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e have investigated sequential exocytosis in 

 

�

 

cells of intact pancreatic islets with the use of
two-photon excitation imaging of a polar fluo-

rescent tracer, sulforhodamine B, and a fusion protein
comprising enhanced cyan fluorescent protein (ECFP)
and the SNARE protein SNAP25 (synaptosome-associated
protein of 25 kD) transfected with an adenoviral vector.
Sequential exocytosis was found to account for 

 

�

 

10% of
exocytic events in 

 

�

 

 cells stimulated either with glucose
under various conditions or by photolysis of a caged-Ca

 

2

 

�

 

compound. Multigranular exocytosis, in which granule-to-

W

 

granule fusion occurs before exocytosis, was rarely found.
We detected redistribution of ECFP-SNAP25 from the
plasma membrane into the membrane of the fused granule
occurred in a large proportion (54%) of sequential exocytic
events but in only a small fraction (5%) of solitary fusion
events. Removal of cholesterol in the plasma membrane
by methyl-

 

�

 

-cyclodextrin facilitated both redistribution of
ECFP-SNAP25 and sequential exocytosis by threefold.
These observations support the hypothesis that SNAP25 is
a plasma membrane factor that is responsible for sequen-
tial exocytosis.

 

Introduction

 

Secretory cells often exhibit exocytic events that involve
more than one vesicle (Ichikawa, 1965; Rohlich et al., 1971;
Douglas, 1974; Orci and Malaisse, 1980; Dvorak et al.,
1981; Tai and Spry, 1981) and have been referred to as
“compound exocytosis.” However, these events include two
distinct phenomena, sequential and multigranular exocyto-
sis (Alvarez de Toledo and Fernandez, 1990; Scepek and
Lindau, 1993; Cochilla et al., 2000; Nemoto et al., 2001).
In sequential exocytosis, vesicles fuse selectively with other
vesicles that have already fused with the plasma membrane
(Ichikawa, 1965; Rohlich et al., 1971; Cochilla et al., 2000;
Nemoto et al., 2001). In contrast, in multigranular exocytosis,
multiple vesicles fuse with each other before exocytosis
(Dvorak et al., 1981; Tai and Spry, 1981; Alvarez de Toledo
and Fernandez, 1990; Scepek and Lindau, 1993). Quantitation

of these two types of compound exocytosis has been difficult
with classical methodologies. For example, sequential exocy-
tosis cannot be detected by measurement of capacitance
(Alvarez de Toledo and Fernandez, 1990; Scepek and Lin-
dau, 1993) or by amperometry because these techniques lack
the necessary spatial resolution; it is also not amenable to
analysis with conventional microscopes because they are not
suited for evaluation of events that occur deep inside a cell
(Oheim et al., 1999; Cochilla et al., 2000; Zenisek et al.,
2002). Electron microscopy also cannot readily distinguish
sequential from multigranular exocytosis (Rohlich et al.,
1971; Cochilla et al., 2000).

The dynamics of sequential exocytosis in pancreatic acini
have been revealed by two-photon excitation microscopy
(Nemoto et al., 2001). In this approach, the secretory
glands are placed in a solution containing a polar fluorescent
tracer, and the individual exocytic events are detected by
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the appearance of 

 

�

 

-shaped fluorescent profiles. We have
found that the inner filter effect of bright fluid-phase tracers
with large extinction coefficients, such as sulforhodamine B
(SRB; Takahashi et al., 2002), is absent in two-photon exci-
tation imaging, so that we can use high concentrations of
polar tracers to image individual exocytic events. Sequential
exocytosis, which proceeds deep within the cytoplasm, is ap-
parent as beadlike strands of exocytosed vesicles. The rapid
appearance of a large fluorescent profile corresponding to
multigranular exocytosis was rarely detected in pancreatic
acini (Nemoto et al., 2001). Two-photon excitation imaging
with an extracellular dye is thus a reliable method with
which to quantify the two types of compound exocytosis in
intact tissue.

This method has previously been applied to pancreatic is-
lets to monitor the exocytosis of individual insulin granules
(Takahashi et al., 2002). We have now systematically inves-
tigated the possible occurrence of sequential and multigran-
ular exocytosis in 

 

�

 

 cells of intact islets as well as performed
real-time measurements of the redistribution of a SNARE
protein (Wei et al., 2000), SNAP25 (synaptosome-asso-
ciated protein of 25 kD), during individual sequential
exocytic events, taking advantage of the simultaneous
multicolor imaging facility of the two-photon microscope
(Nemoto et al., 2001;Takahashi et al., 2002).

 

Results

 

Quantitation of sequential exocytosis in 

 

�

 

 cells

 

Individual exocytic events in 

 

�

 

 cells were visualized by two-
photon excitation microscopic analysis of intact mouse pan-
creatic islets superfused with a solution containing the polar
fluorescent tracer SRB (see Fig. 3 A). The islets were stimu-
lated by exposure to 20 mM glucose. As previously described
(Nemoto et al., 2001;Takahashi et al., 2002), we detected
the abrupt appearance of small fluorescent spots at the
plasma membrane that reflect individual insulin exocytic
events (Fig. 1 A). Most of these fluorescent spots rapidly de-
cayed as a result of flattening of the granule membrane into
the plasma membrane (Fig. 1, A and C; Takahashi et al.,
2002). We examined the occurrence of sequential exocytosis
in en face views of exocytic events (Fig. 1 A) that occurred
toward regions of the plasma membrane that were both al-
most orthogonal to the focal plane and distant from out-of-
focus regions of the membrane.

Exocytosed granules became a target for the subsequent
fusion of adjacent granules deeper within the cytoplasm
(Fig. 1, B and D; and Video 1, available at http://www.
jcb.org/cgi/content/full/jcb.200312033/DC1) in only a
small proportion (2.6%) of events (Table I). The maximal
fluorescence intensity of secondary exocytic events expressed

Figure 1. Insulin exocytic events revealed 
by two-photon excitation imaging in mouse 
pancreatic islets. Islets were superfused with 
a solution containing 0.7 mM SRB and were 
stimulated by exposure to 20 mM glucose. 
(A and B) En face views of insulin exocytic events. 
The numbers below each panel represent time 
after the onset of exocytosis. The �-shaped 
profile of the primary exocytic granule (arrow) in 
B becomes the target for a secondary exocytic 
event (arrowhead); the two granules finally 
flattened out within the plasma membrane. 
(C and D) Changes in fluorescence intensity (AU, 
arbitrary unit) within the ROIs (white outlines in 
the insets) containing the exocytic granules 
shown in A and B, respectively. The fluorescence 
value before exocytosis was set to zero. (E) Three 
additional examples of sequential exocytic events. 
(F) Latency histogram for the delay between the 
onsets of the primary and secondary events 
during sequential exocytosis.
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relative to that of the corresponding primary event was
1.07 

 

�

 

 0.54 (mean 

 

�

 

 SD, 

 

n

 

 

 

�

 

 11), supporting that the sec-
ondary events also reflected exocytosis of insulin granules.
Such secondary fused granules were seldom the target for
further exocytosis, instead, they eventually flattened out
within the plasma membrane (Fig. 1, A and C). Thus, se-
quential exocytosis was found to occur in 

 

�

 

 cells but at a rel-
atively low frequency.

Next, we assessed the proportion of all exocytic events at-
tributable to sequential exocytosis, given that en face events
represented only 5–15% of all events. A definition of se-
quential exocytosis as the detection of two successive exo-
cytic events in which the vesicles are in apparent contact
with a center-to-center distance of 

 

�

 

0.5 

 

�

 

m (Fig. 1 B)
yielded a value of 1.9% for the contribution of sequential
exocytosis to total exocytosis (Table I). This value was not
significantly different (P 

 

�

 

 0.1) from that estimated from
the en face events, which is consistent with the observations
that there do not appear to be hot spots of exocytosis in 

 

�

 

cells (Takahashi et al., 2002) and that exocytic events are
widely separated in the plasma membrane (0.017 events

 

�

 

m

 

–2

 

 min

 

–1

 

; see Materials and methods), with simultaneous
events within a distance of 

 

�

 

0.5 

 

�

 

m being predicted to oc-
cur at a frequency of 0.18–0.33%/min. Moreover, 82% (53/
65) of secondary exocytic events occurred within 30 s after
the onset of the primary event (Fig. 1, E and F), providing
further support for a causal relation between the primary
and secondary exocytic events.

 

Effects of cAMP, PMA, and temperature 
on sequential exocytosis

 

Exposure of islets either to 2 

 

�

 

M forskolin, which increases
the intracellular concentration of cAMP, or to 400 nM
PMA, which activates protein kinase C, in the presence of
20 mM glucose resulted in a two- to fourfold increase in the
frequency of insulin exocytosis compared with that apparent
in the presence of 20 mM glucose alone (Table I). However,

Figure 2. Distributions of the fluorescence intensity of individual 
exocytic events and of the diameter of exocytosed granules. (A) 
Distributions of the increase in fluorescence intensity associated 
with individual exocytic events in islets stimulated with 20 mM 
glucose (black bars) or with 20 mM glucose and 2 �M forskolin 
(white bars). The mean intensities were 4,671 � 1,950 AU (n � 97) 
and 4,680 � 1,530 AU (� SD, n � 82), respectively. The arrow 
indicates an apparent excess of large components. (B) Distributions 
of granule diameter estimated from the fluorescence intensity distri-
butions shown in A. The smooth lines represented the Gaussian 
distribution with a mean and SD of 0.42 and 0.05 �m, respectively.

 

Table I. 

 

Proportion of all exocytic events attributable to sequential exocytosis under various experimental conditions

Proportion of sequential exocytosis

Condition Exocytosis En face events

 

a

 

Total events

 

a

 

events cell

 

	

 

1

 

 min

 

	

 

1

 

% %

 

Acinar cells
100 pM cholecystokinin

 

�

 

50

 

�

 

50
Islet cells
20 mM glucose 11.2 2.6 (77) 1.9 (693)
20 mM glucose 

 

�

 

 2 

 

�

 

M forskolin 26.7 2.4 (84) 1.0 (964)
20 mM glucose 

 

�

 

 400 nM PMA 44.8 2.0 (51) 2.3 (651)
20 mM glucose (35

 




 

C) 21.5 1.9 (92) 3.6 (388)
20 mM glucose 

 

�

 

 2 

 

�

 

M forskolin (35

 




 

C) 45 4.5 (224)
20 mM glucose 

 

�

 

 400 nM PMA (35

 




 

C) 40 3.9 (102)
60 mM KCl 18.8 1.3 (521)
100 

 

�

 

M acetylcholine 6.8 1.2 (243)
NP-EGTA 48.6 2.4 (83) 3.3 (563)
20 mM glucose 

 

�

 

 2 

 

�

 

M forskolin
(15 mM methyl-

 

�

 

-cyclodextrin)
4.8 8.9 (416)

The data for acinar cells are from Nemoto et al. (2001). The contribution of sequential exocytosis to total exocytic events was significantly different from the
value (2.6%) for en face events during glucose stimulation only in methyl-

 

�

 

-cyclodextrin–treated preparations (

 

�

 

2

 

 test, P 

 

�

 

 0.01).

 

a

 

Numbers in parentheses refer to the number of events analyzed.
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the proportion of sequential exocytic events was unaffected
by either of these agents (Table I). The contribution of se-
quential exocytosis to total exocytosis also did not differ be-
tween islets stimulated with 20 mM glucose and those stim-
ulated either with acetylcholine or with a high concentration
of K

 

�

 

 (Table I).
Although sequential exocytosis is frequent in the exocrine

pancreas even at room temperature (Table I), we tested the
possibility that its frequency might be increased in 

 

�

 

 cells at
higher temperatures (33–35

 




 

C). Although the frequency of
glucose-induced exocytosis was approximately doubled by
increasing the temperature, the proportion of sequential
exocytic events was not significantly altered (P 

 

� 

 

0.1, Table
I). Indeed, the contribution of sequential exocytosis was not
significantly increased even in the presence of 2 

 

�

 

M forsko-
lin or 400 nM PMA at 33–35

 




 

C (Table I).

 

Quantitation of multigranular exocytosis

 

To evaluate the possible occurrence of multigranular exocy-
tosis in 

 

�

 

 cells, we determined the distribution of the fluo-
rescence intensity of individual exocytic events (Fig. 2 A).
The distribution was skewed, with an excess of large compo-
nents. However, the diameters of granules estimated from
the fluorescence intensities (see Materials and methods; Fig.
2 B) fit well with a Gaussian distribution (Fig. 2 B, red line),
which is consistent with previous ultrastructural data (Dean,
1973) and can account for the skewed distribution in the
volume of granules (Fig. 2 A, red line; Bekkers et al., 1990).
The distributions of fluorescence intensity and granule di-

ameter were not affected by exposure of islets to forskolin
(Fig. 2) or PMA (not depicted) in the presence of 20 mM
glucose. The intensity distribution was also similar at 33–
35

 




 

C (unpublished data). Thus, these data indicate the oc-
currence of little if any multigranular exocytosis in 

 

�

 

 cells.

 

Insulin exocytosis evoked by photolysis of a 
caged-Ca

 

2

 

�

 

 compound

 

The small contribution of sequential exocytosis to total exo-
cytosis in 

 

�

 

 cells might have been attributable to the rela-
tively small increase in cytosolic-free Ca

 

2

 

�

 

 concentration
([Ca

 

2

 

�

 

]

 

i

 

; 

 

�

 

5 

 

�

 

M; Bokvist et al., 1995) apparent during
stimulated exocytosis in these cells compared with that ob-
served in pancreatic acinar cells (

 

�

 

10 

 

�

 

M; Ito et al., 1997;
Nemoto et al., 2001). To test this possibility, we triggered
insulin exocytosis with a large and rapid increase in [Ca

 

2

 

�

 

]

 

i

 

induced by photolysis of the caged-Ca

 

2

 

�

 

 compound 

 

o

 

-nitro-
phenyl–EGTA (NP-EGTA). We loaded 

 

�

 

 cells with NP-
EGTA and a Ca

 

2

 

�

 

 indicator before exposure of the islets to
SRB (Fig. 3 A). The islets were irradiated with ultraviolet
light to induce the increase in [Ca

 

2

 

�

 

]

 

i

 

 (Fig. 3, B–D). The
peak increase in [Ca

 

2

 

�

 

]

 

i

 

 was 

 

�

 

20 

 

�

 

M. We examined mostly
the outer second and third layers of cells within each islet,
which consist predominantly of 

 

�

 

 cells. The fraction of exo-
cytic events that appeared between 0 to 1 s after the onset of
the increase in [Ca

 

2�]i is only 12.4 � 6.8% (mean � SD,
n � 921 events, 11 islets) of the total events recorded be-
tween 0 and 10 s, which is in accordance with the results us-
ing amperometry (Takahashi et al., 1997, 1999).

Figure 3. Exocytic events triggered by 
photolysis of a caged-Ca2� compound. 
(A) SRB fluorescence image of an islet 
that had been preloaded with NP-EGTA 
and fura-2. (B) Fura-2 (Ca2�) images 
obtained 1.2 s before and after UV 
irradiation of the islet shown in A. (C) 
Representative time courses of normal-
ized fura-2 fluorescence (black) and of 
[Ca2�]i estimated with fura-2FF (blue). 
Fura-2 fluorescence (F) was normalized 
by the resting fluorescence (F0), and 
the trace shown is for the islet in B. (D) 
Exocytic event (arrow) triggered by UV 
photolysis of NP-EGTA. � Profiles often 
persisted for tens of seconds. (E) Two 
examples of time courses of sequential 
exocytosis (blue and red) and an example 
of that of solitary exocytosis (black) 
triggered by photolysis of NP-EGTA. The 
traces were aligned at the onset of exo-
cytosis. (F) Time courses of the decay of 
SRB fluorescence associated with exocytic 
events induced by 20 mM glucose (black 
and red) or by photolysis of NP-EGTA 
(green). The traces are averages of �10 
exocytic events, which were aligned at 
the peak of SRB fluorescence and nor-
malized by the peak intensity. The data 
correspond to solitary events (black and 
green) or to the primary event of sequen-
tial exocytosis (red).
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Although we detected sequential exocytosis (Fig. 3 E), its
contribution to total exocytosis was not significantly greater
than that apparent during glucose stimulation (Table I). The
distribution of fluorescence intensity again also revealed
no multigranular exocytosis (unpublished data). Exocytosed
granules tended to flatten rapidly during glucose stimulation
of � cells (Fig. 3 F; Takahashi et al., 2002), which might
be expected to impede sequential exocytosis. However, we
found that the � profiles were stable during stimulation of �
cells with the caged-Ca2� compound (Fig. 3, D and F); the
fusion pores of most of these fused granules remained open,
as revealed by the observation that SRB within the granules
could be washed out after removal of the tracer from the
bathing solution (not depicted). The � profiles of solitary
fusion events during stimulation by photolysis of the caged-
Ca2� compound were also more stable than those of the pri-
mary fusion events of sequential exocytosis observed during
glucose stimulation (Fig. 3 F), suggesting that the instability
of � profiles cannot account for the rarity of sequential exo-
cytosis apparent in � cells during glucose stimulation.

Redistribution of SNAP25 associated 
with sequential exocytosis
It has been proposed that sequential exocytosis is facilitated
by the lateral diffusion of target SNARE proteins from the
plasma membrane into the membrane of the fused granule
(Nemoto et al., 2001). To test this hypothesis, we transfected
islets with an adenoviral vector encoding an ECFP-SNAP25
fusion protein (Fig. 4 B). The ECFP-SNAP25 protein was
localized predominantly to the plasma membrane, which is
consistent with the localization of the endogenous SNARE
protein (Jacobsson et al., 1994). Expression of ECFP-
SNAP25 did not affect either the frequency of exocytic
events induced by 20 mM glucose in the presence of 2 �M
forskolin (26.1 � 7.7 events cell–1 min–1, n � 7) or the pro-
portion of sequential exocytosis (1.3%, n � 312, P � 0.1).

We measured the time course of ECFP-SNAP25 fluores-
cence at the site of primary exocytosis by simultaneous two-
photon imaging of SRB (Fig. 4 A) and ECFP-SNAP25 (Fig.
4 B). During sequential exocytic events (Fig. 4 C, arrow-
head), substantial increases in ECFP-SNAP25 fluorescence
were detected at the site of primary exocytic event (Fig. 4, C–E),
as most clearly seen in the difference images (Fig. 4 F). Such
redistribution of ECFP-SNAP25 was rarely detected for soli-
tary events, even when the lifetime of the � profile was rela-
tively long (Fig. 4 G), whereas it was quite often detected in
the sequential exocytic events (Fig. 4, E and H).

We quantified the increase in ECFP-SNAP25 fluores-
cence apparent 5–20 s after the onset of the SRB signal for
sequential exocytic events, solitary fusion events, and arbi-
trary regions of the plasma membrane without exocytosis,
respectively (Fig. 5 A). The distributions of the increases in
ECFP-SNAP25 fluorescence (Fig. 5 A, inset) differed sig-
nificantly between sequential and solitary exocytic events
(Smirnov test, P � 0.01) and between solitary events and ar-
bitrary regions (P � 0.05). No increase in fluorescence
larger than 15 arbitrary units (AU) was detected in arbitrary
regions (Fig. 5 A). If we set the threshold level for significant
redistribution at 15 AU, the redistribution was significant in

54% of sequential exocytic events (n � 36) but in only 5%
of solitary exocytic events (n � 354; �2 test, P � 0.01). The
mean fluorescence increase for the events with significant
redistribution was larger in sequential exocytic events
(mean � SD � 25.6 � 10.7 AU, n � 14, P � 0.01) than
in solitary exocytic events (20.8 � 6.3 AU, n � 18). The
mean baseline fluorescence was 20.6 � 12.5 AU (n � 17).

The ECFP-SNAP25 signal always began after the onset of
exocytosis (Fig. 5 B, mean � SD � 6.3 � 6.1 s, n � 19),

Figure 4. Redistribution of SNAP25 during sequential exocytosis. 
SRB (A) and ECFP-SNAP25 (B) fluorescence images of an islet. 
The islet was transfected with an adenoviral vector encoding ECFP-
SNAP25 and immersed in a solution containing polar tracers, SRB. 
Simultaneous measurement of SRB (C) and ECFP-SNAP25 (D) 
fluorescence during a sequential exocytic event. The number below 
each image in C represents the time after the onset of exocytosis. 
The blue dashed circle represents the ROI. Each image in D was 
obtained by averaging 5–10 images in the three time periods shown 
in E. (E) Time courses of fluorescence of SRB (black) and ECFP-SNAP25 
(red) in the ROI shown in C. Open horizontal bars represent time 
periods between 	14.4 and 0 s after the onset of exocytosis (pre), 
between 6.4 and 12.8 s (a), and between 14.4 and 20.8 s (b). Dashed 
horizontal lines show baseline fluorescence levels. (F) Difference 
images obtained by subtracting image pre from three images in D. 
(G–I) Time courses of fluorescence for another example of sequential 
exocytosis (H), and examples of solitary exocytic events in a control 
cell (G) and in a cell treated with 15 mM methyl-�-cyclodextrin for 
30 min (I).
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mostly within 5 s (mean � SD � 4.0 � 9.4 s, n �19) after
the peak of SRB fluorescence (Fig. 4, E and H), which re-
flects the opening of a fusion pore with a diameter of 12 nm
(Takahashi et al., 2002). This observation suggests that
SNAP25 diffuses laterally along a large fusion pore. The sec-
ondary fusion events occurred 16.9 � 21.2 s (Fig. 5 C,
n � 19) and 14.1 � 11.9 s (n �19; not depicted) after the
onset of the ECFP-SNAP25 signal during stimulation with
glucose or by photolysis of NP-EGTA, respectively, suggest-
ing that the interaction between the target and vesicle
SNARE proteins occurred within this period.

Effects of cyclodextrin treatment
To investigate whether or not cholesterol-dependent
lipid rafts were involved in regulating lateral diffusion of
t-SNARE (Chamberlain et al., 2001), we treated islet prep-
arations with methyl-�-cyclodextrin (15 mM in Sol A, 30–
60 min). Such treatment was known to deplete cholesterol
selectively from membrane (�40%), leaving phospholipid
unaffected (Lang et al., 2001), and to induce dispersion of
the clusters of the intrinsic plasma membrane-associated
SNAREs in PC12 cells (Lang et al., 2001). When we stimu-
lated cyclodextrin-treated islets with 20 mM glucose and 2
�M forskolin, the frequency of insulin exocytosis was re-
duced to �20% (4.8 events cell–1 min–1, n � 4, Table I), as
reported in PC12 cells (Lang et al., 2001). However, the
proportion of sequential exocytosis was increased by 3.7-
fold (Table I, 8.9%, n � 416). In addition, significant re-
distribution of ECFP-SNAP25 fluorescence (threshold level
at 15 AU, Fig. 4 I) was more frequently observed by 2.7-
fold (14.9%, n � 201) than in untreated control cases
(5.8%, n � 361).

Treatment with methyl-�-cyclodextrin also reduced the
delay between the onset of exocytosis and that of the ECFP-
SNAP25 signal from 8.2 � 7.2 s (n �12) to 2.4 � 2.5 s
(n � 19, P � 0.01) in solitary events, and from 6.3 � 6.1 s

(n � 19) to 3.5 � 2.3 s (n � 4, P � 0.05) in sequential
events. The time during which SNAP-25 signal reaches the
maximal values was not affected by cyclodextrin (unpublished
data). The mean fluorescence increase for the events with sig-
nificant redistribution was not significantly different from
control in solitary events (21.8 � 8.1 AU, n � 30, P � 0.05),
and in sequential events (26.5 � 16.9 AU, n � 7, P � 0.05).

Discussion
Although sequential exocytosis is operative in the � cells of
intact pancreatic islets, we have demonstrated that it oc-
curred with only a low frequency under all of the experimen-
tal conditions examined. The sequential exocytosis of insulin
granules was previously suggested to occur by an ultrastruc-
tural study (Orci and Malaisse, 1980) and by confocal im-
aging (Leung et al., 2002). Although the occurrence of
multigranular exocytosis in � cells was also suggested by am-
perometric measurements (Bokvist et al., 2000) and confo-
cal imaging (Leung et al., 2002), our two-photon imaging
data indicate that this is not the case. In contrast to � cells,
�50% of exocytic events involving zymogen granules in
pancreatic acinar cells occur in a sequential manner (Ne-
moto et al., 2001). Sequential exocytosis also appears to take
place frequently in pituitary lactotrophs (Cochilla et al.,
2000) and mast cells (Rohlich et al., 1971; Alvarez de To-
ledo and Fernandez, 1990), whereas multigranular exocyto-
sis prevails in leukocytes (Dvorak et al., 1981; Tai and Spry,
1981; Scepek and Lindau, 1993; Hafez et al., 2003; Hart-
mann et al., 2003). Sequential exocytosis and multigranular
exocytosis appear to be regulated differentially in different
secretory cell types. The relative infrequency of sequential
exocytosis in � cells likely reflects an intrinsic property of the
fusion machinery, given that the proportion of sequential
exocytic events was unaffected by the strength of the stimu-
lus or by the stability of the � profile.

Figure 5. Amplitudes and latencies of the 
redistribution of ECFP-SNAP25. (A) Histograms 
for the maximal increase in fluorescence intensity 
of ECFP-SNAP25 between 5 and 20 s after 
primary exocytosis for solitary events (blue), the 
primary events of sequential exocytosis (red), 
and arbitrary regions of the plasma membrane 
(black). The vertical dashed line represents the 
noise level. (inset) Cumulative intensity plots 
for the three histograms. (B and C) Latency 
histograms for the delay between the onset of 
exocytosis (the primary events of sequential 
exocytosis) and that of the ECFP-SNAP25 signal 
(B) and between the onset of the ECFP-SNAP25 
signal and the secondary event of sequential 
exocytosis (C). Values shown above the plots 
are means � SD.
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Our data support the hypothesis that redistribution of a
target SNARE protein from the plasma membrane into the
membrane of a fused granule after opening of the fusion
pore plays an important role in sequential exocytosis in �
cells, as has been proposed for pancreatic acinar cells (Ne-
moto et al., 2001). Thus, sequential exocytosis in � cells was
preferentially associated with a redistribution of ECFP-
SNAP25 apparent after opening of the fusion pore. Further-
more, the cyclodextrin treatment, which enhanced redistri-
bution of SNAP25 by 2.6-fold, increased the proportion of
sequential exocytosis by 3.7-fold. The observation that 46%
of sequential exocytic events were not associated with such
redistribution might be attributable to the small signal/noise
ratio of ECFP-SNAP25 fluorescence or to the presence
of endogenous SNAP25. Conversely, the redistribution of
ECFP-SNAP25 was associated with only 5% of solitary exo-
cytic events, and the extent of the redistribution in these in-
stances was smaller than that apparent for sequential events.
This result suggests that sequential exocytosis is regulated by
the redistribution of SNAP25 in a concentration-dependent
manner. Infrequency (�5%) or inhibition of the lateral dif-
fusion of SNAP25 might be the major factor limiting the
frequency of sequential exocytosis in pancreatic � cells. In
mast cells, where massive sequential exocytosis occurs (Alva-
rez de Toledo and Fernandez, 1990), substantial relocation
of SNAP23 was found after exocytosis (Guo et al., 1998).
Such relocation might, at least partly, reflect redistribution
of SNAP23 into granules as in � cells.

We found that the depletion of cholesterol by methyl-
�-cyclodextrin from the plasma membrane increased the fre-
quency of redistribution of ECFP-SNAP25 and shortened
the latency between the onset of primary exocytosis and that
of redistribution of ECFP-SNAP25. Cholesterol binds di-
rectly to syntaxin 1A (Lang et al., 2001), and SNAP25 forms
a heterodimer with syntaxin 1A (Chamberlain et al., 2001).
Therefore, the depletion of cholesterol may facilitate the dif-
fusion of SNAP25 along the plasma membrane and thereby
enhances redistribution of SNAP25 into fused granules. Al-
ternatively, cholesterol depletion may alter properties of the
fusion pore so that diffusion of SNAP25 along fusion pore is
facilitated. The more frequent and rapid redistribution of
SNAP25 can account for the increase in the proportion of
sequential exocytosis, but only to 8.9%, and the major mo-
lecular mechanisms of the inhibition of sequential exocytosis
remain to be clarified.

The suppression of sequential exocytosis in � cells may
play an important role in the maintenance of blood glucose
concentration. First, the rate of insulin exocytosis triggered
by glucose was relatively low (11 events cell–1 min–1) and the
time course of secretion is relatively long, persisting for up to
several minutes or hours. Thus, the suppression of sequen-
tial exocytosis prevents massive mobilization of insulin gran-
ules that would result in hypersecretion and in depletion of
insulin. Second, the rarity of sequential exocytosis obliges �
cells to transport insulin granules to the cell surface for exo-
cytosis (Hisatomi et al., 1996; Rorsman and Renström,
2003). Such transportation, which is energy dependent,
might act as a fuel sensor for insulin granule exocytosis (Ta-
kahashi et al., 1999; Kasai et al., 2002; Rorsman and Ren-
ström, 2003). Thus, the suppression of sequential exocytosis

in � cells may be an important aspect of the secretory physi-
ology of these cells.

Materials and methods
Isolation of mouse pancreatic islets
Pancreatic islets were isolated from 8- to 12-week-old ICR mice by colla-
genase digestion and were maintained for 1–12 h under a humidified at-
mosphere of 5% CO2 at 37
C in DME containing glucose (1.0 mg/ml) and
supplemented with 10% FBS, 100 �U/ml penicillin, and 100 mg/ml strep-
tomycin. The islets were transferred with a Pipetman (Gilson) to thin (0.1-
mm) glass coverslips (Matsunami-glass) in the recording chamber. The
standard external bathing solution (Sol A) contained 150 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM Hepes-NaOH, pH 7.4, and 2.8
mM glucose. Imaging experiments were performed within 20 min after
placing an islet in Sol A containing 0.7 mM SRB (Molecular Probes). For-
skolin (Sigma-Aldrich) or PMA (Sigma-Aldrich) was initially dissolved in
DMSO at 10–50 mM and was subsequently diluted in Sol A. Methyl-
�-cyclodextrin (Sigma-Aldrich) was directly dissolved in Sol A.

Two-photon excitation imaging
Two-photon excitation imaging of islets was performed with an inverted
microscope (model IX70; Olympus) and a laser-scanning microscope
(model FluoView; Olympus) equipped with a water-immersion objective
lens (UplanApo60�W/IR; numerical aperture, 1.2). The laser power at the
specimen was 3–10 mW, and two-photon excitation was effected at 830
nm, with images acquired every 0.3–2 s. The fluorescence of SRB, of fura-2
and fura-2FF, and of ECFP was measured at 550–650 nm, 400–530 nm,
and 400–490 nm, respectively. In ECFP measurement, laser power and photo-
multiplier voltage were set to 8 W and 500 V, respectively. 12-bit images
were color-coded with autumn color codes of FluoView. All experimental
procedures were performed under yellow light illumination (FL40S-Y-F;
National) to prevent unintended photolysis of the caged-Ca2� compound
(see the following section). Most experiments were performed at RT
(24–25
C), although the temperature of the bathing solution was increased
to 33–35
C with a heater (Daia Medical System) in some experiments.

Exocytic events were counted in a region of interest (ROI) with an area
of 3,000–5,000 �m2 and were normalized to an area of 2,000 �m2. Given
that the thickness of the optical section (T) in our setup is �0.8 �m, the
volume of the normalized ROI is 1,600 �m3. We expressed the number of
events in the normalized ROI as events per cell, given that the volume of
individual � cells is �1,600 (� cells have a mean diameter of 14.0 �m and
constitute 90% of cells in an islet, or one � cell/1,596 �m3 of an islet). For
example, a frequency of 11.2 (or 45) events per cell per minute can also be
expressed as 0.018 (or 0.073) events per square micrometer of plasma
membrane per minute (a). In this example, the mean frequency of events
() within 1 min and a distance of �0.5 �m (2b) is predicted to be between
�ab2 and

considering the slope of the plasma membrane relative to the focal plane.
Then, the proportion of random simultaneous events is estimated as

(or 0.72–1.3%) based on Poisson statistics. Peak fluorescence intensities of
individual exocytic events were converted to the diameters (2r) of granules
with the equation

where FSG and FS represent the fluorescence of SRB in a single granule and
in solution (with an area of 1 �m2), respectively.

Photolysis of a caged-Ca2� compound
The acetoxymethyl esters (AMs) of the Ca2� indicators, fura-2 (Molecular
Probes) and fura-2FF (Tef Lab), as well as that of the caged-Ca2� com-
pound NP-EGTA (Molecular Probes) were dissolved in DMSO at a high
concentration (2–10 mM). Islets were loaded with these compounds by in-
cubation for 30 min at 37
C in serum-free DME containing 10 �M fura-2-
AM (or fura-2FF-AM), 25 �M NP-EGTA-AM, 0.03% cremphor EL (Molecu-
lar Probes), and 0.1% BSA, and were washed with Sol A. Photolysis of NP-
EGTA was induced with a brief flash (0.2–0.5 s) of a mercury lamp (model
IX-RFC; Olympus). The resulting increase in [Ca2�]i was monitored by the

πab b2 T 2⁄( )2+ ,
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2
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⎝ ⎠
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decrease in fluorescence intensity of fura-2FF (excitation wavelength: 830
nm) and was calculated as

where Kd, Fmax, and Fmin represent the dissociation constant for the interac-
tion between fura-2FF and Ca2� and the maximal and minimal fluores-
cence intensities, respectively. Calibration of fura-2FF was performed in
vivo by exposing islets to Sol A containing 10 �M 4-bromo-A23187 (free
acid; Molecular Probes), 30 �M cyclopiazonic acid (Sigma-Aldrich), and
free CaCl2 concentrations of 10 mM, 63 �M, or 0; the solution containing
63 �M free Ca2� was prepared as described previously (Neher, 1988). In
our islet preparations, the resting fluorescence was the same as Fmax; we es-
timated Fmin /Fmax to be 0.1, and Kd is 31 �M.

Adenoviral infection
The mouse cDNA encoding SNAP25b was amplified by PCR with the for-
ward primer 5�-GCGAATTCAATGGCCGAGGACGCAG-3� and the re-
verse primer 5�-CGGTCGACTTAACCACTTCCCAGCATC-3�, which incor-
porate SalI and EcoRI sites at the 5� and 3� ends of the SNAP25 cDNA
sequence, respectively. The PCR product was digested with SalI and EcoRI
and inserted into the corresponding sites of the expression vector pECFP-
C1 (CLONTECH Laboratories, Inc.), yielding a vector that encodes a fusion
protein in which ECFP is attached to the NH2 terminus of SNAP25 (Wei et
al., 2000). An adenoviral vector that encodes the ECFP-SNAP25 fusion
protein was constructed as described previously (Miyake et al., 1996). Is-
lets were infected with the adenoviral vector (7 � 107 plaque-forming units
per milliliter) for 2 h in serum-free culture medium, washed, and incubated
for an additional 10–18 h before experiments.

Online supplemental material
Online supplemental material shows a video of the real-time image shown
in Fig. 1 B. Online supplemental material is available at http://www.jcb.
org/cgi/content/full/jcb.200312033/DC1.
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