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It is well known that cocaine blocks the dopamine transporter. This
mechanism should lead to a general increase in dopaminergic
neurotransmission, and yet dopamine D, receptors (D4Rs) play a more
significant role in the behavioral effects of cocaine than the other
dopamine receptor subtypes. Cocaine also binds to ¢-1 receptors,
the physiological role of which is largely unknown. In the present
study, D4R and ¢4R were found to heteromerize in transfected cells,
where cocaine robustly potentiated D,R-mediated adenylyl cyclase
activation, induced MAPK activation per se and counteracted MAPK
activation induced by D4R stimulation in a dopamine transporter-
independent and ¢,R-dependent manner. Some of these effects
were also demonstrated in murine striatal slices and were absent
in 64R KO mice, providing evidence for the existence of 6;R-D4R het-
eromers in the brain. Therefore, these results provide a molecular
explanation for which D4R plays a more significant role in the behav-
ioral effects of cocaine, through ¢,R-D4R heteromerization, and pro-
vide a unique perspective toward understanding the molecular basis
of cocaine addiction.

receptor heteromer | drug addiction

key molecular mechanism contributing to the development

of addiction by drugs of abuse consist of the increase of the
extracellular levels of dopamine in the striatum, particularly in its
ventral portion, the nucleus accumbens (1, 2). Cocaine causes
a rapid and strong increase in striatal extracellular dopamine by
its ability to bind with high affinity to the dopamine transporter
(DAT) and to inhibit its function (3-5). In the striatum, dopa-
mine signaling is mediated mainly by dopamine D; and D,
receptors (D;Rs and D,Rs, respectively), which are mostly seg-
regated in two phenotypically different subtypes of GABAergic
medium-sized spiny neurons (MSNs) (6). Activation of DRs is
an absolute requirement for the induction of many of the cellular
and behavioral responses to cocaine, as deduced from studies
performed in D;R KO mice and from experiments with trans-
genic mice in which D;R- or D,R-expressing MSNs are visual-
ized by the expression of fluorescent proteins (7-11).

The o-1 receptor, originally proposed as a subtype of opioid
receptors, is now considered to be a nonopioid receptor with two
transmembrane domains, one extracellular loop and cytosolic N
and C termini (12). The o;R is highly expressed in the brain,
including the striatum, and its association with neurons is well
established (12, 13). However, its biological function and even its
main endogenous neurotransmitter remain enigmatic (12). Co-
caine interacts with o;Rs at pharmacologically relevant concen-
trations (12, 14). In fact, reducing brain o;R levels with antisense
oligonucleotides attenuates the convulsive and locomotor stim-
ulant actions of cocaine (15, 16), and o;R antagonists mitigate
the actions of cocaine in animal models (12, 14). A recent study
showed that o;R agonists not only potentiate the reinforcing
effects of cocaine, but they may be self-administered (17). In the
current study, we explored the existence of molecular and
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functional interactions between ;R and DR, which could un-
derlie these pharmacological interactions.

Using bioluminescence resonance energy transfer-based tech-
niques, we report a molecular interaction in living cells between
o1R and D;R. Cocaine was able to bind to a receptor heteromer
constituted by at least one 6;R and two D4R units and promoted
structural changes in the heteromer that led to significant mod-
ifications in DR function. Cocaine effects on D;R function did
not occur in cells transfected with o;R siRNA or in striatal slices
of 6:R KO mice. Altogether, the findings indicate that 6;R-D;R
heteromer-mediated alterations of dopaminergic neurotrans-
mission constitutes a previously uncharacterized mechanism of
cocaine action.

Results

Heteromerization of ¢4R and D;R. We explored the possibility that
01R might interact directly with D;R. BRET measurements were
performed in HEK-293T cells expressing a constant amount of
D4R fused to Renilla Luciferase (Rluc) and increasing amounts
of o1R fused to yellow fluorescence protein (YFP). A positive
and saturable BRET signal was obtained (BRET ., 44 + 4;
BRETs5, 18 + 3; Fig. 14). The pair constituted by the adenosine
A receptor fused to Rluc, and the 6;R-YFP was used as a neg-
ative control. As shown in Fig. 14, the negative control gave
a linear nonspecific BRET signal, thus confirming the specificity
of the interaction between D;R-Rluc and o;R-YFP. Because
one of the limitations of BRET is that it cannot distinguish be-
tween two or three interacting proteins, and because homome-
rization seems to be a requirement for the normal membrane
expression of DR (18), we investigated the possible formation of
receptor heteromers constituted by 6;R and D;R homomers by
combining BRET with bimolecular fluorescence complementa-
tion (BiFC, Fig.1C) (19). Cells were cotransfected with cDNAs
for 6;R-Rluc, D{R-nYFP and D;R-cYFP, and BRET between
o1R-Rluc receptor as donor and reconstituted D;R-nYFP-
D;R—cYFP homomer as acceptor was evaluated. 6;R-D;R-D{R
heterotrimerization could be demonstrated by a positive and
saturable BRET signal (BRET ,,ax, 46 + 6; BRETS5, 21 + 5; Fig.
1B). Cells expressing 1R, D;{R-cYFP and nYFP or o,R, D;R-
nYFP and cYFP did not provide any significant fluorescent sig-
nal or positive BRET. An additional negative control was per-
formed using GABAg, receptor fused to Rluc, which did not
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Fig. 1. Heteromerization of D4R and oR in living cells. (A) BRET saturation
experiments performed with HEK-293T cells transfected with D;R-Rluc cDNA
(0.6 pg; M or AR-Rluc cDNA as negative control (0.4 ug; A) and increasing
amounts of 6,R-YFP cDNA (0.2-2 pg cDNA). (B) BRET saturation curve was
obtained using HEK-293T cells cotransfected with c,R-Rluc cDNA (0.4 ng, W)
or GABAg,R-Rluc cDNA as negative control (0.5 ug; A) and increasing equal
amounts of D4R-nYFP and D,R—cYFP cDNAs (0.5-4 pg cDNA). BRET data are
expressed as means + SD of five to six different experiments grouped as
a function of the amount of BRET acceptor. (C) Schematic representation of
BiFC. A receptor-Rluc acts as BRET donor and, as BRET acceptor, one receptor
is fused to an YFP N-terminal fragment (nYFP) and another receptor is fused
to the remaining YFP C-terminal fragment (cYFP). Upon coexpression,
fluorescence indicates reconstitution of YFP from both fragments and
therefore a close receptor-receptor interaction.

interact with D;R homodimers (Fig. 1B). Collectively, these
results indicate that 6;R-D;R heteromers occur in cells coex-
pressing both receptors.

Cocaine Induces Modifications of Subcellular Distribution of o4R. It is
known that the majority of o;R are found in the endoplasmic
reticulum membrane (12). The possibility that cocaine binding to
the o;R may alter the cell surface levels of putative 6;R-DR
heteromers was therefore explored. HEK-293T cells were used
in the assays, because they constitutively express o;R, but not
DAT (Fig. 2 A and B). By means of immunofluorescence
a punctate o1 R staining in naive HEK cells was detected, which is
the expected pattern for an endoplasmic reticulum-associated
protein (Fig. 2C, Left, top images). Expression of DR induced in
HEK-293T cells an increase in the localization of o;R at the
plasma membrane (Fig. 2C, Left, bottom images), suggesting that
heteromerization with DR facilitates translocation of ;R to the
plasma membrane. Cocaine (150 pM; 30 min) produced an in-
crease of ;R expression at the plasma membrane in non-
transfected cells (Fig. 2C, Right, top images) and an increase in
the colocalization of 6;Rs and D;Rs in transfected cells (Fig. 2C,
Right, bottom images), suggesting that cocaine induces an in-
crease in the amount of 6;R-D;R heteromers at the plasma
membrane.

Cocaine Induces Modifications of Quaternary Structure of D4R
Homomers in ¢4R-D;R Heteromer. The observed changes in the
plasma membrane expression of o;R-D;R heteromers in the
presence of cocaine suggested that cocaine binding might be al-
tering the interaction between D;Rs and o;Rs. Such a change
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Fig. 2. Expression and subcellular distribution of ;R. (A) RT-PCR was per-
formed using total RNA from HEK-293T cells (lanes 2, 3, 5, and 6) or RNA
from human striatum as DAT positive control (lane 4), and primers specific
for the human o4R gene (lane 5), for the human DAT gene (lanes 3 and 4), or
for human GADPH (lane 6). RNA from cells without primers (lane 2) was
included as negative control. Molecular mass markers are shown in lane 1.
(B) HEK cell membranes were analyzed by SDS/PAGE and immunoblotted
with the anti-o;R antibody. (C) Confocal microscopy images of HEK-293T
cells transfected (Lower) or not transfected (Upper) with D;R-YFP cDNA,
treated (right images) or not treated (left images) with 150 pM cocaine for
30 min. The o4R (red) and D4R (green) were identified by immunocyto-
chemistry. Colocalization is shown in yellow.

should be detectable using an energy transfer-based approach. In
HEK-293T cells expressing D;R-Rluc and D;R-YFP, the BRET
saturation curve corresponding to D;R-Rluc-D;R-YFP pair was
drastically reduced in the presence of cocaine (Fig. 34). This
effect was specific for the DR, because it did not occur for the
A R-Rluc and A;R-YFP pair (Fig. 3B) and was dose dependent
(Fig. 3C) and time dependent (Fig. 3d). Although the BRET
signal for the D;R-Rluc-D;R-YFP pair was negligible at 180 min
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Fig. 3. Effects of cocaine on D,R homomers. BRET was measured in HEK-
293T cells cotransfected with D;R-Rluc ¢cDNA (0.6 pg) and increasing
amounts of D;R-YFP cDNA (A) or A,R-Rluc ¢cDNA (0.4 pg) and increasing
amounts of A;R-YFP cDNA (B), treated (VW) or not treated () with 150 pM
cocaine for 180 min. BRET data are expressed as means + SD of four to six
different experiments grouped as a function of the amount of BRET ac-
ceptor. (C) Cells were treated for 180 min with the indicated concentrations
of cocaine before the determination of BRET. (D) Cells were treated with 150
uM cocaine for the indicated times before the determination of BRET.
BRETox data are expressed as means + SEM of four to six different
experiments. ***Significantly different (P < 0.001) compared with cocaine
0 pM or 0 min (one-way ANOVA followed by Bonferroni post hoc tests).
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of cocaine treatment, there was no real disruption of D;R
homomerization, because cocaine did not modify the amount of
fluorescence in HEK 293 cells expressing D;R-cYFP-D;R-
nYFP dimers. These results strongly suggest that cocaine binding
to o;R alters the quaternary structure of the o;R-D;R-D;R
heteromer, resulting from separation of the C-termini of the D;R
protomers fused to Rluc and YFP. The participation of o;R on
the cocaine-mediated alteration of the quaternary structure of
DR was demonstrated in experiments performed in cells the 6, R
expression of which was knocked down using an RNAi approach.
By RNA interference (RNAI), using a specific small interfering
RNA (siRNA), a robust silencing of o;R expression was obtained
without significantly altering the expression of DR (Figs. 44 and
B). The treatment with the specific sSiRNA completely abolished
the effect of cocaine on the BRET saturation curve obtained with
D;R-Rluc and D;R-YFP (Fig. 4C). Finally, the selective 6;R
agonist PRE084 also modified the BRET saturation curve corre-
sponding to D;R-Rluc-D;R-YFP pair (200 nM; 10 min) (Fig. S1).

Cocaine Binding to ¢,R Modulates D4R Function in Living Cells. To
study how cocaine affects D;R-mediated signaling, CHO cells
were used, as they provided a lower baseline of signaling for
which to detect downstream changes. CHO cells were also shown
to constitutively express 6;Rs but not DAT or D;Rs (Fig. 5 4
and B). As expected, in CHO cells expressing D;Rs, the full D;R
agonist SKF 81297 dose-dependently increased cAMP pro-
duction (Fig. 5C). Treatment with cocaine (150 pM; 10 min) did
not induce a significant increase in cAMP, but robustly enhanced
DR agonist-induced cAMP accumulation (Fig. 5C). This was
completely counteracted by silencing expression of 6;R via RNAi
(Fig. 5C), indicating that this effect of cocaine was mediated by
o1R. SKF 81297 also produced a dose-dependent MAPK acti-
vation (ERK1/2 phosphorylation; Fig. 64) with a maximum re-
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Fig. 4. Effect of cocaine on D;R homomers was mediated by o4R. (A and B)
HEK-293T cells were transfected or not transfected (wt, nontranfected cells)
with 61R siRNA, irrelevant oligonucleotides (oligo) and/or D4R cDNA (D;). Cell
membranes were analyzed by SDS/PAGE and immunoblotted with the anti-
o1R (A) or D4R (B) antibody. Values are mean + SEM of three experiments,
and a representative Western blot for 4R (A) or D4R (B) is shown. ***P <
0.001 compared with DR cDNA transfected cells (one-way ANOVA followed
by Bonferroni post hoc tests). (C) BRET saturation experiments were per-
formed in HEK-293T cells cotransfected with o1R siRNA (50 pmol), DsR-Rluc
receptor cDNA (0.5 pg), and increasing amounts of D;R-YFP ¢cDNA (0.3-3 pg
cDNA), treated (open symbols) or not (filled symbols) with 150 uM cocaine
for 30 min. BRET data are expressed as mean + SD of four to six different
experiments grouped as a function of the amount of BRET acceptor.
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Fig. 5. Effect of cocaine on D4R-mediated cAMP production. (A) RT-PCR was
performed using total RNA from CHO cells (lanes 1-4) and primers for Chi-
nese hamster o4R (lane 2), DAT (lane 3), or GAPDH (lane 4). RNA from cells
without primers (lane 1) was included as negative control. (B) CHO cell
membranes were analyzed by SDS/PAGE and immunoblotted with the anti-
c1R antibody (top blot) or anti-D4R antibody (bottom blot, lanes 1 and 2:
cells transfected or not transfected with D4R cDNA, respectively). (C) CHO
cells transfected with D4R ¢cDNA (1.5 pg, filled bars) or cotransfected with D4
receptor cDNA and 125 pmol o4R siRNA (open bars) were treated with in-
creasing concentrations of D4R agonist SKF 81297 for 10 min in the absence
or presence of 150 uM cocaine or with cocaine alone. Results are mean +
SEM of three to six independent experiments performed in triplicate.
Bifactorial ANOVA of results of samples without or with siRNA transfection
showed significant effect of SKF (P < 0.0001 and P < 0.001, respectively), but
only in samples without siRNA transfection was there a highly significant
effect of cocaine (***P < 0.0001, compared with samples with the same
concentration of SKF 81297 and without RNAI transfection and in the ab-
sence of cocaine; Bonferroni post hoc tests).

sponse at 2 min (Fig. 6B). SKF 81297-induced ERK1/2 phos-
phorylation was inhibited by the DR antagonist SCH 23390 (10
pM) and also by the o;R antagonist PD144.418 (1 pM; Figs. 6 A
and B), indicating that ;R modulates a D;R-mediated MAP
kinase pathway in addition to the cAMP pathway.
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Fig. 6. Effect of 54R ligands on D;R-mediated ERK1/2 phosphorylation. CHO
cells transfected with D;R ¢cDNA (1.5 ug) were stimulated with increasing
concentrations of the D4R agonist SKF 81297 for 2 min (A) or with 100 nM SKF
81297 for increasing periods of time (B) in the absence (filled bars) or presence
of 10 uM D4R antagonist SCH 23390 (open bars) or 1 pM 4R specific ligand
PD144.418 (cross-hatched bars). ERK1/2 phosphorylation is represented as
percentage over basal levels (100%). Results are a mean + SEM of four in-
dependent experiments performed in duplicate. Bifactorial ANOVA showed
a significant effect of SKF 81297 (P < 0.0001 in A and P < 0.001 in B), and
Bonferroni post hoc tests showed a significant SCH 23390-mediated or
PD144.418-mediated counteraction of the effect SKF 81297 (*P < 0.05 and
***P < 0.001, compared with control samples with the same concentration and
exposure time of SKF 81297).
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Importantly, cocaine per se dose-dependently (Fig. 74) and
time-dependently (Fig. 7B) activated ERK1/2 phosphorylation.
Again, this effect was mediated by o;R, as it was strongly di-
minished in cells transfected with the ;R siRNA (Fig. 74 and
B). Furthermore, a similar effect could be obtained with the
selective o1 R agonist PRE084 (Fig. S1). Cocaine-induced ERK1/
2 phosphorylation seemed to be dependent on DR expres-
sion, because the increase in ERK1/2 phosphorylation was not
found in CHO cells lacking DR expression (Fig. S2). Moreover,
cocaine-induced ERK1/2 phosphorylation in cells expressing 6;R
and D4R was not only counteracted by PD144.418 (1 pM), which
therefore acted as a o,R antagonist, but also by SCH 23390
(10 pM, Fig. 7 C and D). All of these results suggest that cocaine
binding to ;R or SKF 81297 binding to DR in the D;R-6;R
heteromer induce ERK1/2 phosphorylation that is equally coun-
teracted by o;R or D;R antagonists. Finally, we found a strong
and reciprocal antagonistic interaction between o;R and D;R on
MAPK signaling. Thus, SKF 81297-induced ERK1/2 phosphory-
lation was drastically counteracted by increasing concentrations of
cocaine (Fig. 84), and cocaine-induced ERK1/2 phosphorylation
was also counteracted in the presence of increasing concentrations
of SKF 81297 (Fig. 8B). Again the same qualitative effects were
obtained with the selective o1R agonist PRE084 (Fig. S1).

Cocaine Binding to ;R Modulates D;R Function in Mouse Brain
Striatum. To explore whether our results above using cultured
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Fig. 7. Cocaine-induced c;R-mediated ERK1/2 phosphorylation. CHO cells
transfected with D, receptor ¢cDNA (1.5 pg, filled bars) or cotransfected
(open bars) with D4R ¢DNA and c4R siRNA (125 pmol) were incubated with
increasing concentrations of cocaine for 30 min (A) or with 150 pM cocaine
for increasing time periods (B). (C and D) CHO cells were transfected only
with Dy receptor cDNA (1.5 pg) and were treated (30 min) with increasing
concentrations of cocaine (C) or with 150 uM cocaine for different periods
of time (D), in the absence (filled bars) or presence of 10 uM of the D4R
antagonist SCH 23390 (open bars) or 1 pM o4R antagonist PD144.418 (cross-
hatched bars). ERK1/2 phosphorylation is represented as percentage over
basal levels (100%). Results are mean + SEM of four to seven independent
experiments performed in duplicate. In all samples, bifactorial ANOVA
showed a significant (P < 0.0001 in A-C; P < 0.001 in D) effect of cocaine, and
Bonferroni post hoc tests showed a significant counteraction of cocaine ef-
fect by siRNA (A and B, *P < 0.05 and **P < 0.01 compared with sample with
the same treatment and without siRNA transfection) and a significant SCH
23390-mediated or PD144.418-mediated counteraction of the cocaine effect
for some concentrations and exposure times (C and D, *P < 0.05, **P < 0.01,
and ***P < 0.001 compared with control samples with the same treatment).
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Fig. 8. Antagonistic interaction between cocaine and the D4R agonist SKF
81297 on ERK1/2 phosphorylation. (A and B) CHO cells transfected with D4R
cDNA (1.5 pg) were treated or not treated for 30 min with increasing con-
centrations of cocaine (A4) or with 150 pM cocaine (B) and, during the last 2
min, the additon of 100 nM (A) or increasing concentrations (B) of Dq re-
ceptor agonist SKF 81297. ERK1/2 phosphorylation is represented as per-
centage over basal levels (100%). Results are mean + SEM of four
independent experiments performed in duplicate. One-way ANOVA fol-
lowed by Bonferroni post hoc tests showed a significant cocaine-medi-
ated counteraction of SKF 81297 and a significant SKF 81297-mediated
counteraction of cocaine-induced ERK1/2 phosphorylation (*P < 0.05, **P <
0.01, and ***P < 0.001 compared with control, without cocaine or SKF 81297
exposure). (C) WT (filled bars) and o,R KO (open bars) mouse striatal slices
were treated with SKF 81297 for 10 min, with cocaine for 30 min or with
cocaine for 30 min and, during the last 10 min, the addition of SKF 81297.
Immunoreactive bands from six slices obtained from five WT or five KO
animals were quantified for each condition. Values represent mean + SEM of
percentage of phosphorylation relative to basal levels found in untreated
slices. Significant differences respect to corresponding treatment in WT
mouse slices were calculated by bifactorial ANOVA followed by post hoc
Bonferroni tests (**P < 0.01).

cells could be extrapolated to the level of the organism, we took
tissue from WT and s;R KO mice and examined the effects of
cocaine on signaling. Previous in vivo studies have shown that
pharmacologically significant doses of cocaine produce striatal
levels of the drug at a low micromolar range (20). Those meas-
urements reflect free, rather than bound, concentrations of co-
caine, and it is well established that higher drug concentrations
need to be applied in brain slice preparations, to allow diffusion
into the tissue. Because, in cotransfected CHO cells, a strong and
significant effect of cocaine was observed at 30 uM (Fig. 84),
a fivefold higher concentration, 150 pM, was then used to see
clear effects in slices of mouse striatum (Fig. 8C). On one hand,
both the DR agonist SKF 81297 (1 uM) and cocaine (150 pM)
induced ERK1/2 phosphorylation in striatal slices of WT mice
after 10-min activation (Fig. 8C). On the other hand, in striatal
slices of WT mice, SKF 81297-induced ERK1/2 phosphorylation
was significantly reduced with pretreatment with cocaine for
30 min (Fig. 8C). The antagonistic interaction between ;R and
DR on MAPK signaling is therefore detected in cotransfected
cells and in striatal samples from WT mice. When similar
experiments were performed in striatal slices from mice lacking
the o1R, cocaine was unable to induce ERK1/2 phosphorylation
(Fig. 8C) and SKF 81297-induced ERK1/2 phosphorylation was
not modified by pretreatment with cocaine (Fig. 8C). These
results strongly support the existence of 6;R-D;R heteromers in
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the brain and indicate that all detected cocaine effects are de-
pendent on o¢R.

Discussion

The role of 6,R in cell-signaling is not well understood and its
main endogenous ligand has not been identified (12, 15). It has
been suggested that 6;R may possess a constitutive biological
activity, and that o1R ligands may just be modulators of its innate
activity (12). The best- characterized acute effects of o;R ligands
at the cellular level are their ability to modulate the function of
several ion channels (K* channels, NMDA receptors, IP3 recep-
tors) (12). In the present study a mechanism by which o;R
modulates the function of a G-protein—coupled receptor, the
D4R, is reported. This modulation depends on protein—protein
interactions, which were detected by BRET assays. In agreement
with the oligomeric nature of D;R (18), the existence of het-
eromers constituted by a minimum of a D;R homodimer and
a 0;R was demonstrated by BRET/BiFC.

The o,R, which is found mainly at the membrane of the en-
doplasmic reticulum, may modulate the activity of plasma
membrane-located ion channels by its ability to translocate to the
plasma membrane (12, 21). Coexpression of ;R and DR
resulted in an alteration of o;R subcellular distribution because,
in the presence of DR, 6;R was more abundant at the plasma
membrane that in intracellular membranes. Importantly, coex-
pression of 6;R and DR also led to heteromerization of the
receptors, as measured by energy transfer in the absence of
ligands. Acute administration of o¢R ligands, including cocaine,
without coactivation of other receptors or channels may cause
o1R translocation to the plasma membrane (12). Apart from the
increase in plasma membrane 6;R expression, cocaine led to an
increase of 6;R-DR colocalization. Taken together, these data
suggest that heteromerization occurs between these receptors at
steady state in the absence of ligands, but the presence of cocaine
might induce an increase of the amount of receptor heteromers
constituted by o;Rs and D;Rs homomers at the level of the
plasma membrane, perhaps through some stabilization of a given
receptor conformation.

Although further studies will be required to understand how
cocaine acts on the receptor monomers, homomers or hetero-
mers and the specific effects at a protein level, we were able to
observe that cocaine binding to o;R led to a structural modifi-
cation, detected as a separation between the C termini of the
D;Rs in the 6;R-D;R-D;R heterotrimer. This was evidenced by
a pronounced decrease (Fig. 3C) in the BRET signal due to
a decrease in the energy transfer between Rluc and YFP (located
in the C-terminal domains of D;Rs). These structural changes,
which did not result from dimer disruption, correlated with
changes in DR function, as demonstrated by means of assays
performed in both heterologous cells and in slices from mouse
striatum. Importantly, cocaine binding to 6,R robustly enhanced
DR agonist-induced cAMP accumulation. This synergy is pro-
bably underlying the predominant role of DR versus D,R in the
behavioral effects of cocaine (discussed earlier here). These
results are also strong evidence that cocaine effects are not ade-
quately addressed by assuming that the drug is just increasing the
synaptic dopamine concentration by a DAT-dependent mecha-
nism. In fact, the reported effects were not dependent on DAT,
because cell lines lacking this protein were used. It is thus expected
that cocaine is acting by at least two different but interrelated
mechanisms, one dependent on DAT and leading to an increase in
dopamine levels and another dependent on 6;R and leading to an
enhancement of D{R-mediated neurotransmission.

Unexpectedly, cocaine was able to induce ERK1/2 phos-
phorylation per se, although this effect depended on the pres-
ence of both the D;R and o;R. As these particular effects were
reproduced by the selective 6;R agonist (17) and counteracted
by the putative o;R antagonist PD144.418 (22), these results
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indicate that cocaine acts as a o;R agonist. In living cells,
cocaine-induced ERK1/2 phosphorylation was seen at short
times of cocaine exposure (10 min); but the maximum effect was
reached at 30 min, suggesting an involvement of cocaine-induced
translocation of 6;R to the plasma membrane, with a consequent
increase in cell surface o;R-D;R heteromers. Both cocaine-
induced and D;R-mediated ERKI1/2 phosphorylation were
counteracted by DR or o;R antagonists. The ability of an an-
tagonist of one of the receptors in a receptor heteromer to block
signals originated by stimulation of the partner receptor is
a biochemical characteristic that has been described for other
receptor heteromers, such as the D;R-histamine Hj receptor
heteromer (23). Importantly, cocaine-induced ERK1/2 phos-
phorylation could also be demonstrated in mouse striatal slices,
but not in striatal slices from o;R KO mice. Because cocaine-
induced ERK1/2 phosphorylation seems to be a biochemical
characteristic of 6;R-DR heteromers, these results provide evi-
dence for the presence of these heteromers in the brain. Fur-
thermore, we also found reciprocal antagonistic interactions
between 6,R and D{R on MAPK activation, both in transfected
cells and in mouse striatal slices. The DR agonist-induced ERK1/
2 phosphorylation was counteracted when agonist stimulation
was performed in slices pretreated with cocaine and, conversely,
cocaine-induced ERK1/2 phosporylation was counteracted by
D4R agonist treatment. The cocaine-induced antagonistic mod-
ulation of D;R-mediated MAPK activation was shown to be de-
pendent on o;R, as demonstrated in cells transfected with ;R
siRNA and in striatal slices of 6;R KO mice. The qualitative
similar results observed in transfected cells and in striatal slices
support again the existence of 6{R-D;R heteromers in the brain.

We have described a previously uncharacterized mechanism
by which cocaine binding to ;R may significantly influence do-
paminergic neurotransmission. Our results show that o;R and
DR heteromerize in living cells and strongly suggest that o;R-
D4R heteromers are present in the striatum. Furthermore, our
results shed light on the mechanisms behind the behavioral
effects of cocaine that are dependent on o;R. These data suggest
that 6;R-D;R heteromers may be considered as targets for the
treatment of cocaine addiction and that o;R antagonists could
counteract some of the behavioral and perhaps the addictive
properties of cocaine. It will be important to determine the
molecular determinants responsible for this heteromerization.
This would allow the development of transgenic animals with
mutated receptors not able to form o,R-D;R receptor hetero-
mers and therefore would allow one to better determine the role
of 6;R-DR receptor heteromerization in cocaine addiction.

Materials and Methods

Fusion Proteins and Expression Vectors. The N-terminal truncated (nYFP) and
the C-terminal truncated (cYFP) version of YFP were made as previously in-
dicated (24). Human cDNAs for D;R, A;R, GABAgR, or o:R cloned in
pcDNA3.1 were amplified without their stop codons and subcloned in an
Rluc-expressing vector (pRluc-N1; PerkinElmer), or in a variant of GFP (EYFP-
N3; enhanced yellow variant of GFP; Clontech), to give the plasmids
that express D4R, AjR, GABAg;R or 64R fused to either Rluc or YFP on the C-
terminal end of the receptor (D;R-Rluc, D1R-YFP, 5;R-Rluc, 6;R-YFP, AR-
Rluc, A{R-YFP or GABAg,R-Rluc). Human cDNA for D4R was subcloned in
pcDNA3.1-cYFP or pcDNA3.1-nYFP to give the plasmids that express DR
fused to either nYFP or cYFP on the C-terminal end of the receptor (D1R-
cYFP and D;R-nYFP). When analyzed by confocal microscopy, it was ob-
served that all fusion proteins showed similar subcellular distribution than
naive receptors. Fusion of Rluc and YFP to D4R did not modify receptor
function as previously determined by cAMP assays.

Cell Culture and Transient Transfection. HEK-293T and CHO cells, grown as
previously described (23, 24), were transiently transfected with the corre-
sponding cDNAs by PEIl (PolyEthylenimine; Sigma) method as previously
described (25) or with siRNA by lipofectamine (Invitrogen) method following
the instructions of the supplier. Human and Chinese hamster o4R siRNA and
scrambled siRNA were designed and synthesized by Invitrogen (HSS 145543).
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Cells were used 48 h after transfection. To control for cell number, sample
protein concentration was determined by a Bradford assay kit (Bio-Rad).

Immunostaining. Immunocytochemistry assays were performed as previously
described (24) using the primary antibodies mouse monoclonal anti-s4R (1/
200; Chemicon) or rat anti-D4R (1/200; Chemicon) and stained with the sec-
ondary antibodies Cyn3 donkey anti-mouse (1/100; Jackson Immunoresearch
Laboratories) or Cyn2 goat antirat (1/100; Jackson Immunoresearch Labo-
ratories). D4R fused to YFP protein was detected by its fluorescence prop-
erties. Samples were observed in a Leica SP2 confocal microscope (Leica
Microsystems). Heterodimers of receptors fused to complementary frag-
ments of YFP were detected directly by their fluorescence properties using
a Zeiss 510 Meta confocal microscope.

RT-PCR. Total cellular RNA was isolated from HEK-293T or CHO cells using
QuickPrep Total RNA Extraction Kit (Amersham Biosciences). Total RNA (1 pg)
was reverse transcribed by random priming using M-MLV Reverse Tran-
scriptase, RNase H Minus, Point Mutant, following the protocol of Two-Step
RT-PCR provided by the manufacturer (Promega). The resulting single-
stranded ¢cDNA was used to perform PCR amplification for o4R, DAT and
GAPDH as an internal control of PCR technique using Taq DNA Polymerase
(Promega). Common primers to amplify human and Chinese hamster o,R
gene were used: 5-CCTGGCTGTCGCAGCGGTGCTG-3' (forward) and 5'-
GGTGCCAGAGATGATGGTATCC-3’ (reverse). To amplify human and Chinese
hamster DAT, the primers used were 5'-TTCATCATCTACCCGGAAGC-3’ (for-
ward) and 5-CACCATAGAACCAGGCCACT-3’ (reverse). To amplify human
GAPDH, the primers used were 5-TTCATCATCTACCCGGAAGC-3’ (forward)
and 5'-CACCATAGAACCAGGCCACT-3’ (reverse). To amplify Chinese hamster
GAPDH, the primers used were 5-TTCATCATCTACCCGGAAGC-3’ (forward)
and 5’- CACCATAGAACCAGGCCACT-3’ (reverse). RNA without reverse tran-
scriptions did not yield any amplicons, indicating that there was no genomic
DNA contamination.

BRET Assays. HEK-293T cells were cotransfected with a constant amount of
cDNA encoding for the receptor fused to Rluc and with increasingly amounts
of cDNA encoding to the receptor fused to YFP to measure BRET, as previously
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described (25). For BRET assays with bimolecular fluorescence-complemented
proteins, HEK-293T cells were cotransfected with a constant amount of cDNA
encoding for 6;R-Rluc or GABAg,R-Rluc receptors and with increasingly equal
amounts of cDNA corresponding to D1R-nYFP and D1R—cYFP, and fluorescence
complementation and BRET were determined as previously indicated (25, 26).
Both fluorescence and luminescence for each sample were measured before
every experiment to confirm similar donor expressions (~100,000 biolumines-
cence units) while monitoring the increase in acceptor expression (1,000~
10,000 fluorescence units). In each BRET saturation curve, the relative amount
of acceptor is given as the ratio between the fluorescence of the acceptor
(YFP) and the luciferase activity of the donor (Rluc).

cAMP Determination. CHO cells were treated for 10 min with the indicated
concentrations of D4R agonist SKF 81297 (Sigma), in the absence or presence
of 150 pM cocaine (cocaine-HCl, Spanish Agencia del Medicamento no:
2003C00220) or with cocaine alone and cAMP was determined by cAMP (3H)
assay kit (Amersham Biosciences).

ERK1/2 Phosphorylation Assays. Brains from WT littermates and ;R KO CD1
male albino Swiss mice (8 wk of age, 25 g) were generously provided by
Laboratorios Esteve (Barcelona, Spain) (27). Striatal slices were obtained
as previously indicated (28), treated with the indicated concentrations of
ligands for the indicated time, frozen on dry ice, and stored at —80 °C.
Transfected CHO cells were cultured in serum-free medium for 16 h before
the addition of the indicated concentration of ligands for the indicated time.
Both cells and slices were lysed in ice-cold lysis buffer (24, 28), and ERK1/2
phosphorylation was determined as indicated elsewhere (24, 28).
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