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List of abbreviations
2-D

-

two-dimensional

AF

-

autofluorescence

BAPTA

-

N,N'-[1,2-ethanediylbis(oxy-2,1-phenylene)]bis[N-(carboxymethyl) ]
tetrasodium salt

BPB

-

bromophenol blue

BU

-

bead unit

[Ca2+]i

-

intracellular free calcium concentration

CICR

-

[Ca2+]i induced Ca2+ release

CMV

-

cytomegalovirus

CNS

-

central nervous system

cps

-

counts per second

CTR

-

control

DMEM

-

Dulbecco’s modified Eagle’s medium

DHPG

-

dihydroxyphenylglycine

EGFP

-

enhanced green fluorescent protein

EGTA

-

ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid

ER

-

endoplasmic reticulum

FM1-43

-

N-(3-triethylammoniumpropyl)-4-(4-dibutylamino)styryl)pyridium
bromide,

FM4-64

-

N-(3-triethylammoniumpropyl)-4-(6-(4(diethylamino)phenyl)hexatrienyl)pyridinium dibromide

FWHM

-

full-width at half-maximum

2

HEPES

-

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

KS

-

Kolmogorov-Smirnov (test)

MEM

-

minimal essential medium

MSD

-

mean squared displacement

m-Stim

-

controlled mechanical stimulation

OGB-1, AM -

Oregon-Green BAPTA-1, acetoxymethyl ester

P0

-

postnatal day 0 (day of birth)

PSF

-

point-spread function

ROI

-

region of interest

RRP

-

readily releasable pool

RT

-

room temperature

SD

-

standard deviation

SNR

-

signal-to-noise ratio

SPT

-

single-particle tracking

t-APCD

-

trans-1-aminocyclopentane-1,3-dicarboxylate

TD

-

Texas Red dextran 3,000 MW

TIRF

-

total internal reflection microscopy

VAMP

-

vesicle-associated membrane protein

SUPPLEMENTARY EXPERIMENTAL PROCEDURES
Cell culture, transfection and recording conditions
Primary astrocyte cultures were plated on poly-ornithine-coated Petri dishes and maintained
in DMEM (Invitrogen) supplemented with 10% fetal calf serum, 5.5 mM glucose, 4 mM Lglutamine, penicillin (5 U/ml), streptomycin (5 µg/ml), and antimycotic fungizone (1/500, all
from Invitrogen). Cells were kept at 37°C in 5% pCO2 during one week. After reaching
confluence, they were trypsinized, mechanically dissociated, and re-plated on poly-ornithinecoated BK-7 coverslips (25-mm diameter, Marienfeld) either at 0.5 (for transfections) or 0.1-
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0.2 × 106 cells/coverslip density. They were maintained in secondary culture for 2-6 days
prior to imaging. Under these conditions, more than 90% of cells are GFAP positive.

Acridine orange (AO) photoinduced burst of astroglial vesicles
We emphasize previous concerns (Jaiswal et al., 2007; Nadrigny et al., 2007) to use AO as a
reporter of exocytosis of acidic vesicular organelles in astrocytes. Using the commonly
employed protocol (5 µM, 15 min incubation followed by the removal of the dye from the
extracellular fluid and 30 min wash) and using dual-color evanescent-field imaging of AOlabeled astrocytic vesicles produced a positive correlation (

= 0.63 ± 0.14, n = 9 cells)

between green and red AO fluorescence (Supplementary Fig. 1A, see Supplementary Table 1
for filters used).
AO is a photosensitizer (Delic et al., 1991; Wolf and Aronson, 1961) raising the possibility
that AO flashes and the subsequent loss of puncta observed on time-lapse images
(Supplementary Fig. 1B and Movie S1) do not represent exocytic fusion but the intracellular
photoinduced explosion of vesicular organelles (Hiruma et al., 2007; Jaiswal et al., 2007).
Contrary to FM-labeled astrocytes that were silent in the absence of stimulation, we
consistently observed spontaneous flashes and subsequent destaining events in AO-loaded
astrocytes upon TIRF illumination at low mW laser powers. Stable time-lapse recordings of
AO-loaded vesicles required laser powers not exceeding 20 µW, while no spontaneous
destaining events were observed for FM-labeled vesicles up to 30-fold higher laser power1.
Likewise, epifluorescence illumination produced AO flashes and loss of spots in the red
channel (red traces) systematically accompanied by an increase in cytoplasmic fluorescence
in the green channel (green traces, Supplementary Fig. 1C) and a concomitant staining of
nuclei (Supplementary Fig. 1D).
1

Average laser powers were measured with a miniature head of a Coherent LaserMate powermeter placed in
the objective plane, i.e., after removing the objective, and were corrected for the ×60 NA-1.45 objective’s
transmission at 488 nm, ~85%.
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The photoinduced explosions of AO-containing vesicles makes it hard, if not impossible, to
use AO to follow the dynamics and exocytosis of vesicular organelles. Therefore, we used
quinacrine (Di et al., 2002) or Lysotracker Green (Berón et al., 2002) to label the acidic
vesicle compartments and FM-dyes as functional reporters for exocytosis.
(Supplementary Figure 1 close to here)

Counting particle density
We measured the density of fluorescent organelles by first thresholding the image with a
systematic 10%-intensity criterion (fraction of the peak intensity after background
subtraction), segmenting the image with a watershed particle analyzing process (with ImageJ,
NIH and Metamorph 7.0, Molecular Devices) and counting particles per µm2. Spectral
emission imaging (Nadrigny et al., 2006) ascertained the presence of FM4-64 in the spot
under study. To be counted as an object, identified ROIs had to be smaller than 6×6 pixels
(1.1×1.1 µm) and larger than 2×2 pixels (370×370 nm). Their number was normalized with
the total area of the cell, estimated, for epifluorescence images, from the cell’s outline on the
corresponding bright-field transmitted-light image, or, for TIRF images, from the contour of
cellular footprint, traced by hand on the digital images.

Intensity calibration in bead Units, apparent particle size
To compare intensities of FM4-64 labeled organelles among cells and preparations, we
excised 7×7 pixel (1.5×1.5 µm) ROIs containing a single fluorescent spot and fitted a twodimensional Gaussian distribution with the measured fluorescence intensity distribution,
Supplementary Fig. 2,
.

(eq.S1)
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Spot intensities were measured after the subtraction of local background, Bloc, which was
obtained measuring the average intensity in the outermost 9×9 pixel peripheral ROI
(Supplementary Fig. 2A). Apparent spot sizes were obtained from the measured Gaussian
width, 2 , as
,

(eq.S2)

where FWHM is the full width at half maximal intensity (after subtraction of Bloc). As the
microscopic image of an object is its convolution of the fluorophore distribution with the
measured instrument point-spread function (PSF), the central maximum of the lateral intensity
profile across in-focus objects can be modeled as a Gaussian distribution with apparent size,

,

(eq. S3)

where FWHMPSF, and FWHMobj represent the apparent size measured on the image of the infocus PSF and the known physical size of the object, respectively. For example, images of
100-nm beads appeared 260.9 ± 44.3 nm large (n = 269), close to what is expected from eq.S3
(268 nm) and the FWHMPSF measured from 40-nm beads (248 ± 30.4 nm, n = 191 spots,
Supplementary Fig. 2B).
In the intensity range observed for FM4-64 labeled compartments the size estimate did not
depend on the signal-to-noise ratio (SNR, Supplementary Fig. 2C) that was determined by
tracking on a temporal sequence of single-spot (bead or organelle) images, taking, after
background subtraction, the ratio of the temporal average fluorescence over its standard
deviation,
.

(eq. S4)
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Here, i is an index over frame number and N is the total number of image frames in the stack.
For PSF measurements, we adjusted the illumination intensity, exposure time, and gain of the
intensified CCD camera in order to obtain a similar SNR as that of FM-labeled organelles.
For example, 1-min incubation of astrocytes in 6.7 µM FM4-64 resulted in red fluorescent
spots having a SNR of 6.6 ± 1.6 (n = 108), close to that obtained for red fluorescent
microspheres when viewed at lower exposure time (SNR = 6.7 ± 1.1, n = 7, P > 0.05) in the
same spectral band (675 ± 25 nm).
Measured spot intensities (Supplementary Fig. 2D) and apparent sizes (panel E) were
compared to that of red fluorescent (488/685 nm) 100-nm diameter fluorescent microspheres
(TransFluoroSpheres, Invitrogen) imaged with the same settings (exposure time, gain) and
used as an external intensity standard. The median intensity of autofluorescent (AF) puncta in
the FM4-64 detection channel was 0.09 ± 0.04 BU (bead units, n = 180), compared to 0.45 ±
0.31 BU for FM4-64 labeled organelles. Thus, AF puncta could account for ~20% of the
brightness of FM-labeled puncta and AF is likely to contribute to the spot-to-spot variability
observed in the intensity of FM-labeled puncta.

Limitations to tracking precision
To estimate the mechanical stability of our set-up and calibrate the precision of SPT, the
trajectory of a 40-nm red fluorescent bead immobilized on a glass coverslip was recorded
(Supplementary Fig. 2F). Briefly, a µl drop of pH buffered saline containing fluorescent
microspheres was placed on a coverslip and allowed to dry. Beads stayed on the surface, even
after adding a layer of physiological saline. The lateral (x, y) precision of the positional
estimate was determined from variations of the peak position of the Gaussian fit (see eq. S1),
, where i is the frame number. The 2-D short-range diffusion
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coefficient was obtained from a plot of the mean-squared displacement (MSD) vs. time
interval to the first twelve points and was 1.2 × 10-6 µm2 s-1 (inset, panel D), which is about
three orders of magnitude smaller than the measured diffusion coefficients of FM-labeled
vesicles. As a corollary, the free diffusion coefficient at 20°C of a freely moving 100-nm bead
in water is

= 2.09 µm2 s-1 (k, R and

= 1.025 × 10-3 Ns·m-2 are the

Boltzmann constant, the bead radius and the viscosity of water at T = 20°C, respectively).
This value is 1.7× 106 times larger than the median diffusion coefficient of FM4-64-labeled
vesicles, indicating that most FM4-64 labeled vesicles are tethered to cytoskeleton. Thus, the
tracking precision

was not limited by mechanical vibrations of the apparatus. It

depends on the number of photons and varies reciprocally with SNR (Supplementary Fig. 3D,
bottom right),

,
where

and

(eq. S5)

are, respectively, the SD and mean of the fluorescence over the entire spot,

R is the radius of the first zero of the Airy pattern, and S and B are the number of signal and
background photons (Ghosh and Webb, 1994).
(Supplementary Figure 2 close to here)

Time-lapse imaging of FM-labeled compartments
Cultured astrocytes are particularly well-suited for wide-field microscopy because their
thickness outside the perinuclear region is less than 1µm (Golovina, 2005) and single
fluorescently labeled vesicles are resolved in epifluorescence (Supplementary Fig. 3A). The
axial confinement of fluorophores to an ‘autoconfocal’ section facilitates single-particle
tracking (SPT) in epifluorescence. Also, in as much as the axial distance over which the
microscope integrates fluorescence is larger (~2.2 µm) than the typical diameter of vesicular
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organelles, the simultaneous disappearance of a fluorescent spot from both epi- and TIRFimages can unambiguously be interpreted as membrane fusion.
TIRF adds to epifluorescence images the information of the near-membrane localization of
the observed fluorophores as well as its superior background rejection and hence better signalto-noise ratio (Supplementary Fig. 3A). We used an objective-type variant of TIRF
microscopy (Nadrigny et al., 2007; Nadrigny et al., 2006).
To obtain 2-D trajectories of FM-labeled organelles, we performed SPT on isolated spots that
were clearly distinguished from neighboring spots in epifluorescence. In the absence of Ca2+triggered exocytosis, FM4-64 labeled organelles in peripheral regions of cultured astrocytes
did not move axially, out of the focal plane, and bleached slowly (τbleach = 378 ± 165 s, n = 11
spots).
(Supplementary Figure 3 close to here)

To study the effect of colchicine and elevated Ca2+ on particle mobility we calculated the
displacement during a 60-s period,

,

(Eq.S6)

as well as the 2-D short-range diffusion coefficient, which was estimated by calculating the
mean squared displacement (MSD) vs. time, and fitting the first 12 seconds of the plot.
(Supplementary Figure 4 close to here)

Quantitative dual- and triple-color recordings
To test whether the different color channels contain truly independent information, we
systematically verified analytically (Oheim and Li, 2007) and experimentally the amount of
spectral crosstalk in dual-color images. We chose combinations of fluorophores and filters so
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that the contribution of unwanted signal to each detection band was less than 2% and the SNR
in each channel was roughly equal. For example, 488-nm excitation of an equimolar mixture
of EGFP and FM4-64 results in less than 0.01% contamination of the signal detected in the
‘green’ color channel with FM-fluorescence and of the ‘red’ signal with EGFP fluorescence
(Nadrigny et al., 2007).
To attain a similar degree of spectral separation, sequential dual-color excitation dual-color
emission TIRF imaging of Quinacrine or Lysotracker Green with FM4-64 was used
(Supplementary Fig. 5A). Control experiments omitting either the FM4-64, Quinacrine, or
Lysotracker confirmed that the detection channels contained fluorophore-specific information
(Supplementary Fig. 5B).
In some experiments we used a triple-color scheme to verify the absence of membrane rupture
upon mechanical stimulation as well as the return of the near-membrane [Ca2+]i to its prestimulus baseline along with dual-color fluorescence of single FM4-64/EGFP double-labeled
vesicular organelles (Supplementary Fig. 5C). FM4-64 and EGFP were excited with the 488nm Ar+ line and imaged as before on a dual-viewer; X-rhod-1 (580/602 nm, ε580= 92,000 M1

cm-1, Kd,Ca= 700 nM) was excited with the 568-nm Kr+ line and its emission detected in the

far red.
(Supplementary Figure 5 close to here)

Quantifying co-localization with corrected pearson’s correlation coefficient
Co-localization between different fluorophore distributions was calculated in a pixel-based
manner from dual-color time-lapse image stacks (Oheim and Li, 2007). The synchronized
movement of an object in both color channels (see Fig. 2D) was also taken as a hallmark for
co-localization.
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To evaluate the amount of co-localization irrespective of image quality, we acquired two
images for each fluorophore and performed six correlation measurements (r11, r22, 4× r12).
The same pixels were used to measure the correlation between fluorophore locations and the
correlation between replicate images of each fluorophore (Adler et al., 2007),

,

(eq.S7)

r12 being the measured co-localization between channel 1 (e.g., red fluorescence) and channel
2 (e.g., green fluorescence) images, r11 and r22 are the correlations between ‘red’ and ‘green’
replicate images, respectively, both of which were positives in our experiments, and
denotes the average of 4 measurements. r12 is the usual Pearson’s correlation coefficient
(Manders et al., 1993), which is calculated from two component images 1 and 2 as

,

where

and

(eq.S8)

represent the fluorescence intensity of each pixel i and the average over

all N pixels of the component image j, respectively. N is the total number of pixels in each
image, and the coefficients r11 and r22 are defined similarly. Unlike most commonly used colocalization estimates that are based on segmented images, this generalized Pearson’s
coefficient

has the advantage of using the information of all pixels and provides

information about the similarity independently from the average intensity of the signals in
both component images.

Single-vesicle spectral imaging and linear unmixing
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We have previously defined the conditions for profiling fluorescent protein expression and
co-localization on single mouse astroglial secretory vesicles in front of an autofluorescent
background (Nadrigny et al., 2007; Nadrigny et al., 2006). Here, we systematically used this
approach to assess the level of autofluorescence and verify protein expression.
To detect the presence of BPB in FM1-43 loaded vesicles, we compared the spectral emission
of FM1-43 labeled vesicles in the absence and presence of BPB (Supplementary Fig. 6B), by
calculating the spectral angle

,

where

(eq. S9)

. The average spectra of two species were considered different when Θλ

was bigger than the inner species variability of the respective vector bundles.

Bromophenol blue FM-quenching assay
The pH indicator (Kastrup et al., 2006; Livingston et al., 1993) bromophenol blue (BPB) is
taken up into synaptic terminals (Harata et al., 2006) and astroglial lysosomes (Zhang et al.,
2007). Its peak absorption (Supplementary Fig. 3D, upper panel) shifts from green-yellowish
(500-630 nm) above pH 4.6 where energy transfer quenches FM fluorescence emission
(Supplementary Fig. 3D, lower panel) to blue (with a maximum at ~450 nm), at lower pH
values, with an isobestic point at ~490 nm (Livingston et al., 1993). Thus, at low acid pH, the
spectral overlap between FM emission and BPB absorption is negligible and FM quenching is
lifted.
We incubated astrocytes (sequentially or simultaneously) in 250 µl containing 4-6.7 µM
FM1-43, followed (immediately or after 20 min) by the addition of 250 µl of fluid containing
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the same concentration of FM and 2 mM BPB. Due to the much lower brightness when
excited at 580 nm of BPB compared to FM1-43 at 488 nm, integration times were 0.5 or 1 s
for BPB to attain a similar SNR. A significant difference was found between single-vesicle
spectra taken from cells that were co-loaded with BPB and FM1-43 vs. those containing FM143 alone, indicating that BPB and FM1-43 had been taken up into the same vesicles
(Supplementary Fig. 3E,

(FM1-43/BPB vs. FM1-43) = 8.2° vs. 2.28° and 0.9° for the

inner-species variability, respectively, n = 18 organelles, 3 cells for each condition).

Controlled mechanical stimulation
We used a patch-pipette mounted on a piezo micromanipulator (Märzhäuser) and positioned
near the recorded cell to deliver minimal mechanical stimulations (m-Stim). Approach to the
plasma membrane was monitored by following the pipette resistance with an EPC-9 patchclamp amplifier (HEKA) and stimulation strengths were quantified as ΔR/R0, R0 being the
pipette resistance (~2-3 MΩ) and ΔR the resistance change. To define the conditions for mStim that exclude membrane rupture astrocytes were incubated in solutions containing a redfluorescent membrane-impermeable extracellular fluorescent tracer, Texas Red Dextran (TD,
3,000 MW) and loaded with OGB-1, AM (Supplementary Fig. 7). Routinely, cells retained
for analysis had ΔR/R0 values of 2-6% and were of the third type shown in panel c,
characterized by the retention of OGB-1 and the return of the Ca2+ signal to its pre-stimulus
baseline. m-Stim used for analyses had similar strengths dR/R0 (P > 0.67, t test, not shown).
(Supplementary Figure 7 close to here)
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Supplementary Figures

Supplementary Figure 1. Acridine orange-photoinduced vesicle explosions. A, 488-nm
evanescent-field excited dual-viewer green and red images of an Acridine Orange (AO)
labeled astrocyte (5µM, 15 min, 30 min wash, see Supplementary Table 1 for filters). Insets,
higher magnification of boxed ROIs. Note the overlap between green AO monomer and red
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AO dimer emission, as well as the presence of a diffuse cytoplasmic fluorescence from AO
monomers. Shifted overlay as in Figure 2. Bar, 10 µm. B, AO flashes induced by TIRF
illumination in the absence of stimulation. Top, AO-loaded astrocyte viewed in the red
channel at the beginning and after 20 s of illumination. Bursting organelles are indicated by
arrow heads (1-4). Bar, 10µm. Middle, sequential 2 Hz images of a single vesicle undergoing
transient AO flash and the subsequent loss of total fluorescence. Bar, 5 µm. Bottom, raw-data
fluorescence of vesicles 1 to 4. Black trace is from the example shown above.100-ms
exposure time, frames streamed at 10 Hz. See Movie S1. C, AO flashes induced by
epifluorescence illumination in the absence of stimulation. Top, 488-nm time-lapse images of
green and red fluorescence emission from a single AO-labeled vesicle. Bar, 5 µm. Bottom,
traces obtained from several organelles, (bold is the example shown above), indicating the
loss of red fluorescence and increase in cytoplasmic green signal. D, Left, AO-loaded
astrocytes were imaged by 2-Hz epifluorescence with 20-ms exposure time. Bar, 10 µm.
Right, red fluorescence changes measured in 1×1 µm ROIs centered on single vesicles (grey)
or nucleus (black). All traces are raw-data fluorescence and not corrected for photobleaching.
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Supplementary Figure 2. Size and intensity analysis of FM-labeled spots in cultured
cortical astrocytes. A, Top, 1.5×1.5 µm ROI containing a single fluorescent spot was excised
after subtracting local background (Bloc) measured in the outermost 7×7 pixel peripheral ROI.
The average intensity of the central 3×3 pixel region was taken as brightness. Bottom, 2-D
Gaussian fit with the measured vesicle intensity distribution was used to calculate the full
width at half-maximal intensity (FWHM), eq. S2. B, Measured axial z profile and x-z in-focus
intensity distribution of the point spread function (PSF) of the ×60 NA-1.45 objective. Right,
x-y cross sections through the PSF, 1 µm above and below the focal plane, respectively. C,
Measured apparent sizes of 100-nm beads for different signal-to-noise ratios (SNR) (n = 26 56 per condition, P > 0.11), showing the robustness of the size estimate in the range of SNR
variations observed for FM4-64 labeled organelles in our experiments (SNR = 6.6 ± 1.6, n =
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108 spots). Measured intensity, D, and size, E, distributions of 40- and 100-nm fluorescent
beads (solid bars), autofluorescent (AF) puncta in unlabelled astrocytes (grey, the inset shows
their intensity distribution at a higher magnification), as well as FM4-64 labeled astroglial
vesicles (open bars). The intensity median of 100-nm beads defines an external intensity
standard (1 bead unit, BU). Apparent sizes of 40-nm (248 ± 30.4 nm, n = 191, bin = 30 nm)
and 100-nm (260.9 ± 44.3 nm, n = 269, bin = 30 nm) fluorescent beads (black), of AF puncta
(342 ± 85.2 nm, grey), and FM-labeled organelles (273.2 ± 85.2 nm, open bars). F,
Epifluorescence images and 2-D trajectory of 40-nm beads (SNR = 6.0), immobilized on the
microscope stage. Bottom left, the apparent diffusion coefficient (Dapp) measured from the plot
of mean squared displacement (MSD) vs. time was 1.2 × 10-14 cm2 s-1. Bottom right,
dependence of the tracking precision , eq. S5, on SNR levels (n = 4-7 beads per condition).
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Supplementary Figure 3. Astrocytes take up FM dyes in acidic vesicular compartments
A, Left, same FM4-64-labeled astrocyte, upon 488-nm epifluorescence (EPI), and evanescentfield (TIRF) excitation. Bar, 10 µm. Right, 1-Hz time-lapse EPI images of a single vesicle
moving within the focal plane. A slow decrease in FM fluorescence, probably due to
photobleaching, was observed. B, Left, FM4-64 (6.7 µM, 15min) and OGB-1, AM (2 µM, 30
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min) double-labeled astrocyte and 1-Hz time series, in dual-color epifluorescence. Bar, 10
µm. Right, rupturing the plasma membrane in zero extracellular [Ca2+]o resulted in the loss of
OGB-1 fluorescence (top) but retention of FM4-64 labeled puncta (bottom traces). C, Left,
addition of 2 mM BPB to a FM1-43 labeled astrocyte results in the quenching of diffuse
FM1-43 fluorescence but the persistence of FM1-43 positive spots. Bar, 5 µm. Right, FM1-43
fluorescence traces from vesicle-free (upper traces) and vesicular ROIs. D, pH-dependent
quenching of FM1-43 by BPB. Top, the pH-dependent absorption spectrum of BPB shows a
significant overlap with the emission spectrum of FM1-43 under neutral and mild acidic
conditions but not for acidic pH. Data modified from (Livingston et al., 1993). Bottom,
fluorescence absorption (dashed) and emission spectra (solid) of FM1-43 bound to a
phospholipid bi-layer (data replotted from Invitrogen). E, Experimentally determined 5-point
emission spectra of individual FM1-43-labeled vesicles, in absence (top) and presence
(bottom) of BPB (n = 18 vesicles from 3 cells for each condition). Spectra were corrected for
extracellular background, Bex, taken with the same imaging parameters in a cell-free region,
normalized to equal energy,

, and averaged (Nadrigny et al., 2006).

19

Supplementary Figure 4. Elevated intracellular [Ca2+]i and colchicine reduce astroglial
vesicular mobility. A, Time-lapse epifluorescence image series and evolution with time of x
and y position of a FM-labeled vesicle (white arrowhead) in OGB-1-loaded cortical
astrocytes, in response to mechanically triggered Ca2+ elevation (arrowhead). Bar, 5 µm. B,
Time-lapse epifluorescence image series and trajectories of a FM4-64-labeled vesicle marked
with a hairline, under control conditions (CTR, open symbols) and after treatment with
colchicine (100 µM, 4 hr, solid symbols). Bar, 2 µm. See Figure 1E and 1F for population
analysis.
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Supplementary Figure 5. Quantitative multi-color imaging of single astroglial vesicles. A,
Top, scheme of the microscope optical path. Bottom, normalized transmission of the discrete
narrow-band emission filters and dichroic mirrors used for spectral imaging. B, Configuration
of dual-excitation dual-emission TIRF imaging of FM4-64 (red) and Quinacrine or
Lysotracker Green (green). See Supplementary Table 1 for filters. C, Top, Absence of cross-
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talk between Quinacrine (4 µM, 15 min) and FM4-64 in dual-color excitation, dual-color
emission TIRF imaging. Bar, 10 µm. Bottom, similar results for FM4-64 and Lysotracker
Green. Bar, 10 µm. D, Triple-color labeling and detection scheme used for imaging the Ca2+triggered exocytosis of individual EGFP-sialin/FM4-64 double-labeled organelles. Top,
absorption (dotted) and emission (solid) spectra of EGFP (green), FM4-64 (dark red) and Xrhod-1 (red). Spectra from Clontec (EGFP) and Invitrogen (FM4-64 and X-rhod-1). Squares
indicate detection bands. Arrows point to the excitation wavelengths for each marker. Bottom,
EGFP-sialin and FM4-64 were simultaneously imaged with dual-color emission TIRF upon
excitation at 488 nm, and Xrhod-1 by switching to 568-nm excitation and 615-nm emission.
The concurrent change in excitation and emission removed the effect of bleed-through of Xrhod-1 fluorescence into the FM4-64 detection channel. Bar, 10 µm.
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Supplementary Figure 6. Transfection does not affect FM labeling and the readily
releasable pool. A, Comparison of FM-labeled lysosome density in non-transfected cells and
following overexpression of various fluorescent fusion proteins (n = 7-12 cells under each
condition, P > 0.6, t-test). B, Percentage of readily-releasable lysosomes measured as in Fig. 6
in cells mock-transfected with pCMV-EGFP-N1 is not significantly different from nontransfected cells (n = 5 cells for each condition, P = 0.76, t-test), indicating that transfection
with lipofectamine 2000 does not change the fusion competence of FM-labeled lysosomes. C,
Selective lysis of astroglial lysosomes causes FM relocation. Examples of FM4-64 labeled
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astrocytes prior to (top) and 30 min after the application of 200 µM GPN (bottom), illustrating
the redistribution of FM4-64 from a vesicular pattern to a diffuse intracellular labeling. Scale
bar, 10 µm. D, GPN-treated astrocytes (200µM, 30 min) were loaded with OGB-1 (2µM, 40
min) and stimulated by mGluR agonist t-ACPD (100 µM, 60 s). The reduced amplitude of
calcium responses (dF/F0 = 15.8 ± 7.2 in GPN-treated cells vs. 36.9 ± 9.3 under CTR
condition, P < 0.01, n = 5 - 6) is probably due to the disruption by GPN of the dynamic
connections among different internal Ca2+ stores, one of which is the lysosomal compartment
itself (Heidemann et al., 2005).
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Supplementary Figure 7. Controlled mechanical stimulation avoids membrane rupture. The
combined use of the intracellular OGB-1 Ca2+ indicator and extracellular membrane-
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impermeable fluid-phase marker Texas Red Dextran 3000 (TD) produced unique signatures to
monitor membrane rupture and Ca2+ responses induced by mechanical stimulation (m-Stim).
A, Top, schematic representation of the experimental paradigm and raw-data epifluorescence
images corresponding to the time-points indicated by the cartoons above. Minor ruptures
induced by m-Stim resealed quickly, as indicated by the partial retention of OGB-1, but TD
entered the cell stimulated and remained after wash of the extracellular medium. Bottom,
time-resolved traces of the OGB-1 fluorescence at the site of stimulation (black trace) failed
to return to the pre-stimulation baseline, whereas the [Ca2+]i response in the same cell, 10 µm
away (grey), showed a transient rise followed by return to baseline. B, Irreversible rupture of
the plasma membrane led to total loss of both OGB-1 and TD from the stimulated cell that
remained as a black hole, after wash. Evoked Ca2+ responses were observed in adjacent cells
(grey traces), probably due to the release of ATP and glutamate from the ruptured cell. C, In
absence of membrane rupture, m-Stim induced a transient biphasic Ca2+ rise, which returned
to baseline. Also, the retention of OGB-1 went along with the systematic exclusion of
extracellular TD from the target cell after wash. Controlled m-Stim could be applied
repeatedly to the same cell (not shown). Scale bars for all panels, 10 µm.
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Supplementary Figure 8. FM dye is released by full fusion. A, Distribution of single vesicle
fluorescence (F - Bloc, shaded bars) during the 2-s period preceding exocytosis after
subtraction of local background (Bloc, open bars), measured in a peripheral 7×7 pixel ROI (n =
35 vesicles from 7 cells, bin = 30 cps). Note the large variability in Bloc. B, Effect of local
(Bloc) vs. extracellular (Bex) background subtraction on FM4-64-labeled spots not undergoing
exocytosis in response to m-Stim (downward arrow head). Top: examples of time-lapse rawdata single-vesicle images at the times indicated. Bar, 2 µm. Bottom, traces on the left and
right graph the evolution with time of raw-data fluorescence of the same vesicle (Raw), of the
extracellular (Bex), and local (Bloc) backgrounds and resultant single-spot fluorescence. The
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global-background corrected fluorescence (Raw – Bex) shows an apparent ~10% decrease. In
contrast, the Bloc corrected fluorescence remained stable (Raw- Bloc). C, Distribution of
fractional intensity changes, dF/F0 following m-Stim for 33 FM4-64-labeled vesicles from 3
astrocytes using either Bex (dF/F0 = 11.0 ± 1.7 %, left) or Bloc (1.6 ± 12.6 %, right) for
correction. D, Top, epifluorescence image of an astrocyte labeled by FM2-10 (50 µM, 15
min). Vesicles undergoing destaining are indicated by arrow heads (a-c). Scale bar, 10 µm.
Bottom, time-lapse images of vesicles a to c aligned to the moment of fusion (t = 0 s). E,
Average fluorescence changes with time of vesicles undergoing destaining (n = 16 vesicles
from 3 cells). Traces are normalized, aligned and averaged as described in Fig. 4.
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Supplementary Figure 9. FM destaining from cells expressing VGlut fusion proteins. A,
The expression of VGlut fusion proteins results in more diffuse cytoplasmic fluorescence than
other markers, which requires a different estimate of the lower meaningful limit for colocalization estimates. Instead of the usual control (see Fig.2B), the correlation between FM464 and cytoplasmic OGB-1 labeling, used to mimick the effect of diffuse VGlut expression, is
taken as the lower limit (

= 0.19 ± 0.05, n = 8). Therefore, the correlation coefficient

between FM4-64 and VGlut expressing vesicles, which is not attributed to diffuse
fluorescence, is 15.2% and 11.1% for VGlut1 and VGlut3, respectively. B, In astrocytes
transfected with VGlut1, FM4-64 destaining was essentially observed from VGlut-negative
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organelles (small arrows) rather than VGlut-positive ones (arrow head). A similar result was
observed in cells expressing VGlut3. Scale bar, 10 µm. C, An example showing FM4-64
destaining from a VGlut-positive organelle.
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Supplementary Figure 10. Short exposure of cells to Ca2+-free solution does not empty
internal calcium stores. To evaluate the relative contribution of extracellular and intracellular
Ca2+ sources (Fig.5), the medium in the recording chamber was changed from 2 mM Ca2+ to
Ca2+-free solution just prior to time-lapse imaging, and m-Stim delivered within ~300 s of the
solution change. As a control for the degree of Ca2+ filling, we here mobilized Ca2+ from
internal stores by applying t-ACPD (100 µM) in the presence (A) and in the absence of
extracellular Ca2+, (B). C, The amplitude of t-ACPD-evoked transients (dF/F0 = 32.3 ± 8.6, n
= 6 cells) was not statistically different from control conditions (dF/F0 = 36.9 ± 9.3, n = 5
cells; P = 0.4, t-test), indicating that internal Ca2+ stores were not significantly affected by the
short exposure of cells to Ca2+-free solution, consistent with previous observations in cultured
astrocytes (Venance et al., 1997). We interpret the absence of the late phase of Ca2+ responses
as a result of the suppression of the component of store-operated Ca2+ entry in Ca2+-free
buffer.
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Supplementary Figure 11. Sub-threshold Ca2+ signals do not affect the size of the readily
releasable pool (RRP) of astroglial secretory lysosomes. GPCR activation was achieved by
pretreating astrocytes for 5 min with 100 µM t-ACPD, an agonist of group I and group II
mGluR receptors, before releasing the entire population of releasable lysosomes as described
in Fig.6. The effect of spontaneous Ca2+ oscillations on the RRP size was tested in cells
exhibiting constant spontaneous calcium oscillations (on average, 1.22 ± 0.47 transients/min,
n = 6). Significance of difference was evaluated by t-test. n = 5 – 6 cells for each condition.
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Supplementary Table 1
Combinations of filters, dyes and settings used for multi-color fluorescence imaging
dye(s)

*

Epifluorescence
dic
Em

FM1-43

(nm)
488

500

FM4-64

488

500

488
488/568
488
488

500
PolyX§
500
500

560/40BP or
615/45BP
600LP or
675/50BP
615/45BP
615/45BP
535/30BP
535/50BP | 600LP

488/568

500/590

535/50BP | 615/45BP

488

500

675/50BP

Fluo-4

488

500

X-rhod-1

568

FM1-43
& FM4-64
Spectral imaging
BPB
FM1-43 & BPB

FM2-10
FM1-43 & DiI
OGB-1
OGB-1
& FM4-64
OGB-1
& TexasRed
Fura-Red

evanescent-field fluorescence
dic
Em
λex£
(nm)
488

500

488

500

488
488/568
488
488

500
PolyX
500
500

560/40BP or
615/45BP
600LP or
675/50BP
615/45BP
615/45BP
535/30BP
535/50BP | 600LP

535/30BP

488

500

535/30BP

590

615/45BP

568

PolyX

615/45BP

476

500

560(40)BP/675(50)BP

476

500

560/40BP | 675/50BP

458

500

580
488/580

590
500/590

510-535-560-615-670
BP
670/40BP
560/40BP (or
615/45BP) | 670/40BP
535/50BP

Lysotracker
488
500
488
500
535/50BP
green
Lysotracker
458
500
535/50 BP | 675/50BP
476
500
535/50BP | 675/50BP
green & FM4-64
EGFP-x
488
500
535/50BP
488
500
535/50BP
EGFP-x & FM4488
500
535/50BP | 600LP or
488
500
535/50BP | 600LP or
64
675/50BP
675/50BP
Venus-x & FM4458
500
535/50BP | 675/50LP
476
500
535/50BP | 675/50LP
64
Quinacrine
458
500
535/50BP
476
500
535/50BP
Quinacrine
458/488
500
535/50BP | 670/40BP 476/488
500
535/50BP | 670/40BP
& FM4-64
Acridine orange
488
500
535/50BP | 675/50BP
488
500
535/50BP | 675/50BP
ER-Tracker
375
500
535/50BP
Blue-White DPX
*
center wavelength of the
± 9-nm excitation band of a TILL polychrome II tunable light-source.
£

wavelengths designate the lines of an Ar+/Kr+ mixed-gas laser, selected by an acousto-optical tunable filter.
PolyX – a custom dual dichroic mirror with 488/568/NIR reflection bands and low ripple high-transmission
elsewhere (AHF Analysentechnik)
| denotes filters for simultaneous view with a custom dual-view device.
§
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Supplementary Movies
All movies are displayed at 20 frames per second.

Supplementary Movie S1: Acridine Orange (AO) explosions. 150×140-pixel image subregion (26×28 µm) of an AO-loaded astrocytes imaged by 10-Hz TIRF (movie compressed to
2-Hz resolution). Total length 60 s, exposure time of 100 ms. Magnification ×120.

Supplementary Movie S2: Dynamics of single FM4-64 labeled organelles. 163×97-pixel
image subregion (~30×18 µm) of a FM4-46 labeled astrocyte (6.7 µM, 15 min) imaged by 1Hz epifluorescence, exposure time 100 ms. Magnification ×120.

Supplementary Movie S3: 25×25-pixel image sub-region (4.7×4.7 µm) showing a fusion
event between two FM4-64 labeled organelles. 1-Hz epifluorescence, exposure time 100 ms.
Magnification ×120.

Supplementary Movie S4: 25×25-pixel image sub-region (4.7×4.7 µm) illustrating the
fission of a FM4-64 labeled organelle into two. 1-Hz epifluorescence, exposure time 100 ms.
Magnification ×120.

Supplementary Movie S5: 40×25-pixel image sub-region (7.5×4.7 µm) showing the
consecutive fusion and fission of FM4-64 labeled organelles. 1-Hz epifluorescence, exposure
time 100 ms. Magnification ×120.

Supplementary Movie S6: m-Stim evoked Ca2+ response (OGB-1 fluorescence) and
asynchronous lysosomal fusion event (FM4-64 destaining). 20×35-pixel image sub-region
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(3.7×3.7 µm). Simultaneous dual-color side-by-side acquisition on the same CCD image.
Pseudocolor TIRF image pairs of OGB-1 (top) and FM4-64 fluorescence (bottom) on CCD
chip. Data is 10-Hz TIRF, 100 ms exposure time. Movie is compressed to 5-Hz.
Magnification ×120.

Supplementary Movie S7: Ca2+-triggered FM4-64/EGFP-sialin fusion event. 30×30-pixel
image sub-region (5.6×5.6 µm) of a FM4-64/EGFP-sialin double-labeled astrocyte.
Simulataneous dual TIRF. Pseudocolor image shows shifted merge, in which the red-channel
image is shifted 5 pixels to the left with respect to the green-channel image to better view the
dynamics in both channels. The middle vesicle is undergoing exocytosis in response to
mechanical stimulation. See kymograph in Figure 4D. Data is 10 Hz TIRF, 100-ms exposure
time. Movie compressed to 5-Hz resolution. Magnification ×120.
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