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Characterization of ERK1/2 signalling pathways induced by
adenosine receptor subtypes in newborn rat cardiomyocytes
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1 Adenosine A}, Aja, and Aj receptors (ARs) and extracellular signal-regulated kinase 1/2 (ERK1/2)
play a major role in myocardium protection from ischaemic injury. In this study, we have
characterized the adenosine receptor subtypes involved in ERK1/2 activation in newborn rat
cardiomyocytes.

2 Adenosine (nonselective agonist), CPA (A,), CGS 21680 (A,4) or CI-IB-MECA (A5;), all increased
ERK1/2 phosphorylation in a time- and dose-dependent manner. The combined maximal response of
the selective agonists was similar to adenosine alone. Theophylline (nonselective antagonist) inhibited
completely adenosine-mediated ERK1/2 activation, whereas a partial inhibition was obtained with
DPCPX (A,), ZM 241385 (A,4), and MRS 1220 (Aj;).

3 PD 98059 (MEK1; ERK kinase inhibitor) abolished all agonist-mediated ERK1/2 phosphoryla-
tion. Pertussis toxin (PTX, G;,, blocker) inhibited completely CPA- and partially adenosine- and Cl-
IB-MECA-induced ERK1/2 activation. Genistein (tyrosine kinase inhibitor) and Ro 318220 (protein
kinase C, PKC inhibitor) partially reduced adenosine, CPA and CI-IB-MECA responses, without any
effect on CGS 21680-induced ERK1/2 phosphorylation. H89 (protein kinase A, PKA inhibitor)
abolished completely CGS 21680 and partially adenosine and CI-IB-MECA responses, without any
effect on CPA response.

4 CI-IB-MECA-mediated increases in cAMP accumulation suggest that A;AR-induced ERK1/2
phosphorylation involves adenylyl cyclase activation via phospholipase C (PLC) and PKC
stimulation.

5 In summary, we have shown that ERK1/2 activation by adenosine in cardiomyocytes results from
an additive stimulation of A;, A,s, and A3ARs, which involves G;, proteins, PKC, and tyrosine
kinase for A, and A;ARs, and Gs and PKA for A,oARs. Moreover, the A;AR response also involves
a cAMP/PKA pathway via PKC activation.

British Journal of Pharmacology (2004) 141, 329-339. doi:10.1038/sj.bjp.0705614
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AR, adenosine receptor; CGS 21680, (4-[2-[[-6-amino-9-(N-ethyl-S-D-ribofuranuronamidosyl)-9H-purin-2-yl]
amino]ethyl]benzenepropanoic acid); 2-CI-IB-MECA, (1-[2-chloro-6[[(3-iodophenyl)methyllamino]-9 H-purin-9-
yl]-1-deoxy-N-methyl-B-D-ribofuranuronamide); CPA, NS-cyclopentyladenosine; DMEM, Dulbecco’s modified
Eagle’s medium; DPCPX, 1,3-dipropylcyclopentylxanthine; EGF, epidermal growth factor; ERK1/2, extra-
cellular signal-regulated kinases; GPCR, G-protein-coupled receptor; H-89, N-[2-(p-bromocinamylamine)ethyl]-5-
isoquinolisesulphonamide; MRS 1220, (N-[9-chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-benzeneaceta-
mide); PD 98059, 2’-amino-3’-methoxyflavone; PKA, protein kinase A; PKC, protein kinase C; PLC,
phospholipase C; PMA, phorbol 12-myristate 13-acetate; PTX, pertussis toxin; Ro 31-8220, (3-{1-[3-(2-
isothioureido) propyl]indol-3-yl}-4-(1-methylindol-3-yl)-3-pyrrolin-2,5-dione); U-73122, ({1-[6-((174-3 methoxy-
estra-1,3,5(10)-trien-17-yl)amoni)hexyl]-1 H-pyrrole-2,5-dione}); ZM 241385, (4-(2-[7-amino-2-(2-furyl)[1,2,4]tria-
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Introduction

Four subtypes of adenosine receptors (ARs) have been
characterized and classified into A;, A,ax, Asg, and A;
(Fredholm er al., 2001). These receptors belong to the G-
protein-coupled receptor (GPCR) superfamily. A; and A;ARs
activate G;,, protein and inhibit adenylyl cyclase, whereas A,a
and A,gARs signal through G, and activate adenylyl cyclase.
Previous studies have shown that A;, A,, and A3;ARs are
expressed in rat ventricular cardiomyocytes (Martens et al.,
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1987; Linden, 1994; Dixon et al., 1996; Xu et al., 1996; Dobson
& Fenton, 1997). In the heart, A;ARs mediate an antiadre-
nergic effect as well as a protective effect from ischaemic injury
(Mubagwa & Flameng, 2001). Likewise, it has been shown that
AsARs play a cardioprotective role in rat cardiomyocytes
(Safran et al., 2001). A,oARs mediate a positive inotropic
effect (Xu et al., 1996; Dobson & Fenton, 1997) and counteract
the antiadrenergic effects of AjARs (Norton et al., 1999) in
ventricular cardiomyocytes. The role of A;,ARs in cardiopro-
tection involves an anti-inflammatory effect rather than a
direct effect on cardiomyocytes (Cargnoni et al., 1999).
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Furthermore, it has been reported that A, AR activation
increases the cell death during ischaemia in chick cardiomyo-
cytes (Strickler et al., 1996).

Extracellular signal-regulated kinases 1/2 (ERK1/2) are
isoforms of the mitogen-activated protein kinase (MAPK)
family, which can be activated by tyrosine kinase receptors and
Gijo-» Gg-, and Gs-coupled receptors via a range of different
signalling pathways (Lowes et al., 2002). ERK1/2 are involved
in cardiac hypertrophy and can play a protective role in
ischaemic myocardium (Michel ez al., 2001).

Adenosine has been found to activate ERK1/2 in perfused
rat heart (Haq et al., 1998). It is noteworthy that this
physiological agonist is released during myocardial hypoxia
and ischaemia, and possesses cardioprotective properties
(Sommerschild & Kirkeboen, 2000). Although human A,
Asa, Az, and A;ARs transfected in Chinese hamster ovary
cells activate ERK1/2 (Schulte & Fredholm, 2000), nothing is
known about the regulation of the ERK1/2 signalling pathway
by the different subtypes of ARs expressed in the heart, both of
which are involved in cardioprotection.

Thus, the aim of the present study was to characterize which
AR subtypes activate ERK1/2 and to determine the mechan-
isms implicated in the ERK1/2 signalling pathway by these
receptors in newborn rat cardiomyocytes. We present evidence
that ERK1/2 activation by adenosine in newborn rat
cardiomyocytes results from an additive stimulation of Aj,
Asa, and A;ARs. ERK1/2 phosphorylation is mainly mediated
by A, and A;ARs, and involves G;, proteins, protein kinase C
(PKC), and tyrosine kinase. In addition, the A;AR response
also involves a crosstalk between PLC/PKC and cAMP/
protein kinase A (PKA) signalling pathways. The A;,AR
activates ERK1/2 through G,/PKA pathway.

Methods
Cell culture

Neonatal ventricular myocytes were prepared from 1-4 day-
old Wistar rats using the Neonatal Cardiomyocyte Isolation
System (Worthington Biochemical Corporation, Lornes labo-
ratories, Reading, U.K.). The cells were preplated three times
for 30min in a humidified incubator (95% air/5% CO, at
37°C) in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2mM L-glutamine, 10% (vv~') foetal calf
serum, and penicillin/streptomycin (100 Uml™"), in order to
minimize fibroblast contamination. Cardiomyocyte-rich cul-
tures (>90%) were plated onto fibronectin-coated plates at a
final density of 1.25 x 10°cellscm™ in supplemented DMEM.
For ERKI1/2 phosphorylation detected by Western blot
analysis, cardiomyocytes were plated onto 12-well plates. For
cAMP accumulation assay, the cells were plated onto 24-well
plates. After 3 days, confluent and spontaneously beating cells
were serum-starved overnight before the experiments.

Western blot analysis

After serum starvation of cardiomyocytes (overnight), assays
were carried out in serum-free DMEM in a humidified
incubator (95% air/5% CO, at 37°C). Agonists, antagonists,
and/or inhibitors according to the experiments were added as
described in the figure legends. Following stimulation,

cardiomyocytes were washed with ice-cold phosphate-buffered
saline (PBS) and lysed in ice-cold lysis buffer (150 mM NaCl,
50 mM Tris—HCl, 5mM EDTA, 1% (vv~') IGEPAL CA-630,
0.5% (wv~") sodium deoxycholate, 0.1% (wv~') sodium
dodecyl sulphate (SDS), 1mM Na;VO,, ImM NaF, 1mMm
benzamidine, 0.1 mM phenylmethylsulphonylfluoride (PMSF),
10 ugml~" aprotinin, and 5ugml™' leupeptin). Cell lysates
were clarified by centrifugation (Smin; 12,000rpm) in an
Eppendorf microcentrifuge. A measure of 100 ul of the cell
lysate was removed and stored at —20°C until required.
Protein concentration was determined using Bio-Rad DC
Protein assay (Bio-Rad laboratories, Hertfordshire, U.K.)
with bovine serum albumin as the standard. Samples in lysis
buffer were heated at 95°C in SDS-polyacrylamide gel
electrophoresis (PAGE) sample buffer (vv™'). Proteins (20—
30 ug) were separated by SDS/PAGE(12% acrylamide gel)
using a Bio-Rad Mini-Protean II system (1h at 200V).
Proteins were transferred to nitrocellulose membranes using
a Bio-Rad Trans-Blot system (1h at 100V in 25mM Tris,
192mM glycine, and 20% MeOH). Following transfer, the
membranes were washed with tris-buffered saline (TBS) and
blocked for 1h at room temperature in blocking buffer (TBS,
5% (wv~") skimmed milk powder, 0.1% Tween-20). Blots
were then incubated overnight at 4°C with primary antibody
against ERK1/2 at 1:1000 dilution in blocking buffer. The
primary antibody was removed and the blot extensively
washed three times for Smin in TBS/Tween 20. Blots were
then incubated for 1 h at room temperature with the goat anti-
mouse secondary antibody coupled to horseradish peroxidase
(DAKO Ltd, Cambridge, U.K.) at 1:1000 dilution in blocking
buffer. Following removal of the secondary antibody, blots
were extensively washed as above and developed using the
Enhanced Chemiluminescence Detection System (Amersham
Pharmacia Biotech, Little Chalfont, U.K.) and quantified
using the programme QuantiScan (BioSoft, Cambridge, U.K.).
The uniform transfer of proteins to the nitrocellulose
membrane was routinely monitored by transiently staining
the membranes with Ponceau S stain (Sigma Chemical Co.)
prior to application of the primary antibody. In addition,
replicate samples from each experiment were analysed on
separate blots using an antibody (1:1000) that recognize
unphosphorylated (total) ERK1/2. In these experiments, the
uniformity of protein loading was confirmed by measuring
total ERK1/2 (data omitted from the appropriate figures for
clarity).

cAMP accumulation assay

After serum-starvation of cardiomyocytes (overnight), assays
were carried out in serum-free DMEM in a humidified
incubator (95% air/5% CO, at 37°C). Agonists and/or
inhibitors according to the experiments were added as
described in the figure legends. The cells were incubated for
3h in a humidified incubator (95% air/5% CO, at 37°C) with
500 ul of serum-free DMEM containing [*HJadenine (37 kBgq/
well). [*Hladenine-labelled cells were washed twice with
Hanks/HEPES buffer and then incubated in 500 ul/well
serum-free DMEM containing the cyclic AMP phosphodi-
esterase inhibitor rolipram (10 uM) for 15min at 37°C in a
humidified incubator. Agonists were added (in 10ul of
medium) 5Smin prior to the incubation with 1.5 uM forskolin
(10min). Pathway inhibitors were added 30min before the
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agonist. Incubations were terminated by the addition of 500 ul
5% trichloroacetic acid, after removing the medium. [*H]cyclic
AMP was isolated by sequential Dowex-alumina chromato-
graphy, as previously described (Dickenson & Hill, 1998).
After elution, the levels of [*H]cyclic AMP were determined by
liquid scintillation counting.

Statistical analysis

Results are expressed as means+s.e.m. Dose-response and
inhibition response curves were analysed by computer-assisted
iteration using the GraphPad Prism (GraphPad software, San
Diego, U.S.A.). Statistical significance was determined by
analysis of variance (ANOVA) followed by Dunnet’s test, and
P<0.05 was considered as the limit of statistical significance.

Materials

Bovine serum albumin, DMEM, foetal calf serum, IGEPAL
CA-630 ((octylphenoxy)polyethoxyethanol), leupeptin, adeno-
sine (9-B-D-ribofuranosyladenine), forskolin, N®-cyclopentyla-
denosine (CPA), 1,3-dipropylcyclopentylxanthine (DPCPX),
theophylline, phorbol 12-myristate 13-acetate (PMA), epider-
mal growth factor (EGF), pertussis toxin (PTX), phospho-
specific ERK 1/ERK2 (Thr?*?/Tyr***), and non-phospho-specific

ERK1/2 antibodies were obtained from Sigma Chemical Co.
(Poole, Dorset, U.K.). Trichloroacetic acid, genistein,
3-{1-[3-(2-isothioureido) propyllindol-3-yl}-4-(1-methylindol-
3-yl)-3-pyrrolin-2,5-dione (Ro 31-8220), 2’-amino-3’-methoxy-
flavone (PD 98059), N-[2-(p-bromocinamylamine)ethyl]-5-iso-
quinolisesulphonamide (H-89), rolipram and {1-[6-((17f-
3 methoxyestra-1,3,5(10)-trien-17-yl)amoni)hexyl]-1 H-pyrrole-
2,5-dione} (U-73122) were purchased from Calbiochem
(Nottingham, U.K.). 4-[2-[[-6-amino-9-(N-ethyl-f-D-ribofura-
nuronamidosyl)-9 H-purin-2-yllamino]ethyl]benzenepropanoic
acid (CGS 21680), 1-[2-chloro-6[[(3-iodophenyl)methyl]ami-
no]-9 H-purin-9-yl]-1-deoxy- N-methyl-ff-D-ribofuranuronamide
(2-CI-IB-MECA), 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a]
[1,3,5]triazin-Sylamino]ethyl)phenol (ZM 241385), and N-[9-
chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-benzene-
acetamide (MRS 1220) were from Tocris (Bristol, U.K.).
[8-*H]adenine was obtained from Amersham (Bucks, U.K.).

Results

Adenosine A;, A,,4, and A; receptor-induced ERKI/2
activation in rat cardiomyocytes

In order to investigate which subtype of ARs activates ERK1/
2 in newborn rat cardiomyocytes, we used the following
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Figure 1

Time course of AR agonist-induced ERK1/2 phosphorylation in newborn rat cardiomyocytes. Serum-starved

cardiomyocytes were stimulated with 1 uM adenosine (O), CPA (&), CGS 21680 (O) or CI-IB-MECA (A) for the indicated
periods of time. Data are expressed as the percentage of the basal level of ERK1/2 phosphorylation (100%). Samples were also
analysed on a separate blot, using an antibody that recognizes nonphosphorylated (total) ERK1/2 to confirm equal protein loading.
Each point represents the mean+s.e.m. of 4-6 independent experiments. The immunoblots are representative of the experiments

summarized in the graph.
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agonists: adenosine (nonselective agonist), CPA (A, selective
agonist), CGS 21680 (A, selective agonist) or CI-IB-MECA
(Aj; selective agonist). All agonists induced ERK1/2 phospho-
rylation in a time- (Figure 1) and dose-dependent (Figure 2a)
manner. Although each AR agonist stimulated increases in
ERKI1 and ERK2 phosphorylation, activation of the ERK1
isoform (p42 MAPK) was dominant. Furthermore, due to the
variation in the basal level of ERK2 phosphorylation, all data
are presented as the increase in combined ERK1/2 phospho-
rylation. For each agonist, ERK1/2 activation reached a
maximal value at Smin and decreased back to the basal level
after 10 min. The rank order of the maximal stimulation (%
over basal activity) was adenosine (203+44, n=5)>CPA
(78+14, n=5, P<0.05 versus adenosine)= CIl-IB-MECA
(79+17, n=4, P<0.05 versus adenosine)>CGS 21680
(42415, n=4, P<0.01 versus adenosine). When the responses
of the A}, A,a, and A; agonists were added, the value (199%)
was consistent with the response obtained with adenosine
alone (203%). In the same way, from the dose-response curves
(Figure 2a), the combined maximal response (E,.,) of all the
three selective agonists (185%; CPA: 65+4, n=135; CGS 21680:
54419, n=4; CI-IB-MECA: 66431, n=4; P<0.01 versus
adenosine) was similar to the adenosine E,,,, value (1754+20%,
n=15). These data suggest that adenosine induces ERK1/2
phosphorylation by stimulating the three adenosine subtypes
AL, Asa, and A;.

To further characterize the AR subtypes involved in ERK1/2
activation in newborn rat cardiomyocytes, we studied the
inhibition of the 0.5 uM adenosine response by theophylline
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(nonselective antagonist), DPCPX (A, selective antagonist),
ZM 241385 (A,a selective antagonist) or MRS 1220 (A,
selective antagonist) (Figure 2b). Theophylline completely
inhibited adenosine-induced ERK1/2 activation (98 +3%,
n=4), whereas the inhibition by the selective antagonists was
partial (DPCPX: 67+8%, n=4, P<0.05 versus theophylline;
ZM 241385: 27+10%, n=3, P<0.01 versus theophylline;
MRS 1220: 54 +12%, n=3, P<0.01 versus theophylline). The
potencies of antagonists were evaluated by their ICs
(concentration of antagonist inhibiting 50% of ERKI1/2
activation by adenosine) expressed as —log;, ICso. They
showed that DPCPX (7.31+0.79%) and MRS 1220
(7.43+£0.21%) were six and nine times more potent, respec-
tively, than theophylline (6.45+0.0.35%) in inhibiting adeno-
sine-induced ERK1/2 phosphorylation, and both were more
efficient than ZM 241385 (6.95+0.61%). These results suggest
that adenosine activates ERK1/2 phosphorylation mainly via
A, and A;ARs.

Effect of signalling pathway inhibitors on adenosine A,
A4, and Aj receptor-induced ERKI/2 activation in rat
cardiomyocytes

Gijo-» Gg-, and G,-PCRs have been shown to activate ERK1/2
via a range of signalling pathways involving tyrosine kinase,
PKC, and PKA (Kolch et al., 1993; Hawes et al., 1995; Lowes
et al., 2002). In order to determine the mechanisms implicated
in ERKI1/2 activation by the three subtypes of ARs,
cardiomyocytes were pretreated with PTX (100ngml™', 16h)
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Figure 2 Dose-response curve of ERK1/2 phosphorylation (a) after stimulation for 5min with adenosine (O), CPA (&), CGS
21680 ([0) or CI-IB-MECA (), and inhibition of 0.5 uM adenosine-induced ERK1/2 phosphorylation (b) by theophylline (O),
DPCPX (&), ZM 241385 () or MRS 1220 (£A\) in newborn rat cardiomyocytes. From panel (a), agonist potencies were evaluated
by their ECs, values (concentration of agonist inducing 50% of maximal ERK1/2 phosphorylation) expressed as —log;o ECs
(adenosine: 8.234+0.42, n=15; CPA: 8.91+0.15, n=5; CGS 21680 7.98 +0.30, n=4; CI-IB-MECA: 8.61 +0.34, n=4). In panel (b),
serum-starved cardiomyocytes were preincubated for 30 min with the different antagonists before stimulating was 148 +5%. Data
are expressed as the percentage of the basal level of ERK1/2 phosphorylation (100%). Each point represents the mean +s.e.m. of 4—
6 independent experiments. The immunoblots are representative of the experiments summarized in the graph.
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to block the G, protein, and inhibitors of MEK1 (PD 98059;
50 uM, 30min), tyrosine kinase (genistein; 100 uM, 30 min),
PKC (Ro 318220; 10 uM, 30min), and PKA (H89; 10 um,
30 min). Initially, we performed the relevant and essential
controls required for the interpretation of data relating to the
characterization of ERK 1/2 signalling pathways induced by ARs
(Figure 3). Indeed, the effects of these inhibitors on the basal
level of ERK1/2 phosphorylation were investigated (Figure 3a).
Furthermore, we also determined the effects of genistein, Ro
318220, and H89 on ERKI1/2 activation induced by EGF
(tyrosine kinase-dependent, Figure 3b) and the PKC activator
PMA (Figure 3c). As shown in Figure 3b, genistein selectively
inhibited the robust increase in ERKI1/2 phosphorylation
induced by EGF. Similarly, Ro 318220 selectively inhibited
PMA-induced increases in ERK1/2 phosphorylation (Figure 3c).
Importantly, the PKA inhibitor H89 had no significant effect on
EGF or PMA-induced ERK1/2 phosphorylation, indicating that
H89 is not inhibiting tyrosine kinase and PKC-dependent
pathways of ERKI1/2 activation in cardiomyocytes. These
observations clearly indicate that genistein and Ro 318220

are selective for tyrosine kinase and PKC-dependent pathways
of ERK1/2 activation in rat cardiomyocytes.

The effects of PTX, PD 98059, genistein, Ro 318220, and H89
on agonist-stimulated ERK1/2 phosphorylation are illustrated in
Figures 4 and 5. ERKI1/2 activation by CPA (A, selective
agonist) was completely abolished by PTX. PTX partially
inhibited ERK1/2 phosphorylation (72%) induced by CI-IB-
MECA (A; selective agonist), indicating that ERK1/2 activation
by A;AR stimulation involves PTX-sensitive (Gj/,) and insensi-
tive (G4 and/or G,) G protein. PTX was ineffective on CGS
21680 (A4 selective agonist)-induced ERK1/2 phosphorylation.
ERK1/2 phosphorylation induced by adenosine was partially
inhibited by PTX (66%), indicating that adenosine induces
ERK1/2 phosphorylation by stimulating these three subtypes.

As expected, PD 98059 (MEKI inhibitor) completely
abolished the ERK1/2 phosphorylation mediated by all the
agonists, showing that MEK1 activation is the common and
converging pathway to the three subtypes of ARs.

Following genistein pretreatment, adenosine, CPA, and Cl-
IB-MECA-induced ERK 1/2 activation were reduced by 51, 86,
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Figure 3 Effect of PTX and protein kinase inhibitors on the basal level of ERK1/2 phosphorylation and ERK1/2 activation
triggered by EGF and PMA. Serum-starved cardiomyocytes were pretreated for 16 h with 100ngml~" PTX (G, protein blocker)
and 30 min with 50 uM PD 98059, 100 uM genistein 10 uM Ro 318220 or 10 uM HS89. The effects of PTX, PD 98059, genistein, Ro
318220, and H&9 on the basal level of ERK1/2 phosphorylation are shown in (a). Panels (b) and (c) show the effect of genistein, Ro
318220, and H89 on 10nM EGF (b) and 100 nM PMA (c) -induced ERK1/2 phosphorylation (both 5min stimulation). Data are
expressed as the percentage of the basal level ERK1/2 phosphorylation (100%). Each bar represents the mean+s.e.m. of four
independent experiments. Filled bars indicate the data obtained from the immunoblot, and open bars represent the data after
removing the effect of the inhibitors on the basal level of ERK1/2 phosphorylation for each individual experiment and that
illustrated in (a). The immunoblots are representative of the experiments summarized in the bar graph. *P<0.05 and **P<0.01
versus basal level of ERK1/2 phosphorylation (panel (a)) and versus EGF or PMA-induced ERK1/2 activation (panels (b) and (c)).
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Figure 4 Effect of PTX (G, protein blocker), PD 98059 (MEK1 inhibitor), genistein (tyrosine kinase inhibitor), and Ro 318220
(PKC inhibitor) on adenosine (a), CPA (b), CGS 21680 (c) or CI-IB-MECA (d)-induced ERK1/2 phosphorylation. Serum-starved
cardiomyocytes were pretreated for 16 h with 100ngml~' PTX and 30 min with 50 uM PD 98059, 100 uM genistein or 10 uM Ro
318220, before stimulating for 5min with 1 uM adenosine, CPA, CGS 21680 or CI-IB-MECA. Data are expressed as the percentage
of the basal level of ERK1/2 phosphorylation. Each bar represents the mean+s.e.m. of 5-6 independent experiments. Filled bars
indicate the data obtained from the immunoblot, and open bars represent the data after removing the effect of the inhibitors on the
basal level of ERK1/2 phosphorylation for each individual experiment, and illustrated in Figure 3a. The immunoblots are
representative of the experiments summarized in the bar graph. *P<0.05 and **P<0.01, (a) versus basal activity and (b) versus

agonist stimulation.

and 40%, respectively. These data suggest that ERKI1/2
activation via the A;ARs is mainly tyrosine kinase-dependent,
whereas the A;ARs appear to activate ERK1/2 via a tyrosine
kinase-dependent and independent pathway. As expected,
adenosine showed an intermediate response, taking into
account the lack of genistein effect on the CGS 21680
response.

Ro 318220 inhibited the response induced by adenosine,
CPA, and CI-IB-MECA, respectively, by 33, 57, and 43%,
without affecting CGS 21680-induced ERK1/2 phosphoryla-

tion. These data indicate that A; and A;ARs stimulate ERK1/2
phosphorylation via a pathway that is partially dependent
upon PKC.

CGS 21680-induced ERKI1/2 phosphorylation was
completely inhibited by H89, whereas CPA-stimulated
ERK1/2 activation was unaltered. A partial inhibition (about
50%) was achieved with adenosine and CI-IB-MECA,
suggesting that ERKI1/2 activation induced by A3;ARs
in cardiomyocytes also involves coupling to the G,/PKA
pathway.
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Figure 5 Effect of H89 (PKA inhibitor) on adenosine, CPA, CGS
21680, and CI-IB-MECA-induced ERK1/2 phosphorylation. Serum-
starved cardiomyocytes were pretreated for 30 min with 10 uM H89
before stimulating for 5 min with 1 uM adenosine, CPA, CGS 21680 or
CI-IB-MECA. Data are expressed as the percentage of the basal level
of ERK1/2 phosphorylation. H89 alone elicited a small but significant
increase in the basal level of ERK1/2 phosphorylation. Each bar
represents the mean+s.e.m. of 4-5 independent experiments. Filled
bars indicate the data obtained from the immunoblot and open bars
represent the data after removing the effect of the inhibitors on the
basal level of ERK1/2 phosphorylation for each individual experi-
ment. The immunoblots are representative of the experiments
summarized in the bar graph. *P<0.05 and **P<0.01, (a) versus
basal activity and (b) versus agonist stimulation.

Effect of adenosine A;, A4, and A; agonists on cAMP
accumulation in rat cardiomyocytes

In view of the role of cAMP/PKA in coupling of the A3ARs to
ERK1/2, we investigated the effect of A;AR activation on
cAMP accumulation. A, and A;ARs classically activate Gy,
protein and inhibit adenylyl cyclase (Fredholm, 2001). The
effects of adenosine (nonselective), CPA (A, selective), and Cl-
IB-MECA (A; selective) on forskolin-stimulated cAMP
accumulation are shown in Figures 6a—c, respectively. In
addition, we measured cAMP accumulation in response to
CGS 21680 (A, selective; Figure 6d). Adenosine did not
inhibit forskolin-induced cAMP accumulation, but increased
cAMP formation at concentrations above 100 nM (Figure 6a).
The dose-response effects of adenosine presumably reflect A,
Asa, and A3;AR costimulation, as observed with ERK1/2
activation. As expected, CPA elicited a dose-dependent
inhibition of forskolin-stimulated cAMP accumulation by
26+ 1%, with a potency of 8.8 +0.34 (1.5nM; Figure 6b). The
ALAAR agonist CGS 21680 stimulated an increase in cAMP

accumulation of 28% above the basal accumulation, with a
pECso value of 8.50+0.46 (3.18 nM; Figure 6d). Noradrena-
line, which was used as a positive control for G,/PKA pathway
activation, stimulated a robust increase in cAMP accumula-
tion (301+29% over basal), with a potency of 7.15+0.23
(71 nM). Interestingly, the dose-response curve for CI-IB-
MECA-induced inhibition of forskolin-stimulated cAMP
accumulation was biphasic (Figure 7c). Inhibition of forskolin-
stimulated cAMP accumulation was observed at lower
concentrations of CI-IB-MECA (maximal inhibition occurring
at 3nM; about 18%), with an approximate pICs, of 9.740.8
(0.7nM). At concentrations above 3 nM, A;AR stimulation can
also induce a reversal of the inhibitory effect on cAMP
accumulation. PTX treatment abolished CI-IB-MECA-
mediated inhibition of forskolin-induced cAMP accumulation
(observed at low concentrations), and produced an increase in
cAMP formation (about 14%) at 1 uM agonist (Figure 6c),
indicating that A;ARs are coupling to the G; protein and G/
PKA pathway. PTX treatment also abolished CPA-induced
inhibition of forskolin-induced cAMP accumulation, confirm-
ing the A; AR coupling to G, proteins (data not shown).
Finally, the inhibition of G; by PTX produced an increase in
adenosine-stimulated cAMP production by 25% in a dose-
dependent manner between 0.01 and 30 nM, indicating A;,AR
stimulation (Figure 6a). In order to investigate whether the
A3AR directly couples to G,-protein, PTX-treated cardiomyo-
cytes were stimulated with CI-IB-MECA in the absence of
forskolin. As shown in Figure 7a, 1umM CI-IB-MECA
(concentration used to determine ERK1/2 signalling pathway
activation) did not increase cAMP accumulation, whereas
adenosine and CGS 21680 similarly increased cAMP accumu-
lation by 27+3 and 34+ 5%, respectively.

Since the G,/PLC/PKC pathway can stimulate cAMP
production (Cordeaux & Hill, 2002), and given that A;ARs
activate PLC in cardiomyocytes (Parsons et al., 2000), we
determined the role of PKC and PLC in A;AR-mediated
augmentation of forskolin-induced cAMP accumulation in the
presence of PTX. Pretreatment with Ro 31822 and U-73122,
inhibitors of PKC and PLC, respectively, significantly
decreased 1 um CI-IB-MECA-mediated cAMP production in
the presence of forskolin and PTX (Figure 7b). Overall, these
data strongly indicate that A;ARs are not directly coupled to
G, protein in cardiomyocytes, but rather increase cAMP
accumulation via PLC/PKC.

Discussion

Adenosine released during myocardial ischaemia plays an
important cardioprotective role, via the activation of cell
surface ARs belonging to the GPCR superfamily (Sommers-
child & Kirkeboen, 2000). Previous studies have shown that
A, Asa, and A3ARs are functionally expressed in cardiomyo-
cytes (Martens et al., 1987; Linden, 1994; Dixon et al., 1996;
Xu et al., 1996; Dobson & Fenton, 1997). Extracellular signal-
regulated kinase 1/2 (ERKI1/2) pathway, which can be
activated by tyrosine kinase receptors and G-, G4-, and G-
PCRs (Lowes et al., 2002), is involved in cardiac hypertrophy
and myocardium protection (Michel et al., 2001). Given the
important role of adenosine and ERK1/2 in the heart, the aims
of the present study were to characterize the AR subtypes
involved in the ERKI1/2 activation and to determine the
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signalling mechanisms implicated in ERK1/2 activation by
these receptors in newborn rat cardiomyocytes.

Our study has shown for the first time that stimulation of
A, A,n, and A;ARs activated ERK1/2 in newborn rat
cardiomyocytes. Indeed, adenosine (nonselective agonist),
CPA (A, selective agonist), CGS 21680 (A, selective agonist),
and CI-IB-MECA (A; selective agonist), all induced ERK1/2
phosphorylation in a time- and dose-dependent manner
(Figures 1 and 2a). These observations are in agreement with
other studies on human A,, A,x, and A;ARs in transfected
Chinese hamster ovary cells (Dickenson et al., 1998; Schulte &
Fredholm, 2000; Graham ez al., 2001) and endogenous A;ARs
in DDT,MF-2 cells (Robinson & Dickenson, 2001) and
A>AARs human umbilical venous endothelial cells (Sexl et al.,
1997).

It is notable that the combined response of all the three
selective agonists was similar to the value obtained with
adenosine alone, indicating that this physiological agonist
stimulates all the receptor subtypes when it is released in
pathological situations or in response to physiological
adaptation. This finding is supported by previous studies
showing an additive protection against ischaemia induced by a
simultaneous activation of A; and A3;ARs in cardiomyocytes
(Jacobson et al., 2000; Safran et al., 2001). Furthermore,
A|AR-mediated antiadrenergic effects are modulated by
costimulation of the A,,AR in rat cardiomyocytes and whole
heart (Norton et al., 1999). Adenosine-mediated ERK1/2
activation via the three AR receptor subtypes was confirmed
by using adenosine-receptor antagonists (Figure 2b). Theo-
phylline (nonselective antagonist) completely inhibited the
adenosine-induced ERKI1/2 activation, whereas DPCPX

(A, selective antagonist), ZM 241385 (A,4 selective agonist),
and MRS 1220 (A; selective agonist) elicited a partial
inhibition of this response by 67, 54, and 27%, respectively.
The efficiency to inhibit adenosine-mediated ERK1/2 activa-
tion was higher using A, and A; than A,, antagonists. These
data suggest that adenosine-induced ERK1/2 phosphorylation
in newborn rat cardiomyocytes is highly dependent on A, and
A;AR stimulation.

Experiments investigating the signalling pathways
associated with ERK1/2 activation revealed that A,- and
As;AR-mediated ERK1/2 phosphorylation involves a genistein-
sensitive tyrosine kinase and MEK 1 activation (Figures 4b and
d). In addition, A;AR-mediated ERKI1/2 activation was
completely abolished by PTX (hence G, protein-mediated),
whereas the response to CI-IB-MECA was partially sensitive
to PTX (72%). These data are in agreement with previous
studies showing that G;,-PCR-mediated ERK1/2 activation,
including the A;AR, involves G protein-derived fy subunits
and genistein-sensitive Src-related tyrosine kinase(s) (Faure
et al., 1994; Della Rocca et al., 1997). Also, A;- and A;AR-
induced increases in ERK1/2 activation were partially sensitive
to the PKC inhibitor Ro 318220 (57 and 43% inhibition,
respectively), indicating the involvement of a PKC-dependent
pathway. There is increasing evidence for a role of PKC in G;)-
PCR-mediated ERK1/2 activation (Takeda et al., 1999). The
involvement of PKC in A;AR-induced ERK1/2 activation
may reflect the coupling of the A;jAR to PLC/PKC activation
in cardiomyocytes (Parsons et al., 2000; Lee et al., 2001).
Furthermore, the A;AR is known to activate PLC via ffy
subunits released from PTX-sensitive G;, proteins (Dickenson
& Hill, 1998). Therefore, the PKC-sensitive component of
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Figure 7 Effect of adenosine, CI-IB-MECA, and CGS 21680 on
basal cAMP accumulation (a), and the effects of Ro 318220 (PKC
inhibitor) and U-73122 (PLC inhibitor) on CI-IB-MECA-mediated
augmentation of forskolin-stimulated cAMP accumulation (b). In
panel (a), PTX-treated cells (100ngml~' for 16h) were stimulated
with 1 uM adenosine, CI-IB-MECA, and CGS 21680 for 15min in
the absence of forskolin. Data are expressed as the percentage of the
basal cAMP accumulation (100%). The results represent mean +
s.e.m. of 4-5 independent experiments performed in duplicate.
**P<0.01 vs basal cAMP accumulation. In panel (b), cells were
pretreated with PTX (100 ngml~' for 16h) to block G;/G,-protein-
dependent pathways. In addition, the indicated cells were incubated
for 30 min with 10 uM Ro 318220 and 10 uM U-73122, inhibitors of
PKC and PLC, respectively. Cells were then stimulated for 5min
with 1 uM CI-IB-MECA prior to stimulation with 1.5 uM forskolin
for 10min in the continued presence of Cl-IB-MECA. Data are
expressed as the percentage of the forskolin response in the absence
of CI-IB-MECA (100%). The results represent the mean +s.e.m. of
four independent experiments performed in duplicate. *P<0.05,
**P<0.01, ¥***P<0.001, (a) versus CI-IB-MECA /forskolin response
and (b) versus CI-IB-MECA /forskolin/PTX response.

A AR-induced ERKI1/2 activation in cardiomyocytes may
involve By subunit-mediated PLC/PKC activation. A similar
pathway has been reported for a,, adrenergic receptor-
mediated ERK1/2 activation (Della Rocca et al., 1997).

The PKC-dependent pathway associated with A;AR-
induced ERK1/2 activation (PTX-insensitive) may reflect the
reported coupling of the A;AR to G4 and PLC (Palmer et al.,
1995; Parsons et al., 2000), since PKC is associated with
ERK1/2 activation via G-PCRs (Hawes et al., 1995; Lowes
et al., 2002). We conclude that A; and A3;ARs in cardiomyo-
cytes mediate ERK1/2 activation predominantly via a G/

tyrosine kinase/MEK1 pathway. In addition, A;AR-activated
ERK1/2 phosphorylation also involves a G;,/PLC/PKC-
dependent pathway. Furthermore, it is conceivable that the
PTX-insensitive component of the A;AR-mediated ERK1/2
phosphorylation can involve G4/PLC-mediated PKC activa-
tion.

It is notable that A;AR-mediated ERK1/2 activation was
also sensitive to the PKA inhibitor H89, suggesting the
involvement of a G,/PKA/cAMP-dependent pathway. Inter-
estingly, A;ARs have been shown to induce an increase in
intracellular calcium and potentiate Ca>* currents via PKA
activation in A6 renal cells (Reshkin et al., 2000) and
hippocampal CA3 pyramidal neuronal cells (Fleming &
Mogul, 1997). In addition, the A;AR stimulates cAMP
production in human eosinophils (Ezeamuzie & Philips,
2003). Based on these previous studies and the sensitivity of
AszAR-mediated ERK1/2 activation to H89, we investigated
whether the A;AR couples to G,/cAMP in cardiomyocytes.
Interestingly, the dose-response curve for Cl-IB-MECA-
induced inhibition of forskolin-stimulated cAMP accumulation
was biphasic (Figure 6¢). Inhibition of forskolin-stimulated
cAMP accumulation was observed at lower concentrations of
CI-IB-MECA (<3nM), whereas, at concentrations above
3nM, the inhibitory effect was reversed and potentiated in
the presence of PTX (Figure 6c), indicating that A;AR
stimulation can also induce an increase in cAMP accumula-
tion. This increase does not involve direct coupling of the
A3AR to Gs or the nonselectivity of CI-IB-MECA (via Asa
activation), since this agonist did not induce cAMP accumula-
tion in cells treated with PTX in the absence of forskolin
(Figure 7a). Since PKC can directly activate certain isoforms
of adenylyl cyclase (Cordeaux & Hill, 2002), and given the
evidence for A;AR coupling to PLC in cardiomyocytes, we
determined the role of PLC/PKC in CI-IB-MECA-mediated
augmentation of forskolin-induced cAMP accumulation. Ro
31-8220 (PKC inhibitor) and U-73122 (PLC inhibitor)
inhibited the potentiation of forskolin-induced cAMP produc-
tion by CI-IB-MECA (Figure 7b). Therefore, these data
suggest that the cAMP/PKA-dependent pathway associated
with As;AR-mediated ERK1/2 activation in cardiomyocytes
may involve PKC via G4/PLC and not direct coupling to G,
protein. A3;AR coupling to cAMP/PKA may explain the
induction of apoptosis in cardiomyocytes after stimulation
with high concentration (=10uM) of CI-IB-MECA (Shney-
vays et al., 2000). The cardioprotective effects of CI-IB-MECA
are only observed using concentrations below 1uM
(Safran et al., 2001).

AssAR-mediated increases in ERK1/2 phosphorylation in
cardiomyocytes appear to involve coupling to G, protein and,
subsequently, PKA activation, since the PKA inhibitor H89
completely blocked the responses to CGS 21680 (Figure 5).
These data are strengthened by the activation of cAMP
accumulation by CGS 21680, as shown in Figure 6d. In
addition, the MEKI inhibitor PD 98059 blocked A,AR-
mediated ERK1/2 activation. Previous studies have shown
that the A,oAR activates ERK1/2 via a cascade composed of
G,, adenylyl cyclase, PKA, and MEKI1, although additional
pathways independent of G, coupling and PKA activation
have also been observed (Sexl et al., 1997; Seidel et al., 1999).

In conclusion, this study has shown for the first time that the
activation of ERK1/2 by adenosine in newborn rat cardio-
myocytes arises from an additive stimulation of A;, A4, and
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AsARs endogenously expressed in these cells. Adenosine-
induced ERK1/2 phosphorylation is mainly mediated by A,
and A;ARs, and involves Gy, proteins, PKC, and tyrosine
kinase. In addition, the A;AR response also involves a cAMP/
PKA-dependent pathway triggered by A;AR-induced PKC
activation. The A,AAR activates ERK1/2 via G, and PKA.
The role of the different ERK1/2 pathways activated by the
three AR subtypes and their possible interaction in cardio-
protection induced by adenosine remain to be established.
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