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Abstract
The repertoire of signal transduction pathways activated by dopamine in brain includes the increase
of intracellular calcium. However the mechanism(s) by which dopamine activated this important
second messenger system was unknown. Although we showed that activation of the D5 dopamine
receptor increased calcium concentrations, the restricted anatomic distribution of this receptor made
this unlikely to be the major mechanism in brain. We have identified novel heteromeric dopamine
receptor complexes that are linked to calcium signaling. The calcium pathway activated through the
D1–D2 receptor heteromer involved coupling to Gq, through phospholipase C and IP3 receptors to
result in a rise in intracellular calcium. The calcium rise activated through the D2–D5 receptor
heteromer involved a small rise in intracellular calcium through the Gq pathway that triggered a store
operated channel mediated influx of extracellular calcium. These novel receptor heteromeric
complexes, for the first time, establish the link between dopamine action and rapid calcium signaling.

Introduction
Dopamine is involved in the regulation of various physiological functions including
locomotion, behavior, learning and emotion. In a variety of diseases, such as Alzheimer’s
disease, schizophrenia, Parkinson’s disease and drug addiction, the pathophysiology has been
linked to dysfunctional dopaminergic signaling [1–3]. The genes for five dopamine receptors
(D1R–D5R) have been cloned and the receptors shown to belong to the G-protein-coupled
receptor (GPCR) superfamily, which based on their sequence homology, pharmacology and
the modulation of cyclic AMP, were divided into two major subclasses, the D1-like and D2-
like receptors [1–2]. D1-like receptors (D1R, D5R) activate, whereas D2-like receptors (D2R,
D3R, D4R) inhibit adenylyl cyclase (AC) activity, resulting in opposite modulation of cyclic
AMP through Gs/olf or Gi/o proteins, respectively [2]. The modulation of this pathway and
related proteins, protein kinase A (PKA) and DARPP32 (dopamine and PKA regulated protein)
represents the most studied dopamine signaling pathway [4], but other signaling cascades have
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been reported, including the modulation of the Akt-GSK3 pathway [5] and the activation of
the PAR4 signaling pathway [6]. We have reported a new calcium-CaMKII (calcium-
calmodulin kinase) signaling pathway activated through heteromerization between D1R and
D2R creating D1–D2 heteromers [reviewed in 7–8]. We have also reported another
heteromerization involving D2R and D5R, leading to the formation of D2–D5 heteromeric
complexes [9], which also signal via calcium. These novel pathways, for the first time, show
a link between dopamine action and rapid calcium signaling. We will describe these two
heteromeric receptor complexes and their signaling, and discuss their differences along with
their respective putative physiological relevance.

D1–D2 heteromers and intracellular calcium mobilization
Evidence of a D1-like receptor activating IP3 production and/or increasing intracellular
calcium has been described to occur in slices from different brain regions, such as striatum,
hippocampus and cortex [10–12]. It was also shown in striatal neurons in culture that the
activation of a D1-like receptor resulted in a rise in intracellular calcium, which was mobilized
through both extracellular influx and from intracellular compartments [13]. However, no such
effects were observed when the cloned D1R was expressed in different host cells [reviewed in
7]. Further investigations led us to the discovery that the mobilization of intracellular calcium
was in fact a new signaling pathway generated by the activation of a D1–D2 heteromeric
receptor complex [14–16]. Such heteromers were demonstrated by co-immunoprecipitating
both receptors from rat striatum, as well as from cells coexpressing D1R and D2R [14], and
by the fluorescence resonance energy transfer (FRET) technique [16–17]. The calcium signal
generated by the activation of the D1–D2 heteromer was rapid, transient, independent of
extracellular calcium influx, and involved the activation of Gq protein, phospholipase C (PLC),
protein kinase C (PKC) and inositol triphosphate receptors (IP3-R) [14–15]. Interestingly, the
specific activation of the D1–D2 receptor heteromer induced an increase in the phosphorylated
activated form of CaMKIIα in rat striatum, more precisely in the nucleus accumbens [15] (Fig.
1A). This latter effect, as well as the Gq activation, was absent in gene deleted D1−/− and
D2−/− mice, indicating that the described signaling pathway exclusively involved both D1R
and D2R within a functional complex [15].

D2–D5 heteromers and calcium signaling
Due to the high sequence homology (~80%) between the two dopamine D1-like class receptors,
D1R and D5R, and the absence of specific agonists and antagonists able to discriminate
between these two receptors, we postulated that the occurrence of cooperativity and synergism
between D2-like and D1-like receptors may also involve the D2R and D5R pair. We therefore
investigated the possibility of heteromerization between these two receptors. FRET analysis
showed that D2R and D5R formed heteromeric complexes [9]. Interestingly, while the D2–
D5 receptor heteromer showed preserved affinities for the ligands, the calcium signal differed
in cells expressing the D2–D5 heteromer from cells expressing D5R alone. Activation of D5R
expressed alone resulted in a robust calcium increase, highly dependent on calcium influx and
also on intracellular calcium mobilization, via a mechanism involving Gq, PLC, PKC and
IP3. The formation of the D2–D5 receptor heteromer resulted in an attenuation of the D5R-
induced calcium signal, which was restored only when both receptors were concomitantly
activated [9] (Fig.1B).

Differences in calcium signaling between D1–D2 and D2–D5 receptor
heteromers

It is interesting to note that by forming heteromers with the same receptor, namely D2R, two
related receptors, D1R and D5R, with very similar pharmacological properties, showed
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different patterns of dopamine-induced calcium regulation. These two different effects, when
considered together with the known signaling of the receptor homooligomers through the
modulation of adenylyl cyclase and cAMP, identify multiple pathways of signal transduction
by dopamine (Fig. 1). The effects of receptor heteromerization add completely novel
mechanisms by which the calcium signal can be finely tuned by dopamine. D1–D2 receptor
heteromer activation led to a rapid, transient, intracellular calcium mobilization that was not
observed with either D1R or D2R alone, and this suggests that the heteromerization has
conferred a new stimulatory signaling pathway accessible to both receptors (Fig. 1A). In
contrast, the formation of the D2–D5 receptor heteromer has conferred two other distinct roles,
one being the inhibition exerted by D2R on the D5R-induced rise in calcium and secondly, the
possibility for D2R to participate in the increase in calcium mobilization when co-stimulated
with D5R (Fig. 1B).

The formation of the D1–D2 receptor heteromer may have switched the D1R into a
conformation more favorable for interaction with Gq, as was shown by selective GTPγS
incorporation into Gq protein, together with attenuated Gs-mediated signaling [15]. On the
other hand, D2–D5 receptor heteromer formation may have attenuated the D5R-induced
calcium signal by switching the conformation of D5R toward a Gs favorable conformation and
attenuated its affinity toward Gq protein, and the concomitant activation of D2R and D5R in
the complex may re-switch the conformation and affinity of D5R toward the two G proteins.
This may explain the increase in cAMP accumulation observed when D2R and D5R were
coexpressed [18–19] and the inhibition of the D5R-induced calcium increase [9].

The compartmentalization of a particular GPCR with individual G-proteins, effectors, and
other signaling or regulatory proteins, seems to be another attractive idea to explain the different
cellular, biochemical or physiological responses mediated by the same receptor or by different
receptors through activation of a same G-protein (for review 20–22). For dopamine receptors,
we have shown through sucrose gradient membrane fractionation that D1R, when expressed
alone, was localized in the lipid raft/caveolae fraction (23). Caveolae are now considered to
be a subset of lipid rafts, sharing some qualities but with some differences in the associated
proteins such as G-proteins or other signaling proteins (24–25;20). For example, it has been
shown that different G-proteins were differentially segregated between caveolae versus lipid
rafts (20), with Gq preferentially localized in caveolae, while Gs and Gi localized in lipid rafts
(24). A possible explanation for the differences in the signaling between D1R and the D1–D2
heteromer may lie within the differences of their compartmentalization in membrane
microdomains. Along the same lines, differences in the compartmentalization and co-
localization with signaling proteins may also play a role in the differences observed in the
calcium signal triggered by D5R, versus that seen with D2–D5 heteromers or D1–D2
heteromers. Although the differential partitioning of homooligomers and heteromers may
represent an attractive hypothesis, there is no immediate evidence, except that the D1R has
been localized in lipid raft/caveolae (23). Further studies are needed to precisely localize D1R,
D2R, the D1–D2 receptor oligomer, and the D2–D5 receptor heteromer within these membrane
microdomains.

Another difference between the D1–D2 and D2–D5 receptor heteromers is the dependence of
the calcium signals generated by these two heteromeric complexes on extracellular calcium
influx. This reveals that while the D1–D2 heteromer-generated signal is not dependent on
calcium influx from extracellular sources, the D2–D5 heteromer calcium signal is tightly linked
to the regulation of store-operated calcium channels as well as to the intracellular pools of
calcium. The D2–D5 heteromer exhibited the unusual phenomenon of intracellular calcium
release triggered calcium influx [9].
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Another level of interpretation is related to the regional expression of each type of dopamine
receptor. For example, in the striatum, it has been shown that D1 and D2 receptors are expressed
in the most representative population of neurons in the striatum (~95%), the medium spiny
neurons (MSNs) [26]. Using bacterial artificial chromosome (BAC) transgenic mice, where
the expression of the fluorescent protein, EGFP was driven by D1 or D2 receptor promoters
[26–31], it has been confirmed that D1 and D2 receptors were largely expressed in two separate
populations of MSNs, with co-localization of these two receptors in ~20% of neurons [30–
31]. Other studies, using different techniques, such as electrophysiology,
immunocytochemistry, immunohistochemistry, RT-PCR, electron microscopy, have indicated
co-localization of D1R and D2R in striatal neurons in culture [32–35] as well as in striatal
tissue [36–40]. A discrepancy exists however, between the levels of D1R and D2R co-
localization reported in the cultured neurons and those observed in tissue, with a much higher
prevalence in cultured neurons [32], which may be explained either by the lack of afferents in
the cultured systems and/or could be due to a developmental regulation of expression of the
receptors, leading to different levels of co-localization. According to our investigations, in
adult rat brain D1R and D2R are co-localized in a significant proportion of nucleus accumbens
MSNs and are scarce in caudate nucleus MSNs [14; and unpublished data].

In contrast to D1R expression, the homologous receptor, D5R, was not found in MSNs, but
was expressed in the cholinergic interneurons, which represent only ~1–2% of neurons in the
striatum [41]. Interestingly, these cholinergic interneurons were shown to express D2R and
D5R mRNA and protein, but not D1R [41–47]. This suggests that these interneurons are
functionally different from, or complementary to, the MSNs in striatum due to the different
ways of transducing dopaminergic signals. The co-localization of D2R and D5R is not
restricted to the cholinergic interneurons in the striatum, but co-localization also occurs in
cholinergic neurons in other brain regions, such as hippocampus, amygdala, cerebral cortex
[45], rat forebrain and diencephalon [41]. This suggests that D2R and D5R may regulate the
dopamine-induced regulation of acetylcholine release. The cholinergic interneurons, although
representing only a fraction of the striatal neuronal population, possess a dense and widespread
dendritic and axonal arborization [41]. Recent studies tend to show a major role for these
interneurons that co-express D2R and D5R, in different dopaminergic influences. In the
striatum it has been shown that these interneurons play a key role in the D2R-mediated long-
term depression (LTD), by a sophisticated mechanism in which cholinergic interneurons act
as an intermediate between dopamine neurons and the MSNs to transduce the signal [48].

Physiological relevance
It is well established that D1-like and D2-like receptors can mediate opposing as well as
synergistic effects depending on cellular location, the brain region involved [reviewed in 49]
and also on the local dopamine concentrations [50]. For example, it has been reported that
dopamine attenuates glutamatergic input in the nucleus accumbens through D1-like receptors,
whereas, no direct effects on postsynaptic glutamatergic NMDARs and AMPARs were
observed in the dorsal striatum. In the latter case, dopamine seems to indirectly regulate
NMDAR- or AMPAR-mediated responses through the regulation of voltage-activated ion
channels localized in dendritic spines (e.g. L-type Ca2+ channels) [reviewed in 49;51–52]. In
the analysis of the dopamine-modulated calcium signals generated by the D1–D2 or D2–D5
receptor heteromers, it has to be noted that IP3 accumulation triggered by D1-like agonists in
the striatum of D1−/− mice was reported, suggesting another D1-like, i.e the D5 receptor, was
involved in this effect [53]. However, these results are in contradiction with another study,
which showed that the D1-like receptor antagonist [3H]-SCH 23390 showed no significant
binding to preparations from the striatum of D1−/− mice [54], suggesting that D5 receptors
were undetectable in the striatum of these animals. In the same line of evidence, we showed
that in D1−/− mice, as well as in D2−/− mice, no significant incorporation of GTPγS into Gq/
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11 occurred [15]. Another possibility to be considered is that these two methods were not
sensitive enough to detect the activation of Gq and the expression of D5R, since any D5R-
induced changes would be limited to only a small proportion of neurons (1–2%). Furthermore,
in the two gene-deleted D1−/− and D2−/− mice, no activation of CaMKIIα was detected [15],
which clearly indicates the necessary mutual presence of D1, from D1-like subclass, and only
D2, from D2-like subclass, to activate CAMKIIα through a specific signaling pathway
involving the mobilization of intracellular calcium. This activation of CaMKIIα is therefore a
specific feature of the activation of the D1–D2 receptor heteromer. Accumulating evidence
show the important role played by the activation of CaMKII, all forms included, but especially
the CaMKIIα form, in different physiological or pathophysiological conditions, such as drug
addiction [55], schizophrenia [56] and other important brain functions [57]. The fact that the
D1-D2 receptor heteromer was shown to activate CaMKIIα in the nucleus accumbens [15]
may be related to the involvement of dopamine in drug addiction [58]. Another aspect of the
D1–D2 heteromer relevance may be linked to schizophrenia. The components of the D1–D2-
induced signaling pathway have been reported to be affected in the brain of schizophrenics: 1)
A link between D1R and D2R has been reported to be missing [59]; 2) The levels and/or the
activation of Gq, PLC, IP3 and CaMKII have all been reported to be affected [60]. Some of
these components, such as Gq/PLC/IP3, constitute integral partners in the transduction of the
calcium signal by the D2–D5 receptor heteromers as well [9]. In regard to the differences that
we showed between the D1–D2 versus the D2–D5 calcium signaling pathways, namely the
notable difference in their dependence on extracellular calcium, the nucleus accumbens
CaMKIIα activation, the regional localization (MSNs versus cholinergic interneurons), and
the pharmacological differences (D5R and D5-D2 have higher affinity for dopamine than D1R
or D1–D2), it is highly likely that the two different receptor heteromers, D1–D2 and D2–D5,
may play different or complementary roles in dopamine-induced calcium signal transduction.
It is possible that the signaling pathway triggered by the D1–D2 heteromer may be of high
importance in LTP, schizophrenia and drug addiction, whereas the D2–D5 heteromer signaling
pathway may be important, as was recently reported, in acetylcholine release [42], LTD [61],
motor activity [61], coordination and exploration [19], and possibly other regulatory roles such
as the modulation of calcium channels. Local dopamine concentration may be a determinant
factor in the level of activation of one type of receptor and/or one type of receptor heteromer.
For example, it has been reported that dopamine acts through activation of both D1- and D2-
class receptors to promote LTP at low concentrations, whereas, it facilitates LTD at high
concentrations [62;50]. In the striatum, the predominant form of plasticity is mediated by LTD,
which seems to involve the activation of both D1- and D2-class receptors [63;49]. These
differences also emphasize that the D1–D2 and D2–D5 receptor heteromers represent distinct
mechanisms by which dopamine can fine tune the levels of intracellular calcium and regulate
rapid calcium-mediated effects in the brain. This underlines the potential for new therapeutic
strategies specifically targeting one signaling pathway among the variety of pathways that
dopamine receptors and their oligomerization offer.
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Figure 1.
A. Dopamine D1 and D2 receptor homooligomers modulate adenylyl cyclase activity and
cAMP accumulation in opposite ways through Gs/olf and Gi/o proteins, respectively (left
panel). D1–D2 receptor heteromer activation leads to a novel signaling pathway mediated
through Gq/11 protein activation, to a rapid, transient, intracellular calcium mobilization from
endoplasmic reticulum (right panel). This calcium signal involves phospholipase C (PLC) and
inositol-triphosphate (IP3) receptors and leads to CaMKIIα activation.
B. Activation of dopamine D5 receptor homooligomers results in the mobilization of
intracellular calcium involving Gq/11 and PLC activation, and extracellular calcium influx
leading to a robust rise in intracellular calcium (left panel). D5-D2 receptor heteromer
formation confers two roles to D2 receptor, one is the inhibition exerted by D2R on D5R-
induced rise in calcium when only D5 receptor is activated (middle panel), and the ability of
D2R to participate in the increase in calcium mobilization when both D5 and D2 receptors
forming the heteromer are co-stimulated (right panel)
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