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Stimulation of adenosine Al receptors and bradykinin receptors,
which act via different G proteins, synergistically raises inositol
1,4,5-trisphosphate and intracellular free calcium in DDT1 MF-2
smooth muscle cells
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ABSTRACT We have examined the cross talk between
adenosine and bradykinin receptors in DDT1 MF-2 smooth
muscle cells. Both adenosine and bradykinin mobilized intra-
cellular free calcium via the formation of inositol 1,4,5-
trisphosphate in a time- and dose-dependent manner. Adeno-
sine exerted its actions via adenosine Al receptors as demon-
strated by the observations that N6-cyclopentyladenosine, a
selective Al receptor agonist, had an EC5. in the low nanomolar
range and that a selective adenosine Al receptor antagonist,
8-cyclopentyl-1,3-dipropylxanthine, counteracted adenosine-
mediated responses at concentrations typical for sinaling via
adenosine Al receptors. Adenosine A1 receptors were coupled
to phospholipase C via pertussis toxin-sensitive guanine nucle-
otide-binding regulatory protein(s) [G protein(s)], whereas
bradykinin responses were unaffected by pertussis toxin. When
adenosine or N6-cyclopentyladenosine was combined with
bradykinin, the resulting formation of inositol 1,4,5-
trisphosphate was more than additive, and the EC5. value for
adenosine and N6-yclopentyladenosine was shifted to the left
by bradykinin, the affinity of which was unaltered. Combining
N6-cyclopentyladenosine and bradykinin also synergistically
raised intracellular free calcium both at subthreshold levels and
at maximal concentrations of the two agonists. The interaction
was not dependent upon cAMP. In conclusion, stimulation of
adenosine A1 receptors coupled to pertussis toxin-sensitive G
protein(s) and bradykinin receptors coupled to pertussis toxin-
insensitive G protein(s) synergistically mobilizes intracellular
free calcium and inositol 1,4,5-trisphosphate formation.

Cells are often simultaneously activated by agonists acting at
different receptors, which makes receptor-receptor interac-
tions important. Such interactions can be both synergistic
and antagonistic (1). Adenosine is a ubiquitous endogenous
modulator, which is known to influence signaling via several
hormones and neurotransmitters (2), and acts via Al and A2
receptors (3). It is in the nature ofa modulator to interact with
the signaling via other cellular regulators. For example,
adenosine has been shown to enhance (4-7) or attenuate
(8-10) the formation of inositol phosphates induced via
several types of receptors. The type of adenosine receptor
responsible for these actions, as well as the occasionally
reported ability of adenosine per se to stimulate inositol
phosphate formation (11), is unclear. Recently we reported
preliminary evidence that adenosine, acting on adenosine Al
receptors, stimulated inositol 1,4,5-trisphosphate
[Ins(1,4,5)P3] formation in DDT1 MF-2 cells (12). Adenosine
Al receptors in these cells also inhibit adenylyl cyclase via
pertussis toxin-sensitive guanine nucleotide-binding regula-

tory protein(s) [G protein(s)], Gi2 and/or Gj3 (13, 14). The
purpose of the present study was to further characterize the
effect of adenosine Al receptor agonists and to compare the
effect of adenosine to that of bradykinin on Ins(1,4,5)P3
formation and intracellular calcium levels in DDT1 MF-2
cells. Bradykinin is known to stimulate Ins(1,4,5)P3-mediated
calcium mobilization in several cells (15, 16) and has been
shown to stimulate phosphate incorporation into inositol
phospholipids in DDT1 MF-2 cells (17). We found that both
adenosine and bradykinin are able to raise Ins(1,4,5)P3 and
intracellular calcium levels in DDT1 MF-2 cells, but via
different G proteins. Despite this, there was a synergistic
interaction between the two substances.

MATERIALS AND METHODS
Materials. Cell culture media, fetal calf serum, and cell

culture flasks were from NordCell (Bromma, Sweden).
D-myo-[2-3H]Inositol 1,4,5-trisphosphate {[3H]Ins(1,4,5)P3;
51.4 Ci/mmol; 1 Ci = 37 GBq} was from Amersham, and
[2,8-3H]adenosine 3',5'-cyclic monophosphate (P3H~cAMP;
44.5 Ci/mmol) was from New England Nuclear. N6-
Cyclopentyladenosine (CPA), bovine serum albumin, cAMP,
EDTA, EGTA, 8-cyclopentyl-1,3-dipropylxanthine, 1-[2-(5-
carboxyoxazol-2-yl)-6aminobenzofuran-5-oxy]-2-(2'-amino-
5'-methylphenoxy)ethane-N,N,N',N'-tetraacetic acid pen-
taacetoxy methyl ester (fura-2 AM), Hanks' balanced salt
solution, Hepes, and forskolin were all from Sigma. Adeno-
sine was purchased from Aldrich-Europe (Belgium), and
Ins(1,4,5)P3 was from Boehringer Mannheim. Pertussis toxin
was from List Biological Laboratories (Campbell, CA). Ro-
lipram [4-(3-cyclopentyloxymetoxyphenyl)-2-pyrrolidone]
was a gift from Schering.

Cell Culture. DDT1 MF-2 smooth muscle cells, originally
isolated from a steroid-induced leiomyosarcoma of Syrian
hamster vas deferens (18), were obtained from the American
Type Culture Collection. Cells were grown in suspension,
maintained in Dulbecco's modified Eagle's medium with 4.5
g ofglucose per liter and also containing 5% fetal calf serum,
penicillin (100 units/ml), streptomycin (100 pg/ml), and 2
mM L-glutamine at 370C in 5% C02/95% air. Cells were
subcultured three times weekly and used at a density of 105
cells/ml. Cell viability was >90% as assessed by the exclu-
sion of trypan blue.
Determination of Ins(1,4,5)P3. Cells were washed once in

assay medium (Dulbecco's modified Eagle's medium without

Abbreviations: Ins(1,4,5)P3, inositol 1,4,5-trisphosphate; G protein,
guanine nucleotide-binding regulatory protein; CPA, N6-cyclopen-
tyladenosine; fura-2 AM, 1-[2-(5-carboxyoxazol-2-yl)-6-aminoben-
zofuran-5-oxy]-2-(2'-amino-5'-methylphenoxy)ethane-N,NN',N'-
tetraacetic acid pentaacetoxy methyl ester.
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NaHCO3 and buffered with 20 mM Hepes at pH 7.4) and
resuspended in assay medium to a concentration of 3 x 106
cells per ml. Aliquots (0.2 ml = 6 x 105 cells) were transferred
to test tubes and preincubated for 20 min at 370C in a water
bath before addition of indicated drugs (0.1 ml). Lithium was
omitted to avoid any interaction with the formation of inositol
phosphates. Reactions were terminated by the addition of
perchloric acid to a final concentration of 0.4 M and placed
on ice for 1 hr. Samples were neutralized with 4 M KOH/1
M Tris/60 mM EDTA and frozen until analyzed.
The quantitation of Ins(1,4,5)P3 was performed with a

competitive binding assay as described (19) with the excep-
tion that bound [3H]Ins(1,4,5)P3 was separated from free by
filtration over filters for receptor binding (Skatron, Tranby,
Norway) by using a Skatron 1719 cell harvester. Filters were

transferred to scintillation vials and counted in a liquid
scintillation spectrometer.
cAMP Assay.After being washed once with assay medium

(Dulbecco's modified Eagle's medium without NaHCO3 buff-
ered with 20 mM Hepes at pH 7.4), cells were resuspended
in the same medium to a density of 1.4x 105 cells per ml.
Aliquots (0.35 ml = 0.5 X105 cells) were transferred to test
tubes, and the indicated drugs were added, together with the
phosphodiesterase inhibitor rolipram (30,tM), to a final
volume of 0.5 ml. After incubation at 370C, reactions were

terminated by the addition of perchloric acid to a final
concentration of 0.4 M. Samples were neutralized with KOH,
and the cAMP content in the supernatants was determined
with a protein binding assay (20), where bound [3H]cAMP
was separated from free by rapid filtration over glass fiber
filters by using a Skatron 1719 cell harvester and filters were
counted in a liquid scintillation spectrometer.
Measurement of Intracellular Concentrations of Free Cal-

cium. Cells were washed and resuspended in Hanks' bal-
anced salt solution (1.2 mM CaCl2, 0.1% bovine serum
albumin, and 20 mM Hepes at pH 7.4) to a concentration of
106 cells per ml and loaded with 5,uM fura-2 AM for 40 min
at37°C. After the loading period, cells were washed twice in
Hanks' balanced salt solution and resuspended to a concen-

tration of 106 cells per ml. Prior to the measurements, cells
were washed once more and then placed in a cuvette (106 cells
in 2 ml of Hanks' balanced salt solution), and the intracellular
calcium concentration was determined at30°C in a dual-
wavelength Sigma ZFP22 fluorometer by using the ratio of
the fluorescence intensity obtained with an excitation wave-
length of 334 nm to that obtained with an excitation wave-

length of 366 nm with an emission cutoff at 500nm. Free
calcium concentration was calculated as described (21).
Data Analysis. Dose-response curves were generated by

using the GRAPHPAD(ISI Software) program. Statistical com-
parisons between different drug treatments were made by
using Student's t test or analysis of variance using the
STATGRAPHICS (Statistical Graphics Corporation) program

with a confidence level of 95%. Data are expressed as the
mean ± SEM.

RESULTS
Formation of Ins(1,4,5)P3. Bradykinin (EC50 = 150+ 58

nM; n = 4; Fig.1A), adenosine (EC50 = 246+ 8nM; n = 4;
Fig. 1B), and theA1 receptor selective agonist CPA (EC50 =

9.4 ± 0.4 nM; n = 3; Fig. 1B) all caused concentration-
dependent increases in the formation of Ins(1,4,5)P3. The
increase in Ins(1,4,5)P3 formation was rapid and transient
(Fig. 2). The response to bradykinin was unaffected by
pertussis toxin (Fig. lA), whereas adenosine Al responses

were completely abolished after treatment of cells with
pertussis toxin at 200 ng/ml for 4 hr (Fig. 1B). This treatment
completely inactivates the two substrates Gi2 and G03 in DDT,
MF-2 cells (13, 14). The effect of bradykinin was potentiated
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FIG. 1. (A) Concentration-response curves for bradykinin-

inducedIns(1,4,5)P3 formation alone and in combination

adenosine Al agonist CPA and the influence of pertussis

DDT1 MF-2 cells were activated for 30 sec with bradykinin

(EC5o = 150 58 nM; n = 4) or in combination with 100

(0) (EC5o = 86 + 27 nM; n = 5). When cells were pretreated

pertussis toxin (200 ng/ml, 4 hr) before the addition of bradykinin(a)

(EC5o = 186 78; n = 3), the EC50 value was not different

of the control. Data are presented as the mean ±

experiment was performed in triplicate. (B) Concentration-response

curves for adenosine Al receptor agonist-induced Ins(1,4,5)P3 for-

mation alone or in combination with bradykinin. DDT, MF-2

were activated for 30 sec with increasing concentrations

selective adenosine Al receptor agonist CPA in the absence (EC50
= 9.4 0.4 nM; n = 3) or presence (e) (EC503. 91. =

3) of 1 AM bradykinin or with increasing concentrations

in the absence (A) (EC50 = 246 + 8 nM; n = 4) or presence (EC5o
= 153 ± 21 nM; n = 5) of 1 AM bradykinin. Pertussis

ng/ml, 4 hr) completely abolished the CPA-induced

accumulation(a). Data are presented as the mean ±

experiment was performed in triplicate. ctrl, Control.

by the addition of adenosine or CPA (Figs. 1 and 2),

change in the apparent potency of bradykinin. Conversely,

when adenosine or CPA was combined with 1 AM bradyki-

nin, there was a reduction in the dose of adenosine or

required for half-maximal effect (for adenosine a reduction

from 246 ± 8 nM, n = 4 to 153 21 nM, n 5 and for

a reduction from 9.4 0.4 nM, n = 3 to 3.9 1.0 nM, =

3; P < 0.05, Student's t test for unpaired data). All synergistic

effects were lost after treatment of cells with pertussis toxin

(200 ng/ml, 4 hr; data not shown).

An adenosine Al receptor selective antagonist, 1,3-

dipropyl-8-cyclopentylxanthine, antagonized the ability

adenosine (100 nM) to potentiate Ins(1,4,5)P3 formation

induced by bradykinin (1 gM) in a concentration-dependent

manner. The calculated K1 value for the antagonist

nM, which is typical for actions on adenosine Al receptors

(13).
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FIG. 2. Time course for bradykinin- and CPA-induced
Ins(1,4,5)P3 formation in DDT1 MF-2 cells. Cells were activated with
vehicle (o), 100 nM CPA (e), 1 MM bradykinin (A), or the combina-
tion of 100 nM CPA and 1 M bradykinin (A) for the indicated times,
and the amount of Ins(1,4,5)P3 formed was analyzed as described in
Materials and Methods. Results are expressed as the mean SEM
from three independent experiments each performed in triplicate.
Analysis of variance (95% confidence level) showed that CPA and
bradykinin significantly increased the formation of Ins(1,4,5)P3 com-
pared to the control and that the combination ofCPA and bradykinin
further increased the Ins(1,4,5)P3 formation compared to when they
were added separately. ctrl, Control.

The synergy could not be explained by an interference of
adenosine A1 receptors with adenylyl cyclase since the
synergy was still observed after raising intracellular levels of
cAMP with 10 ,.M forskolin for 20 min prior to the addition
of bradykinin and CPA (Table 1). Furthermore, neither
bradykinin, adenosine, nor CPA caused any significant
change in basal levels of cAMP (Table 1).

Mebifization of Intracellular Free Calcium. Bradykinin
caused a concentration-dependent increase in intracellular
free calcium (EC5o = 241 + 140 nM; n = 4; Fig. 3), a response
that was unaffected by treatment of cells with pertussis toxin
(200 ng/ml) for 4 hr prior to the experiments (ECmo = 161 +

38 nM; n = 3; Fig. 3). CPA caused a concentration-
dependent, pertussis toxin-sensitive increase in intracellular

Table 1. cAMP levels and the influence of cAMP on Ins(1,4,5)P3
formation in DDT1 MF-2 cells

cAMP, pmol Ins(1,4,5)P3, pmol
Addition per 106 cells per 106 cells

Vehicle 30 ± 3 18 ± 2
Bradykinin 31 ± 2 32 ± 2
CPA 23 ± 2 31 ± 3
Bradykinin + CPA 24 ± 5 95 ± 4
Forskolin 138 ± 21 18 ± 1
Forskolin + bradykinin 142 ± 10 33 ± 2
Forskolin + CPA 36 ± 6 32 ± 8
Forskolin + bradykinin + CPA 31 ± 4 68 ± 7

DDT1 MF-2 cells were activated with the indicated drugs, and the
amounts ofcAMP (pmol per 106 cells) and Ins(1,4,5)P3 (pmol per 106
cells) formed were measured as described in Materials andMethods.
The concentrations of drugs used were 1 AM bradykinin, 100 nM
CPA, and 10 MuM forskolin. In cAMP experiments, cells were
activated for 10 min in the presence of the phosphodiesterase
inhibitor rolipram (30 ,uM) except for experiments with forskolin
where cells were activated for 20 min with forskolin and the indicated
agonist. The amounts of Ins(1,4,5)P3 were measured after a 30-sec
stimulation, and in the forskolin experiments cells were preincubated
with forskolin and rolipram (30 ,uM) for 20 min before a 30-sec
stimulation with agonists. Data presented are the mean ± SEM from
three or four experiments, each performed in triplicate. Forskolin
reduced the Ins(1,4,S)P3 response to the combination of CPA and
bradykinin (Student's t test, P < 0.05), but the effect of the two
agonists was still synergistic.
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FIG. 3. Bradykinin-induced increases in intracellular free cal-
cium. DDT1 MF-2 cells were loaded with the fluorescent dye fura-2
AM, and intracellular changes in free calcium were measured as
described in Materials and Methods. Cells were activated with
increasing concentrations of bradykinin in the absence (o) (ECso =

241 140 nM; n = 4) or presence (e) (ECso = 57 + 12 nM; n = 5)
of 1.8 nM CPA. Cells were also pretreated with pertussis toxin (200
ng/ml, 4 hr) and then incubated with increasing concentrations of
bradykinin prior to calcium measurements (u) (ECso = 161 38 nM;
n = 4). Data are presented as the maximal increase in intracellular
calcium concentration ([Ca2+]¢,), measured at the top of the initial
peak. PTX, pertussis toxin; ctrl, control.

calcium (EC5o = 3.7 ± 0.9 nM; n = 4; data not shown). The
CPA-induced calcium increase was completely blocked by
the A1 receptor selective antagonist 1,3-dipropyl-8-
cyclopentylxanthine, whereas the bradykinin response was
unaffected (data not shown).

Bradykinin and CPA caused an initial peak in intracellular
calcium concentration that was followed by a sustained
plateau phase; the latter was abolished if extracellular cal-
cium was removed by the addition of 3 mM EGTA (Fig. 4 A
and B). At concentrations of CPA and bradykinin that by
themselves were insufficient to raise intracellular calcium,
the two agonists were able to cause a small increase in
calcium when they were combined (Fig. 4C). The combina-
tion of half-maximal doses of bradykinin and CPA had
synergistic effects and showed an initial peak of intracellular
calcium, something that was not seen when they were added
separately (Fig. 4D). The response to half-maximal concen-
trations ofCPA was not affected by EGTA (data not shown),
indicating that even in the absence of a clear initial peak the
response is due to mobilization of intracellular calcium. Even
at maximal concentrations of bradykinin and CPA, a syner-
gistic action was seen (Fig. 4E).

DISCUSSION
In the present study we have confirmed our preliminary
finding (12) that activation of adenosine A1 receptors causes
an increase in intracellular levels of Ins(1,4,5)P3 and intra-
cellular free calcium in a time- and dose-dependent manner.
The potency of the selective A1 receptor agonist CPA on
Ins(1,4,5)P3 accumulation (9.4 nM) and calcium mobilization
(3.7 nM) is typical for adenosine A1 receptors and is in
agreement with the affinity of CPA as judged by receptor
binding studies to DDT1 MF-2 smooth muscle cells (13). The
effect of the natural ligand adenosine, which activates both
adenosine A1 and A2 receptors, was inhibited by a selective
adenosine A1 receptor antagonist, 1,3-dipropyl-8-cyclopen-
tylxanthine, with the expected potency. To our knowledge,
this is the first clear-cut demonstration that the A1 receptors
are coupled to phospholipase C. The effect was completely
blocked by pertussis toxin at a concentration that completely
inhibits the two pertussis toxin substrates Gi2 and Gi3 in these
cells (13, 14). It has been previously shown that activation of
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FIG. 4. Representative tracings of bradykinin and adenosine Al
receptor-stimulated intracellular calcium increases in fura-2-loaded
DDT1 MF-2 cells. (A) Bradykinin (1 AM) induced calcium mobili-
zation in the absence (left trace) and presence (right trace) of 3 mM
EGTA. (B) CPA (100 nM) stimulated calcium increases in the
absence (left trace) or presence (right trace) of 3 mM EGTA. (C) The
effects of 1 nM bradykinin (left trace) or 1 nM CPA (middle trace) or
the combination of the two (right trace) are shown. (D) Bradykinin
(18 nM; left trace) and CPA (2 nM; middle trace) were added alone
or in combination (right trace). (E) The maximal effects of concen-
trations of bradykinin (3.2 jiM; left trace), or CPA (100 nM; middle
trace), or the combination of the two (right trace) are shown. Brad,
bradykinin.

Al receptors can interact with both of these G proteins (22),
inhibit adenylyl cyclase (3), stimulate potassium conductance
(23), and, via as of yet poorly defined pertussis toxin-
sensitive G proteins, inhibit calcium conductances (24).

In addition, we have shown that in the same cells brady-
kinin stimulated Ins(1,4,5)P3 formation and elevated intra-
cellular calcium. The previously demonstrated bradykinin-
stimulated phosphate incorporation into inositol phospholip-

ids in these cells (17) is therefore probably secondary to
phospholipid hydrolysis. The receptor involved has not been
examined, but by analogy with other cells it is reasonable to
assume that a B2 type receptor is involved, even though the
EC50 values [150 nM for Ins(1,4,5)P3 formation and 241 nM
for calcium mobilization] we found are rather higher than
those typically reported for these receptors (25-27).
The effect of bradykinin in DDT1 MF-2 cells was com-

pletely unaffected by pertussis toxin treatment. There is good
evidence that a group of G proteins (Gq, G1l) that lack
pertussis toxin-sensitive ADP-ribosylation sites are able to
stimulate phospholipase C (28). In previous studies the
pertussis toxin sensitivity of bradykinin-mediated phospho-
lipase C activation has been variable, showing both complete
insensitivity (16, 27, 29-31) and partial block by pertussis
toxin (15, 27, 32). It is interesting to speculate that the
pertussis toxin-sensitive synergistic interaction between
adenosine and bradykinin may help explain some of this
variability especially since adenosine is often present in
media and body fluids (33).
When adenosine A1 and bradykinin receptors were acti-

vated simultaneously, the Ins(1,4,5)P3 formation was poten-
tiated. Thus, the maximal effect induced by activating both
receptors was larger than the sum of the two effects sepa-
rately. Furthermore, the dose-response curves for adeno-
sine- and CPA-induced Ins(1,4,5)P3 formation were shifted to
the left if 1 AM bradykinin was present.
We do not know how this synergy is achieved. Even

though cAMP may inhibit phospholipase C in some cells (34),
the synergy between adenosine A1 and bradykinin receptors
was still present after intracellular levels of cAMP were
raised with forskolin. This excludes the possibility that
adenosine A1 receptors enhance bradykinin-induced
Ins(1,4,5)P3 formation via the known inhibition of adenylyl
cyclase in DDT1 MF-2 cells (13, 14). Experiments with
EGTA, indomethacin, and dexamethasone (P.G., unpub-
lished data) also tend to eliminate a role for extracellular
calcium or of arachidonic acid metabolites. Acute treatment
of cells with phorbol ester did not mimic the effect of
adenosine receptor activation, and long-term treatment, to
down-regulate protein kinase C, did not inhibit the synergistic
interaction (P.G., unpublished data), indicating that protein
kinase C is not directly involved either. It is an intriguing
possibility that there is some direct interaction at the G-pro-
tein level. When activated, the G protein dissociates into one
a subunit that is assumed to be the primary activator of the
effector systems (e.g., adenylyl cyclase, phospholipase C,
and ion channels) and one 83'y subunit. The latter may also
have some signaling functions (35). In particular, it has been
shown for some forms of adenylyl cyclase (36) that By
subunits generated via one pathway amplify the stimulatory
effect of an a. subunit. The same may be true for phospho-
lipase C, but experiments to study this possibility have not
been carried out.
The synergy on Ins(1,4,5)P3 formation had functional

consequences on the mobilization of intracellular free cal-
cium. The characteristics of the bradykinin- and CPA-
induced calcium increase with an initial peak and a sustained
plateau phase are in agreement with an Ins(1,4,5)P3-mediated
initial peak and a plateau phase caused by influx of calcium.
This is further supported by the finding that the peak in
intracellular calcium coincides with the peak in Ins(1,4,5)P3
formation and that the plateau phase is eliminated if extra-
cellular calcium is removed by the addition of the calcium
chelator EGTA. Concentrations of bradykinin and CPA that
were unable to raise intracellular calcium per se were able to
cause a small increase when combined. The combination of
half-maximal doses had additive effects when combined, and
a typical initial peak could be observed, something that was
not seen when they were added separately. Even at maximal
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concentrations of each agonist, an additive effect was seen.
It is difficult to know if the present findings have a direct
physiological significance. However, it has been shown that
adenosine is able to increase the contractile responses to
a1-adrenergic agonists in rodent vas deferens preparations
(37, 38) and increase the Ins(1,4,5)P3 response in intact vas
deferens (7). In summary, the present study shows that two
receptors that activate phospholipase C, one via pertussis
toxin-sensitive the other via pertussis toxin-insensitive G
protein(s), act synergistically on the formation ofIns(1,4,5)P3
and mobilization of intracellular free calcium. This type of
interaction may provide another mechanism for the physio-
logically important synergistic interactions between hor-
mones, neurotransmitters, and local modulators.
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