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We demonstrate a heteromeric D1–D2 dopamine receptor signal-
ing complex in brain that is coupled to Gq/11 and requires agonist
binding to both receptors for G protein activation and intracellular
calcium release. The D1 agonist SKF83959 was identified as a
specific agonist for the heteromer that activated Gq/11 by func-
tioning as a full agonist for the D1 receptor and a high-affinity
partial agonist for a pertussis toxin-resistant D2 receptor within
the complex. We provide evidence that the D1–D2 signaling com-
plex can be more readily detected in mice that are 8 months in age
compared with animals that are 3 months old, suggesting that
calcium signaling through the D1–D2 dopamine receptor complex
is relevant for function in the postadolescent brain. Activation of
Gq/11 through the heteromer increases levels of calcium/calmod-
ulin-dependent protein kinase II� in the nucleus accumbens, unlike
activation of Gs/olf-coupled D1 receptors, indicating a mechanism
by which D1–D2 dopamine receptor complexes may contribute to
synaptic plasticity.

heterooligomerization � SKF83959 � calcium signaling �
calcium/calmodulin-dependent protein kinase II�

D iverse roles for each of the five dopamine receptors (D1–D5)
have been shown to be initiated primarily through stimulation

or inhibition of adenylyl cyclase (AC) via Gs/olf or Gi/o signaling
proteins, respectively (1). There have been reports, however, of a
D1-like receptor in brain that is coupled to Gq/11, stimulating
phospholipase C (PLC) and intracellular calcium release (2–5).
Activation of this Gq/11-coupled D1-like receptor by specific re-
ceptor agonists does not correlate with the ability of these same
agonists to activate AC (4), suggesting that the Gq/11-coupled
D1-like receptor is a molecular entity distinct from the Gs/olf-
coupled D1 receptor.

Molecular identification of the Gq/11-coupled D1-like receptor
has proven elusive because D1 receptor coupling to PLC has not
been demonstrated in a variety of cell types in which the D1
receptor was expressed. We had postulated that Gq/11 activation by
D1 receptor agonists in brain could occur by concurrent activation
of the D1 receptor and the D2 receptor (6). We have shown that
heterologously coexpressed D1 and D2 dopamine receptors formed
heterooligomers (7) and that coactivation of these receptors re-
sulted in a PLC-dependent rise in intracellular calcium (6). We also
demonstrated that D1 and D2 receptors could be coimmunopre-
cipitated from striatal membranes (6). These results suggested the
possibility of a unique signaling complex in brain composed of
PLC-coupled D1–D2 receptor heterooligomers.

In this work we report the presence of such a D1–D2 dopamine
receptor signaling complex in striatum that is coupled to rapid
Gq/11 signaling on activation of both receptors and which can be
defined by a unique pharmacology. The complex was more readily
detected in older mice and could modulate levels of calcium/cal-
modulin-dependent protein kinase II� (CaMKII�) in the nucleus
accumbens, indicating a potential role for the D1–D2 heteromer in
synaptic plasticity in the postadolescent brain.

Results
We examined calcium signaling through D1 and D2 dopamine
receptors that were stably coexpressed in human embryonic kidney
cells (D1–D2HEK cells). A robust dose-dependent transient rise in
calcium caused by release from intracellular stores was observed
after coapplication of the D1 receptor agonist SKF81297 and the
D2 receptor agonist quinpirole (Fig. 1 a and b) or with application
of dopamine [supporting information (SI) Fig. 6]. The rise in
calcium was abolished by the selective D1 receptor antagonist
SCH23390 and by the selective D2 receptor antagonist raclopride
(Fig. 1c). In D1–D2HEK cells treated with SKF81297, there was a
smaller rise in calcium (Fig. 1 a and b) not seen in cells expressing
D1 alone (data not shown), which could also be blocked by
SCH23390 or raclopride (Fig. 1c). The ability of raclopride to blunt
the signal indicated a role for the D2 receptor in the signal
generated by SKF81297 and suggested that this agonist could
directly activate the D2 receptor. Because treatment of D1–D2HEK
cells or D2HEK cells with quinpirole alone did not stimulate calcium
release (data not shown), calcium release appeared to depend on
coordinated activation of both D1 and D2 receptors.

We demonstrated that the effects of D1–D2 receptor activation
occurred by Gq/11 activation of PLC, producing inositol trisphos-
phate (IP3), which can act on intracellular IP3 receptors to release
calcium (Fig. 1d), and was independent of AC modulation (SI Fig.
7). Treatment of D1–D2HEK cells with the PLC inhibitor U71322 or
thapsigargin, a depletor of intracellular calcium stores, eliminated
the calcium signal. The signal was also eliminated by 2-aminoe-
thoxydiphenyl borate, an antagonist of intracellular IP3 receptors.
A definitive role for Gq/11 as the initiator of this cascade was
established by using the Gq/11 inhibitor YM254890 (8), which
abolished rises in calcium in response to SKF81297 and quinpirole
(Fig. 1d).

D1 receptor agonists have varying abilities to activate AC or
phosphoinositide (PI) hydrolysis in brain (2, 4). Although
SKF81297 is a potent activator of both AC and PI turnover,
SKF83822 has been shown to activate only AC, and SKF83959
selectively triggers PI hydrolysis. To see whether there was a similar
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agonist selectivity profile for these drugs on the D1–D2 calcium
signal, we first confirmed that only SKF81297 and SKF83822 could
activate AC through D1 receptors in a dose-dependent manner,
whereas SKF83959 could not (SI Fig. 8). The SKF compounds were
then compared for their ability to trigger intracellular calcium
release in D1–D2HEK cells (Fig. 2a). In response to SKF83959 or
SKF81297, a rise in calcium was observed that was significantly
increased by coapplication of quinpirole. By comparison, SKF83822

did not stimulate any rises in intracellular calcium, with or without
coapplication of quinpirole.

The differential ability of SKF83822 and SKF83959 to modulate
intracellular levels of cAMP and calcium indicates differences in
their ability to activate Gs-coupled D1 receptors and Gq/11-coupled
D1–D2 receptor complexes. To test this theory, we treated mem-
branes from D1–D2HEK cells with agonists in the presence of
[35S]GTP�S and quantified the incorporation of 35S into immuno-
precipitated G� proteins as a measure of their activation. In
response to SKF83959 and quinpirole, [35S]GTP�S incorporation
into Gq/11 and Gi was increased over basal levels, whereas there was
no change in incorporation into Gs (Fig. 2b). Preincubation of
membranes with PTX eliminated incorporation into Gi and did not
significantly affect incorporation into Gq/11 when compared with
that in the absence of PTX, indicating that the effects of quinpirole
on calcium release were mediated through potentiation of Gq/11
activation and were independent of Gi/o activation. Treatment with
SKF83959 alone increased [35S]GTP�S incorporation into Gq/11
but to a lesser extent than with quinpirole coapplication. Neither Gs

nor Gi was activated by SKF83959 alone.
In contrast to SKF83959, SKF83822 minimally activated Gq/11,

and it did not affect Gi but robustly activated Gs (Fig. 2b).

Fig. 1. Calcium signaling through stably expressed D1 and D2 dopamine
receptors is caused by Gq/11-mediated activation of PLC. (a) Changes in
fluorescence corresponding to changes in intracellular calcium levels on treat-
ment of D1–D2HEK cells with SKF81297 (1 �M) or SKF81297 and quinpirole (1
�M each). The time of agonist addition is indicated with open arrow. AFU,
arbitrary fluorescence units. (b) Dose–response curves of peak calcium levels in
response to agonist (EC50(SKF81297�quinpirole), 50.8 � 8.8 nM, n � 8; EC50(SKF81297),
147.6 � 46.9 nM, n � 8). (c) Treatment of cells with 10 �M SCH23390 (SCH) or
raclopride (Rac) abolished agonist (1 �M)-mediated rises in calcium (n � 5). (d)
Rises in calcium in response to SKF81297 and quinpirole (1 �M each) were
eliminated by the IP3 receptor blocker 2-aminoethoxydiphenyl borate (2-APB;
100 �M) as well as by depletion of intracellular calcium stores with thapsigar-
gin (TG; 1 �M) or inhibition of PLC with U71322 (50 �M) (n � 6 for all). The
inactive isomer of U71322, U73343, did not abolish the calcium signal, al-
though the effect of SKF81297 and quinpirole was reduced by 18.9 � 7.9%
(n � 4). The Gq/11 inhibitor YM-254890 (YM; 100 nM) blocked increases in
calcium in D1–D2HEK cells in response to SKF81297 and quinpirole (n � 5).
Background levels of fluorescence were qualitatively determined from indi-
vidual fluorescence profiles but were generally considered to be below 3,500
AFU. �, P � 0.05; **, P � 0.0001; Student’s t test compared with corresponding
control.

Fig. 2. Specificity of D1 receptor agonists for the D1–D2 calcium signal. (a)
SKF83959 (1 �M) or SKF81297 (1 �M) stimulated calcium in D1–D2HEK cells (n �
6), which was increased by 2.18 � 0.071-fold and 2.66 � 0.038-fold, respec-
tively, by the coaddition of 1 �M quinpirole (n � 8). SKF83822 (1 �M)
application did not stimulate any increases in intracellular calcium (n � 4), and
coapplication of quinpirole had no effect (n � 4). AFU, arbitrary fluorescence
units. (b) Quantification of 35S-labeled guanosine 5�-�-thiotriphosphate
([35S]GTP�S) incorporation into immunoprecipitated G proteins demonstrates
activation of Gq/11 (67.2 � 8.4%) and Gi3 (20.0 � 3.3%) but not Gs (�6.9 �
12.1%) in response to SKF83959 and quinpirole (10 �M each) (n � 4). SKF83959
alone (10 �M) increased incorporation into Gq/11 (28.6 � 9.3%), did not
significantly affect Gi (8.2 � 4.6%), and incorporation into Gs was slightly
decreased (�17.0 � 11.0%) (n � 4). Treatment of cells with pertussis toxin
(PTX) abolished Gi3 activation by SKF83959 and quinpirole treatment but only
slightly affected Gq/11 activation (38.1 � 11.6%) (n � 3). SKF83822 application
resulted in robust activation of Gs (140.0 � 37.0%), modest activation of Gq/11
(15.2 � 4.3%), and no significant activation of Gi3 (12.9 � 6.3%) (n � 4). The
dashed line represents basal levels of [35S]GTP�S incorporation in the absence
of agonist. *, P � 0.05; **, P � 0.005; Student’s t test (for b, compared with
[35S]GTP�S incorporation in the absence of agonist).
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Coapplication of quinpirole with SKF83822 did not affect activation
of Gq/11 or Gs (data not shown).

The generation of a raclopride-sensitive calcium signal with
SKF81297 or SKF83959 treatment of D1–D2HEK cells suggests that
these two drugs can act as agonists for D2 receptors in a manner

that depends on the presence and possibly activation of the D1
receptor. To test this hypothesis, the ability of the SKF agonists to
displace [3H]raclopride binding to the D2 receptor competitively
was examined in D1–D2HEK cells and D2HEK cells (Fig. 3 and Table
1). Competition binding profiles of SKF83959 on [3H]raclopride
binding in D1–D2HEK cells revealed a high-affinity binding site for
SKF83959 on the D2 receptor that was not observed in D2HEK cells
(Fig. 3a). Pretreatment of D1–D2HEK cells with PTX modestly
reduced but did not eliminate the proportion of high-affinity
binding sites for SKF83959 (Fig. 3b), demonstrating that the
majority of SKF83959 binding was to PTX-resistant and not
Gi/o-coupled D2 receptors. This PTX-resistant site overlapped with
or was the same as the binding site for quinpirole because incuba-
tion of membranes with quinpirole competitively displaced
SKF83959 binding from the high-affinity site (Fig. 3c) (nH �1)
(Table 1). Incubation of membranes with SCH23390 did not affect
high-affinity binding of SKF83959 to the D2 receptor (Fig. 3d),
indicating that the site was distinct from the D1 receptor and that
it was present in the D2 receptor basal state in the absence of ligand
occupancy or activation of the D1 receptor.

Competition by SKF81297 of [3H]raclopride binding similarly
revealed a high-affinity PTX-resistant binding site on the D2
receptor in D1–D2HEK cells (data not shown). However, PTX-
sensitive binding of SKF81297 to the D2 receptor in D2HEK cells
was also observed. For SKF83822, a proportion of [3H]raclopride
binding could be displaced by agonist in both D2HEK cells and
D1–D2HEK cells that could be abolished by PTX (Fig. 3e), reflecting
high-affinity binding to Gi/o-coupled D2 receptors in both cell lines.

The competition binding results reveal a distinct pharmacology
of the D2 receptor in D1–D2HEK cells such that the D1 receptor
agonists SKF81297 and SKF83959 but not SKF83822 can act as
ligands for a PTX-resistant D2 receptor when it is coexpressed with
the D1 receptor. Taken together with the calcium-signaling data,
binding of the D1 receptor agonists to the D2 receptor site indicates
partial agonism of D2 receptors within the Gq/11-coupled D1–D2
receptor complex, therefore allowing a single agonist to activate
both members of the heteromer. In accordance with this concept,
the addition of quinpirole along with SKF81297 or SKF83959 would
result in full agonism at the PTX-resistant high-affinity state of the
D2 receptor within the complex and a greater calcium signal.

To determine whether Gq/11-coupled D1–D2 receptor signaling
complexes exist in the brain, [35S]GTP�S incorporation into Gq/11
from murine striatal membranes was quantified after membranes
had been treated with SKF83959 alone or with equivalent concen-
trations of quinpirole. Initial experiments used striata from 12-
week-old male mice, but Gq/11 activation in response to agonists
was not reliably observed. A consistent agonist-dependent increase
in [35S]GTP�S incorporation into Gq/11 could be elicited, however,
when older animals (�8 months old) were used (Fig. 4a). Treat-
ment with SKF83959 and quinpirole gave significant increases in

Fig. 3. SKF83959 binds with high affinity to PTX-resistant D2 receptors only
in the presence of D1 receptors. Competition of [3H]raclopride binding by
SKF83959 or SKF83822 is shown. Data from three to eight independent
experiments conducted in duplicate were normalized and fit to one-site or
two-site analysis. (a) Comparison of binding on membranes from D2HEK cells
and D1–D2HEK cells reveals a high-affinity binding site for SKF83959 only in
D1–D2 cells (KH, 2.4 � 0.8 nM; %KH, 19 � 1.5). (b) High-affinity binding of
SKF83959 to D2 receptors in D1–D2HEK cells was only slightly affected by
pretreatment with PTX (KH, 1.9 � 1.3 nM; %KH, 11 � 3.3). (c) Incubation of
D1–D2HEK membranes with quinpirole (10 nM) eliminated high-affinity bind-
ing of SKF83959. (d) Incubation of D1–D2HEK membranes with SCH23390 (10
nM) did not reduce affect high-affinity binding of SKF83959. (e) Competition
binding of [3H]raclopride by SKF83822 indicated high-affinity binding of the
agonist to D2 receptors in D1–D2HEK cells that was eliminated by pretreatment
of cells with PTX.

Table 1. Competition binding studies with �3H	raclopride

Row Cell line Agonist Treatment nH KH, nM KL, nM Ki, nM RH, % n

a D1–D2HEK SKF83959 —† �0.68 � 0.02 2.38 � 0.80 319 � 37 19.1 � 1.5 8
b D2HEK SKF83959 — �0.90 � 0.10* NA‡ NA 346 � 31 NA 3
c D1–D2HEK SKF83959 PTX �0.79 � 0.06 1.90 � 1.3* 351 � 27 11 � 3.3* 4
d D1–D2HEK SKF83959 Quinpirole �0.94 � 0.08* NA NA 246 � 12 NA 3
e D1–D2HEK SKF83959 SCH23390 �0.65 � 0.05 3.49 � 0.7* 712 � 38 16.2 � 1.3* 3
f D1–D2HEK SKF83822 — �0.59 � 0.09 0.39 � 0.03 3,927 � 980 11 � 3.2 3
g D1–D2HEK SKF83822 PTX �0.93 � 0.08** NA NA 3,974 � 609 NA 3

�3H	Raclopride binding to membranes from D2 or D1–D2 cells in the presence of increasing concentrations of SKF83959 or SKF83822 is shown. Data from three
to eight independent experiments were analyzed and pooled (nH, Hill coefficient; KH, high-affinity dissociation constant; KL, low-affinity dissociation constant;
RH, percentage of receptors in high-affinity state). In rows b, d, and f, where Hill coefficients were 1.0, binding data were analyzed to fit to a single site, and the
Ki was calculated. *, P � 0.05 for nH, KH, and RH values compared with those values in row a; **, P � 0.05 compared with nH in row f.
†—, not done.
‡NA, not applicable.
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[35S]GTP�S incorporation into Gq/11 over baseline that were
greater than with SKF83959 alone. Quinpirole alone did not
stimulate activation of Gq/11 at any of the doses tested. Also, it was
confirmed that it was the striatal D1 and D2 receptor subtypes that
formed this signaling complex because we could not elicit Gq/11
activation with agonist treatments of membranes from mice that
lacked functional D1 (D1�/�) or D2 receptors (D2�/�) (Fig. 4b).
The involvement of the D2 subtype was further confirmed by the

absence of specific [3H]raclopride binding in striatal membranes
from D2�/� mice (Fig. 4e).

For both SKF83959 and SKF83959 plus quinpirole treatments,
activation of Gq/11 was prevented by blockade of either D1 or D2
receptors with SCH23390 or raclopride, respectively (Fig. 4c). The
D2 antagonist sulpiride also blocked activation of Gq/11. These
results indicate that in the striatum, activation of both D1 and D2
receptors are necessary for rapid Gq/11 activation and that activa-
tion of the D1 receptor alone is not sufficient.

The agonist specificity of the striatal D1–D2 receptor signaling
complex was similar to that established in the D1–D2 stable cell line
in that SKF83959 could activate Gq/11 signaling through the
complex and did not have any effect on Gs/olf activation, whereas
SKF83822 robustly activated Gs/olf (Fig. 4d). Notably, activation of
Gq/11 by SKF83822 in striatum could not be observed, suggesting
the small degree of Gq/11 activation by this compound in D1–
D2HEK cells is not reflected in vivo.

Competition binding experiments of [3H]raclopride and
SKF83959 or SKF83822 on murine striatal membranes revealed
high-affinity binding of both D1 receptor agonists to D2 receptors,
and saturation binding isotherms from striata of 3- and 8-month-old
male mice gave similar Bmax (�220 fmol/mg) and Kd values (�1
nM) for [3H]raclopride. The ability of a single dose of SKF83822 or
SKF83959 to displace [3H]raclopride (1 nM) was then quantified
(Fig. 4f), as described in ref. 9. SKF83822 (10 nM) displaced
[3H]raclopride to similar degrees in 3- and 8-month-old mice as well
as in 8-month-old D1�/� animals. In contrast, there was a 27%
increase in displacement of [3H]raclopride binding by 10 nM
SKF83959 in 8-month-old mice compared with 3-month-old mice,
and displacement was almost completely eliminated in D1�/�
mice. Therefore, high-affinity binding of SKF83959 to the D2
receptor in brain depends on the presence of the D1 receptor,
unlike binding of SKF83822, and is greater in older animals.

To identify functional consequences of calcium signaling by the
D1–D2 receptor complex, the effect of D1–D2 heterooligomer
activation on CaMKII� was examined. CaMKII� plays a funda-
mental role in synaptic plasticity, and both its translation and
activity can be regulated by increases in intracellular calcium (10,
11), typically subsequent to NMDA receptor activation. Immuno-
histochemical labeling for CaMKII� was performed after i.p.
dopamine receptor agonist administration to animals (Fig. 5 a–h)
and quantified (Fig. 5 i and j) as described. For both total and
activated CaMKII�, a large increase in both the intensity and
number of immunolabeled neurons in the nucleus accumbens of
adult male rats was observed within 10 min of SKF83959 and
quinpirole coadministration (Fig. 5a). There was no change in the
number of CaMKII�-positive neurons in response to SKF83959 or
quinpirole individually, although there was a moderate increase in
the intensity of labeling per cell for either drug (Fig. 5 b and c). The
agonist-mediated increases in CaMKII� could be blocked by
pretreating animals with either SCH23390 or raclopride (Fig. 5 e
and f) indicating the necessity for both D1 and D2 receptors.
Furthermore, the agonist-mediated increase was also detected in
wild-type mice but was absent in both D1�/� and D2�/� mice (SI
Fig. 9). Significantly, there was no increase in CaMKII� in animals
treated with SKF83822 or SKF83822 and quinpirole (Fig. 5g),
indicating that the effect of dopamine agonist on CaMKII� was
specific to activation of Gq/11-coupled receptor complexes. Pre-
treatment of animals with the NMDA receptor antagonist MK-801
did not affect the SKF83959- and quinpirole-mediated increase in
the number of CaMKII�-positive neurons, although the increase in
the intensity of immunolabel per cell was slightly lower (Fig. 5h).
Overall, these results point to a role for D1–D2 receptor complexes
in direct modulation of CaMKII� levels through activation of Gq/11
and release of intracellular calcium.

Fig. 4. Coactivation of striatal D1 and D2 dopamine receptors activates
Gq/11. Agonist-dependent [35S]GTP�S incorporation into G proteins is shown.
(a) A dose-dependent increase in activation of Gq/11 was observed after
membranes from wild-type (WT) mouse striatum (D1�/�) were treated for 1
min with agonists. SKF83959 stimulated relative increases in [35S]GTP�S incor-
poration into Gq/11 of 13.3 � 2.7% for 10 �M, 30.8 � 8.5% for 50 �M, and
45.9 � 1.4% for 100 �M agonist (n � 6 for all). Cotreatment with SKF83959
(SKF) and quinpirole [(Quin) 10, 50, and 100 �M each] resulted in increases of
26.3 � 4.9%, 44.7 � 5.1%, and 116.2 � 34.0% over baseline, respectively (n �
6). Quinpirole alone did not stimulate activation of Gq/11 (n � 6). (b) No
activation of Gq/11 was observed in membranes from D1 or D2 mutant mice
(D1�/�; D2�/�) (n � 5, n � 2). Basal level of [35S]GTP�S incorporation is
indicated with the dashed line. (c) Comparison of Gq/11 activation by dopa-
mine, SKF83959, and quinpirole or SKF83959 alone (100 �M agonist for each).
Activation was prevented by pretreatment of membranes with SCH23390
(SCH), raclopride (RAC), or sulpiride (SLP) (n � 6 for each). (d) SKF83959
activated Gq/11 but not Gs/olf, in contrast to SKF83822, which activated Gs/olf
but not Gq/11 (n � 4 for each). (e) Binding of 1 nM [3H]raclopride in striatal
membranes from WT mice (97.1 � 3.3 fmol/mg) was reduced by 23% in D1�/�
mice (74.9 � 3.1 fmol/mg) and was completely absent in D2�/� mice. ( f)
SKF83822 displaced [3H]raclopride (1 nM) binding to similar degrees in
3-month and 8-month-old mice (49.5 � 1.9% and 46.5 � 2.8%) (n � 7), and
displacement in 8-month-old D1�/� mice (38.5 � 1.4%) was not statistically
different from that in 8-month-old wild type (n � 3). In contrast, there was a
27% increase in displacement of [3H]raclopride binding by SKF83959 in
8-month-old mice (32.9 � 1.4%) in contrast to 3-month-old mice (26.0 � 1.3%)
(n � 6), and displacement was almost completely eliminated in D1�/� mice
(4.87 � 3.7%) (n � 3). *, P � 0.05; **, P � 0.005; Student’s t test compared with
normalized baseline values.
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Discussion
In this work we have identified a heteromeric signaling complex in
brain composed of D1 and D2 dopamine receptor subtypes which
rapidly activates Gq/11 on agonist binding to both receptors within
the complex. The receptor complex possesses a unique pharma-
cology such that a specific subset of D1 receptor agonists,
SKF81297 and SKF83959, can activate the heteromer by acting
concurrently on both the D1 receptor and a distinct conformation
of the D2 receptor that depends on the presence of the D1 receptor.
Because SKF83959 does not activate AC-coupled D1 or D2 recep-
tors or Gq/11 through D1 receptor homomeric units, we propose
that this D1-like receptor agonist is in fact a specific agonist for
Gq/11-coupled D1–D2 receptor heterooligomers. We also present
evidence indicating that the D1–D2 receptor complex is more
prevalent in murine striatum at 8 months of age and that it can
increase levels of total and activated CaMKII� in the nucleus
accumbens, providing a distinct mechanism of dopaminergic mod-
ulation of neuronal function in later adulthood.

Coimmunoprecipitation of D1 and D2 dopamine receptors from
rodent striata had provided direct evidence that these receptors
could oligomerize in vivo (6). We now show that both the D1 and
D2 receptors within the striatal Gq/11-coupled signaling unit pos-
sess a distinct pharmacology and rank order of the agonists that can
activate the complex, consistent with the creation of unique ligand-
binding pockets and G protein coupling resulting from receptor
heterooligomerization. Specifically, although each of the D1 ago-
nists tested has equivalent ability to bind with high affinity to the D1
receptor, only SKF81297 or SKF83959, and not SKF83822, could
activate Gq/11 through D1 receptors in conjunction with D2
receptor activation by quinpirole. In the absence of quinpirole,
SKF81297 or SKF83959 could activate the complex by acting as full
agonists for the D1 receptor and partial agonists for the D2
receptor. This unique D2 receptor pharmacology was induced by
the presence of D1 receptors and was independent of D1 receptor
activation. Strikingly, the ability of the agonists SKF81297 and
SKF83959 but not SKF83822 to activate D1–D2 heterooligomers
correlates with their specificity in stimulating PI turnover in brain
(2, 4).

The apparent increase in Gq/11-coupled D1–D2 receptor com-
plexes in striata from older animals was unexpected because studies
have shown that after 60 days of age, the density of binding sites for
D1 and D2 receptors in the nucleus accumbens and striatum of
male rats either decreases or does not change significantly (12, 13).
Because our data indicated no difference in the total density of D2
receptors in the striata of 3-month-old and 8-month-old mice, there
appears to be a shift in the proportion of D2 receptors associated
with D1 receptors with increasing age. Because most studies of
dopamine receptor function in the brain use rodents that are 3–4
months of age, these results may explain the limited reports of
putative functions of Gq/11-coupled dopamine receptors in brain.
Furthermore, potential changes in the relative proportion of do-
pamine-activated Gs/olf, Gi/o, and Gq/11 signaling pathways in
different brain regions could have important implications for our
understanding of the age-related regulation of dopamine function
in brain.

Calcium signaling has profound effects on almost all aspects of
neuronal function, notably regulation of intercellular communica-
tion and neuronal plasticity (14, 15). The possibility that Gq/11-
coupled dopamine receptors can modulate synaptic plasticity by
activating CaMKII� has been suggested previously (1, 16). Our
results showing that Gq/11-coupled D1–D2 receptor complexes can
increase CaMKII� in the nucleus accumbens provide the molecular
basis for a direct link among dopamine action, calcium signaling,
and CaMKII� activation. Furthermore, these data may provide an
explanation for reports showing that in the nucleus accumbens both
coactivation of D1 and D2 receptors as well as activation of

Fig. 5. Activation of Gq/11-coupled D1–D2 dopamine receptor complexes
increases CaMKII� levels in the nucleus accumbens. (a) Injection of animals
with SKF83959 and quinpirole increased the number of CaMKII�-immunola-
beled cells and the intensity of labeling per cell compared with saline-injected
controls (d). (b) SKF83959 caused a small increase in immunolabel intensity but
no change in the number of CaMKII�-positive neurons. (c) Quinpirole gave
results similar to those in b. (e and f ) Pretreatment with SCH23390 or raclo-
pride prevented the SKF83959- and quinpirole-mediated increase in CaMKII�.
(g) Injections of SKF83822 and quinpirole gave no net changes in CaMKII�. (h)
The NMDA receptor antagonist MK-801 slightly reduced the immunolabel
intensity of the SKF83959/quinpirole-mediated increase in CaMKII� but did
not affect the increase in the number of CaMKII�-positive neurons. (i and j)
Quantification of data from four independent experiments. Within each
experiment, treatments were performed in duplicate, and two or three slices
were analyzed from each animal. *, P � 0.005; Student’s t test compared with
saline controls. ac, anterior commissure.
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CaMKII� are necessary for the induction of behavioral sensitiza-
tion to psychostimulants such as cocaine (17, 18).

In summary, in brain there is a Gq/11-coupled signaling unit
composed of D1 and D2 dopamine receptors that can be identified
by its unique pharmacology and that requires concurrent activation
of both receptors for signaling. The formation of a distinct dopa-
minergic signaling unit by two receptors that signal through sepa-
rate pathways when homooligomeric is significant in that it provides
a greater repertoire of signaling pathways by which dopamine can
modulate neuronal function than would be possible by each of the
five different dopamine receptor subtypes acting solely as separate
units. Characterization of changes in this signaling unit with age and
the functional consequences of signaling through the complex will
increase our understanding of how D1–D2 heteromers contribute
to neuronal function as well as the role that this pathway may play
in the etiology or pathophysiology of disorders in which altered
dopamine signaling is implicated, such as schizophrenia. Notably, a
diminished link between D1 and D2 dopamine receptors has been
noted in the brains of schizophrenic patients (19), and it has been
proposed that disruption in calcium homeostasis is the central
factor underlying the molecular pathology of schizophrenia (20).
Our data provide a mechanism by which to converge these lines of
evidence and significant impetus to determine whether the D1–D2
receptor signaling complex is altered in neuropsychiatric disease.

Materials and Methods
Measurement of Intracellular Calcium Levels. Calcium mobilization
assays on stable HEK 293 cell lines expressing human D1 and/or D2
receptors (�1 pmol/mg protein � 0.2 pmol) were performed as
described previously (6) with modifications. Cells were seeded at
1.2 
 105 cells per well in 96-well plates and maintained in advanced
minimum essential medium (Invitrogen, Carlsbad, CA). All exper-
iments were performed in the presence of EGTA. For responses to
SKF83822, a portion of the signal was identified as nondopamin-
ergic because it could not be eliminated by incubation of cells with
SCH23390 or raclopride. Dopamine receptor-specific responses
were obtained by subtracting the antagonist-resistant signal. For
antagonist and inhibition studies, cells were incubated at 37°C in
saline plus the appropriate compound for 20 min before the assay.
For PTX treatments, cells were incubated before dye loading for
18–24 h in PTX (0.25 �g/ml) diluted in growth medium.

GTP�S Assay. Agonist-mediated [35S]GTP�S incorporation into
specific G proteins was assessed as described (21). GDP (final
concentration, 1 �M) was added to 100-�g membranes from HEK
cells or striata of wild-type, D1 mutant mice (22), or D2 mutant
mice (23), and the assay mixture was incubated on ice for 10 min.
The mixture was moved to 30°C and then incubated for 5 min before
adding [35S]GTP�S (1,250 Ci/mmol) (PerkinElmer, Wellesley,
MA) to a final concentration of 2.5 nM. Agonist was added 30 sec

after the addition of the radioisotope, and the reaction was allowed
to proceed for 1 or 3 min (for Gq/11 and Gs activation). Membranes
were collected and solubilized, and 5 �g of anti-G� antibody was
added (Gq/11, Gs, Gs/olf, Gi3; Santa Cruz Biotechnology, Santa
Cruz, CA). Specificity of the antibodies has been described (21).
Immunoprecipitation occurred overnight at 4°C. Protein G–agar-
ose was added, and the reaction was left for an additional 90 min
at 4°C. The agarose was washed five times with solubilization buffer,
and incorporation of [35S]GTP�S was measured by liquid scintil-
lation spectrometry.

Radioligand-Binding Assays. Binding experiments were performed
on 20-�g membrane extracts with 1–2 nM [3H]raclopride or 1 nM
[3H]SCH23390 in the presence of agonist as described (8). Data
points were analyzed by nonlinear least-squares regression (Prism
3.0 software; GraphPad, San Diego, CA).

Immunohistochemistry. Adult male Sprague–Dawley rats were in-
jected i.p. with saline or agonists SKF83959 (3 mg/kg) or SKF83822
(3 mg/kg), either alone or with quinpirole (2 mg/kg). Stock solutions
of drugs were diluted so that the DMSO concentration did not
exceed 5%, and the total volume of injection was 500 �l. For
antagonist experiments, SCH23390 (1 mg/kg), raclopride (2 mg/kg),
MK-801 (1 mg/kg), or saline was injected 10 min before agonist
administration. Animals were anesthetized 10 min after injection
and perfused intracardially with 4% paraformaldehyde, and 16-�m
cryostat sections were prepared as described (7) for immunostain-
ing by using the Elite ABC kit (Vector Laboratories, Burlingame,
CA) as indicated by the manufacturer. Primary antibodies for total
and activated (i.e., Thr286-phosphorylated) CaMKII� (rabbit anti-
CaMKII� and rabbit anti-Thr286–CaMKII�; Santa Cruz Biotech-
nology) were used at 1:200. Images were obtained by using an
Axioplan2 microscope (Carl Zeiss, Thornwood, NY) and quanti-
fied by using ImageJ software (National Institutes of Health,
Bethesda, MD).

Statistical Analysis. All values are reported as mean � SEM.
Comparisons of means were performed by using Student’s t test
(two-tailed, unpaired).
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