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Abstract
In the mature central nervous system (CNS) regulated secretion of ATP from astrocytes is thought
to play a significant role in cell signaling. Whether such a mechanism is also operative in the
developing nervous system and, if so, during which stage of development, has not been investigated.
We have tackled this question using cells derived from reconstituted neurospheres, as well as brain
explants of embryonic mice. Here, we show that in both models of neural cell development, astrocyte
progenitors are competent for the regulated secretion of ATP-containing vesicles. We further
document that this secretion is dependent on cytosolic Ca2+ and the v-SNARE system, and takes
place by exocytosis. Interference with ATP secretion alters spontaneous Ca2+ oscillations and
migration of neural progenitors. These data indicate that astrocyte progenitors acquire early in
development the competence for regulated secretion of ATP, and that this event is implicated in the
regulation of at least two cell functions, which are critical for the proper morphogenesis and functional
maturation of the CNS.
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INTRODUCTION
A critical process necessary in the development and repair of the central nervous system (CNS)
is the migration of neural precursor cells to their final destination. Besides the well-established
roles of cell adhesion and extracellular molecules, other signaling mechanisms have been
identified, among which are the intracellular Ca2+ fluctuations resulting from ion channel and
membrane receptor activation (Komuro and Rakic, 1998; Kumada and Komuro, 2004). It has
been suggested that glial cells participate in this signaling process by releasing Ca2+-mobilizing
transmitters, such as glutamate and ATP (Coco et al., 2003; Parpura et al., 1995; Queiroz et
al., 1997).

ATP is an important neurotransmitter and modulator that activates purinergic receptors (P2Rs),
a family of seven ionotropic (P2X1-7) and eight metabotropic (P2Y1,2,4,6,11-14) receptors. P2Rs
are abundant in both developing and mature CNS where they participate in neural stem cell
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proliferation (Mishra et al., 2006; Ryu et al., 2003), neural progenitor migration (Agresti et al.,
2005; Scemes et al., 2003), apoptosis (Abbracchio, 1997; Lin et al., 2003; Virginio et al.,
1999) and cell differentiation (Neary and Zhu, 1994).

Although spontaneous Ca2+ waves and oscillations have been reported to occur during CNS
development (Aguado et al., 2002; Kumada and Komuro, 2004; Meister et al., 1991; Parri and
Crunelli, 2001; Parri et al., 2001; Yuste et al., 1992; Weissman et al., 2004), very little is known
about the signaling mechanisms involved in such endogenous activity. Using an in vitro model
of neural cell development, we have previously provided evidence that neural progenitor cells
display spontaneous Ca2+ oscillations that are highly dependent on activation of P2Y1Rs, and
suggested that these progenitors have the ability to release ATP, which then influences cell
migration by paracrine/autocrine signaling (Scemes et al., 2003). Work performed on slice
preparations of embryonic rat brain, also showed that spontaneous Ca2+ waves spreading
between ventricular zone radial glial cells were dependent on ATP-activated P2Y1 receptors
(Weissman et al., 2004).

An issue that is still debated, however, regards the mechanism by which ATP is released from
mature glial cells, as there is little available information regarding the pathway by which this
nucleotide is released from progenitor and immature cells. In mature astrocytes, substantial
evidence supports regulated exocytosis as the main pathway of gliotransmitter release under
physiological conditions (Coco et al., 2003; Mothet et al., 2005; Parpura et al., 1994), while
diffusion through ion channels is likely to be involved under non-physiological conditions
(Evanko et al., 2004; Parpura et al., 2004; Suadicani et al., 2006). To evaluate whether, and if
so, at which stage of development regulated secretion of ATP is functionally competent, we
used in vitro differentiating neurospheres (Duval et al., 2002; Scemes et al., 2003), as well as
explants of embryonic mouse forebrains. Here we show that neural progenitors of the astrocytic
lineage release ATP by regulated exocytosis and that this process is involved in the modulation
of spontaneous Ca2+ oscillations and cell migration. Our study supports the notion that
astrocyte purinergic signaling plays important roles in the early organization of the CNS.

MATERIALS AND METHODS
Neurospheres and Neural Progenitor Cultures

Neurospheres were prepared using a modification of a method previously described (Duval et
al., 2002; Scemes et al., 2003). Briefly, neural progenitor cells were obtained by aspiration of
forebrain tissue from 14-day-old (E14) wild-type C57Bl6 mouse embryos (time-pregnant
females obtained from Charles River; the AECOM Animal Care and Use Committee approved
all experimental procedures performed) and mechanically dissociated in ice-cold Hanks
balanced solution (HBSS Ca2+ and Mg2+-free). Viable cells were transferred to tissue culture
dishes containing DMEM-F12 (Gibco, Invitrogen, Carlsbad, CA) supplemented with 5% B27
(Gibco), 1% antibiotics and 20 ng/mL human recombinant epidermal growth factor (EGF;
Sigma, St. Louis, MO), and allowed to grow into floating neurospheres. Culture medium was
changed two to three times a week, and neurospheres were mechanically dissociated into
smaller neurospheres once a week. Neurosphere cultures were maintained for no longer than
two months. Following the growth of neural cells into floating neurospheres, in vitro cell
differentiation was induced by withdrawing EGF from the culture medium and plating the
neurospheres on poly-D-lysine- (10 μg/mL; Sigma) and fibronectin- (10 μg/mL; Sigma) coated
glass bottom microwells (MatTek, Ashland, MA). One to five day cultured adherent
neurospheres were used to evaluate pathways of ATP release. To this end, we focused on the
monolayers of immuno-identified progenitors that had emigrated out of the neurospheres, and
surrounded the organoid (Fig. 1S in Supplemental Material). Explants of E14 forebrain were
used in some experiments aimed to evaluate the contribution of ATP secretion on cell
migration. For that, freshly isolated round fragments (70-200 μm diameter) of forebrain tissues
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were plated on polylysine- and fibronectin-coated MatTek dishes, and maintained in serum-
free DMEM-F12 medium during experimentation (see also supplemental material).

Immunocytochemistry
Adherent cultures of progenitors were fixed in 4% paraformaldehyde for 5-10 min. Following
several washes in 1X PBS and a 30-min incubation with 1X PBS containing 0.4% Triton-X
and 10% goat serum, cells were incubated for 24-48 h at 4°C with the following primary
monoclonal antibodies: anti-nestin (1:500; Chemicon, Temecula, CA), anti-neuronal class III
β-tubulin (1:500; Stemcell Technologies, Vancouver, British Columbia), anti-A2B5 (1:500;
R&D Systems), anti-O4 (1:500; Chemicon, Temecula, CA), anti-Cd44S (1:200; Chemicon,
Temecula, CA), anti-synaptobrevin-2 (1:500; Synaptic Systems). Polyclonal anti-GFAP
antibodies (1:200) were from Sigma. Relevant secondary monoclonal or polyclonal secondary
antibodies, tagged with either Alexa Fluor 488 nm or 594 nm (Molecular Probes) were added
to the cells, at 1:2000 dilution, for 1-2 h at room temperature. Epifluorescence images were
acquired using an inverted microscope (Eclipse TE2000-S; Nikon, Japan Nikon) equipped with
CCD cameras (Orca-ER or SPOT-RT; Hamamatsu, Japan) using Metamorph software
(Universal Imaging Systems, Downingtown, PA). Confocal images were acquired using an
upright confocal microscope (Olympus, Melville, NY) equipped with an argon/krypton laser.
Images were captured using the Fluoview software provided by the manufacturer and collected
as 1024 × 1024 pixels, using the sequential module with a pinhole size of 80 μm. For live-
immunostaining, adherent cultures of progenitors were incubated in serum-free DMEM-F12
containing monoclonal anti-Cd44S (1:200) or anti-A2B5 (1:200) antibodies for 30 min, at 37°
C. After several washes with DMEM-F12, the cultures were incubated with Alexa fluor 594-
tagged secondary antibodies, diluted 1:1,000, for 30 min, at 37°C, and then used to identify
the type of cells displaying spontaneous Ca2+ oscillations and exocytic events (see below).

Intracellular Calcium Transients
Spontaneous intracellular Ca2+ transients were measured in adherent, immuno-identified
progenitors loaded for 30 min at 37°C with 5 μM Fluo-3-AM (Molecular Probe) in DMEM-
F12. Cells were then washed with Dulbecco's phosphate buffered saline (DPBS, pH 7.4;
Cellgro, Herndon, VA) and imaged on an epifluorescence microscope (Eclipse TE2000-S;
Nikon, Japan), equipped with a CCD camera (Orca-ER; Hamamatsu, Japan). Fluo-3
fluorescence intensity emitted at one excitation wavelength (488 nm) was continuously
acquired at a rate of 1.0 Hz using combined systems of filters and shutter (Lambda DG-4
Diaphot, Sutter Instruments, Burlingame, CA) driven by a computer through Metafluor
software (Universal Imaging Systems, Downingtown, PA). Fluo-3 fluorescence intensity (F)
obtained from regions of interest were normalized to initial values (F0) and expressed as
relative changes (F/F0).

Total Internal Reflected Fluorescence Microscopy
For measurements of exocytosis, adherent progenitors plated in fibronectin-polylysine-coated
MatTek dishes, were loaded for 5-10 min at 37°C with 5 μM quinacrine (Sigma). After several
washes with DPBS, changes in the intensity of quinacrine fluorescence emitted at 512 nm when
excited at 488 nm were acquired at 0.6 s intervals for 1-2 min. The fluorescent vesicles located
within the evanescence field were analyzed using Metamorph software (Universal Imaging).
To monitor vesicular ATP, cells were incubated for 5 h at 37°C with 50 μM Mant-ATP [2′(3′)-
O-(N-methylanthraniloyl)-adenosine-5′-O-triphosphate; BioLog Life Science] and imaged by
TIRF microscopy 3.5 h after washout of this fluorescent ATP analog. Total internal reflected
fluorescence (TIRF) images were acquired by either laser TIRF or white light TIRF. The laser
system consisted of an inverted microscope (Zeiss Axiovert 100M) modified for through-the-
objective evanescent field illumination, equipped with an APO100× oil immersion objective
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(1.45 NA; 0.17 WD), filter set (488 nm), and a CCD camera (ORCA-ER, Hamamatsu, Japan),
driven by OpenLab software on a Macintosh computer. The white-light system (Nikon)
consisted of a special arc shape diaphragm placed in the path of a lens-collimated light
generated by an arc lamp and mounted on an inverted TE-2000 Nikon microscope equipped
with filter sets (488 nm and 594 nm), a 100× (1.45 NA) oil immersion objective, a CCD camera
(Orca-ER, Japan) coupled to a PC computer through Metamorph/Metafluor software.

Exocytosis
The time course and the number of spontaneous and evoked exocytic events, defined as the
quasi-instantaneous disappearance within the evanescent field of the fluorescence of
quinacrine-loaded vesicles, were measured by TIRF microscopy for 1-2 min. The evaluations
compared loaded vesicles in the absence or presence of one of the following drugs: 5-10 μM
Ca2+ ionophore A-23187; 10-50 μMCa2+ chelator Bapta-AM for 1-3 h; 300 nM tetanus-toxin
(TnTx) for 24 h, and 5 lμM v-ATPase inhibitor bafilomycin-A1 (Baf-A1) for 1 h. In addition,
we also monitored progenitor cells which were transiently transfected with a dominant-
negative domain of synaptobrevin-2 (see below). Evaluation of quinacrine fluorescence
changes during exocytosis was performed by measuring fluorescence intensity within regions
of interest (ROI) placed on vesicles present in the evanescent field. ROIs of different sizes
were drawn manually to circle each quinacrine vesicle (diameter 168.8 ± 8.31 nm, N = 26),
using Metamorph software. Changes in quinacrine fluorescence intensity were displayed either
as absolute fluorescence intensity values or as fraction of initial values (F/F0).

Measurements of ATP
The amount of ATP released in the bathing solution by adherent progenitor cells was measured
for 2 min in 200 μL DPBS in the absence and presence of 10 μM A23187, from both untreated
cells and cells treated with TnTx (300 nM/24 h), bafilomycin-A1 (5 μM/1 h), and Bapta-AM
(50 μM/3 h), as well as from cells transfected with dn-syb2 (see below). The amount of ATP
was measured using the luciferin/luciferase assay (Molecular Probes, Invitrogen). Fifty
microliters of a buffered solution containing luciferin (50 μM) and luciferase (1.25 μg/mL)
were placed in triplicates in a 96-well plate luminometer (Harta Lumi 812; kindly borrowed
from Dr. R. Burk, Department of Pediatrics, Albert Einstein College of Medicine) for
background luminescence subtraction. Reactions were started by adding 5 μL of the
experimental samples. The amount of ATP in the samples was calculated from standard curves
generated from a series of ATP concentrations (50-5 μM; diluted in the same solutions used
for the experimental measurements) and normalized to the total amount of protein, using the
BCA assay (Pierce).

Transfection of the Dominant-Negative Domain of Synaptobrevin-2 (dn-syb2)
Plasmid containing the cDNA corresponding to aminoacids 1-96 of the rat v-SNARE protein
synaptobrevin-2 (Accession no. M24105.1)—a motif that prevents SNARE complex formation
and regulated exocytosis in astrocytes (Zhang et al., 2004)—was amplified from a pRV9-
synaptobrevin II SNARE-IRES-EGFP construct (kindly provided by Dr. Phillip G. Haydon,
Department of Neuroscience, University of Pennsylvania, PA) using rat synaptobrevin-2
specific primers. The PCR product was inserted into pcDNA 3.1-CT-GFP TOPO vector
(Invitrogen, Carlsbad, CA) and sequence verified. Floating neurospheres, forebrain explants,
or adherent progenitors were transfected with 8 μg/mL dn-syb2 cDNA, using
lipofectamine-2000 reagent (Invitrogen). These conditions resulted in the transfection of about
80% cells (Fig. 2S of Supplemental Material; Fig. 7 in Scemes et al., 2003). After 18-19 h,
cells were washed and maintained in DMEM-F12 until the experiment, which took place 24-48
h after the transfection.
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Outgrowth Index
To evaluate the migration of neural progenitor cells, non-transfected and dn-syb2-transfected
floating neurospheres were plated on fibronectin/poly-D-lysine coated glass-bottomed
microwells containing DMEM-F12. After 6, 20, and 30 h of culture, the outgrowth index (OI)
of migrating cells was calculated as the ratio between the distance of the nucleus of the foremost
cells to the center of the sphere and the diameter of the sphere core (Scemes et al., 2003).

Statistical Analysis
The ANOVA analysis of variance followed by Newnam-Keuls' test was used.

RESULTS
Spontaneous Ca2+ Oscillation and ATP Release from Astrocyte Progenitors

In this study we used progenitor cells derived from day 14 mouse embryo (E14) forebrains.
When first grown to form floating spheroid bodies—referred as to neurospheres—and then
plated on a fibronectin substrate and cultured in the absence of growth factors, these
undifferentiated cells progressively become astrocytes, oligodendrocytes, neuron progenitors
and mature cells. To identify and quantitate these various cell types, we performed
immunocytochemical studies using cell type specific markers. One day after adhesion of
neurospheres to fibronectin-coated dishes, about 83% of the cells that had emigrated out of the
neurospheres were positive for the cell adhesion glycoprotein Cd44S, a marker of astrocyte
progenitors (Liu and Rao, 2004; Liu et al., 2002; Rao and Mayer-Proschel, 1997), 0.5%
expressed the intermediate filament glial fibrilary acid protein GFAP and 97% were
immunoreactive for the intermediate filament protein nestin. These proportions changed over
time. Thus, after one week after adhesion, about 80-85% emigrated cells were positive for
GFAP, a marker of differentiated astrocytes, 12% expressed the oligodendrocyte ganglioside
O4 and 6-8% were positive for the neuronal marker IIIβ-tubulin (Fig. 1S in supplemental
material). These results indicate that the great majority of precursor cells derived from adherent
neurospheres are glial progenitors mainly of the astrocytic lineage.

To verify whether these astrocyte progenitors were the same cells that were previously reported
to display spontaneous intracellular Ca2+ oscillations (Scemes et al., 2003), Fluo-3-AM loaded
cells emigrated from 1-4 day-adherent neurospheres were immunostained with anti-Cd44S
antibodies (Fig. 1a). As shown in Fig. 1b Cd44S positive cells displayed intracellular Ca2+

oscillations with frequencies of 14.61 ± 0.88 mHz (N = 161 cells) and amplitudes of 1.34 ±
0.03 fold (N = 231 events). These data indicate that, in vitro, Cd44S positive astrocyte
progenitors display spontaneous intracellular Ca2+ oscillations.

Our previous study showing that apyrase and P2R antagonists greatly prevented the
spontaneous Ca2+ oscillations of neural progenitors (Scemes et al., 2003), indicated that these
events were likely dependent on the release of ATP and on the action of the nucleotide on
purinergic receptors. To evaluate whether astrocyte progenitor cells were able to release ATP,
we measured the amount of this triphosphate nucleotide in the solution bathing progenitor cells
using a luciferin-luciferase assay. One-to-four day-adherent progenitors spontaneously
released ATP, in levels that increased with culture time (Fig. 1c). Addition of the Ca2+

ionophore A23187 (10 μM) potentiated this release (Fig. 1d; P < 0.0001 ANOVA analysis of
variance) and both spontaneous and A23187-evoked ATP release were prevented in cells
preloaded with the Ca2+ chelator Bapta-AM (50 μM; Figs. 1c,d). These data indicate that
astrocyte progenitors do release ATP, and that this release occurs via a Ca2+-dependent
mechanism.
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Ca2+-Dependent Release of Vesicular ATP from Astrocyte Progenitors
Given that it has been previously proposed that the release of ATP from mature astrocytes may
occur via regulated exocytosis (Coco et al., 2003), we tested whether the Ca2+-dependent
release of ATP from astrocyte progenitors also involved a similar process. For that, we
experimentally altered specific steps of the storage and release of the transmitter, using TIRF
microscopy to evaluate exocytic events and bioluminescence techniques to measure ATP
release.

Live immunostaining for Cd44S followed by loading with 5 μM quinacrine, a dye that stains
high levels of ATP bound to peptides within acidic, dense core vesicles (Belai and Burnstock,
2000; Bodin and Burnstock, 2001), indicated that astrocyte progenitors contained quinacrine-
loaded vesicles (Fig. 2a). Immunocytochemistry further showed the presence of native v-
SNARE protein synaptobrevin-2 in these progenitor cells (Fig. 2b). To follow the fate of the
quinacrine-loaded vesicles, time-lapse TIRF imaging was performed on 3-4 day progenitors.
Analysis of quinacrine fluorescence intensity revealed abrupt decreases in fluorescence
intensity of some of the loaded vesicles present in the evanescent field (Figs. 2c-e), suggesting
loss of quinacrine from vesicles through exocytic events. On average, the half-time of
quinacrine diffusion from vesicles that underwent spontaneous exocytosis was 3.2 s (inset in
Fig. 2e). To investigate whether the loss of quinacrine fluorescence involved a Ca2+-dependent
mechanism, quinacrine-loaded cells were stimulated with 5-10 μM A23187 to monitor by TIRF
microscopy the time course of quinacrine release (Fig. 3a; see also Fig. 3S in supplemental
material). Bath application of this Ca2+-ionophore, which raised intracellular Ca2+ levels in
Fluo-3-AM loaded progenitors (Fig. 3b), also induced a five-fold increase in quinacrine
fluorescence, indicating the rapid recruitment of loaded vesicles into the membrane region that
was monitored within the evanescent field (Fig. 3a). This change was followed by a more
gradual decrease in fluorescence (half-time of quinacrine diffusion of 3.1 s), consistent with
the secretion of quinacrine from loaded vesicles (Fig. 3c). These results support the idea that
the loss of quinacrine from vesicles of astrocyte progenitors involves a Ca2+-dependent
mechanism, most likely regulated exocytosis. Moreover, because quinacrine is known to bind
to adenine nucleotides and to accumulate in purinergic nerve terminals (Alund and Olson,
1980; Bock, 1980; Crowe and Burnstock, 1982; Olson and Alund, 1979; Unsworth and
Johnson, 1990), our results suggest that astrocyte progenitors store ATP in a vesicular
compartment.

To obtain direct evidence for such storage of ATP in a vesicular compartment, progenitor cells
were incubated for 5 h with 50 μM Mant-ATP, a fluorescent analogue of ATP. After washout
of the probe and a 3.5 h incubation to allow for its compartmentalization, TIRF and
epifluorescence microscopy showed Mant-ATP-containing vesicles in astrocyte progenitors
(Figs. 3d,e). Similarly to the changes in quinacrine fluorescence (Fig. 3c), the kinetics of the
changes in Mant-ATP fluorescence were abrupt, as assessed by TIRF after stimulation with
A23187 (Figs. 3e,f). The half-time of Mant-ATP diffusion (3.2 s) was similar to that of
quinacrine (insets in Figs. 3c,f). These data are consistent with the view that ATP is
accumulated in a vesicular compartment, which is recruited and then released by exocytosis
during stimulation with the Ca2+ ionophore.

v-SNARE-Dependent Vesicular ATP Release from Astrocyte Progenitors
To examine v-SNARE-dependent exocytosis of ATP from astrocyte progenitors, we analyzed
exocytic events and quantified the amount of ATP released under conditions known to interfere
with the storage and release of transmitter from vesicles. To this end, we treated quinacrine-
loaded cells with the v-H+-ATPase inhibitor bafilomycin-A1 (5 μM, 1 h), a blocker that
prevents the development of the proton gradient which drives the accumulation of transmitters
into synaptic vesicles (Bowman et al., 1988). We also used the clostridium holotoxin tetanus
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toxin (300 nM, 24 h) that cleaves the v-SNARE protein synaptobrevin-2 (Schiavo et al.,
1992), and transfected progenitors with a domain of synaptobrevin-2 (dn-syb2) that exerts a
dominant-negative effect on the release process (Zhang et al., 2004). All these conditions
altered exocytosis (Figs. 4a,b), and reduced the amount of ATP released (Fig. 4c). Exposure
of astrocyte progenitors to bafilomycin-A1 resulted in the absence of quinacrine-loaded
vesicles and consequently no exocytosis was recorded by TIRF microscopy (Fig. 4b). The
Ca2+ ionophore-evoked quinacrine exocytosis, which was prevented by pre-loading the cells
with Bapta-AM (Fig. 4b), was not blocked by TnTx treatment (Fig. 4a). However, under this
latter condition, the half-time of quinacrine release from vesicles that still underwent exocytosis
was increased to 5.4 ± 0.5 s (N = 25 events), i.e., was about three times as long as that of
untreated, control cultures (1.5 ± 0.2 s, N = 21 events) (Fig. 4a). The modest effects of TnTx
on exocytosis is most likely due to the fact that astrocytes lack clostridium toxin receptors
(Ahnert-Hilger and Bigalke, 1995) necessary for the appropriate internalization of this
proteolytic toxin. To bypass this problem, we transfected progenitors with a dominant-negative
form of synaptobrevin2 (dn-syb2), which has been shown to impair vesicular release of
transmitter from mature astrocytes (Zhang et al., 2004). Forced expression of dn-syb2
decreased the fraction of vesicles that underwent exocytosis from 0.71 ± 0.09 (N = 3
experiments) in controls to 0.18 ± 0.07 (N = 3 experiments) in dn-syb2 transfected cells (Fig.
4b). To confirm that these treatments did not interfere with other physiological processes, we
measured intracellular Ca2+ transients induced by bath application of a purinergic receptor
agonist. As expected, Bapta-AM prevented the A23187- and the agonist-induced intracellular
Ca2+ transients, whereas bafilomycin-A1, TnTx and dn-syb2 did not alter the responses
induced by 100 nM P2Y1R agonist MeSATP (Fig. 4S in supplemental material).

To test whether the Ca2+- and the SNARE-dependent exocytosis of quinacrine-loaded vesicles
were related to the ATP secretion, we measured the amount of ATP present in the bathing
solution of progenitors subjected to the conditions described above. Exposure of progenitors
to TnTx or transfection of these cells with dn-syb2 significantly reduced the amount of A23187-
evoked ATP release from 4-day progenitors (Fig. 4c). Moreover, a significant reduction of
ATP release was also observed when cells were exposed to the v-H+-ATPase inhibitor-
bafilomycin-A1. Transfection of progenitor cells with empty vector did not alter the amount
of A23187-evoked ATP (14.58 ± 1.66 nM ATP/10 μg protein; N = 6) compared with that of
untransfected cells (14.10 ± 1.63 nM ATP/10 μg protein; N = 3). Together, these results show
that a regulated, Ca2+- and v-SNARE-dependent ATP secretion occurs in the early
developmental stages of astrocyte progenitors.

Regulated Exocytosis of ATP Modulates Spontaneous Calcium Oscillations and the
Migration of Progenitors

To test whether the ATP secretion and spontaneous Ca2+ oscillations of astrocyte progenitors
are regulated in parallel, 3-5 day-adherent progenitors were transfected with dn-syb2, and
spontaneous calcium oscillations were recorded from Fluo-3-AM loaded Cd44S positive cells.
As shown in Fig. 5, dn-syb2 transfectants exhibited spontaneous Ca2+ oscillations of
significantly lower amplitude (1.087 ± 0.005 fold, N = 1,006 events; Fig. 5a) and frequency
(11.30 ± 0.39 mHz, N = 343 cells; Fig. 5b) than both non-transfected (1.23 ± 0.01 fold, N =
633 events; 14.16 ± 0.60 mHz, N = 247 cells) and mock-transfected (1.19 ± 0.006 fold, N =
1,060 events; 14.13 ± 0.47 mHz, N = 252 cells) cells. These results, together with the
observation that expression of dn-syb2 impairs the release of ATP (Fig. 4c), indicate that
spontaneous calcium oscillations and regulated secretion of ATP are co-regulated in astrocyte
progenitors.

To evaluate whether the impairment in ATP secretion and spontaneous Ca2+ oscillations
influence the emigration of progenitor cells from neurospheres, floating neurospheres were
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transfected with dn-syb2 and an OI (Scemes et al., 2003) measured at 6, 20, and 30 h after
adhesion to fibronectin-coated dishes. Compared with untransfected and mock-transfected
cells, dn-syb2 transfectants featured a decreased OI (Fig. 5d). Thus, after 20 h of adhesion, the
value of this index in dn-syb2 transfectants (1.46 ± 0.04; N = 66 neuropheres) was significantly
smaller (P < 0.001) than that measured from both non-tranfected (1.93 ± 0.09; N = 60 neuro-
spheres) and mock-transfected cells (1.73 ± 0.093; N = 25 neurospheres). This difference was
maintained after 30 h of adhesion, at which time point the OI of dn-syb2 transfectants was 1.89
± 0.06 (N = 61 neurospheres) compared with 2.61 ± 0.12 (N = 44 neurospheres) and 2.34 ±
0.14 (N = 28 neurospheres) in non-transfected and in mock-transfected, respectively.

The contribution of exocytosis of ATP to progenitor cell migration is further supported by
experiments in which dn-syb2 transfected cells were supplemented with 200 nM MeSATP, a
P2Y1R agonist previously shown to mediate progenitor cell migration (Scemes et al., 2003).
As shown in Fig. 6, addition of the P2Y1R agonist to dn-syb2 transfected progenitors
significantly increased their OI compared with untreated and dn-syb2 transfected cells, and
had no effect on the OI of mock transfected progenitors. These results indicate that proper
secretion of ATP and/or spontaneous Ca2+ activity significantly contribute to the migration of
differentiating progenitor cells out of the undifferentiated cell population that forms the bulk
of neurospheres. Evidence that such a process may also occur under in vivo conditions is
provided in Fig. 5S (supplemental material). In this figure, astrocyte progenitors, obtained from
explants of E14 mouse forebrains, are shown to release quinacrine and ATP in a Ca2+-
dependent manner. Similarly to what was observed for neurosphere cultures, interference with
the formation of SNARE complexes through transfection of dn-syb2 in freshly prepared
forebrain explants, reduced progenitor cell migration (Fig. 5S, supplemental material).

DISCUSSION
ATP is an important neurotransmitter and neuromodulator that mediates a broad range of events
including cell proliferation (Ryu et al., 2003) and migration (Agresti et al., 2005; Scemes et
al., 2003), and serves as a signal to initiate brain repair mechanisms (Neary et al., 1996). The
mechanism by which ATP is released from glial cells is still not well resolved. Two main
pathways of ATP release from astrocytes have been suggested, regulated secretion/exocytosis
(Abdipranoto et al., 2003; Coco et al., 2003) and the transfer from the cytoplasm to the
extracellular space, the latter occurring through membrane transporters (Abdipranoto et al.,
2003; Darby et al., 2003) and ion channels including the ionotropic P2X receptors (Anderson
et al., 2004; Ballerini et al., 1996; Suadicani et al., 2006), connexin hemichannels (Anderson
et al., 2004; Cotrina et al., 1998; Stout et al., 2002; but see Spray et al., 2006), and pannexins
(Bao et al., 2004; Locovei et al., 2006). Given that a variety of different conditions, including
mechanical stress, agonist stimulation, osmotic shock and low extracellular Ca2+ levels induce
the release of ATP from astrocytes (Neary et al., 2003; Queiroz et al., 1997, 1999; Wang et al.,
2002), it is most likely that distinct pathways mediate ATP release from mature astrocytes
under physiological and pathological conditions.

Evidence that the regulated secretion of vesicular ATP from astrocytes, first reported in culture
(Abdipranoto et al., 2003; Coco et al., 2003), is of physiological significance in the adult CNS
was recently provided in acute hippocampal slices isolated from transgenic mice expressing a
dominant-negative SNARE domain in the astrocytic population (Pascual et al., 2005). In this
system, the SNARE-dependent release of ATP from astrocytes leads to the suppression of
excitatory synaptic transmission, thereby regulating the degree of synaptic plasticity (Pascual
et al., 2005). These exciting findings indicate that purinergic signaling originating in astrocytes
plays a crucial role in the mature CNS.
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Given the potential relevance of astrocyte purinergic signaling to CNS function, we
investigated whether and in which stage of astrocyte development regulated exocytosis is
competent and evaluated the biological significance of this signaling pathway in the early
development of the CNS. Here, we have approached these questions using a neurosphere
model, which provides for the in vitro differentiation of neuronal, oligodendrocytic and
astrocytic progenitors. We now show that astrocyte progenitors are competent for the regulated
secretion of ATP. We further document that, like mature astrocytes (Coco et al., 2003),
astrocyte progenitors release most of the nucleotide by exocytosis of ATP-containing vesicles,
which is dependent on cytosolic Ca2+ levels and the v-SNARE complex. The size of these
exocytic vesicles (about 170 nm in diameter) is in the same range (about 115 nm) of that
reported for the dense-core vesicles containing secretogranin II and ATP in mature astrocytes
(Calegari et al., 1999; Coco et al., 2003), and much larger than that (30 nm) of the electro-
lucent vesicles containing glutamate (Bezzi et al., 2004; but see Chen et al., 2005; Kang et al.,
1998; for review see Montana et al., 2006). Interestingly, however, synaptobrevin-2 has been
reported to be mainly associated with electron-lucent vesicles containing glutamate or D-serine
(Anlauf and Derouiche, 2005; Crippa et al., 2006; Montana et al., 2004; Mothet et al., 2005;
Oliet and Mothet, 2006), and absent from secretogranin II fractions containing dense-core
vesicles (Coco et al., 2003). Although our results indicate that vesicular ATP release from
astrocytes progenitors is dependent on the functional integrity of synaptobrevin-2, suggesting
that this SNARE protein is associated with this vesicular pool, further molecular biological,
biochemical and electron-microscopy experiments are now needed to unambiguously
demonstrate this association.

In the present study, we provide evidence for an autocrine/paracrine mechanism, whereby
alterations in the regulated secretion of ATP are associated to alterations in the amplitude and
frequency of intracellular Ca2+ oscillations and in the rate of migration of the progenitor cells.
Given the importance of these two events for the proper differentiation, morphogenesis and
cross-talk of neural networks, the data imply a significant role of the ATP-dependent signaling
in the structural and functional development of the CNS. Accordingly, expression of a
dominant-negative domain of synaptobrevin-2, which interferes with the SNARE complex,
resulted in a decreased secretion of ATP from astrocyte progenitors. This decreased ATP
secretion was associated with alterations in their spontaneous Ca2+ oscillations, and in their
rate of emigration from the neurosphere, that mostly comprises undifferentiated, nestin positive
cells (Duval et al., 2002; Scemes et al., 2003).

These data have at least two implications. First, by showing that a molecular change expected
to selectively alter the exocytotic machinery resulted in alterations of secretion-independent
events, the data support the primordial role of the exocytotic ATP release. Thus, although we
cannot rule out the possibility that alternative mechanisms, such as those provided by ion
channel activation (Anderson et al., 2004; Ballerini et al., 1996; Bao et al., 2004; Cotrina et
al., 1998; Locovei et al., 2006; Stout et al., 2002; Suadicani et al., 2006) may also marginally
contribute to the release of ATP, our experiments clearly demonstrate that, all together, these
putative mechanisms could not compensate for the loss of the regulated secretion of the
nucleotide. In turn, this implies that the diffusional loss of cytosolic ATP is presumably less
important than regulated secretion, at least for promoting the emigration of neural cell
progenitors from the neurosphere core. Second, our findings also imply that, in astrocyte
progenitors, a close relationship exists between the control of ATP secretion and that of
cytosolic Ca2+. The finding that a decrease in v-SNARE expression, which does not directly
affect Ca2+ mobilization induced by bath application of P2R agonists, affected the spontaneous
oscillations of the cation in astrocyte progenitors, suggests that changes in ATP secretion drive
those in Ca2+ pattern, in this cell population. This conclusion is also in agreement with our
observation that a sizable number of ATP-containing vesicles were recruited and exocytosed
at time points that during stimulation preceded the maximum Ca2+ elevation. Thus, the most
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likely scenario accounting for the available data favors the view that ATP is the primary signal
that controls Ca2+ oscillations and cell migration. In this perspective, our study implicates a
central role of astrocyte progenitors during the early development of the CNS, specifically
through an ATP-dependent signaling that modulates the migration of progenitor cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Spontaneous Ca2+ oscillations and Ca2+-dependent secretion of ATP from astrocyte
progenitors. (a) Epifluorescence images of live-immunostained progenitors derived from 4-
day adherent neurospheres loaded with the calcium indicator Fluo-3-AM (green) showing the
expression of Cd44S (red) in astrocytic precursors. Bar: 10 μm. (b) Examples of spontaneous
intracellular Ca2+ oscillations recorded from two Cd44S expressing cells derived from 4-day
adherent neurospheres. (c, d) Bar histograms showing the amount of ATP secreted from 1-4
day-adherent progenitors; (c) spontaneous and (d) 10 μM A23187-induced ATP release were
measured from control cells (black bars) and from cells loaded with 50 μM Bapta-AM (white
bars). Application of the Ca2+ ionophore (d) induced a significant increase in the amount of
ATP secreted compared with that released by non-stimulated cells (c) and Bapta greatly
reduced both spontaneous and evoked ATP release. ATP measurements were performed using
the luciferin-luciferase assay and luminescence values were transformed into [ATP] according
to calibration curves performed in the presence and absence of the agents mentioned above,
and the values were normalized to the total amount of protein. (**P < 0.001; ANOVA analysis
of variance followed by Newman-Keuls' paired test).
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Fig. 2.
Quinacrine-containing compartments in astrocyte progenitors. (a) Total internal reflected
fluorescence (TIRF) view of quinacrine-containing vesicles (green) in 3-4 day-adherent
progenitors (the contour of cells is outlined), immunostained for Cd44S (red). (b)
Epifluorescence image showing immunoreactivity for the vSNARE protein synaptobrevin-2.
Note the vesicular-like distribution of the endogenous synaptobrevin-2. (c, d) TIRF images of
quinacrine-loaded progenitors derived from 3 day-adherent neurospheres. Arrows in (c)
indicate some of the quinacrine-containing vesicles that are absent in image (d), which was
acquired 1 min later. (e) The intensity of quinacrine fluorescence of vesicles illustrated in panel
c-d abruptly decreased at various time points, indicating the spontaneous vesicular release of
the tracer. Inset: Time course of the decay of quinacrine fluorescence during the diffusion of
quinacrine from vesicles that underwent spontaneous exocytosis. The mean± SEM half-time
values of quinacrine diffusion (3.2 s; N = 14 vesicles) was obtained by fitting the equation Y
= Ymax exp(-kt), where Y is the change in fluorescence intensity over time (t), Ymax is the
maximal fluorescence intensity, and k is the rate constant (half-time is 0.69/k). The absolute
values of fluorescence intensity changes were followed from regions of interest comprising
quinacrine-positive vesicles present in the first TIRF image (t = 0). The TIRF image displayed
in panel a was obtained using a Nikon White Light TIRF system, whereas those displayed in
panels c-d were obtained with a laser-TIRF system. Bars: 10 μm.
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Fig. 3.
Ca2+-dependent vesicular release of quinacrine and Mant-ATP from astrocyte progenitors.
(a) Sequential White Light TIRF images of quinacrine-loaded vesicles showing the time course
of exocytotic events induced by bath application (*) of A23187 (10 μM) in 3-day progenitor.
Bars: 4 μm. (b, c) Time courses of relative fluorescence intensity (F/F0) changes of Fluo-3 (b)
and quinacrine (c) induced by exposure (arrows) of 3 day-adherent progenitors to A23187 (10
μM). After addition of A23187 there is an increase in quinacrine fluorescence because of the
recruitment (1) of vesicles at the cell periphery, observed in the evanescent field, followed by
a decrease in quinacrine fluorescence as the dye is released (2) from loaded vesicles. Quinacrine
fluorescence intensity changes were evaluated from regions of interest with a constant position
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throughout the series of TIRF images. (d) Sequential 488 nm laser-based TIRF images of Mant-
ATP-loaded vesicles showing the time course of exocytosis induced by A23187 (*). Bars: 4
μm. (e) Live epifluorescence image showing vesicles containing Mant-ATP in a 2 day-adherent
progenitor cell. Note the presence of small (arrowheads) and large (arrow) vesicles. Image
acquired with a SPOT-RT camera attached to an inverted Nikon microscope equipped with a
×100 oil immersion objective (N.A. 1.4) and FITC filter set. Bar: 8.5 μm. (f) Time course of
changes in Mant-ATP fluorescence intensity induced by bath application (arrow) of 10 μM
A23187, and recorded from 3-day progenitors using 488 nm laser-based TIRF microscopy.
Changes in Mant-ATP fluorescence intensity were evaluated in regions of interest that retained
a constant position throughout the series of TIRF images. Insets in parts c and f show the time
course (mean ± SEM) of quinacrine and Mant-ATP fluorescence, respectively, during the
diffusion of the dyes from vesicles that underwent regulated exocytosis. Note the similar half-
time values obtained for the diffusion of quinacrine (3.1 s; N = 19 vesicles) and Mant-ATP
(3.2 s; N = 10 vesicles). The half-time was obtained by fitting the equation Y = Ymax exp(-kt),
where Y is the change in fluorescence intensity over time (t), Ymax is the maximal fluorescence
intensity, and k is the rate constant (half-time is 0.69/k).
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Fig. 4.
vSNARE-dependent release of quinacrine and ATP. (a) Time course of quinacrine
fluorescence intensity (F/F0) changes induced by 10 μM A23187 (arrows) in 3-4 day-adherent
untreated (black squares), TnTx-treated (300 nM; dark gray circles) and dn-syb2-transfected
(light gray circles) progenitor cells. Inset: Bar histograms show the mean ± SEM values of the
half-time (t1/2) of the rising phase of quinacrine fluorescence intensity, defined as the interval
between the emergence of quinacrine vesicles into the evanescent field and the moment at
which their fluorescence intensity started decreasing, in control and TnTx-treated progenitors.
(b) Bar histograms show that the fraction of exocytic events recorded from progenitors
transfected with the dominant-negative domain of synaptobrevin-2 (dn-syb) was greatly
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reduced and that these events were absent in progenitor cells treated with either bafilomycin-
A1 (5 lμM; baf-A1) or a calcium chelator (50 lμM; Bapta-AM). (c) The amount of ATP released
from 4-day progenitors exposed to the Ca2+-ionophore was significantly reduced by both TnTx
(300 nM) and bafilomycin-A1 (5 μM; Baf-A1), and by transfecting the cells with the dominant-
negative domain of synaptobrevin-2 (dn-Syb). Values are mean ± SEM. *P < 0.01; **P <
0.001; ANOVA followed by Newman-Keuls' paired test.
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Fig. 5.
Regulated secretion of ATP modulates spontaneous Ca2+ oscillations and cell migration. (a,
b) Bar histograms show the mean ± SEM values of the amplitude (a) and frequency (b) of
spontaneous Ca2+ oscillations recorded from control, 2 day-adherent progenitors (white bars),
progenitors transfected with an empty vector (gray bars) and progenitors transfected with a
dominant-negative domain of synaptobrevin-2 (dn-syb; black bars). Note the slight reduction
in frequency (b) and the dramatic decrease in the amplitude (a) of spontaneous Ca2+ oscillations
in the dn-syb transfectants. (c) Spontaneous Ca2+ oscillations recorded from Fluo-3-AM-
loaded control progenitors (black trace) and progenitors transfected with the dn-syb2 (gray
trace). (d) Bar histograms show the mean ± SEM values of outgrowth index (OI) obtained from
progenitors derived from control neurospheres (white bars), neurospheres transfected with an
empty vector (gray bars) and neurospheres transfected for dn-syb2 (black bars). Meaurements
were performed 6-30 h after adhesion of neurospheres to fibronectin-coated dishes. Note that
the OI of dn-syb transfectants was significantly decreased compared with that of both control
and empty vector-transfected cells. *P < 0.01; **P < 0.001; ANOVA followed by Newman-
Keuls' paired test.
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Fig. 6.
P2Y1 receptor activation increases migration of dn-syb2-expressing progenitor cells. Bar
histograms show the mean ± SEM values of outgrowth index (OI) from progenitors derived
from mock (empty-vector) and dn-syb2 transfected neurospheres before (black and white bars,
respectively) and after exposure to 200 nM MeSATP (gray and cross-hatched bars,
respectively). Measurements were performed 6-30 h after adhesion of neurospheres to
fibronectin-coated dishes. Note the significant OI increase in dn-syb2 transfectants treated with
MeSATP compared with untreated dn-syb2 transfectants. *P < 0.05; t-test.
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