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ABSTRACT. In agreement with previous findings, the oxidative burst induced by fMet-Leu-Phe (fMLP) in
polymorphonuclear neutrophils was enhanced by adenosine triphosphate (ATP) and uridine 5'-triphosphate
(UTP), although these nucleotides were inactive as agonists per se. However, the enhancement by ATP was
rapidly reversed to an inhibition by prolonged incubation. Adenosine diphosphate (ADP) was always inhibitory.
Inhibition mediated by ATP coincided with its conversion into ADP, adenosine monophosphate (AMP), and
adenosine. In addition, the inhibitory effects of ATP and ADP on the oxidative burst were virtually abolished
by 9-chloro-2-(2-furanyl)-5,6-dihydro-[1,2,4]-triazolo[1,5] quinazolin-5-imine monomethanesulfonate (CGS
15943), a nonselective adenosine receptor antagonist, whereas the priming effect of ATP was antagonized by
adenosine. Both ATP and UTP showed a similar potency in activating elastase release, intracellular inositol-
(1,4,5)-triphosphate (IP;) formation and an increase in cytosolic calcium. Neither ATP nor UTP affected the
initial rise in cytosolic calcium induced by fMLP, but did enhance the secondary calcium increase. When added
simultaneously with fMLP, ADP and adenosine abolished this second calcium peak without influencing the first.
These results indicate that purine and pyrimidine nucleotides acting on P, ;-like receptors, which are coupled
to the IP; pathway, can increase calcium, release elastase, and enhance the oxidative burst induced by chemo-
kines. Adenosine formed by hydrolysis from ATP and ADP, by contrast, reduces the oxidative burst and the
influx of extracellular calcium induced by fMLP. BIOCHEM PHARMACOL 51;7:957-965, 1996.
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clum

PMNst are major effector cells in inflammation and host
defense, and there is evidence that nucleotides are impor-
tant extracellular factors regulating neutrophil functions.
ATP has been shown to enhance the surface expression of
integrin adhesion molecules and augment adhesion of cir-
culating leukocytes to the endothelium, as well as the mi-
gration of neutrophils into sites of inflammation [1]. ATP
also acts as a secretagogue for enhanced exocytosis of pri-
mary granules from neutrophils [2, 3, 4, 5]. Although the
purine nucleotide does not per se activate the formation of
superoxide by human neutrophils, ATP does enhance the
release of superoxide induced by fMLP, thereby acting as a
priming agent for this response [6, 7, 8, 9]. These actions of
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ATP are shared by uridine 5’-triphosphate (UTP) [7, 8, 10],
suggesting that the effect is mediated by the so-called P,
receptor that is G protein coupled and linked to phospho-
lipase C activation [11]. Extracellular nucleotides are rap-
idly broken down by ectonucleotidases [12]. These enzymes
can convert ATP to adenosine, which exerts a marked
effect on neutrophil function [13], whereas UTP is not
converted to any known neutrophil receptor ligand. This
might explain why ATP has sometimes been reported to
produce a biphasic effect, involving both stimulation and
inhibition of neutrophil function [14].

In the present work, we studied the effects of adenosine,
ATP, ADP, and UTP on oxidative burst, elastase release,
intracellular IP; formation, and calcium release to elucidate
the contribution of P, and adenosine receptors in mediat-
ing neutrophil responses to extracellular ATP.

MATERIALS AND METHODS
Chemicals

Adenosine was obtained from Aldrich-Europe (Beerse, Bel-
gium). CGS 15943 was a gift from Ciba Geigy (Summit,
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NJ). D-myo-[2-°H] inositol 1,4,5-triphosphate ([*H] IP;
51.4 Ci/mmol) was from Amersham (Amersham, U.K.).
Percoll was from Pharmacia Fine Chemicals (Uppsala, Swe-
den). The elastase substrate (S-2484) was obtained from
Pharmacia AB (Stockholm, Sweden). Fura-2 AM was from
Calbiochem (La Jolla, CA). All other chemicals were from
Sigma Chemical Co. (St. Louis, MO). fMLP, cytochalasine
B, luminol, S-2484, and CGS 15943 were dissolved in
DMSO. The other chemicals were dissolved in water.

Neutrophil Preparation

Human neutrophils were isolated from buffy coats prepared
from citrated whole blood supplied by the Karolinska Hos-
pital Blood Center or from heparinized blood from healthy
donors by a one-step Percoll technique as described [15].
After centrifugation the neutrophil-rich band was collected
and washed 3 times with PBS. Contaminating erythrocytes
were lysed. The washed PMNs were resuspended to the
desired cell concentration in HBSS. The final preparation
contained more than 95% neutrophils as shown by Giemsa
stain, 98% of which were assessed as viable by trypan blue
exclusion.

Measurement of Hydrogen Peroxide Production (H,0,)

H,O, production by neutrophils was determined using lu-
minol-amplified chemiluminescence in the presence of
azide and peroxidase as described by Wymann et al. [16].
This is a highly sensitive, although not fully specific,
method to assess the respiratory burst in neutrophils. As a
test solution, 250 pL each of 1 mM luminol, 10 mM sodium
azide, and 1000 U/mL horseradish peroxidase were diluted
in HBSS to 25 mL. Neutrophils were suspended in HBSS at
a concentration of 10 x 10%mL. Neutrophil suspension
(100 wL) was added to 850 L of the test solution. The
mixture was incubated with either buffer or agonists at a
different concentration for 2 or 5 min in a plastic cuvette.
Ten microlitres of 1 pM fMLP was added to the cuvette and
luminol-amplified chemiluminescence was measured by a
luminometer (Chronolog Corporation). Activity was ex-
pressed as the percentage of the uninhibited peak height.
Because DMSO (at concentrations greater than 0.5%) per
se inhibits H,O, production, the concentration of DMSO
in the suspension was kept below 0.1%. None of the ago-
nists had any effect on the luminol system in the absence of
cells.

Purine Metabolism in Neutrophil Leukocytes
Neutrophils (1 x 108/mL) were incubated with 10 pM ATP

at 37°C for indicated times and then centrifuged for 1 min
at 15,000 rpm. The supernatant was incubated for another
2 min at 85°C. After centrifugation for 10 min at 15,000
rpm at 4°C, all supernatants were frozen at —20°C until
analyses. ATP, ADP, AMP, and adenosine were deter-
mined using HPLC as described [17]. Samples were injected
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on a reversed-phase HPLC system (Nucleosil 5 pM, 4 x 150
mm, Skandinaviska Gene-Tec AB, Kungsbacka, Sweden)
with isocratic elution with 10 mM (NH,)H,PO,, 13%
methanol, pH 6.0 with NH; 2 M (for adenosine assay) and
with 0.06 M K,HPO,, 0.04 M KH,PO,, pH 6.0 with 85%
phosphoric acid (for ATP assay). All assays were carried out
in triplicate.

Measurement of Elastase

Neutrophils (2 x 10%/mL) were suspended in 1 mL of HBSS
and preincubated at 37°C for 5 min with 4 wg of cytocha-
lasin B followed by varying concentrations of agonist. After
20 min of incubation, the suspension was centrifuged for 10
min at 1000 g at 4°C. The supernatant was carefully col-
lected and used as the sample [18]. The sample (200 nL)
was mixed with 200 pL of the buffer solution (Tris 100 mM,
NaCl 960 mM, pH 8.3) and incubated at 37°C for 3 min.
The substrate solution (200 pL) (S-2484, 2 mM) was added
to the mixture. After exactly 180 sec of incubation at 37°C,
the reaction was stopped by the addition of 200 pL of 20%
acetic acid. The sample was transferred to a spectropho-
tometer (Beckman DU-64) and absorbance was read at 405
nM. Sample blanks were prepared by omitting the substrate
or by adding acetic acid prior to substrate.

Measurement of IP;

Neutrophil suspensions (8 x 10° cells in each tube) were
preincubated for 20 min and then exposed to buffer or
drugs. The reaction was terminated by the addition of 50
pL cold 2.8 M PCA at 30 sec. Samples were placed on ice
for 60 min. After neutralization with 60 pL of buffer (2 mM
KOH, 1 M Tris, 60 mM EDTA), samples were centrifuged
for 20 min at 1000 g at 4°C.

The binding assay was performed essentially as described
by Gerwins [19]. Twenty-five microliters of sample (or [P
standards), [*H] IP; (3000-3500 cpm), binding protein (ap-
proximately 0.5 mg), and assay buffer (100 mM Tris-HCI,
pH 9.4 mM EDTA, 4 mM EGTA, 4 mg/mL bovine serum
albumin) were added to 96-well microtiter plates with
U-shaped well bottoms and incubated at 4°C for 1 hr.
Bound [PH] IP; was separated from free by filtration using
the Skatron semiautomatic cell harvester 7019 (Skatron
AS, Tranby, Norway). Filters were then transferred to scin-
tillation vials. Three millilitres of scintillation fluid (Op-
tiphase “HiSafe3,” Pharmacia-LKB, Sweden) was added
and the vials left for 24 hr. Before counting, the vials were
shaken. All assays were performed in triplicate.

Cytosolic Ca®** Concentration

Neutrophils (5 x 10%mL) in HBSS supplemented with 20
mM HEPES, pH 7.4, were incubated at 37°C with 0.5 puM
Fura-2AM for 30 min. Fura-2AM loaded cells were washed
twice, reconstituted in HBSS (2.5 x 10%/mL) and stored on
ice until use. Then, 1.5 mL of cell suspension was added to
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quartz cuvettes in a Hitatchi F-3000 fluorescence spectro-
photometer (Tokyo, Japan). Fluorescence was excited at
340 and 360 nM and emitted light was measured at 510
oM. Measurements were made at 37°C with continuous
stirring of the cell suspension. After a stable baseline had
been established, stimulus was added and emitted light re-
corded. The system was controlled by addition of EGTA,
Tris buffer, Triton X-100, and CaCl,, after which calcium
concentrations were calculated by the following equation
[Ca**), = (F, = F,, )/(F. o — E.) x 224 (nM) as described
[20, 21].

Statistics

All results are given as means * standard errors. Results are
compared by one-way analysis of variance or Student’s
t-test using the Primer program on a Macintosh computer.

RESULTS

In agreement with previous results [6, 7, 8, 14], ATP, ADP,
and UTP were found to be ineffective per se as stimuli for
H,0O, production (data not shown). Also in agreement
with previous results, ATP and UTD caused a significant
enhancement of fMLP-stimulated neutrophil chemilumi-
nescence when PMNs were treated with these nucleotides
for 2 min before the addition of 1 uM fMLP (Fig. la).
Enhancement of H,O, generation could be observed at 0.1
uM and maximum effects (160% of basal level for ATP,
150% of basal level for UTP) were detected at 10 pM.
However, with prolonged treatment time, the enhance-
ment of fMLP-induced chemiluminescence by ATP was
rapidly reversed to an inhibition to 40% of that in un-
treated controls. Whereas UTP gave a similar enhancement
of H,O, production as did ATP during short preincubation,
it was essentially inactive when incubated with PMNs for 5
min prior to addition of fMLP (Fig. 1b). ADP mediated
only an inhibition of fMLP-induced H,O, production at
the 2 incubation times; the inhibition seen at 107 M
amounted to 60% and 78% at 2 and 5 min, respectively.
Enhancement of H,O, production was noted when fMLP
and ATP were added simultaneously, and a maximal en-
hancement was found when ATP was added 30 sec before
fMLP (Fig. 2).

Neutrophil activation also results in exocytosis of azuro-
philic granule constituents, including the serine protease
elastase. Therefore, we also investigated the effect of extra-
cellular ATP, ADP, and UTP on elastase release in quies-
cent or fMLP-activated human neutrophils. ATP and UTP,
but not ADP, stimulated the elastase release from the basal
level of 6 £ 1 U/L to 28 + 10 U/L for ATP, and to 24 + 6
U/L for UTP (Fig. 3). The direct effect of ATP on elastase
release was evident within 1 min and was not significantly
altered by addition of 1 wM CGS 15943, a potent non-
xanthine adenosine receptor antagonist (not shown). fMLP
(at 1 wM) resulted in a marked increase in elastase release

to 105 + 20 U/L, but this response was unaffected by ATP,
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FIG. 1. The effects of ATP, ADP, and UTP on H,O, pro-
duction in fMLP-stimulated neutrophils. Drugs were added
(a) 2 min or (b) 5 min before fMLP (1 pnM). The data are
expressed as means * standard errors of 3 experiments us-
ing PMN from different donors. Results are normalized as
percent of control values.

ADP, and UTP added together with fMLP (results not
shown).

IP; levels, measured at 30 sec following ATP or UTP
exposure, were increased in a dose-dependent fashion (P <
0.05) (Fig. 4). The magnitude of the IP; increase was half
that induced by fMLP [22]. Because it is generally accepted
that an increase in [P; leads to a rise in the free cytosolic
concentration of calcium ([Caz+]i), we tested the effect of
ATP, ADP, and UTP (at 10 pM) on [Ca®*], fluxes. ATP
and UTP, but not ADP, caused a rapid but transient rise in
[Ca®]; from the basal level of 62 £ 8 nM to a peak of 160
t 34 nM (ATP) or 151 + 39 nM (UTP). [Ca**], then
returned rapidly to the basal level within 2 min (Fig. 5a).
fMLP (at 0.1 M) not only induced a marked increase in
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FIG. 2. Time course of the enhancement of H,0O, produc-
tion by ATP. Neutrophils were preincubated with ATP (1
M) for the indicated time. H,0, was measured as de-
scribed in the Methods section. *denotes the simultaneous
addition of ATP and fMLP. The data are presented as per-
cent of the control level of H,0, production by neutrophils
exposed only to fMLP. Each point represents the mean of 2
experiments.

[Ca?"], from a basal level to a peak of 338 + 13 nM (ap-
proximately double that caused by ATP or UTP alone), but
also induced a clear second peak, which often lasted up to
5 min [20]. The first peak was unaffected when ATP and
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FIG. 3. The effect of ATP, ADP, and UTP on elastase re-
lease in nonactivated neutrophil leukocytes. PMNs were
incubated with the indicated concentration of agonists and,
after 20 min, the reaction was stopped by centrifugation.
Elastase release was determined by spectrophotometry. The
data are the means * standard errors of 4 experiments using
cells from different donors. Results presented as U/L.
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FIG. 4. The effect of ATP or UTP on IP, formation in neu-
trophils. Peak IP; mass was determined at 30 sec following
addition of ATP and UTP. Data are means * standard er-
rors from (a) 2 or (b) 3 experiments, each performed in
triplicate. *P < 0.05 (t-test).

UTP were added simultaneously with fMLP; however, the
second peak tended to increase. Addition of ADP caused
the disappearance of the second peak induced by fMLP
(Fig. 5b).

Adenosine (at 1 pM) did not affect [Ca®*]; over the
5-min observation period (data not shown). Treatment
with adenosine for 5 min prior to fMLP stimulation did not
influence the initial rise or the maximal level of [Ca?*],, but
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FIG. 5. (a) The effect of ATP or UTP on cytosolic calcium concentration; (b) the effect of fMLP on [Ca®™ ], in the presence
of ATP, UTP, and ADP; (c) the effect of adenosine on calcium increase by fMLP; or (d) by ATP. Cytosolic calcium
concentration was determined with fura-2 assay as described in the Methods section. These results are from a single exper-

iment and are typical of 4 separate cell preparations.

caused a more rapid decline in the [Ca“]i transient com-
pared to that in buffer-treated cells (Fig. 5c). This is in
agreement with previous reports demonstrating that neither
the generation of IP5 nor the immediate increase in [Ca*],
by fMLP-stimulated neutrophils is affected by treatment
with adenosine {22, 23]. However, the duration of the cal-
cium response was shorter because adenosine pretreatment
abolished the second [Ca;”]i rise, suggesting that adenosine
affected the fMLP-induced entry of extracellular calcium.
Adenosine did not affect the change in [CaZJ’]i evoked by
ATP (Fig. 5d).

The finding that ATP induced a transient enhancement
of the oxidative burst, which was followed by a marked
inhibition, might be compatible with the hypothesis that
the inhibition is due to formation of adenosine. We, there-
fore, examined the metabolism of ATP in PMNs. Indeed,
ATP was rapidly converted into ADP and AMP, which
were further hydrolyzed into adenosine, starting from 2 min
in nonactivated PMNs (Fig. 6).

We then studied whether the potent nonxanthine aden-
osine receptor antagonist CGS 15943 would modulate the

chemiluminescence. It was found to virtually abolish the
inhibitory effect of both ATP (Fig. 7a) and ADP (Fig. 7b)
on the oxidative burst. Because the results suggest that ATP
and adenosine might interact on H,0, production we,
therefore, examined the effect of ATP on adenosine-medi-
ated inhibition, as well as that of adenosine on ATP-me-
diated enhancement of H,O, formation. It is seen that
adenosine caused a concentration-dependent inhibition of
the H,O,-production by fMLP-activated neutrophils (Fig.
8a). In this set of experiments, ATP (at 10 uM) produced
a 30% increase in fMLP-stimulated H,O, production, and
the combined effect of ATP and fMLP was inhibited by
adenosine (Fig. 8a). ATP was able to enhance the H,O,-
production induced by fMLP, even when the neutrophils
had been preincubated for 3 min with a high concentration
of adenosine (1 wM) (see Fig. 8b). The magnitude of the
ATP-induced enhancement was larger when ATP was
added only 30 sec before fMLP, but it was still reduced by
adenosine (data not shown). Thus, adenosine does not se-
lectively depress the actions of ATP but, rather, produces a
general decrease in the magnitude of the oxidative burst.
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FIG. 6. Purine metabolism in neutrophil leukocytes. Neu-
trophils (1 X 10%/mL) were incubated with ATP (10 pM) at
37°C for the indicated time. After centrifugation for 1 min,
the supernatant was incubated at 85°C for 2 min and, then,
centrifuged again for 10 min at 4°C. ATP, ADP, AMP, and
adenosine were determined as described in the Methods sec-
tion. The data are means * standard errors from one exper-
iment, performed in triplicate.

DISCUSSION

ATP and UTP caused a transient increase in cytosolic
Ca?*, in agreement with previous results [2, 6, 9, 24]. This
was associated with, and probably caused by, a rise in IP;. It
has been clearly shown that the magnitude and rate of
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exocytotic release from neutrophil leukocytes is determined
by the magnitude and rate of the rise in [Ca?*], [25], but it
is also known that other receptor-mediated events contrib-
ute [26]. Accordingly, ATP and UTP induced elastase re-
lease, in agreement with previous results [2, 5, 27]. Com-
pared to fMLP, ATP and UTP produced a correspondingly
smaller increase in [Ca®*], IP;, and elastase release. We
have also confirmed that ATP, when added simultaneously
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FIG. 7. The effects of ATP and ADP on H,O, production in
the absence or presence of CGS 15943. CGS 15943 (1 pM)
was added together with ATP or ADP 5 min before fMLP (1
pM). The data are the means *+ standard errors of 3 exper-
iments using blood from different donors, normalized to per-
cent of controls.
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FIG. 8. The effect of ATP and adenosine on H,0, produc-
tion. (a) PMNs were preincubated with increasing concen-
trations of adenosine for 3 min, then 10 pM ATP was added
2 min before 1 pM fMLP. (b} PMNs were preincubated with
adenosine (1 pM) for 3 min, then increasing concentrations
of ATP were added 2 min before 1 pM fMLP. The data are
the means * standard errors of 3 (treatment group) to 6
(buffer group) experiments using blood from different do-
nors, normalized as percent of control.

with or soon before fMLP, can increase the oxidative burst
but has no effect when added alone [2, 6, 7, 8, 9, 14].
ATP is known to act on extracellular P, purinoceptors,
which fall into at least 2 main families: G protein coupled
receptors and intrinsic ion channels [11, 28]. The former,
responsible for IP;-mediated increase in [Ca®*],, and which
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are tentatively named P,y, P,1, and P, receptors [10, 11,
28] are the types that are responsible for the observed re-
sponses in neutrophils. Neither ADP, which is able to ac-
tivate P,y and P,1 but not P, receptors [8, present data],
nor Z2MeSATP (2-methylthioadenosine 5'-triphosphate),
which can stimulate P,x and P,y receptors but not P,
receptors [24, 29, 30] caused a strong stimulation [8]. By
contrast, UTP, ITP (inosine 5'-triphosphate) and GTP
(guanosine 5’-triphosphate), which potently stimulate P,y
purinoceptors but are weak agonists at all the other forms,
were essentially as active as ATP [8]. Therefore, the recep-
tor is best classified as a P,(;-type receptor.

The major finding in this study was that the effect of
ATP on the oxidative burst was transient and rapidly con-
verted into an inhibition. The time-course of this change
corresponded to the conversion of ATP to AMP and aden-
osine. Adenosine is known to inhibit the effect of fMLP via
an action on A, receptors {13]. Adenosine is quite potent in
this respect, with clearcut inhibition being observed at 10
nM |22, 31]. Levels above this threshold were observed
after a few min of incubation and it is likely that the aden-
osine concentration at the cell surface, which is both the
site of action and the site of formation, is considerably
higher than in the bulk of medium. The fact that the non-
xanthine adenosine antagonist CGS 15943 blocked the
late inhibition of H,O, production by ATP provides fur-
ther evidence that it is due to adenosine. ADP, which can
be converted to adenosine as well, also caused an inhibition
that was blocked by CGS 15943. By contrast, UTP, which
cannot be converted to adenosine, did not produce a sec-
ondary inhibition. Even though UTP breakdown was not
specifically determined, it is likely that there are ecto-nu-
cleotidases that also rapidly degrade the pyrimidine nu-
cleotides, and that such breakdown explains why the stim-
ulatory effect of UTP was also transient.

Although the effect of ATP on the oxidative burst was
biphasic, with an initial stimulation followed by a second-
ary adenosine-mediated inhibition, there was no direct ev-
idence for an adenosine-mediated inhibition of ATP-stim-
ulated elastase release. This is in agreement with previous
results that adenosine is much more potent as an inhibitor
of the oxidative burst than of exocytotic release of elastase
{1, 9, 13, 22]. This could be related to the fact that aden-
osine has little or no effect on the initial [Ca*'], rise that is
related to azurophilic granule release [22, 23].

It is well known that adenosine is able to cause inhibi-
tion of the oxidative burst by acting on an A, receptor [13}.
Two A, receptors, a high-affinity A,, and a low-affinity
A,p receptor, with different pharmacological characteris-
tics have been identified [see 11]. The high potency of
adenosine and the blockade by CGS 15943 suggest that the
adenosine receptor is of the A,, subtype. We have con-
firmed this by the use of selective agonists (e.g., 2-phenyl-
aminoadenosine and CGS 21680) and antagonists (e.g., KF
17387) [11], as well as by the demonstration of A, 4 recep-
tor mRNA by PCR (Zhang, van der Ploeg and Fredholm,
unpublished data).
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Although ATP and UTP did not further enhance the
[Ca*], increase induced by fMLP, they tended to enhance
the second peak of [Ca®],. Adenosine and ADP, by con-
trast, made this second peak disappear. These results indi-
cate that generation of oxidative burst in response to fMLP
in nucleotide-primed and adenosine-inhibited neutrophils
could relate to the influx of extracellular calcium or alter a
late step in the signal transduction pathway, such as the
activity, translocation, or proteolysis of protein kinase C
[31]. It has been found that protein kinase C activation is
a potent stimulus and also a major pathway for agonist-
induced phospholipase D activation [32, 33]. Phospholipase
D acts primarily on phosphatidylcholine and generates
phosphatidic acid, a potential second messenger that may
be involved in the activation of NADPH oxidase [34, 35].
It is important in this regard that activation of P, recep-
tors in smooth muscle cells has been shown to activate
phospholipase D [36]. It is an interesting possibility that
ATP, UTP, and adenosine may modulate the oxidative
burst by interacting with phosoholipase D activation, but
other mechanisms may also exist.

Potentiation of neutrophil responses to inflammatory
mediators by ATP release from activated platelets and sites
of tissue injury could be of major biological importance. It
has already been shown in vitro that activated platelets can
potentiate neutrophil responses [9, 14]. In vivo, free ATP
concentration in blood can be as high as 20 uM following
tissue injury [37]. Thus, it is likely that nucleotides influ-
ence neutrophil function at sites of inflammation by con-
ferring a transient activation followed by a secondary inhi-
bition.

In conclusion, purine and pyrimidine nucleotides medi-
ate neutrophil function by a P, receptor that is distinct
from P,y and P,y and possibly represents a member of a P,y
family. The results also show that the effect of ATP is very
transient and is rapidly converted from a stimulation to an
inhibition in parallel with the hydrolysis of ATP to aden-
osine.
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