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Abstract Neuroblastoma SH-SY5Y (SH) cells endoge-
nously express A2A adenosine receptors and can be differ-
entiated into a sympathetic neuronal phenotype, capable of
depolarisation-dependent noradrenaline release. Using dif-
ferentiated SH culture, we here explored the link between
A2A-receptor signalling and neurotransmitter release. In re-
sponse to the receptor agonist CGS21680, the cells pro-
duced cyclic AMP (cAMP), and when depolarised, they
released increased amounts of noradrenaline. An A2A-
receptor antagonist, XAC, as well as an inhibitor of cAMP-
dependent protein kinase A (PKA), H89, depressed agonist-
dependent release. In the presence of XAC or H89, nor-
adrenaline release was found to be below basal values. This
suggested that release facilitation also owes to constitutive
receptor activity. We demonstrate that even in the absence of
an agonist, the native A2A-receptor stimulated cAMP pro-
duction, leading to the activation of PKA and enhanced
noradrenaline release. Ancillary, non-cAMP-dependent
effects of the receptor (i.e. phosphorylation of CREB, of
Rabphilin3A) were refractory to constitutive activation.
PKA-dependent facilitation of noradrenaline release was re-
capitulated with membrane-permeable 8-Br-cAMP; in addi-
tion to facilitation, 8-Br-cAMP caused marked inhibition of
release, an effect not observed upon receptor activation.
Inhibition by receptor-independent cAMP was likely due to
suppression of voltagedependent calcium current (VDCC)
and increased activity of Src-family kinases. Receptor-medi-
ated release facilitation was reproduced in the presence of

tetrodotoxin (blocking action potentials); hence, the signal-
ling occurred at the active zone comprising release sites. Our
findings thus support (1) presynaptic localisation of the
A2A-receptor and (2) suggest that compartmentalised path-
ways transmit cAMP signalling in order to facilitate depo-
larisation-dependent neurotransmitter release.
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Introduction

In the central nervous system, adenosine dampens neuronal
excitation, counteracts disinhibition by dopamine in the
basal ganglia and promotes sleep. These effects arise from
adenosine modulating neurotransmission via A1 and A2A-
receptors. The A1 receptor inhibits neurotransmission by
membrane hyperpolarisation [1], and because this effect is
so dominant, it has been proposed that adenosine acting via
A2A-receptors must have a discrete origin, likely through
degradation of the co-transmitter ATP [2].

A2A adenosine receptors modulate synaptic transmission in
the basal ganglia. A major postsynaptic effect occurs through
interference with dopamine signalling via the D2 receptor [3],
the inhibition of which has been ascribed to a membrane-
delimited interaction of receptor proteins [4]. Moreover, A2A-
receptors have an impact on neurotransmitter release in the
central and the peripheral nervous system [5]. In preparations
of rat striatum (caudate nucleus and globus pallidus), A2A-
receptor activation modulates the release of several neurotrans-
mitters, namely glutamate, γ-aminobutyric acid, acetylcholine
[6–8] and dopamine [9], thus the receptor is in control of—and
perhaps present on—several types of neurons.
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A2A-receptor-mediated control of neuromodulation encom-
passes both facilitation and suppression of neurotransmitter
release. Within the striatum for instance, modulation of
γ-aminobutyric acid release apparently depends on the nuclear
region with inhibition occurring in the caudate nucleus and
facilitation in the globus pallidus [8, 10–15]. Inhibitory activity
is surprising because the A2A-receptor, a Gs/Golf-coupled re-
ceptor stimulating the production of cAMP, has signalling
properties that are conducive to enhanced neurotransmitter
release. Cyclic AMP targets, protein kinase A (PKA), exchange
protein activated by cAMP (Epac/cAMP-GEF) and hyperpo-
larisation and cyclic nucleotide-activated (HCN) ion channels
all are present in nerve cells and endowed with roles in release
modulation. In neurons, PKA transmits the cAMP stimulus by
priming proteins of the fusion apparatus by phosphorylation
[16]; Epac physically associates to vesicular docking proteins
and complements PKA as cAMP sensor stimulating exocytosis
[16, 17]. Based on the effects of specific channel blockers,
HCN activity may also be involved in presynaptic stimulation
of neurotransmission [18, 19]. Alternatively, A2A-receptors can
generate signals independently of cAMP to activate extracellu-
lar signal-regulated protein kinases 1/2 (ERK) [20] and protein
kinase C (PKC) [20–22]; PKC activation is a well-documented
intermediate in facilitated noradrenaline release [23].

Region- or cell-specific differences may be due to the
differential expression of specific accessory proteins, e.g.
those receptors with which A2A-receptors can crosstalk [24],
or of others that couple the receptor to effects intermingling
with release, namely receptor-mediated stimulation of neu-
rotransmitter uptake [25]. Cells may differ in their expres-
sion pattern of G proteins and their (proximal or
downstream) effectors. In addition, they may assemble spe-
cific compartments that predispose operation of an individ-
ual effector mechanism. Compartment building blocks
include scaffold molecules, such as A-kinase anchoring
proteins (AKAPs); AKAP subtypes cluster protein kinases
and phosphatases, phosphodiesterases and even integrate G
protein-coupled receptors in protein complexes dedicated to
signal guidance [26, 27]. The presence of such compart-
ments has been invoked to account for diverting the cAMP
signal between PKA and Epac [16]; by analogy, compart-
ments may dictate how the receptor impinges on neuro-
modulation, be it enhancing or inhibitory.

Due its effects on neurotransmitter release, it has been
assumed that the A2A-receptor is targeted to presynaptic
sites of a neuron. Nevertheless, given the heterogeneity of
nerve tissue preparations (e.g. brain slices), it is difficult to
demonstrate with certainty that effects on neurotransmitter
exocytosis stem from receptors situated in the presynaptic
active zone. Tested drugs may elicit effects via receptors on
the very neuron whose activity is being recorded, or alter-
natively they may act via the release of mediators from
neighbouring (neuronal, glial or other types of) cells. This

uncertainty has also been observed in synaptosomal prepa-
rations. Even with the use of relatively homogenous primary
cell cultures, drug effects at neuronal soma or dendrites may
contribute to the modulation of transmitter release by influ-
encing cellular excitability [23]. Therefore, a prerogative for
discriminating between presynaptic and non-presynaptic
effects is disruption of electrical communication by block-
ing sodium channels with tetrodotoxin (TTX).

In order to explore the control of neurotransmitter release
exerted by the A2A-receptor, we used cultures of a clonal
cell line derived from human neuroblastoma. SH-SY5Y
(SH) cells endogenously express A2A-receptors and differ-
entiate to a nerve cell-like phenotype. SH cells are capable
of propagating action potentials, sensitive to inhibition by
TTX [28, 29]. According to their ontogeny, SH cells possess
features of sympathetic nerves in that they synthesise, take
up, store and release noradrenaline. They are amenable to
measuring the release of noradrenaline under continuous
superfusion, an assay format that prevents noradrenaline
effects via autoreceptors [23]. Exploiting the cellular homo-
geneity of differentiated SH-cell culture, an established
nerve cell model, we studied signalling by native A2A-
receptors and addressed their action in modulating noradren-
aline release. In addition, we tested the hypothesis that the
A2A-receptor is endowed with a constitutive activity which
we had previously reported for the cloned human receptor
[30]. The effects we observed are all indicative of an action
of a presynaptic receptor. Cyclic AMP/PKA signalling guided
along subcellular compartments linked the receptor to nor-
adrenaline release with its constitutive activity facilitating
release, even in the absence of receptor agonists.

Materials and methods

The anti-CREB (cAMP-responsive element binding protein)
monoclonal antibody (clone 48H2) and the rabbit anti-
Rabphilin3A and anti-phosphotyrosine antibodies were all
purchased from Sigma-Aldrich. Rabbit anti-phospho-
Rabphilin3A (Ser234) was from Invitrogen (Paisley, UK).
Anti-phospho-CREB (Ser133) monoclonal antibody (clone
10e9) was from Upstate (Temecula, CA, USA). Horseradish
peroxidase-conjugated anti-mouse and anti-rabbit immuno-
globulin antibodies were from GE Healthcare. The immu-
noreactive bands on nitrocellulose blots (from Whatman,
Dassel, Germany) were detected using the SuperSignal
chemiluminescence substrate from Pierce (Thermo Fisher
Scientific). The Micro-BCA protein assay reagent kit also
was from Pierce. The plasmids encoding the YFP (yellow
fluorescent protein)-tagged catalytic and the CFP (cyan
fluorescent protein)-tagged regulatory subunit of PKA [31]
were a kind gift of Dr M. Zaccolo (Padova, Italy).
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Materials for SDS–PAGE and electrotransfer were
obtained from Bio-Rad (San Francisco, USA). Fetal calf
serum was from PAA Laboratories (Linz, Austria); TurboFect
transfection reagent from Fermentas, and cell culture media
were purchased from Invitrogen. Bovine serum albumin
(Cohn fraction V, BSA), all-trans retinoic acid (RA),
CGS21680 (2-(4-(2-carboxyethyl)phenethylamino)-5′-N-
ethylcarboxamidoadenosine), XAC (8-(4-(2-aminoethyl)ami-
nocarbonylmethyloxy)phenyl-1,3-dipropylxanthine),
GF109203X (bisindolmaleimide I), 8-Br-cGMP (8-bromo-
guanosine 3′,5′-cyclic monophosphate) and adenine nucleo-
tides including 8-Br-cAMP (8-bromoguanosine 3′,5′-cyclic
monophosphate), 8-pCPT-2′-O-Me-cAMP (8-(4-chloro-
phenylthio)-2′-O-methyladenosine-3′-5′-cyclic monophos-
phate) were from Sigma-Aldrich; adenosine deaminase and
the type IV-selective phosphodiesterase (PDE) inhibitor
Ro20-1724 (4-(3-butoxy-4-methoxybenzyl)-2-imidazolidi-
none) were from Roche Applied Science (Vienna, Austria);
RAwas dissolved in dimethyl sulphoxide and the solutionwas
stored in aliquots at −80 °C. PP1 (1-tert-butyl-3-(4-methyl-
phenyl)-1 h-pyrazolo[3,4-d]pyrimidin-4-amine), PP3 (4-ami-
no-7-phenylpyrazol [3,4-d]pyrimidine) and K252Awere from
Calbiochem (Merck Biosciences). All other chemicals and
reagents were of the highest purity grade available.

Cell culture

The SH-SY5Y neuroblastoma cell line was obtained from the
European Collection of Cell Cultures (Salisbury, UK). SH cells
were cultivated in Ham’s F12/DMEM (1:1). Growth medium
was supplemented with 15 % fetal bovine serum and 4 mML-
glutamine. To initiate differentiation into a nerve cell-like
phenotype, the standard protocol involved two consecutive
culture conditions, as proposed by Encinas et al. [32]; in phase
1, cells were cultured in growth medium supplemented with
10 μmol/l RA; in phase 2, cells were kept in serum-free
medium (with no RA included) for a subsequent 48 h. The
term differentiation always refers to culture subjected to this
treatment. As it was virtually impossible to obtain reliable cell
counts with differentiated cells (due to cell fragmentation upon
manipulation), we estimated cell mass by determining protein
yield from a culture dish. Transfection of cells was performed
using TurboFect and according to the manufacturer’s recom-
mendations. For at least 20 h after transfection, cells were
cultivated in growth medium with or without RA, prior to
serum withdrawal and supplementing fresh medium.

Measurement of [3H]noradrenaline release

[3H]Noradrenaline uptake and superfusion were performed
as described [33]. Differentiating cells were transferred to
culture disks while cultivated in growth medium plus RA.
Cells on disks were co-cultivated with SH cells seeded on

the bottom of the same dish; serum plus RAwas withdrawn
after 24 h. After 2 days, the cultures were labeled with
0.05 μM [3H]noradrenaline. After labelling, the culture
discs were transferred to small chambers and superfused
with a buffer containing 120 mM NaCl, 6.0 mM KCl,
2.0 mM CaCl2, 2.0 mM MgCl2, 20 mM glucose, 10 mM
HEPES, 0.5 mM fumaric acid, 5.0 mM sodium pyruvate and
0.57 mM ascorbic acid, adjusted to pH 7.4 with NaOH. Col-
lection of four minute fractions (superfusion rate was 1 ml/
min) started after 60 min of washout. Tritium overflow was
evoked during two consecutive stimulation periods (S1 and
S2) by the inclusion of 40 mM KCl (NaCl was reduced
accordingly to maintain isotonicity) for 60 s in the superfusion
buffer. Where indicated tetrodotoxin (TTX; 0.1 μM) was
added to the superfusion buffer after 50 min of run-in super-
fusion (i.e. 10 min before starting sample collection). Test
reagents were routinely added 20 min before the second stim-
ulation period if not indicated otherwise. At the end of experi-
ments, the radioactivity remaining in the cells was extracted by
immersion of the discs in 2 % (v/v) perchloric acid.

FRET microscopy

FRET (Förster resonance energy transfer) microscopy was
performed as described previously [34]. Experiments were
performed after transfection of RA-primed cells with the
CFP/YFP double-tagged fluorescent PKA construct, followed
by 48–72 h in serum-less medium. FRET images were
recorded with a Zeiss Axiovert 200 M inverted epifluores-
cence microscope equipped with a Cool-SNAP fx cooled
CCD camera (Photometrics, Roper Scientific, Tucson, AZ,
USA). Microscopy was performed at room temperature on
cells in fresh modified Krebs–Henseleit buffer (25 mM
HEPES–NaOH, pH 7.4, 120 mM NaCl, 5 mM KCl,
1.2 mM CaCl2 and 1.2 mM MgSO4 supplemented with
5 mMD-glucose); the integration time was 100 ms per image.
To determine the donor and acceptor spectral bleed-through
values in the FRETsetting, we individually imaged donor and
acceptor single-transfected cells. Fluorescence images were
background-corrected and analysed with the Wright ImageJ
software (Wright Cell Imaging Facility, Toronto, Canada)
PixFRET plug-in [35]. The FRET fluorescence signal was
normalised for acceptor and donor intensity (FRETefficiency,
NFRET). For quantification, we used the averaged intensity of
the NFRET signal over the cell body.

Electrophysiology

Ca2+ currents were measured as described earlier [36].
Briefly, differentiated SH cells were continuously super-
fused at room temperature (20–24 °C) with recording buffer
containing (mM): NaCl 120, tetraethylammonium chloride
20, KCl 3, CaCl2 2.5, MgCl2 2, HEPES–NaOH 10, glucose
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20, tetrodotoxin 0.5 μM, pH 7.4 using a DAD-12 drug
application system (Adams & List, Westbury, NY, USA)
allowing for complete solution exchange which takes less
than 100 ms in the vicinity of the studied cell [33].
CGS21680, 8-Br-cAMP or respective vehicle were included
as indicated. For perforated patch clamp measurements, re-
cording pipettes were pulled from borosilicate glass (Science
Products, Frankfurt/Main, Germany) using a Flaming–Brown
puller (Sutter Instruments, Novato, CA, USA). Pipettes were
first front filled using a pipette solution containing (mM):
caesium methanesulphonate 130, tetraethylammonium chlo-
ride 20, CaCl2 0.24, EGTA 5, glucose 10, HEPES–CsOH 10,
pH 7.2. Subsequently, the electrodes were back-filled using
the same solution containing 200 μg/ml amphotericin B (in
0.8 % DMSO). Pipettes filled that way had tip resistances of
3–4 MΩ. The resulting liquid junction potential between
electrode and bath solution was calculated to be +15 mVand
was corrected a priori.

Ca2+ currents were recorded using an Axopatch 200B
amplifier and were digitised using a Digidata 1320 A/D
converter and pClamp 10.2 software (all Molecular Devices,
Sunnyvale, CA, USA). Cells were clamped to −80 mV and
depolarised to 0 mVonce every 15 s for 30 ms. The resulting
currents were low-pass filtered at 2 kHz and digitised at
50 kHz. The resulting traces were analysed with pClamp
10.2 software.

Western blotting and immunoprecipitation

Cell lysates were prepared from SH culture differentiated in
10-cm dishes. Cultures were incubated with test reagents for
20 min (or a shorter period if indicated) in fresh serum-free
medium including adenosine deaminase (1 U/ml). The in-
cubation was terminated by aspiration of the medium, wash-
ing the cells with ice-cold PBS and clamp-freezing. After
thawing, cells were scraped off the plastic support in 400 μl
lysis buffer (50 mMTris–HCl, pH 7.5, 1 mMEDTA, 150 mM
NaCl, containing 0.5 % Nonidet P-40 substitute) containing
phosphatase and protease inhibitors (PhosSTOP Phosphatase
Inhibitor Cocktail, Complete from Roche Applied Science).
After 15min on ice, the lysate was cleared by centrifugation at
35,000×g for 10 min. Protein concentrations were determined
using the BCA kit, and equal amounts of protein were applied
to SDS–gel electrophoresis (assessing phosphorylation of
CREB and of protein tyrosine residues).

For the precipitation of Rabphilin3A, we added anti-
Rabphilin3A antibody at 2 μg/ml. After overnight incubation
at 4 °C, protein A sepharose was added (100 μl of a 10 %
slurry) (Roche Applied Science) and incubation was continued
for a further 3 h at 4 °C. Sepharose was settled by centrifugation
at 3,000 rpm, washed twice and the pellets resuspended in
sample buffer used for SDS–gel electrophoresis.

After gel electrophoresis, proteins were transferred to a
nitrocellulose membrane. Blots were developed with the
phospho-protein antibodies. Following visualisation of anti-
phospho-CREB and anti-phospho-Rabphilin antibodies,
membranes were stripped using an acidic glycine solution
(0.1 M, pH 2.5) and re-probed using antibodies directed
against CREB and Rabphilin3A holo-proteins. Densitometry
was performed with Wright ImageJ software (Wright Cell
Imaging Facility, Toronto, Canada).

Measurement of cAMP and miscellaneous procedures

For the measurement of [3H]cAMP, cells labelled with [3H]
adenine were processed as described [37]. Alternatively,
cAMP was measured using an ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the instructions provid-
ed by the manufacturer. In each experiment, we determined a
calibration curve with increasing cAMP concentrations (3 to
200 nM). The absorbance of the coloured product was mea-
sured at a wavelength of 450 nm. Formation of cAMP was
routinely assayed in the presence of Ro20-1724 (100μM) and
of adenosine deaminase (1 U/ml), at room temperature for
20 min. Statistical comparisons of mean values were carried
out, as indicated, using the algorithms implemented in the
SigmaPlot software (Systat Software, San Jose, CA, USA).

Results

SH cells endogenously express functional A2A adenosine
receptors; however, receptor signalling is contingent on cell
differentiation, for which we utilised a protocol encompass-
ing treatment with RA and serum starvation. Cells subjected
to the differentiation protocol were growth-arrested and
adopted a nerve cell-like phenotype, with phase-bright bod-
ies and cellular processes that resembled neurite extensions
[32]. We assessed receptor signalling by measuring activa-
tion of PKA. Using a double-fluorescent PKA construct, we
followed the time course of the activity-dependent dissoci-
ation of regulatory and catalytic subunits. Agonist-
dependent activation of the A2A-receptor led to a decrease
in FRET efficiency, which corresponds to activation of
PKA. Figure 1a demonstrates that receptor activation
prompted a significant FRET decrease only in differentiated
cells (open triangles) whereas in undifferentiated, prolifer-
ating cells, the subtype-selective agonist CGS21680 (CGS)
barely reduced the signal below controls (filled circles).
Figure 1b depicts the false-colour image of a differentiated
cell to document the marked change in FRET efficiency.
The differentiation-dependent increase in receptor agonist
efficacy was confirmed by measuring cAMP formation.
Figure 1c depicts the agonist effect in a concentration-
dependent manner in undifferentiated (filled circles) and
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Fig. 1 A2A-receptor-mediated activation of PKA and stimulation of
cAMP formation in SH cells. FRET was recorded of the double-
fluorescent PKA construct at various time points following addition
of the A2A-receptor agonist CGS21680 (0.5 μM). FRET values were
normalised to the fluorescence intensity of donor and acceptor constructs.
Plotted are mean values of FRET efficiency (NFRET means ± SD)
expressed as percent of the value recorded before addition of the receptor
agonist (set 100 %); the data points are connected by a spline curve for
graphic purpose. In (a), the experiment was carried out in the presence
Ro20-1724 (100 μM) to inhibit PDE activity. Shown are the means of six
determinations obtained in differentiated (open triangles) and undiffer-
entiated (filled circles) SH cells. In (d), experiments were performed

without addition of Ro20-1724 (n04). b, e Images of differentiated cells
depicted in false-colour representation of FRET efficiency before and
after the addition of the receptor agonist; red to blue transition signifies
decreasing FRET efficiency. Images in (b) are representative of the time
course depicted in (a) (times 0 and 5 min), images in (e) for the time
course in (d) (times 0, 1 and 4 min). Image in grey tones (scale bar0
10μm) depicts CFP (FRET donor) fluorescence to demonstrate that soma
and a neurite extension are from the same cell. FRET-efficiency values for
the PKA construct were in the range of 0.25–0.45. c Agonist-dependent
formation of cAMP in the presence of Ro20-1724 in differentiated (filled
triangles) and undifferentiated (filled circles) SH cells. Cyclic AMP was
quantified in diluted cell lysates by ELISA
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differentiated (open triangles) culture. Total amount and
receptor-mediated increment of cAMP formation increased
with differentiation corroborating the findings with the fluo-
rescent PKA construct. The effective concentrations of CGS
(EC50038 ± 15 nM) were consistent with activation of an
A2A-receptor subtype.

The experiments represented in Fig. 1a–c were carried
out with a PDE inhibitor (Ro20-1724) and PKA activation
resulted from accumulated cAMP. However, PKA activation
was also detected in the absence of a PDE inhibitor.
Figure 1d shows the summary of time course experiments
performed in differentiated cells and in the absence of a
PDE inhibitor where FRET was recorded from somata and
neurite extensions, Fig. 1e gives representative false-colour
FRET images at three time points. A2A-receptor activation
caused a parallel decline of the FRET signal in soma and
neurites. The data show that decrement and effect rate were
similar in both locations; both were more modest when
compared to the experiment that included the PDE inhibitor
(Fig. 1a–b, hue change to blue at 5 min). The bottom right
panel of Fig. 1e gives a YFP image (from the FRET accep-
tor) to document that soma and extension were from the
same cell. The data demonstrate that receptor agonist led to
PKA activation in cell neurites and bodies and—because the
time courses were similar—suggest that receptors were
present in both locations.

Neuroblastoma originates from sympathetic precursors
and SH cells express functional properties of a sympathetic
neuron including depolarisation-triggered noradrenaline re-
lease [38]. Neurites and their boutons responded to receptor
activation (Fig. 1e) and have been proposed to provide
release sites [39, 40]. We therefore probed the effect of
A2A-receptor activation on noradrenaline release.

Figure 2a illustrates a release experiment carried out under
continued superfusion. Two consecutive depolarisation stim-
uli (S1, S2) were delivered. When—starting 20 min before S2
—the receptor agonist CGS21680 was included in the super-
fusion buffer, noradrenaline release increased. The insert in
Fig. 2a demonstrates that the facilitating receptor action also
occurred in the presence of tetrodotoxin (TTX, 100 nM) added
to block voltage-dependent sodium channels.

The summary of S2/S1 ratios from a series of experi-
ments is given in Fig. 2b (and in Table 2 where values are
expressed as percent of controls). The receptor agonist-
dependent increment was small amounting to ~14 % on an
average (relative to vehicle, DMSO at 0.01 %). Although
statistically significant, the increment was too small to con-
firm receptor specificity by varying the concentration of the
agonist, CGS21680. However, the concentration we used
(0.5 μM) was receptor subtype specific and maximally effec-
tive in stimulating cAMP formation (Fig. 1e). We confirmed
that the effect was receptor specific by co-administering the
antagonist XAC in release experiments. Addition of XAC

(5 μM) suppressed the CGS21680 effect resulting in a S2/S1
ratio of 0.56 (the value was 0.87 in the presence of
CGS21680; see Fig. 2b). Thus, XAC decreased noradrenaline
release by 20 % to values that were below the appropriate
controls (with an S2/S1 ratio of 0.77, Fig. 2b, Table 2); this
suggests that XAC on its own modulated depolarisation-
evoked noradrenaline release. Indeed, when we added XAC
alone, release was lower than in controls (Fig. 3a, bar graph
with control indicated by horizontal line, Table 2). The aver-
aged S2/S1 ratios were similar when 5 μMXACwas included
at S2 with (0.56, cross-hatched bar in Fig. 2b) or without
CGS21680 (0.61; hatched bar in Fig. 3a).

Fig. 2 Facilitation of depolarisation-triggered noradrenaline release. a
Differentiated cells mounted on a plastic disk were superfused and
superfused buffer was collected in four minute fractions. At 72 and
104 min, cells were depolarised by adding 40 mM KCl for 1 min.
CGS21680 (0.5 μmol/l, filled circles) or vehicle (DMSO at 0.01 %,
open down-pointing triangles) was included from minute 84 on (as
indicated). The insert represents an experiment carried out on the
presence of 100 nM TTX (+TTX) added together with the A2A-recep-
tor agonist. Plotted are the amounts of radioactivity per fraction; the
results (means ± SEM) are from a single experiment performed in
hexaplicates. b Summary of S2/S1 ratios obtained in release experi-
ments with CGS21680 and XAC (5 μmol/l) added 20 min before S2.
Results are from at least 12 determinations; error bars represent 99 %
confidence intervals. An all-pairwise multiple comparison (Dunn’s
method) following one-way ANOVA revealed that mean values were
significantly different from each other
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We distinguished between the possibilities that XAC (1)
displaced contaminating adenosine or (2) imparted inverse
agonist activity on the A2A-receptor. Contamination with
adenosine at significant concentrations was less likely be-
cause cells were continuously superfused during the release
experiment (flow rate01 ml/min). Moreover, XAC also had
an inhibitory effect when culture medium was pre-incubated
with adenosine deaminase (1 U/ml) to degrade adenosine.
Figure 3b shows formation of [3H]cAMP in differentiated
SH culture where no receptor agonist was added; after the
addition of adenosine deaminase, cAMP formation was
diminished by XAC (hatched bar) and, similarly, by the
A2A-receptor-selective antagonist ZM241385 (Fig. 3b, plot
of concentration-dependent data). With either antagonist,
the extent of inhibition amounted to one third the cAMP
obtained with forskolin alone. The concentration range
(IC50 ~0.7 ± 0.3 nM) was characteristic of ZM241385
binding to the human A2A-receptor [30] and hence ruled
out the involvement of an A2B receptor. Thus, the basis for
the inhibitory effects of XAC and ZM241385 in the absence
of a receptor agonist was most likely in the constitutive
activity of the A2A-receptor which both antagonists can
suppress [30].

As suggested above, monitoring PKA activity by FRET
was a more sensitive means to detect A2A-receptor activa-
tion than measuring cAMP. We tested the prediction further
assessing constitutive receptor activity by PKA–FRET and
did the experiment in the absence of a PDE inhibitor.
Figure 3c shows PKA–FRET images of differentiated SH
cells following the addition of ZM241385. We show three
time series. Framed top rows are images (false-colour rep-
resentation) of the uncorrected FRET signal showing a
concentric distribution of the PKA sensor (reflecting central
depth of the cell body). Two framed bottom rows show
FRET-efficiency images (normalised for the PKA expres-
sion intensity) where the signal distribution appeared more
even over the cell area. In both representations, changes in
FRET were detected upon addition of the antagonist.

After a 20-min run-in period in fresh Krebs–Henseleit
buffer plus adenosine deaminase (1 U/ml) during which the
FRET signal was essentially stable (not shown), we added
ZM241385 at 1 μM. PKA–FRET was recorded at 3-min
intervals until after 15 min (Fig. 3d). FRET-intensity
changes occurred in two types. Increased intensity in cir-
cumscribed areas (preferentially at cell margins, instances
pointed out by arrows) and a wider diffraction halo around
cell contours (due to signal amplification); both appeared in
uncorrected and FRET-efficiency images. At 15 min, we
added 8-Br-cAMP to revert the increase in FRET. 8-Br-
cAMP reduced the FRET signal in cell regions that over-
lapped with and, in addition, were distinct from areas where
the effect of ZM241385 had become apparent. This incon-
gruence was possibly due to subcellular redistribution of

PKA between recordings or due to differences in accessing
PKA between 8-Br-cAMP and receptor-dependent cAMP.

From the samples shown, it is evident that addition of
ZM241385 increased PKA–FRET. The extent of change
was discrete and quick (not instantaneous) after addition of
the antagonist. When we evaluated intensity changes over
selected cell regions by densitometry, we find that values
increased with time by 10 % to 20 % and were significantly
different from time 0 at the last two time points (Fig. 3d).
The findings substantiate the hypothesis that the human
A2A-receptor activates adenylyl cyclase in the absence of
agonist and are suggestive of cAMP/PKA relaying receptor
activity to release sites.

We therefore assessed the effect of inhibiting PKA and,
in addition, used inhibitors of PKC and of the BDNF recep-
tor, TrkB. Both PKC and TrkB have been reported to serve
as ancillary effectors of A2A-receptor signalling in nerve
(cell-like) cells [21, 22, 24]. The A2A-receptor can trans-
activate TrkB, which contributes to the functional adaptation
of presynaptic nerve endings. We have verified that TrkB is
functional in our cell line (by measuring a BDNF effect on
ERK1/2; data not shown) as predicted [32]. On co-
incubation with K252a, an inhibitor of TrkB kinase activity,
A2A-receptor activation significantly enhanced the release
reaction (Table 1). Addition of K252a also increased basal
release in the presence of XAC relative to controls (0.61,
Fig. 3a). This effect may not be a consequence of TrkB
inhibition as K252a also inhibits other kinases with high
affinity (e.g. calmodulin-dependent kinase II). In the pres-
ence of K252a, the difference between CGS21680 and XAC
was nevertheless significant providing evidence against an
involvement of TrkB in facilitation [41]. Similarly, the PKC
inhibitor (bisindolmaleimide I) failed to suppress release
facilitation (Table 1). In contrast, when we co-administered
the PKA inhibitor H89 (at a PKA-selective concentration,
1 μM), the S2/S1 ratio was ~0.6 in the presence of
CGS21680 (Table 1). The values were similar to those
obtained with XAC (cf. Fig. 3a). H89 applied together with
XAC did not reduce noradrenaline release further (Table 1)
which indicates that inhibition of PKA abolished receptor-
dependent release facilitation suppressing its constitutive
and agonist-dependent activity.

Thus, activation of PKA was sufficient to enhance nor-
adrenaline release. In support of this, 8-Br-cAMP repro-
duced release facilitation by activating PKA. Figure 4a
shows that H89 (open circles) reduced the amount of nor-
adrenaline released when co-administered with 8-Br-cAMP
(100 μM). The relative decrease (27 ± 5 %, mean ± SD, n0
3) and inhibition of receptor dependent release by H89
(~30 %) were comparable in size.

In addition to its facilitating action, however, 8-Br-cAMP
also caused a second effect resulting in profound overall
inhibition of noradrenaline release. Even in the absence of
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H89, the net effect of 8-Br-cAMP was release inhibition
relative to controls; concomitant PKA inhibition only magni-
fied the extent of inhibition. Figure 4b shows that 8-Br-cAMP
(100 μM) alone reduced the S2/S1 ratio on an average to ~0.5
(cf. Table 2); the effect of the direct activator of adenylyl
cyclase, forskolin (10 μM), was similar (Fig. 4b). Inhibition
of noradrenaline release by 8-Br-cAMPwas reproduced in the
presence of TTX (100 nM, not shown), which means that it
was independent of action potentials.

Similar to the receptor action, the inhibitory mechanism
due to receptor-independent cAMP was refractory to TTX
inhibition and thus should take place close to release sites.
We therefore measured calcium current that is prerequisite
to vesicular exocytosis in the whole cell patch-clamp con-
figuration and assessed the effects of 8-Br-cAMP and of
CGS21680.

Figure 5 (right panel) and Table 2 show that 8-Br-cAMP
inhibited voltage-dependent calcium current (VDCC). After
addition of 8-Br-cAMP, inhibition gradually developed over
5 min curtailing ~20 % of the recorded calcium current (see
Fig. 5, bar graph). VDCC inhibition of similar extent was
sufficient to diminish voltage-dependent noradrenaline re-
lease from chick sympathetic neurons [42]. It is evident
from Fig. 5 (left panel) that, contrary to 8-Br-cAMP,
CGS21680 had no consistent effect on VDCC in SH cells
even if present for an extended time interval (20 min). Thus,
A2A-receptor activation did not mediate release facilitation
by increasing calcium influx; conversely, VDCC inhibition
likely caused release inhibition by 8-Br-cAMP.

When stimulated with 10 μM forskolin, formation of
cAMP amounted to levels 2-fold higher than those attained
by receptor activation (manuscript submitted). However,
inhibition by 8-Br-cAMP and forskolin were unlikely due
to excess cAMP. Simultaneous inhibition of phosphodies-
terase (to allow for cAMP accumulation) failed to reverse
CGS21680-mediated facilitation. When Ro20-1724 was in-
cluded, the receptor agonist did not inhibit but invariably
and significantly enhanced noradrenaline release (data not
shown). We therefore surmised that 8-Br-cAMP regulated
an ancillary effector that was inaccessible to receptor-
formed cAMP. As a premise, SH cells should afford com-
partments to guide receptor-dependent cAMP to a set of
PKA moieties whose activation enhanced the release reac-
tion. Cyclic AMP present outside the receptor-aligned sig-
nalling domain activated an ancillary effector responsible
for suppressing release; this effector pathway was readily
accessible only to receptor-independent—but not receptor-
formed—cAMP.

Signalling compartments should also favour—relative to
the effect of a diffusible cAMP analogue—receptor-mediated
regulation of alternative effectors.We probed phosphorylation
of the transcription factor CREB and of Rabphilin3A (Rab-
philin), both cAMP-regulated molecules that control the

expression of neural properties but are not involved in the
modulation of neurotransmitter exocytosis [16]. Rabphilin is
an 82-kDa protein associated to synaptic vesicles and is a
substrate of PKA, of calmodulin-dependent and other protein
kinases [43]. Figure 6a shows immunoblots of phospho-
CREB and phospho-Rabphilin. CGS21680 increased phos-
phorylation of both CREB and Rabphilin. When compared to
8-Br-cAMP, CGS21680 had a more pronounced effect. The
bar diagram in Fig. 6b illustrates the mean increments (±SD)
estimated by densitometry (n04 experiments). The difference
held up after a 20-min (Fig. 5a) or a shorter incubation interval
(7 min, not shown); this means that it was not due to different
time courses of stimulation by CGS and 8-Br-cAMP. Thus,
the receptor was more efficient than receptor-independent
cAMP in driving phosphorylation of a presynaptic and of a
predominantly nuclear protein. Therefore, the receptor and the
structures required for signal partitioning must be located to
somatic and presynaptic regions.

We assessed the nature of the extra-compartmental mech-
anism leading to inhibition of VDCC and noradrenaline
release. Substitution of 8-Br-cAMP by the Epac-selective
cAMP analogue, 8-pCPT-2′-O-Me-cAMP at 100 μM did
not reproduce inhibition (nor did it produce a stimulating
effect, not shown).

We also tested for the possibility that cAMP at high con-
centrations might result in activation of protein kinase G.When
we administered 8-Br-cGMP (30 μM) at S2, there was little but
insignificant inhibition of depolarisation-induced noradrenaline

Fig. 3 Constitutive activity of the A2A-receptor. a KCl-induced [3H]
noradrenaline release was determined in the presence of XAC (5 μM,
filled circles) or vehicle (DMSO at 0.01 %, open down-pointing trian-
gles); experiment performed as in Fig. 2. Radioactive overflow is plotted
per fraction (means ± SEM from six determinations), expressed as percent
of radioactivity taken up by the cells. Bar to the right represents the
averaged S2/S1 ratio when XAC was added at S2 (error bars099 %
confidence interval, n015 determinations) with the solid horizontal line
indicating the mean S2/S1 ratio in (vehicle) controls (dotted area repre-
sents lower confidence interval) taken from Fig. 2b. b Cellular formation
of cAMP in the presence of forskolin (20 μmol/) and of increasing
concentrations of the A2A-receptor antagonist ZM241385. Shown are
the means of three determinations (±SEM). Bar represents cAMP forma-
tion in the presence of forskolin and XAC (5 μM) (mean ± SEM, n03)
determined in the same experiment. c Recording constitutive receptor
activity by means of PKA–FRET. Transfected differentiated SH cells
were incubated in fresh Krebs–Henseleit buffer supplemented with aden-
osine deaminase (1 U/ml) and PKA–FRETwas recorded at the indicated
intervals after addition of ZM241385 (1 μM). No PDE inhibitor added.
After 15 min, 8-Br-cAMP (100 μM) was added and fluorescence was
recorded 15 min later. Three samples are shown in false-colour represen-
tation of normalised (top, FRET efficiency) and unnormalised FRET
values (middle and bottom panel) together with a grey-tone CFP donor
image. Normalised FRET values were in the range of 0.25–0.45. d
Change in PKA–FRET following addition of ZM241385 (1 μM) deter-
mined by measuring averaged FRET intensity over six selected cell
regions (as depicted in c). Given are mean changes (±SD) relative to time
point 0, asterisks indicate significant change at 12 and 15 min (p<0.05 by
all-pairwise multiple comparison according to Dunn’s method following
one-way ANOVA)

b
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release whereas a lower concentration of 8-Br-cAMP (3 μM)
still produced inhibition (S2/S100.67 ± 0.05, mean ± SD).
These findings argue against the involvement of PKG in
cAMP-mediated inhibition.

Activity of Src-family kinases is a possible cause of release
inhibition [44–46]. We tested the involvement of Src kinases
by including the specific inhibitor PP1 in the release experi-
ment and probing the effect of 8-Br-cAMP. Figure 4b shows
that PP1 (1 μM) relieved inhibition due to 8-Br-cAMP. Nor-
adrenaline release increased when co-administered at S2 and
similarly when included in the superfusion buffer throughout
the release experiment (not shown). We performed the follow-
ing control experiments. (1) PP3, the PP1 analogue that does
not inhibit Src-family kinases, was inactive in the release
experiment; (2) PP1 alone did not affect basal release in the
absence of 8-Br-cAMP (data not shown); (3) the effect of

receptor activation was unaffected. S2/S1 ratios obtained with
CGS21680 plus PP1 (0.75; CI00.70–0.80) were somewhat
lower than the values obtained in the absence of PP1 [0.8707
(0.8075–0.9339)]. However, this difference was not signifi-
cant (multiple pairwise comparisons, ANOVA followed by
Dunn’s test). With XAC, the S2/S1 ratio in the presence of
PP1 amounted to 0.63 (CI00.55–0.71) and the difference
between S2/S1 values in the presence of CGS and of XAC
was significant (Table 1).

If 8-Br-cAMP exerted an inhibitory effect via Src-family
kinases, it should also stimulate protein tyrosine phosphor-
ylation in a manner sensitive to inhibition by PP1. We
gauged the phosphotransfer reaction to protein tyrosine res-
idues. Figure 7a shows immunoblots of cell lysates. In
differentiated SH culture, 8-Br-cAMP increased the density
of several phosphoprotein bands and co-incubation with
PP1 reduced the intensity of most of them, e.g. of the
predominant bands at ~60, 50 and 40 kDa. The receptor
agonist CGS21680 also enhanced protein tyrosine phos-
phorylation. There were distinct differences, however, in
the pattern of phosphoprotein bands and in the sensitivity
of the phosphotransfer reaction to kinase inhibitors.

In two protein bands migrating in the range between 50 and
40 kDa (indicated by a star in Fig. 7a), phosphorylation
increased marginally in the presence of CGS21680; in the
presence of 8-Br-cAMP, the increase was robust. For other
substrate proteins, the phosphorylation increment appeared
concordant. From inspecting the blot in Fig. 7a, it becomes
obvious that CGS-triggered phosphorylation was reduced by
both PP1 and H89. None of the CGS-dependent (and

Table 1 Effect of protein kinase inhibitors on noradrenaline release

S2/S1 CGS21680 XAC

H89 0.58 (0.50–0.66) 0.56 (0.46–0.66)

Bisindolmaleimide I* 0.75 (0.66–0.84) 0.61 (0.58–0.64)

K252A* 0.97 (0.91–1.05) 0.85 (0.80–0.90)

Given are mean S2/S1 ratios (99 % confidence intervals from six to 15
determinations) in the presence of CGS21680 (0.5 μM) or XAC
(5 μM) during S2. Inhibitors of PKA (H89, 1 μM), of PKC (bisindol-
maleimide I, 1 μM) or of the TrkB receptor tyrosine kinase (K252A,
100 nM) were added concomitantly with CGS or XAC. Difference
between CGS or XAC was significant (*p<0.05) in the presence of
bisindolmaleimide I and K252A (Wilcoxon rank sum test)

Fig. 4 Inhibition of neurotransmitter release by forskolin and 8-Br-
cAMP. a Effect of PKA inhibition on noradrenaline release measured in
the presence of 8-Br-cAMP. Shown is a superfusion experiment with 8-
Br-cAMP (100 μM) alone (filled triangles) or 8-Br-cAMP together with
H89 (1 μM, open circles; six determinations ± SEM). Collected radioac-
tivity is expressed as percent of the total amount taken up by the cells. b
Mean S2/S1 ratios of the depolarisation-induced noradrenaline release
when forskolin (Fsk, 10μM) or 8-Br-cAMP (cAMP, 100μM)were added
beginning 20 min before S2. The effect of 8-Br-cAMP was assessed in

the presence of the Src-family kinase inhibitor PP1 (1 μM, cross-hatched
bar). Error bars represent 99 % confidence intervals, n ≥12. The hori-
zontal line shows the mean S2/S1 ratio in controls; the dotted area
represents the lower 99% confidence interval taken from Fig. 2b. Release
reduction by forskolin and 8-Br-cAMP was statistically significant rela-
tive to controls (Kruskal–Wallis one-way ANOVA followed by Dunn’s
test). Asterisk indicates that the effect of PP1 on release inhibition by 8-
Br-cAMP was significant (relative to 8-Br-cAMP and forskolin)
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prominent) phosphoprotein bands was refractory to inhibition
by H89. Surprisingly, however, PKA inhibition was largely
ineffective in the 8-Br-cAMP-induced phosphotransfer
reaction.

We chose the predominant band at ~50 kDa to quantify
inhibition by PP1 and H89. Figure 7b gives a summary of
the densitometric analysis of three experiments comparing
CGS and 8-Br-cAMP. The summary confirms that H89
discriminated between CGS and 8-Br-cAMP; H89 effectively
blocked the effect of CGS only. By contrast, the Src inhibitor
reduced the signal obtained with 8-Br-cAMP and inhibited
CGS-dependent phosphorylation to a similar extent. The
results suggest that 8-Br-cAMP activated Src-kinases with
no requirement for PKA, which was similar to the mechanism
operative in the inhibition of noradrenaline release. Src acti-
vation also occurred by the receptor, with PKA as possible
signalling intermediate. PKA phosphorylation of Src is known

to promote its release from the plasma membrane [47, 48] and
PKA-directed Src activity has been implicated in downstream
signalling of the A2A-receptor [20]. The divergent mecha-
nisms of Src activation support our hypothesis that receptor
signalling is compartmentalised in differentiated SH cells;
signal partitioning may thus provide the basis for facilitation
of noradrenaline release by the A2A adenosine receptor.

Discussion

The present study builds on a previous observation that cAMP
formation is a regulated property in SH cells. Sensitised
cAMP formation is the consequence of cell differentiation
[49]. Only in differentiated cultures, the endogenous A2A

adenosine receptors robustly stimulated the formation of
cAMP. Exploiting the nerve cell-like phenotype of

Table 2 Effects, relative to basal, of CGS21680, 8-Br-cAMP and XAC on parameters measured in differentiated SH cells

Parameter CGS21680 8-Br-cAMP XAC

Cyclic AMP 5.6-fold (4.9–6.4-fold) n.d. 61 % (41–81 %)

Noradrenaline release 114 % (105–122 %) 55 % (38–72 %) 80 % (69–91 %)

VDCC 101.9 ± 25.4 % 76.9 ± 16.4 % n.d.

CREB phosphorylation 253 ± 65 % 140 ± 32 % No effecta

Rabphilin phosphorylation 230 ± 58 % 132 ± 35 % No effecta

Protein–tyrosine phosphorylation 168 ± 50 % 246 ± 84 % No effecta

Effects presented in Figs. 1, 2, 3, 4, 5, 6 and 7 are expressed as percent of the appropriate basal value (except for cAMP in the presence of
CGS21680)
a Repeated observations indicated that the amount of phospho-protein obtained in the presence of XAC was indistinguishable from basal
(experiments performed in the presence of adenosine deaminase); 99 % confidence intervals are given in brackets, standard deviation as
±values. Statistical evaluation of differences is reported in the figure legends

Fig. 5 Modulation of voltage-dependent calcium current. Shown are
time courses with Ca2+ current measurements in differentiated SH
cells. Single cells were voltage clamped to a holding potential of
−80 mV using the perforated patch modification of the whole-cell
patch clamp technique. Cells were continuously superfused with buffer
containing DMSO (0.05 %) and were depolarised to 0 mV for 30 ms
once every 15 s. After 60 s of baseline measurement, cells were either
superfused with a CGS21680 (1 μM) for 20 min or b 8-Br-cAMP

(100 μM) for 5 min. The recorded values were normalised to the mean
of five baseline measurements. Given are mean values ± SEM from
four recordings. Exposure to 8-Br-cAMP was terminated when the
current levelled out to an apparent minimum. Bar graph (right panel)
shows mean current values (±SEM) before and 300 s after addition of
8-Br-cAMP; asterisk indicates significant difference (n07, p<0.05,
Wilcoxon signed-rank test)
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differentiated SH cells, we assessed coupling of the A2A-
receptor to modulation of depolarisation-dependent neuro-
transmitter release and examined the role cAMP plays in this
process. Our findings indicate that (1) the endogenous A2A-
receptor facilitates noradrenaline release in a manner compat-
ible with a presynaptic type of action, that (2) signal compart-
ments are present to guide receptor signalling and that (3) the
native A2A-receptor is endowed with constitutive activity.

The A2A-receptor enhanced noradrenaline release and
activation of PKAwas necessary to relay the signal. Release
facilitation via PKA was commensurate with A2A-receptors
located on neurite extensions (cf. Fig. 1b). Probably, release
sites are present on SH-cell neurites, which were found to be
rich in vesicles and proteins of the vesicle-fusion apparatus
[39, 40]. Thus, A2A-receptors may be located close to re-
lease sites and, in addition, they meet the criteria for docking
to the ‘presynaptic’ active zone. First, receptor-dependent
facilitation was refractory to the suppression of action
potentials by TTX. Second, receptor activation led to the
phosphorylation of presynaptic Rabphilin. Third, it has be-
come clear that, in nerve cells, PKA targets proteins

involved in vesicular fusion—rather than calcium channels
as it does in endocrine cells—to enhance neurotransmitter
release [16, 17]. In keeping with this consensus, the A2A-
receptor-dependent release facilitation was sensitive to the
PKA inhibitor H89 and occurred without an effect on
VDCC. Moreover, A2A-receptor-triggered phosphorylation
of Rabphilin, which is not considered an effector in regulated
neurotransmitter exocytosis [16], was insensitive to H89 (data
not shown). Taken together, these findings confirm a presyn-
aptic type of action of the A2A-receptor as stipulated previ-
ously, based on findings in preparations of rodent central
(striatum, hippocampus, medulla and spinal cord) and peripheral
nervous tissue (sympathetic nerve endings and motoneurons;
[5, 50]) and attributed specifically to axon collaterals of striatal
projections [51].

The A2A-receptor revealed constitutive activity that en-
hanced noradrenaline release. In the absence of an agonist,
receptor antagonists inhibited depolarisation-induced nor-
adrenaline release, reduced cAMP formation and similarly
diminished PKA activity. Hence, three types of experiment
uniformly suggest constitutive activity and indicate that the

Fig. 6 Phosphorylation of CREB (serine 133) and of Rabphilin3A
(serine 234) in differentiated SH cells. Phospho-CREB (migrating to a
position of ~45 kDa) was determined by immunobloting cell extracts;
Rabphilin3A was enriched by immunoprecipitation using an anti-
Rabphilin3A antibody and detected with a specific anti-phospho-
Rabphilin antibody. Differentiated cells were incubated with either
CGS21680 (0.5 μM) or with 8-Br-cAMP (100 μM, cAMP) with no
PDE inhibitor; after 20 min, the reaction was stopped by lysing cells.
Shown are immunoblots from one sample out of four; phosphoprotein
blots are shown above the corresponding blots developed with anti-
bodies reactive to the holo-protein. The averaged results (±SD) of a
densitometric analysis of band densities is given in the bar diagrams.
Results are expressed (after correction for differences in sample load-
ing) as relative increase over basal (cells incubated with 0.01 % DMSO
in buffer). The differences between CGS (open bar) and 8-Br-cAMP
(hatched bar) were statistically significant (p<0.05 by Student’s t test)
for both phosphoprotein bands. Irrelevant lanes were electronically
removed from the figure representation; all lanes shown were from
the same original immunoblot

Fig. 7 Tyrosine phosphorylation in cell extracts from differentiated SH
cells. Top—cells were incubated for 20 min with 8-Br-cAMP (100 μM,
left) or with CGS21680 (0.5 μM, right) without PDE inhibitor. Immuno-
blots of cell lysates were developed with a phospho-tyrosine specific
antibody. Controls (leftmost lane) were done with vehicle alone (−);
H89 (1 μM) or PP1 (1 μM) were included in the incubation (following a
10-min pre-incubation) as indicated. The asterisk indicates a gel region
with reagent-specific differences in phosphotyrosine bands. Bottom—bar
diagramwith the results of an analysis of the density changes in the band at
~50 kDa; shown is the average from three independent samples (±SD)
where the effect of the kinase inhibitors (H89, open bar; PP1, hatched bar)
on band density is expressed relative to the density obtained with 8-Br-
cAMP (left panel) or CGS21680 (right panel) alone
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unoccupied A2A-receptor was capable of generating cAMP.
In keeping with the proposed sequence of events (receptor-
dependent cAMP activates PKA to enhance noradrenaline
release), inhibition of PKA and the receptor antagonist
reduced noradrenaline to similar values and both were sig-
nificantly lower than basal. Hence, permanent receptor ac-
tivity sustained the quantum of neurotransmitter release.

We have previously detected constitutive activity on het-
erologous overexpression of the A2A-receptor [30] and pro-
posed that the active receptor conformation is favoured by
the extended carboxy terminus; tight coupling to Gs proba-
bly supports the propensity for spontaneous signalling
[52–54]. In mouse striatum, the A2A-receptor couples to Golf

not expressed by SH cells ([55]; data not shown). Experi-
ments in mouse striata lacking Gαolf suggest that Golf itself
has constitutive activity. It remains to be determined if
constitutive receptor activity relies on the receptor coupling
to a specific combinatorial assembly of heterotrimers (e.g.
Gs or Golf). Here, we confirm that constitutive activity is a
trait of the native receptor protein that stimulates adenylyl
cyclase via Gs. An argument repeatedly forwarded against
constitutive adenosine receptor activity is contamination
with adenosine, which would result in receptor agonist
occupancy. Using radioligand displacement assays [37],
we estimated that adenosine is present in culture superna-
tants at concentrations less than 10 nM, and that it is readily
eliminated by adenosine deaminase (added at 1 U/ml, data
not shown). In release experiments, we reduced contamina-
tion with adenosine by superfusing culture disks (suspended
in chambers with an average volume of 150 μl) at a rate of
1 ml/min. With both methods mentioned, the antagonists
(XAC and ZM241385) suppressed receptor activity.

Assays indicative of constitutive activity encompassed the
canonical second messenger cAMP, activation of PKA and
PKA-enhanced noradrenaline release; particularly the latter
two provided for a highly sensitive measure of receptor activ-
ity, which we could recordwith no PDE inhibition. In contrast,
inhibition of PDE was mandatory for the measurement of
cAMP. In the absence of Ro20-1724, [3H]cAMP was 270 ±
30 cpm, but 6,358 ± 423 cpm in its presence (three paired
determinations), when formation (in cells pre-labelled with
[3H]adenine) was stimulated by CGS21680. Thus, PKA had a
high sensitivity in registering receptor activity.

By contrast, constitutive receptor activity did not feed
into alternative pathways that were independent of PKA. In
SH cells stimulated by CGS21680, the PKA inhibitor re-
duced phosphorylation of CREB and of protein tyrosine
residues only to moderate extent but did not inhibit phos-
phorylation of Rabphilin3A. In the presence of adenosine
deaminase, the respective basal levels were unaffected by a
receptor antagonist (not shown). When overexpressed in a
surrogate cell line, the constitutive A2A-receptor activity
was similarly biased towards cAMP formation [30].

One less appreciated condition of A2A-receptor signalling
explored in our present study is signal partitioning. Our initial
observation was that 8-Br-cAMP—as opposed to receptor-
dependent cAMP—exhibited a dual effect. Similar to the
receptor, 8-Br-cAMP caused release facilitation in a manner
sensitive to the inhibition of PKA. By a second effect, 8-Br-
cAMP elicited a significant reduction in noradrenaline release,
refractory to the PKA inhibitor. Suppression of release oc-
curred in the presence of TTX, hence independent of action
potentials. These findings therefore suggest that cyclic AMP-
mediated inhibition occurred at the active (presynaptic) zone.
We attribute this inhibition to the restricted calcium current
[42], which followed depolarisation in the presence of 8-Br-
cAMP, but not of the A2A-receptor agonist.

Presynaptic inhibition has recently been proposed to result
from cAMP-enhanced gating of HCN channels and an ensu-
ing inhibition of associated calcium channels [56]. Our data,
however, point to a role of Src-family kinases. Previous
reports have demonstrated Src-dependent release inhibition
in neuronal cells [44–46]. A consequence of Src-kinase activ-
ity may be the restriction of VDCC with calcium channels
and/or HCN representing potential phosphorylation substrates
[57, 58]. In SH cells, there is ongoing Src activity, which is

Fig. 8 Schematic representation of A2A-receptor actions in SH-SY5Y
cells. Top—at cellular release sites, cAMP formedwithin receptor-aligned
signalling compartments (grey area) facilitated noradrenaline release by
activating PKA (which primes vesicles for exocytosis, ref. [16]). Cyclic
AMP produced outside receptor-signalling compartments enhanced Src-
family kinase activity, restricted calcium influx and led to the inhibition of
noradrenaline release. Phosphorylation of Rabphilin3A following recep-
tor activation (dotted arrow) was independent of cAMP/PKA. Bottom—
at regions beyond release sites (soma), A2A-receptor activation caused
phosphorylation of CREB and Src activation. Both effects were mediated
in part by cAMP/PKA. Activation of Src by receptor-independent cAMP
was via an unidentified pathway (X) bypassing PKA
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instrumental during differentiation [59]. The Src inhibitor PP1
relieved release inhibition due to cAMP, but did not affect
basal or cAMP-facilitated release; similarly, it suppressed
CREB (serine 133) phosphorylation evoked by 8-Br-cAMP,
but not by the receptor. Thus, the Src inhibitor discriminated
between signalling of receptor-dependent and receptor-
independent cAMP. At release sites, 8-Br-cAMP activated
PKA to enhance noradrenaline release and in addition en-
hanced Src activity mediating inhibition.

Our data can be interpreted such that there are two signal-
ling pathways relaying opposite effects; partitioning of these
two signals may be due to the presence of subcellular com-
partments (illustrated in Fig. 8). We presume that in differen-
tiated SH cells, compartments align to the A2A-receptor and
direct PKA to its cognate substrates (in the active zone, e.g.
Rim1α, Snap 25, cf. [16]) and that, conversely, the inhibitory
effect produced by 8-Br-cAMP or forskolin takes place out-
side compartment boundaries. Although the microscopic res-
olution of PKA–FRET was too low to outline compartment
contours, the confinement of receptor-dependent cAMP tran-
spired from PKA–FRET changes induced by 8-Br-cAMP.
These changes also occurred in regions where there was no
response to the receptor (cf. Fig. 3c).

Compartments are thought to form around an organising
structure consisting of protein complexes that hold in apposi-
tion adenylyl cyclase, phosphodiesterase, protein kinases,
phosphatases and their respective substrates; the protein com-
plexes are sequestered through interaction with membrane-
bound or cytoskeletal elements [17, 60]. In our SH cells,
repeated RNA analysis predicts gravin/AKAP12 to be
expressed (data not shown). AKAP12 is anchored to actin
neurofilament as is α-actinin; the latter has been shown to bind
to the A2A-receptor, and thusmay be responsible for integrating
the receptor with the complex [61]. If, however, compartment
architecture in a given cell excluded the receptor, it would be
conceivable that receptor activity resulted in release inhibition
whereas receptor-independent cAMP produced facilitation.
Indeed, in synaptosomes from rat striatum, the A2A-receptor
was reported to inhibit release in a PKA-independent manner
whereas PKA activation by 8-Br-cAMP enhanced release of
γ-aminobutyric acid [62]; hence, the roles of receptor activa-
tion and of receptor-independent cAMP are inversely distrib-
uted relative to the situation in SH cells.

Taken together, our data show that differentiated SH cells,
an established nerve cell model with a high degree of cellular
homogeneity, express functional A2A-receptors. Effector cou-
pling is sensitive enough to register both agonist-stimulated
and constitutive activity of the receptor; the latter accounts for
a significant fraction (~20 %) of basal noradrenaline release
The total A2A-receptor effect is in keeping with data from the
literature [14]. Our findings demonstrate that the native human
A2A adenosine receptor acts from a presynaptic site to regulate
neurotransmitter release.
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