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Abstract Long-term glial cell treatment with the proinflammatory cytokine TNF-alpha has been demonstrated to
increase the functional responsiveness of A2B adenosine receptors (A2B ARs), which in turn synergize with the cytokine
inducing chronic astrogliosis. In the present study, we investigated the short-term effects of TNF-alpha on A2B AR
functional responses in human astroglial cells (ADF), thus simulating the acute phase of cerebral damage which is
characterized by both cytokine and adenosine high level release. Short-term TNF-alpha cell treatment caused A2B AR
phosphorylation inducing, in turn, impairment in A2B AR-G protein coupling and cAMP production. These effects
occurred in a time-dependent manner with a maximum following 3-h cell exposure. Moreover, we showed PKC
intracellular kinase is mainly involved in the TNF-alpha-mediated regulation of A2B AR functional responses. The results
may indicate the A2B AR functional impairment as a cell defense mechanism to counteract the A2B receptor-mediated
effects during the acute phase of brain damage, underlying A2B AR as a target to modulate early inflammatory responses.
J. Cell. Biochem. 104: 150–161, 2008. � 2007 Wiley-Liss, Inc.
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Astrocytes, which are involved both in physio-
logical brain functions and in pathological
events, are the most important source of extra-
cellular adenine-based purines in the brain
[Ciccarelli et al., 1999] and moreover express
all the A1, A2A, A2B, and A3 adenosine receptor

(AR) subtypes [Peakman and Hill, 1996; Trinca-
velli et al., 2002a, 2004]. Among all these
receptors, A2B ARs are quite unique, since they
exhibit a relatively low affinity for adenosine
and seem to be activated only under hypoxic
or ischemic conditions, when large amounts
of adenosine are released (micromolar range)
[Ribeiro et al., 2003]. Under these pathological
conditions proinflammatory cytokines, a group
of potent multifunctional pleiotropic proteins,
are released in the brain at high levels, contri-
buting to neurodegeneration and inflammation
processes [Szelenyi, 2001; Zaremba et al., 2001].
Evidence suggests a regulatory connection
between inflammatory cytokines and the adeno-
sine system: the former are known to be involved
in ARs response regulation mechanisms [for A1

AR see Biber et al., 2001; for A2A AR see Khoa
et al., 2001; Trincavelli et al., 2002b; for A2B

see Rosi et al., 2003; Trincavelli et al., 2004],
while ARs are involved in the regulation of the
cytokine production [for A2A AR see Hasko et al.,
2000; for A2B AR see Zhang et al., 2005]. This
functional cross-talk between ARs and cytokines
plays an important role in the regulation of
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AR responses during pathological conditions.
In particular, data from our group have demon-
strated that chronic exposure of human
astroglial cell to the cytokine, tumor necrosis
factor alpha (TNF-alpha), induces a delay in the
A2B AR desensitization process, causing the up-
regulation of the receptor functioning. Moreover,
A2B AR has contributed, in association with
TNF-alpha, to mediate chronic astrogliosis, sug-
gesting a role for this AR subtype in the long-
term control of astrocytic functions [Trincavelli
et al., 2004].

Following ischemia and trauma, TNF-alpha
is quickly synthesized (2–6 h) in the central
nervous system (CNS) by resident macro-
phages, astrocytes, and microglia [Yu and Lau,
2000; Tehranian et al., 2002]. Converging
lines of evidence support a pivotal role for
cytokines in driving the short-term inflam-
matory response [Wang and Shuaib, 2002].
In this context, to understand how the
cytokines regulate the functional responsive-
ness of adenosine neuromodulator system in the
acute phase of cerebral damage represents
an important goal to develop new strategic
therapeutic intervention.

The aim of the present work was to investi-
gate the A2B AR modulation in ADF cells
following short-term TNF-alpha exposure and
to dissect the intracellular kinase pathways
involved in TNF-alpha-mediated regulation of
A2B AR functioning.

MATERIALS AND METHODS

Materials

[35S]GTPgS (specific activity 1,250 Ci/mmol)
and protein-A sepharoseTM were purchased from
Amersham Biosciences (Freiburg, Germany).
NECA and DPCPX were obtained commercially
from Sigma-RBI (St. Louis, MO) while MRS
1220 was from Tocris Cookson (Bristol, United
Kingdom). SCH 58261 was a gift from Schoering-
Plough. TNF-alpha was purchased from Li
StarFish (Milan, Italy) and H89 dihydrochloride,
Bisindolylmaleimide I GFX109203 and wort-
mannin were from Calbiochem (EMD Bio-
sciences, affiliate of Merck KgaA, Darmstadt,
Germany) while PKI (6–22 peptide) and chelery-
thrine were from Sigma-RBI, adenosine deami-
nase (ADA) was from Roche Diagnostics GmbH
(Mannheim, Germany). Cell culture media and
fetal bovine serum were from Cambrex Bio-
Science (Verviers, Belgium). Electrophoresis

reagents were purchased from Bio-Rad
(Hercules, CA). Human A2B AR antibody was
supplied by Alpha Diagnostic (San Antonio, TX),
while anti-phosphothreonine antibody was
from Chemicon International (Temecula, CA)
and secondary antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA). The Bio-Rad
Protein assay based on Bradford method
was from Bio-Rad (Munich, Germany). All other
chemicals were supplied from standard com-
mercial sources.

Cell Culture and Treatments

Human astrocytoma cells (ADF) were kindly
supplied by Prof. Maria Pia Abbracchio (Depart-
ment of Pharmacological Sciences, University
of Milan) [Malorni et al., 1994]. ADF cells
were grown adherently using RPMI 1640
medium supplemented with 10% fetal bovine
serum, 2 mM glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, and 1% non-essential
amino acids as previously described [Trincavelli
et al., 2002a]. Aliquots of cells were treated
without (control) or with increasing TNF-
alpha concentrations (10–1,000 U/ml) for dif-
ferent times (5 min–12 h) and then, harvested
for [35S]GTPgS binding, cAMP assay, and
immunoblotting analysis. Aliquots of the cells
were pre-incubated for 15 min with different
kinase inhibitors before being treated with
TNF-alpha (1,000 U/ml) for 3 h: in particular,
PKA inhibitors, H89 dihydrochloride (1 mM)
and PKI (50 nM); PKC inhibitors, Bisindoly-
lmaleimide I GFX109203 (1 mM) and chelery-
thrine (6 mM); and PI3K inhibitor, wortmannin
(500 nM), were used [Glass et al., 1989; Herbert
et al., 1990; Toullec et al., 1991; Fantozzi et al.,
1992; Geilen et al., 1992; Nakanishi et al., 1992;
Davies et al., 2000; Schulte and Fredholm,
2003].

[35S]GTPgS Binding Assay

After different treatments, ADF cell mem-
brane fractions were prepared and assayed as
previously described [Trincavelli et al., 2004].
A2B AR coupling to G proteins was evaluated
assessing the ability of the AR agonist NECA
to stimulate [35S]GTPgS binding. Briefly,
after pre-incubation for 150 at 308C with ADA
(2 U/ml), aliquots of membrane fractions (10 mg
proteins) were incubated for 60 min at 258C
in binding buffer (50 mM Tris–HCl, 5 mM
MgCl2, pH 7.4) containing GDP 5 mM and
[35S]GTPgS 0.3 nM. Cell membranes were
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stimulated with different NECA concentrations
(10 nM–100 mM), in presence of the selective
AR antagonists DPCPX, SCH 58261, and MRS
1220 (all used at 100 nM concentration), to
block A1, A2A, and A3 receptors, respectively.
Non-specific binding was determined in pre-
sence of 10 mM GTPgS and it resulted less than
10% of total binding.

cAMP Assay

cAMP assay was performed as previously
described [Trincavelli et al., 2004]. Briefly, cells
were incubated for 15 min at 378 in fresh DMEM
medium containing 2 U/ml ADA and 10 mM
4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone
(Ro 201724) as phosphodiesterases inhibitor.
Then, 1 nM–10 mM NECA-mediated cAMP
production was evaluated by the cAMP enzyme
immunoassay system kit (Sigma–Aldrich,
St. Louis, MO), following the manufacture’s
instruction. These experiment were carried
out in the presence of the A2A AR antagonist
SCH 58261 (100 nM) to exclude A2A AR
component.

A2B AR Immunoprecipitation and Immunoblotting

ADF cells were processed by immunoblot
following the method previously described
[Trincavelli et al., 2004]: cell lysates (1 mg
of proteins) were immunoprecipitated with
an anti-A2B AR antibody and Protein A
SepharoseTM. Immune-complexes were resolv-
ed by SDS–PAGE (12%), transferred to nitro-
cellulose membranes and treated overnight
at 48C with primary antibody against A2B AR
(1 mg/ml) or against phosphothreonine residues
(0.5 mg/ml). Blots were developed using the
ECL Western blotting detection reagents
(Amersham Biosciences). Phosphothreonine
immunoreactive bands were quantified by
densitometric scanning of films, using an image
analysis system and normalized by correspond-
ing A2B ARs immunoreactive bands.

Data Analysis

Data were statistically analyzed with One-
Way ANOVA (Tukey’s multiple comparison
test) by the GraphPad PRISM Version 4.00 pro-
gram (GraphPad Software, San Diego, CA).
Data have been reported as mean�SEM of
three different experiments (performed in
duplicate). Significance refers to results where
P< 0.05 was obtained.

RESULTS

A2B AR-G Protein Coupling in Control and
Short-Term TNF-Alpha Treated Cells

As a first step, we investigated the effect
of short-term TNF-alpha cell exposure on A2B

AR-G protein coupling efficacy. TNF-alpha cell
treatment induced a time-dependent decrease in
A2B AR-G protein coupling (Fig. 1A), with a
maximal effect after 3-h incubation (P< 0.01
TNF-alpha 3 h vs. control). Moreover, following
3-h cell exposure, TNF-alpha-mediated impair-
ment of receptor-G protein activation occurred in
a concentration dependent manner (Fig. 1B).
TNF-alpha cell treatment did not induce any
significant change in the basal [35S]GTPgS
binding (data not shown), demonstrating the
cytokine did not affect G protein functional state.

Therefore, the effect of different kinase
inhibitors on TNF-alpha-mediated A2B AR-G
protein uncoupling was assessed. All inhibitors
alone were not able to modulate NECA-
mediated response (P> 0.05 vs. control,
Fig. 2). Cell pre-exposure to 1 mM H89 or 1 mM
GFX109203, before TNF-alpha treatment, were
able to counteract TNF-alpha (1,000 U/ml for
3 h) effects, inducing a partial recovery both
in the agonist effectiveness in stimulating
GTPgS binding (P< 0.01 TNF-alphaþH89 or
TNF-alphaþ GFX109203 vs. TNF-alpha alone).
Moreover, the simultaneous cell pre-incubation
with the two inhibitors completely restored the
A2B AR-G protein coupling efficacy up to control
level (P< 0.01 vs. TNF-alpha alone, Fig. 2). PKI
inhibitor, at 50 nM concentration, induced a
weak and no significant recovery of A2B AR-G
protein coupling (P> 0.05 vs. TNF-alpha alone).
Chelerythrine, at 6 mM concentration, is the
most effective in restoring A2B AR-G protein
coupling (P< 0.001). On the contrary, the PI3K
inhibitor, wortmannin, did not counteract TNF-
mediated effects (P> 0.05 vs. TNF-alpha alone).
These data may suggest PKC is primary
involved in TNF-alpha-mediated regulation of
A2B AR-G protein coupling.

Therefore, we evaluated the effects of TNF-
alpha cell treatment (1,000 U/ml for 3 h) on
NECA concentration-response curves. In con-
trol cells, the agonist NECA induced a signifi-
cant stimulation of [35S]GTPgS binding with an
EC50 value of 281� 17.3 nM and a maximal
efficacy of 178.5� 10.25%, according to data
previously reported [Trincavelli et al., 2004].
TNF-alpha cell treatment induced a significant
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right shift of agonist response curve with
an EC50 value of 616� 11.54 nM (P< 0.001
TNF-alpha vs. control cells) suggesting the
cytokine induced A2B AR-G protein uncoupl-
ing (Fig. 3). Moreover, a significant decrease
in agonist maximal response was detected
(123.6� 1.35%). The kinase inhibitors H89,
GFX109203, and chelerythrine were able
to counteract TNF-alpha effects partially
restoring A2B AR agonist potency and efficacy.
Concentration-response curves and the relative
EC50 values, which were obtained following cell
incubation with TNF-alpha in the presence of
kinase inhibitors, are reported in Figure 3.

A2B AR Functional Responsiveness in Control
and Short-Term TNF-Alpha Treated Cells

As a second step, we evaluated the time and
concentration dependence of TNF-alpha effects

on the A2B AR functional responsiveness. The
A2B AR responsiveness was quantified evaluat-
ing the ability of the agonist NECA, in the
presence of the A2A AR antagonist SCH
58261 (100 nM), to stimulate intracellular
cAMP production in control and treated
cells [Trincavelli et al., 2004]. Cell pre-incuba-
tion with TNF-alpha (1,000 U/ml) for dif-
ferent times induced a significant decrease
in the A2B AR functional responsiveness
(Fig. 4A) with a maximal effect following
3-h incubation (P< 0.01 TNF-alpha 3 h vs.
control). The TNF-alpha-mediated impairment
of A2B AR response occurred in a concentra-
tion dependent manner, with a maximal
effect at 1,000 U/ml cytokine following 3-h
treatment (Fig. 4B). These data suggested
TNF-alpha was able to induce short-term A2B

AR desensitization.

Fig. 1. TNF-alpha-mediated regulation of the A2B AR-G protein coupling: time (A) and concentration
(B) dependence. The ability of 1 mM NECA (in the presence of A1, A2A, and A3 antagonists) to
stimulate [35S]GTPgS binding was evaluated in ADF cell membranes following cell treatment without
or with 1,000 U/ml TNF-alpha for different times (5 min–12 h, A) or following cell treatment with different
TNF-alpha concentrations (10–1,000 U/ml) for 3 h (B). Data, reported as mean� SEM (from five different
experiments), are expressed as percentage of basal specific [35S]GTPgS binding, set to 100%.
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Cell pre-incubation with the kinase inhibitors
H89, GFX109203, or chelerythrine counteract-
ed the TNF-alpha effects, inducing a recovery
of the agonist-mediated cAMP accumulation

(P< 0.01 vs. TNF-alpha alone, Fig. 5). On the
contrary, wortmannin and PKI were not able
to restore the A2B AR functional responsiveness
at the level of second messenger system

Fig. 2. Effects of intracellular kinase inhibitors on the
TNF-alpha-mediated A2B AR-G protein uncoupling. ADF cells
were pre-incubated without or with kinases inhibitors (1 mM
H89; 1 mM GFX109203; 50 nM PKI; 6 mM chelerythrine; 50 nM
wortmannin) for 15 min. Cells were then treated with or without
TNF-alpha 1,000 U/ml for 3 h and then the ability of 1 mM NECA

(in the presence of A1, A2A, and A3 antagonists) to stimulate
[35S]GTPgS binding was assessed. Data, reported as mean� SEM
(from five different experiments), are expressed as percentage of
basal specific [35S]GTPgS binding, set to 100%. **P< 0.01 and
***P<0.001 versus TNF-alpha.

Fig. 3. NECA-mediated activation of A2B AR-G protein
coupling: concentration-response curves. ADF cells were
pre-incubated without or with kinase inhibitors (1 mM H89;
1mM GFX109203; 50 nM PKI; 6mM chelerythrine) for 15 min and
then treated with or without TNF-alpha 1,000 U/ml for 3 h. The
ability of different NECA concentrations (10 nM–100 mM) to
stimulate [35S]GTPgS binding was then assessed. Data, reported
as mean� SEM (from five different experiments), are expressed
as percentage of basal specific [35S]GTPgS binding, set to
100%. Control cells: EC50¼281�17.3 nM; TNF-alpha:

EC50¼616�11.54 nM, P<0.001 versus control; TNF-alphaþ
H89: EC50¼ 550� 5.77, P<0.05 versus TNF-alpha;
TNF-alphaþ GFX109203: EC50¼536�11.54, P<0.05 versus
TNF-alpha; TNF-alphaþ PKI: EC50¼ 603� 12, P> 0.05 versus.
TNF-alpha; TNF-alphaþ chelerythrine: EC50¼418�19.6,
P<0.001 versus. TNF-alpha. Control cells: Emax¼
178.5%� 10.25; TNF-alpha: Emax¼ 123.6�1.35%, P<0.05
versus control; TNF-alphaþ GFX109203: Emax¼155.7� 3.2%,
P<0.05 versus TNF-alpha; TNF-alphaþ chelerythrine: Emax¼
161.25�5.2%, P<0.05 versus TNF-alpha.

154 Trincavelli et al.



(P> 0.05 vs. TNF-alpha alone). The cell pre-
exposure to H89 and GFX109203 together,
induced a nearly complete recovery of the A2B

AR functional responsiveness (P> 0.05 vs. con-
trol). These data, according to those obtained in
GTPgS binding, suggested TNF-alpha induced
A2B AR desensitization through a mechanism
mainly involving PKC pathway.

Therefore, we investigated the effects of TNF-
alpha on the time and concentration-response
curves of agonist NECA. In control cells, the
agonist NECA induced a time-dependent accu-
mulation of intracellular cAMP with a maximal
effects following 15 min (Fig. 6). TNF-alpha
treatment caused a decrease in the maximal
agonist response without any changes in
kinetic agonist response. This effect appeared
to be counteracted by cell pre-incubation
with kinase inhibitors, H89, GFX109203, and
chelerythrine. Wortmannin and PKI inhibitors
did not affect TNF-alpha-mediated effects on
agonist response.

Therefore, we evaluated the effects of
TNF-alpha on A2B AR agonist concentration-
response curves. The agonist concentration-
response curves and the relative EC50 values,
obtained following cell incubation with TNF-
alpha in the absence or in the presence of kinase
inhibitors, are reported in Figure 7. As observed
in GTP binding, TNF-alpha reduced A2B AR
agonist potency and efficacy in stimulating
cAMP accumulation. This effect appears to be
counteracted by GFX109203 and chelerythrine
which induce a partial recovery in agonist
potency and completely restore in agonist
maximal efficacy.

A2B AR Expression and Phosphorylation Levels in
Control and Short-Term TNF-Alpha Treated Cells

To investigate the molecular mechanisms
involved in the TNF-alpha-mediated A2B AR
desensitization, A2B AR expression and phos-
phorylation levels were evaluated following cell
treatment with TNF-alpha (1,000 U/ml) for
different times.

As a first step, we investigated the TNF-
alpha time-dependent effects on A2B AR protein
expression (Fig. 8A) and threonine-phosphory-
lation levels (Fig. 8B,C). Results showed in
Figure 8B,C demonstrated TNF-alpha induced
a time-dependent increase in the basal A2B AR
phosphorylation levels, with a maximal effect
following 3-h cell exposure (P< 0.01 all columns
vs. TNF-alpha 3 h; Fig. 8B). On the contrary,
no significant changes in A2B AR expression
levels were detected (Fig. 8A). The kinetic of A2B

AR phosphorylation induced by the cytokine
correlated with data obtained in functional
studies suggesting receptor phosphorylation
may account for A2B AR desensitization
observed following 3-h incubation.

As shown in Figure 9, the TNF-alpha-
mediated A2B AR phosphorylation was signifi-
cantly prevented by PKA (optical density¼
0.4� 0.19; P< 0.01 vs. TNF-alpha alone) and
PKC (optical density¼ 0.52� 0.11; P< 0.01 vs.
TNF-alpha alone) inhibitors. Cell pre-
incubation with PKA and PKC inhibitors
together induced a nearly complete inhibition
of the TNF-alpha-mediated A2B AR phosphor-
ylation (optical density¼ 0.46� 0.08; P> 0.05
vs. control and P< 0.01 vs. TNF-alpha alone).
On the contrary, PI3K inhibitor was not
able to modulate TNF-alpha-mediated A2B
AR phosphorylation levels (optical density¼
1.21� 0.11; P> 0.05 vs. TNF-alpha alone).

Fig. 4. TNF-alpha effect on the A2B AR-mediated cAMP
accumulation: time (A) and concentration dependence (B). The
ability of 1 mM NECA (in the presence of 100 nM SCH 58261) to
stimulate cAMP accumulation was evaluated in ADF cells
following cell treatment without or with 1,000 U/ml TNF-alpha
for different times (15 min–12 h, A) or following cell treatment
with different TNF-alpha concentrations (10–1,000 U/ml) for 3 h
(B). Data, reported as mean� SEM (from three different experi-
ments), are expressed as cAMP levels (pmol/105 cells).
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Fig. 5. Effects of intracellular kinase inhibitors on the TNF-alpha-mediated A2B AR desensitization. ADF
cells were pre-incubated without or with kinase inhibitors (1 mM H89; 1 mM GFX109203; 500 nM
wortmannin; 50 nM PKI; 6 mM chelerythrine) for 15 min. Cells were then treated with or without TNF-alpha
1,000 U/ml for 3 h and the ability of 1 mM NECA (in the presence of 100 nM SCH 58261) to stimulate cAMP
accumulation was evaluated. Data, reported as mean� SEM (from three different experiments), are
expressed as cAMP (pmol/105 cells). *P<0.05, **P<0.01, and ***P<0.001 versus TNF-alpha.

Fig. 6. TNF-alpha effects of NECA-mediated cAMP accumulation: time-dependence. ADF cells were
pre-incubated without or with kinase inhibitors (1 mM H89; 1 mM GFX109203; 50 nM PKI; 6 mM
chelerythrine; 500 nM wortmannin) for 15 min and then treated with or without TNF-alpha 1,000 U/ml for
3 h. The ability of 1 mM NECA (in the presence of 100 nM SCH 58261) to stimulate cAMP accumulation was
evaluated at different incubation times (5–60 min). Data, reported as mean� SEM (from three different
experiments), are expressed as cAMP (pmol/105 cells).
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DISCUSSION

In the present work, we demonstrated ADF
short-term cell exposure to the proinflam-
matory cytokine TNF-alpha induced impair-
ment of the A2B AR responsiveness causing, in
particular, a reduction of the agonist effective-
ness in promoting receptor-G protein coupling
and in stimulating adenylate cyclase pathway.
These effects appeared to be also associated
with an increase in the receptor basal phos-
phorylation levels, which may be responsible
for the observed functional effects. These data
suggested TNF-alpha was able to induce a
short-term A2B AR desensitization.

G protein-coupled receptor (GPCR) hetero-
logous regulation is mediated by different second
messenger activated kinases including PKA,
PKC, and PI3K which might affect receptor
signaling acting at level of the receptor itself and/
or affecting G protein and second messenger
activity [Casas-Gonzalez et al., 2000; Jo et al.,
2002; Tan et al., 2003]. Since PKA, PKC, and
PI3K have been demonstrated to be activated
both by the cytokine TNF-alpha and by A2B ARs
[Linden et al., 1999; MacEwan, 2002; Zhang
et al., 2002], and to represent a converging
point for the signaling pathways activated
by the two receptors, we investigated the in-
volvement of these protein kinases in the TNF-
alpha-mediated regulation of A2B functional

responses. The obtained results demonstrated
that: (i) wortmannin, a selective PI3K inhibitor,
did not affect TNF-alpha-mediated A2B ARs
regulation; (ii) PKA inhibitor, PKI, did not affect
heterologous A2B ARs desensitization whereas
significant effects were obtained using the less
selective PKA inhibitor, H89. This difference
can be explained by the fact that H89, even
if marketed as selective for PKA, is able to
partially inhibit other kinases [Davies et al.,
2000]; (iii) both PKC inhibitors, GFX109203
and chelerythrine, were able to counteract
TNF-alpha-mediated effects. Both in GTP and
cAMP assay we demonstrated these inhibitors
were able to induce a partial recovery in agonist
potency and to completely restore agonist
maximal efficacy. All together these results
suggest that PKC, but not PKA and PI3K, is
the protein kinase mainly involved in TNF-
alpha-mediated A2B AR desensitization. This is
not surprising since these receptors do no appear
to contain consensus sequences for phosphory-
lation by PKA [Mundell and Kelly, 1998].
In addition, PKC signaling was proposed as a
contribution to A2B ARs-modulated interleukin
synthesis suggesting this kinases as converging
signaling between cytokines and A2B ARs system
[Feoktistov and Biaggioni, 1995].

The effects of TNF-alpha on A2B AR func-
tional responsiveness were not accompanied by
alteration in the receptor expression levels,

Fig. 7. NECA-mediated cAMP accumulation: concentration-
response curves. ADF cells were pre-incubated without
or with kinase inhibitors (1 mM H89; 1 mM GFX109203;
60 mM chelerythrine) for 15 min and then treated with or without
TNF-alpha 1,000 U/ml for 3 h. The ability of different NECA
concentrations (1 nM–10 mM) to stimulate cAMP accumulation
was then assessed. Data, reported as mean� SEM (from three
different experiments), are expressed as cAMP (pmol/105 cells).
Control cells: EC50¼ 263� 8.7 nM; TNF-alpha: EC50¼ 479�

17 nM, P<0.001 versus control; TNF-alphaþH89: EC50¼
419�13 nM, P<0.05 versus TNF-alpha; TNF-alphaþ
GFX109203: EC50¼ 437� 7.5, P< 0.05 versus TNF-alpha;
TNF-alphaþ chelerythrine: EC50¼ 337� 11 nM, P< 0.01 versus
TNF-alpha. Control cells: Emax¼41� 2.0; TNF-alpha: Emax¼
23� 4.2, P<0.01 versus control; TNF-alphaþ GFX109203:
Emax¼36� 1.73, P<0.05 versus TNF-alpha; TNF-alphaþ
chelerythrine: Emax¼40� 2.9, P<0.05 versus TNF-alpha.
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such as already demonstrated in our previous
work [Trincavelli et al., 2004] and also reported
for IFN-gamma [Kolachala et al., 2005]. Any-
way, other works described that different
inflammatory signals (i.e., LPS) regulate A2BR
signaling also increasing A2B receptor expres-
sion level [Nemeth et al., 2003]. These dif-
ferences could be ascribed to the use of different
cell systems and to different cytokine stimu-
lation times.

The A2B AR responsiveness to chronic TNF-
alpha exposure in ADF cells had been previously
characterized: a significant up-regulation of A2B

AR functioning was detected when TNF-
alpha cell treatment was prolonged up to 24 h
[Trincavelli et al., 2004], inducing a reduc-
ed agonist-mediated receptor phosphorylation
and, in turn, a delay in receptor desensitization
processes, an increase in agonist-mediated re-
ceptor-G protein coupling and in adenylyl
cyclase activation.

Fig. 8. TNF-alpha time-dependent effects on the A2B AR
threonine-phosphorylation levels. ADF cells were treated with
medium alone (control) or with TNF-alpha (1,000 U/ml) for
different time (1, 3, 24 h). Cells were then lysed and an amount of
1 mg of proteins was immunoprecipitated using a polyclonal
antibody against A2B AR. The immunoprecipitates were probed
with an anti-A2B AR antibody (A) and then with an anti-
phosphothreonine antibody (B) to detect the threonine receptor
phosphorylation levels. Phosphothreonine immunoreactive
bands (at around 44 kDa) were quantified by densitometric
scanning and normalized by the corresponding A2B AR
immunoreactive bands. C: Graph bar represents the normalized
data (mean� SEM; n¼3) obtained by the densitometric scan-
ning of phosphor-threonine immunoreactive bands, normalized
by corresponding A2B AR immunoreactive bands. **P<0.01 all
columns versus TNF-alpha 3 h.

Fig. 9. Effects of intracellular kinase inhibitors on the TNF-
alpha-mediated A2B AR threonine-phosphorylation levels. Cells
were pretreated without or with PKA inhibitor (H89, 1 mM), PKC
inhibitor (GF109203X, 1 mM) or PI3K inhibitor (wortmannin,
500 nM) or PKA and PKC inhibitors (1 mM) together for 15 min
and then stimulated with TNF-alpha (1,000 U/ml) for 3 h.
The immunoprecipitate samples, after being probed with the
antibody specific for A2B AR, were subjected to analysis with the
anti-A2B AR antibody (A) and then with the anti-phosphothreo-
nine antibody (B) to detect the extent of the threonine receptor
phosphorylation levels. C: Graph bar represents the normalized
data (mean� SEM; n¼ 3) of the phosphothreonine immunor-
eactive bands quantified by densitometric scanning and normal-
ized by the corresponding A2B AR immunoreactive bands.
**P< 0.01 versus TNF-alpha.
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Comparing the present data with those
previously described [Trincavelli et al., 2004],
we might suggest a dualistic and opposite effect
of TNF-alpha on the A2B AR functioning after
short- and long-term cytokine cell exposure.
These dualistic time-dependent effects induced
by TNF-alpha parallel with those obtained
in astroglioma [Fredholm and Altiok, 1994]
and endothelial cells [Nguyen et al., 2003],
demonstrating the A2B AR-mediated effects
are differently modified by inflammatory medi-
ators in a time-dependent manner, and might
suggest the AR system as a promising target to
selectively modulate cerebral damage progres-
sion in the acute and chronic phases.

In response to injuries, resident CNS cells
generate proinflammatory cytokines, which
may contribute to acute and chronic brain
disease pathogenesis through the recruitment
of immune cells and the activation of glial cells
[for review see Lucas et al., 2006]. However,
cytokines may display a dual role with detri-
mental acute effects but also beneficial effects in
long-term repair and recovery. In particular,
TNF-alpha, synthesized by macrophages, astro-
cytes, and microglia with a rapid kinetic follow-
ing cerebral trauma or ischemia (up to 2 h)
[Yu and Lau, 2000; Yin et al., 2003; Vitarbo
et al., 2004], has been demonstrated to be
proinflammatory during the acute phase of
the inflammatory response and immunosup-
pressive during the chronic phase [Wang and
Shuaib, 2002]. Zhong et al. [2005] have
showed a synergic effect between A2B ARs and
hypoxia in activating human lung fibroblasts,
suggesting the adenosine system/inflammatory
mediator interaction as a common mechanism
in both central and peripheral tissues. In
particular in astroglial cells, a bi-directional
functional cross-talk between cytokines and A2B

AR adenosine system has been described as an
important mechanism to regulate the cerebral
damage progression [Fredholm and Altiok,
1994; Rosi et al., 2003; Trincavelli et al., 2004].
The A2B AR has been implicated both in the
stimulation [Feoktistov et al., 2002; Zhong
et al., 2004; Zhang et al., 2005] and inhibition
[Kreckler et al., 2006; Yang et al., 2006] of
cytokines release, which in turn can exacerbate
or reduce inflammation processes.

Since A2B ARs have been involved in inflam-
matory processes [Linden, 2006], we can
speculate that the A2B AR activity impairment
induced by the cytokine may represent a

potential feed-back mechanism to control
the inflammatory effects induced by neurotoxic
compounds and proinflammatory cytokines,
released in the acute phase of brain damage.
On the contrary, in the chronic phase
of brain injury, TNF-alpha, by a significant
up-regulation of A2B AR responsiveness, con-
tributes to the reactive astrogliosis, suggesting
A2B ARs as a novel target for neuroinflam-
matory and neurodegenerative diseases.

REFERENCES

Biber K, Lubrich B, Fiebich BL, Boddeke HW, van Calker
D. 2001. Interleukin-6 enhances expression of adenosine
A(1) receptor mRNA and signaling in cultured rat
cortical astrocytes and brain slices. Neuropsychophar-
macol 24:86–96.

Casas-Gonzalez P, Vazquez-Prado J, Garcia-Sainz JA.
2000. Lysophosphatidic acid modulates alpha(1b)-adre-
noreceptor phosphorylation and function: Roles of Gi
and phosphoinositide 3-kinase. Mol Pharmacol 57:1027–
1033.

Ciccarelli R, Di Iorio P, Giuliani P, D’Alimonte I, Ballerini
P, Caciagli F, Rathbone MP. 1999. Rat cultured astro-
cytes release guanine-based purines in basal conditions
and after hypoxia/hypoglycemia. Glia 25:93–98.

Davies SP, Reddy H, Caivano M, Cohen P. 2000. Specificity
and mechanism of action of some commonly used protein
kinase inhibitors. Biochem J 351:95–105.

Fantozzi DA, Taylor SS, Howard PW, Maurer RA,
Feramisco JR, Meinkoth JL. 1992. Effect of the thermo-
stable protein kinase inhibitor on intracellular local-
ization of the catalytic subunit of cAMP-dependent
protein kinase. J Biol Chem 267:16824–16828.

Feoktistov I, Biaggioni I. 1995. Adenosine A2b receptors
evoke interleukin-8 secretion in human mast cells. An
enprofylline-sensitive mechanism with implications for
asthma. J Clin Invest 96:1979–1986.

Feoktistov I, Goldstein AE, Ryzhov S, Zeng D, Belardinelli
L, Voyno-Yasenetskaya T, Biaggioni I. 2002. Differential
expression of adenosine receptors in human endothelial
cells: Role of A2B receptors in angiogenic factor regu-
lation. Circ Res 90:531–538.

Fredholm BB, Altiok N. 1994. Adenosine A2B receptor
signalling is altered by stimulation of bradykinin or
interleukin receptors in astroglioma cells. Neurochem
Int 25:99–102.

Geilen CC, Wieprecht M, Wieder T, Reutter W. 1992.
A selective inhibitor of cyclic AMP-dependent protein
kinase, N-[2-bromocinnamyl (amino)ethyl] 5-isoquinoline
sulfonamide (H-89), inhibits phosphatidylcholine bio-
synthesis in HeLa cells. FEBS Lett 309: 381–384.

Glass DB, Lundquist LJ, Katz BM, Walsh DA. 1989.
Protein kinase inhibitor-(6-22)-amide peptide analogs
with standard and nonstandard amino acid substitutions
for phenylalanine 10. Inhibition of cAMP-dependent
protein kinase. J Biol Chem 264:14579–14584.

Hasko G, Kuhel DG, Chen JF, Schwarzschild MA, Deitch
EA, Mabley JG, Marton A, Szabo C. 2000. Adenosine
inhibits IL-12 and TNF-[alpha] production via adenosine

A2BAR Desensitization by TNF-a in ADF Cells 159



A2A receptor-dependent and independent mechanism.
FASEB J 14:2065–2074.

Herbert JM, Augereau JM, Gleye J, Maffrand JP. 1990.
Chelerythrine is a potent and specific inhibitor of protein
kinase C. Biochem Biophys Res Commun 172:993–999.

Jo SH, Leblais V, Wang PH, Crow MT, Xiao RP. 2002.
Phosphatidylinositol 3-kinase functionally compartmen-
talizes the concurrent Gs signaling during beta2-adre-
nergic stimulation. Circ Res 91:46–53.

Khoa ND, Montesinos MC, Reiss AB, Delano D, Awadallah
N, Cronstein BN. 2001. Inflammatory cytokines regulate
function and expression of adenosine A2A receptors in
human monocytic THP-1 cells. J Immunol 167:4026–
4032.

Kolachala V, Asamoah V, Wang L, Srinivasan S, Merlin D,
Sitaraman SV. 2005. Interferon-gamma down-regulates
adenosine 2b receptor-mediated signaling and short
circuit current in the intestinal epithelia by inhibiting
the expression of adenylate cyclase. J Biol Chem
280:4048–4057.

Kreckler LM, Wan TC, Ge ZD, Auchampach JA. 2006.
Adenosine inhibits tumor necrosis factor-alpha release
from mouse peritoneal macrophages via A2A and A2B
but not the A3 adenosine receptor. J Pharmacol Exp Ther
317:172–180.

Linden J. 2006. New insights into the regulation of
inflammation by adenosine. J Clin Invest 116:1835–
1837.

Linden J, Thai T, Figler H, Jun X, Robeva A. 1999.
Characterization of human A2b adenosine receptors:
Radioligand binding, western blotting and coupling to Gq
in human embryonic kidney 293 cells and HMC-1 mast
cells. Mol Pharmacol 354:705–713.

Lucas SM, Rothwell NJ, Gibson RM. 2006. The role of
inflammation in CNS injury and disease. Br J Pharmacol
147:232–240.

MacEwan DJ. 2002. TNF receptor subtype signalling:
Differences and cellular consequences. Cell Signal 14:
477–492.

Malorni W, Rainaldi G, Rivabene R, Santini MT. 1994.
Different susceptibilities to cell death induced by t-
butylhydroperoxide could depend upon cell histotype-
associated growth features. Cell Biol Toxicol 10:207–218.

Mundell SJ, Kelly E. 1998. Evidence for co-expression and
desensitization of A2a and A2b adenosine receptors in
NGl08-1. Cells Biochem Pharmacol 55:595–603.

Nakanishi S, Kakita S, Takahashi I, Kawahara K, Tsukuda
E, Sano T, Yamada K, Yoshida M, Kase H, Matsuda Y.
1992. Wortmannin, a microbial product inhibitor of
myosin light chain kinase. J Biol Chem 267:2157–2163.

Nemeth ZH, Leibovich SJ, Deitch EA, Vizi ES, Szabo C,
Hasko G. 2003. cDNA microarray analysis reveals a
nuclear factor-kappaB-independent regulation of macro-
phage function by adenosine. J Pharmacol Exp Ther
306:1042–1049.

Nguyen DK, Montesinos MC, Williams AJ, Kelly M,
Cronstein BN. 2003. Th1 cytokines regulate adenosine
receptors and their downstream signalling elements in
human microvascular endothelial cells. J Immunol 171:
3991–3998.

Peakman MC, Hill SJ. 1996. Adenosine A1 receptor-
mediated inhibition of cyclic AMP accumulation in
type-2 but not type-1 rat astrocytes. Eur J Pharmacol
306:281–289.

Ribeiro JA, Sebastiao AM, de Mendonca A. 2003. Partic-
ipation of adenosine receptors in neuroprotection. Drug
News Perspect 16:80–86.

Rosi S, McGann K, Hauss-Wegrzyniak B, Wenk GL. 2003.
The influence of brain inflammation upon neuronal
adenosine A2b receptors. J Neurochem 86:220–227.

Schulte G, Fredholm BB. 2003. The GS-coupled adenosine
A2B receptor recruits divergent pathways to regulate
ERK1/2 and p38. Exp Cell Research 290:168–
176.

Szelenyi J. 2001. Cytokines and the central nervous
system. Brain Res Bull 54:329–338.

Tan M, Groszer M, Tan AM, Pandya A, Liu X, Xie CW.
2003. Phosphoinositide 3-kinase cascade facilitates
mu-opioid desensitization in sensory neurons by altering
G-protein-effector interactions. J Neurosci 23:10292–
10301.

Tehranian R, Andell-Jonsson S, Beni SM, Yatsiv I,
Shohami E, Bartfai T, Lundkvist J, Iverfeldt K.
2002. Improved recovery and delayed cytokine
induction after closed head injury in mice with central
overexpression of the secreted isoform of the inter
leukin-1 receptor antagonist. J Neurotrauma 19:939–
951.

Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret
T, Ajakane M, Baudet V, Boissin P, Boursier E, Loriolle
F, Duhamell L, Charon D, Kirilovsky J. 1991. The
bisindolylmaleimide GF 109203X is a potent and selec-
tive inhibitor of protein kinase C. Biol Chem 266:15771–
15781.

Trincavelli ML, Tuscano D, Marroni M, Falleni A, Gre-
migni V, Ceruti S, Abbracchio MP, Jacobson KA,
Cattabeni F, Martini C. 2002a. A3 adenosine receptors
in human astrocytoma cells: Agonist-mediated desensi-
tisation, internalization, and down-regulation. Mol Phar-
macol 62:1373–1384.

Trincavelli ML, Costa B, Tuscano D, Lucacchini A, Martini
C. 2002b. Up-regulation of A(2A) adenosine receptors by
proinflammatory cytokines in rat PC12 cells. Biochem
Pharmacol 64:625–631.

Trincavelli ML, Marroni M, Tuscano D, Ceruti S, Mazzola
M, Mitro N, Abbracchio MP, Martini C. 2004. Regulation
of A2B adenosine receptor functioning by tumor necrosis
factor a in human astroglial cells. J Neurochem 91:1180–
1190.

Vitarbo EA, Chatzipanteli K, Kinoshita K, Truettner JS,
Alonso OF, Dietrich WD. 2004. Tumor necrosis factor
alpha expression and protein levels after fluid percussion
injury in rats: The effect of injury severity and brain
temperature. Neurosurgery 55:416–424.

Wang CX, Shuaib A. 2002. Involvement of inflammatory
cytokines in central nervous system injury. Prog Neuro-
biol 67:161–172.

Yang D, Zhang Y, Nguyen HG, Koupenova M, Chauhan
AK, Makitalo M, Jones MR, St. Hilaire C, Seldin DC,
Toselli P, Lamperti E, Schreiber BM, Gavras H, Wagner
DD, Ravid K. 2006. The A2B adenosine receptor protects
against inflammation and excessive vascular adhesion.
J Clin Invest 116:1913–1923.

Yin L, Ohtaki H, Nakamachi T, Dohi K, Iwai Y, Funahashi
H, Makino R, Shioda S. 2003. Expression of tumor
necrosis factor alpha (TNFalpha) following transient
cerebral ischemia. Acta Neurochir Suppl 86:93–
96.

160 Trincavelli et al.



Yu ACH, Lau LT. 2000. Expression of interleukin-1 alpha,
tumor necrosis factor alpha and interleukin-6 genes in
astrocytes under ischemic injury. Neurochem Inter 36:
369–377.

Zaremba J, Skrobanski P, Losy J. 2001. Tumour necrosis
factor-alpha is increased in the cerebrospinal fluid and
serum of ischemic stroke patients and correlates with the
volume of evolving brain infarct. Biomed Pharmacother
55:258–263.

Zhang JM, Li H, Liu B, Brull SJ. 2002. Acute topical
application of tumor necrosis factor a evokes protein
kinase A-dependent responses in rat sensory neurons.
J Neurophysiol 88:1387–1392.

Zhang JG, Hepburn L, Cruz G, Borman RA, Clark
KL. 2005. The role of adenosine A2A and A2B
receptors in the regulation of TNF-alpha production
by human monocytes. Biochem Pharmacol 69:883–
889.

Zhong H, Belardinelli L, Maa T, Feoktistov I, Biaggioni I,
Zeng D. 2004. A2B adenosine receptors increase cytokine
release by bronchial smooth muscle cells. Am J Respir
Cell Mol Biol 30:118–125.

Zhong H, Belardinelli L, Maa T, Zeng D. 2005. Synergy
between A2B adenosine receptors and hypoxia in
activating human lung fibroblasts. Am J Respir Cell
Mol Biol 32:2–8.

A2BAR Desensitization by TNF-a in ADF Cells 161


