
Abstract

Aims/hypothesis. The interaction of syntaxin-1 and
SNAP-25 with insulin exocytosis was examined using
the diabetic Goto–Kakizaki (GK) rat and a total inter-
nal reflection fluorescence (TIRF) imaging system.
Methods. Primary rat pancreatic beta cells were im-
munostained with anti-syntaxin-1A, anti-SNAP-25
and anti-insulin antibodies, and then observed by
TIRF microscopy. The real-time image of GFP-la-
belled insulin granules motion was monitored by
TIRF.
Results. The number of syntaxin-1A and SNAP-25
clusters, and the number of docked insulin granules on
the plasma membrane were reduced in GK beta cells.
When GK rats were treated with daily insulin injection
for 2 weeks, the number of syntaxin-1 and SNAP-25

clusters was restored, along with the number of
docked insulin granules. The infection of GK beta
cells with Adex1CA SNAP-25 increased the number
of docked insulin granules. TIRF imaging analysis
demonstrated that the decreased number of fusion
events from previously docked insulin granules in GK
beta cells was restored when the number of docked in-
sulin granules increased by insulin treatment or
Adex1CA SNAP-25 infection.
Conclusions/interpretation. There was a close correla-
tion between the number of syntaxin-1 and SNAP-25
clusters and the number of docked insulin granules,
which is associated with the fusion of insulin gran-
ules.
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Introduction

The fundamental components of the secretory machin-
ery required for the docking and fusion of vesicles
with the plasma membrane have been revealed [1, 2].

These components, including N-ethylmaleimide-sensi-
tive factor (NSF), soluble NSF attachment protein
(SNAP), and membrane-associated SNAP receptors
(SNAREs) such as syntaxin-1 and SNAP-25, are also
expressed in pancreatic beta cells [3, 4, 5], which play
an important role in insulin exocytosis [6, 7, 8, 9]. We
[10] and others [11, 12] have demonstrated that the
expression of SNARE proteins is decreased in diabet-
ic animal models. It is conceivable that the expression
of SNARE proteins is closely related to the docking/
fusion of insulin exocytosis; however, there has been
no apparent evidence to show the direct interaction
between target membrane (t-)SNAREs and docking/
fusion of insulin granules.

Imaging techniques are powerful tools for detecting
vesicle trafficking and spatial distribution of mem-
brane proteins in live cells and they have provided
significant advances in understanding the mechanism
of exocytosis [13, 14, 15]. In particular, the use of to-



tal internal reflection fluorescence (TIRF) microscopy
(also called evanescent wave microscopy), which al-
lows fluorescence excitation within a closely restrict-
ed domain close to the plasma membrane (within
100 nm) [16], has permitted us to observe not only
single granule movement underlying exocytosis [17,
18], but also the single molecules on the plasma mem-
brane [19, 20]. Thus, we were able to observe using
TIRF microscopy with high resolution, the single in-
sulin granules approaching, docking, and fusing with
the plasma membrane, and the spatial localisation of 
t-SNAREs such as syntaxin-1 and SNAP-25 in the
plasma membrane of live cells.

In the present study, a TIRF system was utilised to
address the question of whether t-SNAREs are related
to the docking and fusion of insulin granules using in-
sulin-treated and/or untreated diabetic Goto–Kakizaki
(GK) beta cells where the expression levels of 
t-SNAREs and docking/fusion of insulin granules
were changed. We demonstrate that t-SNAREs are
closely associated with the number of docked insulin
granules, in parallel with the fusion events from previ-
ously docked granules.

Materials and methods

Cells. Diabetic GK rats and non-diabetic male Wistar rats were
obtained from a commercial breeder (Oriental Yeast, Tokyo,
Japan). The rats were given free access to food and water until
the start of experiments, which were conducted with 10-week-
old male rats. The body weight of GK rats was not statistically
different from that of controls. The plasma glucose concentra-
tion in the fed state, measured by the glucose oxidase method,
was 12.3±0.78 mmol/l (n=16) in GK rats and 5.8±0.61 mmol/l
(n=18) in control rats respectively (p<0.0001). For the normal-
isation of hyperglycaemia, human insulin (Humalin N; Lilly,
Indianapolis, Ala., USA) was injected subcutaneously at 08.00
(2 U/rat) and 20.00 (4 U/rat) hours daily for 2 weeks. Pancreat-
ic islets of Langerhans were isolated by collagenase digestion
[10], with some modification. Isolated islets were dissociated
into single cells by incubation in Ca2+-free KRB containing
1 mmol/l EGTA, and cultured on fibronectin-coated (KOKEN,
Tokyo, Japan) high-refractive-index glass (Olympus, Tokyo,
Japan) in RPMI 1640 medium supplemented with 10% FBS
(Invitrogen Gibco BRL, Carlsbad, Calif., USA), 200 U/ml pen-
icillin, and 200 µg/ml streptomycin at 37 °C in an atmosphere
of 5% CO2.

Immunohistochemical analysis. Pancreatic beta cells were
fixed, made permeable with 2% paraformaldehyde/0.1% Triton
X-100, and processed for immunocytochemistry as described
previously [9]. Cells were labelled with monoclonal anti-insu-
lin antibodies (Sigma–Aldrich, St. Louis, Mo., USA), anti-
HPC1-antibodies (Sigma-Aldrich), and anti-SNAP-25 antibod-
ies (Wako, Osaka, Japan), and then processed with Cy3-conju-
gated anti-mouse IgG (Amersham Biosciences, Little Chalfont,
UK). F-actin was stained by incubation with fluorescein iso-
thiocyanate-conjugated phalloidin (Sigma-Aldrich). For dou-
ble-immunostaining study, syntaxin-1 was stained with poly-
clonal anti-HPC-l-antiserum [5] and fluorescein anti-rabbit
IgG (Jackson Immuno Research Laboratories, Bar Harbor,
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Me., USA). Immunofluorescence staining was detected by
TIRF or epifluorescence microscopy.

TIRF microscopy. The Olympus total internal reflection system
was used with minor modifications as described previously
[18]. Light from an Ar laser (488 nm) or an He/Ne laser
(543 nm) was introduced to an inverted epifluorescence micro-
scope (IX70, Olympus) through a single-mode fibre and two
illumination lenses; the light was focused at the back focal
plane of a high-aperture objective lens (Apo 100× OHR; NA
1.65, Olympus). To observe the fluorescence image of Cy3, we

Fig. 1. SNAP-25 colocalised with syntaxin-1 and insulin gran-
ules on the plasma membrane of a primary rat pancreatic beta
cell. a. TIRF images in a normal primary beta cell. After nor-
mal rat pancreatic beta cells were prepared, they were fixed,
immunostained for syntaxin-1, SNAP-25 or insulin, and
viewed simultaneously by TIRF microscopy as described [23].
The colocalisation of syntaxin-1 and SNAP-25, and of SNAP-
25 and insulin granules is demonstrated by the superposition
(yellow colour) of red and green channel images. b. TIRF im-
age of SNAP-25-infected diabetic GK beta cell plasma mem-
brane. Two days after GK beta cells were infected with
Adex1CA SNAP-25, they were fixed, immunostained for syn-
taxin-1 and SNAP-25, and viewed by TIRF microscopy. The
overlay of the images shows that most of the syntaxin-1 clus-
ters were overlapped on SNAP-25 clusters
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used a 543-nm laser line and a long-pass 590-nm filter. To ob-
serve green fluorescent protein (GFP) or fluorescein, we used a
488-nm laser line for excitation and a 515-nm pass filter for
the barrier. The procedure for monitoring the GFP-labelled in-
sulin granule motion in primary rat pancreatic beta cells is de-
scribed elsewhere [21]. Briefly, primary beta cells expressing
insulin–GFP on the glass cover slip (Olympus) were mounted
in an open chamber and then transferred to the thermostat-con-

trolled stage (37 °C). Cells were stimulated by 22 mmol/l glu-
cose (final), and the measured penetration depths were about
45 nm.

Preparation of recombinant adenoviruses and adenovirus-
mediated gene transduction. The construction of expression
vectors and recombinant adenovirus encoding insulin–GFP
and SNAP-25 has been previously described [10, 21]. To label

Fig. 2. TIRF images, and the immunoblot analysis of syntaxin-
1 and SNAP-25 in normal and diabetic GK beta cells. a. Ef-
fects of insulin treatment and Adex1CA SNAP-25 infection on
syntaxin-1 and SNAP-25 on the plasma membrane of diabetic
GK beta cells were shown by TIRF images. Insulin-treated
group: GK rats were treated with and/or without a daily subcu-
taneous injection of human insulin for 2 weeks, and then pan-
creatic beta cells were prepared. Adex1CA SNAP-25 infected
group: the pancreatic beta cells prepared from GK rats were in-
fected with Adex1CA SNAP-25 or Adex 1w (empty virus) and
cultured for 2 days as described in Materials and methods.
Treated GK or non-treated normal pancreatic beta cells were
prepared and fixed, and then immunostained for syntaxin-1
and SNAP-25 before being observed by TIRF microscopy. The

scale bars represent 5 µm. Each image is representative of sep-
arate experiments. b. The number of syntaxin-1 and SNAP-25
clusters in the plasma membrane. Individual fluorescent spots
of syntaxin-1 and SNAP-25 shown in TIRF images were
counted (normal beta cells, n=10; diabetic beta cells, n=8). The
number of clusters was calculated per 200 µm2. # p<0.01 vs
normal, ** p<0.01 vs untreated, *** p<0.001 vs untreated beta
cells. c. Immunoblot analysis. Islet proteins (200 islets) were
extracted from insulin-treated and -untreated GK rat pancreas,
subjected to SDS-PAGE, and immunoblotted with the indicat-
ed antibodies, which was followed by chemiluminescence re-
action. Each immunoblot is a representation of three separate
experiments. The levels of the protein bands were determined
using the NIH Image program



Correlation of syntaxin-1 and SNAP-25 clusters with docking 2203

the insulin secretory granules, cultured single cells were incu-
bated with RPMI 1640 medium (5% FBS) and the required ad-
enovirus (Adex1CA insulin–GFP, 30 MOI per cell) for 1 h at
37 °C, after which RPMI 1640 medium with 10% FBS was
added. For SNAP-25 infection study, cultured single cells were
infected with Adex1CA SNAP-25 (20 MOI per cell) prior to
labelling the granules with Adex1CA insulin–GFP. Experi-
ments were performed 2 days after the final infection.

Acquiring the images and analysis. Images were collected by a
cooled charge-coupled-device camera (Micromax, MMX-512-
BFT; Roper Scientific, Princeton Instruments, Trenton, N.J.,
USA) operated with Metamorph 4.6; Universal Imaging,
Downingtown, Pa., USA) as described previously [21]. Most
analyses, including counting the number of fluorescent spots,
tracking (the single projection of different images) area calcu-
lations and fluorescent intensity, were performed using Meta-
morph software. To analyse the fusion data, fusion events were
manually selected, and the average fluorescence intensity of
individual granules in a 1-µm×1-µm square placed over the
granule centre was calculated. The number of fusion events
was manually counted while looping 15,000 frame time-lapses.
TIRF images were finally exported as single TIFF files and
were further processed using Adobe Photoshop 6.0.

Immunoblotting. Islets prepared from insulin-treated and/or in-
sulin-untreated GK or normal Wistar rats were disrupted by
sonication, boiled in SDS sample buffer with 10 mmol/l dithio-
threitol, subjected to SDS-PAGE, and then transferred onto ni-
trocellulose filters. Immunoblotting procedures were per-
formed as described previously [10] using anti-HPC-l-antibod-
ies, anti-SNAP-25 antibodies, and anti-actin monoclonal anti-
body (Chemicon International, Temecula, Calif., USA). The
protein bands were scanned and analysed by NIH Image.

Insulin release from islets. GK islets prepared before and after
2 weeks of daily insulin injection were preincubated with
2.2 mmol/l glucose in KRB for 1 h. They were then challenged
with 22 mmol/l glucose plus forskolin (20 µmol/l). The media
were collected at the end of the challenge period, then analy-
sed for immunoreactive insulin by radioimmunoassay as previ-
ously described [9].

Statistical analysis. Results are means ± SEM, and statistical
analysis was performed using ANOVA followed by Fisher’s
test and regression analysis using the Statview software (Aba-
cus Concepts, Berkeley, Calif., USA).

Results

Decrease in the number of t-SNARE clusters and
docked insulin granules in diabetic GK beta cell plas-
ma membrane. A recent study using PC12 cells re-
ported that t-SNAREs are concentrated in separate
clusters, shown using membrane–sheet procedures
[22]. Consistent with their results, we previously ob-
served, using TIRF microscopy, that t-SNAREs are
distributed in numerous spots in the MIN6 cell plasma
membrane [23]. In the present study we examined this
issue using rat primary pancreatic beta cells. As
shown in Fig. 1a, the immunofluorescence of syntax-
in-1 and SNAP-25 on the plasma membrane of rat pri-
mary pancreatic beta cells was distributed in numer-
ous spots as well as in those observed in MIN6 cells.

The apparent diameters of the syntaxin-1 and SNAP-25
clusters were approximately 400 nm, which is similar
to that reported in MIN6 cells [23]. Dual-stained immu-
nohistochemical studies for syntaxin-1 and SNAP-25
showed that most of the syntaxin-1 clusters were colo-
calised with the SNAP-25 clusters, which were also
colocalised with insulin granules docked on the plas-
ma membrane (Fig. 1a). Thus, the characterisation of
t-SNAREs on the plasma membrane appears not to be
different between insulinoma MIN6 cells and primary
pancreatic beta cells. We then examined the change of
t-SNARE clusters in diabetic GK beta cells. In diabet-
ic GK beta cells, TIRF images and their analyses
showed that the number of clusters of syntaxin-1A
and SNAP-25 decreased to less than half of that in

Fig. 3. Immunohistochemistry and immunoblot of actin in nor-
mal and diabetic GK beta cells. a. TIRF and epifluorescence
(EPIF) images of F-actin on the beta cell plasma membrane.
After pancreatic beta cells were prepared from normal and GK
rat pancreas, F-actin was stained with phalloidin–fluorescein
isothiocyanate and observed by TIRF and EPIF microscopy.
Each image is representative of three separate experiments.
b. The fluorescence intensity of phalloidin–fluorescein isothio-
cyanate analysed by Metamorph based on TIRF image (n=5
cells). c. Immunoblot analysis. Islet proteins were subjected to
SDS-PAGE, immunoblotted with anti-actin monoclonal anti-
body, and scanned as described in the legend of Fig. 2 (n=3 for
separate experiments)
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normal beta cells (Fig. 2a, b). To examine whether the
decreased number of t-SNARE clusters in diabetic
beta cells is a specific phenomenon, we immuno-
stained F-actin as a control. As shown in Fig. 3, no
differences in ring-shaped F-actin immunostaining or
actin immunoblotting were observed between normal
and diabetic beta cells, indicating that the alteration in
the number of t-SNARE clusters in the diabetic GK
beta cell is a specific phenomenon. Although actin
signals in GK islets detected by immunoblot had a
tendency to increase, no statistically significant differ-
ence was found between normal and GK diabetic is-
lets by scanning and analysis of protein bands with
NIH Image (100% vs 148±39%; n=3).

We then examined the change in insulin granules
morphologically docked to the plasma membrane in
diabetic GK beta cells. There is no precise definition

of “morphologically docked granules”, but the follow-
ing are generally used: (i) vesicle is located within
200 nm of the plasma membrane, shown by electron
microscopy [24]; (ii) vesicle is located within 100 nm
of the surface membrane, shown by electron micros-
copy [25]; (iii) vesicle distance from plasma mem-
brane is less than 10 nm, shown by TIRF microscopy
[26]; and (iv) vesicle is in direct contact with the plas-
ma membrane, shown by electron microscopy [27].
As the penetration depth under our TIRF condition is
80 nm, we defined “morphologically docked gran-
ules” as the vesicle being located within 100 nm of the
plasma membrane. As shown in Fig. 4a, TIRF imag-
ing depicted the single insulin granules morphologi-
cally docked to the plasma membrane, whereby we
could manually count the number of docked insulin
granules in normal and diabetic beta cells. As shown
in Fig. 4b, the number of insulin granules docked to
the plasma membrane was markedly reduced in dia-
betic GK beta cells.

Recovery of the number of t-SNARE clusters and
docked insulin granules by insulin treatment. We ad-
dressed the question of whether the normalisation of
blood glucose levels affects the number of t-SNARE
clusters and the number of docked insulin granules in
GK beta cells. We treated GK rats with daily insulin
injection for 2 weeks, resulting in the reduced blood
glucose levels (untreated 11.2±0.61 vs treated
5.6±0.33 mmol/l). After 2 weeks of insulin treatment,
pancreatic beta cells were prepared and immuno-
stained with anti-syntaxin-1A, anti-SNAP-25, and
anti-insulin antibodies. The number of syntaxin-1 and

Fig. 4. Histochemical study of insulin secretory granules
docked to the plasma membrane. a. TIRF images of docked in-
sulin granules in normal and diabetic GK beta cells. For insu-
lin treatment and Adex1CA SNAP-25 or Adex1w infection,
GK rats and beta cells were processed as described in the leg-
end of Fig. 2. Cells were fixed with paraformaldehyde, then
immunostained for insulin. The surrounding lines represent the
outline of cells that are attached to the cover glass. Representa-
tive images are shown. The scale bar represents 5 µm. Note
that infection with Adex1w empty virus did not affect the
docked insulin granules. b. The number of insulin granules
morphologically docked to the plasma membrane. Individual
fluorescent spots shown as TIRF images were counted and cal-
culated per 200 µm2 (normal beta cells, n=15; GK beta cells,
n=8). § p<0.0001 vs normal beta cells, ** p<0.01 vs untreated
diabetic beta cells, *** p<0.001 vs untreated diabetic beta cells



SNAP-25 clusters in the plasma membrane was par-
tially, but significantly, recovered to subnormal levels
(Fig. 2a, b). Immunoblot analysis also showed that the
levels of syntaxin-1A and SNAP-25 were increased in
islets isolated from insulin-treated GK rats (Fig. 2c;
182±24% in syntaxin-1, 165±32% in SNAP-25 when
expressed as 100% in insulin-untreated GK islets, n=3
for each, p<0.01). It is of note that along with an in-
crease in the number of t-SNARE clusters, there was
also an increase of about two-fold in the number of in-
sulin granules docked to the plasma membrane
(Fig. 4a, b).

Correlation between the fusion events and the number
of docked insulin granules. We previously reported
that the fusion events during first-phase release origi-
nate from previously docked granules (resident) both
in MIN6 cells and primary pancreatic beta cells [18,
21]. In the present study, we tested whether the num-
ber of fusion events is correlated with the number of
docked insulin granules. After pancreatic beta cells
were prepared from normal rats, insulin-untreated and
insulin-treated GK rats, they were infected with
Adex1CA insulin–GFP to label the insulin secretory
granules. After 2 days of infection, granule motion
was monitored using TIRF by 22 mmol/l glucose
stimulation. In insulin-untreated diabetic GK beta
cells, the fusion events from previously docked gran-
ules were rarely observed (Fig. 5; untreated). In con-
trast, in insulin-treated GK beta cells, high glucose
stimulation caused fusion events from previously
docked insulin granules (Fig. 5; treated) where the
number of docked insulin granules was recovered to
subnormal levels (see Fig. 4). Furthermore, we mea-
sured insulin release from GK islets before and after
insulin treatment. Consistent with the results of the
TIRF imaging analysis, glucose-stimulated insulin
release from insulin-treated GK islets was slightly
improved compared with before treatment
(1.5±0.3 ng·islet−1·h−1 before treatment vs 2.1±0.4 ng
islet−1·h−1 after treatment, p<0.01, n=3 for separate ex-
periments).

Rescue of fusion events by recovering the number of
docked insulin granules and restoring SNAP-25 clus-
ters to normal levels. In order to examine whether the
concentration of t-SNARE clusters is linked to the
docking status followed by subsequent fusion of insu-
lin granules, we restored the decreased number of
SNAP-25 clusters to normal levels by infecting GK
beta cells with Adex1CA SNAP-25. GK beta cells in-
fected with Adex1CA SNAP-25 showed the nor-
malised number of SNAP-25 clusters on the plasma
membrane (Fig. 2a, b) where the decreased number of
docked insulin granules was also restored to subnor-
mal levels (Fig. 4). However, infection with Adex1CA
SNAP-25 did not affect the number of syntaxin-1
clusters (Fig. 2a). GK beta cells infected with empty
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virus Adex 1w did not show any change in the number
of SNAP-25 clusters (data not shown) or in the num-
ber of docked insulin granules (Fig. 3a). As shown in
Fig. 1b, most of the syntaxin-1 clusters were colo-
calised with SNAP-25 clusters restored by Adex1CA
SNAP-25 infection in GK beta cells. Cotransfection of
Adex1CA SNAP-25 with Adex1CA syntaxin-1A did
not affect the subnormalised number of docked insulin

Fig. 5. Restoration of the decreased number of fusion events in
normal (a) and diabetic (b) beta cells. Black bars, resident;
grey bars, newcomer. For insulin treatment and SNAP-25 in-
fection, GK beta cells were prepared as in the legend of Fig. 2.
After these procedures, beta cells were infected with Adex1CA
insulin–GFP in order to label the insulin granules, then the
real-time motion of GFP-labelled insulin granules during stim-
ulation with 22 mmol/l glucose was imaged close to the plas-
ma membrane by TIRF, and fusion was analysed by Meta-
morph software. The graph shows the histogram of the number
of fusion events (per 200 µm2; normal beta cells, n=5; GK beta
cells, n=4)



granules (data not shown). We then performed TIRF
imaging analysis of the docking and fusion of insulin
granules stimulated by 22 mmol/l glucose using
Adex1CA-SNAP-25-infected GK beta cells. These
beta cells showed a marked increase in fusion events
from previously docked granules (Fig. 5; SNAP-25 in-
fected).

Discussion

In the present study, we examined the interaction be-
tween the number of t-SNAREs and the number of in-
sulin granules docked to the plasma membrane, and
between the number of docked insulin granules and
the number of fusion events. Our data demonstrated a
close correlation of t-SNARE clusters with docked in-
sulin granules, and that the number of docked insulin
granules was correlated with the fusion events from
previously docked granules.

TIRF imaging showed that the number of syntaxin-
1A and SNAP-25 clusters and the number of docked
insulin granules on the plasma membrane decreased in
GK beta cells. It is of note that the recovery of the de-
creased number of SNAP-25 clusters in GK beta cells
to normal levels by adenovirus treatment or insulin
treatment could restore the number of docked insulin
granules, which caused an increased number of fusion
events from previously docked granules. We previous-
ly reported that restoration of decreased t-SNARE lev-
els improved the impaired insulin secretion in GK is-
lets [10]. At that time, however, we could not know
how t-SNARE restoration affects the insulin exocyto-
sis. Now, we know that the restored number of SNAP-
25 clusters subnormalised the number of docked insu-
lin granules, through which the fusion from previously
docked granules was probably recovered. Thus, in
diabetic GK beta cells, the decreased number of 
t-SNARE clusters may result in impaired insulin gran-
ule docking status followed by a decreased fusion
event that might lead to the loss of first-phase insulin
release. We have recently reported that the disruption
of t-SNARE clusters by cholesterol depletion with
methyl-β-cyclodextrin treatment causes the inhibition
of docking and fusion of insulin granules [23] and
thus indicates that impaired formation of t-SNARE
clusters in diabetic GK beta cells may be involved in
the decreased docking and fusion events of insulin
granules.

It is interesting that the transduction with Adex1CA
SNAP-25 alone was sufficient to recover the reduced
number of docked insulin granules in diabetic GK
beta cells, which was followed by an increase in fu-
sion events. Indeed, we had found that the transduc-
tion of GK islets with Adex1CA SNAP-25 alone re-
covered the glucose-stimulated insulin release effec-
tively [10]. Although the precise reason why the resto-
ration of SNAP-25 clusters alone recovered the im-

paired docking and fusion events in spite of the imbal-
ance in relative levels of SNAP-25 and syntaxin-1 is
not known at present, SNAP-25 may be a strict re-
quirement more so than syntaxin-1 in evoked fusion
event, as recently shown [28, 29]. Further studies
about this important issue are required.

The present study also reported the interesting find-
ing that insulin treatment improved the impaired
docking and fusion events in GK beta cells. Although
one clinical study showed that the impaired insulin re-
lease in diabetic patients was improved when the hy-
perglycaemia was normalised by daily insulin injec-
tion [30], there have been no in vitro studies to exam-
ine its mechanism in detail. Judging from our data, it
is conceivable that insulin treatment may have re-
duced the insulin secretion and thus allowed beta cells
to increase the number of docked granules. However,
because the effects of insulin treatment persisted for at
least 2 days during culture period after beta cell prepa-
ration, these would be trophic effects. Another simple
explanation would be that improved glucotoxicity by
insulin treatment may have recovered the beta cell
functions.

Finally, we calculated the total number of docked
insulin granules in rat pancreatic beta cells. On the ba-
sis of our data, we estimated that normal primary beta
cells contain approximately 1200 insulin granules
docked to the plasma membrane. As the surface area
of a beta cell is reported to be 973 µm2 [31] and the
number of docked granules of normal beta cells is cal-
culated to be 246 granules/200 µm2, the total number
of docked insulin granules is about 1200. In a study
that used mouse pancreas and electron microscopy
[31], Dean reported that the pancreatic beta cells con-
tain about 13,000 insulin granules, and recently,
mouse and rat beta cells were reported to have about
10,000 insulin granules per cell, with an estimated
number of docked granules of about 600 and 450 re-
spectively [32, 33]. Thus, the number of docked insu-
lin granules is slightly larger in our TIRF imaging
analysis. The discrepancy may be because (i) electron
microscopy only provides a snapshot of the situation
in the beta cells at the time of fixation, so it is not pos-
sible to conclude that a certain number of docked
granules are really physically attached to the plasma
membrane; or (ii) TIRF imaging only gives informa-
tion on a small part of the cell attached to the cover-
glass where vesicles are located within 100 nm of the
plasma membrane, so the calculated total number of
granules docked to the whole cell surface may be an
overestimation.

In conclusion, there was an interaction between the
number of t-SNARE clusters and the number of
docked insulin granules, which were associated with
fusion events from previously docked insulin granules.
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