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Two distinct cytosolic calcium responses to extracellular ATP
in rat parotid acinar cells

'Michael K. McMillian, Stephen P. Soltoff, Lewis C. Cantley, RuthAnn Rudel &
2Barbara R. Talamo

Neuroscience Programe and Department of Physiology, Tufts University School of Medicine, 136 Harrison Avenue, Boston,
Massachusetts 02111, U.S.A.

1 Increasing concentrations of ATP (0.511M-300 gM) produced a biphasic increase in intracellular
calcium concentration [Ca]i in rat parotid acinar cells, reflecting two distinct Ca, responses to extracellu-
lar ATP.
2 In the absence of Mg2" (with 3 mM CaCl2 in the buffer solution), the more sensitive response was

maximal at 3-5 gM and was not further increased by 30 gM ATP. This response to ATP was not well
maintained and was blocked by ADP (0.5 mM). A second, much larger increase in Ca, was observed on

addition of 300 gM ATP. This larger effect, which we have described previously, appears to be mediated
by ATP4-, and was selectively reversed by 4,4'-di-isothiocyanato-dihydrostilbene-2,2'-disulphonate as

well as by high concentrations of m,P-methylene ATP.
3 Among ATP analogues, only the putative P2z agonist, 3'-O-(4-benzoyl)benzoyl-ATP distinguished
between the two responses. This analogue was at least 10 fold more potent than ATP in stimulating the
ATP4--response, but did not evoke the more sensitive response. The agonist potency series for both
responses to ATP was identical for other analogues examined (ATP> ATPyS = 2-methylthio ATP (a
P2y-selective agonist) >> ADP, ITP and x,p-methylene ATP (a P2X-selective agonist)).
4 Although the effect of ATP4- could best be characterized as a P2z-type purinoceptor response, this
effect was strongly and selectively blocked by reactive blue 2, a putative P2y-purinoceptor antagonist.
Reactive blue 2 may bind to and block P2z purinoceptors since [732P]-ATP binding to parotid cells was
inhibited by this compound.
5 In contrast to the response to ATP-, the more sensitive response to ATP was potentiated by

2+reactive blue 2 and was less affected by increases in external Mg2' and Ca .

6 Parasympathetic denervation selectively increased the more sensitive response, suggesting that it may
be physiologically regulated.
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Introduction

ATP is stored and released with biogenic amine neurotransmit-
ters and may itself act as a neurotransmitter or neuromodu-
lator (Burnstock, 1986; Evans et al., 1992). Extracellular
ATP elevates the intracellular free calcium concentration
[Ca]i in many tissues, in some cases by activating phos-
pholipase C (Boyer et al., 1989; Boyer & Harden, 1989), and
in others by directly gating calcium-permeable ion channels
(Benham & Tsien, 1987; Friel & Bean, 1988; Diverse-Pier-
luissi et al., 1991). ATP-stimulated increases in Ca, may
modulate physiological responses and provide a simple index
for characterizing ATP receptors and their mechanisms of
action.

Previously we reported that ATP specifically and reversibly
elevates Ca, in rat parotid acinar cells in a manner consistent
with activation of P2-purinoceptors (McMillian et al., 1987a;
1988; Soltoff et al., 1989; 1990a). The effect of ATP on Ca, is
inhibited by increasing the concentration of divalent cations,
suggesting that ATP- is the active species (McMillian et al.,
1987a). This purinoceptor effect is reversed on breakdown of
ATP to ADP (McMillian et al., 1987a; 1988). We have
shown previously that the calcium response in rat parotid
acinar cells is not activated by most ATP analogues (McMil-
lian et al., 1987a) and that non-hydrolyzable analogues and
ADP are inactive or only weakly active on ATP-stimulated

ion fluxes as well (Soltoff et al., 1990b). Pretreatment of cells
with 4,4'-diisothiocyanato stilbene-2,2'-disulphonate (DIDS)
specifically inhibits the ATP response in parotid cells and
also inhibits [a32P]-ATP binding, consistent with an action of
DIDS at the parotid ATP receptor complex (McMillian et
al., 1988; Soltoff et al., 1990b). ATP elevates Ca, in parotid
cells by a mechanism which differs from that shared by
muscarinic, substance P receptors and a-adrenoceptors, all of
which activate phospholipase C. ATP has little effect on
[H]-inositol phosphate accumulation, and electrophysiologi-
cal effects of ATP do not require guanine nucleotide binding
proteins, in contrast to muscarinic effects (McMillian et al.,
1988; Soltoff et al., 1990a). Effects of ATP on Ca, in parotid
cells are additive with the effects of other calcium-mobilizing
agonists, indicating that ATP mobilizes a calcium pool dis-
tinct from that mobilized by phospholipase C-linked receptor
agonists (McMillian et al., 1988; Soltoff et al., 1990a). A
similar phospholipase C-independent increase in Ca, in re-
sponse to ATP has been reported in a number of other cell
types (Richards et al., 1987; Buisman et al., 1988; El-Moa-
tassim et al., 1989; Sasaki & Gallacher, 1990; Li et al., 1991).
ATP has a much weaker effect on amylase release from
parotid cells than do muscarinic and a-adrenoceptor agonists
and substance P. probably due to its failure to activate
protein kinase C, which may play an important role in
exocytosis in these cells (McMillian et al., 1988). The mech-
anism of action of ATP in parotid cells is unknown, but
present data are consistent with an ATP-gated non-selective
cation channel (Soltoff et al., 1992).

' Present address: Laboratory of Molecular and Integrative Neuro-
science, MD14-06, National Institute of Environmental Health
Sciences, PO Box 12233, Research Triangle Park, NC 27709, U.S.A.
2 Author for correspondence.

'." Macmillan Press Ltd, 1993



454 M.K. MCMILLIAN et al.

ATP receptors (P2-purinoceptors) differ from adenosine
receptors (PI-type), being much less sensitive to blockade by
methylxanthines (Burnstock, 1986). There appear to be
several subtypes of ATP receptors (Gordon, 1986). Smooth
muscle P2-purinoceptors have been subdivided into Pa and
P2y types on the basis of differential sensitivity to the
agonists, ot,-methylene ATP and 2-methylthio ATP, and to
the antagonists arylazidoaminoproprionyl ATP (ANAPP3)
(Fedan et al., 1985) and reactive blue 2 (Burnstock & War-
land, 1987; Houston et al., 1987), respectively. P2s-receptors
respond with a potency order a,,-methylene ATP>ATP>
2-methylthio ATP; these receptors rapidly desensitize in re-
sponse to a,p-methylene ATP (and to a lesser extent with
ATP) and also appear more sensitive to inactivation by
ANAPP3 (Burnstock & Kennedy, 1985). In contrast, P2y-
receptors display the reverse potency order and are more
sensitive to blockade by reactive blue 2 (Houston et al.,
1987). A third type of purinoceptor, designated Pa, requires
uncomplexed ATP (ATP-) for activation; in physiological
buffer solutions most of the ATP is complexed with divalent
cations and consequently higher concentrations of ATP are
required to stimulate this receptor (Cockroft & Gomperts,
1980; Gordon, 1986). The Pa-receptor appears to be coupled
to cellular permeabilization to solutes of a restricted size in
mast cells (Tatham et al., 1988; Greenberg et al., 1988), and
in some cell lines (Weisman et al., 1984; Gonzalez et al.,
1989), but this does not appear to be the case in rat parotid
acinar cells (McMillian et al., 1988). It has been suggested
that benzoylbenzoyl ATP [3'-0-(4-benzoyl)benzoyl-ATP] is a
selective P2, agonist (Erb et al., 1990), although recent
evidence suggests that this compound also activates P2y-
receptors (Boyer & Harden, 1989).
The Ca, response to ATP in parotid cells is characterized

by a broad cumulative concentration-response curve. A small
response is apparent at less than 511M ATP (regardless of
Mg2' concentration) and a larger effect is obtained only at
much higher concentrations of ATP (50-3001iM, depending
on Mg2+ concentrations) (McMillian et al., 1987a; 1988).
Recently, with a change in collagenase and trypsin lots, our
parotid cell preparations show higher sensitivity to ATP. In
the present study we examined the characteristics and phar-
macology of the more sensitive Ca, response to ATP and
further characterized the response to ATP-, enabling us to
assign these responses to subtypes of the P2,-purinoceptor
class. These results have recently been published as an ab-
stract (McMillian et al., 1990).
The physiological responses to neurotransmitter stimula-

tion of rat parotid acinar cells are altered by denervation of
the gland. After parasympathetic denervation of the parotid
gland, a heterologous supersensitivity develops to carbachol,
noradrenaline and substance P (Ekstrom, 1980; Ekstrom &
Wahlestedt, 1982). The effect of parasympathetic denervation
on the response to ATP also was investigated to see whether
the purinoceptor response is similarly regulated.

Methods

Cell preparations

Parotid glands were removed from male Sprague/Dawley rats
(Taconic Farms, Germantown, NY; 150-250 g) and acinar
cells were prepared as previously described (McMillian et al.,
1988). The small, more sensitive response to ATP became
much larger when different dispersing enzyme lots were used
(Worthington collagenase CLSl No. 4177, lot No. 49A095)
and trypsin (Sigma, Cat No. T-8253, lot No. 18F-0828).
Previous studies were on cells prepared with collagenase
(Worthington, CLS Type 2, No. 14174, lot No. 48E295) and
trypsin (Sigma); some data obtained with earlier preparations
are included since a relatively pure response to ATP4- was
obtained. For supersensitivity studies, unilateral parasym-
pathetic postganglionic denervations were performed as pre-

viously described (Talamo et al., 1979), and the cells were
prepared from denervated and contralateral control parotid
gland three to five weeks later.

Ca, measurements

Cells were loaded with fura-2 acetoxymethyl ester as pre-
viously described (McMillian et al., 1987b), and suspended in
appropriate medium in a cuvette, with continuous stirring.
Ca, was estimated by determining the ratio of fluorescence
emitted at 505 nm when excited at 340 and 380 nm, assuming
a Kd of 224 nM for fura-2. Ratios were determined on a
Perkin-Elmer LS5 spectrofluorimeter equipped with a com-
puter and a fura-2 programme which allowed ratios to be
obtained every 7-8 s. Drug additions were made to the
cuvette on-line, with continuous recording. In each run, a
correction was made for dye leakage by addition of 250 ttM
MnCl2 which was then chelated with diethylenetriamine
penta acetic acid (DTPA, 1 mM); maximum fluorescence was
defined by the addition of digitonin (50IM) and minimum
fluorescence was determined with 100 mM EGTA (McMillian
et al., 1987a,b). In some experiments, fluorescence was direct-
ly recorded during excitation at 340 nm. In all experiments
where Mg2' was added to reverse the effects of ATP, the
concentration of Mg2" was 10mM. All experiments were
repeated at least two times with similar results, or more times
as indicated.

[2p]J-ATP binding

Binding of [Iy32P]-ATP to parotid cells was determined as
previously described for [a32PJ-ATP (McMillian et al., 1988).
When present, reactive blue 2 was preincubated with cells for
10 min prior to initiation of the binding reaction with radio-
labelled ATP. Binding was carried out for 10 min and cells
were then sedimented and washed. Triplicate assays were
carried out for each condition in each experiment.

Materials

ANAPP3 was a kind gift from Dr J.S. Fedan; ryanodine,
octanol and hexanol were gifts from Dr K. Dunlap. MK801,
ketamine and [y32P]-ATP (New England Nuclear) were gifts
from Drs C. Harrington, J. Kauer & D. Chikaraishi, respec-
tively. 2-Methylthio ATP was purchased from Research
Biochemicals Incorporatated; DIDS and 4,4'-diisothiocyan-
ato-dihydrostilbene-2,2'-disulphonate (dihydroDIDS) were
from Molecular Probes; ATP and adenosine-5'-O-(3-thiotri-
phosphate) (ATP7S) were from Boehringer Mannheim.
DTPA was obtained from Fluka Chemie AG. Reactive blue
2 (Cibacron blue), benzoylbenzoyl ATP, ATP dialdehyde
(adenosine 5'-triphosphate-2',3'-dialdehyde) and a,$-methy-
lene ATP and other drugs were obtained from Sigma, unless
otherwise indicated.

Results

Biphasic Ca, response to ATP

The Ca, response to ATP in rat parotid cells was character-
ized by a broad concentration-response curve, even under
conditions optimal for eliciting the effect of ATP4- (1 mM
CaCl2, 0 MgCl2). At a higher calcium concentration (3 mM
CaCl2, 0 MgCI2), a biphasic cumulative concentration-re-
sponse curve for ATP was clearly evident (Figure la). A
small, potent ATP-effect (half-maximal at about 1 JlM, maxi-
mal at about 3-5 gM) could be distinguished from the effect
of ATP- (which became apparent when the concentration of
ATP was increased from 60 to 300 ftM) (Figure la). The rate
of increase in Ca, in cells exposed to concentrations of ATP
higher than 300 j4M was slower than the response to low
concentrations of ATP. While the Ca, response to low con-
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Figure 1 (a) ATP concentration-response curve for Ca, elevation:
The increase in Ca, over baseline (mean ± s.e.mean) was determined
for cumulative ATP concentrations ranging from 0.5-963 LM. At
each data point, the number of independent experiments is shown in
parentheses. For all experiments, the maximum reached within the
first 3 data points (about 22 s) after addition of agonist is taken,
although the Ca, continues to rise slowly for ATP concentrations
greater than 300 LM. The calculated concentration of ATP- (3 mM
Ca2+, 0 mM Mg2+) (Fabiato, 1988) is given in parentheses following
each value of total added ATP: 0.5 gM ATP (0.023 gM ATP4-),
3.5,IM (0.14pLM), 33.5 gM (1.6 1iM), 631IM (3giM), 363 fM (19 gM),
663 jM (38 1M), 963 gM (61 aM). Higher concentrations of ATP were
not tested because substantial amounts of extracellular calcium are
chelated. (b) Effect of ADP on Ca, responses to ATP, carbachol
(CCh) and substance P (SP): The Ca, response to various agonists
was determined in the presence and absence of ADP (0.5 mM). Peak
responses are shown for each agonist, n = 3 experiments. Ca2+ and
Mg2+ concentrations were 3 and 0 mm respectively. Open columns
are controls. Solid columns show responses in the presence of ADP.
Note that 30 jM ATP is not significantly more effective than 3.5 1M

ATP and that ADP blocks effects of low concentrations of ATP but
not effects of 300 jM ATP or of SP (0.1 jIM) or CCh (100 gM).

centrations of ATP reached a peak value within 15-23 s, the
response to high concentrations continued to increase. We
usually added Mg2" within 45-60 s after the addition of
concentrations of ATP higher than 300 pM, because reversal
was slowed at these high concentrations and because cell
damage ensued after prolonged exposure to high Ca, . The
responses in Figure la were calculated as the maximal in-
creases in Ca, within the first 22 s (3 data points) of addition
of ATP rather than the maximal elevation in Ca, after pro-
longed exposure to the agonist. The maximum peak Ca,
value of the more sensitive response to ATP was typically
smaller than the Ca, responses to maximal concentrations of
substance P or the muscarinic agonist, carbachol. These
phospholipase C-linked receptor agonists served as useful
controls in these studies. Additional manipulations with vari-
ous agents also demonstrated that the two responses could be
distinguished. ADP (0.5 mM), which produced a much
smaller Ca, increase (6 ± 6 nM, n = 4) than did 3.5 JM ATP
(75 ± 27 nM, n = 4) in the same cell preparation, blocked the
potent effect of ATP without obviously affecting the Ca,
response to ATP- (or carbachol or substance P) (Figure lb).
Even when the responses to 3 JiM carbachol and 3 p1M ATP
were of the same magnitude (Figure 4a), ADP blocked only
the response to ATP (Figure 4f). The more sensitive response
to ATP was not blocked by high concentrations of Mg2"
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Figure 2 Separation of the two ATP-induced Caj responses with (a)
Mg2e and (b) 4,4'-diisothiocyanato stilbene-2,2'-disulphonate
(DIDS). Caj responses to different agonists were tested in the
presence of various concentrations of Mg2" or DIDS. Cae concent-
ration was I mm in each experiment. Where additions are indicated
by arrows, the concentrations are: carbachol (CCh) = 3 1M; 100 gM.
Atropine (Atr) = 10 JM. Substance P (SP) = 30 pM; 100 nM.

Mg2I = 10 mM. ATP concentrations (in aM) are indicated in the
figure. Agonists are added in the same sequence in each experiment.
These traces are representative of ten or more experiments. (a)i is the
control. Mg2" concentrations in the cell suspension medium are: (i)
0; (ii) 1 mM; (iii) 10 mm. Breaks in traces represent time for the ATP
response to reverse after high Mg2e addition. This break represents
20 min for (i), 5 min for (ii), and 0 min for (iii). The presumed effect
of ATP4- is blocked by increasing concentrations of Mg2+, while the
responses to a low concentration of ATP, and CCh and SP responses
are unaffected. (b) DIDS selectively blocks the effect of a high
concentration of ATP while a low concentration of ATP, and SP, are
unaffected. (b)(i) is the control; (b)(ii) Cells were pretreated with
150 iM DIDS for 40 min and washed before assay.

(Figure 2a) (nor Ca2l (Figure 4e)), which lowers the free
ATP"- concentration. The concentration of ATP4- available
at 3, 30 and 300 gM total ATP in the presence of 1 mM Ca2+
and 0, 1 or 10 mM Mg2' was calculated to be (0.36, 3.6,
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Figure 3 Benzoylbenzoyl ATP is a selective agonist for the ATP4-
response. ATP and various analogues were tested at different concen-
trations for their ability to elevate Ca,. Each point represents the
mean and s.e.mean (vertical bars) of three or more independent
experiments in the presence of 1 mm Ca2l and no added Mg2".
Where error bars are not shown, they fall within the borders of the
symbol. The increment in Cai (A Caj (%)) is given relative to the
response to 300 gM ATP, which is set at 100%. Symbols are: ben-
zoylbenzoyl ATP (@); ATP (0); ATPyIS (+); 2-methylthio ATP
(0). Benzoylbenzoyl ATP was more potent and more effective at
increasing Ca, than ATP or other ATP analogues (2-methylthio ATP
and ATPTyS). ATP and other analogues produced a small increase in
Ca, at low concentration, evidenced by the long, shallow
concentration-response curve. Benzoylbenzoyl ATP was ineffective in
stimulating the more sensitive response and the concentration-
response curve was thus much steeper than that of other analogues
examined.

431M), (0.15, 1.3, 15 gM) or (0.02, 0.19, 2.0 gM) respectively
(Fabiato, 1988). Additionally, the more sensitive ATP re-
sponse was not blocked by pretreatment of cells with DIDS
(Figure 2b).

Effects ofATP analogues

Analogues of ATP were examined for effects on Ca,. Among
those analogues tested, only benzoylbenzoyl ATP was more
potent than ATP as a stimulus for the response to ATP-.
The maximum effective concentration of benzoylbenzoyl
ATP could not be determined in these experiments since
concentrations much higher than 30 lM quenched the fura-2
signal. Under conditions that favoured the effect of ATP4-
(O Mg2+, 0.5-1 mM Ca2+), this putative P2z-purinoceptor
agonist was at least 30 fold more potent than ATP, which in

turn was approximately 10 fold more potent than the P2y
agonist, 2-methylthio ATP (Figure 3). Benzoylbenzoyl GTP
(0.3 JmM-300 gM) was ineffective (n = 2). ATP7S was approxi-
mately equipotent to 2-methylthio ATP. It was not possible
to examine a full range of concentrations for some of the
analogues on the ATP4--response because extracellular cal-
cium was complexed at high concentrations of analogues, but
ADP, ITP, GTP and 8-Br ATP had little effect even at 1 mM
(<5% of the response to 300 tM ATP; n =3 or more for
each compound). m,-Methylene ATP had no effect on Ca, in
parotid cell suspensions (n = 7).
Under conditions selective for the more sensitive response

(10 mM Ca2" and 0 Mg2", or 300 gM DIDS pretreatment),
ATP was more effective than any of the analogues. Benzoyl-
benzoyl ATP (0.3-30 LM) had no stimulatory effect (n =4
cell preparations). Although it was difficult to quantify due
to the small magnitude of the more sensitive effect, the
potency order for other analogues appeared similar to that
found for ATP-. Concentrations of 30-100 gsM ATPyS and
2-methylthio ATP were required to produce effects similar to
that obtained with a maximally effective concentration of
ATP (3 LM). At 1 rM, ITP and ADP were 10-20% as
effective but 8-Br ATP appeared inactive (n = 3 preparations
for each compound). The non-hydrolyzable analogue adeno-
sine 5'-(P,'y-imido)triphosphate (AppNHp) was approximately
10% as effective as ATP on both Ca, responses at concentra-
tions 10 fold higher than that required for maximal ATP
effects (n = 3). Compounds known to block purinoceptor
responses in other systems, ANAPP3 (1 mM), 8-azido ATP
(1 mM) and 5'-fluorosulphonyl-benzoyladenosine (5 mM), had
no effect on either response to ATP in parotid cells even after
activation with u.v. light (n = 3 or more experiments with
each compound).

Reactive blue 2 selectively blocks the ATP- effect

Reactive blue 2, a putative P4,-type purinoceptor inhibitor,
was found to block specifically the response to ATP4- under
conditions which allowed the two responses to ATP to be
easily separated (3 mM Ca2', 0 Mg2+) (Table 1). This block-
ing effect is readily apparent in Figure 4. Reactive blue 2
(Figure 4b,c,d) or high Ca2+ (10 mM) (Figure 4e) selectively
decreased the effect of high concentrations of ATP while
ADP (Figure 4f) selectively blocked the effect of low concen-
trations of ATP. At the high concentrations of reactive blue
2 (10 and 30 JLM) the response to carbachol also was inhibited
in this experiment, although the effect is not significant for
the pooled data of Table 1. Reactive blue 2 did reduce the

Table 1 Effect of. reactive blue 2 on Caj response to ATP and other calcium-mobilizing agonists

Reactive blue 2 concentration [lim
0 (n) 3 (n) 10 (n) 30 (n)

ATP 0.5 gM
3.5 pM
30 gM
300 gM

23 ± 7
58 ± 21
73 ± 33

461 ± 110

(5) 51±15
(6) 93 ± 20
(4) 135± 17
(6) 306 ± 45

(4) 50 ± 19
(5) 100 ± 25
(3) 131 ± 34
(5) 211 ± 33*

(4) 57 ± 22
(5) 97 ± 26
(3) 103 ± 37
(5) 166 ± 39*

A (300 pM)-(3.5 pM) 403 ± 92 213 ± 45* 111± 27* 68 ± 20*
(% inhibition) (0) (17 ± 22) (48 ± 15) (75 ± 6)

Substance P (10-7M) 167± 50 (6) 155± 39 (5) 207±43 (5) 211 ±40 (6)

Carbachol (10-4M) 112 ± 31 (6) 107 ± 22 (5) 104 ± 19 (5) 95 ± 14 (6)

Numbers represent mean ± s.emean increase in Ca, (nM) over basal levels which averaged 252 ± 70 nM, 269 ± 51 nM, 288 ± 44 nm, and
300 ± 48 nm at 0, 3, 10 and 30 gM reactive blue respectively. (300 gmM)-(3.5 gM) indicates the increment in Ca. at 300 1AM ATP above
the value at 3.5 pM ATP, an indication of the response to ATP4-. (n) = number of cell preparations. Extracellular calcium was 3 mM;
no Mg2+ was added. Ca, changes were estimated by the ratio method.
*P<0.05 when compared to response in the absence of reactive blue 2 by Newman-Keul's multiple range test. Although reactive blue
2 tended to increase Ca, responses to low concentrations of ATP (responses to 30 gM ATP or less were increased to 241 ± 44% of the
responses observed in the absence of reactive blue 2), no significant potentiation was observed for any one concentration of ATP or
reactive blue 2 (Newman-Keul's multiple range test).

(5)
(6)
(4)
(6)



TWO DISTINCT Ca, RESPONSES TO EXTRACELLULAR ATP 457

Table 2 Reactive blue 2 displaces [y32P]-ATP binding to
parotid cells.

Reactive blue 2 (AuM) [e2P]-ATP bound (% remaining)

0
1
3
10
30
100

100
87 ± 10 (4)
75 ± 17 (4)
78± 11 (5)
44±11 (7)
26 ± 20 (4)

PMg2

Displacement of [y32P]-ATP (1-3 gAM, usually about 300,000
c.p.m. added) binding by reactive blue 2 was determined
after subtracting any binding not displaced by 100 M ATP
(presumably trapped or other non-specific binding:
average = 38 ± 5% of total binding, n = 7). The mean and
s.e.mean are shown for each concentration of reactive blue
2, followed by the number of experiments shown in
parentheses. [Ca2"] = 0; [Mg2"] = 0.

11 21 31 41 51 61 71 81 91

c

CCh Atr SP

2.90 11 1 1

ATP Mg2+

21 31 41 51 61 71 81 91

CCh Atr SP ATP Mg2+

Ca, response to 10-6 M carbachol from 66 ± 19 nM (n = 3) to
18 ± 7 nM (n = 4) [P <0.05 by Student's 2-tailed unpaired t
test]. The more sensitive response to ATP often was poten-
tiated by reactive blue 2 (Table 1).

Reactive blue 2 displaced [7'32P]-ATP binding to parotid
cells (Table 2), although this effect varied with different cell
preparations. In preparations with pronounced small, potent
responses, reactive blue 2 appeared less effective than in
preparations which showed a response only to ATP-. Even
so, the antagonism by reactive blue 2 of ATP- binding
(Table 2) showed a similar potency to antagonism of Ca,
responses to ATP- (Figure 4), and is consistent with block-
ade of purinoceptors on parotid cells.
A number of compounds known to inhibit effects of ATP

and/or calcium mobilization responses in other systems failed
to block either of the effects of ATP on Ca, in parotid cells.
All compounds were tested on at least two parotid cell
preparations. These included inhibitors of arachidonic acid
metabolism, indomethacin (50 AM) and nordihydroguiaretic
acid (50 JAM), the phospholipase C inhibitor, neomycin (1 mM)
and the IP3 receptor blocker, heparin (1 mg ml-'), three
inhibitors of calcium mobilization, ruthenium red (50 JM),
caffeine (10 gM) and ryanodine (10 JAM), the Ca2+-channel
blocker, nifedipine (50 JM), the ATP-sensitive K+ channel
blocker, tolbutamide (1 mM), other K+-channel blockers [CsCl
(15 mM), BaCl2 (2.5 mM), and charybdotoxin (10 nM)], the
Cl--channel blocker picrotoxin (30 JAM), glutamate channel
blockers [MK801 (50 JM) and ketamine (50 JM)], the Na+-
channel activator veratridine (10 JM), Na2SO3 (10 mM) (a
shared substituent of DIDS and reactive blue 2), and a
putative gap-junction blocker, octanol (150 AM) and an
ineffective control alcohol, hexanol (200 JM).

3-3°1 11 21 31

f
3.90

CCh Atr SP
3.66-

3.42

3.18

2.94 -

11 21n 31

--I ' ' 'Figure 4 Reactive blue 2 selectively blocks the ATP4- response: (a)
41 51 61 71 81 91 control; (b) reactive blue 2, 3gJM; (c) reactive blue 2, 1OJM; (d)

reactive blue 2, 30pJM; (e) Ca2", 10mM; (f) ADP, 0.5mm. Data
points were recorded every 7-8 s. Drugs were added 10 min prior to

2< addition of agonists, shown by arrows. Additions of the agonists and
ATP / \Mg antagonists were made in the same sequence as designated in the

upper panel. The traces from these experiments are representative of
those summarized in Table 1. Except as noted, the concentration of
Ca2l = 3 mM, Mg2` = 0. Prior addition of reactive blue 2 (3-30 JM)

decreased the effect of higher concentrations of ATP without
decreasing the response to substance P (SP) or to low concentrations
of ATP (b-d). The effect of high concentrations of reactive blue 2
on the response to ATP (d) was similar to that obtained in medium
with high Ca2l (e). ADP selectively blocked the more sensitive effect

51 61 71 81 91 of ATP (f). Additions: carbachol (CCh)=3JAM, 100JM; atropine
(Atr) = 10 JM; substance P (SP) = 100 nM; ATP = 3 AM, 30 AM,

Data points 300 AM.
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Figure 5 Parasympathetic denervation of rat parotid gland induces
selective increases in the more sensitive Ca, response to ATP: cells
were prepared from glands taken from unilaterally denervated rats as

described in Methods. The Ca, responses of preparations from con-

tralateral (unoperated) and denervated glands were compared. Each
point represents the average and s.e.mean (vertical bars) of Ca,
values for denervated or contralateral control cell preparations from
4 unilaterally denervated rats; (0) control preparations; (0) dener-
vated preparations. Arrows indicate additions of carbachol (CCh)
(3 gM and 100 FM), atropine (Atr) (10 gM), noradrenaline (NA)
(30plM), phentolamine (Phent) (301iM), substance P (SP) (0.3 and
100 nM), ATP (3 and 300 gsM) and MgCI2 (5 mM). Values were

determined every 7-8 s; breaks between agonist additions represent
5-O min pauses (equal for paired denervated and control runs) to
allow calcium pools to recover. Note the pronounced increase in the
Ca, response to a low concentration of ATP. This increase also was
observed when phospholipase C-coupled receptor agonists were not
added prior to stimulation with ATP. The magnitude of the further
increase in response to 300 LM ATP was similar in both control and
denervated cells (130 and 115 nm respectively). Medium contained
Ca2+ = 3 mM, Mg2+ = O.

Parasympathetic denervation selectively increases the
potent response to ATP

As noted in the introduction, muscarinic receptor, ax-adreno-
ceptor and substance P receptor responses are sensitized
following parasympathetic postganglionic denervation of the
parotid gland. Sensitivity increases by 3 to 5 fold but there is
at best only a small increase in maximal response (Figure 5).
The response to 3 E4M carbachol was highly variable in cells
from control glands of unilaterally denervated animals, but it
always was detected in denervated glands. In the course of
examining possible supersensitivity to ATP-, a pronounced
increase in the Ca, response to low concentrations of ATP (3
to 5 jLM) was observed (2.8 ± 0.3 fold over contralateral con-
trol cell responses, n = 4) (Figure 5). Higher concentrations
of ATP led to further increases in Ca, (attributable to
ATP4-) which were similar in cells from both denervated and
contralateral control glands (Figure 5). The increased re-

sponse after denervation involved only the more sensitive
response, since the increase also was observed in high cal-
cium-containing buffer and in the presence of 30 ptM reactive
blue 2 (n = 2), which eliminated the effect of ATP4-.

Reversal of.the effect ofATP'

We hypothesized that inactive compounds or partial agonists
that can bind to the ATP- receptor would reverse the effect
of ATP- on Ca,. We compared the reversal of the effect of
ATP4- by these compounds to reversal by Mg2", which
reduces the concentration of ATP4-.
Under optimal conditions for a response to ATP4- (in the

absence of Mg2e and in the presence of 0.5-1.0mM Ca2"),

Carb Atr Mg2+
4i ATP

a
oa,& methylene ATP

4 ATP

b

o,,B-methylene ATP

AP+ Mg2

C

AppNHp ATP Mg2+

d
AppNHp

ATP pi ATP dialdehyde

o 6
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o T ATP dialdehyde

-. 0 5 10
Time (min)

FIgur 6 Reversal of the effect of ATP4- by AT? analogues: Ca,
responses to carbachol (CCh) were determined and then various
ATP analogues were tested (at I mm) for their ability to activate Ca,
responses or to block. or reverse the response to ATP (50gIM).
Compounds added: (a) ATP; (b) ax,pmethylene ATP, then ATP; (c)
ATP, then ax,pmethylene ATP; (d) 5'-(6,^y-imido)triphosphate (App-
NHp), then ATP; (e) ATP, then AppNHp, followed by ATP
dialdehyde; (f) ATP dialdehyde, then ATP. Concentrations of other
compounds were: [Ca2+] = I MM, Mg2+ = 0; CCh = 100 gBm and
atropine (Atr) = IO gm. Although none of the analogues tested [(,p-
methylene ATP (n = 8 cell preparations), AppNHp (n =6) and ATP
dialdehyde (n= 3)] were particularly potent, all partially blocked or
reversed the Ca, response when they were added at I mm, a concent-
ration 20 fold higher than that of ATP (50 gm). This particular cell
preparation appeared to lack the sensitive response to ATP since
Mg"+ fully reversed the effect of ATP even in the absence of
antagonists. The antagonists did not appear to be acting solely by
chelation of extracellular calcium; note that the combination of
AppNHp (1 mm) and ATP dialdehyde (I mm) was no more effective
in reversing the response to ATP than pretreatment with AppNHp
alone. Note also that AppNHp acted as a weak partial agonist.
Antagonism of responses to ATP by analogues, although repeatedly
observed, was quite variable, possibly due to inhibition of ATPases
by some analogues and potentiation of the more sensitive response
to ATP in some preparations.

50 psm ATP produced a Q%- response comparable to maximal
muscarinic receptor activation (Figure 6a). This effect of
ATP was reversed by the addition of Mg2e (Figure 6a). The
effects of benzoylbenzoyl ATP, and of high concentrations of
ATPyS and 2-methylthio ATP were reversed similarly by
Mg2" (n = 6 or more experiments for each compound). We
show here that 'inactive' analogues of ATP can block and
reverse effects of ATP on Ca, (Figure 6b-f). Three analo-
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Figure 7 Effect of varying concentrations of 4,4'-diisothiocyanato-
dihydrostilbene-2,2'-disulphonate (DihydroDIDS) on the Ca, res-

ponse to ATP-: the ability of various concentrations of dihyd-
roDIDS (H2DIDS) to reverse the response to ATP or to block
responses to carbachol (CCh) or substance P (SP) was tested. All
concentration values given in the figure are in JAM. ATP was added at
30 gM, followed by 3001M, added twice. SP= 100 nM;

CCh = 100 gtM; atropine (Atr) = 10 gM. (Note that 100 JM H2DIDS
was as effective as Mg2" in reversing the effect of a high concentra-
tion of ATP, without blocking SP or CCh responses). Similar results
were obtained on 2 other cell preparations.

gues, a,p-methylene ATP, AppNHp and ATP dialdehyde,
which had little or no agonist effects, all partially blocked the
response to a subsequent addition of ATP. They also were

able to partially reverse the response to a prior addition of
ATP. This reversal required a relatively high concentration of
the antagonist compound. For example, afi-methylene ATP
was effective only at a concentration of 20:1 relative to ATP
and blocked the ATP response by 76 + 4% (n = 3). It seems

unlikely that chelation of extracellular calcium accounts for
the inhibition by analogues of ATP since benzoylbenzoyl
ATP partially overcame the block in the two experiments
where it was examined. These experiments illustrate the
ability of various ATP analogues to act as antagonists or as

partial agonists in these cells.
Another compound which appears to bind to the ATP

receptor and which blocks the response to ATP- is DIDS.
Although DIDS pretreatment blocked responses to ATP4-
(Figure 2), the fluorescence of this compound limits its
utility, and it cannot be used on-line in fura-2 assays.

DihydroDIDS, a much less fluorescent derivative of the
parent compound, also blocks the response to ATP4- (data
not shown). DihydroDIDS specifically reversed the effect of
ATP- on Ca, (Figure 7b-d), without interfering with the
response to carbachol or substance P, consistent with the
idea that dihydroDIDS displaces ATP binding to the purino-
ceptor.

Discussion

The present results provide evidence for two distinct Ca,
responses to extracellular ATP in rat parotid acinar cells. The
first response was maximal at low concentrations of ATP
(<5 pM) and was smaller and less well-maintained than the
Ca, response to ATP4- which we have described previously
(McMillian et al., 1987a; 1988; Soltoff et al., 1990a). The
response to higher concentrations of ATP (ATP4-) does not
show a maximum in Figure 1, but in experiments measuring
'Na' influx, maximal rates were reached at 100gM ATP
(with 1.8 mM Ca2" in the absence of Mg2") (Soltoff et al.,
1990a). Rate studies of 45Ca2" uptake showed that the re-
sponse is maximal at 300 JM ATP in the absence of added
Mg2") (Soltoff et al., 1992). ADP selectively blocked the
more sensitive response to ATP, while DIDS and reactive
blue 2 were selective in inhibiting only the response to
ATP4-, as were high concentrations of Mg2" and Ca2" which
act by lowering the concentration of ATP4- available on
addition of ATP (McMillian et al., 1988; Soltoff et al.,
1990a). Benzoylbenzoyl ATP was the only selective agonist
and was at least 30 fold more potent than ATP on the
ATP4--specific response, similar to other systems (Gonzalez
et al., 1989; Erb et al., 1990). In other experiments which
utilized 45Ca+ uptake rather than fura-2 fluorescence to
assay the response to ATP, dye quenching by benzoylbenzoyl
ATP was not a consideration, and higher concentrations of
benzoylbenzoyl ATP were tested. Benzoylbenzoyl ATP was
equally effective at 30 JM and 100 gM in these studies on rat
parotid acinar cells (Soltoff et al., 1992), indicating that
maximal stimulation occurs at 30 JM. In fura-2 studies car-
ried out under conditions where the large, low affinity re-
sponse was blocked, i.e. with 10mM Ca2+ or 3001JM DIDS
pretreatment, 30 JM benzoylbenzoyl ATP had no agonist
effect on the more sensitive response, which is surprising
since this compound binds to ATPases (Williams & Coleman,
1982; Erb et al., 1990) as well as to P4-purinoceptors (Boyer
& Harden, 1989; Boyer et al., 1989). Though generally much
weaker, the more sensitive response to ATP may be physio-
logically important, since this response appears to be neurally
regulated, as shown by the increase following parasym-
pathetic denervation.
The response to ATP- in parotid cells can best be classi-

fied as one mediated via Pa-purinoceptors. The potency
order for the agonists (benzoylbenzoyl ATP> ATP>2-
methylthio ATP>al,-methylene ATP) and the strong inhibi-
tion by Mg2' and high concentrations of Ca2+ are consistent
with activation of a Pa-purinoceptor. A similar potency
order (benzoylbenzoyl ATP>ATP> 2-methylthio ATP>
AppNHp) for the effect on the ATP4W-response was obtained
in 45Ca2+ uptake experiments (Soltoff et al., 1992). It is
unclear whether the 'superagonist' effect of benzoylbenzoyl
ATP on Ca, in parotid cells results from covalent interaction
with Pi-receptors and ATPases; however in short-term
studies much of the effect is reversed by the addition of
Mg2+, suggesting that covalent bonds are not required.

Gallacher (1982) previously noted the low potency of ATP
in stimulating ion fluxes in mouse parotid cells and suggested
that ATP- might be the active form, but he suggested that
the response was of the P2y-type based on the observation
that P2y purinoceptors also activate calcium-dependent K+
channels in other tissues (Gordon, 1986). Our data clearly
show that the response to ATP4- in rat parotid cells is of the
Pa-type. While its selectivity for the P2-receptor must be
confirmed, the use of benzoylbenzoyl ATP together with Pa-
and P4,-selective agonists should prove useful in subtyping
P2-purinoceptors.

Reactive blue 2 was a potent and selective blocker of the
parotid response to ATP-. This antagonist apparently dis-
criminates P2,-receptors from P2a-receptors (Reilly et al.,
1987; Burnstock & Warland, 1987; Houston et al., 1987), but
also has a strong effect on parotid P2-receptors (Soltoff et

al., 1989). Reactive blue 2 displaced [yl32P]-ATP bound to

a1)
0

ITC-)
LL)
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parotid cells as did the inactivating compound DIDS, which
forms covalent adducts (McMillian et al., 1988). Blockade of
ATP-effects by pretreatment of cells with DIDS, a compound
structurally unrelated to ATP, appears to result from cova-
lent inhibition of P2-type purinoceptors (McMillian et al.,
1988). While allosteric effects of these compounds on ATP-
binding are possible, it seems likely that reactive blue 2 and
DIDS inhibit the response to ATP'- by interfering with the
binding of the purine rather than by other means, for example
by blocking an ATP-dependent channel. In some experiments
(as in Figure 4), reactive blue 2 inhibited the muscarinically-
activated increase in Ca, as well as the response to ATP4-,
although the responses to substance P were never inhibited.
This finding is in agreement with observations that mus-
carinic effects are inhibited by reactive blue 2 in other ATP-
responsive tissues (Choo, 1981). Coomassie brilliant blue may
be a more useful antagonist at P2z-receptors (Soltoff et al.,
1989) since this compound does not appear to be a potent
blocker of P2y-receptors (Inoue et al., 1991; McMillian, un-
published data).
ATP'- increases the membrane permeability to low mole-

cular weight solutes in many cells, and this permeabilization
response shares many features in common with the Ca, re-
sponse to ATP- in parotid cells. However, at the concentra-
tions employed in the present study, which are higher than
those used for permeabilization studies in other cells, ATP"-
has little if any permeabilizing effect (McMillian et al., 1988).
As with the Ca, response reported here, Mg2' halts perme-
abilization in response to ATP-, and this reversal on
removal of ATP4- has been interpreted as a resealing of
ATP4 -induced lesions in the plasma membrane (Tatham et
al., 1988). Reversal of the effects of ATP4- in parotid cells by
Mg2' (and to a lesser extent by the more weakly chelated
Ca2), as well as by cp-methylene ATP and dihydro-DIDS,
appears to result from displacement of ATP- from a specific
receptor-like site, rather than through resealing of ATP4--
induced lesions.
The more sensitive Ca, response to ATP does not fit into

any P2-purinoceptor classification. Although pharmacologic-
ally distinguishable from the ATPV-effect, the more sensitive
response resembles this P2z-type response much more than it
does the P2,X- or P2y-purinoceptor responses. Except for ben-
zoylbenzoyl ATP, the agonist potency series for analogues of
ATP was identical for the two Ca, responses, and the P2-
purinoceptors mediating the two responses may be related.
The more sensitive response to ATP was variably present in
earlier experiments, and it is possible that the receptor
mediating the smaller response to ATP is more sensitive to
reagents used in our cell preparation procedure and was lost
in previous studies. Another possibility is that the different
responses to ATP reflect Ca, increases in different cell popu-
lations or that there is only one receptor for ATP on parotid
cells that gives rise to a second as a preparation artifact.
However, a similar effect of ATP- has been reported in cells

prepared without enzyme treatment (Richards et al., 1987;
Buisman et al., 1988; Tatham et al., 1988; Gonzalez et al.,
1989). It is also possible that the variability in responses to
ATP accurately reflects the situation in vivo. Our finding of
two P2-type purinoceptor-mediated responses on a single cell
type is not unique. There are at least two effects of ATP
which can be distinguished by the use of analogues of ATP
in hepatocytes (Okajima et al., 1987), and there appear to be
two or more distinct responses in liver (Cobbold et al., 1988),
bullfrog atrial cells (Friel & Bean, 1988), in macrophage and
pancreatic cell lines (Greenberg et al., 1988; Li et al., 1991),
and in adrenal chromaffin cells (Diverse-Pierluissi et al.,
1991).
Breakdown of ATP to ADP may contribute to some of the

properties of the more sensitive ATP response. ADP selec-
tivity inhibited this response, and production of ADP by
metabolism of ATP may limit the size as well as the duration
of the Ca, elevation. The potentiation of the more sensitive
response to ATP by reactive blue 2 may reflect blockade of
ecto-ATPases (and of ATPase activity from broken cells).

Denervation increased the Ca, response to low concentra-
tions of ATP much more than to other calcium-mobilizing
agonists, suggesting some specificity in the increased purino-
ceptor response. Further study is required to determine if
metabolism of ATP decreases after denervation (perhaps
leading to more ATP and less ADP at the putative receptor).
Denervation supersensitivity has been cited as evidence for a
physiological role for ATP in the vas deferens (Rohde &
Huidobro-Toro, 1988) and is consistent with a physiological
effect of ATP in the parotid. Postganglionic parasympathetic
denervation of the parotid gland is known to lead to super-
sensitivity to all agonists which mobilize Caj through phos-
pholipase C (Ekstrom, 1980; Ekstrom & Wahlestedt, 1982)
(including the agonist noradrenaline which is not depleted).
It is unclear if the selective increase in the Ca, response to
low concentrations of ATP reflects changes in denervated
cells specific to the P2-purinoceptor response or if the greater
effect reflects differences in the handling of Ca, in response to
ATP relative to phospholipase C-linked receptor agonists.
Our data clearly show that two Ca, responses to ATP can

be distinguished in parotid cells. DIDS, reactive blue 2 and,
particularly benzoylbenzoyl ATP are offered as useful phar-
macological tools to characterize further the response to
ATP4- mediated via Pa-purinoceptors. As yet, we have no
selective compounds which affect the more sensitive response
to ATP, which may be more important physiologically.

Grant Support (BRT) NSF BNS8710238, NIH NS28556, (MKM)
NIH fellowship IF32-DE05489, (SS) NIH fellowship 5F32AM07566
and Gastrointestinal Research on Absorptive and Secretory Pro-
cesses Center grant lP30AM39428 awarded by the National Institute
of Diabetes and Digestive Kidney Diseases, and (LCC) NIH
GM36133. We thank Barbara D'Angelo for help with manuscript
preparation.

References

BENHAM, C.D. & TSIEN, R.W. (1987). A novel receptor-operated
Ca2+-permeable channel activated by ATP in smooth muscle.
Nature, 328, 275-278.

BOYER, J.L., DOWNES, C.P. & HARDEN, T.K. (1989). Kinetics of
activation of phospholipase C by P2y purinergic receptor agonists
and guanine nucleotides. J. Biol. Chem., 264, 884-890.

BOYER, J.L. & HARDEN, T.K. (1989). Irreversible activation of phos-
pholipase C-coupled P2y-purinergic receptors by 3'-O-(4-benzoyl)
benzoyl adenosine 5'-triphosphate. Mol. Pharmacol., 36, 831-
835.

BUISMAN, H.P., STEINBERG, T.H., FISCHBARG, J., SILVERSTEIN,
S.C., VOGELZANG, S.A., INCE, C., YPEY, D.L. & LEUH, P.C.
(1988). Extracellular ATP induces a large nonselective conduc-
tance in macrophage plasma membranes. Proc. Natl. Acad. Sci.
U.S.A., 85, 7988-7992.

BURNSTOCK, G. (1986). Purines as cotransmitters in adrenergic and
cholinergic neurons. In Progress in Brain Research, Vol. 68, ed.
Hokfelt, T., Fuxe, K. & Pernow, B. pp. 193-203. Amsterdam:
Elsevier Science Publishers V.V. (Biomedical Division).

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for distin-
guishing two types of P2-purinoceptor? Gen. Pharmacol., 16,
433-440.

BURNSTOCK, G. & WARLAND, JJ.I. (1987). P2-purinoceptors of two
subtypes in the rabbit mesenteric artery: reactive blue 2 selectively
inhibits responses mediated via the P2y-but not the P2I-
purinoceptor. Br. J. Pharmacol., 90, 383-391.

CHOO, L.K. (1981). The effect of Reactive Blue, an antagonist of
ATP, on the isolated urinary bladders of guinea-pig and rat. J.
Pharm. Pharmacol., 33, 248-250.



TWO DISTINCT Ca, RESPONSES TO EXTRACELLULAR ATP 461

COBBOLD, P., WOODS, N., WAINWRIGHT, J. & CUTHBERTSON, R.
(1988). Single cell measurements in research on calcium-mobilis-
ing purinoceptors. J. Receptor Res., 8, 481-491.

COCKCROFT, S. & GOMPERTS, B.D. (1980). The ATP- receptor of
rat mast cells. Biochem. J., 188, 789-798.

DIVERSE-PIERLUISSI, M., DUNLAP, K. & WESTHEAD, W.E. (1991).
Multiple actions of extracellular ATP on calcium currents in
cultured bovine chromaffin cells. Proc. Nati. Acad. Sci. U.S.A.,
88, 1261-1265.

EKSTROM, J. (1980). Sensitization of the rat parotid gland to
secretagogues following either parasympathetic denervation or
sympathetic denervation or decentralization. Acta Physiol.
Scand., 108, 253-261.

EKSTROM, J. & WAHLESTEDT, C. (1982). Supersensitivity to sub-
stance P and physalaemin in rat salivary glands after denervation
or decentralization. Acta Physiol. Scand., 113, 103-110.

EL-MOATASSIM, C., MAURICE, T., MANI, J.-C. & DORNAND, J.
(1989). The [Ca2+]i increase induced in murine thymocytes by
extracellular ATP does not involve ATP hydrolysis and is not
related to phosphoinositide metabolism. FEBS Letts., 242, 391-
396.

ERB, L., LUSTIG, K.D., AHMED, A.H., GONZALEZ, F.A. & WEISMAN,
G.A. (1990). Covalent incorporation of 3'-O-(4-benzoyl)benzoyl-
ATP into a P2 purinoceptor in transformed mouse fibroblasts. J.
Biol. Chem., 265, 7424-7431.

EVANS, R.J., DERKACH, V. & SURPRENANT, A. (1992). ATP medi-
ates fast synaptic transmission in mammalian neurons. Nature,
357, 503-505.

FABIATO, A. (1988). Computer programs for calculating total from
specified free or free from specified total ionic concentrations in
aqueous solutions containing multiple metals and ligands. In
Methods in Enzymology, Vol. 157. ed. Fleischer, S. & Fleischer,
B. pp. 378-417. San Diego: Academic Press Inc.

FEDAN, J.S., HOGABOOM, G.K., O'DONNELL, J.P. & WESTFALL, D.P.
(1985). Use of photoaffinity labels as P2-purinoceptor antagonists.
In Methods of Pharmacology, Vol. 6. ed. Paton, D.M. pp. 279-
292. New York: Plenum Press.

FRIEL, D.D. & BEAN, B.P. (1988). Two ATP-activated conductances
in bullfrog atrial cells. J. Gen. Physiol., 91, 1-27.

GALLACHER, D.V. (1982). Are there purinergic receptors on parotid
acinar cells? Nature, 296, 83-86.

GONZALEZ, F.A., AHMED, A.H., LUSTIG, K.D., ERB, L. & WEISMAN,
G.A. (1989). Permeabilization of transformed mouse fibroblasts
by 3'-O-(4-benzoyl)benzoyl adenosine 5'-triphosphate and the
desensitization of the process. J. Cell Physiol., 139, 109-115.

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

GREENBERG, S., DI VIRGILIO, F., STEINBERG, T.H. & SILVERSTEIN,
S.C. (1988). Extracellular nucleotides mediate Ca2' fluxes in J774
macrophages by two distinct mechanisms. J. Biol. Chem., 263,
10337-10343.

HOUSTON, D.A., BURNSTOCK, G. & VANHOUTTE, P.M. (1987).
Different P2-purinergic receptor subtypes of endothelium and
smooth muscle in canine blood vessels. J. Pharmacol. Exp. Ther.,
241, 501-506.

INOUE, K., NAKAZAWA, K., OHARA-IMAIZUMI, M., OBAMA, T.,
FUJIMORE, K. & TAKANAKA, A. (1991). Antagonism by reactive
blue 2 but not by brilliant blue G of extracellular ATP-evoked
responses in PC12 phaeochromocytoma cells. Br. J. Pharmacol.,
102, 851-854.

LI, G., MILANI, D., DUNNE, M.J., PRALONG, W.F., THELER, J.-M.,
PETERSEN, O.H. & WOLLHEIM, C.B. (1991). Extracellular ATP
causes Ca2+-dependent and -independent insulin secretion in
RINm5F cells. J. Biol. Chem., 266, 3449-3457.

McMILLIAN, M.K., SOLTOFF, S.P., CANTLEY, L.C. & TALAMO, B.R.
(1987a). Extracellular ATP elevates intracellular free calcium in
rat parotid acinar cells. Biochem. Biophys. Res. Commun., 149,
523-530.

MCMILLIAN, M., SOLTOFF, S., CANTLEY, L. & TALAMO, B. (1990).
ATP Produces two Ca, responses in rat parotid cells. In Bio-
logical Actions of Extracellular ATP. Ann. N.Y. Acad. Sci.
Vol. 603. ed. Dubyak, G.R. & Fedan, J.S. pp. 446-447. New
York: N.Y. Acad. Sci.

MCMILLIAN, M.K., SOLTOFF, S.P., LECHLEITER, J.D., CANTLEY,
L.C. & TALAMO, B.R. (1988). Extracellular ATP increases free
cytosolic calcium in rat parotid acinar cells. Differences from
phospholipase C-linked receptor agonists. Biochem. J., 255, 291-
300.

MCMILLIAN, M.K., SOLTOFF, S.P. & TALAMO, B.R. (1987b). Rapid
desensitization of substance P- but not carbachol-induced in-
creases in inositol trisphosphate and intracellular Cal+ in rat
parotid acinar cells. Biochem. Biophys. Res. Commun., 148, 1017-
1024.

OKAJIMA, F., TOKUMITSU, Y., KONDO, Y. & UI, M. (1987). P2-
purinergic receptors are coupled to two signal transduction
systems leading to inhibition of cAMP generation and to produc-
tion of inositol trisphosphate in rat hepatocytes. J. Biol. Chem.,
262, 13483-13490.

REILLY, W.M., SAVILLE, V.L. & BURNSTOCK, G. (1987). An assess-
ment of antagonistic activity of reactive blue 2 at PI- and P2-
purinoceptors: supporting evidence for purinergic innervation of
the rabbit portal vein. Eur. J. Pharmacol., 140, 47-53.

RICHARDS, N.W., ALLBEE, W.E., GAGINELLA, T.S. & WALLACE, L.J.
(1987). Exogenous ATP-stimulated calcium uptake in isolated rat
intestinal epithelial cells. Life Sci., 40, 1665-1672.

ROHDE, G.C. & HUIDOBRO-TORO, J.P. (1988). Purinergic supersen-
sitivity following sympathectomy adds further support to co-
transmission in the rat vas deferens. Arch. Int. Pharmacodyn.,
294, 99-111.

SASAKI, T. & GALLACHER, D.V. (1990). Extracellular ATP activates
receptor-operated cation channels in mouse lacrimal acinar cells
to promote calcium influx in the absence of phosphoinositide
metabolism. FEBS Lett., 264, 130-134.

SOLTOFF, S.P., MCMILLIAN, M.K., CRAGOE, E.J., CANTLEY, L.C. &
TALAMO, B.R. (1990a). Effects of extracellular ATP on ion trans-
port systems and [Ca2 ]i in rat parotid cells. Comparison with the
muscarinic agonist carbachol. J. Gen. Physiol., 95, 319-346.

SOLTOFF, S.P., MCMILLIAN, M.K., LECHLEITER, J.D., CANTLEY,
L.C. & TALAMO, B.R. (1990b). Elevation of [Ca2+]i and the activa-
tion of ion channels and fluxes by extracellular ATP and phos-
pholipase C-linked agonists in rat parotid acinar cells. In
Biological Actions of Extracellular ATP. Ann. N. Y. Acad. Sci.,
Vol. 603. ed. Dubyak, G.R. & Fedan, J.S. pp. 76-90. New York:
N.Y. Acad. Sci.

SOLTOFF, S.P., McMILLIAN, M.K. & TALAMO, B.R. (1989). Coomas-
sie brilliant blue G is a more potent antagonist of P2 purinergic
responses than reactive blue 2 (cibacron blue 3GA) in rat parotid
acinar cells. Biochem. Biophys. Res. Commun., 165, 1279-1285.

SOLTOFF, S.P., MCMILLIAN, M.K. & TALAMO, B.R. (1992). ATP
activates a cation-permeable pathway in rat parotid acinar cells.
Am. J. Physiol., 262, C934-C940.

TALAMO, B.R., ADLER, S.C. & BURT, D.R. (1979). Parasympathetic
denervation decreases muscarinic receptor binding in rat parotid.
Life Sci., 24, 1573-1580.

TATHAM, P.E.R., CUSACK, N.J. & GOMPERTS, B.D. (1988). Charac-
terisation of the ATP4- receptor that mediates permeabilisation
of rat mast cells. Eur. J. Pharmacol., 147, 13-21.

WEISMAN, G.A., DUNN, S.D., DE, B.K., KITAGAWA, T. &
FRIEDBERG, I. (1984). On the role of protein phosphorylation in
the ATP-dependent permeabilization of transformed cells. J. Cell.
Physiol., 118, 124-132.

WILLIAMS, N. & COLEMAN, P.S. (1982). Exploring the adenine
nucleotide binding sites on mitochondrial F1-ATPase with a new
photoaffinity probe 3'-O-(4-benzoyl)benzoyl adenosine 5'-
triphosphate. J. Biol. Chem., 257, 2834-2841.

(Received July 7, 1992
Revised August 28, 1992

Accepted October 1, 1992)


