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Insulin secretion from intact mouse pancreatic islets was investigated with 
two-photon excitation imaging. Insulin granule exocytosis occurred mainly 
toward the interstitial space, away from blood vessels. The fusion pore was 
unusually stable with a lifetime of 1.8 seconds. Opening of the 1.4-nanometer- 
diameter pore was preceded by unrestricted lateral diffusion of lipids along the 
inner wall of the pore, supporting the idea that this structure is composed of 
membrane lipids. When the pore dilated to 12 nanometers, the granules rapidly 
flattened and discharged their contents. Thus, our methodology reveals fusion 
pore dynamics in intact tissues at nanometer resolution. 

The secretion of hormones and neurotransmit- 
ters has been studied intensively by measure- 
ment of membrane capacitance and amperom- 
etry (1). Secretion occurs by exocytosis, in 
which the secretory vesicle and plasma mem- 
branes merge, causing release of the vesicular 
contents (1). Exocytosis begins with the forma- 
tion of a semistable fusion pore with a diameter 
of -1.5 nm that connects secretory granules 
and the extracellular space (2-5). These elec- 
trophysiological approaches, however, are ap- 
plicable only to specific preparations, consist- 
ing mostly of isolated cells, that fulfill their 
stringent requirements (2-5). It is also impossi- 
ble with these techniques to trace the vesicles 
after expansion of the pore. Although, in prin- 
ciple, exocytosis is amenable to study by elec- 
tron microscopy, exocytotic events are detected 
infrequently and with poor time resolution with 
this approach (6, 7). Moreover, it is not possible 
to examine fusion pores with diameters of <4 
nm even by freeze fracture (8, 9). Such techni- 
cal difficulties have prevented characterization 
of the properties of fusion pores, and their 
molecular composition remains unclear (10). 

We have visualized intercellular spaces in- 
side living pancreatic islets with a solution con- 
taining a fluid-phase tracer, sulforhodamine B 
(SRB, 0.7 mM), using two-photon excitation 
imaging (11, 12), which can effectively avoid 
the inner filter effect of the bright fluorescent 
tracer (13). Three-dimensional (3D) reconstruc- 
tion of the images revealed a few major vessels 
and numerous tubular capillaries surrounding 
the endocrine cells (movie Sl). In the 2D im- 
ages, major vessels appeared as bright regions 
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and capillaries as small bright spots around a 
cell (Fig. 1A). Stimulation of islets with a high 
concentration (20 mM) of glucose in the con- 
tinuous presence of SRB resulted in the abrupt 
appearance and gradual waning of discrete flu- 
orescent spots adjacent to the plasma mem- 
brane of cells (Fig. 1, B to D) (movie S2). 

Several observations indicate that the tran- 
sient fluorescent spots represented the fusion of 
individual insulin granules with the plasma 

membrane of 3 cells and the subsequent flatten- 
ing of the granules: (i) The diameter of the spots 
ranged between 0.28 and 0.7 pm, with a mean 
value of 0.47 (Lm (n = 167), which is consistent 
with the mean diameter (0.45 jLm, n = 47) of 
individual insulin granules stained with antibod- 
ies to insulin. Moreover, the spots stained with a 
fixable fluid-phase tracer, either Lucifer yellow 
or 3-kD fluorescein-dextran, proved to be insu- 
lin positive (Lucifer yellow, 28/38 spots; fluo- 
rescein-dextran, 12/40 spots) (Fig. 1E). (ii) Most 
cells in the second to fourth layers of islets were 
responsive to glucose (Fig. 2A), consistent with 
the abundance of 3 cells within islets. (iii) The 
time of appearance of the spots was precisely 
correlated with the glucose-induced increase in 
the cytosolic concentration of Ca2+ (Fig. 2B) 
(14). (iv) Forskolin, which induces the cytosolic 
accumulation of adenosine 3',5'-monophos- 
phate (cAMP), markedly increased the number 
of events without substantially affecting the in- 
crease in the cytosolic Ca2+ concentration (Fig. 
2C) (14, 15). (v) The number of events during 
the first phase of glucose-induced insulin 
secretion was estimated to be 13 per cell per 
minute (12), consistent with radioimmuno- 
assay (12). Thus, our imaging strategy al- 
lows visualization of most insulin exocy- 
totic events in the plane of focus. 

Insulin secretion has been thought to occur 
in the "advascular" compartment (that facing 
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blood vessels) of 13 cells (16). However, our 
imaging data revealed that most exocytotic 
events (mean + SD, 71 + 7%; n = 8) occurred 
in the "abvascular" compartment (Fig. 2, A and 
D): Overall, -60% of the 3-cell surface partic- 
ipated in exocytosis, as in single cells (17). We 
still detected a polarity of 3 cells (Fig. 2A): 
Exocytosis occurred preferentially in the vicin- 
ity of certain vessels, possibly veins, around 
which P cells appear to form rosettes (18). 
Some cells exhibited exocytotic events only 
during the first or the second phase of secretion 
(Fig. 2, A and E), indicating intra-islet hetero- 
geneity (19, 20). 
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We next assessed fusion pore dynamics si- 
multaneously using the fluid-phase tracer SRB 
and a membrane tracer, FM1-43 (20 pLM) (21). 
FM1-43 is an amphiphilic dye that fluoresces 
only when it is inserted into a membrane, but it 
does not cross a membrane bilayer. Conse- 
quently, it can readily stain the plasma mem- 
branes deep in the islets (22). The FM1-43 
signal at the site of SRB events (Fig. 3A) was 
consistent with the selective staining of the 
granule membrane but not the granule matrix in 
mouse P cells (12). Unexpectedly, the FM 1-43 
signal appeared simultaneously with or slightly 
preceded the SRB signal (Fig. 3, A and B), with 
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Fig. 2. Spatiotemporal distribution of exocytotic events in pancreatic islets. (A) Distribution of 
exocytotic events in an islet stimulated with 20 mM glucose. Red and blue dots represent sites at 
which exocytotic events were observed in the first and second phases of glucose-induced insulin 
secretion, respectively. The underlying gray image is the inverse image of SRB fluorescence. (B and 
C) Glucose-induced exocytosis in a single islet (B) or averaged for several islets (C). Data in (C) were 
acquired from islets treated in the absence (black, n = 5) or presence (blue, n = 3) of forskolin. 
Exocytotic events were measured within an arbitrary area (2000 !im2) of islets. The bottom traces 
show the increase in the cytosolic Ca2+ concentration recorded from a single islet. The cytosolic 
Ca2+ concentration is represented by (Fo - F)/Fo, where Fo and F stand for resting and poststimu- 
lation fluorescence, respectively. (D) Distribution of exocytotic events (filled bars) in the regions of 
cells that face major vessels, microvessels, or the interstitial space and the proportional areas of 
these three distinct regions (open bars). The histogram was constructed from 1231 events in 174 
cells of eight islets. (E) Proportion of cells (216 cells in 9 islets) that exhibited exocytosis in both 
phases (red and blue dots), only in the first phase (red dot), or only in the second phase (blue dot) 
of glucose-induced insulin secretion. Errors bars in (D) and (E) represent the SEM among islets. Data 
obtained with preparations incubated in the absence of forskolin did not differ significantly from 
those obtained with islets exposed to this drug and were therefore included in (D) and (E). 

a latency of the latter being 0 to 2 s (mean ? 
SD, 0.31 + 0.60 s; n = 65). The large flux of 
FM1-43 thus occurred already at the onset of 
staining with SRB (Fig. 3C). Moreover, FM1- 
43 stained granules more rapidly, with a time 
constant of 0.4 s (Fig. 3C), than did SRB, for 
which staining did not reach a plateau within 
the few seconds before it started to decay (Fig. 
3, A and C). 

The staining of granule membrane with 
FM1-43 might result either from aqueous per- 
meation of FM1-43 through the fusion pore and 
its subsequent insertion into the granule mem- 
brane, or from lateral diffusion of FM1-43 from 
already stained membrane through the inner 
wall of the fusion pore (fig. S 1, A and B). Three 
observations support the latter scenario: (i) Be- 
cause the molecular size of FM1-43 is similar to 
that of SRB, the earlier onset of the FM1-43 
signal relative to the SRB signal (Figs. 3B and 
4, A and B; see supporting online material) is 
inconsistent with permeation of both molecules 
through the same aqueous pore (fig. S1A). (ii) 
If aqueous permeation is the predominant 
mechanism of such staining, the time constant 
of granule staining should depend on the con- 
centration of FM1-43 (Fig. 3D, dashed line), 
given that aqueous inflow is proportional to dye 
concentration (fig. S1B) and that FM1-43 stain- 
ing of the membrane was saturable with a dis- 
sociation constant of 7 pM (12). However, the 
time constant was independent of the concen- 
tration of FM1-43 between 5 and 50 pLM (Fig. 
3, C and D) (12). (iii) The aqueous permeation 
mechanism predicts that FM1-43 staining 
should be slower than SRB staining, given that 
the granule membrane accumulates 16 times 
the number of molecules present in the aqueous 
phase of a granule (12). We obtained the oppo- 
site result (Fig. 3, C and D). Thus, the time 
constant of staining can be approximated by 
4TrR2/(2rrrDm/L), the granule membrane area 
divided by the influx of FM1-43 along the inner 
wall of the pore (fig. S1, A and B), where R is 
the granule radius; r and 1 are the radius and 
length of the fusion pore, respectively; and Dm 
is the lateral diffusion constant of FM1-43. This 
approximation is valid because the pore was 
stable, as described below. The observed time 
constant of 0.4 s yields an estimate of the lateral 
diffusion constant (Dm) for FM1-43 of 3.3 pim2 
s-1 (at 2R = 0.43 pLm, 2r = 1.4 nm, and L = 
10 nm), which is larger than that for lipids in the 
plasma membrane (< 1 Lnm2 s- ) and similar to 
that of pure lipid bilayers (1 to 10 mLm2 s-1) 
(23). 

We next probed expansion of the fusion pore 
with tracers of various molecular sizes (12). The 
smaller molecules, SRB (-1.4 nm) and 3-kD 
dextran (-4 nm), permeated earlier than did 
10-kD dextran (-6 nm), whereas 70-kD dextran 
(-12 nm) permeated later (Fig. 4B, C, and E). 
As expected, two 10-kD dextran tracers perme- 
ated simultaneously (Fig. 4D). The observation 
that the larger tracers began to permeate abrupt- 
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ly after the smaller tracers suggests that the 
expanding pore has a well-defined geometry. 
Moreover, closure of the SRB-permeable pore 
was detected without opening of the 10-kD dex- 
tran-permeable pore in 7% (11/164) of SRB 
events, which were characterized by smaller 
increases in SRB fluorescence (12) that ceased 
shortly after pore opening (Fig. 4F). Such clo- 
sure was also detected in 2% (2/84) of 3-kD 
dextran events before 10-kD dextran events, but 
not in 10-kD dextran events before 70-kD dex- 
tran events (n = 62). Thus, the fusion pore was 
semistable when the pore diameter was between 
1.4 and 4 nm, corresponding to a conductance of 
140 pS to 0.97 nS (12) and consistent with 
capacitance measurements (2-4). 

The lifetime of the fusion pore quantified 
with SRB and 10-kD dextran varied between 
0 and 4 s, with a mean + SD of 1.8 + 0.8 s 
(n = 65) (Fig. 4B). This lifetime is longer 
than those estimated for adrenal chromaffin 
cells (0.052 s) (5), mast cells (0.058 s), and 
beige mast cells (0.36 s) (4) from capacitance 
measurements. We confirmed that our imag- 
ing technique yielded a short lifetime in chro- 
maffin cell clusters (0.041 s, n = 52) (Fig. 
4B, hatched bar). We hypothesized that the 
unusually long lifetime of the fusion pore of 
insulin granules might be due to the crystal- 
line nature of the packaged insulin, which 
may retard granule swelling and expansion of 
the fusion pore (24). To test this notion, we 
examined 1 cells of the guinea pig, in which 
insulin is crystallized to a reduced extent as a 
result of a mutation in the amino acid se- 
quence (25). We found that 50% of the insu- 
lin granules exhibited short lifetimes that 
were rarely seen in mice (Fig. 4B, gray bars), 
with the mean (+ SD) lifetime of the pore 
being only 0.58 + 0.65 s (n = 57). In con- 
trast, when we added Zn (2 mM) to extracel- 
lular solution to prevent the dissolution of 
insulin crystal in mice islets, the lifetime was 
prolonged to 3.5 ? 1.2 s (n = 28). 

The decay in SRB fluorescence (Figs. 1B 
and 3A) represented the full collapse of gran- 
ules into the plasma membrane and resulting 
discharge of the granular contents (Fig. 1D; fig. 
S2 and supporting online text). The reduction in 
SRB fluorescence always began soon (0.2 ? 
0.4 s, n = 131) after the opening of the large 
pore (-12 nm) that allowed the permeation of 
70-kD dextran (Fig. 4, G and H), suggesting 
that granule flattening occurs when the fusion 
pore begins to allow the passage of large-size 
granule contents, such as insulin hexamers (36 
kD) (26). 

Thus, most insulin secretion is abvascu- 
lar and associated with granule flattening in 
3 cells in the islet. The rare ultrastructural 
observation of exocytosis (6) can now be 
explained by the short lifetime (2 to 3 s) of 
fused granules with a large pore diameter 
(>4 nm). The lack of tight junctions be- 
tween cells in islets (27) may enhance the 

Fig. 3. Simultaneous A143 50 SRB vs. FM1-43B SRB .FM4 
imaging of exocytosis 
with the aqueous trac- 100 "-, Mean=0.3 s 
er SRB and the lipid ," : / A SRB c 

ample of the time c FM1-43 
courses of FM1-43 0 I I 
(red) and SRB (black) -2 0 10' 6 ' 
staining of an insulin Time(s) Latency(s) 
granule within a P cell 
of a mouse pancreatic - igM FM1-43 
islet. (B) Latency dis- C - 20 M FM1-43 
tribution for the onset 1 400 M SRB 10 Aqueous diffusion 

of SRB staining rela-^ ^ 
^ 

tive to that of FM1-43 V . - ---- 

staining. (C) Averaged ^ 1 r Lateral diffusion 
time courses of FM1- 0 c o 

o 
43 (color) and SRB 0 
(black) fluorescence , t t 0.1 
acquired from the -1 0 1 2 3 4 50 
same granules. The Time (s) FM1-43 (gM) 
traces are aligned at 
the onset of the FM 1-43 signal. The red, blue, and green lines represent the fluorescence of FM 1-43 
at 20 JM (n = 11), 10 FLM (n = 7), and 5 LM (n = 7), respectively. Solid and dashed vertical lines 
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dependence of the time constant (circles) of granule staining with FM 1-43. The solid line represents 
theoretical estimates with a lateral diffusion constant (Dm) of 3.3 RLm2 s-1. The dashed line is 
predicted from the aqueous diffusion of FM1-43 through the fusion pore with an aqueous diffusion 
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Fig. 4. Dynamics of fusion pore opening. (A to E) Latency histograms for the onset of staining with 
various dyes relative to that of staining with 10-kD dextran (10k Dx) dyes: FM1-43 versus 10-kD Texas 
red-dextran (A), SRB versus 10-kD fluorescein-dextran (B), 3-kD Texas red-dextran versus 10-kD Alexa 
Fluor 488-dextran (C), 10-kD Texas red-dextran versus 10-kD Alexa Fluor 488-dextran (D), and 70-kD 
Texas red-dextran versus 10-kD Alexa Fluor 488-dextran (E). Insets show examples of simultaneously 
measured fluorescence of the two tracers; each pair of traces was obtained from a single insulin granule 
within a p cell of a mouse pancreatic islet. Solid and dashed vertical lines indicate the onsets of staining 
with the two tracers as indicated. Gray bars in (B) represent data from guinea pig islets, and the hatched 
bar represents data from bovine chromaffin cells. The molecular dimensions of the various tracers are 
shown in nanometers, and their relative sizes are indicated schematically as circles. (F) Fusion event 
detected with SRB that was not accompanied by an increase in staining with 10-kD fluorescein-dextran. 
(G) Simultaneous staining of an insulin granule with SRB and 70-kD fluorescein-dextran. (H) Latency 
histogram for the onset of SRB decay (SRBpeak) relative to the opening of the large pore that allows the 
permeation of 70-kD fluorescein-dextran. 
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diffusion of secreted substances and pro- 
motes paracrine interactions within the is- 
let, where ,3, or, and 8 cells tend to be 
segregated (14). 

Our data suggest the notion (24, 28) that 
the fusion pore of physiological exocytosis is 
formed by membrane lipids whose lateral 
diffusion is not prevented by immobile pro- 
teins (23). If the initial pore is formed from 
proteinaceous channels (3, 10), such channels 
would have to be disassembled before expan- 
sion of the pore to a diameter of 1.4 nm so as 
not to prevent lipid diffusion. Thus, the role 
of fusogenic proteins is more likely to be to 
control the proximity of two biological mem- 
branes and thereby to facilitate formation of 
the lipidic nanopore. Such proteins may pre- 
vent lipid flux along the outer wall of the 
fusion pore, as described for hemagglutinin- 
induced cell fusion (29); the outer wall of the 
fusion pore might thus be proteinaceous to 
some extent. Given that insulin secretion is 
mediated by an expanding lipidic pore, ab- 
normal lipid metabolism (14) in individuals 
with non-insulin-dependent (type 2) diabetes 
mellitus may impair secretion at the level of 
lipidic pore structure. Our approach provides 
a means of further elucidating the molecular 
control of fusion pore structures during phys- 
iological exocytosis. 
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Requirement for Caspase-2 in 

Stress-Induced Apoptosis Before 

Mitochondrial Permeabilization 
Patrice Lassus, Ximena Opitz-Araya, Yuri Lazebnik* 

A current view is that cytotoxic stress, such as DNA damage, induces apoptosis 
by regulating the permeability of mitochondria. Mitochondria sequester several 
proteins that, if released, kill by activating caspases, the proteases that disas- 
semble the cell. Cytokines activate caspases in a different way, by assembling 
receptor complexes that activate caspases directly; in this case, the subsequent 
mitochondrial permeabilization accelerates cell disassembly by amplifying 
caspase activity. We found that cytotoxic stress causes activation of caspase-2, 
and that this caspase is required for the permeabilization of mitochondria. 
Therefore, we argue that cytokine-induced and stress-induced apoptosis act 
through conceptually similar pathways in which mitochondria are amplifiers of 
caspase activity rather than initiators of caspase activation. 
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Apoptosis is executed by caspases, a family of 
proteases that disassemble a cell (1, 2). The 
pathways leading to caspase activation vary 
with the cytotoxic stimulus. The stimuli that are 
collectively referred to as cytotoxic stress, such 
as DNA damage, activate caspases by initiating 
signaling pathways that converge on the Bcl-2 
family of proteins (3). A balance between mem- 
bers of this family is thought to determine 
whether mitochondria remain intact or become 
permeabilized and release proteins that promote 
cell death (4). One of these released proteins is 
cytochrome c, which, in a complex with the 
cytoplasmic protein Apaf-1, activates caspase-9. 
Caspase-9, in tun, activates caspase-3, the pro- 
tease that cleaves the majority of caspase sub- 
strates during apoptosis. Two other pro- 
teins, Smac (also called Diablo) and Htr2A 
(Omi), accelerate caspase activation and in- 
crease caspase activity by inactivating 
caspase inhibitors. Mitochondria also re- 
lease apoptosis- inducing factor (AIF) and 
endonuclease G, which appear to kill inde- 
pendently of caspases. Therefore, mito- 
chondria are thought to be a central regula- 

Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY 11724, USA. 

*To whom correspondence should be addressed. E- 
mail: lazebnik@cshl.org 

Apoptosis is executed by caspases, a family of 
proteases that disassemble a cell (1, 2). The 
pathways leading to caspase activation vary 
with the cytotoxic stimulus. The stimuli that are 
collectively referred to as cytotoxic stress, such 
as DNA damage, activate caspases by initiating 
signaling pathways that converge on the Bcl-2 
family of proteins (3). A balance between mem- 
bers of this family is thought to determine 
whether mitochondria remain intact or become 
permeabilized and release proteins that promote 
cell death (4). One of these released proteins is 
cytochrome c, which, in a complex with the 
cytoplasmic protein Apaf-1, activates caspase-9. 
Caspase-9, in tun, activates caspase-3, the pro- 
tease that cleaves the majority of caspase sub- 
strates during apoptosis. Two other pro- 
teins, Smac (also called Diablo) and Htr2A 
(Omi), accelerate caspase activation and in- 
crease caspase activity by inactivating 
caspase inhibitors. Mitochondria also re- 
lease apoptosis- inducing factor (AIF) and 
endonuclease G, which appear to kill inde- 
pendently of caspases. Therefore, mito- 
chondria are thought to be a central regula- 

Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY 11724, USA. 

*To whom correspondence should be addressed. E- 
mail: lazebnik@cshl.org 

tory element in stress-induced apoptosis (5). 
Another way to activate caspases, used by 

cytokines, is to assemble receptor complexes 
that recruit caspase-8 or caspase-10, thereby 
inducing their autocatalytic processing (2). 
These caspases activate other caspases, includ- 
ing caspase-3, either directly (by proteolytic 
processing) or indirectly by cleaving Bid, a 
Bcl-2 family member. A proteolytic fragment of 
Bid permeabilizes mitochondria, thereby accel- 
erating cell disassembly as described above. 
Hence, mitochondria in this pathway function as 
"amplifiers" of the caspase activity rather than 
as central regulators of apoptosis. 

This model of apoptosis was consistent with 
studies ofoncogene-dependent apoptosis, a phe- 
nomenon that may provide clues about how to 
kill cancer cells selectively (6). By comparing 
normal human fibroblasts (IMR90) with fibro- 
blasts transformed with the adenoviral oncogene 
E1A (IMR90E1A), we found that this oncogene 
sensitizes cells to chemotherapeutic drugs by 
facilitating the activation of caspase-9 (7). E1A 
appears to achieve this effect by promoting the 
activation of Bax, a proapoptotic Bcl-2 protein 
that can permeabilize mitochondria, and by re- 
pressing a still-unidentified inhibitor of this per- 
meabilization (8). These observations were in 
agreement with a model in which Bcl-2 proteins 
control caspase activation by regulating mito- 
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