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High-resolution deep tissue imaging is possible with two-photon excitation microscopy. With the com-
bined application of two-photon imaging and perfusion with a polar fluorescent tracer, we have established
a method to detect exocytic events inside secretory tissues. This method displays the spatiotemporal distribu-
tion of exocytic sites, dynamics of fusion pores, and modes of exocytosis. In glucose-stimulated pancreatic
islets, exocytic events were observed to be synchronized with an increase in cytosolic Ca’* concentrations.
Full fusion of a single secretory granule is the typical mode of exocytosis and compound exocytosis is inhib-
ited. Because two-photon excitation enables simultaneous multicolor imaging due to the broadened excitation
spectra, the distributions and conformational changes in fluorescent-labeled molecules can be simultaneously
visualized with exocytic events. Therefore, we can analyze the dynamics of the molecules involved in mem-

brane fusion and their association with exocytosis in living tissues.
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1. INTRODUCTION

Insulin is synthesized in beta cells in the pancreatic islets
and stored in secretory granules. Following the increase in
blood glucose concentration after meals, glucose is taken up
into the cells and metabolized to depolarize the membrane
potential.? Depolarization induces the activation of voltage-
dependent calcium channels, resulting in increase in cytosolic
calcium concentrations. Such calcium signals trigger the fu-
sion of plasma and vesicle membrane, formation of the fusion
pore, and secretion of insulin outside of the cells through the
pore. The secreted insulin affects the target organs, such as
the liver, skeletal muscle, and fat cells, to lower the levels of
glucose in the blood. We have applied two-photon excitation
imaging to the pancreatic islet preparation and studied the
mechanism of exocytosis, which is the final stage of secretion.
In this review, we summarize our findings and related work.

2. PRINCIPLE OF TWO-PHOTON EXCITATION AND
MERIT IN IMAGING

In conventional (one-photon) excitation, a fluorophore exist-
ing in the ground state absorbs a single photon and is excited
to a higher energy state (Fig. 1). After a short period of time,
the excited fluorophore relaxes back to its ground state by
emitting a photon of fluorescent light. In two-photon excita-
tion, a fluorophore simultaneously absorbs two photons and is
excited.” Because the energy of a photon is inversely propor-
tional to its wavelength, two-photon excitation can be achieved
with approximately twice the wavelength. For example, the
calcium fluorescent indicator fura-2 is excited by ultraviolet
(UV; wavelength: 300-400nm) radiation in conventional one-
photon excitation; however, in two-photon excitation, infrared
light (wavelength: 750—-850nm) can be utilized. Light with
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greater wavelengths generally scatters less in the biological
samples; thus, two-photon excitation is suitable for imaging
deep inside the tissues (ca. 1 mm). Furthermore, phototoxicity
has been reported at a shorter wavelength illumination (partic-
ularly for UV); thus, excitation at greater wavelengths enables
longer observations with repetitive excitation.”

Two-photon excitation is achieved when two photons are
simultaneously absorbed within 107'8s. Hence, much higher
photon density is required compared with one-photon excita-
tion. Recently, an ultrashort-pulsed mode-locked laser was
developed that can generate pulses with a duration of ca. 100
fs at a repetition rate of ca. 100 MHz (10-ns interval), enabling
high peak power with low average power. Therefore, effec-
tive two-photon excitation can be achieved during the pulse
period, which reduces the photodamage due to the low aver-
age intensity. In addition, focusing the excitation light with an
objective lens creates a spatial concentration of photon flux,
which results in tomographical excitation. Thus, without pin-
holes, which are necessary in confocal imaging, tomographic
images can be consequently obtained, which enables us to
utilize all of the emitted light effectively without excluding the
out-of-focus emissions.

Two-photon imaging is also suitable for simultaneous mul-
ticolor imaging because the excitation spectra are broadened
in two-photon excitation compared with the conventional
one-photon excitation.” Consequently, several kinds of fluo-
rescent tracers can be simultaneously excited with a single
laser source, and the focal plane is ensured to be the same
among several kinds of fluorescent tracers. This aspect brings
an advantage in observing the biophenomena that occur with
a short period of duration within a small area, such as the
exocytosis of single hormone-containing vesicles (ca. 3s, ca.
0.5 um?).
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A. Pancreatic islet immersed in a solution containing the polar fluorescent tracer, sulforhodamine B (SRB, 0.7mwm). B. The exocytic event of a single insulin vesicle
triggered with 20mm glucose. The transient appearance of a small fluorescent spot was detected as the extracellular fluorescent tracer filled back into the insulin vesicle
through the fusion pore. In most cases, it flattened with the plasma membrane, reflecting the flattening of the vesicular membrane and release of vesicular contents.

3. IMAGING OF INSULIN EXOCYTOSIS

We labeled the extracellular solution with hydrophilic polar
fluorescent tracers to detect exocytic events of individual in-
sulin granules. We isolated the mouse pancreatic islets with
collagenase digestion, and the islets were placed in a glass-
bottomed chamber. When we perifused the islets with a solu-
tion containing fluorescent tracers, such as sulforhodamine B
(SRB), Lucifer yellow, or Alexa594, we were able to image
mesh structures inside the islets.” A three-dimensional recon-
struction of the structure revealed it to be tubular; thus, the
fluorescent mesh structure mainly reflected the microvascula-

ture inside the islets (Fig. 2A). When we stimulated the islets
with glucose (8—20mwm), fluorescent spots with diameters of
0.2—0.7 um suddenly appeared close to the intercellular space
in the islets® (Fig. 2B). These fluorescent spots reflected the
exocytic events of insulin granules because the extracellular
polar fluorescent tracers back-filled into the granules through
the fusion pore. Typically, most of them (92%) decayed within
several seconds, mainly reflecting the flattening of the vesicle
membrane after fusion’® (Fig. 3A), thereby releasing the ve-
sicular contents into the extracellular space. These exocytic
events were synchronously detected with an increase in the
cytosolic calcium concentration, which often occurs in an os-
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The number (%) shows the frequency of the respective modes that were visu-
alized with the two-photon excitation imaging of the glucose-stimulated mouse
pancreatic islet.

cillatory manner.” The frequency of detected exocytic events
per 800-um? field corresponded well with the reported number
of insulin secretion events from a single cell, which was es-
timated as 6-12 granules/min/cell.'” Therefore, the imaging
system detected most of the insulin exocytosis that occurred
in the focal plane. Further treatment with forskolin, an activa-
tor of adenylate cyclase that increases the cytosolic concentra-
tion of cAMP, induced more exocytic events during both the
phases of insulin secretion.'”

4. SPATIAL DISTRIBUTION OF EXOCYTOSIS

In our studies, insulin exocytosis has been observed all
over the plasma membrane of beta cells, which is in agree-
ment with the findings of previous studies.”” However, there
appears to be a slight trend toward exocytosis occurring
more near blood vessels®'® (Fig. 4). The presynaptic scaffold
proteins RIM2'¥ and piccolo' were reported to be enriched
in the beta cells membrane that borders the vasculature;
however, the soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) proteins that are involved in
membrane fusion, syntaxinlA and synaptosomal-associated
protein (SNAP) 25, are relatively uniformly distributed around
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Fig. 4. Spatiotemporal Distribution of Insulin Exocytosis in a Pancre-
atic Islet

The black regions (V) reflect microvasculature. The filled @ and open circles
O show the sites at which insulin exocytosis was detected within 0-300s or
300-600s, respectively, after stimulation with 20mm of glucose.

the cell membrane.'” Because no tight junction structures are
observed in the islets'® or endocrine cells in general, the inter-
cellular space of the endocrine gland is the major pathway for
hormone secretion.

5. DYNAMICS OF PORE FUSION

During the fusion of two membranes, a semi-stable aqueous
pore is initially formed, and this structure is called the fusion
pore. Time-resolved membrane capacitance measurements
have been used to estimate the pore diameter. The diameters
were estimated to be approximately 0.3—2nm when the pore
was stable for a period and could be reversibly closed."”'”
However, capacitance measurements cannot be used to esti-
mate the diameters of pores that are larger than 2nm for small
vesicles or 6nm for large vesicles.''®)

To overcome this limitation, we used fluorescent polar
tracers as nanometer-sized probes in the imaging experi-
ments.® In these experiments, we used two polar tracers, SRB
(0.3-0.7mm) and dextrans, conjugated with fluoresceins of
different molecular weights (0.5-2mm). Based on the molecu-
lar structures and light scattering, we estimated the hydrody-
namic diameters of SRB and 10-kDa fluorescein dextran (FD)
to be 1.4nm and 6nm, respectively” and found that the large
dense-core vesicles of adrenal chromaffin cells and PC12 cells
were nearly simultaneously stained with the two compounds
with a time lag of <50ms. This time lag was consistent with
the 10-50-ms lifetime of the fusion pore that has been ob-
served in these cells in studies that use capacitance measure-
ments and amperometry.zo)

In beta cells, there were significant time lags of 1-2s be-
tween SRB and 10-kDa FD signals, with a mean latency of
1.85,% suggesting that the dilation of the fusion pore is ex-
ceptionally slow for insulin vesicles in beta cells. Several ob-
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servations support that the slow expansion of the fusion pore
is due to the crystallization of insulin in the vesicles, which
prevents the dilation of the vesicle contents and consequently
the fusion pore. The first of these observations is that pore
dilation is further slowed by the extracellular addition of zinc
(Zn; 3mm) to the extracellular solution, and this is known to
stabilize insulin crystals by binding to insulin.?" Second, pore
dilation is significantly faster in guinea pig islets, where crys-
tallization of insulin is known to be less prevalent.?" Finally,
experiments with 70-kDa FD showed that the flattening of the
vesicles starts after the fusion pores were dilated to more than
12nm,” which may be interpreted to mean that the flattening
of the vesicles occurs when the fusion pore allows permeation
of the 36-kDa insulin hexamer. Thus, our study suggested
that the secretion of insulin takes several seconds, which is in
line with the Zn-imaging results.”” In contrast, the decay of
insulin-green fluorescent protein (GFP) release occurs within
Is in total internal reflection fluorescence (TIRF) imaging
experiments,” 2> and this is likely because of the lack of
crystallization of insulin-GFP in these experiments.

Although the closure of the fusion pore can be reversible,
transient openings are not larger than 6nm in beta cells,
which is similar to what has been reported in other cells.®?¢2"
Some granules at such transient pore sites subsequently move
away from the site of exocytosis,” suggesting that these
granules were engaged in kiss-and-run secretion (Fig. 3B).
Because insulin supposedly cannot be secreted through such
a transient and narrow fusion pore,*?® such kiss-and-run
events are considered to be failures of insulin secretion. In
fact, such kiss-and-run exocytosis represents only 6%—7%
of all the exocytotic events in beta cells, and this is further
reduced at higher cytosolic concentrations of cAMP.!” While
experiments employing the confocal imaging of islets” and
Zn imaging of insulin release’? also indicate that most insulin
granules undergo full fusion exocytosis in beta cells, kiss-and-
run exocytosis was detected more frequently in TIRF imaging
experiment.”” This suggests that the process of exocytosis
significantly differs in the plasma membranes on glass cover
slips compared with cells expressing exogenous proteins.

6. MODE OF EXOCYTOSIS

Two-photon imaging study revealed that most insulin exo-
cytosis was mediated by the fusion of single vesicles with
the plasma membrane. However, compound exocytosis has
been reported in other secretory tissues, where several gran-
ules were involved in the membrane fusion. Two types of
compound exocytosis have been suggested by several lines of
evidence: sequential and multivesicular exocytosis (Figs. 3C,
D). First, sequential exocytosis is observed in several secre-
tory tissues, including pancreatic acinar cells,® adrenal me-
dulla,”” or pituitary lactotrophs,’ where the vesicles on the
internal side of the cells fuse with the membranes of granules
that are already fused with the plasma membrane. Thus, the
site of exocytosis sequentially moves into the internal area
of the cells. Furthermore, secretion can be achieved even
without the transport of individual granules toward the cell
surface. In cases where the area designated for exocytosis is
anatomically restricted, such as the luminal area of exocrine
cells that faces the duct, sequential exocytosis is considered
to be an effective mode for secretion. In pancreatic islets,
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sequential exocytosis was inhibited to approximately 2% of
the total exocytic events,’” suggesting that insulin granules
should be transported just beneath the plasma membrane to
be released. Thus, the vesicular transport process should be a
target in secretory regulation, and secretion can be fine-tuned.
In the second mode of compound exocytosis, multivesicular
exocytosis, several granules are fused together in advance
for the fusion with the plasma membrane. Such exocytosis is
described in eosinophils®*3*¥ and peritoneal mast cells, in
which explosive secretion can be observed. In pancreatic islet
preparations, multivesicular exocytosis is inhibited because of
the distribution of the fluorescent spots (diameter, 0.2—0.7 um).
This notion correlates with the inhibition of hypoglycemia be-
cause robust and abrupt insulin release brings the risk of dam-
age to living tissue. Although multivesicular exocytosis partly
contributes to insulin exocytosis, stimulation with carbachol
was reported to increase its frequency by approximately four-
fold.*®

The mode of exocytosis was modulated by Secl/muncl8
proteins (SM proteins) that bind to SNARE proteins and fa-
cilitate their assembly to mediate membrane fusion. Munc18b
is one of the Muncl8 isoforms that is expressed in pancreatic
islets, and the deletion of Muncl8b by shRNA reduced insu-
lin secretion.’” Interestingly, a Muncl8b mutant, Muncl8b-
K314L/R315L (Muncl8b-KR), is a mutant that facilitates
SNARE complex assembly. The laboratory of Lam and Gai-
sano showed that Muncl8b-KR facilitated the complex forma-
tion between Syntaxinl/2-VAMP2-SNAP25 and Syntaxin3-
VAMPS-SNAP25 in islets that were stimulated by glucose,
GLP-1, and IBMX.*? Syntaxin 2, Syntaxin 3 and Muncl8b
were abundant at the insulin granules, and the overexpres-
sion of Muncl8b-KR facilitated the fusion between secretory
granules, and enhanced the frequency of sequential exocytic
events up to 12%.%” Therefore, different types of SNARE
molecules are involved in fusion between secretory granules
compared with granule fusion with the plasma membrane.*®

7. SNARE ASSEMBLY AND EXOCYTOSIS

Several kinds of SNARE proteins are expressed in pan-
creatic islets,”*" and each molecule has one or two a he-
lices. VAMP2 is expressed on the vesicular membrane, and
SNAP25 or syntaxinl is mainly expressed at the target plasma
membrane (Fig. 5). After the a-helices assemble with each
other, the zippering of four coiled-coil domains among the
three SNAREs prompts the fusion of the vesicular and plasma
membranes. Although the participants and in vitro kinetics
of SNARE assembly are known, the timing of SNARE as-
sembly relative to Ca>" entry and exocytosis has not been
demonstrated in secretory cells or neurons. To monitor the
conformational changes of SNAP2S5 in living secretory cells,
we constructed an intramolecular fluorescence resonance en-
ergy transfer (FRET) probe of SNAP25 by fusing two GFP
variants, enhanced cyan fluorescent protein (ECFP), and
Venus, to SNAP25*? and named it SNAP25 Reporter Linker
Mutant (SLIM).*» Immunoprecipitation experiments showed
that SLIM formed a binary complex with a helix of syntaxin
and a ternary complex by the addition of a helix of VAMP2.
When SLIM assembled with Syntaxinl in the cuvette, the
fluorescence ratio of Venus/ECFP increased as the two fluoro-
phores drew together and induced FRET. The further addition
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Three types of SNARE complex formation were depicted. In the intramolecular FRET analysis of SNAP25 in the pancreatic islets,*) low FRET region reflected the area
of unitary configuration, while high FRET region mostly reflected the area of binary configuration. The latencies of glucose- or caged-calcium stimulated insulin exocytic

events were correlated with initial FRET values, suggesting that the SNARE assembly in the resting conditions determined the fusion readiness.

of VAMP2 did not affect the fluorescent ratio, indicating that
SLIM selectively reflected the assembly of SNARE molecules
that were expressed at the plasma membrane (t-SNAREs).

The initial FRET values were correlated with fusion readi-
ness in pancreatic islets. cDNA of SLIM was introduced into
islet cells using an adenoviral vector, and the samples were
immersed in a solution containing the polar fluorescent
tracer, Alexa594. FRET values varied over the surface of
the beta cells, and its distribution was fitted with the sum
of two Gaussian functions. The two components, high- and
low-FRET region, corresponded to the areas with assembled
and unassembled t-SNARE complexes, respectively. We next
triggered Ca®"-dependent exocytosis with glucose stimulation
or by uncaging a caged-Ca®>" compound and simultaneously
monitored FRET value (Venus/ECFP) and exocytic events
(Alexa594). In the high-FRET regions, exocytosis could be
detected 1.5 times more frequently than in the low-FRET re-
gions. Statistical comparisons of the glucose-induced exocytic
events before and after 200s indicated significantly lower
FRET values in the later events.*

In addition, we analyzed the conformational changes in
SLIM that were associated with quantal insulin exocytic
events. We averaged more than 100 FRET traces at the site
of exocytosis, and these were synchronized with the onset of
exocytosis. In high-FRET regions, the average FRET signals
were unchanged during exocytosis, an observation consistent
with the interpretation that SNAREs are already assembled
in such regions. In contrast, the average FRET signals in
low-FRET regions increased during exocytosis. This increase

43)

preceded exocytosis by approximately 3 s, which suggests that
SNARE assembly is a prerequisite for membrane fusion. The
amount of SNAP25 participating in exocytosis was estimated
to be approximately 12% of the total SNAP25 levels within
the measurement region, which has a membrane area of ca.
0.5um>* In chromaffin cells, the conformational changes
in SNAP25 during exocytosis were examined with the com-
bined use of a FRET probe of SNAP25 (SNARE complex re-
porter),***¥ TIRF microscopy, and amperometry. The average
FRET signal from 900 fusion events was reported to precede
the opening of the fusion pore by 90ms, and ca. 7% of the
FRET probe molecules were estimated to be involved in the
transient FRET increase within the area of the exocytic site
(0.1 yum?).*9

Because two-photon microscopy utilizes an ultra-short
pulse laser, it is also suited for fluorescence lifetime imag-
ing,* which enables the quantification of intermolecular as
well as intramolecular FRET. Combined with simultaneous
multicolor imaging, the molecular mechanisms of exocytosis
are expected to be elucidated in living tissues.
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