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ABSTRACT Dual-color imaging of acridine orange (AO) and EGFP fused to a vesicular glutamate transporter or the vesicle-
associated membrane proteins 2 or 3 has been used to visualize a supposedly well-defined subpopulation of glutamatergic
astrocytic secretory vesicles undergoing regulated exocytosis. However, AO metachromasy results in the concomitant emission of
green and red fluorescence from AO-stained tissue. Therefore, the question arises whether AO and EGFP fluorescence can be
distinguished reliably. We used evanescent-field imaging with spectral fluorescence detection as well as fluorescence lifetime
imaging microscopy to demonstrate that green fluorescent AO monomers inevitably coexist with red fluorescing AO dimers, at the
level of single astroglial vesicles. The green monomer emission spectrally overlaps with that of EGFP and produces a false
apparent colocalization on dual-color images. On fluorophore abundance maps calculated from spectrally resolved and unmixed
single-vesicle spectral image stacks, EGFP is obscured by the strong green monomer fluorescence, precluding the detection of
EGFP. Hence, extreme caution is required when deriving quantitative colocalization information from images of dim fluorescing
EGFP-tagged organelles colabeled with bright and broadly emitting dyes like AO. We finally introduce FM4-64/EGFP dual-color
imaging as a remedy for imaging a distinct population of astroglial fusion-competent secretory vesicles.

INTRODUCTION

Fluorescence colocalization imaging is a powerful method for

exploring the targeting of molecules to intracellular compart-

ments and to screen for their association and interaction. In

such experiments, distinct fluorophores are attached to the

molecular targets of interest and imaged into spectrally sep-

arated detection channels. The fluorescence intensity in each

channel ideally is dominated by spatial and concentration

information derived from one fluorophore only. In this case,

the dual-color fluorescence intensity images then correspond

to diffraction-limited fluorophore maps, which can be over-

laid or displayed side-by-side and the amount of colocaliza-

tion can be calculated using different estimators (1–3).

One recent application of dual-color fluorescence detec-

tion has been the identification of vesicular compartments

and study of their dynamics and fusion in nonsecretory

exocytoses, the primary function of which is the transfer of

the organelle membrane and its embedded proteins to the cell

surface rather than the release of the vesicular cargo (4), or

for studying regulated secretion of vesicular compartments

in nonspecialized secretory cells (5), like macrophages,

fibroblasts (6) or astrocytes (7) (see, e.g., (8) for review). In

contrast to presynaptic nerve terminals or neuroendocrine

cells that harbor large numbers of secretory vesicles close to

the plasma membrane in readiness for exocytosis, non-

secretory cells lack such obvious morphological and func-

tional specializations. Any attempt to study the release of

biologically active substances from these cells must therefore

first pinpoint the right vesicular compartment among the

numerous endosomes, lysosomes, caveolae, and transport

carriers, which is typically done by overexpressing a suitable

marker (9) and then specifically follow the fate of the iden-

tified organelle, typically by using a second fluorescent re-

porter of membrane fusion.

Acridine orange (AO) is a weak base and metachromatic,

fluorescent cationic dye (10,11) and photosensitizer (12,13)

that stains live (12,14) and fixed tissue (15,16) with variable

hues of fluorescence. At the cellular level, AO relocation

and color change has been widely used as a test for cell viabil-

ity (17,18), and for studying pH gradients across vesicular

(19–22), as well as lyso- (23–25) and endosomal (26,27) mem-

branes.

Dilute AO solutions or AO molecules bound to polyan-

ions and isolated from each other emit green orthochromic

fluorescence. Concentrated solutions, aggregates of AO,

or molecules bound close by to neighboring sites, have

orange or red metachromatic fluorescence (12,28). Note that

‘‘metachromasy’’ is here operationally defined as the hyp-

sochromic (shift in absorption to shorter wavelength) and

hypochromic (decrease in intensity of emitted fluorescence)

change in color exhibited by certain dyes in the presence of

water under the following conditions: 1), increase in dye

concentration; 2), temperature decrease; 3), salting out; and

4), interaction with substrates that favor water intercalation

and/or proximity or stacking of dye monomers. Like thionine,

methylene blue, toluidine blue, rhodamine 6G, and phronine
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G, AO derives its metachromatic properties from the

progressive formation of dimers and higher aggregates

with increasing concentration (10,11). Low temperature and

ionic strength favor AO metachromasy (27,29,30). Due to

these photochemical properties and because of its passive ac-

cumulation inside acidic vesicles as well as the pronounced

and rapid fluorescence change associated with exocytosis,

AO has been popular as a reporter of membrane fusion and

vesicle release (20,31,32). The opening of the fusion pore

equilibrates the acidic luminal pH, leading to the rapid de-

quenching of AO fluorescence, which is observed as a loss

of metachromatic red fluorescence and a concomitant flash

of orthochromatic green fluorescence, followed by the dis-

sipation of AO monomers in the extracellular space. Although

not easy to discern from the intracellular burst of AO-loaded

vesicles, which is commonly observed at high incident

powers (23,24,33), this characteristic spatiotemporal profile

has generally been accepted as a hallmark of single-secretory

granule exocytosis (34–36).

AO reports secretory-vesicle fusion but indiscriminately

stains acidic lyso- and endosomal compartments as well. In

many cell types, endosomes and lysosomes can undergo

regulated exocytosis, too (see (37) for review). To avoid this

ambiguity and to specifically study the release of an iden-

tified class of vesicular organelles, AO has recently been

used in conjunction with EGFP fused to different secretory

vesicle proteins in double-labeling experiments (7,38–40).

Inspired by these earlier dual-color studies, we attempted

AO/EGFP detection in mouse cortical astrocytes expressing

EGFP fusion proteins with the vesicle-associated membrane

protein-2 (VAMP2, also termed synaptobrevin-2), VAMP3

(VAMP3, also called cellubrevin), or one of the vesicular

glutamate transporters. Astrocytes, one type of macroglia,

have recently become a subject of intense and renewed in-

terest, because of their possible role as active partners in

glutamatergic synaptic signaling (see (8) and references

therein). We then asked to what extent single vesicles can be

identified as EGFP-positive in AO-labeled astrocytes. We

identified individual, near-membrane vesicles with evanes-

cent-field microscopy (35,36) and used spectral single

vesicle imaging and linear spectral unmixing (SILU, see

(41) for a detailed description) to detect the presence of

EGFP, as well as the monomeric and dimeric forms of AO.

We here demonstrate that considerable heterogeneity exists

among vesicular compartments concerning their AO loading

and spectral emission profile, but that green fluorescent AO

monomers inevitably coexist with red fluorescing AO dimers

under all experimental conditions that have previously been

used for AO/EGFP dual-color imaging (7,38–40). The green

emission from AO monomers spectrally overlaps with that of

EGFP and produces a significant amount of apparent co-

localization, which is mistaken as a false-positive EGFP

expression. Time- and space-correlated single-photon count-

ing measurements corroborate our single-vesicle spectral data.

We conclude that the EGFP/AO-fluorophore pair is inade-

quate for deriving quantitative information on secretory-

vesicle identity. Finally, based on spectral and time-resolved

dual-color imaging of single astroglial vesicles expressing

VAMP3-EGFP we propose the red styrylpyridium dye FM4-

64 as a robust and reliable alternative for imaging astroglial

membrane fusion events of EGFP-labeled vesicles.

MATERIALS AND METHODS

Astrocyte preparation and EGFP expression

Pure astrocyte cultures were prepared from cortical hemispheres of OF1

mice at postnatal day P0-1 and ;105 cells plated on 25-mm Marienfeld #1

borosilicate glass coverslips. Cells were maintained in Dulbecco’s modified

Eagle’s medium supplemented with 10 mg/ml streptomycin (42), 10 U/ml

penicillin, and 5% fetal calf serum and were imaged during the first week

after seeding, before reaching confluence. For imaging, we used astrocytes

that grew isolated or in small clusters and were identified by their mor-

phology as well as by the presence of spontaneous and evoked spreading

calcium waves (data not shown). Immunocytochemical staining with an-

tibodies against glial fibrillary acidic protein indicates that .90% of the cells

in culture were positive for glial fibrillary acidic protein.

To highlight secretory vesicles on fluorescence images, we used lip-

ofectamine 2000 (Invitrogen, Carlsbad, CA) to transfect each coverslip with

2 mg/ml of VAMP2 fused at its luminal C-terminus to EGFP, or its astro-

cytic analog VAMP3-EGFP, a gift by T. Galli, Paris, under the control of the

ubiquitously active CMV (cytomegalovirus) promoter. On these constructs,

the EGFP fluorophore is exposed to the low acidic intraluminal pH of ;5.5

(see (41) for controls). Fusion protein expression was verified on the day

after the transfection by comparing the fluorescence excitation and emission

spectrum of transfected astrocytes with their nonlabeled (only autofluo-

rescent) counterparts. Control transfections with cytoplasmically targeted

EGFP (pEGFP-N1, Clontech, BD Biosciences, Franklin Lakes, NJ (41)) and

immunocytochemical labeling with antibodies targeted against VAMP2 or

VAMP3 ascertained the specific targeting of these constructs (data not

shown). Cells were imaged 24 h after transfection.

Acridine orange (AO) reference standards
and single-organelle spectra

We prepared 20-mM aliquots of AO (C17H19N3, 3,6-bis(dimethylamino)ac-

ridine hydrochloride) from an analytical-grade spectroscopic standard (1%-

AO solution, Sigma, St. Quentin, France) and further diluted these aliquots

to the desired final concentration immediately before the experiments. For

astrocyte labeling, the AO stock was diluted at least 4000-fold in extra-

cellular saline containing, in mM: 140 NaCl, 5.5 KCl, 1.8 CaCl2, 1 MgCl2,

20 glucose, 10 HEPES, at pH 7.3. Final extracellular AO concentrations

([AO]o) ranged between 0.5 and 5 mM, as indicated. Astrocytes were

incubated in AO-containing solution for 15 min at 37�C or 23�C, and thor-

oughly washed thereafter to remove excess dye. AO is a weak base with a

pKa of 9.5–10 (27,28). Its neutral, lipophilic form can pass membranes

whereas its protonated, hydrophilic one cannot. Incubation of cells with

solution containing mM [AO]o leads to the diffusion of the neutral form

through the plasma membrane into the cytoplasm and through the vesicular

membranes into the vesicle lumen of organelles where AO is trapped and

accumulated (22,30,43). Although some degree of variability in the labeling

of individual organelles was observed (Fig. 1 A), 15-min loading was suf-

ficient to attain mM intraorganelle [AO] as judged by the evolution of

the single-organelle emission spectrum (see Results and Discussion). In

the absence of stimulation, we observed no appreciable leakage of AO

from vesicular compartments during the time-window of the experiment—

confirmed by the negligible decrease in single-vesicle fluorescence cor-

rected for photobleaching (data not shown). For [AO] ranging from 0.1 to

20 mM, the pH of in vitro spectroscopic standards is calculated by
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pH ¼ 11:5 1 0:5 � logð½AO�Þ, which results in a pH between 9.5 and 10.7 in

our reference spectroscopic standards. In control experiments, we verified

that the shape of the AO spectrum was unchanged at vesicular pH (;5.5)

(data not shown), thereby confirming earlier observations (27).

Acquisition of spectral epifluorescence image stacks was interlaced with

458-nm evanescent-field excited fluorescence to identify near-membrane

astroglial vesicular compartments (41) on a custom inverted microscope,

fitted for combined epifluorescence and through-the-objective type total

internal reflection fluorescence (TIRF, Fig. 1 B). This is due to the expo-

nential intensity-dependence of the evanescent field; the single-vesicle fluo-

rescence intensity picks up minor positional changes in z-direction, along the

optical axis, which would impair spectral recordings. Regions of interest

(ROIs) of diffraction-limited fluorescent spots or cytoplasmic or extracel-

lular ROIs were identified on TIRF images and copied on the corresponding

spectral epifluorescence image stack. Even though cultured astrocytes are

particularly well suited for wide-field microscopy because their processes

are very thin (,1 mm) (44) and single vesicles are clearly resolved in

epifluorescence, the axial distance over which the microscope integrates

fluorescence is much larger (;2.2 mm) than the typical diameter of secretory

vesicles (30–300 nm). As a consequence, spectral images contain fluores-

cence from planes above and below the focal plane in addition to the

organelle under study (see below).

For evanescent-field excitation, we used an Omnichrome Ar1/Kr1 laser

(Melles Griot, Carlsbad, CA) and HQ488/10 excitation clean-up (Chroma,

Brattleboro, VT). Laser power was adjusted in function of [AO]o with

neutral density filters so as to avoid photoinduced vesicle burst (23,24,33)

(not shown). At 5 mM [AO]o, the measured power did not exceed 20 mW in

the specimen plane, measured for a beam co-linear with the surface normal.

The total illuminated near-membrane section (measured as the 1/e2-intensity

decay) sampled by the evanescent-field was ;200 nm.

Five epifluorescence emission spectral images were acquired sequentially

upon 458-nm excitation with a TILL polychrome II (TILL Photonics,

Gräfelfing, Germany). To acquire spectral image cubes, we used a 500DCLP

dichroic mirror (Chroma) and discrete emission filters housed in a motorized

and computer-controlled filter wheel (HQ510/20, HQ535/50, HQ560/40,

HQ615/45, HQ670/40; see inset on Fig. 1 B). The resulting fluorescence

images were further magnified (32) to match the camera-pixel size to the

calculated resolution and projected onto a GenIII-intensified PentaMax

charge-coupled device (CCD) camera (Roper Scientific, Trenton, NJ). We

acquired spectral image stacks with 1-s time resolution, which was sufficient

to track and recenter moving organelles visually on consecutive frames,

using Metamorph 7.0 software (Molecular Devices, Downingtown, PA).

We note that the displayed five-point spectra are a convolution of the

fluorophore spectral emission profile and the instrument response and, de-

pending on the exact choice of the center wavelengths and widths of emission

bands, do not necessarily bear resemblance with the familiar (corrected)

emission spectra known for these fluorophores. Instead, filters were chosen to

give a unique signature to each fluorescent component. To be less sensitive

to image noise and to better distinguish the green-emitting fluorophores,

we slightly oversampled the yellow-green spectral region. For each [AO], we

adjusted the gain of the intensified CCD camera so as to optimize the signal at

100-ms image acquisition time. Gain and exposure times were identical for all

FIGURE 1 Principle of acridine orange (AO)/EGFP

detection with dual-band fluorescence or single-secretory

organelle spectral imaging and linear unmixing. (A) 488-

nm excited total-internal reflection fluorescence (TIRF)

image of an AO-loaded (5 mM) astrocyte after 15-min

incubation at 37�C, viewed through a dual-view emission

beam-splitter (535 6 25-nm band-pass, 590 nm dichroic

mirror, and 600 nm long-pass filter). Circles show spots

that are visible in both the red and green detection channel.

Scale bar is 5 mm. (B) Schematic microscope optical path

for combined TIRF and epifluorescence. The beam angle

and hence the penetration depth of the evanescent field

is set by sliding the TIRF condenser (shaded) relative to

the optical axis. A motorized filter wheel and dual-viewer

device (boxed) permit sequential multispectral or (simul-

taneous) dual-color recordings, respectively. Obj, 1.45NA-

360 objective; DC1, DC3, 500DCLP dichroic mirrors;

M1, (100%) mirror; and DC2, 590DCLP secondary

dichroic mirror. (Inset) Transmission spectra of the band-

pass filters used for spectral unmixing. (C) Epifluorescence

spectral images of a VAMP2-EGFP expressing astroglial

vesicle (top) and spectral background images, taken in a

cell-free region (bottom). (D, top) Raw-data experimental

organelle (solid) and background spectra (open circles) for

the regions shown in red on panel C. Background-sub-

tracted organelle spectrum before (middle) and after nor-

malization (bottom).
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planes. For in vitro recordings, background spectra were acquired from water

droplets using the same settings. For cellular spectral imaging, the spectral

background was extracted from a cell-free region on the same coverslip.

To verify that photobleaching did not deleteriously affect the sequentially

collected spectral images (45), we collected EGFP, AO, and autofluorescence

(AF) spectra in both ascending and descending order, confirming that the

emission profiles were indistinguishable (not shown).

FM4-64 labeling and dual-color imaging

For Fig. 6, astrocytes were transfected with VAMP3-EGFP and were 24 h

later incubated for 10 min in 6.7 mM FM4-64 dissolved in imaging buffer,

without further stimulation. Cells were thoroughly rinsed thereafter during

30 min. Dual-band detection of EGFP and FM4-64 (46) was achieved with

HQ535/50m and HQ675/50m band-pass filters and 590DCXR secondary

dichroic. To detect the release of FM4-64 and dissipation of VAMP3-EGFP

fluorescence, we measured the evolution with time of 488-nm excited fluo-

rescence in a 1 mm2 ROI centered on the fluorescent spot, after subtraction of

the local background that was measured in a concentric square (1.4-mm

outer size). We also measured the correlation of FM4-64 destaining with the

intracellular Ca21 by incubating FM4-64 labeled astrocytes with Oregon

Green-BAPTA-1-AM (2 mM, 40 min 1 30 min wash, n ¼ 10 cells). Slight

mechanical stimulation was generated by a brief puff with control solution

(imaging buffer) from a local perfusion pipette (Ø ¼ 25 mm), placed at ;50

mm from the target cell. Fluid speed was set at ;0.6 ml/min.

Spectral unmixing and detection of
fluorophore presence

For unmixing, we excised 3 3 3 mm ROIs containing an isolated fluorescent

spot from spectral image stacks (top row on Fig. 1 C). Individual epi-

fluorescence image planes were aligned to compensate movement or offset

resulting from different filter thickness, and residual spectral background

(bottom row) was subtracted. Linear unmixing and the detection of fluo-

rophore presence were automated for the resulting ministacks (41) and took

three steps:

1. For each organelle, the noise-reduced spectrum was obtained from the

spectral pixel vectors wðx; yÞ ¼ ðw1ðx; yÞ;w2ðx; yÞ; . . . ;wNðx; yÞÞT of

the nine pixels (x,y) of a 575 3 575 nm quadratic ROI centered on the

diffraction-limited organelle image (red box on Fig. 1 C). Outlier values

resulting from CCD ‘‘hot’’ pixels or excess noise were removed. The

remaining pixel spectral vectors were averaged to yield the organelle

spectrum w(i) of the Airy-sized ROI i. Spectra were normalized to equal

energy, by division with +N

k¼1
wkðiÞ (Fig. 1 D).

2. Mixed spectra were fitted with a linear weighted sum of a predefined

spectral library containing m pure components, X ¼ (x1, . . . ,xm),

wðiÞ ¼ X 3 âðiÞ1 rðiÞ: (1)

We used a least- squared-error method to unmix the organelle spectra

and to obtain the normalized contributions (abundance coefficients) of

EGFP, AO monomers (m.AO), and AO dimers (d.AO) forming a triple

vector, â ¼ ðaEGFP;am:AO;ad:AOÞT. r(i) are the residues not explained

by the linear mixing model. To determine the relative abundance of m

spectral components, the number of acquired spectral images N needs to

be equal to or larger than m. The spectral vector âðiÞis obtained by

minimizing the sum of squared residuals, rT � r, for each organelle i. In

contrast to commercial spectral imaging and linear unmixing (SILU)

approaches (reviewed, e.g., in (47)), we did not impose a strict sum-to-

one condition, +m

i
âi[1, nor did we apply the commonly used

nonnegativity constraint, âi$0. By relaxing these boundary conditions,

we ascertain that the abundance-coefficient estimates are not biased, see

(41,48) for a critical discussion. As a consequence, values of ai can

assume apparently physically nonmeaningful values. However, this is

not a problem if the calculated confidence interval of the fluorophore

abundance estimate is larger than its negative amplitude (41).

3. We finally verified that the unmixed signal was derived from the fluo-

rescent spot under study, and not resulting from diffuse cytoplasmic

fluorescence above and below focus. To this end, we derived fluoro-

phore abundance maps that display the contribution of each dye (i.e., the

product of fluorophore abundance and sum of spectral intensities) in

each pixel (see, e.g., Fig. 5 B) and applied a center-versus-surround

statistical test. For example, the contribution of EGFP to pixel (x,y) is

found by denormalizing the EGFP abundance âEGFPðx; yÞ,

IEGFPðx; yÞ ¼ âEGFPðx; yÞ +
N

k¼1

wkðx; yÞ; (2)

where wk (x, y) is the raw-data intensity of pixel (x, y) viewed in spectral

band k. The sum runs over N ¼ 5 detection bands. Next, we averaged

IEGFP(x,y) over the nine pixels each of 16 surrounding 1 3 1 mm ROIs

i so as to obtain the peripheral EGFP distribution (Ii)1#i#16 in the

cytoplasm around the organelle as well as the central fluorescent spot

itself. The center-versus-surround signal/background ratio

SBR ¼
ffiffiffiffiffiffi
15

17

r
IEGFP � ÆIðiÞæffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1=15 +
16

i¼1

ðIEGFP � ÆIðiÞæÞ2
s ; (3)

follows a Student law if the central organelle region is not an outlier

relative to the 16 peripheral regions and hence can be compared to a

threshold defined by a Student distribution. We reasoned that

fluorophore presence was unambiguously detected on an organelle, if

1), the central ROI containing the organelle was diffraction-limited in

size; 2), if the confidence interval of the fluorophore abundance estimate

was not too big; and 3), if the central ROI was an outlier relative to the

surround (Eq. 3). See Nadrigny et al. (41) for details.

Dual-color colocalization analysis

Colocalization estimates calculated from unmixed single-vesicle fluorophore

abundance maps were compared with conventional dual-color fluorescence

detection. For dual-color fluorescence imaging, we used 488-nm TIRF/

epifluorescence imaging. The spectral detection downstream of the 500DCLP

dichroic was bypassed and fluorescence directed on a custom image beam-

splitter with a 590DXCR secondary dichroic mirror (Fig. 1 B), allowing the

side-by-side projection of a green (HQ535/50m) and red (HQ600LP) color

channel (all from Chroma Technology, Rockingham, VT).

We measured colocalization either by image segmentation, proceeding in

the same way as we did for the detection of dyes on unmixed images by

calculating the SBR on each emission channel (Eq. 3) or by calculating

Pearson’s correlation coefficient (49),

rp ¼+
i
½ðRi � RaveÞ3ðGi � GaveÞ�=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

+
i
ðRi � RaveÞ23+

i
ðGi � GaveÞ2

q
; (4)

where R and G are the intensities in the red and green channels, respectively,

while the indices i and ave designate one pixel and the average among all

pixels of the region of interest studied. The resulting colocalization esti-

mates, along with the results obtained for the same organelles by spectral

unmixing, are summarized in Table 3.

Time-domain picosecond lifetime microscopy
(FLIM) and data analysis

For picosecond (ps) time-resolved fluorescence excitation, the beam of a

pulsed 440-nm diode laser running at 10 MHz (Picoquant, Berlin, Germany)
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was coupled to the epifluorescence path of a model No. TE2000 inverted

microscope (Nikon, Tokyo, Japan) with a 455DC dichroic mirror (Omega,

Brattleboro, VT). A 440/10 cleanup filter in the excitation path removed

laser fluorescence. To minimize afterpulse, the laser operated at low power,

resulting in a 200-ps (full width at half-maximum) instrument response

function (black rectangles on Fig. 2 B). The same AO spectral standards as

those used for steady-state fluorescence were measured, for low [AO], in a

200-mm cuvette (Hellma, Mullheim, Germany) to avoid potential surface

contributions. High [AO] were measured using a quartz capillary or 10-mm

cuvette (Hellma) to minimize reabsorption.

Fluorescence was viewed through a 493ALP long-pass filter (Omega) and

imaged on a space-correlated single-photon counting detector (quadrant-anode

detector, EuroPhoton, Berlin, Germany). Briefly, replacing the disk anode of

a standard multichannel-plate photomultiplier tube with a quadrant-anode,

x,y spatial information is gained in addition to fluorescence lifetime. The in-

cident photon produces a cone-shaped cloud of electrons at the output face of

the MCP (50). The center of the cloud hits the quadrant anode at a position

identical to that of the detected photon. The quadrant anode splits the detected

charge in four portions, whose individual magnitudes depend on the xy

coordinate of the incident photon. The measured charges are amplified by

charge-sensitive shaping amplifiers and read-out by analog-digital circuitry

and software for the calculation of the xy position (51). The temporal in-

formation is derived from an auxiliary pulse from a second MCP that is

inverted, amplified, discriminated, and then used as a start pulse into a time-

to-amplitude converter, together with a stop pulse from a photodiode.

Picosecond fluorescence decays obtained from pure AO solutions were

analyzed by assuming that the measured decay of the fluorescence I(t) and

the laser pulse are related to each other by a convolution integral,

IðtÞ ¼
Z t

0

dt9Lðt9ÞGðt � t9Þ; (5)

where G(t) is the undistorted fluorescence. Fluorescence lifetime compo-

nents ti (Fig. 2 B) were obtained by fitting a sum of exponential functions

with the observed decay curves,

GðtÞ ¼ +
n

i¼1
Aiexpðt=tiÞ; (6)

where the preexponential factors Ai give the contribution of each lifetime

component to the measured fluorescence.

RESULTS AND DISCUSSION

Acridine orange-labeled astroglial vesicular
compartments display both metachromatic red
and orthochromatic green fluorescence

Mouse cortical astrocytes incubated in saline containing

5 mM AO (15 min, 37�C) (7,40) simultaneously displayed

a granular green and red fluorescence when viewed with a

dual-viewer device housing a 590DXCR secondary dichroic

separating the green (HQ535/50m) and red (HQ600LP)

detection channels. This filter combination is similar to those

used earlier for AO/EGFP dual-color imaging (7,38–40).

Fig. 1 A shows a representative 488-nm evanescent-field

excited dual-color fluorescence image pair. We use grayscale

intensity images rather than pseudo-color to better appreciate

the relative fluorescence intensities in both detection chan-

nels. Although no EGFP was present in the astrocyte, a rapid

inspection by eye reveals an appreciable amount of fluores-

cent puncta that appear on both the red and green images

(circles). Thus, with the filters that have typically been used

for EGFP and AO detection, AO alone produces signals in

both detection channels. Room temperature (23�C) instead

of physiological temperature (37�C) did not appreciably

change this observation (data not shown).

To what extent can the green AO signal be separated from

EGFP fluorescence? We recently introduced a new live-cell

spectral imaging and linear unmixing technique for detecting

the presence and colocalization of spectrally overlapping fluo-

rophores on single diffraction-limited point objects, based on

their spectral signature across several detection channels

(41). Here, we applied this technique to detect the presence

of AO monomers (m.AO), AO dimers (d.AO), and EGFP

on single vesicles in VAMP2-EGFP transfected and AO-

labeled mouse cortical astrocytes.

FIGURE 2 Acridine orange (AO) metachromasy. (A) Concentration

dependence of the five-point emission spectrum (510 6 10, 535 6 25,

560 6 20, 615 6 22.5, and 670 6 20 nm) of aqueous AO solutions (gray
traces, [AO] in mM).The spectral emission of EGFP expressed in the

cytoplasm of cortical astrocytes is shown in green for comparison. The

mixed AO spectrum depends on the relative abundance of green fluorescent

m.AO and red fluorescent d.AO, which depends on [AO]. Measured AO

spectra (gray) converged toward pure m.AO (yellow) or d.AO reference

spectra (red) at low and high concentrations, respectively. (B) In vitro

picosecond fluorescence lifetime imaging microscopy (FLIM) of AO

corroborated the steady-state fluorescence measurements shown in panel

A. The observed ps time-dependent fluorescence displayed a multiexpo-

nential decay with two principal components, t1 ¼ 1.85 ns and t2 ¼ 18 ns.

IRF, instrument response function. Table 1 summarizes their relative ampli-

tudes as a function of [AO]. Differences to 100% are due to minor components

with t3 ¼ 5 and t4 ¼ 11 ns with a relative amplitude ,7%.
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For spectral imaging, the sample was first viewed in dual-

color TIRF (see Fig. 1 B for a schematic layout of the mi-

croscope). Rapidly thereafter, we sequentially acquired five

spectral images in discrete, partially overlapping detection

bands (inset on Fig. 1 B). Regions that identified near-

membrane organelles on TIRF images were transferred onto

the corresponding spectral epifluorescence image stack to

identify near-membrane organelles. We excised and aligned

3 3 3 mm regions encompassing isolated, diffraction-limited

fluorescent spots to build spectral ministacks (Fig. 1 C) and

extract single-organelle spectra from an Airy-sized region

centered on the fluorescent spot (Fig. 1 D, top). Typically,

some 10 ROIs were extracted from the TIRF image of the

footprint of an astroglial process, viewed at a total magni-

fication of 3120. The spectral background was removed

(Fig. 1 D, middle) and the resulting spectrum divided by the

sum of its component intensities to yield the normalized

organelle spectrum w(i) (Fig. 1 D, bottom).

Pure fluorophore reference spectra of AO
monomers and dimers

Due to bleedthrough and spectral overlap, each of the five

spectral detection bands do not represent a single fluorescent

species. However, each of the pure fluorophores produced a

unique five-point spectrum (Fig. 2 A). Pure AO reference

spectra were obtained in vitro by microspectrofluorimetry

of a small AO droplet on the microscope. When gradually

increasing [AO] from 0.1 mM to 20 mM, its peak emission

shifted from green-yellow to orange-red (Fig. 2 A). TIRF and

epifluorescence spectra were indistinguishable, indicating

the absence of self-absorption at these concentrations (data

not shown).

AO metachromasy is thought to result from the coexistence

of green (orthochromatic) fluorescing AO monomers (m.AO)

with red (metachromatically) fluorescing dimers (d.AO) (10).

Thus, the experimental AO emission spectrum should reflect

up to a factor ef and an instrument constant reflecting

the sampled detection bands, their relative abundance in the

image region. The value e denotes the molar extinction, and f

the fluorescence quantum yield of each species.

To prepare a pure solution of nonaggregated m.AO as a

spectral reference (yellow trace on Fig. 2 A), we diluted 0.5

mM AO in 20% detergent (Triton-X100) following the pro-

tocol by Knof and co-workers (52). The measured spectra of

dilute AO solutions with 0.1 mM [AO] were virtually indis-

tinguishable from the m.AO reference spectrum. In line with

earlier bulk spectroscopic observations (10,27) we found a

convergence toward a stable red-shifted spectrum with

increasing [AO] (Fig. 2 A, red trace), indicative of the pre-

eminence of d.AO for [AO] $ 20 mM. Our results suggest

that the polychromatic emission of single AO-labeled astro-

glial organelles (Fig. 1 A) could potentially be explained by

the coexistence of m.AO with a green peak fluorescence and

orange-red fluorescing d.AO at the level of single vesicles.

Picosecond fluorescence lifetime imaging
microscopy (FLIM) corroborates SILU data

Mixed spectra reflect the relative concentration and bright-

ness of EGFP, m.AO, and d.AO. In contrast, time-resolved

single-photon counting histograms to measure the fluores-

cence lifetime are independent of fluorophore concentration.

Fig. 2 B shows typical ps-time resolved AO fluorescence

decay curves measured with a time- and space-correlated

single-photon counting detector, at different values of [AO]

and pH. Decays were well described by a sum of exponential

functions (Eq. 6) with two principal lifetime components of

t1 ¼ 1.85 ns and t2 ¼ 18 ns, corresponding to the short and

long lifetimes of the m.AO and d.AO, respectively. In line

with our spectroscopic measurements, the relative proportion

of d.AO increased with [AO], but nonaggregated m.AO

remained present at all studied [AO] between 0.1 and 10 mM.

Table 1 summarizes the preexponential amplitudes Ai indi-

cating the fractional presence of the different lifetime compo-

nents. A small component (,7%) of unknown origin with t3

at ;11 ns was consistently observed and was mainly present

at high mM [AO]. At the low concentration end, a faint fourth

component of ;5 ns could sometimes be detected (not

shown). Further studies need to establish the origin of these

components that may result from some impurity.

Our FLIM data corroborates the spectral-intensity based

observation that even at 10 mM [AO], green fluorescing

m.AO coexists with red-fluorescing d.AO. The measured

lifetimes for m.AO and d.AO are compatible with earlier

studies that found 3–4 ns and 13–14 ns for m.AO and d.AO,

respectively (52,53), based on a two-component regression

analysis. Importantly, for equimolar AO solutions, we found

no significant differences in FLIM-derived m.AO and d.AO

abundances between pH 5 and pH 7 (Fig. 2 B), which re-

inforces the validity of the in vitro reference spectra for

unmixing AO spectra of acidic organelles.

SILU reliably detects pure spectral components in
the absence of autofluorescence

Before using the previously determined reference spectra to

unmix single-vesicle spectral image ministacks, we next ver-

ified whether unmixing spectral image stacks from control

samples containing only one fluorescent species correctly iden-

tified the pure spectral component present. In these control

experiments, the algorithm is searching for all three pre-

defined fluorophore spectra and should converge to the one

TABLE 1 Multiexponential regression analysis of ps-time

resolved fluorescence decay curves

Ai (0.1 mM) Ai (1 mM) Ai (10 mM)

t1 ¼ 1.85 ns (m.AO) 99.3 97.6 67.5

t2 ¼ 18 ns (d.AO) 0 0.15 25.5

t3 ¼ 11 ns 0.7 2.25 7.0
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fluorophore only. As SILU yields for each unmixed ROI a

three-vector â ¼ ðâEGFP; âm:AO; âd:AOÞ, the result should be

the three unit vectors corresponding to pure fluorescent spe-

cies spanning the fluorophore space. The scatter of the esti-

mated â around the theoretical values is expected to reveal

the noise-sensitivity and trial-to-trial variability of our esti-

mate under the chosen experimental conditions, and is in-

dicative of our performance to separate close-by fluorophore

spectra.

For each fluorophore i, the abundance âi can vary between

0 (absence of dye i) and 1 (for a pure sample exclusively con-

taining i). In the absence of noise, if all fluorophores present

were known and if the background subtraction completely

removed, any offset, mixed organelle vectors should lie in a

plane for which +m

i¼1
âi[1 (gray, inset of Fig. 3 A). We de-

liberately relaxed the sum-to-unity and positivity constraints

so that the unbiased estimates of fluorophore abundance (see

Materials and Methods and (41,48)) can lie outside this plane

(41). For better clarity and graphic representation, we plot

on Fig. 3 the projection of the âi onto the two-dimensional

plane. Thus, in the absence of noise, pure spectral compo-

nents are expected to populate the corners of this parametric

triangular plot.

For each control condition, SILU correctly recognized the

origin of 25 ministacks extracted, for AO from pure control

droplets containing either 0.1 (green dots) or 20 mM AO (red
dots), or from cytoplasmic regions on images of astrocytes

transfected with cytoplasmically expressed EGFP (from

pEGFP-N1) construct (blue dots, Fig. 3 A). In some astro-

cytes, a high density of autofluorescent granular inclusions

with a broad yellow-green fluorescence emission profile was

observed that interfered with EGFP detection (41). When we

tried to include autofluorescence in the unmixing, Fig. 3 B, we

observed that SILU falsely classified as m.AO-containing

unlabeled astrocytes that displayed high levels of autofluo-

rescence (see the large scatter of gray spots around the ex-

pected corner position on Fig. 3 B). The deficiency to correctly

classify AF and m.AO is understood by realizing the very

close spectral proximity between astroglial autofluorescence

and a mixture of (0.8 6 0.13) 3 m.AO 1 (0.15 6 0.12) 3

d.AO (at 0.5 mM [AO]) (Fig. 3 C, open symbols) that closely

mimics the measured AF spectrum (gray trace, average of n¼
25 organelles). Therefore, we subsequently restricted our

analysis to astrocytes that displayed low autofluorescence, as

judged by the absence of a detectable signal in the 670 6 20-

nm band before AO labeling.

Single-vesicle spectroscopy reveals a large
variability among AO-labeled organelles

As the EGFP emission displays a broad spectral overlap with

m.AO fluorescence, even small amounts of m.AO are ex-

pected to contaminate the green detection channel and to be

mistaken for EGFP expression on dual-band recordings (Fig.

2 A). The question arises whether experimental conditions

can be found under which red d.AO fluorescence dominates

and green fluorescing m.AO is negligible, so that the green

detection band would be free for EGFP detection. To detect

the presence of m.AO and d.AO at the single-organelle level,

we systematically varied the conditions of AO loading and

used SILU followed by a center-versus-surround statistical

test to unequivocally attribute the detected signal to the organ-

elle (see Fig. 2 legend and Materials and Methods for details).

Fig. 4, A and B, show representative mixed organelle spectra

extracted from astrocytes labeled with AO (5 mM, 15 min at

23�C and 37�C, respectively (7,39)), whereas Fig. 4 C rep-

resent unmixing results that encompass the range of obtained

results. For a clearer graphical representation, only a small

selection of organelle spectra (Fig. 4, A and B) and unmixing

results (Fig. 4 C) are shown. The full data set from 150 un-

mixed astroglial vesicles (n ¼ 12 cells) is given in Table 2.

Confirming our earlier impression gained from dual-band

recordings, SILU revealed a large heterogeneity among the

spectra of AO-labeled organelles (Fig. 4, A and B). Although

increasing [AO]o from 0.5 to 5 mM increased the fraction

of d.AO-positive organelles at the expense of only m.AO-

containing organelles, one important result of Fig. 4 C is that

even after 15-min incubation with 5 mM [AO] at room-

temperature, an appreciable number of astroglial vesicular

compartments still contains green fluorescing m.AO (see

Table 2). In addition, despite a large variability among mea-

sured organelle spectra within a single astrocyte, we can con-

clude from the comparison of these spectra with pure AO

spectra at different [AO] that AO accumulated at mM levels

inside near-membrane vesicular compartments. Incubation

at physiological temperature favored AO accumulation and

shifted the organelle spectrum to the red, witnessing the effect

of increasing AO aggregation with raising [AO] (see example

FIGURE 3 Astroglial autofluorescence interferes with

the detection of monomeric AO (m.AO). (A) Spectral im-

aging of pure control samples and subsequent linear un-

mixing with reference spectra of m.AO, dimeric AO (d.AO),

and EGFP correctly detects pure fluorescent species. (B)

Astroglial autofluorescence (AF) interferes with m.AO

detection (C), due to the virtually identical spectral profile

of the AF and AO emission.
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spectra shown in Fig. 4 B). Nevertheless, even at 37�C (5 mM

[AO]o, 15 min (7)), SILU still detected green fluorescing

m.AO in 39% of the AO-labeled organelles, versus 56% after

incubation at 23�C (39). Virtually all organelles (96%)

contained m.AO at lower [AO]o (2 mM (40)). Perhaps longer

incubation times and higher [AO]o could be a cure? Un-

fortunately, those conditions that favor d.AO formation and

produce a majority of red-fluorescing organelles make these

particularly vulnerable to photoinduced burst (23,24,33). Un-

der our experimental conditions, 25 mM in the specimen

plane were the upper limit for avoiding AO-mediated photo-

damage (data not shown).

Our single-organelle spectral data from cortical astrocytes

incubated in low mM concentrations of AO and imaged at low

illumination intensity indicate that green m.AO fluorescence

inevitably coexists with red-emitting d.AO under all exper-

imental conditions previously reported to detect EGFP and

AO labeling. Thus, AO/EGFP double labeling is expected to

produce erroneous results when dual-color fluorescence is

used to obtain quantitative colocalization information.

AO totally obscures EGFP expression, leading to
a false classification of vesicles

To quantify the amount of astroglial vesicles that are falsely

classified as EGFP positive on dual-color images in the pres-

ence of green m.AO fluorescence, astrocytes were trans-

fected with a VAMP2-EGFP construct and imaged with both

dual-band and spectral detection. Subsequent AO labeling

under observation on the microscope stage following the pro-

tocol of Crippa and co-workers (39) (5 mM [AO]o, 15 min,

23�C) guaranteed that EGFP-expressing cells were viewed.

Fig. 5 A displays typical spectra recorded before AO

loading of single astroglial vesicles that expressed VAMP2-

EGFP. Although image noise produces some variability

among organelles, the EGFP spectral signature is readily

recognized (see Fig. 2 A) and SILU reliably detected EGFP

expression. Fig. 5 B displays an example of the calculated

fluorophore abundance maps along with the confidence in-

terval of the SILU estimate, demonstrating the presence of

EGFP on the organelle (top row) as well as the complete ab-

sence of AO, both in its monomeric green (Fig. 5 B, middle
row) and dimeric red forms (bottom).

Addition of AO to the extracellular fluid caused the organ-

elle spectra to shift to the red. Again, spectra varied widely

among organelles, indicating their different capacity to take

up and accumulate AO (Fig. 5 A, bottom panel). However, to

our surprise, when subsequently unmixing the ministacks,

SILU systematically detected m.AO but failed to detect EGFP

on green fluorescing organelles (Fig. 5 C and Table 3). The

deficiency to detect EGFP after AO loading was not due to

the absence of VAMP2-EGFP expression because unmixing

before AO loading accurately detected EGFP (Fig. 5 B, top
row), nor was it due to the incapacity of SILU to distinguish

EGFP and m.AO spectra (see Fig. 3). Rather, the contri-

bution of EGFP to the green part of the mixed organelle

spectrum was so small that the spectra of EGFP positive AO-

charged vesicles were virtually indistinguishable from spectra

of organelles that contained AO only. Thus, on spectral

images, the EGFP fluorescence only adds a minor correction

to the dominant AO spectrum. This observation is understood

when considering the single-vesicle intensity histogram on

FIGURE 4 Single vesicle spectral unmixing of astro-

cytes after AO loading. Examples of normalized emission

spectra of astroglial vesicular organelles, after loading with

5 mM AO, 15 min at 23�C (A), and at 37�C (B), respec-

tively. Although extracted from an Airy-sized region of

interest centered on the organelle, these spectra may con-

tain signals from the organelles from above and below

focus. To unambiguously detect the presence of mono-

meric (m.AO) or dimeric AO (d.AO), we used a statistical

test that compares the organelle spectrum with its (periph-

eral) background. Green and red color-code for organelles

on which m.AO or d.AO only were detected; yellow indi-

cates the detection of both, i.e., colocalization on the same

organelle. (C) Detection of m.AO and d.AO in single organ-

elles. Each barbell represents one organelle. Their extrem-

ities give the result of the detection test for the presence of

m.AO and d.AO, respectively. The dashed line indicates

the threshold level corresponding to 95% certainty for de-

tecting fluorophore presence in the studied spot. Green

barbells symbolize organelles that exclusively contain m.AO; red, only d.AO; and yellow stands for organelles in which both the presence of m.AO and d.AO

was detected (see Table 2). Error bars are confidence intervals defined for 70% certainty.

TABLE 2 Percentage of vesicles containing green fluorescent

AO monomers (m.AO) only, red fluorescent AO dimers (d.AO)

only, or both, respectively, as a function of [AO]o

[AO]o (mM) m.AO d.AO m.AO \ d.AO

0.5 38 4 58

2 28 4 68

5 6 44 50

5 (37�C) 7 61 32

T ¼ 23�C unless indicated. Data from 150 spectral images of isolated near-

membrane organelles in 12 cells.
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Fig. 5 D. On average, the green fluorescence (HQ535/50m)

of organelles in AO-labeled astrocytes was ;10-fold brighter

compared to their EGFP-containing counterparts, before AO

loading. Corroborating and extending our results from Fig. 4,

green fluorescence from AO-labeled organelles was stronger

at 23�C than at physiological temperature, consistent with

the expected lower abundance of m.AO at 37�C (red histo-
gram bars) compared to room-temperature incubation (black
bars). In conclusion, on spectral recordings, the bright green

emission of AO monomers totally obscures the faint EGFP

signal.

Pooling data from 150 organelles in seven astrocytes,

Table 3 summarizes these observations and relates them to

the interpretation of the same data set that would have

resulted when analyzing the same data set by calculating

colocalization from threshold- or Pearson-coefficient-type

dual-color fluorescence. Although SILU failed in detecting

EGFP after AO labeling, linear unmixing unraveled infor-

mation that is obscured on dual-band recordings, namely that

the green fluorescence detected on every single astroglial

vesicle was due to m.AO and not EGFP. Instead, depending

on the method used, classical colocalization analysis would

have erroneously suggested that 20–40% of the organelles

contained EGFP labeling only.

In summary, the green m.AO fluorescence not only con-

taminates the green color channel on dual-band recordings

but also precludes the spectrally resolved detection of EGFP

at the single-vesicle level. Because the faint EGFP fluo-

rescence only imprints a small modulation onto the bright

m.AO signal and since m.AO fluorescence extends from 510

to 570 nm, it is unlikely that different detection bands or a

finer spectral sampling could change this negative result.

Imaging secretory vesicle fusion of an identified
subpopulation of astroglial vesicles

What then would be a suitable experimental strategy that per-

mits the tagging, tracking, and monitoring of exocytosis of a

well-defined subpopulation of astroglial vesicular compart-

ments? To benefit from the large array of EGFP-fusion con-

structs available, this approach should be 1), compatible with

EGFP detection; 2), permit data acquisition with high-temporal

resolution so as to follow the fine detail of individual-vesicle

dynamics; and 3), thus not require changing filters between

acquisitions.

FIGURE 5 AO obscures the EGFP sig-

nal on spectral images. (A) Examples of nor-

malized mixed organelle spectra extracted

from a VAMP2-EGFP expressing astrocyte

before (top) and after (bottom) AO labeling

(5 mM, 15 min, 23�). Note the variable de-

gree of red hue. Reconstituted fluorophore

abundance maps (left, and confidence inter-

val of the SILU estimate, right, see Mate-

rials and Methods) before (B) and after AO

loading (C). EGFP, but not acridine orange

monomers (m.AO) or dimers (d.AO), were

detected before AO labeling. After AO accu-

mulation in the vesicle lumen, the EGFP

signal is totally obscured by the bright m.AO

and d.AO fluorescence. Units are numbers

of pure spectra of EGFP, m.AO, and d.AO,

respectively. Exposure times were 100 ms

before and 10 ms after AO loading, respec-

tively. Scale bar is 1 mm. The hole in the

postloading EGFP image is due to the ab-

sence of a nonnegativity constraint on the

abundance coefficients. (D) Log-intensity his-

togram of green fluorescence (TIRF 488 nm,

HQ535/50m) of near-membrane organelles

expressing VAMP2-EGFP (open bars), or

labeled with AO during 15 min, with 5 mM

[AO] at 23�C (gray) or 37�C (red). Graph

pools data from 35 cells.

TABLE 3 SILU reveals the false classification of organelles by

dual-color colocalization methods

EGFP AO EGFP\AO

Threshold 20 0 80

Pearson 40 0 60

SILU ND 100 ND

Numbers give percentages of vesicular organelles that appear in the 535 6

25-nm green channel and are classified EGFP, AO, or EGFP-AO, based on

dual-color imaging and image segmentation (intensity threshold), calcula-

tion of Pearson’s coefficient or spectral imaging and linear unmixing

(SILU), respectively. Data pooled from 150 organelles in seven VAMP2-

EGFP transfected cells subsequently loaded with 5 mM [AO] for 15 min at

23�C. ND, not detected.
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FM4-64 is a red-emitting activity-dependent marker of

endocytosed secretory vesicles with its emission spectrum

sufficiently removed from that of EGFP to permit single-

wavelength excitation imaging. In Fig. 6 A, we display the

five-point spectra of EGFP and FM4-64. FM4-64 belongs to

the same styryl pyridinium family of dyes as FM1-43 and is

virtually not fluorescent in water, but increases its fluores-

cence quantum yield by more than two orders of magnitude

upon insertion in lipid membranes. Its peak excitation (558

nm) and emission (734 nm) are both red-shifted compared to

FM1-43 due to three double bonds linking the positively

charged head and lipophilic tail group. From a spectroscopic

standpoint, both EGFP and FM4-64 can be simultaneously

and efficiently excited (with 99% and 93% of their peak

absorption, respectively) at 488 nm, leading to an almost

balanced (43 vs. 57% cross-excitation) excitation for FM4-

64 and EGFP when using our TILL polychromatic narrow-

band light source (3). Single-color excitation offers the

possibility of simultaneously projecting, side-by-side, the

green and red images on the same imaging detector (bands

on the left panel and image panels on the right of Fig. 6 A).

Fig. 6 A (right panel) illustrates that 10-min incubation

of cortical astrocytes with low mM [FM4-64], followed by

30-min wash were sufficient to produce a highly contrasted

punctuate pattern of FM-positive spots that partially over-

lapped with EGFP-VAMP3 (cellubrevin), an astroglial analog

of VAMP2 (7,54). To test whether VAMP3-EGFP/FM4-

64-positive organelles could be released in response to near-

membranous calcium elevations ([Ca21]i), we mechanically

stimulated astrocytes with a brief pulse application of ex-

tracellular saline from a perfusion pipette positioned in close

proximity (Fig. 6 B). Over direct mechanical stimulation, this

approach has the advantage of avoiding the risk of rupturing

the plasma membrane (data not shown). Whereas no spon-

taneous destaining was observed under resting conditions,

mechanical stimulation evoked brief [Ca21]i transients that

accompanied the secretory response carried by FM4-64/

VAMP-3 positive organelles. In stark contrast to neuronal and

neuroendocrine exocytosis, we often observed a considerable

(;s) delay between stimulation and fusion (not shown). Fig. 6

C shows the evolution with time of the concomitant loss of

fluorescence in the FM4-64 and EGFP channel, lending

FIGURE 6 VAMP3-EGFP/FM4-64 dual-color

imaging of astroglial secretory vesicle fusion. (A)

(Left) Experimental single-organelle fluorescence

emission spectrum of VAMP2-EGFP and FM4-

64 double-labeled astroglial vesicles (n ¼ 8,

mean 6 SD) are virtually free of emission cross-

talk. Detection bands are indicated by rectangles.

(Right) Dual-viewer 488-nm excited epifluores-

cence images of an EGFP/FM4-64 double-labeled

astrocyte and their pseudo-color merge (bottom).

(B) Raw-data fluorescence of the calcium indi-

cator Oregon Green-BAPTA-1-AM (OGB-1, 2

mM, 40 min) in response to mechanical stimu-

lation. Brief ejection of physiological saline from

a local perfusion pipette generated recurrent and

reversible calcium ([Ca21]i) transients. (C) Con-

comitant loss of VAMP3-EGFP and FM4-64 fluo-

rescence upon exocytosis of the doubly-labeled

vesicle identified on panel A, arrow. Note the

slower destaining kinetics for cellubrevin-EGFP

relative to FM4-64. The value t ¼ 0 represents

the onset of fusion, defined as the first point

where the FM4-64 signal dropped below the pre-

destaining average intensity minus three times its

standard deviation. The organelle shown fused

with a lag of 10 s after mechanical stimulation.
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further support to the colocalization of the two fluorophores at

the single-secretory vesicle level (top). Plotting the evolution

with time of the FM4-64 and VAMP3-EGFP fluorescence of

the spot marked with an arrow on Fig. 6 A, reveals the

different kinetics of loss of FM and VAMP3 from the vesicle

(bottom): while FM4-64 is lost within ,1 s, probably by rapid

diffusion in the plasma membrane (D ; 1.2 mm2/s (55)),

EGFP slowly dissipates with a t of 2.8 s.

In conclusion, we demonstrate that, unlike AO/EGFP

double labeling, the FM4-64/EGFP fluorophore pair permits

simultaneous single-wavelength excitation imaging of both

the identity and exocytosis of single astroglial EGFP-labeled

astroglial vesicles. Due to its complicated photochemistry and

interaction with cellular constituents, AO is a particularly prob-

lematic candidate for multicolor fluorescence imaging—both

for dual-band and spectral detection. The example of AO/

EGFP double labeling serves also as a powerful illustration

that caution is required when deriving quantitative estimates

from images of dim fluorescing EGFP-tagged organelles

colabeled with strongly fluorescent and broadly emitting dyes.

Even though spectral imaging and linear unmixing unambig-

uously identified m.AO as the source of green fluorescence

in AO/VAMP2-EGFP double-labeled astrocytes, it is not a

remedy for separating the overlapping EGFP/m.AO fluores-

cence. Their very different fluorophore brightness (the product

of the molar extinction and quantum yield) and concentration

preclude the detection of EGFP expression. Thus, proper con-

trols must ascertain in each case individually the validity of

the used multicolor imaging approach.

Finally, although our results do not exclude the possibility

of the presence of a glutamatergic subpopulation of near-

membrane astroglial vesicles competent for Ca21-regulated

exocytosis, they lead to a reconsideration of earlier exper-

iments that suggested a high abundance of glutamatergic

vesicles based on AO/EGFP dual-color fluorescence.

We thank W. Stühmer for the generous gift of the intensified CCD camera,

E. Audinat, S. Charpak, M. Ducros, and T. Xu for comments on earlier

versions of the manuscript. We acknowledge the help of I. Krämer (Karl-
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