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is a newly discovered
physiologic process that controls cellular functions in an autocrine and paracrine fashion (5). ATP release was first observed
in peripheral and central neurons (10). Later, it was discovered
that other cell types also release ATP in response to mechanical
stress, hypoxia, and stimulation by various chemical agents (5,
8). Extracellular nucleotides act through purinergic receptors
that comprise seven distinct P2X receptor subtypes (P2X1–7),
which act as ion channels, and eight P2Y receptor subtypes
(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11–14) that are G proteincoupled receptors (GPCRs) (47).
We reported previously that stimulation of formyl peptide
receptors (FPR) with chemoattractants results in the release of
ATP from human neutrophils and that ATP release is required
to drive chemotaxis through purinergic feedback mechanisms
that involve P2Y and adenosine receptors (15). FPR and other
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chemotaxis receptors require P2Y2 receptors that amplify chemotactic signals and facilitate gradient sensing. Chemotaxis
receptors are members of the GPCR receptor family and couple
to Gi subunits of the heterotrimeric G proteins that associate
with GPCRs (33, 37, 54). The purpose of the present study was
to investigate whether neutrophil chemotaxis receptors are
unique with regard to their need for purinergic signaling or
whether similar purinergic signaling mechanisms are a more
general feature of GPCR-type receptors.
In the vascular system, ATP released from nerves and
endothelial cells controls vascular tone through complex paracrine purinergic signaling mechanisms (7). P2Y1 and P2Y2, the
main nucleotide receptors in vascular endothelial cells, mediate
vasodilation by the release of nitric oxide (43). In contrast to
endothelial cells, vascular smooth muscle cells express multiple other purinergic receptor subtypes that trigger smooth
muscle contraction (31, 50). Adrenergic receptors are archetypical GPCRs and recognize the endogenous catecholamines
epinephrine and norepinephrine that control vascular tone and
a wide spectrum of other physiologic functions (6, 49). Because of their wide-ranging effects, adrenergic receptors are
therapeutic targets for diseases ranging from heart failure to
shock (2, 29, 41, 58). On the basis of molecular structures,
pharmacological properties, and their downstream signal pathways, adrenergic receptors are divided into three major subfamilies: ␣1-, ␣2-, and ␤-adrenergic receptors. These three
adrenergic receptor (ADR) subtypes couple to different classes
of heteromeric G proteins. The ␣1- and ␣2-subtypes couple to
Gq/11 and Gi/o, respectively, while the ␤-receptors couple to
Gs (24). In the present study, we investigate in human embryonic kidney (HEK)-293 cells whether stimulation of these
different ADR subtypes results in ATP release and whether
purinergic signaling processes are required for the downstream
signaling events and functional responses elicited by adrenergic receptors; in addition, we test the physiologic significance
of the findings in HEK-293 cells using mouse aorta ring
experiments.
MATERIALS AND METHODS

Materials. ATP, ATP␥S [adenosine 5=-(3-thiotriphosphate)],
apyrase, adenosine deaminase, phenylephrine, UK14,304 [5-bromoN-(2-imidazolin-2-yl)-6-quinoxalinamine], DL-isoproterenol, HCl, KrebsHenseleit (KH) buffer, dithiothreitol, proteinase inhibitor cocktail,
acetylcholine, KCl, chloroacetaldehyde, SCH58261 [2-(2-furanyl)-7-(2phenylethyl)-7H-pyrazolo[4,3-e][1,2, 4]triazolo[1,5-c]pyrimidin-5amine], MRS1754 [N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6dioxo-1, 3-dipropyl-1H-purin-8-yl)phenoxy]-acetamide], dipyridamole,
NH4HCO3, and carbenoxolone were purchased from Sigma-Aldrich
(St. Louis, MO). Suramin was from EMD Chemicals (Darmstadt,
Germany), sodium dodecyl sulfate (SDS) buffer was from Invitrogen
(San Diego, CA), mammalian protein extraction reagent and phos-
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Here, we show that adrenergic receptor signaling requires similar
purinergic feedback mechanisms. Real-time RT-PCR analysis revealed that human embryonic kidney (HEK)-293 cells express several
subtypes of adrenergic (␣1-, ␣2-, and ␤-receptors), adenosine (P1),
and nucleotide receptors (P2). Stimulation of Gq-coupled ␣1-receptors
caused release of cellular ATP and MAPK activation, which was
blocked by inhibiting P2 receptors with suramin. Stimulation of
Gi-coupled ␣2-receptors induced weak ATP release, while Gs-coupled
␤-receptors caused accumulation of extracellular ADP and adenosine.
␤-Receptors triggered intracellular cAMP signaling, which was
blocked by scavenging extracellular adenosine with adenosine deaminase or by inhibiting A2a adenosine receptors with SCH58261. These
findings suggest that adrenergic receptors require purinergic receptors
to elicit downstream signaling responses in HEK-293 cells. We
evaluated the physiological relevance of these findings using mouse
aorta tissue rings. Stimulation of ␣1-receptors induced ATP release
and tissue contraction, which was reduced by removing extracellular
ATP with apyrase or in the absence of P2Y2 receptors in aorta rings
from P2Y2 receptor knockout mice. We conclude that, like formyl
peptide receptors, adrenergic receptors require purinergic feedback
mechanisms to control complex physiological processes such as
smooth muscle contraction and regulation of vascular tone.
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Mitogen-activated protein kinase activation. To assess activation of
the p42 and p44 extracellular signal-regulated kinase (ERK) members
of mitogen-activated protein kinases (MAPK), HEK-293 cells were
grown to confluence as described above and incubated overnight in
serum-free culture medium before the experiment. The cells were then
stimulated as indicated, kept at 37°C on a vibration isolation table, and
placed on ice. Supernatants were discarded and cells were lysed with
150 l/well mammalian protein extraction reagent containing a proteinase and phosphatase inhibitor cocktail. Cells were disrupted by
ultrasonication, cell lysates were centrifuged, and 50-l aliquots of
the supernatants were boiled for 5 min with 50 l SDS sample buffer
containing 50 M dithiothreitol. Proteins were separated by polyacrylamide gel electrophoresis using 12% Tris-glycine gels (Invitrogen) and
transferred onto Immobilon polyvinylidene difluoride membranes
(Millipore; Bedford, MA). Membranes were subjected to immunoblotting with anti-phospho-ERK antibodies (Cell Signaling; Danvers,
MA) that recognize the phosphorylated and thus activated forms of
p42 and p44 ERK MAPKs. Then secondary horseradish-conjugated
antibodies were added and bands were detected with ECL reagent
(General Electric Healthcare, Little Chalfont, UK). The blots were
stripped and reprobed with antibodies that recognize total ERK (Santa
Cruz Biotechnology; Santa Cruz, CA). Western blots were analyzed
by densitometry using ImageJ software (National Institutes of Health,
Bethesda, MD), and results were normalized on the basis of total ERK
band intensities.
Intracellular cAMP concentrations. HEK-293 cells cultured as
described above were stimulated for 1 min at 37°C on a vibration
isolation table as described below, and concentrations of cAMP in the
cytosol were assessed using a commercial cAMP assay kit (cAMPScreen) from Applied Biosystems (Bedford, MA).
Smooth muscle contraction assay. The use of laboratory animals
was in accordance with National Institutes of Health guidelines and
approved by the Institutional Animal Care and Use Committee of the
Beth Israel Deaconess Medical Center. Male C57BL/6J wild-type
(WT) mice (20 –25g, 8 –15 wk) were obtained from Charles River
(Wilmington, MA). Homozygous P2Y2 knockout (P2Y2 KO) mice
with a C57BL/6J genetic background were a generous gift of Drs.
Beverly H. Koller (University of North Carolina, Chapel Hill, NC)
and Volker Vallon (University of California San Diego, La Jolla, CA).
Mice were anesthetized using isoflurane vapor (TW Medical; Lago
Vista, TX) and euthanized with an overdose of the anesthetic drug.
The thoracic aorta was excised and placed in KH buffer saturated with
a gas mixture composed of 95% O2 and 5% CO2. The aorta specimens
were dissected to remove surrounding fatty and connective tissue
and were cut transversely into rings of 2- to 3-mm lengths. These rings
were mounted on two wires connected to a force displacement
transducer of an F30 Harvard Apparatus tissue bath (Harvard Apparatus; Holliston, MA). In some experiments, the endothelial cell layer
was removed by rubbing the luminal side of the aorta using a 5-0 silk
suture. Aorta rings, bathed in KH buffer, were then subjected to an
initial load tension of 0.8 g and allowed to equilibrate for 45– 60 min
with changes of the bathing fluid before experiments. Contraction and
relaxation was measured isometrically and recorded using a MLS060
AD Instrument. Data are expressed as means ⫾ SD and represented as
the percentage of contraction relative to the maximum contraction of
each aorta ring in response to KCl (110 mM). To test for the presence
of intact endothelium, the response of tissue specimens to acetylcholine was tested as previously described (13). Aorta rings were considered to possess intact endothelium when relaxation in response to
acetylcholine (10 M) was ⬎50% of precontraction values induced
by phenylephrine (0.1 M), while preparations showing ⬍10% of
such values were considered devoid of endothelium (13).
ATP release from isolated aorta rings. Whole thoracic aorta specimens were harvested as described above, cut open lengthwise,
suspended in 2 ml of tissue bath solution consisting of KH buffer
saturated with 95% O2 and 5% CO2, pH 7.4 at 37°C, and allowed to
equilibrate for 1 h. Samples of the bath solution were taken before
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phatase inhibitor cocktail were from Thermo Scientific (Rockford,
IL), Na2HPO4 was purchased from J. T. Baker (Phillipsburg, NJ), and
10
Panx1 (Trp-Arg-Gln-Ala-Ala-Phe-Val-Asp-Ser-Tyr) was from Tocris Bioscience (Ellisville, MO).
Cells. HEK-293 cells were obtained from the American Type
Culture Collection (Manassas, VA) and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) from Mediatech Cellgro (Manassas, VA) supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 100 g/ml streptomycin (Invitrogen, Carlsbad, CA).
Cells were kept at 37°C in humidified atmosphere consisting of 95%
air and 5% CO2.
Real-time reverse transcriptase polymerase chain reaction analysis.
Real-time reverse transcriptase polymerase chain reactions (RT-PCR)
were used to assess adrenergic and purinergic receptor expression
patterns in HEK-293 cells. Total RNA was extracted from HEK-293
cells using TRIzol reagent (Invitrogen) and treated with 1 U/g
RNase-free DNAse (Invitrogen), and RNA concentrations were determined using a spectrophotometer. First-strand cDNA was synthesized from 2 g RNA using Superscript reverse transcriptase (Invitrogen)
according to the manufacturer’s instructions. PCR was performed
using Platinum PCR Supermix (Invitrogen) containing 100 nM sense
and anti-sense primers and 100 ng cDNA. Real-time RT-PCR was
performed using a QuantiTect SYBR Green PCR kit from Qiagen
(Valencia, CA). Primer sets for purinergic receptors were developed
in our laboratory (15), and validated predesigned primer sets for all
adrenergic receptor subtypes were purchased from Qiagen. Reactions
were amplified and subjected to melting curve analysis using a
Mastercycler Realplex instrument (Eppendorf; Hamburg, Germany)
and the following cycle parameters: 1 step at 95°C (15 min), 40 cycles
at 94°C (15 s), 55°C (30 s), and 72°C (30 s). A standard curve was
generated by plotting the threshold cycle (Ct) against the log of the
initial starting quantity. Adrenergic and purinergic receptor gene
expression levels were measured in samples using the comparative Ct
method for relative quantification of gene expression, and results were
normalized against ␤-actin mRNA levels.
Quantification of ATP release. ATP release from HEK-293 cells
was determined with a commercially available ATP bioluminescence
assay kit HS (Roche Diagnostics; Mannheim, Germany). HEK-293
cells were seeded at a density of 3.5 ⫻ 105/well in 24-well tissue
culture plates coated with poly-L-lysine. Cells were grown to confluence and maintained in serum-free medium overnight before use. On
the day of the experiment, cells were allowed to rest in a volume of
200 l medium per well for 1 h in a water bath at 37°C on a vibration
isolation table to minimize ATP release due to mechanical stimulation. The different reagents used in our experiments were diluted in
200 l medium resulting in the following concentrations: 10 M
phenylephrine (␣1-agonist), 1 M UK14,304 (␣2-agonist), 1 M
isoproterenol (␤-agonist), and 10 M acetylcholine (muscarinic acetylcholine receptor agonist). These final dilutions were obtained by
gently adding appropriate volumes of stock solutions. After incubation as indicated, plates were placed on ice and supernatants were
removed and centrifuged to eliminate cellular contaminants and debris. Supernatants were boiled for 5 min to inactivate nucleotidases,
and 50 l/well was transferred to a 96-well luminometer plate.
Luciferin-luciferase reagent was added, and sequential readings were
taken using a Luminoskan Ascent microplate luminometer (Labsystems; Helsinki, Finland). For some experiments, ATP release was
assessed using high-performance liquid chromatography (HPLC). For
that purpose, etheno-derivatives of adenine compounds in cell culture
supernatants were generated as described elsewhere (32). Briefly, 150
l of culture supernatants or of nucleotide standard solution was
incubated for 30 min at 72°C in the presence of 1 M chloroacetaldehyde and 25 mM Na2HPO4 in a final reaction volume of 200 l.
Samples were placed on ice, alkalinized with 50 l of 0.5 M
NH4HCO3, and analyzed as described previously using a Waters
HPLC system (Milford, MA) equipped with a fluorescence detector
(15, 32).
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stimulation of tissue specimens with 1 M phenylephrine, and additional samples were collected at different time points after stimulation.
After centrifugation, samples were boiled for 5 min and ATP concentrations were determined using the luminometric method described
above.
Statistical analysis. All values are expressed as means ⫾ SD.
Statistical analyses were performed with the two-tailed paired Student’s t-test, and differences were considered statistically significant
at P ⬍ 0.05.
RESULTS

Fig. 1. Expression of adrenergic receptor (ADR) subtypes in human embryonic
kidney (HEK)-293 cells. Expression of adrenergic receptors in HEK-293 cells
was determined using real-time RT-PCR analysis with commercially available
primer sets (Qiagen). Expression levels below the detection limit of the RT-PCR
analysis are designated with “not detectable” (n.d.). Data were normalized using
expression of the housekeeping gene ␤-actin. Values are expressed as means ⫾ SD
of triplicate determinations.
AJP-Cell Physiol • VOL
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Adrenergic receptor expression in HEK-293 cells. RT-PCR
analysis revealed that HEK-293 cells express mRNA of all
ADR subtypes with the exception of ␣1A- and ␤3-receptors
(Fig. 1). The ADR subtypes with highest relative mRNA
abundance were ␣2C, ␣2A, and ␤2, and we found mRNA
encoding two of the three ␣1-receptor subtypes. Some previous
reports suggest that HEK-293 cells may not express endogenous ␣1-receptors (34, 57). The mRNA pattern shown in Fig.
1 suggests that the HEK-293 cell lines used in these studies and
in ours could differ with regard to their ADR subtype expression patterns. The presence of ␣1-receptors in our cell line was
further confirmed by Ca2⫹ mobilization experiments, which
showed that stimulation with the ␣1-receptor-specific agonist
phenylephrine induces strong Ca2⫹ signaling (data not shown).
␣1-Receptor stimulation induces ATP release through
pannexin-1 hemichannels. Resting HEK-293 cells supernatants had an average ATP concentration of 0.02 M. We used
phenylephrine (10 M), UK14,304 (1 M), and isoproterenol
(1 M) to stimulate the ␣1-, ␣2-, and ␤-receptor subtypes,
respectively. Stimulation of ␣1-receptors triggered robust ATP
release, with average extracellular ATP concentrations reaching 0.2 M, which corresponds to a release of 0.16 pmol ATP
per cell. Stimulation of ␣2-receptors triggered weaker ATP
release, while stimulation of ␤-receptors did not cause significant extracellular ATP accumulation (Fig. 2A). These findings
suggest that the Gq-coupled ␣1-receptors induce stronger ATP
release than members of the other two ADR receptor families.
Interestingly, the unrelated Gq-coupled muscarinic acetylcholine receptors (mAChR) that are endogenously expressed in
HEK-293 cells (17) elicited similarly strong ATP release in
response to stimulation with acetylcholine (10 M).

HPLC analysis showed that ADR receptor stimulation
caused extracellular accumulation of hydrolytic breakdown
products of ATP, primarily of ADP and AMP (Fig. 2B).
Specifically, we found that ␤-receptor stimulation resulted in a
significant increase of extracellular ADP concentrations, while
ATP, AMP, and adenosine concentrations did not change. To
evaluate the possibility of rapid cellular re-uptake of adenosine, we performed the experiments described above in the
presence of nucleoside transport inhibitor dipyridamole (DIPY;
10 M). In the presence of DIPY, ␤-receptor stimulation
resulted in a significant increase of extracellular AMP and
adenosine concentrations (Fig. 2B). Taken together, these results suggest that stimulation of Gq/11 (␣1) or Gi/o (␣2)coupled ADR result in the accumulation of ATP, while stimulation of the Gs-coupled ␤-receptors induces accumulation of
extracellular ADP that is partially converted to adenosine.
These findings indicate that the different ADR subtypes result
in distinct nucleotides release patterns or kinetics of ATP
hydrolysis by ecto-nucleotidases.
We investigated the mechanism whereby ␣1-receptor stimulation induces ATP release. Inhibition of pannexin-1
hemichannels with the mimetic blocking peptide 10Panx1 (100
M) or inhibition of gap junction channels with carbenoxolone
(20 M) significantly reduced ␣1-receptor-induced ATP release from HEK-293 cells (Fig. 2C). Taken together, these
results suggest that pannexin-1 hemichannels play a central
role in ATP release from HEK-293 cells.
␣1-Receptor stimulation induces MAPK activation. MAPKs
are important intracellular signaling molecules that convey
signals triggered by cell surface receptors to appropriate functional cell responses. To investigate whether purinergic signaling is involved in ADR-induced MAPK activation, we stimulated HEK-293 cells with the selective ADR receptor agonists
described above and assessed p42 and p44 ERK MAPK activation using immunoblotting with antibodies that recognize the
phosphorylated (and therefore activated) forms of these
MAPKs. We found that stimulation of ␣1-receptors induced
robust p42 and p44 ERK phosphorylation, while stimulation of
␣2- or ␤-receptors causes weak, if any, phosphorylation of p42
ERK (Fig. 3A). ␣1-Receptor stimulation induced dose-dependent and rapid ERK activation that reached a maximum between 30 s and 1 min after stimulation with 50 M phenylephrine (Fig. 3B). Addition of exogenous ATP or of the
nonhydrolyzable analog ATP␥S induced ERK phosphorylation, suggesting that ␣1-receptor-induced ATP release may
cause subsequent ERK activation in HEK-293 cells.
Purinergic receptor expression in HEK-293 cells. The data
above suggest that, similar to chemotaxis receptors in neutrophils, adrenergic receptors in HEK-293 cells may trigger ATP
release that promotes cell activation by stimulating purinergic receptors. To define the expression pattern of purinergic
receptors in HEK-293 cells, we performed real-time RTPCR analysis as described above. We detected mRNA of all
known adenosine receptors (P1) and of most P2 receptor
subtypes with the exception of P2X1, P2X2, P2X3, and P2Y6
(Fig. 4). Among the different purinergic receptor subtypes,
mRNA encoding A2b, P2X4, and P2Y11 was most abundant
in HEK-293 cells.
P2 receptors are involved in ␣1-receptor-induced ERK
activation. To test whether purinergic feedback mechanisms
are involved in ␣-receptor-induced ERK activation, HEK-293
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cells were pretreated with different concentrations of the P2
receptor antagonist suramin 10 min before stimulation of ␣1- or
␣2-receptors with phenylephrine (10 M) or UK14,304 (1 M).
Suramin caused dose-dependent inhibition of ERK in response to
␣1-receptor stimulation and diminished basal ERK activation
levels in cells stimulated with ␣2-agonist (Fig. 5, A and B). These
findings indicate that ERK activation in response to ␣1 stimulation involves P2 receptors. The fact that suramin inhibited
ERK activation to levels below baseline may indicate inhibition of mechanically induced cell stimulation.
To further study the involvement of ATP release in cell
activation by ␣1-receptors, we treated HEK-293 cells with
apyrase (20 U/ml), an enzyme that hydrolyses extracellular
ATP, and assessed MAPK activation in response to ␣1 stimulation. Apyrase treatment decreased ␣1-induced ERK activation by ⬃50% (Fig. 6), which suggests that ATP release and
AJP-Cell Physiol • VOL

autocrine activation of purinergic receptors is involved in
␣1-induced cell stimulation.
HEK-293 cells hydrolyze extracellular ATP. In neutrophils,
we found that extracellular adenosine and A3 receptors control
specific aspects of cell migration in chemotactic gradient fields
(15). Neutrophils hydrolyze released ATP to adenosine that is
required for A3 receptor activation. Because of these findings,
we studied whether HEK-293 cells are also capable of generating adenosine through breakdown of released ATP. We
added exogenous ATP (10 M) to HEK-293 cells, incubated
the cells at 37°C for different periods, and analyzed changes in
extracellular concentrations of ATP and its hydrolytic products. We found that HEK-293 cells hydrolyzed ⬃25% of the
added ATP within 5 min, resulting in the accumulation of
extracellular ADP, AMP, and adenosine (Fig. 7A). Adenosine
concentrations reached levels of ⬃0.4 M within 5 min,
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Fig. 2. ATP release from HEK-293 cells in
response to ADR stimulation is mediated by
pannexin-1 hemichannels. A: ATP released
into the supernatant was determined with an
ATP bioluminescence assay kit. HEK-293
cells were stimulated with the ADR agonists
phenylephrine (Phe; 10 M) for ␣1-receptors,
UK14,304 (1 M) for ␣2-receptors, and isoproterenol (1 M) for ␤-receptors, or with an
equivalent volume of DMEM as a vehicle
control (buffer). As a control, we included
muscarinic acetylcholine receptors (mAChR)
that were stimulated with acetylcholine (10
M). ATP concentrations in the supernatants
were determined 3 min after stimulation. The
data are shown as percentage of phenylephrine response and are expressed as means ⫾
SD of triplicate determinations. B: ATP,
ADP, AMP, and adenosine (ADO) accumulation in the supernatant after ADR stimulation in the presence or absence of dipyridamole (DIPY, 10 M) was determined using
HPLC analysis. HEK-293 cells were preincubated with DIPY for 10 min and stimulated
with the ADR agonists or with HBSS as
vehicle control (buffer) as described above,
and ATP, ADP, AMP, and ADO concentrations in the supernatants were determined
after 3 min. The data are shown as percentage
of unstimulated controls and are expressed as
means ⫾ SD. Statistical analysis was done
with Student’s t-test; n ⫽ 4; #P ⬍ 0.01; *P ⬍
0.05. Differences between responses in the
absence versus presence of DIPY are marked
with the following symbols: †P ⬍ 0.05, §P ⬍
0.01. C: effect of pannexin-1 hemichannel
inhibitors on ATP release in response to ␣1receptor stimulation. HEK-293 cells were
preincubated with 10Panx1 (100 M) or carbenoxolone (CBX; 20 M) for 10 min and
stimulated with 10 M phenylephrine, and
ATP concentrations in the supernatants were
determined after 3 min using the bioluminescence assay. The data are shown as percentage of phenylephrine response and are expressed as means ⫾ SD. Statistical analysis
was done with Student’s t-test; #P ⬍ 0.01;
n ⫽ 4.
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suggesting that HEK-293 cells are indeed capable of converting release ATP to adenosine and that feedback through P1receptors could be involved in ADR-induced purinergic signaling responses of HEK-293.
Adenosine receptors mediate ␤-receptor-induced signaling
responses. Numerous GPCRs regulate downstream cell responses by modulating intracellular concentrations of the second messenger cAMP. The ␤- and A2 adenosine receptors are
both Gs-coupled receptors, which stimulate adenylyl cyclases
that elevate intracellular cAMP concentrations, resulting in the
suppression of cell functions through cAMP/PKA signaling
pathways (18). The data presented above indicate that stimulation of ␤-receptors can result in the accumulation of extracellular ADP and adenosine and that HEK-293 cells are able to
hydrolyze extracellular ATP to adenosine. These results suggest that adenosine and feedback through adenosine receptors
AJP-Cell Physiol • VOL

Fig. 4. Purinergic receptor profile of HEK-293 cells. Real-time RT-PCR
analysis was used to assess purinergic receptor mRNA expression in HEK-293
cells using the primer sets and experimental approach described previously
(11). Expression levels below the detection limit of the RT-PCR assay are
marked with “n.d.” (not detectable). Data were normalized using ␤-actin
expression, and values are shown as means ⫾ SD of triplicate determinations.
AdoR, adenosine receptor.
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Fig. 3. ␣1-Receptor stimulation induces ERK activation in HEK-293 cells.
A: HEK-293 cells were stimulated with different ADR agonists: phenylephrine
(10 M) for ␣1-receptors, UK14,304 (1 M) for ␣2-receptors, and isoproterenol (1 M) for ␤-receptors. Controls were treated with ATP␥S (20 M).
After 1 min, the cells were lysed and activation of ERK was determined by
immunoblotting of the phosphorylated form of ERK (pERK). Total ERK levels
in each sample were determined with antibodies that recognize whole ERK
(wERK). Intensities of bands were estimated and normalized with NIH ImageJ
software, and data are expressed as percentage of phenylephrine response. The
data shown are representative of at least two different experiments with similar
results. B: HEK-293 cells were stimulated with different concentrations of the
␣1-receptor agonist phenylephrine. Controls were stimulated with ATP (20
M) and ATP␥S (20 M). ERK activation was assessed after 1 min as
described above. The data are expressed as percentage of the response to ATP.

could be involved in downstream signaling events triggered by
␤-receptors. We found that stimulation of HEK-293 cells with
the ␤-receptor agonist isoproterenol (10 M) increases intracellular cAMP concentrations by an average of 0.79 ⫾ 0.10
pmol/105 cells (Fig. 7B). Removal of extracellular adenosine
by addition of adenosine deaminase (20 U/ml) decreased ␤-receptor-induced cAMP production by ⬃65%, indicating that
adenosine is indeed involved in cAMP accumulation in response to ␤-receptor stimulation. HEK-293 cells express both
A2a and A2b receptors that are Gs-coupled GPCRs and are
known to trigger intracellular cAMP accumulation (52). Thus,
we investigated the potential roles of these adenosine receptor
subtypes in ␤-receptor-induced cAMP production. Pretreating
HEK-293 cells with the A2a antagonists SCH58261 (50 nM)
for 10 min before ␤-receptor stimulation blocked cAMP production by ⬃69%, while inhibition of A2b with the selective
antagonist MRS1754 (10 nM) did not significantly reduce
␤-receptor-induced cAMP production (Fig. 7B). These results
suggest that A2a-type adenosine receptors are involved in the
accumulation of intracellular cAMP in response to ␤-receptor
stimulation.
␣1-Receptor stimulation of aorta tissue causes ATP release.
Our results with HEK-293 cells suggest that ADR stimulation
involves ATP release and autocrine activation of purinergic receptors that control downstream signaling events such as MAPK
phosphorylation. Adrenergic receptors play an important physiological role in the regulation of blood pressure by modulating
vascular tone and smooth muscle contraction (16). Thus, we used
aorta tissue ring experiments to evaluate whether purinergic signaling is involved in adrenergic responses under physiological
conditions. ␣1 stimulation of aorta rings from WT mice with 1
M phenylephrine induced strong tissue contraction that was
accompanied by the release of ATP into the tissue bath solution,
where ATP concentrations reached levels of ⬃100 nM within 5
min (Fig. 8A). These data suggest that ATP release may be
involved in the control of vascular smooth muscle contraction in
response to adrenergic stimulation.
Purinergic signaling is involved in aorta ring contraction.
Mouse vascular smooth muscle cells express several P2 receptor subtypes including P2X1, P2X2, P2X4, P2Y1, P2Y6, as well
as P2Y2 (3, 28, 31). Extracellular ATP has been shown to
induce contraction of smooth muscle cells (39). To determine
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Fig. 5. P2 receptors are involved in ␣1-receptor-induced ERK activation.
HEK-293 cells were treated for 10 min with the indicated concentrations of the
P2 receptor antagonist suramin. Then the cells were stimulated with the
␣1-receptor agonist phenylephrine (10 M; A) or with the ␣2-receptor agonist
UK14,304 (1 M; B). As positive controls, we included cells that were
exposed to ATP␥S (20 M). After stimulation for 1 min, ERK activation was
determined using immunoblotting, and results were analyzed as described in
Fig. 3. Data are representative of at least two different experiments with similar
results, and values are shown as percent increase over baseline control levels.

whether contraction of aorta rings in response to adrenergic
stimulation requires purinergic receptor activation, we investigated the effect of apyrase on tissue contraction in response to
0.1 M phenylephrine. Pretreatment with apyrase significantly
reduced contraction in response to ␣1-receptor stimulation
(Fig. 8B). Subsequent removal of apyrase from the tissue bath
solution followed by the addition of exogenous ATP (10 M)
restored tissue contraction. Taken together, these findings suggest that ATP release and purinergic signaling are required for
␣1-receptor-induced contractile responses of vascular tissues.
While the role of P2X1-receptors in vasoconstriction is
established (4), P2Y receptors may also be involved (14) and
we focused in this study on P2Y2 receptors, because our
previous work with neutrophils has shown that this P2 receptor
subtype is an integral part of the purinergic signaling system
that controls neutrophil responses (15). Using aorta rings from
AJP-Cell Physiol • VOL

cAMP increase
(pmol/105 cells)

P2Y2 KO and WT mice, we found that tissue contraction in
response to ␣1-receptor stimulation was significantly lower in
the absence of P2Y2 receptors (Fig. 8C). These findings indicate that P2Y2 receptors are at least in part involved in
␣1-receptor-induced vascular smooth muscle contraction.

Fig. 7. ␤-Receptor-induced HEK-293 cell responses involve adenosine receptor stimulation. A: HEK-293 cells were incubated with exogenously added
ATP (10 M) for the indicated times, and hydrolysis of ATP was determined
by assaying the concentrations of ATP, ADP, AMP, and ADO in the supernatants using HPLC. B: HEK-293 cells were pretreated with adenosine
deaminase (ADA; 20 U/ml), an enzyme that scavenges extracellular adenosine,
or with the A2 adenosine receptor (A2) antagonists SCH58261 (50 nM; SCH)
or MRS1754 (10 nM) that inhibit A2a or A2b, respectively. After 10 min, the
cells were stimulated with the ␤-receptor agonist isoproterenol (10 M; ISO),
and increases in intracellular cAMP levels were determined after 1 min. Data
are shown as increase in cAMP concentration over baseline levels of unstimulated controls, and results are expressed as means ⫾ SD. Statistical analysis
was done with Student’s t-test; #P ⬍ 0.01; *P ⬍ 0.05; n ⫽ 4.
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Fig. 6. ERK activation in response to ␣1-receptor stimulation requires ATP. HEK-293
cells were treated with apyrase (apy; 20 U/ml), a scavenger of extracellular ATP. After
10 min, the cells were stimulated with the ␣1-receptor agonist phenylephrine (10 M),
and ERK activation was determined as described above. Cells stimulated with ATP (20
M) and ATP␥S (20 M) were included as positive controls.
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DISCUSSION

Endogenous catecholamines regulate many physiological
processes by stimulating G protein-coupled adrenergic receptors (49). The different adrenergic receptor subtypes preferentially associate with specific G␣-subunits that dissociate from
the ␤- and ␥-subunits of the heterotrimeric G proteins to
AJP-Cell Physiol • VOL

Fig. 9. Schematic depiction of interactions between adrenergic and purinergic
receptors. The stimulation of Gq/11-coupled ␣1-receptors with phenylephrine
induces strong ATP release, MAPK activation, and vasoconstriction via P2
purinergic receptors. Stimulation of Gs-coupled ␤-receptors with isoproterenol
induces extracellular ADP/adenosine accumulation and A2a activation, which
result in cAMP signaling.
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Fig. 8. ATP and purinergic signaling contribute to adrenergic responses of
mouse aorta specimens. A: mouse thoracic aorta sections were stimulated with
the ␣1-receptor agonist phenylephrine (1 M), and ATP released into the tissue
bath solution was determined at the indicated time points using an ATP
bioluminescence assay kit. Data are expressed as percentage of baseline
readings of unstimulated control tissue. Values are shown as means ⫾ SD of
triplicate determinations. B: mouse aorta rings were isolated as described
above, and the endothelial layer was removed. The aorta rings were mounted
on an apparatus that allows assessment of isometric contraction force and were
treated with the indicated concentrations of the ATP scavenger apyrase for 10
min. Then, the aorta rings were stimulated with the ␣1-receptor agonist
phenylephrine (0.1 M) and contraction was recorded. The response to
extracellular ATP was determined by adding exogenous ATP (10 M). The
data shown are means ⫾ SD and are expressed as percentage of phenylephrine
response. Statistical analysis was done with Student’s t-test; #P ⬍ 0.01; *P ⬍
0.05; n ⫽ 3. C: mouse aorta rings from wild-type mice (WT, n ⫽ 4) or from
P2Y2 knockout mice (P2Y2 KO, n ⫽ 4) were prepared as described above,
stimulated with the indicated concentrations of phenylephrine and contraction
was recorded. The data shown are means ⫾ SD of maximum contraction
responses, and results are expressed as percentage of contraction in response to
KCl (110 mM). Statistical analysis was done with Student’s t-test; #P ⬍ 0.01;
*P ⬍ 0.05.

initiate specific intracellular signaling processes. The ␣1-receptor family receptors couple to Gq/11, while the ␣2- and ␤-receptor subtypes couple to Gi and Gs, respectively (24). We
have previously shown that stimulation of chemotaxis receptors induces the release of cellular ATP from neutrophils and
that purinergic feedback mechanisms control various aspects of
chemotaxis (15). Chemotaxis receptors also belong to the
GPCR receptors; for example, formyl peptide receptors (FPR)
and interleukin-8 receptors (e.g., CXCR1) couple to Gi, while
other chemotaxis receptors such as RANTES receptors (CCR5)
have been reported to couple to Gq (40, 54, 56). Here we could
show that stimulation of ␣1-receptors causes ATP release,
indicating that purinergic signaling is not limited to neutrophil
chemotaxis but that ATP release is a more general mechanism
associated with GPCR receptor activation.
Cellular ATP release in response to receptor stimulation, cellular stress such as hypoxia, acidosis, and mechanical stimulation
has been observed with many cell types (42, 44, 61). While
stress-associated ATP release serves as a danger signal that
controls apoptosis and the homing of phagocytes to injured cells
(22, 35, 36, 59), receptor-induced ATP release from normal,
healthy cells has been identified as an important inside-out signaling mechanism that plays a central role in autocrine cell
activation and intercellular communication. For example, ATP
release in response to FPR stimulation of neutrophils coordinates
complex aspects of chemotaxis, and ATP release from stimulated
T cells is a critical part of T cell activation (15, 51, 62).
Recent studies demonstrate that connexin and pannexin
hemichannels facilitate ATP release in response to cell stimulation
(19, 20, 51). We found here that pannexin-1 hemichannels play a
particularly important role in ATP release from HEK-293 cells in
response to ␣1-receptor stimulation (Fig. 2C). Our findings further
indicate that different ADR subtypes differ from ␣1-receptors with
regard to the ATP concentrations they induce in the extracellular
space (Fig. 2B). These differences may be due to differences in the
release of ATP or its hydrolytic products through pannexin-1, due
to the release of ATP or its products by distinct transport mechanisms, or due to differential extracellular processing of released
ATP by ecto-nucleotidases.
Interestingly, we found that ␣1- and ␣2-receptors induce
ATP release, albeit to different extents. The Gq/11-coupled
␣1-receptors but not the Gi/o-coupled ␣2-receptors seem to
require P2 receptors for MAPK activation. In contrast to the
␣-receptors, the Gs-coupled ␤-receptors do not seem to require
P2 receptors but rather adenosine and A2a receptors (Fig. 9).
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signaling responses of adrenergic receptors depend on purinergic receptor stimulation.
In summary, we conclude that adrenergic receptors require
purinergic signaling, which regulate functional cell responses
through positive and negative purinergic feedback mechanisms. Adrenergic receptors are main targets of therapeutic
strategies aimed at treating a wide range of diseases such as
asthma, heart failure, hypertension, arrhythmia, and shock (2,
29, 41, 58). Our findings suggest that such therapeutic strategies could be improved by modulating GPCR signaling with
pharmacological agents that target purinergic receptors.
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