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Antagonistic and reciprocal interactions are known to
exist between adenosine and dopamine receptors in the
striatum. In the present study, double immunofluores-
cence experiments with confocal laser microscopy
showed a high degree of colocalization of adenosine A,,
receptors (A,,R) and dopamine D, receptors (D,R) in
cell membranes of SH-SY5Y human neuroblastoma cells
stably transfected with human D,R and in cultured stri-
atal cells. A, ,R/D,R heteromeric complexes were dem-
onstrated in coimmunoprecipitation experiments in
membrane preparations from D,R-transfected SH-SY5Y
cells and from mouse fibroblast Ltk™ cells stably trans-
fected with human D,R (long form) and transiently co-
transfected with the A, R double-tagged with hemag-
glutinin. Long term exposure to A, R and D,R agonists
in D,R-cotransfected SH-SY5Y cells resulted in coaggre-
gation, cointernalization and codesensitization of A, R
and D,R. These results give a molecular basis for aden-
osine-dopamine antagonism at the membrane level and
have implications for treatment of Parkinson’s disease
and schizophrenia, in which D,R are involved.

Adenosine and dopamine signaling exert opposite effects in
the basal ganglia, a brain region involved in sensory-motor
integration. Thus, adenosine agonists induce motor depression
and adenosine antagonists, such as caffeine, produce motor
activation (1). These opposite effects result from specific antag-
onistic interactions between subtypes of adenosine and dopam-
ine receptors in the striatum, the main input structure of the
basal ganglia. In fact, striatal dopamine receptors and, to some
extent, adenosine receptors are segregated in the two main
populations of y-aminobutyric acid (GABA) efferent neurons.
Striopallidal neurons express dopamine receptors predomi-
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nantly of the D, subtype (D,R)! and the highest density of
adenosine A,, receptors (Ay;,R) in the brain (2, 3). In the rat,
the strionigro-strioentopeduncular neurons contain dopamine
receptors predominantly of the D, subtype (D;R) and express
exclusively adenosine receptors of the A; subtype (A;R) (2—4).
Experimental evidence supports the existence of antagonistic
A,A,R/D,R and A ;R/D;R interactions, respectively, in the
GABA striopallidal and strionigro-strioentopeduncular neu-
rons (1, 5). Taken together, these data suggested proximity
between receptors, which could allow them to form heteromeric
complexes (directly or indirectly by means of adaptor proteins).
In fact, A;R and D, R were found to form heteromeric complexes
(6). Although antagonistic A, R/D,R interactions have been
reported to play an important role in basal ganglia function, it
is still not known whether the formation of heteromeric A, R/
D,R complexes is also involved. In the present work, the exist-
ence of selective intramembrane interactions between A, R
and D,R in neuronal cells is demonstrated, including formation
of heteromeric A, R/D;R complexes and their potential in-
volvement in cross-desensitization mechanisms via agonist-
induced coaggregation and cointernalization of A, R and D,R.
These results have clinical implications for Parkinson’s disease
and other basal ganglia disorders where dopamine D,R are the
target for therapy (1, 5).

EXPERIMENTAL PROCEDURES

Cell Cultures—Maintenance of SH-SY5Y cells (parental and D,R-
transfected cells) as well as the pharmacological characterization and
maintenance of D,R- and D;R-transfected mouse fibroblast Ltk cells
are described in detail elsewhere (7-9). For primary cultures, striata
were removed from 16-day-old Sprague-Dawley rat embryos (B&K Uni-
versal) in Ca®"/Mg>*-free PBS supplemented with 20 units/ml penicil-
lin and 20 pg/ml streptomycin (Invitrogen). The tissue fragments were
pooled and mechanically dissociated in SFM Neurobasal serum-free
medium (Invitrogen), supplemented with B27 (Invitrogen), glutamine
(2 mM; Invitrogen), penicillin/streptomycin (20 units/ml/20 pg/ml; In-
vitrogen), and B-mercaptoethanol (25 um) (Invitrogen). Cells were col-
lected by centrifugation at 100 X g for 5 min and resuspended in fresh
medium. The resulting single-cell suspension was seeded on 24-well
plates coated with gelatin (Sigma) and poly-L-lysine (Sigma), and cells
were grown at 37 °C in saturation humidity with 5% CO.,.

Immunolabeling Experiments—Neuroblastoma cells were grown on
glass coverslips coated with poly-L-lysine (Sigma) and exposed to vari-

L The abbreviations used are: D,R, dopamine D, receptor; A,,R,
adenosine A,, receptor; HA, hemagglutinin; ANOVA, analysis of vari-
ance; PBS, phosphate-buffered saline; FITC, fluorescein isothiocyanate;
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Fic. 1. A, double immunofluorescence staining and confocal images of
SH-SY5Y neuroblastoma cells stably transfected with the cDNA encod-
ing for human D,R (long form). Cells were processed for immuno-
staining using fluorescein (green)-conjugated rabbit anti-A, R antibod-
ies and rhodamine (red)-conjugated rabbit anti-D,R antibodies and
analyzed by confocal microscopy. Superimposition of images (panels
c—h) reveals the colocalization of A, R and D,R in yellow. Panels a—c
show A,,R immunoreactivity (¢), D,R immunoreactivity (b), and A,,R/
D,R colocalization (c¢) in nontreated cells (no agonist preincubation).
Panels d-g show the effects of 3 h of treatment at 37 °C with CGS-21680
(100 nMm) alone (d), quinpirole (10 uMm) alone (e), CGS-21680 (100 nm) and
quinpirole (10 um) (f), or CGS-21680 (200 nM) and quinpirole (50 uM) (g).
Cells were processed for immunostaining after agonist preincubation.
Representative images from four independent experiments/treatment
are shown; scale bars, 10 um. B, semiquantitation of images from
panels c—g in A. The area (light gray) where diffuse IR (no or few
coaggregates) and the area (dark gray) where several coaggregates
could be detected were interactively selected. The median intensity
values (left y axis) for these two types of areas, obtained in the four
experimental conditions mentioned above (c-g), are given. The Gini’s
indexes (right y axis) for the four experimental conditions (c-g) are
given. It should be noticed that the Gini’s index is low (rather even
distribution of the IR intensity among pixels) for nontreated cells (c¢),
whereas the Gini’s index is high (rather uneven distribution of the IR
intensity among pixels) for co-treatment with CGS-21680 (200 nM) plus
quinpirole (50 um) (g).

ous amounts of CGS21680 (RBI) and/or quinpirole (RBI) in serum-free
medium for 3 h at 37 °C. They were then rinsed with PBS, fixed in 4%
paraformaldehyde and 0.06 M sucrose for 15 min, and washed with PBS
containing 20 mMm glycine. Cells were subsequently treated with PBS,
containing 20 mM glycine, and 1% bovine serum albumin for 30 min at
room temperature. Double immunostaining was performed with fluo-
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FiGc. 2. Agonist-induced internalization of A,,R and D,R in
SH-SY5Y neuroblastoma cells stably transfected with the cDNA
encoding for human D,R (long form). Cells were processed for
immunostaining using fluorescein (green)-conjugated rabbit anti-A,,R
antibodies and rhodamine (red)-conjugated rabbit anti-D,R antibodies
and analyzed by confocal microscopy. Superimposition of images re-
veals the colocalization of A,,R and D,R (yellow). Cells were first
incubated with anti-A,,R and anti-D,R antibodies for 2 h at 4 °C in the
presence (b—d) or absence (a) of the agonists. The cells were then placed
at 37 °C for 3 h allowing ligand-induced internalization of previously
labeled receptors. Panel a shows the weak diffuse immunoreactivity of
nonpretreated control cells (compare with Fig. 1, panels c¢). Panels b—d
show the effects of 3 h of treatment at 37 °C with CGS-21680 (200 nm)
alone (b), quinpirole (50 um) alone (¢), or CGS-21680 (200 nm) and
quinpirole (50 uM) (d). Representative images from four independent
experiments/treatment are shown; scale bars, 10 pm.

rescein-conjugated anti-A,,R antibodies (VC21-FITC, 40 pg/ml) (10)
and rhodamine-conjugated anti-D,R antibodies (D2-246-316, 30 pg/ml)
(11) for 1 h at 37 °C. Antipeptide antisera against A, R were raised in
New Zealand White rabbits and characterized as described elsewhere
(12). The specific peptide corresponds to the second extracellular loop of
the receptor. Anti-A,,R antibodies (VC21) were purified by affinity
chromatography using the specific peptide coupled to activated thiol-
Sepharose 4B. The coverslips were rinsed for 40 min in the same buffer
and mounted with medium suitable for immunofluorescence (ICN).
Internalization assays were made as reported elsewhere (12) with some
modifications. Cells were incubated in serum-free medium (4 °C, 2 h)
with VC21-FITC and rhodamine-conjugated D2-246-316 in the absence
(control) or presence of 200 nm CGS 21680 and/or 50 uM quinpirole.
Cells were washed with the same medium (without ligands in the
control experiments), and internalization of labeled receptors was in-
duced by incubation at 37 °C for 3 h. Cells were fixed and processed as
described above. Striatal cultures were exposed to various amounts of
CGS21680 and/or quinpirole in the same medium for 6 h at 37 °C. They
were then rinsed with PBS, fixed with 4% paraformaldehyde containing
2% picric acid for 1 h, and washed with PBS supplemented with 20 mm
glycine. Double or single immunostaining was performed with fluores-
cein-conjugated anti-A,,R antibodies and rhodamine-conjugated anti-
D,R (D2-246-316) antibodies or fluorescein-conjugated anti-A;R anti-
bodies (PC21-FITC) (13) for 1 h at 37 °C. Microscopic observations were
made in Leica TCS 4D (Leica Lasertechnik) confocal scanning laser
equipment adapted to an inverted Leitz DMIRBE microscope. Image
analysis was performed with a KS 400 image analyzer (Zeiss). After
acquisition of the superimposed images (yellow color) of the A,,R/D,R
IR, the area of the cell nucleus was interactively discarded. Densito-
metric evaluation was performed on this new image. The median values
of the histograms representing the intensity of A,R/D,R IR in areas
with coaggregates (interactively encircled) and in areas with no or few
aggregates (interactively encircled) were taken as representative val-
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Fic. 3. Immunostaining of parental SH-SY5Y neuroblastoma
cells. Untransfected SH-SY5Y cells were processed for immunostaining
using fluorescein (green)-conjugated rabbit anti-A,,R antibodies after
exposure to medium in the absence (a) or presence (b) of 100 um
quinpirole (3 h, 37 °C). Representative images from three independent
experiments are shown; scale bar, 10 pm.

ues in their respective areas. A quantitative evaluation of the degree of
unevenness of the A,,R/D,R receptor codistribution was obtained by
calculating the Gini’s index (14, 15), which here measures the distribu-
tion of the IR intensity, pixel by pixel, in the sampled area. The Gini’s
index ranges from 0 (even distribution, i.e. the IR intensity is equally
distributed among pixels) to 1 (maximal concentration, i.e. the IR in-
tensity is concentrated in one single pixel) (14).

Coimmunoprecipitation Experiments—SH-SY5Y neuroblastoma cell
membranes were obtained by disrupting the cells with a Polytron ho-
mogenizer (Kinematica, PTA 20TS rotor, setting 4; Brinkmann) for
three 5-s periods in 50 mm Tris-HCl, pH 7.4. Membranes were sepa-
rated by centrifugation at 105,000 X g for 45 min at 4 °C. They were
then solubilized in ice-cold lysis buffer (PBS, pH 7.4, Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS) for 1 h on ice and then centrifuged at
80,000 X g for 90 min. The supernatant was immunoprecipitated as
previously described (6) using anti-A,,R antibodies (VC21) or an irrel-
evant IgG covalently coupled to protein A-Sepharose. Immunoprecipi-
tates were resolved by SDS-PAGE, and Western blots were performed
with anti-A, R, anti-A R (PC11), or anti-D,R antibodies (for details, see
Ref. 6).

D,R- and DR transfected mouse fibroblast Ltk~ cells were tran-
siently transfected with A,,R cDNA double-tagged with hemagglutinin
(HA-A,,R-HA) (16) by calcium phosphate precipitation (8, 9). Immuno-
precipitation of HA-A,,R-HA was performed with anti-HA antibodies
(Babco) covalently coupled to protein G-Sepharose. Immunoprecipita-
tion and immunoblotting were done following standard protocols (6).
Immunoblots were developed with ECL Western blot detection system.

cAMP Accumulation Experiments—Neuroblastoma or striatal cells
were incubated with [*H]adenine (24 Ci/mmol; Amersham Biosciences;
1 pCi/well) for 2 h at 37 °C in serum-free medium. They were subse-
quently washed with PBS and incubated for 10 min at 37 °C in PBS
containing 100 uM phosphodiesterase inhibitor RO-20-1724 (Calbio-
chem). Various concentrations of forskolin, CGS 21680, and/or quinpi-
role were then added and the cells placed at 37 °C for an additional 10
min. The incubation solution was then discarded and replaced by ice-
cold 0.3 M perchloric acid containing [**C]cAMP (51.83 mCi/mmol;
PerkinElmer Life Sciences) as an internal standard. After sonication
and centrifugation (8,000 X g for 5 min), [*’H]cAMP present in the
supernatant was identified by sequential chromatography (17). Forma-
tion of cAMP was expressed as the percentage of conversion of total
[PHJATP into [*H]cAMP. For statistical analysis, one-way ANOVA
(followed by post hoc Scheffe’s multiple comparison test) and Mann-
Whitney’s U test were used.

RESULTS

Colocalization of Ay,pR and DyR in Nontreated SH-SY5Y
Neuroblastoma Cells: Immunolabeling Experiments—Agy R/
D,R interactions were first studied in a previously character-
ized human neuroblastoma cell line (SH-SY5Y) stably trans-
fected with human D,R (long form) (about 1100 fmol/mg of
protein) (7). This cell line constitutively expresses functional
A AR (about 200 fmol/mg of protein), the activation of which
decreases the affinity of the transfected D,R for dopamine and
counteracts D,R-mediated intracellular [Ca®";] response (7).
Double immunofluorescence experiments including image
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Fic. 4. cAMP accumulation experiments in SH-SY5Y neuro-
blastoma cells stably transfected with D,R (long form). Results
represent means *= S.E. and are expressed as percentage of conversion
of total [PHJATP to [PH]cAMP (n = 6-8). A, effects of 10 um forskolin
(F), 1 um CGS 21680 (CGS), and 1 uM quinpirole (@), alone or in
combination, without agonist preincubation. Quinpirole significantly
decreased forskolin- and CGS-induced cAMP accumulation. *¥, p < 0.01
compared with control (C); ++, p < 0.01 compared with forskolin; -, p <
0.01 compared with CGS; one-way ANOVA and post hoc Scheffe’s mul-
tiple comparison test. B, effects of 10 uMm forskolin (), 1 um CGS 21680
(CGS), and 1 uM quinpirole (@), alone or in combination, after preincu-
bation for 3 h with either 200 nMm CGS 21680 or 50 uM quinpirole.
Preincubating the cells with either agonist counteracted CGS 21680-
induced cAMP accumulation. ** and *, p < 0.01 and p < 0.05, respec-
tively, compared with control (C); +, p < 0.05 compared with forskolin;
one-way ANOVA and post hoc Scheffe’s multiple comparison test. C,
effects of 10 puM forskolin in the absence (F) and presence of 1 uMm
quinpirole (F/®) with and without preincubation for 3 h with 200 nm
CGS 21680 and 50 uM quinpirole. The counteractive effect of quinpirole
on forskolin-induced cAMP accumulation was significantly lower after
simultaneous preincubation with A, ,R and D,R agonists (17.1%/11.4%,
in median/interquartile range; n = 7) than without preincubation
(40.7%/5.8%, in median/interquartile range; n = 7) (p < 0.01; Mann-
Whitney U test).



18094

Adenosine Ay, Receptor/Dopamine D, Receptor Interactions

b
&
S
> ¥
R
& gv-
< v
105 — 105— [
75 — 75 -
T -
50 — 50 —
35 - 35 -

Anti-D,R

Anti-A,R

FiG. 5. Coimmunoprecipitation of A,,R and D,R from membrane preparations of SH-SY5Y neuroblastoma cells stably transfected
with D,R (long form). Immunoprecipitation with anti-A,,R antibodies was followed by Western blotting with antibodies against A,,R (left),
against D,R (middle), or against AR (right). For positive control an aliquot of cell membrane extracts was used.

analysis were performed in nonpermeabilized cells, using flu-
orescein-conjugated anti-A,, R antibodies (green color) and rho-
damine-conjugated anti-D,R antibodies (red color). As seen in
Fig. 1A (panels a and b), there is a clear spatial predominance
of DyR versus A, R immunoreactivity, which is in agreement
with the higher D,R density found in previous binding exper-
iments (7). Confocal analysis revealed substantial colocaliza-
tion of both receptors at the membrane level (yellow color in
Fig. 1A, panel c), which indicates that in the absence of exog-
enous agonists the lateral distance between the two receptor
proteins is less than 0.1 um. A semi-quantitative analysis of
the distribution of the yellow was done by evaluating the in-
tensity of the color (which directly reflects the amount of coex-
isting receptors) and calculating the Gini’s index or GI (a meas-
ure of unevenness, which evaluates the proportion of
coaggregates in the sampled area). These calculations were
completed on the whole cell body membrane, as well as on the
areas of the cell body membrane containing coaggregates and on
the parts with few or no coaggregates (Fig. 1B). In nontreated
cells (Fig. 14, panel ¢), high amounts of coexisting receptors were
found both in the cell body membrane with coaggregates and in
the cell body membrane displaying a more diffuse distribution of
A, ,R/D,R IR. The GI value of these cells was 0.10, indicating a
rather even distribution of the colocated A, ,R/D,R IR and few
coaggregates of the two receptors (Fig. 1B).

Coaggregation of AyuR and DyR in CGS 21680- or Quinpi-
role-treated SH-SY5Y Cells: Immunolabeling Experiments—
Substantial modifications of A,,R and DyR distribution were
obtained when the cells were treated with the A, R agonist
CGS 21680 or the DyR agonist quinpirole. Hence, 3 h of treat-
ment with either CGS 21680 (100 nwm, Fig. 1A, panel d) or
quinpirole (10 uMm, Fig. 1A, panel e) induced an aggregation of
both A, R and D,R. Similar effects were also observed with
shorter incubation times at higher agonist concentrations (data
not shown). Thus, 3 h of incubation at these concentrations give
a maximal effect. The computer-assisted analysis of the confo-
cal images showed an increase in unevenness of the yellow
distribution (GI for the entire cell body membrane was 0.23 for
CGS 21680- and 0.20 for quinpirole-treated cells). Further-
more, the yellow intensity value was still high for the cell body
membrane with A,,R/D;R coaggregates but very low for the
cell body membrane with diffusely distributed A, ,R/D,R IR
(Fig. 1B). Altogether, this analysis indicates the presence on
the cell body membrane of an increased proportion of A,,R/D,R
coaggregates.

Cointernalization of AsyR and D3R in CGS 21680- or Quin-
pirole-treated SH-SY5Y Cells: Immunolabeling Experiments—
Cotreatment with CGS 21680 (100 nm) and quinpirole (10 um)
markedly decreased the yellow intensity values of the cell body
membrane associated with coaggregates and diffusely distrib-
uted A, R/DyR IR as compared with untreated cells (Fig. 1, A
(panel ) and B). This indicates that cotreatment with CGS
21680 (100 nM) and quinpirole (10 um) induces coaggregation
followed by cointernalization of A,,R and D,R. A stronger
reduction in D,R IR (red) was, however, obtained with higher
concentrations of quinpirole (50 um) and CGS 21680 (200 nm)
(Fig. 1A, panel g). At these concentrations of the agonists, the
Gini’s index was high (0.30) reflecting an uneven distribution of
A 7 R/D,R IR. In addition, the values for the yellow intensity in
the cell body membrane with A, R/D,R coaggregates and the
cell body membrane with diffusely distributed A,,R/D,R IR
were, respectively, low and very low (Fig. 1B). This suggests
that a cotreatment of the cells with high doses of the agonists
potentiates both coaggregation and cointernalization of A, R
and D,R. Ligand-induced cointernalization was confirmed in
experiments where cells were first labeled with anti-A,,R and
anti-D,R antibodies for 2 h at 4 °C in the absence (Fig. 2, panel
a) or in the presence of CGS21680 (200 nM) and/or quinpirole
(50 um) (Fig. 2, panels b—d). Subsequently, the ligand-induced
internalization of labeled receptors was allowed to occur by
incubating the cells for 3 h at 37 °C. Confocal analysis revealed
colocalized A, R/D,R aggregates inside the cell after pretreat-
ment with either CGS 21680 (200 nM) or quinpirole (50 um)
(Fig. 2, panels b and c), which became more pronounced after
pretreatment with both compounds (Fig. 2, panel d).

Absence of Quinpirole-induced Aggregation of Ag4R in Paren-
tal SH-SY5Y Cells: Immunolabeling Experiments—The in-
volvement of D,R in quinpirole-mediated effects was assessed
using parental neuroblastoma SH-SY5Y cells, which express
very low levels of DyR (7). Hence, quinpirole at 100 uMm for 3 h
did not induce any modification of A, R immunolabeling
pattern (Fig. 3).

Codesensitization of AguR and DR in CGS 21680- and Quin-
pirole-treated SH-SY5Y Cells: cAMP Accumulation Experi-
ments—Under basal conditions 1 um CGS 21680 significantly
increased cAMP accumulation in SH-SY5Y neuroblastoma
cells (Fig. 4A). Quinpirole (1 uM) did not modify cAMP levels
but significantly counteracted both forskolin (10 wm)-induced
and CGS 21680-induced increases in cAMP accumulation (Fig.
4A). These results confirm the existence of functional and in-
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FiG. 6. Coimmunoprecipitation of HA-A,,R-HA and D,R from membrane preparations of mouse Ltk™ fibroblasts. Ltk ™ fibroblasts
stably transfected with either human dopamine D,R (long form) or human dopamine D;R were transiently transfected with either double-tagged
HA-A, ,R-HA (HA-A,,R-HA/D,R and HA-A, ,R-HA/D,R cells) or an irrelevant plasmid (D,R and D,R cells). An aliquot of cell membrane extracts
was used as a positive control. WB, Western blot; IP, immunoprecipitation.

teracting A,y R and DyR in D,R-transfected neuroblastoma
cells (7). After 3 h of incubation with either 200 nm CGS 21680
or 50 uM quinpirole (and subsequent withdrawal of the ago-
nists, see “Experimental Procedures”), CGS 21680 was no lon-
ger able to significantly increase cAMP levels (Fig. 4B). This
demonstrates the existence of both homologous and DyR-medi-
ated heterologous desensitization of A,,R. Instead, the inhibi-
tory effect of quinpirole on forskolin-induced elevation of cAMP
levels was about the same (40-50% inhibition) under basal
conditions and after a 3-h incubation with the A, R or the DR
agonist (Fig. 4, A and B). Thus, as already described, A, R
clearly desensitized after A, R agonist incubation (18, 19) and
D,R (long form) showed resistance to D,R agonist-induced de-
sensitization (20). However, after 3 h of incubation with both
quinpirole (50 um) and CGS 21680 (200 nm), quinpirole (1 um)
inhibited forskolin-induced cAMP accumulation by only 17.1%/
11.4% (median/interquartile range) (Fig. 4C). This effect, when
compared with the effect of quinpirole on untreated cells, was
significantly different (Mann-Whitney U test: p < 0.01). Hence,
quinpirole was found to inhibit forskolin-induced cAMP accu-
mulation by 40.7%/5.8% (median/interquartile range) (Fig. 4C).
Therefore, costimulation of A,yR and D,R accelerates D,R
desensitization, likely by causing increased Dy,R internaliza-
tion (see above).

Coimmunoprecipitation of A;,R and DyR in Membrane Prep-
arations from SH-SY5Y Neuroblastoma Cells and Ltk™ Fibro-
blast Cells—The possible existence of A, R/D,R heteromeric
complexes was then analyzed by coimmunoprecipitation per-
formed on membrane preparation of D,R-transfected SH-SY5Y
neuroblastoma cells. Immunoprecipitation with anti-A,,R an-
tibodies followed by Western blotting with anti-D,R antibodies
revealed three bands of 43, 47, and 63 kDa (Fig. 5), correspond-
ing to different glycosylated states of the D,R (21). The same
three bands were also obtained in control lysate preparations
(Fig. 5). On the other hand, immunoprecipitation with anti-
A, R antibodies followed by Western blotting with anti-A;R
did not reveal any band corresponding to AR, indicating the
absence of A;,R-A;R co-immunoprecipitation (Fig. 5). A West-
ern blotting performed with control lysate preparations showed
a band of ~40 kDa, which corresponds to the AR (Fig. 5).
A, R/D,R interactions were also examined in mouse fibroblast
Ltk™ cells stably transfected with the human D,R (long form)
or human D;R (8, 9). These two cell lines express a similar
density of transfected dopamine receptors (2.8 pmol/mg protein
of DyR in the D,R-Ltk™ cell line and 4.2 pmol/mg protein of the
D1R in the D1R-Ltk™ cell line (Refs. 8 and 9)). Both cell lines
were transiently transfected with either dog A, R ¢cDNA dou-
ble-tagged with hemagglutinin (HA-A,,R-HA) or an irrelevant
plasmid. Antibodies against the hemagglutinin tag (anti-HA)

were able to precipitate a band of ~65 kDa detected in Western
blot with the anti-D,R antibodies but only from cells that
express both D,R and HA-A,,R-HA (Fig. 6). This band corre-
sponds to the highly glycosylated state of D,R (21). As a posi-
tive control, we showed that this band could also be obtained
from lysates of DyR-transfected Ltk cells, thus being inde-
pendent of the presence of HA-A,,R-HA. Antibodies against
anti-HA failed to coimmunoprecipitate D;R in cells expressing
D,R/HA-A,,R antibodies, assessing for the specificity of the
A 7 R/DyR coimmunoprecipitation (Fig. 6). These results dem-
onstrate for the first time that A, R and D,R assemble into
heteromeric complexes in two different cell lines that coexpress
both receptors and that these complexes exist in the absence of
exogenous agonists.

Colocalization and Coaggregation of A,uR and DyR in Cul-
tured Striatal Neurons: Immunolabeling Experiments—Agy R/
D,R interactions were also studied in neuronal primary cul-
tures of rat striatum. Cells were grown for 2 weeks and
immunostained for A, R and D,R (see above). Immunolabeling
of A;R on nonpermeabilized cells was also performed. Most
neurons exhibited A,y R and D,R IR in the soma and in the
dendrites, however, with predominance of D4R to Aj, R IR in
the dendrites (Fig. 7A). As for neuroblastoma cells, confocal
analysis revealed a high degree of A,,R/D,R colocalization in
the absence of exposure to exogenous agonists (Fig. 7A). Treat-
ment (6 h) with either the A, R agonist CGS 21680 (100 nM) or
the D,R agonist quinpirole (10 uM) induced aggregation of both
A,,R and D,R (Fig. 7A) and reduction in IR intensity. How-
ever, no synergism was observed when cells were cotreated
with CGS 21680 (100 nm) and quinpirole (10 um) for the same
time (Fig. 7A). To assess the specificity of A;yR/D,R interac-
tions, cells were incubated with 10 um quinpirole for 6 h and
immunostained with anti-A;R antibodies. No change in the
pattern of distribution of A;R present in the soma and den-
drites was observed (Fig. 7B). In addition and instead of A, R/
DR, no aggregates were seen, which confirms the specificity of
A, R/D,R interactions. Cointernalization experiments analo-
gous to those described in Fig. 2 could not be performed in
cultured striatal cells, which did not tolerate the temperature
conditions of the experimental internalization protocol (cells
changed morphology and fell off the coverslip).

Interaction between Ay, R and DyR in Cultured Striatal Neu-
rons: cAMP Accumulation Experiments—Both basal and fors-
kolin-induced cAMP accumulation were about 10 times higher
than in neuroblastoma cells (Fig. 8A). This could explain why,
unlike what was observed in neuroblastoma cells, CGS 21680
(1 pum) did not induce any significant increase in cAMP accu-
mulation compared with basal values (Fig. 84). As for neuro-
blastoma cells, quinpirole (1 um) did not modify cAMP levels
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Fic. 7. Double immunofluorescence staining and confocal im-
ages of striatal neurons in culture. Panel A, cells were exposed for
6 h to either 100 nm CGS-21680, 10 uM quinpirole, or both and were
processed for immunostaining using fluorescein (green)-conjugated rab-
bit anti-A,,R antibodies and rhodamine (red)-conjugated rabbit anti-
D,R antibodies. The cells were analyzed by confocal microscopy. Super-
imposition of images reveals the colocalization of A,,R and D,R in
yellow. Panel B, staining of adenosine A;R with fluorescein (green)-
conjugated anti-A;R antibodies. Note the lack of effect of 10 uM quin-
pirole (6 h). Representative images from four to five independent ex-
periments/treatment are shown; scale bar, 10 um.

but significantly reduced forskolin (10 um)-induced cAMP ac-
cumulation (Fig. 8B). Finally, CGS 21680 (1 um) counteracted
the effect of quinpirole on forskolin-induced cAMP accumula-
tion (Fig. 8B). These results provide a functional demonstration
of the antagonistic A,,R/D,R interactions in striatal neurons
in culture.

DISCUSSION

The main findings of the present work are first that A, R
and D,R are colocalized and form heteromers in untreated
neuronal cells and that they coaggregate upon long term expo-
sure to either agonist. The formation of A,,R/D,R heteromers
and aggregates is receptor subtype-specific because co-expres-
sion of A, R/D;R (present study) or A;R/D,R (6) does not lead
to formation of heteromers. Furthermore, A;,R did not form
heteromeric complexes with AR (present study). This phenom-
enon may therefore constitute the molecular basis for the se-
lective A, R/D,R interactions observed in vitro, like A, R mod-
ulation of D, binding characteristics (7, 8, 22, 23),
counteraction of D,R-mediated intracellular [CaZ%Hi] responses
(7), and inhibition of cAMP accumulation (see Ref. 23 and
present paper). The same type of antagonism was observed in
vivo with the A,,R inhibition of D,R-mediated regulation of
GABA release in the globus pallidus and of D,R-mediated
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cAMP accumulation in
striatal neurons
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Fic. 8. cAMP accumulation experiments in striatal neurons in
culture. Results represent means + S.E. and are expressed as percent-
age of conversion of total [PHJATP to [*HIcAMP (n = 10-14). A, effects
of 10 and 30 uM forskolin (F10 and F30, respectively), 1 um CGS 21680
(CGS), and 1 uM quinpirole (). Forskolin, but not CGS 21680, signif-
icantly increased cAMP accumulation. **, p < 0.01 compared with
control (C); one-way ANOVA. B, effects of 10 uM forskolin (), 1 um CGS
21680 (CGS), and 1 uM quinpirole (@), alone or in combination. CGS
21680 counteracted the inhibitory effect of quinpirole on forskolin-
induced cAMP accumulation. + and ++, p < 0.05 and p < 0.01,
respectively, compared with forskolin; one-way ANOVA and post hoc
Scheffe’s multiple comparison test.

increases in motor activity (1, 5). Besides acute antagonistic
actions, the A, R/D,R heteromers may be involved in receptor
trafficking, because long term exposure to either A,,R or DR
agonists induces aggregation and cotreatment with these ago-
nists induces internalization of both receptors. Moreover, prior
exposure to A, R or D,R agonists can produce a desensitization
of the A, R in terms of cAMP accumulation associated with
coaggregation. In contrast, co-exposure to A, R and D,R ago-
nists, but not to any of the two agonists alone, causes desensi-
tization of Dy,R-mediated inhibition of cAMP accumulation,
which is associated with cointernalization. The present obser-
vation that A, R and D,R functions are simultaneously altered
after long exposure to agonists can aid in understanding be-
havioral findings involving cross-tolerance and cross-sensitiza-
tion between dopamine agonists and compounds active at aden-
osine receptors (such as caffeine) (24, 25). Together with other
recently reported findings, the present results suggest that
changes in A, R function may be involved in the secondary
effects observed after chronic intermittent treatment with L-
DOPA such as reduced antiparkinsonian activity and dyskine-
sia (26). Adenosine is a feedback detector of neuronal activa-
tion, in view of the fact that it allows the neuronal network to
return into a resting state (27). Adenosine is therefore expected
to increase in the striatal extracellular fluid from patients with
Parkinson’s disease mainly after chronic intermittent L-DOPA
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treatment and in agreement with the evidence of increased
striatal glutamate drive (28). Hence, striatal extracellular lev-
els of adenosine have been found to increase in the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s dis-
ease (29). Thus, the wearing off of the antiparkinsonian action
of L-DOPA treatment may in part be caused by the simultane-
ous chronic activation of A,,R and D,R that, according to the
present results, may lead to substantial cointernalization of
both receptors. The coadministration of A,,R antagonists to-
gether with L-DOPA or dopamine D,R agonists may therefore
provide a new therapeutic approach lacking the secondary ef-
fects of chronic L.-DOPA treatment (30, 31). Overall, the present
and previous (1, 5) data implicate that the membrane interac-
tions taking place between A, R and D,R via heteromeric
complexes represent a crucial mechanism influencing D,R-
mediated transmission. This prompts development of adeno-
sine and dopamine antagonists/agonists compounds preferen-
tially active on Ay R/DyR heteromers as new drugs for the
treatment of neuropsychiatric diseases, such as Parkinson’s
disease (30, 31), schizophrenia (32, 33), Huntington’s disease
(34), and dystonia (35), in which D,R have been implicated.
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There is evidence for strong functional antagonistic
interactions between adenosine A,, receptors (A,,Rs)
and dopamine D, receptors (D,Rs). Although a close
physical interaction between both receptors has re-
cently been shown using co-immunoprecipitation and
co-localization assays, the existence of a A,,R-D,R pro-
tein-protein interaction still had to be demonstrated in
intact living cells. In the present work, fluorescence res-
onance energy transfer (FRET) and bioluminescence res-
onance energy transfer (BRET) techniques were used to
confirm the occurrence of A,,R-D,R interactions in co-
transfected cells. The degree of A,,R-D,R heteromeriza-
tion, measured by BRET, did not vary after receptor acti-
vation with selective agonists, alone or in combination.
BRET competition experiments were performed using a
chimeric D,R-D,R in which helices 5 and 6, the third
intracellular loop (I3), and the third extracellular loop
(E3) of the D,R were replaced by those of the dopamine D,
receptor (D,R). Although the wild type D,R was able to
decrease the BRET signal, the chimera failed to achieve
any effect. This suggests that the helix 5-13-helix 6-E3 por-
tion of D,R holds the site(s) for interaction with A,,R.
Modeling of A,,R and D,R using a modified rhodopsin
template followed by molecular dynamics and docking
simulations gave essentially two different possible modes
of interaction between D,R and A, R. In the most prob-
able one, helix 5 and/or helix 6 and the N-terminal por-
tion of I3 from D,R approached helix 4 and the C-termi-
nal portion of the C-tail from the A, R, respectively.
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Heptaspanning membrane receptors (HSMRs)! or G protein-
coupled receptors (GPCRs) were initially considered mono-
meric proteins that only interact with G proteins. However, it
has become clear that HSMRs are oligomeric structures formed
by receptor homodimers, heterodimers, and multimers and a
variety of proteins interacting at the plane of the membrane
(horizontal level) or across the plane of the membrane (vertical
level) (1-6). Current investigation of these macromolecular
complexes offers great potential for functional proteomics and
offers deeper insight into information handling at the cellular
level. The occurrence of oligomeric complexes involving GPCRs
and intracellular and extracellular proteins indicates that con-
formational changes in response to ligand binding to a receptor
may be transmitted to other protein molecules within the mul-
timolecular complex. The conformational changes transmitted
by direct protein-protein interactions constitute a first level of
regulation of a receptor (6). Heteromeric complexes are not
distributed randomly in the membrane and form clusters fol-
lowing agonist-induced activation. The intercommunication be-
tween heteromeric receptor complexes within clusters repre-
sents a second level of regulation (6). It should also be
considered that the plasma membrane is not an isomorphic
structure, but a structure made by patches with various chem-
ical-physical characteristics (e.g. lipid rafts). Therefore, mul-
timeric complexes and agonist-induced clusters may follow
preferential routes (owing, for example, to the low viscosity of
the membrane) to make contact in the membrane or may be
kept as isolated multimeric complexes or clusters within a
patch (6).

An example of intercommunicating receptors is that formed
by adenosine A,, receptors (A, Rs) and dopamine D, receptors
(DyRs). Important experimental evidence has accumulated in
relation to the existence of functional interactions between
A xRs and DyRs in the basal ganglia (5, 7, 8). These two
receptors are specifically localized in one subtype of neurons,

! The abbreviations used are: HSMR, heptaspanning membrane re-
ceptor; GPCR, G protein-coupled receptor; YFP, yellow fluorescent pro-
tein; BRET, bioluminescence resonance energy transfer; FRET, fluores-
cence resonance energy transfer; E,, extracellular loop n; I,
intracellular loop n; Mes, 4-morpholineethanesulfonic acid; ANOVA,
analysis of variance; Rluc, Renilla luciferase; EYFP enhanced yellow
fluorescent protein; CHO, Chinese hamster ovary; GFP, green fluores-
cent protein; PDB, Protein Data Bank; GABA, y-aminobutyric acid;
PBS, phosphate-buffered saline; CH, channel; A, R, adenosine A,,
receptor; D, R, dopamine D, receptor.
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the striatopallidal y-aminobutyric acid (GABA)-containing
neurons, on which both receptors express their highest density
in the brain. The striatopallidal GABAergic neurons play a key
role in the pathophysiology of basal ganglia disorders, includ-
ing Parkinson’s disease, and it is a common pathway for the
rewarding effects in drug abuse, as well as the antipsychotic
effects of neuroleptics. Relationships between A, R and D,R
have been demonstrated at the biochemical, functional, and
behavioral levels, where it has been suggested that the aden-
osine/dopamine cross-talk in the central nervous system may
provide new therapeutic approaches for Parkinson’s disease,
schizophrenia and drug addiction (5, 7, 8). At the biochemical
level, two kinds of antagonistic A,yR-DyR interaction have
been discovered, which can explain the A, ,R-D,R interaction
observed at both the functional and behavioral levels. In the
first place, by means of their intramembrane interaction, the
stimulation of A, R decreases the affinity of D,R for agonists
(9). Second, the stimulation of D,R, a G;,, protein-coupled re-
ceptor, inhibits cAMP accumulation induced by the stimulation
of the G protein-coupled A, R (10). The intramembrane
A 5 R-D,R interaction implies a close physical interaction be-
tween the two receptors. In fact, the pharmacology of D,R is
affected by adenosine analogs activating A,,R. Also, co-immu-
noprecipitation, co-aggregation, and co-internalization of A,,R
and D,R have been recently reported in co-transfected cell lines
(10). The existence of a heterologous, i.e. D,R-mediated, desen-
sitization of A, R (10) is further evidence of the A, ,R-D,R
cross-talk. However, the demonstration of protein-protein in-
teractions between both receptors in living cells remains to be
demonstrated. In the present study, A;,R-D,R heterodimeriza-
tion in a heterologous mammalian expression system has been
investigated by both fluorescence resonance energy transfer
(FRET) and bioluminescence resonance energy transfer
(BRET). The influence of receptor density and agonist binding
on the degree of A, R-D,R heteromerization was assessed. The
results indicate that the two receptors heteromerize and that
changes in heteromerization do not occur in response to ago-
nists. Based on the results of biochemical, biophysical, and
computational experiments, insights have been gained into
A, R-DyR heterodimer interface.

EXPERIMENTAL PROCEDURES

Cell Lines—HEK-293T cells (American Type Tissue Culture, Man-
assas, VA) were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 2 mm L-glutamine, 100 units/ml penicillin/streptomycin,
and 10% (v/v) fetal bovine serum (FBS) at 37 °C and in an atmosphere
of 5% CO,. Cells were passaged when they were 80-90% confluent. All
cell culture reagents were from Invitrogen.

Expression Vectors—The human c¢cDNA for Flag-A,,R without its
stop codon was amplified using sense and antisense primers harboring
unique EcoRI and BamHI sites. The fragment then was subcloned to be
in-frame with either Rluc or EYFP into the EcoRI and BamHI restric-
tion site of a Renilla luciferase-expressing vector (pcDNA3.1-Rluc) or
the enhanced yellow variant of GFP (pEYFP-N1; Clontech, Heidelberg,
Germany), respectively, to give the two plasmids, pA,,R-Rluc and
pA,,R-EYFP, that express Rluc or EYFP on the C-terminal ends of the
receptor. The human Dy, R was also cloned in the pGFP2-N3(h) and
pEYFP-N1 vectors in a similar fashion, however, subcloned into the
EcoRI and Kpnl site of each respective vector to be in-frame with the
GFP fluorescent protein variants, GFP2 and EYFP, respectively. The
previously characterized chimeric D,R-D;R, in which helices 5 and 6
and third intracellular (I3) and third extracellular (E3) loops of the D,R
have been swapped by the corresponding sequence from the D;R, was
described previously (11). The positive control vector used for the FRET
experiments, pGFP2-EYFP, was a gift from the laboratory of R. Pep-
perkok (EMBL, Heidelberg, Germany) (described in Ref. 12).

Transient Transfections—HEK-293T cells growing on coverslips in
6-well dishes were transiently transfected with 10 ug of DNA encoding
the indicated proteins by calcium phosphate precipitation (13). For
FRET experiments the LipofectAMINE transfection reagent, FuGENE
6™ (Roche Molecular Biochemicals), was utilized following the product
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protocol. In both cases and to maintain the ratio of DNA in co-trans-
fections, the empty vector, pcDNA3.1, was used to equilibrate the
amount of total DNA transfected. 24 h after transfection, the medium
was replaced and cells were then cultured in the same medium until
harvested 32, 48, or 72 h after transfection. For FRET experiments cells
were fixed with a 3.5% paraformaldehyde solution in PBS for 15 min at
room temperature, before washing in PBS and mounting onto slides.

cAMP Determination—The accumulation of cAMP was measured by
a [*H]cAMP assay system (Amersham Biosciences) as described in the
manual from the manufacturer. Transfected HEK-293 cells (2 x 10°
cells/sample) were serum-starved, preincubated with 50 mm Ro 20-
1724, a phosphodiesterase inhibitor (Calbiochem, St. Diego, CA) for 10
min, and then stimulated with the indicated concentrations of agonists,
CGS21680 (A,,R), quinpirole (D,R), and forskolin (all from Sigma), for
15 min prior to the determination of cAMP levels.

FRET-based Acceptor Photo-bleaching Experiments Analyzed by
Confocal Microscopy—Transiently transfected HEK-293T cells were
plated onto 15-mm glass coverslips and mounted onto slides using
Mowiol mounting medium. Confocal laser scanning microscopy was
performed using a Leica SP2 microscope (Leica Microsystems, Mann-
heim, Germany) equipped with an acousto-optical beamsplitter, a 100-
milliwatt argon laser for excitation at 514 nm, and a 20-milliwatt blue
diode laser for excitation at 405 nm. GFP2 was excited with the 405 nm
laser, YFP was excited with the 514 nm laser, and images were ac-
quired in the following sequence. (i) A pre-photo-bleach YFP (acceptor)
image was acquired by scanning while exciting with the 514 nm laser
line. (ii) A pre-photo-bleach GFP2 (donor) image was acquired by scan-
ning while exciting with 405 nm laser line. (iii) A region of interest was
selected and the acceptor (YFP) was subsequently photo-bleached by
scanning repeatedly with the 514 nm laser line until fluorescence
signals were at background levels. (iv) A post-photo-bleach image for
GFP2 was acquired by scanning with the 405 nm laser line. (v) a second
post-photo-bleach image for EYFP was acquired by scanning with the
514 nm laser. In all cases, the spectral imaging was obtained at three
fluorescence detection channels (Ch) set to the following ranges: Ch 1:
490-510 nm, Ch 2: 520—540 nm, Ch 3: 545-565 nm. Settings for gain
and offset of the detectors were identical for all experiments to keep the
relative contribution of the fluorophores to the detection channels con-
stant for spectral un-mixing (see below). The contributions of the GFP
variants, GFP2 and YFP, to each of the three detection channels (spec-
tral signature) were measured in experiments with cells expressing
only one of these proteins and normalized to the sum of the signal
obtained in the three detection channels

FRET Experiments Analyzed by Fluorimetry—Forty-eight hours af-
ter transfection, cells were rapidly washed twice in PBS, detached, and
resuspended in the same buffer. To control the number of cells, the
protein concentration of the samples was determined using a Bradford
assay kit (Bio-Rad) using bovine serum albumin dilutions as standards.
Cell suspension (20 ug of protein) was distributed in duplicate into
96-well microplates (black plates with a transparent bottom). Plates
were read in a Fluostar Optima Fluorimeter (BMG Labtechnologies,
Offenburg, Germany) equipped with a high energy xenon flash lamp,
using a 10-nm bandwidth excitation filter at 400 nm (393—-403 nm), and
10-nm bandwidth emission filters corresponding to 506-515 nm filter
(Ch 1) and 527-536 nm filter (Ch 2). Gain settings were identical for all
experiments to keep the relative contribution of the fluorophores to the
detection channels constant for spectral un-mixing. The contributions
of the GFP variants, GFP2 and YFP proteins alone, to the two detection
channels (spectral signature) were measured in experiments with cells
expressing only one of these proteins and normalized to the sum of the
signal obtained in the two detection channels. The spectral signatures
of the different receptors fused to either GFP2 or YFP did not signifi-
cantly vary from the determined spectral signatures of the fluorescent
proteins alone.

Quantitation of FRET—Linear un-mixing was done as described by
Zimmermann et al. (12) to separate the two emission spectra. To deter-
mine the fluorescence emitted by each of two individual fluorophores
(FluoA corresponding to the donor and FluoB corresponding to the
acceptor) in FRET experiments analyzed by confocal microscopy, the
following formula was applied for every image pixel i,

S(i) LuoB() — S@)
1 and FuOB(I,)—TM

+m

FluoA(@@) =

(Eq. D
1

where
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86) = >.Chyli) (Eq. 2)
k=1
_ FluoAG) B,Ql) - B,
RG) = FluoB() ~ A, — A,Q0) (Eq. 3)
and
. Ch() Eq. 4

Q) = Chyli)

where Ch, and Ch, represent the signals in detection channels x and y,
and A,, B, and A, B represent the normalized contributions of FluoA
or FluoB to channels x and y, as they are known from the spectral
signatures of the fluorescent proteins. For the fluorimetric experiments,
the same equations were applied. By these equations the fluorophore
signals, FluoA and FluoB, were calculated using the processing rou-
tines written (and generously provided) by T. Zimmermann (EMBL,
Heidelberg, Germany) in Interactive Data Language (IDL, Research
Systems Inc., Boulder, CO).

According to Zimmermann et al. (12), apparent FRET efficiencies E ,
in acceptor photo-bleaching experiments were calculated for each pixel
i according to Equation 5.

E\G 7o E

Wi =1 30 (Eq. 5)
FP represents the emitted donor fluorescence (FluoA) before and F7,
after photo-bleaching of the acceptor. For the fluorimetric experiments,
FRET efficiency was calculated as direct sensitization of the acceptor
corresponding to acceptor fluorescence (FluoB) after excitation at
400 nm.

BRET Experiments—Forty-eight hours after transfection, cells were
rapidly washed twice in PBS, detached, and resuspended in the same
buffer. To control the number of cells, sample protein concentration was
determined using a Bradford assay kit (Bio-Rad, Munich, Germany)
using bovine serum albumin dilutions as standards. To quantify A,,R-
Rluc and D2-YFP expression, cell suspension (20 pg of protein) was
distributed in duplicate into 96-well microplates (Corning 3604, white
plates with transparent bottom). The fluorescence was measured using
a Packard FluoroCount™ with an excitation filter of 485 nm and an
emission filter of 530 nm using the following parameters: gain of 1,
photomultiplier fixed at 1100 V, and read time of 1 s. Fluorescence was
quantified as in-fold over the background (mock-transfected cells). The
same samples were incubated for 10 min with 5 uM coelenterazine H
(Molecular Probes, Eugene, OR), and the luminescence was measured
using a Packard LumiCount™ with the following parameters: gain of 1,
photomultiplier fixed at 700 V, and a read time of 1 s. For BRET
measurement, 20 pg of cell suspension were distributed in duplicates in
96-well microplates (Corning 3600, white opaque plates) and 5 um
coelenterazine H was added. After 1 min the readings were collected
using a Fusion microplate analyzer (Packard, Meriden, CT) that allows
the integration of the signals detected in the 440-500- and the 510—
590-nm windows using filters with the appropriate band pass. The
BRET ratio is defined as [(emission at 510-590)/(emission at 440-500)]
— Cf where Cf corresponds to (emission at 510-590)/(emission at 440—
500) for the -Rluc construct expressed alone in the same experiment.

Subcellular Membrane Isolation—HEK-293T cells transiently co-
transfected with the A,,R-Rluc and D,RYFP were grown in 100-mm
dishes to 80-90% confluence. Cells were washed twice with ice-cold
PBS and lysed with 2 ml of ice-cold hypotonic lysis buffer (20 mm
HEPES, pH 7.4, 2 mm EDTA, 2 mm EGTA, 6 mMm MgClL,, 1 mM phenyl-
methylsulfonyl fluoride, and 1:100 dilution of a protease inhibitor mix-
ture). Lysate was then sonicated for 30 s, (3 strokes with 1-min delay
between strokes) followed by two 10-s bursts in a Polytron tissue
grinder. Cellular debris and unlysed cells were removed by centrifuging
at 1500 rpm for 5 min at 4 °C. Sucrose was added to achieve a final
concentration of 0.2 M, and 2 ml were applied to the top of a discontin-
uous step gradient (5 ml/step) made at 0.5, 0.9, 1.2, 1.35, 1.5, and 2.0 m
sucrose in lysis buffer. The samples were then centrifuged for 16 h at
27,000 rpm at 4 °C in a Beckman SW28 rotor. The plasma membrane
was recovered in the sucrose gradient at the interface between 0.5 and
0.9 M. The endoplasmic reticular membrane samples were recovered at
the interface between 1.35 and 1.5 M, and luminescence was detected.
For the verification of isolated membranes as either plasma or endo-
plasmic reticulum membranes, fractions were then precipitated with
cold acetone overnight and analyzed by Western blotting using mono-
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clonal antibodies against Na*K"-ATPase pump (1:250 dilution, Sigma)
and calnexin (1:500 dilution, BD Transduction Laboratories).

Raft Disruption—HEK-293T cells were serum-starved overnight
24 h after transfection. Cholesterol depletion was achieved by incuba-
tion for 1 h at 37 °C with 2% 2-hydroxypropyl-B-cyclodextrin (8-CD,
Sigma) in Dulbecco’s modified Eagle’s medium. Cholesterol repletion
was done, after washing twice with fresh medium, by incubation for 1 h
at 37 °C with 0.4% B-CD and 16 mg/ml cholesterol (Sigma). Complete
raft disruption was assessed as caveolin-1 displacement in a discontin-
uous sucrose gradient. For this, confluent control or depleted cells were
washed twice with ice-cold PBS, scraped, and resuspended into 2 ml of
500 mM Na,COg,, pH 11.0. Cells were sequentially homogenized using a
Polytron (3 times, 10 s), a syringe (20 times) and a sonicator (3 times,
30 s), placed at the bottom of an ultracentrifuge tube and adjusted to
45% sucrose in Mes-buffered saline (25 mM Mes, 0,15 m NaCl, pH 6.5).
A discontinuous 5-35% sucrose gradient was formed above in Mes-
buffered saline containing 250 mM Na,CO,, pH 6.5. After centrifugation
at 105,000 X g for 18 h at 4 °C in a SW41.Ti rotor (Beckman), fractions
were collected and analyzed by Western blot using an antibody against
caveolin-1 (BD Transduction Laboratories, Lexington, KY). B-CD ef-
fects were also tested by mitogen-activated protein kinase phosphoryl-
ation analysis; treated cells were directly resuspended in loading buffer
and analyzed by Western blot using the antibodies against phosphoryl-
ated or total extracellular signal-regulated kinase-1/2 (Sigma).

Three-dimensional Model Building of the Human D,R and Human
A, ,R—For the D,R, the whole sequence of the human short variance
(SWISS-PROT entry P14416) was modeled. The intracellular loops 1, 2,
and 3 and the extracellular loops 1, 2, and 3 will be, respectively,
abbreviated as I1, 12, I3, E1, E2, and E3. Building of I3 (sequence
215-334) was carried out by comparative modeling (by means of MOD-
ELER; Ref. 14) by using the domain A2 of Glycyl-TRNA synthetase
(PDB entry lati; sequence 393-505) as a template, according to the
results of fold recognition by means of THREADER (15). This template,
characterized by a three-layer (afa) sandwich architecture and a Ross-
mann fold, resulted to be the top hit, holding a reliable z-score (i.e. 3.65).
Indeed, secondary structure predictions made by four different methods
agree acceptably well with the secondary structures computed on the I3
in the selected average minimized structure of D,R. Similarly, E2 was
separately obtained by Molecular Dynamics simulations. A chimeric
rhodopsin template (PDB entry 1F88; Ref. 16) was built by introducing
the E2 and I3 models after deleting the rhodopsin segments 176201,
229-235, and 240-243. This template was employed to generate 25
different models of the D,R according to the sequence alignment shown
in Fig. 11 (available as supplementary material in the on-line version of
this article). Among these models, the one showing the lowest degree of
violation of the structural restraints was used to generate the input
structures for Molecular Dynamics simulations. Automatic rotation of
the side chains when in bad conformation was performed, leading to
different input arrangements. These arrangements were subjected to
energy minimization and 150-ps runs of Molecular Dynamics simula-
tions, by means of the program CHARMM (17). Minimizations were
carried out by using 1500 steps of steepest descent followed by a con-
jugate gradient minimization, until the root mean square gradient was
less than 0.001 keal/mol A. A distance dependent dielectric term (e = 4r)
was chosen. The “united atom approximation” was used. The systems
were heated to 300 K with 5-K rise, every 100 steps per 6000 steps, by
randomly assigning velocities from the Gaussian distribution. After
heating, the system was allowed to equilibrate for 34 ps. The lengths of
the bonds involving the hydrogen atoms were constrained according to
the SHAKE algorithm, allowing an integration time step of 0.001 ps. A
disulfide bridge was imposed to form between Cys-107 (3.25) (in paren-
theses, the numbering from Ballesteros and Weinstein (Ref. 18) for the
amino acids in the helix-bundle is reported) and Cys-182 in E2. The
secondary structure of the seven helix-bundle was preserved by using
the nuclear Overhauser effect constraints. These constraints were ap-
plied between the backbone oxygen atoms of residue i and the backbone
nitrogen atom of residue i + 4, excluding prolines. Different combina-
tions of intra-helix distance constraints were also probed. The non-
canonical a-helical structure in the extracellular half of helix 7 was
preserved by nuclear Overhauser effect constraints. The structures
averaged over the 200 structures collected during the last 100 ps of the
equilibrated trajectories and minimized were comparatively analyzed.
One of the average arrangements obtained was then considered for
docking simulations.

Also for the human A, R, the whole sequence was modeled (SWISS-
PROT entry P29274). Building of the C-tail (i.e. the 303—412 segment)
was primarily achieved by comparative modeling (14). Two different
models of this receptor portion were achieved: (a) model 1, obtained by
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using the domain A3 of transketolase (PDB entry 1trk; sequence 544 —
680) as a template and (b) model 2, obtained by using the domain 2 of
the cytidine deaminase (PDB entry lctt; sequence 180-294) as a tem-
plate, according to the results of fold recognition (15). Indeed, both
1trkA3 and 1ctt02 domains, which share a three-layer (a«Ba) sandwich
architecture, were the top hits of the THREADER run, characterized by
comparable z-scores (i.e. 3.17 and 3.14, respectively). The agreement
between the secondary structures predicted on the A, ,R C-tail se-
quence and that computed on the C-tail models in the average mini-
mized structures of the receptor is acceptable, especially for the C-tail
based upon 1ctt02. Three modified rhodopsin templates (PDB entry
1F88; Ref. 16) were built in which the segments 227-235, 240-246, and
321-348 were deleted and either model 1 or model 2 of the C-tail from
the human A, ,R sequence was added. In particular, one template holds
“model 1 C-tail,” whereas the other two templates hold “model 2 C-tail,”
but in a slightly different orientation. Each of these templates was used
to generate 50 models according to alignment reported in Fig. 12 (avail-
able as supplementary material in the on-line version of this article).
a-Helical restraints were applied to the amino acid stretches 198—-209,
221-228, 224227, and 299-306. The best A, R models obtained from
each of the three MODELLER runs were subjected to refinement of 13
by means of MODELLER, leading to other three sets of structures.
From each of these three sets of structures, one model was finally
selected and subjected to automatic rotation of the side chains when in
bad conformation, leading to different input arrangements. For the
A, R model holding the “model 1” C-tail and for that holding the
“model 2” C-tail, 19 and 17 different input structures were, respec-
tively, subjected to energy minimization and Molecular Dynamics sim-
ulations. The same computational protocol as that employed for the D,R
was followed. A disulfide bridge was imposed to form between Cys-77
(3.25) and Cys-159 in E2. The structures averaged over the 200 struc-
tures collected during the last 100 ps of the equilibrated trajectories and
minimized were then analyzed. Eleven average arrangements were
finally considered for docking simulations.

Computations: Rigid Body Docking Simulations—One selected aver-
age arrangement for the human D,R was subjected to rigid body dock-
ing simulations with 11 different average arrangements of the human
A, R. Docking simulations were carried out by means of two different
rigid body docking programs, ZDOCK 2.1 (19) and ESCHER (20). De-
fault conditions were used. Each ZDOCK run provided 2000 solutions
filtered according to the shape complementarity score. On the other
hand, each ESCHER run produced 30,000 solutions that were then
filtered according to both shape and electrostatic complementarity, by
using bump and charge cutoffs of 200 and —200, respectively. The
filtered ZDOCK and ESCHER solutions were then subjected to a filter
made in-house that discharged all the solutions that violated the mem-
brane topology requirements. A few selected D,R-A,,R complexes, rep-
resentatives of the most populated docking solutions, were then sub-
jected to manual relief of the steric conflicts followed by energy
minimization.

RESULTS

Functionality of Modified A, Rs and D,Rs—The formation of
A,AR-DyR heterodimers was demonstrated by BRET and
FRET techniques in cells transfected with fusion proteins con-
sisting of each receptor and either a fluorescent protein (GFP2,
YFP) or Renilla luciferase (Rluc). Expression of fusion proteins
and or the chimeric D,R-D;R protein was assessed by Western
blot and immunocytochemistry (data not shown). The function-
ality of the receptor-Rluc, -GFP2, or -YFP constructs was as-
sessed by the determination of cAMP levels produced in trans-
fected cells in response to ligand binding. According to the
positive coupling of A, R to the adenylyl cyclase, the A, R
agonist CGS21680 properly induced cAMP accumulation in
cells transfected with A,,R-YFP or A, R-Rluc (Fig. 1A). On the
other hand, in agreement with the inhibitory role of D,R on
adenylyl cyclase activity, the D,R agonist quinpirole was able
to reduce forskolin-induced cAMP levels in cells transfected
with either DoR-YFP or D,R-GFP2 (Fig. 1B).

FRET Experiments—FRET and BRET approaches have been
used in several studies to assess GPCR homo- and heterodimer-
ization as reviewed by Angers et al. (21). By using the FRET
approach with the D,R-GFP2 and A, R-YFP pair, it was pos-
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Fic. 1. Functionality test of receptors fused to GFP variants or
Renilla luciferase (Rluc). HEK-293T cells transiently transfected
with the corresponding constructs were stimulated with either 200 nm
CGS21680 for A,,R (panel A), or 10 uM quinpirole in the presence of 10
uM forskolin for D,R (panel B). A, R induction of cAMP production is
presented as percentage over basal levels (100%). As D,R inhibits the
production of cAMP, results are presented as its ability to inhibit
forskolin induced cAMP production (100%). Results are a mean + S.D.
of four independent experiments performed in triplicate. One-way
ANOVA showed a significant increase of cAMP production with CGS
21680 with wild-type A, R and the A,,R fused to Rluc or YFP. Simi-
larly, one-way ANOVA showed a significant decrease in forskolin-in-
duced cAMP production with quinpirole with wild-type D,R and the
D, R fused to GFP2 or YFP (post hoc Newman-Keuls test; p < 0.05 in all
cases).

sible to confirm the heteromerization between A, R and D,R
and to estimate the distance between the fluorophores. Using
the acceptor photobleaching technique and confocal microscopy
on cells expressing both receptors in the plasma membrane, a
direct interaction was demonstrated between A,,R and D,R
(Fig. 2). FRET efficiency was determined to be in the range of
23-25%. Similar FRET efficiencies were obtained using a flu-
orescence plate reader as described under “Experimental Pro-
cedures” (Fig. 3). The low FRET efficiency of a negative control
constituted by the pair D,R-GFP2 and CD4-YFP demonstrated
the specificity in the energy transfer between D,R-GFP2 and
A, R-YFP (Fig. 3). Using the theoretical curve of FRET effi-
ciency correlated to the distance between the donor and accep-
tor fluorophores while assuming only a dimeric interaction, an
efficiency in the range of 23—-25%, indicates that the distance
between fluorophores (GFP2 and YFP), both located at the C
terminus of either A,,R or DyR, is ~6—-6.5 nm (Fig. 4).
BRET Experiments—In BRET experiments, little attention
has been paid to the ratio of donor to acceptor molecules; thus,
the interpretation of the data has remained rather qualitative.
Indeed, the level of energy transfer detected for a given con-
centration of donor should increase with higher concentrations
of acceptor until all of the donor molecules are bound to an
acceptor molecule. This follows the theory that the energy
transfer will reach a plateau therefore giving rise to a satura-
tion curve. The maximum level reached will be a function of the
total number of dimers formed and of the distance between the
donor and acceptor while considering the relative orientation of
the proteins within the dimers. The concentration of acceptor,
giving 50% of the maximum energy transfer (BRETj;,), will
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Fic. 2. Imaging FRET efficiency of
the D,R-GFP2 and A,,R-YFP pair by
acceptor photo-bleaching. HEK-293T
cells were transiently transfected with
the plasmid DNA for the D,R-GFP2 and
A, R-YFP constructs using a ratio of do-
nor to acceptor DNA of 1:2 and fixed 48 h
after transfection. Central panels are im-
ages of the D,R-GFP2 donor before (Do-
nor prebleach) and after (Donor post-
bleach) photo-bleaching of the A, ,R-YFP
acceptor obtained in a central region of
the lowest plane of the cell by spectral
imaging and subsequent liner un-mixing
as described under “Experimental Proce-
dures.” The extent of the photo-bleaching
is shown in the bottom panels as a lack of
acceptor fluorescence in the selected re-
gion after photo-bleaching (Acceptor post-
bleach) with respect to the image of the
acceptor before photo-bleaching (Acceptor
prebleach). The top panels represent do-
nor un-quenching following acceptor pho-
to-bleaching as donor postbleach — donor
prebleach (subtraction) and a color repre-
sentation of the FRET efficiency (normal-
ized) calculated as indicated under “Ex-
perimental Procedures” and normalized
to a scale from 0 to 1.

reflect the relative affinity of an acceptor and a donor to
dimerize (22).

Here, we applied this theoretical framework to study A, R
and DyR heteromerization by constructing a BRET saturation
curve in cells co-transfected with a constant amount of the
A,aR-Rluc construct while increasing concentrations of the
D,R-YFP plasmid. A positive BRET signal for the transfer of
energy between A, ,R-Rluc and D,R-YFP was obtained (Fig. 5).
The BRET signal increased as a hyperbolic function of the
concentration of the YFP-fusion construct added (assessed by
the fluorescence emitted upon direct excitation at 480 nm)
reaching an asymptote. As the pair A, R-Rluc and GABAgR2-
YFP led to an undetectable BRET signal (Fig. 5), the hyperbolic
BRET signal found for the A,,R-Rluc-D,R-YFP indicates that
the interaction between A, R and DyR is specific.

Energy transfer between closely located receptor molecules
can occur even in the absence of direct interaction (23). In fact,
receptors located within specific plasma membrane microdo-
mains, such as membrane rafts, may give rise to FRET or
BRET signals not caused by real heteromerization. Raft local-
ization of overexpressed membrane fluorescent proteins could
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allow a close enough proximity (<10 nm) to permit the transfer
of energy. To explore this possibility, membrane rafts were
disrupted by cyclodextrin treatment, and BRET assays were
performed in these cells. As indicated in Fig. 34, cyclodextrin
did not lead to any change in the BRET signal for A,,R-Rluc-
D,R-YFP. In addition, no change in the BRET signal was noted
when cells were repleted with cholesterol after cyclodextrin
treatment (Fig. 6A). The efficacy of the treatment was assessed
by cyclodextrin-mediated extracellular signal-regulated Kki-
nase-1/2 phosphorylation, as indicated by Furuchi and Ander-
son (24). Raft disruption was also assessed by the redistribu-
tion of caveolin-1 from raft-enriched light fractions to heavier
fractions after sucrose gradient separation (Fig. 6B). Taken
together, this indicates that the energy transfer between A, ,R-
Rluc and Dy,R-YFP is the result of the formation of true
heterodimers.

Stimulation with the A, R agonist CGS21680 or the D,R
agonist quinpirole, individually or in combination, did not pro-
mote any consistent change in either maximal BRET (data not
shown) or BRETj;, (Fig. 7). An analysis of the subcellular dis-
tribution of the fusion proteins indicated that the lack of ago-



46746
0,60
> o
by 0,45
| =4
2
o9 0,30+
5
- o
w 0,15
[V
< |
0,00 -
GFP2-YFP DzR-GFP2 DZR-GFPZ
+ +
A,,R-YFP CDA4-YFP

Fic. 3. FRET efficiency of the D,R-GFP2 and A, ,R-YFP pair by
sensitized emission in living cells. HEK-293T cells were transiently
transfected with the plasmid DNA corresponding to D,R-GFP2 (donor)
and A,,R-YFP (acceptor) proteins using a ratio of donor to acceptor
DNA of 1:2, or with the positive control plasmid GFP2-YFP. Fluores-
cence readings were performed 48 h after transfection as described
under “Experimental Procedures.” Linear un-mixing of the emission
signals was applied to the data (see “Experimental Procedures”), and
the results are shown as the sensitized emission of the acceptor when
the cells were excited at 400 nm. CD4-YFP was used as a negative
control. Data are the mean * S.D. of five independent experiments
performed in duplicate. One-way ANOVA followed by Newman-Keuls
test shows significant differences between GFP2-YF2 and D,R-
GFP2+A,,R-YFP and between D,R-GFP2+A,,R-YFP and D,R-
GFP2+CD4-YFP (p < 0.01 in all cases).
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Fic. 4. FRET efficiencies related to the distance between the
fluorescent proteins. FRET efficiencies of the GFP2 and YFP pair
derived from their spectral properties were plotted as a function of the
distance between the fluorescent proteins as described by Zimmermann
et al. (12). Dotted lines show the relation between the determined FRET
efficiency for the D,R-GFP2-A,,R-YFP pair and the approximate dis-
tance between the fluorescent proteins in this pair.

nist modulation of the BRET signal occurred in cells expressing
A, A-Rluc and D,R-YFP in the plasma membrane (Fig. 8). These
results indicate that receptor activation does not affect their
oligomerization state and that the heteromers are, most prob-
ably, constitutively pre-formed. However, one cannot exclude
the possibility that agonist stimulation may promote assembly/
disassembly cycles that do not affect the steady-state propor-
tion of receptors engaged in dimers.

To gain some insight into the putative heterodimer interface,
a chimeric D,R-D;R in which helices 5, 6, 13, and E3 of the D,R
have been swapped by the corresponding sequence from the
D;R (11) was used as a competitor in BRET experiments.
Although the wild-type D,R was able to decrease the BRET
signal between A, R-Rluc and D,R-YFP, the D,R-D;R chi-
meric receptor failed to decrease the BRET signal even at high
amounts of competitor cDNA (Fig. 9). These results are in
agreement with previous studies, where we have shown that
A, AR does not modulate the agonist binding characteristics of
this chimeric D,R-D;R (25). This suggests somewhere in the
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Fic. 5. BRET saturation curve. BRET was measured in HEK-293T
cells co-expressing A, ,R-Rluc and D,R-YFP (squares) or A, R-Rluc and
GABALR2-YFP (triangles) constructs. Co-transfections were performed
with increasing amounts of plasmid DNA for the YFP construct
whereas the DNA for the Rluc construct was maintained constant. Both
fluorescence and luminescence of each sample were measured prior to
every experiment to confirm equal expression of Rluc while monitoring

the increase of YFP expression.
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Fic. 6. B-CD treatment. BRET experiments were performed in
HEK-293T cells co-transfected with the amount of plasmid DNA for the
A, R-Rluc and D,R-YFP constructs to give BRET,. Cells were not
treated (Control) or treated with 2% B-CD for 1 h (Depleted). Cholesterol
repletion was achieved by incubating depleted cells for 1 h with 0.4%
B-CD and 16 mg/ml cholesterol (Repleted). No differences in BRET were
observed after depletion or repletion treatment (panel A) (analyzed with
one-way ANOVA). For immunoblotting of caveolin-1 in cells treated
with B-CD (panel B), extracts from control and treated cells were
fractionated by a discontinuous sucrose gradient to obtain the light and
heavy membrane fractions. Caveolin-1 was detected by Western blot in
both membrane fractions. Densitometry of the bands was performed,
and results are expressed as the percentage of the total intensity.

region of the D,R containing helices 5, 6, 13, and E3 of the D,R
lies a critical site necessary for the heteromerization with
A uR.

Computational Experiments—Further insight into the DyR-
A, \R heterodimer interface was obtained by docking simula-
tions on theoretical models of D,R and A, R. The whole se-
quences of both receptors were modeled, because dimerization
and/or oligomerization might also involve the cytosolic and/or
the extracellular domains as recently suggested for rhodopsin
(26). We are aware that structural errors might reside partic-
ularly in these receptor portions. Additionally, for this reason,
we have used nine different average minimized structures of
the AyuR, differing in the conformations of the intracellular
and extracellular domains as well as in the topology of the huge
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Fic. 7. Effect of ligands on A,,R-D,R dimerization. BRET meas-
urements were performed after 1 h of treatment with 200 nm A, R
agonist CGS21680 (CGS), 10 um D,R agonist quinpirole, or both ligands
simultaneously in HEK-293T cells co-transfected with the A,,R-Rluc-
D,R-YFP pair at the BRET;, ratio. Data are mean * S.D. of three
independent experiments. Results are expressed as the percentage of
the BRETj, value of untreated (control) cells. No significant differences
were observed between the three different groups (one-way ANOVA).
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Fic. 8. Subcellular distribution of A,,R-Rluc and D,R-YFP
constructs. Lysates of co-transfected HEK-293T cells as described in
Fig. 7 were applied and separated on a discontinuous sucrose gradient.
Fractions were subsequently analyzed for luminescence (top panel) and
by immunoblotting (bottom panel). As a result of high levels of fluores-
cence in fractions with large concentrations of sucrose, the distribution
of D,R-YFP was analyzed by Western blot with an anti-GFP antibody.
Fractions rich in plasma membrane and ER were detected by Western
blot using either Na*K*-ATPase or calnexin antibodies, respectively.
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Fic. 9. BRET competition. HEK-293T cells were transfected with
the appropriate amount of plasmid DNA for the A, R-Rluc and D,R-
YFP constructs corresponding to the previously determined BRETj,
(control) and with increasing amounts of D,R ¢cDNA (gray bars) or the
c¢DNA of the dopamine D,R-D,R chimera (black bars). The BRET ratio
was determined and values are expressed as a percentage of the control.
Data are the mean = S.D. of five experiments in duplicate. One-way
ANOVA (with post-hoc Newman-Keuls comparisons) shows significant
BRET competition with 12.5 and 15 ug of D,R ¢cDNA (p < 0.001 in both
cases) and no significant differences with 12.5 or 15 pg of D,R-D;R
cDNA.

C-tail, to probe the effect of such structural differences on the
results of docking simulations. The A, R structures include
four structures holding the “model 1 C-tail” (see “Experimen-
tal Procedures”) and seven structures holding the “model 2
C-tail.” Each of these structures has been docked with the
selected average minimized structure of D,R. Two different
rigid-body docking programs, ZDOCK (19) and ESCHER (20),
were employed. A total amount of 32,000 and 9400 filtered
solutions (see “Experimental Procedures”) was obtained by
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means of different runs of ZDOCK 2.1 and ESCHER, respec-
tively. These solutions were subjected to an additional filter
that discharged those arrangements that significantly violate
the membrane topology requirements. In the majority of the
more realistic (i.e. dimers with lower interacting enthalpy)
docking solutions, the D,R portions that participate in the
heterodimer interface include the C-terminal half of helix 5, the
N-terminal portion of I3 that contains a solvent-exposed
stretch of positively charged amino acids (i.e. 217-220), helix 6,
helix 7, and the segment that corresponds to helix 8 of rhodop-
sin (16). Among these solutions, a highly populated one (popu-
lation 1, Fig. 10) is characterized by the following contacts: (a)
helix 5(Dy,R)-helix 4(A,,R) and I3y ¢erm(DoR)-C-tailc iopm-
(A;4R) and () helix 5¢ om(DoR)-helix 3¢ orm(AsaR), helix
6(D,R)-helix 4(A,,R) and I3n.ierm(DoR)-C-taile iopm(AsaR);
helix 7(D,R) may also participate together with helix 6 in the
contacts with helix 4(A,,R). To estimate the putative interflu-
orophore distances in selected members of population 1, the
structures of GFP and YFP (PDB entries 2emn and lhuy,
respectively), have been approached to D4R and A,,R, respec-
tively, in selected dimmers, the first amino acid of the fluores-
cent proteins being close to the last amino acid of the receptors.
The distance between the C1 atoms of the GFP and YFP chro-
mophores in the different complexes ranges between 6 and 8
nm, very similar to that deduced from FRET experiments.

In a less populated solution (population 2, Fig. 10), almost
two different sets of contacts characterize the Dy,R-A,,R
dimers. The first set of contacts includes: (@) I2(D,R)-12(A,,R),
(b) helix 4C-teminal half(DZR)'heliX 3C-terminal half(AZAR)> (C)
helix 4n ¢ crminal hai{D2R)-helix 5y icrminal hailA2aR), and (d)
helix 5(Dy,R)-helix 4(A,,R). The second set of contacts in-
cludes: (a) helix 3C-terminal half(DZR)_helix 4C-terminal half”
(AZAR)> (b) helix 4N-te!‘minal half(DZR)'heliX 5N-terminal half”™
(A;4R), (¢) helix 5(D,R)-helix 4(A,,R), and (d) I3(D2R)-C-
tail(A,,R) (only a few contacts).

DISCUSSION

Adenosine-dopamine interactions play a very important role
in basal ganglia function and dysfunction. This is the result of
the existence of specific antagonistic interactions between dif-
ferent adenosine and dopamine receptor subtypes co-localized
in different neurons of the striatum, the main input structure
of the basal ganglia. Two subtypes of GABAergic efferent neu-
rons, the striatonigral and the striatopallidal neurons, consti-
tute more than 90% of the striatal neuronal population. The
interaction of A;Rs and D;Rs modulates the function of stria-
tonigral neurons, whereas the interactions of A, R and D,R
modulates the function of striatopallidal neurons (5, 7, 8). The
existence of functional A;R-D;R and A,,R-D,R heteromeric
complexes has recently been demonstrated in mammalian cell
lines (10, 27). However, the techniques used in previously re-
ported data, including co-immunoprecipitation and confocal
laser microscopy co-localization studies, could not discard the
possibility of a third protein acting as scaffolding to bring the
two receptors together.

In the present work, we have used FRET and BRET tech-
niques to demonstrate that, in fact, A,,R and Dy,R form het-
eromers in living cells. This interaction was found to be specific
where no BRET or FRET signals were detected when other
receptors were assayed (see “Results”). The estimated distance
between the fluorophores fused to C-terminal tails of A,,R and
DyR resulted to be ~6.3 nm. Receptor molecules with very close
proximity in small membrane microdomains can lead to arti-
factual BRET results, as with proteins targeted to cholesterol-
rich plasma membrane domains by lipid anchoring clusters in
rafts (23). This was ruled out by the unmodified BRET signal
between A, R-Rluc and D,R-YFP in the presence of cyclodex-
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Fic. 10. Examples of the D,R-A,,R
heterodimers belonging to popula-
tion 1 (top and bottom left) and to
population 2 (fop and bottom right).
In the top views, the helix bundles are
seen in a direction parallel to the mem-
brane surface, the intracellular side being
at the top. In the bottom views, the helix
bundles are seen from the intracellular
side in a direction almost perpendicular
to the membrane surface. Helices 1, 2, 3,
4, 5, 6, and 7 are, respectively, blue, or-
ange, green, pink, yellow, cyan, and violet.
The amino acid stretch corresponding to
helix 8 of rhodopsin is violet as well. The
extracellular domains are gray, whereas
the intracellular loops 1, 2 and 3 and the
C-tail (C-term) are, respectively, light
green, white, purple, and red.

trin, which disrupts rafts and prevents the eventual accumu-
lation of receptors in these structures (Fig. 6).

Homomerization and heteromerization of GPCRs have been
suggested to involve different receptor domains. The C-termi-
nal tail of the GABA receptors is involved in GABA;R1-GAB-
AgR2 heteromerization by a coiled-coil interaction (28, 29).
X-ray studies performed with the metabotropic glutamate re-
ceptor mGlu;R have shown that its extracellular N-terminal
ligand-binding region forms disulfide-linked homodimers (30).
There is also evidence for the transmembrane domains in me-
diating the formation of homo- or heterodimers (for review, see
Ref. 1). The sixth and seventh helices of D,R have been impli-
cated in its homodimerization, because synthesized peptides
encoding sequences in these regions inhibit dimer formation
(31). Furthermore, Guo et al. (32) have recently reported that
D,R homodimers are stabilized by cross-linking through a cys-
teine residue located at the extracellular end of helix 4. The
present results using the previously characterized chimeric
DyR-D;R containing helices 5 and 6, I3, and E3 of the dopamine
D;R (9), demonstrate that these portions of the D,R are directly
involved in the formation of A,,R-D,R heteromers. Thus, dif-
fering from the wild-type D,R, the chimeric D,R-D;R was not
able to compete for the specific BRET between A, R-Rluc
and D,R-YFP.

To gain insight into the potential D,R-A,,R heterodimer
interfaces, rigid-body docking simulations have been done be-
tween an average minimized structure of D,R and nine differ-
ent average minimized structures of A,,R. From docking sim-
ulations two sets of dimers sharing (within each set) similar
interdimer interfaces have been obtained (population 1 and
population 2, see Fig. 10). In particular, in the most populated
one (population 1), helix 5 and/or helix 6 and the N-terminal
portion of I3 from D,R approach helix 4 and the C-terminal
portion of the C-tail from the A,,R, respectively. Helix 7(D,R)
may also participate together with helix 6 in the contacts with
helix 4(A,,R) (Fig. 10, left side). The interface contacts in
population 1 are consistent with the results of BRET experi-
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ments done in this work on the chimeric D,R-D;R and A,,R.
Population 2 has a reduced number of structures if compared
with population 1. However, structures in population 2 display
high docking scores and resemble the intradimer contact model
proposed for rhodopsin (26).

The analysis of the BRET signal in A, ,R-D,R-expressing
cells indicated that the activation of A,,R or D,R by their
corresponding agonist did not affect the degree of heteromer-
ization. Similar results were obtained when the two agonists
were used simultaneously (Fig. 7). The lack of modulation by
agonists has also been reported for other homo- and het-
erodimeric partners (3, 33, 34). In carefully controlled BRET
studies, it has been demonstrated that a number of heteromer-
izing receptors are pre-assembled in the ER and the dimers
that reach the plasma membrane are not affected, in terms of
the degree of dimerization, after receptor activation by their
corresponding ligands (33—-36). In contrast to this recently re-
ported data, detailed studies by Patel et al. (37) in stable
CHO-KI1 cells expressing somatostatin receptors suggest that
the receptors are monomeric in their basal state and oligomer-
ize only upon agonist activation. For the somatostatin receptor
subtype R5, the same authors report that ligand-induced ho-
momerization extends beyond dimers to higher order oligomers
(39). For our experimental data, the unchanged BRET signal
reported in cells treated with agonists is not necessarily in
contradiction to the known clustering of these receptors when
they are activated by agonists. In fact, the A, R agonist
CGS21680 leads to the clustering of A, R receptors in neuro-
blastoma SH-SY5Y cells or in primary neuronal cell cultures,
and similar clustering occurs with D,R receptors when DyR-
expressing cells are treated with the D,R agonist quinpirole
(10). It should also be noted that co-clustering of A, R and D,R
occurs when either agonist is added, alone or simultaneously,
to cells co-expressing both receptors (10). Taken together these
results indicate that A,,R or D,R agonists lead to the reorga-
nization of receptors within the plasma membrane while not
affecting their degree of heterodimerization. Considering the
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data, it appears as if ligand-induced activation of the receptors
leads to target pre-existing A, R-DyR heterodimers to mem-
brane microdomains. Ligand modulation of heteromers may
also be dependent upon the nature of the receptors involved
and their level of expression. It should not be ruled out that
other factors might also contribute to this modulation. Further
research is required to understand whether ligand regulation
is dependent on the particular expression of scaffold or chap-
erone proteins in cell models where ligand modulation of re-
ceptor oligomerization is studied.

Receptor-receptor heteromerization serves a variety of pur-
poses in receptor function. For instance, assembly of het-
erodimers is required for targeting GABA receptors to the cell
surface (38). GABAgR1-GABAgR2 heterodimerization is neces-
sary for GABAg receptor signaling, because one of the receptors
within the heterodimer binds the ligand whereas the other is
linked to the signaling machinery. Moreover, GABALR2 is re-
quired to provide high affinity for agonists to the GABAgR1
subunit (39). We have previously postulated that heterodimer-
ization may be necessary for intramembrane receptor-receptor
interactions, where the stimulation of one receptor changes the
binding characteristics of another receptor in tissue or cell
membrane preparations (5, 40—42). An intramembrane A, ,R-
D,R antagonistic interaction has been repeatedly demon-
strated in both rat and human striatum as well as in trans-
fected mammalian cell lines, where the stimulation of A,y R
decreases the affinity of D,R receptor for agonists (9, 43—-47). In
CHO-transfected cells, the A,,R agonist CGS 21680 decreased
the affinity of the DyR but not of the chimeric D,R-D;R for
tritiated dopamine (25). Taken together with the above-men-
tioned results, this strongly suggests that the intramembrane
A,,R-D,R interaction depends on the heteromerization be-
tween A,,R and D,R. It is very probable that the loss of affinity
to dopamine binding of the D,R when the A,,R is activated is
a result of conformational changes transmitted through the
heteromeric interaction. Interestingly, there is an increase in
the agonist binding affinity for D,R with an enhancement of G
protein and effector coupling to adenylyl cyclase when the D,R
and somatostatin SSTR5 receptors heteromerize in response to
agonist treatment (48). Therefore, the increase or decrease in
the affinity of agonist binding to DR would depend on the
nature of the heteromeric partner; SSTR5 receptors leading to
an increase in its affinity (i.e. synergy) and A,,R leading to a
decrease (i.e. antagonism). This and other potential roles of the
Ay p R-D,R heteromers are important to fully understand the
molecular basis of the adenosine-dopamine antagonism within
the central nervous system, thus allowing for the design of
novel strategies to combat basal ganglia disorders (like Parkin-
son’s disease), schizophrenia, and drug addiction.
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Supplementary material

Figure 11 Sequence alignment between a modified rhodopsin templ ate (see methods) and
the human D2R. This alignment has been used for comparative modelling.
Figure 12 Sequence alignment between a modified rhodopsin template (see methods) and

the human Ao R. This alignment has been used for comparative modelling.
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Abstract

The results presented in this paper show that adenosine Asa
receptor (A>aR) form homodimers and that homodimers but
not monomers are the functional species at the cell surface.
Fluorescence resonance energy transfer (FRET) and biolu-
minescence resonance energy transfer (BRET) techniques
have been used to demonstrate in transfected HEK293 cells
homodimerization of ApaR, which are heptaspanning mem-
brane receptors with enriched expression in striatum. The
existence of homodimers at the cell surface was demonstra-
ted by time-resolved FRET. Although agonist activation of the
receptor leads to the formation of receptor clusters, it did not
affect the degree of ApaAR—A2aR dimerization. Both monomers
and dimers were detected by immunoblotting in cell extracts.
However, cell surface biotinylation of proteins has made evi-
dent that more than 90% of the cell surface receptor is in its
dimeric form. Thus, it seems that homodimers are the func-
tional form of the receptor present on the plasma membrane.

A deletion mutant version of the Apa receptor, lacking its
C-terminal domain, was also able to form both monomeric and
dimeric species when cell extracts from transfected cells were
analyzed by immunoblotting. This suggests that the C-ter-
minal tail does not participate in the dimerization. This is
relevant as the C-terminal tail of A,4R is involved in hetero-
mers formed by A,aR and dopamine D2 receptors. BRET
ratios corresponding to A,aR—A2aR homodimers were higher
than those encountered for heterodimers formed by A>AR and
dopamine D2 receptors. As A>aR and dopamine D2 receptors
do indeed interact, these results indicate that A;poR homodi-
mers are the functional species at the cell surface and that
they coexist with A;AR/D2 receptor heterodimers.
Keywords: 7TM receptors, dopamine receptors, G protein-
coupled receptors, heteromerization, homomerization, recep-
tor—receptor interactions.

J. Neurochem. (2004) 88, 726-734.

Heptaspanning membrane receptors (HSMRs) also known as
G protein-coupled receptors (GPCRs) were previously
considered to be monomeric proteins which only interacted
with G proteins. However it has become clear that HSMRs
are oligomeric structures formed by receptor homodimers,
heterodimers and multimers and a variety of proteins
interacting at the horizontal and the vertical level (Agnati
et al. 2002, 2003; Bouvier, 2001; Milligan and White 2001;
Rios et al. 2001; Franco et al. 2003). Adenosine A; and A
receptors (AR and A,AR) can be considered as a paradigm
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of HSMRs involved in receptor—receptor interactions. In fact,
the existence of heteromeric complexes leads to the demon-
stration that in cells coexpressing adenosine A; and dopam-
ine D; receptors A;R agonists inhibit the binding of
dopamine to D; receptors (Ferré et al. 1998; Ginés et al.
2000). A synergism in signaling via A; receptors and
metabotropic glutamate 1o receptors has been demonstrated
in cells expressing heteromeric complexes formed by A; and
metabotropic 1o receptors (Ciruela et al. 2001). These
antagonisms or agonisms can in part be caused by cross-
talk at the level of second messengers. However, the effect on
pharmacological profile and on binding kinetics can be
attributed almost exclusively to the conformational changes
transmitted within the intercommunicating receptor mole-
cules when they are activated by agonists. Important
experimental evidence has accumulated in relation to the
existence of reciprocal interactions between A, R and
metabotropic glutamate receptor mGluS (mGluRS) and
between A,5R and D, receptors (D,R) in the basal ganglia
(Ferré et al. 2002; Hillion et al. 2002) that can again be
attributed to the existence of heteromers between A,,R and
mGIluRS or between A,pR and D,R. A;5R and D,R are
specifically localized in one subtype of neuron, the striato-
pallidal gamma-amino butyric acid neuron (GABAergic
neuron), on which both receptors express their highest
density in the brain. The striatopallidal GABAergic neurons
play a key role in the pathophysiology of basal ganglia
disorders, including Parkinson’s disease, and it is a common
pathway for the rewarding effects in drug abuse, as well as
for the antipsychotic effects of neuroleptics. A,AR-D,R
interactions have been demonstrated at the biochemical,
functional, and behavioral level leading to the suggestion that
this interaction may provide new therapeutic approaches for
Parkinson’s disease, schizophrenia and drug addiction
(reviewed in Ferré et al. 2003 and Agnati ef al. 2003).
Recently, fluorescence resonance energy transfer (FRET) and
bioluminescence resonance energy transfer (BRET) approa-
ches demonstrated the occurrence of A,,R—D,R hetero-
dimerization in a heterologous mammalian expression
system (Canals et al. 2003).

In contrast to heteromerization, homomerization of adeno-
sine receptors has not been extensively studied. Using a
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) strategy and immunoblotting, Ciruela et al.
(1995) demonstrated the existence of A; homodimers in brain
tissue from different species. This article was among the first
describing homodimers of HSMRs and it was the first to report
homodimers of HSMRs in a native tissue. In this paper FRET
and BRET techniques have been used to study the homodime-
rization of A, AR. The influence of receptor density, of agonist
activation and of the presence of D,R on the degree of A;sR—
A AR homomerization was also assessed showing that A;,R
undergoes constitutive homodimerization and that the active
molecule at the cell surface is the dimer. Furthermore, it was
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analyzed whether the C-terminal tail of A;sR, which is
important for A;,R-D,R heteromerization (Canals et al.
2003), is involved in homodimerization.

Experimental procedures

Plasmids

The HA epitope was introduced between amino acids six and seven
of the human adenosine A,,R receptor using the same PCR
mutagenesis approach as for the A;sR-Flag construct (Ferré et al.
2002). The human A,,R-Flag without its stop codon was amplified
using sense and antisense primers harboring unique EcoRI and
BamHI sites. The fragment was then subcloned to be in-frame with
either Rluc, EYFP, or GFP? into the EcoRI and BamHI restriction
site of a Renilla luciferase expressing vector (p)cDNA3.1-Rluc) and
the enhanced variant of GFP (pEYFP-N1; Clontech, Heidelberg,
Germany), respectively. The positive control vector used for the
FRET experiments, pGFP2-EYFP, was a gift from R. Pepperkok’s
laboratory, EMBL, Heidelberg (described in Zimmermann et al.
2002). A mutant lacking the C-terminal domain of adenosine A5
receptor was generated using A,sR-Flag as the template (Burguefio
et al. 2003).

Antibodies, cell culture and transfection

An antiserum against the GST fusion protein containing amino acids
322-412 (SA2A) of the adenosine A, receptor was used in this
study, designated as anti-CTA2A. The immunization of rabbits and
affinity purification of the antisera were performed as described
previously (Ciruela and Mcllhinney 1997). Other primary antibodies
used were: anti-Flag monoclonal antibody (Clone M2, Sigma-
Aldrich Chemical Co., St. Louis, MO, USA), anti-Flag monoclonal
antibody europium cryptate labeled and anti-HA monoclonal
antibody allophycocyanin (APC) labeled (CIS bio internacional,
Bagnols/Céze, France). The secondary antibodies used were:
horseradish-peroxidase (HRP)-conjugate goat anti-rabbit IgG and
HRP-conjugate goat anti-mouse IgG (Pierce, Rockford, IL, USA).

Cells

HEK-293 and HeLa were grown in Dulbecco’s modified Eagle’s
medium, DMEM (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA) supplemented with 2 mwm L-glutamine, 100 U/mL penicillin/
streptomycin and 10% (v/v) fetal bovine serum (FBS) at 37°C and in
an atmosphere of 5% CO,. HEK-293 cells growing in 25 cm? flasks
or 3 cm? coverslips were transiently transfected with 3 pg or 1 pg,
respectively, of DNA encoding for the proteins specified in each
case by calcium phosphate precipitation (Jordan et al. 1996). The
cells were harvested at either 24 or 48 h after transfection.

Determination of total protein in transfected cells and control
of fusion-protein expression

Forty-eight hours post-transfection, cells were rapidly washed twice in
PBS, detached, and resuspended in the same buffer. To control the
amount of cells in the assays, protein concentration was determined in
the samples using a Bradford assay kit (Bio-Rad, Munich, Germany)
using bovine serum albumin dilutions as a standard. To quantify
AsAR-GFP?, AyAR-YFP or D2-YFP expression, the cell suspension
(20 pg of protein) was distributed in duplicate into 96-well
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microplates (Corning #3604, U.S.A, white plates with transparent
bottom). The fluorescence was measured using a Packard Fluoro-
Count™ with an excitation filter of 400 nm (for A,AR-GFP?) or
485 nm (for A;AR-YFP or D2-YFP) and an emission filter of 510 (for
A>xR-GFP?) or 530 nm for (A,oR-YFP or D2-YFP) using the
following parameters: Gain of 1, PMT fixed at 1100 V, and read time
of 1 s. Fluorescence was quantified as fold over the background (mock
transfected cells). For assessing the expression of A,sR-Rluc, the
same samples were incubated for 10 min with 5 pm coelenterazine H
(Molecular Probes) and the luminescence was measured using a
Packard LumiCount™ with the following parameters: Gain of 1, PMT
fixed at 700 V, and a read time of 1 s.

BRET experiments

For BRET measurement, the equivalent of 20 pg of cell suspension
(see above) were distributed in duplicates in 96-well microplates
(Corning #3600, USA, white opaque plates) and 5 mm coelenter-
azine H was added. After 1 min, the readings were collected using a
Fusion microplate analyzer (Packard, Meriden, CT) that allows the
integration of the signals detected in the 440-500 nm and the 510—
590 nm windows using filters with the appropriate band pass. The
BRET ratio is defined as

[(emission at 510 — 590)/ (emission 440 — 500)] — Cf

where Cf corresponds to (emission at 510-590)/(emission at
440-500) for the -Rluc construct expressed alone in the same
experiment.

Subcellular membrane isolation

HEK-293T cells transiently cotransfected with the A;,R-Rluc and
D,R-YFP were grown in 100 mm dishes to 80-90% confluency.
Cells were washed twice with ice-cold PBS and lysed with 2 mL of
ice-cold hypotonic lysis buffer (20 mm HEPES, pH 7.4, 2 mm
EDTA, 2 mm EGTA, 6 mm MgCl,, 1 mm phenylmethylsulfonyl
fluoride and 1 : 100 dilution of a protease inhibitor cocktail). Lysate
was then sonicated for 30 s (three strokes with a delay of 1 min
between strokes) followed by two 10 s bursts in a Polytron tissue
grinder. Cellular debris and unlysed cells were removed by
centrifuging at 1000 g for 5 min at 4°C. Sucrose was added to
achieve a final concentration of 0.2 M and 2 mL was applied to the
top of a discontinuous step gradient (5 mL/step) made at 0.5, 0.9,
1.2, 1.35, 1.5 and 2.0 ™ sucrose in lysis buffer. The samples were
then centrifuged for 16 h at 105 000 g at 4°C in a Beckman SW28
rotor. The plasma membrane was recovered in the sucrose gradient
at the interface between 0.5 and 0.9 m. The endoplasmic reticular
membrane samples were recovered at the interface between the 1.35
and 1.5 M and luminescence was measured. For the verification of
isolated membranes as either plasma or endoplasmic reticulum
membranes, fractions were then precipitated with cold acetone
overnight and analyzed by immunoblotting using monoclonal
antibodies against the Na'K'-ATPase pump (1 : 250 dilution,
Sigma-Aldrich, St. Louis, MO, USA) and calnexin (1 : 500 dilution,
BD Transduction Laboratories, Lexington, CY, USA).

Raft disruption

HEK-293T cells were serum-starved overnight 24 h post-transfec-
tion. Cholesterol depletion was achieved by incubation for 1 h
at 37°C with 2% 2-hydroxypropyl-B-cyclodextrin (B-CD,

Sigma-Aldrich) in Dulbecco’s modified Eagle’s medium. Cholesterol
repletion was carried out after washing twice with fresh medium, by
incubation for 1 h at 37°C with 0.4% B-CD and 16 mg/mL of
cholesterol (Sigma-Aldrich). Complete raft disruption was assessed
as caveolin-1 displacement in a discontinuous sucrose gradient. For
this, confluent control or depleted cells were washed twice with ice-
cold phosphate-buffered saline (PBS), scraped and resuspended into
2mL of 500 mm Na,COsz;, pH 11.0. Cells were sequentially
homogenized using a Polytron (three times, 10 s), a syringe (20
times) and a sonicator (three times, 30 s), placed at the bottom of an
ultracentrifuge tube and adjusted to 45% sucrose in MBS (25 mm
Mes, 0,15 m NaCl, pH 6,5). A discontinuous 5-35% sucrose gradient
was formed above in MBS containing 250 mm Na,CO; pH 6,5.
After centrifugation at 105 000 x g for 18 h at 4°C in a SW41.Ti
rotor (Beckman) fractions were collected and analyzed by western
blot using an antibody against caveolin-l (BD Transduction
Laboratories). B-CD effects were also tested by MAPK phosphory-
lation analysis. Treated cells were directly resuspended in loading
buffer and analyzed by western blot using the antibodies against
phosphorylated or total ERK1, 2 (Sigma-Aldrich).

FRET experiments analyzed by fluorimetry

Forty-eight hours post-transfection, HeLa cells were rapidly washed
twice in PBS, detached, and resuspended in the same buffer. Cell
suspension (20 pg of protein) was distributed in duplicate into 96-
well microplates (black plates with a transparent bottom). Plates
were read in a Fluostar Optima Fluorimeter (BMG Labtechnologies,
Offenburg, Germany) equipped with a high-energy xenon flash
lamp, using a 10-nm bandwidth excitation filter at 400 nm (393—
403 nm), and 10 nm bandwidth emission filters corresponding to
506-515 nm filter (Ch 1), 527-536 nm filter (Ch 2). Gain settings
were identical for all experiments to keep the relative contribution of
the fluorophores to the detection channels constant for spectral un-
mixing. The contributions of the GFP variants, GFP*> and YFP
proteins alone, to the two detection channels (spectral signature)
were measured in experiments with cells expressing only one of
these proteins and normalized to the sum of the signal obtained in
the two detection channels. The spectral signatures of the different
receptors fused to either GFP? or YFP did not significantly vary
from the determined spectral signatures of the fluorescent proteins
alone. FRET quantitation was performed as described previously
(Zimmermann et al. 2002; Canals et al. 2003).

Time-resolved FRET

Time-resolved FRET was performed as described by McVey et al.
(2001). Transiently transfected HEK cells (1 x 10°) were detached,
washed twice with PBS and fixed in 4% paraformaldehyde for
15 min, and washed with PBS containing 20 mm glycine to quench
the remaining free aldehyde groups. Blocking was carried out using
PBS containing 50% fetal bovine serum (buffer A) during 30 min.
An over-night incubation was performed at 4°C in a total volume of
100 pL containing 3 nm Eu**-labeled anti-Flag antibody and 45 nm
APC-labeled anti-HA antibody in buffer A. After incubation cells
were washed once with buffer A and once with PBS containing
400 mm KF. Cells were resuspended in 50 pL of PBS/KF before
placing into wells of a 96-well microtiter plate for FRET analysis
using a Victor® (Perkin-Elmer, Boston, MA, USA) configured for
time-resolved fluorescence. The Eu’*-labeled anti-Flag antibody
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was excited at 340 nm and emissions monitored at 615 nm (Eu>"
emission) and 665 nm (FRET). A 400-us reading was taken after a
50-ps delay to allow for decay of short-lived endogenous fluores-
cence signals.

Immunoprecipitation and immunoblotting

Transiently transfected HEK cells were solubilized in ice-cold lysis
buffer (PBS, pH 7.4, containing 1% (v/v) Nonidet P-40) for 30 min
on ice. The solubilized preparation was then centrifuged at
13.000 x g for 30 min. The supernatant (1 mg/mL) was processed
for immunoprecipitation, each step of which was conducted with
constant rotation at 0—4°C. The supernatant was incubated with a
monoclonal anti-Flag antibody (2 pg/mL) for 2 h. Then 40 pL of a
suspension of protein G cross linked to agarose beads were added
and the mixture was incubated overnight. The beads were washed
twice with ice-cold lysis buffer, twice with ice-cold lysis buffer
containing 0.1% (v/v) Nonidet P-40, once with ice-cold Tris
buffered saline, pH 7.4, and aspirated to dryness with a 28-gauge
needle. Subsequently, 30 pL of SDS-PAGE sample buffer (8 m
Urea, 2% SDS, 100 mm DTT, 375 mm Tris, pH 6.8) was added to
each sample. Immune complexes were dissociated by heating to
37°C for 2 h and resolved by SDS-PAGE in 10% gels. Proteins
were transferred to polyvinylidene difluoride membranes (Immobi-
lon-P, Millipore, Watford, UK) using a semidry transfer system and
immunoblotted using the anti-CTA2A antiserum (1 : 2000), the
anti-Flag monoclonal antibody (8 pg/mL) and then horseradish—
peroxidase(HRP)-conjugated goat anti-rabbit IgG (1 : 60 000). The
immunoreactive bands were developed with the SuperSignal
chemiluminescent detection kit (Pierce, Rockford, IL, USA).

Biotinylation of cell surface proteins

HEK-293 cells transiently transfected with A,,R-Flag were washed
three times in borate buffer (10 mm H3BO3, pH 8.8; 150 mm NaCl)
and then incubated with 50 pg/mL sulfo-NHS-LC-biotin (Pierce) in
borate buffer for 5 min at room temperature. Cells were washed
three times in borate buffer and again incubated with 50 pg/mL
sulfo-NHS-LC-biotin in borate buffer for 10 min at room tempera-
ture, and then 100 mm NH4Cl was added for 5 min to quench the
remaining biotin. Cells were washed in PBS, disrupted with three
10-s strokes in a polytron and centrifuged at 13 000 g for 30 min
The pellet was solubilized in ice-cold lysis buffer [PBS, pH 7.4,
containing 1% (v/v) Nonidet P-40] for 30 min and centrifuged at
13 000 g for 30 min. The supernatant was incubated with 80 pL
streptavidin—agarose beads (Sigma) for 1 h with constant rotation at
4°C. Beads were washed twice with ice-cold lysis buffer, twice with
1 : 10 ice-cold lysis buffer and once with ice-cold PBS. The
complexes were dissociated by adding 50 pL of SDS/PAGE sample
buffer (see above), heated at 37°C for 2 h, and then resolved by
SDS-PAGE on 10% gels. The gels were run and immunoblotted as
described above.

Results and discussion

Although it has been shown by FRET and BRET that A;4R
form heterodimers with D,R in HEK293 cells (Canals et al.
2003), the ability of A;sR to form homodimers has not been
described. To investigate A;sR-A;AR homodimerization,
BRET and FRET techniques were applied in cells transfected
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with fusion proteins consisting of the receptor and either a
fluorescent protein (GFP2, YFP) or Renilla luciferase (Rluc).
Expression of chimeric proteins was assessed by western blot
and immunocytochemistry (data not shown). The function-
ality of the receptor-Rluc, -GFP? or -YFP constructs was
assessed by the determination of cAMP levels produced in
transfected cells in response to ligand binding. According to
the positive coupling of A,oR to the adenylyl cyclase, the
A, AR agonist CGS21680 properly induced the same cAMP
accumulation in cells transfected with A,AR-YFP or A,AR-
Rluc or in cells transfected with A,,R (Canals ef al. 2003
and data not shown).

BRET saturation curve in cells cotransfected with a
constant amount of the A,,R-RIuc construct while increasing
concentrations of the A,AR-YFP plasmid was analyzed. A
positive BRET signal for the transfer of energy between
A AR-Rluc and A;AR-YFP was obtained (Fig. 1). The BRET
signal increased as a hyperbolic function of the concentration
of the YFP-fusion construct added (assessed by the fluores-
cence emitted upon direct excitation at 480 nm) reaching an
asymptote. As the pair A;pR-Rluc and GABAgR2-YFP led
to an undetectable BRET signal (Fig. 1), the hyperbolic
BRET signal found for the A;oR-Rluc-A;AR-YFP indicates
that the interaction between two A;,R molecules is specific.
These results agree with those provided recently by Kamiya
et al. (2003) showing a BRET ratio of 0.10 at a given ratio of
AspR-Rluc and A,,R-GFP?. In heterologous expression
systems positive BRET or FRET signals are not sufficient to
invoke A;sR homodimer formation. In fact, receptors
located within specific plasma membrane microdomains,
such as membrane rafts, may give rise to FRET or BRET

0.20

0.15' L]

0.10 4

BRET ratio

0.05 4

0 10 20 30 40
Fluorescence (Arbitrary Units)

Fig. 1 BRET saturation curve. BRET was measured in HEK-293T
cells coexpressing AzaR-Rluc and AaR-YFP (H) or AgaR-Rluc and
GABAgR2-YFP (A) constructs. Co-transfections were performed with
increasing amounts of plasmid DNA for the YFP construct whereas the
DNA for the Rluc construct was maintained constant. Both fluores-
cence and luminescence of each sample were measured prior to every
experiment to confirm equal expression of Rluc while monitoring the
increase of YFP expression (see Methods).
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signals not due to homodimerization. A;5R are not expected
to be in caveolae in HEK cells. However from the report by
Zacharias et al. 2002, energy transfer between closely
located receptor molecules can occur in heterologous
expression systems even in the absence of a direct interac-
tion. The cyclodextrin assay is therefore performed to be sure
that overexpression of receptors does not lead to their
accumulation in rafts. Localization of overexpressed mem-
brane fluorescent proteins in rafts could allow a close enough
proximity of receptors (< 10 nm) to permit the transfer of
energy. To explore this possibility, membrane rafts were
disrupted by cyclodextrin treatment, and BRET assays were
performed in these cells. As indicated in Fig. 2(a), cyclo-
dextrin did not lead to any change in the BRET signal. In
addition, no change in the BRET signal was noted when cells
were repleted with cholesterol after cyclodextrin treatment
(Fig. 2a). The efficacy of the treatment was assessed by
cyclodextrin-mediated ERK1/2 phosphorylation (Fig. 2b), as
indicated by Furuchi and Anderson (1998). Raft disruption
was also assessed by the redistribution of caveolin-1 from
raft enriched light fractions to heavier fractions after sucrose

(a) 0.12
0.100
2
£ 0.075
=
= 0.050
[=-]
’ Control Depleted Repleted
(b) ; (c)
25 - B-CD + B-CD

Light | Heavy | Light | Heavy

47 53 9 91

In-fold over basal
o

Basal B-CD FBS

Fig. 2 B-Cyclodextrin (B-CD) treatment. (a) BRET experiments were
performed in HEK-293T cells cotransfected with the amount of plas-
mid DNA for the A;aR-Rluc and ApaR-YFP constructs to give the
maximum BRET. Cells were not treated (control) or treated with 2%
B-CD for 1 h (depleted). Cholesterol repletion was achieved by incu-
bating depleted cells for 1 h with 0.4% B-CD and 16 mg/mL cholesterol
(repleted). No differences in BRET were observed after depletion or
repletion treatment. (b) B-CD-induced phosphorylation of ERK1,2.
A2AR-Rluc-A2AR-YFP cotransfected HEK-293T cells treated with 2%
B-CD for 1 h were then lysed and analyzed for western blot against
phoshorylated or total ERK1,2 while FBS-induced phosphorylation
was used as a control. (c) Densitometry of the bands of an immuno-
blotting of caveolin-1 in cells treated with B-CD. Extracts from control
and treated cells were fractionated by a discontinuous sucrose gra-
dient to obtain the light and heavy membrane fractions. Caveolin-1
was detected by western blot in both membrane fractions. Results are
expressed as the percentage of the total intensity.

gradient separation (Fig. 2c). Taken together, this indicates
that the energy transfer between A;,R-Rluc and A,,R-YFP
is due to the formation of true homodimers.

Stimulation with the agonist CGS21680 did not promote
any consistent change in the BRETs, signal and similar
results were obtained at maximum BRET and at low BRET
ratio (Fig. 3). These results agree with those reported by
Kamiya et al. (2003) and suggest that receptor activation
does not affect its oligomerization state and, that the
homodimers are, most probably, constitutively preformed.
The lack of modulation by agonists has also been reported
for other homo- and heterodimeric partners (Rios et al. 2001,
Issafras et al. 2002; Terrillon et al. 2003). In carefully
controlled BRET studies, it has been demonstrated that a
number of heteromerizing receptors are preassembled in the
ER and the dimers that reach the plasma membrane are not
affected, in terms of the degree of dimerization, after receptor
activation by their corresponding agonists (Jensen et al.
2002; Issafras et al. 2002; Ramsay et al. 2002 Terrillon et al.
2003). In contrast, detailed studies by Patel et al. (2002) in
stable CHO-K1 cells expressing somatostatin receptors
suggest that the receptors are monomeric in their basal state
and oligomerize only upon agonist activation. For the
somatostatin receptor subtype RS, the same authors report
that agonists-induced homomerization extends beyond di-
mers to higher order oligomers (Patel et al. 2002). It should
be also noted that D,R homodimers are not modulated by
ligands whereas there is an agonist-mediated oligomerization
of a shorter splice variant of the receptor (D) that is found
presynaptically as an autoreceptor (Wurch et al. 2001). From
our experimental data, the unchanged BRET signal reported
in cells treated with agonists, is not necessarily in contradic-
tion to the known clustering of these receptors when they are
activated by agonists (Hillion et al. 2002). Taken together
these results indicate that A,,R agonists leads to the
reorganization of receptors within the plasma membrane
while not affecting their degree of homodimerization.
Considering the data, it appears as if ligand activation of
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Fig. 3 Effect of ligands on A;aR-AoaR dimerization. BRET measure-
ments were performed after 2 h of treatment with (black bars) or
without (white bars) 200 nm of Ax4R agonist CGS21680 in HEK-293T
cells cotransfected with the A,aR-RIuc/A>AR-YFP pair at the BRET in,
BRETs0, BRETax ratios. Data are mean + SD of three independent
experiments.
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the receptors leads to targeting of pre-existing AR
homodimers to membrane microdomains. Using the FRET
approach with the A,AR-GFP?> and A,,R-YFP pair (see
Experimental procedures), it was possible to confirm the
homodimerization between A,,R molecules and to estimate
a FRET efficiency of 0.28 (Fig. 4a). Cells expressing a
chimeric GFP>-YFP protein (see Experimental procedures)
were used as positive control and gave a FRET efficiency of
0.52, whereas the cotransfection with the vectors coding for

(

b)
_
£
=
=
P
ot
s
£
=
=
=<
=
=
=
&
=

2001

150+

100+

wn
=

0
S\‘b% %ggv ﬁ\?%gs’ b&\\%
W YT Ty &

Fig. 4 FRET assays. (a) FRET efficiency of the A;aR-GFP? and
A>aR-YFP pair by sensitized emission in living cells. HelLa cells were
transiently transfected with the plasmid DNA corresponding to AaR-
GFP? (donor) and A;sR-YFP (acceptor) proteins using a ratio of donor
to acceptor DNA of 1 : 2, with the positive control plasmid GFP-YFP,
or with the two fluorescent proteins GFP? and YFP. Fluorescence
readings were performed 48 h post-transfection as described in
Materials and methods. Linear un-mixing of the emission signals was
applied to the data (see Materials and methods) and the results are
shown as the sensitized emission of the acceptor when the cells were
excited at 400 nm. Similar results were found in HEK-293 cells. Data
are the mean + SD of three independent experiments performed in
triplicate. Significance was evaluated using paired Student’s t-test.
*p <0.01 versus the two fluorescent proteins GFP? and YFP co-
transfected in the same cells. (b) Time-resolved FRET detection of cell
surface ApnR homodimers. HEK cells were transfected with AsaR-
Flag, AoaR-HA or both Flag and HA tagged AoaR and were processed
for time-resolved FRET (see Experimental procedures). A mixture of
separately transfected cells with either A;aR-Flag or ApaR-HA (mixed
cells) were used as a negative control. *p <0.01 versus single trans-
fected cells.
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GFP? and YFP gave a very low FRET efficiency signal
(Fig. 4a).

BRET and FRET are powerful techniques to demonstrate
protein—protein interactions in living cells. However, neither
the above described FRET and BRET data nor the BRET data
given by Kamiya et al. (2003) give insights about the
functionality of the homodimers. This is due to the fact that
FRET, using fluorescent fusion proteins, or BRET, cannot
distinguish between interactions occurring at the cell surface or
in intracellular compartments. Functionality of G protein
coupled receptors is closely related with their expression at the
plasma membrane, i.e. the functional species will be the ones
which predominate at the cell surface. It would be then very
relevant to know whether homo or heterodimers or both are
present at the plasma membrane. In this paper the demonstra-
tion of the existence of homodimers at the cell surface has been
approached by two different techniques: time-resolved FRET
and the biotinylation of cell surface proteins. Time-resolved
FRET was assayed in cells transfected with A, R-flag and/or
A, AR-hemagglutinin detected with a fluorescent FRET pair of
antibodies against flag or hemagglutinin (see protocol in
Experimental procedures). Cotransfected cells gave a signifi-
cant and strong FRET signal compared with cells singly
transfected with one vector. When cells were transfected with
different vectors separately and then mixed prior to the assays
the signal was very weak (Fig. 4b). This indicates that A;4R
homodimers are formed in the cotransfected cells but do not
form in vitro after mixing this singly transfected cells. Overall
these results demonstrate that A,oR-A>AR homodimers are
present on the cell surface of cotransfected cells.

To confirm whether these homodimeric structures were
expressed on the cell surface, biotinylation experiments were
performed in cells expressing A, R-flag. In crude lysates it
was possible to detect both the dimer and the monomer of
A, AR when using an anti-A, R antibody (Fig. 5a). The ratio
of dimer versus monomer in the crude cell extract is less than
two (Fig. 2b). In contrast, using streptavidin to precipitate the
biotinylated proteins it was possible to detect a higher ratio of
the dimer versus the monomer (9 : 1) on the cell surface
(Fig. 5b). In the conditions described in Experimental
procedures, which constitute standard protocols for sample
preparation and immunoblotting, the receptor dimers are
preserved even in a SDS-containing denaturing buffer
(Fig. 5a). Biotinylated species existing on the cell surface
were also analyzed by immunoprecipitation using an anti-
flag antibody. In these assays more than 90% of the total
labeled proteins, corresponded to biotinylated-A,R-dimers
(Fig. 5¢c). As a control, the blot developed using an anti-
AR antibody showed in the immunoprecipitate the pres-
ence of both A,,R monomers and A,,R dimers. These
results indicate again that A, R dimers are the major species
present on the cell surface. In intracellular compartments, a
certain amount of monomeric species exists and, probably,
assemble into dimers prior to cell surface expression of
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Fig. 5 Cell surface detection of A;sR homodimers. (a) HEK-293 cells
were transiently transfected with A,aR-Flag and cell surface labeling
was performed as described in Experimental procedures. Crude
extracts (lane 1) and biotinylated proteins (lane 2) were subsequently
analyzed by SDS-PAGE and immunoblotted using anti-CTaoA poly-
clonal antibody (1/2000). **Band corresponding to the A>aR dimmer;
*band corresponding to the A;aR monomer. (b) Relative densito-
metric scans (RDS) of immunoblot in (a). The amount of A;aR dimer
(black bars) and monomer (white bars) are normalized using the total
sum of AzaR (dimer plus monomer) in each lane. The crude extract
corresponds to lane 1 in (a) and cell surface fraction to lane 2 in (a).

AsAR. Alternatively, these monomeric species could be
targeted for degradation and this may be a reason for their
failure to reach the cell surface. In any case the time-resolved
FRET and the biotinylation data confirm that homodimers are
the functionally relevant A;4R species. Demonstration of
both molecular interactions between A;AR and A,4R to form
homodimers in this paper and between A;sR and D,R to
form heterodimers (Canals et al. 2003) leads to the question
which of them is the most favored interaction. BRET
experiments performed using cells cotransfected with either
AsaR-Rluc and A;AR-YFP or AjasR-Rluc and D,R-YFP
implies that the homodimerization is more favored than
heterodimerization (Fig. 6). Although the level of expression
of the fluorescent acceptor in the assays was similar for
A, AR-YFP and D,R-YFP, these results should be taken with
some caution due to intrinsic differences in fluorescence
emission for a given amount of A;4R-YFP and D,R-YFP
and to differences in the distance between donor and acceptor
in the homo- or the heterodimer. On the other hand, the
formation of homo-oligomers by interaction of homodimers
of each receptor may not predispose to generation of an
efficient BRET signal. As the C-terminal tail of A,sR is
probably involved in A,sR-D,R heteromerization (Canals
et al. 2003), the role of this domain of the receptor in
homodimerization has been investigated. Western blot and
co-immunoprecipitation assays were performed in cells
transfected with a ¢cDNA encoding for an A;,R-deletion
mutant-flag which lacks the C-terminal region of the

Crude
extract

(c)
MW
(kDa)

o
- -
The data are the mean + SD of three independent experiments.
(c) HEK-293 cells were transiently transfected with A;aR-Flag and
cell surface labeling was performed as described in Experimental
procedures. Cells solubilized in ice-cold lysis buffer (lane 1) were
immunoprecipitated with an anti-Flag monoclonal antibody (2 ug/mL)
(lane 2 and 3). The soluble extract and immunoprecipitates were
analyzed by SDS—-PAGE and immunoblotted using anti-CTAga poly-
clonal antibody (1 : 2000) (lanes 1 and 2) or HRP-conjugate strept-

avidin (Amersham, 1/1000) (lane 3). **Band corresponding to the
AoaR dimmer; *band corresponding to the A;aR monomer.

Cell
surface

molecule (AsaactR-flag, see Experimental procedures).
Immunoblots obtained using an antibody against the flag
epitope confirmed coexpression of monomers and dimers of
AsanctR-flag in transfected cells (Fig. 7). Co-immunopre-
cipitation using anti-flag antibodies also revealed the
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Fig. 6 Comparison of the BRET ratio between the A>aR-AxaR ho-
modimer (A2A2) and the A,aR-D2R (A2D2) heterodimer. BRET was
measured in HEK-293T cells coexpressing AxaR-Rluc and ApR-YFP
or AxaR-Rluc and D,-YFP constructs. Measurements were performed
at maximum BRET keeping constant the amount of Rluc construct.
Fluorescence of the samples was assessed for similar expression of
AaAR-YFP and D,-YFP.
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Fig. 7 Dimerization of axaAcrR in HEK-293 cells. Mock transfected
cells (lane 1) or expressing AxaActR-Flag (lane 2) were washed,
solubilized and processed for immunoprecipitation using anti-Flag
monoclonal antibody (2 pg/mL). Solubilized membranes (Crude) and
immunoprecipitates (IP, Flag) were analyzed by SDS-PAGE and
immunoblotted using an anti-Flag monoclonal antibody (IB, Flag) band
corresponding to the immunoglobulins.

presence of both, monomers and dimers of the deletion
mutant (Fig. 7). The results indicate that a receptor lacking
the C-terminal domain is also able to form homodimers and
this suggests that different domains are involved in the
formation of A;AR-A;AR homodimers versus A, R-D,R
heterodimers.

On the other hand, indirect evidence shown by confocal
microscopy indicates that a high colocalization of A;4R and
D, receptor occurs in primary cultures of striatal neurons
(Hillion et al. 2002). It would then be predicted that in
striatal neurons, which express high amounts of both A,sR
and D, receptors, homodimers (of A;4R and also of D,R,
Guo et al. 2003) and heterodimers would coexist and their
proportion would vary depending on the level of expression
of each of the receptors, i.e. their stoichiometry, in individual
striatal neurons. Although agonist modulation of the ho-
modimers and the heterodimers has been ruled out for A, R
homodimers and for A,,R/D, receptor heterodimers (Canals
et al. 2003; Kamiya et al. 2003), the search of other possible
mechanisms of modulation of the interconversion among
homo and heterodimers would be of interest to understand
the exact role of these species in striatal function and to
design novel therapeutical strategies to treat basal ganglia
disorders such as Parkinson’s disease.
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ABSTRACT

Adenosine A receptors (A1Rs) and adenosine Aja receptors (AoaRs) are the
major mediators of the neuromodulatory actions of adenosine in the brain. In
the striatum AiRs and A,aRs are mostly colocalized in the GABAergic
striatopallidal neurons. In this paper we show that agonist-induced stimulation of
AiRs and A,aRs induces neurite outgrowth processes in the human
neuroblastoma SH-SYS5Y cell line and also in striatal neuronal precursor cells in
primary cultures. The kinetics of adenosine-mediated neuritogenesis was faster
than that triggered by retinoic acid. The triggering of the expression of TrkB
neurotrophin receptor and the arrest of cells in the G, phase by the activation of
adenosine receptors suggest that adenosine may participate in early steps of
neuronal differentiation. Furthermore, the A/R- and A;aR-mediated ERK-1/2
pathway activation is involved in the morphological differentiation of
neuroblastoma cells as well as PKC activation, which is necessary to induce a
full neuritogenesis. Inhibition of PKA activity results in a total inhibition of
neuritogenesis induced by AzaR agonists but not by AR agonists. PKA
activation is therefore necessary for AjaR-mediated neurotogenesis. These
results are relevant to understand the mechanisms by which adenosine
receptors modulate neuronal differentiation and open new perspectives for
considering the use of adenosine agonists as therapeutic agents in diseases

requiring neuronal repair.



INTRODUCTION

Adenosine is a ubiquitous endogenous nucleoside that functions as a
neuromodulator in the brain. Extracellular adenosine levels are dynamically
regulated by various mechanisms involving enzymes and transporters
(Kobayashi et al., 2000). In fact, cells with increased metabolic activity release
adenosine to the extracellular milieu. It has also been demonstrated that
hypoxia results in increased extracellular adenosine concentrations due to the
enhanced breakdown of adenine nucleotides. Adenosine in the brain is also
formed from the breakdown of extracellular ATP, which can be released as a
neurotransmitter ((Braun et al., 1998), (Dunwiddie et al., 2001)) or from
extracellular cAMP metabolism (Latini et al., 2001). Adenosine mediates its
actions through activation of specific G protein-coupled receptors, for which four
subtypes have been identified: A1, Aza, A2 and As receptors (Fredholm et al.,
1994). A1 and Aya receptors are the major adenosine receptor subtypes in the
central nervous system. A¢R interacts with the pertussis toxin-sensitive G
proteins, Gi and Go, that predominantly mediate inhibition of adenylyl cyclase
and activation of phospholipases. In contrast, A;aR stimulates adenylyl cyclase
via Gs (for review see (Fredholm et al., 1999), (Schulte G, 2003), (Haas and
Selbach, 2000)). A1Rs are widely distributed in the central nervous system,
whereas A;aRs are mostly expressed in the striatum (Fredholm -, 2000). In the
striatum A2aRs are mostly localized in the GABAergic striatopallidal neurons,
where they co-localize and they can potentially interact with A{Rs (Ferre et al.,
1997).

It is widely accepted that A1Rs and AzaRs are involved in the neuroprotective
role of adenosine under conditions of cerebral ischemia (Moreau et al., 1999).
Moreover, there is evidence indicating that adenosine, acting through both A{Rs
and AaRs, may influence the development of the nervous system. It has been
reported that both receptors are expressed during late prenatal periods and that
their levels increase after birth (Rivkees, 1995). The expression pattern of A1Rs
in the brain during the second half of gestation leads to the possibility that the
activation of these receptors may influence the differentiation and migration of
neurons, an event that occurs during this period of neural development
(Rivkees, 1995). Similarly, time-dependent changes in A2aR expression in the

brain has been reported to vary during development, which suggests a role of



these receptors during neuronal differentiation and synaptogenesis
(Svenningsson et al., 1999).

Controversial results have been found when investigating the role of adenosine
in neurite outgrowth in a neuronal cell model. On one hand, activation of AiRs
inhibits nerve growth factor (NGF)-induced neurite outgrowth in both A{R-
transfected PC12 cells and neurons (Thevananther et al., 2001). On the other
hand, it has also been described that antisense-mediated inactivation of ecto-5'-
nucleotidase, the enzyme that converts ATP to adenosine, inhibits neurite
outgrowth in PC12 cells which endogenously express AzaRs. ((Heilbronn et al.,
1995), (Arslan et al., 1999)). Moreover, also in PC12 cells, A;aR agonist
stimulation rescued the blockade of NGF-induced neurite outgrowth involving
MAPK and cAMP-response element-binding protein (CREB) activation (Cheng
et al., 2002). In line with these findings, Charles et al. (2003) reported that the
bacterial nucleoside N°-methyldeoxyadenosine (MDA) induces and AzaR-
mediated neurite outgrowth in PC12 cells which also depends on NGF-
dependent MAPK activation. Despite all these previous results, the direct
stimulation of adenosine receptors by their classical agonists, independent of
growth or differentiation factors, and the possible role their activation may play
in the neuronal differentiation process has not been explored.

In the present paper, we show that either A{R or AzaR activation leads to
neuritogenesis and differentiation in a neuronal cell model and in primary
cultures of rat striatal neurons. The signaling pathways involved in A1R or AzaR
neurite outgrowth were studied in the neuroblastoma cell line. MAPK and PKC
activation was involved in the differentiating effects of both A{R and AxaR
activation. PKA activation was found necessary for A;aR- but not A{R-mediated

neuritogenesis.



MATERIALS AND METHODS

Cell culture

The SH-SY5Y neuroblastoma cell line was grown in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with 2 mM L-Glutamine, 100 U/ml
penicillin/streptomycin, 1 mM sodium pyruvate and 10% heat inactivated Foetal
Calf Serum (FCS). Cells were maintained at 37°C in an atmosphere of 5% CO..
All culture reagents were from Invitrogen (Paisley, Scotland). Cryo-preserved
primary striatal neuron were obtained from QBM Cell Science, Ottawa, Canada.
The cells were stored in liquid nitrogen until use. The frozen cell suspension
was rapidly thawed by placing the tube into +37 °C waterbath for 2-3 min. By
using a 1 ml pipette the cells were transferred to a 15 ml sterile tube. Pre-
warmed NeuroBasal Media with B27 (Invitrogen) and 2 mM L-Glutamine, was
added drop by drop over a period of 2 min, continually rotating the tube. Cells
were re-suspended and plated on a 6-well sterile tissue culture plate containing
a round 12 mm coverslip coated with poly-D-lysine. The cells were incubated at
+37 °C incubator in 5% CO, air atmosphere. Two hours after plating, the media
was replaced with DMEM containing 10 % heat-inactivated FCS and 50 mg/ml
Gentamicin. The next day the cells were washed with DMEM, and the medium
replaced with serum free B27-supplemented Neurobasal medium (Invitrogen)
containing 50mg/ml Gentamicin (BNG medium) in absence or presence of 100
nM of R-PIA or 100 nM of CGS21680. Cells were kept at 37 °C in an

atmosphere of 5% CO,, for the indicated time without frequent medium change.

RNA extraction and RT-PCR.

Total RNA of SH-SYSY cells was extracted using the QuickPrep Total RNA
extraction kit from Amersham Pharmacia Biotech (Buckinghamshire, UK) and
following manufacturer’s instructions. For the RT-PCR assay 2 ug of total RNA
was reversely transcribed using SUPERSCRIPT RNaseH Reverse
Transcriptase protocol (Invitrogen). 2 yl of cDNA were used to perform PCR
amplification for A1R, A,aR and GADPH as an internal control. Samples were
subjected to 30 cycles of 95 °C for 1 min, 58 °C for 30 s, and 72 °C for 2 min on
a Techne thermal cycler, with hot start at 95 °C. Products were analyzed on 2%

ethidium bromide stained gels. Primer sequences were as follows: human AR



forward (FhA1), GCGGTGAGGCAGGGGAGTCT; human AR reverse (RhA1),
GGGGCGCCTACAGTCAACACG; human AzaR forward (FhA2A),
GGCTGCCCCTACACATCATCAACT; human AxaR reverse (RhA2A);
TGGGCCAGGGGGTCATCT; human  GADPH  forward (FhGADPH),
GCGGGGCTCTCCAGAACATCAT; human GADPH reverse (RhGADPH),
GGTGGTCCAGGGGTCTTACTCC.

Immunocytochemistry

SH-SYS5Y cells were incubated in absence or presence of 10 uM of retinoic acid
(RA), 100 nM of R-PIA or 100 nM of CGS21680 (Sigma, Saint Louis, U.S.A) for
the indicated time. Treated cells were subsequently fixed in 4%
paraformaldehyde for 15 min and washed with PBS containing 20 mM glycine
(buffer A) to quench the aldehyde groups. Where indicated, cells were
permeabilized with buffer A containing 0.2% Triton X-100 for 5 min. Cells were
blocked with buffer A containing 1% BSA (buffer B) for 1 h at room temperature.
Cells were labeled for 1 h with the corresponding primary antibody: rabbit anti-
A1R antibody (PC21 1:200), rabbit anti- A;aR antibody (VC21 1:200), mouse
anti-MAP antibody (1:200, Calbiochem, San Diego, USA) or rabbit anti-trkB
antibody (1:1500, Chemicon, Temecula, USA). Subsequently, cells were
washed and stained with the secondary antibody: Cy3-conjugated affinity-
purified donkey anti-mouse IgG or Cy5-conjugated affinity-purified donkey anti-
rabbit 1IgG (both at a 1:200 dilution, Jackson ImmunoResearch, West Grove,
USA,). Coverslips were rinsed for 30 min in buffer B and mounted with
ImmunoFluor mounting medium (ICN, Cleveland, USA). Confocal microscope
observations were made with a Leica TCS-SP (Leica Lasertechnik, Heidelberg,
Germany) confocal scanning laser microscope adapted to an inverted Leitz
DMIRBE microscope. For primary cultures of striatal neurons, cells were directly
plated in medium containing 100 nM of CGS21680 or 100 nM of R-PIA and
incubated for one or two weeks. Subsequently, fixation, permeabilization and

MAP labelling were performed as described above for SH-SY5Y cells.

Evaluation of neuritogenesis
SH-SY5Y cells were seeded in 10 mm poly-D-lysine coated glass cover slips

and incubated with FBS containing medium in absence or presence of 10 yM of



retinoic acid, 100 nM of R-PIA, 100 nM of CGS21680, 1 yuM of DPCPX (Sigma)
or 1 uM of ZM241385 (Tocris, Bristol, UK) alone or in combination and for the
indicated time. Treated cells were washed once with DMEM and once with
PBS, fixed in 4% paraformaldehyde for 15 min, and washed with phosphate
buffered saline (PBS) containing 20 mM glycine. Cover slips were mounted with
Mowiol mounting medium and phase-contrast observations were made in a
Leica DMIRB (Leica Microsystems) with a 0.63X lens. Cell bodies and neurites
present in 15 randomly selected fields were measured using MetaMorph
Imaging System (Universal Imaging Corporation, USA). Cells were considered
to be differentiated if they had at least one process longer than the cell body,
which would be regarded as a neurite, and the results are expressed in
percentage respect to the total cell number. At least three independent
experiments were conducted in each treatment and the results are expressed

as mean+/-SEM.

Western blot analysis

To determine the presence of AiRs and A;aRs, SH-SYSY neuroblastoma cell
membranes were obtained by disrupting the cells with a Polytron homogenizer
(Kinematica, PTA 20TS rotor, setting 4; Brinkmann) for three 5s-periods in 50
mM Tris-HCI, pH 7.4. Membranes were separated by centrifugation at 105,000
x g for 45 min at 4 °C. For the TrkB receptor expression, SH-SY5Y cells were
incubated in the absence or presence of 10 uM of RA, 100 nM of R-PIA or 100
nM of CGS21680 for the indicated time. Extracts from treated cells were
prepared in ice-cold RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate,
EDTA 1mM and 0.1% SDS in PBS) containing a protease inhibitor cocktail
(Sigma). In all cases, the total protein content was measured using the BCA
Protein Assay Reagent (Pierce, Rockford, USA). Aliquots corresponding to 20
Mg of protein were mixed with SDS loading buffer, applied to 7.5% SDS-
Polyacrylamide gel electrophoresis, transferred to a PVDF membrane and
analyzed by western blot for the detection of TrkB with an anti-TrkB antibody
(1:1500, Chemicon). Striping of these membranes and blotting with a mouse
anti-tubulin antibody (1:500, Sigma) was performed as a control for the amount
of protein loaded in the gel. For the detection of adenosine receptors, anti- A{R

(PC21) or anti- A,AR were used. The immunoreactive bands were visualized



using horseradish peroxidase-linked secondary anti-mouse and anti-rabbit
antibodies (DAKO, Denmark) and SuperSignal West Pico Chemiluminescent
Substrate (Pierce).

ERK phosphorylation assays

SH-SYS5Y cells were grown to 80% confluence and rendered quiescent by
serum starvation overnight prior to MAPK phosphorylation assays. An additional
2h- period of incubation in fresh serum-free medium was performed to minimize
basal activity. Cells were subsequently stimulated by addition of medium with or
without agonists (R-PIA for A{R or CGS21680 for A;aR) and/or antagonists
(DPCPX for A1R or ZM241385 for A,aR) and/or signal transduction inhibitors
(PD98059 for MEK, GF109203XX for PKC and H89 for PKA, all from Tocris).
Stimulation was terminated by rapidly rinsing with ice-cold PBS and cell lysis
was performed by the addition of 500 ul of ice-cold lysis buffer (50 mM Tris-HCI
pH 7.4, 50 mM NaF, 150 mM NaCl, 40 mM a-Glycerophosphate, 1% Triton
100X, 20 uM phenyl-arsin oxide, 1 mM NaVO, and protease inhibitor cocktail).
The cellular debris was removed by centrifugation at 13000xg for 5 min, and the
total protein content was measured using BCA Protein Assay Reagent (Pierce).
Aliquots corresponding to 15 ug of protein were mixed with SDS loading buffer,
applied to 7.5% SDS-Polyacrylamide gel electrophoresis and analyzed by
western blot. ERK1/2 activation was assayed by incubating PVDF blots with a
mouse anti-phospho-ERK1/2 antibody (Sigma, 1:10000). In order to rule out
that the differences observed were due to the application of unequal amounts of
lysates, control blots were also run in parallel and probed with a rabbit anti-
ERK1/2 antibody that recognizes both, unphosphorylated and phosphorylated
forms (Sigma, 1:40000). The immunoreactive bands were visualized using
horseradish peroxidase linked secondary anti-mouse and anti-rabbit antibodies
(DAKO) and SuperSignal West Pico Chemiluminescent Substrate (Pierce).
Quantitative analysis of detected bands was performed by densitometry

scanning.

p21 Ras activation assay.
A pull-down assay reported elsewhere was used to measure the degree of
activation of p21 Ras, ((de Rooij and Bos, 1997), (Ferrer et al., 2001),(Gomez-



Santos et al., 2002)). Shortly, human neuroblastoma SH-SY5Y cells were cultured
in 10 cm-plates until 80-90% confluence and serum deprived for 16 h. Cells were
stimulated with 100 nM of PIA or 100 nM of CGS21680 for different time periods
at 37 °C prior being washed with ice-cold PBS and lysed with buffer A (50mM
Tris-HCI pH 7.5, 15mM NaCl, 20mM MgCl,, 5mM EGTA, 100 uM phenyl-
methylsulfonyl fluoride, 1 pug/ml of leupeptin, 1 uM pepstatin A, 1% Triton X-100,
1% N-octylglucoside) for 15 min at 4°C. Insoluble material was removed by
centrifugation at 12,000 x g for 10 min. Lysates (1.5 mg protein) were incubated
for 2 h at 4°C with 30 ug of glutathione S-transferase (GST)-RBD fusion protein
(where RBD consists of amino acids 51 to 131 of Raf-1 which is the minimal
domain required for the binding of Ras-GTP) preadsorbed to glutathione-
sepharose beads. Precipitates were washed four times with buffer A. The
presence of p21 ras was detected by resuspending the final pellet in 25 pl of
Laemmli sample buffer (Laemmli, 1970), followed by protein separation on 12.5%
polyacrylamide gels and Western blotting as described above using the
monoclonal antibody pan-Ras-Ab3 (Calbiochem). As control, 25 ug of the

supernatant were loaded to immunodetect total Ras.

Cell cycle analysis.

SH-SY5Y cells were incubated in absence or presence of 10 uM of RA, 100 nM
of R-PIA or 100 nM of CGS21680 for the indicated time. Treated cells were
trypsinized and rinsed twice with PBS by centrifugation at 2000 rpm. At least
4x10° cells were resuspended in 150 ul PBS + 1% FBS, fixed by slow addition
of absolute ethanol for 10 min at -20°C, rinsed with PBS and then labelled with
20 pg/ml propidium iodide and 10 ug/ml of RNAse A (Sigma) on ice for 1 hour.
Fluorescence-activated cell sorter (FACS) analysis was carried out using an
Epics XL flow cytometer (Coulter Corporation, Hialeah, Florida). The instrument
was set up with the standard configuration: excitation of the sample was done
using an standard 488nm air-cooled argon-ion laser at 15 mW power. Forward
scatter (FSC), side scatter (SSC) and red (620 nm) fluorescence for propidium
iodide were acquired. Optical alignment was based on optimized signal from 10
nm fluorescent beads (Immunocheck, Epics Division). Time was used as a
control of the stability of the instrument. Aggregates were excluded gating single

cells by their area vs. peak fluorescence signal. DNA analysis (Ploidy analysis)



on single fluorescence histograms was made using Multicycle software

(Phoenix Flow Systems, San Diego, USA).

RESULTS

Expression of adenosine A;Rs and A;aRs in SH-SY5Y cells.

The expression of endogenous A{Rs and AzaRs in SH-SY5Y cells was
previously demonstrated by radioligand-binding experiments (Salim et al., 2000)
and further confirmed by three different techniques. RT-PCR showed the
existence of the mRNA for both receptors (Fig 1A) and protein expression was
confirmed by western blot of cell membranes using specific anti-AsR and anti-
A2aR antibodies which revealed the bands corresponding to each receptor (Fig
1B). The expression of the receptors on the cell surface of SH-SY5Y cells was

confirmed by immunocytochemistry and confocal microscopy analysis (Fig 1C).

Activation of AR and A24R induces neurite outgrowth in SH-SYS5Y cells.
The human neuroblastoma cell line SH-SY5Y is a well-characterized model
system to study neuronal differentiation in vitro. These cells develop long
neurites and express several neuronal markers when treated with different
agents including neurotrophic factors (Kaplan et al., 1993), retinoic acid (RA) or
phorbol esters (Pahlman et al., 1995). SH-SY5Y cells reduce their rate of
growth and initialize differentiation toward a neuronal phenotype when exposed
to 10 uM retinoic acid (RA, (Pahlman et al., 1984),(Encinas et al., 2000)). This
reagent has therefore been used as a control treatment for neuritogenesis. The
effect of adenosine on neuroblastoma in vitro differentiation was analyzed using
agonists selective for AR (R-PIA) or A2aR (CGS21680). Treatment with R-PIA
or CGS21680 in complete medium induced morphological changes in the cells
with the appearance of what resembled neurite outgrowth processes (Fig 2).
Neuritogenesis was observed by immunocytochemistry and confocal
microscopy analysis with an anti-MAP antibody, and by phase-contrast imaging
of treated cells.

Using different concentrations (Fig 3A) and different incubation times (Fig 3B) it
was found that this effect was saturable reaching a maximal neuritogenesis at
100 nM and after 24h of incubation with either R-PIA or CGS21680. To

demonstrate agonist selectivity the ability of selective antagonists to prevent the



agonist-induced neurite outgrowth was analyzed. As shown in Fig. 4. The
effects of R-PIA (100 nM) could be antagonised by the selective A{R antagonist
DPCPX (1 pM), but not by the selective AaR antagonist ZM241385 (1 pM).
Conversely, ZM241385 (1 uM), but not DPCPX (1 uM), prevented the effects of
CGS21680 (100 nM). Taken together these results indicate that each of the
receptors, A1R and AxaR, are able to induce neurite outgrowth processes when

stimulated by their corresponding agonist.

Activation of AiRs or AzaRs triggers the expression of TrkB and the G,
cell cycle arresting of SH-SY5Y cells.

To determine if R-PIA or CGS21680-induced neurite outgrowth processes
indicated neuronal differentiation, differentiation markers were analyzed. As
previously reported, differentiation of SH-SYS5Y cells leads to the expression of
TrkB receptor (Kaplan et al., 1993). Western blots of cell lysates revealed that
24h of treatment with 100 nM R-PIA or 100 nM CGS21680 resulted in a
significant increase in TrkB receptor levels (Fig. 5A). To ensure that the
differences observed were not due to the application of uneven amounts of
lysates, control blots were also run in parallel and probed with an anti-tubulin
antibody (Fig. 5A). TrkB receptor expression on the cell surface was
established by immunocytochemistry and confocal microscopy analysis, (Fig.
5B).

Since neuronal differentiation processes are usually related to cell cycle
regulation we analyzed the cell cycle distribution during R-PIA and CGS21680
treatments (Fig. 5C). Propidium iodide was used to label cells after 48h of
treatment and cell cycle distribution was measured. Untreated cells (control)
displayed 30 £ 2% (meantS.E.M.) of the cells in the S phase while 60 + 5%
(meantS.E.M.) remained in the G phase. Treatment with the differentiating
agent RA increased the number of cells arrested in G phase up to 70%, R-PIA
and CGS21680 increased the number of cells arrested in G1 phase to the same
extent as retinoic acid (Fig. 5C). Taken together these results suggest that the
neurite outgrowth processes induced by activation of either A{Rs or AzaRs
reflect early steps in the differentiation of the SH-SYSY cell line toward a

neuronal phenotype.



A1R- and A;aR-mediated activation of MAPK pathway in SH-SY5Y cells
Previous reports have described that the MAPK cascade is activated by
adenosine receptors ((Schulte and Fredholm, 2003), (Seidel et al., 1999),
(Angulo, 2003; Angulo E., 2003)). To know whether A{Rs and A;aRs are able to
trigger activation of this signalling pathway in SH-SY5Y cells, ERK-1/2
phosphorylation was determined. By the results found in both dose-response
(Fig. 6A) and time-course (Fig. 6B) experiments it was found that adenosine
receptors in SH-SY5Y cells are coupled to the MAPK cascade, the maximal
activation being achieved at 3 min with 100 nM of R-PIA and at 5 min with 100
nM of CGS21680. The ERK-1/2 phosphorylation induced by R-PIA was
inhibited by the selective antagonist of AR, DPCPX (1 uM), and that induced by
CGS21689 was inhibited by the selective AaR antagonist ZM241385 (1 uM)
(Fig. 6C). Activation of p21Ras occurred with the two selective agonists and the
maximum of activation was found at 3 min for R-PIA (100 nM) and at 10 min
when CGS21680 (100 nM) was used (Fig. 7).

In order to better characterize the mechanism of the signal transduction
pathways involved in the ERK1/2 activation, a set of experiments were
performed in the presence of PD98059, a MEK inhibitor, GF109203XX, an
inhibitor of conventional and novel PKC isoforms, and H89, an inhibitor of PKA.
As observed in Fig. 8A, R-PlA-induced phosphorylation of ERK-1/2 was only
inhibited by PD98059. ERK-1/2 phosphorylation induced by CGS21680 could
be inhibited by both PD98059 and H89 but not with GF109203X. These results
indicate that the pathway from AR activation down to ERK-1/2 phosphorylation
is independent of PKA and PKC whereas the pathway triggered by AsaR is
dependent of PKA but not PKC.

Signalling pathways involved in A1R- and AzaR-mediated differentiation.

To determine the signal transduction pathway involved in differentiation, the
ability of MEK, PKC or PKA inhibitors to prevent adenosine receptors-mediated
neuritogenesis was explored (Fig. 8B). R-PIA-induced processes were only
partially inhibited when PD98059 or GF109203X were used alone but they were
totally inhibited when used in combination. In contrast, the PKA inhibitor H89
had no effect. These results suggest that both, MAPK and PKC, are

independently involved in the differentiation processes induced by the



stimulation of A1Rs. Similar experiments performed using CGS21680 resulted in
a partial inhibition of the differentiation pattern by PD98059 or GF109203X and
a total inhibition when both reagents combined together. As in the case of AR,
activation of A;aRs results in independent MAPK- and PKC-mediated
neuritogenesis. In the case of the treatment with CGS21680, H89 was however
able to inhibit the process.

A1R or Az;aR activation accelerates differentiation processes in primary
cultures of striatal neurons.

The effects of A{R or AzaR stimulation on the growth and differentiation of
primary neuronal cell cultures was determined. R-PIA or CGS21680 were
added immediately after seeding neuronal precursor cells in Neurobasal
medium (see Methods) and cell morphology was followed during 14 days (see
Methods). Treatment with either 100 nM of R-PIA or 100 nM of CGS21680
accelerated the neuronal differentiation process since primary neuronal
precursors after 1 week of incubation with either ligand already presented a
neuronal morphology, which was not observed in non-treated control plates
(Fig.9). These results suggest that the adenosine A1R and AzaR not only induce
the differentiation of the SH-SY5Y neuroblastoma cell line but also accelerate

neuritogenesis in primary neuronal precursor cells.

DISCUSSION

In this study activation of A1Rs or AzaRs is shown to induce neurite outgrowth in
the SH-SY5Y neuroblastoma cell line and primary cultures of striatal neurons.
Using SH-SYS5Y cells as a neuronal model, the neurite outgrowth after the
stimulation of A1Rs and A;aRs was found to be mediated by the phosphorylation
of ERK-1/2 and the activation of PKC. In addition, agonist stimulation of A1Rs
and A,aRs induced both the expression of TrkB receptors and the arrest of cells
in the G4 phase, which are early events in neuronal differentiation processes
((Kaplan et al., 1993; Encinas et al., 2000)).

The intracellular events triggering neurite sprouting are not well established (Da
Silva et al., 2003). Some authors suggest that the MAPK pathway is involved in
BDNF-mediated survival and neuritogenesis in SH-SY5Y neuroblastoma cells

(Encinas et al., 1999), whereas others postulate a role for this pathway in gene



induction for differentiation but not for the neurite outgrowth (Olsson et al.,
2001). Also, Miller and colleagues have demonstrated that the MAPK pathway
plays no role in neural progenitor survival or proliferation but, instead,
specifically regulates neurogenesis ((Menard et al., 2002), (Barnabe-Heider et
al., 2003)). Interestingly, in this paper the neuronal differentiation induced by
A1R or AzaR activation was found to be dependent upon both the MAPK activity
and PKC activity, but in an independent manner.

In agreement with the results shown in Fig. 7, it has been demonstrated in SH-
SY5Y cells that A\Rs mediate ERK-1/2 phosphorylation by a ras-dependent
pathway (Angulo et al., 2003). This suggests that in these cells A{R activate the
classical ras/raffMEK/ERK pathway (see (Luttrell et al., 1999) and references
therein). Here it is shown that not only A/R but also Az;aR activates the
MEK/ERK-1/2 pathway. However, while the AR activation of this pathway was
found to be PKA independent, the A;aR response is mediated by PKA. In fact,
A2aR agonists, but not A{R agonists, are able to increase intracellular cAMP
concentration, which subsequently activates PKA. In some cell types cAMP
controls ras and, subsequently, the raff MEK/ERK pathway (see (Luttrell et al.,
1999) and references therein). In the case of SH-SY5Y neuroblastoma cells this
could be a straightforward possibility since it is well known that AzaR is
positively coupled to adenylate cyclase (Hillion et al., 2002) and in the present
report we found an AzaR agonist-induced ras activation (Fig. 7). However, in
these cells ERK1/2 phosphorylation was completely sensible to PKA inhibition
thus suggesting that A;aR-mediated ERK1/2 activation follows the classical
pathway downstream of PKA (Luttrell et al., 1999) which includes Rap1/B-
RAF/MEK/ERK1/2..

In agreement with previously reported data, ERK-1/2 activation may not be the
only pathway involved in the morphological differentiation of SH-SY5Y
neuroblastoma cells (Olsson et al., 2001)). In fact, it has been shown that
PACAP-mediated neurite outgrowth results in pleiotropic stimulation of several
signaling pathways acting synergistically (Bouschet et al., 2003).

The present results show that PKC activation is also necessary to induce a full
neuritogenesis after stimulation of A{R or A2aR (Fig.8). In SH-SYSY cells the
activation of different isoforms of PKC by TPA has been shown to induce

neurite outgrowth processes (Zeidman et al., 1999). Based on the finding that



the inhibitors of MEK or PKC are only able to totally prevent neuritogenesis
when used in combination, while only partially preventing it when used
separately, it is suggested that MAPK and PKC may be two independent
pathways that upon AR or A;aR activation lead to similar differentiation events.
The PKC isoform activated upon treatment of cells with R-PIA has to be
conventional or novel since the effect is sensitive to GF109203XX, which at the
concentrations used does not inhibit atypical PKC isoforms. Most probably,
conventional PKC isoforms are not involved, since they are calcium-dependent
and it has previously been reported that AR activation in SH-SY5Y cells leads
to decreases in intracellular calcium (Salim et al., 2000). Thus, a novel PKC
isoform, likely different from the one activated via A;aR (PKCg, see below), is
probably controlled by AR in neuroblastoma cells. A more complex picture
occurs with AxaR activation. In pheochromocytoma PC12 cells CGS212680 can
activate both novel (PKCeg) and atypical (PKC() isoforms in a calcium-
independent manner (Gardner et al., 2003). The atypical PKCC isoform
mediates the A,aR-promoted antagonization of apoptosis in serum-deprived
PC12 cells (Huang et al., 2001). Since GF109203XX, which is less efficient in
inhibiting atypical isoforms such as PKC(, partially blocked neurite outgrowth,
PKCe could participate in the ERK-independent pathway of A;aR-mediated
neuritogenesis. Since inhibitors of PKA activity resulted in a total inhibition of
neuritogenesis induced by CGS21680, it is postulated that in the A,aR-mediated
differentiation events, PKA is activating the MEK/ERK pathway and another
pathway that in combination with a PKC-dependent pathway results in
neuritogenesis. A not yet identified signaling molecule could act as a link
between PKA and PKC or, eventually, a PKA-mediated activation of a
component of the signaling cascade could be essential for PKC translocation to
the nucleus and couple this molecule to differentiation events.

It should be noted that in PC12 cells A{R activation inhibits NGF-induced
neurite outgrowth via activation of Rho kinase (Thevananther et al., 2001) that
via profillin lla controls actin stability (Da Silva et al., 2003). This mechanism
may be dependent upon the presence of NGF or may not be dominant in SH-
SY5Y cells since the AR transduction led concomitantly to a MEK-dependent

and a PKC-dependent neurite outgrowth. Activation of either AR or A;aR leads



to a quicker differentiation of neural precursor cells (Fig. 9) and even after 14
days of culture there is no evident damage or degradation in growing cones.

Recently, it has been described that adenosine, acting through adenosine
receptors, appears to be an active axon-glial signaling molecule in the CNS,
where it promotes oligodendrocyte progenitor cells differentiation into
myelinating oligodendrocytes (Stevens et al., 2002). Our observation that the
activation of AR or AaR induces the differentiation of the SH-SY5Y
neuroblastoma cell line as well as accelerates neuritogenesis in primary
neuronal precursor cells suggests that this nucleoside plays an important role
not only in myelinization processes but also during neuronal differentiation.
Impairment of neurite outgrowth has been associated with Alzheimer’s disease,
((Furukawa et al., 1998),(Dowjat et al., 1999)) and mutations that affect
neuronal differentiation cause multiple diseases in humans, ranging from
varying degrees of mental retardation to severe heteropathies that lead to early
death (da Silva and Dotti, 2002). This highlights the importance of
understanding the mechanisms behind the early stages of neuronal
differentiation. Based on the present results adenosine receptors may be

considered as targets for treatment of these diseases.
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FIGURE LEGENDS

Figure 1. A;R and A;aR expression by human neuroblastoma SH-SY5Y
cells. (A). RT-PCR assays from Jurkat (Control) and SH-SY5Y cells RNAs
were performed for A{R, A,aR and GADPH as indicated in Materials and
Methods. (B). Western blots of SH-SY5Y membranes with specific antibodies
that recognize AR and AzaR. (C). Immunocytochemistry of fixed SH-SY5Y cells
using specific antibodies that recognize A{R and A;aR. Punctate A1R and A;aR

immunoreactivity is demonstrated. Scale bars, 10 um.

Figure 2. Neurite outgrowth induction in SH-SY5Y cells. SH-SY5Y cells
were treated for 48 h with 10 uM of retinoic acid, 100 nM of CGS21680 or 100
nM of R-PIA and were subsequently permeabilized and processed for
immunocytochemistry with an anti-MAP antibody (green images) or observed

under a phase-contrast microscope. Scale bars, 10 um.

Figure 3. AsR and A24R agonist-induced neuritogenesis in SH-SY5Y cells.
(A). Cells were treated with different concentrations of the A{R agonist R-PIA
(grey bars) or the AzaR agonist CGS21680 (white bars) for 24 h and neurite
outgrowth was scored as described in Materials and Methods. Results are
expressed as means + SEM of four independent experiments. One-way
ANOVA showed a significant increase in differentiation processes (post-hoc
Newman-Keuls test, p<0.05 in all cases). (B). Cells were treated with 100 nM of
R-PIA (grey bars) or 100 nM of CGS21680 (white bars) for different times and
analysed for neurite outgrowth. Results are expressed as means + SEM of
three independent experiments. One-way ANOVA showed a significant
increase in differentiation processes (post-hoc Newman-Keuls test, p<0.05 in all

cases except for 2 h of R-PIA).



Figure 4. Blockade of A;R and A;aR agonist-induced neuritogenesis by
selective antagonists. SH-SY5Y cells were treated with 100 nM of R-PIA or
100 nM of CGS21680 in presence or absence of 1 yM of either the AR
antagonist DPCPX or the AzaR antagonist ZM241385. Neurite outgrowth was
scored as described in Materials and Methods. Results are expressed as
means + SEM of three independent experiments. ***, p<0.001 compared with
control; ++, p<0.01 compared with R-PIA; ¢, p<0.05 compared with CGS by one

way ANOVA and post-hoc Newman-Keuls multiple comparison test.

Figure 5. AJR and A;aR agonist-induced TrkB expression and G arresting
in SH-SY5Y cells. Cell were treated with 10 yM of retinoic acid, 100 nM of R-
PIA or 100 nM of CGS21680 for 24 and 48 h and (A) lysates were analyzed by
western blot or (B) fixed cells were processed for immunocytochemistry using
an anti-TrkB antibody. Tubulin detection ensured that equal amounts of protein
were loaded on the gel. (C) FACS analysis was performed to analyze the cell
cycle distribution; a representative experiment is represented. Scale bars, 10

um.

Figure 6. AsR and A24R agonist-induced ERK1/2 phosphorylation. ERK1/2
phosphorylation was determined as described in Materials and Methods. (A)
Cells were treated (5 min) with increasing concentrations of R-PIA (grey bars)
or CGS21680 (white bars). (B) Cells were treated for increasing time periods
with 100 nM of R-PIA (grey bars) or 100 nM of CGS21680 (white bars). (C)
Cells were treated (5 min) with 100 nM of R-PIA or 100nM of CGS21680 in
presence or absence of 1 uyM of DPCPX or ZM241385. Results are expressed
as means + SEM of three independent experiments. In A and B, **, p<0.05
compared with control; one-way ANOVA and post-hoc Newman-Keuls multiple
comparison test. In C, **, p<0.001 compared to the control; ++, p<0.001
compared with R-PIA, ¢+, p<0.001 compared to CGS21680 by one-way ANOVA

and post-hoc Newman-Keuls multiple comparison test.

Figure 7. A1R and A2sR agonist-induced p21Ras activation. SH-SY5Y cells
were incubated for different times with 100 nM of R-PIA or 100nM of CGS21680

and the activation of p21 Ras was determined (See Materials and Methods).



Figure 8. Effects of signal transduction inhibitors in ERK1/2
phosphorylation and neuritogenesis. SH-SY5Y cells were incubated for 1h
with either 75 pM of the MEK inhibitor, PD98059, 5 uM of the PKC inhibitor
GF109203XX, or 10 yM of the PKA inhibitor H89 and stimulated with 100 nM of
R-PIA or 100 nM of CGS21680. (A) After 5 min cells were lysed and analysed
for ERK1/2 phosphorylation. Left panel shows a representative western-blot.
Right panel shows densitrometric quantitation of three independent
experiments. Results are expressed as means + SEM of three independent
experiments and in the cases where an inhibitor is used, the percentage is
calculated over the inhibitor alone. **, p<0.05 compared to the control by one-
way ANOVA and post-hoc Newman-Keuls multiple comparison test. (B) After
24 h neurite outgrowth was measured as described in Materials and Methods.
** p<0.05 compared to R-PIA or CGS21680 by one way ANOVA and post-hoc

Newman-Keuls multiple comparison test.

Figure 9. A;R and A iR agonists accelerate differentiation in primary
cultures of striatal neurons. Neuronal precursors were plated directly in
medium in presence or absence of 100 nM of R-PIA or 100 nM of CGS21680.
After 1 or 2 weeks, cells were fixed and permeabilized and
immunocytochemistry to detect MAP immunoreactivity was performed. Scale

bars, 10 um.
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The contribution in some collaborations performed during this thesis have
succeeded in the publication of two papers which are not included as “Results” but
are enclosed in ANNEX 1. The contribution in each paper has been:

Torvinen M, Gines S, Hillion H, Latini S, Canals M, Ciruela F, Bordoni F,
Staines W, Pedata F, Agnati L, Lluis C, Franco R, Ferre S, Fuxe K., 2002,
“‘Interactions among adenosine deaminase, adenosine A; receptors and
dopamine D1 receptors in stably cotransfected fibroblast cells and neurons”
Neuroscience, 113, 709-719.

Immunocytochemistry and confocal microscopy analysis for the study of co-
localization of A1R, D1R and ADA in Ltk fibroblast cells.

Ciruela F, Burguefio J, Casadé V, Canals M, Marcellino D, Goldberg S,
Bader M, Fuxe K, Agnati L, Lluis C, Franco R, Ferré S, Woods A., 2004,
‘Adenosine  Aja-dopamine D,  receptor-receptor  heteromerization.
Involvement of epitope-epitope electrostatic interactions” Submitted
manuscript.

Performance of BRET experiments using a mutant D,R to characterize the
possible sites of interaction between A;pR/D2R.
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