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Effect of diadenosine polyphosphates on catecholamine
secretion from isolated chromaffin cells
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1 The action of several diadenosine polyphosphates (AP3A, AP4A and AP5A) on basal, and on nicotine-
and high K+-evoked, catecholamine (CA) release has been investigated. Each of the three diadenosine
polyphosphates weakly but significantly increased basal CA secretion. This enhancement represented
about 10% of the response evoked by 2 J1M nicotine.
2 The evoked secretory response to diadenosine polyphosphates had an absolute requirement for extra-
cellular Ca2".
3 In contrast, these compounds had an inhibitory action on nicotine-evoked release. This response was

concentration-dependent, EC50 values being 3.2 + 0.4OAM, 4.0 + 1.6./M and 19.3 + 4.0/AM for AP A
AP4A, and AP5A, respectively. The lower the concentration of nicotine used to evoke secretion, the higher
the inhibitory power of these compounds.
4 The CA secretion evoked by K+-rich solutions was further enhanced by AP3A and APA, whereas
AP4A inhibited it. The possible physiological role of these dual actions is discussed.

Introduction

The use of adrenal medullary chromafflin cells as a model has
been largely responsible for the improvement in our under-
standing of neurosecretory responses, their molecular mecha-
nism and modulation (Winkler & Carmichael, 1982;
Burgoyne, 1984; Bader et al., 1986). Many substances, includ-
ing opioid peptides, substance P. y-aminobutyric acid and
peptides derived from cromogranin A, appear to modulate
acetylcholine-mediated catecholamine (CA) release from these
cells (Mizobe et al., 1979; Kumakura et al., 1980; Castro et al.,
1988; Simon et al., 1988).
Another of these putative neuromodulator substances is

adenosine and its analogues. Today, adenosine receptors and
their actions are well documented (Williams, 1987), and
recently adenosine triphosphate (ATP) itself has been shown
to influence many biological processes (Gordon, 1986; Reilly
& Burnstock, 1987).
ATP is one of the main components of chromaffin granules

and it is released in the exocytotic process. This nucleotide
can be degraded extracellularly by the action of ecto-
nucleotidases (Richardson et al., 1987; Newby, 1988) to form
adenosine. The effect of adenosine and adenosine nucleotides
on CA secretion from chromaffin cells has therefore been
studied. ATP, adenosine diphosphate (ADP) and adenosine
inhibit acetylcholine-evoked CA release, probably by prior
conversion to adenosine (Chern et al., 1987). In contrast, aden-
osine can enhance, in a quite complex manner, forskolin-
mediated secretion (Chern et al., 1988). Chromaffin cells
present a single class of high affinity adenosine transporters of
the neural type (Miras-Portugal et al., 1986; Torres et al.,
1986; 1988). These transporters are active enough to control
the termination of the effects of adenosine.
ATP is not the only nucleotide component co-stored in

secretory granules. In effect, diadenosine polyphosphates
(AP.A) have been demonstrated to exist in platelet (Flodgaard
& Klenov, 1982; Lutje & Ogilvie, 1983) and in chromaffin
granules (Rodriguez del Castillo et al., 1988). The AP.A have
been demonstrated to be responsible for multiple biological
effects inside the cells (Zamecnik, 1983), but their extracellular
role, if any, after release, is still not fully known (Lutje &
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Ogilvie, 1987; 1988). Recently, Louie et al. (1988) found an
antithrombotic action for AP4A.
AP3A, AP4A and APsA are present in chromaffin granules

and the purpose of the present experiments was to study the
effects of these dinucleotides on CA release from isolated chro-
maffin cells.

Methods

Bovine adrenal glands supplied by the local slaughter house
were immediately placed in ice-cold physiological saline solu-
tion and processed within 1-2 h following the death of the
animal.

Isolation ofbovine adrenal chromaffin cells

Chromaffin cells were prepared from adrenal medullae
according to the method of Miras-Portugal et al. (1985). In
brief, glands were cannulated and washed by retrograde per-
fusion with Ca2"-free Locke medium containing 5% bovine
serum albumin. Medullary tissue was digested with 0.1% col-
lagenase (Boehringer) perfused continuously for 1 h. Collected
cells were washed twice and purified in a percoll gradient
(50% isotonic percoll, centrifuged at 15 000g for 30min at
20°C). Collected cells were suspended in Dulbecco's modified
Eagle's medium, DMEM (GIBCO), and washed twice. Cell
viability was checked by trypan blue exclusion. The purity of
the chromaffin cells was assessed by the specific incorporation
of neutral red into these cells. Viability and purity were
greater than 90%.

Purified cells were dispersed at a density of 106 cellsml' in
DMEM containing 10% foetal calf serum (GIBCO), standard
antibiotics (100uml-' penicillin, lOOgml-' streptomycin
and 40pgml-1 gentamicin, all from Sigma), 50/M cytosine
arabinoside (Aldrich), 50pM 5-fluorodeoxyuridine (Aldrich)
and 100pM sodium ascorbate (Sigma). This suspension was
kept at 4°C and used during the 2-3 days following cell iso-
lation, as described by Greenberg & Zinder (1982). Under
these conditions, third-day cells were able to grow when
seeded in plastic Petri dishes (Costar) and maintained at 37°C
in 5% C02/95% air.
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Chromaffin cell secretory response

CA release was measured by direct electrochemical detection
of CA eluting from a superfused cell bed, in a monitoring
system similar to that described by Green & Perlman (1981)
and Kumakura et al. (1986). Chromaffin cells (106cells) were
introduced into a perfusion chamber, formed by a Millex GS
filter (0.22 pm pore size, 25mm 4)) and perfused at 2 ml min-1
with Locke solution (composition in mM: NaCl 140, KCI 4.4,
CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 4.0, glucose
5.6 and HEPES 10, pH 7.5). In potassium-rich solution (K+-
rich, 25 mM), KCl concentration was increased at the expense
of NaCl.
The cell bed was stimulated by injection of chemical stimuli

into the flow stream, in a volume of 50 p1, through a loop
injector (Rheodyne 7010, Cotati, California). When taking into
account the filter volume and the continuous perfusion, the
maximum concentrations of the secretagogue in the cell bed
(referred to as final concentrations) were 4.7 times lower than
the secretagogue concentration in the injected solution
(referred to as initial concentrations). This ratio was measured
experimentally, by injecting different adrenaline concentra-
tions under the same experimental conditions and referring
peak height to the signal produced by continuous perfusion
with those concentrations of adrenaline in the medium. The
electrochemical detector was adjusted to + 500mV to avoid
K + effect on support current. The electrochemical detector
provided a continuous signal proportional to the concentra-
tion of catecholamines in the perfusate. None of the drugs
used in our experiments gave electrochemical signals detected
by this system.

Results are presented as the mean + s.e.mean of at least
three experiments, each performed in triplicate. For each
experiment, cells from adrenal glands of four animals were
pooled. The level of significance was established at P < 0.05,

Cell-free With cells

AP4A

t Loc

t

obtained by use of Student's t test. EC50 values were derived
by logit-log regression.

Results

Effects on basal secretion: diadenosine
polyphosphate-evoked release

All three diadenosine polyphosphates had a weak secretory
action, which was only about 10% of control 2 yM (final
concentration) nicotine-evoked release. However, this effect
could not be attributed to a reagent artifact since, under the
same experimental conditions but without cells present in the
perfusion chamber, no signal was observed.
CA release by chromaffin cells was increased when cells

were challenged with AP.A in a concentration-dependent
manner. APA-evoked release was low, amounting to 27 ± 5,
19 + 3 and 23 + 3% of previous basal release for AP3A,
AP4A and AP5A, respectively.
The secretory response had an absolute requirement for

extracellular calcium. Challenging cells with each AP1A, or
nicotine as a control, in a Ca2+-free medium failed to elicit a
secretory response (Figure 1).

Effect ofdiadenosine polyphosphates on nicotine-evoked
catecholamine release

When CA secretion was stimulated with 10pM nicotine (initial
concentration), the three AP1A compounds studied exerted an
inhibitory effect (Figure 2), in a concentration-dependent
fashion. ECjo values were 3.2 + 0.4jpm for AP3A, 4.0 + 1.6pM
for AP4A and 19.3 + 4.0 pm for AP5A. The inhibitory effect of

Ca2l-free Locke solution

AP5A

t Loc
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AP3A

_ tt Loc
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Figure 1 Effect of diadenosine polyphosphates (AP.A) on basal catecholamine (CA) release. Typical records of electrochemically
monitored current-time peaks from a perfusion chamber without cells (cell-free), with cells in normal medium containing Ca2 + and in
the absence of Ca2". Drugs (100pM, initial concentration) were injected at the arrows. Loc, normal Locke solution injected as

negative control. The nicotine peak referred to as CA release in normal Ca2"-containing medium evoked by 10#M (initial
concentration) nicotine. Note the different scale.
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Figure 2 Effect of diadenosine polyphosphates (AP.A) on catechol-
amine (CA) release evoked by nicotine. The figure represents typical
records of electrochemically monitored current-time peaks from nico-
tine (Nic) O0pM (initial concentration) and nicotine (10pM) plus the
respective diadenosine polyphosphate (100 pM, initial concentration).

these polyphosphates was not further increased at concentra-
tions higher than 100pM (initial concentration). The greatest
inhibitory effect was achieved with AP4A, 40.0 + 0.5%
maximum inhibition, whereas the inhibitions caused by AP3A
and AP5A, though significant, were only 15 + 0.5% and
18 + 3%, respectively (Figure 3).
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Figure 4 (a) Control values of catecholamine (CA) release evoked by
increasing concentrations of nicotine. (b) Effect of 25 FM (initial
concentration) diadenosine polyphosphates (AP.A) on CA release
evoked by different nicotine concentrations. Open columns, effect of
AP3A; solid columns, AP4A; hatched columns, AP.A.

At a final concentration of 5.3 pM, AP3A, AP4A and AP5A
caused a statistically significant reduction in the CA release
evoked by nicotine (0.2-1.9 #m, final concentration). This
inhibitory effect was greater when cells were stimulated with
low concentrations of nicotine, and became reduced with
increasing nicotine concentrations (Figure 4).

Effect of diadenosine polyphosphates on catecholamine
release evoked by 25 mM K +

In the presence of K+-rich solution, CA secretion was ele-
vated. AP3A and AP5A further enhanced this evoked release,
whereas AP4A inhibited it (Table 1).

Effect ofcontinuous perfusion with diadenosine
polyphosphates

When long-term effects of APXA were studied by bathing the
cells with the appropriate drug and testing secretory responses
to nicotine, the inhibitory action of all three compounds
increased with time. The effect was reversed when the drug

Table 1 Effect of diadenosine polyphosphates (19pM) on

catecholamine release evoked by 25 mM K + solution

Effector % effect
-6.0 -5 0 -4 0

Log [APA]

Figure 3 Inhibition of nicotine-evoked catecholamine (CA) release
by diadenosine polyphosphates (APXA). Control release was evoked
by 10juM (initial concentration) nicotine. Each point was determined
as shown in Figure 2 for each concentration of AP3A (-), AP4A (A)
and APA (-). *P < 0.05, **P < 0.01 and ***P < 0.001. Vertical
lines show s.e.mean.

KCI alone
+ AP3A
+ AP4A
+ AP5A

100 + 6
151 + 12
63 + 2
173 + 6

Concentrations refer to final concentrations. Figures are

mean + s.e.mean for six cell beds corresponding to three dif-
ferent preparations.
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Figure 5 Effect of continuous perfusion of 1ORUM diadenosine polyphosphates (AP.A) on WpRm (initial concentration) nicotine
evoked catecholamine (CA) release with respect to time. Cells were perfused with drug-containing medium. At the vertical line the
medium was replaced by a drug-free one. (0) Control release prior to drug perfusion, (*) AP3A, (A) AP,,A and ()AP5A.
*P < 0.05, **P < 0.0* and ***P < 0.001. Vertical bars show s.e.mean.

was removed from perfusing medium (Figure 5). The rank
order of these inhibitory agents appeared to be AP4A >
AP3A > AP5A.

Discussion

The results presented here demonstrate, for the first time, that
adenosine polyphosphates can play a role in nicotine-evoked
CA release. This novel effect adds to the emerging extracellu-
lar actions being shown for these compounds, for instance on
macrophage-induced cell growth (Ogilvie & Liithje, 1987) and
platelet aggregation (Louie et al., 1988). It is important to
realize that in our model diadenosine polyphosphates are
active in the low gM range, whereas in the other studies high
yM or pM concentrations were needed to obtain the effects.

Although chromafin cells have a low hydrolytic activity,
the effects seems to be due to diadenosine polyphosphates
themselves, rather than to degradation products. Since in our
experimental system drugs are in contact with the cell bed
only for a few seconds, the possible degradation would be neg-
ligible (<1% per hour in cultured cells, M.T. Miras-Portugal,
unpublished results). In these conditions ATP, ADP, AMP or
adenosine concentrations resulting from diadenosine phos-
phate degradation must be far below the pM range. Since the
Kd values for ATP and adenosine at purinoceptors (Reilly &
Burnstock, 1987) and the known effects of adenosine on CA
release (Chern et al., 1988) are produced at concentrations in
the order of 100pM, an action through these degradation pro-
ducts is probably precluded.
The action of these effectors, especially that of AP4A and

AP5A, may be physiologically important in the local control
of CA release, since they are stored at an intragranular con-
centration of about 6mm in chromaffin cells (Rodriguez del
Castillo et al., 1988), and are released together with CAs in the
exocytotic process. The finding that the lower the concentra-
tion of nicotine used to stimulate the cells, the higher the
modulator potential, is concordant with results on other

systems, such as phorbol ester modulation of glutamate
release from synaptosomes (Diaz-Guerra et al., 1988). This
behaviour points to a predominant role of these compounds
on the basal/sub-maximal levels of secretion. In fact Malhotra
& Wakade (1987) have shown that in the adrenal medulla in
situ acetylcholine is not the major component of splanchnic
nerve stimulation input to chromaffin cells.
The results with AP3A and AP5A seem confusing, since

they are inhibitors of nicotine-evoked release, but are activa-
tors when CA secretion is evoked by high K+. However,
similar results have been obtained with substance P, which
modulates nicotine-evoked release but has no action on K+-
evoked release (Livett et al., 1983). Similar opposing effects of
different diadenosine polyphosphates on the same response
have been found previously (Chao & Zamecnik, 1984; Luthje
et al., 1985). CA secretion from chromafin cells is triggered by
a fast rise in cytosolic calcium concentration, [Ca2+ j (Kao &
Schneider, 1986), but there is growing evidence to support the
idea that nicotine and nicotinic agonists activate an alterna-
tive second messenger system, in addition to the rise in free
cytosolic [Ca2"] (Cobbold et al., 1987; Minenko et al., 1987).
It may be possible that the inhibition of nicotine-evoked
release produced by these compounds could be mediated
through this alternative pathway. Enhancement of K+-evoked
release could be related to their own secretory action on basal
output.
We have shown that AP3A, AP4A and AP5A could play a

physiological role in the modulation of basal and evoked
release of CA from chromaffin cells, though the assay method
does not permit any conclusion to be drawn concerning any
differential effects these compounds may have on the output
of adrenaline and noradrenaline. These compounds could
serve as valuable tools for the study of secondary and later
steps in exocytosis and offer a new direction for the develop-
ment of pharmacologically active drugs.

This work was supported by the following projects grant: CICYT
(PB/86/9); F.I.S. (88/925) and CAICYT (630/070). E.C. is the recipient
of a C.A.M.P. fellowship.

References

BADER, M.F., THIERSE, D., AUNIS, D., AHNERT-HILGER, G. &
GRATZL, M. (1986). Characterization of hormone and protein
release from a-toxin permeabilized chromaffin cells in primary
culture. J. Biol. Chem., 261, 5777-5783.

BURGOYNE, R.D. (1984). Mechanisms of secretion from adrenal chro-
maffim cells. Biochem. Biophys. Acta, 779, 201-216.

CASTRO, E., OSET-GASQUE, M.J., CARADAS, S., GIMENEZ, A. & GON-
ZALEZ, M.P. (1988). GABA-A and GABA-B sites in bovine adrenal
medulla membranes. J. Neurosci. Res., 20, 241-245.

COBBOLD, P.H., CHEEK, T.R., CUTHBERTSON, K.S.R. & BURGOYNE,
R.D. (1987). Calcium transients in single adrenal chromaffin cells
detected with aequorin. FEBS Lett., 211, 44 48.



364 E. CASTRO et al.

CHAO, F.C. & ZAMECNIK, P. (1984). Inhibition of platelet aggregation
by AP4 A. Hoppe Seyler's Z. Physiol. Chem., 365, 610.

CHERN, Y.J., HERRERA, M., KAO, L.S. & WESTHEAD, E.W. (1987). Inhi-
bition of catecholamine secretion from bovine chromaflin cells by
adenine nucleotides and adenosine. J. Neurochem., 48, 1573-1576.

CHERN, Y.J., KIM, K.T., SLAKEY, L.L. & WESTHEAD, E.W. (1988).
Adenosine receptors activate adenylate cyclase and enhance secre-
tion from bovine adrneal chromaffin cells in the presence of fos-
kolin. J. Neurochem., 50, 1484-1493.

DIAZ-GUERRA, M.J.M., SANCHEZ-PRIETO, J., BOSCA, L., POCOCK, J.,
BARRIE, A. & NICHOLLS, D. (1988). Phorbol ester translocation of
protein kinase C in guinea-pig synaptosomes and the potentiation
of calcium-dependent glutamate release. Biochem. Biophys. Acta,
970, 157-165.

FLODGAARD, H. & KLENOW, H. (1982). Abundant amounts of diade-
nosine 5',5"'-P,,P4-tetraphosphate are present and releasable, but
metabolically inactive, in human platelets. Biochem. J., 208, 737-
742.

GORDON, J.L. (1986). Extracellular ATP: Effects, sources and fate.
Biochem. J., 233, 309-319.

GREEN, D.J. & PERLMAN, R.L. (1981). On-line measurement of cate-
cholamine secretion. Anal. Biochem., 110, 270-276.

GREENBERG, A. & ZINDER, 0. (1982). a- and P-Receptor control of
catecholamine secretion from isolated adrenal medulla cells. Cell.
Tiss. Res., 266, 655-665.

KAO, L.S. & SCHNEIDER, A.S. (1986). Calcium mobilization and cate-
cholamine secretion in adrenal chromaffin cells. J. Biol. Chem.,
261, 4881-4888.

KUMAKURA, K., KAROUM, F., GUIDOTTI, A. & COSTA, E. (1980).
Modulation of nicotinic receptors by opiate receptor agonists in
cultured adrenal chromaffin cells. Nature, 283, 489-492.

KUMAKURA, K., OHARA, M. & SATO, G.P. (1986). Real-time monitor-
ing of the secretory function of cultured adrenal chromaffin cells.
J. Neurochem., 46, 1851-1858.

LIVETT, B.G., BOKSA, P., DEAN, D.M., MIZOBE, F. & LINDENBAUM,
M.H. (1983). Use of isolated chromaflin cells to study basic release
mechanisms. J. Auton. Nervous System, 7, 59-86.

LOUIE, S., KIM, B.K. & ZAMECNIK, P. (1988). Diadenosine 5',5"'-
P',P4-tetraphosphate, a potential antithrombotic agent. Thromb.
Res., 49, 557-565.

LOTHJE, J., BARINGER, J. & OGILVIE, A. (1985). Effects of diadenosine
triphosphate (AP3 A) and diadenosine tetraphosphate (AP4A) on
platelet aggregation in unfractionated human blood. Blut, 51, 405-
413.

LOTHJE, J. & OGILVIE, A. (1983). The presence of diadenosine 5',5"'-
P1,P3-triphosphate (AP3A) in human platelets. Biochem. Biophys.
Res. Commun., 115, 253-260.

LJTHJE, J. & OGILVIE, A. (1987). Catabolism of AP4A in human
serum. Identification of isozymes and their partial character-
ization. Eur. J. Biochem., 169, 385-388.

LUTHJE, J. & OGILVIE, A. (1988). Catabolism of AP4A and AP3A in
whole blood. The dinucleotides are long-lived signal molecules in
the blood ending up as intracellular ATP in the erythrocytes. Eur.
J. Biochem., 173, 241-245.

MALHOTRA, R.K. & WAKADE, A.R. (1987). Non-cholinergic com-
ponent of rat splanchnic nerves predominates at low neuronal
activity and is eliminated by naloxone. J. Physiol., 383, 639-652.

MINENKO, A., KISELEV, G., TULKOVA, E. & OEHME, P. (1987). Nico-
tinic stimulation of polyphosphoinositide turnover in rat adrenal
medulla slices. Pharmazie, 42, 341-344.

MIRAS-PORTUGAL, M.T., ROTLLAN, R. & AUNIS, D. (1985). Incorpo-
ration of adenosine into nucleotides of chromaffin cells maintained
in primary cultures. Neurochem. Int., 7, 89-93.

MIRAS-PORTUGAL, M.T., TORRES, M., ROTLLAN, P. & AUNIS, D.
(1986). Adenosine transport in bovine chromaffin cells in culture.
J. Biol. Chem., 261, 1712-1719.

MIZOBE, F., KOZOUSEK, V., DEAN, D.M. & LIVETT, B.G. (1979). Phar-
macological characterization of adrenal paraneurons: Substance P
and somatostatin as inhibitory modulators of the nicotin response.
Brain Res., 178, 555-566.

NEWBY, A.C. (1988). The pigeon heart 5'-nucleotidase responsible for
ischaemia-induced adenosine formation. Biochem. J., 253, 123-130.

OGILVIE, A. & LOTHJE, J. (1987). Stimulation of macrophage-
dependent single cell growth of hybridome cells by AP3A and
AP4A. Gesellschaftifur Biologische Chemie, 368, 1090.

REILLY, W.M. & BURNSTOCK, G. (1987). The effect of ATP analogues
on the spontaneous electrical and mechanical activity of rat portal
vein longitudinal muscle. Eur. J. Pharmacol., 138, 319-325.

RICHARDSON, P.J., BROWN, S.J., BAILYES, E.M. & LUZIO, J.P. (1987).
Ectoenzymes control adenosine modulation of immunoisolated
cholinergic synapses. Nature, 327, 232-234.

RODRIGUEZ DEL CASTILLO, A., TORRES, M., DELICADO, E.G. &
MIRAS-PORTUGAL, M.T. (1988). Subcellular distribution studies of
diadenosine polyphosphates-AP4A and AP5A- in bovine adrenal
medulla: Presence in chromaffin granlues. J. Neurochem., 51,
1696-1703.

SIMON, J.P., BADER, M.F. & AUNIS, D. (1988). Secretion from chromaf-
fin cells is controlled by chromogranin A-derived peptides. Proc.
Nati. Acad. Sci. U.S.A., 85, 1712-1716.

TORRES, M., MOLINA, P. & MIRAS-PORTUGAL, M.T. (1986). Aden-
osine transporters in chromaffin cells. Quantification by dipyrida-
mol monoacetate. FEBS Letts., 201, 124-128.

TORRES, M., DELICADO, E.G. & MIRAS-PORTUGAL, M.T. (1988).
Adenosine Transporters in chromafin cells: subcellular distribu-
tion and characterization. Biochem. Biophys. Acta, 969, 111-120.

WILLIAMS, M. (1987). Purine receptors in mammalian tissues: Phar-
macology and functional significance. Ann. Rev. Pharmacol.
Toxicol., 27, 315-345.

WINKLER, H. & CARMICHAEL, S.W. (1982). The chromaffin granule.
In The Secretory Granule. ed. Poisner, A.M. & Trifaro, J.M. pp.
3-79. Amsterdam: Elsevier Biomedical Press.

ZAMECNIK, P. (1983). Diadenosine 5',5"'-P1,P4-tetraphosphate
(AP4A): its role in cellular metabolism. Analyt. Biochem., 134,
1-10.

(Received January 23, 1989
Revised January 10, 1990

Accepted February 6, 1990)


