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Abstract
In adult rat striatum the dopamine D1-D2 receptor heteromer is expressed selectively in a subset
of medium spiny neurons (MSNs) that coexpress the dopamine D1 and D2 receptors (D1R and
D2R) as well as dynorphin (DYN) and enkephalin (ENK), with higher coexpression in nucleus
accumbens (NAc) and much lower in the caudate putamen (CP). In the present study we showed
that in neonatal striatal cultured neurons >90% exhibited the D1R/D2R-DYN/ENK phenotype.
Similarly, in the striatum of juvenile rats (age 26-28 days) coexpression of D1R and D2R was also
coincident with expression of both DYN and ENK. Quantification of the number of striatal MSNs
exhibiting coexpression of D1R and D2R in juvenile rats revealed significantly lower
coexpression in NAc shell, but not core, and CP than in adult rats. However, within MSNs that
coexpressed D1R and D2R, the propensity to form the D1-D2 receptor heteromer did not differ
between age groups. Consistent with reduced coexpression of the D1R and D2R, juvenile rats
exhibited subsensitivity to D1-D2 receptor heteromer-induced grooming following activation by
SKF 83959. Given the proposed role of D1R/D2R-coexpressing MSNs in the regulation of
thalamic output, and the recent discovery that these MSNs exhibit both inhibitory and excitatory
capabilities, these findings suggest that the functional regulation of neurotransmission by the
dopamine D1-D2 receptor heteromer within the juvenile striatum may be significantly different
than in the adult.
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Dopaminergic signaling within the basal ganglia has classically been thought to occur within
two distinct neuronal pathways; the direct striatonigral pathway which contains the
dopamine D1 receptor (D1R) and the neuropeptides dynorphin (DYN) and substance P, and
the indirect striatopallidal pathway which expresses the dopamine D2 receptor (D2R) and
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enkephalin (ENK). A number of studies have also shown, however, that D1R and D2R can
co-exist within a certain fraction of medium spiny neurons (MSN) (Bertran-Gonzalez et al.,
2008, Valjent et al., 2009, Perreault et al., 2010, Lim et al., 2012). Emerging evidence
additionally indicates that these D1R/D2R-coexpressing neurons, which also express DYN
and ENK (Perreault et al., 2010) as well as the neurotransmitters GABA and glutamate
(Perreault et al., 2012), may comprise a distinct neuronal network, as evidenced by a recent
report showing D1R and D2R coexpression in the cell bodies and presynaptic terminals of
regions of both the striatonigral and striatopallidal projections of the basal ganglia (Perreault
et al., 2010). Furthermore, within these coexpressing neurons it has been shown that the
D1R and D2R can form a novel and pharmacologically distinct receptor complex, the
dopamine D1-D2 receptor heteromer. The D1-D2 heteromer has been shown to exhibit cell
signaling properties distinct from its constituent receptors (Lee et al., 2004, Rashid et al.,
2007, Hasbi et al., 2009, So et al., 2009, Verma et al., 2010), emphasizing the functionally
unique role for these coexpressing MSNs in brain.

Evidence suggests that striatal coexpression of the D1R and D2R, and expression of the D1-
D2 receptor heteromer, may be age-dependent thus implicating age as a critical factor in the
contribution of these neurons to the regulation of striatal neurotransmission. For example,
while it has been shown that the majority of rat neonatal striatal neurons may coexpress D1R
and D2R (Aizman et al., 2000, Falk et al., 2006, Iwatsubo et al., 2007, Hasbi et al., 2009)
and form D1-D2 receptor heteromers (Hasbi et al., 2009), receptor coexpression is greatly
reduced and anatomically circumscribed in adults with approximately 17-35% of NAc
MSNs and 5-6% of caudate putamen (CP) MSNs expressing both receptors (Bertran-
Gonzalez et al., 2008, Valjent et al., 2009, Perreault et al., 2010). In addition, increased D1-
D2 receptor heteromer-induced signaling was more robust in mid-life compared to younger
adults (Rashid et al., 2007), an effect that may correspond to increased D1R and D2R
coexpression and/or increased D1-D2 receptor heteromer densities.

There have been many reports detailing the differences in behavioural responding to
dopamine drugs in immature versus mature rats, such as enhanced responses to
pychostimulant-induced reward (Shahbazi et al., 2008, Zakharova et al., 2009a, Zakharova
et al., 2009b, Anker and Carroll), but reduced responsiveness to the locomotor activating
effects of the drugs (Bolanos et al., 1998, Banerjee et al., 2009, Zakharova et al., 2009a),
findings indicative of age-dependent differences in dopamine neurotransmission. Thus,
given the evidence of time-dependent changes in striatal D1-D2 receptor heteromer
expression, in the present study we sought to compare the expression levels of the D1-D2
heteromer in NAc and CP in juvenile and adult rats, and additionally, to evaluate their
grooming responses, a behaviour previously shown to be mediated by the D1-D2 heteromer
(Perreault et al., 2012), following activation of the receptor complex. We showed that
juvenile animals exhibited reduced coexpression of D1R and D2R in NAc shell and CP, but
not in NAc core, suggestive of lower D1-D2 receptor heteromer densities and region-
specific decreases in D1-D2 heteromer-induced neurotransmission. Accordingly, these
changes in heteromer expression were associated with reduced responsiveness to the
induction of grooming induced by activation of the receptor complex.

EXPERIMENTAL PROCEDURES
Neuronal Cultures

Neonatal rat striata (1 day of age) were trypsinized in Hanks’ balanced salt solution (HBSS)
with 0.25% trypsin and 0.05% DNase (Sigma) at 37 °C, and cells were washed three times
in HBSS with 12 mM MgSO4. Cells were dissociated in DMEM with 2 mM glutamine and
10% FBS and plated at 2 × 105 cells per poly-L-lysine-coated well (Sigma; 50 g/mL). The
next day, media were changed to Neurobasal medium with 50X B27 Supplement and 2 mM
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glutamine (Invitrogen). On day 3 of culture, 5 μM cytosine arabinoside was added to inhibit
glial cell proliferation. Half of the medium was changed every 3 days. Neurons were fixed
on day 4, 11 or 25 of culture for use in fluorescence immunocytochemistry.

Animals
Thirty-four experimentally naïve juvenile (aged 26-28 days) or adult male Sprague-Dawley
rats (Charles River, Canada), weighing 50-70 g or 400-450 g at the start of the experiment
were used. Rats were pair-housed in polyethylene cages in a colony room maintained on a
12-h light–dark cycle with free access to food and water. Following arrival, rats were
handled for 2 minutes daily for 3 days before the start of experiments. All treatments were
performed during the light phase of the day–night cycle. 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, 1993).

Drugs
SKF 83959 hydrobromide (Tocris Bioscience) was dissolved in physiological saline
containing 5% DMSO and administered subcutaneously. SKF 83959 has been previously
shown to selectively activate the Gq-coupled D1-D2 receptor heteromer (Rashid et al.,
2007). For non-drug injections, an equivalent volume of saline was administered. All
injections were administered at a volume of 1.0 ml/kg.

Fluorescence Immunochemistry
Immunochemistry was performed on paraformaldehyde-fixed striatal neurons or floating
coronal sections from perfused rat brain that were incubated for 24h or 60h at 4 °C with
primary antibodies (1:500 or 1:200; D1R, Sigma-Aldrich; D2R, ENK, Chemicon; DYN,
Neuromics) as previously described (Lee et al., 2004, Hasbi et al., 2009). Specificity of the
dopamine receptor antibodies for the D1R and D2R have been previously tested and
reported (Lee et al., 2004, Perreault et al., 2010)and were tested using the five dopamine
receptors (D1-D5) individually expressed in HEK293 cells. The D1R antibody was also
shown to have no reactivity in striatal tissue of D1R gene-deleted mice, nor did the D2R
antibody exhibit reactivity in striatal tissue of D2R gene-deleted mice. Additional controls
were performed in the absence of the primary or secondary antibodies. Antibody dilutions
were also used to identify the optimal working concentrations. To minimize background and
prevent cross-excitation of the secondary antibody-linked fluorophores, only three primary
antibodies were used on the tissue at any given time. Images were obtained using an
Olympus Fluoview 1000 confocal microscope with a 60X/1.4 NA objective. Lower
magnification images (40X) were obtained for the purpose of cell counting, which was
performed using 300 μm2 regions.

Confocal microscopy FRET and data processing
Confocal microscopy FRET was performed as previously described (Hasbi et al., 2009).
Paraformaldehyde-fixed striatal neurons or floating sections from rat brain were incubated
with primary antibodies to D1R and D2R, and the species-specific secondary antibodies
conjugated to Alexa Fluors. The images were acquired with an Olympus Fluoview FV 1000
laser scanning confocal microscope with a 60X/1.4 NA objective. Anti-D2-Alexa 350 was
used as the donor dipole, while anti-D1-Alexa 488 was used as the acceptor dipole. The
donor was excited with a krypton laser at 405 nm, while the acceptor was excited with an
argon laser at 488 nm. The emissions were collected at 430/20 nm and 530/20 nm LP filter.
Other FRET pairs (Alexa 488-Alexa 568 and Alexa 568-Alexa 647) were tested and showed
comparable results. Eleven images were acquired for each FRET analysis in accordance
with an algorithm (Chen et al., 2005), designed to remove both the donor and acceptor
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spectral bleed-through (SBT) signals and to correct for variation in fluorophore expression
level (FEL) associated with FRET imaging. The processed FRET (pFRET) images were
generated using a software developed based on the described algorithm (Chen et al., 2005),
in which:

where UFRET is uncorrected FRET, ASBT and DSBT are the acceptor and the donor
spectral bleed-through signals. The rate of energy transfer efficiency (E) and the distance (r)
between the donor (D) and the acceptor (A) molecules were estimated by selecting small
regions of interest (ROIs) using the same images and software, based on the following
equation:

where IDA is the donor image in the presence of acceptor, ψdd and ψaa are collection
efficiency in the donor and acceptor channel, Qd and Qa are the quantum yields of the donor
and the acceptor. E is proportional to the 6th power of the distance separating the FRET pair.
Thus,

was used to calculate the distance between the D1R and D2R, where Ro is the Förster’s
distance.

Grooming
The induction of grooming has been previously shown to be induced following activation of
the D1-D2 receptor heteromer (Perreault et al., 2010, Perreault et al., 2012). On the day of
testing, animals were removed from their home cage, administered SKF 83959 (1.5 mg/kg
s.c.) and placed immediately inside a novel cage with no bedding. Grooming activity was
then monitored for 60 minutes. The measurement of grooming behavior was modified from
a previously described protocol (Culver et al., 2000). During the testing period, the
experimenter was present in room to record the grooming activity of each rat using a hand-
held timer. The animal was considered to have engaged in grooming when the rat’s mouth
and/or tongue made contact with parts of its own body (e.g., nibbling of paws or tail, licking
of hindquarters or body fur). The timer was started by the experimenter when the rat’s
mouth made contact with its own body, and was stopped when contact had ceased for a
duration no less than 1 second. Grooming was scored for 30 seconds every 6-7 minutes, for
a total of 4 minutes (2 minutes sampled from the first 30 minutes of testing and 2 minutes
sampled from the last 30 minutes of testing). 90 minutes following injection, animals were
decapitated and brains were rapidly removed. NAc and CP tissues were dissected, flash
frozen, and immediately stored at −80° C until use in immunoblotting.

Data Analysis
All values are reported as mean ± SEM. For the grooming data, the main dependent variable
was time (s) and the statistical significance evaluated using an ANOVA, with Age and Drug
as the between subjects, factors followed by post-hoc Student’s t tests. Computations were
performed using the SPSS/PC+ statistical package. Statistical criteria for significant
differences were set at P<0.05.
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RESULTS
Neuronal coexpression of the D1R and D2R is linked with DYN and ENK

It has been reported that in adult rat striatum coexpression of the D1R and D2R occurs in
MSNs also expressing both DYN and ENK, (Perreault et al., 2010). To determine whether
the D1R/D2R coexpression was consistently linked to DYN and ENK expression, we first
examined the phenotype of D1R/D2R-coexpressing cultured striatal neurons from 1 day old
rat pups, and individual and coexpression of D1R and D2R with DYN, ENK or both
neuropeptides was assessed (Fig. 1). There was a high degree of colocalization of D1R in
D2R in cultured striatal neurons, with greater than 90% showing expression of both
receptors (Fig. 1A and B). D1R and D2R were present in DYN neurons and also present in
ENK neurons. Coexpression of DYN and ENK was also evident in the majority of neonatal
striatal neurons that were also shown to express D1R and D2R (Fig. 1C and D).

Although these findings showing > 90% coexpression of D1R, D2R, DYN, and ENK in
cultured striatal neurons are likely not an accurate depiction of coexpression levels in the
developing intact animal at PND1 (Lobo et al., 2006, Agoston et al., 2007, Lobo et al., 2008,
Martin-Ibanez et al., 2010, Baydyuk et al., 2011), they can provide insights into the link
between dopamine receptors, their neuropeptides, and whether endogenous factors within
the individual neurons regulate this link. To further characterize this, we therefore next
examined receptor expression in 1 day old neonatal striatum cultured for 4, 11 or 25 days to
determine whether endogenous factors within D1R and D2R coexpressing MSNs were
sufficient to switch the phenotype to individual receptor expression and whether this was
associated also with expression of a specific neuropeptide (Fig. 2). The neurons revealed a
similar extent of D1R and D2R coexpression at all 3 time points and cells expressing
receptors individually were sporadically observed (Fig. 2A). Very few neuronal processes
were observed on day 4, but were in evidence by day 11, with enhanced growth and
dendritic sprouting by day 25. At the latter time point, in the dendrites of a few D1R/D2R
coexpressing neurons the localization of only a single receptor was observed. In these
instances individual expression of D1R and D2R was always in the presence of its
associated neuropeptide, such as D1R and DYN (Fig. 2B), or D2R and ENK (not shown). It
must be noted that although these findings showing > 90% coexpression of D1R, D2R,
DYN, and ENK In cultured striatal neurons FRET analysis revealed D1R and D2R existed
in close proximity with a relative distance of 4–7 nm (50–70 Å), indicative of D1-D2
receptor heteromer formation (Fig. 2C). FRET between the D1R and D2R was only evident
in regions of receptor colocalization.

We next assessed the neuropeptide content of D1R/D2R-coexpressing striatal neurons in
juvenile rats 26-28 days of age. Unlike the neurons in culture, these young rats exhibited
prominent receptor segregation in the cell bodies of neurons in the NAc and CP indicating
that the neurons in culture lacked integral endogenous factors that would normally
contribute to such neuronal differentiation and phenotypic segregation. However, of the
neurons that did show D1R and D2R coexpression in striatum, the phenotype remained
consistent with that observed both in culture and in adult animals, having expressed D1R
and D2R with expression of DYN and ENK (Fig. 3A-D).

Age-dependent changes in striatal dopamine D1R-D2R heteromer expression
The phenotype of neurons coexpressing the D1R and D2R was shown to be consistent
across all ages as expressing DYN and ENK. We next sought to determine whether
expression of the D1R-D2R heteromer varied between juveniles and adults. As the D1R-
D2R heteromer can only be expressed in neurons containing both the D1R and D2R, we first
quantified the number of neurons exhibiting receptor coexpression in NAc core and shell
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and CP. It was found that while the overall expression of the D1R in juveniles was similar to
that of adults both in NAc core and shell, as well as in CP (Fig. 4A), a significantly fewer
number of D1R-expressing cells showed D2R colocalization in juvenile NAc shell (juvenile:
24.8±1.5%, adult: 33.8±4.5%, P<0.02). Similarly in CP, receptor coexpression in juveniles
was significantly reduced (juvenile: 2.8±0.5%, adult: 6.8±0.4%) (Fig. 4B). To examine
whether the propensity to form D1-D2 receptor heteromers in any given D1R/D2R-
coexpressing neuron differed between ages, we next performed FRET in situ to examine
D1-D2 heteromer expression. We found no age-dependent differences in the propensity for
the D1R and D2R to form D1-D2 heteromers (Fig. 4C), with relatively high FRET in the
NAc and lower FRET values in the CP in both adults and juveniles. Nonetheless, although
D1-D2 heteromer densities in any individual coexpressing neuron did not vary, the reduction
in the overall number of neurons exhibiting receptor coexpression in juvenile NAc shell and
CP would undoubtedly limit the functional contribution of the D1-D2 receptor heteromer in
these regions.

Subsensitivity to D1-D2 receptor heteromer-induced grooming in juvenile rats
Acute systemic or intra-NAc shell administration of the atypical dopamine agonist SKF
83959 has been reported to result in the induction of grooming, but not locomotor activity,
in adult rats (Perreault et al., 2010, Perreault et al., 2012). SKF 83959 does not activate the
Gs-coupled dopamine D1R (Jin et al., 2003, Rashid et al., 2007), and has been previously
shown to induce grooming behaviour via activation of the dopamine D1-D2 receptor
heteromer (Perreault et al., 2012). To determine whether reduced striatal D1R/D2R
coexpression in the juveniles would manifest as reduced grooming, juvenile and adult rats
were administered a single dose of SKF 83959 or saline and their grooming behavior
monitored for 60 minutes (Fig. 5A). There was no difference in basal grooming duration
between juvenile and adult rats across the 60 minute testing period. Activation of the D1R-
D2R heteromer by SKF 83959 induced a robust increase in the grooming response of adults,
while juveniles showed a modest but insignificant increase in grooming. Within the first 30
minutes, however, juveniles did exhibit a significant D1-D2 heteromer-induced increase in
the time spent grooming, although the magnitude of the response was still lower than in the
adults (Fig. 5B). This effect of SKF 83959 on grooming was lost in the juveniles in the latter
half of the 60 minute testing period but was maintained in the adults. Together these
findings suggest that the reduced expression of the D1-D2 receptor heteromer in NAc shell
likely contribute, at least in part, to the behavioural subsensitivity observed in the grooming
responses induced by SKF 83959, and emphasize a role for the D1-D2 receptor heteromer in
mediating behavioural output.

DISCUSSION
The present study showed that in juvenile striatum the D1R and D2R were coexpressed
solely in unique subset of neurons that also contained the neuropeptides DYN and ENK.
Similarly in cultured striatal neurons, the majority of which coexpress the D1R and D2R, an
identical phenotype was observed. Furthermore, we showed that the number of MSNs that
exhibited D1R/D2R coexpression, and therefore the ability to express the D1-D2 receptor
heteromer, showed an age-dependent variation, with reduced levels in juvenile NAc shell
and CP compared to adults. These reduced levels in D1-D2 heteromer densities were
associated with subsensitivity to the induction of grooming following D1-D2 heteromer
activation.

That there exists a D1R/D2R/DYN/ENK coexpressing neuronal phenotype in a subset of
striatal MSNs in young and adult animals suggests an important physiological function for
these neurons. The interplay between the dopamine and opioid systems has been widely
studied; yet the molecular mechanisms that underlie the linkage between these specific
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dopamine receptors and their neuropeptides remain entirely unknown. The present evidence
does suggest that the gene expression of these receptors and neuropeptides can be mutually
turned “off” for the purpose of differentiating D1R and D2R coexpressing neostriatal
neurons to their D1R/DYN-only or D2R/ENK-only phenotypes. Conversely, the increase in
NAc shell and CP D1R and D2R coexpression observed in adults suggests that the reverse is
also true; that neurons expressing a D1R/DYN- or D2R/ENK-only phenotype also have the
ability to induce gene expression of the other dopamine receptor and its neuropeptide.
Together these findings suggest that MSNs along the major pathways may have the potential
to express both of the dopamine receptors, as well as DYN and ENK. Given the number of
psychopathologies that arise through altered basal ganglia dopamine and/or opioid signaling,
the idea that atypical neurotransmission along the striatonigral or striatopallidal pathways
could be alleviated via activation of dormant genes has great potential. However, further
research into the transcriptional regulators of dopamine receptors, their neuropeptides, and
how their gene expression is linked, is first required to determine the mechanisms by which
the phenotype of these neurons are regulated. BDNF, for example, has been shown to
contribute to the phenotypic differentiation of striatal neurons to their spiny or aspiny
subtypes (Mizuno et al., 1994, Ventimiglia et al., 1995), and additionally influence the
striatal expression of both DYN (Logrip et al., 2008, Saylor and McGinty, 2008) and ENK
mRNA (Sauer et al., 1994, Saylor and McGinty, 2008), possibly via TrkB-induced
phosphorylation of CREB (Finkbeiner et al., 1997, Arthur et al., 2004).

In addition to coexpressing DYN and ENK, D1R/D2R-coexpressing neurons are distinct
from other dopamine receptor expressing neurons in that they also express the D1R-D2R
heteromer, a receptor complex that exhibits unique signaling properties and has been shown
to link dopamine to calcium (Lee et al., 2004, Rashid et al., 2007) and BDNF signaling in
striatal neurons (Hasbi et al., 2009). The relative densities of the D1-D2 receptor heteromer
are dependent upon two factors; the total number of coexpressing neurons present within a
specific brain region and the propensity of D1R and D2R to form the receptor complex
within a given neuron coexpressing the receptors. We found that the degree of expression of
the D1-D2 heteromer in neurons coexpressing the D1R and D2R in NAc or CP did not differ
between juveniles and adults. However, the quantity of D1R/D2R-coexpressing neuronal
cell bodies in both NAc shell and CP did differ between the two age groups, with adults
showing a significantly higher number of coexpressing neurons in these regions compared to
their younger counterparts. Thus although the D1-D2 heteromer was equally well expressed
in any given neuron coexpressing the D1R and D2R in either age group, the overall
reduction in the numbers of neurons coexpressing the receptors would be indicative of
reduced D1-D2 receptor heteromer expression in juvenile animals.

Coincident with reduced D1-D2 receptor heteromer expression, activation of the receptor
complex in juvenile rats elicited a blunted grooming response compared to the adults, an
effect that may have been attributed to the reduced NAc D1-D2 heteromer densities as
activation of the complex in NAc shell has been recently shown to result in orofacial
movements and grooming responses in rats (Perreault et al., 2012). It is noteworthy that
although grooming has been traditionally linked to D1R activation, SKF 83959 does not
activate the Gs-linked D1R, but is associated with PLC activation and phosphoinositide
hydrolysis in brain (Panchalingam and Undie, 2001, Jin et al., 2003, Zhen et al., 2005,
Rashid et al., 2007), a pathway also activated by a number of D1R agonists in brain tissue
(Undie et al., 1994, Desai et al., 2005) but, interestingly, not in cells expressing only the
D1R (Lin et al., 1995). Given the ability of D1R agonists to directly induce PI hydrolysis in
brain, but not in D1R-only expressing cells, this suggests that D1R agonists that stimulate
this pathway do so through agonist activity at the D1-D2 receptor heteromer. A number of
reports have shown, for example, that the “selective” D1R agonists SKF 81297 and SKF
38393 induce behavioural and neurochemical effects characteristic of dopamine D1-D2
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heteromer activation, such as grooming and activation of PLC leading to intracellular
calcium release (Molloy and Waddington, 1987, Undie and Friedman, 1990, Undie et al.,
1994, Rashid et al., 2007). In addition, the D1R agonist SKF 83822, which activates the Gs-
linked D1 receptor but not the D1-D2 heteromer (Rashid et al., 2007), actually suppresses
grooming in adult rats (Perreault et al., 2010). As such, together the evidence indicates that
grooming is likely mediated by the D1-D2 receptor heteromer via a PLC-linked pathway,
and we therefore suggest that the appropriate selection of dopaminergic drugs is essential to
effectively target the specific receptor complex, or signaling pathway, under investigation.

The reduction in grooming responses observed in the juvenile rats is consistent with a
number of other reports documenting behavioural subsensitivity in response to
psychostimulant drugs in younger animals (Bolanos et al., 1998, Featherby et al., 2008,
Banerjee et al., 2009, Zakharova et al., 2009a). The underlying mechanisms contributing to
this subsensitivity have remained elusive, and are further complicated by evidence showing
that adolescents exhibit enhanced, and not diminished, dopamine release following
amphetamine or cocaine administration (Laviola et al., 2001, Walker and Kuhn, 2008) and
increased sensitivity to dopamine transporter blockade by cocaine (Bolanos et al., 1998). In
keeping with this, it has been hypothesized that increased dopamine transmission could lead
to an inhibition of striatal cholinergic interneurons, followed by an upregulation of
postsynaptic striatal cholinergic receptors, increased overall cholinergic transmission and
behavioural subsensitivity (Bolanos et al., 1998). However, more recent studies have shown
that blockade of nicotinic receptors actually attenuate grooming in adult rats (Wooters and
Bardo, 2009) and psychostimulant-induced behavioral sensitization was shown to be
dependent upon nicotinic receptor activation induced by endogenously released
acetylcholine (Schoffelmeer et al., 2002, de Rover et al., 2004). A further confounding
factor is the demonstration that periadolescent rats exhibit increased sensitivity to
psychostimulant-induced reward (Shahbazi et al., 2008, Zakharova et al., 2009a, Zakharova
et al., 2009b, Anker and Carroll). Although it has been suggested that this may be attributed
to enhanced ventral striatal activity (Chambers et al., 2003), possibly as a result of the
overall elevated D1R and D2R expression seen during adolescence (Tarazi and Baldessarini,
2000, Andersen, 2002), enhanced D1R and D2R transmission is also involved in grooming
and locomotion and is thus insufficient to explain the observed age-dependent discrepancies
in behavioral responding.

In summary, the present findings showed that the phenotype of striatal neurons shifted in an
age-dependent manner, with reduced coexpression of D1 and D2 receptors in juvenile rats,
followed by a rise in coexpression in NAc shell and CP at maturity. Consequently D1-D2
receptor heteromer expression was also lower in juvenile NAc shell and CP compared to
adults, and this manifested as subsensitivity to the induction of grooming responses
following activation of the heteromeric complex, a behavioural response that has been
previously attributed to NAc shell activation of D1-D2 heteromers (Perreault et al., 2012).
Given the proposed role for these D1R/D2R-coexpressing neurons in balancing
neurotransmission within the mesolimbic, striatopallidal and striatonigral pathways
(Perreault et al., 2010), and recent evidence showing that these neurons exhibit both
inhibitory and excitatory capabilites (Perreault et al., 2012), these findings indicate that there
are likely significant age-dependent differences in neurotransmission within these pathways
that contribute to the reported incongruities in behavioural output following
psychostimulants. Further characterization of these differences will not only provide insights
into how neuronal connectivity changes with age but may help clarify the underlying
mechanisms involved in the increased propensity of adolescents to become addicted to drugs
of abuse.
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Highlights

• Dopamine D1 and D2 receptors are coexpressed with dynorphin and enkephalin.

• Striatal coexpression of D1 and D2 receptors is age-dependent.

• Juvenile rats have lower striatal D1-D2 receptor heteromer expression than
adults.

• Juvenile rats are subsensitive to D1-D2 receptor heteromer-induced grooming.

Perreault et al. Page 12

Neuroscience. Author manuscript; available in PMC 2013 December 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Colocalization of the D1 and D2 receptor with dynorphin and enkephalin in rat neonatal
striatal neurons. (A, B) Confocal images of 11 day old cultured striatal neurons showed D1
and D2 receptor (D1R and D2R) colocalization with dynorphin (DYN) or with enkephalin
(ENK). Colocalization of the D1R and D2R was present in the majority (>90%) of neurons
examined. (C, D) DYN and ENK showed abundant coexpression in striatal neurons, and
were also found to be colocalized with the D1R or D2R.
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Fig. 2.
Neuronal growth and differentiation of rat neonatal striatal D1 and D2 receptor coexpressing
neurons. (A) Confocal images showing D1 receptor (D1R), D2 receptor (D2R) and
dynorphin (DYN) expression in rat striatal neurons following 4, 11 or 25 days in culture.
Neurons showed a progressive increase in dendritic sprouting and growth after 4 days in
culture. D1R and D2R showed significant colocalization with DYN in neuronal cell bodies
at all time points, and in the dendrites on days 11 and 25. On day 25 of culture, some D1R
and D2R coexpressing neurons began to show differential segregation of D1R and D2R to
the distal dendrites (box). Neurons showing expression of only one dopamine receptor were
in evidence but scarce (yellow arrows) (B) Magnification of the boxed area in (a) depicting
neuronal dendrites of a D1R and D2R coexpressing neuron on day 25 of culture. While D1R
and DYN exhibited colocalization in these dendrites, D2R was not present (white arrows).
(C) Example of a representative neuron showing colocalization and interaction (FRET) of
D1R and D2R, and the distance between the two receptors in a striatal cultured neuron.
FRET between the D1R and D2R was evident in regions of receptor colocalization (white
arrows) but was not present in regions absent of D1R expression (yellow arrows). Scale
panel denotes FRET efficiency or distance (nM) accordingly.
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Fig. 3.
Colocalization of the D1 and D2 receptor with dynorphin and enkephalin and D1-D2
receptor heteromer formation in juvenile rat nucleus accumbens. (A, B) Confocal images
revealed D1 and D2 receptor (D1R and D2R) colocalization with dynorphin (DYN) or with
enkephalin (ENK) (white arrows) in NAc. Neurons that expressed only D1R were positive
for DYN and neurons expressing only D2R were positive for ENK (yellow arrows). (C) A
subset of neurons coexpressed DYN and ENK (yellow arrows) and these neurons could also
express the D1R (white arrows). (D) DYN and ENK coexpressing neurons could also
express the D2R (white arrows) in juvenile rat NAc.
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Fig. 4.
Reduced D1R and D2R coexpression in NAc shell and caudate putamen of juvenile rats. (A)
Quantification of the number of D1R-expressing neurons per 300 μm2 area (N=16-25
sections/region). (B) The proportion of D1R-expressing neurons also expressing the D2R.
Adults exhibited a significantly greater proportion of D1R and D2R coexpressing neurons in
NAc shell and CP, but not NAc core (C) D1R and D2R formed D1-D2 receptor heteromers
as determined by FRET. FRET signal indicated equivalent FRET efficiencies between
juvenile and adult rats in NAc and CP (N=25-62 neurons/region). Data expressed as mean ±
SEM. *P<0.05 Student’s ttest.
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Fig. 5.
Effect of acute D1-D2 receptor heteromer activation on grooming behavior in juvenile and
adult rats. (A) In adult rats, SKF 83959 (1.5 mg/kg, s.c.) significantly increased the total
amount of time spent grooming within the 60 minute testing period compared to saline
controls, but had no significant effect on grooming in juvenile animals {Drug, F(1,22)=8.0,
P<0.01; Age, F(1,22)=20.4, P<0.0001; Drug × Age, F(1,22)=3.8, P<0.06, n.s.} (B) Effect of
SKF 83959 on grooming in the first and last 30 minutes of the testing period. SKF 83959
significantly increased grooming in both juvenile and adult rats in the first 30 minutes
following injection {Drug, F(1,22)=12.2, P<0.002; Age, F(1,22)=23.8, P<0.0001}, an effect
that was lost in the juvenile rats in the latter 30 minutes of the testing period {Drug,
F(1,22)=3.8, P<0.06, n.s.}. Data are expressed as mean ± SEM. **P<0.01 compared to
juveniles of the same treatment; #P<0.05, ###P<0.001 compared to saline controls of the
same age, Student’s t test.
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