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Abstract. 

 

Cells of the macrophage lineage express a 
peculiar surface receptor for extracellular ATP, desig-

 

nated P2Z/P2X

 

7

 

 purinergic receptor, that induces pore 
formation and collapse of the plasma membrane poten-
tial. Although the function of the P2Z receptor is 
largely unknown, accumulating evidence implicates its 
role in cell signaling and immune reactions. Here, we 
investigated the effect of P2Z receptor ligation on the 

 

activation of NF-

 

k

 

B, a transcription factor controlling 
cytokine expression and apoptosis. Exposure of micro-
glial cells to ATP but not other nucleotides resulted in 
potent NF-

 

k

 

B activation. This effect was specifically 
mediated by the P2Z receptor, because selective recep-
tor antagonists prevented NF-

 

k

 

B activation. NF-

 

k

 

B ac-

tivation required reactive oxygen intermediates and 
proteases of the caspase family, because it was abol-
ished by antioxidants and specific protease inhibitors. 
The subunit composition of the ATP-induced NF-

 

k

 

B–DNA complex was rather unusual. Whereas expo-
sure to LPS-induced prototypical NF-

 

k

 

B p50 homo- 
and p65 (RelA)/p50 heterodimers, ATP stimulation 
resulted in the sole appearance of a p65 homodimer. 
This is the first demonstration that a certain stimulus 
activates a particular NF-

 

k

 

B subunit. Because different 
NF-

 

k

 

B complexes exhibit distinct transcriptional and 
DNA-binding activities, ATP may control the expres-
sion of a subset of NF-

 

k

 

B target genes distinct from 
those activated by classical proinflammatory mediators.

 

T

 

here

 

 is increasing evidence that extracellular ATP
serves as a mediator of cell-to-cell communication
by triggering a variety of biological responses, par-

ticularly in the immune system (13, 14). Large amounts of
ATP can be rapidly released from different sources, such
as activated platelets, endothelial cells, nerve terminals,
antigen-stimulated T cells, and other cell types following
hypoxia, stress, and tissue damage. The biological activi-
ties of extracellular ATP are various and include mitoge-
nic stimulation, excitatory transmitter function, gene ex-
pression, and induction of cell death. These effects are not
the result of nonspecific membrane alterations, but rather,
are mediated through the activation of specific surface
molecules called purinergic receptors (13, 14). At least two
subtypes of receptors for extracellular ATP are currently
known: the G-protein–coupled P2Y receptors and the ATP-
gated cation channels classified as P2X receptors (20). The
purinergic receptor families have distinct agonist, inhibitor,
and expression profiles and, in addition, require different
ATP concentrations to trigger their biological responses.

Very recently the molecular structure of the P2Z recep-
tor, also called P2X

 

7

 

, has been elucidated (36, 46). The P2Z
receptor contains two transmembrane domains and a large

extracellular loop, structural features that are characteris-
tic of members of the P2X family. Unlike other P2X recep-
tors, the P2Z receptor has an unusually long COOH-ter-
minal domain that does not contain any known signaling
motifs. P2Z receptor expression appears to be rather re-
stricted to cells of the macrophage lineage, such as den-
dritic cells, mature macrophages, and microglial cells. In-
triguingly, triggering of the P2Z receptor elicits two types
of cellular responses (46). Like with all P2X receptors, li-
gation of ATP results in a transient membrane current
through divalent cation channels. A second and unique re-
sponse is the sustained membrane depolarization and
increase in cytosolic-free calcium by the opening of a non-
selective transmembrane pore which is permeable to hy-
drophilic molecules of up to 900 D. This increase in mem-
brane permeability finally results in the induction of cell
death. In many cases, ATP-induced cytotoxicity is mediated
by classical alterations of apoptosis, including membrane
blebbing, nuclear condensation, and DNA fragmentation
(9, 18, 58). In addition, in lipopolysaccharide (LPS)

 

1

 

-primed
macrophages and microglial cells, it has been observed
that stimulation with ATP induces the rapid release of the
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proinflammatory cytokine interleukin (IL)-1

 

b

 

 (19, 22).
This event is presumably mediated by the activation of
IL-1

 

b

 

-converting enzyme (ICE) which cleaves the IL-1

 

b

 

precursor to the active cytokine (49). ICE and related pro-
teases, now classified as caspases, have been recently iden-
tified as the critical executioners of various forms of apop-
tosis (10, 27, 34, 43), which may explain that high levels of
IL-1

 

b

 

 secretion are often found in cells undergoing pro-
grammed cell death (25).

Although a sustained increase in cytosolic-free calcium
occurs upon exposure of cells to extracellular ATP, the sig-
naling events mediating P2Z receptor action are rather un-
known. No studies have yet addressed transcriptional pro-
cesses that might be involved in apoptosis or inflammatory
activities of the P2Z receptor. An important regulator im-
plicated in the control of apoptosis and expression of pro-
inflammatory genes is the transcriptional activator NF-

 

k

 

B
(1, 2, 4). The factor is ubiquitously found as an inactive
complex in the cytoplasm bound to its inhibitory subunit
I

 

k

 

B. In many cases, NF-

 

k

 

B is composed of a p50 and p65
(also called RelA) heterodimer but also other NF-

 

k

 

B sub-
units such as p52, c-Rel, and RelB may participate in dimer
formation. Whereas p50 and p52 are solely required for
DNA binding, p65, c-Rel, and RelB have, in addition, trans-
activating activity. It has been shown in some cases that
combinatorial interactions between the different NF-

 

k

 

B
subunits give rise to dimers with distinct DNA sequence
and transcriptional specificity. A broad panel of different
stimuli can activate NF-

 

k

 

B: for instance, LPS, viruses, in-
flammatory cytokines, UV light, and phorbol esters. Sev-
eral lines of evidence indicated that reactive oxygen inter-
mediates (ROIs), in particular hydrogen peroxide, serve
as second messengers in the activation pathway of NF-

 

k

 

B.
Treatment of cells with many structurally unrelated anti-
oxidants or the overexpression of antioxidative enzymes,
such as catalase, thioredoxin, or glutathione peroxidase,
inhibit NF-

 

k

 

B activation (40–42). In some cell types, addi-
tion of hydrogen peroxide to the culture medium activated
the transcription factor (42).

A key event in the activation of NF-

 

k

 

B is the inducible
phosphorylation of the inhibitory subunit I

 

k

 

B-

 

a

 

 on serines
32 and 36. This covalent modification by the recently iden-
tified I

 

k

 

B kinase induces the conjunction of I

 

k

 

B to ubiq-
uitin, followed by a rapid degradation of the inhibitor by
the proteasome (12, 37, 50). This reaction leaves the active
form of NF-

 

k

 

B which is translocated to the nucleus where
it binds to regulatory sequences of target genes. Among
the numerous targets of NF-

 

k

 

B are those encoding inflam-
matory and chemotactic cytokines, cell adhesion molecules,
major histocompatibility complex class I molecules, and
cytokine receptors (1).

In the present study, we investigated the effects of extra-
cellular ATP on NF-

 

k

 

B activation in microglial cells. Mi-
croglial cells are important cells of inflammatory processes
within the central nervous system (21), and their expres-
sion of purinergic receptors has been previously analyzed
in detail (17). We show that ATP but not other nucleotides
lead to the potent and selective activation of NF-

 

k

 

B in mi-
croglial cells through a P2Z receptor-mediated pathway.
The stimulatory effect of ATP required intracellular ROI
formation and induction of ICE-like proteolytic activity.
The subunit composition of the ATP-induced NF-

 

k

 

B–DNA

complex was rather unique. In contrast to other classical
proinflammatory inducers of NF-

 

k

 

B activation, such as
LPS, which trigger formation of a p65/p50 NF-

 

k

 

B het-
erodimer, ATP-induced NF-

 

k

 

B activation resulted in the
selective DNA binding of an unusual p65 homodimer. Our
findings suggest that ATP and proinflammatory mediators
may have distinct gene regulatory effects on NF-

 

k

 

B target
genes which may be involved in cell death and inflamma-
tory reactions within the nervous system.

 

Materials and Methods

 

Cell Culture and Reagents

 

The mouse microglial cell lines N9 and N13 have been described (38) and
were kindly provided by Dr. Ricciardi-Castagnoli (University of Milan,
Milan, Italy). Cells were grown in RPMI-1640 medium supplemented with
10% FCS and 2 mM glutamine, and were routinely passaged by tryp-
sinization. ATP, ATP

 

g

 

S, and other nucleotides were purchased from Boeh-
ringer Mannheim (Mannheim, Germany). 2

 

9

 

,3

 

9

 

-(4-benzoyl)-benzoyl-ATP,
apyrase, polymyxin B, pyrrolidine dithiocarbamate (PDTC), and LPS were
obtained from Sigma Chemical Co. (Deisenhofen, Germany). The ICE
tetrapeptide inhibitor YVAD-CHO was purchased from Bachem (Hei-
delberg, Germany), and proteasome inhibitor lactacystin from Calbio-
chem Corp. (Bad Soden, Germany). Periodate-oxidized ATP was a kind
gift of Dr. Hanau and Dr. Di Virgilio (University of Ferrara, Ferrara, It-
aly) and synthesized as described (33). Anti–mouse IL-1

 

b

 

 was purchased
from Endogen (Woburn, MA), rabbit anti–ICE antibodies from Santa
Cruz (Heidelberg, Germany), and recombinant IL-1 receptor antagonist
(IL-1RA) from R&D Systems Inc. (Wiesbaden, Germany). A rabbit anti–
mouse tumor necrosis factor (TNF) antiserum was kindly provided by Dr.
C. Libert (University of Ghent, Ghent, Belgium).

 

Cell Extracts

 

Cells were plated at 10

 

6

 

/well in six-well plates and allowed to adhere over-
night. Unless otherwise indicated, cells were pretreated for 30 min with
the inhibitors, followed by the addition of 3 mM ATP for an additional 3 h.
Total cell extracts were prepared after cell stimulation and used for elec-
trophoretic mobility shift assays (EMSAs) and Western blot analysis. Cell
extracts were prepared by resuspending PBS-washed cell pellets in a high-
salt buffer containing 20 mM Hepes, pH 7.9, 350 mM NaCl, 20% glycerol,
1% NP-40, 1 mM MgCl

 

2

 

, 0.5 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT, 2
mM PMSF, and 2 

 

m

 

g/ml aprotinin. Extracts were incubated on ice for 10
min and then cleared by centrifugation.

 

EMSAs

 

EMSAs were carried out essentially as described (24). Equal amounts of
the extracts (

 

z

 

10-

 

m

 

g crude protein; determined by the Bio-Rad Laborato-
ries assay kit; Munich, Germany) were incubated with the 

 

32

 

P-labeled NF-

 

k

 

B– or AP-1–specific oligonucleotides. Binding reactions were performed
in a 20-

 

m

 

l vol containing 4 

 

m

 

l of extract, 4 

 

m

 

l 5

 

3

 

 binding buffer (20 mM
Hepes, pH 7.5, 50 mM KCl, 1 mM DTT, 2.5 mM MgCl

 

2

 

, 20% Ficoll), 2 

 

m

 

g
poly(dI-dC) as nonspecific competitor DNA, 2 

 

m

 

g BSA, and 20,000–
40,000 cpm (Cerenkov) of the labeled oligonucleotide. After 15 min bind-
ing reaction at room temperature, samples were loaded on a 4% non-
denaturing polyacrylamide gel and run in 0.5 

 

3

 

 TBE buffer (89 mM Tris,
89 mM boric acid, 1 mM EDTA), pH 8.3. Gels were dried under a gel
dryer and exposed to an x-ray film. The oligonucleotides with a high-affin-
ity NF-

 

k

 

B binding and AP-1 DNA-binding motif (Promega, Heidelberg,
Germany) were labeled using 

 

g

 

[

 

32

 

P]ATP (3,000 Ci/mmol; Amersham
Buchler GmbH, Braunschweig, Germany) and T4 polynucleotide kinase
(Boehringer Mannheim) followed by P-10 gel filtration (Bio-Rad Labora-
tories) to remove nonincorporated radioactivity. To characterize the NF-

 

k

 

B–DNA complex, supershift analyses were performed using bacterially ex-
pressed I

 

k

 

B-

 

a

 

 (5) and antibodies directed against NF-

 

k

 

B subunits (Santa
Cruz).

 

Transfections and Luciferase Assays

 

To measure the transactivating activity of NF-

 

k

 

B, N9 cells were trans-
fected with a luciferase reporter gene construct controlled by six 

 

k

 

B-bind-
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ing sites (24). Briefly, cells were washed in TBS, resuspended at 10

 

8

 

 cells/
0.4 ml TBS and transfected with 15 

 

m

 

g of expression plasmids using a Bio-
Rad electroporator (1,015 

 

m

 

F, 165 V). After electroporation, cells were
seeded in a 6-well plate at 10

 

6

 

 cells/well. 24 h after transfection, cells were
stimulated with the indicated agents for 4 h. Cells were then harvested for
luciferase assays, lysed in 25 mM glycylglycine, pH 7.8, 1% Triton X-100,
15 mM MgSO

 

4

 

, 4 mM EGTA, 1 mM DTT, and centrifuged at 13,000 

 

g

 

 at
4

 

8

 

C for 5 min. 50 

 

m

 

l of the supernatant were assayed in 100 

 

m

 

l assay buffer
(25 mM glycylglycine, 15 mM MgSO

 

4

 

, 4 mM EGTA, 15 mM KPi, pH 7.8, 1
mM DTT, 1 mM ATP) using a ML2200 luminometer (Dynatech Corp.,
Denkendorf, Germany). After injection of 100 

 

m

 

l luciferin (0.3 mg/ml)
light emission was recorded as relative light units.

 

Measurement of Cell Viability

 

Cell viability was determined by measuring the release of lactate dehydro-
genase (LDH) using a commercial cytotoxicity detection kit (Boehringer
Mannheim). Briefly, cells were incubated for the indicated times in the
presence of 3 mM ATP, and the fraction of LDH activity released from
dead cells was measured spectrophotometrically in the supernatants. To
obtain total LDH activity, cells were lysed with 1% Triton X-100. The per-
centage of LDH release represents the fraction of LDH activity found in
the supernatants with respect to the overall enzyme activity.

 

Western Blotting

 

Proteolytic cleavage and activation of ICE was detected by Western blot-
ting. After treatment with 3 mM ATP for the indicated times, cell lysates
were prepared. Cellular proteins from 2.5 

 

3

 

 10

 

6

 

 cells were loaded in each
lane, separated on a 15% SDS-PAGE under reducing conditions, and
transferred to polyvinylidene fluoride membranes (Amersham Buchler
GmbH). The membranes were blocked for 1 h with 5% nonfat dry milk
powder in PBS and incubated for 1 h with an ICE-specific rabbit antise-
rum. Membranes were washed three times with TBS/0.05% Tween-20 and
incubated with peroxidase-conjugated affinity-purified rabbit anti–mouse
IgG for 1 h. After extensive washing, the reaction was developed by en-
hanced chemoluminescent staining using enhanced chemoluminescent re-
agents (Amersham Buchler GmbH).

 

Results

 

Extracellular ATP Induces NF-

 

k

 

B Activation in 
Microglial Cells

 

The effect of extracellular ATP on the activation of NF-

 

k

 

B was investigated in the mouse microglial cell lines N9
and N13. The cells have been previously characterized in
detail and found to express functional P2Y and P2Z puri-
nergic receptors (17). Cells were treated for 3 h with 3 mM
ATP and, subsequently, total cell extracts were prepared
and analyzed for DNA-binding activity to a 

 

32

 

P-labeled 

 

k

 

B-
specific oligonucleotide. As a positive control, cells were
stimulated with LPS, a potent NF-

 

k

 

B inducer in microglial
cells (5). As shown in Fig. 1 

 

A

 

, in both N9 and N13 cells,
treatment with ATP caused the appearance of a novel NF-

 

k

 

B protein–DNA complex that comigrated with the upper
LPS-inducible complex. A faster migrating, nonspecific
DNA complex was not significantly affected by the treat-
ments and provided an internal control for the amount
and integrity of the cell extracts.

The dose-dependence of ATP-induced NF-

 

k

 

B activa-
tion was studied by stimulating N9 cells for 3 h with differ-
ent concentrations of ATP. As shown in Fig. 1 

 

B

 

, maximal
NF-

 

k

 

B activation was obtained with 3 mM ATP, whereas
a higher concentration (5 mM) was less effective. In con-
trast to ATP, NF-

 

k

 

B activation in response to LPS was al-
ready strongly induced with 10 ng/ml LPS (Fig. 1 

 

B

 

). We
further investigated the effect of ATP on the DNA-bind-
ing activity of AP-1, a transcription factor implicated in

various proliferation and differentiation processes. In the
same cell extracts used in Fig. 1 

 

A

 

, ATP did not increase
but considerably inhibited the basal DNA-binding activity
of AP-1 (Fig. 1 

 

C

 

). These data indicate that ATP specifi-
cally activated NF-

 

k

 

B and show, in line with previous re-
ports (40), that activation of NF-

 

k

 

B and AP-1 are regu-
lated in opposite ways.

 

Time Course and NF-

 

k

 

B Subunit Composition in 
Response to ATP

 

In the next series of experiments, the time course of NF-

 

k

 

B
activation was studied by stimulating cells with 3 mM ATP
or 100 ng/ml LPS for different time periods. The kinetics
by which ATP-induced NF-

 

k

 

B activation was rather de-
layed and significant DNA-binding activity was not ob-
served before 3 h after exposure to ATP (Fig. 2 

 

A

 

). In con-
trast, LPS induced NF-

 

k

 

B activation very rapidly and strong
NF-

 

k

 

B activity was obtained after 15 min of cell stimula-
tion. To investigate whether the presence of ATP was re-
quired for the whole incubation of 3 h, a pulse-chase ex-
periment was performed. Cells were treated for different
time points with ATP and cultured subsequently in the ab-
sence of ATP for a total incubation time of 3 h. Fig. 2 

 

B

 

demonstrates that stimulation of cells with ATP for less
than 60 min was sufficient to induce NF-kB activation.

In the previous experiments, it was observed that after
exposure of cells to ATP, a single NF-kB–DNA complex was

Figure 1. Induction of NF-kB activation by ATP. (A) The effect
of ATP on NF-kB activation in N9 and N13 microglial cells. N9
(lanes 1–3) or N13 cells (lanes 4–6) were either left untreated or
treated with 3 mM ATP or 100 ng/ml LPS. After 3 h total cell ex-
tracts were prepared and analyzed by EMSA using a 32P-labeled
oligonucleotide containing a high affinity kB-binding motif. The
NF-kB–DNA complex is indicated by a filled arrowhead. A faster
migrating non-specific complex is marked by a circle. (B) Dose
dependency of NF-kB activation in response to ATP or LPS. N9
cells were treated for 3 h with the indicated concentrations of ATP
or LPS and analyzed for NF-kB activation. (C) The effect of ATP
and LPS on the DNA-binding activity of AP-1. The same cellular
extracts and protein amounts as in Fig. 1 A were analyzed with an
AP-1 specific oligonucleotide in an EMSA.
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induced, whereas LPS consistently triggered the formation
of two inducible protein–DNA complexes. Because NF-kB
complexes may constitute a variety of different homo- and
heterodimers, we analyzed the subunit composition of the
LPS- and ATP-induced DNA complexes by supershift as-
says. Rabbit sera against the NF-kB subunits p50 and p65,
c-Rel and RelB, were added to an extract of cells stimu-
lated with either LPS or ATP (Fig. 3). In extracts from
LPS-treated cells, the lower NF-kB-specific–DNA complex
was retarded completely by anti-p50, whereas the appear-
ance of the upper DNA complex was reduced (Fig. 3 A, lane
3). Formation of the upper DNA complex was also strongly
reduced by anti-p65 (Fig. 3 A, lane 4), whereas anti–c-Rel
or anti-RelB had no effect. This indicates that in LPS-stim-
ulated cells the slowly migrating NF-kB complex consisted
of a classical p65/p50 heterodimer and the lower complex
of a p50 homodimer. In contrast, in extracts from ATP-
stimulated cells, neither anti-p50 nor antibodies against
c-Rel or RelB reacted with the inducible protein–DNA
complex. Only anti-p65 was able to abolish the formation
of the NF-kB–DNA complex (Fig. 3 B, lane 4), indicating
that it predominantly consisted of a p65 homodimer. In
addition, recombinant IkB-a, which removes NF-kB from
bound DNA (57), inhibited formation of the various pro-
tein–DNA complexes (Fig. 3, lanes 7), thus confirming
their NF-kB specificity. Together, the distinct immunore-
activities indicated that ATP and LPS trigger the activa-
tion of different NF-kB subunit combinations.

ATP-induced NF-kB Activation Involves a P2Z 
Receptor-mediated Pathway

We further investigated the specificity of the ATP effect and
the involved subtype of purinergic receptors in experiments
using pharmacological ATP analogues. Strong NF-kB acti-
vation was exclusively triggered upon incubation with ATP
but not other nucleotides such as ADP and CTP (Fig. 4 A).
UTP, which activates the P2Y receptor, had also no effects,
whereas GTP only weakly induced NF-kB activation.

ATPgS, a nonhydrolyzable ATP derivative, also acti-
vated NF-kB (Fig. 4 B), demonstrating that degradation of
ATP was not required for this process. In addition, ben-
zoylbenzoyl ATP, which is a more potent agonist of the
P2Z receptor, was able to activate NF-kB even at concen-
trations of 1 mM (Fig. 4 B).

P2Z receptor effects have been reported to be specifi-
cally antagonized by oxidized ATP which covalently binds
to and inhibits the P2Z receptor (33). Indeed, preincuba-
tion of N9 cells with oxidized ATP completely prevented
ATP-induced NF-kB activation (Fig. 4 C), indicating that
the effects of ATP were mediated by the P2Z but not by
other subtypes of purinergic receptors. This assumption
was supported in experiments with N9 derivative clones
which lack the P2Z receptor but still express P2Y puriner-
gic receptors (17, 18). As shown in Fig. 4 D, NF-kB DNA
binding was not inducible by ATP in the clones N9R14
and N9R17, whereas LPS was still able to activate the
transcription factor.

ATP-induced NF-kB Activation Requires ROI 
Production and Proteasome Activity

Because microglial cells are highly sensitive to LPS, we fur-
ther evaluated the effect of the LPS inhibitor polymyxin B.
Preincubation of cells with polymyxin B did not interfere
with ATP-induced NF-kB, suggesting that the observed
effects were specific and not mediated by a contamination
with LPS (Fig. 5 A).

Antioxidants such as dithiocarbamates have been de-
scribed as potent inhibitors of NF-kB activation (40, 42).

Figure 2. Time dependence of NF-kB activation in response to
ATP and LPS. (A) Kinetics of NF-kB activation: total extracts of
cells treated for the indicated periods of time with 3 mM ATP or
100 ng/ml LPS were prepared and analyzed by EMSA. Only a
section of the autoradiogram is shown. The filled arrowhead indi-
cates the position of the inducible NF-kB–DNA complex; the open
circle denotes a non-specific complex. (B) Pulse-chase experiment:
N9 cells were stimulated for different times (0.5–3 h) with 3 mM
ATP and further incubated for the indicated time periods in cul-
ture medium without ATP. After a total incubation time of 3 h, cells
were harvested and analyzed for NF-kB DNA-binding activity.

Figure 3. Subunit composition of the induced NF-kB–DNA com-
plexes after treatment with LPS (A) or ATP (B). Total cell ex-
tracts of non-stimulated (lanes 1) or stimulated (lanes 2) N9 cells
were prepared and either left untreated (lanes 1 and 2) or incu-
bated with specific antibodies against the NF-kB subunits p50
(lanes 3), p65 (lanes 4), c-Rel (lanes 5) and RelB (lanes 6). Lanes
7 denote an extract of ATP-treated cells incubated with recombi-
nant IkB-a that releases NF-kB–specific complexes from bound
DNA. Only sections of the autoradiograms are shown.
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We therefore assessed whether PDTC, which acts as a rad-
ical scavenger, was capable of blocking ATP-induced NF-
kB–DNA activation. As shown in Fig. 5 B, PDTC led to a
strong inhibition of NF-kB DNA binding, indicating that
reactive oxygen intermediates were involved in the mech-
anism of ATP-induced NF-kB activation.

A key event in most pathways leading to NF-kB activa-
tion is the proteolytic degradation of its inhibitor IkB at
the proteasome (50). We investigated the involvement of
the proteasome in ATP-induced NF-kB activation using
lactacystin, a microbial metabolite that was recently found
to be a potent and highly specific inhibitor of the 20S pro-
teasome (16). For unknown reasons, incubation of N9 cells
with 2.5 mM lactacystin alone activated the transcription
factor (Fig. 5 C). Pretreatment of cells with lactacystin at
the same concentrations, however, strongly suppressed
ATP-induced NF-kB DNA-binding. These data indicate
that proteasome activity was required for ATP to induce
NF-kB activation.

ATP-induced NF-kB Activation Involves Induction of 
ICE Proteolytic Activity

Stimulation of LPS-primed microglial cells with ATP has
been reported to result in the rapid release of IL-1b (17).
This event is presumably mediated by the activation of ICE
or related proteases that process the IL-1b precursor to the
active cytokine (49). ICE-like proteases, now called caspases,
are also centrally involved in the execution of apoptosis
and thus may be implicated in ATP-induced cytotoxicity.

We therefore investigated the relationship between the in-
duction of ICE proteolytic activity and NF-kB activation.
Preincubation of N9 cells with the tetrapeptide YVAD-
CHO, a specific inhibitor of ICE and related caspases (32),
suppressed ATP-induced NF-kB activation in a dose-
dependent manner (Fig. 6 A). LPS-induced NF-kB activa-
tion was also slightly reduced (data not shown). We further
observed that DEVD-CHO, another inhibitor of caspases,
suppressed ATP-induced NF-kB activation, whereas tosyl-
Arg-methlylester, an inhibitor of trypsin-like proteases,
was ineffective (data not shown).

Caspases are synthesized as proenzymes that are cleaved
by an activation step to yield an active tetrameric complex.
Thus, the 45-kD precursor of ICE is converted to an active
protease composed of two heterodimeric 10 and 20-kD
subunits (35, 36). To investigate ICE activation, we moni-
tored the processing of the proenzyme by Western blot
analysis. N9 cells were treated with ATP, and after differ-
ent times cellular lysates were fractionated by SDS-PAGE.
As shown in Fig. 6 B, ATP treatment resulted in the ap-
pearance of the proteolytically cleaved p20 subunit within
3 h of incubation. The processing of ICE coincided with
the time course of NF-kB activation as shown in Fig. 2.
Activation of both ICE and NF-kB, however, preceded
the onset of ATP-induced cell death, as no significant
LDH release into the culture supernatants occurred within
the first 3 h after ATP stimulation (Fig. 6 C).

Figure 4. Specificity of ATP-induced NF-kB activation. (A) The
effect of different nucleotides on NF-kB activation. N9 cells were
treated with 3 mM ATP, ADP, UTP, CTP, or GTP. After 3 h, cell
extracts were prepared and analyzed by EMSA. (B) Induction of
NF-kB activation by ATP or its pharmacological analogues ATPgS
(3 mM) and benzoylbenzoyl-ATP (BzATP, 1 mM). (C) Inhibi-
tion of ATP-induced NF-kB activation by oxidized ATP (oATP).
Cells were either left untreated or stimulated with ATP following
a 2 h pretreatment with the indicated concentrations of oxidized
ATP. (D) Lack of ATP-induced NF-kB activation in the P2Z re-
ceptor-deficient N9 derivative clones N9R14 and N9R17. Paren-
tal N9 cells and the ATP-resistant N9R14 and N9R17 were either
left untreated or incubated for 3 h in the presence of 3 mM ATP
or LPS (100 ng/ml).

Figure 5. The effect of the LPS inhibitor polymyxin B (A), the
antioxidant PDTC (B), and the proteasome inhibitor lactacystin
(C) on NF-kB activation in response to ATP. N9 cells were pre-
treated for 30 min with polymyxin B (PMB, 10 mg/ml; A) or 50 mM
PDTC (B), or for 90 min with the indicated concentrations of lac-
tacystin (LC; C), followed by the activation with 3 mM ATP for 3 h.
Total cell extracts were then prepared and analyzed by EMSA
for NF-kB DNA-binding activity. Only sections of the autoradio-
grams are shown.
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Secretion of Soluble Proteins Is Not Required for
ATP-induced NF-kB Activation

Because ATP-induced NF-kB activation, in contrast to
many proinflammatory stimuli, was rather delayed, it was
analyzed whether this effect was mediated by a para- or
autocrine loop involving ATP-induced IL-1b secretion. In-
cubation of N9 cells with even high concentrations of a
neutralizing IL-1RA (Fig. 7 A) or anti–mouse IL-1b (data
not shown) was ineffective in preventing NF-kB activation
after ATP treatment. Because TNF is a potent NF-kB stim-
ulus that can be released by microglial cells, we further an-
alyzed the involvement of TNF in the ATP effects. As shown
in Fig. 7 B, also neutralizing anti-TNF did not interfere
with NF-kB DNA-binding activity. Furthermore, we found
that IL-1b itself was unable to induce NF-kB activation in
N9 cells (data not shown), consistent with a previous re-
port showing that NF-kB is activated in primary microglial
cultures following treatment with LPS but not IL-1b, TNF,
or IL-6 (5). In addition, inhibition of de novo protein syn-
thesis by cycloheximide did not prevent ATP-induced NF-kB
activation (data not shown). Instead, there was a superin-
duction of NF-kB by ATP following pretreatment with cy-
cloheximide, and as previously reported (11), inhibition of
protein synthesis itself activated the transcription factor.
To further exclude the possibility that NF-kB was indi-

rectly mediated through ATP-induced soluble factors, we
performed transfer experiments with supernatants from
ATP-stimulated cells (Fig. 7 C). To this end, cells were
treated with ATP, and after different times, culture super-
natants were transferred to N9 cells that were subse-
quently analyzed for NF-kB activation. As shown in Fig.
7 C, supernatants from ATP-treated cells were unable to
either induce or to alter the kinetics of NF-kB activation
which was elicited not earlier than within 3 h. As expected,
virtually no NF-kB activation was observed when superna-
tants from ATP-treated cells were preincubated with the
ATP-degrading enzyme apyrase, before the transfer to
cells (data not shown). We therefore consider it unlikely
that NF-kB activation is a secondary response to ATP treat-
ment, and that either IL-1b, TNF, or other ATP-induced
soluble factors are required to induce NF-kB DNA binding.

ATP Induces NF-kB Controlled Gene Expression

To investigate whether exposure of cells to ATP is able to
induce functional gene expression, reporter gene assays
were performed. A luciferase construct controlled by six
kB-binding sites was transiently transfected into N9 cells.
Fig. 8 shows that increasing concentrations of ATP in-
duced the expression of the NF-kB–controlled reporter
gene. The dose response roughly corresponded to the acti-
vation of NF-kB DNA-binding activity. Preincubation of
N9 cells with the antagonist oxidized ATP abolished acti-
vation of gene expression, indicating that the ATP effect
was specifically mediated by a P2Z receptor-dependent

Figure 6. Involvement of ICE proteases in ATP-induced NF-kB
activation. (A) The effect of the ICE tetrapeptide inhibitor YVAD-
CHO (YVAD) on NF-kB activation. Cells were pretreated for 30
min with the indicated concentrations of YVAD and then stimu-
lated with 3 mM ATP for 3 h. (B) Proteolytic processing of ICE
by ATP treatment. N9 cells were incubated for the indicated
times with 3 mM ATP. Total cell extracts were then prepared and
analyzed by SDS-PAGE and immunoblotting. Proteolytic cleav-
age of the ICE precursor to the active protease was monitored
using an anti-ICE specific antiserum that detects pro-ICE and the
p20 proteolytic cleavage product. (C) Effect of ATP on cell via-
bility. N9 cells were treated with 3 mM ATP. After the indicated
time points, LDH released from dead cells was measured in the
supernatants and calculated as the percentage of total cellular
LDH activity from an untreated sample.

Figure 7. Lack of involvement of IL-1b, TNF-a, or soluble fac-
tors in ATP-induced NF-kB activation. (A) Effect of IL-1RA. N9
cells were either left untreated or incubated with 3 mM ATP for 3 h
in the presence of the indicated concentrations of IL-1RA. (B)
Neutralizing anti-TNF-a does not interfere with ATP-induced
NF-kB activation. N9 cells were either left untreated or incu-
bated with 3 mM ATP for 3 h in the presence of the indicated
concentrations of rabbit anti–mouse TNF antibodies. (C) Secre-
tion of soluble proteins is not required for NF-kB activation. In
lanes 1–6, cells were incubated for the indicated times with 3 mM
ATP. In lanes 10–13, cells were treated for 0.5–3 h with ATP. Su-
pernatants (SN) of these cultures were then transferred to un-
treated N9 cells which were analyzed for NF-kB activation after
the indicated incubation periods. In lane 9, N9 cells were incu-
bated for 4 h with a culture supernatant from control cells.
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pathway. In conclusion, the data demonstrate that the ATP-
induced NF-kB complex is transcriptionally active and able
to induce expression of NF-kB target genes.

Discussion
Cells of the macrophage lineage express a receptor for ex-
tracellular ATP, which has been originally termed P2Z re-
ceptor and, after its recent cloning, has been also classified
as P2X7 receptor (46). The most characteristic cellular re-
sponse upon binding of ATP to the P2Z receptor is a fast
collapse of the membrane potential resulting from ATP-
induced opening of a large transmembrane pore. The phy-
siological function of the P2Z receptor is rather unknown
but there is increasing evidence for its implication in im-
mune and inflammatory reactions (13). Thus, it has been
shown that P2Z receptor action mediates rapid cell death,
secretion of IL-1b, and formation of multinucleated giant
cells (13, 15, 18).

In the present study, we investigated the effects of ATP
on the activation of NF-kB, an important transcriptional
activator involved in proinflammatory cytokine synthesis
and apoptosis. As a cellular system, we employed micro-
glial cells which have been previously characterized in de-
tail for purinergic receptor expression (17). These cells are
a good model since they are able to release large amounts
of proinflammatory cytokines and may be stimulated by
ATP from adjacent neurons (8, 21, 59). We demonstrate
that NF-kB is potently activated by ATP but not by other
nucleotides. NF-kB activation was selectively triggered
through the P2Z receptor pathway, because: (a) oxidized
ATP, a P2Z receptor antagonist, abrogated NF-kB activa-
tion in response to ATP, and (b) ATP failed to induce
NF-kB activation in N9 clones that lack P2Z receptors but

still express P2Y receptors. We further show that ATP-
induced NF-kB activation in microglial cells exhibits some
unusual features. In contrast to traditional proinflamma-
tory stimuli, ATP-induced NF-kB activation was rather
delayed and seemed to require induction of ICE-pro-
teolytic activity. In addition, ATP selectively induced the
formation of a rather unusual p65 NF-kB homodimer, in-
dicating that different NF-kB target genes are regulated
by ATP and proinflammatory stimuli.

The time course of ATP-induced NF-kB activation was
rather slow and induction of DNA binding was not ob-
served before 3 h after cell stimulation. This is in contrast
to most other inflammatory stimuli that generally induce
NF-kB activation within minutes. Similar to ATP, a de-
layed NF-kB activation has been observed in other condi-
tions inducing cell death, such as growth factor with-
drawal, virus infection, or treatment of cells with
chemotherapeutic drugs (7, 11, 24, 30). Due to the delayed
time course, we investigated whether NF-kB activation
was mediated by an auto- or paracrine secretion of ATP-
triggered NF-kB inducing factors. Neither neutralizing an-
tibodies against TNF nor IL-1b interfered with NF-kB ac-
tivation. Incubation of cells with IL-1RA, which captures
secreted IL-1b, was also ineffective to inhibit the ATP re-
sponse. Moreover, as IL-1b is unable to activate NF-kB in
N9 cells (data not shown), IL-1b is presumably not in-
volved in ATP-induced NF-kB activation. Furthermore,
because supernatant transfer experiments did not alter the
kinetics of NF-kB activation, we consider it rather unlikely
that the effects of ATP are a secondary response.

It has been proposed that activation of NF-kB is regu-
lated by the intracellular production of ROIs that may be
used as second messengers molecules integrating the di-
verse variety of NF-kB inducing agents in the final path-
way (1, 45). Thus, it was shown that NF-kB activation in
response to diverse stimuli such as LPS, cytokines, and
phorbolesters, was commonly inhibited by antioxidants.
Consistent with this idea, NF-kB activation in response to
ATP also seemed to require ROI formation, since it was
completely abolished by PDTC. For most stimuli, the sig-
nal transduction pathways leading to ROI formation and
subsequent NF-kB activation are unknown. In the case of
TNF, a very potent activator of NF-kB, it has been sug-
gested that the respiratory chain of mitochondria is the
site of ROI formation (44). Triggering of the CD28 recep-
tor also results in ROI formation and NF-kB activation
(31). Inhibitors of 5-lipoxygenase block NF-kB activation
by CD28, suggesting that this enzyme generates ROIs in
this pathway. In addition, it has been shown that NF-kB is
activated by a variety of agents which perturb the function
of the endoplasmic reticulum (35). In this case, calcium re-
leased from the endoplasmic reticulum was found to be re-
sponsible for ROI production and NF-kB activation. Since
incubation of cells with ATP induces a rapid increase in in-
tracellular free calcium (13), it may be presumed that oxi-
dative stress and subsequent NF-kB activation are medi-
ated by perturbation of calcium homeostasis.

An interesting finding was that inhibitors of caspases
suppressed ATP-induced NF-kB activation. As these pro-
teases have been identified as critical executioners of vari-
ous apoptotic pathways, NF-kB activation may be related
to the ATP-mediated induction of the apoptotic program.

Figure 8. Effect of ATP on NF-kB target gene expression. N9
cells were transfected by electroporation with an NF-kB-con-
trolled luciferase construct. 24 h after transfection, cells were either
left untreated (Control) or stimulated with the indicated amounts
of ATP. In some samples, cells were pretreated with 600 mM
oATP before ATP stimulation. Cells were harvested after an ad-
ditional 4 h and assayed for luciferase activity. Mean values 6SD
of NF-kB activity given as relative light units from triplicate ex-
periments are shown.



The Journal of Cell Biology, Volume 139, 1997 1642

Indeed, ICE activation, as measured by the proteolytic
processing of its proenzyme, was detected in ATP-treated
N9 cells with a kinetic similar to NF-kB activation. We also
observed a characteristic cleavage of caspase-specific sub-
strates such as the DNA repair enzyme PARP, which un-
dergoes proteolysis in a number of apoptotic conditions
(data not shown). Both the activation of ICE and NF-kB,
however, preceded the onset of ATP-induced cell death.
An involvement of caspases has been recently also pro-
posed for the activation of NF-kB/v-Rel in chicken spleen
cells which was prevented by CrmA, a viral inhibitor of
some proteases of the caspase family (54).

ATP-mediated NF-kB activation was further found to
require proteasome activity, because lactacystin, a specific
inhibitor of the 20S proteasome, suppressed induction of
NF-kB DNA binding. Interestingly, we observed that not
only NF-kB activation but also the proteolytic processing
of ICE was affected by lactacystin (data not shown). Inhi-
bition of ICE activation by proteasome inhibitors has been
recently noted in cell death of sympathetic neurons follow-
ing NGF withdrawal (39). Because caspases must them-
selves be cleaved to yield active proteases, it is possible that
the proteasome may act directly or indirectly on pro-ICE.

Besides inflammatory processes, there is increasing evi-
dence that NF-kB is involved in the control of apoptosis,
although it is far from clear whether, depending on the cell
type, NF-kB plays a pro-apoptotic or an anti-apoptotic role
(3). Depletion of NF-kB in fibroblasts resulted in the en-
hanced susceptibility towards TNF or chemotherapeutic
drug-induced cytotoxicity, most likely by preventing the
inducible expression of anti-apoptotic genes (6, 51, 53). In
contrast, glutamate-induced toxicity in neurons has been
found to be accompanied by NF-kB induction (23). In this
case, NF-kB seemed to cause cell death, as blocking its ac-
tivation with aspirin and salicylate protected cells from
glutamate-induced apoptosis.

Up to now, five different subunits including p65 (RelA),
c-Rel, RelB, p50, and p52 have been identified that may
constitute different NF-kB–DNA binding complexes. Re-
cent studies using targeted disruptions provided evidence
that the NF-kB proteins play distinct biological roles (2,
4). It has also been shown that combinatorial interactions
between different NF-kB subunits give rise to dimers with
distinguishable DNA-binding specificity and transcrip-
tional activity (29). Besides the classical p65/p50 and p65/
c-Rel heterodimeric complexes that exhibit strong transac-
tivation activity, in many cell types a p50 homodimer can
be found. Because of the absence of a transactivation do-
main, p50 homodimers are transcriptionally inactive and
function as repressors of gene expression (26). In our ex-
periments, we investigated the subunit composition of the
inducible NF-kB complexes using specific antibodies against
different NF-kB proteins. Exposure of microglial cells to
LPS resulted in the appearance of two complexes consist-
ing of a p65/p50 and a p50 dimer. Surprisingly, ATP in-
duced a single complex that only reacted with anti-p65 and
was not supershifted by antibodies against p50 or other
NF-kB proteins, indicating that a p65 homodimer consti-
tuted the major ATP-inducible complex. To our knowl-
edge, this is the first report demonstrating that a selective
stimulus triggers the formation of a particular NF-kB sub-
unit combination within the same cells. In contrast to the

p65/p50 complexes, p65 homodimers bind preferentially to
an alternative kB motif which has been recognized in the
promoter regions of the tissue factor, IL-8, MAdCAM-1
and ICAM-1 genes (28, 47). Therefore, ATP presumably
triggers expression of NF-kB target genes different from
those induced by proinflammatory pathways that mainly
use classical NF-kB complexes.

Besides different DNA-binding subunits, also several in-
hibitors have been identified including IkB-a, -b, and -e as
the major NF-kB inhibitory proteins (48, 55). Similar to
IkB-a, IkB-b and -e undergo signal-induced degradation
dependent on phosphorylation of two regulatory serine
residues. Evidence emerges that different IkB proteins
target distinct NF-kB subunits. Very recently, IkB-e has
been found as a major IkB protein expressed in macro-
phages that predominantly associates with p65 and c-Rel
(55). Future studies therefore have to address which IkB
protein is targeted by the P2Z receptor pathway.
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