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SUMMARY

Chinese hamster ovary cells were transfected with both A,
adenosine receptor and muscarinic type 3 acetyicholine receptor
cDNAs. The musoannlc receptor agonist carbachol stimulated

acuv:a resulting in Ca?* mobilization and ar-
achodonate release clopentyladenosine (CPA), an A,

receptor agonist, did not activate Ca**-related signal transduc-
tion systems by itself but instead inhibited CAMP accumulation.
In the presence of carbachol, however, the A, receptor agonist
enhanced muscarinic receptor agonist-induced phospholipase
C/Ca?* responses. In addition, the arachidonate release caused
by Ca?* ionophores or thapsigargin was also ampilified by CPA,
without a change in phospholipase C activity. Thus, CPA aug-
ments Ca?*-mediated phospholipase A, activation in addition to

and separate from its ability to amplify phospholipase C-mediated
Ca** mobilization. Because the permissive actions of CPA on
phospholipase C and phospholipase A, activation were each
reversed by pertussis toxin treatment, in a manner similar to that
of the CPA-induced inhibition of CAMP accumulation, we con-
clude that a single species of A, receptor expressed in Chinese
hamster ovary cells can couple to multiple signal transduction
systems stemming from phospholipase C stimulation, phospho-
lipase A-mediated and Ca?*-dependent arachidonate release,
and inhibition of CAMP accumulation. A pertussis toxin-sensitive
G protein (or proteins) mediates the permissive actions of the A,
receptor in the stimulation of phospholipase C- and phospholi-
pase Ax-mediated arachidonate release.

Adenosine functions in a variety of physiological processes,
including platelet aggregation, smooth muscle vasodilation,
neurotransmission, growth and I~ metabolism in the thyroid,
lipolysis in adipose tissues, gluconeogenesis and glycogenolysis
in the liver, and insulin secretion in 8-cells (1-3). Most of the
actions of adenosine are mediated by cell surface P, purinergic
receptors, which in the case of the A,R and A;R subtypes couple
to adenylate cyclase in an inhibitory and stimulatory manner
via PTX-sensitive G;/G, and G,, respectively (4). Adenosine in
some cases, however, induces its actions through a cAMP-
independent mechanism (1-3).

In FRTL-5 thyroid cells, P, agonists inhibit TSH-induced
cAMP accumulation, which is accompanied by an inhibition of
DNA synthesis (5). Adenosine and its analogues also, however,
enhance TSH-induced phospholipase C activation, resulting in
Ca’* mobilization and I~ efflux, although the P, agonists them-
selves have no stimulatory effects on the Ca®*-related responses
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(5). The permissive action of the P, agonists on the phospho-
lipase C-Ca?* system was also observed in association with a;-
adrenergic agonists or P,-purinergic agonists. Thus, P, agonists
stimulated phospholipase C in FRTL-5 cells previously or
simultaneously treated with norepinephrine or P, agonists (6-
8). The phospholipase C activation in these latter cases was
accompanied by arachidonic acid release and the production of
lysophosphatidylcholine, suggesting the involvement of phos-
pholipase A; activity (9). P, agonists also, however, enhanced
phospholipase A activation induced by Ca®* ionophores and
thapsigargin in a PTX-sensitive manner without any change
in phospholipase C activity (9), suggesting that a P, receptor-
Gi/G, system directly couples to phospholipase A;, independ-
ently of phospholipase C. The actions of the P, agonists in all
of these cases did not appear to be a secondary response to
changes in cAMP metabolism (6, 7, 9). Taken together, there-
fore the results suggested that P, receptors in FRTL-5 cells are
coupled to stimulation of phospholipase C and phospholipase
A., independently of cAMP changes, as well as to the inhibition

ABBREVIATIONS: PTX, pertussis toxin; A;R and A;R, A, and A, types of adenosine (P,) receptor(s); MsR, muscarinic type 3 acetyicholine receptor(s);
[Ca?*},, cytosolic free Ca®* concentration; CHO, Chinese hamster ovary; EGTA, ethylene glycol bis(8-aminoethyl ether)}-N,N.N’ N’-tetraacetic acid;
RO 20-1724, 4<3-butoxy-4-methoxybenzoyl)-2-imidazolidinone; CPA, Né-cyclopentyladenosine; PIA, N®{L-2-phenylisopropyljadenosine; CADO, 2-

chioroadenosine; DPCPX, 1,3-dipropyl-8-cyclopentyixanthine;
hydroxyethyi)-1-piperazineethanesuifonic acid; SV40, simian virus 40.

; QNB, quinuclidinyl benzilate; TSH, thyrotropin; SRa, pCDL-SRa; HEPES, 4+2-
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of adenylate cyclase. Similar stimulation of cAMP-independent
signal transduction systems by P, agonists has been reported
in other cell types (3, 10-13). These P, agonist actions appear
to be mediated by an A, type of receptor, based on the PTX
sensitivity and pharmacological specificity of agonist and an-
tagonist actions (8); however, the possibility cannot be ruled
out that receptor subtypes different from the A,R for adenylate
cyclase inhibition mediate the cAMP-independent adenosine
actions (14).

In CHO cells transfected with muscarinic acetylcholine
receptor cDNA, muscarinic receptor agonists activate phospho-
lipase C (15). When CHO cells are transfected with dopamine
D receptor cDNA, D, receptor agonists inhibit adenylate cy-
clase activity and potentiate Ca?* ionophore-induced phospho-
lipase A,-mediated arachidonate release (16). Both D, receptor
responses are reversed by PTX treatment, suggesting the in-
volvement of G;/G, in phospholipase A, activation as well as
adenylate cyclase inhibition. This is similar to the case of P,
agonist actions in FRTL-5 cells (6, 9). The results thus indicate
that CHO cells have cAMP-independent phospholipase C and
A; systems, as well as an inhibitory adenylate cyclase system,
which can couple to exogenous receptors expressed in the cells
by gene transfection.

Recently, cDNA encoding A;R has been identified in many
tissues and species (17-20). To clarify whether a single species
of thyroid AR couples to the cAMP-independent signal trans-
duction systems as well as to adenylate cyclase inhibition, CHO
cells were transfected with A;R cDNA derived from dog thyroid
cells. We show that A,R agonists not only inhibit cAMP
accumulation but also enhance the Ca®*-induced phospholipase
A; activation. When M;R c¢DNA is cotransfected with AR
cDNA, we additionally show that the ability of the muscarinic
receptor agonist carbachol to induce phospholipase C and A,
activation is enhanced by A,R agonists. These data indicate
that a single species of thyroid A;R can couple to multiple
signal transduction systems.

Experimental Procedures

Materials. PIA, CADO, forskolin, thapsigargin, A23187, and car-
bachol were purchased from Sigma Chemical Co.; CPA and DPCPX
were from Research Biochemicals Inc., ionomycin from Calbiochem,
and L-[*H)QNB (52.3 Ci/mmol) and [*H]DPCPX (109.2 Ci/mmol)
from New England Nuclear. PTX was kindly provided by Dr. M. Ui
(Tokyo University), SRa296 vector (21) by Dr. Y. Takebe (National
Institute of Health, Japan), dog AR ¢cDNA (17) (inserted into
pBluescript) by Dr. G. Vassart (Universite Libre de Bruxelles), and
porcine MsR cDNA (inserted into SV40 vector; SV40M;R) (22, 23) by
Dr. S. Numa (Kyoto University). Radioimmunoassay of cAMP used a
Yamasa cAMP assay kit, which was the kind gift from Yamasa Shoyu
Co. (Choshi, Chiba). The sources of all other reagents were as described
in previous papers (5-9, 24-26).

Cell culture and cDNA transfection. CHO cells were cultured in
10-cm dishes, in Ham’s F-12 medium supplemented with 10% heat-
inactivated fetal calf serum, in a 5% CO. atmosphere at 37°. The cells
were harvested with 0.06% trypsin and 0.53 mM EDTA (GIBCO) for
transfection experiments.

The full length cDNA for dog A;R was released from pBluescript
vector (Stratagene, La Jolla, CA) by EcoRI digestion, blunt-ended
using a blunt-ending kit (Takara, Kyoto, Japan), and subcloned into
the Smal site of pPGEM3Z vector (Promega, Madison, WI). The cDNA
insert was then excised with PstI and EcoRI and subcloned into the
Pstl/EcoRI sites of SRa to produce a SRaA;R expression vector for
transfection experiments. The SRa, SRaA,R, SV40, and SV40M;R
vectors were transfected into CHO cells (20 ug of DNA in 0.8 ml) by
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electroporation (0.3 kV, 500 uF) and were subcultured into 24-well
plates for arachidonate release, CAMP measurement, inositol phos-
phate assay, and [*H]DPCPX binding experiments and into 10-cm
dishes for Ca** and [*H]JQNB binding experiments. For inositol phos-
phate assays, inositol-free Dulbecco’s modified Eagle’s medium supple-
mented with [*H]inositol (1 xCi/ml) and 10% fetal calf serum was used
instead of Ham’s F-12 medium supplemented with 10% fetal calf serum.
The cells were cultured for 2 days before the following assays were
performed.

Inositol phosphate assay. The cells cultured with [*H]inositol
were washed twice with HEPES-buffered medium composed of 10 mM
HEPES, pH 7.5, 134 mM NaCl, 4.7 mM KCl, 1.2 mM KH,PO,, 1.2 mM
MgSO0,, 2 mM CaCl,, 2.5 mM NaHCQO;, 5 mM glucose, and 0.1% (w/v)
bovine serum albumin (fraction V) and were then incubated for 1 hr at
37° with the same medium containing 10 mM LiCl and the agents to
be tested, in a final volume of 0.5 ml. The reaction was terminated by
aspiration of the medium and addition of 0.6 ml of 0.1 N HCI. [*H]
Inositol phosphates, including inositol mono-, di-, and triphosphates,
were separated from inositol and glycerophosphoinositol on Dowex
1X8 formate columns, as described previously (6).

[Ca?*]; measurement. The cells were harvested from 10-cm dishes
with phosphate-buffered saline containing 4 mM EDTA. [Ca®*]; was
estimated from the change in the fluorescence of fura-2-loaded cells,
as described previously (6, 26).

Arachidonate release. Cells labeled for 6 hr with [*H]arachidonate
were washed three times, at 5-min intervals, with HEPES-buffered
medium. Cells were then incubated at 37° with the test agents, in a
final volume of 0.75 ml of the same medium. Ten minutes later, the
medium (0.5 ml) was removed and counted in a liquid scintillation
counter (Beckman LS 7500).

Measurement of cCAMP content. The cells were washed twice
with HEPES-buffered medium and then incubated for 10 min in the
same medium, with the agents to be tested, in the presence of 0.1 mM
RO 20-1724 and 50 uM forskolin unless otherwise stated. Termination
of the reaction and measurement of cCAMP content were performed as
described previously (6).

Radioligand binding assays. For the [°"HJQNB binding assay,
crude membranes were prepared by essentially the same methods as
described previously (6). Approximately 50 ug of membranes were
incubated for 30 min at 25° with increasing doses (0.078-10 nM) of
[*H]QNB, a muscarinic antagonist, in the absence or presence of
atropine (10 uM). The incubation medium was 50 mm Tris - HCI buffer,
pH 7.4, containing 5 mM MgCl;, 1 mM EGTA, and 0.05% bovine serum
albumin. The reaction was stopped by the addition of 3 ml of ice-cold
Tris- HCl buffer containing 5 mM MgCl; and 1 mM EGTA. The reaction
mixture was immediately filtered, under vacuum, through a Whatman
GF/B glass fiber filter (24-mm diameter). The filter was rapidly washed
twice with the same buffer (3 ml) and dried at 80° for 30 min before
being counted for radioactivity. Specific binding was defined as the
radioactivity displaceable by 10 uM atropine.

For the [*H]DPCPX binding assay, the cells were washed twice with
HEPES-buffered medium and then incubated for 30 min with [*H)
DPCPX at 25°. Incubation was terminated by aspiration of the medium
and washing of the cells twice with ice-cold HEPES-buffered medium.
Radioactive ligand bound to the cells were extracted with 5% trichlo-
roacetic acid, and the radioactivity was measured in a liquid scintilla-
tion counter. Specific binding was defined as the radioactivity displace-
able by the addition of 1 uM unlabeled DPCPX.

Data presentation. All experiments were performed in triplicate.
The results of multiple observations are presented as the mean value
of results from more than three different batches of cells, unless
otherwise stated.

AR Signal Transduction Mechanism

Results

Enhancement by the A,R agonist CPA of carbachol-
induced phospholipase C activation and Ca®* mobiliza-
tion in CHO cells cotransfected with A;,R and M3R
cDNAs. In CHO cells transfected with SR« plus SV40 vectors
(Fig. 1A) or with A, R plus SV40 vectors (Fig. 1B), no detectable
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Fig. 1. Effect of carbachol and CPA on production of inositol phosphates
(/P), including inositol mono-, di-, and triphosphates, in control (SRa and
SV40 vector-transfected) (A), A,R-expressing (A;R and SV40 vector-
transfected) (B), MsR-expressing (SRa and MsR vector-transfected) (C),
and both A;R- and MsR-expressing (A,R and MsR vector-transfected)
(D) CHO celis. The cells were incubated with 10 um carbachol in the

absence or presence of 100 nm CPA. Data are expressed as percentages
of the basal (without any agonist) values, taken as 100%.

activation of inositol phosphate production by carbachol, CPA,
or the combination of these agonists was observed. In cells
transfected with SRa plus MR vectors, inositol phosphate
production, reflecting phospholipase C activity, was increased
in response to carbachol, but CPA did not affect the enzyme
activity either in the presence or in the absence of the musca-
rinic agonist (Fig. 1C). In cells cotransfected with A;R and
M;R, although CPA alone had no stimulatory action on the
enzyme activity, the A,R agonist enhanced the carbachol-
induced activation (Fig. 1D). The increment, although small,
was very consistent in multiple experiments, with statistically
significant effect (p < 0.01). Thus, the AR agonist permissively
activates phospholipase C.

The number of A;R expressed in these cells was estimated
by measuring the binding of the A,R-specific antagonist [°H]
DPCPX to intact CHO cells, because the membrane fractions
did not show saturable binding of [*'H]DPCPX at concentra-
tions up to 40 nM. We observed specific [’H]DPCPX binding
to cells transfected with A;R and SV40 vectors but not to
control cells transfected with either SRa and SV40 vectors or
SRa and M;R vectors (data not shown). Scatchard analysis of
the binding data revealed a single class of [FH]DPCPX binding
sites, with a dissociation constant (K;) of 11.4 + 4.1 nM and a
maximal binding capacity (Bpm.,) of 1.05 + 0.26 pmol/mg of cell
protein (three experiments). This B,., value is not far from
that obtained with FRTL-5 thyroid cells, in which A,R are
expressed natively, although a different A;R antagonist, [*H]
1,3-diethyl-8-phenylxanthine, was used for the binding assay
(6).

Cotransfection of A,R with M;R did not essentially affect

the parameters of [PH)DPCPX binding to the cells; the K, and
Bruax values were 17.5 + 1.5 nM and 0.67 + 0.04 pmol/mg of cell
protein, respectively (three experiments).

To analyze MsR expression, we measured [*’H)QNB binding
to the membrane fraction of CHO cells. Specific [*'H]QNB
binding to the membranes was detected only in cells transfected
with the Ms;R vector. When the cells were transfected with
both A;R and M;R vectors, Scatchard analysis of the binding
data revealed the presence of a single class of [°’H]QNB binding
sites, with a K; of 0.25 nM and a Bn., of 176 fmol/mg of
membrane protein (two experiments). This B,,, value is within
the range of reported values for native M;R in membrane
preparations (27, 28). Thus, both A,;R and M;R were expressed
on the CHO cell membranes within their physiological ranges.

Fig. 2 shows a change in [Ca®*]; in CHO cells expressing A;R
and M;R. In the presence of 2 mM extracellular Ca?*, carbachol
alone increased [Ca®*];, but CPA alone did not (Fig. 2, A and
D). In the presence of carbachol, however, CPA clearly in-
creased [Ca®');, and the carbachol-induced [Ca**]; rise was
higher in cells that had been previously treated with CPA than
in control cells (Fig. 2, A and D). Similar cross-talk between
CPA and carbachol was observed under conditions of low
extracellular Ca?* concentrations, wherein an excess amount
of EGTA was added to the incubation medium; CPA increased
[Ca?*); in the presence of carbachol but not in its absence (Fig.
2, B and E).

The effect of PTX on the CPA- and carbachol-induced
[Ca?*}; rise was examined in Fig. 2, C and F. The permissive
action of CPA was completely reversed by PTX treatment of
the cells, whereas the carbachol effect was unchanged under
these conditions, indicating the involvement of PTX-sensitive
G proteins in the CPA-induced but not the carbachol-induced
Ca®* mobilization.

Effect of CPA on arachidonate release. Carbachol but
not CPA could also induce arachidonate release in cells trans-
fected with SRa plus MR vectors (Fig. 3C), but the muscarinic
receptor agonist, the A;R agonist, or the combination of these
agonists did not induce significant release in the cells trans-
fected with SRa plus SV40 vectors (Fig. 3A) or with AR plus
SV40 vectors (Fig. 3B). In cells cotransfected with A,R and
MR, CPA did not have any effect when added alone but
enhanced the carbachol-induced arachidonate release (Fig. 3D).

The dose-dependent effect of CPA on the arachidonate re-
lease in cells expressing both A,R and M;R is shown in Fig. 4.
CPA alone had no stimulatory effect on the activity at up to 1
uM but enhanced the carbachol-induced response with a half-
maximal effective dose of approximately 30 nMm (Fig. 4A). PTX
treatment completely abolished the CPA action (Fig. 4B).

In CHO cells, receptor-mediated arachidonate release ap-
pears to be mediated by a Ca®*-dependent activation of phos-
pholipase A; (16). Because CPA enhanced the carbachol-in-
duced phospholipase C activity and the subsequent [Ca®*];
increase (Figs. 1 and 2), the CPA enhancement of carbachol-
induced arachidonate release may be explained by an amplifi-
cation of the Ca’* response. Thapsigargin, an inhibitor of
endoplasmic reticulum ATPase, and Ca®* ionophores, including
A23187 and ionomycin, can also induce arachidonate release
(Fig. 5). As shown in Fig. 5, CPA enhanced the actions of all
of the Ca?* mobilizers to increase arachidonate release. Under
these conditions, no detectable increase in the activity of phos-
pholipase C was observed (data not shown). This suggests that
AR can couple to the phospholipase A, system directly, if
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ence (@) or absence (O) of 100 nm CPA. Data are expressed as
percentages of the basal (without any agonist) values, taken as 100%.

D,E,andF.

[Ca?*]; attains a certain level, in addition to activation of the
phospholipase C.

Inhibition of cAMP accumulation by A,R agonists.
Consistent with previous observations (17), CPA inhibited
cAMP accumulation in a dose-dependent fashion in CHO cells
expressing A,R (Fig. 6B). The CPA action was again almost
completely reversed by PTX treatment (Fig. 6B).

The potencies of A,R agonists to inhibit cAMP accumulation
(Fig. 6B) were compared with those to stimulate arachidonate
release (Fig. 6A). Half-maximally effective doses of CPA, PIA,
and CADO were the same in each assay and were within the
range of 10-30 nM.

Evidence that a decrease in cAMP accumulation is not
responsible for the CPA-induced enhancement of arach-
idonate release. The foregoing results indicate that the ex-
pressed A;R can couple to or modulate at least three effector
enzymes, i.e., phospholipase C (stimulation), phospholipase A,
(activation), and adenylate cyclase (inhibition). To rule out the
possibility that the phospholipase C and phospholipase A,
activation by A,R agonists is secondary to adenylate cyclase
inhibition, we compared the A,R agonist actions in the presence
and absence of forskolin, an adenylate cyclase-activating agent.
In cells without forskolin treatment, CPA caused significant
changes in the cAMP content (Table 1). The cAMP content
was increased about 1000-fold by the additin of 50 uM forskolin
and even in the presence of 100 nM CPA was at at least 500
times higher than the levels in the absence of forskolin. The
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CPA action to enhance carbachol-induced arachidonate release
was not significantly influenced by such remarkable elevation
of cAMP levels. The results indicate that the decrease in cAMP
content cannot account for the CPA enhancement of phospho-
lipase A; activity. Dissociation of the decrease in cAMP levels
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Fig. 6. Dose-dependent effect of A;R agonists on arachidonate release
(A) and cCAMP accumulation (B) in cells expressing both A;R and MsR.
The cells were incubated with 10 um carbachol (A) and with 50 um
forskolin and 0.1 mm RO 20-1724 (B), together with the indicated dose
of CPA (O), PIA (A), or CADO (@). In B, the effect of PTX (which was
added in the culture medium 18 hr before the experiment) on the CPA
dose-response curve was also assayed (A). Data are expressed as
percentages of total incorporated into the cells in A and as
percentages of values in the absence of A,R agonists in B.

TABLE 1

Effect of forskolin on CPA enhancement of carbachol-induced
arachidonate release

Celis expressing both A,R and MsR were incubated with 10 um carbachol and/or
100 nm CPA in the absence (controi) or presence of 50 um forskolin for 10 min,
and then CAMP content was measured. For arachidonate release, experimental
conditions were the same as those for the CAMP experiment, except that the celis
had been incubated with [*H]arachidonic acid. Data are expressed as percentages
of basal (without any agonist) values, taken as 100% for arachidonate release.
Forskolin treatment did not significantly change the basal activity of arachidonate
release.

Arachidonate release CAMP content
Control Forskolin Control Forskolin
% pmolfwell
Carbachol 130+6 124+4 16+01 1540+83

Carbachol + CPA 164 £3* 166+ 10* 1.2+ 0.1°

* CPA effect is significant, p < 0.01.
®p < 0.05.

860 + 44°
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produced by CPA from the permissive action of CPA on car-
bachol actions was also seen for the carbachol-induced [Ca®*};
increase (data not shown).

Discussion

In the present paper, we show that adenosine analogues
inhibit adenylate cyclase activation, resulting in a decrease of
cAMP accumulation in CHO cells expressing A;R and M;R.
We show also that adenosine analogues enhance carbachol-
induced phospholipase C activation and associated [Ca®*]; in-
creases, as well as phospholipase A, activation induced by
ionophores or thapsigargin in the absence of phospholipase C
activation. This is, to our knowledge, the first indication that
a single species of A;R can stimulate cAMP-independent signal
transduction systems as well as the inhibitory adenylate cyclase
system.

A similar permissive action of adenosine and its analogues
on phospholipase C activation, followed by Ca?* mobilization,
has been shown in FRTL-5 thyroid cells. Thus, P; agonists
enhanced the phospholipase C activation and [Ca’*]; increase
induced by P, purinergic agonists (6, 8, 9), a;-adrenergic ago-
nists (7), or TSH (5) in a PTX-sensitive manner. Adenosine
and its analogues have also been reported to enhance the
actions of P; agonists and bradykinin in smooth muscle cells
(12, 13) and of IgE in RBL 2H3 basophils (10), although in
these latter cases the effects of the P, receptor agonists were
synergistic and not permissive. Thus, the agonists themselves
slightly but significantly stimulated Ca’* mobilization. In this
study and in this last regard, we noticed that CPA induced a
small but significant [Ca®*]; increase in the A,R-expressing
CHO cell suspensions when apyrase, a mixture of ATPase and
ADPase, was omitted from the medium (data not shown). This
result is in agreement with a recent report on spontaneous
ATP release from CHO cells (29) and suggests that the released
ATP or ADP, Ca’*-mobilizing agonists, might sensitize the
cells. The permissive effect of an A;R agonist added externally
thus becomes recognizable only if apyrase is added. In the case
of phospholipase C activity measured using unharvested cells,
however, the addition of CPA alone did not induce a positive
response even in the absence of apyrase (Fig. 1). It is thus
reasonable to assume a higher sensitivity of the Ca?* response
than of the inositol phosphate response and/or a higher releas-
ing rate for adenine nucleotides in cell suspensions than in
unharvested cells. These observations in the A,;R-expressing
CHO cells may be applicable to understanding the apparent
synergistic activity of A;R agonists to induce Ca%* mobilization
in smooth muscle cells and RBL 2H3 cells, i.e., the presence of
autocrine ATP or ADP plays a synergistic role in these cells.
The permissive effects in our system would not, therefore,
conflict with the synergism seen in smooth muscle cells and
RBL 2H3 cells.

In the present experimental system, we did not determine
whether both A;R and M;R were expressed in the same single
cells. Therefore, the observed permissive effect of CPA on the
carbachol action might reflect intercellular, but not intracellu-
lar, events between the A,R- and M;R-expressing cells, me-
diated by putative paracrine factors that are produced by CPA
or carbachol. Similar cross-talk events, however, have been
observed in cell lines where two types of receptors are consti-
tutively expressed, such as FRTL-5 cells (5-9), a cell line
derived from smooth muscle (12, 13), and RBL 2H3 cells (10).
Furthermore, our preliminary experiments using CHO cell lines
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stably expressing the recombinant A,R showed similar permis-
sive effects of CPA on Ca?* mobilization induced by UTP, an
agonist for the endogenous P,y receptor. These facts support
our concept that the present observations are based on mech-
anisms of cross-talk between A;R and M;R systems expressed
in the same single cells, although the possible involvement of
paracrine actions, as mentioned above, may not be completely
excluded.

The CPA stimulation of phospholipase C was PTX sensitive,
whereas the carbachol effect on the enzyme was insensitive to
the toxin. This suggests the involvement of G;/G, in the per-
missive action of the A;R agonist on muscarinic induction of
phospholipase C but not in the muscarinic action itself. It has
been widely recognized that there are two types of G proteins
involved in phospholipase C activation systems (30, 31). Re-
cently, the G, family of G proteins have been identified as the
PTX-insensitive G proteins in the system (32), whereas G;/G,
[it is not yet clear which subtype(s)] is PTX sensitive. Very
recently, the 8y subunits of G;/G, have been shown to activate
the 52 type of phospholipase C (33, 34). Because PTX inhibits
the receptor-mediated dissociation of G;/G, composed of afy
to « and By (35), the sensitivity of the phospholipase C system
to PTX may be explained by toxin inhibition of 8y production,
which is responsible for the activation of the enzyme. This
mechanism is, however, not applicable to the permissive action
of A;R agonists, because the mechanism should work when the
AR agonists are added alone. On the other hand, Harden and
colleagues (36) have shown that, in their turkey erythrocyte
system, the B8y complexes of G proteins enhance the P, recep-
tor-mediated activation of the enzyme (probably §1 type). In
this regard, By has been suggested to bind with an inactive
(GDP-bound) « subunit of G, or one of the PTX-insensitive G
proteins. This may facilitate G protein coupling to Ca?*-mobi-
lizing receptors by accelerating the recovery of the heterotri-
meric form (36, 37).

CPA enhancement of the carbachol-activated phospholipase
C-Ca?* system can increase arachidonate release, because phos-
pholipase A; is a Ca?*-dependent enzyme and because the CPA
effect amplifies Ca** mobilization by carbachol. This CPA
action was reversed by PTX treatment. Thapsigargin- or Ca**
ionophore-induced [Ca®*); increases, resulting in arachidonate
release, are phospholipase C independent; under these experi-
mental conditions, both effects were, unexpectedly, further
enhanced by CPA. This action of CPA was also PTX sensitive.
A similar enhancement of the Ca®'-mediated arachidonate
release has been reported in dopamine D, receptor-expressing
CHO cells, where dopamine in the presence of A23187 induced
arachidonate release (16) in a PTX-sensitive manner. These
results suggest that either expressed AR or D, receptors can
couple directly to a phospholipase A, system via G;/G,, provided
that [Ca®*]; attains a certain threshold level. Thus, enhance-
ment by the A;R agonist of carbachol-induced arachidonate
release may be due to enhancement of Ca’*-mediated phospho-
lipase A, activation in addition to amplification of phospholi-
pase C-induced Ca** mobilization. The role of Ca®* in phospho-
lipase A, activation in CHO cells is still unclear, but recent
studies suggest that an increase in [Ca®*]; induces the translo-
cation of phospholipase A; from cytosol to plasma membranes
(38-40). It is therefore reasonable to assume that an increase
in the enzyme bound to the membranes facilitates the coupling
of the enzyme to A;R- or D, receptor-G;/G, systems. The up-
regulation of phospholipase A; by the By complexes of G
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proteins has been reported in rod outer segments of the retina
(41).

We demonstrate in this report that a single species of A,R
can couple to cAMP-independent signal transduction path-
ways, as well as an inhibitory adenylate cyclase pathway, via
PTX-sensitive G protein(s). Such a permissive role of G;/G, is
not restricted to the case where the G proteins are stimulated
by A;R. In NG108-15 neuroblastoma-glioma hybrid cells, in-
hibitory agonists for adenylate cyclase, such as somatostatin,
enkephalin, and a;-adrenergic agonists, also stimulate the phos-
pholipase C-Ca®* system in a PTX-sensitive manner, if the
cells have been sensitized by a Ca®*-mobilizing agonist, e.g., P,
agonists or bradykinin (24-26). Thus, an inhibitory signal for

-adenylate cyclase may generally be associated with an ability

to modulate cAMP-independent phospholipase C and A, activ-
ity. Whether a single species of G/G, mediates all of the PTX-
sensitive responses mediated by AR, as predicted by this
association, or whether each response is mediated by a different
species of Gi/G, is under investigation.
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