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a b s t r a c t

The introduction of two concepts, ‘‘local module’’ and ‘‘receptor heteromer’’, facilitates the under-
standing of the role of interactions between different neurotransmitters in the brain. In artificial cell
systems, cannabinoid CB1 receptors form receptor heteromers with dopamine D2, adenosine A2A and m
opioid receptors. There is indirect but compelling evidence for the existence of the same CB1 receptor
heteromers in striatal local modules centered in the dendritic spines of striatal GABAergic efferent
neurons, particularly at a postsynaptic location. Their analysis provides new clues for the role of endo-
cannabinoids in striatal function, which cannot only be considered as retrograde signals that inhibit
neurotransmitter release. Recent studies using a new method to detect heteromerization of more than
two proteins, which consists of sequential BRET–FRET (SRET) analysis, has demonstrated that CB1, D2 and
A2A receptors can form heterotrimers in transfected cells. It is likely that functional CB1–A2A–D2 receptor
heteromers can be found where they are highly co-expressed, in the dendritic spines of GABAergic
enkephalinergic neurons. The functional properties of these multiple receptor heteromers and their role
in striatal function need to be determined.

Published by Elsevier Ltd.
1. Striatal spine modules and their diversity

The minimal portion of one or more neurons and/or one or more
glial cells that operates as an independent integrative unit has been
termed a ‘‘local module’’ (Ferré et al., 2007a). Conceptually, local
module allows a better understanding of the functional relevance
of extrasynaptic receptors, which are activated by volume trans-
mission. Furthermore, the concept of local module provides
a rationale for the functional relevance of neurotransmitter
receptor heteromers, which can integrate signals that arise from
the same or different elements that constitute the local module.

We recently analyzed the role of receptor heteromers in the
‘‘striatal spine module’’, a common striatal local module which is
centered in the dendritic spine of the GABAergic striatal efferent
neurons (also called medium spiny neurons) (Ferré et al., 2007a).
This type of neuron makes up more than 95% of the striatal
neuronal population and receives two main extrinsic inputs that
converge in the dendritic spine: mesencephalic dopaminergic
inputs from the substantia nigra pars compacta and the ventral
tegmental area and cortical, limbic and thalamic glutamatergic
inputs (Gerfen, 2004). The main elements of the ‘‘striatal spine
module’’ include the dendritic spine, glutamatergic and
).
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dopaminergic terminals that make synaptic contact with the head
and neck of the dendritic spine, respectively, and astroglial
processes that wrap the glutamatergic synapse (Ferré et al., 2007a).
This arrangement allows dopaminergic neurotransmission to
control glutamatergic neurotransmission. In our previous func-
tional analysis of the striatal spine modules we also considered the
role of acetylcholine, mostly released by volume transmission from
asynaptic varicosities of cholinergic interneurons, and adenosine,
mostly derived from ATP released from astroglia and glutamatergic
terminals (Ferré et al., 2007a). We then analyzed the role of
heteromers of dopamine, glutamate, adenosine and acetylcholine
receptors in the processing of information by striatal spine modules
(Ferré et al., 2007a,b). In our previous analysis we did not consider
the roles endocannabinoid and endogenous opioid neurotrans-
mission might play in striatal spines modules. We also did not
consider the role of extensive intrinsic GABAergic input to striatal
spine modules.

GABAergic innervation in the striatum predominantly originates
from collaterals of projecting neurons and from interneurons (Yung
et al., 1996; Kawaguchi et al., 1995; Kubota and Kawaguchi, 2000).
Nerve terminals from pallidal neurons, conversely, represent only
a minority of GABAergic synapses (Bevan et al., 1998). GABAergic
interneurons, rather than axon collaterals of GABAergic striatal
efferent neurons, provide the predominant inhibitory control of
striatal neuron excitability (Koos and Tepper, 1999; Kubota and
Kawaguchi, 2000). Like dopaminergic afferents, some GABAergic

mailto:sferre@intra.nida.nih.gov
www.sciencedirect.com/science/journal/00283908
http://www.elsevier.com/locate/neuropharm
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interneurons make synaptic contact with the neck of the dendritic
spines at the same time that glutamatergic terminals make synaptic
contact with the head of dendritic spines. In addition, many
synapses of GABAergic interneurons make contact with the
dendritic shafts but close to the base of the spine (Kubota and
Kawaguchi, 2000). It is quite well established that there is
a preponderance of dopaminergic inputs on distal portions of the
dendrites, which also contain the greatest density of dopaminergic
receptors in the dendritic tree (Smith and Bolam, 1990; Sesack et al.,
1994). On the other hand, in the proximal portion of the dendrites
Fig. 1. Scheme for the striatal spine modules of the GABAergic striatal efferent neuron. This
glutamatergic afferents from cortical, limbic and thalamic areas and dopaminergic afferen
interneurons and from collaterals of other GABAergic efferent neurons. The glutamatergic te
wrap the glutamatergic synapse. The dopaminergic and GABAergic inputs contact preferent
contact with the neck of the dendritic spine or the dendritic shaft close to the base of the d
their localization in the dendritic tree (I–III; see text). The scheme is a simplification. The st
that extend over an area of approximately 200 mm with a spine density of about 20–40 spi
there is a preponderance of GABAergic intrinsic inputs (and also
cholinergic, although these mostly are found in asynaptic varicos-
ities) (Smith and Bolam, 1990; Gerfen, 2004). Therefore, the
previously described type of striatal spine module, which includes
a glutamatergic and a dopaminergic synapse and we will call
striatal spine module I (Fig. 1), includes a glutamatergic and
a dopaminergic synapse and is mostly localized in the distal portion
of the dendritic tree. There are at least two additional types of
modules localized in the middle and proximal portions of the
dendritic field, which receive glutamatergic inputs. One type of
is the most common neuron in the striatum, which receives two main extrinsic inputs:
ts from the mesencephalon. Furthermore, it receives intrinsic inputs from GABAergic
rminals make synaptic contact with the head of the dendritic spine and glial processes
ially the distal and proximal portions of the dendritic tree, respectively, and they make
endritic spine. Three main types of striatal modules can be differentiated according to
riatal GABAergic efferent neuron contains from 7 to 10 moderately branched dendrites
nes/mm (Wilson et al., 1983).
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striatal module receives both dopamine and GABAergic inputs
(striatal spine module II; Fig. 1), and the other type receives only
GABAergic input (striatal spine module III; Fig. 1).

In addition to the differential localization of striatal spine
modules in the dendritic tree, there are two other sources of vari-
ation that further subdivide the modules. First, two types of
GABAergic efferent neurons, which are homogeneously distributed
in the striatum, can be differentiated by their output connectivity
and their expression of dopamine and adenosine receptors and
neuropeptides. GABAergic enkephalinergic neurons connect the
striatum with the globus pallidus (lateral globus pallidus) and
express the peptide enkephalin and dopamine D2 and adenosine
A2A receptors (Ferré et al., 1997; Gerfen, 2004). GABAergic dynor-
phinergic neurons connect the striatum with the substantia nigra
and the entopeduncular nucleus (medial globus pallidus) and
express the peptides dynorphin and substance P and dopamine D1

and adenosine A1 receptors (Ferré et al., 1997; Gerfen, 2004). Thus,
there are at least two different types of striatal spine modules that
should be considered, depending on these two types of GABAergic
efferent neurons. Furthermore, a small percentage of GABAergic
efferent neurons have a mixed phenotype and express both D1 and
D2 receptors (Surmeier et al., 1996).

A third source of variation of the striatal spine modules depends
on the subdivision of the striatum into patch and matrix compart-
ments. There are two different phenotypes of GABAergic efferent
neurons (for both enkephalinergic and dynorphinergic neurons)
that are heterogeneously distributed in the patch (striosomes) or
the matrix compartments. One of the main characteristics of the
patch compartment is that it has a much higher expression of m
opioid receptors than the matrix compartment (Mansour et al.,
1987; Gerfen, 2004). In addition to differential expression of other
markers, there are clear differences in input and output connectiv-
ities, with patch-GABAergic efferent neurons receiving cortical input
predominantly from periallocortical areas (such as the infralimbic
and prelimbic cortices) and matrix-GABAergic efferent neurons
Fig. 2. Relative expression of cannabinoid CB1, dopamine D2, adenosine A2A and m opioid rece
on their localization in the dendritic tree (I–III; see Fig. 1) and on the phenotype of the striat
matrix). The squares sizes indicate the approximate relative level of expression in each ele
receiving input from neocortical areas (Gerfen, 2004). Also,
GABAergic dynorphinergic neurons that originate in the patch
project predominantly to the substantia nigra pars compacta and
those that originate in the matrix project predominantly to the pars
reticulate (Gerfen, 2004). In summary, there are at least 12 different
types of striatal spine modules, based on variations in localization
on the dendritic tree (I–III), enkephalinergic versus dynorphinergic
phenotype, and localization in the patch or matrix compartment,
and this should be considered when analyzing the role of a given
neurotransmitter in the modulation of striatal function (Fig. 2).

2. Endocannabinoid neurotransmission in the striatal spine
modules

Endocannabinoids are membrane-derived signaling lipids
which stimulate GPCRs receptors that are targeted by D9-tetrahy-
drocannabinol (THC), the addictive principle of marijuana. Two
major endocannabinoids, anandamide and 2-arachidonylglycerol
(2-AG), have been discovered. Like classical neurotransmitters they
are released from neurons following neuronal depolarization and
Ca2þ influx into the cell. Unlike classical neurotransmitters, they are
not stored in vesicles, but are produced ‘‘on demand’’ from endo-
cannabinoid precursors by the action of enzymes localized in the
plasma membrane (Di Marzo et al., 1998; Freund et al., 2003;
Piomelli, 2003). The enzymes necessary for the biosynthesis of
anandamide are the Ca2þ-dependent N-acyltransferase and
N-acylphosphatidylethanolamine-phospholipase D (NAPE-PLD).
For the biosynthesis of 2-AG, the main enzymes involved are the
Ca2þ-dependent and Gq-11-coupled receptor-activated phospholi-
pase C and diacylglycerol lipase (DGL). The action of endocanna-
binoids is terminated by uptake or diffusion into cells followed by
intracellular metabolism. Fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MGL) are the two primary enzymes
involved in intracellular metabolism of anandamide and 2-AG,
respectively (Di Marzo et al., 1998; Freund et al., 2003; Piomelli,
ptors in the different elements of the 12 subtypes of striatal spine modules that depend
al GABAergic efferent neuron (enkephalinergic versus dynorphynergic and patch versus
ment of the striatal module.
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2003). Finally, the existence of an endocannabinoid membrane
equilibrative transporter has been postulated to explain cellular
uptake of both anandamide and 2-AG (Piomelli, 2003). Some
studies suggest that this transporter, which has not yet been
identified, plays a role in endocannabinoid release (Ronesi et al.,
2004; Adermark and Lovinger, 2007).

Of the two subtypes of cannabinoid receptors so far identified
and characterized (CB1 and CB2 receptors) the CB1 subtype is the
one predominantly expressed in the adult central nervous system.
In fact, the CB1 receptor is considered the most abundant GPCR in
the brain (Herkenham et al., 1990, 1991). CB1 receptors activate
different signaling pathways through coupling to Gi proteins
(Demuth and Molleman, 2006) and are often localized presynap-
tically where their stimulation usually inhibits neurotransmitter
release (Di Marzo et al., 1998; Piomelli, 2003). There has been some
debate about the cellular and subcellular localization of CB1

receptors in the striatum. Most studies would agree that CB1

receptors are localized presynaptically, predominantly in GABAer-
gic terminals of interneurons or collaterals from GABAergic efferent
neurons, and also in glutamatergic but not in dopaminergic
terminals (Pickel et al., 2004, 2006; Köfalvi et al., 2005; Mátyás
et al., 2006; Uchigashima et al., 2007). There is also general
agreement that GABAergic enkephalinergic and dynorphynergic
neurons express CB1 receptor mRNA and that CB1 receptors are
highly expressed in the terminals of these neurons, in the globus
pallidus (medial and lateral portions) and in the substantia nigra
pars reticulata (Herkenham et al., 1991; Julian et al., 2003; Martı́n
et al., 2008). However, there is disagreement about the existence of
CB1 receptors in the somatodendritic area of the GABAergic striatal
efferent neurons, with some electron microscopy studies being able
(Rodriguez et al., 2001; Pickel et al., 2004, 2006) and others being
unable (Mátyás et al., 2006; Uchigashima et al., 2007) to recognize
a postsynaptic localization of striatal CB1 receptors. These
discrepancies may be due to the low resolution of electron
microscopy (unable to detect low density receptors) and to prob-
lems of accessibility of antibodies to epitopes localized in the
synapse (accessibility may be hindered by the dense protein matrix
that keeps the synapse together). The application of fractionation
methods that allow separation of presynaptic and postsynaptic
components of striatal synapses has clearly shown that, in fact, CB1

receptors are significantly localized in a fraction enriched in the
postsynaptic density (the postsynaptic side of the glutamatergic
synapse in the dendritic spine) (Köfalvi et al., 2005).

One of the main functions of endocannabinoids is retrograde
signaling with stimulation of presynaptic CB1 receptors and the
consequent inhibition of neurotransmitter release. 2-AG, rather
than anandamide, seems to be mainly responsible for endocanna-
binoid-mediated retrograde signaling in the striatum and, probably
in most brain areas (Hashimotodani et al., 2007). A recent study has
demonstrated that in the striatum DGL is mostly localized in the
plasma membrane of the dendritic spines of GABAergic striatal
efferent neurons (Uchigashima et al., 2007). The same study
showed that, in GABAergic striatal efferent neurons, inhibition of
DGL abolishes depolarization-induced suppression of inhibition
(DSI) and the depolarization-induced suppression of excitation
(DSE) (Uchigashima et al., 2007), which depend on activation of
postsynaptic Gq-11-coupled receptors and on activation of presyn-
aptic CB1 receptors with inhibition of GABA and glutamate release,
respectively (Hashimotodani et al., 2007). The metabotropic
glutamate receptor mGlu5 is a Gq-11-coupled receptor that is
co-expressed with DGL in the dendritic spines of GABAergic striatal
efferent neurons and it has been found to be particularly involved
in endocannabinoid-dependent retrograde signaling (Uchigashima
et al., 2007). Studies performed in the hippocampus suggest that,
unlike 2-AG, anandamide may be preferentially involved in anter-
ograde signaling, since NAPE-PLD was found to be concentrated
presynaptically, where it was associated with intracellular calcium
stores in several types of excitatory axon terminals (Nyilas et al.,
2008). Furthermore, FAAH is mostly localized postsynaptically
(Freund et al., 2003).

In addition to short-term plasticity mediated by endocannabi-
noids, which is represented by the short-term inhibition of
neurotransmitter release induced by postsynaptic depolarization
and activation of postsynaptic Gq-11-coupled receptors, endo-
cannabinoid release is involved in long-term synaptic plasticity in
several brain regions (for a recent review, see Hashimotodani et al.,
2007). In the dorsal and ventral striata (nucleus accumbens),
stimulation of cortico-striatal glutamatergic inputs induces endo-
cannabinoid-mediated long-term depression (LTD) (Gerdeman
et al., 2002; Robbe et al., 2002). Although LTD induction requires
postsynaptic depolarization and an increase in postsynaptic Ca2þ

influx, LTD expression is associated with a decrease in the proba-
bility of glutamate release (Choi and Lovinger, 1997). It is believed
that retrograde signaling is mostly involved in endocannabinoid-
mediated LTD (Piomelli, 2003; Hashimotodani et al., 2007). Striatal
LTD mediated by endocannabinoids also requires activation of D2

receptors (Kreitzer and Malenka, 2005). In fact, D2 receptor acti-
vation has been shown to enhance striatal endocannabinoid release
by enhancing synthesis and inhibiting metabolism of endocanna-
binoids (Giuffrida et al., 1999; Centonze et al., 2004). Indeed, recent
experiments by Kreitzer and Malenka (2007) indicate that only
excitatory synapses of the GABAergic enkephalinergic neurons
(which express D2 receptors), but not GABAergic dynorphinergic
neurons (which do not express D2 receptors), show endocannabi-
noid-mediated LTD.

In summary, the whole machinery of endocannabinoid neuro-
transmission is highly represented in striatal spine modules and it
seems to be designed to mostly play an inhibitory role on
GABAergic and glutamatergic neurotransmission by means of both
pre- and postsynaptic mechanisms. However, as we will see below,
a more relevant fine-tuning of neurotransmission can potentially
be achieved by the ability of CB1 receptors to heteromerize with
other GPCRs, particularly, dopamine, adenosine and opioid recep-
tors, which are differentially expressed in different types of striatal
spine modules.

3. Oligomerization of GPCR

Oligomerization of GPCRs is a phenomenon that is becoming
broadly accepted. When it comes to homomerization, at least two
molecules of GPCR seem to be needed to interact with one heter-
otrimeric G protein complex (Baneres and Parello, 2003; Liang
et al., 2003; Herrick-Davis et al., 2005). Strong support for homo-
dimerization also comes from morphological evidence obtained
with atomic force microscopy for rhodopsin (Fotiadis et al., 2003),
protein crystallography for metabotropic glutamate receptors
(Kunishima et al., 2000) and biophysical techniques for many
transfected GPCRs (Bouvier, 2001; Gandia et al., 2008). Homome-
rization of CB1 receptors in the brain was demonstrated in immu-
noprecipitates from rat brain membrane preparations using an
antibody that preferentially recognizes the dimerized form of the
receptor (Wager-Miller et al., 2002; Mackie, 2005).

In addition to GPCR homomers, there is clear evidence for the
existence of GPCR heteromers and we are beginning to understand
their functional significance (Ferré et al., 2007b; Franco et al., 2007).
Receptor heteromerization provides functional entities which have
biochemical properties that are different than those of the individual
components of the heteromer. A receptor unit in the heteromer can
display several biochemical properties, which can be simply depen-
dent on the presence of the other unit or on co-stimulation of the two
(or more) receptor units in the heteromer. For instance, in the recently
described D1–D2 receptor heteromer, ligands lose their D1 receptor
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selectivity and they can also activate the D2 receptor in the heteromer
(Rashid et al., 2007). Another example is the significant decrease in
affinity of the A2A receptor for caffeine when it heteromerizes with A1

receptor (Ciruela et al., 2006). This opens up the possibility that drugs
can be developed that target a specific receptor heteromer (George
et al., 2002; Franco et al., 2007). Very often, activation of one of the
receptor units in the heteromer induces changes in the binding prop-
erties of the other unit. This implies a processing of information at the
membrane level of signals impinging on the heteromer (Ferré et al.,
2007b). This intermolecular cross-talk is also known as ‘‘intra-
membrane receptor–receptor interaction’’ (Agnati et al., 2003) and is
a common property of GPCR heteromers and constitutes a ‘‘biochem-
ical fingerprint’’ that allows their identification in brain tissue (Ferré
et al., 2007b; Franco et al., 2007). As an example, stimulation of the A2A

receptor decreases the affinity of the D2 receptor in the A2A–D2 receptor
heteromer, which provides the basis for the successful clinical appli-
cation of A2A receptor antagonists with L-DOPA in the treatment of
Parkinson’s disease (Muller and Ferré, 2007). Finally, another common
property of GPCR heteromers is their switch to a new type of G protein
coupling. For instance, D2 normally couples to Gi-o proteins, while D1

and A2A receptors are prototypical Gs–olf protein-coupled receptors.
However, in D1–D2 receptor heteromers, and probably in A2A–D2

receptor heteromers, the D2 receptor switches its coupling to Gq-11

protein, resulting in an ability to activate PLC signaling (Ferré et al.,
2007c; Rashid et al., 2007). In artificial cell systems, CB1 receptors have
recently been shown to form receptor heteromers with D2, A2A and m
receptors (Kearn et al., 2005; Rios et al., 2006; Carriba et al., 2007;
Marcellino et al., 2008). We will now analyze the possible functional
significance of CB1 receptor heteromers in striatal function.

4. Cannabinoid CB1–dopamine D2 receptor heteromers

CB1–D2 receptor heteromerization has been demonstrated in
co-transfected cells by co-immunoprecipitation and Fluorescence
Resonance Energy Transfer (FRET) techniques (Kearn et al., 2005;
Marcellino et al., 2008). The CB1–D2 receptor heteromer provides
a nice example of G protein switching in the heteromer. Thus, both
CB1 and D2 receptors are usually coupled to Gi-o proteins and their
individual activation in co-transfected cells or primary striatal
neurons in culture leads to inhibition of forskolin-induced
adenylyl-cyclase activation. On the other hand, in these cellular
models, co-stimulation, but not individual receptor stimulation of
CB1 and D2 receptors, results in a Gs protein-dependent (pertussis
toxin-insensitive) adenylyl-cyclase activation (Glass and Felder,
1997; Kearn et al., 2005). Another study suggested that simply
co-expressing CB1 and D2 receptors is sufficient to induce stimu-
lation of adenylyl cyclase in response to CB1 receptor activation
(Jarrahian et al., 2004). The reasons for differences between these
studies remain to be resolved, but all of these studies demonstrate
that activation of CB1–D2 receptor heteromer can have completely
opposite effects than activation of the individual receptors.

CB1 and D2 receptors are co-localized in different elements of
striatal spine modules. As mentioned above, D2 receptors are highly
expressed in the dendritic spines of GABAergic enkephalinergic
neurons, particularly those striatal spine modules localized in the
distal portion of the dendritic tree (striatal modules I and II in
the GABAergic enkephalinergic neurons; Fig. 2). Furthermore, in
the striatal spine modules, D2 receptors are also known to be
localized in dopaminergic, glutamatergic and GABAergic terminals,
where their stimulation inhibits neurotransmitter release (Usiello
et al., 2000; Bamford et al., 2004; Centonze et al., 2004). There are
two isoforms of D2 receptors, D2L and D2S (long and short isoforms,
respectively), which differ by the presence of 29 additional amino
acids within the third intracellular loop of D2L (Giros et al., 1989).
Studies using specific antibodies indicate that the predominant
isoform for the postsynaptic D2 receptor (in the dendritic spine) is
D2L and the predominant isoform for the D2 autoreceptor (localized
in dopaminergic terminals) is D2S (Khan et al., 1998). More recent
studies using gene inactivation technology suggest that both
isoforms participate in presynaptic inhibition of GABA transmission
in the striatum, while modulation of glutamate release depends
mostly on the D2S isoform. In summary, when considering the
above mentioned striatal distribution of CB1 receptors and CB1–D2

colocalization the localization of CB1–D2 receptor heteromers can
take place both postsynaptically in the dendritic spines of
GABAergic enkephalinergic neuron and presynaptically, in
GABAergic and glutamatergic terminals of both enkephalinergic
and dynorphinergic neurons. In fact, a recent electron microscopy
analysis with double labeling in the ventral striatum has confirmed
the existence of overlapping subcellular distributions of CB1 and D2

receptor immunoreactivities both at the pre- and postsynaptic
levels (Pickel et al., 2006), providing important support for the
existence of CB1–D2 receptor heteromers in the striatum. Addi-
tional compelling evidence has recently been provided by experi-
ments in rat striatal membrane preparations, with the
demonstration of an intramembrane receptor–receptor interaction.
In these preparations, stimulation of CB1 receptors decreased the
affinity of D2 receptors for dopamine (Marcellino et al., 2008). As
mentioned above, intramembrane receptor–receptor interactions
constitute a common property of GPCR heteromers (Agnati et al.,
2003; Ferré et al., 2007b; Franco et al., 2007).

Both properties of the CB1–D2 receptor heteromer, G protein
switching and the antagonistic intramembrane interaction, would
predict that in functional experiments CB1 receptor activation should
counteract the effects of striatal D2 receptor-mediated neurotransmis-
sion. In fact, it is well known that CB1 receptor agonists and antagonists
counteract and potentiate, respectively, D2 receptor agonist-mediated
motor effects (Maneuf et al., 1997; Rodrı́guez de Fonseca et al., 1998;
Giuffrida et al., 1999; Andersson et al., 2005; Martı́n et al., 2008; Mar-
cellino et al., 2008). It has, therefore, been suggested that CB1 receptor
agonist-mediated motor depressant effects depend on their ability to
counteract dopamine neurotransmission (Rodrı́guez de Fonseca et al.,
1998). Since motor activation induced by D2 receptor agonists is mostly
dependent on postsynaptic D2 receptors, these behavioral studies
strongly suggest that striatal CB1–D2 heteromers are localized in the
dendritic spines of GABAergic enkephalinergic neurons. Also, as indi-
cated by Maneuf et al. (1997), another locus where CB1–D2 hetero-
merization could partially explain CB1–D2 receptor interactions at the
behavioral level are the terminals of the GABAergic enkephalinergic
neurons in the lateral globus pallidus (known to have a very high
expression of CB1 receptors and a moderate expression of D2 receptors;
see above). In fact, the same authors also reported that CB1 receptor
activation in slices of rat lateral globus pallidus produces a paradoxical
increase in cAMP (Maneuf and Brotchie, 1997). Indirectly this supports
the existence of CB1–D2 receptor heteromers in the striatal collaterals of
GABAergic enkephalinergic neurons. On the other hand, although CB1

and D2 receptors are co-localized in striatal glutamatergic terminals,
recent studies by Kreitzer and Malenka (2007) do not support that they
form functional heteromers in this location. As mentioned before, D2

receptor stimulation favors CB1 receptor-mediated inhibition of
presynaptic glutamatergic neurotransmission, most probably by a D2

receptor-mediated stimulation of endocannabinoid release (Kreitzer
and Malenka, 2007). Inviewof the differential distribution of D2 receptor
isoforms, it is tempting to speculate that in the striatum CB1 receptors
form heteromers with D2L but not D2S receptors.

5. Cannabinoid CB1–adenosine A2A receptor heteromers

CB1–A2A receptor heteromerization has been demonstrated by
Bioluminescence Resonance Energy Transfer (BRET) in co-
transfected cells (Carriba et al., 2007). In a human neuroblastoma
cell line, Gi-dependent CB1 receptor signaling (inhibition of
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adenylyl-cyclase activity) was found to be completely dependent
on A2A receptor co-activation. Thus, A2A receptor blockade or
incubation with adenosine deaminase counteracted the ability of
a CB1 agonist to inhibit forskolin-induced cAMP accumulation
(Carriba et al., 2007). Consistent with these results in artificial cell
lines, some biochemical effects of CB1 receptor agonists in primary
striatal cell cultures and striatal slices have been reported to
depend on A2A receptor function. Those include cAMP–PKA
signaling involving AGS3, an activator of G protein signaling, as well
as bg subunits and types II–IV adenylyl cyclase (Yao et al., 2003,
2006) and DARPP-32 phosphorylation (Andersson et al., 2005).

In the striatal spine modules, A2A receptors are preferentially
expressed in dendritic spines of GABAergic enkephalinergic
neurons (Rosin et al., 2003), where they are co-localized and form
functional heteromers with D2 receptors (reviewed in Ferré et al.,
2007a,b,c). Furthermore, A2A receptors are localized in a high
proportion of glutamatergic terminals, where they form hetero-
mers with A1 receptors that control glutamate release (Ciruela
et al., 2006; Ferré et al., 2007a,b,c). On the other hand, A2A receptors
show very little expression in the dopaminergic and GABAergic
terminals (Rosin et al., 2003). However, there is clear functional
evidence for the existence of A2A receptors localized in the lateral
globus pallidus and their stimulation facilitates GABA release
(Mayfield et al., 1993; Shindou et al., 2002; Simola et al., 2006).
Recent studies suggest A2A receptors are also present in the striatal
collaterals of the GABAergic enkephalinergic neurons (Shindou
et al., 2008). Less clear is the significance of some results that
suggest the existence of striatal A2A receptors localized in GABA
terminals, which inhibit GABA release when activated (Mori and
Shindou, 2003). Striatal A2A receptors are, therefore, mostly co-
localized with CB1 receptors in the dendritic spines of GABAergic
enkephalinergic neuron and in glutamatergic nerve terminals
(Fig. 2). A recent double immunohistochemical confocal analysis in
rat striatal sections demonstrated a strong colocalization of CB1 and
A2A receptors in fibrilar structures, compatible with dendritic
processes or nerve terminals (Carriba et al., 2007). Furthermore
striatal CB1–A2A receptor complexes were obtained by co-
immunoprecipitation (Carriba et al., 2007).

The biochemical properties of the CB1–A2A receptor heteromer,
with its dependence on A2A receptor activation, would predict that
A2A receptor antagonists would produce effects similar to CB1

receptor antagonists. Consistent with this prediction, motor
depression induced by the bilateral striatal infusion of a CB1 receptor
agonist in rats was completely counteracted by systemic adminis-
tration of either CB1 or A2A receptor antagonists (Carriba et al.,
2007). Similarly, genetic inactivation of A2A receptors in mice
significantly decreased the cataleptic and rewarding effects (in
a conditioned place preference paradigm) of systemically adminis-
tered CB1 receptor agonists (Andersson et al., 2005; Soria et al.,
2006). As mentioned before, the motor depressant effects of CB1

receptor agonists seem to depend on postsynaptic D2 receptor-
mediated dopaminergic neurotransmission and some of the
biochemical CB1–A2A receptor interactions as described above also
seem to depend on D2 receptor function (Yao et al., 2003; Andersson
et al., 2005). Since strong physical and functional interdependence
of striatal A2A and D2 receptors has also been demonstrated (Ferré
et al., 2007a,b,c), it becomes an obvious possibility that CB1, A2A and
D2 receptors form part of the same macromolecular complexes and
that the three receptors can heteromerize in dendritic spines of
GABAergic enkephalinergic neurons.

We recently introduced a new method to detect hetero-
merization of more than two proteins in transfected cells, which
consists of a Sequential BRET–FRET (SRET) analysis (Carriba et al.,
2008). In SRET experiments, emission of light by a bioluminescent
donor triggers excitation of an acceptor fluorophor by BRET and this
fluorophor emits light on a wavelength that excites a second
acceptor fluorophor by FRET. Thus, SRET requires co-expression of
three fusion proteins: one fused to the BRET donor (Renilla lucif-
erase; Rluc), another fused to the BRET acceptor, which is also a FRET
donor (p.e., GFP2), and the third coupled to the FRET acceptor (p.e.,
YFP). If the proteins under study form heteromers, the addition of
an Rluc substrate should elicit a sequence with the final emission of
light by the FRET acceptor (Carriba et al., 2008). A very significant
SRET was demonstrated when mammalian cells were co-trans-
fected with Rluc–A2A, D2–GFP2 and CB1–YFP receptors (Carriba
et al., 2008). Although it has not yet been demonstrated, it is likely
that functional CB1–A2A–D2 receptor heteromers can be found
where they are highly co-expressed in the striatum, particularly in
the dendritic spines of GABAergic enkephalinergic neurons, the
preferential localization of CB1–D2, CB1–A2A and A2A–D2 receptor
heteromers. The functional properties of these multiple heteromers
and their role in striatal function needs to be determined.

6. Cannabinoid CB1–m opioid receptor heteromers

Heteromerization of CB1 and m receptors was recently demon-
strated in co-transfected cells with BRET (Rios et al., 2006), but direct
functional interactions between these receptors were demonstrated
much earlier by investigators looking for endogenous targets of THC,
well before the discovery of endocannabinoids and cannabinoid
receptors. It was found that THC allosterically modulates the binding
of m and d (but not k) opioid receptor ligands in membrane prepa-
rations from rat brain (Vaysse et al., 1987). These results were
recently confirmed and extended by another research group
(Kathmann et al., 2006) that found a specific increase in the disso-
ciation of m and d receptor ligands with THC in rat cortical membrane
preparations (although a similar effect was observed with canna-
bidiol, another constituent of marijuana that has low affinity for CB1

receptors; Kathmann et al., 2006). That this allosteric modulation
involves a CB1–m intramembrane receptor interaction and receptor
heteromerization is supported by a recent study that shows the
absence of direct effects of CB1 receptor ligands on m receptors
expressed in Xenopus oocytes (Kracke et al., 2007). Biochemical
experiments in co-transfected cells suggest that occupancy of CB1

receptors in CB1–m receptor heteromer has an antagonistic effect on
m receptor-mediated G protein activation (Rios et al., 2006), which
would agree with the antagonistic intramembrane interaction.

The m receptor, the main target for morphine, is heavily expressed in
the striatum, particularly in the patch compartment (Mansour et al.,
1987; Gerfen, 2004), where it seems to be preferentially expressed in
GABAergic dynorphinergic neurons (Guttenberg et al., 1996). Ultra-
structural analysis with electron microscopy has shown that m recep-
tors in the patch compartment are preferentially localized in the same
elements of striatal spine modules as CB1 receptors, i.e., in the dendritic
spines and in the glutamatergic and GABAergic nerve terminals (Pickel
et al., 2004; Rodriguez et al., 2001) (Fig. 2), where they exert an
inhibitory role on neurotransmitter release (Schoffelmeer et al., 2006;
Miura et al., 2007). Recent electrophysiological experiments indicate
that there is a similar m receptor-dependent modulation of glutamate
release in both patch and matrix compartments, while m receptor-
dependent modulation of GABA release only takes place in the patch
compartment (Miura et al., 2007).

The pentapeptide enkephalins are the main endogenous opioids
involved in stimulation of striatal m receptors. Enkephalins (Met-
enkephalin and Leu-enkephalin, from the precursor proenkephalin)
are released by GABAergic enkephalinergic neurons and are also
endogenous ligands for d, but not k receptors (Mansour et al., 1995;
Akil et al., 1998). On the other hand, dynorphins (A and B) are
released by GABAergic dynorphinergic neurons and are the main
endogenous ligands for k receptors, with very low affinities for m and
d receptors (Mansour et al., 1995; Akil et al., 1998). Nevertheless, the
precursor of dynorphins, prodynorphin, can potentially generate
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Leu-enkephalin (as well as Leu-enkephalin-Arg, which has similar
affinities for the three opioid receptors; Mansour et al., 1995). In fact,
the GABAergic dynorphinergic neurons have been shown to be an
important source of Leu-enkephalin in the substantia nigra (Zamir
et al., 1984). In the striatum, however, total and extracellular levels
of Met-enkephalin are significantly higher than those of Leu-
enkephalin (Nylander et al., 1995; Baseski et al., 2005). Endomor-
phins (1 and 2) are endogenous tetrapeptides which also bind to m
receptors with high affinity and have a low selectivity for d and k
receptors (Fichna et al., 2007). However, the density of endomor-
phin-like immunoreactivity is low in the striatum (Martin-Schild
et al., 1999) and it is not yet known if they are functional significance
in striatal spine modules. Also, the precursor molecules for endo-
morphins, as well as the striatal neurons that release endomorphins,
still need to be determined (Fichna et al., 2007; Martin-Schild et al.,
1999). In summary, the main source of endogenous agonist for m
receptors seems to be the collaterals of GABAergic enkephalinergic
neurons, which establish synaptic contact with the dendritic shafts
and spines of GABAergic striatal efferent neurons (Yung et al., 1996).

Electron microscopy studies with double labeling have shown CB1–m
receptor colocalization in both pre- and postsynaptic elements (Rodri-
guez et al., 2001; Pickel et al., 2004). Clearer evidence for the existence of
functional CB1–m receptor heteromers in the striatum comes from
biochemical experiments, such as the above mentioned intramembrane
interactions, as well as from experiments in rat striatal slices analyzing
CB1–m receptor interactions in the modulation of neurotransmitter
release (Schoffelmeer et al., 2006). In these studies, a m receptor antag-
onist prevented a CB1 receptor antagonist from blocking the inhibition of
glutamate and GABA release mediated by a CB1 receptor agonist.
Conversely, a CB1 receptor antagonist prevented a m receptor antagonist
from blocking the inhibition of glutamate and GABA release mediated by
a m receptor agonist (Schoffelmeer et al., 2006). These results suggest
additional intramembrane cross-talk between CB1 and m receptors, since
ligand binding to one of the receptors changes the binding characteris-
tics of the other receptor. Also, in the same study, evidence was obtained
for additive and synergistic CB1–m receptor interactions in the modula-
tion of striatal glutamate and GABA release by studying the effect of CB1

and m receptor agonists, alone and in combination (Schoffelmeer et al.,
2006). This is not consistent with the antagonistic intramembrane CB1–m
receptor interactions (Vaysse et al., 1987; Kathmann et al., 2006) and
with interactions at the signaling level obtained in co-transfected cells
(Rios et al., 2006). Nevertheless, there are also results of synergistic CB1–
m receptor interactions on cAMP–PKA signaling in striatal neurons in
culture, which seem to depend on A2A receptor activation (Yao et al.,
2006), suggesting that, in vivo, we might be dealing with A2A–CB1–m
receptor heteromerization. Furthermore, an important amount of data
from in vivo and ex vivo biochemical and behavioral experiments indi-
cates that there is a strong dependence of m receptorco-activation on CB1

receptor activation and vice versa (Gardner et al.,1988; Tanda et al.,1997;
Ledent et al., 1999; Manzanares et al., 1999; Berrendero et al., 2003;
Justinova et al., 2004; Solinas and Goldberg, 2005). Probably, striatal
CB1–m receptor heteromers (and maybe A2A–CB1–m receptor hetero-
mers) contribute to the behavioral effects of CB1 and m receptor ligands.
This should not underestimate the contribution of other loci of interac-
tions in the brain and the reported stimulation of the release of endog-
enous opioids by CB1 receptor activation (reviewed in Vigano et al.,
2005). For instance, THC induces an increase in the extracellular
concentration of enkephalin in the striatum (Valverde et al., 2001).

7. Concluding remarks

The introduction of the two concepts, ‘‘local module’’ and
‘‘receptor heteromer’’, facilitates the understanding of the role of
interactions between different neurotransmitters in the brain
(Ferré et al., 2007a). Local module also provides the best framework
for understanding the role of ‘‘volume transmission’’ (Zoli et al.,
1999). In the local module, the overflow of synaptically released
and non-synaptically (neuronal or glial in origin) released neuro-
transmitters can converge and activate extrasynaptically located
receptor heteromers, which act as processors of computations that
modulate cell signaling (Ferré et al., 2007b,c). Furthermore,
receptor heteromers can be localized intrasynaptically (pre- or
postsynaptically), where they can act as concentration-dependent
switches (in case of heteromers of receptors for the same neuro-
transmitter) or as processors of information of different neuro-
transmitters released in the synapse (Ferré et al., 2007c).

The study of CB1 receptor heteromers in the striatal spine
modules provides new clues for the role of endocannabinoids in
neuronal function, which cannot only be considered as retrograde
signals that inhibit neurotransmitter release. There is strong
evidence for tight morphological and functional postsynaptic
interactions between CB1 receptors and D2, A2A and m receptors
which play important roles in striatal function. Furthermore, the
differential expression of CB1, D2, A2A and m receptors in the various
types of striatal spine modules allows a significant plasticity in the
modulatory role of endocannabinoids in the striatum.

Although the field of receptor heteromers is just beginning, we
can foresee that it will have a huge impact on the fields of receptor
physiology and pharmacology. Many questions remain to be
answered and new ways of understanding receptor function will
certainly emerge. For instance, there is already overwhelming
experimental evidence that homodimers are the minimal func-
tional unit of GPCRs. This suggests that receptor heteromers are
probably heteromers of different homodimers. At the pharmaco-
logical level, the unique binding characteristics of receptor het-
eromers open the possibility of selectively targeting not only
specific neurons in a specific brain area, but even specific local
modules or specific elements of specific local modules.
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