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We have developed an imaging approach to estimate the diameter of exocytic vesicles that
are smaller than the resolution of an optical microscope and present within intact tissue. This
approach is based on two-photon excitation imaging of polar tracers in the extracellular medium,
is designated TEPIQ (two-photon extracellular polar-tracer imaging-based quantification), and
has three variants. TEPIQ analysis of AV measures vesicle volume with a fluid-phase tracer,
sulforhodamine B (SRB). TEPIQ analysis of AS determines vesicle surface area with a polar
membrane tracer, FM1-43. TEPIQ analysis of AV/AS estimates vesicle diameter from the
SRB/FM1-43 fluorescence ratio. TEPIQ analysis is insensitive to microscope settings because the
same setup is used for calibration and actual experiments. We tested the validity of TEPIQ with
glucose-induced exocytosis from beta-cells within pancreatic islets. The three TEPIQ variants
yielded estimates for the mean diameter of exocytic vesicles of between 340 and 390 nm, consistent
with the size of insulin granules. TEPIQ analysis relies on the combination of two-photon
excitation imaging, the narrow intercellular spaces of intact tissue, and the presence of diffusible
polar tracers in the extracellular medium. It allows quantitative imaging of exocytosis within
secretory organs, yielding estimates of vesicle diameter with nanometer resolution.
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In conventional imaging studies of exocytosis, secretory
vesicles are stained with a fluorescent probe before
exocytosis and the release of the probe during exocytosis is
measured (Betz & Bewick, 1992; Steyer et al. 1997; Oheim
et al. 1999). Such pre-fusion labelling has been used to
investigate the history of vesicles prior to fusion (Steyer
etal. 1997; Avery et al. 2000; Tsuboi et al. 2002). In contrast,
we have developed a post-fusion labelling approach, in
which vesicles are labelled after the fusion reaction by polar
tracers present in the extracellular solution and are imaged
with a two-photon excitation microscope (Nemoto ef al.
2001; Takahashi et al. 2002). Such two-photon extracellular
polar-tracer (TEP) imaging is superior to imaging based
on pre-fusion labelling for tracking the fate of vesicles after
fusion. TEP imaging thus shows no selection bias and,
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like measurement of membrane capacitance, allows the
study of exocytosis and endocytosis in a fully quantitative
manner.

As an extension of our previous studies (Nemoto et al.
2001, 2004; Takahashi et al. 2002, 2004 ), we now describe
a new approach, TEP imaging-based quantification
(TEPIQ), for estimating the diameter of vesicles
undergoing exocytosis. TEPIQ analysis provides an
estimate of vesicle diameter based on a comparison
of fluorescence between the vesicle and either the
extracellular medium or the plasma membrane. It can also
be applied to vesicles smaller than the spatial resolution of
an optical microscope, a feat that cannot be achieved by
any other method for studying vesicle dynamics, including
capacitance measurement, amperometric measurement,
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and imaging based on pre-fusion labelling. To validate this
approach, we applied TEPIQ analysis to the exocytosis
of insulin granules in the pancreatic islets, where TEP
imaging has already been applied to characterize the nature
of exocytosis (Takahashi et al. 2002, 2004), and where
beta-cells are ideally spherical for the calibration of TEPIQ
analysis. The diameter of exocytic vesicles estimated by
TEPIQ analysis was consistent with that of insulin granules
determined by electron microscopy. We address possible
errors in TEPIQ analysis as well as the advantages and
potential applications of this approach for studies of
exocytosis in intact secretory tissues.

Methods
Cell preparations

Islets of Langerhans were isolated from the pancreas of
8- to 12-week-old ICR mice by collagenase digestion
(Takahashi et al. 1997), and single-cell suspensions
were obtained from the islets by trituration. FEither
islets or isolated beta-cells were cultured overnight
under a humidified atmosphere of 5% CO, at 37°C
in Dulbecco’s modified Eagle’s medium, with a glucose
concentration of 1.0mgml™' and supplemented with
10% fetal bovine serum, penicillin (100 U ml™'), and
streptomycin (100 mg ml™!). Individual beta-cells or islets
were examined in a recording chamber containing 0.1 mm
glass cover slips (Matsunami-glass, Osaka, Japan). The
bathing solution for experiments (SolA, 320 mosmolar)
consisted of 140 mM NaCl, 5mMm KCl, 2mm CaCl,,
1 mm MgCly, 2.8 mMm glucose, and 10 mm Hepes-NaOH
(pH 7.4). Imaging experiments were performed at room
temperature (24 to 25°C). The experiments were approved
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Figure 1. Relation between the measured lateral FWHM
diameters and the actual diameters of a quantum dot and
fluorescent spheres in xy-images

® represents the quantum dot and m represents the fluorescent beads
(actual diameters of 0.282, 0.748 and 0.977 um). Error bars indicate
s.D. (n = 6-17). The smooth curve represents predicted FWHM
diameters based on eqn (A19) in Appendix D.
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by the Animal Experiment Committee of the National
Institute for Physiological Sciences.

TEP imaging

The recording chamber was placed on the platform
of an inverted microscope (IX70; Olympus, Tokyo,
Japan) equipped with a laser scanner (FV300,
Olympus), a water-immersion objective lens (UPlanApo
60 x water/IR; numerical aperture of 1.2), and a
mode-locked femtosecond-pulse laser (Tsunami; Spectra
Physics, Mountain View, CA, USA). The lateral and axial
full-width-at-half-maximal (FWHM) resolutions were
estimated to be 0.32+£0.05um (mean=+s.n., n=06)
(Fig. 1) and ~1.5 um, respectively, with the use of a
quantum dot with a core diameter of 5nm (CdSe/ZnS
Evitags-Adirondack Green-Amine; Evident Technologies,
Troy, NY, USA) immersed in Aqua Mount (Polyscience,
Warrington, PA, USA). FluoSphere (diameters of 0.282
and 0.977 um; Molecular Probes, Eugene, OR, USA)
and Fluosbrite (diameter of 0.748 um; Polyscience)
polystyrene beads were also used for measurement of
lateral FWHM diameter (Fig. 1).

The  bathing  solution  contained 0.4 mm
sulforhodamine B (SRB; Molecular Probes) either alone
or together with 20 um FM1-43 (Molecular Probes).
For stimulation of exocytosis, either the concentration
of glucose in the bathing solution was increased to
20mm or islets that had been loaded with 25 um
nitrophenyl-EGTA (NPE)-acetoxymethyl ester (Molecular
Probes) (Takahashi et al. 2004) were exposed to light
from a mercury lamp (U-ULS100HG, Olympus) fitted
with a 360 nm band pass filter to induce the photolysis
of NPE (Kasai et al. 1996; Takahashi et al. 2004). The
radiation of the mercury lamp was gated with an electric
shutter (IX-ESU, Olympus) with a 500 ms opening. For
calibration of AS-TEPIQ analysis, we rapidly applied
FM1-43 (20 um) and SRB (0.4 mm) with a glass pipette
to obtain images as quickly as possible (< 2 min).

The fluorescence of SRB was measured at 570-650 nm
(red channel) and that of FM1-43 was measured at
400-550 nm (blue channel). The laser power at the
specimen was 5-10 mW, and the wavelength was 830 nm
for SRB imaging or 850 nm for double staining with SRB
and FM1-43. We acquired images every 0.3 to 1.5s with
the Fastl or Fast2 acquisition mode and Zoom4 setting
of the FV300 laser scanner. The control voltages of the
photomultipliers were set at 500 and 650 V for the red and
blue channels, respectively. For double staining, overlap
of the emission spectra of the two tracers was estimated
by measuring fluorescence from preparations stained with
only one tracer under the same experimental conditions.
Such cross talk was significant only for FM1-43 (~25%
cross talk from the blue to the red channel), and this
FM1-43 leakage was subtracted from the SRB images.
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Results

Ca?*-dependent exocytosis in beta-cells of intact
islets of Langerhans

Individual insulin exocytic events were visualized by
two-photon excitation microscopy in intact mouse
pancreatic islets that were superfused with a solution
containing the polar fluorescent tracer SRB (0.4 mm)
and stimulated with 20 mm glucose. Consistent with our
previous observations (Takahashi et al. 2002), glucose
stimulation resulted in a rapid appearance of small spots of
fluorescence at the plasma membrane of islet cells (Fig. 2A
and B). Most (88%) of these spots gradually decayed within
20s (Fig. 2C), reflecting full collapse of vesicles into the
plasma membrane (Takahashi et al. 2002; Ma et al. 2004),
as directly visualized in side views of the exocytic process
(Fig. 2A).

The diameter of the fluorescent spots ranged between
0.21 and 0.64 um, with a mean value of 0.41 0.09 um
(mean =+ s.p., n=75) (Fig.2D) (Takahashi et al. 2002).
This FWHM diameter did not directly reflect the actual
diameter of insulin granules, given that it was close
to the spatial resolution of our microscope (0.3 um)
and therefore not sensitive to the actual diameter of

Figure 2. Two-photon excitation imaging
of exocytosis in pancreatic islets

A and B, two examples of imaging of
exocytosis with SRB. Full flattening of a vesicle
(arrow) is apparent in the side view (A),
whereas an exocytic event (arrow) is clearer in
the front view (B) because of the reduced level
of background fluorescence attributable to the
horizontal and narrow intercellular space. The
boxed regions in the large panels on the left are
shown at higher magnification in the smaller
panels. C, time courses of fluorescence during
single exocytic events. The top and middle
traces correspond to the events shown in A and
B, respectively. AV represents the volume of
the fluorescence profiles of exocytic vesicles l L
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vesicles (Fig. 1, continuous line). We were thus not able
to completely exclude the possibility that some exocytic
events were mediated by small vesicles (Takahashi ef al.
1997; Braun et al. 2004) rather than by large dense-core
vesicles, although 70% of these events in beta-cells were
positive for insulin immunoreactivity (Takahashi et al.
2002). We therefore sought a direct means to estimate the
actual diameter of exocytic vesicles.

TEPIQ analysis of AV

We developed TEP imaging-based quantification (TEPIQ)
as an approach to estimate vesicle diameter with the use of
polar tracers. We chose SRB as a fluid-phase tracer because
it is small (molecular mass of 558 Da; diameter of 1.4 nm)
and relatively insensitive to pH (the fluorescence intensity
of SRB in solution was affected by < 3% by changes in
pH between 5 and 8). We first measured the fluorescence
of the external solution (Fig. 3A and B) and compared it
with the increase in fluorescence due to the influx of the
polar tracer through an open fusion pore into an exocytic
vesicle (A V-TEPIQ analysis) (Fig. 3C). We assumed that
the concentration of the fluorescent tracer in the exocytic
vesicle is the same as that in the extracellular solution,

1 um
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calculated on the basis of the AV-TEPIQ 0

analysis. D, histogram of FWHM diameters of
exocytic vesicles (n = 75).
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given that SRB is small and highly polar, as is proved in
this and the accompanying studies (Kishimoto ef al. 2005;
Liu et al. 2005). Since the vesicles tend to change their
shapes after exocytosis, it is necessary to record exocytic
events with high temporal resolution. We thus obtained
time-lapse xy-images of the same focal plane rather than
three-dimensional xyz-images. The xy-images therefore
must be corrected for the efficiency of focal illumination
along the z-axis (Fig. 3D; Appendix A).

The efficiency of focal illumination was estimated
by a point spread function, p(x,y,z), for two-photon
fluorescence with the use of a quantum dot. The point
spread function was integrated for each xy-plane, p,,(z)
(Fig. 3D), and normalized as follows:

/ny(Z) dz=1 (1)

It is important to note that two-photon excitation is
inherently resistant to light scattering, and the point spread
function does not change even within tissues (Dong et al.
2003), unlike a one-photon confocal microscope.

The efficiency of focal illumination, py,(0), was thus
estimated to be 0.56 (Fig. 3D). The volume of a vesicle can
then be obtained from the total fluorescence of the vesicle
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Figure 3. TEPIQ analysis of AV
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(F,) in an xy-image (Fig.3C) as described in eqns (A6)
and (A7) in Appendix A

Fy Fy

AV =—=——
F]:j Fpry(O)

(2)
where Fy, is the fluorescence intensity per unit area in an
xy-image of a solution with an infinite depth, andFj is
the corrected fluorescence of the extracellular solution.
The value of Fg can be reliably estimated with a solution
containing a known concentration of SRB (Fig.3B). It
depends on the parameters of image acquisition, such as
the voltage of the photomultiplier, the incident laser power,
and the speed of image acquisition, and thus should be
obtained under the same conditions as those of the actual
experiment. In our setup, Fg was 99 445 4 3114 arbitrary
units (AU) um~2) (n=>5).

We can readily convert the volume of a vesicle into the
diameter of the vesicle (¢v) assuming that the vesicle is
spherical (d = 2r, where r is the vesicle radius) as:

¢, =2[(3/47)AV)]'? (3)

Even though the vesicle is not spherical, the value gives the
normalized diameter when the vesicle would be spherical,

Xy E

z-axis position {um)

A and B, fluorescence images (xz and xy, respectively) of a single B-cell on a cover slip immersed in a solution
containing SRB (0.4 mm). C, the volume of an exocytic vesicle is estimated from the SRB fluorescence intensities
for an exocytic event (Fy) and for a unit volume of extracellular solution (F'g). D, an actual point spread function
for a quantum dot (diameter of 5 nm) along the z-axis (®). The fluorescence intensity was normalized so that the
total integral became 1.0. The smooth line is predicted by eqn (A17) in Appendix C.
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and actual sphericity of the vesicle is not a problem in
TEPIQ analysis of AV.

TEPIQ analysis of AV at the peak of fluorescence
during glucose stimulation (Fig. 4A) yielded an estimate
for the diameter of insulin vesicles as 0.35 4= 0.054 um
(n=147) (Fig.4B). The fluorescence of SRB might not
reach a steady state, however, because of rapid flattening of
vesicles during glucose stimulation. We therefore analysed
the exocytic events induced by photolysis of the caged-
Ca?* compound NPE, for which vesicle flattening was
markedly slower (Fig.4C) (Takahashi et al. 2004). We
obtained a similar value for mean vesicle diameter
(0.37 £ 0.045 pm, n = 86) under this condition (Fig. 4B),
indicating that the staining of vesicles virtually achieved a
steady state during glucose stimulation. More precisely, the
5.7% larger mean diameter apparent during uncaging of
NPE might reflect an 18% larger vesicle volume. Thus,
in reality, a slight change in the vesicle shapes after
exocytosis does not much affect the estimated vesicle
diameters, and both estimates are consistent with those
of the diameter of insulin granules determined by electron
microscopy (Dean, 1973), supporting the assumption that
the concentration of SRB in vesicles is similar to that in the
external solution.

TEPIQ analysis of AS

An alternative mode of TEPIQ analysis (AS-TEPIQ) is
to determine the surface area of secretory vesicles by
measurement of the total fluorescence of a cell in a solution
containing FM1-43 as well as the increase in fluorescence
attributable to exocytosis (Fig. 5A—C). We chose FM1-43
as a membrane tracer because it is water soluble and can
be applied in the extracellular solution (Betz & Bewick,
1992). The fluorescence intensity of the plasma membrane
in a solution containing FM1-43 was affected only slightly
(< 6%) by changes in pH between 5 and 8. The surface

A

Figure 4. TEPIQ analysis of AV for exocytosis in
pancreatic islets

A and C, time courses of AV based on SRB
fluorescence for exocytic events induced by glucose
stimulation (A) or by uncaging of NPE (C). B, histograms

Glucose
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area of a vesicle can be obtained from the total FM1-43
fluorescence of the vesicle (Fs) in an xy-image and from
that of the plasma membrane (Fy,) in the focal plane
(Fig. 5C) as described in eqn (A9) in Appendix B by:
Fs Fs

F1</I FM va(o)

where Fy; is obtained from the total fluorescence
(Fcen) of an xyz-image of an FM1-43-stained cell as
Fyi = Fea/ (47 R?) byeqn (A10) and where Ris the radius
of the cell.

The fluorescence images of FM1-43-stained beta-cells
were affected by polarization of the excitation laser
beam. The polarization is evident from the non-uniform
fluorescence around the perimeter of the cells (Fig.5A
and B). For estimation of Fy, it is therefore necessary to
measure the fluorescence either of the entire surface or of
one hemisphere of a B-cell. This approach ensures that
FM1-43 orients in every direction, as it does in exocytic
vesicles, and that the effect of polarization of excitation
light is thereby normalized. Indeed, beta-cells are almost
spherical, given that their membrane capacitance is
well predicted from cell diameter (Takahashi et al.
1997). We used the upper hemisphere of beta-cells for
estimation of Fgg, given that it was free of extraneous
material. We rapidly applied FM1-43 (20 um) with a
glass pipette so that the image could be acquired as
quickly as possible (<2 min), thereby avoiding sub-
stantial endocytic uptake of the dye. The value of Fce/2
was corrected for the z-interval (Az) by multiplying it
by Az. We set Az to 0.3 um, which was sufficiently
smaller than the axial resolution of 1.5 um. The back-
ground fluorescence was measured from a control image
without a cell and subtracted. In practice, AS-TEPIQ
was performed together with A V/AS-TEPIQ analysis (see
below), with the values of Fr and Fy being obtained in
the presence of both tracers. In our setup, these values

AS = (4)

B 1 Glucose
Bl Caged-Ca®*

of vesicle diameter obtained by AV-TEPIQ analysis of
exocytosis induced by glucose (open bars, n = 147) or
by uncaging of NPE (filled bars, n = 86).
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(n=5), respectively, for beta-cells in a solution
containing both 20 um FM1-43 and 0.4mm SRB
(Fig. 5).

This in vivo calibration of Fy is time-consuming
and is not applicable to cells that are not spherical.
An alternative approach is to measure the fluorescence
intensity per unit area (Fc) of FM1-43 (20 um) dissolved
in the detergent CHAPS (40 mm), given that the emission
spectrum of FM1-43 in CHAPS is similar to that of
FM1-43 in the plasma membrane. We found that the
value of Fy for beta-cells was related to Fc by the
equation Fy = mcF ¢, where mc was 0.285 (Appendix B).
Establishment of this relation for each type of cell then
allows AS-TEPIQ to be calibrated readily from the
fluorescence of the CHAPS solution in a manner similar to
that by which Fy is obtained. This conversion coefficient
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Figure 5. TEPIQ analysis of AS and of AV/AS

A and B, FM1-43 fluorescence images (xz and xy,
respectively) of a single B-cell on a cover slip immersed
in a solution containing SRB (0.4 mm) and FM1-43

(20 uMm). Polarization of FM1-43 fluorescence in the
plasma membrane is apparent. C, TEPIQ analysis of AS.
The surface area of an exocytic vesicle is estimated from
the FM1-43 fluorescence intensities both for the
exocytic event (Fs) and for a unit area of the membrane
(F'm). The value of Fyy was obtained from the entire
upper hemisphere represented by many xy-images
along the z-axis (dashed white rectangles in A and B).
D, TEPIQ analysis of AV/AS. The diameter (d) of an
exocytic vesicle is estimated from the volume (AV) and
membrane area (AS) of the vesicle, with the assumption
that the vesicle is spherical.

AV
AS

A

(mc) for beta-cells might prove applicable to other cell
types as described (Kishimoto et al 2005; Liu et al.
2005).

As in the case with AV-TEPIQ analysis, we can
estimate the normalized diameter (d = 2r) of the vesicle
by AS-TEPIQ analysis as:

¢s = 2[(1/4m)AS)]"? (5)

We performed TEPIQ analysis of AS at the peak of
individual events, which yielded a mean vesicle diameter
of 0.34 £ 0.039 um (n = 36) for glucose stimulation and
of 0.36 +0.059 um (n=48) for caged-Ca’" stimulation
(Fig.6). The close match between vesicle diameters
determined by AS-TEPIQ analysis and those determined
by electron microscopy (Dean, 1973) suggests that FM1-43
selectively stains the membranes of vesicles in beta-cells,
unlike in pituitary lactotrophs (Angleson et al. 1999).

M Caged-Calt

Figure 6. TEPIQ analysis of AS for exocytosis in
pancreatic islets

A and C, time courses of AS based on FM1-43
fluorescence for single exocytic events induced by
glucose stimulation (A) or by uncaging of NPE (C).

B, histograms of vesicle diameter obtained by AS-TEPIQ
analysis of exocytosis induced by glucose (open bars,

n = 36) or by uncaging of NPE (filled bars, n = 48).
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The similarity between vesicle diameters determined by
AV-TEPIQ and by AS-TEPIQ suggests that insulin
granules are virtually spherical.

Although FM1-43 would also be expected to be present
in the aqueous phase of vesicles, the fluorescence derived
from such FM1-43 molecules is probably negligible
compared with that of those in the membrane phase,
because the fluorescence of FMI1-43 in solution is
estimated to be 1.7% of that in the plasma membrane
(Henkel et al. 1996). Moreover, we estimated the density
of FM1-43 molecules in the plasma membrane to be
9880 um™ (Appendix B), indicating that the number
of FM1-43 molecules in the aqueous phase of a vesicle
with a diameter of 0.4 um is one-tenth of the number
of those in the membrane phase, and that this fraction
is even smaller for smaller vesicles. The fluorescence of
FM1-43 in the aqueous phase is thus probably insignificant
(< 0.17%) compared with that of the dye in the membrane
phase. The fluorescence of FM1-43 is also dependent
on membrane voltage, increasing by 3.4% per 100 mV
(Smith & Betz, 1996). This property may affect estimates of
membrane area by AS-TEPIQ analysis, but by only 3.4%
at most. Finally, FM1-43 fluorescence is sensitive to the
lipid environment (Zweifach, 2000); however, lipid mixing
probably occurs immediately after exocytosis (Takahashi
et al. 2002; Taraska & Almers, 2004), so that the lipid
environment of vesicles is rapidly equilibrated with that
of the plasma membrane.

AV/AS-TEPIQ analysis of exocytosis

TEPIQ analysis of AV or AS may underestimate vesicle
size for two reasons. First, the laser beam is attenuated
by the tissue, given that images were obtained ~20 um
from the base of islets. Second, exocytosis might occur
in non-focal planes, where fluorescence collection is less
efficient (see Discussion). We therefore developed a third

Figure 7. TEPIQ analysis of AV/AS for exocytosis
in pancreatic islets

A and C, time courses of single exocytic events induced
by glucose stimulation (A) or by uncaging of NPE (C).
Thick and thin lines are based on fluorescence
intensities of SRB and FM1-43, respectively.

TEPIQ analysis of exocytosis 897

type of TEPIQ analysis, based on staining with both SRB
and FM1-43. If we combine TEPIQ of AV and AS, vesicle
diameter can be determined from:

AV Fy Fy

=6—=6—— 6
Pvs AS F Fy (6)

given that6 x $7r’/4nr’=2r=d (Fig.5C). The

estimated diameter can also be expressed as:

¢vs = ¢\3//¢§ (7)

TEPIQ analysis of AV/AS is insensitive to attenuation of
the laser beam within tissue; given that the same laser is
used for excitation of both tracers, such attenuation will
resultin the same reduction in the fluorescence ofboth SRB
and FM1-43. TEPIQ analysis of A V/A Salso minimizes the
out-of-focus effect (see Discussion). Another advantage of
TEPIQ analysis of AV/AS is that it does not depend on
the calibration constant, p,,(0). A disadvantage of TEPIQ
analysis of AV/AS is that it is highly dependent on the
sphericity of the vesicle, becoming smaller when the vesicle
is less spherical (see Discussion).

In double-labelling experiments, vesicles were stained
more slowly with SRB than with FMI1-43 during
glucose-stimulated exocytosis (Fig.7A), a phenomenon
that reflects the slow dilatation of the fusion pore of
insulin granules (Takahashi et al. 2002). When AV and
AS were measured from the peaks of SRB and FM1-43
fluorescence, respectively, during glucose stimulation,
AV/AS-TEPIQ yielded an estimate of vesicle diameter
of 0.38 £ 0.107 um (n = 36) (Fig. 7B). This estimate was
not substantially affected by flattening of the granules
during glucose stimulation, given that stimulation with the
caged-Ca** compound yielded a value 0f 0.39 £ 0.092 um
(n=48) (Fig. 7B and C). The use of the ratio of AV
to AS gives rise to a larger variation (s.p.) in vesicle
diameter than that obtained with TEPIQ analysis of AV
or AS alone, possibly representing a major disadvantage

B
Glucose 3 Glucose
_————- BN Caged-Ca2*
251
2 201
Caged-Ca2* | 0.5 um? *% 15
D 10
5_
I 1 1 1 I 1 O_
0 10 20 0.2 04 0.6

B, histogram of vesicle diameter obtained by TEPIQ
analysis of AV/AS for glucose stimulation (open bars,
n = 36) or for uncaging of NPE (filled bars, n = 48).

© The Physiological Society 2005

Time (s) AVIAS-TEPIQ diameter (um)



898 H. Kasai and others

of AV/AS-TEPIQ analysis. Despite this reservation, the
vesicle diameters determined by A V/AS-TEPIQ analysis
were similar to those determined by AV-TEPIQ and
AS-TEPIQ, suggesting that the depth of exocytic events
from the surface of the islet does not much affect the
estimation of vesicle diameter. Indeed, the reduction in
the fluorescence of SRB by one cell layer of an islet
was only 17.0 & 7.3% (n=>5) (Fig. 3A) and should result
in a decrease of only 6% in the estimates of vesicle
diameter. This slight shielding effect may underlie the
smaller estimates of vesicle diameter in TEPIQ analysis
of AV or AS than in that of AV/AS.

Discussion

We have developed TEPIQ analysis to measure the
diameters of exocytic vesicles within tissues and have
confirmed the validity of this approach with islets of
Langerhans. TEPIQ analysis revealed the mean diameter
of vesicles to be 340-390 nm in the islets, consistent with
the size of insulin granules determined by electron micro-
scopy (Dean, 1973). Since the diameter is close to the
resolution of our microscope, it cannot be unequivocally
estimated with their FWHM diameters (Takahashi et al.
2002). Thus, this report has, for the first time, established
that the most discrete fluorescent events revealed by TEP
imagingin the islet represent exocytosis of large dense-core
vesicles, but not that of small vesicles. TEPIQ analysis has
also succeeded in estimating the diameters (55 nm, 90 nm
and 220 nm) of smaller vesicles in PC12 cells (Kishimoto
et al. 2005; Liu et al. 2005).

Sources of error in TEPIQ analysis

A possible source of error in the estimation of vesicle
diameter by TEPIQ analysis is binding of the polar tracers
(SRB and FM1-43) to vesicle contents. Although binding
of FM1-43 to the vesicle contents was reported in a few
preparations (Angleson et al. 1999; Gaisano et al. 2001),
it should not be a general feature of FM1-43, since such
binding has not been reported for synaptic vesicles, and
we have never seen such signals in beta-cells (present
study), PC12 cells (Kishimoto et al. 2005; Liu et al. 2005),
pancreatic acinar cells (unpublished observations) and
adrenal chromaffin cells (Brumback et al. 2004). Although
binding of SRB to the contents of zymogen granules was
reported in pancreatic acinar cells (Thorn & Parker, 2005),
it may be particularly potent for zymogen granules because
of protein condensation (Palade, 1975), since we did not
find it in beta-cells, adrenal chromaffin cells or PC12 cells.
Note that even a 50% error in estimation of volume, or
Pxy(0), would result in only a 14% error in the TEPIQ
diameter of vesicles. The relatively small error would not
be a problem, if the major purpose of TEPIQ analysis is
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to distinguish between small and large dense-core vesicles
(Kishimoto et al. 2005; Liu et al. 2005), which differ more
than four times in diameters.

Attenuation of the excitation laser beam within tissue
is another potential source of error, but it should not
affect TEPIQ analysis of AV/AS. We thus found that such
attenuation was not marked for TEPIQ analysis of AV or
ASin our islet preparations, in which we examined mostly
the second or third cell layers within 20 pm of the surface.
When TEPIQ analysis is applied at cell layers deeper than
20 um from the surface, we need to consider absorption
of fluorescence by tissue and extracellular tracers. Such
absorption may be overcome by appropriate calibration
experiments in vivo.

TEPIQ analyses of AV and AS measures the volume
and surface area of a vesicle, and give the normalized
diameter of a vesicle when it would be spherical. The
normalized diameter is a valuable parameter, even if
the vesicle is actually not spherical. In contrast, TEPIQ
analysis of AV/AS critically relies on the sphericity of
vesicles. The estimation of diameter based on the TEPIQ
analysis of AV/AS should therefore be confirmed by
EM analysis. This was performed for beta-cells and PC12
cells (Kishimoto et al. 2005; Liu et al. 2005), which
demonstrated that exocytic vesicles were nearly spherical
in large dense-core vesicles of beta-cells and PC12 cells
and small vesicles in PC12 cells. Interestingly, we have
also succeeded in estimating the diameter of constitutive
endocytic vesicles and ‘kiss-and-run’ endocytic vesicles
with TEPIQ analysis of AV/AS (Liu et al. 2005), which
frequently merged with large non-spherical endosomes.
This indicates that the TEPIQ diameter of an endocytic
vesicle represents the diameter of the vesicle when the
fission pore closes, and that it is not affected by merger of
the vesicle to other organelles, provided that fluorescence
intensities of individual SRB and FM1-43 molecules are
the same after merger.

If there is no binding of tracers, and no absorption of
excitation and emission lights, errors in the estimation
of vesicle diameter can be predicted with the use of a
realistic point spread function (Appendix C) for spherical
vesicles with a diameter of d and a deviation from the
focal plane of z (Fig. 8A). For a vesicle with a diameter of
< 1 um that is precisely in focus, errors in the estimation
are < 10% for all three types of TEPIQ analysis (Fig. 8B).
If the centre of the vesicle is > 0.5 um away from the focal
plane, the error becomes > 20% in AV- or AS-TEPIQ
analysis (Fig. 8C and D), but it remains < 14% at any
distance from the focal plane in A V/AS-TEPIQ analysis so
long as the vesicle diameter is < 0.5 um (Fig. 8E). These
evaluations are consistent with our results in beta-cells
and indicate that, unlike the FWHM approach, TEPIQ
analysis is applicable to any vesicle with a diameter of
< 0.5 um even when the position of the vesicle deviates
slightly (< 0.5 um) from the focal plane. TEPIQ analysis
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thus has the potential to identify types of vesicles (for
example, small vesicles versus large dense-core vesicles)
involved in exocytosis in imaging studies.

Advantages of TEPIQ analysis and TEP imaging

TEPIQ analysis is insensitive to the characteristics of the
microscope system, such as the properties of the objective
lens, the bandwidth of the mode-locked laser, and the
sensitivities of the photomultipliers, because calibration
experiments can be performed with the same setup as that
used for theactual experiments. Calibration of A V-TEPIQ
analysis can be routinely carried out with the external
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solution while performing experiments on exocytosis. In
contrast, calibration of AS-TEPIQ analysis requires single
spherical cells, a requirement that cannot be met for all cell
types. Furthermore, such in vivo calibration is also prone
to experimental error. Instead, it is possible to replace
the in vivo calibration of Fy with measurement of the
fluorescence of a solution containing FM1-43 and CHAPS
by using the conversion coefficient (mc = 0.29).

TEPIQ analysis of AV/AS has four major advantages
over that of AV or AS alone, although its estimates of
vesicle diameter show a higher variation (s.p.). First, it is
more resistant to the deviation of vesicles from the focal
plane (Fig. 8). Second, it yields precise estimates of vesicle
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Figure 8. Errors in the estimation of vesicle diameter by TEPIQ analysis

A, schematic illustration of the point spread function along the z-axis and of a spherical vesicle with a diameter
of d and z-axis position of z. B, Errors in the estimation by AV-TEPIQ (¢,), AS-TEPIQ (¢), or AV/AS-TEPIQ (¢s)
analysis of the size of vesicles with an actual diameter of d that are positioned in the focal plane (z = 0). C-£, errors
in the estimation by AV-TEPIQ (C), AS-TEPIQ (D), or AV/AS-TEPIQ (E) analysis of the size of vesicles at the z-axis
position of z and with the indicated diameters. O in B to E indicate the points that were numerically estimated

with egns (A12)—(A14).
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diameter independently of excitation laser power and is
therefore applicable to exocytosis occurring deep within a
tissue. Third, it does not depend on the parameter p,,(0)
of the objective lens (eqn (6)). Finally, it can be applied
even to exocytosis en masse, without resolution of single
exocytic events, so long as an increase in fluorescence
caused by exocytosis can be measured (Kishimoto ef al.
2005; Liu et al. 2005). This latter characteristic reflects
the fact that TEPIQ analysis of AV/AS relies on the
SRB/FM1-43 fluorescence ratio, not on the absolute values
of fluorescence. It should even be possible to measure the
diameter of endocytic vesicles without interference from
vesicle acidification after closure of the fission pore (Liu
et al. 2005), given that both SRB and FM1-43 are relatively
insensitive to pH.

We have thus shown that it is possible with TEP
imaging to label post-fusion vesicles in secretory tissues
and to measure the diameter of such vesicles at nanometer
resolution by TEPIQ. Moreover, TEP imaging allows
one to monitor post-fusion events, including collapse of
the vesicle membrane (Takahashi et al. 2002), sequential
exocytosis (Nemoto et al. 2001, 2004; Takahashi et al.
2004; Thorn et al. 2004; Oshima et al. 2005; Kishimoto
et al. 2005), closure of fusion pores (Takahashi et al. 2002;
Kishimoto et al. 2005; Liu et al. 2005), and translocation
of endocytic vesicles from the plasma membrane to the
cytosol (Liu et al. 2005). In contrast, evanescent-field
microscopes illuminate only the superficial region of a
cell and are incapable of tracking the fates of exocytic
vesicles and of estimating vesicle diameter (Steyer et al.
1997; Oheim et al. 1999; Becherer et al. 2003). One-photon
confocal imaging excites fluorescent probes throughout
the entire depth of a preparation and results in photo-
bleaching and heat generation (Duncan et al. 2003). As
a result, extracellular polar tracers are not applicable to
one-photon confocal imaging when vesicles are small and
require a high concentration of tracers for visualization of
their exocytosis.

The highly quantitative nature of TEP imaging and
TEPIQ analysis is attributable to the combination of
the narrow intercellular spaces of intact tissues, the
extracellular application of polar tracers (Takahashi et al.
2002; Nemoto et al. 2001), and two-photon imaging (Denk
et al. 1990). Two-photon imaging allows the use of the
high concentrations of polar tracers that are necessary
to reveal fine cellular structures, given that the tracer
molecules outside of the focal plane are not excited and
the generation of heat and phototoxic effects due to tracer
activation are therefore greatly reduced. In addition, the
reduction in the intensity of excitation light caused by
the inner filter effect of high concentrations of multiple
polar tracers is avoided in TEP imaging (Takahashi et al.
2002). Given that the intercellular space is narrower than
the size of vesicles, the signal-to-noise ratio is large,
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and the change in fluorescence caused by exocytosis or
endocytosis can be reliably measured. Furthermore, the
fact that fluorescent tracers are applied from outside allows
the use of any kind of probe that does not penetrate the
plasma membrane. TEP imaging also allows control of
the state and concentration of tracers, and, in contrast
to transfection with vectors for fusion constructs of
green fluorescent protein, tracers are able to stain the
preparations immediately and should have little effect on
exocytosis. Another unique aspect of TEP imaging is that
photobleaching of tracers in the focal plane is effectively
compensated for by the diffusion of tracer molecules from
outside of the focal plane. Given that all exocytic events can
be measured without selection bias, TEPIQ analysis is as
quantitative as is measurement of membrane capacitance.
Moreover, two-photon excitation is inherently resistant to
light scattering in tissue preparations (Dong et al. 2003)
and allows excitation of multiple tracers simultaneously
with a single laser source as a result of the broader
two-photon excitation spectra (Xu et al. 1996). This latter
property enables simultaneous multicolour imaging with
little chromatic aberration; such imaging is essential for
multicolour ratiometric TEPIQ analysis, which generates
the ratios of two images and which is able to estimate
the diameter of vesicles (6 A V/AS) even when vesicles are
moving and individual exocytic events are not optically
resolved.

In summary, once calibration for TEPIQ analysis has
been established for a certain preparation, TEP imaging
canbe used to analyse the structural dynamics of exocytosis
of vesicles of known diameter. Particularly, TEP imaging
can be used to selectively study exocytosis of large
dense-core and small vesicles (Kishimoto et al. 2005; Liu
et al. 2005). Unlike other approaches, TEP imaging allows
the study of exocytic events at narrow intercellular spaces,
which constitute the majority of physiological exocytosis.
The molecular mechanisms of exocytosis can also be
investigated by simultaneous multicolour TEP imaging
together with genetically encoded tracers (Takahashi et al.
2004; Nemoto et al. 2004).

Appendix A
AV-TEPIQ analysis

To estimate the volume of a vesicle from its fluorescence
in an xy-image, we considered a normalized point spread
function for a microscope, p(x,y,z), that fulfils

/[/P(X’Y’Z)dXdde=1

If fluorescent molecules are spatially distributed according
to F(x,y,z) and the x'y’ scanning was performed at the focal

(A1)
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plane (z=

]

xplx —x',y—y,z)dx dy dz dx' dy’ (A2)

), the total fluorescence is given by:

Integration over the x'- and y’-axes yields:

Fr = / f / F(x, v, D)py(2) dx dy dz  (A3)

where p,,(z) is the point spread function along the z-axis
defined by:

Pay(z f/ (x,v,z)dx dy

which satisfies eqn (1). For a small vesicle at the focal plane
with a volume of V,

oo

If the vesicle has a homogeneous fluorescence density of F,
eqn (A3) predicts the total fluorescence of the vesicle (F,)
in an xy-image as:

FV:/// pry(z)dxdydz%/// Fp.,(0)dxdydz
\' \'

(A4)

(A5)

Equation (A3) also gives the fluorescence (Fg) per unit
area of an xy-image of the solution with a homogeneous
fluorescence density, F, and with an infinite depth as:

F = //f Fp.,(z)dxdydz

O<x<l
O<y<l

=// Fdxdyfpxy(z)dz=F

O<x<l1
O<y<l

(A7)

The volume of the vesicle can be obtained from eqns (A6)
and (A7) as eqn (2), where Fj = Fyp,,(0) and is the
corrected fluorescence of the extracellular solution, which
reflects the virtual fluorescence of a solution with a
thickness of 1 um and a volume of 1um’ emitting
fluorescence along the z-axis at a density of Fgp,,(0).

Appendix B
AS-TEPIQ analysis

For estimation of Fy, we used an entire hemisphere of
a B-cell, in which FM1-43 orients in all directions as
in exocytic vesicles, so that the effect of polarization of
excitation light is normalized. The surface area (S) of a
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vesicle or cell with a radius of R is expressed as:

1
S:?///dxdydzzélnRz

R<u<R+T

(A8)

when the membrane thickness (T) is small and u?> =
x? 4+ y? 4 z2. If the vesicle is at the focal plane and has
a homogeneous fluorescence density per membrane area
of Fy, eqns (A3) and (A8) predict the total fluorescence of
the vesicle (Fs) in an xy-image as:

1
Fs = T f// Fupyy(z)dxdydz

R<u<R+T

&

%/// Fupyy(0)dxdydz = Fy S px,(0) (A9)

R<u<R+T

The membrane area of vesicles can therefore be estimated
by eqn (4). With eqns (1), (A3) and (A8), the value of Fy
is obtained from the total fluorescence of a spherical cell
(Fcen) in an xyz-image as:

1
FCell = T‘/// FMny(Z _Z/) dx dydzdz/

R<u<R+T

1
= ?///‘ FM dxdydz = 47TR2FM (AlO)

R<u<R+T

This calibration for Fy; should be performed under the
same conditions as those for the actual experiments; we
estimated Fy with a solution containing both FM1-43
(20 um) and SRB (0.4 mMm). The conversion coefficient
(mc) inthe presence of FM1-43 (20 M) and SRB (0.4 mm)
was 0.285+0.041 (5 cells). The number of FM1-43
molecules (Ng) in the plasma membrane within a unit
area (1 um?) is obtained with the use of m and

FM = kMN}: = mcFC = mckccpNA (All)
where kc and ky are the fluorescence intensities of
FM1-43 in CHAPS and in the plasma membrane,
respectively; Cr represents the molar equivalent of FM1-43
in the solution with a volume of 1 um?® and N, is
Avogadro’s constant (6.02 x 102 mol™!). The value of
kc/ky (1/0.35) was obtained by dividing the fluorescence
of FM1-43 (0.5 um) in a CHAPS solution by that in
a solution containing excess plasma membrane (1000
bovine chromaffin cells per microlitre) (Takahashi et al.
2002). An estimate of 9880 FM1-43 molecules per
square micrometer was thus obtained for the plasma
membrane at 20 um FM1-43. This value is more precise
than the former estimate of 12 000 (Takahashi et al.
2002) because we now use the fluorescence of an entire
hemisphere of a cell to determine F;.
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Appendix C
Potential errors in TEPIQ analysis

For a vesicle with a diameter of d(= 2r) and its centre at a
distance z from the focal plane, the diameter is predicted
by AV-TEPIQ, AS-TEPIQ or AV/AS-TEPIQ analysis as:

z+r
¢z, d) = 2{(3/471)/ n(r* — (2 —2)%)

1/3
pry(Z,) dZ'/pxy(O)i| (A12)
d+r
9s(z.d) = 2{0/47:) 21(r — (2 = 2))
d—r
1/2
X Py (2') dZ,/pxy(O)j| (A13)

or

d+r
dvs(z, d) = 6{/ n(r*— (7 - z)z)pxy(Z’)dz}/
d—r

d+r
[ / 20 — (2 — 2))pay () 2
d

—r

(Al4)

respectively. To determine the errors in these estimations,
we used a theoretical point spread function, which fits well
with the actual point spread function (Fig. 3D) and which
is obtained by paraxial approximation in a cylindrical
coordinate (Xu & Webb, 1996) as:

p(r.2) = (kk./B)
4

<2 [ koo Expl - (kzoi/)]do| (a1s)
0

where k, = 2mny/\; k, = 27rnA2/(n)»); M, 1, A, and i
represent the numerical aperture of the objective lens,
the refractive index of water (1.33), the wavelength of the
excitation laser, and the unit of ideal number, respectively;
Jo is the Bessel function of the first kind; and B is the
constant for normalization (~59.049) given by:

B:/ drfdzan
0

4
1
X 2/ Jo(rp)pExp(—z p*i/2)dp| (Al6)
0
Integration in a cylindrical coordinate gives:
po@) = [ 2mrptrz)ar (A17)
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The value (0.565) of p,,(0) obtained from the actual point
spread function (Fig.3D) is close to the value (0.557)
of p,(0) predicted from the paraxial approximation
in eqn (A17) with ny and A set to 1.0 and 830 nm,
respectively. Numerical evaluation was made with the use
of Mathematica5.0 (Wolfram Research, Champaign, IL,
USA) software (Fig. 8 B—E, circles).

Approximation of the point spread function with a
Gaussian function yielded:

P (0) =1/(V2r0)

where o, is the standard deviation of the Gaussian function
for z-axis resolution and v/2m o, was previously referred
to as the thickness of the image (Takahashi ef al. 2002). We
found, however, that the Gaussian approximation gives an
estimate for p,,(0) (0.63 =1/ V2mo.) thatis slightly larger
than that given by the paraxial approximation.

(A18)

Appendix D
Relation between FWHM and actual diameters

The fluorescence profile of vesicles in the focal plane along

the x-axis with a diameter of d (= 2r) in an x’y’-image is

given by:
F(x,d)=

X/2+V12+Z!2<r2

px' —x,y,7)dx'dy d7
(A19)

The FWHM diameter is obtained by finding a value for
2x that fulfils F(x,d) = F(0, d)/2. If the point spread
function given by eqn (A15) is used, lateral and axial
FWHM resolutions are predicted to be 0.306 and 1.4 um,
respectively (Fig. 1), continuous line), which are close to
the actual values 0of 0.32 and 1.5 um obtained with a 5 nm
quantum dot. The actual FWHM diameters of fluorescent
beads with diameters 0.282, 0.748 and 0.977 um were also
measured (Fig. 1, squares). These values were similar to,
but slightly larger than, the theoretical estimates, probably
because of a lens effect of the polystyrene beads caused by
a refractive index different from that of water.
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