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P2X7 Receptors Mediate ATP Release and Amplification of
Astrocytic Intercellular Ca2� Signaling
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Modulation of synaptic transmission and brain microcirculation are new roles ascribed to astrocytes in CNS function. A mechanism by
which astrocytes modify neuronal activity in the healthy brain depends on fluctuations of cytosolic Ca 2� levels, which regulate the release
of “gliotransmitters” via an exocytic pathway. Under pathological conditions, however, the participation of other pathways, including
connexin hemichannels and the pore-forming P2X7R, have been proposed but remain controversial. Through the use of genetically
modified 1321N1 human astrocytoma cells and of spinal cord astrocytes derived from neonatal Cx43- and P2X7R-null mice, we provide
strong evidence that P2X7Rs, but not Cx43 hemichannels, are sites of ATP release that promote the amplification of Ca 2� signal trans-
mission within the astrocytic network after exposure to low divalent cation solution. Moreover, our results showing that gap junction
channel blockers (heptanol, octanol, carbenoxolone, flufenamic acid, and mefloquine) are antagonists of the P2X7R indicate the inade-
quacy of using these compounds as evidence for the participation of connexin hemichannels as sites of gliotransmitter release.
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Introduction
Astrocytes “in situ” and “in vitro” respond to various neurotrans-
mitters with increases in cytosolic Ca 2� (Porter and McCarthy,
1997), which then elicit release of “gliotransmitters” (e.g., ATP,
glutamate) that modulate neuronal activity (Haydon, 2001; New-
man, 2003). There is compelling evidence that the Ca 2�-
dependent mechanism of transmitter release from astrocytes in-
volves regulated exocytosis (Parpura et al., 1994; Coco et al.,
2003; Bezzi et al., 2004). Several reports indicate that additional
Ca 2�-independent mechanisms may also contribute to transmit-
ter release from astrocytes; the identity of these pathways remains
controversial, with conflicting evidence supporting the participa-
tion of connexin hemichannels and/or P2X7 receptors in this
process.

Although GABA and glutamate release through P2X7Rs was
reported to occur in astrocytes (Wang et al., 2002; Duan et al.,
2003), the only evidence favoring the participation of P2X7Rs in
ATP release was provided by Ballerini et al. (1996). These authors
showed that stimulation of rat astrocytes with a P2X7R agonist
([2�-3�-O-(4-Benzoyl-benzoyl) adenosine 5�-triphosphate
(BzATP)) induced Lucifer yellow (LY) uptake and purine release,
whereas the antagonist oxidized ATP (oATP) prevented these
responses. However, in murine astrocytes, oATP failed to block
ATP-induced ATP release, suggesting that the pore-forming
P2X7R was not involved (Anderson et al., 2004).

The first report implicating hemichannels in the process of

ATP release from glial (C6 glioma) cells was based on a direct
correlation between the level of Cx43 expression and that of re-
leased ATP (Cotrina et al., 1998). Later, it was observed that only
ATP-releasing astrocytes and Cx43-C6 cells displayed an inward
current and uptake of propidium iodide that was potentiated by
increasing Cx43 expression levels (Arcuino et al., 2002). In two
recent studies (Stout et al., 2002; Stout and Charles, 2003), it was
reported that a gap junction channel blocker prevented mechan-
ically induced ATP release from astrocytes and from Cx43-C6
cells, whereas removal of extracellular Ca 2� potentiated this re-
lease. In contrast to these reports, however, is our observation
that extracellular Ca 2� removal and/or forced Cx43 expression in
a P2R-null astrocytoma cell line did not induce any significant LY
uptake (Suadicani et al., 2004).

The identification of mechanisms mediating transmitter re-
lease from astrocytes is relevant not only for normal physiological
processes but also for pathological states of the CNS. For instance,
during ischemic insults (Harris and Symon, 1984) and seizures
(Louvel and Heinemann, 1983), reduction of Ca 2� concentra-
tions in the extracellular environment may trigger the release of
transmitters from astrocytes. The aim of this study was to evalu-
ate whether hemichannels and/or P2X7Rs participate in trans-
mitter release from spinal cord astrocytes after exposure to low
divalent cation solution. For this purpose, we used pharmacolog-
ical inhibitors and mice lacking Cx43 or P2X7R. We first evalu-
ated whether gap junction channel blockers affected the proper-
ties of P2X7Rs and then analyzed the extent to which
hemichannels and/or P2X7Rs participate in the amplification of
intercellular Ca 2� wave transmission between wild-type (WT),
Cx43-, and P2X7R-null spinal cord astrocytes. Our results indi-
cate that gap junction channel blockers are P2X7R antagonists,
and that these receptors, but not Cx43 hemichannels, contribute
to ATP release that amplifies astrocytic Ca 2� waves.
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Materials and Methods
Astrocyte cultures. Spinal cords were obtained from neonatal wild-type,
Cx43-null (offspring of Cx43 heterozygous C57BL/6J-Gja1 tm1Kdr; The
Jackson Laboratory, Bar Harbor, ME) and P2X7R-null (C57BL/6; Pfizer,
Groton, CT) mice. Animal colonies were maintained in the Association
for Assessment and Accreditation of Laboratory Animal Care approved
animal facility at AECOM. Primary cultures of spinal cord astrocytes
were prepared as described previously (Scemes et al., 2000) and grown in
DMEM (Invitrogen, Grand Island, NY) supplemented with 5% fetal bo-
vine serum (FBS; Invitrogen) and 1% Penicillin-Streptomycin (Mediat-
ech, Cellgro, VA) at 37°C in a humidified 5% CO2 incubator for 10 –20 d.
Cells were then trypsinized (0.05% trypsin for 1 min at 37°C), centri-
fuged, resuspended in DMEM, and seeded on MatTek dishes 2– 4 d
before experimentation.

Generation and maintenance of P2X7R clones. Clones stably expressing
P2X7Rs were generated in the human astrocytoma 1321N1 cell line (Eu-
ropean Collection of Cell Cultures, Salisbury, UK) as described previ-
ously (Suadicani et al., 2004). Briefly, 1321N1 cells grown in Petri dishes
containing culture medium (DMEM, 10% FBS, and 1% Penicillin-
Streptomycin) were plated on 35 mm dishes, grown to confluence, and
transfected with 4 – 6 �g of the rat P2X7R cDNA (a gift from Dr. A.
Surprenant, Institute of Molecular Physiology, University of Sheffield,
Sheffield, UK) inserted in pcDNA3 vector using 6 �l of Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA). Forty-eight hours after trans-
fection, cells were transferred to 100 mm Petri dishes at low density
(0.2– 0.5 cell/mm 2) and maintained in selection medium [DMEM sup-
plemented with 500 �g/ml G-418 (Invitrogen)] for 20–30 d at 37°C in a
humidified 5% CO2 incubator. Clones were then isolated, and the functional
expression of the P2X7R was verified by the ability of the transfectants to
respond to BzATP with Ca2� transients and dye uptake (see below).

Intracellular calcium transients. Changes in cytosolic calcium levels
were measured as described previously (Scemes et al., 2000; Suadicani et
al., 2004). Briefly, cells plated on glass-bottomed dishes (MatTek, Ash-
land, MA) were loaded with the ratiometric Ca 2� indicator fura-2 AM
(10 �M; Invitrogen, Eugene, OR) for 45 min at 37°C, and after several
washes with DPBS (pH 7.4; Dulbecco PBS; Cellgro), cells were imaged on
a Nikon TE2000 inverted microscope equipped with a CCD digital cam-
era (Orca-ER; Hamamatsu Photonics, Hamamatsu, Japan) and a 20�
panfluo objective (numerical aperture, 0.45; Nikon). Changes in fura-2
fluorescence intensities emitted at two excitation wavelengths (340 and
380 nm) were acquired at 1.0 Hz using the Lambda DG-4 (Sutter Instru-
ments, Novato, CA) driven by a computer through Metafluor software
(Universal Imaging, West Chester, PA). Values of intracellular Ca 2�

levels determined from regions of interest placed on cells were obtained
from fura-2 ratio images using an in vitro calibration curve. Noncumu-
lative dose–response curves were obtained for the P2X7R agonist BzATP.
An interval of 5 min after several washes with DPBS was maintained
between the additions of increasing doses (10 nM to 1 mM) of the same
agonist.

Dye uptake. Parental and P2X7R-expressing 1321N1 cells plated on
MatTek dishes were bathed for 5 min in DPBS containing the cell-
impermeant (629 Da) dye YoPro-1 (5 �M; a cationic cyanine monomer
that after binding to nucleic acids exhibits a 1800-fold fluorescence en-
hancement; Invitrogen), and the basal fluorescence intensity was mea-
sured from regions of interest placed on cells. To activate P2X7Rs and
induce pore formation, cells were exposed to 200 �M BzATP in 5 �M

YoPro control (DPBS, containing 1 mM Ca 2� and 492 �M MgCl2) and
low divalent cation solutions (LDPBS; containing zero Ca 2� and 43 �M

MgCl2, prepared by dissolving 1 mM MgCl2 and 1 mM EDTA in 0 Ca 2�,
0 MgCl2 DPBS; free-Mg 2� concentration was calculated using the Max-
Chelator software, http://www.stanford.edu/�cpatton/maxc.htlm), and
the fluorescence intensity was measured after 5 min of exposure. To
evaluate the effect of the P2X7R antagonist Brilliant Blue G (BBG) and of
gap junction channel blockers on P2X7R-mediated dye uptake, the
P2X7R-expressing cells were exposed to BzATP (100 or 200 �M) in 5 �M

YoPro-1 low divalent cation solution in the absence and presence of each
of these compounds, and the fluorescence intensity was measured after a
5 min exposure. After background subtraction, YoPro fluorescence in-

tensity was normalized to values obtained from cells bathed in 5 �M

YoPro low divalent cation solution. YoPro fluorescence was captured
using an Orca-ER CCD camera attached to an inverted Nikon micro-
scope equipped with a 20� dry objective and 488 nm filter set using
Metafluor software.

ATP release measurements. The amount of ATP released by parental
and P2X7R-expressing 1321N1 cells exposed for 2 min to control (DPBS)
and low divalent cation (LDPBS) solutions was determined using the
Luciferin-Luciferase assay (Invitrogen). Total amount of ATP present in
the bathing solutions was calculated according to standard curves and
ATP concentration expressed as nM/10 �g protein. Distinct standard
curves were generated by diluting ATP (50 –5000 nM final concentra-
tions) in each of the experimental solutions used.

Intercellular calcium waves. Spinal cord astrocytes plated on MatTek
dishes were loaded with fura-2 AM (10 �M) for 45 min at 37°C and
changes in fura-2 fluorescence intensities measured as described above.
Intercellular calcium waves (ICWs) were triggered by focal mechanical
stimulation of single cells in the center of the microscope field of view
(460 � 367 �m), as described previously (Scemes et al., 1998). The
properties of the ICW was analyzed in terms of efficacy (relative number
of cells per field that responded with an increase in basal Ca 2� level) and
of extent of spread, which was evaluated based on the efficacy in concen-
tric tiers (�40 �m radius) set from the point of the stimulus (Suadicani
et al., 2004). The glutamate antagonist MCPG [(RS)-�-Methyl-4-car-
boxyphenylglycine; Tocris Cookson, Ballwin, MO] and the ATP degrad-
ing enzyme apyrase (EC 3.6.1.5 grade III; Sigma, St. Louis, MO) were
used to evaluate the participation of glutamate and ATP on the transmis-
sion of ICWs.

Western blotting. Whole-cell lysates were electrophoresed on 10%
SDS-PAGE (Bio-Rad, Hercules, CA) and proteins transferred onto ni-
trocellulose membranes (Schleicher & Schuell, Keene, NH). After over-
night incubation with blocking buffer (1� PBS with 5% nonfat dry milk)
at 4°C, the membranes were incubated for 1 h at room temperature (RT)
with polyclonal anti-Cx43 antibody (1:2000; a gift from Dr. E. L.
Hertzberg, Albert Einstein College of Medicine, Department of Neuro-
science, Bronx, NY) or polyclonal anti-P2X7R (1:500; Alomone Labs,
Jerusalem, Israel) and monoclonal anti-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) antibody (1:5000; Research Diagnostics,
Flanders, NJ). After several washes in 1� PBS containing 0.5% Tween 20,
the membranes were incubated with horseradish peroxidase-conjugated
anti-rabbit and anti-mouse IgG (1:2000; Vector Laboratories, Burlin-
game, CA) for 1 h at RT. Detection of bands was performed on x-ray film
(Kodak, Rochester, NY) after incubation of the membranes with the
enhanced chemiluminescence reagents (Amersham Biosciences, Buck-
inghamshire, UK).

Chemicals. The following gap junction channel blockers were used:
flufenamic acid (FFA), carbenoxolone (CBX), mefloquine (MFQ), octa-
nol (OCT), and heptanol (HEP). The shorther chain alcohol, hexanol
(HEXA), and the nonactive analog of CBX, glycyrrhizic acid (GCZ), were
also used. We used BzATP as an agonist and BBG as an antagonist of the
P2X7R. With the exception of MFQ (kindly provided by Dr. M. Srinivas,
Department of Biological Sciences, State University of New York State
College of Optometry, New York, NY), all reagents were from Sigma.

Statistical analysis. All data are expressed as means � SE. GraphPad
Prism version 4 was used in the statistical analysis, and data sets were com-
pared by one-way ANOVA followed by Newman–Keuls or Tukey’s tests.

Results
Gap junction blockers are antagonists of and prevent ATP
release through P2X7R
Most evidence implicating connexin hemichannels in the release
of transmitters from astrocytes has relied on the use of pharma-
cological compounds (gap junction channel blockers) that are
nonspecific and have been shown to affect the activity of Na�,
K�, and Cl� channels as well as adenosine receptors (Gogelein et
al., 1990; Farrugia et al., 1993; Ottolia and Toro, 1994; Poyraz et
al., 2003; Weiss et al., 2003; Vessey et al., 2004). Whether some of
the gap junction blockers that have been commonly used for such
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studies can also affect P2X7 receptors has not been evaluated
previously. To address this question, we tested whether these
compounds could affect Ca 2� influx and cell permeabilization
induced by P2X7R activation. To do this, we stably expressed the
rat P2X7R in a cell line, the human 1321N1 astrocytoma, which is
devoid of endogenous P2 receptor expression and is poorly cou-
pled by Cx43 gap junction channels (Suadicani et al., 2004). The
adequacy of this system for such studies was determined by ana-
lyzing the functional expression of these receptors. For that, we
measured agonist induced Ca 2� influx and dye uptake in paren-
tal and P2X7R-expressing cells, as well as tested the effects of a
P2X7R antagonist on these events. Bath application of 200 �M

P2X7R agonist BzATP induced an increase in intracellular Ca 2�

in fura-2 AM-loaded P2X7R cells but not in parental cells (Fig.
1A). Moreover, Ca 2� influx induced by 100 �M BzATP was
blocked after a 2 min preincubation with 100 nM BBG (Fig. 1B),
a potent antagonist for the rat P2X7R (Jiang et al., 2000). Another
characteristic of these ionotropic receptors, in addition to pro-
viding cation influx, is the induction of large pores in the cell
membrane, which allow the diffusion of molecules up to 900 Da.
To test for pore formation in P2X7R-expressing cells, we mea-
sured uptake of the fluorescent dye YoPro-1 (Fig. 1C,D). As
shown in Figure 1C, after BzATP (200 �M) application, an in-
crease in intracellular YoPro fluorescence intensity in cells ex-
pressing P2X7R (black bars) was detected, which was not ob-
served in parental cells (gray bars). As reported previously
(Virginio et al., 1997), BzATP-induced influx of this 629 Da dye
was potentiated when P2X7R-expressing cells were bathed in low
divalent cation solution (Fig. 1C). YoPro uptake induced by
BzATP (100 �M) under these conditions was greatly reduced by
BBG (100 nM) (Fig. 1D), further confirming the participation of
P2X7Rs.

FFA, CBX, MFQ, octanol, and heptanol are among the most
common gap junction channel blockers used to verify the partic-
ipation of connexin hemichannels in transmitter release from
astrocytes and several other cell types, although they lack speci-
ficity. For instance, the nonsteroid fenamate drug, FFA, which at
nanomolar concentration has an anti-inflammatory action, is a
potent blocker of several ion channels (Gogelein et al., 1990;
White and Aylwin, 1990; Wang et al., 1997; Schultz et al., 1999),
including gap junctions, when used at micromolar levels (Srini-
vas and Spray, 2003). CBX is a glycyrrhetinic acid derivate that
requires long exposure time and concentrations above 50 �M to
block gap junctional communication (Davidson et al., 1986;
Spray et al., 2002) and also affects other ion channels (Rouach et
al., 2003; Vessey et al., 2004). Long chain alkanols (halothene)
and alcohols (octanol and heptanol) have long been known to
close gap junctions (Johnston et al., 1980) and also to reduce
neuronal excitability probably by affecting membrane fluidity
(Takens-Kwak et al., 1992).

To evaluate whether these compounds also display antagonis-
tic activity against P2X7Rs, we tested the effect on Ca 2� influx
mediated by P2X7R activation. For that, we measured the effect of
increasing concentrations of these blockers on the amplitude of
intracellular calcium transients induced by bath application of a
fixed maximal concentration of BzATP (100 �M), determined
from the logistic dose–response curve for this agonist (Fig. 2A).
With the exception of octanol and heptanol (which at 1.5 mM did
not affect BzATP-induced Ca 2� influx) (Fig. 2B), all other com-
pounds antagonized to different degrees the Ca 2� elevations in
response to 100 �M BzATP (Fig. 2A). The calculated IC50 values
(concentration inducing half-maximal inhibition) obtained
from fitting the logistic curves displayed in Figure 2A were 655
nM for FFA, 175 nM for CBX, and 2.5 nM for MFQ, indicating that
these drugs are �100 –1000 times more potent at blocking rat
P2X7R than gap junction channels. Of note is the noncompetitive
nature of the antagonism provided by CBX and MFQ, as indi-
cated by the reduction of the maximal amplitude of BzATP-
induced Ca 2� influx (50 and 70%, respectively). Figure 2, C and
D, shows examples of the inhibitory effects of CBX and MFQ on
intracellular Ca 2� mobilization induced by 100 �M BzATP. With
the exception of FFA, the blockade provided by CBX and MFQ
was irreversible, at least within 10 min after washout and a min-
imum of 2 min of pre-exposure was necessary for these com-
pounds to block BzATP-induced Ca 2� rise. GCZ, a nonactive
analog of CBX, and the short chain alcohol, hexanol (HEXA), did
not affect BzATP-induced Ca 2� mobilization. In the presence of
100 �M GCZ or 3 mM HEXA, BzATP (100 �M) increased intra-
cellular Ca 2� levels to 1668 � 76 nM (n � 52 cells) and 1817 � 74
nM (n � 18 cells), respectively; these values were not statistically
different ( p � 0.05; ANOVA) from those recorded in the absence
of GCZ and HEXA (1846 � 74 nM; n � 23 cells).

We next evaluated whether these compounds could also pre-
vent YoPro-1 uptake in BzATP stimulated P2X7R cells bathed in
low divalent cation solution. [Exposure to solutions with reduced
divalent cation concentrations has been reported to increase the
sensitivity of P2X7R to its ligands ATP and BzATP (Virginio et al.,
1997; North and Surprenant, 2000) and also proposed to favor
opening of hemichannels formed by certain connexins when ex-
ogenously expressed in Xenopus oocytes (Ebihara, 1996; Pfahnl
and Dahl, 1999; Eskandari et al., 2002; Gomez-Hernandez et al.,
2003)].

In these experiments, all gap junction channel blockers tested,
including octanol and heptanol, were found to prevent the 22-
fold increase in YoPro-1 uptake induced by 100 �M BzATP (Fig.

Figure 1. Functional characterization of P2X7R expressed in 1321N1 human astrocytoma
cells. A, Intracellular Ca 2� changes induced by bath application (arrow) of 200 �M BzATP in
fura-2 AM loaded parental (white triangles) and P2X7R-expressing 1321N1 (black squares)
cells. B, Increase in intracellular Ca 2� levels of P2X7R-expressing 1321N1 cells induced by bath
application (arrow) of 100 �M BzATP was prevented by 100 nM BBG (specific r-P2X7R antago-
nist). C, YoPro-1 fluorescence intensity measured from parental and from P2X7R-expressing
1321N1 cells bathed in control (DPBS) and in low divalent cation (LDPBS) solutions in the
absence and presence of 200 �M BzATP. Note the characteristic potentiation of BzATP-induced
YoPro-1 uptake in cells bathed in low divalent cation solutions. D, BzATP-induced changes in
YoPro-1 fluorescence intensity measured from P2X7R-expressing 1321N1 cells bathed in low
divalent cation solutions in the absence and in the presence of 100 nM BBG. The first bar shows
background YoPro fluorescence measured from cells bathed in low divalent cation solution
before the addition of BzATP. Data are expressed as mean � SEM (n � 80 –120 cells from at
least 2 independent experiments; **p 	 0.01, ANOVA followed by Newman–Keuls test). Error
bars represent SEM.
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2E); note in Figure 2E that neither GCZ nor HEXA affected
BzATP-induced YoPro uptake. The possibility, however, that the
effects of gap junction channels blockers on dye uptake are re-
lated to the influx through hemichannels [Cx43 is expressed in
1321N1 cells (Suadicani et al., 2004)] seems unlikely given that
data presented in Figure 1C clearly show that only the P2X7R
expressing cells and not the parental cells display significant in-
crement of YoPro-1 uptake in low divalent cation solutions.

The demonstrated ability of these active compounds to block
P2X7R-mediated dye uptake also suggested that they might pre-
vent the efflux of transmitters through these receptors. To verify
this possibility, we measured the amount of ATP present in the
solutions bathing parental and P2X7R-expressing 1321N1 cells.
As shown in Figure 2F, the amount of ATP present in control
solution bathing parental 1321N1 cells was not significantly dif-
ferent from that obtained from control solutions bathing P2X7R-
expressing cells. In contrast, when cells were exposed to low di-
valent cation solution, a twofold increase in the amount of ATP

present in the bathing solution was obtained only for P2X7R-
expressing cells; this increase in ATP release from P2X7R express-
ing cells bathed in low divalent solution was prevented by the
P2X7R antagonist BBG (100 nM) and by the gap junction channel
blocker MFQ (2 nM) (Fig. 2F). These data, therefore, indicate that
gap junction blockers are potent antagonists of the P2X7R and
prevent P2X7R-mediated ATP release.

ATP release mediates the amplification of intercellular Ca 2�

waves in spinal cord astrocytes
Given that it has been reported that glutamate and ATP are re-
leased after exposure of astrocytes to low divalent cation solution
(Stout and Charles, 2003;Ye et al., 2003; Duan et al., 2003), we
evaluated the extent to which ATP and glutamate contributed to
amplification of ICW spread in spinal cord astrocytes. We first
compared the efficacies (relative number of responding cells) and
the distance traveled by mechanically induced ICWs in confluent
cultures of wild-type spinal cord astrocytes bathed in control and
in low divalent cation solutions and then analyzed the effects of
the broad spectrum metabotropic glutamate receptor antagonist,
MCPG, and of the ATP degrading enzyme, apyrase, in this
process.

As illustrated in Figure 3, A and B, the ICWs induced in spinal
cord astrocytes bathed in control solution spread to fewer cells
and traveled shorter distances (efficacy, 0.39 � 0.02; radius,
108.20 � 4.27 �m; n � 97 fields, 18 experiments) than waves
induced in astrocytes bathed in low divalent cation solution (ef-
ficacy, 0.71 � 0.02; radius, 149.5 � 3.15 �m; n � 35 fields, 6
experiments). The ATP degrading enzyme apyrase (50 U/ml),
but not the glutamate antagonist MCPG, prevented ICW ampli-
fication induced by low divalent cation solution (Fig. 3C). In the
presence of apyrase, the efficacy of ICW spread in astrocytes ex-
posed to low divalent cation solution was reduced to 0.38 � 0.04
(n � 25 fields, 3 experiments), a value similar ( p � 0.05;
ANOVA) to that obtained from cells bathed in control solution.
In contrast, exposure of astrocytes to 1 mM MCPG, a concentra-
tion that has been shown to completely block glutamate-induced
Ca 2� transients in these cells (Pasti et al., 1997), did not prevent
ICW amplification; in this case, the efficacy (0.64 � 0.04; n � 26
fields, 4 experiments) of ICW spread between cells bathed in low
divalent cation solution containing the glutamate receptor antag-
onist was not significantly different ( p � 0.05; ANOVA) from
that observed in the absence of MCPG (efficacy, 0.71 � 0.02; n �
35 fields, 6 experiments).

These data, therefore, indicate that ATP rather than glutamate
mediates the amplification of the Ca 2� signal transmission be-
tween spinal cord astrocytes exposed to low divalent cation
solution.

P2X7Rs but not Cx43 hemichannels mediate
ICW amplification
Astrocytes express a variety of P2 receptors, including the P2X7R
(Fumagalli et al., 2003), and are mainly coupled by Cx43 gap
junction channels (Scemes et al., 2000). To determine whether
Cx43 hemichannels and/or P2X7R participate in the amplifica-
tion of astrocytic ICW spread induced by low divalent cation
solution, we used Cx43-null and P2X7R-null spinal cord astro-
cytes. This strategy allowed testing the individual contribution of
these two proteins to ICW spread without the use of pharmaco-
logical gap junction blockers, which are shown (Figs. 1, 2) to be
antagonists of the P2X7R.

Figure 4 depicts the relative number of WT, Cx43-, and
P2X7R-null astrocytes per tier (efficacy per tier) that participated

Figure 2. Gap junction channel blockers are antagonists of P2X7R. A, Dose–response for
BzATP (squares) obtained from fura-2 AM loaded P2X7R-expressing 1321N1 cells. Evidence for
the nonsurmountable blockade of BzATP-induced Ca 2� influx by MFQ (diamonds), FFA (cir-
cles), and CBX (triangles) were obtained by using a fixed concentration of BzATP (100 �M) and
varying the concentration of gap junction channel blockers. B, Intracellular Ca 2� elevations
induced by 100 �M BzATP in the absence and in the presence of 1.5 mM OCT or HEP. C and D show
examples of the blockade provided by two doses of CBX and MFQ on BzATP-induced Ca 2�

mobilization, respectively; note that after CBX and MFQ washout (10 min), no response to BzATP
(100 �M) was recorded. Arrows indicate BzATP addition. E, Bar histograms showing the mean
relative YoPro fluorescence intensity (F/F0) changes induced by 100 �M BzATP in the absence
and presence of 100 �M GCZ, 50 �M CBX, 1 nM MFQ, 100 �M FFA (concentrations that produced
at least 80% blockade of BzATP-induced Ca 2� influx) (Fig. 1), 1.5 mM OCT, 1.5 mM HEP, and 3
mM HEXA. F, Bar histograms showing the mean values of ATP (nM/10 �g of total protein)
present in the bathing solution of parental and P2X7R-expressing 1321N1 cells exposed for 2
min to control and low divalent cation solutions in the absence and presence of BBG (100 nM)
and MFQ (2 nM). Data are expressed as mean � SEM (n � 100 –210 cells from at least 2
independent experiments; *** p 	 0.001, ANOVA followed by Newman–Keuls test). Error bars
represent SEM.
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in ICW spread when cells were bathed in control (gray bars) and
in low divalent cation (black bars) solutions. Exposure of WT
cells to low divalent cation solution expanded the radius of astro-
cytic ICW spread and increased the number of participating cells
(Fig. 4A). Note that for the same wave spread radius, particularly
beyond 120 �m, reduction of extracellular divalent concentra-
tion of the bathing solution led to a threefold increase of the
number of responding cells. Similarly to what was observed for
WT astrocytes, exposure of Cx43-null astrocytes to low divalent
cation solution significantly increased the distance of Ca 2� signal
spread (Fig. 4B). In low divalent cation solution, ICWs spread

farther (radius of 141.6 � 3.86 �m) and with two times higher
efficacy (0.68 � 0.02) compared with ICWs recorded under con-
trol conditions (radius, 91.2 � 4.35 �m; efficacy, 0.32 � 0.02; n �
80 and 39 fields, 7–10 experiments). In contrast to what was
observed for WT and Cx43-null astrocytes, exposure of P2X7R-

Figure 3. ATP mediates ICW amplification induced by low divalent cation solution. Pseudo-
colored time-lapse images of mechanically induced ICW spread in confluent primary cultures of
spinal cord astrocytes exposed to control (DPBS) (A) and low divalent cation solutions (LDPBS)
(B). C, Bar histogram showing the mean efficacy values of the Ca 2� signal transmission in cells
bathed in control and low divalent cation solutions in the absence and presence of MCPG and
apyrase. Note that only apyrase (50 U/ml) but not MCPG (1 mM) completely prevented the
increase in the efficacy of ICW induced by low divalent cation solution. Error bars correspond to
mean � SEM. n � 25–97 fields; 3–18 experiments; *** p 	 0.001 (ANOVA followed by
Tukey’s test).

Figure 4. P2X7 receptors contribute to ICW amplification induced by low divalent cation
solution. Relative number of cells per tier (efficacy per tier) participating in the transmission of
Ca 2� signals triggered by focal mechanical stimulation of single cells in confluent cultures of
WT (A), Cx43- (B), and P2X7R-null (C) spinal cord astrocytes bathed in control (gray bars) and
low divalent cation (black bars) solutions. The increased relative number of participating cells
per tier and extent of ICW transmission induced by low divalent cation solution is absent only in
P2X7R-null cells. Data are expressed as mean � SEM (n � 5– 6 fields from one representative
experiment). Error bars represent SEM.
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null astrocytes to low divalent cation solution did not lead to ICW
amplification (radius, 123.7 � 4.85 �m; efficacy, 0.50 � 0.03; 24
fields, 4 experiments) (Fig. 4C). The amplification of the Ca 2�

signal transmission observed in WT and Cx43 KO spinal cord
astrocytes bathed in low divalent cation solution was significantly
reduced by 100 nM P2X7R antagonist BBG and totally prevented
by 1 �M BBG (Fig. 5A), which did not alter ICW efficacy under
control conditions. [Electrophysiological experiments per-
formed in collaboration with Dr. David C. Spray (Albert Einstein
College of Medicine, Department of Neuroscience, Bronx, NY)
indicated that BBG even at 10 �M did not affect Cx43 gap junc-
tion channels in Cx43 transfected N2A cells (our unpublished
observations)]. Similarly, 2 nM MFQ, a gap junction channel
blocker that, at this concentration, does not affect Cx43 channels
(Cruikshank et al., 2004) but is a potent antagonist of the P2X7R
(Figs. 1, 2) also attenuated ICW amplification observed in WT
and Cx43-null cells (Fig. 5A).

Recently, Anderson et al. (2004) indicated that under normal
divalent cation conditions, cultured cortical astrocytes displayed
multiple mechanisms by which ATP induces ATP release, which
were found to be sensitive to generic P2R receptor blockers, al-
though insensitive to a P2X7R antagonist, oATP, and sensitive to
some anion channel blockers. Moreover, when cortical astrocytes
were bathed in 0 Ca 2� solutions in the absence of ATP stimula-
tion, a distinct pathway sensitive to gap junction channel blockers
was identified (Anderson et al., 2004). The results presented here
describing that Ca 2� wave spread between spinal cord astrocytes
bathed in divalent cation containing solution are insensitive to
P2X7R antagonist BBG, whereas waves traveling between cells
bathed in low divalent cation solution are affected by MFQ, are in
agreement with those reported by Anderson et al. (2004). Missing
from their studies, however, is the report of whether under 0

Ca 2� conditions oATP would also affect purine release from cor-
tical astrocytes, as is shown here to be the case for BBG.

Because we have previously reported that expression of nu-
merous genes is altered in astrocytes derived from Cx43-null
mice (Iacobas et al., 2003), including some P2 receptors (Scemes
et al., 2000; Suadicani et al., 2003), we evaluated by Western blot
analysis whether the expression levels of Cx43 and P2X7R were
altered in the P2X7R- and Cx43-null spinal cord astrocytes. As
shown in Figure 5B, deletion of Cx43 does not alter the expres-
sion levels of P2X7Rs, and P2X7R deletion does not affect the
expression levels of Cx43. Evidence for functional expression of
P2X7R in cultured spinal cord astrocytes is provided in Figure 5C.
Bath application of 300 �M BzATP induced a sustained increase
in intracellular Ca 2� levels, which was prevented by bathing the
cells in low divalent cation solution (Fig. 5C, left graph). The
nonsustained Ca 2� transient observed under this low divalent
cation condition is likely related to activation of metabotrobic
P2Y receptors as a result of some contaminating ATP present in
the BzATP solution (�95% purity; Sigma). In addition to induc-
ing Ca 2� influx, BzATP (300 �M) promoted YoPro uptake (Fig.
5D, right graph), which was blocked by the P2X7R antagonist
BBG (100 nM), as well as by MFQ (2 nM). Note that the amount of
BzATP-induced YoPro-1 uptake in spinal cord astrocytes bathed
in low divalent cation solution is much lower than that recorded
from 1321N1 cells (compare Figs. 2C and 5D), which might in-
dicate low expression of P2X7R in these cells.

Thus, these results provide strong evidence that P2X7R and
not Cx43 hemichannels are involved in the amplification of ICW
spread in spinal cord astrocytes exposed to low divalent cation solu-
tion. Furthermore, our results indicate that the use of mice with
targeted deletions provide a more reliable, precise, and direct way to
evaluate the contribution of hemichannels than the use of nonselec-
tive compounds such as the gap junction channel blockers.

Discussion
The data presented here support the conclusion that P2X7R and
not Cx43 hemichannels participate in the amplification of Ca 2�

signal transmission between spinal cord astrocytes under low di-
valent conditions by providing sites of ATP release. The identifi-
cation of pathways mediating the release of ATP is highly relevant
given that this triphosphate nucleotide is a ubiquitous extracel-
lular messenger that affects diverse cellular functions including
chemotaxis, cytokine and neurotransmitter release, cell prolifer-
ation, and apoptosis. Also, ATP is a potent messenger of the
transmission of Ca 2� signals within and between astrocytes (van
den Pol et al., 1992; Pearce and Langley, 1994); these astrocytic
Ca 2� signals, in turn, modulate neuronal activity (Kang et al.,
1998) and brain microcirculation (Zonta et al., 2003; Mulligan
and MacVicar, 2004), by promoting regulated release of glio-
transmitters (Parpura et al., 1995).

In addition to regulated exocytosis, other mechanisms of
transmitter release from astrocytes have been proposed, includ-
ing diffusion through gap junction hemichannels and the pore-
forming P2X7 receptors (Ballerini et al., 1996; Cotrina et al., 1998;
Stout et al., 2002; Duan et al., 2003; Ye et al., 2003). The ability of
cells to take up and release small molecules combined with the
use of gap junction channel blockers have been considered ade-
quate criteria for demonstrating involvement of connexin
hemichannels (Saez et al., 2005). However, these are correlative
studies with no direct demonstration of hemichannel participa-
tion in this process. For instance, the only biophysical evidence
for opening of Cx43 hemichannels in mammalian cells (Con-
treras et al., 2003) indicated that activation of one to three unap-

Figure 5. A, Bar histograms showing the mean values of ICW efficacies obtained for WT and
Cx43-null astrocytes exposed to control (DPBS) and low divalent cation (LDPBS) solutions in the
absence and presence of BBG (100 nM and 1 �M) and MFQ (2 nM) (n � 20 –97 fields, 3–18
experiments; p values from ANOVA followed by Tukey’s test). B, Representative Western blot
showing the expression levels of P2X7R, Cx43, and GAPDH obtained from whole-cell lysates of
WT, Cx43-, and P2X7R-null spinal cord astrocytes. C, Intracellular Ca 2� changes induced by bath
application (arrows) of 300 �M BzATP in fura-2 AM loaded WT spinal cord astrocytes bathed in
control (DPBS; closed cirlces) and in low divalent cation solution (LDPBS; open circles). D, Time
course of relative YoPro-1 fluorescence intensity changes recorded from WT spinal cord astro-
cytes induced by 300 �M BzATP, in the absence and presence of BBG (100 nM) and MFQ (2 nM).
Error bars represent SEM.
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posed Cx43 gap junction channels occurred after strong mem-
brane depolarization (above �50 mV) and to display modest to
low dependence on extracellular Ca 2�. Yet, under resting condi-
tions, when Cx43 hemichannels have been shown to be electro-
physiologically silent (Contreras et al., 2003), dye uptake from
astrocytes and other cell types has been attributed to the diffusion
through open hemichannels solely based on compounds that af-
fect gap junction channels, blockers that lack specificity.

Clearly missing from the literature is an evaluation of whether
gap junction channel blockers can affect other diffusion pathways
such as the pore-forming P2X7R. Our results indicate that indeed
gap junction channel blockers are antagonists of the P2X7Rs and
thus cannot be used to discriminate between these two pathways.
Based on the agonist dose–response curve for antagonist-
pretreated cells, two types of antagonism were observed: a com-
petitive antagonism provided by the fenamate FFA and a non-
competitive antagonism provided by the glycyrrhetinic acid
derivative CBX and the quinine derivative MFQ. Moreover, our
results showing that the long chain alcohols heptanol and octanol
can block YoPro uptake without affecting BzATP-induced Ca 2�

influx suggest that these compounds like calmidazolium and
KN-62 (Blanchard et al., 1995; Virginio et al., 1997; Chessell et al.,
1998; Michel et al., 2000) can differentiate between “channel”
and “pore” forms of the P2X7R. Differences in type of antago-
nism and potency of blockade observed here for the gap junction
channel blockers are likely related to the distinct structures of
these compounds. Compared with their action on gap junction
channels, the blockade of P2X7R by FFA, CBX, and MFQ is either
similar or more effective than what has been reported (Spray et
al., 2002; Srinivas and Spray, 2003; Cruikshank et al., 2004).

It is worth mentioning here that the effects of gap junction
channel blockers on P2X7R function described in this report ex-
tends beyond the two cell types analyzed, because we observed
that these compounds cause similar blockade of YoPro uptake in
other cell types, such as J774, a macrophage cell line, and in
primary cultures of rat microglia and mouse cortical astrocytes
(our unpublished observations).

By comparing the extent of ICW spread in wild-type, Cx43-,
and P2X7R-null spinal cord astrocytes exposed to low divalent
cation solution, we provide strong evidence favoring the partici-
pation of the P2X7R in the amplification of Ca2� signal transmission
within the astrocytic network after exposure to low divalent cation
solution. Such amplification is likely a result of the increased release
of ATP through the pore-forming P2X7R, as indicated from our
results showing the presence of higher levels of ATP in solutions
bathing P2X7R-expressing than in parental 1321N1 cells.

Given that under normal conditions activation of these recep-
tors requires a high concentration of agonist [half-maximal acti-
vation attained at 300 �M ATP (North and Surprenant, 2000)],
their participation under physiological CNS states is unlikely to
prevail. In fact, under normal conditions, other pathways have
been proposed as sites of ATP release from astrocytes, including
those mediated by Ca 2�-dependent and Ca 2�-independent
mechanisms (Queiroz et al., 1999; Arcuino et al., 2002; Coco et
al., 2003; Anderson et al., 2004). Moreover, a recent study per-
formed on two P2X7�/� mouse lines indicated that, at least in
the hippocampus of healthy mouse brains, these receptors are
either not expressed or are expressed at undetectable levels (Sim
et al., 2004), suggesting that they are unlikely candidates for glio-
transmitter release under physiological situations. In contrast,
under pathological conditions such as during inflammation,
ischemia, spreading depression, and trauma, when upregulation
of these receptors, changes in extracellular cation composition,

and increased extracellular ATP levels have been reported (Kraig
and Nicholson, 1978; Harris and Symon, 1984; Nilsson et al.,
1993; Le Feuvre et al., 2002; Guerra et al., 2003; Narcisse et al.,
2005), the participation of P2X7R might be expected to exacer-
bate the extent of cell damage. Indeed, evidence for the partici-
pation of P2X7R in the regulation of extracellular transmitter
levels was provided from studies showing that ATP-evoked glu-
tamate efflux from neuronal and non-neuronal cells was greatly
attenuated in P2X7R-null hippocampal slices (Papp et al., 2004)
and from those showing that P2X7R antagonists greatly attenu-
ated the extent of cell damage after acute spinal cord traumatic
injury (Wang et al., 2004). Although our in vitro studies support
the notion that P2X7R contributes sites for ATP release from
spinal cord astrocytes under extremely low divalent cation con-
ditions, this observation remains to be confirmed in different
preparations, such as in brain slices of ischemic mice.

In conclusion, here, we provided evidence that several phar-
macological tools widely used to study the role of connexin
hemichannels in astrocytes also affect the P2X7R. Rather, these
results provide strong evidence that the P2X7R, and not Cx43
hemichannels, represents the pathway of ATP release from cul-
tured spinal cord astrocytes under low divalent cation solution.
Furthermore, our results indicate that the use of mice with tar-
geted deletions provide a more reliable, precise, and direct way to
evaluate the contribution of hemichannels than the use of non-
selective compounds such as the gap junction channel blockers.
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