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1 The presence and profile of purinoceptors in neurons of the hamster submandibular ganglion
(SMG) have been studied using the whole-cell configuration of the patch-clamp technique.

2 Extracellular application of adenosine 50-triphosphate (ATP) reversibly inhibited voltage-
dependent Ca2+ channel (VDCC) currents (ICa) via Gi/o-protein in a voltage-dependent manner.

3 Extracellular application of uridine 50-triphosphate (UTP), 2-methylthioATP (2-MeSATP), a,b-
methylene ATP (a,b-MeATP) and adenosine 50-diphosphate (ADP) also inhibited ICa. The rank order
of potency was ATP¼UTP4ADP42-MeSATP¼ a,b-MeATP.

4 The P2 purinoceptor antagonists, suramin and pyridoxal-5-phosphate-6-azophenyl-20, 40-
disulfonic acid (PPADS), partially antagonized the ATP-induced inhibition of ICa, while coapplication
of suramin and the P1 purinoceptor antagonist, 8-cyclopentyl-1,3-dipropylxanthine (DPCPX),
virtually abolished ICa inhibition. DPCPX alone partially antagonized ICa inhibition.

5 Suramin antagonized the UTP-induced inhibition of ICa, while DPCPX had no effect.

6 Extracellular application of adenosine (ADO) also inhibited ICa in a voltage-dependent manner via
Gi/o-protein activation.

7 Mainly N- and P/Q-type VDCCs were inhibited by both ATP and ADO via Gi/o-protein bg
subunits in seemingly convergence pathways.
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Introduction

Extracellular adenosine 50-triphosphate (ATP) is known to act

as a neurotransmitter in the central and peripheral nervous

systems (Burnstock, 1990; Zimmermann, 1994). It has been

shown that ATP can be released, or coreleased with acetylcho-

line or norepinephrine, from nerve endings (Burnstock, 1990)

and serves as a modulator of synaptic transmission (Ribeiro,

1996). The actions of ATP are mediated by purinoceptors that

are present on many neurons. The purinoceptors are classified

into two major subtypes, P1 and P2, which are preferentially

activated by adenosine and ATP, respectively. P2 purinocep-

tors have been categorized into two major groups, P2X and

P2Y, based on their pharmacological properties, as well as

their molecular structure. P2X are ligand-gated ion channels,

while P2Y are G-protein-coupled receptors (Burnstock, 1997).

The submandibular ganglion (SMG) neuron is a parasym-

pathetic ganglion that receives input from preganglionic

cholinergic neurons, and innervates the submandibular gland

to control the secretion of saliva. This ganglion also receives

input from peptidergic afferent fibers and that input provides a

pathway for local reflex control of saliva secretion. Salivary

glands, in particularly rat and mouse parotid glands, possess

P2 purinoceptors that mediate acinar cell elevation of Ca2+

and amylase secretion (McMillian et al., 1993). In sympathetic

neurons, P2Y purinoceptors have also been shown to operate

on presynaptic nerve terminals to inhibit the release of a

neurotransmitter (Von Kügelgen et al., 1993).

Recent works have demonstrated that SMG neurons possess

P2X purinoceptors (Liu & Adams, 2001; Smith et al., 2001). In

addition, as we reported in our previous study, extracellular

ATP caused both depolarization and hyperpolarization of

SMG neurons (Suzuki et al., 1990a).

Voltage-dependent Ca2+ channels (VDCCs) serve as crucial

mediators of membrane excitability and Ca2+-dependent

functions such as neurotransmitter release, enzyme activity

and gene expression. The modulation of VDCCs is believed to

be an important means of regulating Ca2+ entry and thus has a

direct influence on many Ca2+-dependent processes. Several

electrophysiological studies indicate that ATP modulates

VDCCs currents (ICa) in frog sympathetic ganglia (Elmslie,

1992) and sinoatrial nodal cells (Qi & Kwan, 1996). The

reported effects are quite variable: stimulatory, inhibitory or

both. In SMG neurons, however, the effect of extracellular ATP

on neuronal VDCCs has not yet been clarified. Therefore, the

present study was conducted with the goals of (1) testing for a

modulatory effect of extracellular ATP on VDCCs of SMG*Author for correspondence; E-mail: tendoh@tdc.ac.jp
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neurons, (2) determining the intracellular mechanisms in the

response of extracellular ATP on VDCCs in these neurons, (3)

identification of the subtype of VDCCs in the response of

extracellular ATP on VDCCs in these neurons. The results

indicate that both P1 and P2 purinoceptors contribute to the

modulatory effect of extracellular ATP on VDCCs although

adenosine only partly mimics the actions of ATP.

Methods

Cell preparation

Experiments were conducted according to international guide-

lines on the use of animals for experimentation. Hamster SMG

neurons were acutely dissociated using a modified version of a

method described previously (Yamada et al., 2002). In brief,

male hamsters 4-to-6-weeks old were anesthetized with pento-

barbital sodium (30mgkg�1, i.p.) and SMG ganglia were

isolated. SMG ganglia were maintained in Ca2+-free Krebs

solution of the following composition (in mM): 136 NaCl, 5

KCl, 3 MgCl2 � 6H2O, 10.9 glucose, 11.9 NaHCO3 and 1.1

NaH2PO4 � 2H2O. SMG neurons were dissociated using col-

lagenase type I (3mgml�1 in Ca2+-free Krebs solution; Sigma)

for 50min at 371C, followed by incubation in trypsin type I

(1mgml�1 in Ca2+-free Krebs solution; Sigma) for an

additional 10min. The supernatant was replaced with normal

Krebs solution of the following composition (in mM): 136 NaCl,

5 KCl, 2.5 CaCl2, 0.5 MgCl2 � 6H2O, 10.9 glucose, 11.9 NaHCO3

and 1.1 NaH2PO4 � 2H2O. Neurons were then plated onto poly-

L-lysine (Sigma)-coated glass coverslips and used within 1 – 12h.

Whole-cell patch-clamp recordings

Voltage-clamp recordings were conducted using the whole-cell

configuration of the patch-clamp technique (Hamill et al.,

1981). Recording pipettes (2 – 3MO) were filled with an

internal solution of the following composition (in mM): 100

CsCl, 1 MgCl2, 10 HEPES, 10 BAPTA, 3.6 MgATP, 14

Tris2phosphocreatine (CP) 0.1 GTP, and 50Uml�1 creatine

phosphokinase (CPK). The pH was adjusted to 7.2 with

CsOH. The inclusion of CP and CPK helped reduce the

‘rundown’ of ICa. In guanosine 50-O-(2-thiodiphosphate)

(GDP-b-S; Sigma) experiments, GTP was replaced with

0.1mM GDP-b-S. After the formation of a giga seal, in order

to record ICa, the external solution was replaced from Krebs

solution to a solution containing the following (in mM): 67

choline-Cl, 100 tetraethylammonium-Cl, 5.3 KCl, 5 CaCl2 and

10 HEPES. The pH was adjusted to 7.4 with Tris base.

Command voltage protocols were generated using pCLAMP

(version 8; Axon Instruments, Union City, CA, U.S.A.) and

transformed to an analog signal using a DigiData 1200

interface (Axon Instruments, Union City, CA, U.S.A.). The

command pulses were applied to cells through an L/M-EPC7

amplifier (HEKA Elektronik, Lambrecht, Germany). The

currents were recorded with an L/M-EPC7 amplifier and the

pCLAMP 8 acquisition system.

Materials

ATP, GDP-b-S, uridine 50-triphosphate (UTP), 2-

methylthioATP (2-MeSATP), a,b-methylene ATP (a,b-

MeATP), adenosine 50-diphosphate (ADP), suramin, 8-cyclo-

pentyl-1,3-dipropylxanthine (DPCPX), pyridoxal-5-phos-

phate-6-azophenyl-20,40-disulphonic acid (PPADS), adenosine

(ADO) and nifedipine (Nif) were purchased from

Sigma. Pertussis toxin (PTX) was purchased from Calbiochem.

Anti-Gq/11 antibodies were purchased from Upstate biotech-

nology (Lake Placid, NY, U.S.A.). The anti-Gq/11 antibodies

were from rabbits immunized with a synthetic peptide

corresponding to the COOH-terminal sequence of the human

Gq/11 subunit. o-conotoxin GVIA (o-CgTx GVIA) and o-

agatoxin IVA (o-Aga IVA) were purchased from Peptide

Institute. All drugs except DPCPX and Nif were dissolved in

distilled water. DPCPX and Nif were dissolved in dimethyl-

sulfoxide (DMSO), as a stock solution at a concentration of

100mM. All drugs were diluted to the desired final concentra-

tion in the external solution just before use. The final

concentration of DMSO was o0.01%, which had no effect

on the ICa.

Data analysis and statistics

All data analyses were performed using the pCLAMP 8.0

acquisition system. Values in text and figures are expressed as

mean7s.e.m. Statistical analysis was made by Student’s t-test

for comparisons between pairs of groups and by one-way

analysis of variance (ANOVA) followed by Dunnett’s test.

Probability (P) values of less than 0.05 were considered

significant.

Results

Extracellular ATP-induced inhibition of ICa

An example of ATP-induced inhibition of ICa is shown in

Figure 1. To investigate the voltage dependency of inhibition

of ICa by ATP, we used a double-pulse voltage protocol as

shown in Figure 1a (left). In this and in subsequent

descriptions, we referred to ICa before and after the strong

depolarizing voltage pulse as ‘ICa (�prepulse)’ and ‘ICa

(+prepulse)’, respectively. Application of 100 mM ATP in-

hibited ICa (�prepulse) from �2307.5 to �937.5 pA (59.3%

inhibition) in this neuron. On the other hand, 100 mM ATP

inhibited ICa (+prepulse) from �2710 to �1962.5 pA (27.5%

inhibition) in the same neuron. On average, the inhibition of

ICa was 42.074.6% for ICa (�prepulse) and 20.472.4% for ICa

(+prepulse) (n¼ 8). These results suggest that the application

of a strong depolarizing voltage prepulse attenuated the ATP-

induced inhibition of ICa. Note that a strong depolarizing

voltage pulse alone increased the amplitude of the ICa in these

neurons (e.g. Figure 1a), suggesting that tonic inhibition

(Dolphin, 1998) was present before application of the agonists

to SMG neurons.

An example of the current – voltage relations before and

after application of 100mM ATP is shown in Figure 1b. From a

holding potential of �80mV, the ICa was activated after

�40mV with a peak current amplitude at �10mV. ATP-

induced inhibition resulted in a shift in the voltage dependence

of the ICa to more positive potentials. Similar observations

were made for UTP-induced inhibition of ICa mediated by

expressed P2Y2 receptors in sympathetic neurons (Filippov

et al., 1998).
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Figure 1 Extracellular ATP-induced inhibition of ICa. (a) Left panel: Typical superimposed ICa traces recorded using a double-
pulse voltage protocol at the times indicated in the time course graph (right panel). Paired ICa were evoked from a holding potential
of �80mV by a 100ms voltage step to �10mV at 20 s intervals. An intervening strong depolarizing prepulse (100mV, 30ms) ended
5ms prior to the second ICa activation. Right panel: typical time course of ATP-induced ICa inhibition. Opened circle and triangles in
the graph indicate ICa (�prepulse) and ICa (+prepulse), respectively. ATP (100 mM) was bath applied during the time indicated by
the filled bar. (b) Current – voltage relations of ICa evoked by a series of voltage steps from a holding potential of �80mV to test
pulses between �80mV and +40mV in +10mV increments) in the absence (opened points) and presence (filled points) of 100 mM
ATP. Values of ICa are the averages of five neurons. (c) Extracellular ATP-induced inhibition of ICa in the presence of G-protein
blocker. Left panel: typical superimposed ICa traces recorded in the presence of GDP-b-S (0.1mM for 7min) contained in the
recording pipette. Center panel: typical superimposed ICa traces in neuron treated with Gi/o-protein blocker, PTX (500 ngml�1 for
12 h at 371C). Right panel: typical superimposed ICa traces recorded in the presence of anti-Gq/11 antibody contained in the recording
pipette (0.5mgml�1 for 7min). Right graph: summary of ATP-induced inhibition of ICa in various conditions. The histogram
demonstrates the degree of ICa inhibition by 100 mM ATP in control (recording pipette was filled with GTP), intracellular dialysis
with GDP-b-S, after PTX and intracellular dialysis with anti-Gq/11 antibody. Numbers in parentheses indicate the number of
neurons tested. *Po0.005 compared with control.
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Extracellular ATP-induced inhibition of ICa mediated by
P2Y purinoceptors

In the next series of experiments, we investigated whether or

not G-protein is involved in the extracellular ATP-induced

inhibition of ICa. Experiments were performed using a

recording pipette filled with an internal solution containing

GDP-b-S (0.1mM), a nonhydrolyzable analog of GDP and a

competitive inhibitor of G-proteins. In each experiment, the

tip of the recording pipette was filled with the standard

internal solution (see above), and the pipette was then

backfilled with a solution substituted for GDP-b-S. An

example of the effect of 100mM ATP on ICa recorded in the

presence of GDP-b-S in the pipette solution is shown in

Figure 1c (left). As summarized in Figure 1c, GDP-b-S in the

pipette solution attenuated the ATP-induced inhibition of ICa.

These results suggest that a G-protein is indeed involved in the

ATP-induced inhibition of ICa in SMG neurons.

G-proteins are heterotrimeric molecules with a,b and g
subunits. The a subunits can be classified into families,

depending on whether they are targets for PTX (Gi/o), cholera

toxin (Gs) or neither. Numerous studies demonstrated that

long (12 – 24 h) incubations in PTX can be used to inactivate

G-proteins of the Gi and Go classes. To characterize the G-

protein subtypes in ATP-induced inhibition of ICa, we verified

whether the effect of ATP was mediated via Gi- or Go-proteins.

An example of the effect of ATP on ICa in a neuron treated

with PTX (500 ngml�1 for 12 h at 371C) is shown in Figure 1c

(centre). As summarized in Figure 1c, pretreatment of PTX

attenuated the ATP-induced inhibition of ICa.

The contribution of Gq/11-proteins in the ATP-induced

inhibition of ICa was next examined. Experiments were

performed with pipette solutions containing anti-Gq/11 anti-

body. In these experiments, anti-Gq/11 antibody (1 : 50 dilution;

final concentration, approximately 0.5mgml�1) was dissolved

in the internal solution. In this experiment, the tip of the

recording pipette was filled with the standard internal solution,

and the pipette was then backfilled with the solution contain-

ing anti-Gq/11 antibody. An example of the effect of ATP on ICa

in the presence of anti-Gq/11 antibody in the pipette solution is

shown in Figure 1c (right). As summarized in Figure 1c, anti-

Gq/11 antibody in the pipette solution did not attenuate the

ATP-induced inhibition of ICa.

These results suggest that the Gi/o-protein is involved in the

ATP-induced inhibition of ICa but not Gq/11-protein in SMG

neurons. As shown in Figure 1c, with GDP-b-S and anti-Gq/11

antibody in the recording pipette, basal ICa (before application

of ATP or ADO) is smaller than that under control condition

(GTP in the recording pipette). In this study, applications of

ATP or ADP were started 7min after formation of the whole-

cell configuration to obtain the requisite intracellular dialysis

of the compounds. Therefore, it was not clear if GDP-b-S and

anti-Gq/11 antibody in the recording pipette caused ‘rundown’

or reduction of basal ICa. On the other hand, application of

PTX did not alter the basal ICa (Figure 1c).

Pharmacological characterization of extracellular ATP-
induced inhibition of ICa mediated by P2Y purinoceptors

Since ATP is a nonselective purinoceptor agonist, we have

further characterized the pharmacological features of the P2Y

purinoceptor-induced inhibition of ICa in SMG neurons.

Application of 100mM UTP inhibited ICa from �2447.5 to

�1407.5 pA (42.2% inhibition) in this neuron (Figure 2a).

Application of 100mM 2-MeSATP also inhibited ICa from

�2167.5 to �1955 pA (9.8% inhibition) in this neuron

(Figure 2a). Application of 100 mM a,b-MeATP inhibited ICa

from �1997.5 to �1710 pA (14.3% inhibition) in this neuron

Figure 2 Extracellular ATP- and ATP-analog-induced inhibition
of ICa in various conditions. (a) Upper panel: typical superimposed
ICa traces in the absence and presence of 100 mM UTP, 2-MeSATP,
a,b-MeATP and ADP. Center panel: typical superimposed ICa traces
in the absence and presence of 100mM ATP with various
antagonists. Lower panel: typical superimposed ICa traces in the
absence and presence of 100 mM UTP with various antagonists. (b)
Summary of ATP- and ATP-analog-induced inhibition of ICa in
various conditions. The histogram demonstrates the degree of ICa

inhibition by various agonists and various conditions at the
concentration of 100 mM. Numbers in parentheses indicate the
number of neurons tested. *Po0.005 compared with control.
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(Figure 2a). Application of 100 mM ADP inhibited ICa from

�2061 to �1717.5 pA (16.6% inhibition) in this neuron

(Figure 2a).

Contribution of P1 and P2 purinoceptors to ATP-induced
inhibition of ICa

To confirm whether the ATP-induced inhibitory effect was

mediated by P2 purinoceptors, we used suramin which is an

antagonist for the P2 purinoceptors. As shown in Figure 2a

and b, a high concentration of suramin (100mM) did not

completely antagonize ATP-induced inhibition of ICa in SMG

neurons (42.074.6% for ATP only and 13.571.2% for ATP

in neuron treated with suramin, n¼ 8 and 10, respectively).

These results suggest that the ATP-induced inhibition of ICa is

mediated not only by P2Y but also other receptors, possibly P1

purinoceptors in SMG neurons. Therefore, we next investi-

gated the effects of ATP on ICa in the presence of a P1

purinoceptor antagonist, DPCPX. An example of ATP-

induced inhibition of ICa in the presence of both suramin

(100mM) and DPCPX (1 mM) is shown in Figure 2a. Suramin

(100mM) and DPCPX virtually abolished ATP-induced

inhibition of ICa (42.074.6% for ATP only and 5.371.0%

for ATP in neuron treated with suramin+DPCPX, n¼ 8).

DPCPX alone partially antagonized ATP-induced inhibition

of ICa (32.274.2% for ATP in neuron treated with DPCPX,

n¼ 5). PPADS also partially antagonized ATP-induced

inhibition of ICa (12.273.6% for ATP in neuron treated with

PPADS, n¼ 4). These results indicate that both P1 and P2

purinoceptors contribute to the ATP-induced inhibition of ICa

in SMG neurons.

Furthermore, we investigated the effects of purinoceptor

antagonists on UTP-induced inhibition of ICa. As shown in

Figure 2a and b, suramin (100mM) completely antagonized

UTP-induced inhibition of ICa, whereas DPCPX (1 mM) failed

to affect UTP-induced inhibition of ICa (40.074.1% for UTP

only, 7.574.4% for UTP in neuron treated with suramin and

41.173.9% for UTP in neuron treated with DPCPX, n¼ 7, 5

and 5, respectively).

Extracellular adenosine-induced inhibition of ICa

We next investigated the effects of ADO on ICa. An example of

ADO-induced inhibition of ICa is shown in Figure 3a, where

application of a strong depolarizing voltage prepulse attenu-

ated the ADO-induced inhibition of ICa.

To confirm whether a G-protein is involved in the

extracellular ADO-induced inhibition of ICa, experiments were

again performed using a recording pipette filled with the

internal solution containing GDP-b-S. An example of the

effect of 1mM ADO on ICa recorded in the presence of GDP-b-
S in the pipette solution is shown in Figure 3b (left). As

summarized in Figure 3b, GDP-b-S in the pipette solution

attenuated the ADO-induced inhibition of ICa.

To characterize the G-protein subtype in ADO-induced

inhibition of ICa, we also verified whether the effect of ADO

was mediated via Gi- or Go-proteins. An example of the effect

of ADO on ICa in neuron treated with PTX (500 ngml�1 for

12 h at 371C) is given in the figure. As summarized in Figure 3b

(center), pretreatment of PTX attenuated the ADO-induced

inhibition of ICa.

The potential contribution of Gq/11-proteins in the ADO-

induced inhibition of ICa was next examined. An example of

the effect of ADO on ICa in the presence of anti-Gq/11 antibody

in the pipette solution is shown in Figure 3b (right). The anti-

Gq/11 antibody in the pipette solution did not attenuate the

ADO-induced inhibition of ICa. These combined results

suggest that a Gi/o-protein and not Gq/11-protein is involved

in the ADO-induced inhibition of ICa in SMG neurons.

The dose – response relations in the ATP-, UTP-, ADP- and

ADO-induced inhibition of ICa are also shown in Figure 3c.

The half-maximum inhibitory concentrations (IC50) of ATP

and UTP were estimated to be 79.5 and 78.0mM, respectively.

The IC50 of ADO was estimated to be 985 nM. The rank order

of potency of P2 purinoceptor agonists was

ATP¼UTP4ADP42-MeSATP¼ a,b-MeATP.

Pharmacological characterization of VDCC subtypes
inhibited by P2Y and P1 purinoceptors

On the basis of pharmacological properties, VDCCs can be

separated into low-voltage activated type (T-type) and high-

voltage activated types (L-, N-, P/Q- and R-types). We have

shown that SMG neurons possess several types of VDCCs

(Endoh & Suzuki, 1998), that is, dihydropyridine-sensitive

component (ICa-L), o-CgTx GVIA-sensitive component (ICa-N)

and o-Aga IVA-sensitive component (ICa-P/Q). Mean percen-

tages of ICa-L, ICa-N and ICa-P/Q of total ICa were 48.0, 36.1 and

13.5%, respectively. Therefore, we next attempted to identify

which types of the VDCCs are inhibited by extracellular ATP.

Since the contribution of the R-type VDCCs to the total

ICa is marginal (mean percentage of ICa-R was 3.6%), we

investigated the effects of ATP on the L-, N- and P/Q-type ICa

components.

The effect of ATP on the ICa-L was investigated using

neurons treated with o-CgTx GVIA (1 mM, N-type VDCC

blocker) and o-Aga IVA (1 mM, P/Q-type VDCC blocker)

(Figure 4a, upper trace). The effect of ATP on the ICa-N was

investigated using neurons treated with nifedipine (10 mM, Nif;

L-type VDCC blocker) and o-Aga IVA (1 mM) (Figure 4a,

middle trace). The effect of ATP on the ICa-P/Q was investigated

using neurons treated with Nif (10 mM) and o-CgTx GVIA

(1 mM) (Figure 4a, lower trace). The inhibition of ICa-L, ICa-N

and ICa-P/Q components by extracellular ATP was 4.670.5,

15.871.3 and 5.370.8%, respectively, of the total ICa. Only

the inhibition of ICa-N and ICa-P/Q was significant. Results

shown in Figure 4a demonstrate clearly that ATP inhibited N-

and P/Q-type ICa components in SMG neurons.

As shown in Figure 3, 100M ATP inhibited ICa by

42.074.6% (n¼ 8). However, the accumulative degree of

ATP-induced inhibition of ICa was about 25% in Figure 4,

because extracellular application of VDCC blockers required

too much time for the full ATP effects to appear. Thus, it was

difficult to prevent rundown, even though we had added CP

and CPK in the recording pipette.

We next investigated the effects of ADO on the L-, N- and

P/Q-type ICa components. The inhibition of ICa-L, ICa-N and ICa-

P/Q components by extracellular ADO was 7.171.1, 15.172.2,

and 5.071.6%, respectively, of the total ICa. Only the

inhibition of ICa-N and ICa-P/Q was significant. Results shown

in Figure 4b demonstrate clearly that ADO inhibited N- and

P/Q-type ICa components in SMG neurons.
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Convergence of P1 and P2Y purinoceptor signalling to
inhibit ICa

Convergence or nonadditivity between P1 and P2Y purino-

ceptor inhibitory pathways was investigated by the coapplica-

tion of agonists and by comparing the inhibition of the ICa with

that produced by each of these agonists alone. A volume of

100 mM ATP inhibited ICa by 42.074.6% (n¼ 8), 1mM ADO

inhibited ICa by 33.873.6% (n¼ 7), and the coapplication of

both 100 mM ATP and 1mM ADO inhibited ICa by 33.974.2%

(n¼ 5). Thus, the mean inhibition of ICa induced by ATP was

unaltered by its coapplication with ADO, suggesting that the

actions of ATP and ADO are not additive, and further

suggesting convergence in these inhibitory pathways (Figure 5).

Discussion

In this study, we have demonstrated that P1 and P2Y

purinoceptors are coexpressed postsynaptically in SMG

neurons. Both P1 and P2Y purinoceptors inhibit N- and P/

Q-type VDCCs, presumably via G bg subunits by extracellular

Figure 3 Extracellular ADO-induced inhibition of ICa. (a) Typical superimposed ICa traces recorded using a double-pulse voltage
protocol in the absence and presence of 1mM ADO. (b) Extracellular ADO-induced inhibition of ICa in the presence of G-protein
blocker. Left panel: typical superimposed ICa traces recorded in the presence of GDP-b-S (0.1mM for 7min) contained in the
recording pipette. Center panel: typical superimposed ICa traces in neuron treated with Gi/o-protein blocker, PTX (500 ngml�1 for
12 h at 371C). Right panel: typical superimposed ICa traces recorded in the presence of anti-Gq/11 antibody contained in the recording
pipette (0.5mgml�1 for 7min). Right graph: summary of ATP-induced inhibition of ICa in various conditions. The histogram
demonstrates the degree of ICa inhibition by 100 mM ATP in control (recording pipette was filled with GTP), intracellular dialysis
with GDP-b-S after PTX and intracellular dialysis with anti-Gq/11 antibody. Numbers in parentheses indicate the number of neurons
tested. *Po0.0005 compared with control. (c) Dose dependence of ATP-, UTP-, ADP- and ADO-induced inhibition of ICa.
Numbers in parentheses indicate the number of neurons tested.
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ATP. Our present results, together with the results that P2X

purinoceptors are also located on SMG neurons (Liu &

Adams, 2001; Smith et al., 2001), indicate the growing

importance of purinoceptors in the regulation of this ganglion.

According to biophysical criteria, the inhibitory effects of

modulation of ICa can be divided into voltage-dependent (VD)

and voltage-independent (VI) mechanisms. The VD mechan-

ism is relieved at a higher potential or by means of a strong

depolarizing voltage prepulse to positive voltages (Bean, 1989;

Dolphin, 1996, 1998), whereas the VI mechanism is not

affected by a strong voltage depolarizing prepulse (Formenti

et al., 1993). In frog sympathetic ganglion cells, ATP inhibits

ICa in a VD mechanism (Elmslie, 1992). In contrast, in

chromaffin cells, ATP inhibits ICa in a VI mechanism

(Hernández-Guijo et al., 1999).

In our experiments, double-pulse protocols demonstrated

that inhibition of ICa produced by ATP was greatly reduced

after a 100mV depolarizing prepulse and therefore a VD

mechanism. The prepulse also abolished the slowing of the

current onset produced by ATP. A similar effect was reported

for the modulation of ICa by endogenous GABA receptors in

sensory neurons (Grassi & Lux, 1989). Slowing of the current

onset by ATP in neurons also indicated that ATP-induced

inhibition of ICa was in VD mechanism and relieved during

depolarization (Bean, 1989), as reported previously for other

G-protein-coupled receptors. In addition, the current – voltage

relation of ICa shows that the peak current – voltage relation

was altered by ATP. Similar observations were made for

superior cervical sympathetic neurons (Filippov et al., 1998).

The VD manner inhibition is mediated by direct binding of the

G-protein bg subunits to the VDCCs in a membrane-delimited

manner (Herlitze et al., 1996; Ikeda, 1996). Our results also

indicate that Gi/o-protein is involved in the ATP- and ADO-

induced inhibition of ICa. It was demonstrated that Gi/o-protein

is involved in the ATP-induced inhibition of ICa in bovine

chromaffin cells (Gandı́a et al., 1993). In contrast, Gi/o-protein

is not involved in the ATP-induced inhibition of ICa in frog

sympathetic ganglion (Elmslie, 1992). In supraoptic neurons,

Gi/o-protein is involved in the ADO-induced inhibition of ICa

(Noguchi & Yamashita, 2000).

Purinoceptors are classified into P2 purinoceptors, sensitive

to ATP and ADP, and P1 purinoceptors responding to AMP

and ADO. In the present study, suramin partially antagonized

the ATP-induced inhibition of ICa, while coapplication of

DPCPX and suramin nearly completely antagonized it in

SMG neurons suggesting the presence of both P1 and P2

purinoceptor subtypes. It has been reported that ectoenzymes

are located on the cell membrane which can efficiently

breakdown the ATP to ADO (Welford et al., 1986). Our data

indicate that not only P2Y but also P1 purinoceptors

contributed to the ATP-induced inhibition of ICa in SMG

neurons. It has already been reported that P1 purinoceptors

Figure 4 Extracellular ATP- and ADO-induced inhibition of
distinct ICa. (a) Upper panel: effect of ATP on ICa-L. Center panel:
effect of ATP on ICa-N. Lower panel: effect of ATP on ICa-P/Q. Right
panel: fractional components of L-, N- and P/Q-types of ICa and
those inhibited by 100 mM ATP. (b) Upper panel: effect of ADO on
ICa-L. Center panel: effect of ADO on ICa-N. Lower panel: Effect of
ADO on ICa-P/Q. Right panel: fractional components of L-, N- and P/
Q-types of ICa and those inhibited by 1 mM ADO.

Figure 5 Extracellular ATP- and ADO-induced inhibition of ICa.
Summary of ATP- and ADO-induced inhibition of ICa. The
histogram demonstrates the degree of ICa inhibition by 100 mM
ATP alone, 1 mM ADO alone and coapplication of 100 mM ATP and
1 mM ADO.

M. Abe et al Ca2þ channel modulation by ATP 1541

British Journal of Pharmacology vol 138 (8)



inhibit ICa (Alvarez et al., 1990; Kato et al., 1990). We have

also reported that application of ADO caused pivotal

responses in SMG neurons (Suzuki et al., 1990b). In the

present study, our data indicated that the extracellular ADO

inhibited N- and P/Q-type VDCCs mediated by P1 purino-

ceptors in SMG neurons.

Cloning and pharmacological studies revealed at least five

distinct subtypes of P2Y purinoceptors: P2Y1, P2Y2, P2Y4,

P2Y6 and P2Y11 (Boarder & Hourani, 1998). In addition, the

localization and pharmacological profiles of subtypes of the

P2Y family are further reported (Burnstock, 1997). The P2Y2,

P2Y4 and P2Y6 purinoceptor subtypes have been shown to be

responsive to UTP (Lustig et al., 1993; Bogdanov et al., 1998;

Ralevic & Burnstock, 1998; Filippov et al., 1999). The P2Y2

and P2Y4 purinoceptors are equipotently activated by ATP

and UTP (Lustig et al., 1993; Bogdanov et al., 1998; Ralevic

and Burnstock, 1998). ATP was shown to be practically

inactive at the P2Y6 purinoceptor in rat sympathetic neurons,

whereas UTP can be its effective agonist (Filippov et al., 1999).

The P2Y1 purinoceptor’s rank order of potency is as follows:

2-MeSATP4ATP4UTP. The P2Y2 purinoceptor’s rank

order of potency is as follows: ATP¼UTPb2MeSATP. The

P2Y4 purinoceptor’s rank order of potency is as follows:

UTP4ATP¼ADP. The P2Y6 purinoceptor’s rank order of

potency is as follows: UTP42MeSATP4ATP. The P2Y11

purinoceptor’s rank order of potency is as follows: ATP42-

MeSATPbUTP (Burnstock, 1997). In addition, suramin

antagonizes P2Y2 purinoceptors, but both P2Y4 and P2Y6

purinoceptors are suramin-insensitive (Boarder & Hourani,

1998; Bogdanov et al., 1998; King et al., 1998; Ralevic &

Burnstock, 1998). On the other hand, PPADS are reported to

antagonize P2Y2, P2Y4 and P2Y6 purinoceptors (Robaye et al.,

1997; Bogdanov et al., 1998). Therefore, we consider that P2Y2

is the most possible candidate of P2Y purinoceptor subtype in

P2Y-induced inhibition of ICa in SMG neurons.

Amino-acid sequence and pharmacological studies revealed

four distinct subtypes of P1 purinoceptors: A1, A2a, A2b and A3

(Fredholm et al., 1994; Ralevic & Burnstock, 1998). DPDPX is

a specific antagonist of A1 purinoceptor. Thus, we consider

that A1 is the most possible candidate of P1 purinoceptor

subtype in P1-induced inhibition of ICa in SMG neurons. It will

be important in future experiments to determine which types of

P1 purinoceptors contribute to the P1-induced inhibition of ICa

in SMG neurons.

ATP- and UTP-induced inhibition of ICa was concentration

dependent, IC50 of ATP and UTP being 79.5 mM and 78.0M,

respectively. The IC50 of ATP obtained here (79.5 mM) was

similar to that found in other cell types (100mM in sinoatrial

nodal cell, Qi & Kwan, 1996; 55 mM in pelvic ganglion neurons,

Zhong et al., 2001).

VDCCs are heteromultimers composed of a pore-forming

a1 subunit and several auxiliary subunits (Jones, 1998).

In the mammalian nervous system, five a1 subunits that

exhibit distinct cellular and subcellular distributions have

been described. Functional studies indicate that a1C and

a1D subunits encode L-type VDCCs (Williams et al.,

1992a; Tomlinson et al., 1993), a1B subunit encodes

N-type VDCCs (Williams et al., 1992b; Stea et al., 1993),

a1A subunit encodes VDCCs with some properties similar to

both P- and Q-types (Sather et al., 1993; Stea et al., 1994) and

a1E subunit encodes R-type VDCCs (Soong et al., 1993).

Many neurotransmitter-induced inhibition of VDCCs is

produced by the G bg dimers, which associate with a1B
VDCCs in particular (Herlitze et al., 1996; Ikeda, 1996) (but

also with a1A and a1E), in a membrane-delimited manner. The

relatively few inhibitory effects of L-type ICa component in this

study are in agreement with the fact that G bg dimers cannot

bind to either the I – II linker region of L-type a1C subunit (De

Waard et al., 1997) or the carboxyl terminus of a1C (Qin et al.,

1997).
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