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Dopamine D2 receptors in striatal output neurons
enable the psychomotor effects of cocaine
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The psychomotor effects of cocaine are mediated by dopamine
(DA) through stimulation of striatal circuits. Gabaergic striatal me-
dium spiny neurons (MSNs) are the only output of this pivotal
structure in the control of movements. The majority of MSNs ex-
press either the DA D1 or D2 receptors (D1R, D2R). Studies have
shown that the motor effect of cocaine depends on the DA-medi-
ated stimulation of D1R-expressing MSNs (dMSNs), which is mir-
rored at the cellular level by stimulation of signaling pathways
leading to phosphorylation of ERKs and induction of c-fos. Never-
theless, activation of dMSNs by cocaine is necessary but not suffi-
cient, and D2R signaling is required for the behavioral and cellular
effects of cocaine. Indeed, cocaine motor effects and activation of
signaling in dMSNs are blunted in mice with the constitutive knock-
out of D2R (D2RKO). Using mouse lines with a cell-specific knockout
of D2R either in MSNs (MSN-D2RKO) or in dopaminergic neurons
(DA-D2RKO), we show that D2R signaling in MSNs is required and
permissive for the motor stimulant effects of cocaine and the acti-
vation of signaling in dMSNs. MSN-D2RKO mice show the same
phenotype as constitutive D2RKO mice both at the behavioral and
cellular levels. Importantly, activation of signaling in dMSNs by co-
caine is rescued by intrastriatal injection of the GABA antagonist,
bicuculline. These results are in support of intrastriatal connections
of D2R*-MSNs (iMSNs) with dMSNs and indicate that D2R signaling
in MSNs is critical for the function of intrastriatal circuits.
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he intake of drugs of abuse generates a strong elevation of

dopamine (DA) levels (1) in brain areas that belong to the
limbic system (2, 3). DA signaling thus plays a central role in the
mechanisms underlying the behavioral, cellular, and molecular
effects of addictive drugs in the central nervous system (4).
Indeed, knockout mice for the DA D1 and D2 receptors (D1R
and D2R) have altered responses to the psychomotor effects of
psychostimulants such as cocaine (5-7).

The psychomotor effects of cocaine strongly depend on the
activation of the major striatal output neurons, the medium spiny
neurons (MSNs). In particular, MSNs expressing DIR (dMSNs)
but not those expressing D2R (iMSN) appear responsible for
these effects. Indeed, mice lacking DIR fail to show the motor-
stimulating effects of cocaine (7). Cocaine-mediated activation of
dMSNs has been shown to activate the cAMP and ERK pathways
(8) and to lead to c-fos induction (9). Both c-fos and extracellular
signal-regulated kinase (ERK) activation require the simultaneous
stimulation of D1IR*-MSNs by DA and glutamate (10, 11).
dMSNs form the direct pathway, which together with the indirect
pathway, formed by iMSNS, are the only striatal output pathways.
The balanced activity of these two pathways regulates movements.
We have reported that the constitutive knockout of D2R in mice
(D2RKO) (12) prevents the motor and cellular (c-fos) responses
to acute cocaine administration (6). These results were at odds
with the reported involvement of dMSNs and the direct pathway
in cocaine’s effects, particularly in light of normal striatal D1IR
expression and signaling in D2RKO mice (6). We therefore hy-
pothesized that loss of D2R unveils a D2R-mediated permissive
control on dMSN:s activity. We postulated that the inhibition may
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occur through the D2R-mediated presynaptic functions. However,
D2Rs are expressed by striatal and cortical neurons (13, 14) and
DA neurons (5, 15, 16).

Thus, to identify the neurons and the mechanism underlying
the blunted response of D2RKO mice to cocaine, we performed
experiments in which we compared the motor and cellular re-
sponses of the constitutive D2RKO with that of neuron-specific
D2R mutants (5). For this process, we used mice lacking D2R
either in the MSNs (MSN-D2RKO) or in the DA neurons (DA-
D2RKO) (5) and compared their response to WT littermates.
Interestingly, these analyses show that the absence of D2R in
MSNSs, but not in DA neurons, is responsible for the behavioral
and cellular phenotype of the constitutive D2RKO. Importantly,
we show that the cellular phenotype is rescued by the GABAA
antagonist bicuculline. These results demonstrate that the ac-
tivity of iMSNss affects responses of the dMSNs and the absence
of D2R in MSN-D2RKO mice prevents the motor and cellular
effects of cocaine. These effects are likely mediated by the presence
of collaterals between subtypes of MSNs in the striatum (17) with
consequences on their targets.

These data strongly support a leading role of D2 receptors in
controlling the physiological response of striatal circuits to cocaine.

Results

Absence of D2R Signaling Affects the Motor Response to Cocaine. We
have reported that cocaine in mice carrying the constitutive de-
letion of D2R (D2RKO mice) (12) does not induce the robust
activation of motor activity as it does in WT mice (6). These
results indicated that the absence of D2R in the striatal circuits
controlling locomotion abolishes the psychomotor effects of cocaine.

Significance

Cocaine elicits a strong motor response when administered in
rodents. These effects have been assigned to activation of D1
receptor-mediated signaling in striatal medium spiny neurons
(dMSNs). However, we previously have shown that activation of
motor activity and signaling in dMSNs was dampened in D2
receptor (D2R) knockout mice. Nevertheless, because of the wide
distribution of D2Rs in different neuronal types, it was not
possible to assess which D2R-expressing neurons allow cocaine-
mediated effects. Using mice with neuron-specific deletion of
D2R, we identify D2R*-MSNs (iMSNs) as those enabling the ac-
tivation of dMSNs in response to cocaine. These studies identify
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of intrastriatal functions required for the full expression of the
motor and cellular activating effects of cocaine.
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However, the heterogeneous distribution of D2R in multiple neu-
rons prevented the possibility to identify the neuronal type involved
in the establishment of this phenotype. The recent generation of
mice with cell-specific D2R knockout allowed us to address this
question. Specifically, we tested the motor-activating effects of co-
caine in MSN-D2RKO and in DA-D2RKO mutants, respectively,
missing D2R either in striatal MSNs or in midbrain dopaminergic
neurons (5).

Motor behavior in response to 10-20 mg/kg (i.p.) of cocaine was
tested in neuron-specific D2R mutants and respective WT litter-
mates and compared with the response of the constitutive D2RKO
mice at 20 mg/kg. MSN-D2RKO and DA-D2RKO together with
their WT siblings were administered cocaine 2 h after habituation
to a new home cage, and motor activity was recorded for 1 h.
WT mice from all lines showed a robust dose-dependent increase
of motor activity (P < 0.001) (Fig. 1 and Fig. S1) in response to
cocaine. Interestingly, similar to WT siblings, a statistically sig-
nificant dose-dependent increase of motor activity was observed
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Fig. 1. The acute motor response to cocaine requires D2R signaling in MSNs.
(A) Similar response to cocaine in DA-D2RKO and WT littermates [genotype x
treatment Fy, 40) = 2.001; P > 0.05]; at the dose of 10 mg/kg DA-D2RKO
showed a higher response than WT mice (P < 0.05). (B) MSN-D2RKO [genotype x
treatment F(, 51y = 24.79; P < 0.0001] have blunted response to cocaine as
compared to WT mice. Values are mean + SEM (n = 6-14 per treatment per
genotype). ***P < 0.001, **P < 0.01, *P < 0.05 saline vs. cocaine; *P < 0.05
10 vs. 20 mg/kg cocaine; AP < 0.001, AP < 0.05 among genotypes.
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in cocaine-treated DA-D2RKO mutants compared with saline-
treated mice of the same genotype (Fig. 14). Statistical analyses
showed a genotype effect (P < 0.02) due to the stronger motor
activation at the dose of 10 mg/kg in DA-D2RKO compared with
equally treated WT mice (P < 0.05), likely due to the loss of D2
autoreceptors in these mice (5). In great contrast, MSN-D2RKO
mice compared with WT littermates showed a blunted motor
response to cocaine at both doses tested (Fig. 1B) [genotype x
treatment, F, 51y = 24.79, P < 0.0001], in a manner similar to
D2RKO mice [genotype X treatment, F 53y = 58.99, P < 0.0001]
(Fig. S1) (6). Thus, D2R-mediated signaling in MSNss is critical for
the psychomotor effects of cocaine.

We showed that DIR mRNA and protein levels are not affected
in MSN-D2RKO mice (5). However, to investigate whether the
blunted response to cocaine might depend on altered D1R-medi-
ated stimulation of MSNs, we tested the effects of SKF81297, a
direct D1R-specific agonist, on locomotion in these mice. As in WT,
MSN-D2RKO mice show a dose-dependent response to SKF81297
(Fig. S2), although of a lower magnitude because of their reduced
motor activity under basal conditions. These results suggest that the
loss of D2R in iMSNs partially influence dMSNs activity.

To assess the impact of D2R ablation in MSNs on the striato-
cortical loop, we tested the effect of the glutamate antagonist
MKS801 in WT and MSN-D2RKO mice. MK801 is a noncompetitive
antagonist of NMDA receptors whose efficacy depends on the level
of circulating glutamate (18); administration of MKS801 induces a
strong activation of motor activity. Thus, we hypothesized that MSN-
D2RKO will have a lower response to the motor-activating effects of
MKS801 in comparison with WT littermates, but also to DA-D2RKO
mice. MSN-D2RKO, DA-D2RKO, and WT littermates were thus
administered with 0.3 mg/kg MK801, and their motor activity was
analyzed in a NHC for 2 h. In agreement with our hypothesis, we
found that whereas WT and DA-D2RKO mice show a signifi-
cant and robust hyperactivity after MK801 administration (Fig. 2)
[treatment effect F(q1, 495y = 23.44; P < 0.0001], the response
of MSN-D2RKO mice was minimal (Fig. 2) [genotype effect
F(22’ 495) = 3897, P < 001]

These results show that, as expected, loss of D2Rs in iMSNs
affects the normal functioning of the cortico-striatal pathway
and may participate in the blunted response to cocaine of MSN-
D2RKO mice.

Altered c-fos Induction in Striatum Parallels Less Response to Cocaine.
How do these behavioral phenotypes translate at the cellular
level? Acute administration of psychostimulants induces the
transcriptional activation of immediate early genes, such as c-fos
(19) in the dMSNs (2, 20). The contrasting effects of cocaine on
the motor activity of D2R mutants brought us to hypothesize that
these differences would be mirrored by the c-fos activation pattern
in the dMSNs of the mutants. We thus performed double in situ
hybridization (dISH) using probes for c-fos and for markers of
dMSNs (D1R) and iMSNs (Enkephalin; Enk). c-fos mRNA
expression was evaluated in the dorso-medial striatum (DMS)
and ventral striatum (VS) of each mutant 1 h after cocaine
(20 mg/kg) administration.

The results of these analyses showed the expected robust in-
duction of c-fos expression in dMSNs of the DMS and VS of
cocaine-treated WT mice compared with saline-treated controls
(Fig. 3). Analyses of sections from cocaine-treated DA-D2RKO
mice showed similar c-fos induction in both the DMS and VS as
in WT littermates (Fig. 3). Thus, absence of D2Rs from DA neu-
rons, despite the resultant loss of autoreceptor-mediated regulation
of DA release (5), does not affect c-fos expression in dMSN.

In contrast, the cocaine-mediated c-fos induction in the dMSNs
of MSN-D2RKO striatal sections was completely prevented
(Fig. 3). These results strongly resemble those obtained in striata
of cocaine-treated D2RKO mice (Fig. 3) (6).
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Fig. 2. Decreased response to the glutamate antagonist MK801 in MSN-
D2RKO mice. Motor response (cumulative activity count every 10 min) to
MK801 of MSN-D2RKO, DA-D2RKO, and WT littermates. MSN-D2RKO show
decreased response to MK801 compared with WT and DA-D2RKO mice
[genotype effect Fo5, 495y = 38.97; P < 0.01]. Values are mean + SEM (n =
7-11 per treatment per genotype).

Cocaine has also been reported to stimulate c-fos in a small
population of iMSNs (Enk™) (21). In agreement with these findings,
we observed a significant induction of c-fos in the iMSNs in the
DMS of WT and DA-D2RKO mice compared with saline-treated
controls of each genotype (Fig. S3). Conversely, no induction was
observed in the same anatomical district of MSN-D2RKO and
D2RKO mice (Fig. S3). Cocaine failed to increase c-fos in the
iMSNs of the VS in all genotypes.

These results indicate that the presence of D2Rs in iMSNS is
required not only for the psychomotor response to cocaine, but
also for the induction of c-fos in dMSNs.

Reduced ERK and GluR1 Activation Correlates with Less c-fos Activation.
Cocaine-mediated c-fos induction in dMSNs is downstream of
DA- and glutamate-activated signaling (8, 11, 21). Both neuro-
transmitters are also required for the activation of the ERK (9, 10).

The observation of the blunted response to cocaine but also
the altered response to SKF81297 and MK801 suggests that the
signaling from either neurotransmitter and possibly both is af-
fected by loss of D2R on iMSNs. Analyses of the induction of the
ERK phosphorylation by cocaine (20 mg/kg) in the striatum of
D2RKO and MSN-D2RKO showed that in line with the be-
havioral data, activation of ERK phosphorylation was abolished
in both genotypes compared with WT controls (Fig. 4 A and B).

Acute cocaine administration also leads to phosphorylation
of the glutamate receptor 1 (GluR1) subunit of the AMPA re-
ceptor on Serine®*® (Ser®*’) residue, via activation of the protein
kinase A pathway (10).

Analyses of GluR1 phosphorylation at Ser® in striatal extracts of
animals acutely treated with cocaine (20 mg/kg) showed increased
phosphorylation in extracts of both genotypes compared with the
saline-treated samples [Fig. 4 C and D: C, treatment effect F; 14) =
91.82, P < 0.001; D, treatment effect F; 14, = 70.11, P < 0.001].
However, GluR1 phosphorylation in the striatum of cocaine-treated
D2RKO [genotype X treatment F{q, 15) = 6.803, P < 0.05] and MSN-
D2RKO [genotype x treatment F(;, 14y = 16.69, P < 0.01] extracts
was significantly attenuated compared with WT littermates in same
conditions. These results indicate that in D2RKO and MSN-
D2RKO, the glutamate and DA signaling are altered. This finding
strongly points to a defective function of the striato-cortical loop in
the phenotype observed in these mice when administered cocaine.
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GABA Antagonism Reestablishes the Cellular Response to Cocaine.
Nevertheless, a comparison between the response of MSN-D2RKO
mice to cocaine or to SKF81297 and MKS801 shows that where-
as the latter drugs are still able to induce a significant motor
response, cocaine does not. This finding suggests the presence
of an additional direct negative control exerted by iMSNs on
dMSNs in MSN-D2RKO mice. iMSNs are gabaergic neurons;
previous studies have demonstrated that these neurons modu-
late the activity of the indirect pathway and send collaterals to
dMSNSs (17).

Thus, we hypothesized that absence of D2Rs on iMSNs elimi-
nates the inhibitory control exerted by DA on the activity of
these cells with consequences on dMSNs. To test this hypothe-
sis, we blocked the GABA receptors by using the antagonist
bicuculline. To observe the effects of the drug in the striatum,
bicuculline was stereotaxically injected in the DMS, the area
showing the most robust induction of c-fos in cocaine-treated
WT mice. D2RKO, MSN-D2RKO, and WT littermates were
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Fig. 3. Blunted induction of c-fos expression in the absence of D2R in MSNs.
(A) Representative dISH using D1R (red) and c-fos (green) specific probes
hybridized to striatal sections containing either the DS or VS, as indicated.
(Scale bars, 25 um.) Arrowheads indicate cells that are both c-fos* and D1R*.
(B) Quantifications of the number of neurons positive for D1R and c-fos in
the DMS (Left) and in the VS of D2R mutants (Right). DMS: F5, 10)=27.20, P <
0.0001 and VS: F, 19y = 39.27, P < 0.0001. The (-) and (+) symbols indicate
absence or presence of cocaine, respectively. Values are mean + SEM (n = 3
per treatment per genotype). ***P < 0.001 vs. saline-treated mice of the
same genotype; MP < 0.01 vs. WT cocaine-treated mice.
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Fig. 4. Cocaine differentially induces ERK and GIuR1 phosphorylation in
D2RKO and MSN-D2RKO mice. Blunted pERK1/2 induction by cocaine in
D2RKO [F1, 18 = 5.897, P < 0.05] (A) and in MSN-D2RKO striata (B) [F(, g) =
39.07, P < 0.001] compared with WT. Cocaine induced GluR1 Ser®*> phos-
phorylation in D2RKO (C) and MSN-D2RKO striatal extracts (D) compared with
WT. [D2RKO: genotype x treatment, F;, 15y = 6.8, P < 0.05; MSN-D2RKO: ge-
notype X treatment, F, 14y = 16.69, P < 0.01]. The (-) and (+) symbols indicate
absence or presence of cocaine, respectively. Values are expressed as mean +
SEM (n = 4-5 per treatment per genotype). ***P < 0.001, **P < 0.01, *P < 0.05
vs. saline-treated mice; ##P < 0.001, #P < 0.01 vs. WT cocaine-treated.

divided into four groups/genotype (n = 3 per group): (i) saline,
(i) saline/cocaine (20 mg/kg, i.p.), (iii) bicuculline/saline, (iv)
bicuculline/cocaine. Bicuculline was injected 5 min before sys-
temic administration of cocaine in freely moving mice; brains
were collected 1 h later to perform dISH by using probes specific
for c-fos together with the marker of dMSNs.

Importantly, antagonism of GABA, receptor in the absence
of cocaine did not induce c-fos in the striatum; however, when
bicuculline was injected before cocaine, c-fos induction was ef-
ficiently restored in the dMSNs of the DMS (Fig. 5) of D2RKO
and MSN-D2RKO, in a manner comparable to WT (P > 0.05).
These results advocate toward an aberrant iMSNs GABA-mediated
inhibition of dMSNs in the striatum of D2RKO and MSN-D2RKO
mice due to loss of D2Rs in these neurons.

11612 | www.pnas.org/cgi/doi/10.1073/pnas.1608362113

Discussion

Drugs of abuse such as cocaine modify synaptic plasticity and
generate long-term changes in the physiology of striatal neurons
(22). In particular, DA induction of dMSNs has been shown to
be responsible for the motor-activating effects of psychostimu-
lants (23). These results are also inferred by genetic evidence
using D1R knockout mice (7) in which cocaine fails to induce
motor activity and activation of intracellular signaling in dMSNs.
The contribution of D2R activation in the response to cocaine
has thus been thought to only marginally participate in the motor
and cellular activation of striatal neurons. Nevertheless, mice
carrying the constitutive knockout of D2R do not show the acute
motor-activating effects of cocaine nor the induction of c-fos
expression in dMSNs (6). These results are in agreement with
previously reported pharmacological studies showing that D2R
antagonism blocked the acute motor-activating effect of psy-
chostimulants (24). The similarities between the behavioral re-
sponse to cocaine using D2R antagonists in WT or the use of
D2RKO mice suggest the absence of compensatory mechanisms
able to replace D2R-mediated signaling in vivo.

The response to cocaine of constitutive D2R knockout mice
suggested the presence of a D2R-mediated inhibitory control in
specific neurons that affects dAMSNs. However, the identity of the
neurons responsible for these inhibitory effects was unclear be-
cause of the wide expression of D2R in several neuronal types of
the striatum but also in other brain regions (i.e., cortex).

In this work, we have addressed this question by comparing the
behavioral and cellular response to cocaine in MSN-D2RKO and
DA-D2RKO mice, lacking D2Rs specifically in iMSNs or DA
neurons, respectively. We demonstrate that the blunted motor and
cellular response of D2RKO mice is generated by the loss of D2R
signaling in the iMSNs. Indeed, whereas DA-D2RKO mice respond
to cocaine in a manner similar to WT littermates, MSN-D2RKO
behave as D2RKO mice and do not show a significant response to
the motor-activating effect of cocaine. Interestingly, MSN-D2RKO
mice also present a reduced motor response to SKF81297 and
MKS801 compared with both WT and DA-D2RKO mice. These
results suggest that the ablation of D2R from iMSNs by relieving
the inhibition of the indirect pathway lead to a reduced stimulation
of the striato-cortical loop. In addition, lack of inhibition of iMSNs
might also negatively influence the activity of DA neurons (25) and
DA release (5) as observed by the reduced stimulation of GluR1
phosphorylation on Ser® (Fig. 4). Thus, reduced input to dMSNs
from cortical and dopaminergic neurons might partly explain the
absence of ERK phosphorylation (8-10) and c-fos (11) in the
striatum of these mutants compared with WT mice.

Nevertheless, D2RKO and MSN-D2RKO mice do respond to
SKF81297 and MKS801, but to a lesser extent, suggesting the pres-
ence of additional factors inhibiting dMSNs when mice are exposed
to cocaine. Thus, we turned our attention to GABA signaling be-
cause iMSNs send collaterals to dMSNs (17). In MSN-D2RKO, the
absence of D2R in iMSNs might result into an increased GABA-
mediated inhibition of dMSN activity. Importantly, in line with this
hypothesis, we show that an intracerebral injection of the GABA
antagonist, bicuculline, in the DMS restores the cellular response to
cocaine in dMSNs.

It might be argued that the GABAergic inhibition could origi-
nate from DAergic neurons that also release GABA (26); how-
ever, the response of DA-D2RKO mice to cocaine is similar to
that of WT littermates, making this possibility unlikely. Similarly,
striatal GABAergic interneurons do not express D2Rs; further-
more, in D2RKO and MSN-D2RKO mice, these neurons likely
receive lower cortical stimulation because of the lack of inhibition
of iMSN:s activity on the indirect pathway. The full rescue of c-fos
induction by GABA antagonism supports the view of a major
intrastriatal effect of iMSNs on dMSNss via collaterals (17, 27). We
propose that deletion of D2R specifically in iMSNs is at the basis
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Fig. 5. GABA, antagonism restores c-fos induction in the striatum of D2RKO
and MSN-D2RKO mice. Bicuculline restored c-fos induction to WT levels in
D1R* cells of the DMS of both D2RKO and MSN-D2RKO mice. (A) Represen-
tative images of in situ hybridization for c-fos (green) and D1R (red) in the DMS
of WT, D2RKO, and MSN-D2RKO following the different treatments as in-
dicated on the top. (Scale bar, 25 um.) Arrowheads indicate cells that are both
c-fos* and D1R*. (B) Values are mean + SEM of c-fos-D1R* cells per frame
(385.7 x 385.7 pm) in the DMS (n = 3 per treatment per genotype). ***P <
0.001 vs. saline-treated mice. ¥#P < 0.001, **P < 0.01, *P < 0.05 vs. bicuculline-
treated mice; MP < 0.01 vs. WT cocaine-treated mice. (C) Model of D2R-
mediated control of the acute effects of cocaine in the DMS. (Left) In WT mice,
acute cocaine administration increases the release of DA from dopaminergic
neurons of the substantia nigra compacta (SNc), activating D1R in MSNs of the
direct pathway (dMSNs) and D2R in MSNs of the indirect pathway (iMSNs). As a
result, there is a potentiation of the direct pathway and the consequent re-
duction of the inhibitory input of the substantia nigra reticulata (SNr) to the
thalamus, which, in return, stimulates the cortex and the striatum. This chain
of events is responsible for the increased locomotor response to cocaine in WT
mice. (Right) In MSN-D2RKO mice, absence of D2R in iMSNs prevents the in-
hibition of these neurons, leading to a potentiation of their inhibitory tone

MSN-D2RKO
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of the inhibition of signaling in dMSNs after cocaine. Thus, D2R-
mediated signaling in iMSNs is critical for the full expression of
psychomotor response to cocaine through modulation of the in-
direct pathway (Fig. 5C) but importantly through a direct inhibi-
tion of dMSN:ss signaling and activity (Fig. 5C). This study asserts a
facilitatory role of D2R signaling in iMSNs in regulating the acute
response to cocaine.

Materials and Methods

Animals. Eight- to 12-wk-old D2RKO, DA-D2RKO, and MSN-D2RKO mice and
WT littermates were used. D2RKO are constitutive knockout mice (12).
D2Rfoxflox mice (5) were used and mated with En1Cre mice to generate DA-
D2RKO mice (previously named D2RfIoxfloxEniCre/+y (5y and with D1Cre mice
to generate MSN-D2RKO mice (previously named D2RfoxfloxD1Crel+y (5y The
En1 promoter is specifically expressed in midbrain neurons (28), resulting in
the completed deletion of D2R in SN and ventral tegmental area (5). The use
of dopamine D1R promoter in D1CRE mice (29) allowed for the complete
deletion of D2R in MSNs (5) despite the restricted expression of D1R in the
MSNs of the direct pathway in adults. However, D1R and D2R are coex-
pressed during embryonal development, as shown in primary striatal cul-
tures of MSNs (30) obtained from late embryonic stages, thus allowing the
use of this line to delete D2R in MSNs of the indirect pathway (5). Mice were
maintained in standard conditions (12 h light/dark cycle) with food and
water ad libitum. All protocols were approved by the Institutional Animal
Care and Use Committee in accordance with the NIH guidelines.

Drugs. Cocaine hydrochloride, MK801, SKF 81297 hydrobromide (Sigma-
Aldrich), and bicuculline methiodide (Fluka) were dissolved in saline [0.9%
Nacl (wt/vol)].

Behavioral Analyses. Locomotor activity was recorded by using a video-
tracking system (Viewpoint). Animals were handled (5 min) 2 d before the
experiment and habituated to novel home cages (20 x 30-cm transparent
plastic box) for 2 h before cocaine (10, 20 mg/kg, i.p.) or MK801 (0.3 mg/kg, i.p.).
Activity was recorded for 1 (cocaine) or 2 (MK801) h after injection. For SKF81297
(0.5-3 mg/kg) mice were habituated for 1 h and recorded for 1 h.

Stereotaxic Injections. Mice were placed in stereotaxic frame (David Kopf
Instruments) under anesthesia (ketamine 100 mg/kg and xylazine 10 mg/kg, i.p.)
and guide cannulae (26G; Plastic One) were implanted in the dorsal striatum
0.5 mm above the site of microinjection (anterior-posterior, 0.98 mm; medial-
lateral, + 1.2 mm; dorso-ventral, —3 mm, from Bregma) according to the
mouse brain atlas (31) (Fig. S4). Guide cannulae were fixed to the skull by using
dental cement and dummy cannulae inserted. Following surgery, mice were
monitored and handled daily for 7-10 d. Four groups were made receiving the
following: group 1: saline (intracerebral) + saline (intraperitoneal); group 2:
bicuculline (intracerebral) + saline (intraperitoneal); group 3: saline (intrace-
rebral) + cocaine (intraperitoneal); group 4: bicuculline (intracerebral) + co-
caine (intraperitoneal). Injector cannulae (33G) were inserted into the guide
cannulae and bicuculline methiodide (0.01 pg/0.3 pL per side) or vehicle (sterile
0.9% saline 0.3 pL per side) were infused bilaterally over a period of 3 min.
Injector cannulae were left for additional 2 min to ensure proper delivery of
the drugs.

In Situ Hybridization. Brain sections were obtained and hybridized with
fluorescein-labeled c-fos and digoxigenin (DIG)-labeled D1R or Enkephalin
riboprobes (RNA labeling mix; Roche), as previously described (5), followed
by anti—Fluorescein-POD (1:1000, Roche) and anti-DIG-AP (1:5000, Roche) an-
tibodies. To amplify the signal the TSA PLUS fluorescein System (PerkinElmer)
and HNPP (2-hydroxy-3-naphtoic acid-2"-phenylanilide phosphate) fluorescent
Detection Set (Roche) were used.

that results in an increased activation of the indirect pathway of SNr neu-
rons. In intrastriatal circuits, the absence of D2Rs in iMSNs leads to an in-
creased collateral inhibition by these neurons of dMSNs activity; this results
into decreased inhibition from the direct pathway of SNr activity. Activation
of SNr neurons inhibits the thalamus, resulting into a reduced stimulation of
the cortex and striatum. The final outcome is reduced motor response to
cocaine in MSN-D2RKO mice and altered signal transduction and gene ex-
pression in dMSNs. Solid lines indicate a potentiation of the effect whether
excitatory or inhibitory, whereas broken lines indicate a reduced effect.
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Cell Counting. Pictures were taken and analyzed by confocal microscopy
(DMRE; SP5 microscope, Leica). Regions of interest (387.5 x 387.5 um) were
defined bilaterally in the dorso-medial striatum (DMS, 1.42-0.7 mm anterior
to Bregma) and ventral striatum containing both core and shell regions
(VS, 1.54-1.10 mm anterior to Bregma). Four sections per animal were
counted in three animals/genotype per treatment.

Western Blot. Brains were rapidly collected 20 min after saline or cocaine
(20 mg/kg). Striatal tissue was sonicated in lysis buffer (Tris 25 mM, pH 6.8;
p-mercaptoethanol 175 mM, SDS 1%) containing protease and phosphatase
inhibitors (Complete EDTA-free; PhosSTOP; Roche) and boiled for 5 min.
Protein content was determined by using the BCA kit (Thermo). Thirty mi-
crograms of extracts were loaded onto 10% (vol/vol) SDS/PAGE and transferred
to PVDF membranes (Millipore). Antibodies directed against phosphorylated
ERK1/2 (p42/p44; Cell Signaling, 1:1000) and GluR1-Ser®*® (Millipore; 1:1000)
followed by the appropriate secondary antibodies were used; bands were
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revealed by using the ECL Plus reagent (Millipore). Membranes were then
stripped and reprobed with antibodies directed against total ERK (Cell
Signaling, 1:2000) and GluR1 (Santa Cruz; 1:1000). Quantifications of band
intensity were performed by using the ImageJ (version 1.42q) software. Data
for pERK1/2/ERK1/2 and pGIuR1/GIuR1 in D2R mutants were adjusted for
comparisons to WT saline values arbitrarily set at 1.

Statistical Analysis. All values are mean + SEM. Statistical analyses were made
by using GraphPad Prism. Data were analyzed by two-way ANOVA followed
by Bonferroni’s post hoc or Student’s t test, as appropriate; P < 0.05 was
considered statistically significant.
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