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ABSTRACT 

Adenosine is generated during tissue hypoxia and stress, which reduces inflammation 

by suppressing the activity of most immune cells.  Among its various actions, adenosine 

suppresses the production of pro-inflammatory cytokines including TNF-α, through the 

cAMP-elevating A2A adenosine receptor (AR) subtype.  In this study, we examined the 

signaling mechanisms by which A2AAR activation inhibits TNF-α production in 

thioglycollate-elicited mouse peritoneal macrophages.  Pre-treating murine 

macrophages with the non-selective AR agonist NECA, the A2AAR agonist CGS 21680, 

or the cAMP elevating agent forskolin reduced TNF-α production in response to LPS by 

greater than 60%.  All of these agents increased cAMP production in macrophages and 

activated protein kinase A (PKA).  Surprisingly, however, treating macrophages with 

three different PKA inhibitors or siRNA-mediated knock-down of the exchange protein 

activated by cAMP (Epac-1) failed to block the suppressive actions of NECA or forskolin 

on LPS-induced TNF-α 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-α mRNA levels; this effect was due to decreased rate of transcription based 

on assays examining the rate of generation of primary TNF-α transcripts.  Treatment 

with NECA or forskolin did not interfere with LPS-induced translocation or DNA binding 

of the RelA/p65 subunit of NFκB or phosphorylation of IκB-α, ERK1/2, JNK, or p38 

kinase.   Our results suggest that AR activation inhibits LPS-induced TNF-α production 

by murine macrophages at the level of gene transcription through a unique cAMP-
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dependent, but PKA- and Epac-independent signaling pathway involving protein 

phosphatase activity. 
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INTRODUCTION 

The purine nucleoside adenosine is released from metabolically stressed or 

damaged tissues, which serves as a negative feedback mechanism to limit inflammation 

by suppressing the actions of virtually all cells of the immune system (Hasko and 

Cronstein, 2004; Hasko et al., 2008).   Adenosine is derived from the extracellular 

catalysis of adenine nucelotides secreted from activated immune cells by ecto-

nucleotidases and from the intracellular catalysis and subsequent cellular transport from 

metabolically stressed cells (Hasko and Cronstein, 2004; Hasko et al., 2008).  Among 

its many anti-inflammatory mechanisms, adenosine potently inhibits the production of 

various cytokines from numerous different cell types including the central pro-

inflammatory mediator tumor necrosis factor-α (TNF-α; (Hasko and Cronstein, 2004; 

Hasko et al., 2008).   

All of the actions of adenosine are mediated via four adenosine receptor (AR) 

subtypes belonging to the super-family 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-α production in mouse 

peritoneal macrophages (Kreckler et al., 2006).  The mechanism of this inhibitory effect, 

however, remains unknown.  In this study, we provide evidence that A2AAR signaling 

inhibits LPS-induced TNF-α 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)-independent signaling pathway that involves increased protein 

phosphatase activity. 
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METHODS 

Materials.  Hybond™-C nitrocellulose membranes were obtained from GE 

Healthcare Bio-Sciences Corp. (Piscataway, NJ).  Ro 20, 1724 was obtained from 

BIOMOL International L.P. (Plymouth Meeting, PA).  All protease inhibitors, H89, 

rolipram, SQ 22,536, Bay 11-7082, triton X-100, and forskolin were from Sigma-Aldrich 

(St. Louis, MO).  PhosphoPlus CREB (Ser133) Antibody Kit was purchased 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 LAS, Inc. (Boston, 

MA).  CL-XPosure Film was from Pierce (Rockford, IL).  Lipofectamine2000 Reagent 

and Opti-MEM were from Invitrogen (Carlsbad, CA.  RPMI, TRIzol reagent, and 

ThermoScript RT PCR kits were purchased from Invitrogen Life Technologies 

(Carlsbad, CA).  Custom primers were ordered from Operon Biotechnologies, Inc. 

(Huntsville, AL).  

 

Isolation of thioglycollate-elicited mouse peritoneal macrophages.  

Macrophages were isolated from the peritoneal cavity of wild-type C57BL/6J mice, as 

previously described (Kreckler et al., 2006).  Mice were intraperitoneally injected with 2 

ml of 2% sterile thioglycollate.  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 μg/ml) for 4 h to allow the macrophages to adhere to the plates.  Non-adherent cells 
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were subsequently removed by washing with RPMI 1640 medium, and the adherent 

macrophages were re-fed with RPMI 1640 medium with 10% calf serum and 

gentamicin.  Macrophages were used for experiments immediately following isolation. 

 

TNF-α release assays.  Macrophages were stimulated with 10 μg/ml LPS for the 

times indicated after which the supernatant was collected for measurement of TNF-α by 

enzyme-linked inmmunosorbant 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-α released was expressed as 

picograms per milligram protein, or as a percentage of maximal TNF-α released from 

vehicle-treated control cells.  

 

cAMP assays.  Freshly isolated macrophages were detached from cell culture 

plates, resuspended in DMEM with 25 mM HEPES, pH 7.4, 1 unit/ml adenosine 

deaminase, and 20 μM 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 μl of 0.15 N HCl.  cAMP in the acid extract was 

determined by radioimmunoassay (GE Healthcare Bio-Sciences Corp., Piscataway, 

NJ).  

 

Western immunoblotting to detect total and phosphorylated CREB.  

Western immunoblotting was used to detect total and phosphorylated CREB using the 

PhosphoPlus CREB antibody kit, which contains the rabbit anti-phospho-CREB 
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monoclonal antibody 87G3 that detects CREB and activating transcription factor-1 

(ATF-1) only when it is phosphorylated at serine-133 and the rabbit anti-CREB 

monoclonal antibody 48H2 that detects total CREB protein.  Peritoneal macrophages 

were washed with ice-cold PBS followed by lysis in triton-X 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 β-glycerophosphate, 40 mM paranitrophenylphosphate, 200 μM sodium 

orthovandate, 100 μM phenylmethylsulfonyl fluoride (PMSF), 1 μg/ml leupeptin, 1 μg/ml 

pepstatin A, and 1 μg/ml aprotinin (Gao et al., 2001).  Lysates were clarified by 

centrifugation (5 min at 16,000 X g).  20-50 μg of protein was denatured with 5X 

Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 20% β-

mercaptoethanol, and 0.0025% bromophenol blue) and boiled (5 min at 95°) prior to 

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 TBS (20 mM Tris, 150 mM NaCL; pH 7.4) 

with 0.1% Tween 20 (TBS-T) at room temperature for 1 hour.  Efficient protein transfer 

and equal loading was confirmed in quantitative experiments by densitometric 

measurement of photocopies of membranes dyed with the reversible Ponceau stain, as 

described previously (Ping et al., 1999).  Lots were not used for quantification of loading 

varied by more than 10%.  Following 3X5 min washes with TBS-T, membranes were 

placed in a primary antibody solution appropriately diluted (1:1000) in 5% dry milk in 

TBS-T at 4°C overnight.  Subsequently, membranes were washed 3 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 chemiluminescence followed by exposure to 
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film.  When required, blots were stripped by incubating in 62.5 mM Tris-HCl, 2% SDS, 

and 100 mM β-mercaptoethanol.  Results were quantified using densitometry with NIH 

software (Scion Inc.). 

 

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 μg of macrophage RNA was 

reverse transcribed to cDNA using a mixture of random and oligo(dT) primers 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’-GGCTGGGTCTTTGGATGTTA-3’; reverse, 5’-

GAATAGGCTGACGCTTCTGG-3’) using Primer3 design software (Biology 

Workbench3.2).  PCR amplification was performed in a Robocycler 40 (Stratagene) 

thermocycler for 30 cycles of 1 min at 95°C, 1 min at 58o C, and 1 min at 72°C.  The 

amplification products were analyzed by agarose gel electrophoresis and visualized by 

ethidium bromide staining.  Western immunoblotting of macrophage cell lysates was 

performed as described previously using anti-Epac-1 (1:1000) and anti-Epac-2 (1:750) 

antibodies.  

 

Epac-1 knock-down using siRNA.  A pre-designed siGENOME SMART pool 

(Dharmacon, Inc., Lafayette, CO) consisting of a mixture of 4 siRNA sequences 

corresponding to mouse Epac-1 (Rapgef3) was transfected into mouse peritoneal 

macrophages by electroporation.  Briefly, 5-8 X 105 cells were resuspended in 500 μl of 
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RPMI, 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 μF capacitance) using an 

Electro Cell Manipulator 600 electroporater (BTX Instruments, Holliston, MA).  The 

electroporated cells were transferred to complete growth media (RPMI with 10% calf 

serum and 50 μg/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 and complete media was replaced.  

Preliminary studies were conducted with fluorescently labeled siRNA (siGLO; 

Dharmacon) and a positive control siRNA (laminin A/C; Dharmacon) to determine 

transfection efficiency (~90%) and feasibility of protein knock-down in primary 

macrophages. 

 

Real-time RT-PCR.   RNA isolation and the reverse transcription reaction were 

performed as described above.  Primers were designed for amplifying total TNF-α 

mRNA transcripts (forward, 5’-GCACCACCATCAAGGACTCA-3’; reverse, 5’-

TCGGAGGCTCCAGTGAATTCG-3’; (Schroeter et al., 2003)), primary un-spliced TNF-α 

transcripts (forward, 5’-GTACTGGCATGTGTATGTCA-3’; reverse, 

TGGTTGAGGGAATCATT-3’; (Murray, 2005)), and Epac-1 (forward, 

GTTGCACGAGGGAGATGACT-3’; reverse, 5’-AAGACCACTTTGCCGTGTTC-3’; 

created using Beacon Design software from Bio-Rad).  PCR amplification in SYBR 

green Supermix was performed utilizing an iCycler iQ (Bio-Rad) for 40 cycles of 25 

seconds at 95°C followed by 45 seconds at an optimized annealing temperature for 

each specific primer pair.  The cycle threshold (CT), determined as the initial increase in 
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fluorescence above background, was ascertained for each sample.  Melt curves were 

performed upon completion of the cycling protocol and the samples were assessed by 

gel electorphoresis to assure that non-specific products were absent.  For quantification 

of message, a relative change in expression was calculated using the method described 

by Pfaffl (Pfaffl, 2001). 

 

RelA/p65 DNA binding assays.  Macrophages (2 X 107) were plated onto 150 

mm tissue culture dishes and serum-starved overnight before use.  The next day 

following drug treatments for the times indicated, DNA binding activity of the RelA/p65 

subunit of NF-κB in nuclear extracts (Nuclear Extraction Kit, Active Motif, Carlsbad, 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-κB binding sequence.  After washing, an anti-RelA/p65 

antibody was added, followed by incubation with HRP-conjugated secondary antibody 

allowing for colorometric quantification using a microplate reader (ELx800™ system; 

BioTek Instruments, Inc., Winooski, VT).  

 

Detection of phosphorylated ERK1/2, JNK, p38, and IκBα.  Approximately 3 X 

106 macrophages were plated per 35 mm tissue culture dish and serum-starved 

overnight before use.  The next day following drug treatments, cell lysates were 

prepared using the Bio-Plex Cell Lysis Kit (Bio-Rad Laboratories, Inc., Hercules, CA), as 

directed.  Total protein content in the lysates (Bradford, 1976) was adjusted to a 

concentration of 900 μg/ml and stored at -20°C until the assays were performed.  
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Phospho-ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), phospho-JNK (Thr183/Tyr185), phospho-

p38 MAPK (Thr180/Tyr182), and phospho-IκB-α (Ser32/Ser36) levels were measured 

simultaneously in each sample using a multiplex bead array with the Bio-Plex100 

System and associated software (Bio-Rad).  Data were expressed as fluorescence 

intensity.   
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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 non-

selective AR agonist NECA (1 μM), the A2AAR selective agonist CGS 21680 (1 μM), or 

the direct adenylyl cyclase activator forskolin (50 μM) 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/15min, respectively.  The increase in cAMP produced by NECA 

(1 μM) or CGS 21680 (1 μM; data not shown) resulted in activation of PKA as 

determined by phosphorylation of CREB at serine-133 (Fig. 1B and C).  NECA-induced 

phosphorylation of CREB was blocked by the PKA inhibitor H89 (10 μM), confirming 

that increased CREB phosphorylation induced by NECA was via PKA.    

 

NECA inhibits LPS-induced TNF-α release from macrophages via a 

signaling pathway that is PKA-independent.  As shown previously (Kreckler et al., 

2006), pre-treating macrophages for 30 min with the non-selective agonist NECA (1 μM) 

led to a marked reduction in LPS-induced TNF-α production from murine macrophages 

(Fig. 2).  This inhibitory effect was mimicked by treating the cells with the direct adenylyl 

cyclase activator forskolin (50 μM) 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-α production in 

macrophages through a cAMP-mediated pathway. 
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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 myristolyated PKI14-22 peptide to abrogate the ability of NECA and forskolin to inhibit 

TNF-α production.  H89, which inhibits the catalytic site of PKA by blocking the ATP 

binding site, was used at a concentration of 10 μM shown in Fig 1 to inhibit PKA-

induced phosphorylation of CREB and PKI14-22 was used at a concentration of 3 μM 

(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 μM (Skeberdis et al., 

2006) up to 3-10 μM (Ydrenius et al., 2000).  As shown in Fig. 3, pre-treating cells with 

either of the PKA inhibitors did not block the ability of NECA or forskolin to inhibit LPS-

induced TNF-α release.  Importantly, neither H89 nor PKI14-22 affected LPS-induced 

TNF-α release when given alone.  Similar negative results were obtained 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-α release, NECA continued to produce a robust 

inhibitory effect similar in magnitude (~60-70%) to that produced in control experiments 

(Figure 3).  

 

NECA inhibits LPS-induced TNF-α 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; 
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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 

designated Epac-1 and Epac-2.  Epac-1 is considered to be ubiquitously expressed, 

whereas Epac-2 has been identified in brain and pancreatic β cells where it may be 

involved in insulin secretion (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. 

Since no pharmacological antagonists of Epac are currently available, we next 

investigated whether knock-down of Epac-1 expression in macrophages using siRNA 

technology reduces the ability of NECA or forskolin to inhibit LPS-induced TNF-α 

release.  In preliminary studies, we established 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 of anti-Epac-1 siRNA (Fig. 5).  As shown, both NECA (1 

μM) and forskolin (50 μM) continued to efficiently inhibit LPS-induced TNF-α production 

in cells transfected with Epac-1 siRNA compared to mock-transfected cells (Fig. 6A 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-α production (not shown).  
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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-α release from 

macrophages.  8’-CPT-cAMP-O-Me is a non-hydrolysable cAMP analog that activates 

Epac with greater potency compared to PKA (Enserink et al., 2002).  Previous studies 

have shown that concentrations of 8’-CPT-cAMP-O-Me as low as 1-10 μM effectively 

activate Epac in studies using cultured cells (Enserink et al., 2002).    In our 

experiments, we found that pre-treating macrophages with up to 300 μM 8’-CPT-cAMP-

O-Me failed to appreciably inhibit LPS-induced TNF-α production (Fig. 6C).  These 

results coupled with the negative results obtained in the siRNA knock-down 

experiments strongly indicate that Epac signaling, like PKA, is not involved in mediating 

the inhibition of LPS-induced TNF-α release provided by either AR stimulation or direct 

cAMP elevation. 

   

Suppression of TNF-α release by NECA is blocked by okadaic acid.   We 

next investigated the potential involvement of protein phosphatases using the 

serine/threonine protein phosphatase inhibitor okadaic acid.  As demonstrated in Fig. 

7A, okadaic acid concentration-dependently antagonized the inhibitory effect of NECA 

on LPS-induced TNF-α release, becoming evident at a concentration of 10 nM.  

Okadaic acid (100 nM) also antagonized the inhibitory effect of forskolin on LPS-

induced TNF-α release (Fig. 7B).     

 

NECA inhibits LPS-induced TNF-α gene transcription.  Stimulation of Toll-like 

receptors (TLR) by LPS activates NF-κB and mitogen-activated protein (MAP) kinase 
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signaling pathways via complex upstream signaling events, which coordinate the 

increase in TNF-α gene transcription via nuclear translocation and DNA binding of the 

transcription factor NF-κB (Krishnan et al., 2007).  Activation of MAP kinases, 

particularly p38 kinase, further increases pro-inflammatory gene expression through 

post-transcriptional mechanisms that promote RNA stability by destabilizing AU-rich 

elements in the 3’ un-translated region (Dean et al., 2004; Fotheringham et al., 2004b; 

Krishnan et al., 2007).  We therefore examined whether AR activation in macrophages 

inhibits LPS-induced transcription of the TNF-α 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-α mRNA (i.e., primary, partially spliced, and fully processed 

transcripts) using primers directed towards a translated region of the gene.  As shown in 

Fig. 8A, treatment with LPS (10 μg/ml) increased steady-state total TNF-α 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 μM) inhibited the LPS-

induced increase in steady-state TNF-α mRNA by greater than 50% (Fig. 7A), indicating 

that AR activation either inhibits generation of new transcript (i.e., gene transcription) or 

increases the rate of decay of TNF-α mRNA (i.e., RNA stability).   To examine the first 

possibility (i.e., transcription), we used an approach recently described by Murray 

(Murray, 2005) in which the rate of formation of newly transcribed un-spliced or partially 

spliced TNF-α transcript is estimated by real-time PCR with primers directed towards an 

intronic region.  The second possibility (RNA stability) was tested by measuring the rate 

of decay of total TNF-α mRNA following pharmacological blockade of transcription.  For 

this assay, macrophages pretreated with vehicle or NECA (1 μM) were activated by LPS 
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to induce gene expression (30 min), and then total TNF-α mRNA was measured by 

real-time PCR at various times after treatment with actinomycin D (5 μg/ml).  As shown, 

NECA markedly reduced the rate of formation of primary TNF-α transcripts (Fig. 8B), 

but did not alter the rate of decay of total TNF-α mRNA (Fig. 8C).  These results 

therefore indicate that AR activation inhibits LPS-induced TNF-α gene transcription in 

macrophages, but does not alter TNF-α mRNA stability.  Similarly, forskolin inhibited the 

LPS-induced increase in both total and primary TNF-α transcripts by 59 ± 17% and 68 ± 

7%, respectively, without altering TNF-α mRNA stability (not shown). 

 

NECA does not alter LPS-induced activation of NF-κB or MAP kinases.  We 

finally examined whether AR activation influences phosphorylation of the inhibitory 

subunit of NF-κB (IκB-α) and DNA binding of the RelA/p65 subunit of NF-κB.  

Phosporylation of IκB-α in cell lysates was assessed using the Bioplex 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 IκB-α as well as a rapid increase in RelA/p65 DNA binding in 

nuclear extracts (Fig. 9A and B), demonstrating that LPS treatment activates NF-κB 

signaling.  Pre-treating cells with either NECA (1 μM) or forskolin (50 μM), however, had 

no effect on either of these parameters (Fig. 9A and B).  LPS-induced production of 

TNF-α by macrophages was confirmed to be dependent on NF-κB signaling, based on 

the observation that treatment with the inhibitor Bay 11-7082 inhibited the production of 

TNF-α by macrophages as well as DNA binding of RelA/p65 in nuclear extracts (Fig. 
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9C).  Using the BioPlex assay, we also found that phosphorylation of p38, JNK, and 

Erk1/2 were increased with LPS (10 μg/ml) stimulation, but that pretreatment with NECA 

(1 μM) had no inhibitory effect on any of these molecules (Fig. 10).  Thus, although AR 

activation inhibits TNF-α gene transcription, it functions by a mechanism that is 

independent of general activation (nuclear translocation and DNA binding) of NF-κB or 

MAP kinase signaling.    
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DISCUSSION 

It is generally believed that A2AAR activation inhibits the expression of TNF-α and 

other pro-inflammatory mediators by elevating the intracellular concentration of cAMP, 

which subsequently inhibits NF-κB activity and thereby gene transcription 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 activation in immune cells.  In the 

present investigation, however, we found that the inhibitory actions of A2AAR activation 

on LPS-induced TNF-α 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-κB.  Rather, we 

identified a unique signaling pathway that appears to involve activation of a 

serine/threonine protein phosphatase sensitive to blockade by okadaic acid that results 

in inhibition of TNF-α 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-α production, 

which was not blocked by PKA inhibitors or by knocking down Epac.  Moreover, the 

inhibition of TNF-α 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 signaling 

mechanisms.  In an attempt to further confirm this conclusion, we conducted additional 

experiments designed to determine whether inhibition of cAMP production using two 
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different adenylyl cyclase inhibitors (SQ 22536 and MDL-12,330A) inhibited A2AAR-

mediated inhibition of TNF-α release.  Unfortunately, both of these agents were toxic to 

primary murine macrophages at concentrations (100 - 500 μM) required to effectively 

inhibit the enzyme (data not shown). 

     Our conclusion that A2AAR signaling functions independently of PKA is based 

on the use of three different pharmacological 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 selectivity of H-89 for PKA is moderate, it is well 

established as an effective inhibitor of PKA at the concentrations used in the present 

investigation (10 μM).  Moreover, we demonstrated that treatment with H-89 effectively 

inhibited CREB phosphorylation in response to A2AAR activation.  Negative results 

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 since we found that Epac-1 

is abundantly expressed in murine macrophages.  Moreover, Scheibner et al. 

(Scheibner et al., 2009) have suggested that the A2AAR signals through Epac in murine 

macrophages to inhibit TNF-α expression induced by extracellular matrix components.  

Our results show, however, that the A2AAR also does not signal to inhibit LPS-induced 

TNF-α release via Epac based on:  1) lack of an effect of siRNA-mediated knock-down 

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 μM.  Previous studies have shown that 8-CPT-2’-

O-Me-cAMP selectively activates Epac at concentrations between 1-10 μM (Enserink et 
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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 pull-down 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 induced 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 compared to PKA (Enserink et al., 2002), this 

observation provides strong evidence that 8-CPT-2’-O-Me-cAMP was able to penetrate 

into macrophages and effectively activate Epac within the concentration range (1-300 

μM) examined in our investigation.  

Two previous studies have implicated phosphatase activation in mediating 

suppressive signaling by the A2AAR in immune cells.   In human monocytes, 

Fotherington and colleagues (Fotheringham et al., 2004a) reported that okadaic acid 

inhibited TNF-α production in response to the HIV-1 protein tat.  In human neutrophils, 

Revan and colleagues (Revan et al., 1996) reported that the protein phosphatase 

inhibitor calyculin A blocked the suppressive effect of A2AAR activation on stimulated 

superoxide production.  In both of these studies (Revan et al., 1996; Fotheringham et 

al., 2004a), the inhibitory actions 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 10-100 

nM.  Since okadaic acid inhibits protein serine/threonine phosphatase PP2A at 
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subnanomolar concentrations (0.1-1nM) and PP1 at 10-100-fold higher concentrations 

(Peirce et al., 1999), our results suggest involvement of PP1.  Our results also imply 

that activation of the A2AAR increased protein phosphatase activity due to cAMP 

elevation, since treating macrophages with okadaic acid also inhibited the ability of 

forskolin to inhibit LPS-induced TNF-α release. 

Several previous studies have shown that stimulating the A2AAR inhibits 

activation of NF-κB, albeit by various different mechanisms.  Activation of the A2AAR 

was originally reported by Majumbar and Aggarwal (Majumdar and Aggarwal, 2003) to 

inhibit TNF-α-induced DNA binding and transcriptional activation of NF-κB in several 

different myeloid, lymphoid, and epithelial cell lines, but not to alter its ability to 

translocate into the nucleus.  In contrast, Sands and coworkers (Sands et al., 2004) 

demonstrated that A2AAR activation inhibited nuclear translocation induced by a 

combination of interferon-γ, LPS, and TNF-α in both human umbilical vein endothelial 

cells (HUVEC) and C6 glioma cells.  In C6 cells, A2AAR activation inhibited IκB-α-

induced phosphorylation, whereas in HUVECs A2AAR activation inhibited NF-κB 

translocation independently of any effect on IκB-α phosphorylation/degradation (Sands 

et al., 2004).  Others have reported variable effects of A2AAR activation on NF-κB 

activity, depending on the cell type and the stimulating agent (Bshesh et al., 2002; 

Nemeth et al., 2003; Lukashev et al., 2004; Minguet et al., 2005).  Indeed, in the original 

study by Majumbar and Aggarwal (Majumdar and Aggarwal, 2003), A2AAR activation 

had no inhibitory effect on NF-κB activity when LPS was used as the activating agent 

rather than TNF-α.  Considering that the A2AAR appears to signal by alternative 

mechanisms in murine macrophages, we examined whether stimulation of the A2AAR 
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inhibits activation of NF-κB in our assays.  We initially confirmed that A2AAR activation 

functions to inhibit TNF-α gene transcription in macrophages using the novel approach 

to measure the rate of production of primary unspliced TNF-α mRNA (Murray, 2005), 

and ruled out potential effects on mRNA stability.  We subsequently assessed the effect 

of A2AAR activation on NF-κB activation using an ELISA-based assay to measure DNA 

binding activity of RelA/p65 in nuclear extracts.  This assay is comparable to an 

electromobility “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, nuclear translocation of RelA/p65.  We 

also found in our Bio-Plex assay that activation of the A2AAR does not interfere with 

LPS-induced phosphorylation of IκB-α, further supporting a lack of an effect on nuclear 

translocation.  Thus, stimulation of the A2AAR in murine macrophages does not interfere 

with TNF-α gene transcription in response to LPS by general inhibition of NF-κB, i.e., 

nuclear translocation and DNA binding. 

A lack of an effect on NF-κB is difficult to explain, since A2AAR activation inhibits 

the expression of multiple different NF-κB regulated genes in macrophages in addition 

to TNF-α (Nemeth et al., 2003).  Thus, A2AAR activation is likely to inhibit NF-κB 

regulated genes in macrophages through indirect mechanisms.  One possibility is that 

the A2AAR signals to interfere with chromatin remodeling that allows access of 

transcriptional machinery to NF-κB-driven genes, perhaps by recruiting histone 

deaceytylases (Ashburner et al., 2001; Ghosh and Karin, 2002).  Alternatively, A2AAR 

signaling may ultimately inhibit transcriptional activity of NF-κB without interfering with 

nuclear translocation and DNA binding.  Upon nuclear translocation, RalA/p65 is 
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phosphorylated at several different residues (S276, S311, S529,  and S536, 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 phosphatase.  Finally, A2AAR activation may interfere with the assembly of 

accessory proteins necessary for NF-κB-mediated 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-κB since non-proliferating primary murine macrophages are not amenable 

to reporter gene assays.   

In conclusion, this study demonstrates that the A2AAR inhibits LPS-induced TNF-

α release in murine macrophages through a unique signaling mechanism involving 

cAMP elevation that is PKA- and Epac-independent, but appears to involve activation of 

a protein phosphatase and inhibition of gene transcription.  The results of our studies 

highlight that adenosine and A2AAR activation inhibit inflammatory cells functions by 

complex signaling mechanism that vary among different cell types.   
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LEGENDS FOR FIGURES 

Figure 1. Effect of the non-selective AR agonist NECA, the A2AAR-selctive agonist CGS 

21680, and the direct adenylyl cyclase activator forskolin on cAMP accumulation and 

phosphorlylation of CREB in murine macrophages.  A. Macrophages were stimulated 

with either 1 μM NECA, 1 μM CGS 21680, or 50 μM forskolin in the presence of the 

phosphodiesterase inhibitor Ro-20,1754 (20 μM) for 15 min and cAMP accumulation in 

acid extracts was determined by radioimmunoassay.  B. and C. Macrophages were 

stimulated with 1 μM NECA for the times indicated either in the presence or absence of 

vehicle or the PKA inhibitor H89 (10 μM) 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 in MATERIALS AND METHODS.  Panel B shows representative 

immunoblots and Panel C shows consolidated data from 4 independent experiments.  

*p<0.05 versus the baseline or vehicle-treated groups by one-way ANOVA or Student’s 

t test, as appropriate.  n = 3-5.  

 

Figure 2. NECA, forskolin, and 8’ Bromo-cAMP inhibit LPS-induced TNF-α release from 

murine macrophages.  Macrophages were pretreated for 30 min with vehicle, 1 μM 

NECA (A), 50 μM forskolin (A), or increasing concentrations of 8’ Bromo-cAMP (B) 

before stimulating with LPS (10 μg/ml).  The concentration of TNF-α was measured in 

cell culture media 4 h after stimulation with LPS.  The data are presented as a 

percentage of TNF-α released compared to the vehicle-treated group.  Absolute values 

(pg/mg protein) for data shown in pane A were:  basal = 26 ± 7; LPS + vehicle-treated 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2009 as DOI: 10.1124/jpet.109.157651

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #157651 

 33

group = 13,364 ± 2,405; LPS + NECA-treated group = 4,944 ± 935; LPS + forskolin-

treated group = 4,450 ± 801.  *p<0.05 versus vehicle-treated group by one-way 

ANOVA; n = 6-10. 

 

Figure 3.  Pharmacological blockade of PKA does not inhibit the ability of NECA or 

forskolin to inhibit LPS-induced TNF-α release from macrophages.  Macrophages were 

pretreated for 30 min with 1 μM NECA (A and C) or 50 μM forskolin (B) before 

stimulating with LPS (10 μg/ml) in the presence or absence of H89 (10 μM; A and B), 

PKI (3 μM; A and B), or Rp-8-Br-cAMPS (0.5 or 1 mM; C).  Cells were pretreated with 

the antagonists 1 h before additional of LPS.  The concentration of TNF-α was 

measured in cell culture media 4 h after stimulation with LPS.  The data are presented 

as a percentage of TNF-α released compared to the LPS-stimulated control group.  

*p<0.05 versus vehicle-treated group by one-way ANOVA or Student’s t test, as 

appropriate; n = 6-10. 

 

Figure 4. Detection of Epac-1 (A), but not Epac-2 (B), in murine macrophages by RT-

PCR (Left) and Western immunoblotting (Right).  RT-PCR reactions conducted with 

and without reverse transcriptase were electrophoresed through 1% agarose gels 

containing ethidium bromide.  Reactions were performed with total RNA isolated from 3 

different macrophage isolations (Lanes 1-3) as well as mouse brain tissue as a positive 

control.  Expected band sizes were 868 bp for Epac-1 and 1,742 for Epac-2.  Western 

blot analysis was performed with protein lysates from macrophages (Lanes 1 and 2), 
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and from mouse brain and Caki-1 cells as positive controls.  Epac-1 and Epac-2 migrate 

as ~110 kb proteins. 

 

Figure 5. Optimization of Epac-1 knock-down 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 concentrations of anti-Epac-1 siRNA.  n = 3.  B.  

Measurement of Epac-1 protein expression by Western immunoblotting at the times 

indicated after electroporation with 400 nM anti-Epac-1 siRNA.  n = 3. 

 

Figure 6.  Epac-1 is not involved in mediating the inhibitory actions of NECA or forskolin 

on LPS-induced TNF-α release.  A and B.  Treatment with NECA and forskolin continue 

to inhibit LPS-induced TNF-α release from macrophages following siRNA-mediated 

knock-down of Epac-1.  C.  Treatment with the Epac agonist 8’-CPT-cAMP-O-Me failed 

to inhibit LPS-induced TNF-α release.  For the siRNA studies, macrophages subjected 

72 h earlier to transfection with 400 nM anti-Epac-1 siRNA (siRNA) or mock transfection 

were pretreated with NECA (1 μM) or forskolin (50 μM) 30 min before stimulating with 

LPS (10 μg/ml).  For studies with the Epac agonist, macrophages were pretreated for 30 

min with increasing concentrations of 8’-CPT-cAMP-O-Me before simulating with LPS 

(10 μg/ml).   In all studies, the concentration of TNF-α was measured in cell culture 

media 4 h after stimulation with LPS.  The data are presented as a percentage of TNF-α 

released compared to the LPS-stimulated control group.  *p<0.05 versus vehicle-treated 

group by Student’s t test; n = 4-6. 
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Figure 7:  Okadaic acid inhibits the ability of NECA and forskolin to inhibit LPS-induced 

TNF-α release from macrophages.  Macrophages were pretreated for 30 min with either 

vehicle, NECA (1 μM; A), or forskolin (50 μM; B) in the presence or absence of okadaic 

acid at the concentrations indicated.  The concentration of TNF-α was measured in cell 

culture media 4 h after stimulation with LPS.  The data are presented as a percentage 

of TNF-α released compared to the LPS-stimulated control group.  *p<0.05 versus 

control group by one-way ANOVA; n = 6-14. 

 

Figure 8. Treatment with NECA inhibits LPS-induced TNF-α gene transcription in 

murine macrophages, but does not alter TNF-α mRNA stability.  A and B.  Murine 

macrophages were pretreated with vehicle or 1 μM NECA before stimulating with LPS 

(10 μg/ml), after which the production of total (A) and primary un-spliced (B) TNF-α 

mRNA was measured by quantitative RT-PCR, as described in MATERIALS AND 

METHODS.  Treatment with NECA inhibits LPS-induced formation of total and primary 

TNF-α transcripts, indicating an effect on the rate of transcription.  C.  Macrophages 

were pretreated with vehicle or NECA (1 μM) for 30 min before stimulating with LPS (10 

μg/ml).  The rate of decay of mature TNF-α transcripts was determined after the 

addition of actinomycin D (5 μg/ml).  Treatment with NECA does not alter TNF-α mRNA 

stability.  n = 6-8.  

 

Figure 9. Treatment with NECA or forskolin does not inhibit LPS-induced IκB-α 

phosphorylation or RelA/p65 DNA binding.  (A and B) Macrophages were pretreated 

with NECA (1 μM) or forskolin (50 μM) before stimulation with LPS (10 μg/ml).  IκB-α 
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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 μg) was 

determined 1 h after stimulating with LPS by ELISA, as described in MATERIALS AND 

METHODS.  Control experiments are shown in C, where it is shown that blockade of 

NF-κB with BAY 11-7082 (10 μM) inhibits LPS-induced TNF-α release from 

macrophages as well as RelA/p65 DNA binding.  *p < 0.05 versus control group by one-

way ANOVA; n = 4-6.   

 

Figure 10.  Treatment with NECA does not inhibit LPS-induced activation of Erk1/2, 

p38, or JNK.  Macrophages were pretreated with NECA (1 μM) for 30 min before 

stimulation with LPS (10 μg/ml).  Protein phosphorylation was determined in cell lysates 

collected at the times indicated using the Bio-Plex assay.  n = 4-6. 
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