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Synergy between the inositol phosphate responses to transfected
human adenosine A1-receptors and constitutive P2-purinoceptors
in CHO-K1 cells
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1 The effect of adenosine Al-receptor and P2-purinoceptor agonists on [3H]-inositol phosphate
accumulation has been investigated in CHO-Ki cells transfected with the human adenosine Al-receptor.
2 Adenosine receptor agonists stimulated [3H]-inositol phosphate accumulation in CHO-Ki cells with a

rank potency order of N6-cyclopentyladenosine (CPA)> 5'-N-ethylcarboxamidoadenosine (NECA) >2-
chloroadenosine > N6-2-(4-aminophenyl) ethyladenosine (APNEA). The responses to both CPA and
APNEA were antagonized by the Al selective antagonist, 1,3-dipropylcyclopentylxanthine (DPCPX)
yielding KD values of 1.2 nM and 4.3 nM respectively.
3 ATP, UTP and ATPyS were also able to stimulate [3H]-inositol phosphate accumulation in these cells
with EC50 values of 1.9 gM, 1.3 gM and 5.0 gM respectively. 2-Methyl-thio-ATP was a weak agonist of
this response (EC50> 100 giM).
4 The [3H]-inositol phosphate response to CPA was completely attenuated by pertussis toxin treatment
(24 h; 100 ng ml-'). In contrast, the responses to ATP, UTP and ATP'yS were only reduced by circa 30%
in pertussis toxin-treated cells.
5 The simultaneous addition of CPA and either ATP, UTP or ATP'yS produced a large augmentation
of [3H]-inositol phospholipid hydrolysis. This was due to an increase in the maximal response and was

significantly greater than the predicted additive response for activation of these two receptor systems.
The synergy was not observed in pertussis toxin-treated cells.
6 No synergy was observed between the [3H]-inositol phosphate responses to histamine and ATP in
CHO-Kl cells transfected with the bovine histamine HI-receptor. In these cells the response to histamine
was completely resistant to inhibition by pertussis toxin treatment.
7 This study provides a clear demonstration of a synergy between pertussis toxin-sensitive and
insensitive receptor systems in a model cell system which is an ideal host for transfected cDNA
sequences. This model system should provide a unique opportunity to unravel the mechanisms
underlying this example of receptor cross-talk involving phospholipase C.
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Introduction

In a number of cell lines (e.g. the DDTMF-2 hamster vas
deferens smooth muscle cell line and airway epithelial cells
derived from cystic fibrosis patient), adenosine Al-receptor
activation has been shown to inhibit adenylyl cyclase and to
stimulate phosphoinositide hydrolysis and subsequent release
of intracellular calcium stores (Ramkumar et al., 1990; White et
al., 1992; Gerwins & Fredholm, 1992a,b; Dickenson & Hill,
1993a; Rugolo et al., 1993). These responses to adenosine A,-
receptor activation are all sensitive to inhibition by pertussis
toxin treatment (Ramkumar et al., 1990; Gerwins & Fredholm,
1992a,b; Dickenson & Hill, 1993b; White et al., 1993; Rugolo et
al., 1993). Recent studies have shown that a number of phos-
pholipase C j-isoforms can be activated by G-protein Py-sub-
units (Camps et al., 1992; Clapham & Neer, 1993; Wu et al.,
1993; Boyer et al., 1994), including the enzyme present in
DDTIMF-2 smooth muscle cells (Dickenson et al., 1995).
Furthermore, expression of the carboxyl Py-binding domain of
0-adrenoceptor kinase (P-ARK) in Cos-7 cells has been shown
to attenuate the activation ofphospholipase C by Gi-linked M2-
muscarinic receptors and a2-adrenoceptors, without affecting
the inhibition of adenylyl cyclase which is mediated via Gi,-
subunits (Koch et al., 1994). These data suggest that Gi-coupled
receptors, such as the adenosine Al-receptor, mediate inhibi-
tion of adenylyl cyclase activity via Gi,-subunits and stimulate
phosphoinositide hydrolysis via the action of Gip-subunits.

'Author for correspondence.

Activation of adenylyl cyclase II can also be achieved via a
Gip-dependent mechanism (Federman et al., 1992; Koch et al.,
1994). However, in this case the activation of adenylyl cyclase
by Py-subunits requires conditional activation of adenylyl cy-
clase II by Gt, (Federman et al., 1992; Clapham & Neer, 1993).
We, and others have recently shown that adenosine Al-re-
ceptor-stimulation can augment the calcium responses elicited
by histamine, bradykinin and ATP in DDTIMF-2 cells (Ger-
wins & Fredholm, 1992a,b; Dickenson & Hill, 1993b). It is
possible, therefore, that Gf-subunits derived from activated
G1-proteins may augment the activation of phospholipase by
receptors which act through Gq.

The molecular sequence for the human adenosine A,-re-
ceptor has now been established by molecular cloning techni-
ques (Townsend-Nicholson, 1992; Libert et al., 1992).
Coupling of the adenosine Al-receptor to inhibition of ade-
nylyl cyclase (Townsend-Nicholson, 1992; Libert et al., 1992)
and mobilisation of intracellular calcium (Iredale et al., 1994)
has been observed in CHO-Ki cells stably transfected with the
human Al-receptor cDNA. These cells also contain an en-
dogenous nucleotide receptor (P2u-purinoceptor) which ap-
pears to be coupled to phospholipase C (Iredale & Hill, 1993).
Interestingly, the calcium response to adenosine Al-receptor
agonists, but not that to nucleotide-receptor stimulation is
sensitive to inhibition by pertussis toxin (Iredale et al., 1994).
In the present study, we have characterized the inositol phos-
phate responses to these two receptor systems and investigated
the potential for synergistic interactions between them.
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Methods

Cell culture

CHO-Al cells (CHO-Ki cells transfected with the human
brain adenosine Al receptor sequence, Townsend-Nicholson &

Shine, 1992) or CHO-HI cells (CHO-KI cells transfected with
the bovine histamine HI receptor sequence, Iredale et al., 1993)
were grown at 37°C in a humidified air/CO2 atmosphere
(90: 10) in 75 cm2 flasks (Costar). The cells were grown in
Dulbecco's Modified Eagles Medium/Nutrient Mix F12 (1:1)
supplemented with 2 mM L-glutamine and 10% foetal calf
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Figure 1 Effect of N6-cyclopentyladenosine (CPA) and N6-2-(4-aminophenyl)ethyladenosine (APNEA) on [3H]-inositol phosphate
accumulation in CHO-Ki cells (CHO-Al) transfected with the human adenosine Al-receptor. Panels (a) and (c) show the
concentration-response curves to CPA (a) and APNEA (c) in CHO-Al cells. Panels (b) and (d) show the concentration-dependent
effect of 1,3-dipropylcyclopentylxanthine (DPCPX) on the response to (b) 1 M CPA or (d) 10 lM APNEA. Values represent
mean+ s.e.mean of triplicate determinations in a single experiment. Similar data were obtained in 18 (a), 5 (b), 10 (c) and 2 (d) other
experiments.
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serum. The cells for assaying (either inositol phospholipid
hydrolysis or [3H]-cyclic AMP accumulation) were grown in 24
well cluster dishes (Costar) and all experiments were performed
on confluent monolayers.

Inositol phospholipid hydrolysis

Confluent monolayer cultures were loaded for 24 h with [3H]-
myo-inositol (37 kBq/well) in 24 well cluster dishes in inositol-
free DMEM containing 2 mM glutamine and 0.5% foetal calf
serum. Ifrequired, pertussis toxin (PTX; 100 ng ml-') was added
at this point. After being washed twice with 1 ml/well Hanks/
HEPES buffer (pH 7.4) the cells were incubated for 30 min at
370C in 290 pl/well Hanks/HEPES buffer containing 20 mM
LiCl and, if required, antagonist drugs. Agonists were added in
10 pd medium and the incubation continued for 40 min (unless
otherwise stated). Incubations were terminated by aspiration of
the incubation medium and addition of 800 jil cold (-20'C)
methanol/0. 12 M HCO (1:1 ,v/v). The cells were left at -20'C for
at least 2 h before isolating total [3H]-inositol phosphates as
described previously (White et al., 1993). [3H]-inositol phos-
phate levels were determined by liquid-scintillation counting.

Accumulation of [31H]-cyclic AMP

Confluent cell monolayers were incubated for 2 h at 370C with
1 ml of Hanks/HEPES buffer (pH 7.4) containing [3H]-ade-
nine (37 kBq/well). If required pertussis toxin (200 ng ml-')
was added 4 h prior to loading. The cells were washed twice
and then incubated in 1 ml Hanks/HEPES buffer containing
the cyclic AMP phosphodiesterase inhibitor rolipram (100 gM)
for 15 min at 370C. Agonists were added in 10 pil medium and
the incubation continued for 10 min. Incubations were termi-
nated by the addition of 50 pil conc. HCL. [3H]-cyclic AMP was
then isolated by sequential Dowex-alumina chromatography
as previously described (Donaldson et al., 1988). To allow for
percentage recovery correction the samples were spiked with
['4C]-cyclic AMP before being applied to the columns. After
elution, the levels of [3H]-cyclic AMP and ['4C]-cyclic AMP
were determined by liquid-scintillation counting.

Data analysis

Agonist concentration-response curves were fitted to a logistic
equation by the non-linear regression programme Inplot4
(GraphPad Software, San Diego) as described previously
(Ruck et al., 1990). The equation fitted was:

EMAX X AnResponse = (C0~+A (1)

where Emau is the maximal agonist response, A is the agonist
concentration and n is the Hill coefficient. Antagonist dis-
sociation constants (KD) were estimated by a modification of
the method of Lazareno & Roberts (1987). Briefly, a con-
centration-response curve to an agonist was generated and a
concentration (C) of the agonist under study chosen which
gave a response greater than 50% of the maximal response.
The concentration of antagonist (IC50) required to reduce the
response of this concentration (C) of agonist by 50% was then
determined. The agonist concentration-response curve was
fitted to a logistic equation as described above and a con-
centration of the agonist identified (C') which yielded a re-
sponse equivalent to 50% of that produced by concentration C
(in the absence of antagonist). The apparent KD was then de-
termined from the following relationship:

C/C' = ICso/KD +1 (2)
Statistical analysis of agonist concentration-response curves
obtained in the presence and absence of a fixed concentration
of a second agonist (for another receptor; see Table 3 below)
were analyzed by the programme, Allfit (NIH; DeLean et al.,
1978). Briefly, the two concentration-response curves were
fitted simultaneously to the logistic equation (equation 1,
above) using Allfit. Allfit was then used to test for differences
in the concentration-response parameters (EC50, Emax and n),
obtained in the presence and absence of the second agonist, by
investigation of the effect on the residual sums of squares of
forcing them to be equal (DeLean et al., 1978). In order to test
for synergy, the analysis was repeated with the curve generated
for the predicted additive response (obtained by adding the
response to the fixed concentration of the second agonist to

Table 1 Concentration-response parameters for adenosine Al-agonist stimulation of [3H]-inositol phosphate accumulation in CHO-Ki
cells transfected with the human adenosine Al-receptor

-log EC50 (M)

8.13±0.12
7.04±0.22
6.23 ± 0.05
5.53 ±0.18
5.46±0.17

n

(14)
(6)
(6)
(1 1)
(6)

% maximal response*

105.1 ±2.6
126.3 ± 9.6
137.2 ± 8.8
128.1± 16.6
50.5 ± 3.2

n

(14)
(3)
(3)
(5)
(3)

Concentration-response parameters were obtained from fitting each curve to the logistic equation as described under Methods. *The
maximal responses are expressed as a percentage of the response to 1 gM CPA which was measured in the same experiment. Values
represent mean ± s.e.mean in n separate experiments. CPA (N6-cyclopentyladenosine); 2-CA (2-chloroadenosine); NECA (N-
ethylcarboxamidoadenosine); APNEA (N6-2-(4-amino-phenyl)ethyladenosine).

Table 2 Concentration-response parameters for P2-purinoceptor agonist stimulation of [3H]-inositol phosphate accumulation in CHO-
Kl cells transfected with the human adenosine Al-receptor

-log EC50 (M)

5.87 ± 0.07
5.72±0.03
5.31 ±0.03

<4.00

n

(12)
(6)
(6)
(3)

% maximal response*

117.1±1.4
141.3 ±4.4
166.0±1.8
44.3 ± 1.5#

n

(12)
(3)
(3)
(3)

Concentration-response parameters were obtained from fitting each curve to the logistic equation as described under Methods. * The
maximal responses are expressed as a percentage of the response to 100 gM UTP which was measured in the same experiment. Values
represent mean ± s.e.mean in n separate experiments. #Response to 100 gM 2-methylthio-ATP (2-MeSATP).

Agonist

CPA
NECA
2-CA
APNEA
Adenosine

Agonist

UTP
ATP
ATPyS
2-MeSATP
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that obtained with each concentration of the first agonist
alone; see for example Figure 3).

The constraint imposed by parameter sharing between
curves normally increased the residual variance in addition to
the number of degrees of freedom (number of data points
minus the number of estimated parameters). The appro-

priateness of a particular constraint was then evaluated by
analysis of residual variances using the following statistical test
(Munson & Rodbard, 1980):

F (R1 - R2)/(df1 -df2)
R2/df2

where R2 and R1 are the residual sums of squares and df2 and
df1 are the degrees of freedom associated with the original fit
and the analysis with shared parameters respectively. F re-

presents the variance ratio with (df1 - df2) and df2 degrees of
freedom.
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presence of 20mM LiCl. Also shown are the basal and adenosine 5'-
(3-thio)triphosphate (AT'yS, 1001M) stimulated accumulations in the
pertussis-toxin-treated cells ( + PTX; open columns) or control cells (-
PTX; hatched columns). Values represent mean+ s.e.mean of
triplicate determinations in a single experiment. Similar data were
obtained in two other experiments. (b) Control cells (0) and cells
treated with pertussis toxin (200ngml-'; 4h; 0) were incubated for
10min with 10gM forskolin in the presence of different concentra-
tions of CPA. The histograms show the basal and 10 gM forskolin-
stimulated accumulation in control cells (-PTX; hatched columns)
and cells treated with pertussis toxin (+ PTX; open columns). Values
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Figure 3 Synergy between N6-cyclopentyladenosine (CPA) and
adenosine 5'-triphosphate (ATP) in CHO-Al cells. Panel (a) shows
the concentration-response curve to ATP in the presence (-) or
absence (0) of CPA (I100 nm). To normalize responses from different
experiments, data are expressed as a percentage of the response to
I00nm CPA alone (after subtraction of basal values). Panel (b) shows
the concentration-response curve to CPA in the presence (-) or
absence (0) of ATP (100 gM). Data are expressed as a percentage of
the response to 1001M AT? alone (after subtraction of basal values).
Values represent mean+ s.e.mean from three separate experiments.
The dashed lines indicate the predicted additive responses to both
agonists calculated as described under Methods.
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Statistical analysis of differences between other mean data
was performed by use of Student's unpaired t test. Unless
otherwise stated, each value given in the text represents
mean+ s.e.mean of n separate experiments.

Materials

Cell culture flasks and 24 well cluster dishes were from Costar.
Dulbecco's Modified Eagles Medium/Nutrient Mix F12, L-
glutamine, N6-cyclopentyladenosine (CPA), 5'-N-ethylcarbox-
amidoadenosine (NECA), 2-chloroadenosine, adenosine,
ATP, histamine, mepyramine and forskolin were obtained
from Sigma (Poole, Dorset). Foetal calf serum was from Bio-
logical Industries (Glasgow, U.K.). [2-3H]-myo-inositol
(758.5 GBq mmol-') was supplied by New England Nuclear
(Stevenage, Herts) and [2,8-3H]-adenine (888 Gbq mmol-')
and cyclic [8-14C]-AMP (11.43 GBq mmol') were from
Amersham International (Aylesbury, Bucks). Inositol-free
DMEM was obtained from Flow Laboratories (Irvine, U.K.),
pertussis toxin from Porton Products Ltd (Maidenhead,
Berks), rolipram from Schering A.G. (Berlin, Germany), UTP
and adenosine 5'-(3-thio) triphosphate (ATPyS) from Boeh-
ringer Mannheim (Lewes, Sussex) and 2-methylthio ATP (2-
MeSATP) and 1 ,3-dipropyl-cyclopentylxanthine (DPCPX)
from RBI/Seamat (Herts). N6-2-(4-aminophenyl)ethyladeno-
sine (APNEA) was synthesized by Dr Andrew Boyd (Dept. of
Pharmaceutical Sciences, University of Nottingham). All other
chemicals were of analytical grade.

Results

[3H]-inositol phosphate response to adenosine
A,-receptor stimulation

The Al-receptor selective agonist N6-cyclopentyladenosine
(CPA), produced a 2.5 + 0.1 fold (n = 19) increase in total [3H]-
inositol phosphate accumulation in CHO-Ki cells stably
transfected with the human A,-adenosine receptor (CHO-Al;

Table 3 Concentration-response parameters for synergy between
phosphate accumulation in transfected CHO-KI cells

Figure la). Similar or slightly larger maximal increases in [3H]-
inositol phosphate accumulation were also observed with N-
ethylcarboxamidoadenosine (NECA), 2-chloroadenosine and
N6-2-(4-aminophenyl)ethyladenosine (APNEA; Figure ic)
(Table 1). In contrast, adenosine itself produced a maximal
response substantially lower than that of CPA (Table 1). The
rank order of potencies of these agonists for the human Al-
receptor-mediated stimulation of inositol phospholipid hy-
drolysis was CPA> NECA > 2-chloroadenosine >APNEA
(Table 1), which is consistent with that reported for the Al-
receptor-mediated response in the hamster vas deferens
smooth muscle line DDTIMF-2 (White et al., 1992). The re-
sponses to CPA (1 gM; Figure Ib) and APNEA (10 gm; Figure
Id) were both antagonized by the selective adenosine Al-re-
ceptor antagonist, 1,3-dipropylcyclopentylxanthine (DPCPX)
yielding apparent KD values of 1.2+0.3 nM (n=6) and
4.3 + 1.9 nM (n= 3) respectively.

[3H]-inositol phosphate response to P2-purinoceptor
agonists

Consistent with our previous report of an endogenous P2,-
purinoceptor (or 'nucleotide receptor') coupled to mobilisation
of intracellular free calcium in CHO-K1 cells (Iredale & Hill,
1993), ATP, ATPyS and UTP were able to stimulate [3H]-
inositol phosphate accumulation in CHO-Al cells (Table 2).
The EC50 values obtained for UTP (1.3 gM), ATP (1.9 gM) and
ATP'yS (5.0 gM) (Table 2) were similar to the values of 2.8 gM,
2.3 JM and 12 AM respectively, deduced from measurement of
intracellular calcium levels (Iredale & Hill, 1993). 2-Methyl-S-
ATP (0.1 mM) was a weak agonist of this response
(EC50 > 100 gM) and produced a response of only 44.3 ± 1.5%
(n= 3) of that produced by 0.1 mM UTP.

Pertussis toxin sensitivity

The [3H]-inositol phosphate response to CPA was completely
attenuated by prior treatment of CHO-Al cells with pertussis
toxin (100 ng ml-'; 24 h) (Figure 2a). In marked contrast, the

Al- and nucleotide-receptor agonists mediating [3H]-inositol

Sir

Agonist 2 (Conc.)

CPA (0.1 FM)
CPA (0.1 gM)
CPA (0.1 AM)
CPA (0.1 AM)
CPA (0.1 jM)
CPA (0.1 AM)
CPA (0.1 AM)
CPA (0.1 AM)
ATP (0.1 mM)
ATP (0.1 mM)
UTP (0.1 mM)
UTP (0.1 mM)
UTP (0.1 mM)
UTP (0.1 mM)

multaneous
addition
(+ -)

Concentration-response parameters for Agonist I
Incubation En=
time (Min) (% of response to agonist 2)# -log EC50

40 267.2+27.8 5.73 ±0.30
40 667.7+ 24.3* 6.05 ±0.08
40 168.0±32.6 5.89±0.60
40 759.8±28.4** 6.30±0.10
10 238.6+13.1 5.92±0.16
10 647.2± 11.0* 6.44±0.06
40 506.8±37.7 5.31 ±0.17
40 1548.2 ± 36.2* 5.80±0.06
40 95.5±7.3 8.04±0.15
40 457.6 ± 7.6* 8.22±0.05
40 109.0±5.4 8.10±0.12
40 453.0± 4.7* 8.27 ±0.03
10 63.9±3.6 8.14±0.14
10 248.5 ± 3.1* 8.39 ±0.04

Concentration-response parameters were obtained from simultaneous fitting of each pair of curves to a logistic equation using the non-
iterative procedure Allfit as described under Methods. Concentration-response curves to Agonist 1 were obtained in the presence or
absence of a fixed concentration of Agonist 2 (added simultaneously where indicated). #Maximal responses (En,,) are expressed as a

percentage of the response to Agonist 2 (alone) which was measured in the same experiment. Statistical analysis of the fitted parameters
was performed by analysis of variance of the increase in the residual sums of squares obtained from simultaneous curve fitting of the
two curves when the parameter under test was constrained to be the same for each curve (see Methods for further details). In the case
of the maximal responses (E,), the test was performed by comparing the E.,m, obtained from the simultaneous addition of agonist 1

and agonist 2 with the Em, predicted for simple additivity (i.e. En,. for agonist 1 alone plus 100%). (*)P<0.001 and (**) P<0.01
compared to simple additivity (ANOVAR of residual sums of squares; Allfit). There were no significant differences between Hill slopes
and EC50 values for any of the pairs of curves analyzed. Values in the Table for Emu and -log EC50 represent mean and approximate
s.e.mean derived from AlIfit. Data used in the fitting procedure were the mean values obtained in three separate experiments, where
each data point was obtained from triplicate determinations.

Agonist I

ATP
ATP
UTP
UTP
UTP
UTP
ATPtyS
ATP~yS
CPA
CPA
CPA
CPA
CPA
CPA
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a

i I

[3H]-inositol phosphate responses to ATP (0.1 mM;
34.5 + 2.1% inhibition; n = 3), ATP'yS (0.1 mM; 28.6 + 4.0%
inhibition, n = 5; Figures 2a and 5) and UTP (1 mM;
34.0+ 3.9% inhibition; n = 3) were only partially inhibited by
this toxin. As expected, the ability of CPA to inhibit forskolin-
stimulated [3H]-cyclic AMP accumulation was completely
prevented by pertussis toxin treatment (200 ng ml-'; 4 h; Fig-
ure 2b). In the absence of pertussis toxin, CPA was able to
produce a maximal inhibition of forskolin-stimulated [3H]-
cyclic AMP accumulation of 74.4+4.7% (EC50 3.1 + 1.2 nM;
n = 6; Figure 2b).

Synergy between A,-adenosine receptors and P7.
purinoceptors

The simultaneous addition of CPA and ATP produced a
greater than additive accumulation of total [3H]-inositol
phosphates in CHO-Al cells (Figure 3; Table 3). For example,
the maximal [3H]-inositol phosphate response to ATP obtained
in the presence of 0.1 JIM CPA was 667.7 + 24.3% (expressed
as a percentage of the response to 0.1 JIM CPA on its own).
This was significantly greater (P< 0.001; analysis for variance
of residual sums of squares; Allfit, see Methods) than the
predicted additive response of 367.2±27.8% (i.e. the E..
obtained in the absence of 0.1 JIM CPA plus 100%; Table 3). A
similar synergy was observed between CPA and UTP and CPA
and ATPyS (Table 3; Figures 4 and 5).

The synergy between UTP and CPA was still evident when
the agonist incubation time was reduced from 40 min to
10 min (Figure 4; Table 3). Figure 5 shows data which confirm
that both the direct effect of CPA on [3H]-inositol phosphate
accumulation and the augmentation of P2.-purinoceptor-
mediated inositol phospholipid hydrolysis by the adenosine
Al-receptor agonist were sensitive to inhibition by pertussis
toxin. It is clear that in pertussis toxin-treated cells, CPA is not
able to elicit a direct [3H]-inositol phosphate response or to
augment the residual response to ATP'yS (Figure 5).

Lack of an interaction between transfected histamine Hr-
receptors and P2-purinoceptors in CHO-KJ cells

To investigate whether the synergy observed between CPA and
P2u-purinoceptor agonists could be demonstrated in cells
transfected with a receptor which does not couple to a pertussis
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Figure 4 Synergy between N6-cyclopentyladenosine (CPA) and UTP
in CHO-Al cells. Panel (a) shows the concentration-response curve to
UTP in the presence (0) or absence (0) of CPA, (100nM), with
10min agonist stimulation. To normalize responses from different
experiments, data are expressed as a percentage of the response to
100 nM CPA alone (after subtraction of basal values). Panel (b) shows
the concentration-response curve to CPA in the presence (0) or

absence (0) of UTP (100 gM), with 1Omin agonist stimulation. Data
are expressed as a percentage of the response to 100 gM UTP alone
(after subtraction of basal values). Values represent mean+ s.e.mean

from three separate experiments. The dashed lines indicate the
predicted additive responses to both agonists calculated as described
under Methods.

Figure 5 Effect of N6-cyclopentyladenosine (CPA) and pertussis
toxin (PTX) on adenosine 5'-(3-thio)triphosphate (ATP-yS) stimulated
accumulation of total [3H]-inositol phosphates in CHO-Al cells.
Curves represent concentration-response curves to ATPyS alone (0);
(0) ATPyS in the presence of CPA (100 nM); (A) ATPyS in pertussis
toxin-treated cells (24h; 100ngmr'); (A) ATPyS and CPA (100nM)
in pertussis toxin-treated cells. Also shown are the basal and CPA
(100nM) alone accumulations in the presence (open columns) or

absence (hatched columns) of pertussis toxin. Values represent
mean+ s.e.mean from three separate experiments. Dashed line
represents the predicted additive response to CPA and ATPyS in
control cells (i.e. not treated with pertussis toxin).
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toxin-sensitive G-protein, a similar study of receptor interac-
tions was performed in CHO-KI cells transfected with the
bovine histamine Hi-receptor (Iredale et al., 1994). In these
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Figure 6 Effect of histamine on the accumulation of [3H]-inositol
phosphate accumulation in CHO-Ki cells transfected with the bovine
histamine HI-receptor (CHO-HI). Panel (a) shows the concentration-
response curve to histamine (Hist) in CHO-HI cells. Panel (b) shows
the effect of increasing concentrations of mepyramine on the [3H]-
inositol phosphate response to 1 gAM histamine. Values represent
mean+s.e.mean of triplicate determinations in a single experiment.
Similar data were observed in sixteen (a) and two (b) other
experiments.

cells, histamine produced a large stimulation of [3H]-inositol
phosphate accumulation (17.7+1.2 fold over basal values;
n = 16; Figure 6a). The EC50 value obtained (250 +40 nM;
n= 16; Figure 6) was similar to the value of 87 nM determined
from studies of H1-receptor-mediated increases in intracellular
calcium in these cells (Iredale et al., 1994). The inositol phos-
phate response to 1 gM histamine was antagonized by the se-
lective HI-receptor antagonist, mepyramine (Figure 6b)
yielding an apparent KD of 3.7 + 0.9 nM (n = 3). This is similar
to the values of 2.9 nM and 1.3 nm deduced previously in this
cell line for mepyramine from inhibition of histamine-mediated
calcium responses and [3H]-mepyramine binding (Iredale et al.,
1993). The inositol phosphate response to histamine was lar-
gely insensitive to inhibition by pertussis toxin treatment
(Figure 7). In these cells (CHO-HI), pertussis toxin treatment
reduced the inositol phosphate response to 0.1 mm histamine
by 9.2+4.4% (n=4) and that to 0.1 mM ATP by 21.5+6.4%
(n=3).

The simultaneous addition of histamine and ATP, however,
produced an accumulation of [3HJ-inositol phosphates which
could be readily accounted for by simple additivity (Figure 8).

Discussion

We have previously demonstrated the coupling of the human
adenosine Al-receptor to mobilisation of intracellular calcium
in CHO-Kl cells transfected with the human A1-adenosine
receptor cDNA (Iredale et al., 1994). The present study con-
firms that adenosine Al-receptor activation in these cells is also
associated with a stimulation of inositol phospholipid hydro-
lysis. Thus, [3H]-inositol phosphate accumulation can be po-
tently stimulated by the Al-selective agonist, CPA and a range
of adenosine analogues. The rank order of potencies of these
agonists for the human A,-receptor-mediated stimulation of
inositol phospholipid hydrolysis (CPA>NECA > 2-chlor-
oadenosine>APNEA; Table 1) is consistent with that re-
ported for the other Al-receptor-mediated responses (White et
al., 1992; Collis & Hourani, 1993). Furthermore, the dis-
sociation constants obtained for DPCPX from antagonism of
the responses to either CPA (1.2+0.3 nM) or APNEA
(4.3 + 1.9 nM) were similar to the value of 1 nM obtained from
studies of [3H]-DPCPX binding to cell membranes derived
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Figure 7 Effect of pertussis toxin on histamine-stimulated [3H]-
inositol phosphate accumulation in CHO-KI cells transfected with
the bovine histamine HI-receptor (CHO-HI). Control cells (0) and
cells treated with pertussis toxin (PTX; 100 ngmr' ; 24 h; 0) were
incubated for 40 mmn in increasing concentrations of histamine in the
presence of 20mM LiCl. Also shown are the basal and ATP (100 gM)
stimulated accumulations in control cells (-PTX; hatched columns)
or cells treated with pertussis toxin (+PTX; open columns). Values
represent mean+s.e.mean from three separate experiments. Data are
expressed as a percentage of the response to 0.1 mm histamine (in
control cells) measured in each individual experiment.
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Figure 8 The effect on [31H]-inositol phosphate accumulation of
simultaneous application of histamine and ATP in CHO-HI cells.
Panel (a) shows the concentration-response curve to ATP in the
presence (@) or absence (0) of histamine (Hist, 100 nM). To
normalize responses from different experiments, data are expressed
as a percentage of the response to 100nm histamine alone (after
subtraction of basal values). Panel (b) shows the concentration-
response curve to histamine in the presence (0) or absence (0) of
ATP (100 gM). Data are expressed as a percentage of the response to

100gJM ATP alone (after subtraction of basal values). Values
represent mean+ s.e.mean from three separate experiments. The
dashed lines indicate the predicted additive responses to both
agonists.

from CHO-Ki cells transfected with the human adenosine Al-
receptor (Townsend-Nicholson & Shine, 1992; Iredale et al.,
1994). A similar effect of adenosine Al-receptor stimulation on
both adenylyl cyclase activity and phospholipase C has been
observed recently in CHO-cells transfected with the rat Al-
receptor cDNA (Freund et al., 1994).

The adenosine Al-receptor-mediated stimulation of [3H]-
inositol phosphate accumulation in CHO-KI cells was sensi-
tive to complete inhibition by pertussis toxin treatment in-
dicating a role for Gi or Go proteins in this response. A similar
sensitivity to inhibition by pertussis toxin was also observed
for the adenosine Al-receptor-mediated stimulation of inositol
phosphate accumulation and calcium mobilisation in the
hamster vas deferens smooth muscle cell line DDT1MF-2
(Gerwins & Fredholm, 1992a,b; Dickenson & Hill, 1993b;
White et al., 1993). IfGi or G. proteins are involved in these
calcium and inositol phosphate responses to adenosine Al-re-
ceptor stimulation in these cell lines, then it is very likely that
the fy subunits of these proteins (rather than mi or a.) mediate
the activation of phospholipase C, since recent studies have
shown that a number of phospholipase C 0-isoforms can be
activated by G-protein fy-subunits (Camps et al., 1992;
Clapham & Neer, 1993; Wu et al., 1993; Boyer et al., 1994),
including the enzyme present in DDTIMF-2 smooth muscle
cells (Dickenson et al., 1995). Consistent with a role for Gp',
subunits in the activation of phospholipase C by Gi or G.-
coupled receptors, it has been demonstrated that expression of
the carboxyl Pfy-binding domain of 0-adrenoceptor kinase (P-
ARK) in Cos-7 cells can attenuate the activation of phos-
pholipase C by Gi-linked M2-muscarinic receptors and aC2-
adrenoceptors, without affecting the inhibition of adenylyl
cyclase which appears to be mediated via G<,,-subunits (Koch
et al., 1994). These data suggest that Gi-coupled receptors,
such as the adenosine Al-receptor, mediate inhibition of ade-
nylyl cyclase activity via Gi,-subunits and stimulate phos-
phoinositide hydrolysis via the action of Gip-subunits. An
alternative possibility is that the inhibition of adenylyl cyclase
is also mediated via G. derived fy subunits acting on adenylyl
cyclase I (Tang & Gilman, 1992). Whatever the exact me-
chanism, it is notable that the EC50 for CPA-mediated in-
hibition of cyclic AMP accumulation (3 nM; Figure 2b) is
lower than that obtained for stimulation of [3H]-inositol
phosphate accumulation (7.4 nM; Table 1) and calcium mo-
bilisation (15 nM; Iredale et al., 1994).

In addition to an apparently direct effect of adenosine
Al-receptors on inositol phosphate accumulation and cal-
cium mobilisation in DDT1MF-2 cells (Dickenson & Hill,
1993b; White et al., 1993), we and others have recently
shown that adenosine Al-receptor-stimulation can augment
the calcium responses elicited by histamine, bradykinin and
ATP in this cell line (Gerwins & Fredholm, 1992a,b;
Dickenson & Hill, 1993b). It is interesting, therefore, that
activation of the transfected human adenosine Al-receptor
in CHO-Ki cells is able to interact synergistically with
purine nucleotides in activating the accumulation of [3H]-
inositol phosphates.
We have previously shown that CHO-KI cells possess a

nucleotide receptor (P2U-purinoceptor) which can mediate re-
lease of calcium from intracellular stores (Iredale & Hill, 1993).
This nucleotide receptor has been reported to be linked to both
phospholipase C activation and calcium mobilisation in a
number of cell lines (Fine et al., 1989; Brown et al., 1991;
Murrin & Boarder, 1992; Iredale et al., 1992; Pavenstadt et al.,
1992). In the present study we have shown that ATP and UTP
both stimulate [3H]-inositol phosphate accumulation in CHO-
KI cells which have been prelabelled with [3H]-myo-inositol.
The pharmacological characteristics of this response were very
similar to those that we have previously reported for the mo-
bilisation of intracellular calcium by these agents (Iredale &
Hill, 1993). The inositol phosphate responses to these purine
and pyrimidine nucleotides are much less sensitive to inhibition
by pertussis toxin treatment than those produced by adeno-
sine-Al-receptor agonists. Thus, the responses to ATP, UTP
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and ATPyS were only reduced by circa 30% by 24 h treatment
with 100 ng ml-' pertussis toxin (conditions which completely
attenuate the equivalent response to CPA).

The simultaneous addition of CPA and P2U-purinoceptor
agonists produced a much greater than additive accumulation
of total [3H]-inositol phosphates. This synergy was as a con-
sequence of a change in the maximal responses to CPA and
ATP, UTP or ATP'yS (Table 3) and it was notable that there
were no significant changes in the EC50 values for any of the
agonists involved in the synergistic response (Table 3). The
synergy was also clearly evident at short (10 min) incubation
periods. However, in cells which had been pretreated with
pertussis toxin, the synergy between CPA and purine nucleo-
tides was lost. This is consistent with the synergy occurring
between receptors coupled to pertussis-toxin-sensitive and in-
sensitive G-proteins as has been observed in DDTIMF-2 cells
(Gerwins & Fredholm 1992a,b; Dickenson & Hill, 1993). In
order to determine whether a similar synergy could be de-
monstrated between two receptors which couple to pertussis-
toxin insensitive G-proteins (i.e. GQ), experiments were also
conducted in CHO-Kl cells which had been transfected with
the cDNA for the bovine histamine H-receptor (Iredale et al.,
1994).

In these CHO-HI cells, histamine produced a large stimu-
lation of [3H]-inositol phosphates, with pharmacological
characteristics similar to those previously reported for H1-re-
ceptor-mediated calcium mobilisation in this cell line (Iredale
et al., 1994). The response to histamine was insensitive to in-
hibition by pertussis toxin and was not amplified by conjoint
activation of the constitutive P2-purinoceptor. Thus, just as we
have previously observed in DDT1MF-2 cells, there was no
evidence for any synergy between histamine H1 and P2-pur-
inoceptors (Dickenson & Hill, 1993b).

The greater sensitivity to pertussis toxin of the response to
ATP in CHO-Al cells (compared with that to histamine in

CHO-HI cells), raises the possibility that hydrolysis ofATP to
adenosine (and the potential for synergy between Al-adenosine
and P2u-purinoceptors) is contributing to the overall response
to ATP in CHO-Al cells. Alternatively, since the response to
UTP also had a small pertussis toxin-sensitive component, it is
possible that the subsequent stimulation of calcium mobilisa-
tion in these cells leads to a release of adenosine from the
CHO-Ki cells (which in turn amplifies the P2u-receptor-
mediated response). This would be consistent with the lack of
effect of pertussis toxin on the histamine HI-receptor-mediated
response in the CHO-HI cells which have not been transfected
with the human adenosine Al-receptor cDNA. However, the
fact that some 20% of the response to ATP in CHO-Hl cells is
also sensitive to pertussis toxin, suggests that some other me-
chanism may be operating.

In conclusion the results of the present study have shown
that the human transfected adenosine Al-receptor can stimu-
late [3H]-inositol phosphate accumulation in CHO-Ki cells via
the intermediacy of a pertussis-toxin-sensitive G-protein (i.e.
Gi or G.). In addition, the simultaneous activation of the
transfected adenosine Al-receptor and the constitutively ex-
pressed P2u-purinoceptor produced a large augmentation of
the inositol phospholipid hydrolysis. This synergy was not
observed between two GQ-coupled receptors in CHO-Ki cells
transfected with the histamine HI-receptor. The demonstration
of a synergy between pertussis toxin-sensitive and insensitive
receptors in a model cell system (such as CHO-K1), which is a
suitable host for transfected cDNA sequences, provides a un-
ique opportunity to unravel the mechanisms underlying this
important example of receptor cross-talk.

We thank the Wellcome Trust for financial support (Grant
Reference 038757/z/93/z/1.5).
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