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Abstract The plasma membrane of cells from rat sub-
mandibular glands was isolated and extensively sonicated.
The homogenate was centrifuged at high speed in a dis-
continuous sucrose gradient. Light fractions contained vesi-
cles analogous to rafts: they were rich in cholesterol, they
contained GM1 and caveolin-1, and P2X7 receptors were
detected in these fractions. The location of the P2X7 re-
ceptors in rafts was abolished when cellular cholesterol was
removed by methyl-b-cyclodextrin (MCD). ATP activated
neutral sphingomyelinase (N-SMase), which provoked a de-
crease of the cellular content of sphingomyelin and an in-
crease of ceramide levels in these cells and in the rafts.
Treatment with MCD and filipin (but not with a-cyclo-
dextrin) abolished the increase of the intracellular concen-
tration of calcium ([Ca21]i) in response to epinephrine but
not to ATP. MCD and filipin also inhibited the activation
by ATP of phospholipase A2 (PLA2). Inhibition of N-SMase
with glutathione or GW4869 prevented the activation of
PLA2 by P2X7 agonists without affecting [Ca21]i levels.
We conclude that P2X7 receptors are present in both raft
and nonraft compartments of plasma membranes; the re-
ceptors forming a nonselective cation channel are located
in the nonraft fraction. P2X7 receptors in the rafts are
coupled to the activation of N-SMase, which increases the
content of ceramides in rafts. This may contribute to the ac-
tivation of PLA2 in response to P2X7 receptor occupancy.—
Garcia-Marcos, M., E. Pérez-Andrés, S. Tandel, U. Fontanils,
A. Kumps, E. Kabré, A. Gómez-Muñoz, A. Marino, J-P. Dehaye,
and S. Pochet. Coupling of two pools of P2X7 receptors to
distinct intracellular signaling pathways in rat submandibular
gland. J. Lipid Res. 2006. 47: 705–714.
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Purinergic receptors are expressed by acini and ducts,
both in parotid and submandibular glands (1). These re-
ceptors, which belong to the P2 family of purinergic re-
ceptors, have been divided into two major classes (2). The
P2Y receptors have seven transmembrane domains and
are coupled to a regulatory GTP binding protein. The P2X
receptors have two transmembrane domains separated
by z300 amino acids, which make a large extracellular
loop (3). Both the N and C termini are probably cyto-
plasmic. The extracellular loop contains several conserved
N-glycosylation sites and 10 cysteine residues forming five
disulfide bridges (4). These receptors are not coupled to a
regulatory protein, but when activated by an agonist they
form a cationic channel. It has been suggested that at least
three subunits, identical or different, must assemble in the
membrane to form the channel (3).

Salivary glands express mostly P2X7 receptors (5), which
are rather unique among the P2X receptors. Although the
six other P2X receptors have z450 amino acids, the P2X7

receptor is 595 amino acids long (6). A C terminus that
is 120 amino acids longer than that of the other P2X
receptors accounts for this difference in size (3). The very
long (240 amino acids) intracellular C terminus of the
P2X7 receptor confers to this protein unexpected prop-
erties, such as the capacity to form a pore (7). After pro-
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longed exposure to high concentrations of ATP, cells be-
come permeant to charged molecules, such as ethidium1

or propidium1.
The formation of this pore can even lead to cell death

(8). In fact, this receptor can trigger apoptosis (9) as a
consequence of either massive uptake of chloride (10) or
leakage of intracellular potassium (11). Prolonged activa-
tion of the P2X7 receptor provokes major cellular changes,
such as fragmentation of DNA (12) or vesiculation and
blebbing of the plasma membrane (13). The role of the
intracellular C terminus in the pore-forming activity of
the P2X7 receptor has been confirmed by the expression
of truncated receptors in HEK293 cells. Removal of the
last 177 amino acids abolishes the capacity of the pro-
tein to form a pore without affecting its ability to form a
channel (7).

This observation has stimulated the search for specific
domains in this region of the receptor. Denlinger et al.
(14) reported that residues 436–531 of the P2X7 receptor
are similar to a region that overlaps with the death domain
of tumor necrosis factor receptor 1 (TNFR1). This simi-
larity of structure might explain why tumor necrosis fac-
tor (TNF) and ATP share the ability to activate caspases
and induce apoptosis. Proteins expressing the death do-
main can generate homotropic interactions (15), and it
has been shown that such interactions target the TNFR1
to specific microdomains of the plasma membrane, the
so-called lipid rafts (16). These domains are favored by
their high content of saturated phospholipids, choles-
terol, and sphingolipids (17). This lipid enrichment can
explain their rigidity in a membrane that, according to the
model of Singer and Nicolson (18), is a fluid mosaic.

The purpose of our work was thus to examine the pres-
ence of the P2X7 receptors in these microdomains. Our
results show that P2X7 receptors are concentrated in raft
microdomains. We also report that the stimulation of the
cells with ATP increases their ceramide content by acti-
vating neutral sphingomyelinase (N-SMase). We present
evidence that the formation of the nonselective cation
channel by P2X7 receptors [unlike their activation of phos-
pholipase A2 (PLA2)] does not require the integrity of
the raft domains. Finally, we show that the activation of
N-SMase is involved in the activation of PLA2 in response
to ATP. Some of these results have been published in ab-
stract form (19).

EXPERIMENTAL PROCEDURES

Preparation of cellular fractions

Cells were isolated from rat submandibular glands as de-
scribed previously (20). Isolation of lipid rafts was performed
according to the method described by Liu, Casey, and Pike (21).
The cellular pellet was resuspended in 1 ml of TEEA hypotonic
buffer (20 mM Tris, 1 mM EGTA, 1 mM EDTA, and a cocktail of
inhibitors of proteases containing 1 mg/ml aprotinin, 1 mg/ml
leupeptin, 1 mg/ml pepstatin A, and 1 mM PMSF, pH 8.0) and
passed 10 times through a 29G needle. After a 10 min centri-
fugation at 1,000 g at 48C, the supernatant was saved and the
pellet was extracted by the same procedure. This process was

repeated four times, and the pooled supernatants were cen-
trifuged at 100,000 g for 30 min at 48C in a SW60Ti rotor. The
crude membranes obtained in the pellet were resuspended in
800 ml of HEPES-saline buffer (25 mM HEPES and 150 mM
NaCl, pH 7.4) containing the cocktail of protease inhibitors and
then sonicated on ice four times for 20 s at 10–12 mm ampli-
tude. This membrane homogenate was mixed with an equal
volume of 90% sucrose. Gradients were prepared in centrifuge
tubes by the successive addition of 1.4 ml of the membrane
homogenate/sucrose mixture, 1.8 ml of 35% sucrose, and finally
1 ml of 5% sucrose. The sucrose solutions were prepared in
HEPES-saline medium. The tubes were centrifuged for 16 h at
200,000 g in a SW60Ti rotor. Fractions of 400 ml were removed
from the top to the bottom of the gradient (fractions 1–10) and
kept on ice.

Characterization of the cellular fractions

The light-scattering assay, the measurement of cholesterol,
proteins, or GM1 gangliosides, the fluidity of the membrane,
the detection of proteins by immunoblotting, and the measure-
ment of the intracellular concentration of calcium ([Ca21]i)
have been described previously (22). For immunoblotting, the
antibody dilutions from manufacturer stock and final concen-
trations were as follows: P2X7, 1:666 (0.45 mg/ml); caveolin-1,
1:1,250; transferrin receptor (TfR), 1:250 (4 mg/ml); b-COP
(b-coatomer protein), 1:750 (4 mg/ml); calnexin, 1:1,000; horse-
radish peroxidase-conjugated anti-mouse IgG, 1:2,000 (0.5 mg/
ml); horseradish peroxidase-conjugated anti-rabbit IgG, 1:10,000.
To avoid the fluorescent interference of GW4869 and filipin,
some calcium assays were performed by loading the cells with
4 mM fluo-4/AM instead of fura-2/AM. In this case, the excita-
tion and emission wavelengths were 495 6 4 and 515 6 4 nm,
respectively, and the results were normalized taking maximal
and minimal fluorescent signals as references (normalized arbi-
trary units). The activity of PLA2 was measured as described
previously (23). Briefly, the activity was estimated as the relative
release of [3H]oleic acid after 10 min of stimulation with 1 mM
ATP compared with non stimulated samples.

Drug treatment conditions

Myriocin and GSH were used at 25 mM and 5 mM, respectively,
for 60 min at 378C, and GW4869 was used at 20 mM for 30 min
at 378C before stimulation with 1 mM ATP. Cells were prein-
cubated with 25 mM methyl-b-cyclodextrin (MCD) or 25 mM
a-cyclodextrin (ACD) for 10 min or with 15 mM filipin for
30 min at 378C. In the latter conditions, the cells were washed
before ATP stimulation.

Measurement of sphingomyelinase activity

Sphingomyelinase activity was assayed as described by Liu
and Hannun (24). Cells from rat submandibular glands were
prepared as described previously and resuspended in HEPES-
buffered saline (HBS) medium (24.5 mM HEPES, pH 7.4, 96 mM
NaCl, 6 mM KCl, 1 mM MgCl2, 2.5 mM NaH2PO4, 11.5 mM
glucose, 5 mM sodium pyruvate, 5 mM sodium glutamate, and
5 mM sodium fumarate) supplemented with 0.5 mM CaCl2.
Aliquots of 500 ml were incubated at 378C in the absence or
presence of 1 mM ATP for the indicated times. Cells were cen-
trifuged at 500 g, the supernatant was discarded, and the pellets
were washed once with ice-cold isotonic NaCl. The pellets were
resuspended in 200 ml of lysis buffer, and cells were disrupted
by three cycles of freezing and thawing in a methanol-dry ice
bath. For N-SMase, the lysis buffer consisted of 50 mM Tris-HC1,
pH 7.4, 5 mM EDTA, 2 mM EGTA, 5 mM 3-glycerolphosphate,
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1 mM sodium fluoride, 1 mM sodium molybdate, 1 mM dithio-
threitol (DTT), 1 mM PMSF, 1 mg/ml leupeptin, and 1 mg/ml
aprotinin. For acidic sphingomyelinase (A-SMase), the lysis
buffer Tris-HCl was substituted by 50 mM sodium acetate, pH
5.0, and DTT was removed. The lysate was centrifuged at 1,000 g
for 10 min at 48C, and the supernatant was saved for the deter-
mination of sphingomyelinase activity. Fifty microliters of this
supernatant containing 75–100 mg of protein for N-SMase or
30–40 mg of protein for A-SMase was mixed with 50 ml of the
substrate micelles. The reaction mixture consisted of 100 mM
Tris-HC1, pH 7.4, 5 nmol of [14C]sphingomyelin (100,000 dpm
per reaction), 5 nmol of phosphatidylserine, 5 mM DTT, 0.1%
Triton X-100 (1.54 mM), 5 mM magnesium chloride, and en-
zyme sample in a final volume of 100 ml. For A-SMase, Tris-HCl
was substituted by sodium acetate, pH 5.0, and no phosphati-
dylserine, DTT, or magnesium chloride was added. The enzy-
matic reaction was carried out at 378C for 90 min for N-SMase
and for 10 min for A-SMase. It was stopped by the addition of
1.5 ml of chloroform-methanol (2:1) and 0.2 ml of water. After
vortexing and phase separation by centrifugation at 1,500 g for
5 min, a portion (0.2 ml) of the upper aqueous phase, con-
taining released phosphorylcholine, was removed and mixed
with 2 ml of scintillation cocktail and counted in a LKB Wallac
MiniBeta scintillation counter (LKB, Ghent, Belgium). Enzyme
activities were expressed as nanomoles of substrate hydrolyzed
per milligram of protein per hour and were normalized to con-
trol values.

Ceramide determination

Cells were incubated for 30 min at 378C in HBS medium sup-
plemented with 0.5 mM CaCl2 in the absence or presence of
1 mM ATP. At the end of the incubation, lipids were extracted
(25) or the raft and nonraft fractions were prepared before lipid
extraction. One milliliter of methanol and 1 ml of chloroform
were added to 0.9 ml of the lipid aqueous suspension. The mix-
ture was vortexed and centrifuged at 1,000 g for 5 min to allow
separation of the two phases. The organic bottom phase was
washed twice with an aqueous solution (2 M KCl/0.2 M HCl)
saturated with methanol and chloroform. The upper phase was
discarded, and the lower phase was kept for the assays. Eight
hundred microliters was vacuum-dried in a Savant SpeedVac
AS290 concentrator for ceramide determination, and 80 ml was
kept for the determination of phosphates (26). Ceramide was
quantified by the diacylglycerol kinase assay (27). Each dried
sample or ceramide standard was incubated in 0.1 ml of the
reaction mixture [1.2 mM diethylenediamine pentaacetic acid,
12.5 mM MgCl2, 50 mM NaCl, 1 mM EGTA, 50 mM imidazole,
10 mM dithiothreitol, 1 mM ATP, 1 mM cardiolipin, 1.5% (w/v)
N-octyl-b-D-glucopyranoside, and $10 mU of diacylglycerol
kinase from Escherichia coli]. This reaction mixture was preincu-
bated for at least 20 min at 378C to phosphorylate any trace of
ceramide in the solution of diacylglycerol kinase of bacterial ori-
gin. Then, 1 mCi of [g-32P]ATP was added to each tube, and
the reaction was carried out for 90 min at 378C. The reaction
was stopped by addition of the solvents of the lipid extraction.
Lipids were extracted and dried as described above. They were
resuspended in 50 ml of chloroform and spotted onto a TLC
plate. The plate was developed consecutively with two mixtures of
solvents. The first eluent was a mixture of chloroform-methanol-
ammonium hydroxide (65:35:7.5, v/v), and the second eluent
was a mixture of chloroform-methanol-acetic acid-acetone-water
(50:10:10:20:5, v/v). The radioactive spots were visualized by ex-
posure to radiographic film and scraped into scintillation vials.
Ceramides in the samples were determined by comparison with
a standard curve and normalized to the quantity of phosphorus.

It should be noted that the various treatments did not affect the
cellular phosphorus content.

Sphingomyelin determination

Cells from one rat submandibular gland were resuspended in
3 ml of HBS medium in the presence of 0.5 mM CaCl2. They were
incubated for 90 min at room temperature in the presence of
6 mCi/ml [3H]palmitic acid and 3 mCi/ml [3H]choline. At the
end of the labeling period, the cells were washed three times
with isotonic NaCl. The final pellet was resuspended in 3 ml of
fresh HBS medium without the tracer and incubated for 30 min
at room temperature. After this wash-out incubation, the cells
were washed twice with isotonic NaCl and resuspended in fresh
HBS medium with 0.5 mM CaCl2 and 0.5% BSA. Aliquots of
200 ml were incubated in a final 500 ml of HBS medium with
0.5 mM calcium and 0.5% albumin in the absence or presence of
an agonist for the various times at 378C. The lipids were extracted
as described above and resuspended in 50 ml of chloroformic
solution containing cold sphingomyelin (15 mg/tube). Lipids
were spotted onto a TLC plate and developed in the upper phase
of a mixture of chloroform-methanol-acetic acid-water (75:45:
12:3, v/v). The lipids were visualized by exposure to iodine vapor,
and sphingomyelin was identified by comparison with an
authentic standard. The spots were scraped into scintillation
vials containing 0.2 ml of methanol. Two milliliters of scintilla-
tion liquid was added to each vial, and their radioactivity was
determined by b liquid scintillation. Sphingomyelin was ex-
pressed as a percentage of the radioactivity in controls.

Statistical analysis

In experiments that were repeated at least three times, the
results are expressed as means 6 SEM of the number of ex-
periments indicated. When experiments were repeated only
twice, the results of the each experiment are presented or the
results are presented as means with range. Statistical significance
between various conditions was assessed with Student’s t-test.

Materials

Male Wistar rats (150–200 g) were purchased from Charles
River Laboratories (Brussels, Belgium). The housing and care of
the animals were in agreement with the regulations of the Euro-
pean Union. The animals were fed ad libitum with free access to
water. Fura-2/AM and fluo-4/AM were from Molecular Probes
(Eugene, OR). BSA (fraction V) was from Roche (Mannheim,
Germany), and the glutamine-free amino acids mixture was from
Gibco BRL (Paisley, Scotland). Epinephrine, MCD, ACD, digi-
tonin, filipin, HEPES, diacylglycerol kinase, N-octyl-b-D-glucopyr-
anoside, 29-39-O-(4-benzoylbenzoyl) adenosine 59-triphosphate
(Bz-ATP), GSH, DTT, myriocin, diethylenediamine pentaacetic
acid, cardiolipin, sphingomyelin, phosphatidylserine, and the
anti-b-COP mouse monoclonal antibody (clone maD) were ob-
tained from Sigma (St. Louis, MO). 9,10-[3H]oleic acid was
from American Radiochemical Co. (St. Louis, MO), [3H]palmitic
acid and [3H]choline, [g-32P]ATP, horseradish peroxidase-
conjugated anti-rabbit and anti-mouse IgG, and chemilumi-
nescence reagents (ECL1) were from Amersham Biosciences
(Piscataway, NJ). The anti-P2X7 rabbit polyclonal antibody was
from Alomone (Jerusalem, Israel). The anti-TfR mouse mono-
clonal antibody (clone OX-26) was from Biogenesis (Poole,
England), and the anti-calnexin rabbit polyclonal antibody was
from Stressgen (Victoria, Canada). The scintillation solution
Ecoscint A was from National Diagnostics (Atlanta, GA). GW4869
was obtained from Calbiochem (Palo Alto, CA) and was stored
and used exactly as described (28).
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RESULTS

Presence of P2X7 receptors in two fractions of the
plasma membrane

Rafts were isolated after extensive sonication of the
plasma membrane followed by centrifugation on a dis-
continuous sucrose gradient. As shown in Fig. 1A, light
scattering was observed not only in heavy fractions (7–10)
but also in fractions corresponding to the 5–35% sucrose
interface (2–4), suggesting that they contained vesicles.
These low-density fractions of the gradient contained cho-
lesterol (Fig. 1B) and a small amount of protein (Fig. 1C),
including caveolin-1 (Fig. 1E). These fractions bound the

B-subunit of cholera toxin (Fig. 1D), indicating that they
contained ganglioside GM1. Calnexin (a marker for the
endoplasmic reticulum) and b-COP (a marker for the
Golgi apparatus) were not detected in low-density frac-
tions (Fig. 1H, 1G). Only a small fraction (z10%) of the
TfR (a protein located in the nonraft fraction of the
plasma membrane) was detected in the light fractions
(Fig. 1F) (29). Fractions 2–4 and 6–10 were pooled, and
their fluidity was estimated by measuring anisotropy. At
each temperature (in the 15–408C range), the anisotropy
of lighter fractions was higher than the anisotropy of
heavier fractions, suggesting that the lighter fractions
were more rigid (data not shown). All these results con-

Fig. 1. Characterization of the membrane fractions prepared by sonication from rat submandibular glands.
Raft and nonraft membranes were prepared by sonication followed by centrifugation in a discontinuous
sucrose gradient. Ten fractions were collected (fraction 1, top of the gradient; fraction 10, bottom of the
gradient). Each fraction was tested for light scattering (A), cholesterol content (B), or protein content (C).
They were also tested by dot blots for ganglioside GM1 (D) and by Western blots for caveolin-1, transferrin
receptor (TfR), b-COP (b-coatomer protein), calnexin (CNX) and P2X7 receptors (panels E, F, G, H, and I
respectively). Panel J represents the distribution of P2X7 receptors in fractions from cells incubated in
the presence of 25 mM methyl-b-cyclodextrin (MCD) for 10 min at 378C. The results are representative of
three to six experiments. Afu, arbitrary fluorescence units.

708 Journal of Lipid Research Volume 47, 2006
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firmed that fragments of the plasma membrane with prop-
erties comparable to rafts could be isolated by sonication.
The fractions obtained by sonication were tested for P2X7

receptors. As shown in Fig. 1I, two different populations of
receptors were observed: one population migrated with rafts,
and the other population migrated with the heavier fractions
of the sucrose gradient.

Effect of raft disruption on the responses to
extracellular ATP

Preincubation of submandibular gland cells with MCD
removes plasma membrane cholesterol and disrupts the
rafts (22). Activation of P2X7 receptors increases the [Ca21]i

and enhances PLA2 activity. Considering that a fraction of

P2X7 receptors are located in rafts, we examined whether
raft disruption by MCD would interfere with these responses
to P2X7 agonists. In a first experiment, the effect of MCD
on the distribution of the P2X7 receptors in the plasma
membrane was considered. No P2X7 receptor immunore-
activity was detected in rafts isolated from MCD-treated cells
(Fig. 1J). As shown in the upper panel of Fig. 2, treatment
with MCD had no effect on the variation of [Ca21]i in re-
sponse to 1 mM ATP [from 94 6 16 nM in control cells to

Fig. 2. Effect of MCD and a-cyclodextrin (ACD) on the varia-
tion of the intracellular concentration of calcium ([Ca21]i) in cells
of rat submandibular glands in response to ATP or epinephrine
(EPI). A crude cellular suspension from rat submandibular gland
was prepared and loaded with fura-2/AM as described in Ex-
perimental Procedures. After washing, cells were resuspended in
2 ml of HEPES-buffered saline (HBS) medium in the absence of
magnesium but in the presence of 1 mM calcium. Before mea-
surement of the [Ca21]i, some cells were incubated for 10 min
at 378C in the presence of 25 mM MCD or ACD. The [Ca21]i

was measured at 258C in the same medium. Basal levels of [Ca21]i

averaged 88 and 92 nM in control and ACD-treated cells, respec-
tively, and 150 nM in MCD-treated cells. These concentrations
remained stable for at least 5 min. One millimolar ATP (upper
panel) or 100 mM epinephrine (lower panel) was added at 2 min
(arrows). The traces were calibrated as described in Experimen-
tal Procedures. Results are expressed as variations of the [Ca21]i

after addition of the agonist. Results are means 6 SEM of the
number of experiments indicated.

Fig. 3. Phospholipase A2 (PLA2) activity and level of sphingomy-
elin in submandibular cells exposed to ATP. Upper panel: The cells
were labeled with oleic acid. They were preincubated in the pres-
ence or absence of the different agents as described in Experi-
mental Procedures, then they were then incubated at 378C for
10 min in control conditions or in the presence of 1 mM ATP.
Results are means 6 SEM of three to four experiments and are
expressed as percentages of the oleic acid released in the medium
compared with the corresponding control (C) (incubation in the
absence of ATP). Lower panel: Cells were labeled with palmitic
acid and choline. They were preincubated as described above,
then they were incubated for 30 min in control conditions or in
the presence of 1 mM ATP or 100 mM 29-39-O-(4-benzoylbenzoyl)
adenosine 59-triphosphate (Bz-ATP). At the end of the incubation,
the lipids were extracted from the cells and sphingomyelin was
measured. Results are means 6 SEM of three experiments and
are expressed as percentages of the sphingomyelin levels com-
pared with the corresponding controls (incubation in the absence
of ATP). * P , 0.05, ** P , 0.01 compared with the correspond-
ing controls (incubation in the presence of ATP, in the absence
of the tested agent). The effect of 1 mM ATP by itself in the ab-
sence of the tested agent was always significant (P , 0.01) com-
pared with unstimulated samples.

Purinergic receptors in rat submandibular gland 709
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89 6 12 nM in MCD-treated cells, 20 s after the addition
of ATP (n 5 7)]. The [Ca21]i was also increased in response
to epinephrine, which activates a receptor coupled to a
G protein and to the hydrolysis of polyphosphoinositides.
Thus, the effect of MCD on the response to 100 mM epi-
nephrine was investigated for comparison (Fig. 2). MCD
potently inhibited the response to epinephrine [from 77 6

8 nM in control cells to 29 6 3 nM in MCD-treated cells,
10 s after the addition of epinephrine (n 5 6)]. ACD, an
inactive isomer of MCD that does not disrupt rafts, had
no significant effect on the variation of the [Ca21]i in re-
sponse to either ATP or epinephrine (Fig. 2). Raft dis-
ruption with MCD had no significant effect on the basal
activity of PLA2 [from 3.7 6 0.8% to 3.7 6 0.7% of the oleic
acid incorporated in total lipids (n 5 4)] but inhibited
the activation of the enzyme by ATP: ATP increased PLA2

activity up to 161 6 12% (n 5 4) in control cells and up
to 121 6 6% (n 5 4) in cells preincubated with MCD (P 5

0.023) (Fig. 3). Similar results were obtained with cells pre-
incubated for 30 min at 378C with filipin. The detergent
had no effect on the increase of the [Ca21]i in response
to 1 mM ATP but significantly inhibited the response
to epinephrine by z40% (see supplementary Fig. I). Filipin
inhibited the activation of PLA2 by ATP [from 155 6 4%
in control cells to 131 6 6% in filipin-treated cells (n 5 3,
P 5 0.022)] (Fig. 3, upper panel).

Effect of extracellular ATP on sphingolipid metabolism

Because sphingolipids are major constituents of raft
microdomains, the effect of ATP on the metabolism of
these lipids was next examined. As shown in Fig. 4A, ATP
significantly increased the ceramide content of subman-
dibular gland cells, from 2.24 6 0.14 to 3.51 6 0.20 pmol
ceramide/nmol phosphate (n 5 8). We hypothesized that
this response to ATP was most likely mediated by the P2X7

receptor, and this hypothesis was tested using either Bz-
ATP, a purinergic agonist with much higher affinity for
P2X7 receptors than ATP itself, or magnesium, which de-
creases the concentration of ATP42 and completely blocks
the response of P2X7 receptors to ATP (3). One hundred
micromolar Bz-ATP fully reproduced the response to ATP
(Fig. 4A), which was totally blocked by the addition of
5 mM magnesium chloride (Fig. 4B). This increase in
ceramide content was concomitant with a 25% decrease
in sphingomyelin (n 5 3, P 5 0.016) (Fig. 4C), which
was reproduced by 100 mM Bz-ATP [a 27% decrease
after 30 min (n 5 3, P 5 0.011)] (Fig. 3, lower panel).
At the level of plasma membranes, ATP also increased
the ceramide content of rafts, from 2.66 6 0.24 to 4.05 6

0.20 pmol/nmol phosphate (n 5 3) (Fig. 4D). The effect
of ATP in the nonraft fraction was only marginal and non-
significant [from 2.33 6 0.01 to 2.67 6 0.22 pmol/nmol
phosphate (n 5 3)].

Fig. 4. Effect of ATP on the ceramide and sphingomyelin contents of submandibular cells. A: Cells from
rat submandibular glands were incubated at 378C for 30 min in the absence or presence of 1 mM ATP or
100 mM Bz-ATP. B: Cells were incubated in the absence or presence of 5 mM magnesium or were pre-
incubated with GSH and then incubated for 30 min in the presence or absence of 1 mM ATP. At the end
of the incubation, the lipids were extracted from the cells. C: Cells were labeled with palmitic acid and
choline. They were incubated for various times in control conditions or in the presence of 1 mM ATP. At
the end of the incubation, the lipids were extracted from the cells and sphingomyelin was measured. D:
Cells were incubated in the absence or presence of 1 mM ATP. Fractions were prepared as described for
Fig. 1, and the lipids were extracted. Ceramides and phosphorus were assayed as described in Experimental
Procedures. Results are expressed as pmol ceramides/nmol phosphate and are means 6 SEM of the number
of experiments indicated. * P , 0.05, ** P , 0.01, *** P , 0.005. NS, not significant (P . 0.05).
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These results suggested that the increase in ceramide
could be attributable to the hydrolysis of sphingomyelin
rather than to the de novo synthesis of ceramides. In agree-
ment with this hypothesis, incubation of submandibular
gland cells with myriocin [an inhibitor of serine palmitoyl-
transferase (30)] had no effect on the cellular level of cer-
amides either in control conditions or in the presence of
1 mM ATP (data not shown). We next examined the effect
of ATP on the sphingomyelinase activities. N-SMase and
A-SMase were assayed according to Liu and Hannun (24)
at pH 7.4 and 5.0, respectively. A-SMase activity was
z50-fold higher than N-SMase activity [0.96 6 0.10 nmol
SM/h/mg protein (n5 3) for N-SMase and 46 and 49 nmol
SM/h/mg protein (two experiments) for A-SMase]. In-
terestingly, extracellular ATP had no significant effect on
the activity of A-SMase (Fig. 5, upper panel) but increased
the activity of N-SMase, by 57 6 4% (n 5 3, P 5 0.025)
(Fig. 5, lower panel). The contribution of this enzyme to the
hydrolysis of cellular sphingolipids was confirmed using
GSH and GW4869, which are selective inhibitors of N-
SMase (28, 31). Preincubation of the cells with these inhib-
itors prevented the degradation of sphingomyelin (Fig. 3,
lower panel). GSH also suppressed the increase of ceramide

in response to ATP (Fig. 4B). Despite GSH and GW4869
preventing the hydrolysis of sphingomyelin and PLA2 ac-
tivity by ATP (Fig. 3), these inhibitors had no effect on the
[Ca21]i (Fig. 6). This suggests that ATP increases cellular
calcium concentrations by a mechanism that is independent
of sphingomyelin hydrolysis and ceramide accumulation in
lipid rafts.

DISCUSSION

In this work, we show that two populations of purinergic
P2X7 receptors are present in the plasma membrane of
rat submandibular glands. After sonication of the plasma
membrane, one population migrates in a sucrose gradient
together with rafts; the second population migrates with
most of the proteins of the membrane in fractions more
dense. This distribution of P2X7 receptors was greatly
affected by the disruption of rafts with MCD. Rafts are
microdomains of the plasma membrane containing a

Fig. 5. Effect of ATP on the activity of the sphingomyelinases.
Cells from rat submandibular glands were incubated at 378C for
various times in control conditions or in the presence of 1 mM
ATP. After the extraction of the lipids, the activities of the neu-
tral sphingomyelinase (N-SMase) and the acidic sphingomyelinase
(A-SMase) were measured as described in Experimental Proce-
dures. The specific activity of the enzyme at time 0 was used as the
control, and the results are expressed as percentages of this con-
trol. Results are means with range of two experiments for A-SMase
and means 6 SEM of three experiments for N-SMase. * P , 0.05.

Fig. 6. Effect of N-SMase inhibitors on the variation of the [Ca21]i

in cells of rat submandibular glands in response to ATP. A crude
cellular suspension from rat submandibular gland was prepared
and loaded with fura-2/AM (upper panel) or fluo-4/AM (lower
panel) as described in Experimental Procedures. After washing,
the cells were treated with the different agents as described. As-
says were carried out in HBS medium in the absence of magne-
sium but in the presence of 1 mM calcium. Basal levels of [Ca21]i

averaged 88 nM in control cells and 148 nM in GSH-treated cells.
Basal calcium levels remained stable for at least 5 min. One milli-
molar ATP was added as indicated (arrows). Results are expressed
as variations of the [Ca21]i (upper panel) or normalized arbitrary
units (n.a.u.; lower panel) after the addition of ATP. Results are
means with range of two experiments (upper panel) or means 6

SEM of three experiments (lower panel).
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high proportion of sphingolipids and cholesterol. They
are also enriched in saturated fatty acids at the expense
of polyunsaturated fatty acids. These domains have been
compared with platforms on which proteins involved in
cellular signaling are grouped. This seems to speed up
cellular activation processes. Here, we report the isola-
tion of a low-density membrane fraction with properties
analogous to those of rafts. This fraction is devoid of in-
tracellular membranes (endoplasmic reticulum or Golgi).
It is only slightly contaminated by a nonraft protein (TfR)
and is highly enriched in the raft markers caveolin-1 and
GM1 gangliosides. Western blotting demonstrated that
.50% of the P2X7 receptors could be observed in rafts.

Our results are fully consistent with those of Bannas
et al. (32). Using mouse lymphoma cells, they suggested
that P2X7 receptors were distributed among raft and
nonraft domains of the plasma membrane. Two other
groups have already reported on the presence of other
P2X receptors in rafts. Vacca et al. (33) showed that P2X3

receptors are located exclusively in rafts in the central
nervous system or exogenously expressed in SH-SY5Y
neuroblastoma cells. They reached this conclusion using

rafts that were prepared with Triton X-100 and with a
detergent-free method. Using only the method based on
Triton X-100, they concluded that P2X1, P2X2, P2X4,
P2X7, or P2Y4 receptors were excluded from the rafts. The
discrepancy between the latter results on the one hand
and the results of Bannas et al. (32) and our own data on
the other hand might be explained by differences in cell
types or in the procedures used in the preparation of rafts.
More recently, Vial and Evans (34) reported that P2X1

receptors colocalize with raft markers in arterial smooth
muscle. Disruption of rafts with MCD blocked purinergic-
mediated currents and smooth muscle contraction.

Of importance, a major finding of this work is that ATP
increases the cellular content in ceramides. This response
to extracellular ATP is mediated by P2X7 receptors, as
it can be blocked by extracellular magnesium and re-
produced by a relatively low concentration (100 mM) of
Bz-ATP. At the membrane level, ATP also significantly in-
creased the ceramide content in rafts but not in the non-
raft fractions. Such an increase might contribute to the
formation of platforms on which molecules involved in
signal transduction accumulate. ATP could also trigger

Fig. 7. Model summarizing the role of the two pop-
ulations of P2X7 receptors in rat submandibular
gland. Upper panel: The plasma membrane is het-
erogeneous with sphingolipid- and cholesterol-rich
microdomains (rafts) dispersed in a fluid phase con-
taining mainly glycerophospholipids. A fraction of
P2X7 receptors interacts with a protein located in
rafts (A). Lower panel: The activation of the recep-
tors triggers two distinct responses. The receptors
located in the nonraft fraction (B) are associated with
the formation of a nonselective cation channel. The
receptors associated with the rafts (A) are coupled
with the activation of N-SMase and the release of
phosphorylcholine and ceramides from the sphin-
golipids of the rafts. PLA2 is activated in response
to the stimulation of N-SMase. These models were
adapted from Fantini et al. (39). Ext, extracellular;
int, intracellular.
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the blebbing and vesiculation of the membrane, which are
signs of apoptosis (13). Indeed, our results are reminis-
cent of those reported for TNFR1. The activation of this
receptor is also coupled to an increased content of cer-
amides (35) that is secondary to the activation of sphin-
gomyelinases. Considering that myriocin, an inhibitor of
the rate-limiting step for ceramide synthesis (30), did not
block the increase of ceramide in response to ATP and
that the increase of ceramide was accompanied by a
decrease in sphingomyelin levels, it was hypothesized that
ATP might increase sphingomyelinase activity. Therefore,
both N- and A-SMase activities were measured in sub-
mandibular gland cells. We observed that the activity of
A-SMase was much higher than the activity of N-SMase,
in agreement with previous work (36). Interestingly, ATP
selectively increased the activity of N-SMase, an enzyme
that has been located in rafts (36). It is thus tempting
to speculate that the occupancy of the P2X7 receptors
present in rafts activates N-SMase and that this enzyme
activity is responsible for the increased content of cer-
amides in these microdomains. The role of ceramides
in cellular function was next considered. This lipid is a
mediator of cell death induced by TNF or other cytokines
and might be a mediator of the apoptotic response to
ATP and TNF (37). The inhibition of N-SMase with GSH
or GW4869 blocked the activation of PLA2 in response to
ATP. These results suggest that this response is secondary
to the activation of N-SMase and are consistent with the
results of Wiegmann et al. (38), who reported that the ac-
tivation of N-SMase by TNFR1 was responsible for the sec-
ondary activation of PLA2.

The physiological role of the P2X7 receptors that are
not located in rafts was also examined. To this end, the
cells were preincubated with MCD. This molecule extracts
cholesterol from the plasma membrane and disrupts the
organization of rafts. MCD almost completely abolished
the increase of the [Ca21]i caused by epinephrine. This is
in agreement with our previous observations (22) and is
best explained by the presence in rafts of the transducing
protein coupling the adrenergic receptor to phospholi-
pase C. These results confirmed the effectiveness of the
treatment with MCD on the disorganization of the rafts.
Similar results were obtained with filipin, a molecule that
disrupts lipid rafts through its interaction with cholesterol.
MCD and filipin differently affected various responses to
extracellular ATP. In response to specific agonists, P2X7

receptors rapidly form a nonselective cation channel that
is permeant not only to monovalent cations but also to
calcium or manganese (3). The uptake of calcium through
this nonselective channel accounts for the increase of [Ca2+]i

in response to ATP. MCD or filipin and GSH or GW4869
had no effect on this increase of [Ca2+]i, suggesting that the
nonselective cation channel is formed by the population
of the receptors not located in rafts and that its formation
is independent of the activation of N-SMase. By contrast,
MCD or filipin and GSH or GW4869 inhibited the ATP-
activated PLA2. The location of this enzyme in rafts might
facilitate its inhibition. However, the lack of inhibition by
MCD of the basal activity of PLA2 does not support this

hypothesis. An alternative explanation consistent with the
results discussed above would be that raft disruption inter-
feres with the activation process of the P2X7 receptors that
are present in these microdomains.

In conclusion, we have established the presence of two
populations of P2X7 receptors in the plasma membrane of
submandibular gland cells (Fig. 7). The receptors present
in nonraft microdomains are involved in the formation of
a nonselective cation channel that is independent of
sphingomyelin hydrolysis and PLA2 activation. The recep-
tors present in rafts regulate the activity of an N-SMase,
initiating a cascade leading to PLA2 activation.

This work was supported by Grant 3.4506.00 from the Fonds
National de la Recherche Scientifique, by a grant from the E.
Defay Fund to J-P.D., by the Fundación benefico-docente Jesus
Gangoiti-Barrera, and by Grant 9/UPV00042.310-15941/2004
from the University of the Basque Country and Grant BFU
2004-02124/BMC from the Ministry of Education and Science
to A.M. M.G-M. was supported by Grant BFI01.108 from the
Department of Education of the Basque Country, and E.K. was
supported by a grant from the Commission Universitaire pour
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