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SUMMARY

1. The effects of externally applied micromolar concentrations of adenosine 5'-
triphosphate (ATP) on Ca2+ currents (ICa) were studied in whole-cell clamped
adrenaline-secreting chromaffin cells.

2. Ca2+ currents in chromaffin cells activated at about -40 mV, reached a
maximum at 0 mV and had an apparent reversal potential at + 50 to + 60 mV,
indicating the existence of only high voltage-activated Ca2+ channels.

3. ATP blocked Ca2+ current rapidly, reversibly and in a concentration-dependent
manner (10-9-l0-4 M).

4. ATP did not completely block Ca2+ current even at the highest concentrations
used (100 /LM). The remaining component of Ca2+ current was characterized by slower
activation and inactivation kinetics.

5. ATP blocked ICa even in the presence of nisoldipine and/or o-conotoxin GVIA,
suggesting that its modulatory role is not specific for L- and/or N-type Caa2+
channels.

6. Other adenine nucleotides also blocked the Ca2+ current partially. The order of
potencies was ATP > ADP > AMP > adenosine, indicating that the ATP effects are
most probably mediated by a P2-type purinergic receptor.

7. Dialysis of the cells with an intracellular solution containing 1 mm guanosine 5'-
O-thiodiphosphate (GDP-,-S) or pre-incubation of the cells with pertussis toxin
(PTX) blocked the inhibitory effects of ATP.

8. Intracellular application of the non-hydrolysable GTP analogue guanosine 5'-
0-(3'-thiotriphosphate) (GTP-y-S; 50 ftM) also decreased ICa in a manner similar to
that seen for ATP and significantly reduced the ATP inhibitory effect.

9. Conditioning pulses to potentials positive to + 80 mV partly reversed the
inhibitory effects ofATP on the Ca2+ current. The prepulse-induced enhancement of
ICa depended on [GTP]i-related G protein activity such that concentrations larger
than 200 /IM GTP, or GTP-y-S (50 #M) were required for significant prepulse
potentiation of the Ca2+ current, while dialysis with GDP-,8-S prevented it.
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10. We conclude that the ATP, co-released with catecholamines in the intact
adrenal gland, may inhibit the secretory process by down-regulating the Ca2+
channel via a P2-type purinergic receptor coupled to a PTX-sensitive G protein.

INTRODUCTION

Extracellular application of adenosine 5'-triphosphate (ATP) at micromolar
concentrations has been shown to regulate ionic channels and biological signalling in
a wide variety of normal and transformed cell types. These biological responses seem
to be mediated by different receptors, identified as P2-purinergic receptors
(Burnstock, 1990; Dubyak, 1991). Based on their selectivities for different
nucleotides, at least three classes of ATP receptors have been identified (Burnstock,
1990) and correlated with, at least, three signal transduction pathways (Dubyak,
1991): (1) activation of ligand-gated cation channels; (2) activation of modulatory G
proteins; and (3) formation of non-selective pores permeable to ions and small
metabolites.

In chromaffin cells, ATP is co-stored (Winkler & Westhead, 1980) and co-released
with catecholamines (in cat: Douglas, Poisner & Rubin, 1965; Rubin & Jaanus,
1967; in bovine: Stevens, Robinson, Van Dike & Stitzel, 1975; Castillo, Moro, del
Valle, Sillero, Garcia & Sillero, 1992). Since ATP causes inhibition (Chern, Herrera,
Kao & Westhead, 1987) or facilitation (Chern, Kim, Slakey & Westhead, 1988; Kim
& Westhead, 1989) of catecholamine release from isolated bovine chromaffin cells, it
has been suggested that ATP and adenosine receptors might exert a modulatory role
on secretion. These effects could be mediated through modulatory actions of these
nucleotides on the high-threshold Ca2+ channels. Direct evidence for the regulatory
role of ATP on the Ca2+ channels (ICa) has been recently presented by Diverse-
Pierluissi, Dunlap & Westhead (1991), who found that ATP can induce both
inhibition and enhancement of Ca2+ current through a PTX-sensitive pathway. Yet,
in another series of experiments in phaeochromocytoma (PC12) cell line, ATP has
been shown to regulate catecholamine secretion by activation of a non-specific cation
channel carrying a maintained current (Nakazawa, Fujimori, Takanaka & Inoue,
1990a; Nakazawa, Inoue, Fujimori & Takanaka, 1990b; Inoue & Nakazawa, 1992).
Here we report on the effects of extracellular ATP on adrenaline-containing bovine

chromaffin cells and examine the interaction of GTP analogues and Ic.-facilitating
conditioning pulses on the regulatory role of ATP on the Ca2+ channel. Our results
showed that ATP rapidly and reversibly suppressed the Ca2+ channel via the
activation of a PTX-sensitive regulatory G protein and that Ic.-facilitating
conditioning pulses lead to reversal of inhibition of ATP-suppressed ICa* Our results
provide strong support for a direct role of G proteins in modulation of Ca2+ current
by ATP and facilitating depolarizing prepulses. A preliminary report of this work has
already appeared (Gandia & Morad, 1992).

METHODS

Preparation of chromaffin cell8
Fresh adrenal glands were obtained from young calves at a local slaughterhouse. Adrenal

medullary chromaffin cells were isolated from the adrenal medullae as previously described
(Gandia, Casado, Lopez & Garcia, 1991) but with the following modifications. After the Percoll
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gradient step, two bands of chromaffin cells were taken, washed once with Ca2+-Mg2+-free Locke
buffer containing (mM): 154 NaCl, 5-6 KCl, 3-5 NaHCO3, 11 glucose, 10 Hepes-NaOH, pH 7 2) and
resuspended in 15 ml of Urografin 15% (Schering A. G., Germany). Ten millilitres of Urografin
7-5 % were then added slowly to prevent the mixture of both solutions. Cells were centrifuged at
7500 r.p.m. for 20 min at 22 0C. This method allowed effective separation and purification of the
noradrenaline- and adrenaline-containing chromaffin cells. Most of the experiments reported here
were performed in cells obtained from the lower layer of the Percoll gradient, which consisted of
over 90% of adrenaline-secreting cells (Moro, L6pez, Gandia, Michelena & Garcia, 1991), although
similar results were obtained when cells from the upper layer of the Percoll gradient (containing
more than 60% noradrenaline-secreting cells) were used. Cells were suspended in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum, 50 IU/ml penicillin and
50 ,ug/ml streptomycin, at a density of 25 x 103 cells/ml. Cells were plated on glass coverslips and
maintained in an incubator under an atmosphere of air and 5% C02 mixture at 37 'C. Experiments
were performed in cells from 2 to 8 days in culture. All experiments were done at room temperature
(22-25 0C).

Measurement of Ca2+ currents
Ca2+ currents in chromaffin cells were recorded using the whole-cell configuration of the patch-

clamp technique (Hamill, Marty, Neher, Sakmann & Sigworth, 1981). Coverslips containing the
cells were placed on an experimental chamber mounted on the stage of a Nikon Diaphot inverted
microscope. The chamber was continuously perfused at room temperature (22-25 °C) with a
control Tyrode solution containing (mM): 137 NaCl, 5 KCl, 1 MgCl2, 5 CaCl2, 10 Hepes-NaOH,
10 glucose, 0 005 tetrodotoxin (TTX), pH 7*4.
In the experiments where Ca2+ channel blockers were used (Fig. 5), 10 mm Ba2+ (instead of

5 mM Ca2+) was used as the charge carrier and a low-Na+ and TEA-based solution (mM): 10 NaCl,
127 TEACI, 5 KCl, 1 MgCl2, 10 BaC12, 10 Hepes-NaOH, 10 glucose, 0 TTX, pH 7-2 was used to
minimize fast Na+ currents. Except when indicated, cells were dialysed with a standard
intracellular solution containing (mm): 10 NaCl, 100 CsCl, 20 TEACI, 5 MgATP, 14 EGTA,
0-2 GTP, 20 Hepes-CsOH, pH 7-2.

Whole-cell recordings were made with fire-polished electrodes (resistance 2-5 MQ) mounted on
the headstage of a DAGAN 3900 patch-clamp amplifier (Dagan Corporation, Minneapolis, MN,
USA), allowing cancellation of capacitative transient and compensation of series resistance. A
Labmaster data acquisition and analysis board and a 386-based microcomputer with pCLAMP
software (Axon Instruments, Inc., Foster City, CA, USA) were used to acquire and analyse the
data.

Solutions were exchanged using a multi-barrelled concentration-clamp device (Vibraspec, Inc.,
Philadelphia, PA, USA), the common outlet of which was placed within 100 ,um of the cell to be
patched.

RESULTS

Characterization of calcium currents in chromaffin cells
In primary cultures of adrenaline-secreting chromaffin cells, Ca2+ currents were

recorded by 25 ms depolarizing pulses applied from a holding potential of -80 mV in
10 mV steps up to + 60 mV. Other ionic currents were suppressed by dialysing the
cells with the CsW-based intracellular solution and by bathing them in a Na+-based
solution containing TTX (5 /UM). Ca21 current activated slowly and showed little or
no time-dependent inactivation on this time scale. Ca2+ currents elicited by
depolarizing pulses from a holding potential of -80 mV activated at about -40 mV,
peaked around 0 mV and showed an apparent reversal potential at about + 50 to
+ 60 mV. The peak Ca2+ current density in cells from different batches was
29±1+2@2 pA/pF (mean+s.E.M., n = 38) at 0 mV in 5 mm Ca2+. Similar results were
obtained when the cells were held at -100 mV, suggesting the existence of only high
voltage-activated Ca2+ channels in chromaffin cells. These results agree with previous
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reports (Fenwick, Marty & Neher, 1982; Artalejo, Dahmer, Perlman & Fox, 1991 a),
but contrast with the recent report of Diverse-Pierluissi et al. (1991) that describe the
existence of a low-threshold Ca2+ channel in these cells.

Extracellular ATP suppressed Ca2+ currents
Figure 1 shows the effect of rapid and repetitive application of 1 ,UM ATP on Ca2+

current recorded in an adrenergic cell. The cell was held at -80 mV and 25 ms test

150pA.
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Fig. 1. Time course of inhibitory effects of ,uM ATP on voltage-gated Ic. in an adrenergic
chromaffin cell (cell capacitance 12-93 pF). ICa was activated by 25 ms depolarizing pulses
from -80 to 0 mV applied at a frequency of 0-2 Hz. As indicated by the arrows, ATP
(1 /M) was added to or removed (Wash) from the perfusion solution. Solution exchanges
were accomplished in less than 0 5 s by using a concentration clamp device. The inset at
the top of the figure shows original current traces recorded at different times, before (A),
during (B) and after washing out (C) ATP.

pulses to 0 mV were applied at 5 s intervals. Where indicated by arrows, ATP, at a
final concentration of 1 /AcM, was applied or removed rapidly (< 100 ms) via a multi-
barrelled concentration-clamp device (Sorbera & Morad, 1991). ATP rapidly
( - 5 s) and reversibly suppressed Ica. The effect ofATP remained stable for 2-3 min,
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showing little or no desensitization. Comparison of the time course of Ca2+ current in
the presence and absence of ATP (Fig. 1, inset) also suggests significant suppression
in the kinetics of activation of ICa in the presence of ATP.

Figure 2 compares the voltage dependence of ICa in the absence and presence of
10 ,UM ATP in the extracellular solution. ATP (10 /LM) significantly blocked ICa at all

V
V

/ca (pA/pF)

-80 80 mV

ATP (10 /uM)

Wash

Control

'- -40
Fig. 2. Peak current-voltage relationship for 'Ca recorded in a noradrenergic chromaffin
cell (cell capacitance, 10 15 pF) held at -80 mV activated by 25 ms depolarizing pulses
applied at 0-2 Hz in 10 mV steps. The depolarizing protocol was applied at 5 min
intervals, in the absence (Control) or the presence of ATP (10 /iM) in the extracellular
solution, and after a wash-out period of 5 min. Each concentration ofATP was superfused
at least 2 min before the application of the depolarizing protocol. The inset shows the time
course of ICa during a 25 ms test pulse to 0 mV and its modification by ATP. Right panel
shows normalization of original current with respect to the final point.

potentials tested (Fig. 2). Comparison of the kinetics of activation and inactivation
ofICa in the presence and absence of ATP, following normalization for the amplitude
of the current, suggest slower gating kinetics in the presence ofATP (inset Fig. 2, see
also Fig. 1). Ca2l current recovered to within 85-90% of its original value following
wash-out of ATP. Such decreases in Ca2+ current occurring within 10-15 min of cell
dialysis were attributed to slow run-down of the Ca21 current.
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ATP inhibited ICa in a concentration-dependent manner at all potentials tested
without altering significantly its voltage dependence. Figure 3 shows the dose
dependence of the ATP effect on Ca21 current. Data were fitted by a non-linear
regression routine (r2 = 0996), with a Hill coefficient of 1P92 and an apparent IC50 of
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Fig. 3. Concentration-response relationship for the inhibitory effects of ATP on Ca2"
current in chromaffin cells. The residual blocking effect obtained in the presence of 10- M
was considered to be due to run-down of the Ca2+ current and data have been normalized
with respect to the current recorded in the presence of this concentration of ATP. Data
are expressed as means+s.E.M. for the number of cells indicated in parentheses.

0-56 jtm. At the maximum concentration of ATP used (100 j.M), only 60-2 + 3-1 % of
ICa was blocked, suggesting that Ca2+ current in chromaffin cells is carried by an

ATP-sensitive and an ATP-insensitive population of Ca2+ channels. Consistent with
this idea, recent reports suggest that bovine chromaffin cells may have more than one
population of Caa2+ channels (Artalejo et al. 1991 a; Artalejo, Mogul, Perlman & Fox,
1991 b; Bossu, De Waard & Feltz, 1991 a, b). Although the intracellular solution used
minimized the run-down of the Ca2+ currents, the residual inhibition observed at the
lower ATP concentrations (1 nM) could be caused by the run-down process.

Effects ofATP on the gating kinetics of ICa
The suppression Of ICa by ATP was accompanied by slowing of the activation and

inactivation kinetics of the Ca2+ current. This effect was more pronounced at the
higher concentrations of ATP. In order to explore further this effect, two different
protocols were used: (1) Ca2+ currents were activated by 25 ms test pulses to 0 mV
from a holding potential of -80 mV in the absence and the presence of 10 /tM ATP
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(Fig. 4A). ATP decreased and significantly slowed the time course of its activation
(see normalized ICa, Fig. 4A,b); (2) the inactivation kinetics of the Ca2+ current were
studied using long (400 ms) depolarizing pulses to 0 mV from a holding potential of
-110 mV. Figure 4B shows that while in control solutions, ICa partially inactivated

A

a 1 150 pA
5ms

ATP (10 ,sM)

\Control

b

B

ATP (10 /sM)

Control
100 pA
100 ms

Fig. 4. Modifications in Ca2+ channel gating kinetics induced by superfusion with an ATP-
containing solution. A a, original current traces recorded from an adrenergic cell when a
25 ms depolarizing pulse to 0 mV from a holding potential of -80 mV was applied in the
absence (Control) or the presence of 10/M ATP. A b, the current was normalized with
respect to the final value in order to illustrate further how ATP slows the activation of
the Ca2+ current. B, Ca2+ currents recorded during a 400 ms depolarizing pulse to 0 mV
from a holding potential of -110 mV in the presence or the absence of ATP (10 4uM).

within 400 ms, there was little or no inactivation during the same period in the
presence of ATP. These results indicate that the ATP-insensitive component of the
ICa has different activation and inactivation kinetics.

Effects ofATP in cells treated with Ca2+ channel blockers
In order to determine if the blocking effects of ATP were restricted to a given

subtype of Ca2+ channel, the suppressive effect of ATP was examined in cells
pretreated with Ca2+ channel blockers known to block either the L-type (nisoldipine)
or N-type (w-conotoxin GVIA) Ca2+ channels. Figure 5 shows that extracellular
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application of ATP (10 ,M) led to a 46+3% (n = 26) decrease in macroscopic Ba2+
currents. As in the experiments where Ca2+ (5 mM) was the charge carrier, this effect
was fast and reversible upon removal of the nucleotide from the perfusate. In
solutions containing nisoldipine (10-30 gM), where IBa was suppressed by 19+ 5%
(n = 9), ATP continued to block an equivalent amount of the Ba2+ current (Fig. 5).
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Fig. 5. Effects of ATP (10 fM) on macroscopic Ba2+ currents recorded in an adrenergic
chromaffin cell (cell capacitance 13-74 pF) before and after the treatment with nisoldipine
(30 /M) and w-conotoxin (w-CgTX; 1 /M). Iv was elicited by 25 ms depolarizing pulses to
0 mV from a holding potential of -80 mV applied at 5 s intervals. Top traces show linear
leak- and capacitance-subtracted current traces recorded under the different perfusion
conditions indicated in the figure.

When w-conotoxin (1 ,tM) was used to block the N-type Ca2+ channels, Ba2+
current was inhibited by 46+ 4% (n = 10). In nisoldipine-treated cells, c-conotoxin
continued to block the current by 52 + 6% (n = 8). Removal of the toxin from the
bathing solution did not result in recovery of the blocked current (Hans, Illes &
Takeda, 1990; Artalejo, Perlman & Fox, 1992 a). Figure 5 shows that ATP continued
to block reversibly IBa even in w-conotoxin-treated cells. ATP (10 JM) further
blocked IBa in such cells by 31 + 3% (n = 14). Thus, it appears that ATP inhibits a

population of Ca2+ channels other than N- or L-type Ca2+ channels.

U-
m.
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Effects of other adenine nucleotides
ATP has been reported to interact with two types of purinergic receptors, P1 and

P2 (Burnstock, 1990; Dubyak, 1991). Sensitivity of such receptors to different
adenosine derivatives has served as a major tool for identification of the subtype of

20
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Fig. 6. Time course of Ca2+ current recorded in an adrenergic chromaffin cell (cell
capacitance 10-42 pF) and its modification by different adenine nucleotides (AMP-PCP;
fi, y-methylene ATP). Ca2+ current was activated by 25 ms depolarizing pulses to 0 mV
from a holding potential of -80 mV applied at 5 s intervals. Arrows indicate the points
where the nucleotides were added. All these compounds were superfused at a final
concentration of 1 /,M.

receptors. In order to identify the type of purinergic receptor mediating the
inhibitory effect of ATP, we compared the effects of equimolar concentrations of
adenosine, adenosine 5'-monophosphate (AMP), adenosine 5'-diphosphate (ADP),
ATP, x,a,-methylene-ATP (AMP-CPP) and fi, y-methylene-ATP (AMP-PCP) on the
Ca2+ current. Figure 6 compares the effects of different nucleotides on ICa of an
adrenergic chromaffin cell. All nucleotides were superfused at a final concentration of
1 JtM. Results from this type of experiment showed that while 1 /M AMP had a small
blocking effect on Ca2+ currents (17-8 +27 %, n = 10), 1 gM ADP was equivalent to
ATP in blocking the current (48-2+3A4%, n = 11 vs. 47-8+4-2%, n = 11,
respectively), a pattern quite similar to that observed by Diverse-Pierluissi et al.
(1991). Thus, the order of Ca2+-channel blocking potency of the nucleotides (ATP >
ADP > AMP > adenosine) appears to support the possibility that P2-purinergic
receptors mediate the regulatory effect of ATP on the Ca2+ channels.
When AMP-CPP or AMP-PCP (Fig. 6) were used to characterize further the

subtype of P2-receptor, a weaker Ca2+ current inhibitory effect was found compared
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to ATP (23-6+ 5 8%, n = 5 and 22 2+2%1°, n = 7, for AMP-CPP and AMP-PCP
respectively). Furthermore, no desensitization accompanied the blocking effect of
any of the adenine nucleotides, suggesting that the receptor mediating the ATP
effect of the Ca2+ channel is not likely to be of the P2.-subtype.

The blocking effect ofATP is mediated by G proteins
To test whether the Ca2+ channel blocking effects of ATP were mediated by

regulatory G proteins, cells were dialysed with non-hydrolysable analogues of

TABLE 1. Ca2+ current density and inhibition by ATP under different conditions known to modify
the activity of regulatory G proteins
Ca2+ current ATP (1 ,UM) ATP (10 ,UM)
(pA/pF) (%) (%)

GTP 28-8+2-0 (38) 49-4+2-2 (30) 56-9±3-0 (21)
GTP-y-S 21P2±4 9 (5) 4-4±4-7 (4)
GDP-fl-S 34-4+5-2 (13) 8-8+2-5 (8) 10 9±3 8 (9)
PTX 22-8+341 (7) 14-9±6+5 (4) 164 ±5-5 (5)

Data are indicated as pA/pF and as percentage of inhibition with respect to the current recorded
in absence of ATP and are expressed as means+s.E.M. of the number of cells indicated in
parentheses. Concentrations of guanine nucleotides used were (mM): 0-2 GTP, 005 GTP-y-S,
1 GDP-,8-S. PTX was used at a final concentration of 500 ng/ml.

guanine nucleotides at concentrations that fully activate (GTP-y-S) or completely
block (GDP-fl-S) the turnover of the G proteins.

In chromaffin cells dialysed with intracellular solutions containing GDP-,B-S
(1 mM), ATP failed to show significant inhibitory effects on ICa (Fig. 7A). In these
cells, 1 and 10 ,UM ATP blocked ICa by only 88± 2-5 and 109 + 3-8% respectively
compared to 494+ 22 and 569+ 3-0% (Table 1) in cells dialysed with no
GDP-f-S.

In cells incubated for 4 h in solutions containing pertussis toxin (PTX, 500 ng/ml)
to ribosylate the a-subunit of the G1/G. regulatory proteins, 1-10 ,M ATP also failed
to have significant inhibitory effect on Ica (Table 1). This finding is consistent with
those of Fig. 7A and further suggests that a PTX-sensitive Gi/Go subtype of
regulatory G protein mediates the suppressive effects of ATP on ICa*
The upper panel of Fig. 7B shows that when a chromaffin cell was dialysed with

50 /LM GTP-y-S, ICa decreased during the 5-10 min of dialysis. Similar data were
obtained in four other cells, where ICa decreased from 449 + 58 pA to 177 + 29 pA
(n = 5, P < 0005) at the end of the dialysis period. This decrease in Ica was
accompanied by changes in the time constant of activation of Ica from 1P97 + 0-2 ms,
at the onset of dialysis, to 3-02+ 0 34 ms following full GTP-y-S dialysis (n = 5, P <
005). This finding suggests that in addition to inhibition of Ic., GTP-y-S also
modulated the gating kinetics of the Ca2+ channel. Exposure of these cells to ATP
(10 UM) failed to block further the remaining Caa2+ current (Fig. 7B, lower panel).
Similar results were obtained in three other cells, where the inhibitory effect of ATP
on Ic. was only 4-4 ±4-7% (n = 4) (see also Table 1).
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Depolarizing prepulses reverse ICa inhibitory effects ofATP
Application of conditioning pulses to highly positive potentials appears to reverse

the blocking effects of a variety of neurotransmitters on Ca2+ current (Swandulla,
Carbone & Lux, 1991). We investigated the effect of such conditioning pulses on the

A
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,L- -75-

; -50

0

B
[GDP-fl-SJ]

ATP (10 1sM)

Wash

[GTP-y-SJ

0 100 200 300
Time (s)

-80

-35-70

ACa (pA/pF)

80 mV

/Ca (pA/pF)
Fig. 7. Modulation by GTP analogues ofATP inhibitory effects. A, upper panel shows the
time course for the suppressive effects of 10 gSM ATP on ICa recorded in an adrenergic cell
dialysed with an intracellular solution containing 1 mm GDP-fl-S. After a dialysing period
of 10 min, Ca2l currents were studied by application of 25 ms depolarizing pulses to
+ 10 mV from a holding potential of -80 mV applied at 5 s intervals. Arrows indicate
when ATP was added to or removed from the extracellular solution. Lower panel shows
the voltage dependence for ICa recorded in the absence (@) or the presence (0) of
10 /IM ATP. B, upper panel shows superimposed leak- and capacitance-subtracted current
traces recorded during a 10 min dialysing period with an intracellular solution containing
the non-hydrolysable GTP analogue GTP-y-S (50 ,UM). Lower panel shows the voltage
dependence of ICa in the same cell recorded after the dialysing period in the absence (@)
and the presence (0) of ATP (10 /SM).

inhibitory effects of ATP on Ica In these experiments, Ca2+ current was first
activated by a 15-200 ms depolarizing pulse to 0 mV from a holding potential of
-110 mV. After 30 s, the procedure was repeated but this time 35 ms prior to the
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pulse a 25 ms conditioning clamp pulse to +100 mV was applied (see protocol in
inset ofFig. 8). The upper panel of Fig. 8 shows that when the prepulse was applied to
a cell dialysed with the standard intracellular solution, only a small increase in ICa
was observed (15 +2 %, n = 35). These results are quantitatively similar to those

+100

-110 jj i
[GTPlJ

[GDP-fl-SJi

[GTPJi, [ATPIO

200 pA
lOins | * |

[GDP-fl-SlJ, [ATPJ0

L.. K-Nb

[GTP-y-SlI, [ATPIO

200 pA
5O ms

*

Fig. 8. Effects of the application of conditioning prepulses under different dialysing
conditions. Ca2+ current was activated by a 15 ([GTP], and [GDP-f-S]i) or 200ms
([GTP-y-S]i) depolarizing step to 0 mV from a holding potential of -110 mV (inset).
After 30 s, the procedure was repeated but a 25 ms conditioning clamp pulse to + 100 mV
was applied 35 ms before the pulse. Left panels show the effect of prepulse application
under the dialysing conditions indicated. In the right panels, an identical protocol was
applied but in the presence of 1-10 /M ATP in the extemal solution.

previously obtained by Fenwick et al. (1982) and Hoshi, Rothlein & Smith (1984),
but different from those recently reported by Artalejo et al. (1991a). On the other
hand, when ICa had been first blocked by application of 10 /M ATP (right upper
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panel), the prepulse induced a 95+ 12% (n = 15) increase in ICa* In cells dialysed
with 1 mm GDP-fl-S, no significant modifications of ICa occurred either with the
depolarizing prepulse procedure, or with the application of extracellular ATP (Fig.
8, middle panels). On the other hand, in cells dialysed with GTP-y-S (50,CM),
application of the prepulse led to an increase OfICa and enhancement of its activation

TABLE 2. Effect of depolarizing prepulses applied under different intracellular and/or
extracellular solutions

Control ATP (10 ,UM)
0 GTP,5 MgATP 113+1 (5) 155+ 15 (5)*
External 5 Ca
02 GTP,5 MgATP 115+2 (35) 195+ 12 (15)**
External 5 Ca
02 GTP,5 MgATP 116+4 (12) 165+7 (10)**
External 10 Ba
0 GTP, 2 MgATP 108+2 (15) 163±6 (12)**
External 10 Ba
1 GDP-f6-S, 5 MgATP 107+2 (12) 109+ 3 (7) n.s.
External 5 Ca
005 GTP-y-S, 5 MgATP 202 + 29 (6) 165-9 (3) n.s.
External 5 Ca

Data are expressed as percentages with respect to the control current (100%) obtained in the
absence of prepulse. All concentrations given are millimolar. Data are means+s.E.M. of the
number of experiments shown in parentheses. Statistical differences using Student's t test were:
n.s., non-significant; *P < 0 05 and **P < 0'005 with respect to the control in the absence of ATP.

and inactivation kinetics (Fig. 8, lower panel). Addition of ATP (10 ,tM) in such cells
did not further alter the Ca2+ current either prior to or following the prepulse
application. Table 2 summarizes the results obtained when depolarizing prepulses
were applied under different conditions. These results show a significant facilitation
of the Ca2+ current only when ATP was present or when the cells were dialysed with
GTP-y-S suggesting that the facilitation observed might be related to a process of
voltage-dependent disinhibition of the Ca2+ channel that had been previously
inhibited by the activation of a modulatory G protein.

DISCUSSION

The major finding of the present study is that micromolar concentrations of
extracellular ATP inhibit the high-threshold Ca2+ channels in chromaffin cells by
suppressing their gating kinetics. This effect appears to be mediated via a purinergic
receptor coupled to Gi/G. regulatory proteins. These findings provide support for the
modulatory role of the extracellular ATP co-released with catecholamines in
regulation of Ca2+ channels and secretion.

Ca2+ channel modulating effects ofATP
Our finding consistently showed that in chromaffin cells extracellular ATP, at

micromolar concentrations, blocked Ca2+ current in a concentration-dependent
manner (Figs 1, 2 and 5). Although these results are consistent with the data of
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Diverse-Pierluissi et al. (1991) concerning the inhibitory effect of ATP on the high-
threshold Ca2+ channels, they do not provide evidence for the enhancing effect of
ATP reported by these authors. The reason for this discrepancy is not readily
apparent.
ATP slowed the activation kinetics of the voltage-gated Ca2+ channel as it blocked

the channel. A similar effect on the gating kinetics of the Ca2+ channel has been
observed in several neurons and neurotransmitters: for GABA (Grassi & Lux, 1989);
adenosine (Kasai & Aosaki, 1989); noradrenaline (Aicardi, Pollo, Sher & Carbone,
1991); for a recent review of the topic see Swandulla et al. (1991). Although the
reasons for the suppression of the activation kinetics of ICa are not as yet clear, two
possible mechanisms have been proposed. (i) Suppressions may result from the
preferential block of a transient N-type Ca2+ channel thus unmasking a more slowly
activating current component of an L-type variety (Lipscombe, Kongsamut & Tsien,
1989). This is, however, not a likely possibility since in w0-conotoxin-treated cells
(where N-type Ca2+ channels are blocked) 10 /M ATP continued to block the current
(Fig. 5). (ii) The slow activation of the remaining current might correspond to the
voltage-dependent unblocking of the Ca2+ channel (Bean, 1989; Grassi & Lux, 1989;
Kasai & Aosaki, 1989; Lopez & Brown, 1991).
ATP has also been reported to activate a non-selective cation channel in

chromaffin-derived PC12 cells (Nakazawa et al. 1990 a, b; Inoue & Nakazawa, 1992).
Although ATP is known to activate non-selective cation channels in other cell types
(Bean, 1992), we have failed to activate such a current using concentrations of ATP
ranging from 1 nm to 100 /M in over 100 cells tested. The failure to activate an ATP-
gated non-selective cation channel could not have arisen from possible desensitization
of ATP binding site as the speed of change of solutions ranged from 15 to 150 ms, a
value significantly faster than that used by others to activate the channel. Possible
ATP-induced increases in Ca2+ permeability of the membrane under such conditions,
could be argued to cause the suppression of Ca2+ channel through a Ca2+-induced
inactivation mechanism (Eckert & Chad, 1984). We do not believe this is a likely
possibility in that: (1) we failed to activate any non-selective cation channel; (2) in
cells where Ba2+ was used as the charge carrier through the channel ATP continued
to suppress ICa to the same extent as that seen in Ca2+-containing solutions (Fig. 5);
(3) chromaffin cells were dialysed with 10-14 mm EGTA, making a significant rise in
intracellular calcium highly improbable.
The order of potency of different adenine nucleotides (ATP > ADP > AMP >

adenosine) in suppressing ICa indicates that the inhibitory effects of ATP are likely
to be mediated by a P2-type purinergic receptor. Recently the presence of a P2y-
receptor has been reported in chromaffin cells (Pintor, Torres, Castro & Miras-
Portugal, 1991). Although no specific ligands for P2y-receptors were used in the
present work, the finding that the ATP analogues AMP-CPP or AMP-PCP had little
effect on ICa makes it unlikely that a P2f-purinergic receptor mediates the inhibitory
effects of ATP on the Ca2+ currents. P2 -receptors seem to stimulate the inositol
phospholipid metabolism through a G protein-modulated pathway (Dubyak, 1991),
that would lead to an increase in calcium release from intracellular stores.
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G protein regulation ofATP effect
Our results suggest that a PTX-sensitive regulatory G protein modulates the

inhibitory effects of ATP on Ca21 currents (Figs 7 and 8). Intracellular applications
of GTP-y-S have been already shown to mimic the blocking effects of different
neurotransmitters on neuronal calcium currents: for noradrenaline (Holz, Rane &
Dunlap, 1986; Aicardi et al. 1991); GABA (Scott & Dolphin, 1986; Grassi & Lux,
1989); opioid peptides (Hescheler, Rosenthal, Trautwein & Schultz, 1987); adenosine
(Kasai & Aosaki, 1989). It has been suggested (Swandulla et al. 1991) that the
inhibition of Ca21 channel induced by either neurotransmitters or intracellular GTP
can be relieved with strong depolarizations which may reorganize the negatively
charged groups of the G proteins leading to the reversal of inhibition of the channel.
In support of this idea, we consistently found that a conditioning depolarizing pulse
to positive potentials did not significantly increase ICa when the activity of G
proteins was in a basal (control) or inhibited (dialysis with GDP-,-S) state. On the
other hand, under conditions that partially or fully activated G proteins, such as
extracellular application ofATP or intracellular dialysis with GTP-y-S, conditioning
pulses not only reversed the inhibition Of Ica but also recovered the faster activation
and inactivation kinetics of the channel (Fig. 8). Our data are thus consistent with
the general modulatory role of G proteins in regulation of Caa2+ channel by
neurotransmitters. Facilitation of Ca2+ currents in chromaffin cells has been
previously described (Fenwick et al. 1982; Hoshi et al. 1984; Hoshi & Smith, 1987;
Artalejo et al. 1991 a), and related to the activation of a single class of Ca2+ channels
(Hoshi et al. 1984; Hoshi & Smith, 1987) or to the recruitment of a different type of
Ca2+ channel. Our data, suggesting the existence of a voltage-dependent reversal of
inhibition process that allows the recovery of the neurotransmitter-suppressed
current seems to be quite different from the facilitation of the Ca2+ current described
by Artalejo et al. (1991 a) induced by strong or repetitive depolarizations in
chromaffin cells, a process that has been recently postulated to be independent of G
protein modulation (Artalejo, Rossie, Perlman & Fox, 1992b).
A regulatory role for G proteins in secretory activity of chromaffin cells has already

been postulated by Ceina, Brocklehurst, Pollard & Rojas (1991) who have reported
increased catecholamine secretion in PTX-treated cells resulting from the removal of
the tonic inhibition of Gi/G0 subset of regulatory proteins on the Caa2+ channels.
What kind of inhibitory G protein mediates the suppressive effects of ATP on ICa is
not as yet clear. Most likely, a G. rather than Gi protein regulates the Ca2+ channel
in chromaffin cells, since a GO-type protein appears to mediate the transmitter-
induced inhibition of neuronal Ca2+ channels not phosphorylated by cyclic AMP
(Scott & Dolphin, 1986; Holz et al. 1986; Kleus, Hescheler, Ewel, Rosenthal, Schutz
& Witting, 1991).

Functional implications ofATP effects
Questions regarding a possible functional role of the various compounds co-stored

in the chromaffin granules and co-released with catecholamines, have remained
unanswered. We have recently examined whether some of these substances modulate
the Ca2+ current of chromaffin cells. Because the internal pH of secretory granules is
about 5-6 (Johnson, 1987), it is probable that secretion is accompanied by a localized
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change of [H+]. which may inhibit Ca2` channels. Consistent with such an idea,
protons were found to block Ca2+ currents effectively (Callewaert, Johnson & Morad,
1991).
Some of the richest components of adrenergic secretory vesicles are the adenine

nucleotides, of which ATP comprises 90% (Winkler & Westhead, 1980). It has
already been shown that ATP is co-released with adrenaline and noradrenaline from
the perfused intact bovine adrenal gland stimulated with acetylcholine or high K+,
in the presence of either Ca2+ or Ba2+ (Castillo et al. 1992). Our results indicate that
extracellular ATP also down-regulates Ca2+ currents in chromaffin cells. Such
modulatory effects seem to be mediated by a pertussis toxin-sensitive Gi/Go protein,
and might contribute to the regulation of catecholamine release. It is probable
therefore that agents or factors co-stored and co-released during adrenergic secretion
may serve as effective local inhibitors of secretion through modulation of the Ca2+
channel.
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