] were cul-
tured in high glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) containing 25 mM glucose, 10% heat-inactivated fetal bo-
vine serum (FBS) (GIBCO), 1% penicillin, and 1% streptomycin on
polyethyleneimmine (Sigma)-coated high refractive index glass
(Olympus) for TIRF imaging, at 37 °C in an atmosphere of 5% CO,.
Cells were transfected with the expression vector of hGH-Venus
(a generous gift from Dr. M. Takahashi, Kitasato Univ., Japan) using
Lipofectamine 2000 (Invitrogen). TIRF experiments were per-
formed 2 days after the transfection. On the day of the experi-
ments, the transfected cells were incubated with low glucose
DMEM containing 5.5 mM glucose, 10% FBS for 3 h. The medium
was replaced and preincubated with Krebs Ringer Buffer (KRB)
containing 110 mM NaCl, 4.4 mM KCl, 1.45 mM KH,PO4, 1.2 mM
MgS04, 2.3 mM calcium gluconate, 4.8 mM NaHCOs, 2.2 mM glu-
cose, 10 mM HEPES (pH 7.4), 5 uM forskolin, 5 M isobutylmethyl-
xanthine, and 0.1% bovine serum albumin for 30 min. Then the
cells were transferred to the thermostat-controlled stage (37 °C)
of a TIRF microscopy.

TIRF microscopy. The Olympus total internal reflection fluores-
cence system was used with a high-aperture objective lens (Apo
100x OHR; NA 1.65, Olympus) [14]. To observe the fluorescence
of Venus, we used a 488-nm laser line for excitation and a 515-
nm long-pass filter for the barrier. Images were then projected side
by side onto a CCD camera (DV887DCSBV, ANDOR) at 300-ms
intervals using Metamorph version 7.1 (Universal Imaging). Stimu-
lation with glucose was achieved by the addition of 52 mM glu-
cose-KRB into the chamber for a final concentration of 22 mM
glucose. Stimulation with KCl was achieved by the addition of
100 mM KCI-KRB (NaCl was reduced to maintain the isotonicity
of the solution) into the chamber (final = 50 mM KCl).

Diiodomethane sulfur immersion oil (n =1.81, Cargille Labora-
tories) was used to make contact between the objective lens and
the high refractive index cover glass. Light propagates through
the cover glass at an angle of 65° and undergoes total internal
reflection at the glass-cell interface. The refractive indices for the
glass (n=1.8 at 488 nm) and cells (n = 1.37) predict an evanescent
field declining e-fold within 44 nm from the interface, and to ~10%
within 100 nm. A granule 100 nm from the interface would be illu-
minated too dimly to be visible under these conditions. Thus,
barely 100 nm into the cell can be seen, a distance comparable to
the thickness of ultrathin sections cut for electron microscopy
[15]. Most analyses, including tracking (single projection of differ-
ent images) and area calculations were performed using Metamor-
ph software. Fusion events were manually selected, and the
average fluorescence intensity of individual granules in a
1 x 1 wm square placed over the granule center was calculated.
The number of fusion events was manually counted while looping
about 2000-4000 frame time-lapses. Quantified data are presented
as means * SE.

GLP-1 and hGH release batch-assay. The transfected cells in
35 mm-dishes were incubated with low glucose DMEM for 3 h.
The medium was replaced and preincubated with KRB for 30 min
and then challenged for 30 min with 2.2 mM glucose (base),

22 mM glucose, or 50 mM KCI. At the end of the stimulation period,
the media were collected and the cells were disrupted by sonica-
tion. The aliquots of media and cell extracts were analyzed by
GLP-1 enzyme-linked immunosorbent assay (ELISA) kit (Shibayagi)
and hGH ELISA Kit (Roche), respectively. The released GLP-1 and
hGH are expressed as percentages of the total cellular content.

Measurement of Fura-2 fluorescence. Cells in glass-bottom cul-
ture dishes were incubated with low glucose DMEM for 3 h. The
cells were loaded with 10 uM Fura-2 acetoxymethyl ester (Fura-2
AM: Molecular Probes) for 30 min at 37 °C in KRB (2.2 mM glu-
cose), then washed and incubated for an additional 15 min with
KRB. The dishes were mounted on an ARGUS/HiSCA system (Ham-
amatsu Photonics). Fura-2 fluorescence was detected by a cooled
CCD camera after excitation at 340 nm (F340) and 380 nm
(F380), and the ratio image (F340/F380) was calculated with the
ARGUS/HiSCA system.

Immunostaining. Transfected cells were fixed, made permeable
with 2% paraformaldehyde/0.1% Triton X-100 and processed for
immunocytochemistry as described previously [14]. The intrinsic
fluorescence of Venus was maintained in this condition. GLP-1
was probed with anti-GLP-1 antiserum (1:100) (Yanaihara Insti-
tute) and revealed with Alexa Fluor-546-conjugated anti-rabbit
IgG (1:200) (Molecular Probes). Immunofluorescence was detected
by TIRF microscopy.

Immuno-electronmicroscopy. Immuno-electron microscopy was
carried out as described previously [16]. STC-1 cells were fixed in
4% paraformaldehyde-PBS for 1h at 4 °C. They were embedded
in LR White (London Resin) and sectioned. Double-immunogold
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Fig. 1. Colocalization of hGH-Venus and GLP-1 in STC-1 cells. (A) After STC-1 cells
were transfected with the expression vector encoding hGH-Venus, they were fixed
with paraformaldehyde and immunostained with anti-GLP-1 antibody as described
in Materials and methods. There was significant overlap (yellow) of the hGH-Venus
(green) and GLP-1 (red) fluorescence intensity. Scale bar: 5 um. (B) Double-labeling
immuno-electronmicroscopy indicated that hGH immunoreactivity (large gold
particles) is associated with GLP-1-containing (small gold particles) granules. N,
nucleus; Bar = 100 nm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



18 M. Ohara-Imaizumi et al./Biochemical and Biophysical Research Communications 390 (2009) 16-20

labeling was performed. One grid face was incubated with rabbit
anti-GLP-1 antiserum (1:100) (Yanaihara Institute) and then la-
beled with 12 nm colloidal gold-conjugated donkey anti-rabbit
antibody (1:50) (Jackson Immunoresearch). After drying, the grid
was turned over and the other grid face was incubated with rabbit
anti-growth hormone antiserum (AFP5672099) (1:100) (National
Hormone and Pituitary Program) and then labeled with 18 nm col-
loidal gold-conjugated donkey anti-rabbit antibody (Jackson
Immunoresearch). Sections were stained with uranyl acetate and
lead citrate and examined with JEM-1010C (JEOL).

Results and discussion
Colocalization of GLP-1 and hGH-Venus in STC-1 cells

First, to examine whether hGH-Venus transiently expressed in
STC-1 cells is localized to GLP-1 containing granules, the localiza-
tion of the fluorescence of hGH-Venus was compared with that
of GLP-1 in fixed STC-1 cells. The intense punctuate fluorescence
of Venus was localized to 92.1 + 2.6% of GLP-1 containing granules
stained with anti-GLP-1 antibodies as detected by immunohisto-
chemistry (Fig. 1A). Furthermore, double-labeling immuno-elec-
tronmicroscopy also revealed that hGH was associated with GLP-
1 containing granules (Fig. 1B). These results indicate that most
of the hGH-Venus expressed in STC-1 cells was localized to GLP-
1 containing granules.

Fusion events induced by KCl stimulation originate mostly from
previously docked granules in STC-1 cells

Stimulation with high KCI (50 mM) has been shown to induce
GLP-1 release from STC-1 cells by Ca?* influx through L-type volt-
age-dependent Ca?* channels [17]. In fact, 50 mM KCl stimulation
induced a rapid and marked increase, and a quick decrease in the
cytosolic Ca®* concentration was observed in almost 90% of the
cells (Fig. 2A). Fig. 2B shows the net endogenous GLP-1 and hGH
release from hGH-Venus expressing STC-1 cells exposed to
50 mM KCl solution measured by release batch-assay and ELISA.
The net hGH release was significantly observed in a similar propor-
tion to endogenous net GLP-1 release upon KCI stimulation sug-
gesting that hGH in GLP-1 containing granules is in the regulated
secretory pathway.

We then used TIRF microscopy to monitor the real-time docking
and fusion process of single GLP-1 containing granules labeled
with hGH-Venus near the plasma membrane. Fusion events
evoked by KCl stimulation (50 mM) were almost always seen dur-
ing the first 60s (Fig. 2C). It is noted that most fusion occurred
from morphologically previously docked granules that were visible
before stimulation (red column in Fig. 2C). As shown in the sequen-
tial images of single granules, the fluorescent spot remained nearly
constant, as if it were docked at the plasma membrane, then sud-
denly brightened and vanished (red boxes in Supplementary
Fig. S1). Some of the fusion occurred from newcomer granules
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Fig. 2. TIRF images and analysis of single GLP-1 containing granules labeled with hGH-Venus in STC-1 cells during high KCI (50 mM) stimulation. (A) 50 mM KCl-induced
changes in [Ca?*]; in STC-1 cells. Changes in [Ca?*]; were measured by 10 uM Fura-2 AM. Time 0 indicates when high KCI was added. The typical pseudocolor [Ca?"]; images
before and after (0.35 min after) KCI stimulation were superimposed. Note that KCl-responsive cells were 89.2 + 2.2 % of total STC-1 cells (n = 8 microscope field). Data are the
means + SE (n =8 cells). (B) The net high KCl-evoked secretion of endogenous GLP-1 and hGH from STC-1 cells measured by release batch-assay and ELISA. Data are the
means + S.E. (n =5 each). **, P < 0.001 versus base. (C) Histogram showing the number of fusion events in granules labeled with hGH-Venus (per 200 pm?) at 1-min intervals
after high KCI stimulation measured by TIRF microscopy. Data are the means * SE (n =4 cells). Time 0 indicates the addition of 50 mM KCl. The red column shows fusion
events from previously docked granules, and the green column shows those from newcomers. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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which approached from the inside (being absent before stimula-
tion), reached the plasmalemma and then were quickly fused
(green column and boxes in Fig. 2C and Supplementary Fig. S1).
We previously reported insulin granule exocytosis in pancreatic
cells by TIRF imaging of GFP-tagged insulin granules docking and
fusion [9]. Interestingly, the insulin granule fusion evoked by high
KCl with rapid and marked Ca?* influx also occurred mainly from
previously docked granules, with only some of the fusion occurring
in newcomer granules in pancreatic B cells [18]. Thus, the KCl-in-
duced exocytosis of GLP-containing granules seems to be regulated
in the same manner as insulin granule exocytosis in pancreatic p
cells.

Two types of granules are associated with glucose-evoked biphasic
release from STC-1 cells

In STC-1 cells, it has been reported that glucose, an agent that
inhibits Karp channels by increasing the cytosolic ATP levels, pro-
duces both plasma membrane depolarization and a significant in-
crease in [Ca®*]; through voltage-dependent Ca®* channels [19].
we examined the docking and fusion process of GLP-1-containing
granules during physiological secretagogue, glucose stimulation.
As shown in Fig. 3A, a 22 mM glucose-evoked rise in [Ca®*]; was
seen in about 27 % of the STC-1 cells in our experiment, but the rea-
son for the cell heterogeneity in the glucose-induced Ca®* response
is unknown at present. in the glucose-responsive cells, [Ca®'];
showed a biphasic pattern: a marked rise and slow decrease, then
a sustained concentration. Fig. 3B shows the net endogenous GLP-1
and hGH release from hGH-Venus expressing STC-1 cells exposed
to 22 mM glucose measured by release batch-assay and ELISA.

Reflecting the glucose responsiveness to [Ca%*]; rise, the net hGH
was slightly but significantly released in a similar proportion to
endogenous net GLP-1 upon glucose stimulation.

We then examined the docking and fusion of GLP-1-containing
granules labeled with hGH-Venus during high glucose stimulation
in the glucose-responsive cells. As shown in Fig. 3C, 22 mM glucose
stimulation evoked biphasic granule exocytosis with fusion from
two types of granules (previously docked granules and newcom-
ers). During the first phase (within 3 min) that was immediately
seen after glucose stimulation, fusion events occurred from both
previously docked granules and newcomers, and thereafter a con-
tinuous fusion was observed mostly from newcomers during the
second phase (over 15 min) (Supplementary Fig. S2).

Thus, we found that high glucose directly evoked biphasic GLP-
1 granule exocytosis from single GLP-1 secreting cells in vitro. In
insulin exocytosis from pancreatic B cells, such fusion from two
types of granules was also observed during biphasic glucose-
evoked release. during the first phase, fusion originated from pre-
viously docked granules with some of the fusion from newcomers,
whereas granule fusion during the second phase arose mostly from
newcomers [9]. Analogously with the glucose-induced insulin
granule exocytosis, regulated biphasic exocytosis from two types
of granules may be a common mechanism in glucose-evoked hor-
mone release from endocrine cells.

The mechanisms underlying the biphasic granule exocytosis are
still not fully understood, but in B cells we and others recently sug-
gested that the phasic Ca%* concentration may contribute to the bi-
phasic insulin granule exocytosis with two types of granules
[18,20]. Pedersen and Sherman, using a kinetic model of insulin
granule exocytosis, reported that newcomer granules are from a
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Fig. 3. TIRF images and analysis of single GLP-1 containing granules labeled with hGH-Venus in STC-1 cells during high glucose (22 mM) stimulation. (A) 22 mM glucose-
induced changes in [Ca?*]; in STC-1 cells. Changes in [Ca®*]; were measured by 10 uM Fura-2 AM. Time 0 indicates when high glucose was added. The typical pseudocolor
[Ca%*]; images before and after (1.72 min after) glucose stimulation were superimposed. Note that glucose-responsive cells were 27.0 = 1.9 % of total STC-1 cells (n=13
microscope field). Data are the means + SE (n = 8 cells). (B) The net high glucose-evoked secretion of endogenous GLP-1 and hGH from STC-1 cells measured by release batch-
assay and ELISA. Data are the means + SE (n =5 each). *, P < 0.05 versus base. (C) Histogram showing the number of fusion events in granules labeled with hGH-Venus (per
200 pm?) at 1-min intervals after high glucose stimulation measured by TIRF microscopy. Data are the means + SE (n =12 cells). Time 0 indicates the addition of 22 mM
glucose. The red column shows fusion events from previously docked granules, and the green column shows those from newcomers. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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highly Ca®* sensitive pool, whereas docked granules are from a
lower Ca?* sensitive immediately releasable pool, suggesting that
the Ca®" concentration determines whether the fusion events are
from previously docked granules or newcomers [20]. We experi-
mentally showed that the rise in the Ca®* concentration directly
determined the type of fusing insulin granules [18]. Indeed, the
glucose-induced subplasma membrane Ca?* concentration
([Ca®*]pm) rise displayed a biphasic pattern: during the 1st phase,
the rapid and marked [Ca?']py rise caused fusion events from pre-
viously docked granules with some from newcomers; during the
2nd phase, the slow and sustained [Ca®']py rise caused fusion
events mostly from newcomers. Thus, the glucose-evoked biphasic
pattern of the Ca?* concentration may be important in forming the
biphasic insulin release via direct triggering of each type of granule
fusion. Interestingly, the glucose-induced [Ca?*]; rise also showed a
biphasic pattern in STC-1 cells (Fig. 3A). Thus, the common bipha-
sic Ca®* concentration by a glucose sensing mechanism involving
ATP-dependent Karp channels, membrane depolarization and Ca®*
influx through voltage-dependent Ca?* channels may contribute
to the biphasic exocytosis from two types of granules in both
STC-1 cells and B cells. Of course, our data do not exclude the pos-
sibility of effects of other signals, e.g., CAMP on biphasic granule
exocytosis in both cells, thus, more experiments will be required
to confirm our hypothesis.

In conclusion, this is the first report to image the motion of GLP-
1 granule. In future, TIRF analysis using hGH-Venus tagged granule
system may help to reveal the molecular mechanism of GLP-1
granule exocytosis in L cells evoked not only by glucose, but also
by other secretagogues.
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