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ABSTRACT
Adenosine is generated during tissue hypoxia and stress, which
reduces inflammation by suppressing the activity of most im-
mune cells. Among its various actions, adenosine suppresses
the production of proinflammatory cytokines including tumor
necrosis factor (TNF)-�, through the cAMP-elevating A2A aden-
osine receptor (AR) subtype. In this study, we examined the
signaling mechanisms by which A2AAR activation inhibits
TNF-� production in thioglycollate-elicited mouse peritoneal
macrophages. Pretreating murine macrophages with the non-
selective AR agonist adenosine-5�-N-ethylcarboxamide (NECA),
the A2AAR agonist 2-[p-(2-carboxyethyl)phenethylamino]-5�-N-
ethylcarboxamidoadenosine (CGS 21680), or the cAMP-elevating
agent forskolin reduced TNF-� production in response to lipopoly-
saccharide (LPS) by greater than 60%. All of these agents in-
creased cAMP production in macrophages and activated protein
kinase A (PKA). However, we were surprised to find that treating
macrophages with three different PKA inhibitors or small interfer-

ing RNA-mediated knockdown of the exchange protein activated
by cAMP (Epac-1) failed to block the suppressive actions of NECA
or forskolin on LPS-induced TNF-� release. Instead, okadaic acid
was effective at low concentrations that selectively inhibit protein
serine/threonine phosphatases. Subsequent studies showed that
NECA and forskolin decreased LPS-induced steady-state TNF-�
mRNA levels; this effect was due to a decreased rate of transcrip-
tion based on assays examining the rate of generation of primary
TNF-� transcripts. Treatment with NECA or forskolin did not in-
terfere with LPS-induced translocation or DNA binding of the
RelA/p65 subunit of nuclear factor-�B or phosphorylation of in-
hibitor of nuclear factor-�B-�, extracellular signal-regulated kinase
1/2, c-Jun NH2-terminal kinase, or p38 kinase. Our results suggest
that AR activation inhibits LPS-induced TNF-� production by mu-
rine macrophages at the level of gene transcription through a
unique cAMP-dependent, but PKA- and Epac-independent, sig-
naling pathway involving protein phosphatase activity.

The purine nucleoside adenosine is released from metabol-
ically stressed or damaged tissues, which serves as a nega-
tive feedback mechanism to limit inflammation by suppress-
ing the actions of virtually all cells of the immune system
(Haskó and Cronstein, 2004; Haskó et al., 2008). Adenosine is

derived from the extracellular catalysis of adenine nucleo-
tides secreted from activated immune cells by ecto-nucleoti-
dases and from the intracellular catalysis and subsequent
cellular transport from metabolically stressed cells (Haskó
and Cronstein, 2004; Haskó et al., 2008). Among its many
anti-inflammatory mechanisms, adenosine potently inhibits
the production of various cytokines from numerous cell types
including the central proinflammatory mediator tumor ne-
crosis factor-� (TNF-�) (Haskó and Cronstein, 2004; Haskó et
al., 2008).

All of the actions of adenosine are mediated via four aden-
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osine receptor (AR) subtypes belonging to the superfamily of
G protein-coupled receptors designated A1, A2A, A2B, and A3

(Fredholm et al., 2000). We have previously determined that
the Gs protein-coupled A2AAR is the primary AR subtype
responsible for mediating the effects of adenosine to inhibit
lipopolysaccharide (LPS)-induced TNF-� production in mouse
peritoneal macrophages (Kreckler et al., 2006). However, the
mechanism of this inhibitory effect remains unknown. In this
study, we provide evidence that A2AAR signaling inhibits LPS-
induced TNF-� release from macrophages at the level of gene
transcription through a cAMP-dependent but protein kinase A
(PKA)- and exchange protein activated by cAMP (Epac)-inde-
pendent signaling pathway that involves increased protein
phosphatase activity.

Materials and Methods
Materials. Hybond-C nitrocellulose membranes were obtained

from GE Healthcare (Little Chalfont, Buckinghamshire, UK). Ro
20-1724 was obtained from BIOMOL International LP (Plymouth
Meeting, PA). All protease inhibitors, H89, rolipram, SQ 22536, Bay
11-7082, Triton X-100, and forskolin were from Sigma-Aldrich (St.
Louis, MO). The PhosphoPlus CREB (Ser133) Antibody Kit was pur-
chased from Cell Signaling Technology, Inc. (Danvers, MA). Protein
kinase A inhibitor (PKI14–22) 14–22 amide, 8-bromo-cAMP, 2�,5�-
dideoxyadenosine, 8-CPT-2�-O-Me-cAMP, and okadaic acid were
from Calbiochem (La Jolla, CA). Anti-Epac-1 (A-5) and anti-Epac-2
(H-220) were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Western Lightning Chemiluminescence Reagent Plus
was from PerkinElmer Life and Analytical Sciences (Waltham, MA).
CL-XPosure Film was from Pierce Chemical (Rockford, IL). Lipo-
fectamine2000 Reagent and Opti-MEM were from Invitrogen (Carls-
bad, CA). RPMI 1640 medium, TRIzol reagent, and ThermoScript
RT-PCR kits were purchased from Invitrogen Life Technologies
(Carlsbad, CA). Custom primers were ordered from Operon Biotech-
nologies (Huntsville, AL).

Isolation of Thioglycollate-Elicited Mouse Peritoneal Mac-
rophages. Macrophages were isolated from the peritoneal cavity of
wild-type C57BL/6J mice, as described previously (Kreckler et al.,
2006). Mice were given intraperitoneal injections of 2% sterile thio-
glycollate (2 ml). After 4 days, peritoneal cells collected by lavage
were seeded onto 24-well plates in RPMI 1640 medium with 10% calf
serum and gentamicin (50 �g/ml) for 4 h to allow the macrophages to
adhere to the plates. Nonadherent cells were subsequently removed
by washing with RPMI 1640 medium, and the adherent macro-
phages were refed with RPMI 1640 medium with 10% calf serum and
gentamicin. Macrophages were used for experiments immediately
after isolation.

TNF-� Release Assays. Macrophages were stimulated with 10
�g/ml LPS for the times indicated after which the supernatant was
collected for measurement of TNF-� by enzyme-linked immunosor-
bent assay (ELISA) (BD Biosciences, San Jose, CA). Subsequently,
the cells were lysed with 0.4 N NaOH and assayed for total protein
content by the Bradford assay (Bradford, 1976). TNF-� released was
expressed as picograms per milligram of protein or as a percentage of
the maximal TNF-� released from vehicle-treated control cells.

cAMP Assays. Freshly isolated macrophages were detached from
cell culture plates, resuspended in Dulbecco’s modified Eagle’s me-
dium with 25 mM HEPES, pH 7.4, 1 unit/ml adenosine deaminase,
and 20 �M Ro 20-1724, and transferred to polypropylene tubes
(50,000 cells/tube). Cells were incubated with ligands for 15 min at
37°C after which the assays were terminated by the addition of 500
�l of 0.15 N HCl. cAMP in the acid extract was determined by
radioimmunoassay (GE Healthcare).

Western Immunoblotting to Detect Total and Phosphory-
lated CREB. Western immunoblotting was used to detect total and

phosphorylated CREB using the PhosphoPlus CREB antibody kit,
which contains the rabbit anti-phospho-CREB monoclonal antibody
87G3 that detects CREB and activating transcription factor-1 only
when it is phosphorylated at serine-133 and the rabbit anti-CREB
monoclonal antibody 48H2 that detects total CREB protein. Perito-
neal macrophages were washed with ice-cold phosphate-buffered
saline followed by lysis in Triton X-100 lysis buffer consisting of 50
mM Tris-HCl, pH 7.5, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 1%
v/v Triton X-100, 40 mM �-glycerophosphate, 40 mM para-nitrophe-
nylphosphate, 200 �M sodium orthovanadate, 100 �M phenylmeth-
ylsulfonyl fluoride, 1 �g/ml leupeptin, 1 �g/ml pepstatin A, and 1
�g/ml aprotinin (Gao et al., 2001). Lysates were clarified by centrif-
ugation (5 min at 16,000g). Twenty to50 �g of protein was denatured
with 5� Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 10%
glycerol, 2% SDS, 20% �-mercaptoethanol, and 0.0025% bromphenol
blue) and boiled (5 min at 95°) before separation by standard 10%
SDS-polyacrylamide gel electrophoresis.

Proteins were electrophoretically transferred to nitrocellulose,
which was then placed in a blocking solution of 5% dry milk in
Tris-buffered saline (20 mM Tris and 150 mM NaCl, pH 7.4) with
0.1% Tween 20 (TBS-T) at room temperature for 1 h. Efficient pro-
tein transfer and equal loading was confirmed in quantitative exper-
iments by densitometric measurement of photocopies of membranes
dyed with the reversible Ponceau stain, as described previously (Ping
et al., 1999). Immunoblots were not used for quantification if loading
varied by more than 10%. After three 5-min washes with TBS-T,
membranes were placed in a primary antibody solution appropri-
ately diluted (1:1000) in 5% dry milk in TBS-T at 4°C overnight.
Subsequently, membranes were washed three times with TBS-T and
incubated with secondary antibody in 5% dry milk in TBS-T for 1 h
at room temperature. Proteins were visualized with chemilumines-
cence followed by exposure to film. When required, blots were
stripped by incubating in 62.5 mM Tris-HCl, 2% SDS, and 100 mM
�-mercaptoethanol. Results were quantified using densitometry with
National Institutes of Health software (Scion Corporation, Freder-
ick, MD).

Standard RT-PCR and Western Immunoblotting to Detect
Epac-1 and Epac-2 Expression in Murine Macrophages. For
RT-PCR assays, total RNA was isolated from macrophages using
TRIzol reagent. Subsequently, 1 �g of macrophage RNA was reverse-
transcribed to cDNA using a mixture of random and oligo(dT) prim-
ers according to the manufacturer’s protocol. Primers were designed
for Epac-1 (forward, 5�-GCTCTTTGAACCACACAGCA-3�; reverse,
5�-GAGGGGTTCCTCCTGGTTAG-3�) and Epac-2 (forward, 5�-GGCT-
GGGTCTTTGGATGTTA-3�; reverse, 5�-GAATAGGCTGACGCTTCTG-
G-3�) using Primer3 design software (Biology Workbench 3.2). PCR
amplification was performed in a Robocycler 40 (Stratagene, La Jolla,
CA) thermocycler for 30 cycles of 1 min at 95°C, 1 min at 58°C, and 1
min at 72°C. The amplification products were analyzed by agarose
gel electrophoresis and visualized by ethidium bromide staining. West-
ern immunoblotting of macrophage cell lysates was performed as de-
scribed previously using anti-Epac-1 (1:1000) and anti-Epac-2 (1:750)
antibodies.

Epac-1 Knockdown Using siRNA. A predesigned siGENOME
SMART pool (Dharmacon RNA Technologies, Lafayette, CO) consist-
ing of a mixture of four siRNA sequences corresponding to mouse
Epac-1 (Rapgef3) was transfected into mouse peritoneal macro-
phages by electroporation. In brief, 5 to 8 � 105 cells were resus-
pended in 500 �l of RPMI 1640 medium, mixed with Epac-1 siRNA,
transferred to a sterile cuvette with a 0.4-cm electrode gap, and then
subjected to a single electric pulse (250 V; 500 �F capacitance) using
an Electro Cell Manipulator 600 electroporater (BTX Instrument
Division, Holliston, MA). The electroporated cells were transferred to
complete growth media (RPMI 1640 medium with 10% calf serum
and 50 �g/ml gentamicin) and plated onto 24-well cell culture plates.
The cells were allowed to adhere for 4 h in a humidified 37°C
incubator, after which the macrophages were washed twice with
RPMI 1640 medium, and the complete medium was replaced. Pre-
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liminary studies were conducted with fluorescently labeled siRNA
(siGLO; Dharmacon RNA Technologies) and a positive control siRNA
(laminin A/C; Dharmacon RNA Technologies) to determine transfec-
tion efficiency (�90%) and feasibility of protein knockdown in pri-
mary macrophages.

Real-Time RT-PCR. RNA isolation and the reverse transcription
reaction were performed as described above. Primers were designed
for amplifying total TNF-� mRNA transcripts (forward, 5�-GCAC-
CACCATCAAGGACTCA-3�; reverse, 5�-TCGGAGGCTCCAGTGA-
ATTCG-3�) (Schroeter et al., 2003), primary unspliced TNF-�
transcripts (forward, 5�-GTACTGGCATGTGTATGTCA-3�; reverse,
TGGTTGAGGGAATCATT-3�) (Murray, 2005), and Epac-1 (forward,
GTTGCACGAGGGAGATGACT-3�; reverse, 5�-AAGACCACTTTGC-
CGTGTTC-3�, created using Beacon Design software from Bio-Rad
Laboratories, Hercules, CA). PCR amplification in SYBR Green Super-
Mix was performed using an iCycler iQ (Bio-Rad Laboratories) for 40
cycles of 25 s at 95°C followed by 45 s at an optimized annealing
temperature for each specific primer pair. The cycle threshold, deter-
mined as the initial increase in fluorescence above background, was
ascertained for each sample. Melt curves were performed upon comple-
tion of the cycling protocol, and the samples were assessed by gel
electrophoresis to assure that nonspecific products were absent. For
quantification of message, a relative change in expression was calcu-
lated using the method described by Pfaffl (2001).

RelA/p65 DNA Binding Assays. Macrophages (2 � 107) were
plated onto 150-mm tissue culture dishes and serum-starved over-
night before use. The next day after drug treatments for the times
indicated, DNA binding activity of the RelA/p65 subunit of NF-�B in
nuclear extracts (Nuclear Extraction Kit; Active Motif Inc., Carls-
bad, CA) was assessed using an ELISA-based assay system
(TransAM; Active Motif), whereby nuclear extracts were incubated
in 96-well plates coated with oligonucleotides containing a consensus
NF-�B binding sequence. After washing, an anti-RelA/p65 antibody
was added, followed by incubation with horseradish peroxidase-con-
jugated secondary antibody, allowing for colorimetric quantification
using a microplate reader (ELx800 system; BioTek Instruments,
Winooski, VT).

Detection of Phosphorylated ERK1/2, JNK, p38, and I�B�.
Approximately 3 � 106 macrophages were plated per 35-mm tissue
culture dish and serum-starved overnight before use. The next day
after drug treatments, cell lysates were prepared using the Bio-Plex
Cell Lysis Kit (Bio-Rad Laboratories), as directed. Total protein
content in the lysates (Bradford, 1976) was adjusted to a concentra-
tion of 900 �g/ml and stored at �20°C until the assays were per-
formed. Phospho-ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), phospho-
JNK (Thr183/Tyr185), phospho-p38 mitogen-activated protein (MAP)
kinase (Thr180/Tyr182), and phospho-I�B-� (Ser32/Ser36) levels were
measured simultaneously in each sample using a multiplex bead
array with the Bio-Plex100 System and associated software (Bio-Rad
Laboratories). Data are expressed as fluorescence intensity.

Results
Activation of ARs Increases cAMP Production and

Activates PKA in Mouse Peritoneal Macrophages. We
initially examined whether activation of ARs increases cAMP
production in murine macrophages. As shown in Fig. 1A,
treatment with the nonselective AR agonist NECA (1 �M),
the A2AAR selective agonist CGS 21680 (1 �M), or the direct
adenylyl cyclase activator forskolin (50 �M) increased cAMP
accumulation in macrophages from a basal level of 27.1 	 4.8
to 171.4 	 28.1, 97.2 	 5.7, and 594.0 	 119.1 fmol/50,000
cells/15 min, respectively. The increase in cAMP produced by
NECA (1 �M) or CGS 21680 (1 �M; data not shown) resulted
in activation of PKA as determined by phosphorylation of
CREB at serine-133 (Fig. 1, B and C). NECA-induced phos-

phorylation of CREB was blocked by the PKA inhibitor H89
(10 �M), confirming that increased CREB phosphorylation
induced by NECA was via PKA.

NECA Inhibits LPS-Induced TNF-� Release from
Macrophages via a Signaling Pathway That Is PKA-
Independent. As shown previously (Kreckler et al., 2006),
pretreating macrophages for 30 min with the nonselective
agonist NECA (1 �M) led to a marked reduction in LPS-
induced TNF-� production from murine macrophages (Fig.
2). This inhibitory effect was mimicked by treating the cells
with the direct adenylyl cyclase activator forskolin (50 �M) or
the cell-permeable cAMP agonist 8�-bromo-cAMP (Fig. 2).
These results, combined with the observation that NECA
increases cAMP production (Fig. 1), imply that activation of
A2ARs inhibits TNF-� production in macrophages through a
cAMP-mediated pathway.

We subsequently examined whether the inhibitory effects
of NECA are due to activation of PKA. For these studies, we
examined the ability of the PKA inhibitors H89 and myris-
tolylated PKI14–22 peptide to abrogate the ability of NECA
and forskolin to inhibit TNF-� production. H89, which inhib-
its the catalytic site of PKA by blocking the ATP binding site,
was used at a concentration of 10 �M as shown in Fig. 1 to
inhibit PKA-induced phosphorylation of CREB and PKI14–22

was used at a concentration of 3 �M (Ydrenius et al., 2000;
Skeberdis et al., 2006). PKI14–22 is a myristolylated 8-amino
acid fragment of the PKA inhibitor protein that exclusively
blocks the catalytic activity of PKA. PKI14–22 is routinely
used in vitro at concentrations as low as 0.3 �M (Skeberdis et
al., 2006) and up to 3 to 10 �M (Ydrenius et al., 2000). As
shown in Fig. 3, pretreating cells with either of the PKA
inhibitors did not block the ability of NECA or forskolin to
inhibit LPS-induced TNF-� release. It is noteworthy that
neither H89 nor PKI14–22 affected LPS-induced TNF-� re-
lease when given alone. Similar negative results were ob-
tained using Rp-8-Br-cAMPS (0.5–1 mM), a PKA blocker that
functions by antagonizing binding of cAMP to the regulatory
subunit of PKA (Fig. 3). Although treatment with Rp-8-Br-
cAMPS tended to increase LPS-induced TNF-� release,
NECA continued to produce a robust inhibitory effect similar
in magnitude (�60–70%) to that produced in control exper-
iments (Fig. 3).

NECA Inhibits LPS-Induced TNF-� Release from
Macrophages via a Signaling Pathway That Is Also
Epac-Independent. PKA has long been thought to be the
primary effector of cAMP in eukaryotic cells. However, Epac
has recently been discovered to also function as a target for
cAMP (de Rooij et al., 1998; Bos, 2006; Roscioni et al., 2008).
Epac is a guanine nucleotide exchange protein for the small
GTPases Rap1 and Rap2 and has been shown to control a
number of cellular processes previously attributed to PKA.
Two isoforms of Epac have been identified and designated
Epac-1 and Epac-2. Epac-1 is considered to be ubiquitously
expressed, whereas Epac-2 has been identified in brain and
pancreatic �-cells where it may be involved in insulin secre-
tion (de Rooij et al., 1998; Bos, 2006; Roscioni et al., 2008).
Considering that we found no role for PKA signaling in our
studies, we shifted focus to the potential involvement of
Epac. Initially, we assessed the presence of Epac-1 and -2 in
mouse peritoneal macrophages by Western immunoblotting
and RT-PCR. As demonstrated in Fig. 4, only Epac-1 was
expressed in these cells.
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Because no pharmacological antagonists of Epac are cur-
rently available, we next investigated whether knockdown of
Epac-1 expression in macrophages using siRNA technology
reduces the ability of NECA or forskolin to inhibit LPS-
induced TNF-� release. In preliminary studies, we estab-
lished by Western immunoblotting and real-time RT-PCR
that expression of Epac-1 was optimally reduced by �75%
72 h after electroporation with 400 nM anti-Epac-1 siRNA
(Fig. 5). As shown, both NECA (1 �M) and forskolin (50 �M)
continued to efficiently inhibit LPS-induced TNF-� produc-
tion in cells transfected with Epac-1 siRNA compared with
mock-transfected cells (Fig. 6, A and B). Extensive knock-
down of Epac-1 (69 	 5%) was confirmed by Western blotting
of cell lysates for Epac-1 in parallel studies. siRNA knock-
down of Epac-1 also did not interfere with the ability of the

A2AAR agonist CGS 21680 (100 nM) to inhibit LPS-induced
TNF-� production (data not shown).

To further test a potential signaling role for Epac, we
examined the ability of the Epac-selective agonist 8�-CPT-
cAMP-O-Me to inhibit LPS-induced TNF-� release from mac-
rophages. 8�-CPT-cAMP-O-Me is a nonhydrolyzable cAMP
analog that activates Epac with greater potency than PKA
(Enserink et al., 2002). Previous studies have shown that
concentrations of 8�-CPT-cAMP-O-Me as low as 1–10 �M
effectively activate Epac in studies using cultured cells
(Enserink et al., 2002). In our experiments, we found that
pretreating macrophages with up to 300 �M 8�-CPT-cAMP-
O-Me failed to appreciably inhibit LPS-induced TNF-� pro-
duction (Fig. 6C). These results coupled with the negative
results obtained in the siRNA knockdown experiments

Fig. 1. Effect of the nonselective AR agonist NECA, the A2AAR-selctive agonist CGS 21680, and the direct adenylyl cyclase activator forskolin on cAMP
accumulation and phosphorylation of CREB in murine macrophages. A, macrophages were stimulated with either 1 �M NECA, 1 �M CGS 21680, or
50 �M forskolin in the presence of the phosphodiesterase inhibitor Ro 20-1754 (20 �M) for 15 min, and cAMP accumulation in acid extracts was
determined by radioimmunoassay. B and C, macrophages were stimulated with 1 �M NECA for the times indicated either in the presence or absence
of vehicle or the PKA inhibitor H89 (10 �M) before preparation of detergent-soluble extracts. Samples were equalized for protein content and were
subjected to SDS-PAGE electrophoresis for immunoblotting with anti-phospho-CREB antibodies, as described under Materials and Methods. B,
representative immunoblots. C, consolidated data from four independent experiments. �, p 
 0.05 versus the baseline or vehicle-treated groups by
one-way ANOVA or Student’s t test, as appropriate. n � 3 to 5.
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strongly indicate that Epac signaling, like that of PKA, is not
involved in mediating the inhibition of LPS-induced TNF-�
release provided by either AR stimulation or direct cAMP
elevation.

Suppression of TNF-� Release by NECA Is Blocked
by Okadaic Acid. We next investigated the potential in-
volvement of protein phosphatases using the serine/threo-
nine protein phosphatase inhibitor okadaic acid. As demon-
strated in Fig. 7A, okadaic acid concentration dependently
antagonized the inhibitory effect of NECA on LPS-induced
TNF-� release, becoming evident at a concentration of 10 nM.
Okadaic acid (100 nM) also antagonized the inhibitory effect
of forskolin on LPS-induced TNF-� release (Fig. 7B).

NECA Inhibits LPS-Induced TNF-� Gene Transcrip-
tion. Stimulation of Toll-like receptors by LPS activates
NF-�B and MAP kinase signaling pathways via complex
upstream signaling events, which coordinate the increase in
TNF-� gene transcription via nuclear translocation and DNA
binding of the transcription factor NF-�B (Krishnan et al.,
2007). Activation of MAP kinases, particularly p38 kinase,
further increases proinflammatory gene expression through
post-transcriptional mechanisms that promote RNA stability
by destabilizing AU-rich elements in the 3� untranslated
region (Dean et al., 2004; Fotheringham et al., 2004b; Krish-
nan et al., 2007). We therefore examined whether AR activa-
tion in macrophages inhibits LPS-induced transcription of
the TNF-� gene and/or decreases mRNA stability. To begin,
we used real-time PCR with primers designed to detect
changes in steady-state levels of total TNF-� mRNA (i.e.,
primary, partially spliced, and fully processed transcripts)
using primers directed to a translated region of the gene. As
shown in Fig. 8A, treatment with LPS (10 �g/ml) increased
steady-state total TNF-� mRNA levels as early as 30 min
after LPS stimulation, peaking at �75-fold above baseline
after 1 h and persisting for at least 3 h. Pretreatment with
NECA (1 �M) inhibited the LPS-induced increase in steady-
state TNF-� mRNA by greater than 50% (Fig. 7A), indicating
that AR activation either inhibits generation of new tran-
script (i.e., gene transcription) or increases the rate of decay

of TNF-� mRNA (i.e., RNA stability). To examine the first
possibility (i.e., transcription), we used an approach recently
described by Murray (2005) in which the rate of formation of
newly transcribed unspliced or partially spliced TNF-� tran-
scripts is estimated by real-time PCR with primers directed
to an intronic region. The second possibility (RNA stability)
was tested by measuring the rate of decay of total TNF-�
mRNA after pharmacological blockade of transcription. For
this assay, macrophages pretreated with vehicle or NECA (1
�M) were activated by LPS to induce gene expression (30
min), and then total TNF-� mRNA was measured by real-
time PCR at various times after treatment with actinomycin
D (5 �g/ml). As shown, NECA markedly reduced the rate of
formation of primary TNF-� transcripts (Fig. 8B) but did not
alter the rate of decay of total TNF-� mRNA (Fig. 8C). These
results therefore indicate that AR activation inhibits LPS-
induced TNF-� gene transcription in macrophages but does
not alter TNF-� mRNA stability. Likewise, forskolin inhib-
ited the LPS-induced increase in both total and primary
TNF-� transcripts by 59 	 17 and 68 	 7%, respectively,
without altering TNF-� mRNA stability (data not shown).

NECA Does Not Alter LPS-Induced Activation of
NF-�B or MAP Kinases. We finally examined whether AR
activation influences phosphorylation of the inhibitory sub-
unit of NF-�B (I�B-�) and DNA binding of the RelA/p65
subunit of NF-�B. Phosphorylation of I�B-� in cell lysates
was assessed using the Bio-Plex system, and RelA/p65 DNA
binding activity was assessed in nuclear extracts using a
sensitive ELISA-based assay. Stimulation with LPS induced
a rapid increase in the phosphorylated form of I�B-� as well
as a rapid increase in RelA/p65 DNA binding in nuclear
extracts (Fig. 9, A and B), demonstrating that LPS treatment
activates NF-�B signaling. However, pretreating cells with
either NECA (1 �M) or forskolin (50 �M) had no effect on
either of these parameters (Fig. 9, A and B). LPS-induced
production of TNF-� by macrophages was confirmed to be
dependent on NF-�B signaling, based on the observation that
treatment with the inhibitor Bay 11-7082 inhibited the pro-
duction of TNF-� by macrophages as well as DNA binding of

Fig. 2. NECA, forskolin, and 8�-bromo-cAMP inhibit LPS-induced TNF-� release from murine macrophages. Macrophages were pretreated for 30 min
with vehicle, 1 �M NECA (A), 50 �M forskolin (A), or increasing concentrations of 8�-bromo-cAMP (B) before stimulation with LPS (10 �g/ml). The
concentration of TNF-� was measured in cell culture media 4 h after stimulation with LPS. The data are presented as a percentage of TNF-� released
compared with that for the vehicle-treated group. Absolute values for data shown in A were basal, 26 	 7 pg/mg protein, LPS � vehicle-treated group,
13,364 	 2405 pg/mg protein; LPS � NECA-treated group, 4944 	 935 pg/mg protein; and LPS � forskolin (forsk)-treated group, 4450 	 801 pg/mg
protein. �, p 
 0.05 versus vehicle-treated group by one-way ANOVA. n � 6 to 10.
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RelA/p65 in nuclear extracts (Fig. 9C). Using the Bio-Plex
assay, we also found that phosphorylation of p38, JNK, and
ERK1/2 was increased with LPS (10 �g/ml) stimulation, but
that pretreatment with NECA (1 �M) had no inhibitory effect
on any of these molecules (Fig. 10). Thus, although AR acti-
vation inhibits TNF-� gene transcription, it functions by a

mechanism that is independent of general activation (nu-
clear translocation and DNA binding) of NF-�B or MAP ki-
nase signaling.

Discussion
It is generally believed that A2AAR activation inhibits the

expression of TNF-� and other proinflammatory mediators
by elevating the intracellular concentration of cAMP, which
subsequently inhibits NF-�B activity and thereby gene tran-
scription through a signaling mechanism involving PKA
(Neumann et al., 1995; Bshesh et al., 2002; Sitkovsky, 2003;
Lukashev et al., 2004). This scenario correlates with the well
known suppressive actions of cAMP elevation and PKA acti-
vation in immune cells. However, in the present investiga-
tion, we found that the inhibitory actions of A2AAR activation
on LPS-induced TNF-� expression in murine macrophages is
independent of PKA activity as well as the alternative cAMP
effector protein Epac and does not involve general inhibition
(nuclear translocation and DNA binding) of NF-�B. Rather,
we identified a unique signaling pathway that seems to in-
volve activation of a serine/threonine protein phosphatase
sensitive to blockade by okadaic acid that results in inhibi-
tion of TNF-� production at the level of gene transcription.

In our studies of the A2AAR, we obtained similar results
directly elevating the intracellular concentration of cAMP
using the adenylyl cyclase activator forskolin. We found that
treatment with forskolin effectively inhibited LPS-induced
TNF-� production, which was not blocked by PKA inhibitors
or by knocking down Epac. Moreover, the inhibition of TNF-�
gene transcription was similar with forskolin and A2AAR
activation. These results provide strong evidence that the
suppressive effects of A2AAR activation required elevation of
cAMP and not the involvement of cAMP-independent signal-
ing mechanisms. In an attempt to further confirm this con-
clusion, we conducted additional experiments designed to
determine whether inhibition of cAMP production using two
different adenylyl cyclase inhibitors (SQ 22536 and MDL-
12,330A) inhibited A2AAR-mediated inhibition of TNF-� re-
lease. It is unfortunate that both of these agents were toxic to
primary murine macrophages at the concentrations (100–
500 �M) required to effectively inhibit the enzyme (data not
shown).

Our conclusion that A2AAR signaling functions indepen-
dently of PKA is based on the use of three different pharma-
cological inhibitors: H89, PKI14–22, and Rp-8-Br-cAMPS.
Each of these compounds inhibits PKA activity by binding to
different sites on the enzyme complex. Although the selectiv-
ity of H89 for PKA is moderate, it is well established as an
effective inhibitor of PKA at the concentrations used in the
present investigation (10 �M). Moreover, we demonstrated
that treatment with H89 effectively inhibited CREB phos-
phorylation in response to A2AAR activation. Negative re-
sults obtained in assays using Rp-8-Br-cAMPS excluded the
possibility that the mechanism involves signaling via the
regulatory subunits of PKA independent of actions of the
catalytic subunits.

Epac emerged as a potential mediator in our studies be-
cause we found that Epac-1 is abundantly expressed in mu-
rine macrophages. Moreover, Scheibner et al. (2009) have
suggested that the A2AAR signals through Epac in murine
macrophages to inhibit TNF-� expression induced by extra-

Fig. 3. Pharmacological blockade of PKA does not inhibit the ability of
NECA or forskolin to inhibit LPS-induced TNF-� release from macro-
phages. Macrophages were pretreated for 30 min with 1 �M NECA (A
and C) or 50 �M forskolin (B) before stimulation with LPS (10 �g/ml) in
the presence or absence of H89 (10 �M) (A and B), PKI14–22 (PKI; 3 �M)
(A and B), or Rp-8-Br-cAMPS (Rp; 0.5 or 1 mM) (C). Cells were pretreated
with the antagonists 1 h before additional of LPS. The concentration of
TNF-� was measured in cell culture media 4 h after stimulation with
LPS. The data are presented as a percentage of TNF-� released compared
with the LPS-stimulated control group. �, p 
 0.05 versus vehicle-treated
group by one-way ANOVA or Student’s t test, as appropriate. n � 6 to 10.
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cellular matrix components. However, our results show that
the A2AAR also does not signal to inhibit LPS-induced TNF-�
release via Epac based on 1) lack of an effect of siRNA-
mediated knockdown of Epac-1 and 2) lack of an inhibitory
action of the Epac agonist 8-CPT-2�-O-Me-cAMP even at
concentrations as high as 300 �M. Previous studies have

shown that 8-CPT-2�-O-Me-cAMP selectively activates Epac
at concentrations between 1 and 10 �M (Enserink et al.,
2002) and potentially as low as 1 nM (Scheibner et al., 2009).
We attempted to confirm that 8-CPT-2�-O-Me-cAMP was
able to activate Epac in our studies by measuring Rap1
activation using a pulldown assay (Enserink et al., 2002;
Lorenowicz et al., 2006). This approach was not possible with
the limited number of peritoneal macrophages that we were
able to obtain from adult mice. As an alternative approach,
we determined that exposure to 8-CPT-2�-O-Me-cAMP in-
duced CREB phosphorylation at a concentration of 1 mM
(data not shown). Considering that 8-CPT-2�-O-Me-cAMP is
much more potent at activating Epac than PKA is (Enserink
et al., 2002), this observation provides strong evidence that
8-CPT-2�-O-Me-cAMP was able to penetrate into macro-
phages and effectively activate Epac within the concentra-
tion range (1–300 �M) examined in our investigation.

Two previous studies have implicated phosphatase activa-
tion in mediating suppressive signaling by the A2AAR in
immune cells. In human monocytes, Fotherington et al.
(2004a) reported that okadaic acid inhibited TNF-� produc-
tion in response to the human immunodeficiency virus-1
protein tat. In human neutrophils, Revan et al. (1996) re-
ported that the protein phosphatase inhibitor calyculin A
blocked the suppressive effect of A2AAR activation on stim-
ulated superoxide production. In both of these studies (Revan
et al., 1996; Fotheringham et al., 2004a), the inhibitory ac-
tions of A2AAR activation were independent of signaling
through PKA. We therefore examined the effectiveness of
okadaic acid in our model system. Similar to these previous
studies, we found that okadaic acid effectively inhibited the
suppressive actions of A2AAR activation at concentrations
between 10 and 100 nM. Because okadaic acid inhibits pro-
tein serine/threonine phosphatase PP2A at subnanomolar
concentrations (0.1–1 nM) and PP1 at 10- to 100-fold higher
concentrations (Peirce et al., 1999), our results suggest in-
volvement of PP1. Our results also imply that activation of
the A2AAR increased protein phosphatase activity due to
cAMP elevation, because treating macrophages with okadaic
acid also inhibited the ability of forskolin to inhibit LPS-
induced TNF-� release.

Several previous studies have shown that stimulating the

Fig. 4. Detection of Epac-1 (A), but
not Epac-2 (B), in murine macro-
phages by RT-PCR (left) and Western
immunoblotting (right). RT-PCR reac-
tions conducted with and without re-
verse transcriptase (�RT) were elec-
trophoresed through 1% agarose gels
containing ethidium bromide. Reac-
tions were performed with total RNA
isolated from three different macro-
phage isolations (lanes 1–3) and with
mouse brain tissue as a positive con-
trol. Expected band sizes were 868
base pairs for Epac-1 and 1742 for
Epac-2. Western blot analysis was
performed with protein lysates from
macrophages (lanes 1 and 2) and from
mouse brain and Caki-1 cells as posi-
tive controls. Epac-1 and Epac-2 mi-
grate as �110-kilobase proteins.

Fig. 5. Optimization of Epac-1 knockdown with anti-Epac-1 siRNA in
murine macrophages. A, measurement of Epac-1 mRNA by RT-PCR
normalized to 18S 48 h after electroporation with increasing concentra-
tions of anti-Epac-1 siRNA. n � 3. B, measurement of Epac-1 protein
expression by Western immunoblotting at the times indicated after elec-
troporation with 400 nM anti-Epac-1 siRNA. n � 3.
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A2AAR inhibits activation of NF-�B, albeit by various differ-
ent mechanisms. Activation of the A2AAR was originally re-
ported by Majumbar and Aggarwal (2003) to inhibit TNF-�-
induced DNA binding and transcriptional activation of
NF-�B in several different myeloid, lymphoid, and epithelial
cell lines but not to alter its ability to translocate into the
nucleus. In contrast, Sands et al. (2004) demonstrated that
A2AAR activation inhibited nuclear translocation induced by
a combination of interferon-, LPS, and TNF-� in both hu-
man umbilical vein endothelial cells and C6 glioma cells. In
C6 cells, A2AAR activation inhibited I�B-�-induced phos-
phorylation, whereas in human umbilical vein endothelial
cells A2AAR activation inhibited NF-�B translocation inde-
pendently of any effect on I�B-� phosphorylation/degrada-
tion (Sands et al., 2004). Others have reported variable ef-
fects of A2AAR activation on NF-�B activity, depending on
the cell type and the stimulating agent (Bshesh et al., 2002;
Németh et al., 2003; Lukashev et al., 2004; Minguet et al.,
2005). Indeed, in the original study by Majumbar and Aggar-
wal (2003), A2AAR activation had no inhibitory effect on
NF-�B activity when LPS was used as the activating agent
rather than TNF-�. Considering that the A2AAR appears to
signal by alternative mechanisms in murine macrophages,
we examined whether stimulation of the A2AAR inhibits ac-
tivation of NF-�B in our assays. We initially confirmed that
A2AAR activation functions to inhibit TNF-� gene transcrip-

Fig. 6. Epac-1 is not involved in mediating the inhibitory actions of
NECA or forskolin on LPS-induced TNF-� release. A and B, treatments
with NECA and forskolin (forsk) continue to inhibit LPS-induced TNF-�
release from macrophages after siRNA-mediated knockdown of Epac-1.
C, treatment with the Epac agonist 8�-CPT-cAMP-O-Me failed to inhibit
LPS-induced TNF-� release. For the siRNA studies, macrophages sub-
jected 72 h earlier to transfection with 400 nM anti-Epac-1 siRNA
(siRNA) or mock transfection were pretreated with NECA (1 �M) or
forskolin (50 �M) 30 min before stimulation with LPS (10 �g/ml). For
studies with the Epac agonist, macrophages were pretreated for 30 min
with increasing concentrations of 8�-CPT-cAMP-O-Me before simulation
with LPS (10 �g/ml). In all studies, the concentration of TNF-� was
measured in cell culture media 4 h after stimulation with LPS. The data
are presented as a percentage of TNF-� released compared with that for
the LPS-stimulated control group. �, p 
 0.05 versus vehicle-treated
group by Student’s t test. n � 4 to 6.

Fig. 7. Okadaic acid inhibits the ability of NECA and forskolin to inhibit
LPS-induced TNF-� release from macrophages. Macrophages were pre-
treated for 30 min with either vehicle (Veh), NECA (1 �M) (A), or
forskolin (Forsk; 50 �M) (B) in the presence or absence of okadaic acid
(OA) at the concentrations indicated. The concentration of TNF-� was
measured in cell culture media 4 h after stimulation with LPS. The data
are presented as a percentage of TNF-� released compared with that for
the LPS-stimulated control group. �, p 
 0.05 versus control group by
one-way ANOVA. n � 6 to 14.
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tion in macrophages using the novel approach to measure the
rate of production of primary unspliced TNF-� mRNA (Mur-
ray, 2005) and ruled out potential effects on mRNA stability.
We subsequently assessed the effect of A2AAR activation on

NF-�B activation using an enzyme-linked immunosorbent-
based assay to measure DNA binding activity of RelA/p65 in
nuclear extracts. This assay is comparable to an electromo-
bility “supershift” assay for RelA/p65 DNA binding but with
much greater sensitivity. We found that activation of the
A2AAR had no effect on LPS-induced DNA binding in nuclear
extracts, and, by inference, on nuclear translocation of RelA/
p65. We also found in our Bio-Plex assay that activation of
the A2AAR does not interfere with LPS-induced phosphory-
lation of I�B-�, further supporting a lack of an effect on
nuclear translocation. Thus, stimulation of the A2AAR in
murine macrophages does not interfere with TNF-� gene
transcription in response to LPS by general inhibition of
NF-�B, i.e., nuclear translocation and DNA binding.

A lack of an effect on NF-�B is difficult to explain, because
A2AAR activation inhibits the expression of multiple differ-
ent NF-�B regulated genes in macrophages in addition to
TNF-� (Németh et al., 2003). Thus, A2AAR activation is
likely to inhibit NF-�B regulated genes in macrophages

Fig. 8. Treatment with NECA inhibits LPS-induced TNF-� gene tran-
scription in murine macrophages but does not alter TNF-� mRNA sta-
bility. A and B, murine macrophages were pretreated with vehicle or 1
�M NECA before stimulation with LPS (10 �g/ml), after which the
production of total (A) and primary unspliced (B) TNF-� mRNA was
measured by quantitative RT-PCR, as described under Materials and
Methods. Treatment with NECA inhibits LPS-induced formation of total
and primary TNF-� transcripts, indicating an effect on the rate of tran-
scription. C, macrophages were pretreated with vehicle or NECA (1 �M)
for 30 min before stimulating with LPS (10 �g/ml). The rate of decay of
mature TNF-� transcripts was determined after the addition of actino-
mycin D (5 �g/ml). Treatment with NECA does not alter TNF-� mRNA
stability. n � 6 to 8.

Fig. 9. Treatment with NECA or forskolin does not inhibit LPS-induced
I�B-� phosphorylation or RelA/p65 DNA binding. A and B, macrophages
were pretreated with NECA (1 �M) or forskolin (forsk; 50 �M) before
stimulation with LPS (10 �g/ml). I�B-� phosphorylation (Ser32/Ser36) was
determined in cell lysates at the times indicated using the Bio-Plex
system and RelA/p65 DNA binding to nuclear extracts (1–5 �g) was
determined 1 h after stimulation with LPS by ELISA, as described under
Materials and Methods. Control experiments are shown in C, where it is
shown that blockade of NF-�B with BAY 11-7082 (Bay; 10 �M) inhibits
LPS-induced TNF-� release from macrophages as well as RelA/p65 DNA
binding. �, p 
 0.05 versus control group by one-way ANOVA. n � 4 to 6.
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through indirect mechanisms. One possibility is that the
A2AAR signals to interfere with chromatin remodeling that
allows access of transcriptional machinery to NF-�B-driven
genes, perhaps by recruiting histone deacetylases (Ash-
burner et al., 2001; Ghosh and Karin, 2002). Alternatively,
A2AAR signaling may ultimately inhibit transcriptional ac-
tivity of NF-�B without interfering with nuclear transloca-
tion and DNA binding. Upon nuclear translocation, RalA/p65
is phosphorylated at several different residues (Ser276,
Ser311, Ser529, and Ser536, among others), which is required
for maximal transcriptional activity (Chen and Greene,
2004). Thus, A2AAR activation may inhibit phosphorylation
of RelA/p65, potentially through activation of a protein phos-
phatase. Finally, A2AAR activation may interfere with the
assembly of accessory proteins necessary for NF-�B-medi-
ated transcription, such as CREB-binding protein and/or
p300 (Jang et al., 2004; Ma et al., 2005; Granja et al., 2006).
Notably, we were not able to determine whether activation of
the A2AAR inhibited transcriptional activity of NF-�B be-
cause nonproliferating primary murine macrophages are not
amenable to reporter gene assays.

In conclusion, this study demonstrates that the A2AAR
inhibits LPS-induced TNF-� release in murine macrophages
through a unique signaling mechanism involving cAMP ele-
vation that is PKA- and Epac-independent, but seems to
involve activation of a protein phosphatase and inhibition of
gene transcription. The results of our studies highlight the
fact that adenosine and A2AAR activation inhibits inflamma-
tory cell functions by complex signaling mechanisms that
vary among different cell types.
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