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Astrocytes appear to communicate with each other as well as
withneurons viaATP.However, themechanismsofATP release
are controversial. To explore whether stimuli that increase
[Ca2�]i also trigger vesicular ATP release from astrocytes, we
labeled ATP-containing vesicles with the fluorescent dye quin-
acrine, which exhibited a significant co-localization with atrial
natriuretic peptide. The confocal microscopy study revealed
that quinacrine-loaded vesicles displayed mainly non-direc-
tional spontaneous mobility with relatively short track lengths
and smallmaximal displacements, whereas 4%of vesicles exhib-
ited directional mobility. After ionomycin stimulation only
non-directional vesicle mobility could be observed, indicating
that an increase in [Ca2�]i attenuated vesicle mobility. Total
internal reflection fluorescence (TIRF) imaging in combination
with epifluorescence showed that a high percentage of fluores-
cently labeled vesicles underwent fusion with the plasma mem-
brane after stimulation with glutamate or ionomycin and that
this event was Ca2�-dependent. This was confirmed by patch-
clamp studies on HEK-293T cells transfected with P2X3 recep-
tor, used as sniffers for ATP release from astrocytes. Glutamate
stimulation of astrocytes was followed by an increase in the inci-
dence of small transient inward currents in sniffers, reminiscent
of postsynaptic quantal events observed at synapses. Their inci-
dence was highly dependent on extracellular Ca2�. Collectively,
these findings indicate that glutamate-stimulated ATP release
from astrocytes was most likely exocytotic and that after stimu-
lation the fraction of quinacrine-loaded vesicles, spontaneously
exhibiting directional mobility, disappeared.

Many recent studies demonstrate that astrocytes play a sig-
nificant modulatory role in synaptic physiology (1–4). Astro-
cytes respond to neurotransmitters, integrate different inputs,
and signal back to neurons or forward information to neighbor-

ing or more distant astrocytes (2). In response to stimulation
they release several chemical substances (5–7), termed glio-
transmitters, which can interfere with the neuronal communi-
cating pathways (8–10).
One major extracellular messenger important for coordi-

nating the function of astrocytes, as well as for the cross-talk
between them and other cell types, is ATP (11). Whereas
several lines of evidence support the idea of ATP release
from astrocytes (12–14), the release mechanisms are not
completely understood. Some studies have described a con-
nexin hemichannel-mediated release (12, 15, 16) in both resting
and activated conditions. Other possible mechanisms, like vol-
ume-regulated anion channels (17, 18) and ATP-binding cas-
sette transporters (multidrug resistance P-glycoprotein (19), or
cystic fibrosis transmembrane conductance regulator (20) have
also been reported. On the contrary, only few studies have
focused on the possibility of exocytotic, vesicular ATP release
mechanism operating in astrocytes (13, 14), even though it has
been shown that astrocytes express the elements of the exocy-
totic apparatus (21–24). Furthermore, ATP has been found in
secretory vesicles together with classical neurotransmitters (for
instance, acetylcholine in neurons and noradrenaline in neu-
rons and chromaffin cells (25). Therefore, it seems likely that
ATP is released by the process of exocytosis from excitable cells
(26, 27). In our previous studies we have described a Ca2�-de-
pendent exocytotic releasemechanismof atrial natriuretic pep-
tide (ANP)3 and glutamate from cortical astrocytes (24, 28, 29).
Before engaging in exocytosis, vesicles are transported through
the cytoplasm of cells to the plasma membrane. In our recent
studywe have shown that transport of ANP-containing vesicles
through the cytoplasm of astrocytes is supported by different
types of the cytoskeleton (30).
The aim of the present study was to characterize the nature

and behavior of ATP-containing vesicles in astrocytes and to
further explore the properties of exocytosis as a potentialmech-
anism of ATP release from astrocytes. To this end, we used
several approaches: first, we stained ATP vesicles with quina-
crine (14, 31) and examined their subcellular localization with
immunocytochemistry. Second, using total internal reflection
fluorescence and confocal microscopy, we analyzed vesicle
mobility and their fusion with the plasma membrane after var-
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ious stimulatory challenges. Third, to directly test the proper-
ties of ATP release from astrocytes, a sniffer cell approach was
used. For this purpose, HEK-293T cells, co-transfectedwith the
purinergic P2X3 receptor and enhanced green fluorescent pro-
tein (EGFP), were plated onto cultured cortical astrocytes;
green fluorescent HEK-293T cells were then patch-clamped to
record ATP-mediated membrane currents during stimulation
of neighboring astrocytes.
Our experimental evidence shows a high degree of co-local-

ization of quinacrine-loaded vesicles and vesicles containing
ANP, demonstrating a likely co-storage of ATP and ANP. We
report the SNARE-dependent reduction in number of quina-
crine-loaded vesicles after stimulationwith ionomycin, indicat-
ing the involvement of exocytotic cargo release. Themobility of
the remaining vesicles, observed in the cytoplasm, significantly
decreased after stimulation of cells. Finally, in sniffer engi-
neered HEK-293T cells plated on astrocytes we detected small
transient inward currents (STICs), which likely report the
quantal release of ATP from astrocytes and are reminiscent of
postsynaptically detected ATP-mediated events (26). In con-
trast, a sustained release ofATPbecause of permeation of chan-
nels or transporters would result in sustained increase in
inward current in HEK-293T cells, whereas transient currents
similar to STICs can only be reproducedwith very short (10ms)
pulses of ATP application (26). The frequency of STICs
increased after astrocyte stimulation by glutamate and drasti-
cally decreased in the absence of calcium in the extracellular
solution. Together, these data demonstrate that various stimuli
trigger a Ca2�-dependent, most likely vesicular release of ATP
from astrocytes.

EXPERIMENTAL PROCEDURES

Primary Rat Cortical and Hippocampal Astrocyte Cultures—
Primary cortical astrocyte cultures were prepared from the cer-
ebral cortices of 2–3-day-old rats as described (32). Briefly, cells
were grown in high glucose Dulbecco’s modified Eagle’s
medium, containing 10% fetal bovine serum, 1 mM pyruvate, 2
mM glutamine, and 25 �g/ml penicillin/streptomycin in 5%
CO2/95% air.When cells reached confluence, they were shaken
three times overnight at 200 rpm and, after each shaking, the
medium was changed. The cells were then trypsinized. After
reaching confluence again, they were subcultured onto 22-mm
diameter poly-L-lysine-coated coverslips and used in the exper-
iments during the following 3 days.
Hippocampi of Wistar rat embryos (E18) were removed and

dissociated mechanically in a Ca2�- and Mg2�-free balanced
salt solution (CMF-BSS) at pH 7.4, containing 137 mM NaCl,
5.36 mM KCl, 0.27 mM Na2HPO4, 1.1 mM KH2PO4, 6.1 mM

glucose. After centrifugation at 1,000 rpm (200 g) for 5min, the
pellet was resuspended in culture medium (pH 7.6) containing
Neurobasal medium, penicillin 100 units/ml and streptomycin
100 �g/ml. The cells were plated at a density of 1.5�105 cells/
cm2 onMatTek dishes pre-treated with poly-L-lysine. Cultures
weremaintained in 5%CO2/95% air at 37 °C, allowed to grow to
confluence and used at 14–21 days in vitro. Medium was
changed every 3–4 days. Astrocytes were identified on the basis
of their flat morphology and close adhesion to the substrate.

Immunocytochemistry—Prior to immunocytochemistry, corti-
cal astrocytes were labeled with quinacrine dihydrochloride (1
�M; 15min at room temperature). Thereafter, cells were rinsed
with phosphate-buffered saline (PBS) and fixed with 2%
paraformaldehyde in PBS for 15 min at room temperature.
Nonspecific staining was minimized by incubating cells in
blocking buffer containing 3%bovine serumalbumin (BSA) and
10% goat serum in PBS at 37 °C for 1 h. The cells were stained
with primary and secondary antibodies, diluted into 3% BSA in
PBS and incubated at 37 °C, and then treated with Light Anti-
fade Kit (Molecular Probes, Invitrogen). A primary antibody
against ANP (1:1000; Abcam, Cambridge, UK) and a secondary
antibody against rabbit IgG (Alexa Fluor 546; 1:600; Molecular
Probes, Invitrogen) were used (28).
Confocal Microscopy—Images of live cortical astrocytes

loaded with quinacrine dihydrochloride for detection of vesicle
mobility and images of immunolabeled cellswere obtainedwith
an inverted Zeiss LSM 510 confocal microscope (Jena, Ger-
many). After incubation in quinacrine solution as described
above, cells were rinsed, supplied with extracellular solution
and observed with an oil immersion objective 63 �/NA 1.4. In
the study of the mobility of cell vesicles images were recorded
every 2 s. For excitation of quinacrine 488 nm line of the Ar-Ion
laser was used. The fluorescence signal was band-pass filtered
at 505–530 nm. For cell stimulation, 2 �M ionomycin was
applied by bath superperfusion.
In immunocytochemical studies we used the 543 nmbeamof

the He-Ne laser to excite Alexa Fluor 546 goat anti-rabbit IgG
antibody. The emission fluorescence was long-pass filtered at
560 nm. For excitation of quinacrine, the Ar-Ion laser was used,
as described above.
Total Internal Reflection Fluorescence (TIRF) Microscopy—

TIRF-equipped CellR (Olympus Europe, Hamburg, Ger-
many) was used to study vesicles distribution and dynamics
near the plasma membrane (33). TIRF microscopy selec-
tively reveals membrane-proximal fluorescent molecules
through use of evanescent excitation light that decays expo-
nentially in intensity along the direction perpendicular to the
glass/liquid interface to which the cells adhere (33). The expo-
nentially decaying excitation light causes fluorescently tagged
vesicles to appear progressively brighter as they move toward
the interface, while the vesicles located�150–200 nm from the
interface are invisible in TIRF. Conversely, the intensity of
wide-field epifluorescence image of the same vesicles is insen-
sitive to their sub-micrometer translocations in the vertical
direction. The ratio between the vesicle image brightness in
TIRF and its epifluorescence brightness (34) was used to esti-
mate the percentage of vesicles docked on the plasma mem-
brane under resting conditions. To characterize the time course
of stimulus-induced docking of individual quinacrine-loaded ves-
icles on the basal plasmamembrane, time-lapse image series were
generated by taking a pair of images (TIRF and epifluorescence)
every1–5s.Vesicledockingwasdetectedas an increase in itsTIRF
fluorescence with epifluorescence unchanged. Fusion of a vesicle
and release of its content into extracellular spacewas detected as a
signal loss both in TIRF and epifluorescence.
Vesicle Tracking and Co-localization Analysis—Vesicle

mobility was analyzed with ParticleTR software (Celica,
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Ljubljana, Slovenia) as previously described (35).We calculated
the following parameters of vesiclemobility: current time (time
from the beginning of single vesicle tracking), step length (dis-
placement of a vesicle in each time interval), track length (the
total length of the analyzed vesicle pathway), maximal displace-
ment (a measure of the net translocation of a vesicle) and the
directionality index (maximal displacement/total track length)
of vesicles as described previously (35, 36). The analysis of ves-
icle mobility was performed for epochs of 30 s.
The analysis of the co-localization degree between fluores-

cent pixels labeling different vesicles was performed with
ColoC software (Celica, Ljubljana, Slovenia). Briefly, the soft-
ware counts the number of green, red and co-localized pixels in
each image. The degree of co-localization used in the analysis
was expressed as the degree (%) of co-localized pixels in the cell
in comparison to all green pixels in the cell, which are labeling
ATP-containing vesicles. Overlaid green and red signals, indi-
cating the co-localization between the ATP and peptide hor-
mones, were observed as a yellow color in the images.
Co-cultures of Astrocytes and Transfected HEK-293T Cells—

Primary astrocyte cultures were prepared as mentioned above.
Astrocytes were plated on poly-L-lysine-coated coverslips on
the day of HEK-293T cell transfection.
HEK-293T cells, obtained from the SISSA cell bank, were

maintained in culture using the medium for astrocytes. Co-
transfection of HEK-293T cells with plasmids encoding for
mutated rat P2X3 receptor (provided by SISSA) and for GFP
(EGFP-N1, Clontech, Takara Bio Europe, Saint-Germain-en-
Laye, France) was performed using the calcium phosphate
transfection method (37). For these experiments, we used the
rP2X3 receptor mutated at D266A to exploit the fact that,
because this mutant shows very reduced desensitization
(37), it greatly improves the detection of ATP-evoked current
responses. HEK-293T cells were trypsinized 24 h after transfec-
tion and replated on top of astrocytes attached to coverslips.
Apyrase (1 unit/ml) was added to coverslips to prevent exces-
sive stimulation of transfected HEK-293T cells by ambient
ATP. Co-cultures were used within the next 2 days after P2X3-
expressing HEK-293T cell plating.
The successfulness of co-transfection of P2X3 and EGFP was

tested by immunofluorescence experiments. Paraformalde-
hyde-fixed co-trasfected HEK-293T cells were processed with
anti-P2X3 receptor antibody (dilution 1:200, Alomone, Jerusa-
lem, Israel) and an AlexaFluor 594-conjugated anti-rabbit sec-
ondary antibody (dilution 1:500,Molecular Probes, Invitrogen).
In addition, cell nuclei were stainedwithDAPI. If not otherwise
mentioned, all chemicals were obtained from Sigma.
Electrophysiological Recordings and Analysis—Coverslips

with co-cultures of astrocytes andHEK-293T cells were bathed
in extracellular medium containing (in mM): NaCl 152, KCl 5,
MgCl2 1, CaCl2 2, Na HEPES 10, D-glucose 10, pH adjusted to
7.4 with NaOH. Patch-clamp pipettes had a resistance of 2–5
M� andwere filledwith (inmM): CsCl 130,MgCl2 1,HEPES 20,
Na2ATP 3, pH adjusted to 7.2 with CsOH. All recordings were
made at room temperature.
Whole cell patch-clamp recordings were performed with

SWAM IIB (Celica, Ljubljana, Slovenia). Green fluorescent
P2X3-expressing HEK-293T cells lying on top of or beside

astrocytes were voltage clamped at �60 mV. Whole cell cur-
rents were acquired at 10 kHz, filtered at 1 kHz, and digitized by
WinWCP software (Strathclyde University, Glasgow, UK). Off-
line data analysis was performed using software subroutines
written in MATLAB (MathWorks Inc.) with additional digital
filtering as required. Slow drifts/fluctuations in the signal were
digitally subtracted. We measured peak amplitude, rise time
(20–80% of the peak amplitude) and half-decay time (to 50% of
the peak amplitude) of transient current events and their appar-
ent inter-event interval. To stimulate ATP release from astro-
cytes 100–300 �M glutamate was added to the extracellular
solution.
All data are given as mean � S.E.; n denotes the number of

individual cells assessed in patch-clamp studies or the number
of events detected. Statistical differences were determined by
two-tailed unpaired Student’s t test and considered significant
at p � 0.05.

RESULTS

Quinacrine Loading into ATP Vesicles in Astrocytes—To
visualize ATP-containing vesicles in astrocytes we incubated
cultures in 1 �M quinacrine dihydrochloride (14, 31). Fig. 1,
displaying one section of a rat astrocyte, shows the presence of
large numbers of ATP vesicles (�80 vesicles/cell), which are
randomly distributed over the cell profile. To identify the
nature of ATP-containing vesicles, treated cells were immuno-
labeled with antibodies against ANP (Fig. 1). The double stain-
ing revealed a high degree of co-localization between two dyes
(green for quinacrine, see Fig. 1A, and red for anti-ANP, see Fig.
1B), observed as yellow fluorescence (Fig. 1C). The average

FIGURE 1. ATP is co-stored in peptidergic vesicles of astrocytes. Rat astro-
cytes were labeled with quinacrine dihydrochloride (1 �M, 15 min, room tem-
perature) and immunolabeled with antibodies against atrial natriuretic pep-
tide (anti-ANP, 1: 1000). Fluorescently labeled vesicles containing ATP
(quinacrine dihydrochloride labeling, green) (A) and fluorescently immunola-
beled vesicles containing ANP (red) in the same astrocyte (B). C, merged
image shows a high degree of co-localization between both fluorescence
signals, seen as yellow. The degree of fluorescence co-localization in this cell is
42%. D, differential interference contrast image of the same cell. Bar, 5 �m.
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degree of quinacrine and ANP co-localization between con-
taining vesicles, expressed as the ratio between all co-localized
pixels and all green pixels in the cell, was 39.48� 6.59% (n	 12;
n represents the number of analyzed cells). These results show
that ATP was substantially co-stored in peptidergic vesicles
with ANP in astrocytes.
The Mobility of Quinacrine-loaded Vesicles Decreased after

Stimulation—The total number of tracked quinacrine-stained
vesicles was 817 in non-stimulated cells (n	 10), while in iono-
mycin-stimulated (2 �M, 1 min) cells (n 	 6) only 109 vesicles
could be tracked after bath application of the Ca2� ionophore.
When ionomycin was omitted from the bath, the total image
fluorescence (supplemental Fig. S1A, filled bars) and the num-
ber of quinacrine-stained vesicles per cell did not change signif-
icantly over time (supplemental Fig. S1B, filled bars). On the
contrary, when cells were stimulated by 2 �M ionomycin, the
total image fluorescence decreased from 100% to 93.8 � 2.3%
(mean � S.E., n 	 6) within 1 min (supplemental Fig. S1, open
bars) and the number of quinacrine-stained vesicles decreased
from 110� 13 to 93� 10 vesicles per cell (from 100% to 84.6�
3.0%) (p � 0.05, paired Student’s t test). Following 2 min of
incubation in the presence of ionomycin, the total image fluo-
rescence decreased to 87.4 � 3.7% and the number of quina-
crine-stained vesicles decreased to 84� 10 vesicles per cell (the
relative number of vesicles was reduced to 76.6 � 5.2%), (sup-
plemental Fig. S1, openbars),which is consistentwith theCa2�-
dependent, exocytotic fluorescent cargo release from quina-
crine-stained vesicles in stimulated astrocytes. To further test
that these results reflect exocytotic cargo release from quina-
crine-stained vesicles as considered previously (10, 14), astro-
cytes were transfected with a construct to express the domi-
nant-negative SNARE domain peptide, which blocks the
formation of the SNARE complex (24). Transfected cells dis-
playing cytosolic EGFP fluorescence were stained with quina-
crine and stimulated by 2 �M ionomycin to trigger Ca2�-de-
pendent exocytosis. In transfected cells, the number of
quinacrine-stained vesicles per cell was not reduced signifi-
cantly (p � 0.05, paired Student’s t test) following ionomycin
stimulation (supplemental Fig. S1B, gray bars) clearly indicat-
ing that the decrease in quinacrine-stained vesicles is a SNARE-
dependent process.
To estimate the mobility these vesicles were tracked for 30 s

in resting conditions and from 30 to 60 s after the addition of 2
�M ionomycin. Vesicles in resting conditions predominantly
displayed non-directional mobility as only a few vesicles had
almost rectilinear directional mobility (Fig. 2A). Directional
and non-directionalmobility was determined as described (35).
Ionomycin application greatly affected both types of vesicle

mobility. In non-stimulated cells, the maximal displacement of
directional vesicles (nd) was 2.49 � 0.38 �m (nd 	 35) and the
track length was 3.46 � 0.37 �m. Following ionomycin appli-
cation, none of tracked vesicles displayed directional mobility
within 30–60 s after stimulation (note the absence of rectilin-
ear tracks in Fig. 2B). However, ionomycin also significantly
affected the mobility of non-directional vesicles. The maximal
displacement of non-directional vesicles was significantly
reduced from 0.37 � 0.01 �m (nn 	 782); (n represents the
number of vesicles) in non-stimulated cells to 0.30� 0.01�min

ionomycin-stimulated cells, (n	 109; p� 0.001). Similarly, the
mean vesicle track length was significantly shorter in stimu-
lated (1.14 � 0.04 �m; n 	 109) than in non-stimulated cells
(1.30 � 0.02 �m; p � 0.001). Directionality index (see “Exper-
imental Procedures”) decreased from 0.66 � 0.03 (nd) and
0.34 � 0.001 (nn) to 0.28 � 0.001 in stimulated cells. Following
the elevation of free cytosolic [Ca2�] by ionomycin, vesicles are
likely keptwithin specific cell domains for a prolongedperiod of
time.
Maximal displacement was then plotted against track length

and a linear function was fitted to the data using the equation
with the form: [f	 y0� a� x] (Fig. 2,C andD, representing the
data for non-stimulated and stimulated cells, respectively). The
slope of the regression line of directional vesicles (1.00 � 0.03)
is significantly (p � 0.0001) different from the slopes of the
regression line of non-directional vesicles in non-stimulated
(0.13 � 0.01) and of vesicles in stimulated cells (0.20 � 0.02).

Collectively, confocal microscopy of ionomycin-stimulated
cells revealed that quinacrine-loaded vesicles in stimulated
astrocytes displayed only non-directionalmobility (Fig. 2). This
was further indicated by the ionomycin-induced decrease in the
maximal displacement and total track length of vesicles.
Time Course of Docking and Fusion of ATP-containing

Vesicles—To visualize and quantify the time course of vesicle
docking to and fusion with the plasma membrane, we applied

FIGURE 2. Ionomycin reduces the mobility of ATP-containing vesicles.
A and B, circles denote starting points of vesicles, the mobility of which was
analyzed for 30 s. Bars, 2.5 �m. In non-stimulated cells (A), a few vesicles
display directional mobility (tracks appear almost rectilinear), whereas in
ionomycin-stimulated cells (B) all vesicles display non-directional mobility
only (absence of rectilinear tracks). C and D, relation between maximal
displacement (MD) and length of vesicle tracks (Track length) in non-stim-
ulated cells (C) and in ionomycin-stimulated cells (D). A linear function was
fitted to the data in the form: [MD 	 MD0 � a � (Track length)]. The slopes
(a) of the lines fitted were 1.00 � 0.03 for directional vesicles in non-
stimulated cells (C), significantly different from the lines of non-directional
vesicles in non-stimulated cells (0.13 � 0.01; C) and 0.20 � 0.02 for vesicles
in stimulated cells (D). (n 	 number of vesicles, nd 	 number of directional
vesicles, nn 	 number of non-directional vesicles).
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TIRF microscopy to quinacrine-
loaded cultured hippocampal astro-
cytes. In resting conditions, 75� 5%
of vesicles were detectable both in
TIRF and epifluorescence mode,
while the remaining 25% were only
visible in epifluorescence (Fig. 3A).
This indicates that about three
quarters of ATP-containing vesicles
were located in the close vicinity
(within �100–150 nm) of the
plasma membrane, and perhaps
formed a large pool of readily releas-
able docked vesicles. When iono-
mycin was added to the perfusion
solution (2 �M for 2 min, n 	 13
cells), 28 � 9% of the vesicles visible
in TIRF showed a loss of fluores-
cence in both TIRF and epifluores-
cence modes, which indicated the
release of the vesicle and diffusion of
its content (quinacrine and, pre-
sumably, ATP bound to quinacrine)
into the extracellular space (38). Fig.
3B provides examples of individual
vesicle behavior in response to stim-
ulation with 2 �M ionomycin. The
vast majority (95%) of the released
vesicles displayed a simultaneous
decrease in both TIRF and epifluo-
rescence signal after a delay of up to
several minutes (Fig. 3C1). For a
small fraction of released vesicles
(4%), treatment with ionomycin
first caused an increase in their
TIRF signal followed by decrease
and eventual disappearance, indi-
cating vesicle docking prior to exo-
cytosis. An example of such vesicle
behavior is shown in Fig. 3B, and the
vesicle with increased fluorescence
is indicated by the arrow. Interest-
ingly, a very small fraction (�1%) of
the vesicles visible in TIRF mode in
response to ionomycin application
underwent a steady increase in the
TIRF signal (Fig. 3C1) which was
not followed by fluorescence loss
during the observation time. This
finding indicates that a rise in
[Ca2�]i might trigger vesicle dock-
ing without subsequent exocytosis,
at least for the duration of our
recordings (15–20 min). In 13 cells
tested, the delay between ionomy-
cin-induced [Ca2�]i rise (which
developed in �20 s as monitored
using Fura-2 imaging; data not

FIGURE 3. Vesicular release of ATP studied with TIRF microscopy. A, quinacrine-loaded cultured astrocytes
in differential interference contrast (DIC), epifluorescence (EPI), TIRF and merged TIRF and epifluorescence
(green and red, respectively) modes. Some vesicles are seen only in epifluorescence, indicating that they are not
docked on the basal plasma membrane. Bar, 1 �m. B, in response to 2 �M ionomycin (applied for 2 min at time
0), most vesicles showed a decrease in their TIRF intensity as they were released, while some vesicles (such as
the one indicated by the red arrow) showed an increase in TIRF as they docked at the plasma membrane prior
to their release. Bar, 1 �m. C, examples of two types of vesicle behavior in response to ionomycin stimulation as
detected with TIRF (upper) and Epi (lower) intensity time courses: C1, a vesicle undergoing exocytosis as evi-
denced by simultaneous loss of TIRF and epifluorescence signals; C2, a vesicle approaching the basal plasma
membrane (docking) without subsequent release, as no change in epifluorescence was observed. D, histogram
showing distribution of the delay between stimulus onset and vesicle release in response to 2 �M ionomycin
(D1; n 	 13) or 5 �M ionomycin (D2; n 	 17). Error bars indicate S.E. E, calcium-dependent exocytosis of the
ATP-containing vesicles induced by ionomycin (1, 2 or 5 �M). Error bars represent S.E. for [Ca2�]i (horizontal bars)
and vesicle fraction (vertical bars). F, histogram showing distribution of the delay between stimulus onset and
vesicle release in response to stimulation with 1 mM glutamate. Error bars indicate S.E.
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shown) and release of ATP-containing vesicles was highly vari-
able ranging from 2 to 7 min (Fig. 3D1). Application of a higher
dose (5 �M; n 	 17 cells) of ionomycin induced a larger [Ca2�]i
rise and amore pronounced (Fig. 3E) and coordinated release of
quinacrine-loaded vesicles within the first 2–3 min upon stim-
ulation (Fig. 3D2).
To test whether the same pattern of ATP release could be

produced by endogenous substances, we stimulated astrocytes
with glutamate, one of the main gliotransmitters (2). Gluta-
mate-stimulated ATP release from astrocytes and the time
course of the underlying vesicle fusion to plasmamembrane are
shown in Fig 3F. Bath application of glutamate (100–1000 �M
for 1 min) readily induced a reversible [Ca2�]i rise (data not
shown) and release of ATP-containing vesicles within 5 min
upon stimulation (Fig. 3F). Overall, 10 � 4% of the vesicles
visible in TIRF were released in response to glutamate stimula-
tion (n 	 10 cells). Thus, glutamate stimulation appeared to be
less efficient than ionomycin to trigger ATP release (Fig. 3E). A
small fraction of the released vesicles (4.7%) underwent docking
prior to release. Preincubation with 50 �M BAPTA AM com-
pletely blocked glutamate-induced release of ATP-containing
vesicles in 3 out of 3 experiments (data not shown), indicating
that release was Ca2�-dependent (see below).

Taken together, theTIRF imaging experiments have revealed
that: 1) themajority ofATP-containing vesicleswere docked on
plasma membrane in resting cultured astrocytes, and 2) stimu-
lus-induced [Ca2�]i rise triggered fusion of these vesicles to the
plasma membrane within 3–5 min suggesting a relatively slow
release mechanism when compared with neurons (29, 39, 40).
Detection of Quantal ATP Release by Sniffer HEK-293T Cells—

To detect the release of ATP from cortical astrocytes, HEK-
293T cells expressing the mutated (D266A) P2X3 receptor (37)
were used as ATP “sniffer” cells. P2X3 receptor is not natively
expressed inHEK-293T cells (41). The single-pointmutation of
P2X3 within the subunit ectodomain preserves high affinity
agonist binding together with less desensitization (37). Because
wild-type receptors rapidly desensitize, this mutation is, con-
siderably advantageous for ATP sniffing. To facilitate identifi-
cation of potential sniffers,HEK-293Tcellswere co-transfected
with EGFP. Immunofluorescence experiments using antibody
against the P2X3 receptor were performed to verify that both
constructs were properly co-expressed in the same cell. As
shown on Fig. 4, A–C in the great majority of cases (�80%)
green cytoplasmic fluorescence of EGFP and red plasmalemmal
anti-P2X3 receptor fluorescence coincidedwithin the same cell.
Thus, successfully transfectedHEK-293T cells expressing P2X3
receptors could be readily identified in culture as green fluores-
cent cells.
Next, P2X3-EGFP transfected HEK-293T cells were plated

onto cortical astrocytes. Green fluorescent HEK-293T cells,
which were lying on top of or in close proximity of astrocyte(s)
were used as ATP sniffer cells. An example of such cell arrange-
ment is shown in Fig. 4D. ATP sniffer cells were patch-clamped
in whole cell configuration. In resting conditions, 8 of 10 sniffer
cells displayed spontaneous STICs (Fig. 5A), probably indicat-
ing the spontaneousATP release from astrocytes because such
current changes were not detected in transfected HEK-293T
cells cultured without astrocytes. The mean amplitude of

STICs in resting conditions was 6.62 � 0.71 pA, with a rise
time (20–80%) of 0.18 � 0.03 s and half-decay of 2.25 �
0.22 s (n 	 8 cells).
In keeping with TIRF microscopy data, in sniffer experi-

ments ATP release from astrocytes was also elicited by the
gliotransmitter glutamate. When HEK-293T cells were
plated alone, glutamate (100 or 300 �M) failed to evoke any
STICs (data not shown). In contrast, in co-cultures with
astrocytes, the incidence of STICs increased after applica-
tion of glutamate in all experiments (Fig. 5A), indicating that
the release of ATP from astrocytes was involved. We ana-
lyzed the responses of 10 sniffer HEK-293T cells that dis-
played STICs after the application of glutamate. While the
amplitude, rise time and half-decay of STICs did not change
significantly, the analysis of temporal distribution of STICs
revealed a significant decrease in average inter-event inter-
val in stimulated conditions (Fig. 5B, asterisk, p � 0.05). The
amplitude and half-decay of STICs were independent as
shown by the lack of correlation between these two param-
eters (Fig. 5C; linear regression, r 	 0.41 and 0.38 (before and
after stimulation, respectively), p � 0.05). We have addition-
ally tested the origin of STICs by applying A-317491, a highly
selective P2X3 receptor antagonist (10 �M, Sigma, Milan; 42,
43), to the bathing medium. Whereas STICs were observed
before and after adding glutamate to control bathing
medium (supplemental Fig. S2), application of A-317491
almost completely abolished their occurrence. In 749 s fol-
lowing the addition of the antagonist, we found only 3 STICs
even if additional glutamate was present in the bath medium
(supplemental Fig. S2; white asterisk in the bar marks the

FIGURE 4. Co-expression of transfected EGFP (green) and P2X3 receptors
(red) in HEK-293T cells and coculture of astrocytes and transfected HEK-
293T cells. A–C, HEK-293T cells, co-transfected with EGFP and P2X3 receptor
and processed by anti-P2X3 receptor antibody. Fluorescent image of anti-
P2X3 receptor antibody-secondary antibody complex (red, A), expressed
EGFP (green, B), and merged image (C), showing an overlap of green and red
fluorescence signal. Cell nuclei were stained by DAPI (blue, A–C). Bar, 50 �m.
D, fluorescent and transmission image of green fluorescent P2X3-expressing
HEK-293T cell lying on top of an astrocyte monolayer. Note the patch pipette
in the upper right corner. Bar, 10 �m.
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time of second glutamate application). In a batch of 6 cells,
no STICs were detected either prior to or after adding glu-
tamate to the medium containing A-317491. The character-
istics of the responses recorded in our experiments on sniffer
cells are consistent with the view that they express quantal
release of ATP from astrocytes (26).
The Release of ATP from Cortical Astrocytes Was

Ca2�-dependent—To provide further insight into the mech-
anism of ATP release from astrocytes, the dependence on
extracellular Ca2� was tested using sniffer cells. To explore
the Ca2� dependence of STICs, we first bathed the cells in
Ca2�-free extracellular solution containing 5 mM EGTA. In

Ca2�-free solution much fewer STICs were detected in rest-
ing conditions (Fig. 6A), suggesting that the spontaneous
release of ATP from astrocytes was, at least in part, triggered
by influx of extracellular Ca2�. In two out of 8 P2X3-express-
ing HEK-293T cells, no STICs were observed before adding
glutamate. Furthermore, in all cells tested in Ca2�-free
medium, the application of 300 �M glutamate did not affect
the incidence of STICs (Fig. 6A), clearly indicating their
dependence on extracellular Ca2�. The analysis of the inter-
event interval measured in 6 sniffer cells in resting condi-
tions and in 5 cells after application of glutamate shows a
significant increase in the inter-event interval in resting as
well as in stimulated Ca2�-free conditions (67.1 � 13.8 s, n 	
8 inter-event intervals from 6 cells, and 87.2 � 30.8 s, n 	 8

FIGURE 5. Detection of small transient inward currents (STICs) in HEK-
293T cells cultured on astrocytes. A, membrane current recorded from volt-
age-clamped HEK-293T cell (co-expressing EGFP and P2X3) lying on an astro-
cyte. STICs are observed before and after the addition of glutamate (300 �M;
bar) to the bathing medium. Below, regions with the observed STICs (gray
rectangles) are shown on an expanded current scale (i-ix). In resting condi-
tions 3 STICs (i-iii) appear and, after addition of glutamate, 13 STICs of variable
amplitudes (in regions iv-ix) are detected. Note the difference in current scale
for inset i, iv, and ix (10 pA, asterisks) as compared with 5 pA for insets ii, iii, and
v-viii. B and C, properties of STICs. B, while the addition of glutamate evoked
no significant change in the peak amplitude, rise time, or half-decay of STICs,
a significant decrease in the mean inter-event interval of STICs was detected.
The values are normalized to the mean parameter values of events detected
in resting conditions. The normalized peak amplitude, rise time, half-decay,
and inter-event interval after application of glutamate are 83.41 � 6.00,
144.91 � 14.81, 97.83 � 5.43, and 71.13 � 6.35%, respectively (*, p � 0.05, t
test). Error bars indicate mean � S.E. C, plot of half-decay versus peak ampli-
tude of STICs reveals the lack of correlation between the two parameters
(before stimulation (white circles): r 	 0.41, n 	 56; after stimulation (black
circles): r 	 0.38, n 	 145). n denotes the number of STICs, detected in all
experiments.

FIGURE 6. STICs occur in a Ca2�-dependent manner. A, membrane current
recorded from voltage-clamped HEK-293T cell (co-expressing EGFP and
P2X3) lying on astrocytes. Cells are bathed in Ca2�-free extracellular solution
containing 5 mM EGTA. Only very few STICs are observed before and after the
addition of glutamate (300 �M; bar) to the bathing medium in Ca2�-free con-
ditions. Below, regions with the observed STICs (gray rectangles) are shown on
an expanded current and time scale (i-v). In resting conditions 2 STICs (i-ii) are
detected and, after addition of glutamate, 3 (iii-v). B and C, in Ca2�-free extra-
cellular solution only very few STICs are detected in resting (contr) as well as in
glutamate-stimulated (�glut) conditions. B, histogram shows the mean
inter-event interval in standard extracellular solution (containing 2 mM Ca2�,
black bars): 24.87 � 3.17 s (n 	 48) before, 17.69 � 1.58 s (n 	 135) after
addition of glutamate; and in Ca2�-free solution (white bars): 67.07 � 13.82 s
(n 	 8) before, 87.21 � 30.84 s (n 	 8) after addition of glutamate. n denotes
the number of inter-event intervals in all experiments detected. C, histogram
of the maximal number of events detected in the 50-s time frame in standard
extracellular solution (black bars): 2.00 � 0.42 (n 	 10) before, 4.60 � 0.50 (n 	
10) after addition of glutamate; and in Ca2�-free solution (white bars): 0.88 �
0.23 (n 	 8) before, 0.88 � 0.23 (n 	 8) after addition of glutamate. n denotes
the number of experiments. Asterisks denote a statistically significant differ-
ence between the controls in standard solution and the other experiments (*,
p � 0.05; **, p � 0.001; ***, p � 0.0001).
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inter-event intervals from 5 cells, respectively; Fig. 6B) as
compared with the inter-event interval measured in resting
conditions in standard extracellular solution (24.87 � 3.17,
n 	 48 inter-event intervals from 8 cells; p � 0.0001; Fig. 6B).
Because the inter-event interval could not be measured in all
cells (some displayed only one if any STIC in the recorded
time), we performed additional analysis by counting the
number of events detected in a shifting 50 s time frame. The
maximal number of events detected in any of the time frames
is shown in the histogram of Fig. 6C. In standard extracellu-
lar solution the maximal number of events in a 50 s epoch
increased from 2.00 � 0.42 (n 	 10) in resting conditions to
4.60 � 0.50 (n 	 10, where n denotes the number of experi-
ments; p � 0.001) after addition of glutamate. In contrast,
the maximal number of events in Ca2�-free solution was
statistically lower both before (0.88 � 0.23, n 	 8) and after
the application of glutamate (0.88 � 0.23, n 	 8, where n
denotes the number of experiments) as compared with the
maximal number of events detected in resting conditions in
standard extracellular solution (p � 0.05; Fig. 6C).
The shape of glutamate-induced STICs very much resem-

bled the events detected by Fabbro et al. (26) although with
somehow slower kinetics (longer rise and decay time) which
presumably indicated lower affinity of P2X2 versus P2X3
receptors (44) and the larger impact of diffusion processes
on the amplitude and time shaping of the currently observed
STICs.

DISCUSSION

In the current study we aimed at exploring the nature of
stimulated ATP release from astrocytes together with any
potential change in the mobility of astrocytic vesicles.
It has been suggested that ATP in astrocytes may be

co-storedwithin vesicles with glutamate (2) or peptides (31). By
exploiting the fact that quinacrine binds ATP in peptidergic
vesicles, we show that in �40% of vesicles ATP was stored in
secretory vesicles together with peptides such as ANP. Next,
the mobility of quinacrine-loaded vesicles was examined by
using confocal microscopy, enabling us to study the mobility of
all vesicles in the cytoplasm, including those not detected by
TIRF. In our previous study we have shown that ANP-contain-
ing vesicles in cortical astrocytes display two types of mobility
(35), whereby 35% of vesicles exhibited directional mobility.
Interestingly, the quinacrine-loaded vesicles of the present
study predominantly showed non-directional mobility with�1
�mmaximal displacement. Only�4% of vesicles in non-stim-
ulated cells displayed directional mobility. Whether vesicle
mobility is observed as directional or non-directional likely
depends on their pattern of attachment to the cytoskeleton
(35, 45, 46).
Like in our previous study (35), we observed no difference in

the apparent shape or size of vesicles in both groups. Themech-
anism of spontaneous mobility of quinacrine-loaded vesicles is
not known. Because most of them were non-directional, we
propose that their mobility mainly involved free diffusion (30,
35). Stimulationwith ionomycin significantly reducedmaximal
displacement and total track length of all vesicles. Further, the
average directionality index (ratio between maximal displace-

ment and the total track length) decreased. This finding is inter-
esting because some previous studies showed no effect of
increased [Ca2�]i on vesicle mobility (secretory granules in
PC12 cells (47), peptidergic vesicles containing ANP.Emd,
atrial natriuretic peptide, tagged with green fluorescent protein
(48) in cortical astrocytes (30)). In contrast, a study on insect
neuromuscular junction also reports the sensitivity of vesicular
mobility to activity-induced Ca2� influx (49). However, ANP-
containing vesicles in that study were immobile before stimu-
lation and exhibited unidirectional movement only after stim-
ulation (49). Arrested trafficking of peptidergic vesicles may
impact cargo delivery throughout the cell cytoplasm and to the
plasma membrane, which may potentially impair long-term
secretory activity. However, if vesicles are at the fusion site
(most vesicles were, indeed, visible with TIRF microscopy in
our experiments, Fig. 3), the arrestedmobility may increase the
probability of observing an open fusion pore, perhaps resulting
in an increased open fusion-pore dwell-time. The overall
decrease in the total image fluorescence and in the number of
quinacrine-stained vesicles after ionomycin-treatment in this
study suggests that a significant number of fluorescent vesicles
underwent exocytosis.
The latter observation was further confirmed by TIRF

studies, which showed a decrease in fluorescence of quina-
crine-loaded vesicles upon stimulation with either ionomy-
cin or the gliotransmitter glutamate. The majority of
observed vesicles appeared to be docked at the plasma mem-
brane in resting conditions because (a) most of them were
visible in TIRF prior to stimulation and (b) both epifluores-
cence and TIRF signal decreased after stimulation by iono-
mycin. A simultaneous decrease in epifluorescence also sup-
ports the conclusion that vesicles fused with the plasma
membrane and released their contents into the extracellular
space, rather than they moved away to the cell interior out of
TIRF microscopy range, which could potentially be the case
with the decrease in TIRF signal only (38). In 4–5% of vesi-
cles an initial increase in TIRF signal was followed by a
decrease, which indicates that the stimulus-dependent exo-
cytosis was preceded by docking.
To further investigate the mechanism of ATP release from

astrocytes we employed a sniffer cell method with engineered
HEK cells. Thismethod has been successfully used to detect the
release of glutamate from astrocytes (50); however it has not
been used to study ATP release form astrocytes, yet. We trans-
fected HEK-293T cells with a mutated form of P2X3 receptor
(D266A; Ref. 37), which drastically reduces receptor desensiti-
zation while retaining receptor affinity in low micromolar
range (37). In HEK-293T cells a high degree of co-localization
between EGFP and anti-P2X3 antibody suggested expression of
P2X3 receptors. For patch-clamp experiments green fluores-
cent P2X3-expressing HEK-293T cells lying in close vicinity of
astrocytes or on top of themwere chosen since the fast diffusion
and the rapid hydrolysis of the astrocyte-derived ATP could
greatly reduce the detection of ATP by sniffer cells. In resting
conditions we observed random STICs with kinetic properties
suggestive of their quantal origin. Thus, it seems likely that
spontaneous ATP release from astrocytes could at least in part
be vesicular. The kinetics of STICs were slower than those of
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analogous events detected in P2X2 receptor-expressing PC12
cells (26).
In TIRF studies, astrocyte stimulation triggered fusion of

quinacrine-stained vesicles with the plasma membrane only
2–7 min later. This is consistent with the involvement of the
relatively slow release mechanism in astrocytes compared
with neurons (29, 39, 40, 51). As expected for regulated exo-
cytosis, following glutamate stimulation of astrocytes the aver-
age frequency of STICs significantly increased. Because HEK-
293T cells do not respond to glutamate directly, the increased
frequency of recorded STICs suggests that we stimulated vesic-
ular release of ATP from astrocytes. Furthermore, consistent
with a key role of Ca2� in exocytosis, in Ca2�-free solution
much fewer STICs were observed both in resting and gluta-
mate-stimulated conditions. Our results are consistent with
the observations by Pascual et al. (10), who showed ATP
release from astrocytes to be dependent on the presence of
intact SNARE proteins (involved in the exocytotic release
mechanism) and also complement the results obtained by
Coco et al. (14). Additionally, we confirmed the requirement
of SNARE proteins in cargo release from quinacrine-stained
vesicles by transfecting astrocytes with a construct to
express the dominant-negative SNARE domain peptide. In
transfected cells, the number of quinacrine-stained vesicle
remained unaltered following ionomycin stimulation (sup-
plemental Fig. S1). These results strongly suggest exocytotic
cargo release from quinacrine-stained vesicles as considered
previously (10, 14).
The present data collectively provided strong evidence for

vesicular storage of ATP in astrocytes and offered the oppor-
tunity to examine the spontaneous and stimulated mobility
of ATP-containing vesicles. Our results obtained by both
imaging techniques and electrophysiological approaches
indicate the presence of Ca2�-dependent, exocytotic release
of ATP from stimulated astrocytes. Because ATP is a major
gliotransmitter involved in the propagation of calciumwaves
among astrocytes (2) and in the modulation of neuronal
activity (10, 52, 53), the release mechanism reported in the
current study may play a role in activity-dependent the rel-
atively rapid delivery of the gliotransmitter ATP to the extra-
cellular milieu as a signaling messenger for intercellular
communication.
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24. Zhang, Q., Pangršič, T., Kreft, M., Kržan, M., Li, N., Sul, J. Y., Halassa, M.,
Van Bockstaele, E., Zorec, R., and Haydon, P. G. (2004) J. Biol. Chem. 279,
12724–12733

25. Zimmermann, H. (1994) Trends Neurosci. 17, 420–426
26. Fabbro, A., Skorinkin, A., Grandolfo, M., Nistri, A., and Giniatullin, R.

(2004) J. Physiol. 560, 505–517
27. Grandolfo, M., and Nistri, A. (2005) Neuroreport 16, 381–385
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