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D1 receptor hypersensitivity in mice with low striatal D2
receptors facilitates select cocaine behaviors
Lauren K. Dobbs1,2, Alanna R. Kaplan1, Roland Bock 1,2, Khanhky Phamluong3, J. Hoon Shin1, Miriam E. Bocarsly1,4, Lindsay Eberhart1,
Dorit Ron3 and Veronica A. Alvarez 1,2,5

Vulnerability for cocaine abuse in humans is associated with low dopamine D2 receptor (D2R) availability in the striatum. The
mechanisms driving this vulnerability are poorly understood. In this study, we found that downregulating D2R expression
selectively in striatal indirect-pathway neurons triggers a multitude of changes in D1 receptor (D1R)-expressing direct-pathway
neurons, which comprise the other main subpopulation of striatal projection neurons. These changes include a leftward shift in the
dose-response to a D1-like agonist that indicates a behavioral D1R hypersensitivity, a shift from PKA to ERK intracellular signaling
cascades upon D1R activation, and a reduction in the density of bridging collaterals from D1R-expressing neurons to pallidal areas.
We hypothesize that the D1R hypersensitivity underlies abuse vulnerability by facilitating the behavioral responses to repeated
cocaine, such as locomotor sensitization and drug self-administration. We found evidence that littermate control mice develop D1R
hypersensitivity after they are sensitized to cocaine. Indeed, D1-like agonist and cocaine cross-sensitize in control littermates and
this effect was potentiated in mice lacking striatal D2Rs from indirect-pathway neurons. To our surprise, mice with low striatal D2Rs
acquired cocaine self-administration similarly to littermate controls and showed no significant change in motivation to take cocaine
but lower seeking. These findings indicate that downregulation of striatal D2Rs triggers D1R hypersensitivity to facilitate cocaine
locomotor sensitization, which by itself was not associated with greater cocaine taking or seeking under the conditions tested.

Neuropsychopharmacology (2019) 44:805–816; https://doi.org/10.1038/s41386-018-0286-3

INTRODUCTION
Cocaine abuse and dependence is a prevalent public health
concern marked by compulsive drug seeking and taking. Over the
past several decades, significant advancements have been made
in elucidating the mechanisms of cocaine reward and locomotor
activation, which are associated with acute increases in striatal
dopamine transmission resulting from cocaine blocking the
dopamine transporter. These actions of cocaine are well
characterized in vivo and in vitro in animal models and humans
[1–5]. However, the mechanisms driving the vulnerability to
cocaine abuse have been difficult to identify, and the underlying
substrates remain unclear.
A large body of preclinical and clinical studies indicates that low

dopamine D2 receptor (D2R) expression within the striatum is
associated with cocaine abuse. For instance, a landmark PET
imaging study found reduced D2R availability in the striatum of
individuals with a history of cocaine abuse compared to healthy
controls [6]. Follow-up investigations found that decreased striatal
D2R availability is associated with greater cue-induced cocaine
craving in humans and larger cocaine place preference in rats [7,
8]. Data from non-human primates [9] and rats [10] also indicate
that pre-existing low levels of striatal D2Rs predispose subjects to
take more cocaine than subjects with higher D2Rs. Rats with low
D2Rs that self-administered more cocaine exhibited greater trait-

impulsivity, a behavioral phenotype associated with compulsive
drug seeking and taking [10]. Conversely, overexpression of
striatal D2Rs reduced cocaine self-administration in rats [11].
Pharmacological and genetic approaches in animal models

support the hypothesis that low striatal D2R availability and
function drive the vulnerability to cocaine abuse. However, the
mechanisms are still unknown, and it is unclear which subpopula-
tion of striatal D2Rs is important for driving the vulnerable
phenotype. Within the striatum, D2Rs are expressed on multiple
cell types: in approximately half of the striatal projection neurons,
which are referred to as indirect-pathway medium spiny neurons
(iMSNs), in cholinergic interneurons, and in axonal projections
from midbrain dopamine neurons and cortical and thalamic
inputs to the striatum.
We recently identified a specific subset of striatal D2Rs that are

likely mediating this vulnerability. Deletion of D2Rs selectively from
iMSNs facilitated the acquisition of cocaine place preference and
expression of locomotor sensitization to repeated cocaine exposure,
despite severely blunting the acute cocaine locomotor response
[12, 48]. These data suggest that reduction of D2Rs selectively from
iMSNs can facilitate the behavioral plasticity associated with
repeated cocaine administration to enhance cocaine reward.
Striatal D1Rs are expressed in the other half of MSNs that form

the direct-projection pathway out of the striatum (dMSNs) and are
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thought be to necessary for cocaine locomotor sensitization and
cocaine reward. Global knockout of D1Rs abolished cocaine self-
administration ([13], but see ref. [14]), and administration of a D1-
like receptor agonist-induced a place preference [15]. Additionally,
the expression of D1Rs in the nucleus accumbens (NAc) was
necessary and sufficient for the expression of cocaine locomotor
sensitization [16–18], and the mixed D1/D2-like receptor agonist
apomorphine cross-sensitized with the locomotor response to
cocaine [19]. D1R-expressing dMSNs and D2R-expressing iMSNs
interact via an extensive network of GABAergic intra-striatal axon
collaterals, which provides lateral inhibition among MSNs. We
recently reported that activation of D2Rs in iMSNs inhibits
collateral GABA transmission to suppress the lateral inhibition
and gate action potential firing of dMSNs [12].
In this study, we investigated striatal D1R sensitivity as a

factor driving facilitated cocaine locomotor sensitization down-
stream of selective D2R reduction in iMSNs, and tested whether
this targeted D2R reduction is sufficient to enhance cocaine
self-administration. We found that selective D2R deletion from
iMSNs enhances striatal D1R signaling and function and is
associated with facilitation of cocaine locomotor sensitization.
Gross anatomical analysis also provides evidence of a long-
lasting structural rearrangement in direct-pathway projections
to the pallidum, known as bridging collaterals. We hypothesized
that this heightened D1R functionality could subsequently drive
greater cocaine intake, however we found no increase in
cocaine self-administration rate under the conditions tested
here.

METHODS
Animals
Experiments were performed in accordance with guidelines
from the National Institute on Alcohol Abuse and Alcoholism’s
Animal Care and Use Committee. Male and female mice
(8–25 weeks) were used for all studies. Heterozygous (iMSN-
Drd2HET) and homozygous (iMSN-Drd2KO) mice were gener-
ated by crossing Drd2loxP/loxP and Adora2a-Cre mice, as
previously described [12, 20]. For immunohistochemistry,
iMSN-Drd2KO and Drd2loxP/loxP mice were crossed with mice
expressing tdTomato under the Drd1a promotor to label dMSNs
([21]; see Supplemental Methods for details). Mice were group
housed, except for those undergoing cocaine self-administra-
tion, and maintained under a 12:12 h light cycle (6:30 ON/18:30
OFF) with food and water ad libitum.

Surgical procedures
Stereotaxic viral injection. Mice were placed in a stereotaxic frame
under isoflurane anesthesia and bilaterally infused with a Cre-
dependent viral vector expressing channelrhodopsin-2 (300 nL/
side of rAAV5-EF1-DIO-hChR2(H134R)-EYFP; 4.5 × 1012, UNC) into
the NAc core (see Supplemental Methods). Electrophysiology
experiments were performed >2 weeks after surgery.

Intra-jugular catheter placement. Male and female iMSN-
Drd2HET and Drdwt/loxP littermate controls were surgically
implanted with indwelling jugular catheters (CamCath) as
previously described [22]. Catheters were flushed daily with
saline, and patency was determined before beginning the
experiment (details in Supplemental Methods).

Drugs
Sulpiride and SKF-81297 (Tocris), cocaine HCl (National Institute
on Drug Abuse), ketamine-xylazine and pentobarbital (FLAC
facility veterinarian) were dissolved in saline. Intraperitoneal
(i.p.) drug administration was delivered at 10 ml kg−1 body
weight. Intravenous cocaine was delivered based on mouse
weight (see below).

Quantitative polymerase chain reaction
Mice were anesthetized with pentobarbital and decapitated.
The brain was removed and the striatum was dissected
on ice, homogenized, and RNA was purified using RNeasy
Plus Mini kit (Qiagen). cDNA was synthesized using iScript
Reverse Transcription Supermix (Biorad). Relative dopamine
D3 receptor and beta-actin mRNA expression were determined
with TaqMan Gene Expression Assays (Life Technologies)
using a StepOnePlus Real-Time PCR system (Applied Biosystems).
Relative D3 receptor expression was calculated using the
ΔΔCt method. See Supplemental Methods for details.

Western blot analysis
Mice were anesthetized with pentobarbital and the dorsal
medial striatum (DMS) and NAc were rapidly dissected on ice.
Tissue was homogenized in 300 µL RadioImmuno Precipitation
Assay buffer and homogenates (30 µg) were resolved on
NuPAGE Bis-Tris gels (Life Technologies) and transferred onto
a nitrocellulose membrane (EMD Millipore). Blots were blocked
(5% milk-PBS, 0.1% Tween) for 20 min and incubated overnight
with primary antibodies at 4 °C. Membranes were washed and
incubated with secondary horseradish peroxidase-conjugated
antibodies for 2 h at RT. Membranes were visualized using
Enhanced Chemiluminescence Plus (GE Healthcare) and bands
were quantified using ImageJ. See Supplemental Methods for
details.

Immunohistochemistry
Drd2loxP/loxP and iMSN-Drd2KO mice expressing tdTomato
under the Drd1a promoter were treated with saline or SKF-
81297 (5 mg/kg, i.p.; 3 mice/drug/genotype) 15 min prior
to transcardial perfusion with 4% paraformaldehyde. Brains
were post-fixed and cryoprotected (30% sucrose in 0.1 M PB)
overnight at 4 °C. Coronal sections (40 µm) from each drug
and genotype group were processed in parallel. Sections
were washed in PBS (3 × 10min) and blocked with 5%
goat serum (Vector) for 1 h at RT. Sections were incubated in
the primary, rabbit anti-pERK1/2, (72 h at 4 °C), washed in PBS (6 ×
10min), then incubated in the secondary, goat anti-rabbit Alexa-
488, (2 h at RT) and washed with PBS (3 × 10min) and 0.1 M PB
(2 × 10min). Sections were mounted with Vectashield-DAPI
and analyzed with confocal imaging (see Supplemental Methods
for details).

Acute D1-like receptor agonist locomotion and cocaine cross-
sensitization
Naive, male and female iMSN-Drd2KO and Drd2loxP/loxP littermate
controls were habituated to handling and injection (saline, 10 ml/
kg) over 3 days. For the SKF-81297 dose-response, escalating
doses were administered (1, 2.5, and 5mg/kg) with two days
washout between each dose. Baseline locomotor activity was
monitored for 1 h before saline or SKF-81297 injection to
attenuate the novelty-induced dopamine response [23], and
activity was recorded 1 h post injection. For the cross-
sensitization experiments, separate groups of mice received five
consecutive days of saline, SKF-81297 (5 mg/kg), or cocaine (15
mg/kg). Fourteen days after the last injection mice were
challenged with either cocaine (15 mg/kg) or escalating doses of
SKF-81297 (1, 2.5, and 5mg/kg), with 2 days between each SKF-
81297 dose.

Operant intravenous cocaine self-administration
Self-administration experiments were performed during the dark
phase of the light cycle in modified operant boxes as previously
described ([22]; see Supplemental Methods for details). Data were
collected by MedPC software and analyzed using Prism (Graph-
Pad) and COBAI, a custom written software package for IgorPro
(Wavemetrics) [24, 25].
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Acquisition. Experiment-naive mice (Males: Drd2loxp/wt, n= 9,
iMSN-Drd2HET, n= 5; Females: Drd2loxp/wt, n= 9, iMSN-Drd2HET,
n= 11) were trained to press a lever on a fixed ratio 1 (FR1) to
receive intravenous cocaine over 10 days. Each cocaine infusion
(1 mg/kg, 12–18 µl, based on mouse weight) was paired with
extinction of the drug availability light. Responses on the inactive
lever were recorded but had no scheduled consequence. Each
daily session lasted up to 6 h or until mice administered 30mg/kg
cocaine.

Dose response. Dose-response was tested over two consecutive
days. Each day, mice had 30min access to the acquisition dose
(1 mg/kg) followed by access to descending cocaine doses, with 1
h/dose, on a FR1 (Day 1: 3.2, 1.5, 1.0, 0.75; Day 2: 0.5, 0.25, 0.125,
0.075mg/kg/infusion).

Progressive ratio. Over four consecutive sessions, mice lever press
to earn different cocaine doses under a progressive respond-
ing ratio that increased according to the following equation [26]:

presses required ¼ 5e reward number � 0:20ð Þ½ � � 5

Each session lasted up to 5 h or ended 1 h after the last reward
if the next ratio was not reached. Breakpoint was defined as the
number of presses made to earn the last cocaine infusion.

Cocaine seeking. Responding on the active and inactive levers
was measured under extinction conditions (i.e., cocaine seek-
ing) after 0, 14, and 120 days of forced cocaine abstinence.
During abstinence, mice were not exposed to cocaine, or
cocaine-related cues. The drug availability light was illuminated,
but presses did not result in cocaine delivery. Sessions lasted up
to 6 h, or until the mouse received the equivalent of 30 mg/kg
cocaine.

Electrophysiology
Mice were decapitated and the brain was placed in cutting
solution. Sagittal slices (240 µm) were prepared (Leica VT-1000)
and maintained at 31–33 ˚C in oxygenated aCSF. Adora2aCre;
Drd1-tdTomato and iMSN-Drd2HET;Drd1-tdTomato mice expres-
sing ChR2 in iMSNs received saline or cocaine (15 mg/kg) daily
for 5 days. Two to five days after the last injection GABA-A
receptor-mediated synaptic responses were recorded under
whole-cell voltage clamp in tdTomato-positive MSNs in the NAc
core. See Supplemental Methods for details. Optically-evoked
inhibitory post-synaptic currents (oIPSCs) were triggered every
20 s by a single light pulse (473 nm; 0.2–1 ms duration)
delivered through a fiber optic (200 µm/0.22 NA, ThorLabs)
connected to a laser (25 mW, CrystaLaser). Synaptic blockers
were used to isolate GABAergic responses (5 µM NBQX, 10 µM
CPP, and 2 µM CGP). Quinpriole (1 µM) and sulpiride (1 µM)
were bath applied for 5 or 10 min, respectively. For measure-
ments of AMPA/NMDA ratios electrically-evoked excitatory
post-synaptic currents (eEPSCs) were triggered using a mono-
polar glass electrode filled with aCSF placed ~100 µm away
from the recording site in the NAc core. eEPSCs were recorded
in the presence of the GABA-A receptor antagonist gabazine (5
µM) and d-serine (10 µM). The AMPA and NMDA components
were measured at −70 mV and +40 mV, respectively, and
the NMDA current was pharmacologically isolated with NBQX
(10 µM). AMPA/NMDA ratio was calculated as the peak AMPA
amplitude relative to the peak NMDA amplitude, and rise (ms,
10–90% of peak) and decay (ms, 10–90% of peak) times
for AMPA and NMDA components were also determined. Data
were acquired using Multiclamp 700B (Molecular Devices),
filtered at 1 kHz, digitized at 5 kHz, and analyzed using pClamp
(ClampFit, v.10.3).

Statistics
Analyses were performed in Prism (GraphPad). Data from D1-like
agonist-induced locomotion, cross-sensitization, cocaine self-admin-
istration, western blot, immunohistochemistry, and electrophysiol-
ogy experiments were analyzed using 2-way ANOVA, with the
addition of repeated measures as appropriate. Fiber density was
analyzed by independent samples t-test. Significant main effects or
interactions were followed-up with pairwise t-tests corrected for
multiple comparisons. Results were considered significant at an
alpha of 0.05. All data are presented as mean ± SEM.

RESULTS
Cross-sensitization between cocaine and a D1-like receptor
agonist suggests a common mechanism
We hypothesized that increased sensitivity of D1R signaling may
underlie the heightened behavioral plasticity to repeated cocaine
seen in mice lacking D2Rs in iMSNs (iMSN-Drd2KO). To asses this,
we first tested cross-sensitization between a D1-like receptor
agonist and cocaine in wild-type mice (Fig. 1a). Repeated SKF-
81297 administration (5 mg/kg for 5 days) increased locomotion
compared to saline-treated controls (Day × Drug: F4,40= 3.30, p <
0.05, n= 6/group; Fig. 1b). Follow-up post-hoc comparisons
revealed that acute SKF-81297 did not elicit a locomotor response
above saline but did increase locomotion significantly from saline
on Days 2 and 5 (t50= 2.91–2.94, p’s < 0.05). On cocaine challenge
day, baseline locomotion was similar between mice pre-treated
with saline or SKF-81297, but cocaine-induced locomotion was
higher in mice pre-treated with SKF-81297 (Time × Drug: F20,180=
3.34, p < 0.0001, t9= 3.18, p < 0.05; Fig. 1c, d).
We performed the converse experiment and tested whether

cocaine sensitized mice showed a higher SKF-81297 locomotor
response (Fig. 1e). A sensitized cocaine response was defined as a
15% increase in the locomotor response on day 5 compared to the
acute response. Repeated cocaine treatment (15 mg/kg for 5 days)
induced a sensitized response in 13 out of 21 (~60%) wild-type
mice. Cocaine sensitized mice showed a leftward shift in the dose-
response to SKF-81297 challenge compared to cocaine-naïve mice
(Cocaine: F1,61= 4.89, p < 0.05, n= 7-13/group; Fig. 1g). Thus,
cocaine sensitization facilitated the locomotor response over
saline at lower doses of SKF 81297 (Fig. 1f). Further, mice that were
cocaine-treated, but did not sensitize, did not show a locomotor
response to SKF 81297 and were not different from cocaine naïve
mice (no main effect or interactions of cocaine and SKF).

D2R deletion from iMSNs sensitizes the behavioral response to a
D1-like agonist
We next assessed the sensitivity to a D1-like agonist in cocaine naïve
mice lacking D2Rs selectively in iMSNs (iMSN-Drd2KO; Fig. 2a, b). We
found they show a leftward shift in the dose-response to SKF-81297
compared to Drd2loxP/loxP controls, as indicated by locomotor
activation at lower doses of SKF 81297 (Dose × Genotype: F3,39=
6.10, p < 0.01, n= 7–8/genotype; Fig. 2c). Cocaine naive iMSN-
Drd2KO mice displayed a significant increase in locomotion above
saline levels at 2.5mg/kg and 5mg/kg SKF-81297 (t39 = 4.8, p <
0.0001; t39= 5.2, p < 0.0001), and when compared to Drd2loxP/loxP

littermate controls (t52= 3.7, p < 0.01; t52= 3.9, p < 0.001). Thus,
selective deletion of the D2Rs from iMSNs results in behavioral
hypersensitivity to a D1-like receptor agonist. Importantly, this effect
did not seem to be due to the lower baseline locomotion in the
iMSN-Drd2KO mice, as the enhanced locomotion to a D1-like
agonist was reflected as a leftward shift in the dose-response, and
not just an increase in the maximal response at the highest dose,
wherein lower doses of SKF-81297 facilitated a locomotor response.
This shift in the dose-response to SKF-81297 was also Drd2 gene-
dose-dependent, with iMSN-Drd2HET mice and iMSN-Drd2KO mice
showing a locomotor response at lower SKF-81297 doses than
littermate controls (Fig. 4e, S6).
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Enhanced cross-sensitization between a D1-like agonist and
cocaine in iMSN-Drd2KO mice
Cross-sensitization between cocaine and a D1-like agonist was
also enhanced in iMSN-Drd2KO mice (Fig. 2b). Seventy percent (7
out of 10) of iMSN-Drd2KO mice that received cocaine for 5 days
met criteria for cocaine sensitization, which was comparable to the
percentage of littermate controls that developed sensitization
(Fishers Exact test: p > 0.99). Cocaine-sensitized iMSN-Drd2KO
mice showed a leftward shift in the dose-response to SKF-81297
compared to cocaine-sensitized littermate Drd2loxP/loxP mice,

wherein lower doses of the D1-like agonist-induced a locomotor
response in the iMSN-Drd2KOs (SKF × Genotype: F3,58= 7.87, p <
0.001, n= 7-13/genotype; Fig. 2e). This was especially evident at
the 2.5 mg/kg (t58= 2.87, p < 0.05) and 5mg/kg doses (t58= 5.69,
p < 0.0001). Interestingly, iMSN-Drd2KO mice that were cocaine-
treated but did not develop cocaine sensitization also showed a shift
in the SKF-81297 dose-response compared to the littermate controls
(SKF × Genotype: F3,31= 5.94, p < 0.01; Fig. 2d). In iMSN-Drd2KO
mice, SKF-81297 induced locomotion above saline levels at 2.5mg/
kg and 5mg/kg (t31= 3.07, p < 0.05; t31= 5.06, p < 0.0001). This
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contrasts with the non-sensitized littermate Drd2loxP/loxP mice,
which did not show a significant locomotor response at
any SKF-81297 dose. Thus, iMSN-Drd2KOs show cross-
sensitization between a D1-like agonist and cocaine similar to
Drd2loxP/loxP controls, but the extent of this effect is enhanced.
Indeed, the magnitude of the acute SKF-81297 locomotor
response was positively correlated with the magnitude of cocaine
sensitization when both genotypes were analyzed together, with
iMSN-Drd2KO mice showing greater responses on both para-
meters (R2= 0.18, p < 0.05; Fig. 2f, g). Additionally, the D1R
hypersensitivity observed in iMSN-Drd2KOs does not appear to be
driven by a ceiling effect in Drd2loxP/loxP controls for SKF-81297
locomotion because control mice are able to run more following
repeated cocaine (Figure S1). Thus, cocaine sensitization induces
behavioral hypersensitivity of the D1R, and this effect is
recapitulated, and possibly facilitated, by targeted Drd2 gene
deletion from iMSNs.

Enhanced D1R signaling in mice with low striatal D2Rs
We previously reported that mRNA expression levels for the
Drd1 gene are not changed in iMSN-Drd2KO [20]. Thus, we
hypothesized that the behavioral hypersensitivity to a D1-like
agonist observed in these mice was due to an upregulation in
D1R-mediated intracellular signaling. To test this, we measured
protein kinase A (PKA)-dependent phosphorylation of GluA1
(pGluA1) and MEK-dependent phosphorylation of ERK1/2
(pERK1/2) in the NAc and DMS following D1R activation using
Western blot. Total protein levels of GluA1, ERK1/2, and actin did
not differ as a function of drug treatment or genotype in either
region (Figure S2–S3). In the NAc, acute SKF-81297 (5 mg/kg)
administration increased pGluA1 levels similarly for iMSN-
Drd2KO and Drd2loxP/loxP mice compared to saline-treatment
(Drug: F1,11= 48.3, p < 0.0001, n= 3–4/group; Fig. 3a). In
contrast, acute SKF-81297 increased levels of pERK1/2 dispro-
portionately in the NAc of iMSN-Drd2KO mice compared to
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littermate controls (Drug × Genotype: F1,11= 7.54, p < 0.05;
Fig. 3b). Phosphorylated levels GluA1 and ERK1/2 following
SKF-81297 were normalized to their saline-treated levels (Fig. 3c).
This analysis revealed that a shift from PKA- to MAPK-mediated
signaling following D1R activation in the NAc of mice lacking
D2Rs in iMSNs. While SKF-81297 enhanced pGluA1 in both
genotypes, the levels of pERK1/2 were significantly greater in
iMSN-Drd2KO mice (t6= 3.07, p < 0.05). This effect was reversed
in littermate controls, which showed greater D1R-induced
pGluA1 levels relative to pERK levels (t6= 4.3, p < 0.01).
In the DMS, SKF-81287 treatment only increased pGluA1 levels

and did so equally between genotypes (Drug: F1,11= 69.4, p <
0.0001, Figure S3). No changes in pERK1/2 levels were observed
following SKF-81297 in the DMS of either genotype. Further, the
normalization analysis showed that SKF-81297 selectively facil-
itates pGluA1 over pERK1/2 signaling in the DMS.
To determine the cell-type specificity of the D1R-mediated

signaling, we performed immunohistochemistry for pERK1/2 in
the NAc of mice expressing a red fluorescent protein in D1R-
expressing MSNs (Drd1-tdTomato mice). Following acute saline,
the density of pERK1/2 positive D1R-expressing dMSNs was low in

both genotypes. Acute SKF-81297 (5 mg/kg) increased the density
of pERK1/2 positive dMSNs in both genotypes (Genotype × Drug:
F1,65= 4.2, p < 0.05, n= 15-18 cells/genotype; Fig. 3d, e). However,
this D1R-dependent enhancement was significantly greater in
iMSN-Drd2KO than Drd2loxP/loxP controls (t65= 2.94, p < 0.01;
Fig. 3e, f). Additionally, the density of D1R-expressing neurons in
the striatum was similar between genotypes, suggesting that
higher density of Drd1 expressing neurons is not contributing to
the D1R hypersensitivity in iMSN-Drd2KOs (Fig. 3g). These data
indicate that loss of D2Rs in iMSNs is accompanied by an
upregulation of D1R-mediated intracellular signaling, specifically
within striatal D1R-containing cells.
It has been proposed that ERK signaling in striatal D1R-

containing MSNs functions as a coincidence detector between
and D1R-mediated dopamine signaling and glutamate transmis-
sion to promote cocaine locomotor sensitization [27–29]. Given
that iMSN-Drd2KO mice show a shift from PKA- to MAPK-mediated
signaling in NAc dMSNs, we hypothesized this could lead to
changes in striatal glutamate transmission and predicted that
iMSN-Drd2KO mice would be more sensitive to cocaine-mediate
potentiation of glutamate transmission. We performed whole-cell
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voltage-clamp recordings to measure glutamatergic synaptic
responses from dMSNs in the NAc of iMSN-Drd2KO and littermate
controls and tested the effect of a single cocaine injection which
normally is not sufficient to potentiate excitatory inputs. Under
these conditions we found no difference between genotypes in
the AMPA/NMDA ratio at baseline, nor was there an effect of a
single cocaine injection on the AMPA/NMDA ratio (Figure S5).
Additionally, Pearson correlational analyses found no significant

relationship between the AMPA/NMDA ratio with the days since
last saline or cocaine injection for either genotype (p’s=
0.82–0.55). The rise-time and decay-time kinetics of the AMPA
and NMDA receptor currents were also similar between geno-
types, with only the iMSN-Drd2KO showing a trend for slightly
faster decay of the NMDA receptor current (Unpaired t-test: t13=
1.96, p= 0.07; Figure S5 c,d). Furthermore, cocaine did not alter
these current kinetics (2-way ANOVA; No main effects of Drug or

d

b

bsln quin sulp

a

g

dMSN iMSN

ChR2
NAc Core

c

Adora2aCre

100 ms
100 pA

bsln quin

iMSN-Drd2HET

100 ms
50 pA

bsln quin

oI
P

S
C

 a
m

pl
itu

de
(%

 b
as

el
in

e)

50

100

150

Ador
a2aC

re

iMSN-Drd2HET

**

*

**
** **

0

SKF 81297
(1, 2.5, 5, 7.5 mg/kg)

s2s1h

sulp

sulp

D2R mediated response

D1R-mediated locomotion

Drd2wt/loxP

iMSN-Drd2HET

NAc

VP

h

Drd1-tdTomato
mouse fluorescence

Drd2wt/loxP

iMSN-Drd2HET
iMSN-Drd2KO

f

e

SKF 81297 (mg/kg)
sal 2 4 6 8

0

50

100

150

200

Lo
co

m
ot

or
 a

ct
iv

ity
(%

 b
as

el
in

e)

****

**

quin sulp

A2a-Cre
HEToI

P
S

C
 a

m
pl

itu
de

(%
 b

as
el

in
e)

0

50

100

150

5 10 15 20
Time (min)

0

SNr

DS

DS

GP

0

4

8

12

01 x
.u.a 4

DSDS SNrSNr

0

5

10

15

DSDS GPGP

01 x
.u.a 4

Projection
Density

Fluorescent
Density

5

15

25

NAcNAc VPVP

01 x
.u.a 4

VP/NAc

mutairts fo 
%

0

50

100

150 *

0

50

100

mutairts fo 
%

GP/DS

*

0

100

200

SNr/DS

mutairts fo 
%

ns

Fig. 4 Partial reduction of striatal D2Rs is sufficient to trigger D1R hypersensitivity and structural alterations to striatopallidal neurons.
a Schematic of the experimental approach showing ChR2 expression in iMSNs and whole-cell recording in neighboring dMSNs in NAc core.
b Representative traces of optogenetic-evoked inhibitory post-synaptic currents (oIPSC) recorded at baseline (bsln), in quinpirole (1 µM), and
sulpiride (1 µM) in slices from Adora2aCre (top) or iMSN-Drd2HET (bottom) mice. c Time course of oIPSC amplitude normalized to baseline
before quinpirole in Adora2aCre (black) or iMSN-Drd2HET (gray). d Summary of the quinpirole and sulpiride effects in control Adora2aCre and
iMSN-Drd2HET mice. Posthoc t-tests: Baseline vs. Drug: *p < 0.05, **p < 0.01, ****p < 0.0001; Drd2loxP/wt vs. iMSN-Drd2HET at quinpirole: **p <
0.01. e Left, Timeline of behavioral experiment (h, habituation, s, saline). Right, Horizontal locomotor activity in response to escalating doses of
SKF-81297, shown as a percent of same-day pre-injection baseline, in cocaine-naïve Drd2loxP/wt control (dark blue), iMSN-Drd2HET (light blue),
and iMSN-Drd2KO mice (white). 2-way ANOVA: Main effect of Genotype: **p < 0.01; 2-way ANOVA: Main effect of SKF-81297: ****p < 0.0001.
f–h Left, representative images of parasagittal brain sections showing red-fluorescence from D1R-containing neurons in Drd1-tdTomato mice
and overlay of the region used for quantification in the striatum (DS or NAC) and the projection areas (SNr, GP, VP). Middle plots represent the
mean ± SEM of the fluorescence intensity (in arbitrary units, a.u.) in the striatal and projection regions for Drd2loxP/wt (black) and iMSN-Drd2HET
mice (gray). Right plots represent the mean ± SEM of the normalized fluorescence intensity of the projection regions as a function of the
striatal region for Drd2loxP/wt (black) and iMSN-Drd2HET mice (gray). f Unpaired t-test: ns= not significant. g, h Unpaired t-tests: Drd2loxP/wt vs.
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Genotype or Drug × Genotype interaction, p’s= 0.22–0.96;
Figure S5).
Additionally, the Gi-coupled dopamine D3 receptor (D3R) is

hypothesized to restrain striatal D1R activity and gate behavioral
sensitization [30, 31]. We thus hypothesized that striatal Drd3
mRNA expression would be downregulated in iMSN-Drd2KO and
tested this by performing quantitative PCR in striatal tissue from

naïve iMSN-Drd2KO mice and littermate controls. We found no
evidence of altered striatal Drd3 mRNA expression (Figure S4).

Heterozygous deletion of striatal D2Rs as a model with improved
face validity
iMSN-Drd2KO mice have two floxed Drd2 alleles (homozygotes) and
show a pronounced reduction in Drd2 mRNA (~80%; [12]). However,
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the clinical literature suggests that even a small reduction of
~10–16% in striatal D2R availability is associated with stimulant
abuse [6, 32]. We were interested in testing a mouse model with
partial reduction of D2Rs from iMSNs and improved face validity, and
therefore used iMSN-Drd2HET mice, which have an ~40% reduction
in Drd2mRNA ([20], Figure S6). To determine the extent of functional
loss of D2Rs in iMSNs in iMSN-Drd2HET mice, we tested the ability of
the D2-like agonist quinpirole to inhibit GABA transmission from
iMSN axon collaterals (Fig. 4a). In control Adora2a-Cre mice,
quinpirole (1 µM) inhibited optogenetic-evoked inhibitory post-
synaptic current (oIPSC) amplitude by 57 ± 5 % (n= 12 cells;
Fig. 4b-d). In iMSN-Drd2HET mice, quinpirole was significantly less
effective (26 ± 7 % inhibition; Genotype ×Drug: F2,55= 3.60, p < 0.05;
t55= 3.84, p < 0.001). Additionally, we tested whether repeated
cocaine could further downregulate D2Rs in iMSN-Drd2HET mice. We
found no evidence of D2R downregulation in either genotype
(see Supplemental Results; Figure S7). Thus, compared to iMSN-
Drd2KO mice which show no quinpirole-mediated inhibition [12],
iMSN-Drd2HET mice have an intermediate, functional loss of D2Rs in
iMSNs.

D1R hypersensitivity is observed following single allele deletion of
Drd2 in iMSNs
The D1R-mediated behavioral response was also enhanced in
iMSN-Drd2HET mice (Fig. 4e). iMSN-Drd2HET and iMSN-Drd2KO
mice both showed enhanced locomotor activation to a SKF-81297
dose-response compared to Drd2loxP/loxP littermates (Genotype:
F2,93= 6.8, p < 0.01; n= 7–9/genotype). Interestingly, SKF-81297
dose-dependent increased locomotion was similar in iMSN-
Drd2HET and iMSN-Drd2KO mice (t93= 2.0, p= 0.09), suggesting
that the partial reduction in striatal D2R levels is sufficient to
trigger the D1R behavioral hypersensitivity.

Structural plasticity at D1R-expressing MSN projections
We found evidence of structural alterations within the striatopalli-
dal circuit when measuring fluorescence intensity in the projec-
tion areas of dMSNs (globus pallidus, GP; ventral pallidum, VP;
substantia nigra, SNr) relative to the DS or NAc (SNr∕DS,

GP∕DS, and
VP∕NAc; Fig. 4f-h). In iMSN-Drd2HET mice expressing td-Tomato in
D1R-containing neurons, the normalized fluorescent projection
density was lower in the GP and VP (relative to the DS and NAc,
respectively) compared to littermate controls (GP∕DS: t72= 2.0, p <
0.05, n= 33–41 sections/genotype; VP∕NAc: t65= 2.16, p < 0.05, n=
19–48 sections/genotype; Fig. 4g, h). There was no difference
between genotypes in the relative fluorescence of projections to
the SNr (Fig. 4f). Analysis of the raw fluorescent density revealed
that decreased projection density to pallidal regions observed in
iMSN-Drd2HET mice appears to be driven by a higher fluorescent
density in the DS and NAc of the iMSN-Drd2HETs (Fig. 4f–h, middle
panels). While analysis of the normalized projection density
suggests lower density of bridging collaterals from dMSNs in
mice with low striatal D2Rs, the raw fluorescent density data
indicates that there may also be differences in intrastriatal
collateral density. Further analysis using finer techniques to more
accurately trace axons and map the density of intrastriatal and
bridging axon collaterals is needed to further probe how the
striatopallidal circuit is reorganized following targeted deletion of
D2Rs from iMSNs.

Cocaine seeking and taking in iMSN-Drd2HET mice
Male and female iMSN-Drd2HET mice and Drd2loxP/wt littermate
controls were tested on operant intravenous cocaine self-
administration across a range of procedures, including acquisition,
dose-response, progressive ratio, and seeking (Fig. 5a, b). No
differences were noted between males and females (Figure S8),
thus data were collapsed across sex for greater powered analysis.
Additionally, we analyzed the inactive lever responding across all
self-administration procedures and found no consistent

differences between genotypes in most stages tested, except for
the first week of acquisition and at low doses during the dose-
response (see Supplemental Results for details).
iMSN-Drd2HET mice showed a similar rate of active lever

pressing over acquisition for cocaine (1 mg/kg/infusion) compared
to Drd2loxP/wt controls over 10 days (Day: F9,299= 4.23, p < 0.0001,
n= 16–17/genotype; Fig. 5c). Both genotypes increased active
lever responding over the 10 days (no effect of genotype or
genotype × day interaction). Additionally, the average rate of
cocaine self-administration was similar between genotypes over
the last 4 days of training (Drd2loxP/wt: 15.9 ± 1.2, iMSN-Drd2HET:
14.9 ± 1.0 rewards/h; t31= 0.64, p= 0.53; Fig. 5d). We next tested
whether iMSN-Drd2HET mice have enhanced sensitivity for
cocaine reinforcement under a dose-response. Active lever
responding decreased as the cocaine dose increased for both
genotypes (Dose: F7,191= 19.3, p < 0.0001; n= 14–15/genotype;
Fig. 5e). Total cocaine intake per session increased as a function of
the unit dose (Dose: F7,191= 16.5, p < 0.0001); however, iMSN-
Drd2HET mice administered less cocaine at the highest unit dose
compared to littermate controls (Dose × Genotype: F7,191= 1.82,
p= 0.08; Genotype: F7,191= 8.92, p < 0.01; post-hoc t-test p < 0.01;
Fig. 5e).
Motivation to take cocaine was assessed using progressive ratio,

wherein the operant requirement to earn each successive cocaine
infusion increases exponentially. Total cocaine intake increased as
a function of the unit dose (Dose: F3,95= 37.2, p < 0.0001; Fig. 5h).
However, there were no differences between genotypes in the
breakpoint or total cocaine intake, suggesting iMSN-Drd2HET mice
do not have altered motivation to take cocaine (Fig. 5g).
Lastly, we tested cocaine seeking under extinction conditions

over increasing duration of drug abstinence. Abstinence has been
shown to lead to greater drug craving and seeking behavior in
humans and rodents, a phenomenon known as the incubation of
craving [33, 34]. Both genotypes showed increased active lever
responding on the first day of cocaine abstinence relative to
acquisition (Abstinence: F3,86= 7.9, p < 0.0001; n= 12–15/geno-
type; Fig. 5i). However, iMSN-Drd2HET mice exhibited decreased
active lever pressing across all time-points (Genotype: F1,86= 5.8,
p < 0.05).

DISCUSSION
In this study, we used a targeted genetic deletion strategy to
determine the consequence of downregulating D2Rs selectively
from striatal iMSNs on the striatal circuitry and tested whether these
alterations are sufficient to facilitate cocaine self-administration and
locomotor sensitization. We found that selective downregulation of
D2Rs in iMSNs triggers profound neuroadaptations in basal ganglia
circuitry and function, including a shift toward MAPK-signaling in the
NAc following D1R activation, behavioral hypersensitivity to a D1-like
receptor agonist, and a structural reorganization of striatopallidal
projections. This D1R hypersensitivity is associated with locomotor
sensitization to repeated cocaine administration. Despite these
alterations, however, reduction of D2Rs from iMSNs did not change
cocaine self-administration under the conditions tested here. While it
is still unclear how low D2Rs on iMSNs trigger the enhanced D1R
signaling in dMSNs, we propose that the mechanism involves the
known local synaptic connections between these two subclasses of
MSNs [12, 39]. We speculate that balance of D2R and D1R activity in
the striatum is tightly regulated and sensed by the strength of the
local lateral inhibition between MSNs (more on this below).

D1R hypersensitivity as a mechanism for cocaine locomotor
sensitization
We report that iMSN-Drd2KO mice show a shift in D1R-mediated
signaling from CREB-dependent PKA-singling to an ERK1/2
MAPKinase signaling pathway selectively in the NAc. These
findings, while novel for this selective D2R deletion mouse model,
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are consistent with seminal findings from dopamine depletion
models [49, 50]. Interestingly, the dopamine depletion mouse
model shares Parkinsonian-like phenotypic similarities to our
iMSN-Drd2KO mice, which also develop enhanced D1R-mediated
activation of the ERK1/2 MAPKinase signaling pathway in direct
pathway MSNs that is restricted to the NAc. Additionally, acute
administration of a D1-like receptor agonist increased pGluA1
levels at serine-845 within the DMS, similar to previous reports
using D1-like receptor agonists or cocaine [35–37]. While the cell-
specificity of the pGluA1 increase cannot be determined with
western blot analysis, a previous report showed that an adenosine
A1 receptor agonist blocks D1R-mediated increases in pGluA1,
suggesting the increase phosphorylation occurs in dMSNs [35].
Further, using immunohistochemistry we observed a D1R-

mediated enhancement in pERK1/2 levels specifically in D1R-
containing dMSNs, and show that this effect was greater in
iMSN-Drd2KO mice. ERK has been proposed to act as a
coincidence detector for glutamate- and dopamine-mediated
signaling in the striatum [28], and is required for cocaine-
induced potentiation of AMPA-mediated glutamate transmis-
sion onto dMSNs [27, 29]. However, despite this shift from
primarily PKA to MAPK signaling, we observed no changes in
glutamate transmission in iMSN-Drd2KO mice, as measured by
AMPA/NMDA ratio. Together, these data provide evidence that
low levels of D2Rs in iMSNs triggers specific alterations to D1R-
mediated signaling in dMSNs that are striatal region dependent,
which we speculate underlies the D1R hypersensitivity that
facilitates cocaine sensitization.

Interactions between direct and indirect-pathway neurons and the
balance of D2R and D1R activation
This study provides clear evidence of a tight regulatory balance
between D2R and D1R activity and signaling, despite the cellular
segregation. How can this crosstalk take place? We propose that
D1R-expressing and D2R-expressing MSNs influence each other
via the extensive web of local axon collaterals [38, 39]. In this way,
D2Rs expressed in iMSNs are poised to influence the activity of
neighboring dMSNs by limiting the lateral inhibition from iMSNs
and disinhibiting action potential firing of dMSNs [12]. Conse-
quently, reduction of D2R levels in iMSNs increases lateral
inhibition onto neighboring dMSNs, which we previously
observed as higher tonic GABA transmission on dMSNs, less
in vivo firing and a motor impairment [20]. We speculate that loss
of D2Rs and subsequent heightened GABA tone is sensed by D1R-
expressing dMSNs thus triggering an upregulation of D1R-
mediated signaling as an adaptive response to facilitate dMSN
activity and promote motor output.
The expression levels of D2Rs in the striatum also exerts bi-

directional control over the extent of bridging collaterals from
D1R-containing dMSNs that project to the pallidum. Over-
expression of D2Rs in iMSNs increases the density of bridging
collaterals in the pallidum and full Drd2KO mice showed lower
density of these projections [40]. Antagonist for D2Rs also
caused a reduction in projection density and this effect seems
to be a consequence of changes in the excitability of iMSNs [40].
Consistent with these published findings, here we showed that
selective reduction D2Rs from iMSNs is sufficient to decrease
the relative density of bridging collaterals to the globus and
ventral pallidum (GP and VP). The functional relevance of the
bridging collaterals is still unclear, and as such it is hard to
speculate on the consequences of these structural changes. It
seems safe, though, to think that the structural changes are
either a direct consequence of the changes in iMSNs and their
synaptic inputs to the GP and VP, or an adaptive response to
them. Either way, we consider that these findings provide clear
evidence of long-lasting structural changes to the D1R-
containing direct-pathway neurons upon downregulation of
D2Rs in the indirect-pathway neurons. Thus, similar to chronic

cocaine exposure, downregulation of D2Rs in iMSNs seems to
alter striatal function and connectivity to induce a “pre-
sensitized” or “primed” state.
The observed D1R hypersensitivity is a potential mechanism

explaining why locomotor sensitization is preserved and facilitated in
iMSN-Drd2KOs, despite the blunted acute cocaine locomotor
response. We speculate that the D1R hypersensitivity in dMSNs
could in principle be an adaptive response to the loss of D2Rs in
iMSNs to overcome the bradykinesia and increased latency to move
observed in animals with low D2Rs. These adaptive changes could
then generate vulnerable circuitry for abuse by facilitating the
development of D1R-dependent cocaine behaviors such as locomo-
tor sensitization and conditioned place preference (CPP).

D2Rs in cocaine self-administration: a complex role
Several factors influence how low striatal D2R activity contributes
to cocaine abuse, including the cocaine dose, the cocaine
behavior measured, and the degree and localization of D2Rs
being downregulated [24, 41–45]. D2Rs expressed in dopamine
neurons (i.e., “pre-synaptic”) and D2Rs expressed in striatal MSNs
(i.e., “post-synaptic”) regulate different aspects of cocaine reinfor-
cement, which is likely due to their distinct actions on synaptic
transmission within the striatum [12, 20, 24, 46, 48]. Pre-synaptic
D2Rs inhibit dopamine release, thus reduction of these D2
autoreceptors enhances dopamine transmission, locomotion,
and incentive salience to cocaine-predictive cues. Post-synaptic
D2Rs in iMSNs inhibit collateral GABA transmission between MSNs,
which we showed can exert potent lateral inhibition within the
striatum. Selective deletion of D2Rs in iMSNs causes bradykinesia
and dampens the acute response to cocaine while facilitating the
development of select responses to repeated cocaine administra-
tion, such as cocaine sensitization and CPP.
In the current cocaine self-administration experiments, mice

with heterozygous deletion of D2Rs (iMSN-Drd2HET) were
tested because they show less motor impairment than
homozygous D2R deletion (iMSN-Drd2KO), reducing the poten-
tial of a motor confound. Using mice with heterozygous
deletion generates an intermediate D2R reduction, which
also has greater face validity. It is important to note that we
limited daily cocaine intake to 30 mg/kg during acquisition to
equalize cocaine history between genotypes and eliminate this
as a possible confound. Under these conditions, iMSN-Drd2HET
mice acquired cocaine self-administration at similar rates as
littermate controls and there was no significant difference on
intake between genotypes. It is possible that under other
experimental conditions, such as providing unrestricted access
to cocaine, a role for low D2Rs in iMSNs in enhancing cocaine
taking could be revealed. The motivation to take cocaine was
assessed by responding on a progressive ratio across multiple
cocaine doses, and again no significant changes were identified.
There was a trend for decreased breakpoint at lower cocaine
doses, which would complement a previous report showing
increased motivation for food reward in animals with D2R
overexpression in iMSNs [47]. Surprisingly, iMSN-Drd2HET mice
also consumed less cocaine at the highest unit dose and
showed lower seeking under extinction conditions. It is possible
that the D1R hypersensitivity contributes to lowering the
threshold for dMSN activation in response to high-dose cocaine,
and thus may explain why iMSN-Drd2HET mice self-administer
less cocaine at high doses. In other words, iMSN-Drd2HET mice
might be getting “more bang for their buck”. Also, it is likely
that iMSN long-range projections to the VP are playing an
important role in lowering the motivation for cocaine, as
proposed in the previously published study where the motiva-
tion for food reward increased following D2R overexpression in
iMSNs [47].
An alternative interpretation is that the lower cocaine intake at

high cocaine doses and lower seeking during progressive
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abstinence are the result of general motor suppression in iMSN-
Drd2HET mice. However, further analysis of rate of inactive lever
responding showed no consistent decreases in iMSN-Drd2HET
mice, suggesting the suppression was selective for the active lever.
On the other hand, this analysis revealed possible impairment in
the discrimination between active and inactive levers during the
first week of acquisition, suggesting some learning impairments in
iMSN-Drd2HET mice.

CONCLUDING REMARKS
Pre-existing low levels of striatal D2Rs triggers a shift in D1R-
mediated signaling in dMSNs towards MAPK-signaling, a D1R
behavioral hypersensitivity and reorganization of striatopallidal
connectivity to facilitate behavioral plasticity to repeated cocaine
administration. We speculate that imbalance in D2R-D1R activity is
sensed by the enhanced lateral inhibition onto dMSNs, which
triggers, by a mechanism yet to be characterized, a shift in D1R-
mediated signaling to facilitate dMSN activity and motor output in
an otherwise suppressed state. However, when striatal dopamine
levels are high, such as in the presence of cocaine, hypersensitive
D1Rs facilitate locomotion beyond the level of control mice with
intact D2Rs and might predispose to an abuse vulnerable
phenotype.
Together with our previously published findings examining the

role of D2 autoreceptor[24, 46], these data reveal distinct roles for
cell-type specific striatal D2Rs in regulating cocaine seeking and
taking. The findings suggest the interesting possibility that the
effects of low D2R levels in iMSNs and dopamine neurons might
be additive, or even synergistic, with regards to generating an
addiction vulnerable phenotype.

FUNDING AND DISCLOSURE
This study was funded by the Center on Compulsive Behaviors,
NIH via NIH Director’s Challenge Award program and the DDIR
Innovation Award program to LKD and VAA, by an AMGEN
fellowship (NIH-OD) to LE, by a Postdoctoral Research Associate
(PRAT) fellowship from NIGMS (1Fi2GM117604-01) to MEB, by
the Intramural Research Programs of the NIAAA and NINDS (ZIA-
AA000421) to VAA, and by the U01 collaborative grant from
NIAAA (U01AA023489) to DR and VAA. The authors declare no
competing interests.

ACKNOWLEDGEMENTS
We are grateful to the members of the Alvarez laboratory for providing valuable
feedback on this manuscript.

ADDITIONAL INFORMATION
Supplementary Information accompanies this paper at (https://doi.org/10.1038/
s41386-018-0286-3).

REFERENCES
1. Adrover MF, Shin JH, Alvarez VA. Glutamate and dopamine transmission from

midbrain dopamine neurons share similar release properties but are differentially
affected by cocaine. J Neurosci. 2014;34:3183–92.

2. Hoffman AF, Spivak CE, Lupica CR. Enhanced dopamine release by dopamine
transport inhibitors described by a restricted diffusion model and fast-scan Cyclic
voltammetry. ACS Chem Neurosci. 2016;7:700–9.

3. Milella MS, Fotros A, Gravel P, Casey KF, Larcher K, Verhaeghe JAJ, et al. Cocaine
cue-induced dopamine release in the human prefrontal cortex. J Psychiatry
Neurosci. 2016;41:322–30.

4. Stuber GD, Roitman MF, Phillips PE, Carelli RM, Wightman RM. Rapid dopamine
signaling in the nucleus accumbens during contingent and noncontingent
cocaine administration. Neuropsychopharmacology. 2005;30:853–63.

5. Willuhn I, Burgeno LM, Everitt BJ, Phillips PE. Hierarchical recruitment of phasic
dopamine signaling in the striatum during the progression of cocaine use. Proc
Natl Acad Sci USA. 2012;109:20703–8.

6. Volkow ND, Fowler JS, Wang GJ, Hitzemann R, Logan J, Schlyer DJ, et al.
Decreased dopamine D2 receptor availability is associated with reduced frontal
metabolism in cocaine abusers. Synapse. 1993;14:169–77.

7. Michaelides M, Thanos PK, Kim R, Cho J, Ananth M, Wang G-J, et al. PET imaging
predicts future body weight and cocaine preference. Neuroimage.
2012;59:1508–13.

8. Volkow ND, Wang G-J, Telang F, Fowler JS, Logan J, Childress A-R, et al. Cocaine
cues and dopamine in dorsal striatum: mechanism of craving in cocaine addic-
tion. J Neurosci. 2006;26:6583–8.

9. Nader MA, Morgan D, Gage HD, Nader SH, Calhoun TL, Buchheimer N, et al. PET
imaging of dopamine D2 receptors during chronic cocaine self-administration in
monkeys. Nat Neurosci. 2006;9:1050–6.

10. Dalley JW, Fryer TD, Brichard L, Robinson ES, Theobald DE, Lääne K, et al. Nucleus
accumbens D2/3 receptors predict trait impulsivity and cocaine reinforcement.
Science (80-). 2007;315:1267–70.

11. Thanos PK, Michaelides M, Umegaki H, Volkow ND. D2R DNA transfer into the
nucleus accumbens attenuates cocaine self-administration in rats. Synapse.
2008;62:481–6.

12. Dobbs LK, Kaplan AR, Lemos JC, Matsui A, Rubinstein M, Alvarez VA. Dopamine
Regulation of Lateral Inhibition between Striatal Neurons Gates the Stimulant
Actions of Cocaine. Neuron 2016; 90:1100–13.

13. Caine SB, Thomsen M, Gabriel KI, Berkowitz JS, Gold LH, Koob GF, et al. Lack of
self-administration of cocaine in dopamine D1 receptor knock-out mice. J Neu-
rosci. 2007;27:13140–50.

14. Caine SB, Negus SS, Mello NK, Bergman J. Effects of dopamine D(1-like) and D(2-
like) agonists in rats that self-administer cocaine. J Pharmacol Exp Ther.
1999;291:353–60.

15. Graham DL, Hoppenot R, Hendryx A, Self DW. Differential ability of D1 and
D2 dopamine receptor agonists to induce and modulate expression and rein-
statement of cocaine place preference in rats. Psychopharmacol.
2007;191:719–30.

16. Gore BB, Zweifel LS. Genetic reconstruction of dopamine D1 receptor signaling in
the nucleus accumbens facilitates natural and drug reward responses. J Neurosci.
2013;33:8640–9.

17. Xu M, Hu XT, Cooper DC, Moratalla R, Graybiel AM, White FJ, et al. Elimination of
cocaine-induced hyperactivity and dopamine-mediated neurophysiological
effects in dopamine D1 receptor mutant mice. Cell 1994a;79:945–55.

18. Xu M, Moratalla R, Gold LH, Hiroi N, Koob GF, Graybiel AM, et al. Dopamine D1
receptor mutant mice are deficient in striatal expression of dynorphin and in
dopamine-mediated behavioral responses. Cell 1994b;79:729–42.

19. Mattingly BA, Rowlett JK, Lovell G. Effects of daily SKF 38393, quinpirole, and SCH
23390 treatments on locomotor activity and subsequent sensitivity to apomor-
phine. Psychopharmacol. 1993;110:320–6.

20. Lemos JC, Friend DM, Kaplan AR, Shin JH, Rubinstein M, Kravitz AV, et al.
Enhanced GABA transmission drives bradykinesia following loss of dopamine D2
receptor signaling. Neuron. 2016;90:824–38.

21. Ade KK, Wan Y, Chen M, Gloss B, Calakos N. An improved BAC transgenic
fluorescent reporter line for sensitive and specific identification of striatonigral
medium spiny neurons. Front Syst Neurosci. 2011;5:32.

22. Bock R, Shin JH, Kaplan AR, Dobi A, Markey E, Kramer PF, et al. Strengthening the
accumbal indirect pathway promotes resilience to compulsive cocaine use. Nat
Neurosci. 2013;16:632–8.

23. Thomsen M, Ralph RJ, Caine SB. Psychomotor stimulation by dopamine D(1)-
likebut not D(2)-like agonists in most mouse strains. Exp Clin Psychopharmacol.
2011;19:342–60.

24. Holroyd KB, Adrover MF, Fuino RL, Bock R, Kaplan AR, Gremel CM, et al. Loss of
feedback inhibition via D2 autoreceptors enhances acquisition of cocaine taking
and reactivity to drug-paired cues. Neuropsychopharmacology.
2015;40:1495–509.

25. Blegen MB, daSilva E, da Silva D, Bock R, Morisot N, Ron D, Alvarez VA. Alcohol
operant self-administration: Investigating how alcohol-seeking behaviors predict
drinking in mice using two operant approaches. Alcohol. 2018;67:23–36.

26. Richardson NR, Roberts DC. Progressive ratio schedules in drug self-
administration studies in rats: a method to evaluate reinforcing efficacy. J Neu-
rosci Methods. 1996;66:1–11.

27. Pascoli V, Turiault M, Lüscher C. Reversal of cocaine-evoked synaptic potentiation
resets drug-induced adaptive behaviour. Nature. 2011;481:71–5.

28. Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H, Corvol J-C, et al. From The
Cover: Regulation of a protein phosphatase cascade allows convergent dopa-
mine and glutamate signals to activate ERK in the striatum. Proc Natl Acad Sci
USA. 2005;102:491–6.

D1 receptor hypersensitivity in mice with low striatal D2 receptors. . .
LK Dobbs et al.

815

Neuropsychopharmacology (2019) 44:805 – 816



29. Boudreau AC, Wolf ME. Behavioral sensitization to cocaine is associated with
increased AMPA receptor surface expression in the nucleus accumbens. J Neu-
rosci. 2005;25:9144–51.

30. McNamara RK, Levant B, Taylor B, Ahlbrand R, Liu Y, Sullivan JR, et al. C57BL/6J
mice exhibit reduced dopamine D3 receptor-mediated locomotor-inhibitory
function relative to DBA/2J mice. Neuroscience. 2006;143:141–53.

31. Richtand NM, Welge JA, Levant B, Logue AD, Hayes S, Pritchard LM, et al. Altered
behavioral response to dopamine D3 receptor agonists 7-OH-DPAT and PD
128907 following repetitive amphetamine administration. Neuropsychopharma-
cology. 2003;28:1422–32.

32. Volkow ND, Chang L, Wang G-JJ, Fowler JS, Ding Y-SS, Sedler M, et al. Low level of
brain dopamine D2 receptors in methamphetamine abusers: association with
metabolism in the orbitofrontal cortex. Am J Psychiatry. 2001;158:2015–21.

33. Grimm JW, Hope BT, Wise RA, Shaham Y. Neuroadaptation. Incubation cocaine
craving withdrawal Nat. 2001;412:141–2.

34. Li X, Venniro M, Shaham Y. Translational Research on Incubation of Cocaine
Craving. JAMA Psychiatry. 2016;73:1115–6.

35. Hobson BD, O’Neill CE, Levis SC, Monteggia LM, Neve RL, Self DW, et al. Adenosine
A1 and dopamine d1 receptor regulation of AMPA receptor phosphorylation and
cocaine-seeking behavior. Neuropsychopharmacology. 2013;38:1974–83.

36. Kim M, Kim W, Baik J-H, Yoon B-J. Different locomotor sensitization responses to
repeated cocaine injections are associated with differential phosphorylation of
GluA1 in the dorsomedial striatum of adult rats. Behav Brain Res. 2013;257:71–76.

37. White SL, Schmidt HD, Vassoler FM, Pierce RC. Acute cocaine increases phos-
phorylation of CaMKII and GluA1 in the dorsolateral striatum of drug naïve rats,
but not cocaine-experienced rats. Neurosci Lett. 2013;537:71–76.

38. Dobbs LK, Lemos JC, Alvarez VA (2017). Restructuring of basal ganglia circuitry
and associated behaviors triggered by low striatal D2 receptor expression:
implications for substance use disorders. Genes, Brain Behav 16:56–70.

39. Burke DA, Rotstein HG, Alvarez VA. Striatal local circuitry: a new framework for
lateral inhibition. Neuron. 2017;96:267–84.

40. Cazorla M, Carvalho FD, de, Chohan MO, Shegda M, Chuhma N, Rayport S, et al.
Dopamine D2 receptors regulate the anatomical and functional balance of basal
ganglia circuitry. Neuron. 2014;81:153–64.

41. Caine SB, Negus SS, Mello NK, Patel S, Bristow L, Kulagowski J, et al. Role of
dopamine D2-like receptors in cocaine self-administration: studies with D2
receptor mutant mice and novel D2 receptor antagonists. J Neurosci.
2002;22:2977–88.

42. Hubner CB, Moreton JE. Effects of selective D1 and D2 dopamine antagonists on
cocaine self-administration in the rat. Psychopharmacol (Berl). 1991;105:151–6.

43. Woolverton WL. Effects of a D1 and a D2 dopamine antagonist on the self-
administration of cocaine and piribedil by rhesus monkeys. Pharmacol Biochem
Behav. 1986;24:531–5.

44. Britton DR, Curzon P, Mackenzie RG, Kebabian JW, Williams JE, Kerkman D. Evi-
dence for involvement of both D1 and D2 receptors in maintaining cocaine self-
administration. Pharmacol Biochem Behav. 1991;39:911–5.

45. Caine SB, Koob GF. Effects of dopamine D-1 and D-2 antagonists on cocaine self-
administration under different schedules of reinforcement in the rat. J Pharmacol
Exp Ther. 1994;270:209–18.

46. Bello EP, Mateo Y, Gelman DM, Noaín D, Shin JH, Low MJ, et al. Cocaine super-
sensitivity and enhanced motivation for reward in mice lacking dopamine D2
autoreceptors. Nat Neurosci. 2011;14:1033–8.

47. Gallo EF, Meszaros J, Sherman JD, Chohan MO, Teboul E, Choi CS,
et al. Accumbens dopamine D2 receptors increase motivation by
decreasing inhibitory transmission to the ventral pallidum. Nat Commun.
2018;9:1086.

48. Anzalone A, Lizardi-Ortiz JE, Ramos M, De Mei C, Hopf W, Iaccarino C, et al. Dual
Control of Dopamine Synthesis and Release by Presynaptic and Postsynaptic
Dopamine D2 Receptors. J Neurosci. 2012;32:9023–34.

49. Gerfen CR, Miyachi S, Paletzki R, Brown P. D1 Dopamine Receptor Supersensitivity
in the Dopamine-Depleted Striatum Results from a Switch in the Regulation of
ERK1/2/MAP Kinase. The Journal of Neuroscience 2002;22:5042–54

50. Gerfen, CR. D1 dopamine receptor supersensitivity in the dopamine-depleted
striatum animal model of Parkinson's disease. Neuroscientist. 2003;9:455–62

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2018

D1 receptor hypersensitivity in mice with low striatal D2 receptors. . .
LK Dobbs et al.

816

Neuropsychopharmacology (2019) 44:805 – 816

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	D1 receptor hypersensitivity in mice with low striatal D2 receptors facilitates select cocaine behaviors
	Introduction
	Methods
	Animals
	Surgical procedures
	Stereotaxic viral injection
	Intra-jugular catheter placement

	Drugs
	Quantitative polymerase chain reaction
	Western blot analysis
	Immunohistochemistry
	Acute D1-like receptor agonist locomotion and cocaine cross-sensitization
	Operant intravenous cocaine self-administration
	Acquisition
	Dose response
	Progressive ratio
	Cocaine seeking

	Electrophysiology
	Statistics

	Results
	Cross-sensitization between cocaine and a D1-like receptor agonist suggests a common mechanism
	D2R deletion from iMSNs sensitizes the behavioral response to a D1-like agonist
	Enhanced cross-sensitization between a D1-like agonist and cocaine in iMSN-Drd2KO mice
	Enhanced D1R signaling in mice with low striatal D2Rs
	Heterozygous deletion of striatal D2Rs as a model with improved face validity
	D1R hypersensitivity is observed following single allele deletion of Drd2 in iMSNs
	Structural plasticity at D1R-expressing MSN projections
	Cocaine seeking and taking in iMSN-Drd2HET mice

	Discussion
	D1R hypersensitivity as a mechanism for cocaine locomotor sensitization
	Interactions between direct and indirect-pathway neurons and the balance of D2R and D1R activation
	D2Rs in cocaine self-administration: a complex role

	Concluding remarks
	Funding and Disclosure
	Acknowledgements
	Supplementary information
	ACKNOWLEDGMENTS




