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Previously, we reported that purinergic ionotropic P2X7 re-
ceptors negatively regulate neurite formation inNeuro-2a (N2a)
mouse neuroblastoma cells through a Ca2�/calmodulin-depen-
dent kinase II-related mechanism. In the present study we used
this cell line to investigate a parallel though faster P2X7 recep-
tor-mediated signaling pathway, namely Ca2�-regulated exocy-
tosis. Selective activation of P2X7 receptors evoked exocytosis
as assayed by high resolution membrane capacitance measure-
ments. Using dual-wavelength total internal reflection micros-
copy, we have observed both the increase in near-membrane
Ca2� concentration and the exocytosis of fluorescently labeled
vesicles in response to P2X7 receptor stimulation. Moreover,
activation of P2X7 receptors also affects vesicle motion in the
vertical and horizontal directions, thus, involving this receptor
type in the control of early steps (docking and priming) of the
secretory pathway. Immunocytochemical and RT-PCR experi-
ments evidenced that N2a cells express the three neuronal
SNAREs as well as vesicular nucleotide and monoamine
(VMAT-1 and VMAT-2) transporters. Biochemical measure-
ments indicated that ionomycin induced a significant release of
ATP from N2a cells. Finally, P2X7 receptor stimulation and
ionomycin increased the incidence of small transient inward
currents, reminiscent of postsynaptic quantal events observed
at synapses. Small transient inward currents were dependent on
extracellular Ca2� and were abolished by Brilliant Blue G, sug-
gesting they were mediated by P2X7 receptors. Altogether,
these results suggest the existence of a positive feedbackmech-
anism mediated by P2X7 receptor-stimulated exocytotic
release of ATP that would act on P2X7 receptors on the same
or neighbor cells to further stimulate its own release and neg-
atively control N2a cell differentiation.

Adenine nucleotides are well recognized extracellular signal-
ing molecules mediating many physiological functions via the
P2-type of purinergic receptors. P2 receptors are subdivided
into ionotropic P2X and metabotropic P2Y subtypes (1). Up to
now, seven mammalian P2X-receptor subtypes (P2X1–7) and
eight mammalian P2Y-receptor subtypes (P2Y1, -2, -4, -6, -11,
-12, -13, and -14) have been cloned and functionally character-
ized (2–4). P2X receptors are non-selective cation channels
mediating Na� and Ca2� influx across the cell membrane,
which leads to cell depolarization and the ensued activation of
voltage-gated channels (5).
Purinergic signaling is already present at early stages of

embryogenesis wherein it is involved in proliferation, migra-
tion, and differentiation of cells frommultiple structures (6–9).
Likewise, different purinergic receptors have been identified in
a variety of both primary tumors and cell lines (10, 11). In this
respect, recent data from our laboratory have shown that
mouse neuroblastomaNeuro2-a cells (henceforth referred to as
N2a4 cells) express ionotropic P2X7 receptorsmediating cation
currents that are selectively blocked by Brilliant Blue G (BBG)
(12). As is also the case for hippocampal neurons (13), P2X7
receptors negatively regulate neurite formation in N2a cells
through aCa2�/calmodulin-dependent kinase II-relatedmech-
anism (12). Therefore, either by inhibiting P2X7 receptor activ-
ity with BBG or silencing its expression with shRNA, an
increased neuritogenesis could be observed inN2a cell cultures.
On the contrary, P2X7 receptor overexpression resulted in a
significant reduction in the formation of neurites. These results
imply the existence of an endogenous purinergic tone acting on
P2X7 receptors to control neuronal differentiation of N2a cells.
Interestingly, neuroblastoma cells are capable of releasing a
variety of mediators including substance P and ATP itself (14,
15), and P2X7 receptor stimulation is also coupled to ATP
release from human ACN neuroblastoma cells (16). Neverthe-
less, very little is known about themechanisms involved in such
a release process and, particularly, as to whether P2X7 recep-
tors could be coupled to exocytosis from this sort of cells. In the
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present studywe have addressed this issue by identifying inN2a
cells several essential proteins of the exocytotic apparatus of
sympathetic neurons, including the vesicular catecholamine
and nucleotide transporters, and by measuring exocytosis with
both electrophysiological and imaging techniques in the pres-
ence of selective P2X7 receptor agents. Biochemical measure-
ments based on the luciferin-luciferase reaction indicated that,
in effect, N2a cells release ATP. Moreover, in clusters of N2a
cells we report the detection of small transient inward currents
(STICs), which are likely generated by the quantal release of
ATP. Altogether, our results indicate that P2X7 receptors are
coupled to exocytosis and to the regulation of secretory vesicle
dynamics in N2a cells, and they suggest that the exocytotic
release of ATP induced by P2X7 receptor stimulation could
mediate the tonic inhibition of neurite formation exerted by
P2X7 receptors in N2a cells.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—2�,3�-O-(4-Benzoyl)-benzoyl
ATP (BzATP), BBG, ionomycin, bovine serum albumin, quin-
acrine, and N-ethylmaleimide (NEM) were purchased from
Sigma. ARL 67156 was from Tocris Bioscience (Bristol, UK).
Fura-2 AM, fluo-4 AM, rhod-2 AM, and Lysotracker red
DND-99 were fromMolecular Probes (Invitrogen). Botulinum
neurotoxin A (BoNT/A) was purified as previously described
(17).
Cell Culture—Murine Neuro-2a (ATCC� number CCL-

131TM) cells were cultured in Dulbecco modified Eagle’s
medium (Sigma) supplemented with Glutamax� (Invitrogen),
penicillin/streptomycin (Invitrogen), and 10% heat-inactivated
fetal bovine serum (EuroClone, Padova, Italy). Cellswere grown
at 37 °C in a humidified atmosphere containing 5% CO2.
Electrophysiological Recordings—Electrophysiological re-

cordings were performed with an EPC9 patch clamp amplifier
using the PatchMaster software (HEKA Electronic, Lambrecht,
Germany). Pipettes were pulled from Kimax borosilicate glass
(Witz Scientific, Holland, OH) and subsequently wax-coated
and fire-polished to obtain a final resistance of 2–3 megaohms
when filled with standard solutions. The standard extracellular
solution (Mg2�-free Locke’s buffer) had the following compo-
sition: 140 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM

CaCl2, 10 mM HEPES, and 5.5 mM glucose (pH 7.4, adjusted
withNaOH; 294mosM). External Ca2�-free solution had CaCl2
replaced by 1 mM MgCl2. Recording pipettes were filled with a
solution containing 140 mM KCl, 1 mM MgCl2, and 10 mM

HEPES (pH 7.2, adjusted with KOH; 290 mosM). Cells attached
to glass coverslips (104 cells/ml) were transferred to a recording
chamber placed on the stage of an inverted Zeiss Axiovert 100
microscope and continuously superfused with Locke’s buffer
(perfusion rate of 1 ml min�1). Membrane currents were mea-
sured in the whole-cell configuration of the patch clamp tech-
nique (18), filtered at 2 kHz, and sampled at 10 KHz. Series
resistancewas compensated by 80% andmonitored throughout
the experiment together with the cell membrane capacitance.
STICs were analyzed off-line using PatchMaster to calculate
peak amplitude, rise time (20–80% of the peak amplitude), and
half-decay time (to 50% of peak amplitude). Such events were
detected using amplitude threshold set to 3 times the S.D. of the

noise, and each of them was visually inspected and additionally
filtered to avoid artifactual noise components.
Exocytosis was estimated by the membrane capacitance

increment according to the Lindau-Neher technique imple-
mented as the “Sine � D” feature of the PatchMaster lock-in
module (19, 20). A 1-kHz, 70-mV peak-to-peak amplitude
sinusoidal function was superimposed onto the holding voltage
(Vh; �70 mV). To determine the change in capacitance values,
membrane capacitance was first averaged over 2 s preceding
purinergic agonist (BzATP) or plain Locke’s solution applica-
tion to give a base-line value; this was subtracted from the value
estimated after drug or saline administration averaged over a
10-s window, excluding the first 1 s to avoid contamination by
nonsecretory capacitative or purinergic currents. Experiments
were performed at room temperature (22–24 °C).
Modified solutions and drugs were applied onto the cell

under investigation by means of a gravity-driven perfusion sys-
tem with 5 independent lines controlled by electronic valves
(The Lee Co., Westbrook, CO). This system allowed the
exchange of themedium surrounding a cell in less than 200ms.
In experiments involving the recording of STICs, drugs were
locally applied by pressure ejection from a patch-pipette (2–5
�m tip diameter) placed few �m away from a cell cluster. Pres-
sure pulses were delivered by an electronically controlled air
pump (MPCU, List Electronic, Darmstadt, Germany) at low
amplitudes (5–10 cm H2O) to reduce bulk movement of the
extracellular fluid. Stock solutions of drugswere diluted daily in
extracellular saline and incorporated into the perfusion system
a few minutes before starting the experiments.
Total Internal Reflection Fluorescence Microscopy (TIRFM)

Studies of Vesicle Fusion and Motion—The TIRF system was
based on a IX81 microscope (Olympus) equipped with a 100�,
1.45 NA, Plan Apochromat Olympus objective (pixel size, 80
nm). Two laser beams emitting at 488 and 561 nmwere used to
alternately illuminate the cell footprint, and the corresponding
fluorescence signals were band-pass-filtered with a dual-band
(emission between 500–550 nm and 580–620 nm) filter
(Chroma Technology Corp., Rockingham, VT). A filter wheel-
based epifluorescence illumination system (MT20; Olympus)
was also coupled to the setup by using an Olympus TIRFM
IX2-RFACA attachment system. Imaging was performed
with a C9100 EM-CCD digital camera from Hamamatsu
(Hamamatsu) controlled by CellR software (Olympus). Sepa-
rated images corresponding to each of the laser illumination
sources were acquired at a rate of 20 Hz to detect vesicle fusion
or 1Hz tomonitor vesiclemotion. Exposure timewas 10 and 50
ms, respectively. TIRFM calibration was performed according
toWu et al. (21), and decay constant of the evanescent field (1/e
depth) was determined to be 160 � 28 nm.

Different combinations of fluorescent dyeswere used to label
the cells. In experiments aimed at simultaneously determining
vesicle fusion and the intracellular calcium concentration
([Ca2�]i), N2a cells plated on coverslips inside 35-mm cell cul-
ture dishes (2.5� 105 cells/dish)were loadedwith quinacrine (2
�M; excited by 488-nm light) and rhod-2AM (10�M; excited by
561-nm light) for 20 min at 37 °C. At variance, N2a cells were
incubated with Lysotracker red (2 �M; excited by 561-nm light)
and fluo-4 AM (10 �M; excited by 488 nm light) in experiments
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designed tomonitor vesicular motion as well as [Ca2�]i. Fusion
of a vesicle and release of its content into the extracellular space
was detected as a rapid loss of the quinacrine signal (in less than
500 ms). During the experiments, cells were continuously
superfused with Locke’s medium at a rate of 1.5 ml min�1, and
P2X7 receptor-selective agents were applied by bath superfu-
sion. Perfusion was gravity-driven, and solution exchange was
performed by manually operating the electronic valves of a
VC-6 drug application system (Warner Instruments). Experi-
ments were performed at 37 °C.
Images were processed using the ImageJ software (public

domain image processing program developed by Wayne Ras-
band at the National Institutes of Health, Bethesda, Maryland)
with plug-ins for image average, region of interest measure-
ments, and particle centroid tracking. Further analysis such as
determination of mean square displacement according to Qian
et al. (22) and z distances according to Johns et al. (23) were
performed using homemademacros for IgorPro (WaveMetrics
Inc., Lake Oswego, OR). [Ca2�]i-related signals are presented
as relative fluorescent intensities (F/F0) rather than absolute
concentrations.
Luciferin-Luciferase Luminescence Assay—Extracellular

ATP concentration was measured using ENLITEN�
rLuciferase/Luciferin reagent (Promega, Madison, WI). N2a
cells were grown in 6-well plates till confluence. Culture
medium (100 �l) was collected under various experimental
conditions and centrifuged at 600 � g for 5 min at 4 °C, and
10-�l aliquots of supernatant were transferred to wells of a
96-well plate placed on ice. The 96-well plate was set in a
FLUOstar OPTIMA Microplate Luminometer (BMG
LABTECH GmbH, Offenburg, Germany), and 100 �l of rLu-
ciferase/Luciferin reagent was automatically injected into each
well at room temperature (�25 °C). Immediately before the
start of the experiments, N2a cells were bathed in Mg2�-free
Locke’s buffer for 1 h at 37 °C. Then cells were exposed for 5
min to either plain extracellular Locke’s buffer or Locke’s buffer
supplemented with 100 �MARL 67156, a competitive inhibitor
of ecto-ATPases (24), with 500 �M NEM or with the two com-
pounds, and their mediumwas collected to measure basal ATP
concentration. Thereafter, cells were stimulated by adding
ionomycin (10 �M, final concentration in extracellular
medium) prepared in either plain Locke’s buffer or Locke’s
buffer containing the above-mentioned supplements. Fivemin-
utes later, extracellular mediumwas again collected tomeasure
evoked ATP concentration. In another set of experiments, cells
were grown for 72 h in the absence or the presence of BoNT/A
(30 nM). Both controls and toxin-treated cells were incubated
with ARL 67156 (100 �M; 5 min) and subsequently challenged
with ionomycin (10 �M; 5 min) to elicit ATP release. ATP con-
centration was determined by comparison with a calibration
curve generated with ATP standards diluted in the same buffer
as the samples.
DataAnalysis—Pooled data are shown as themeans� S.E.; n

denotes the number of individual cells, vesicles, exocytotic
events, or STICs considered in each particular analysis. Statis-
tical differences were determined by the Student’s t test for
unpaired samples. A p value equal or smaller than 0.05 was
taken as the limit of significance.

RESULTS

P2X7 Receptors Trigger Exocytosis as Assayed by Membrane
Capacitance Measurements—It has been reported that N2a
cells transiently transfected with pro-opiomelanocortin un-
dergo calcium-regulated release of �-endorphin located to
dense-core granules (25, 26). On the other hand, N2a cells
express ionotropic purinergic P2X7 receptors whose activation
promotes Ca2� entry into the cell and the ensued increase in
[Ca2�]i (12). Thus, the question arises as to whether P2X7
receptorsmight be coupled to exocytosis in this neuroblastoma
cell line.We first addressed this issue by determining the poten-
tial change in membrane capacitance elicited by P2X7 receptor
stimulation. Biological membranes behave as electrical capaci-
tors whose capacitance is in direct relation to their surface.
Because exocytosis involves the fusion of the vesicle membrane
with the plasma membrane, it implies an increase in cellular
surface, which can be detected as a change in the capacitance of
the cell by using thewhole-cell configuration of the patch clamp
technique (20, 27). In these experiments we employedN2a cells
seeded at a low density (104 cells/ml) and systematically chose
cells with a rounded shape and isolated from neighbors (Fig.
1A). Resting membrane capacitance of N2a cells was 10.03 �
0.33 picofarads (n � 19). Selective activation of P2X7 receptors
with BzATP (100 �M for 10 s) induced inwardly directed non-
desensitizing currents that were consistently associatedwith an
increase in membrane capacitance (Fig. 1B). The mean charge
of the currents evoked by BzATP was 93.15 � 25.47 picocou-
lombs, and the capacitance increase was 84.77� 9.46 femtofar-
ads (n� 9 cells) (Fig. 1, B andC). None of these effects could be
due to an application artifact, as perfusing Locke’s solution dur-
ing 10 s did not cause any consistent change in whole-cell cur-
rent and was associated to a capacitance increase of only 2.5 �
2.5 femtofarads (n � 5 cells). On the contrary, it can be attrib-
uted to the activation of P2X7 receptors, as treatmentwith BBG
(5 �M, 3 min before and during agonist application), a selective
P2X7 receptor antagonist (28), reduced the currents (12.58 �
2.94 picocoulombs) and the capacitance increase (22.2 � 12.23
femtofarads) evoked byBzATPby 85 and 73%, respectively (n�
5 cells) (Fig. 1, B and C). Calcium-dependent neuroexocytosis
requires the formation of the SNARE (soluble N-ethylmaleim-
ide-sensitive fusion protein (NSF) attachment protein recep-
tor)membrane fusion complex between two plasmamembrane
proteins, syntaxin and SNAP-25, and one vesicular protein,
synaptobrevin/VAMP (29). SNARE complexes are disassem-
bled due to the ATPase activity of NSF, which allows recovery
of the components of the fusion complex for subsequent
rounds of exocytosis (30). Accordingly, NEM has been used as
tool to inhibit vesicle fusion underlying the exocytosis of a vari-
ety ofmediators includingATP (31). Interestingly, treatment of
N2a cells with 500�MNEM for 2min abolished the capacitance
increase elicited by BzATP without reducing P2X7 receptor-
mediated currents (supplemental Fig. S1). Altogether, these
results indicate that P2X7 receptors are coupled to exocytosis
in N2a cells.
P2X7 Receptors Trigger Exocytosis as Assayed by TIRFM

Imaging—To corroborate electrophysiological results, we
employed TIRFM to visualize exocytosis of individual large
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dense-core vesicles (LDCVs) from N2a cells. In TIRFM only a
thin layer close to the coverslip glass-solution interface is
excited by the evanescent field generated by total reflection of
the incident light, endowing this sort of microscopy with an
extraordinary sensitivity to detect membrane-proximal fluo-
rescent molecules. We made use of quinacrine, an acidophilic
dye that binds ATP in catecholaminergic and peptidergic vesi-
cles (32–34), and rhod-2, a Ca2� indicator dye, to image single-
vesicle exocytosis and [Ca2�]i after activation of P2X7 recep-
tors. LDCVs appeared as diffraction-limited fluorescent spots
in the evanescent field whose penetration depth (decay con-
stant of �160 nm) ensured that only labeled vesicles that are
close to the cell membrane adhering to the coverslip are visu-
alized. The number of quinacrine-labeled vesicles per N2a cell
footprint was 8.03 � 1.94, which implies an average density of
0.082 � 0.021 vesicles/�m2 (n � 120 cells). BzATP (100 �M, 30
s) administration was followed by an increase in rhod-2 fluo-
rescence and a reduction in the number of quinacrine fluores-
cence spots (Fig. 2, A–D; see supplemental Videos S1 and S2).
We could not resolve short-lived bright submicrometer spots of
near membrane rhod-2 fluorescence, characteristic of local
[Ca2�]i elevations (35). The fluorescence signal averaged over
the entire footprint reflected a slow but transient increase of
[Ca2�]i very much like that observed when epifluorescence
measurements of global cytosolic Ca2� are performed in N2a
cells loaded with the ratiometric dye fura-2 AM (see supple-
mental Video S3 and Fig. S2). A rough estimate of [Ca2�]i can
be obtained from theKd of rhod-2 (570 nM), the saturating ratio
Rmax � 	F/Fmax, and the resting [Ca2�]i (36). Post-simulation
values were in the range of 0.2–1 �M and were consistent with
those obtained from fura-2 measurements using similar stimu-
lation conditions (0.41 �M � 0.09; n � 141 cells; see supple-
mental Fig. S2). As expected for a Ca2�-regulated process, exo-

cytosis of quinacrine occurred in parallel with the elevation of
[Ca2�]i (supplemental Fig. S3).

It is worth noticing that Locke’s superfusion of the cells was
not associated to a change in [Ca2�]i (data not shown), whereas
the occurrence of spontaneous exocytotic eventswas fairly rare.
Moreover, adding BBG (5 �M) to the perfusion saline 5 min
before and during BzATP application blunted the [Ca2�]i
response to the P2X7 receptor agonist and markedly reduced
the probability of observing exocytotic events. We expressed
the frequency of exocytotic events under the different experi-
mental conditions as the fraction (%) of quinacrine fluores-
cence spots that were lost over a time window of 50 s after a
change in the perfusionmedium. As it is depicted in Fig. 2E, the
frequency of spontaneous exocytotic events was 3.17 � 1.1%
(n � 48 cells), a value that increased three times upon BzATP
administration (10.29 � 2.3%; p 
 0.01; n � 52 cells). Further-
more, in the presence BBG, the fraction of exocytotic events
was diminished to 3.12 � 2.0% (n � 20 cells), a figure not sig-
nificantly different from that observed in non-stimulated cells.
Interestingly, in cells treated with NEM (500 �M for 2 min), the
frequency of exocytosis after BzATP application was also
reduced to control levels (2.988 � 0.85%; n � 36 cells; data not
shown). Likewise, BoNT/A (30 nM for 72 h), aClostridium toxin
with endopeptidase activity against SNAP-25 (37), reduced the
percentage of quinacrine events from 10.44% (n � 48 cells) to
4.2% (n � 44 cells), an effect accompanied by the cleavage of
SNAP-25 as determined by Western blot (supplemental Fig.
S4). Thus, TIRFM imaging confirms previous electrophysi-
ological data involving P2X7 receptors in exocytosis from N2a
cells.
P2X7 Receptors Control LDCV Mobility at the Subplasma-

lemma Region—Ca2�-dependent exocytosis of secretory vesi-
cles is the result of a cascade of events comprising the anchoring

FIGURE 1. P2X7 receptor stimulation triggers exocytosis from N2a cells. A, superimposed images of an N2a cell loaded with Lysotracker red visualized using
bright field and TIRF microscopy are shown. Note the rounded shape of the cell and the granular appearance of its cytoplasm under differential interference
contrast optics; the fluorescence image shows Lysotracker red-labeled vesicles located in a �200-nm thin layer of cytosol adjacent to the plasma membrane
in contact with the glass coverslip (“footprint”). B, a patch clamp recording of whole-cell currents (lower panel) and membrane capacitance changes (middle
panel) induced by BzATP (100 �M, 10 s; BzATP) in the absence and the presence of BBG (5 �M; �BBG) in a N2a cell is shown. BBG was administered 3 min
before and during BzATP application. Dashed lines indicate membrane capacitance before stimulation and a zero current level, respectively. Current responses
to a voltage sine wave (1-Hz, 70-mV peak to peak; black boxes in the voltage protocol shown in the upper panel) were used to estimate membrane capacitance.
Vh � �70 mV. C, capacitance changes evoked by BzATP in the absence (BzATP; n � 9 cells) and the presence of BBG (�BBG; n � 5 cells) in N2a cells are shown.
The control bar depicts the capacitance response to Locke’s superfusion in a different set of cells (n � 5 cells). ***, p 
 0.005 with respect to control.
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of the vesicles to the plasmamembrane (“docking”) and amem-
brane-delimited maturation process that renders the vesicles
fusion-competent (“priming”). As these two processes imply
the translocation and the change in mobility of vesicles, it can
be directly studied with TIRFM (38). We, thus, performed
experiments to characterize the effects of BzATP on LDCV
motion in N2a cells as a mean to explore the involvement of
P2X7 receptors in the control of processes preceding vesicle
exocytosis. To this aim, N2a cells were incubated with Lyso-
tracker red,which labels a small fraction of LDCVs, hence, facil-
itating the observation of vesicle trajectories devoid of cross-
ings. Given that Lysotracker red fluorescence is excited by
561-nm light, we employed in these experiments fluo-4, a
[Ca2�]i indicator sensitive to 488-nm light. Because Lyso-
tracker red may label acidic organelles other that LDCV, we
investigated the degree of coincidence between Lysotracker red
fluorescence and that of pGEF-N1-synaptobrevin 2 targeted to
the secretory vesicles of N2a cells. As shown in supplemental

Fig. S5, Lysotracker red produced a clear vesicular pattern
under confocal microscopy, whereas pGEF-N1-synaptobrevin
2 gave rise to a more diffused staining, probably indicating the
presence of synaptobrevin in several compartments of the gran-
ule biogenesis pathway. Quantitative analysis indicated a per-
centage of coincidence of Lysotracker red pixels with pGEF-
N1-synaptobrevin 2 pixels of 75.35 � 2.17% with a Pearson’s
correlation coefficient corresponding to all colocalized pixels of
0.76 � 0.01 (n � 9 cells), thus implying that Lysotracker red
extensively labels LDCVs in our cell model.
First, we analyzed the movement of LDCVs in a direction

perpendicular to the glass-liquid interface to which the cells
adhere (xz plane; axial movement). Inherent to total internal
reflection fluorescence is an exponentially decaying excitation
light in the xz plane, which causes fluorescently labeled vesicles
to appear progressively brighter as they move toward the inter-
face, where the plasmamembrane is located. As expected, stim-
ulation of the cells with BzATP (100 �M for 30 s) produced an

FIGURE 2. P2X7 receptor stimulation increases submembrane [Ca2�]i and induces LDCV exocytosis from N2a cells. N2a cells were incubated with rhod-2
and quinacrine as described under “Experimental Procedures.” Cells were placed in a superfusion chamber, and fluorescence was excited alternating with
488-nm (to excite quinacrine) and 561-nm light (to excite rhod-2) under total internal reflection fluorescence conditions. Images were taken at 50-ms intervals.
Bath perfusion with 100 �M BzATP for 30 s started at t � 0. A, time-lapse series of images at 5-s intervals of rhod-2 fluorescence from the footprint of a N2a cell
after superfusion with BzATP is shown. B, shown is the time course of spatially averaged changes in rhod-2 fluorescence from the cell shown in A. C, shown is
a time-lapse series of images at 5-s intervals of quinacrine-labeled vesicles from the footprint of the cell shown in A. The gray circle in the upper region of every
image denotes a quinacrine-labeled vesicle that is exocytosed between 45 and 50 s after the beginning of BzATP stimulation. D, shown is the time-course of
quinacrine fluorescence for the region of interest comprised in the circle defined in C. The rapid loss of the quinacrine signal at t � 47 s is apparent. E, P2X7
receptor activation increases the frequency of LDCV fusions in N2a cells. Frequency of vesicle fusion was estimated by counting the number of quinacrine-
labeled granules lost over 50 s after a change in the superfusion medium and expressed as a percentage of total quinacrine spots. Control, Locke’s solution (n �
48 cells); BzATP, BzATP 100 �M for 30 s (n � 52 cells); �BBG, BzATP in the presence of BBG 5 �M (n � 20 cells). BBG was administered 5 min before and during
BzATP perfusion. Note that the frequency of fusions is significantly (p 
 0.01) higher in BzATP-stimulated cells as compared with cells superfused with plain
Locke’s solution or cells stimulated with BzATP in the presence of BBG. Calibration bar in A and C, 10 �m.
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increase in fluo-4 fluorescence, reflecting the rise in [Ca2�]i
(Fig. 3,A andB; supplemental Video S4). Thiswas accompanied
by changes in the fluorescence intensity of Lysotracker red-
tagged vesicles (Fig. 3, C and D; supplemental Video S5) such
that a number of vesicles became brighter (see vesicle 1 in Fig.
3C and the dashed line in Fig. 3D), whereas others underwent
small fluorescence decreases (vesicle 2 in Fig. 3C and the dotted
line in Fig. 3D), and still others did not show any significant
change in fluorescence (vesicle 3 in Fig. 3C and the continuous
line in Fig. 3D). Such a differential behavior in vesicle fluores-
cence led us to classify LCDVs into three groups according to
their axialmovement; 1) vesicles approaching the plasmamem-
brane, 2) vesicles moving away from it, and 3), vesicles keeping
their position with respect to the membrane. We have evalu-
ated the relative distribution of the three vesicle populations in
non-stimulated cells, BzATP-stimulated cells, and BzATP-
stimulated cells in the presence of BBG (Fig. 3E). Because the

loading with Lysotracker red showed variability between cells
and between LDCVs of the same cell and also because of the
possible existence of infoldings in the plasma membrane, we
did not infer the absolute z position of the vesicles from its
fluorescence intensity but only estimated the	z change.We set
a vertical displacement of �15 nm from the initial position as
the minimum that a vesicle should move for being assigned to
one of the two first groups (namely, vesicles approaching or
leaving themembrane). BzATP stimulation increased by 4-fold
the percentage of vesicles approaching themembrane (11.91�
1.9%; n � 57 cells) in comparison with non-stimulated cells
(3.0 � 1.0%; n � 42 cells) or cells stimulated with BzATP in the
presence of BBG (3.5 � 1.9%; n � 18 cells). The population of
vesicles moving away from themembrane was also aminor one
(7–12%), although its importance did not vary significantly
among the three conditions considered. Last, vesicles keeping
their position relative to the plasma membrane constituted the

FIGURE 3. P2X7 receptor stimulation modifies axial movement of LDCVs. Cells were loaded with Lysotracker red and fluo-4 as indicated under “Experi-
mental Procedures,” and TIRFM images were taken at 1-s intervals. A, shown is a time-lapse series of images at 5-s intervals of fluo-4 fluorescence from the
footprint of a N2a cell after superfusion with BzATP (100 �M for 30 s; initiated at t � 0). B, shown is the time-course of spatially averaged changes in fluo-4
fluorescence from the cell shown in A. C, shown is a time-lapse series of images at 5-s intervals of a group of Lysotracker red-tagged vesicles from the footprint
of the cell shown in A. Changes in vesicle fluorescence over time reflect the movement of the vesicles toward and away from the plasma membrane. Three
vesicles representative of different motion behaviors appear encircled and numbered (1, 2, and 3). D, shown is the time-course of changes in fluorescence of
the regions of interest comprised in the circles drawn in C. The dashed line reflects the axial movement of vesicle 1 that approaches the plasma membrane, the
dotted line reports on vesicle 2 that moves away from the membrane, and the continuous line refers to vesicle 3 that keeps its distance to the membrane. E, P2X7
receptor stimulation increases the fraction of LDCVs approaching the plasma membrane. Relative distribution in non-stimulated N2a cells (Control, 199 vesicles
from 42 cells), N2a cells stimulated with 100 �M BzATP (Bz-ATP, 284 vesicles from 57 cells), and N2a cells stimulated with 100 �M BzATP in the presence of 5 �M

BBG (�BBG, 95 vesicles from 18 cells) of three groups of LDCVs defined according to their type of movement in the xz plane; left bars, vesicles approaching the
membrane; middle bars, vesicles moving away from the plasma membrane; right bars, vesicles keeping their distance to the membrane. BBG was administered
5 min before and during BzATP perfusion. Note that the population of vesicles that gets closer to the membrane in BzATP-stimulated cells is significantly (p 

0.005) larger than in control cells or BzATP-stimulated cells in the presence of BBG. F, 	z distance covered by vesicles within the three different axial movement
groups from non-stimulated N2a cells (Control), N2a cells stimulated with 100 �M BzATP (Bz-ATP), and N2a cells stimulated with 100 �M BzATP in the presence
of 5 �M BBG (�BBG) is shown. LDCVs analyzed were the same as in E. Calibration bar in A and C, 10 �m.
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largest population, contributing 80–90% of the vesicles tagged
with Lysotracker red irrespective of the experimental condi-
tions. Interestingly, the average displacement (	z distance) of
the vesicles within each particular group was quite constant
across the three experimental situations (Fig. 3F).
Next, we studied vesicle motion in the plane parallel to the

glass-liquid interface (xy plane; parallel movement). After rep-
resenting vesicle trajectories obtained by tracking LDCV cen-
troids, we could distinguish three movement patterns based on
the maximal displacement of the vesicles: 1) unrestricted
mobility, 2) restricted caged mobility, and 3) near immobility
(Fig. 4A, 1–3). Because picking a specific distance for the anal-
ysis proved difficult due to large differences in net translocation
among individual granules, we decided to differentiate between
types of vesicle mobility by analyzing the plot of the mean
square displacement against incrementing time intervals (23,
39–42). This method allows the distinction between immobile
andmobile vesicles from the slope of the plot at x3 0; likewise,
a negative curvature of the plot indicates a restricted motion,
whereas a linear increase or a positive curvature ofmean square
displacement versus time would indicate a free random or

directedmotion (namely, the unrestricted type of motion) (Fig.
4B, 1–3).
Under control conditions (perfusionwith a Locke’s solution),

the fraction of vesicles displaying an unrestricted random or
directed type of movement was 47.59 � 4.57% (n � 42 cells),
whereas those displaying a restricted motion accounted for by
11.62 � 2.99% of the vesicles; likewise, near immobile vesicles
were 40.81 � 4.68% of all vesicles analyzed. Upon stimulation
with 100 �M BzATP (30 s), there was a statistically significant
increment in the fraction of immobile vesicles (63.63 � 3.97%;
n � 57 cells), this increment being associated with a reduction
in the fraction of those displaying an unrestricted type ofmove-
ment (22.91 � 3.19%). Importantly, pretreatment with 5 �M

BBGprevented the effect of BzATP on vesiclemovement in the
xy plane, thus confirming the involvement of P2X7 receptors
(Fig. 4C). Collectively, these findings indicate that in addition to
trigger exocytosis, P2X7 receptor activation profoundly modi-
fies secretory vesicle dynamics in N2a cells.
N2a Cells Express Major Synaptic Proteins and the Vesicular

Monoamine and Nucleotide Transporters—The above-re-
ported functional studies demonstrate that P2X7 receptor acti-

FIGURE 4. P2X7 receptor stimulation reduces parallel movement of LDCVs. A, vesicle trajectories in the xy plane are shown. Three types of movement were
distinguished on the basis of maximal displacement of the vesicles within a time window of 25 s: unrestricted movement (exemplified by the vesicle in A1),
restricted movement (exemplified by the vesicle shown in A2), and near immobility (exemplified by the vesicle shown in A3). Green dots show the initial position
in the trajectory, and red dots show the end position. Calibration bar, 1 �m. B, shown are mean square displacements (MSD) at different time intervals from the
trajectories shown in A. C, relative distribution in non-stimulated N2a cells (Control, 199 vesicles from 42 cells), N2a cells stimulated with 100 �M BzATP (Bz-ATP,
284 vesicles from 57 cells), and N2a cells stimulated with 100 �M BzATP in the presence of 5 �M BBG (�BBG, 95 vesicles from 18 cells) of LDCV pools defined
according to their type of movement in the xy plane; left bars, unrestricted motion; middle bars, restricted motion; right bars, near immobility. Note that the
fraction of near immobile vesicles in BzATP-stimulated cells is significantly larger than in control cells, and the fraction of vesicles with unrestricted motion has
been comparatively reduced (p 
 0.005 in both cases).
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vation triggers exocytosis from N2a cells. However, both the
proteins mediating vesicle fusion and the type of cargo stored
and released are not known. Because neuroblastoma cells arise
from neural crest precursors of the sympathetic nervous sys-
tem, we set out to investigate whether N2a cells express prom-
inentmembers of the secretorymachinery involved in calcium-
dependent neuroexocytosis. Hence, the expression of the three
members, SNAP-25, syntaxin 1, and synaptobrevin/VAMP, of
the neuronal SNAREmembrane fusion complex and other pro-
teins involved in synaptic exocytosis was analyzed by immuno-
cytochemistry or RT-PCR (supplemental Fig. S6). In N2a cells,
SNAP-25 and syntaxin 1A were predominantly localized at the
plasma membrane as already reported (26). At variance, vesi-
cle-resident proteins such as synaptophysin and synaptobrevin
showed a broad intracellular distribution. Moreover, synapsin
1, a protein involved in regulating the number of synaptic ves-
icles available for exocytotic release (43), also showed a cytoso-
lic location in N2a cells. Likewise, the expression of vesicular
monoamine transporters 1 and 2 (VMAT-1 and VMAT-2) as
markers of catecholamine-storing vesicles was investigated.
Both transporter proteins were detected in N2a cells and local-
ized in the cytosolic compartment (supplemental Fig. S6A).
Interestingly, a high level of the vesicular nucleotide trans-
porter transcript was also observed in N2A cells (supplemental
Fig. S6B), suggesting that ATP and other nucleotidic com-
pounds could be co-storedwith catecholamines and released by
exocytosis in a Ca2�-dependent manner.
N2aCells Release ATP—Toconfirm the ability ofN2a cells to

release ATP, we set out to use the very sensitive luciferin-lucif-
erase assay to quantify ATP in the extracellular medium under
experimental conditions that either facilitated or inhibited
Ca2�-dependent exocytosis (Fig. 5). Basal ATP release was
fairly low (�15 pM) irrespective of the presence or the absence
of the ecto-ATPase inhibitorARL67156 (100�M) in the culture
medium. The Ca2�-selective ionophore, ionomycin (10 �M),
increased the ATP concentration to 75 pM, this value being
more than doubled in the presence of ARL 67156. This result
indicates that ATP release depends on an elevation of [Ca2�]i
and, hence, suggests it can involve an exocytotic mechanism.
The participation of SNARE proteins in such a release process
was confirmed by using (i) NEM (500 �M), which strongly
inhibited both basal and ionomycin-induced ATP release (Fig.
5, A and B), and (ii) BoNT/A (30 nM; 72 h), which reduced by
62.25 � 5.11% (n � 3 experiments performed in triplicate) the
net release of ATP induced by ionomycin (supplemental Fig.
S4).
P2X7 Receptors Trigger Quantal ATP Release—If the release

of ATP from N2a cells were exocytotic, then it would be possi-
ble to detect it as STICs, reminiscent of ATP-mediated post-
synaptic currents, provided that the sensor cell and the ATP-
releasing one were sufficiently close to each other (44). We,
therefore, decided to allow the growth of N2a cells in coverslips
for 48 h so that they almost reached confluency and to patch
clamp only those cells included in clusters comprising 5–20
individual cells (supplemental Fig. S7A). In resting conditions,
the occurrence of STICs was very infrequent (0.02 � 0.01 Hz;
calculated for a 120 s observation time in 6 cells), likely indicat-
ing a low rate of spontaneous ATP release (Fig. 6,A and E). The

mean amplitude of STICs in resting conditions was 10.36 �
0.23 pA, with a rise time (20–80%) of 4.6 � 0.56 ms and a
half-decay time of 6.72 � 0.48 ms (11 spikes from 6 cells). Sim-
ilarly toTIRFMand capacitancemeasurement experiments, we
looked for the effect on the incidence of STICs of BzATP (100
�M for 10 s) applied by pressure from a patch pipette located
some �m away from the recorded cell. BzATP generated a
slowly rising current that returned to base line once drug
administration was stopped (Fig. 6A). Both during BzATP
application and the washout phase, there was an increase in the
appearance of STICs (0.086 � 0.02 Hz; 62 STICs from 6 cells),
which nevertheless exhibited similar amplitude and kinetics as
that of STICs recorded in resting conditions (Fig. 6D). The fast
time course of STICs suggested that they could arise fromvesic-
ularATP released byBzATP stimulation. To get insight into the
mechanism of STIC generation, we first investigated the
dependence on extracellular Ca2� of STIC occurrence. To this
aim, cells were bathed in a Ca2�-free solution containing 1 mM

Mg2� so that currents elicited by BzATP in the presence or
absence of external Ca2�displayed similar amplitudes (data not
shown). Under these conditions much fewer STICs were
detected after BzATP stimulation (17 STICs from 5 cells;
0.029 � 0.08 Hz), suggesting that BzATP-induced STICs were
dependent on influx of extracellular Ca2� (Fig. 6, B and E). We
also tested the effect of ionomycin (5 �M) on the incidence of

FIGURE 5. N2a cells release ATP by a NEM-sensitive mechanism. A, shown
are representative records of luminescence evoked by ATP released into the
extracellular medium of N2a cells before (Control) and after ionomycin (10
�M) stimulation in the absence (ionomycin) or presence of the ecto-ATPase
inhibitor ARL67156 (100 �M; ARL � Iono) or ARL67156 plus the exocytosis
inhibitor NEM (500 �M; NEM � ARL � Iono). Extracellular medium was col-
lected after a 5-min exposure of the cells to each of the different experimental
conditions. Luminescence is expressed as relative light units (RLU). B, quanti-
fication of ATP release under the different experimental conditions is shown.
Each bar represents the mean � S.E. of the results from three experiments. A
calibration curve generated with serial dilutions of an ATP standard was used
to convert luminescence units into ATP concentration values. **, p 
 0.005;
***, p 
 0.001 with respect to control; ###, p 
 0.001 compared with
ARL67156 � ionomycin.
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FIGURE 6. Detection of small transient inward currents (STICs) in N2a cells. A, upper panel, spontaneous STIC (*) recorded in a N2 cell bathed in a standard
(2.5 mM Ca2�)-containing extracellular solution (Control) is shown. Lower panel, shown is a local application of BzATP (100 �M for 10 s) from a patch pipette to
the same cell that generated STICs (*) during the BzATP-induced inward current and during washout. B, shown are STICs (*) generated by BzATP in a N2a cell
bathed in a 0 Ca2�-containing extracellular solution. C, STICs (*) generated by local application of ionomycin (10 �M for 15 s; Iono) in two different N2a cells
bathed in an standard extracellular saline in the absence (upper panel) or presence of BBG (5 �M) (lower panel). Below each asterisk the corresponding STIC is
shown at an expanded current and time scale. Vh � �70 mV. D, STICs generated by BzATP application did not differ from those recorded under control
conditions. The values for the amplitude, rise time (20 – 80%), and half-decay time were normalized to the mean parameter values of STICs detected in control
conditions. Nine STICs in control conditions and 62 STICs after application of BzATP were included in the analysis (n � 6 cells). E, mean frequency of STICs
recorded under different experimental conditions is shown. The first four bars to the left represent the mean frequency of STICs recorded in the standard (2 Ca2�;
n � 6 cells) or a Ca2�-free (0 Ca2�; n � 5 cells) extracellular solution before (Ctrl) and after BzATP (BzATP) application; the first three bars from the right represent
the mean frequency of STICs recorded in standard (2 Ca2�) extracellular solution before (Ctrl) and after ionomycin application in the absence (Iono; n � 6 cells)
and presence of BBG (Iono � BBG; n � 5 cells). *, p 
 0.05; **, p 
 0.001; ***, p 
 0.005 with respect to its corresponding control.
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STICs. As Fig. 6, C and E show, besides eliciting a long-lasting
outward current possibly reflecting the activation of a Ca2�-de-
pendent K� conductance (45), ionomycin increased the fre-
quency of STICs (0.077� 0.012Hz; 55 STICs from6 cells), thus
implying a relation with an elevation of [Ca2�]i. Confirmation
that STICs were indeed mediated by P2X7 receptors was
obtained by adding BBG to the bath solution. Consistent with
our expectations, treatment with BBG (5 �M; added to the bath
and puffer pipette solutions) abolished STICs evoked by iono-
mycin (0.0085 � 0.0002 Hz; 5 cells) (Fig. 6, C and E). It is also
worth mentioning that no significant differences in size and
kinetics were observed among STICs detected under the differ-
ent experimental conditions (supplemental Fig. S6, B–D).
Moreover, no correlation was found between the amplitude
and decay time of the STICs detected in all experiments (r �
0.61). Altogether, these results indicate that endogenous ATP
acting on P2X7 receptors generates STICs and that P2X7
receptor stimulation can elicit vesicular ATP release.

DISCUSSION

ATP and its metabolites have now achieved a full and possi-
bly unique status as ubiquitous extracellular messengers. In the
nervous system, adenine nucleotides have been involved in
intercellular communication between neurons and between
neurons and glial cells as well as in the control of cell prolifera-
tion, migration, and differentiation (46). The latter roles are
essential in supporting brain development, maturation, and
repair after either acute injuries or chronic degenerative pro-
cesses (47). Given the ubiquitous distribution of ATP, an ade-
quate performance of such a variety of functions requires the
existence of not only a rich repertoire of purinergic receptors
with differential affinity and coupling to intracellular signaling
pathways but also a tight control of the availability of the sig-
naling molecule in the extracellular space. On the other hand,
cell heterogeneity of primary neuronal cultures and the need to
reduce animal use in biomedical research havemade clonal cell
lines from neuroectodermal origin a convenient experimental
model to study basic mechanisms in neural cell signaling.
Recently, we have reported that P2X7 receptor inhibition pro-
motes neuritogenesis from N2a murine neuroblastoma cells
and axonal growth in rat hippocampal neurons (12, 13). By
allowing the entrance of small cations into the cell, P2X recep-
tors may also be coupled to some rapid signaling pathways, like
those responsible for the control of membrane excitability and
the exocytotic release of neurotransmitters. Interestingly, P2X7
receptors are the onlymembers of the ionotropic family of puri-
nergic receptors functionally expressed in N2a cells (12, 48), a
cell type that does not show voltage-gated Ca2� entry when
kept in a non-differentiated state.5 These two facts make this
cell system an ideally suited model to study the direct coupling
of P2X7 receptors to exocytosis. In the present study, by
employing high resolution techniques (patch clamp and
TIRFM imaging), we have been able to demonstrate that P2X7
receptor activation not only triggers exocytosis but also pro-

foundlymodifies secretory vesicle dynamics inN2a cells.More-
over, immunocytochemical andmolecular biological data indi-
cate that these cells express essential proteins involved in
exocytosis and have the capability of storing catecholamines
and nucleotides in secretory vesicles. Likewise, biochemical
measurements demonstrate that N2a cells secrete ATP by an
SNARE-dependent exocytotic mechanism. Last, P2X7 recep-
tors have also been shown to mediate the generation of STICs
reflecting quantal ATP release, whose incidence is increased by
agents that elevate [Ca2�]i (ionomycin and the P2X7 receptor
agonist, BzATP) and diminished in the absence of extracellular
Ca2�.
Membrane capacitance measurements are commonly used

as a single-cell assay of exocytosis. Our results indicate that
short (few seconds) pulses of BzATP trigger capacitance
increases in the 10s of femtofarads range. Taken the value of 1.9
femtofarads for the capacitance of a single chromaffin granule
(49), the catecholamine and ATP-storing LDCV from adre-
nomedullary chromaffin cells, we estimate that on average our
stimulation paradigm induces the exocytosis of �40 LDCVs
from N2a cells. Interestingly, such a response, which involves
vesicular fusion due to its sensitivity to NEM, can be attributed
to the activation of P2X7 receptors as it is not observed under
basal (saline superfusion) conditions and, for its major part, is
prevented when BzATP-activated currents are inhibited by
BBG, a P2X7 receptor antagonist. In comparison with previous
work on human neuroblastoma cells reporting small increases
(3–4 times the basal values) in substance P release after 2 h of
stimulation with nucleotides (15), the results presented here,
besides demonstrating a direct coupling (our recording condi-
tions effectively isolate P2X7 receptor-mediated currents)
between P2X7 receptors and exocytosis in N2a cells, illustrate
the ability of this cell line to rapidly and efficiently undergo
exocytosis.
Electrophysiological data were complemented by TIRFM

imaging, which allows the observation of individual secretory
vesicles in real time during exocytosis. After loading N2a cells
with quinacrine, we were able to detect diffraction-limited
(�400-nm diameter) fluorescent spots representing ATP-con-
taining vesicles (32, 34, 50) located in the submembrane region
of the cell. Moreover, by simultaneously loading the cells with
rhod-2, a [Ca2�]i indicator dye, we could also monitor changes
in [Ca2�]i in the cell regionwhere exocytosis occurs. Exocytosis
was detected by the rapid loss of quinacrine fluorescence, and
release efficacy was estimated as the fraction of labeled-vesicles
exocytosed in a given time period (50 s). Under control condi-
tions, there were not significant changes in rhod-2 fluores-
cence, whereas the fraction of vesicles exocytosed was of 3%.
Importantly, upon BzATP application, both a rise in submem-
brane [Ca2�]i and a 3-fold increase in the number of exocytotic
events were observed. It should be noted that the idea that the
cell region in contact with the culture support (the footprint)
can show exocytosis is consistent with a wealth of information
derived from TIRFM imaging employing vesicular membrane
markers (51) and with electron microscopy studies (52) and is
also in linewith our results on theBoNT/AandNEMsensitivity
of the quinacrine-fluorescence loss events. Both submembrane
[Ca2�]i increases and the accompanying vesicular exocytosis

5 Y. Gutiérrez-Martín, D. Bustillo, R. Gómez-Villafuertes, J. Sánchez-Nogueiro,
C. Torregrosa-Hetland, T. Binz, L. M. Gutiérrez, M. T. Miras-Portugal, and
A. R. Artalejo, unpublished data.
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can be directly attributed to P2X7 receptor activation, as they
were reduced to near control values in the presence of BBG.
The observation that only about 10% of the LDCVs that are
exposed to a submembrane [Ca2�]i elevation is released indi-
cates that proximity to the plasma membrane does not ensure
release readiness and that vesicles have to undergo docking and
a priming process to achieve full release competence (53–55).
Both processes can be directly studied by TIRFM, as they have
been related to changes in vesicle mobility (53). Therefore,
docking has been shown to correspond to changes in the axial
mobility (56, 57), whereas priming is associated with restricted
lateral motion (40). Similarly to what has been reported for
embryonic mouse chromaffin cells (56), most of the LDCVs
seen at the footprint ofN2a cells are stably docked at the plasma
membrane. Axial movement leading to either vesicle docking
(movement toward the membrane) or undocking (movement
away from the membrane) was observed for a relatively small
fraction of the vesicles. Noteworthy, P2X7 receptor stimulation
was associated with a significant increase in the fraction of ves-
icles that approached the plasmamembrane. This can be inter-
preted as if P2X7 receptors could control the rate of vesicle
delivery from the cell interior, this effect being crucial to sup-
port secretion over sustained stimulation. Interestingly, vesicle
supply and docking at the plasmamembrane are two processes
interlinked by the action of Munc 18-1, a cytosolic protein
known to enhance morphological vesicle docking by interact-
ing both with the plasma membrane SNARE, syntaxin, and the
actin cytoskeleton (58–60). In neurons and neuroendocrine
cells, docked vesicles need to undergo priming before they can
be released. Primed vesicles constitute the readily releasable
pool of vesicles and can be rapidly exocytosed in response to an
elevation in [Ca2�]i. Priming requires the formation of the ter-
nary SNARE complex between syntaxin, SNAP-25, and synap-
tobrevin/VAMP (53) and has been associated with vesicle
immobilization (40, 61). In resting N2a cells, about 45% of the
vesicles visualized at the footprint appear as near immobile in
the plane parallel to the membrane. P2X7 receptor stimulation
leads to an increase in the fraction of immobile vesicles and a
concomitant reduction of those exhibiting unrestricted mobil-
ity. These two effects imply an overall decrease in lateral mobil-
ity of the vesicles locatedwithin the evanescent field and, there-
fore, are consistent with enhanced vesicle priming. Our results
also point to a concomitant increase in the fraction of immobile
vesicles and in the rate of exocytosis. Both effects are mutually
compatible by considering the different dependence on [Ca2�]i
of vesicle priming and exocytosis (62) and that the former is
accelerated at physiological temperature (63). Hence, under
our experimental condition of 37 °C and with the moderate
[Ca2�]i elevation elicited by BzATP, it is feasible to induce an
overfilling of the readily releasable pool, whereas the cell exhib-
its a modest secretory response (64). Altogether, the functional
results so far discussed indicate that P2X7 receptor stimulation
affects multiple steps (vesicle delivery, docking, priming, and
exocytosis) in the regulated-secretion pathway of N2a cells.
Most likely, this is a consequence of the ability of [Ca2�]i, which
is elevated after P2X7 receptor activation, to control secretion
in a way that ensures both a fast secretory response due to the
release of the readily releasable pool of vesicles and a sustained

secretion by promoting the delivery of vesicles to the exocytotic
sites at the plasma membrane as well and their priming to
achieve release competence (65–67).
Our results add to the existing evidence implicating P2X

receptors in neurotransmitter and hormone release from neu-
rons and neuroendocrine cells (68). N2a cells express the three
neuronal SNAREs, which are involved in the docking, priming,
and fusion steps of regulated exocytosis (69–71). Moreover, in
accordance with their origin from precursors of sympathetic
neurons, they are endowed with LDCVs specialized in the stor-
age of catecholamines and ATP. Our experiments also support
the notion that ATP transported into secretory granules (72)
can be released by exocytosis after a rise in [Ca2�]i brought
about by ionomycin and by P2X7 receptor activation. We have
reached this conclusion by a biochemical determination ofATP
release but also by using N2a cells as biosensors to detect their
own ATP release. Hence, in response to stimulation by either
ionomycin or BzATP, we recorded STICs that were mediated
by ATP acting on P2X7 receptors due to their sensitivity to
BBG. In addition, the fast kinetics of STICs and the non-desen-
sitizing characteristics of P2X receptor-mediated responses
suggest that STICs are based on non-equilibrium ATP gradi-
ents like those expected to arise from a vesicular type of release.
Furthermore, the extracellular Ca2� dependence of STIC
occurrence is fully in accordance with the involvement of a
classical exocytoticmechanism. Taking into account our previ-
ous results indicating that P2X7 receptors activated by endog-
enously released ATP exert a tonic inhibition of neuron-like
differentiation of N2a cells (12, 13), the present results impli-
cating P2X7 receptors in exocytosis prompt us to propose the
existence of an autocrine/paracrine positive feedback mecha-
nism by which P2X7 receptors would mediate the exocytotic
release ofATP that, in turn, would act on P2X7 receptors on the
same or neighbor cells to further stimulate its own release and
negatively control cell differentiation. Likewise, our results
point out the suitability of N2a cells as a model system to char-
acterize the physiology of vesicular release of ATP and to
explore many of the complex intra- and intercellular signaling
networks controlled by ATP in both the central and peripheral
nervous system.

REFERENCES
1. Burnstock, G., and Kennedy, C. (1985) Gen. Pharmacol. 16, 433–440
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