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Abstract

Since physiological concentrations (0.1-1 pM) of adenosine
influence the functions of human polymorphonuclear neutro-
phils (PMNs), we investigated the metabolism of adenosine in
suspensions of stimulated and unstimulated PMNs. Stimula-
tion with phorbol myristate acetate (PMA, 1 MM), but not by
zymosan (0.5 mg/ml) or N-formyl-methionyl-leucyl-phenylal-
anine (fMLP, 1 MM), provoked an accumulation of endogenous
adenosine at a rate of 23±1.0 amol/cell per minute. A similar
accumulation was observed with both unstimulated and stimu-
lated PMNsafter the addition of deoxycoformycin (dCF,
1-100 MM), an inhibitor of adenosine deaminase. Exogenous
adenosine (10 MM)was deaminated at a rate of 9.8±3.7 amol/
cell per minute in control or zymosan or fMLP-stimulated
PMNsuspensions. This deamination was nearly completely
suppressed when the PMNshad been stimulated with PMA.
In contrast, the activity of adenosine deaminase in PMNly-
sates (231±72 amol/cell per minute) was not modified by
PMAstimulation. a,#-Methyleneadenosine 5'-diphosphate
(AMPCP, 2.5 mM), an inhibitor of membranous ecto-5'-nucle-
otidase, profoundly inhibited endogenous adenosine accumula-
tion under all conditions. PMAstimulation also provoked an
inactivation of extracellular adenosine d purine nu-
cleoside phosphorylase, and lactate dehydrogenase in PMN
suspensions. Weconcluded that PMNs, even when not stimu-
lated, continuously produce adenosine by dephosphorylation of
extracellularly released adenylates; and that stimulation of
PMNsby PMAcauses adenosine accumulation owing to the
inactivation of adenosine deaminase released by broken cells.
(J. Clin. Invest. 1991. 87:305-312.) Key words: deoxycofor-
mycin; nucleoside transport; 5'-nucleotidase(s); phagocytosis

Introduction

Addition of physiological (0.1-1 AM) concentrations of aden-
osine to suspensions of human polymorphonuclear neutro-
phils (PMNs) influences their function. Superoxide anion pro-
duction (1, 2) and aggregation (3) in response to various stim-
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uli are inhibited, whereas chemotaxis is enhanced (4). These
effects have been shown to involve adenosine receptors (4-7).
Adenosine might thus be a physiologically important inhibitor
of PMN-mediated cell injury (4, 8).

Adenosine is an intermediate of the catabolism of the ade-
nine nucleotides. These are maintained in equilibrium by ade-
nylate kinase, and ultimately broken down to hypoxanthine in
most human cell types, including PMNs (Fig. 1). Adenine
nucleotide catabolism can occur by two pathways that differ in
two metabolic steps. The branchpoint is at AMP, which can
either be dephosphorylated to adenosine by 5'-nucleotidase(s),
or deaminated to inosine 5'-monophosphate (IMP)' by AMP
deaminase. The adenosine formed along the right-hand path-
way does not necessarily accumulate, as it can be either re-
phosphorylated to AMPby adenosine kinase (9), or deami-
nated to inosine by adenosine deaminase (ADA). IMP, formed
along the left-hand pathway, is dephosphorylated to inosine,
most likely by a different 5'-nucleotidase than that which acts
on AMP(10, 11). Purine nucleoside phosphorylase (PNP)
splits inosine into hypoxanthine and ribose 1-P.

Phagocytic stimuli are known to induce ATP breakdown
in PMNs(12-14). Although the presence of adenosine in sus-
pensions of human PMNshas been documented (1, 15), little
additional information is available with respect to production,
uptake, and degradation, and the resulting accumulation of
adenosine by these cells, at rest and upon stimulation. In this
work, the catabolic pathway of the adenine nucleotides and the
accumulation of adenosine have been studied in detail in sus-
pensions of human PMNs, incubated under resting conditions
and in the presence of the following stimuli: zymosan, a partic-
ulate extract from yeast; N-formyl-methionyl-leucyl-phe-
nylalanine (fMLP), a chemotactic peptide; and phorbol myris-
tate acetate (PMA), a stimulator of protein kinase C. Our re-
sults show that stimulation of PMNsby PMAprovokes an
extracellular accumulation of adenosine due to inactivation of
ADA released by the cells. Adenosine formed by the PMNs
themselves might thus inhibit their capacity to injure cells.

Methods

Materials. Nucleotides, nucleosides, bases, and auxiliary enzymes were
from Boehringer GmbH(Mannheim, FRG). [8-'4CJATP (sp act = 58
Ci/mol), [8-14C]AMP (55 Ci/mol), [8-'4C]adenosine (59 Ci/mol), and
[8-'4C]inosine (57 Ci/mol) were from the Radiochemical Centre, Ltd.,
Amersham, Bucks., UK). Deoxycoformycin (dCF) was from Warner-
Lambert Co., Ann Arbor, MI. 5-lodotubercidin was from Research
Biochemicals, Inc., (Natick, MA). Soluflazin was a gift from H. van

1. Abbreviations used in this paper: ADA, adenosine deaminase (EC
3.5.4.4.); AMPCP, a,#-methyleneadenosine 5'-diphosphate; BDD,
bromododecane; dCF, deoxycoformycin; IMP, inosine 5Y-monophos-
phate; LDH, lactate dehydrogenase (EC 1.1.1.27); PCA, perchloric
acid; PEI, polyethyleneimine; PNP, purine nucleoside phosphorylase
(EC 2.4.2. 1).
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Belle (Janssen Research, Beerse, Belgium). Bromododecane (BDD)
was from Janssen Chimica, Beerse, Belgium, Dextran T-500 and Seph-
adex G-25 (medium grade) from Pharmacia Inc., Uppsala, Sweden. All
other chemicals were analytical grade from Sigma Chemical Co., St.
Louis, MO.

KRBcontained, unless given otherwise, (in mM): NaCl 1 8, KCI 5,
KH2PO4 1.2, MgSO41.2, NaHCO325, CaCl2 2.5; was always supple-
mented with glucose 5 mM; and was flushed with 02/CO2 (95%:5%).

PMAand fMLP were dissolved in DMSO.To control incubations,
0.1% DMSOwas added. No difference in the parameters monitored
was observed between 0 and 1%DMSOadded. All other solutions were
prepared in distilled water. Zymosan was boiled for 1 h in NaCl 0.9% at
10 mg/ml, washed twice, opsonized 30 min at 37°C in fresh plasma
(mixed from three donors), washed twice, and resuspended in KRB.
Unless otherwise stated, the following final concentrations were used:
PMA 1 MM, fMLP 1 MM, zymosan 0.5 mg/ml, and 2-deoxyglucose
10 mM.

Donors. Most experiments were performed with PMNs isolated
from blood from patients with hemochromatosis. However, every sin-
gle experiment reported in this paper has been performed at least once
with PMNsobtained from healthy volunteers, and no qualitative or
quantitative difference was observed in any of the parameters de-
scribed in this paper.

Isolation of neutrophils. Packed blood cells (200-250 ml) were
obtained by centrifugation of peripheral venous blood at 3,000 g for 10
min. The cells were mixed with an equal volume of KRB, in which
CaCl2 was omitted and 3% (wt/vol) dextran T-500 was added. They
were allowed to sediment during 1 h at room temperature. The leuko-
cyte-rich supernate was transferred into a 250-ml centrifugation tube
(Dow-Corning Corp., Midland, MI) and centrifuged 5 min at 200 g.
The supernate was discarded and the cells resuspended in 1 ml KRBby
repeated aspiration in an automatic pipettip. A hemolytic shock was
performed by adding 42 ml bidistilled H20, followed after 20 s by 14

ml NaCl 3.5%. After centrifugation (5 min, 200 g), the cells were
washed three times with 20 ml KRBand centrifuged 5 min at 150, 100,
and 60 g, respectively. The cells obtained in this way were typically
> 93% PMNs, and viability, as judged by trypan blue exclusion, was
> 96%.

Incubations. Cell suspensions, containing between 3 and 60* 106
cells/ml, were incubated in KRBat 250C, in siliconized glass liquid
scintillation vials, in a shaking water bath. Care was taken to provide
sufficient flushing with 95% 02, 5% Co2. For determinations of me-
tabolites in the total cell suspension, 400 AI total incubation medium
was pipetted into 100 Ml ice-cold 10% perchloric acid (PCA) at the
times indicated. After centrifugation at 10,000 g for 3 min, 460 M1 of
the supernate was transferred into a conical Eppendorf tube and neu-
tralized with 100 Al of a neutralization mixture containing KOH1.08
M, KHCO31.08 M, and bromthymol blue 77 MM.

When cells and extracellular medium had to be separated, the
method of Cornell (16) was used, adapted as follows. 400 Ml BDDwas
layered on top of 200 Ml PCA 10% in a conical Eppendorf tube. 500 M1
PMNsuspension was carefully layered on top of the BDD. Care was
taken to avoid having the first drop penetrate the BDD layer and
consequently to come in contact with the PCA. The tubes were centri-
fuged I min at 10,000 g. Up to 400 MI of supernate could be recovered
by using a 100-Ml automatic pipette, and frozen in C02/acetone for
enzyme analysis and/or added to PCA(4 vol of supernate to I vol of
PCA 10%) and neutralized after 30 min by adding 1 vol of the mixture
given above. After carefully removing the remaining supernate, as well
as the major part of the BDD, the precipitate was resuspended with a
plastic rod, recentrifuged (3 min, 10,000 g), and 140 Ml of the PCA
layer was transferred to another Eppendorf tube containing 100 Ml of
the neutralization mixture given above.

For determination of the catabolism of adenosine in the total cell
suspension, [8-'4C]adenosine (10 MM) was added to the incubation
medium. At appropriate time intervals, aliquots of the total cell sus-
pension were pipetted into ice-cold PCA, centrifuged, and neutralized
as described above. 10 Ml of the neutralized supernate was spotted on
polyethyleneimine (PEI) cellulose TLC plates on which 50 nmol of
carrier adenosine, inosine, and hypoxanthine had been applied. After
development in butan- I -ol/acetic acid/water (2:1:1, vol/vol), radioac-
tivity was measured in the spots corresponding to the carriers.

For determination of adenosine uptake, [8-'4C]adenosine (10MM),
was added to cell suspensions that had been preincubated for 10 min in
the presence of 100 MMdCF to inhibit adenosine deaminase. At ap-
propriate time intervals, aliquots of the total cell suspension were pi-
petted into ice-cold PCAand processed as described in the previous
paragraph, except that 50 nmol carrier AMP, ADP, and ATPwere also
applied on the PEI cellulose TLC plates. For determination of adeno-
sine uptake, the radioactivity appearing in the nucleotide spots was
measured.

Enzyme activities on the extracellular medium were determined
after centrifugation of the cells. For determination of enzyme activities
on cell lysates, total cell suspensions were collected in 1O vol of distilled
water immediately before freezing in acetone/C02. Thereafter they
were thawed and sonicated three times for 10 s on ice.

Quantitation of purine nucleotides, nucleosides, and bases. Purine
metabolites were analyzed as previously (17) using HPLCon Partisil-
SAX (nucleotides) and M-Bondapack (nucleosides and bases), both
from Whatman, Maidstone, Kent, UK.

Measurements of enzyme activities. The activity of ADAin extra-
cellular medium and cell lysates was measured with 10 MM[8-'4C]-
adenosine. At three appropriate time intervals, 10 Ml of the incubation
medium was spotted on PEI cellulose TLC plates on which 50 nmol of
adenosine, inosine, and hypoxanthine had been applied. After devel-
opment in butan- l-ol/acetic acid/water (2:1:1, vol/vol), the enzymic
activity was calculated from the sum of the radioactivity appearing in
inosine and hypoxanthine. PNP was assayed by the radiochemical
method described by Vincent et al. (18), except that the PEI plates were
developed as above. The activity of lactate dehydrogenase (LDH) was
measured according to Vassault ( 19).

For the measurement of adenosine kinase, suspensions of freshly
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purified PMNs(20. 106 cells/ml) were sonicated three times 10 s on
ice, centrifuged 3 min at 10,000 g, and the supernate was filtered on
Sephadex G-25. The protein-rich fraction was preincubated 15 mm
with dCF 100 MM. The assay medium, essentially adapted from Arch
and Newsholme (20), contained (final concentrations in mM)Tris 50,
KCI 100, MgCl2 5, ATP3, AMPCP2.5, phosphocreatine 10, dCF0.01,
and creatine phosphokinase (0.2 mg/ml), adenylate kinase (0.03
mg/ml), and [8-'4C]adenosine (10 jiM).

Statistics. All results of repeated experiments are given as
means±SD. Significance was tested for by Students t test, double-
tailed.
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Concentrations of purine nucleotides
The intracellular concentration of ATP, measured after cen-
trifugation of suspensions of freshly isolated human PMNs
through a BDDlayer, was '1,770±170 amol/cell (n = 8) at the
beginning of the incubations. In the absence of additions, the
ATP concentration after 52 min of incubation was 8±6%
lower than initially, corresponding to a mean loss of ATP of
2.7 amol/cell per minute (Fig. 2). Phagocytic stimuli accen-
tuated the ATP decrease, which reached - 20% following the
addition of opsonized zymosan or fMLP, and > 60% follow-
ing that of PMA. Addition of 2-deoxyglucose, an inhibitor of
glycolysis, also induced a pronounced depletion of ATP.
Under all experimental conditions, ADP(initial concentration
250±42 amol/cell) and AMP(initially 35±6 amol/cell) were
barely modified over the duration of the incubations. The ade-
nylate energy charge was 0.925±0.015 throughout the control
incubations. It was barely modified upon addition of zymosan
or fMLP, and never decreased below 0.880 in the presence of
PMA, or below 0.830 upon addition of 2-deoxyglucose. Tran-
sient increases in IMP were recorded upon addition of PMA,
and, to a distinctly lesser extent, of 2-deoxyglucose, zymosan,
and fMLP (Fig. 3). At its peak, 10 min after the addition of
PMA, IMP accounted for 49±7% of the total adenylates lost so
far. These results indicate deamination of AMPinto IMP dur-
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Figure 2. Intracellular concentration of ATP in freshly isolated
human PMNs, incubated at 25°C in KRB, under control conditions
(o), or supplemented at zero time (arrow) with zymosan (0.5 mg/ml,

f); fMLP (1 uM, n); PMA(1I gM, *); or 2-deoxyglucose (10 mM, o,
[d-gluJ). Inset: Intracellular concentration of GTP, same experi-
ments, same symbols. All concentrations are expressed in amol/cell,
mean±SDof 7 (control) or 4 (other conditions) independent experi-
ments conducted with PMNsfrom different donors.
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Figure 3. Intracellular concentration of IMP in freshly isolated
human PMNs, incubated at 25°C in KRB, under control conditions
(o), or supplemented at zero time (arrow) with zymosan (0.5 mg/ml,
A [zym]); fMLP (I MM, *); PMA(I MuM, *); or 2-deoxyglucose (10
mM, o). Results from 7 (control) or 4 (other conditions) independent
experiments conducted with PMNsfrom different donors.

ing the catabolism of ATP induced by phagocytic stimuli and
by 2-deoxyglucose. The concentrations of the guanine nucleo-
tides evolved similarly to those of the adenine nucleotides, but
the relative decreases of guanosine 5'-triphosphate (GTP) were
less pronounced than those of ATP: GTPdecreased from an
initial concentration of 390±50 amol/cell to 280±30 amol/cell
upon addition of PMA(n = 4; Fig. 2, inset).

Analysis of the incubation medium of the PMNsrevealed
that it contained 0.9±0.4 ,sM ATP (n = 6) at the beginning of
the incubations. This corresponds to 40±29 amol of ATP for
each cell present in the total suspension, or 2.3±1.7% of their
total ATP (the suspensions in these experiments contained
between 15 and 52- 106 cells/ml). The extracellular concen-
tration of ADPwas 0.7±0.4,uM (n = 6), equivalent to 30±28
amol/cell. The extracellular concentration of AMPwas
1.6±0.8 uM (n = 6), equivalent to 58±33 amol/cell. Extracel-
lular AMPaccounted for 63±23% of total AMPin the PMN
suspensions. No modifications of extracellular ATP, ADP, and
AMPwere observed over the duration of the experiments,
either in control conditions or in the presence of the phago-
cytic stimuli or of 2-deoxyglucose. A negative correlation was
observed between the fraction of total ATP (but not of ADPor
AMP) located extracellularly (expressed as amol/cell or as %of
total ATP) and the cell concentration (r = -0.878, P < 0.05).

IMP was barely detectable in the extracellular medium at
the beginning of the incubations. It rose slowly and approxi-
mately linearly to about 50 amol/cell after 42 min in the dif-
ferent experimental conditions, including control (results not
shown).

No significant changes in intracellular inorganic phosphate
(Pi) were observed upon addition of zymosan, fMLP, PMA, or
2-deoxyglucose to the PMNs(results not shown).

Concentrations of adenosine, inosine, and hypoxanthine
At the beginning of the incubations, the extracellular concen-
tration of adenosine was 0.51±0.27 MM(n = 9), equivalent to
17±9 amol/cell. This concentration did not change signifi-
cantly over the duration of the experiments, either in control
conditions or upon addition of fMLP, zymosan, or 2-deoxy-
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Figure 4. Extracellular concentration of adenosine in suspensions of
freshly isolated human PMNs, incubated at 250C in KRB, under
control conditions (o), or supplemented at zero time (arrow) with zy-
mosan (0.5 mg/ml, A); fMLP (1 IMM, *); PMA(1 uM, *); or 2-deox-
yglucose (10 mM, o). Dashed lines represent the conditions in which,
together with the additions mentioned above, 1 uMdCF was added.
As relatively important intraindividual variations occur, the data of
one experiment, representative for four to seven experiments com-
bined in Table I, are given.

glucose (Fig. 4). In contrast, stimulation of the cells with PMA
provoked a marked accumulation of adenosine, which pro-
ceeded at the rate of 2.3±1.0 amol/cell per minute (n = 9). At
the end of the incubations, under control conditions and in the
presence of zymosan or fMLP, the extracellular concentra-
tions of inosine and hypoxanthine had increased nearly in
parallel, and their sum accounted for the loss of purine nu-
cleotides (not illustrated). Upon addition of PMAor 2-deox-
yglucose, a severalfold higher increase was recorded for extra-
cellular hypoxanthine, but the increase in extracellular inosine
was similar to the one observed after stimulation with zymo-
san or fMLP. The sum of the extracellularly released catabo-
lites, including PMA-induced adenosine, did not account for
the loss of purine nucleotides.

Comparison of the concentrations of hypoxanthine in the
incubation medium and in the total cell suspension showed
that they were always the same, as was the case for adenosine.
This indicates that these metabolites did not accumulate inside
the cells. Inosine, on the other hand, was found to accumulate
markedly in the total cell suspension but not in the extracellu-
lar medium under those conditions in which an important
ATP breakdown was observed, namely in the presence of
PMAor 2-deoxyglucose. This was confirmed by measuring
inosine inside the cells after centrifugation through BDD. As
shown in Fig. 5, inosine accumulated strongly intracellularly
within 10 min after PMAand 2-deoxyglucose, and still > 70%
of total inosine was found intracellularly at the end of the
incubation. This suggests that both intracellular phospho-
rolysis of inosine to hypoxanthine by PNPand transport of
inosine out of the PMNsbecame rate-limiting when ATP
breakdown was markedly accelerated. The sum of intra and
extracellular purine catabolites accounted for the loss of ATP
after PMAor 2-deoxyglucose.

Metabolism of exogenous adenosine
Adenosine, added at the concentration of 10 uM to control
PMNsuspensions, was deaminated at the rate of 9.8±3.7

U)
c

._4

=
U-a)
m 0
5O

= E

ca

750

500

250

T - T - I - I ' I

0 10 20 30 40
time (min)

Figure 5. Intracellular concentration of inosine in freshly isolated
human PMNs, incubated at 250C in KRB, under control conditions
(o), or supplemented at zero time (arrow) with zymosan (0.5 mg/ml,
A); fMLP (1 MM, n); PMA(1 MM, *); or 2-deoxyglucose (10 mM, o,
[d-glu]). Results from seven (control and PMA) or four (other condi-
tions) independent experiments conducted with PMNsfrom differ-
ent donors.

amol/cell per minute (n = 10). This rate was not modified
when the PMNshad been preincubated for 20 min with zy-
mosan, fMLP, or 2-deoxyglucose. However, when the PMNs
had been stimulated with PMA, the deamination of adenosine
was nearly completely suppressed (0.4±0.6 amol/cell per min-
ute after 10 min, n = 10). Measurements of the activity of
ADA in lysates of control PMNsrevealed that it reached
231±72 amol/cell per minute, which is about 25-fold the rate
of deamination measured in control PMNsuspensions. The
ADAactivity in the lysates was not modified when the PMNs
had been preincubated for 20 min with zymosan, fMLP, or
2-deoxyglucose before lysis. Neither was it modified when the
cells had been stimulated with PMA20 min before lysis. These
data suggested that adenosine virtually does not penetrate in-
side the cells; that about 4% of the PMNs' ADAwas located
extracellularly; and that the addition of PMAto the cell sus-
pension elevated adenosine by inhibiting or inactivating extra-
cellular ADA.

The absence of appreciable penetration of adenosine inside
the PMNswas confirmed by the observation that the addition
of the inhibitors of nucleoside transport, dipyridamole and
soluflazin (both at 10 AM), had no effect on the rate of degra-
dation of exogenous adenosine (10 AM) by intact PMNsus-
pensions (results not shown).

Also in accordance with the absence of penetration of
adenosine inside the PMNswas the observation that incuba-
tion of intact cells with [8-'4C]adenosine (10 AM), in the pres-
ence of 100 MMdCF to inhibit extracellular adenosine deami-
nation (see below), did not result in any incorporation of the
label into the cellular nucleotides. Nevertheless, an adenosine
kinase activity of 26 Mmol/min per gram of protein could be
measured in PMNlysates.

Influence of inhibition of adenosine deaminase
To obtain further insights in the pathway of the degradation of
the adenine nucleotides and in the mechanism of the accumu-
lation of adenosine induced by PMA, experiments were per-
formed with dCF, a potent, tight binding inhibitor of ADA
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(21). In the presence of 1 gMdCF the deamination of 10 ,uM
["4C]adenosine by control PMNsuspensions was completely
inhibited (< 0.1 amol/cell per minute, n = 5). Addition of 1
juM dCF to the cell suspension, incubated in control condi-
tions or in the presence of zymosan, fMLP, or 2-deoxyglucose,
induced a similar accumulation of adenosine as that observed
upon addition of PMAin the absence of dCF (Fig. 4). Addition
of dCF (1 or 100 MM)together with PMAdid not significantly
alter the adenosine accumulation as compared to dCFor PMA
alone (Table I). These results indicate that adenosine is pro-
duced by the PMNs under control conditions but that the
nucleoside does not accumulate owing to deamination by
ADA; and that this production is not modified by fMLP, zy-
mosan, 2-deoxyglucose, or PMA. The data also confirm the
previous suggestion that the adenosine accumulation induced
by PMAis caused by inhibition or inactivation of ADA.

ADAin lysates obtained from cells incubated for 0, 7, 15,
or 42 min with 1 MMdCF and washed three times before lysis
was not inhibited. This indicates that, similar to adenosine and
inosine, the inosine analogue dCF does not penetrate inside
the PMNs. This result also confirms the previous suggestion
that the accumulation of adenosine induced by PMAis caused
by an effect on extracellular ADA. When PMNsuspensions
were incubated for 0, 7, 15, or 42 min in the presence of 100
MMdCF, intracellular ADAassayed in lysates prepared after
three washes of the cells was inhibited by 95% (results not
shown). That the inhibition was already recorded at 0 min
suggests that it was not caused by penetration of dCF inside the
cells, but rather by an artifact as, e.g., adsorption of the inhibi-
tor on the cell membrane, followed by release during the soni-
cation procedure.

Neither the changes in endogenous adenosine or any of the
other metabolites monitored, nor the disappearance rate of
exogenous adenosine were affected in any of the conditions
studied by adding 5-iodotubercidin, an inhibitor of adenosine
kinase. This is most probably due to lack of transport of 5-io-
dotubercidin, a nucleoside analogue.

Effect of inhibitors of ectonucleotidases
The results described hitherto clearly indicated that the aden-
osine production, leading to adenosine accumulation in the
presence of PMAor dCF, was due to extracellular degradation
by ectonucleotidases of nucleotides released in the medium,
rather than to intracellular catabolism of AMPby cytosolic

Table I. Extracellular Adenosine Concentration
after 42 Min of Incubation

dCF AM

0 1 100

Control 16±4 (7) 104±16 (5) 109±27 (4)
PMAI MM 122±33 (7) 145±60 (5) 142±33 (4)
PMA1 uM + AMPCP

2.5 mM ND ND 43±8 (4)

Expressed in amol/cell (number of experiments). The values in italic
are significantly different (P < 0.001) from each other and from all
other values. The other values are not significantly different (P
> 0.01) from each other.
ND, not determined.

5'-nucleotidase(s). To further substantiate this hypothesis, ex-
periments were conducted with a,#-methylene-adenosine 5'-
diphosphate (AMPCP). This compound is a powerful inhibi-
tor of ecto-5'-nucleotidase in various tissues (22). In suspen-
sions of isolated PMNs, 2.5 mMAMPCPinhibited the rate of
degradation of 100 MMexogenously added ['4C]AMP by
> 90%. We also found that AMPCPinhibited by 90% the
degradation of 100 MM['4C]ATP, and induced a marked tran-
sient accumulation of radiolabeled ADP(results not shown),
indicating inhibition of both ecto-ATPase(s) and ecto-AD-
Pase(s). When 2.5 mMAMPCPwas added 15 min before
PMAand dCF, the accumulation of adenosine was lowered
more than fivefold (Table I). Concomitantly, AMPCPin-
creased the concentrations of extracellular ATPand ADP, but
not of AMP(results not shown). This indicates that the former
nucleotides, rather than AMP, were released from the cells.

Inactivation of extracellular adenosine deaminase, purine
nucleoside phosphorylase, and lactate dehydrogenase
To further substantiate the PMA-induced inactivation of ex-
tracellularly released ADA, its activity in the incubation me-
dium was measured at various intervals over the whole dura-
tion of the experiments. As shown in Fig. 6 A, about 3%of the
total activity of ADAwas in the extracellular medium at the
beginning of the incubations. This proportion increased slowly
and approximately linearly to around 9% after 52 min under
control conditions as well as upon stimulation with zymosan
or fMLP (not illustrated). Addition of PMAprovoked a rapid
inactivation of ADA, which persisted over the duration of the
experiment. These findings prompted an evaluation of the in-
fluence of incubation and of the addition of PMAon PNP,
another enzyme of purine catabolism, and on LDH, a classical
index of cellular integrity. Fig. 6, B and C show that the
progressive accumulation of extracellular ADA recorded
under control conditions was also found for PNPand LDH.
These rates of accumulation were also not influenced by the
addition of zymosan or fMLP (not illustrated). The overall
release of the three enzymes over the duration of the experi-
ments was 7±2%, which is close to the loss of ATP in control
conditions (Fig. 2). Similar to ADA, PNPand LDHwere also
inactivated by the addition of PMA, although inactivation of
LDH was slower and not as pronounced as that of ADA
or PNP.

Discussion

In accordance with others (12-14), we have observed that the
phagocytic stimuli, zymosan, fMLP, and PMA, and the inhibi-
tor of glycolysis, 2-deoxyglucose, induce catabolism of ATP in
human PMNs. Our studies demonstrate that this intracellular
catabolism proceeds, at least in part, via AMPdeaminase, by
the left-hand pathway depicted in Fig. 1. This leads to an
intracellular accumulation of IMP and inosine, followed by
the release of hypoxanthine in the extracellular medium (Fig.
7). In addition, we have found that suspensions of human
PMNscontinuously form adenosine at a fixed rate, both at rest
and upon stimulation. This formation occurs extracellularly
from adenine nucleotides released by the cells. It does not lead
to accumulation of adenosine, unless the fraction of ADA
which is released extracellularly is inhibited by dCF or inacti-
vated by stimulation of the cells with PMA. The intra- and
extracellular catabolism of adenine nucleotides in suspensions
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Figure 6. (A) Activity of adenosine deaminase in the extracellular
medium of suspensions of freshly isolated human PMNs, incubated
at 250C in KRB, under control conditions (o), or supplemented at
zero time (arrow) with PMA(I uM, *). All activities are expressed as
a fraction of the activity found in the total suspension after lysis of
the cells, mean±SDof three independent experiments conducted
with PMNsfrom different donors. (B) Activity of purine nucleoside
phosphorylase, same experiments, same symbols. (C) Activity of lac-
tate dehydrogenase, same experiments, same symbols.

of human PMNs, the PMA-induced accumulation of adeno-
sine, and information obtained with respect to the nucleoside
transport system in these cells will be discussed separately.

Intracellular catabolism of adenine nucleotides
The decrease in ATP, induced in PMNsby stimuli of phagocy-
tosis, has been explained by the extra amount of energy re-
quired for this process (12, 23, and references therein). Simi-
larly to others (12, 14), we have found that the decrease in
ATP, whether induced by phagocytic stimuli or by inhibition
of glycolysis by 2-deoxyglucose, was not accompanied by an
elevation of ADPor AMP. This indicates that the increase in
adenylate catabolism does not result from an elevation in sub-
strate, but rather from a decreased inhibition or increased
stimulation of one of the two enzymes that may catalyze the
initial breakdown of AMP.

The accumulation of IMP, recorded upon addition of
phagocytic stimuli or of 2-deoxyglucose, indicates that the ca-
tabolism of AMPproceeds at least in part by AMPdeaminase
by the left-hand pathway depicted in Figs. 1 and 7. AMPde-
aminase possesses complex kinetic properties (reviewed in 24)
that vary from tissue to tissue, owing to the existence of iso-

Figure 7. Schematic representation of adenylate catabolism in sus-

pensions of human PMNsin control conditions (top) or upon stimu-
lation with PMA(bottom) as concluded from the experiments de-
scribed in this paper. Ado, adenosine; Ino, inosine; Hx, hypoxanthine.

zymes (25). ATP and ADPare stimulators, whereas GTPand
Pi are inhibitors of most of these isozymes. No significant
changes were observed in intracellular Pi or ADP. Whether the
slight decrease in GTP(-28%), which occurs in parallel with
that of ATP, might be a sufficient explanation for the increase
in the catabolism of the adenine nucleotide pool via AMP
deaminase remains an open question. The observation that the
pronounced, transient accumulation of IMP induced by PMA,
which occurred intracellularly as expected, was followed by a

similarly intracellular, lasting accumulation of inosine indi-
cates that the dephosphorylation of IMP proceeds intracellu-
larly, presumably by a specific IMP-GMP (guanosine mono-

phosphate) 5'-nucleotidase (1 1, 26); that human PMNshave a

very limited capacity to transport inosine; and that the activity
of PNPbecomes limiting at high rates of adenine nucleotide
catabolism.

Whether catabolism of AMPalso proceeds via its intracel-
lular dephosphorylation to adenosine could not be deter-
mined, owing to the absence of penetration of the ADAinhibi-
tor, dCF, inside the PMNs. The absence of penetration of both
dCFand 5-iodotubercidin also precluded the determination of
the existence of a futile recycling of adenosine, as demon-
strated in isolated rat hepatocytes (9).

Extracellular catabolism of adenine nucleotides
In suspensions of resting PMNsand of cells incubated with
fMLP, zymosan, or 2-deoxyglucose, the formation of adeno-
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sine could only be evidenced by addition of the ADAinhibitor
dCF. In contrast, in cells stimulated with PMA, it was recorded
in the absence of dCF. Several observations indicate that this
formation of adenosine, its conversion into inosine in the ab-
sence of dCF or PMA, and its further catabolism into hypo-
xanthine occur extracellularly: (a) AMPwas found in the in-
cubation medium; (b) formation of adenosine was markedly
inhibited by AMPCP, an inhibitor of the membranous
ecto-5'-nucleotidase; (c) both ADAand PNPwere found in the
incubation medium; and (d) adenosine accumulation required
only 1 gMdCF, a concentration which inhibited extracellular
but not intracellular ADA.

Our results show that, similar to other cell types (27, 28),
human PMNsrelease small amounts of nucleotides extracel-
lularly. These nucleotides are most likely predominantly ATP
and ADP, which are converted into AMPby the successive
action of the ecto-ATPase(s) (29) and ecto-ADPase(s) (30)
present on human PMNmembranes. Indeed, addition of
AMPCP,which we also found inhibitory of the latter ecto-en-
zymes, increased the extracellular concentration of ATP and
ADP, but not that of AMP. The observation that ADAwas
found in medium from which the PMNshad been separated
indicates, however, that ADAwas released from the cells
rather than present as an ecto-enzyme on their outer mem-
brane. The extracellular release of adenine nucleotides is most
likely due to unavoidable cell breakage during the incubations.
This is indicated by the observation that, in control conditions,
the loss of ATP and the release of ADA, PNP, and LDH
occurred in parallel. In addition, the rate of adenosine forma-
tion in the presence of dCFor PMAin its turn corresponded to
the loss of ATP in control conditions. The absence of modifi-
cations of the release of adenine nucleotides under the various
experimental conditions indicates that these did not influence
cell breakage. The constant rate of release of nucleotides also
explains why the rates of accumulation of adenosine were sim-
ilar when ADA was inhibited or inactivated. Cell breakage
may nevertheless be a normal event in PMNs, and the accom-
panying release of adenosine may play a role in combination
with ADAinactivation, as discussed in the next paragraph.

Adenosine accumulation following stimulation with PMA
As evidenced by the disappearance of the adenosine-deam-
inating activity from the incubation medium, the striking ac-
cumulation of adenosine observed upon stimulation of the
PMNswith PMAresults from inhibition of adenosine catabo-
lism. The nearly complete loss of ADAactivity in the incuba-
tion medium upon stimulation with PMA, together with the
absence of effect of this medium on the ADAactivity liberated
upon lysis of the total suspension, argues against the genera-
tion of an ADA inhibitor by the PMNsupon PMAstimula-
tion. Rather, it sustains the hypothesis that extracellular ADA
is inactivated by intact, stimulated cells. This inactivation is
most likely explained by the PMA-induced activation, by way
of protein kinase C, of the bactericidal mechanisms of the
PMNs. Why the other phagocytic stimuli, zymosan and
fMLP, which also activate the bactericidal mechanisms, did
not inactivate ADA, might be explained by several factors such
as the more pronounced and longer lasting production of su-
peroxide induced by PMAas compared with zymosan or
fMLP (31, 32), or the more selective release, provoked by
PMA, of the specific granules of PMNs(33). As yet it cannot
be ruled out, however, that in certain pathophysiological con-

ditions, in which the number of PMNsper unit volume of
extracellular fluid is higher than in our experiments, stimula-
tion of PMNswith natural stimuli might result in extracellular
adenosine accumulation.

The inactivation of the three enzymes assayed (ADA, PNP,
and LDH) suggests that the inactivation of extracellularly re-
leased enzymes by PMA-stimulated PMNsmight be a general
feature, but whether or not it is mediated by a commonmech-
anism can only be found out by more directed experiments.
The small difference in the shape of the inactivation curves
between ADAand PNPon one side and LDH on the other
side might indicate the operation of several inactivation mech-
anisms having distinct affinities for the different enzymes.

The significance of the inactivation of ADAand other en-
zymes by PMAis not immediately apparent. Since adenosine
inhibits PMN-induced tissue injury (8), it may be one of the
mechanisms whereby protein kinase C exerts its general, pro-
tective role against cellular overstimulation (34). The PMA-
induced accumulation of adenosine in PMNsuspensions most
likely accounts for the insensitivity to adenosine of the PMA-
induced generation of superoxide (1, 35).

As evidenced by our data, extracellular LDHactivity (and
probably other enzyme activities as well) may not be used as a
parameter of cell integrity of PMNs, at least not when stimu-
lated with PMA.

Nucleoside transport
The marked rise of intracellular inosine recorded in associa-
tion with high rates of ATPbreakdown, without an equivalent
increase in extracellular inosine, indicates that the nucleoside
transporter is poorly efficient in the human PMNmembrane.
Other observations corroborate this conclusion: (a) the 25-fold
lower rate of degradation of adenosine in suspensions of intact
PMNsas compared with cell lysates; (b) the absence of effect of
inhibitors of adenosine transport on the rate of degradation of
exogenous adenosine; (c) the absence of incorporation of la-
beled adenosine into the nucleotides of intact PMNs, although
adenosine kinase was found in PMNlysates; and (d) the lack
of penetration of 1 ,uM dCF, a nucleoside analogue, inside the
PMNs. To our knowledge, transport of nucleosides has not
been investigated in detail in human PMNs. Cronstein et al.
(1) have shown that 0.1 Madenosine, a 100-fold lower con-
centration than the one we used, disappeared from the incu-
bation medium of PMNsand that this disappearance could be
inhibited by dipyridamole. At up to 0.5 ,uM adenosine little or
no radioactivity was, however, found incorporated into ade-
nine nucleotides (1). This suggests that low concentrations of
adenosine may have been adsorbed on the cell membrane,
similar to what we observed with dCF. Our results thus indi-
cate that, in contrast to rabbit PMNs(36), but similar to sheep
and dog erythrocytes (37), human PMNsmay only have a
poorly efficient, low capacity nucleoside transport system.
That the formation ofadenosine induced by 2-deoxyglucose in
rat PMNsproceeded intracellularly and was accompanied by
an increase in AMP(38) further indicates that important spe-
cies differences exist with respect to the metabolic characteris-
tics of PMNs.
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