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The distribution and function of neurons coexpressing the
dopamine D1 and D2 receptors in the basal ganglia and
mesolimbic system are unknown.We found a subset of medium
spinyneurons coexpressingD1andD2 receptors in varyingden-
sities throughout the basal ganglia, with the highest incidence in
nucleus accumbens and globus pallidus and the lowest inci-
dence in caudate putamen. These receptors formed D1-D2
receptor heteromers that were localized to cell bodies and pre-
synaptic terminals. In rats, selective activation ofD1-D2 hetero-
mers increased grooming behavior and attenuated AMPA
receptor GluR1 phosphorylation by calcium/calmodulin kinase
II� in nucleus accumbens, implying a role in reward pathways.
D1-D2 heteromer sensitivity and functional activity was up-reg-
ulated in rat striatumby chronic amphetamine treatment and in
globus pallidus from schizophrenia patients, indicating that the
dopamine D1-D2 heteromer may contribute to psychopatholo-
gies of drug abuse, schizophrenia, or other disorders involving
elevated dopamine transmission.

Dopaminergic signaling within basal ganglia occurs within at
least two populations of GABAergic medium spiny neurons
(MSNs),2 containing the neuropeptides dynorphin (DYN) and
substance P, or containing enkephalin (ENK) (1, 2). There is
controversy as to the colocalization of dopamine D1 and D2
receptors (D1R, D2R) within these two neuronal subtypes. It is
generally agreed that whereas D1R is largely segregated to the
DYN/substance P-expressing direct striatonigral pathway, D2R
is predominantly localized to the ENK-expressing indirect
striatopallidal pathway, which is supported by recent studies
using fluorophore-tagged promoter elements of D1R and D2R
in bacterial artificial chromosome transgenic mice to quantify

the cells expressing the receptors within these pathways (3, 4).
Although strict segregation ofD1R andD2Rhas been suggested
(5, 6) it was noted in these studies that although�60% ofMSNs
in nucleus accumbens (NAc) expressed D1R, �50% expressed
D2R. This indicated a certain fraction of NAcMSNs expressed
both receptors, a finding consistent with numerous studies
showing colocalization of D1R and D2R in a proportion of stri-
atal neurons (7–11).
In keeping with these findings, we have shown that D1R and

D2R interacted in striatum to form a D1-D2 heteromeric com-
plex that could be immunoprecipitated (9, 12). The D1-D2 het-
eromer was distinct from its constituent receptors in that it
coupled to Gq/11 to activate phospholipase C and generate
intracellular calcium release, representing a novel signaling
pathway directly linking dopamine action to calcium (9, 13).
However, despite growing evidence that neurons coexpressing
D1R and D2R embody a significant fraction of MSNs in NAc,
their regional distribution, phenotypic characterization, and
functional role within basal ganglia are entirely unknown.
Given the apparent relationship between dopamine receptor
expression and DYN or ENK content, we hypothesized that
neurons expressing the D1-D2 heteromer would contain both
DYN and ENK, and, accordingly, these neurons would not
show preferential localization to either the direct striatonigral
or indirect striatopallidal pathways. Given the pervasive role of
intracellular calcium signaling in all aspects of neuronal func-
tion, we hypothesized that activation of the D1-D2 heteromer
would influence neuronal transmission and behavioral output,
whereas the activity of the heteromer would respond to alter-
ations in dopamine transmission, such as induced by drugs of
abuse or in schizophrenia.

EXPERIMENTAL PROCEDURES

Animals—Seventy-five adult male Sprague-Dawley rats and
20 adult gene-deleted (D1R�/� or D5R�/�) or control mice
were used. Animals were housed and tested in compliance with
the guidelines described in the Guide to the Care and Use of
Experimental Animals (Canadian Council on Animal Care).
Apparatus—The behavioral testing environment was a non-

colony room containing 16 clear polycarbonate activity moni-
tors (20� 20� 45 cm3). An array of six infrared photocells was
attached outside the longer sides of the cages. The photocells
were spaced 7.5-cm apart and 2-cm above the floor of the cage.
Drugs—SKF 83959 hydrobromide and SKF 83822 hydrobro-

mide (Tocris Bioscience) were dissolved in physiological saline
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containing 5% dimethyl sulfoxide and administered subcutane-
ously. Raclopride (Sigma Aldrich) was dissolved in saline and
administered intraperitoneally. For non-drug injections, an
equivalent volume of saline was administered. All drug injec-
tions were administered at a volume of 1.0 ml/kg.
Immunohistochemistry—Fluorescence immunohistochem-

istry was performed as described previously (9) from rat brain
caudate putamen (CP), NAc, ventral pallidum, entopeduncular
nucleus, globus pallidus (GP), substantia nigra (SN), and ventral
tegmental area (VTA) as described. Free-floating sections were
incubated with primary antibodies (1:200) for 60 h at 4 °C (D1R
(rabbit) from Sigma-Aldrich; D2R (rat), ENK (mouse), and syn-
aptophysin (mouse, SYN) from Chemicon; DYN (guinea pig)
from Neuromics; post-synaptic density 95 (mouse, PSD95)
from Abcam). Specificity of the dopamine receptor antibodies
for the D1R and D2R have been tested previously (9) and were
validated in D1R or D2R gene-deleted mice. Additional con-
trols were performed in the absence of the primary or second-
ary antibodies. Antibody dilutionswere also used to identify the
optimal working concentrations. Tominimize background and
prevent cross-excitation of the secondary antibody-linked fluo-
rophores (Alexa Fluor, Invitrogen), only three primary antibod-
ies were used on the tissue at any given time. Images were
obtained using an Olympus Fluoview 1000 confocal micro-
scope at 63�magnification. Lowermagnification images (40�)
were obtained for the purpose of cell counting. Cell counting
was performed using 300 �m2 regions.
Confocal Microscopy FRET and Data Processing—FRET

acceptor bleachingwas performed sections from rat brain incu-
bated for 24 h at 4 °C with primary antibodies to D1 and D2
receptors, and the species-specific secondary antibodies were
conjugated to Alexa Fluor 488 or Alexa Fluor 350 dyes. Small
regions of interest of the acceptor, D1-Alexa Fluor 488, were
exposed to high intensity (90%) bleaching using an argon laser
at 488 nm. Prebleach and postbleach images were sequentially
acquired with an Olympus Fluoview FV 1000 laser scanning
confocal microscope with a 60�/1.4 numeric aperture objec-
tive. The anti-D2-Alexa Fluor 350 was excited with a krypton
laser at 405 nm, whereas the anti-D1-Alexa Fluor 488 was
excited with an argon laser at 488 nm. The emissions were
collected at appropriate emission bands 430/20 nm and 530/20
nm, respectively. Low laser intensities (�2%) were used to
avoid acquisition bleaching. The percentage increase of the
donor intensity post-bleaching (Dpost) was compared with the
donor intensity pre-bleaching (Dpre) and represents the effi-
ciency of FRET (designated as E), which was calculated accord-
ing to the equation, E � 100 � ((Dpost � Dpre)/Dpre). Quantita-
tive confocal microscopy FRET was performed as described
previously (12).
Behavioral Experiments—Behavioral analysis was conducted

daily for 7 days. On each day of testing, animals were adminis-
tered SKF83959 or SKF83822 (both 0.4mg/kg subcutaneously)
andplaced immediately inside the activity chamber. Their loco-
motor and grooming activity was then monitored for 60 min.
The measurement of grooming behavior followed a previously
described protocol (14). The grooming of the animals was
scored for 30 s every 6–7 min, for a total of 4 min (2 min sam-
pled from the first 30min of testing and 2min sampled from the

last 30min of testing). Immediately following behavioral testing
on the final day (day 7), animals were decapitated, and brains
were rapidly removed. NAc andCP tissues were dissected, flash
frozen, and immediately stored at�80 °C until use in immuno-
blotting. To assess the effects of raclopride on grooming re-
sponses to SKF 83959, animals were administered injections of
SKF 83959 once daily for 3 days, and grooming behavior was
monitored for 60 min following drug administration. On the
third day of testing, animals were injected with raclopride (0.5
mg/kg intraperitoneal) 10 min prior to SKF 83959.
Immunoblot—Tissues from the NAc and CP were retrieved

from animals that underwent the 7-day treatment protocol and
suspended in cell lysis buffer, and 15–30 �g of protein were
incubated in sample buffer for 3 min at 95 °C. Samples were
separated by SDS-PAGE on a 10% gel and electroblotted on a
PVDF transfer membrane for 2.5 h. Membranes were blocked
and incubated overnight at 4 °C with gentle shaking with pri-
mary antibody to calcium/calmodulin kinase II� (CaMKII)
(1:1000, rabbit, Cell Signaling), to phosphorylated CaMKII-
Thr286 (1:5000, mouse, Affinity Bioreagents), to GluR1
(1:2000), phospho-GluR1-Ser845 (1:2000), and phospho-GluR1-
Ser831 (1:2000, rabbit, Chemicon). Membranes were then
washed in Tris-buffered saline with Tween 20 and incubated
for 2 h at room temperature with secondary antibody (Bio-
Rad). Antibody labeling of proteins were detected with
enhanced chemiluminescence (Amersham Biosciences), and
signal intensity was quantified using Zeiss AxioVision4
software.
Radioligand Binding—Binding experiments were performed

on 50 �g of rat striatal protein or 25–35 �g of the P2 fraction
human globus pallidus with 1–2 nM [3H]raclopride in the pres-
ence of agonist as described (13).
Human Tissue Samples—Post-mortem human tissues were

generously donated by the Canadian Brain Tissue Bank
(TorontoWesternHospital) and byDr.W.W.Tourtellotte, J. S.
Riehl, and D. Kamrava of the National Neurological Research
Bank. Samples were from patients of similar ages. Three of the
four schizophrenia patients had received antipsychotic treat-
ment, whereas the remaining patient was neuroleptic-naive.
Incorporation of [35S]GTP�S into Dopamine Receptors—The

incorporation of [35S]GTP�S wasmeasured as described previ-
ously (15).

RESULTS

Specificity of D1R and D2R Antibodies and FRET Controls—
Specificity of the dopamine receptor antibodies for theD1R and
D2R were tested using the five dopamine receptors (D1–D5)
expressed individually in HEK293 cells (9). Testing was also
performed in striatal tissue of D1R or D2R gene-deleted mice
where we showed no reactivity of the D1R or D2R antibody,
respectively (Fig. 1A). When the primary D1R and D2R and
associated secondary antibodies were combined, no cross-exci-
tation of the secondary fluorophores was evident (Fig. 1B).
Additional images depicting antibody specificity are shown in
the NAc shell (Fig. 1C). Controls were also performed in the
absence of the primary or secondary antibodies to exclude
cross-reactivity.
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An example of quantitative confocal FRET analysis (12) in
neuronal cell bodies can be found in supplemental Fig. S1 and
was performed using eleven control images (supplemental
Tables S1 and S2) in accordance with an algorithm (16)
designed to remove both the donor and acceptor spectral
bleed-through signals and to correct for variation in fluoro-
phore expression level associated with FRET imaging. As
shown in both neonatal striatal neurons andNAc core (Fig. 1,D
and E), the FRET signal was absent unless both the donor and
acceptor were present.
D1R and D2R Colocalize Selectively in DYN/ENK-positive

Neurons—It was observed that the cell bodies of some neurons
in NAc coexpressed D1R and D2R (Fig. 2, A and B), and these
neurons also coexpressed DYN or ENK (white arrows). In con-
trast, MSNs that expressed solely the D1R (yellow arrows) or
D2R expressed DYN or ENK, respectively. D2R-only express-
ing neurons, lacking ENK, were also evident and were likely
indicative of a cholinergic neuronal population. Coexpression
of DYN and ENK was also observed in NAc, and some of these

neurons also expressed the D1R or
the D2R (core, 62.6 � 3.9%; shell,
79.0� 3.6%; n� 20 sections) (Fig. 2,
C and D). However, although DYN/
ENK coexpressing neurons could
exist in the absence of the D1R or
D2R, 100% of D1R and D2R coex-
pression occurred in the presence of
DYN or ENK. Taken together, these
findings indicated that D1/D2 coex-
pression was confined to a unique
population of neurons expressing
both neuropeptides. DYN/ENK
neurons were also identified in CP
(Fig. 3), some of which also
expressed the D1R and D2R (8.0 �
1.4%, n � 20 sections). D1/D2-
DYN/ENK neurons were also found
in varying quantities in ventral pal-
lidum, GP, and entopeduncular
nucleus (supplemental Fig. S2).
To assess the proportion of D1R

that also coexpressed the D2R in
any given region, cell counting of
D1R- and D2R-positive neurons
was performed in 300 �m2 areas of
multiple sections. The fraction of
D1R-expressing neurons that con-
tained D2R showed substantial
inter-regional variation (Fig. 4A, left
panel), ranging from �7–60%, al-
though the density of D1/D2 coex-
pressing neurons did not appear
to coincide with the number of
D1R-expressing cells (Fig. 4A, right
panel) nor with their anatomical
localization to regions within the
striatonigral or striatopallidal path-
ways. The highest density of D1R-

expressing neurons was found in CP (109.8 � 3.6 neurons/300
�m2, n � 25 sections), although this region also exhibited the
lowest proportion of neurons coexpressing the D2R (6.8 �
0.4%). Conversely, the lowest levels of D1R-expressing neurons
were found in GP (11.6 � 0.6 neurons/300 �m2, n � 25 sec-
tions), with the highest proportion ofD2R coexpression (59.0�
3.1%). D1R expressionwas also observed in the other basal gan-
glia nuclei andmesolimbic structures, including bothNAc sub-
regions, and we showed that a significant proportion of these
NAc neurons coexpressed the D2R (core: 24.6 � 2.1%, shell:
33.8 � 4.4%). In the NAc core, shell, and in CP, the number of
D2R-expressing cells (core, 24.2 � 2.6; shell, 29.1 � 2.0; CP,
105.1 � 4.4 neurons/300 �m2; n � 16–25 sections) was mar-
ginally lower than D1R-expressing cells with the proportion of
D2R neurons coexpressing D1R being �27%, �36, and �7%,
respectively.
D1R and D2R FormD1-D2 Receptor Heteromers in Neuronal

Cell Bodies of Nucleus Accumbens and Caudate Putamen—We
have shown by coimmunoprecipitation from striatum thatD1R

FIGURE 1. Control data depicting antibody specificity for D1 and D2 receptor coexpression and FRET
analysis. A, confocal images revealed no reactivity of the D1-Alexa Fluor 488 antibody in D1R gene-deleted
mouse CP. Similarly, the D2-Alexa Fluor 350 antibody did not exhibit reactivity in CP tissue of D2R gene-deleted
mice. Note the high level of dendritic staining in this region. B, there was no cross-reactivity of the antibody-
linked secondary fluorophores when coincubated with striatal tissue. Emission was detected only when exci-
tation occurred at the appropriate wavelength, with no spectral bleed-through. C, D1R and D2R antibody
specificity was further shown by labeling of cells coexpressing both receptors (white arrows) shown together
with neurons expressing only the D1R within the same section of NAc shell. D and E, confocal FRET images of a
neonatal striatal neuron or in NAc. In both the dendrites (D, inset) and cell bodies, the FRET signal occurred only
when the donor (Alexa Fluor 350) and acceptor (Alexa Fluor 488) were present together (white arrows). When
either the donor or acceptor was absent, no FRET signal was generated (blue arrows).
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andD2R exist within an oligomeric complex (9, 12). To directly
demonstrate the presence of the D1-D2 heteromer in situ, we
used two confocal FRETmethodologies that used specific anti-
bodies tagged to endogenously expressed D1R or D2R. Prelim-
inary experiments were conducted in NAc core using acceptor
photobleaching, a method based on the fact that the specific
photo-destruction of the acceptor (D1-Alexa Fluor 488) would
lead to an increase in the donor (D2-Alexa Fluor 350) fluores-
cence if both D1R and D2R were in close proximity. When
compared, prebleaching and postbleaching images of the same
neuronal subregion showed that although the fluorescence of
the acceptor (D1-Alexa Fluor 488) decreased to a low 6.6% of
the original intensity, which represented a decrease of 93.3 �
5.0%, the fluorescence of the donor (D2-Alexa Fluor 350)
increased by 21.1 � 3.0%. This indicated that the two receptors
were in close proximity, allowing FRET to occur between the
fluorophores linked to antibodies recognizing the D1R and
D2R, with an apparent high FRET efficiency of 21.1 � 3.0%.

To further quantify the parameters indicating the interaction
between D1R and D2R within D1-D2 heteromers, notably the
corrected FRET, the calculated FRET efficiency, and the dis-
tance separating both receptors, we used a second quantitative
confocal FRETmethodology. This methodology was applied to
striatal sections in situ (Fig. 4, B–E). In neurons coexpressing
both receptors, relative receptor expression levels were evalu-
ated by assessing the fluorophore intensities of labeledD1R and
D2R (Fig. 4B). There was equal expression of D1R and D2R in
NAc core and shell neuronal cell bodies and reduced expression
of D1R relative to D2R in CP cell bodies. In cell bodies of neu-
rons in theNAc core (Fig. 4C), shell, andCP, highmagnification
revealed that receptor colocalization was not evenly dispersed
but was more punctate, and FRET measurements were ob-
tained from multiple microdomains, or regions of interest,
within each neuron as indicated by the circles (Fig. 4C). The
FRET efficiency and distance provided was an average number
based on hundreds of individual regions of interest. Each region
of interest was between 0.8–1 �m in diameter with a confocal
tomographic section thickness of 2.27 �m. In both NAc subre-
gions, D1R andD2R interactions displayed similarly high FRET
efficiency (�20%) (Fig. 4D), and the receptor antibody-linked
fluorophores were calculated to be in close proximity with a
relative distance of 5–7 nm (50–70 Å), indicative of D1-D2
heteromer formation. In contrast, FRET efficiency was signifi-
cantly lower in CP (�5%) with a relative distance of 8–9 nm
(80–90 Å) between the receptors also indicative of D1-D2 het-
eromer formation but suggestive of weaker receptor interac-
tions, fewer heteromers, and/or the presence of lower order
oligomers. Additionally, we determined that, in the cell bodies
of neurons coexpressing D1R and D2R in NAc, the majority
exhibited heteromer formation (�91%), whereas in CP, a
smaller proportion of D1R- and D2R-coexpressing neurons
(�24%) formed the D1-D2 receptor complex (Fig. 4E).
Dopamine D1-D2 Receptor Heteromers in Neuropil of

Nucleus Accumbens and Caudate Putamen Are Presynaptic—
To discern the distribution of D1R and D2R in the neuronal
projection areas, we assessed synaptic localization of the com-
plex by coimmunostaining with the presynaptic marker SYN
(or PSD95) (Fig. 5). In the NAc core and shell (Fig. 5,A and B),

FIGURE 2. Colocalization of the D1 and D2 receptor with dynorphin and
enkephalin in rat nucleus accumbens. A and B, confocal images revealed
D1R and D2R colocalization with DYN or with ENK (white arrows) in NAc. Neu-
rons that expressed only D1R were for positive for DYN and neurons express-
ing only D2R were positive for ENK (yellow arrows). C and D, DYN�-ENK�-
coexpressing neurons also expressed D1R or D2R (white arrows) in NAc. D1R
was not expressed in DYN�/ENK� neurons, nor was D2R expressed in DYN�/
ENK� cells (yellow arrows).

FIGURE 3. Colocalization of the D1 and D2 receptor with dynorphin and
enkephalin in rat caudate putamen. A and B, confocal images showed that
the D1R and D2R were colocalized with DYN or with ENK in CP (white arrows).
C and D, neurons coexpressing DYN and ENK also expressed D1R or D2R
(white arrows). DYN and ENK also exhibited coexpression in the absence of
D1R (yellow arrows). E and F, neurons that expressed only D1R were positive
for DYN, and neurons expressing only D2R were positive for ENK (yellow
arrows).
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individual D1R or D2R was found at either pre- or postsyn-
aptic sites as evidenced by colocalization with either SYN
(Fig. 5, A and B, top rows) or PSD95 (Fig. 4, A and B, bottom
rows) (yellow circles, D1R; purple color overlay, D2R),
although the distribution of D2R expression was more dif-
fuse. In contrast, colocalization of D1R and D2R was consis-
tently visualized selectively with SYN on presynaptic termi-
nals both opposing neuronal cell bodies and within the
neuropil (white circles) and did not appear to exhibit ana-
tomical overlap with PSD95 (white circles). These colocal-
ized presynaptic D1R and D2R existed as D1-D2 heteromers
as determined by quantitative FRET with FRET efficiencies
(core, 0.17 � 0.01; shell, 0.19 � 0.01 region of interest/re-

gion; n � 45–55) (supplemental
Fig. S3) being slightly lower than
that observed in the NAc cell bod-
ies (Fig. 4D). Likewise in CP, D1R
and D2R coexpression was
observed solely with SYN (Fig.
5C), and these receptors also
formed D1-D2 heteromers. How-
ever, unlike that observed in CP
cell bodies, the FRET efficiency
within the neuropil of this region
was relatively high (0.14 � 0.01,
n � 48) indicating that the synap-
tic D1-D2 heteromers may play a
more predominant physiological
role in this region.
D1R and D2R colocalization with

SYN, but not PSD95, was addition-
ally observed in ventral pallidum
and GP (supplemental Fig. S4).
However, in VTA (Fig. 5D), SN
compacta and SN reticulata (sup-
plemental Fig. S4), unambiguous
instances of D1R and D2R colocal-
ization in the neuropil were scarce,
and colocalization of both receptors
with SYN or PSD95 was not ob-
served. Conversely, individual D1R
or D2R were colocalized with either
marker in this region, demonstrat-
ing both the pre- and postsynaptic
localization of these receptors in
MSNs. This scarcity of synaptic
D1R and D2R colocalization in SN
and VTA was not due to a lack of
DYN-ENK projections to these
regions as projections from stria-
tum to SN/VTA that co-contain
substance P and ENK (17) or D1R
and D2R (18) have been docu-
mented. A more plausible expla-
nation is that dopamine receptor
trafficking to the dendrites exhib-
its region-dependent specificity.
That is, although D1R and D2R

may be coexpressed in cell bodies of neurons within a given
brain region, it cannot be inferred that the two receptors
would concurrently coexist in their distal dendrites. This
suggests that the functional properties of cell body versus
dendritic D1-D2 heteromers may differ, with the physiolog-
ical properties of synaptic D1-D2 heteromers not being
required in the SN or VTA. Nonetheless, despite the absence
of synaptic D1-D2 heteromers in some regions, our neuro-
anatomical evidence suggests that there exists a significant
sub-circuitry of D1-D2/DYN-ENK MSNs that interconnect
the basal ganglia nuclei and likely also form intraregional
synaptic connections between MSNs, in addition to the clas-
sical D1R striatonigral and D2R striatopallidal projections.

FIGURE 4. The D1 and D2 receptor colocalized in basal ganglia and formed D1-D2 receptor heteromers.
A, quantification of the number of D1R-expressing neurons per 300 �m2 area (left panel) and the proportion of
D1R-expressing neurons also expressing the D2R (right panel; n � 16 –25 sections/region). B, fluorescence from
fluorophore-tagged D1R and D2R in neurons coexpressing them showed equal amounts of the receptor in
both NAc subregions but differing expression in CP (n � 43– 62 neurons/region). AU, arbitrary units. **, p �
0.01, Student’s t test. C, example of a representative neuron showing colocalization and interaction (FRET) of
D1R and D2R in an NAc core cell body as assessed from individual microdomains (circles). Scale panel denotes
FRET efficiency. D, interaction between D1R and D2R as determined by FRET. The FRET signal indicated equiv-
alent FRET efficiencies in NAc core and shell and lower in CP and indicated the presence of D1-D2 heteromers.
E, the proportion of D1/D2-coexpressing neurons that exhibited D1-D2 heteromer formation was 91% in NAc
and only 24% in CP. Data in bar graphs expressed as mean � S.E. NAcC, NAc core; NAcS, NAc shell; VP, ventral
pallidum; EPN, entopeduncular nucleus.
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D1-D2 Heteromer Activation Induces Grooming and Inhibits
AMPA Receptor GluR1 Phosphorylation at Ser831—Given the
presence of the D1-D2 heteromer in basal ganglia, the effects of
selective D1-D2 heteromer activation on locomotion and
grooming were examined by treatment with SKF 83959, a drug
we have previously shown to selectively activate theD1-D2 het-
eromer-induced calcium signal without activating D1R or D2R
homo-oligomers (13). Activation of the D1-D2 heteromer by
SKF 83959 significantly increased the amount of time rats spent
grooming, whereas SKF 83822, a drug that activates only D1R
homo-oligomers, attenuated grooming (mean across injec-
tions, 26.0 � 2.2 s versus 4.5 � 0.8 s; drug effect, F(2,21) � 35.0,

p � 0.0001, Fig. 6A). These drug-induced changes in grooming
remained relatively consistent across the drug injection regi-
men as evidenced by the lack of an injection effect (F(6,126) �
0.9, p � 0.47) or a drug x injection interaction (F(12,126) � 0.7,
p � 0.78). Antagonism of either receptor within the heteromer
has been shown to attenuate D1-D2 heteromer-induced signal-
ing (9, 12, 13), and an acute injection of the D2R antagonist
raclopride greatly attenuated, but did not eliminate, grooming
in both SKF 83959-treated rats and controls (Fig. 6C). As SKF
83959 does not activate D2R homo-oligomers, inhibition of
SKF 83959-induced grooming by raclopride indicates that this
behavior is in large part induced by the D1-D2 heteromer.
However, it is important to note that the D5 receptor may have
also contributed to SKF 83959-induced grooming as the drug
additionally exhibits high affinity (19) and acts as an agonist at
this receptor (12). Furthermore, although grooming induced by
SKF 83959 would not involve D2R homo-oligomer activation,
the antagonist raclopride does invariably target D2Rs. As raclo-
pride alone significantly reduced grooming, a role for D2R
homo-oligomers in mediating this behavior cannot be equivo-
cally excluded. SKF 83959 or SKF 83822 both stimulated loco-
motion (Fig. 6B), though the magnitude of the responses dif-
fered (drug effect, F(2,21) � 12.6, p � 0.0001) as did the time
course (supplemental Fig. S5).

Effects of repeated D1-D2 heteromer activation by SKF
83959 on CaMKII levels and activity revealed a significant
reduction in total CaMKII expression in NAc, but not CP, and
no changes in the phosphorylation state (Fig. 6E). Consistent
with this reduction in CaMKII expression, SKF 83959 also
inhibited total CaMKII-mediated phosphorylation at Ser831 of
GluR1 (20) in NAc, and a trend toward reduced total GluR1
expression in this region was also observed (p � 0.06) (Fig. 6F).
Together, these findings may suggest an inhibitory influence of
repeated D1-D2 heteromer activation on AMPA GluR1-con-
taining receptor transmission in NAc and are consistent with
the relatively higher density of D1-D2 heteromers here com-
pared with CP. As expected, D1R-mediated activation of pro-
tein kinaseAby SKF 83822 significantly increased striatal phos-
phorylation at Ser845 of GluR1 (20).
Sensitization of D1-D2 Heteromer by Amphetamine Treat-

ment inRat Striatumor in SchizophreniaBrainGlobusPallidus—
Because phosphorylation of AMPA GluR1 in NAc by
CaMKII has been shown to be integral in the pathophysiology
underlying drug seeking (21), alterations in striatal heteromeric
function in response to (AMPH) was examined. An index of
total D2R agonist-detected high affinity state (D2high), obtained
using quinpirole competition of [3H]raclopride binding,
showed an increase following repeated AMPH treatment, an
effect that was maintained 21 days after drug withdrawal (Fig.
7A). The contribution of D2R within the D1-D2 heteromer to
this increase in the D2high state was evaluated by SKF 83959
displacement of [3H]raclopride at heteromeric D2R (Fig. 7B).
Although raclopride can bind to both D2R and D3R, we have
previously shown that SKF 83959 occupied the pertussis toxin-
resistant D2Rwithin the D1-D2 heteromer with high affinity as
an agonist, but had low affinity for the Gi-coupled D2R homo-
oligomers (13). Similarly, SKF 83959 has low affinity for the D3
receptor (19). Thus, it was shown that AMPH significantly

FIGURE 5. The D1 and D2 receptor are colocalized on presynaptic termi-
nals in rat nucleus accumbens and caudate putamen but are extrasynap-
tic in the ventral tegmental area. A–C, the D1R and D2R colocalized with
SYN but not PSD95 (white circles) in the NAc core, shell, and CP. D, colocaliza-
tion of D1R and D2R in the neuropil of the VTA was scarce and was not
observed with SYN or PSD95 (white circles). In all regions, individual D1R colo-
calized with SYN or PSD95 (yellow circles). Individual D2R also showed consid-
erable, but diffuse, overlap with SYN or PSD95 (purple color, merge).
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increased the proportion of the D1-D2 heteromer in the ago-
nist-detected high affinity state in striatum and increased the
affinity of SKF 83959 for this complex by �10-fold (Fig. 7B).
These effects were maintained following drug withdrawal. In
D1R�/� mice, the striatal D1-D2 heteromer high affinity state
was absent, as there was no detectable high affinity displace-
ment of [3H]raclopride by SKF 83959. In contrast, the high
affinity site was present in D5R�/� mice and a significant
increase in the D2high state was observed in response to
repeated AMPH treatment (supplemental Fig. S6). Consistent
with the observed increase in the agonist-detected high affinity
state of the D1-D2 heteromer, AMPH increased the sensitivity
of striatal G protein activation by dopamine, although this
effect was absent after drug withdrawal (Fig. 7C). The contri-
bution of D1-D2 heteromer activation, evaluated by SKF
83959-induced GTP�S binding, also showed a heightened sen-

sitivity following AMPH adminis-
tration, indicating the high affinity
state of the D1-D2 heteromer was
functionally supersensitive in re-
sponse to repeated increases in
dopamine transmission. Further-
more, AMPH treatment induced a
significant increase in FRET effi-
ciency between D1R and D2R in
neuronal cell bodies in NAc, but not
in CP (Fig. 7D), demonstrating that
AMPHnot only enhanced the activ-
ity and sensitivity of heteromers but
may additionally increase D1-D2
heteromer density in this region.
As schizophrenia has been linked

to increased dopamine transmission
(22–24), it was assessed whether the
fraction of high affinity D2R within
the D1-D2 heteromer was altered in
schizophrenia brains through SKF
83959 displacement of [3H]raclo-
pride in human GP (Fig. 8). There
was an �10-fold increase in the
affinity of D2R within the D1-D2
heteromer for SKF 83959 in schizo-
phrenia brain GP, together with a
concomitant increase in the levels of
heteromeric D2high compared with
that in normal individuals (D2high,
schizophrenia, 49.1� 4.0%; control,
28.5 � 3.5%, p � 0.01, n � 4).

DISCUSSION

In thepresent study,weestablished
thatD1RandD2Rwere colocalized in
a unique population of neurons that
coexpressed DYN and ENK, which
were prevalent throughout the me-
solimbic and basal ganglia circuits.
We further showed that the incidence
of these D1/D2-coexpressing neu-

rons showed substantial inter-regional variation, though the level
of coexpressiondidnot coincidewith their anatomical localization
to regions within the striatonigral or striatopallidal pathways. In
addition, the proportion of D1/D2 coexpression did not cor-
relate with the total number of D1R-expressing cells present,
as CP, the region with the highest D1R expression, also
exhibited the lowest proportion of D2R coexpression.
Although these findings suggest that the functional contri-
bution of D1/D2-coexpressing neurons may differ between
regions, with a nominal contribution in CP, nonetheless, the
marked presence of D1/D2-coexpressing neurons in many
regions, particularly in NAc and GP, argues for a pervasive
physiological role in the basal ganglia and mesolimbic cir-
cuits. That we additionally demonstrated a region-specific
distribution of D1/D2 receptor coexpression at presynaptic
(but not postsynaptic) terminals indicates that receptor

FIGURE 6. Repeated D1-D2 receptor heteromer activation induced grooming in rats and attenuated
AMPA GluR1 receptor phosphorylation in nucleus accumbens. A, SKF 83959 significantly increased the
amount of time spent grooming compared with saline (Sal) controls, whereas SKF 83822 attenuated it (both
drugs administered at 0.4 mg/kg subcutaneously for 7 days). B, SKF 83959 stimulated locomotion to a lesser
degree than SKF 83822 (n � 8 rats/group). **, p � 0.05 compared with every other group; *, p � 0.05 compared
with controls; #, p � 0.05 compared with the other drug treatment group; repeated measures analysis of
variance followed by Student’s t test for post hoc comparisons. C, antagonism of the D2 receptor by acute
administration of raclopride (RAC) (0.5 mg/kg intraperitoneal) attenuated grooming following three injections
of SKF 83959 or saline (n � 6 rats/group). *, p � 0.05; ***, p � 0.001, as indicated. D, representative blots
depicting the effects of seven daily injections of SKF 83959 or SKF 83822 on total and phosphorylated CaMKII
and GluR1 levels in NAc (n � 8 rats/group). GAPDH was used as a loading control. E, SKF 83959 or SKF 83822
diminished the total expression and had no effect on phosphorylated levels of CaMKII in NAc with no drug
effects in CP. F, in NAc, SKF 83959 significantly reduced CaMKII-mediated phosphorylation of GluR1 at Ser831.
SKF 83822 elevated protein kinase A-mediated GluR1 phosphorylation at Ser845 in both NAc and CP. **, p �
0.01; ***, p � 0.001. Data were expressed as mean � S.E. data in bar graphs analyzed by analysis of variance
followed by post-hoc comparisons by Student’s t test.
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coexpression may have a unique physiological function at a
local level as well as distal effects through their efferent pro-
jections. Together, these findings suggest that these D1-D2/

DYN-ENK neurons may play a critical role in regulating tha-
lamic neurotransmission at numerous levels along both the
striatonigral and striatopallidal pathways.

FIGURE 7. Modulation of D1-D2 receptor heteromer activity in rat striatum by repeated amphetamine treatment and withdrawal. A, representative
competition binding curves of [3H]raclopride binding by quinpirole in rat striatum are shown after AMPH (2.5 mg/kg, intraperitoneally) for 5 days or withdrawal
for 21 days. The affinity of the D2 receptor for quinpirole was increased by �10-fold. The proportion of D2 receptors in the D2high in striatum was increased by
AMPH compared with control (VEH), an effect that was maintained following drug withdrawal (WD) (bar graphs, n � 5–7 rats/group). B, representative
competition binding curves of [3H]raclopride binding by SKF 83959 in rat striatum are shown after AMPH for 5 days or withdrawal for 21 days. The affinity of the
D2 receptor within the D1-D2 heteromer for SKF 83959 was increased by �10-fold. The proportion of heteromeric D2high in striatum was elevated by AMPH
compared with control (VEH), and this increase in D2high was still present after drug withdrawal (bar graphs) (n � 5–7 rats/group). C, percent stimulation (above
baseline) of [35S]GTP�S binding to striatal membranes by dopamine or SKF 83959. AMPH enhanced dopamine-induced [35S]GTP�S incorporation and sensi-
tized [35S]GTP�S incorporation by �100-fold in rat striatum after 5 days of treatment. This effect was absent after 21 days of withdrawal. D1-D2 heteromer
activity was also markedly enhanced as indicated by rat striatal SKF 83959-induced [35S]GTP�S incorporation with a 100-fold increase in sensitivity. D, increased
interaction (FRET) between D1 and D2 receptors in NAc, but not CP, following AMPH treatment (n � 15–22 neurons/region). Data are expressed as percent
control. *, p � 0.05; **, p � 0.01; Student’s t test.
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One physiological characteristic that was unique to striatal
D1R- and D2R-coexpressing neurons was the occurrence of
D1-D2 receptor heteromers, bothwithin the cell bodies of these
MSNs as well as at their presynaptic terminals. In NAc cell
bodies, energy transfer between fluorophore-tagged D1R and
D2Rwas quite high, an indication of stronger receptor-receptor
interaction, high densities of heteromers, or higher order olig-
omers. In contrast, D1R andD2R interactions in CP cell bodies,
present only in a small subset of D1/D2-coexpressing neurons,
were quite weak. At presynaptic sites, however, D1R and D2R
interaction in NAc and CP were more comparable, with FRET
efficiency in CP neuropils being much higher than that
observed in CP cell bodies. These findings, in association with
the demonstration that SN and VTA appear to lack synaptic
D1/D2 coexpression (and hence no D1-D2 heteromer) raises
the possibility that functional properties of cell body versus
dendritic D1-D2 heteromers may differ. We have shown
recently that activation of D1-D2 heteromers increases brain-
derived neurotrophic factor synthesis in NAc (12); however, it
is also possible that the heteromer may be involved, both at a
local level as well as through efferent projections, in the modu-
lation of GABAergic synapses as has been shown for MSNs in
culture (25–27), perhaps through the regulation of neurotrans-
mitter uptake and/or release. A role for theD1-D2heteromer in
influencing neurotransmission is supported by the present
findings, which showed that activation of the heteromer dis-
cretely modified behavioral activity and inhibited CaMKII-me-
diated AMPA GluR1 phosphorylation in NAc, leading to a
potential reduction of AMPA receptor neurotransmission in
MSNs in this region.
That the D1-D2 heteromer could effectively inhibit AMPA

receptor phosphorylation strongly suggested a link between the
D1-D2 heteromer and the reward pathways of brain (21,
28–30), a hypothesis supported by increased striatal D1-D2
heteromers in the high affinity state and its enhanced activity
following AMPH administration. The increased sensitivity and
activity of the D1-D2 heteromer following repeated increases
in dopamine transmission indicated that it was functionally
up-regulated and this sensitization persisted after agonist
withdrawal.
There was a marked increase in the proportion of D1-D2

heteromers in the agonist-detected high affinity state in schizo-
phrenia GP, in keeping with the presynaptic striatal hyperdo-

paminergia shown to occur in this
clinical disorder (22). At the same
time, it has also been proposed that
abnormal regulation of calcium sig-
naling may constitute the central
dysfunction that is responsible for
generating the psychopathology of
schizophrenia, andmany abnormal-
ities related to calcium signaling
have been described in schizophre-
nia brains (31). For the first time,
these data bring together the most
predominant mechanistic hypothe-
ses of the molecular basis of schizo-
phrenia. Thus, our findings of a

D1-D2 heteromermediating aGq-linked calcium signal, whose
sensitivity is up-regulated in schizophrenia, is the strongest evi-
dence thus far for the unification of the dopamine hypothesis of
schizophreniawith the biochemical abnormalities documented
with the disorder.
The similarity of the findings between schizophrenia and

chronicAMPHadministration is particularly compelling, given
that AMPH treatment with behavioral sensitization has been
used as an animal model for schizophrenia (32), but no com-
mon biochemical finding linking the two has previously been
documented. We postulate that, under conditions of increased
dopamine transmission, the D1-D2 receptor heteromer may
act to site-specifically reduce MSN neuronal activity to main-
tain homeostatic balance between the direct and indirect path-
ways; however, when dopamine transmission is persistently
increased by repeated AMPH administration or in schizophre-
nia, the heteromer was sensitized and the high affinity state
up-regulated. This finding may well provide the first neuro-
pharmacological correlate between increased dopamine neuro-
transmission and a definedmolecular entity, theD1-D2 hetero-
mer, the sensitized state of which may be a marker linking
hyperdopaminergia to its functional consequence. Future
research will determine whether the D1-D2 receptor hetero-
mer may represent a therapeutic target in psychopathologies
involving increased dopamine neurotransmission, including
both schizophrenia and drug addiction.
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