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The effects of low concentrations of extracellular ATP on cytosolic
Ca2�, membrane potential, and transcription of IL-6 were studied
in monocyte-derived human macrophages. During inflammation or
infection many cells secrete ATP. We show here that application of
10 �M ATP or 10 �M UTP induces oscillations in cytosolic Ca2� with
a frequency of �12 min�1 and oscillations in membrane potential.
RT-PCR analysis showed expression of P2Y1, P2Y2, P2Y11, P2X1,
P2X4, and P2X7 receptors, large-conductance (KCNMA1 and
KCNMB1–4), and intermediate-conductance (KCNN4) Ca2�-
activated K� channels. The Ca2�oscillations were unchanged after
removal of extracellular Ca2�, indicating that they were mainly due
to movements of Ca2� between intracellular compartments. Com-
parison of the effects of different nucleotides suggests that the
Ca2� oscillations were elicited by activation of P2Y2 receptors
coupled to phospholipase C. Patch–clamp experiments showed
that ATP induced a transient depolarization, probably mediated by
activation of P2X4 receptors, followed by membrane potential
oscillations due to opening of Ca2�-activated K� channels. We also
found that 10 �M ATP�S increased transcription of IL-6 �40-fold
within 2 h. This effect was abolished by blockade of P2Y receptors
with 100 �M suramin. Our results suggest that ATP released from
inflamed, damaged, or metabolically impaired cells represents a
‘‘danger signal’’ that plays a major role in activating the innate
immune system.

Macrophages are one of the key cellular components of the
innate immune system. They interact with the adaptive

immune system by means of two signals: (i) a signal generated
by the presentation of antigens to specific T cells, and (ii) a signal
generated by presentation of costimulatory molecules, such as
CD80 and CD86, to T cells (1, 2). The costimulatory molecules
are presented at the surface of macrophages after interaction of
intracellular or extracellular pattern recognition receptors with
pathogen-associated molecular patterns (‘‘infectious nonself’’
signals). It is generally assumed that the adaptive immune system
responds to antigens only if both signals are present (‘‘infectious
nonself model’’), but the signal transduction mechanisms are still
under debate (1–3). The infectious nonself model implies that
the innate immune system controls the adaptive immune system
in the sense that it determines whether the adaptive immune
system responds to a nonself ligand.

In addition, it has recently been proposed that the antigen-
presenting cells of the innate immune system respond preferen-
tially to antigens perceived to be associated with a dangerous
situation such as infection, injury or mechanical damage (‘‘dan-
ger model’’) (4, 5), which implies that a third signal (‘‘danger
signal’’) may be required to fully activate the adaptive immune
system. The danger model is based on the observation that
substances released by lytic cells or by cells suffering from
metabolic, infectious, or mechanical impairment (for example,
CD40 ligand, heat shock proteins, or IFN-�) can induce ‘‘acti-
vation’’ of macrophages (4, 5). Here, we report that ATP induces

oscillations of Ca2� and membrane potential in macrophages
and promotes transcription of IL-6. Our data suggest that an
increase in extracellular ATP may represent a danger signal that
plays a major role in activating the innate immune system.

ATP leaks out as a consequence of cell damage or acute cell
death, but it can also be secreted by many cell types through
nonlytic mechanisms, for example, during mechanical stimula-
tion or metabolic stress, and even in the absence of an external
stimulus (6–8). Purine and pyrimidine nucleotides control var-
ious cellular functions by activating P2X receptors, which are
ligand-gated ion channels, and P2Y receptors, which are hep-
tahelical G protein-coupled receptors (7, 9). Macrophages use
purinergic receptors as indicators of cell and tissue damage and
migrate toward sources of extracellular ATP (10, 11). Further-
more, extracellular ATP induces permeabilization of the cell
membrane to large molecules, activation of lipopolysaccharide-
stimulated macrophages, and the release of cytokines (12, 13).
All of these effects were observed at ATP concentrations
between 100 and 1,000 �M. Even higher concentrations of ATP
are required to induce apoptosis of macrophages and the killing
of ingested bacteria (14). However, in vivo extracellular ATP is
rapidly hydrolyzed by ectonucleotidases, and extracellular con-
centrations have been estimated to be �25 �M (8). Relatively
few studies have addressed the effects of low concentrations of
ATP on macrophages. In murine peritoneal macrophages, 10–
100 �M ATP was found to induce a transient rise in intracellular
Ca2� that was insensitive to extracellular Ca2� and was thought
to reflect a second messenger-operated Ca2� release from the
endoplasmic reticulum (15). In the same cell type, local appli-
cation of ATP or UTP through microelectrodes was found to
induce a transient inward current followed by an outward current
(16). In the present study, we sought to obtain more information
on the role of extracellular ATP in macrophage physiology.

Materials and Methods
Human Macrophage Cultures. Peripheral blood mononuclear cells
were prepared by density centrifugation (Ficoll�Hypaque, 1.077
g�ml�1, Biochrom, Berlin) from the blood of healthy adult volun-
teers. Peripheral blood mononuclear cells were plated in cell culture
dishes containing glass cover slips in Clicks�RPMI medium 1640
supplemented with 2 mM L-glutamine, 100 units�ml�1 penicillin,
100 �g�ml�1 streptomycin, and 10% heat-inactivated FCS (all from
Biochrom). Macrophages for electrophysiological and fluorescence
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measurements were prepared by culturing the peripheral blood
mononuclear cells in the presence of 5 ng�ml�1 recombinant human
macrophage-colony-stimulating factor (M-CSF) (PeproTech,
Rocky Hill, NJ) for 2 weeks. Macrophages of maximal purity for
RT-PCR were isolated by positive selection with anti-CD14-
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) in a
SuperMACS, following the manufacturer’s protocol. Cells were
then seeded at a density of 1 � 106 cells per ml in 12-well tissue
culture plates and differentiated in medium containing M-CSF.
The purity of isolation was �95% for CD14 expression. PCR
analysis of receptors and ion channels and quantitative PCR of IL-6
were carried out with intron-spanning primers that are listed in
Table 1, which is published as supporting information on the PNAS
web site.

Measurement of Intracellular Ca2� and Na�. A coverslip with mac-
rophages was sealed onto the bottom of a Perspex bath mounted
on the stage of an inverted Nikon Diaphot 300 microscope. Cells
were superfused with physiological salt solution containing 5%
BSA and (in mM): 140 NaCl, 5.4 KCl, 1 MgCl2, 0.33 NaH2PO4,
5 Hepes, 1 CaCl2, and 10 glucose (pH, 7.4). Fluo-3�AM or
Sodium green tetra-acetate (Molecular Probes) were first dis-
solved in anhydrous DMSO (Aldrich) containing 20% Pluronic
F-127. Then macrophages were loaded with fluo-3 by incubation
with 10 �M fluo-3�AM in physiological salt solution (final
DMSO concentration, 0.1%) at room temperature for 15 min or
with 20 �M Sodium green tetra-acetate for 20 min. A single
macrophage of 15–25 �m in diameter was selected and excited
at 488 nm by means of a monochromator, whereas fluorescence
was detected at 530 � 15 nm. Only one cell per coverslip was
used for experiments. The fluorescence signals were normalized
with respect to the resting fluorescence intensity (F0) and
expressed as F�F0.

Patch–Clamp Measurements. Macrophages were superfused with
physiological salt solution containing (in mM): 140 NaCl, 4.5
KCl, 1.2 NaH2PO4, 1.13 MgCl2, 1.6 CaCl2, 10 Hepes, 10 glucose,
2 sodium pyruvate, and 0.5% BSA (pH, 7.4) or with high-K�

physiological salt solution containing 140 mM KCl and 4.5 mM
NaCl. The pipette solution contained (in mM) 50 KCl, 65 K�

glutamate, 10 KH2PO4, 2 MgCl2, 1.9 K2ATP, 0.2 Na3-GTP, 0.1
EDTA, and 5 Hepes (pH, 7.2) for whole-cell recording, and 150
KCl, 10 EGTA, and 10 Hepes (pH, 7.3) for cell-attached
recording. Data were acquired by using an Axopatch 200B
amplifier (Axon Instruments, Union City, CA), an A�D con-
verter (PCI-MIO 16-XR-10, National Instruments, Austin, TX)
and software (PC.DAQ1.1) developed in our laboratory. The
sampling rate was 15 kHz (�3 dB at 5 kHz) for single-channel
recordings and 5 kHz (�3 dB at 1 kHz) for whole-cell recordings.
All patch–clamp and fluorescence measurements were per-
formed at room temperature (�22°C). Results are reported as
means � SEM.

Results
Activation of P2Y Receptors. Application of ATP (10 �M) or UTP
(10 �M) to human macrophages induced an oscillatory increase
in free cytosolic Ca2�, which rapidly reversed after washout (Fig.
1 A and B). The frequency of the oscillations was in the range 3
to 19 min�1; the mean value was 12.1 � 0.7 min�1 with 10 �M
ATP (n � 31) and 11.5 � 0.7 min�1 with 10 �M UTP (n � 6);
the small difference was not significant (P � 0.05). When ATP
was washed out after 30–45 s, the cell was responsive to repeated
ATP application. When the application of ATP was prolonged
to �3 min, the cells became refractory to repeated ATP-induced
Ca2� release.

P2X receptors are virtually insensitive to UTP, whereas some
P2Y receptors (for example, P2Y2) show approximately equal
sensitivity to ATP and UTP (9, 12). Furthermore, the increase

in intracellular Ca2� mediated by the P2X receptors should be
abolished in the absence of extracellular Ca2�. However, when
the application of ATP (10 �M) or UTP (10 �M) was repeated
in Ca2�-free solution, the Ca2� oscillations were virtually un-
changed (Fig. 1 A and B), indicating that the Ca2� oscillations
triggered by 10 �M ATP or UTP were mainly due to Ca2�

movements between intracellular compartments (Fig. 6, which is
published as supporting information on the PNAS web site).

The expression pattern of P2Y receptors was analyzed by
RT-PCR. In macrophages generated from purified CD14�

monocytes, we found expression of P2Y1, P2Y2, and P2Y11 (Fig.
1C), although the amplified P2Y1 signal was relatively weak. In
macrophages not subjected to the CD14 purification step, the
P2Y4 and P2Y6 receptor subtypes could also be detected. The
P2Y11 receptor was probably not involved in the Ca2� oscilla-
tions because it is insensitive to UTP (9, 17), whereas in our
experiments, ATP and UTP were approximately equipotent. To
differentiate between P2Y1 and P2Y2 receptors, we studied the
effects of ADP, UDP, and 2-methylthio-ATP, which do not
activate P2Y2 receptors (9). Only 6 of 12 cells responded to 10
�M ADP (peak F�F0, 5.8 � 0.2; n � 6) and only 5 of 10 cells
responded to 10 �M UDP (peak F�F0, 5.6 � 0.5; n � 5).
Furthermore, 10 �M 2-methylthio-ATP exerted a negligible
effect or no effect on cytosolic Ca2� (n � 9; data not shown).
Taken together, our results suggest that the Ca2� oscillations
elicited in macrophages by low nucleotide concentrations were
mainly due to activation of P2Y2 receptors.

Application of ATP also induced striking morphological

Fig. 1. Ca2� oscillations triggered by activation of P2Y receptors. (A) Effects
of 10 �M ATP on intracellular Ca2� in a fluo-3-loaded macrophage. (B) Effects
of 10 �M UTP in a different macrophage. (C) Ethidium bromide-stained
agarose gel showing RT-PCR products generated from total RNA of macro-
phages. The controls (Left) show the expression of GAPDH and Toll-like
receptor 4. The primer sequences are shown in Table 1.
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changes in macrophages (Fig. 7, which is published as supporting
information on the PNAS web site). Time-lapse Movie 1, which
is published as supporting information on the PNAS web site,
illustrates the characteristic movements of the filopodia explor-
ing the space above the cell soma. Time-lapse Movie 2, which is
published as supporting information on the PNAS web site,
shows that switching to a superfusate containing 10 �M ATP
caused contraction and rounding up of the cells and shortening
of the filopodia. Upon washout of ATP, the morphological
changes were reversed within 1 min (data not shown). Similar
results were obtained in 20 further experiments, both at 37°C and
at 22°C. It appears likely that the morphological changes were
triggered by the Ca2� oscillations.

Activation of P2X Receptors. To obtain more information on the
functional role of P2X receptors, we studied the concentration
dependence of the effects of UTP and ATP on peak cytosolic
Ca2� (Fig. 2A). Because purinoceptors are known to inactivate�
desensitize, only the first Ca2� response of a given macrophage
to application of nucleotides was used for constructing the
dose–response curves (Fig. 2 B and C). The half-maximal effect
of UTP (EC50) was reached at a concentration of 0.3 �M, and
the dose–response curve was flat at UTP concentrations of �1
�M (Fig. 2C). The effects of UTP probably reflect activation of
P2Y receptors. The steep increase in the Ca2� signal between 0.1
and 1 �M UTP was probably due to the amplification of the
signal via the Gq-PLC-inositol (1,4,5)-trisphosphate pathway
(6, 7, 9).

The dose–response curve for ATP was biphasic and continued
to increase for concentrations up to 300 �M (the highest
concentration studied), suggesting that macrophages also ex-
press P2X receptors and that the dose–response curves of ATP
at P2X and P2Y receptors partially overlap. To confirm the
expression of P2X receptors, we measured the changes in
intracellular Na� induced by using the fluorescent indicator
Sodium green (Fig. 2D). Application of 300 �M ATP produced
a transient increase in Sodium green fluorescence. The transient
nature of the Na� signal was probably due to desensitization (or
inactivation) of P2X receptors (12). At higher ATP concentra-
tions, the initial Ca2� spike was followed by a plateau (Fig. 2 A).
The plateau was probably attributable to Ca2� influx through
store-operated channels or P2X receptors because it was abol-
ished after removal of extracellular Ca2�.

RT-PCR analysis of CD14� macrophages showed expression of
P2X1, P2X4, and two splice variants of P2X7 (Fig. 2E). Control
experiments showed that P2X2 receptors could be detected in brain
cDNA and P2X3 receptors could be detected in heart cDNA.

Effects of ATP on the Electrical Activity of Human Macrophages. The
basic electrical properties of the macrophages were studied by
using the patch–clamp technique (Fig. 8, which is published as
supporting information on the PNAS web site). To characterize
the whole-cell currents activated by ATP, we used a pipette
solution containing no added Ca2� and 100 �M of the Ca2�

buffer EDTA, which did not prevent changes in intracellular
Ca2�. Simultaneous measurement of the current components
attributable to P2X and P2Y receptors was performed by
stepping the membrane potential back and forth between �80
and 0 mV every 50 ms (Fig. 3A). The rationale was that at �80
mV, near the K� equilibrium potential (EK), the current flowing
through K� channels should be minimized, whereas at 0 mV the
current through P2X receptors (a nonselective cation current)
should be minimized. Application of 10 �M ATP produced an
oscillatory outward current at 0 mV and a transient inward
current at �80 mV. Similar results were obtained in eight further
experiments, in which the membrane potential was either con-
tinuously held at �80 or 0 mV or repetitively switched between
the two potentials. The inward current at �80 mV was much
smaller during the second application of ATP, probably due to
desensitization. The frequency of the current oscillations mea-
sured at 0 mV was between 8 and 23 min�1, the mean value was
15 � 1 min�1 (n � 32). Application of 10 �M UTP produced
similar current oscillations at 0 mV but no inward current at �80
mV (data not shown).

To acquire further information on the functional conse-
quences of purinoceptor activation, we studied the effects of
ATP on the membrane potential of macrophages (Fig. 3B).
Application of 10 �M ATP gave rise to an initial depolarization,
followed by repetitive transient hyperpolarizations with a fre-
quency of 7–16 min�1; the mean value was 9.5 � 0.9 min�1 (n �
11). The membrane potential oscillations subsided within 30 s
after washout of ATP. A second application of ATP produced
similar oscillations, but the transient depolarization was much
smaller than during the first run. In the absence of extracellular
Na� and Ca2� (replaced by N-methyl D-glucamine) application
of 10 �M ATP produced no initial depolarization (n � 3; data
not shown). Taken together, our findings suggest that the
depolarization was most likely induced by flow of cations
through P2X receptors. Because P2X1 and P2X7 are relatively
insensitive to ATP and P2X1 desensitizes completely in �1 s
(12), the inward current was probably mainly carried by P2X4.
The repetitive hyperpolarization was probably related to current
flow through Ca2�-activated K� channels, triggered by cytosolic
Ca2� oscillations.

Fig. 2. Concentration dependence of the effects of ATP and UTP. (A) Effects
of ATP on intracellular Ca2�. The measurement with 300 �M ATP (�Ca) was
repeated in the absence extracellular Ca2� (�Ca). The arrow indicates removal
of extracellular Ca2�. (B) Plot of ATP concentration versus peak intracellular
Ca2�. The dotted line is the UTP dose–response curve. (C) Plot of UTP concen-
tration versus peak intracellular Ca2�. (D) Changes in intracellular Na� mea-
sured with Sodium green during application of 300 �M ATP. (E) RT-PCR
products amplified from total RNA of human brain, heart, and CD14-selected
macrophages by using primers (Table 1) for P2Y receptors.
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Identification of Ca2�-Activated K� Channels. To characterize the
channels involved in the membrane potential oscillations in more
detail, we carried out cell-attached recordings with 145 mM K�

in the bath solution (Fig. 3C). Application of 5 �M ATP induced
the opening of large conductance channels that were superim-
posed on the peaks of a slow baseline current oscillation. The
amplitude of the baseline oscillations was 9.7 � 0.9 pA (n � 3),
and the mean frequency was 14 � 6 min�1 (range, 6–26 min�1).
The baseline current oscillations were probably due to the
opening of Ca2�-activated K� (IKCa) channels, the amplitude of
which was too small to be detected under our experimental
conditions. Consistent with our inability to resolve elementary
IKCa currents, the conductance of human IKCa channels has been
reported to be only 5–12 pS in the outward direction (18).

The presence of IKCa channels was confirmed by whole-cell
recordings in which the Ca2� concentration of the pipette solution
was buffered to �1 �M (Fig. 4A). Control current–voltage relations

were measured immediately after establishing whole-cell condi-
tions. After 2 min, the outward current at positive potentials and the
inward current at negative potentials showed a pronounced in-
crease, due to cell dialysis with the pipette solution. The additional
current reversed near EK and could be inhibited by application of
1 �M clotrimazole, a blocker of SKCa and IKCa channels. These
findings suggest that, at least at moderately elevated cytosolic Ca2�

concentrations, IKCa channels are responsible for the major part of

Fig. 3. Oscillations in membrane current and potential. (A) Whole-cell
voltage–clamp measurement of transmembrane current at 0 mV (upper
traces) and –80 mV (lower traces) induced by 10 �M ATP. The membrane
potential alternated between the two potentials (see Inset) and the mean
currents measured after decay of the capacitive transient were plotted. (B)
Current–clamp measurement of the changes in membrane potential induced
by 10 �M ATP. (C) Effects of 5 �M ATP on currents measured in a cell-attached
patch. The lower trace shows an expanded section of the record. The mem-
brane potential of the cell was held at 0 mV by superfusing the macrophages
with high-K� solution. The pipette potential was clamped to �80 mV.

Fig. 4. IKCa channels in macrophages. (A) Whole-cell current measured
immediately after rupture of the patch (control), after dialysis of the cell with
a pipette solution containing 1 �M Ca2�, and after blockade of IKCa channels
with clotrimazole (CLT). (Inset) The relative amplitude of the outward currents
measured at �30 mV (n � 4) is shown. (B) RT-PCR products from human brain,
human heart, and CD14-selected macrophages obtained with primers for SK
channels (KCNN1–4). (C) RT-PCR products obtained with primers for the
�-subunit (KCNMA1) and the �-subunits (KCNMB1–4) of BKCa channels. (D)
Whole-cell clamp measurement of current oscillations induced by 10 �M ATP
under control conditions (upper trace) and during application of charybdo-
toxin (CTX) or iberiotoxin (IBX). (Inset) A higher magnification of the peaks as
indicated, is shown. The holding potential was 0 mV. Every cell was exposed
to ATP only once.
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the Ca2�-activated K� current. RT-PCR analysis of CD14-selected
human macrophages confirmed the electrophysiological data. We
found that of the four known SK subtypes only SK-4 (KCNN4),
which corresponds to IKCa, was expressed in human macrophages
(Fig. 4B).

The mean elementary conductance of BK channels was 197 �
5.7 pS (n � 7) with symmetrical K� (Fig. 9, which is published
as supporting information on the PNAS web site). RT-PCR
experiments showed that only one splice variant of BKCa
(KCNMA1) was expressed in the macrophages (Fig. 4C),
whereas, with the same primers, two splice variants were found
in brain, one showing a 27-aa insertion (GenBank accession no.
AY445624). Sequencing of the PCR products showed that the
splice variant expressed in macrophages was identical to that
published (GenBank accession no. NM�002247).

Surprisingly, we found that all four known �-subunits
(KCNMB1–4) of BKCa were expressed in human macrophages
(Fig. 4C). The �-subunits may serve to modify the Ca2� sensi-
tivity of the channels. Our electrophysiological findings, together
with the RT-PCR data, indicate that both BKCa and IKCa
channels (KCNMA1 and KCNN4) might contribute to the mem-
brane potential oscillations. To assess the relative contribution of
these channels, we used iberiotoxin, a specific blocker of BKCa,
and charybdotoxin, a blocker of both BKCa and IKCa (Fig. 4D).
Under control conditions, the membrane potential oscillations
were sustained for 2 or more minutes (n � 4). Application of 100
nM charybdotoxin reduced the amplitude of the oscillations to
15 � 3% of control (n � 4). Application of 300 nM iberiotoxin
caused only a minor (but significant; P � 0.05) change in
amplitude to 94 � 3% of control (n � 3). In addition, it reduced
the noise observed at the peak of the oscillations (Fig. 4D Inset),
most likely by blocking BKCa channels. These findings indicate
that the Ca2� oscillations were mainly attributable to the open-
ing of IKCa channels.

Effects of ATP on Expression of IL-6. Next, we studied the effects of
the nonhydrolyzable ATP analogue ATP�S on the transcription
of IL-6 in CD14-purified human macrophages by using quanti-
tative RT-PCR. The calibration was carried out relative to the
housekeeping gene GAPDH. Under control conditions, the
transcription of IL-6 was very low. Addition of 10 �M ATP�S for
2 h before isolation of RNA induced an �40-fold increase in
mRNA for IL-6 (Fig. 5A). As a positive control, we applied 100
ng�ml lipopolysaccharide, which increased IL-6 expression
�1,000-fold. In the presence of 100 �M suramin, which blocks
P2Y1, P2Y2, and P2X1 receptors (9, 12, 17), 10 �M ATP�S had
no effect on the transcription of IL-6. Because mitogen-activated
protein kinases and Ca2�-dependent protein kinase C have been
implicated in the release of IL-6 from immunocytes (19, 20), we
tested the effects of (i) an inhibitor of Ca2�-dependent protein
kinase C (Gö6976), (ii) an inhibitor of p38 mitogen-activated
protein kinase (SB203580), (iii) an inhibitor of extracellular
signal-related protein kinases 1 and 2 (PD98059) and, in addi-
tion, (iv) an inhibitor of the NFAT pathway (cyclosporin A). The
stimulatory effect of ATP�S on IL-6 expression was not signif-
icantly inhibited by these drugs (Fig. 5A).

Discussion
Ca2� Oscillations. The intracellular Ca2� signals elicited by acti-
vation of purinergic receptors were detected by three different
approaches: (i) single-cell f luorescence measurements with
fluo-3, (ii) whole-cell recording, and (iii) cell-attached patch–
clamp recording of Ca2�-activated K� channels. The former two
methods are ‘‘invasive’’ in the sense that they may have distorted
the cytosolic Ca2� signals. The somewhat lower mean frequency
of the Ca2� oscillations as compared with the whole-cell current
oscillations may be attributable to the additional buffer capacity
introduced by the fluorescent Ca2� indicator, which could

perturb the kinetics of Ca2� movements between different
intracellular compartments. On the other hand, during whole-
cell recording, dialysis of the cells with the pipette solution might
have eluted some intracellular components. Oscillations in chan-
nel activity with a similar frequency were also seen in cell-
attached patches, which is a relatively ‘‘noninvasive’’ method.
The consistent results obtained with the three approaches,
together with the distinct morphological changes observed after
application of ATP at 37°C, suggest that nucleotide-induced
Ca2� oscillations may also take place in vivo.

Our experiments suggest that the Ca2� oscillations initiated by
activation of P2Y receptors were mainly due to Ca2� cycling
between the endoplasmic reticulum and the cytosol, mediated by
inositol (1,4,5)-trisphosphate receptors and a Ca2�-ATPase. In
T lymphocytes, Ca2� oscillations have been shown to modulate
specific gene expression in a frequency-dependent fashion (21).
Thus, the nucleotide-induced Ca2� oscillations described here
may switch on the expression of IL-6 and other genes in
macrophages, depending on the amplitude and frequency of the
Ca2� oscillations. Oscillatory changes in Ca2� may be advanta-
geous for receptor-mediated signal transduction by increasing
signaling specificity, by preventing desensitization, and by in-
creasing the ability of small Ca2� signals to activate transcription
factors (21, 22).

Membrane Potential Oscillations. Our measurements suggest that
the transient depolarization was mainly due to activation of P2X4
receptors and the repetitive hyperpolarization was mainly due to
activation of P2Y2 receptors. Consistent with our results, a very
recent study (23) of the effects of ATP on NR8383 cells (a rat

Fig. 5. Expression of IL-6 and the role of extracellular ATP. (A) Quantitative
RT-PCR analysis of human macrophages from six different donors. Cells were
stimulated either with 10 �M ATP�S or with 100 ng�ml�1 lipopolysaccharide
for 2 h. The inhibitors suramin (100 �M), Gö6976 (1 �M), SB203580 (10 �M),
and PD98059 (10 �M) were added 60 min before stimulation with ATP�S.
Shown is the expression of IL-6 mRNA expression relative to GAPDH (rEGAPDH �
1�2	Ct), with (ATP) and without (�) 2 h exposure to 10 �M ATP. The geometric
means and SEM of the logarithm of the relative expression are plotted (*, P �
0.05; ns, not significant). (B and C) Hypothetical scheme of the role of ATP (see
text).
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alveolar macrophage-derived cell line) showed a transient in-
ward current followed by an outward current carried by apamin-
sensitive K� channels. These effects were attributed to activation
of P2X4 and P2Y1 or P2Y2 receptors.

We have shown that, despite their small conductance in the
outward direction (18), activation of IKCa channels (KCNN4)
represents the major mechanism underlying the membrane poten-
tial oscillations in macrophages, at least during moderate elevation
of intracellular Ca2�. Evidence for functional expression of IKCa
channels has also been obtained in cultured microglial cells (24–26).
IKCa channels show a relatively high Ca2� affinity, which permits
rapid responses to physiological fluctuations of submembrane Ca2�

(27). Our cell-attached recordings and the PCR analysis show that
BKCa channels (KCNMA1 and KCNMB1–4) are also functionally
expressed in macrophages, but the low sensitivity of the membrane
potential oscillations to iberiotoxin suggests that they play only a
minor role, if any, in mediating the effects of low concentrations of
ATP. Interestingly, ‘‘spontaneous’’ hyperpolarizations bearing some
resemblance with the membrane potential oscillations described
here were also found in guinea pig peritoneal macrophages (28).

The functional significance of the oscillatory changes in
membrane potential is not yet clear. One possibility is that the
hyperpolarization caused by the opening of Ca2�-activated K�

channels may be required to maintain the driving force for Ca2�

influx through ligand-gated (P2X) channels, or through transient
receptor potential channels (27, 29), in face of a P2X-receptor
mediated cation influx. A second possibility is that membrane
hyperpolarization generated through activation of BKCa or IKCa
channels may increase the activity of NADPH oxidase, the
enzyme responsible for generating reactive oxygen species dur-
ing respiratory bursts (26, 30).

ATP as a Danger Signal. We have shown that 10 �M ATP induces an
�40-fold increase in the transcription of IL-6. It is likely that this
resulted in increased release of IL-6 (31), but it cannot be excluded
that some IL-6 accumulated in the cytosol and required an addi-
tional stimulus for release. The finding that the response was
abolished by application of 100 �M suramin, together with our
RT-PCR analysis, suggests that the effects of ATP on IL-6 expres-
sion were mainly attributable to activation of P2Y2 receptors. The

lack of effect of specific inhibitors suggests that the NFAT pathway,
Ca2�-dependent protein kinase C, and the mitogen-activated pro-
tein kinase pathway were not required for signal transduction.

Because ATP is not only liberated from lytic cells but also
secreted during metabolic or mechanical stress (8), it may
represent a danger signal that promotes the development of an
inflammatory response. We propose that, in the framework of
the infectious nonself model (1–3) and the danger model (4, 5),
micromolar concentrations of ATP may participate in the fol-
lowing sequence of events leading to activation of the immune
response (Fig. 5 B and C): (i) monocytes cross the endothelial
barrier and infiltrate the infected tissue, attracted by M-CSF (32,
33) secreted by fibroblasts (33) and endothelial cells, and by ATP
(11) released by infected cells (Fig. 5B); (ii) M-CSF induces
differentiation of infiltrated monocytes to macrophages; (iii)
ATP promotes the transcription and release of IL-6 in macro-
phages (Fig. 5C); (iv) IL-6 released from macrophages and
fibroblasts (33) promotes further maturation of macrophages
(34) by up-regulating the expression of M-CSF receptor (33);
and (v) IL-6 stimulates terminal differentiation of T and B
lymphocytes (35). In summary, we propose that ATP acts as a
danger signal and initiates a complex sequence of events leading
to enhancement of the immune response.

In agreement with the proposed role of ATP as a danger signal
inducing the expression of IL-6, the reaction of IL-6 knockout mice
to sterile tissue damage was dramatically reduced as compared with
wild-type controls (36). Furthermore, in agreement with the pro-
posed role of the innate immune system in controlling the adaptive
immune response (1), the defense against viral or bacterial infection
was also drastically impaired in IL-6 knockout mice (36). Because
infectious nonself signals (mediated by Toll-like receptors and other
pattern recognition receptors) and danger signals (mediated by
purinergic and other receptors) converge on macrophages, we
propose that it is in fact the combination of the two types of signals
that determines the quality and the extent of the activation of the
innate immune system.
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