
Cocaine Shifts Dopamine D2 Receptor Sensitivity to Gate 
Conditioned Behaviors

Sheng Gong1,2, Nicholas Fayette3, Jasper A Heinsbroek3, Christopher P Ford*,1

1Department of Pharmacology, University of Colorado School of Medicine, Anschutz Medical 
Campus, Aurora, CO 80045, USA

2Department of Physiology and Biophysics, Case Western Reserve University, Cleveland, OH 
44106, USA

3Department of Anesthesiology, University of Colorado School of Medicine, Anschutz Medical 
Campus, Aurora, CO 80045, USA

Abstract

Cocaine addiction is a chronic, relapsing disorder characterized by maladaptation in the brain 

mesolimbic and nigrostriatal dopamine system. Although changes in the properties of D2-receptor 

expressing medium spiny neurons (D2-MSNs) and connected striatal circuits following cocaine 

treatment are known, the contributions of altered D2-receptor (D2R) function in mediating the 

rewarding properties of cocaine remain unclear. Here we describe how a 7-day exposure to 

cocaine alters dopamine signaling by selectively reducing the sensitivity, but not expression, of 

nucleus accumbens D2-MSN D2Rs via an alteration in the relative expression and coupling of G­

protein subunits. This cocaine-induced reduction of D2R sensitivity facilitated the development of 

the rewarding effects of cocaine as blocking the reduction in G-protein expression was sufficient 

to prevent cocaine-induced behavioral adaptations. These findings identify an initial maladaptive 

change in sensitivity by which mesolimbic dopamine signals are encoded by D2Rs following 

cocaine exposure.

eTOC

Gong et al. find that cocaine selectively reduces the sensitivity of accumbens D2-receptors by 

dynamically regulating G-protein expression in D2-MSNs. These changes were independent 

of D2R levels and bidirectionally regulated cocaine seeking. This identifies that altered D2R 

sensitivity is an initial adaptation to cocaine exposure that in turn drives cocaine-seeking 

behaviors.
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Graphical Abstract

INTRODUCTION

Addictive drugs induce neuroadaptations across a variety of neural circuits, which produce 

persistent drug seeking and chronic relapse in vulnerable individuals (Koob and Volkow, 

2016; Lüscher and Malenka, 2011; Wolf, 2010). A key neural substrate underlying drug 

addiction involves the midbrain dopamine (DA) system, in particular the mesolimbic and 

nigrostriatal DA pathways innervating the nucleus accumbens (NAc) and dorsal striatum 

(DSt). These two striatal regions have distinct afferent and efferent connections, are involved 

in unique behavioral functions, and are modulated differentially by drugs of abuse. Within 

the striatum, dopamine mediates reward, reinforcement, and goal-directed action learning 

via dopamine receptors that, depending on the class, are expressed on output projection 

medium spiny neurons (MSNs), classes of interneurons and afferent inputs (Gerfen and 

Surmeier, 2011). As D1-receptors (D1Rs) activate stimulatory Gαs/olf signaling, while D2­

receptors (D2Rs) activate inhibitory Gαi/o signaling, dopamine mediates opposing actions 

on D1- and D2-receptor expressing subpopulations of MSNs. Through their different 

projections D1-MSNs and D2-MSNs are thought to have opposing actions on behavior, 

as studies have found that activation of D1-MSNs increases locomotion, motivation and 

conditioned place preference for cocaine while activation of D2-MSNs decreases those 

behaviors (Bock et al., 2013; Hikida et al., 2010; Kravitz et al., 2012; Lobo et al., 2010).

Gong et al. Page 2

Neuron. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Considerable evidence implicates dysregulation of dopaminergic neurotransmission, 

particularly through inhibitory Gαi/o-coupled D2Rs, as a key contributor to psychostimulant 

abuse. Manipulation of D2R expression has implicated abnormal D2R levels in the 

regulation of cocaine related-behaviors (Bello et al., 2011; Dobbs et al., 2016, 2019; 

Lee et al., 2020; Lewis et al., 2020). In addition, neuroimaging studies have documented 

that repeated long-term cocaine exposure is associated with reductions in striatal D2R 

availability, and low striatal D2R availability is inversely correlated with impulsivity and 

propensity for escalation of cocaine intake as well as compulsive cocaine seeking (Dalley et 

al., 2007; Morgan et al., 2002; Nader et al., 2006; Volkow et al., 1990, 1993, 1997). Together 

these findings have indicated that D2Rs are key regulators of motivated behavior and that 

changes in their levels and availability are instrumental for cocaine-induced behavioral 

adaptations. However, despite these findings examining chronic changes following long­

term cocaine exposure, it has remained unknown how initial or brief exposure to cocaine 

may alter dopamine D2R signaling, and whether any region-specific changes in D2R 

function may alter cocaine related motivated behaviors. While the sensitivity of D2R 

signaling is known to differ across striatal regions (Marcott et al., 2018), the mechanisms 

and consequences by which cocaine may regulate D2Rs remain unknown. Here we report 

that repeated cocaine exposure selectively alters dopamine signaling by reducing NAc 

D2R sensitivity but not the level of D2Rs on D2-MSNs. These cocaine-induced changes 

were independent of D2R activation and resulted from altered expression and coupling to 

G-proteins that were driven by NMDA-receptor dependent plasticity at prefrontal cortical 

to D2-MSN synapses. These changes had direct effects on drug associated behaviors 

as exacerbating or preventing expression changes in G-protein subunits was sufficient to 

bidirectionally regulate cocaine-conditioned behaviors. Together this work identifies altered 

D2R sensitivity in NAc D2-MSNs as an initial adaptation to cocaine exposure that drives 

cocaine-related behaviors.

RESULTS

Cocaine decreases D2R sensitivity in the NAc

We began by evaluating regional differences in the effect of cocaine exposure on D2R 

sensitivity in D2-MSNs in the dorsal and ventral striatum. An adeno-associated virus (AAV) 

encoding G protein-coupled inward rectifying potassium channels (Kir3.2; GIRK2) and a 

tdTomato fluorophore was injected into the dorsomedial striatum (DSt) and medial shell 

of the nucleus accumbens (NAc) of wildtype (WT) mice (Fig. 1A and Fig. S1A). As 

D2Rs efficiently couple to GIRK2 channels in D2-MSNs, the overexpression of GIRK2 

provides an electrophysiological read-out of D2R activation in the NAc and DSt allowing 

for direct measurement of dopamine mediated D2R signaling in D2-MSNs (Marcott et 

al., 2014, 2018). Expression of GIRK2 had no measurable effect on motor skill learning, 

locomotor activity, and anxiety- or reward-related behaviors (Fig. S1B–S1E). In the presence 

of synaptic blockers to isolate D2Rs, whole-cell voltage clamp recordings were made from 

tdTomato+ MSNs, and a single electrical stimulus was used to evoke a sulpiride-sensitive 

D2R inhibitory postsynaptic current (D2-IPSC) in D2-MSNs (Fig. 1A). Currents were 

mediated by D2Rs as they could be blocked by the selective D2R antagonist L-741,626 (200 

nM) and not detected in Drd2-floxed mice where D2Rs were genetically ablated following 
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the injection of AAV.Cre (Fig. S1F–S1G). As D2-IPSCs can be evoked in D2-MSNs but not 

in D1-MSNs (Marcott et al., 2018), D2-MSNs were readily distinguished by the presence 

of a D2-IPSC following evoked dopamine release. To examine the sensitivity of D2Rs, 

concentration-response relationships for dopamine were determined by recording from D2­

MSNs in the DSt and NAc in the presence of the dopamine reuptake (DAT) inhibitor cocaine 

(10 μM) while applying different concentrations of dopamine and measuring the resulting 

D2R-mediated outward currents (Fig. 1B and Fig. S1H). Consistent with previous findings 

(Marcott et al., 2018), the concentration of dopamine needed to achieve 50% of the maximal 

effect (EC50) was significantly lower in the NAc than the DSt (Fig. 1C–D), confirming that 

D2Rs in the NAc have a higher sensitivity for dopamine than in the DSt. As similar levels of 

GIRK2 were expressed in each region (Fig. S1I), the maximum outward current evoked by 

dopamine (Emax) was similar across regions (Fig. 1C).

To examine the effect of in vivo cocaine exposure on D2R sensitivity, mice were subjected 

to a cocaine sensitization regimen (20 mg/kg, intraperitoneally [i.p.] repeated over 7 days) 

and dopamine concentration-response relationships were generated 24 hours later. Repeated 

cocaine administration led to the progressive development of enhanced locomotion when 

compared to saline-treated littermates (Fig. 1E). While acute cocaine treatment (single 

injection) had no effect on D2R sensitivity in either the NAc or DSt (Fig. 1F–I), chronic 

exposure for 7 days evoked a rightward shift in the dose-response curve selectively in the 

NAc (Fig. 1F–I), thus decreasing NAc D2R sensitivity for dopamine to similar levels as in 

the DSt (Fig. 1J). A similar cocaine-induced shift in D2R sensitivity in the NAc could also 

be observed in recordings without cocaine present in the bath (Figure S2A–S2B). Repeated 

exposure to cocaine did not affect the maximum outward current generated by a saturating 

concentration of dopamine (300 μM) in either region, indicating that cocaine selectively 

reduces D2R sensitivity in a region-specific fashion (Fig. 1K). Both a lower dose of cocaine 

(10 mg/kg, i.p., 7 days treatment) and a 7-day exposure to amphetamine (2 mg/kg, i.p.) also 

reduced the sensitivity of D2Rs in the NAc (Fig. S2D–S2K).

As long-lasting neuroadaptations underlie the persistence of cocaine use and chronic relapse 

to cocaine seeking in addiction (Bossert et al., 2013; Kalivas, 2004), we hypothesized that 

the cocaine experience-elicited change in NAc D2R sensitivity might be engaged during the 

sensitized behavioral response to cocaine during drug re-exposure in cocaine-experienced 

mice. While we found that the reduced sensitivity of D2Rs in the NAc had returned to 

basal levels following 14 days of withdrawal from cocaine (Fig. 1F–K), a single challenge 

injection of cocaine that was sufficient to drive a robust locomotor response (Fig. 1E), was 

again able to decrease the sensitivity of D2Rs selectively in the NAc (Fig. 1F–K). Taken 

together these results suggest that cocaine exposure selectively exerts a transient reduction in 

the sensitivity of D2Rs in the NAc that can be reinstated by re-exposure to cocaine following 

prolonged withdrawal.

Altering D2R levels does not prevent cocaine-induced changes in sensitivity

Chronic, long-term self-administration of cocaine over prolonged periods is associated with 

decreased D2R availability and expression (Besson et al., 2013; Conrad et al., 2010; Moore 

et al., 1998; Nader et al., 2002, 2006; Volkow et al., 2009). To determine whether the 
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decrease in NAc D2R sensitivity following only 7d of cocaine exposure resulted from 

altered receptor levels, we examined the global expression of D2Rs in the DSt and NAc. 

Cocaine-treated mice however exhibited similar total levels of expression of D2Rs both 

in DSt and NAc compared to controls (Fig. 2A–B) as previously observed (Nader et al., 

2002), suggesting that the initial effects of cocaine on D2R signaling sensitivity may be 

independent of changes in expression.

To further examine the potential role of altered D2R expression in mediating the cocaine­

induced change in D2R sensitivity, we next proceeded to alter D2R expression levels across 

the striatum to see if decreasing or increasing receptor levels could occlude the effect of 

cocaine. We first generated mice where D2R levels were selectively knocked down in D2­

MSNs. Adora2a-Cre (A2a-Cre) mice were crossed with D2R floxed mice and the resulting 

D2R conditional knockdown animals (D2R cKD; A2a-cre+/−; Drd2flx/wt) were injected with 

a Cre-dependent AAV expressing GIRK2 (AAV.DIO.GIRK2) (Fig. 2C). Striatal immunoblot 

and qPCR analysis confirmed that D2R protein and mRNA (Drd2) expression was reduced 

in conditional knockdown animals compared to littermate controls (A2a-cre−/−; Drd2flx/wt) 

(Fig. 2C and Fig. S3A), as was the amplitude of evoked D2-IPSCs (Fig. 2D–E) and outward 

currents evoked by a saturating concentration of dopamine (300 μM) (Fig. S3B). D2R 

cKD mice were then subjected to the cocaine sensitization regimen (20 mg/kg, i.p., 7 d). 

Concentration-response relationships revealed that despite D2R levels being reduced in these 

animals, chronic exposure to cocaine was still able to induce a decrease in D2R sensitivity 

in the NAc while having no effect in the DSt (Fig. 2F–2H). The reduction in sensitivity in 

the NAc of D2R cKD mice was similar to that observed in the NAc of control WT mice 

following chronic cocaine.

Next, we examined the effect of increasing D2R expression. We selectively overexpressed 

D2Rs in striatal D2-MSNs (D2R cOE) by injecting AAV.DIO.D2R.EGFP (Gallo et al., 

2015) together with AAV.DIO.GIRK2.tdTomato in A2a-Cre mice. Three weeks following, 

widespread eGFP and tdTomato fluorescence could be observed in overlapping populations 

of DSt and NAc neurons (Fig. 2I). Recordings from tdTomato+ and EGFP+ D2-MSNs 

revealed that the amplitude of D2-IPSCs and the maximum outward current evoked by 

dopamine (300 μM) were increased in D2-MSNs from D2 cOE mice compared to control 

animals (Fig. 2J–M and Fig. S3C). However, despite D2R levels being enhanced, we 

again found that chronic cocaine injections produced a similar selective reduction in D2R 

sensitivity in the NAc as in control animals (Fig. 2L–N). Together these findings indicate 

that altering the levels of D2Rs in D2-MSNs does not occlude the cocaine-induced region­

specific shift in D2R sensitivity.

Changes in G-protein expression underlie the reduction of D2R sensitivity following 
cocaine exposure

While the D2R couples to both pertussis toxin sensitive G-protein subunits Gαo and Gαi, 

dopamine more potently signals via the D2R through Gαo than Gαi (Gazi et al., 2003; Lane 

et al., 2007; Marcott et al., 2018). Because increased expression and preferential coupling 

to Gαo underlie the region-specific difference in D2R sensitivity between the DSt and NAc 

(Marcott et al., 2018) and cocaine exposure regulates the level of Gα proteins within the 
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striatum (Nestler et al., 1990; Striplin and Kalivas, 1993), we next examined whether the 

underlying mechanism by which repeated cocaine exposure decreases the sensitivity of 

D2Rs selectively in the NAc is by differentially regulating Gα protein levels in this region. 

We first measured different Gα protein levels using quantitative western blotting. Gαo 

protein levels were higher in the NAc than the DSt of saline-treated mice, while Gαi levels 

were similar between subregions (Fig. 3A–B). Brain punches of the DSt and NAc were 

then taken 24hr post-injection from saline-treated mice, acute, chronic (7 d), withdrawn (14 

d), and cocaine challenged-treated mice (Fig 3C). While acute cocaine did not affect Gαo 

and Gαi levels in either region, chronic cocaine exposure selectively reduced Gαo protein 

levels in the NAc, without changing Gαo in the DSt (Fig. 3D–E). Similar to the cocaine­

induced changes in D2R sensitivity, we also found that while 14 days of withdrawal from 

cocaine returned Gαo levels in the NAc to basal control levels, a subsequent challenge of 

cocaine again selectively reduced Gαo protein levels in the NAc (Fig. 3D). Chronic cocaine 

exposure, withdrawal and a cocaine challenge had no effect on Gαi protein expression levels 

in either the DSt or NAc (Fig. 3D–E). Thus, Gαo expression is subject to dynamic regulation 

in the NAc following cocaine exposure and withdrawal.

We next tested whether the cocaine-induced alterations in Gαo levels could explain the 

reduction in D2R sensitivity in cocaine-experienced mice. We first sought to knockdown the 

expression of Gαo in D2-MSNs. Gαo-floxed mice were crossed with A2a-cre mice and the 

resulting D2-MSN Gαo conditional knockdown mice (Gαo cKD; Gαoflx/wt; A2a-cre+/−) 

were injected with AAV.DIO.GIRK2.tdTomato (Fig. 4A–B). Immunoblot examination 

revealed a ~40 % decrease of Gαo protein level while Gαi levels remained unchanged 

(Fig. 4A), ruling out compensatory upregulation of Gαi. We found that the reduction of 

Gαo was sufficient to lower the maximum outward current evoked by dopamine (300 μM) 

in both the NAc and DSt (Fig. 4C–E and Fig. S4A) and in addition led to a selective 

reduction in the sensitivity of D2Rs in the NAc, as could be seen by the rightward shift in 

the concentration-response curve (Fig. 4D). Importantly, we furthermore found that chronic 

cocaine administration was now no longer able to evoke a subsequent decrease in D2R 

sensitivity in the NAc in these Gαo cKD mice. Thus, dopamine EC50 values were similar in 

the NAc between naïve and cocaine-treated Gαo cKD mice (Fig. 4D). Similar results were 

obtained by virally expressing Cre in the NAc or DSt of Gαo-floxed mice (Fig. S4C–S4G).

To confirm the role of Gαo, we next used a viral strategy to overexpress Gαo in Gαo cKD 

mice to attempt to rescue the loss of Gαo. Three weeks following injection of AAV.DIO.Gαo 

into the NAc and DSt of Gαo cKD mice western blot analysis revealed ~two-fold increase 

of Gαo protein levels while Gαi remained unchanged (Fig. 4F). Notably, overexpressing 

Gαo in the NAc of Gαo cKD mice rescued the reduced D2R sensitivity and further 

abolished subsequent cocaine-evoked changes (Fig. 4G–I). D2-MSNs over-expressing Gαo 

in the DSt exhibited an increase in D2R sensitivity, that was still unaffected by cocaine 

exposure (Fig. 4G–H, J). Maximum outward currents in both regions were also significantly 

higher than control mice (Fig. S4B). Similar results were obtained by virally overexpressing 

Gαo in control non-Cre expressing Gαo-floxed mice (Fig. S4H–S4L). Together, with the 

above results, these findings support the idea that chronic exposure to cocaine initially 

regulates the sensitivity of D2R signaling by altering the preferential coupling to G-proteins 

rather than changing the overall level of D2R expression.
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Cocaine-induced changes in D2-MSN axon collateral D2R sensitivity

D2-MSNs form functional collateral synapses with neighboring D1-MSNs (Taverna, 2003; 

Tecuapetla et al., 2009). The inhibition of GABA release from D2-MSNs at these local 

connections by activation of presynaptic D2Rs (Dobbs et al., 2016; Lalchandani et al., 

2013; Marcott et al., 2018; Taverna, 2003; Tecuapetla et al., 2009) contributes to the acute 

behavioral responses to cocaine (Dobbs et al., 2016). As our results so far examined 

postsynaptic dendritic D2R signaling in D2-MSNs via exogenously expressed GIRK2 

channels, we next wanted to examine if cocaine similarly regulates the sensitivity of D2Rs in 

D2-MSNs that signal via endogenous pathways to inhibit GABA release. The NAc and DSt 

of A2a-Cre mice were injected with AAV.DIO.ChR2.eYFP and three weeks later voltage­

clamp recordings were made from the neighboring non-fluorescent, putative D1-MSNs (Fig. 

5A–B). Photoactivation of D2-MSNs (470 nm, 1 ms) evoked picrotoxin-sensitive (100 μM) 

GABAA-receptor mediated inhibitory postsynaptic currents (IPSCs) in putative D1-MSNs 

(Fig. 5B). Optically-evoked GABAA-IPSCs (oIPSCs) were inhibited by bath application 

of the D2R agonist quinpirole (1 μM) (Fig. S5A, S5C). Dopamine concentration-response 

curves confirmed that D2R mediated inhibition of local GABA release was substantially 

more sensitive in the NAc compared to DSt, and similar in value to the EC50 concentrations 

of dopamine required to activate postsynaptic D2R mediated GIRK2 currents (Fig. 5C–E). 

Importantly we also found that chronic cocaine exposure produced a similar rightward shift 

in the NAc, but not DSt, concentration-response curve which corresponded to a decrease in 

IC50 value selectively in the NAc (Fig. 5C–E). Thus, D2Rs on D2-MSN axon collaterals 

exhibit region-specific differences in dopamine sensitivity and the sensitivity in the NAc is 

selectively weakened by chronic cocaine exposure.

To determine if the cocaine-induced reduction in presynaptic D2R sensitivity on D2-MSN 

terminals was also mediated by a reduction in coupling to Gαo, we repeated these 

experiments using Gαo cKD mice (Fig. 5F). While Gαo reduction had no effect on basal 

oIPSCs, the quinpirole mediated inhibition was ~ 20 % smaller in D1-MSNs from Gαo 

cKD mice compared to control animals (Fig. S5B–S5C). Consistent with the change in 

D2R sensitivity caused by Gαo deletion, NAc axonal D2R collateral transmission had lower 

sensitivity for dopamine in Gαo cKD mice, reflected by an increase in the IC50 (Fig. 5G–I). 

Furthermore, the cocaine-evoked increase in the IC50 was occluded in NAc slices obtained 

from cocaine exposed Gαo cKD mice (Fig. 5G–I). These results collectively support the 

conclusion that cocaine-induced adaptation in D2 receptor signaling throughout D2-MSNs is 

linked to changes in Gαo expression.

Alterations in D2R sensitivity affect context-driven cocaine seeking

Because cocaine-dependent changes in synaptic Gαo expression in D2-MSNs modulate 

D2R sensitivity in a manner that might be expected to influence motivation and drug 

reinforcement, we next investigated whether the Gαo-dependent change in sensitivity would 

be critical for cocaine-conditioned behaviors. We first assessed cocaine conditioned place 

preference (CPP), during which mice learn to associate a previously neutral context with the 

drug (Fig. 6A). Consistent with the cocaine sensitization regimen, cocaine CPP also caused 

a marked reduction of Gαo in the NAc (Fig. 6B) with the extent of cocaine CPP being 

correlated with the reduction in Gαo. Compared to control animals (Gαo
flx/wt; A2a-cre−/−), 
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Gαo cKD mice (Gαo
flx/wt; A2a-cre+/−) spent more time in the cocaine-paired chamber 

during the CPP test (Fig. 6C–D). Control and Gαo cKD mice exhibited similar basal 

locomotor activity and similar cocaine induced locomotion following a single acute dose 

of cocaine (Fig. S6A–S6B). To determine if the reduction of Gαo specifically in NAc 

D2-MSNs was responsible for the augmentation of conditioned preference, we again used 

the viral rescue strategy (AAV.DIO.Gαo) to re-express Gαo selectively in NAc D2-MSNs of 

Gαo cKD mice. This D2-MSN specific rescue manipulation in the NAc abolished cocaine 

CPP in Gαo cKD mice (Fig. 6C–D). To confirm these results, we also used an alternative 

viral approach to manipulate Gαo expression levels and similarly found that knocking down 

or overexpressing Gαo in a non-cell type specific manner in the NAc likewise increased 

or decreased CPP scores respectfully when compared to control animals injected with 

AAV.eGFP (Fig. 6E–F). Notably, neither Gαo knockdown nor overexpression in the DSt 

altered cocaine CPP (Fig. S6C–S6F).

Next, we examined whether alterations in D2R sensitivity would interfere with cocaine 

reinforcement and cocaine seeking in a cocaine self-administration model. Gαo cKD and 

control mice were initially trained to self-administer cocaine for 8 days on a fixed-ratio 

(FR) 1 reinforcement schedule in the presence of response-contingent cues (tone/light) 

delivered during cocaine infusions. Next, mice transitioned to FR2 and FR4 to investigate 

whether Gαo cKD would affect responding for cocaine at increased effort requirements 

(Fig. 6G–H and Fig. S6G–S6H). Conditional knockdown of Gαo in D2-MSNs did not 

affect the acquisition of voluntary cocaine self-administration (Fig. 6H) and no differences 

were observed in average daily cocaine intake (Fig. 6I and Fig. S6K) or the motivation to 

take cocaine measured by a progressive ratio test (Fig. 6I). In addition, control and Gαo 

cKD mice exhibited similar rates of responding for cocaine in a dose-response study (Fig. 

S6L–S6M). However, given that reduction of Gαo in D2-MSNs in NAc increased cocaine­

context mediated behavior in the CPP test, we also investigated the possibility that Gαo 

downregulation might specifically underlie cocaine-context or cocaine-cue associations. 

Following a 7-day forced abstinence session in their home cages, cocaine self-administering 

mice were returned to the cocaine self-administration chambers to perform a cocaine-context 

relapse test under extinction conditions followed by additional extinction training and a cue 

test ≥ 7 days later (Fig. 6I). We found that while conditionally knocking down Gαo in 

D2-MSNs increased drug seeking after abstinence (Fig. 6I), it did not affect cue-induced 

reinstatement of drug seeking (Fig. 6I and Fig. S6N–S6P). Collectively, these data suggest 

that the cocaine-induced reduction in NAc Gαo expression levels and associated decrease in 

the sensitivity of D2Rs regulates learned associations between cocaine reward and cocaine­

associated contexts.

Cocaine reduces NAc D2R sensitivity independently of D2Rs

The enhancement of dopamine transmission by cocaine drives circuit and synaptic changes 

in the NAc, which ultimately contribute to the development of addiction (Kalivas, 

2004; Pascoli et al., 2015). We examined whether cocaine-induced reductions in D2R 

sensitivity resulted from increased D2R activation on D2-MSNs or whether it resulted from 

circuit adaptations. We first tested whether other manipulations that facilitate extracellular 

dopamine levels or increase tonic D2R activation could mimic the effect of cocaine. To 
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increase dopamine synthesis, wildtype mice were treated with the dopamine precursor 

levodopa (L-DOPA; 100 mg/kg) (Fig. 7A–B). However, a 7-day treatment with L-DOPA 

had no effect on D2R-mediated GIRK2 dopamine concentration-response relationships in 

either the NAc or DSt (Fig. 7A–C and Fig. S7A–S7D). Likewise, a 7-day treatment with the 

D2R agonist quinpirole (5 mg/kg, ip, repeated 7d) also failed to alter dopamine D2R dose 

response curves (Fig. 7c–e and Fig. S7A–S7C). Thus, chronic pharmacological activation 

of D2Rs was not sufficient to recapitulate the suppression of D2R sensitivity in the NAc 

induced by cocaine. Furthermore, pretreatment with the D2R antagonist haloperidol (3 

mg/kg) 30 min before cocaine injections failed to prevent the reduction of D2R sensitivity 

in the NAc (Fig. 7A–C). This suggest that alterations in the sensitivity of D2Rs driven 

by chronic cocaine exposure are unlikely due to cell-autonomous changes resulting from 

increased D2R activation.

The cocaine-induced reduction in NAc D2Rs sensitivity however could be blocked by 

pretreatment with the D1-receptor antagonist SCH23390 (0.3 mg/kg) (Fig. 7D and Fig. 

S7E). As noted previously, SCH23390 also blocked cocaine CPP (Fig. 7E) (Cervo 

and Samanin, 1995). We set out to determine where within accumbens circuitry these 

receptors are being engaged. Two major populations of D1-receptor expressing neurons that 

could regulate D2-MSNs could be D1-MSNs and excitatory inputs from the prefrontal 

cortex (PFC). A chemogenetic approach was taken to examine the contribution of 

these two inputs. To inhibit D1-MSNs, the NAc of D1-Cre mice was injected with 

AAV.DIO.hM4D(Gi).mCherry and three weeks later mice were pre-treated with the 

DREADD agonist (JHU37160 (J60), 1mg/kg) 30 min prior to cocaine injections (Fig. 

7E). Activation of the inhibitory DREADD in D1-MSNs, however had no effect on cocaine­

induced D2R sensitivity in the NAc (Fig. 7E). In contrast chemogenetic inhibition of the 

PFC, following injection of AAV.DIO.hM4D(Gi).mCherry into the PFC of CaMKII-Cre 

mice and pre-treatment with J60 (1mg/kg), blocked the cocaine-induced reduction in NAc 

D2R sensitivity in D2-MSNs (Fig. 7F). Thus, activation of D1-receptors on PFC inputs 

rather than D1-MSNs may mediate the cocaine-induced alteration in D2R sensitivity.

As cocaine induces well known NMDA-receptor dependent glutamatergic excitatory 

plasticity in the NAc (Kalivas et al., 2005), we found that the cocaine-induced reduction 

in NAc D2Rs sensitivity could also be blocked by pretreatment with the NMDA­

receptor blocker MK-801 (0.3 mg/kg) (Fig. 7G and Fig. S7F). MK-801 also blocked 

cocaine CPP (Fig. 7I) (Cervo and Samanin, 1995; Kim et al., 1996). To determine if 

NMDA-receptor dependent activity on D2-MSNs is required for the effect of cocaine, 

a single Cre-dependent CRISPR/SaCas9 vector was used to genetically inactivate Grin1 
(Hunker et al., 2020), the essential NR1 subunit of the NMDA receptor (Fig. 7H). Co­

injection of AAV.FLEX.SaCas9.U6.sgGrin1and AAV.DIO.GIRK2.tdTomato in the NAc of 

A2a-Cre mice dramatically reduced the amplitude of NMDA receptor-mediated inward 

currents evoked by the exogenous application of NMDA (Fig. 7J) as well as evoked 

EPSCs in tdTomato+ (sgGrin1+) D2-MSNs (Fig. S7F). Furthermore, we found that 

inactivating NMDA-receptors in D2-MSNs prevented the cocaine-induced decrease in D2R 

sensitivity of NAc D2-MSNs (Fig. 7K). Inactivating Grin1 in D1-MSNs by injecting 

AAV.FLEX.SaCas9.U6.sgGrin1 in D1-Cre mice did not affect D2R sensitivity (Fig. 7K) 

despite successfully reducing NMDA-currents (Fig. 7J) and NMDA-mediated EPSCs in 
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D1-MSNs (Fig. S7G). Together these results suggest that cocaine-induced changes in 

D2R sensitivity may be driven by altered glutamatergic transmission and NMDA receptor 

signaling at prefrontal cortical to D2-MSN synapses.

DISCUSSION

While cocaine-induced alterations in D2-MSN activity and connected circuits are well 

known (Lobo and Nestler, 2011; Lüscher et al., 2020), direct changes in D2R function 

and the contribution they may have in regulating drug-associated motivated behaviors 

have remained largely unclear. The present findings identify that rather than altering 

expression, an initial adaptation resulting from cocaine exposure is a selective decrease 

in the sensitivity of D2Rs in the NAc. We found that this decrease in D2R sensitivity 

facilitated subsequent development of context-driven drug seeking, thus constituting an 

initial adaptation regulating cocaine-conditioned reward.

Striatal D2Rs have long been implicated in regulating motivation and reinforcement, and 

alterations in D2R availability and signaling are associated with chronic drug use (Volkow 

and Morales, 2015). Neuroimaging studies in human, nonhuman primates and rodents 

have found that low D2R availability is associated with impulsivity and susceptibility to 

self-administer cocaine (Dalley et al., 2007; Morgan et al., 2002; Nader et al., 2006; Volkow 

et al., 1990, 1993, 1997). As decreases in D2R expression have been linked to aberrant drug­

seeking behaviors (Bello et al., 2011; Bocarsly et al., 2019; Caine et al., 2002; Dobbs et al., 

2016, 2019; Nader et al., 2006) and chronic cocaine self-administration leads to a reduction 

in D2R availability (Dalley et al., 2007; Morgan et al., 2002; Nader et al., 2006; Volkow et 

al., 1990, 1993, 1997), D2R density, mRNA, and surface expression (Besson et al., 2013; 

Conrad et al., 2010; Moore et al., 1998; Nader et al., 2002), a decrease in D2R expression 

is thought to be an important consequence of prolonged cocaine intake that subsequently 

regulates persistent cocaine use and relapse. However, as we and others found that neither 

D2R expression nor density (Nader et al., 2002) is altered by brief exposure to cocaine, it 

has remained unclear what adaptations in D2R function may mediate the initial effects of 

cocaine reinforcement. Here we found, using both a postsynaptic read-out of dendritic D2Rs 

activation and a presynaptic measure of axonal D2Rs function, that in vivo cocaine exposure 

evoked a decrease in sensitivity of dopamine-mediated D2R signaling specifically in the 

NAc. While this transient decrease did not persist following 14d of abstinence, a single 

subsequent exposure to cocaine in cocaine-experienced mice was sufficient to rapidly again 

reduce D2R sensitivity. As the decrease in D2R sensitivity was not mimicked or occluded by 

conditionally knocking down or overexpressing D2Rs, our results suggest that a reduction 

in D2R signaling is an initial adaptation preceding changes in expression which is rapidly 

engaged upon re-exposure to psychostimulants.

Rather than a change in D2R levels, we found that altered expression of G-proteins 

accounted for the cocaine-induced decrease in NAc D2R sensitivity. Reduced dopamine 

receptor signaling has been proposed to be an important neuroadaptation in cocaine 

addiction (Morgan et al., 2002; Park et al., 2013; Volkow et al., 2014), and chronic cocaine 

administration induces multiple adaptations that can alter the efficacy of dopamine receptor 

signaling including changes in regulators and activators of G-protein signaling (RGS and 
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AGS proteins), β-arrestin2, G-protein receptor kinases (GRK) and Gα protein expression 

(Bowers et al., 2004; Daigle et al., 2014; Gaval-Cruz et al., 2016; Labouèbe et al., 2007; 

Nestler et al., 1990; Padgett et al., 2012; Porter-Stransky et al., 2019; Rahman et al., 

2003; Schroeder et al., 2009; Striplin and Kalivas, 1993). We previously uncovered that 

region-specific differences between the NAc and DSt in the efficacy of dopamine signaling 

through D2Rs were not due to differences in RGS7/9 nor GRK2/3, but were the result of 

preferential coupling to Gαo over Gαi in NAc compared to DSt, as D2Rs have a higher 

sensitivity for dopamine when coupled to Gαo over Gαi and Gαo is more abundant in 

the NAc (Gazi et al., 2003; Lane et al., 2007; Marcott et al., 2018). As different GPCRs 

can have distinct profiles by which they engage different G-proteins (Masuho et al., 2015), 

this region specific difference in D2R sensitivity was not shared by several other GPCRs 

including opioid or muscarinic receptors (Marcott et al., 2018). We found that the NAc 

specific changes in D2R sensitivity following cocaine sensitization, abstinence, cocaine 

challenge and cocaine-induced CPP were paralleled by alterations in the expression of 

Gαo specifically in the NAc. We further showed that changes in Gαo expression underlie 

the reduction in D2R sensitivity as selectively knocking down or overexpressing Gαo in 

D2-MSNs regulated the intrinsic sensitivity of D2Rs and occluded or prevented subsequent 

cocaine-induced changes in D2R sensitivity. As we found that Gαo levels were ~40% higher 

in the NAc than DSt and that cocaine decreased Gαo expression in the NAc by ~30%, the 

results suggest that D2R sensitivity within striatal and accumbens circuits is regulated by a 

fairly narrow range of Gαo expression levels. This may explain why viral overexpression of 

Gαo, which more than doubled Gαo levels, decreased the sensitivity of D2Rs in the DSt, but 

prevented a further decrease in the NAc as well as occluded the effect of cocaine. While our 

data are in agreement with previous studies showing a transient decrease in Gαo in response 

to repeated cocaine treatment we did not observe any change in Gαi levels as previously 

shown (Nestler et al., 1990; Striplin and Kalivas, 1993). Several possible factors likely 

contribute including differences in the duration of cocaine exposure, species, and sub-region 

examined.

Within striatal and accumbens circuits D1-MSNs have been classically associated with 

positive reinforcement and reward, while D2-MSNs are associated with suppression of 

appetitive motivation or negative reinforcement (Bock et al., 2013; Hikida et al., 2010; 

Kravitz et al., 2012; Lobo et al., 2010). In line with these observations, optogenetic 

activation of NAc D2-MSNs has been found to attenuate cocaine CPP and cocaine 

self-administration, while ablation or chemogenetic inhibition of D2-MSNs can enhance 

psychostimulant CPP and reinstatement of cocaine-seeking respectively (Bock et al., 2013; 

Durieux et al., 2009; Heinsbroek et al., 2017; Lobo et al., 2010). To probe the behavioral 

consequences of cocaine-induced reductions in D2R sensitivity, we used a combination 

of regional and D2-MSN specific approaches to regulate Gαo expression. We originally 

predicted that decreases in D2R sensitivity and inhibitory signaling, and potential resulting 

increase in D2-MSN activity, could have the net effect of decreasing cocaine CPP or the 

reinstatement of cocaine seeking. However, instead by conditionally manipulating Gαo 

levels in D2-MSNs, we found surprisingly that decreasing the sensitivity of D2Rs led to 

increased motivation for cocaine. Altering D2R sensitivity did not affect voluntary cocaine 

intake during self-administration sessions, which together with previous findings indicating 
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neither increasing nor decreasing D2R expression alters cocaine or alcohol consumption 

(Bocarsly et al., 2019; Dobbs et al., 2019; Gallo et al., 2015), suggest that alterations in D2 

levels or sensitivity likely do not gate the escalation of voluntary drug self-administration. 

However, as drugs of abuse are thought to produce long-lasting memories that precipitate 

relapse after abstinence through their association with cues and contexts, the increase in 

cocaine CPP and context-dependent reinstatement as a result of decreased NAc Gαo levels 

suggest that cocaine-induced reduced NAc D2R sensitivity may support either reinforcement 

learning about contextual cues predictive of drug availability or the expression of these 

memories which drives drug-seeking. Moreover, as recent work has found that genetically 

reducing D2R levels in D2-MSNs induces an addiction-prone phenotype (Bocarsly et al., 

2019), our observations further suggest that cocaine-induced changes in D2R signaling 

efficacy in D2-MSNs may play more nuanced roles in regulating motivation. Thus, rather 

than a dichotomous model where D1-MSN and D2-MSN activation drives or inhibits 

motivation, coordinated activity of microcircuits of populations of neurons may be required. 

This is in line with recent work that has found that in some cases D2-MSNs may signal 

both reward and aversion (Soares-Cunha et al., 2016, 2019; Vicente et al., 2016), and that 

activity in both MSN subpopulations likely underlies goal-directed actions (Cui et al., 2013; 

Tecuapetla et al., 2016; Vicente et al., 2016).

The mechanism by which decreased D2R sensitivity alters NAc circuits to regulate cocaine­

seeking behaviors is likely due to several factors. The reduced ability of dopamine to 

suppress D2-MSNs via D2Rs would be expected to lead to hyperactivity of D2-MSNs but 

also a decreased ability of dopamine to regulate collateral inhibition from D2-MSNs to D1­

MSNs. As downregulating the expression of D2Rs in D2-MSNs has been found to trigger 

alterations in D1R signaling in D1-MSNs, behavioral hypersensitivity to D1-agonists and 

alterations in the strength of striatopallidal projections which facilitate cocaine sensitization 

(Dobbs et al., 2019), similar mechanisms may contribute to the effects of decreased D2R 

sensitivity. In addition to these changes within the NAc, decreased sensitivity of D2Rs to 

dopamine would also suppress the ability of dopamine to regulate striatopallidal projections, 

as increased enkephalin, likely released from hyperactive D2-MSN terminals, causes a 

persistent long-term depression at D2-MSN GABAergic synapses to ventral pallidum (VP) 

and subsequently disinhibits VP neurons to facilitate motivation, cocaine-context association 

as well as cocaine relapse (Creed et al., 2016; Heinsbroek et al., 2017; Kupchik et al., 

2014; Soares-Cunha et al., 2019; Tang et al., 2005). Lastly, given that D2Rs can modulate 

glutamate synaptic transmission and structural plasticity (Håkansson et al., 2006; Higley 

and Sabatini, 2010; Iino et al., 2020; Liu et al., 2006), changes in D2R sensitivity likely 

also regulate the changes in glutamatergic synaptic strength onto accumbens neurons that is 

associated with cocaine-seeking (Conrad et al., 2008; Roberts-Wolfe et al., 2018).

We found that the cocaine-induced change in D2R sensitivity was not dependent upon the 

activation of D2Rs, nor was it mimicked by L-DOPA. As cocaine raises dopamine levels 

more rapidly and transiently than L-DOPA as well as leads to enhanced dopamine spillover 

as a result of blocking dopamine uptake, the difference between the two manipulations 

likely results from differences in the extent over which the levels and kinetics over which 

dopamine is raised. The change in sensitivity however could be prevented by blocking 

either D1 or NMDA receptors. D1Rs are widely expressed within the NAc and striatum on 
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D1-MSNs, as well as astrocytes and glutamatergic terminals and heterosynaptic plasticity in 

the NAc is known to involve MSN axon collaterals, interneurons and astrocytes (Corkrum 

et al., 2020; Dobbs et al., 2016, 2019; Francis et al., 2019). We found that chemogenetically 

inhibiting the PFC was sufficient to block the effect of cocaine on D2R sensitivity. As 

inactivating NMDA receptors in D2-MSNs similarly blocked the cocaine-induced decrease 

in D2R sensitivity, one possibility may be that during cocaine exposure increased D1­

receptor activation on PFC inputs to the NAc stimulate glutamatergic transmission to D2­

MSNs and the resulting activation of NMDA receptors at these synapses initiates signaling 

to drive the decrease in Gαo expression which regulates D2R sensitivity.

In conclusion, we show here that cocaine initially induces adaptations in D2R sensitivity 

rather than changes in D2R levels, which in turn contribute to context-mediated drug 

seeking and relapse. Future studies will need to elucidate the potential adaptive changes 

in neural circuits and signaling underlying context-mediated relapse caused by reduced D2R 

sensitivity, which may have implications for the treatment of relapse to drug-seeking.

STAR METHODS

Lead Contact

Further information and requests for resources and reagents should be direct to and will be 

fulfilled by the Lead Contact, Christopher Ford (christopher.ford@cuanschutz.edu)

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental Model and Subject Details

Experimental models—All Animal experiments were carried out according to protocols 

approved by Institutional Animal Care and Use Committee (IACUC) at the University of 

Colorado School of Medicine. Both adult males and females were used for all experiments. 

There was no influence or association of sex on the findings reported. Animals were 

group-housed in a temperature- and humidity- controlled environment on a 12 h light-dark 

cycle, with water and food available ad libitum, and experiments were conducted during the 

light phase. Mice were individually housed for cocaine self-administration experiments. 

Behavioral and electrophysiology experiments were conducted on Adora2a-cre mice 

(MMRRC, 036158-UCD), Drd1-Cre mice (MMRRC, 034258), Gαo fl/fl mice (Charles 

River Laboratory, 129SvGo flx/flx), Drd2loxp/loxp mice(Jackson Laboratory, 020631), 

Drd2loxP/wt :: A2a-Cre (Drd2loxp/loxp crossed to strain A2a-cre), Gαo fl/wt:: A2a-Cre (Gαo 

fl/fl crossed to strain A2a-cre), CaMKII-Cre heterozygote mice (generated from WT and 
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homozygous B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, Jackson Laboratory stock# 005359), and 

wildtype C57BL/6J mice (Jackson Laboratory, 0000664).

Stereotaxic surgery—Mice (3–5 weeks) were anesthetized with isoflurane, transferred 

to a stereotaxic apparatus (Kopf Instruments) and kept under constant 2% isoflurane 

anesthesia. The skull surface was revealed via a midline sagittal incision. All AAV 

viruses were bilaterally injected into the dorsal and ventral part of the striatum 

using a Nanoject III (Drummond Scientific) at 100 nl/min. Coordinates in millimeters 

from bregma were as follows: DSt (dorsomedial) (AP +1.2, ML ± 1.85, DV 

−3.3), NAc (medial shell) (AP +1.5, ML ± 1.15, DV −4.3), PFC (AP +2.0, ML 

± 0.4, DV −2.1) The pipette was kept at the site for 5 min and then slowly 

withdrawn. For experiments in WT mice, 300 nL of AAV9.hSyn.tdTomato.T2A.GIRK2 

(University of Pennsylvania Viral Core, V3992) were used. For cell-type specific 

GIRK expression experiments, 300 nL of AAV9.hSyn.DIO.tdTomato.T2A.GIRK2 

(University of Pennsylvania Viral Core, V5688)) was injected into the A2a-Cre or 

D2R cKD mice. For channelrhodopsin optogenetic studies, A2a-cre or Gαo cKD 

mice were injected with 500 nL of AAV5.EF1a.DIO.hChR2(H134R)-EYFP (Addgene, 

20298). For D2R overexpression, 300 nL AAV9.hSynapsin.DIO.tdTomato.T2A.GIRK2 

was combined with 200 nL AAV9.EF1a.DIO.D2L.P2A.eGFP (generous gift from 

Jonathan A. Javitch, Columbia University). For D2R ablation studies in Drd2loxp/loxp 

mice, 300 nL AAV9.hSyn.tdTomato.T2A.GIRK2 was combined with 200 nL 

AAV9.hSyn.Cre.WPRE.hGH (University of Pennsylvania Viral Core, V2676). For Gαo 

ablation studies, 200 nL of AAV9.hSyn.Cre.WPRE.hGH (University of Pennsylvania 

Viral Core, V2676) or AAV5.EF1a.mCherry.Cre (University of North Carolina Viral 

Core, AV6144B) was co-injected with 300 nL of AAV9.hSyn.tdTomato.T2A.GIRK2 into 

Gαo fl/fl mice. For Gαo overexpression in Gαo fl/fl mice, 200 nL of AAV9.EF1a.Gαo­

alpha (Virovek) were co-injected with 300 nL of AAV9.hSyn.tdTomato.T2A.GIRK2. For 

cell-type specific Gαo expression experiments, AAV9.EF1a.DIO.Gαo-alpha (Virovek) 

was bilaterally injected with 300 nL of AAV9.hSyn.DIO.tdTomato.T2A.GIRK2. For 

fluorescent labeling of neurons, 300 nL of AAV5.EF1a.DIO.EYFP (Addgene, 27056) 

or AAV5.CAG.tdTomato (Addgene, 59462) were used. For chemogenetic studies, 

300 nL of AAV2/5.hSyn.DIO.hM4D(Gi).mCherry (Addgene, 44362) was injected into 

the D1-cre or CaMKII-cre mice. For CRISPR/SaCas9 mediated NMDAR knockout 

studies, 300 nL of AAV5.FLEX.SaCas9.U6.sgGrin1 (VectorBuilder, addgene, 123852) 

was co-injected with either 300 nL AAV9.hSyn.DIO.tdTomato.T2A.GIRK2 or 300 nL 

of AAV9.hSyn.tdTomato.T2A.GIRK2 into the D1-cre or A2a-cre mice. For NMDA 

iontophoresis studies in A2a-cre mice, 300 nL of AAV5.EF1a.DIO.mCherry was injected 

with or without 300 nL of AAV5.FLEX.SaCas9.U6.sgGrin1.

Method Details

Slice preparation—Coronal slices containing the striatum were collected at 240 μm. 

Mice were anesthetized with isoflurane and transcardially perfused with an ice-cold sucrose 

(95% v/v O2, 5% v/v CO2) cutting solution containing (in mM): 75 NaCl, 2.5 KCl, 6 

MgCl2, 1.2 NaH2PO4, 25 NaHCO3, 0.1 CaCl2, 11.1 D-glucose and 1 kyneurenic acid. 

The brain was subsequently dissected, and sectioned using a vibratome (Leica VT1000 S, 
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Leica Biosystems) in cutting solution. Slices were then transferred to an oxygenated 34 °C 

chamber filled with aCSF solution consisting of (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 

2.5 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, 11.1 D-glucose and 10 μM MK-801 to prevent 

excitotoxicity. After 1 h, slices were then transferred to the recording chamber where they 

were constantly perfused with aCSF solutions at a flow rate of 2 mL/min. Solutions also 

contained SCH23390 (1 μM), scopolamine (200 nM), picrotoxin (100 μM), CGP55845 

(300 nM), DNQX (10 μM), and dihydro-β-erthroidine hydrobromide (DHβE, 1μM). MSNs 

were visually identified using a BXWI51 microscope (Olympus) with custom built infrared 

gradient contrast optics. Fluorescence was visualized with LEDs (Thorlabs).

Electrophysiology—MSNs were voltage-clamped in whole-cell configuration at −60 

mV using Axopatch 200B amplifiers (Molecular Devices), and signals were acquired with 

Axograph X (Axograph Scientific) at 5 kHz and filtered to 2 kHz or acquired with LabChart 

(ADInstruments) at 1kHz. Patch pipettes (1.5–2 MΩ, World Precision Instruments) used for 

MSN recording was filled with intracellular solution containing: 115 mM K-methylsulphate, 

20 mM NaCl, 1.5 mM MgCl2, 10 mM HEPES(K), 10 mM BAPTA-tetrapotassium, 1 

mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL sodium phosphocreatine, pH=7.4, 275 mOsm. 

Dopamine or glutamate release was triggered by electrical stimulation (0.5 ms) using a 

monopolar glass stimulating electrode filled with aCSF. For concentration-response curve 

experiments, cocaine (10 μM) was included in the recording solution to block dopamine 

reuptake. Dopamine was bath applied via perfusion. D2-IPSCs were evoked once per minute 

and have been blanked in traces for clarity. For GABAA oIPSCs, whole-cell recordings (Vh 

= − 60 mV) were made from non-fluorescent D1-MSNs and GABA release was evoked 

by wide-field blue light (470 nm LED, Thorlab, ~2mW/mm2) to the slice every 30 s. 

The internal solution contained 135 mM CsCl, 0.1 mM CaCl2, 2 mM MgCl2, 10 mM 

HEPES(K), 0.1 mM BAPTA, 5 mM QX-314, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 

mg/mL sodium phosphocreatine, pH=7.4, 275 mOsm. The GABAA oIPSCs were isolated 

in presence of 1 μM SCH23390, 200 nM scopolamine, 300 nM CGP 55845, 10 μM 

DNQX, 1μM DHβE and 10 μM cocaine. For AMPA and NMDA receptor-mediated currents, 

picrotoxin was included in the recording solution to block GABAA currents. The internal 

solution contained 135 mM CsMeSO3, 0.1 mM CaCl2, 2 mM MgCl2, 10 mM HEPES(K), 

0.1 mM EGTA, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL sodium phosphocreatine, 

pH 7.4, 275 mOsm. MSNs were held at −70 mV to measure the AMPA receptor-mediated 

currents, following by application of DNQX (10 μM). MSNs were then stepped to +40 mV 

to measure NMDA receptor-mediated currents. AMPA and NMDA traces were digitally 

subtracted from traces in the presence of DNQX (10 μM) and AP5 (50 μM) to eliminate 

the stimulus artifact for clarity. All recordings from GIRK2+ MSNs were done within 

the NAc and DSt in regions showing robust tdTomato reporter fluorescence. For NMDA 

iontophoresis, an iontophoretic electrode was filled with NMDA (200 mM). NMDA was 

injected using a negative current (−100 nA) and the leakage was prevented with a retention 

current (+ 3~10 nA). Recordings were performed in Mg2+ - free aCSF.

qPCR analysis—Striatal tissue punches were collected from coronal sections with 

vibratome directly into ice-cold Trizol reagent (Invitrogen) and stored at −80 °C until RNA 

isolation. Total RNA was isolated following the Trizol protocol and the aqueous phase 
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was purified using Qiagen RNAease columns and buggers. RNA quality and quantity were 

analyzed with a NanoDrop UV-Vis Spectrophotometer (Thermo Scientific). RNA templates 

were transcribed into cDNA with the Superscript III kit (Invitrogen) and random hexamer 

primers. cDNA was amplified on a Roche LightCycler 96 system with Fast SYBR Green 

PCR Master Mix.

Immunoblotting—The DSt and NAc tissue for western analysis was isolated and 

performed as previously described (Marcott et al., 2018). The samples were homogenized 

and then denatured with STE buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA, pH 8.0, 10% 

SDS) at 100 °C for 5 min and equivalent amounts of protein were subjected to SDS-PAGE 

on 10% polyacrylamide gels, and then transferred to methanol activated PVDF membranes 

(Perkin Elmer). Blots were blocked by 5% milk for 1 hour at 24 °C and then immunolabeled 

with primary antibody against Gαo protein (1:500, Santa Cruz, sc-13532), Gαi protein 

(1:500, Santa Cruz, sc-136478), D2R protein (1:500, Millipore, ABN462), GIRK2 protein 

(1:300, Alamone labs, APC-006) and actin (1:1000, Cell signaling, 4970S), overnight at 

4 °C in blocking buffer. Following incubation with species-specific horseradish peroxidase 

(HRP)-conjugated secondary ECL™ anti-Rabbit (1:2000, GE healthcare, NA934) or anti­

Mouse IgG (1:2000, GE healthcare, NA931) antibody for 1 h at 24 °C, blots were detected 

in Pierce ECL reagent (Thermo Fisher) and visualized with a Cheimager (Alpha Innotech). 

The densitometry was quantified with ImageJ.

Histology—Mice were anesthetized using isoflurane and perfused transcardially with cold 

sodium phosphate buffer (PBS) followed by cold 4% (w/v) paraformaldehyde in 0.1 M PBS, 

pH 7.4. Brains were fixed overnight at 4 °C in 4% PFA and then equilibrated in 30% (w/v) 

sucrose solution for 2 days. Coronal slices were taken at 30 μm using a Leica CM3050 

S Cryostat (Leica Microsystems). Sections were mounted with an anti-fading mounting 

medium and imaged using a slide scanner microscope (VS120, Olympus) or an inverted 

LSM 710 Meta confocal microscope (Zeiss).

Behavioral Assessment

Rotarod test—Motor coordination and balance behavior were assessed by accelerated 

rotarod assay. Mice were trained on an accelerating rotarod apparatus for five trials per day 

for 3 consecutive days. The rotarod accelerated slowly from 4 to 40 rotations per minute 

over a 5-min session. The time until falling from the rotating rod or time to reach maximum 

speed was used to quantify motor performance. Mice were given 10-min breaks between 

trials to allow for recovery.

Open field test—Locomotion and anxiety-related behavior were assessed using an open 

field test. Mice were habituated to the room for 1 h before the start of the test. Each mouse 

was gently placed into the corner of a square arena (42 × 42 cm). The experiment duration 

was 30 min and locomotion parameters were collected by an overhead camera connected to 

the video-tracking system (Noldus).

Cocaine behavioral locomotor sensitization—Behavioral sensitization was assessed 

using the open field arena described above. After habituation to the arena for 15 min, mice 
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were given daily intraperitoneal injections of either saline (0.9 % NaCl) or cocaine (10, 20 

mg/kg) and then placed back into the arena for an additional 15 min. After habituation to 

saline injections (day 1), mice were subdivided into two groups that received either saline 

or cocaine for 7d. Following a 14d abstinence period, mice were given a challenge dose of 

cocaine or saline and re-introduced to the arena.

Cocaine CPP—Cocaine CPP was conducted using a standard custom-made three-chamber 

apparatus, consisting of two conditioning chambers and a corridor, connecting chamber. 

The two conditioning chambers contained distinct visual stimuli (different color and shape 

patterns on the walls). Mice were conditioned to cocaine using an unbiased paradigm. On 

day 1, before the conditioning phase, mice were placed in the corridor chamber and allowed 

to explore the entire apparatus for 30 min. Mice that showed place bias higher than 30% 

were excluded from the experiment. Over the next 5 days during the conditioning phase, 

mice received two paring sessions per day during which they were injected with cocaine 

(15 mg/kg, i.p.) and placed in the cocaine-paired chamber, or injected with an equivalent 

volume of saline and placed in the saline-paired chamber, for 20 min each. Cocaine and 

saline injections were counterbalanced. The two conditioning sessions were separated by at 

least 4 h. On day 7, during the test phase, mice were placed in the corridor chamber with 

free access to all chambers, and the time spent in each chamber was quantified over a 30 

min period. CPP score was calculated as time spent in the cocaine-paired chamber minus the 

time spent in the saline-paired chamber.

Cocaine self-administration, extinction, reinstatement and dose-response—
Mice were anesthetized with isoflurane (induction 5%, maintenance 1–2% v/v) and 

implanted with a jugular catheter attached to a back-mounted entry port as described 

previously (Heinsbroek et al., 2020). Catheters were flushed twice daily with a sterile 

saline solution containing heparin. After 5–7d of recovery from intravenous catheter surgery, 

mice were food restricted prior to starting behavior. During cocaine self-administration 

responses in the active nosepoke port resulted in the intravenous infusion of cocaine (0.75 

mg/kg/infusion) over 2s combined with the presentation of a 3s tone/light stimulus followed 

by a 10s time-out period. Following 8d of acquisition on a FR1 schedule of reinforcement, 

mice progressed to FR2 and FR4, followed by a PR test. After 7d of forced abstinence, 

mice returned to the self-administration box for a drug-context relapse test under extinction 

conditions, followed by at least 7 additional days of extinction training until extinction 

criterion was reached (last 2d average ≤20 active responses). Afterwards mice underwent a 

cue test (cue-induced reinstatement) during which drug-paired cues were returned to active 

nose-pokes. Cocaine dose-response testing was performed as described previously (Dobbs 

et al., 2019). First, mice were trained 2h/d to acquire cocaine self-administration for 8d at 

FR1 on a training dose (0.75 mg/kg/infusion). On subsequent days, mice self-administered 

the training dose during the first 30 min of the session, followed by 1h periods of self­

administration of one of 8 doses of cocaine (administered in descending order over 3d; day 

1: 3.2 and 1.5 mg/kg, day 2: 1, 0.75 and 0.5 mg/kg, day 3: 0.25, 0.125 and 0.075 mg/kg).
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Chemicals

Picrotoxin, MK-801, sulpiride, DNQX, AP5, SCH23390, DHβE, scopolamine, PG01037, 

L-741626, L-741742, CGP55845 were obtained from Tocris Bioscience. JHU37160 was 

from Hello Bio. Cocaine and amphetamine were from the NIDA Drug Supply Program. All 

the other chemicals were from Sigma-Aldrich.

Quantification and Statistical Analysis

Statistical analyses were performed in Prism 7 (GraphPad). Data are shown as mean ± 

SEM (grey traces represent 95% confidence intervals) or as boxplots (minimum, 1st quartile, 

median, 3rd quartile and maximum). Statistical significance was defined as p ≥ 0.05 (ns), p 

< 0.05 (*), p < 0.01 (**), and p < 0.001 (***). n represents number of cells; N represents 

number of animals. Statistical significance was determined using Mann-Whitney U test, 

Student’s t-test, one-way analysis of variance (ANOVA), Wilcoxon matched-paired signed 

rank, repeated one-way ANOVA, and mixed-model and two-way ANOVA, as appropriate, 

with Tukey’s (comparing every mean with every other mean) or Sidak’s (comparing a set of 

selected means) post hoc analysis and Geisser-Greenhouse correction. Two unpaired groups 

of data were assumed to be nonparametric. Analysis were two-tailed. The EC50/IC50 of 

D2-receptor activation in each area was calculated by fitting data points using nonlinear 

regression (Hill coefficient = 1). EC50/IC50 was assumed to be Gaussian distribution. If the 

maximum response and inhibition did not differ between regions, the concentration-response 

curves were constrained to the average maximum values measured in the two regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight Bullets

• 7-day cocaine exposure reduces the sensitivity but not the level of D2Rs in the 

NAc

• Cocaine-induced changes in D2Rs sensitivity result from decreased Gαo 

expression

• D2R sensitivity is regulated by NMDA plasticity at D1R+ PFC inputs to 

D2-MSNs

• Cocaine-induced changes in G protein coupling promote contextual drug 

seeking
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Figure 1. Cocaine sensitization selectively reduces D2R sensitivity in the NAc.
A - Illustration of injection of AAV9.hSyn.tdTomato.T2A.GIRK2 in the NAc (medial shell) 

and DSt (dorsomedial) and an evoked D2-IPSC from a GIRK2+ D2-MSN blocked by 

sulpiride (300 nM).

B - Representative traces of D2R mediated outward currents following bath application of 

dopamine (DA). All recordings were performed in the presence of cocaine (10 μM) to block 

uptake. Evoked D2-IPSCs blanked for clarity.

C - Dopamine concentration-response relationships for D2R mediated outward GIRK2 

currents from D2-MSNs in the DSt and NAc.

D - EC50 values from (C) (two tailed unpaired t-test).

Gong et al. Page 24

Neuron. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E - Locomotor sensitization comparing saline (open circles) and 7-day administration of 

cocaine (20 mg/kg; i.p.), 14 days of withdrawal and subsequent administration of cocaine 

(gray circles).

F - Dopamine D2R dose response curves from NAc D2-MSNs comparing saline treatment 

to 1d cocaine (Acute), 7d cocaine (Chronic), 14d withdrawal following 7d cocaine 

(Withdrawal), and a subsequent cocaine challenge (Challenge).

G - EC50 values from (F) (one-way ANOVA, Turkey’s post-test).

H - Dopamine D2R dose response curves from DSt D2-MSNs.

I - EC50 values from (H).

J - EC50 values from (F-I) comparing NAc and DSt across groups (two tailed unpaired 

t-test).

K - Maximum outward currents evoked by 300 μM dopamine.

Summary data are mean ± SEM (grey traces represent 95% confidence intervals) or 

boxplots. ns = p > 0.05, *** = p < 0.001. See also Figure S1,S2 and Table S1.

Gong et al. Page 25

Neuron. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Effect of altering D2R expression on cocaine-induced changes in D2R sensitivity
A-B - Representative immunoblot images and quantification of D2R expression levels in the 

NAc and DSt comparing 7d saline and 7d cocaine (20 mg / kg) treated mice (Mann Whitney 

test).

C - Generation of D2R conditional knockdown (cKD) mice (Drd2flx/wt; A2a-Cre+/−) and 

qPCR Drd2 mRNA levels from control (Drd2flx/flx) and D2R cKD groups.

D - Representative D2-IPSCs from GIRK2+ D2-MSNs from control and D2R cKD groups.

E - D2-IPSC amplitudes.
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F - Representative traces from D2R cKD D2-MSNs in the NAc and DSt following bath 

application of dopamine. All recordings were performed in the presence of cocaine (10 μM).

G - Dopamine D2R dose response curves.

H - EC50 values from (G) (two tailed unpaired t-test).

I - Illustration of viral overexpression of AAV9.EF1a.DIO.D2L.P2A.EGFP + 

AAV.GIRK2.tdTomato to overexpress D2Rs (cOE) and immunofluorescence of eGFP, 

tdTomato and merged images.

J - Representative D2-IPSCs from control and D2R cOE groups.

K - D2-IPSC amplitudes.

L - Representative traces from D2R cOE D2-MSNs in the NAc and DSt following bath 

application of dopamine.

M - Dopamine D2R dose response curves.

N - EC50 values from (M).

Summary data are mean ± SEM (grey traces represent 95% confidence intervals). ns = p > 

0.05, ** = p < 0.01, *** = p < 0.001. See also Figure S3 and Table S1.
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Figure 3. Cocaine-induced alterations in G-protein levels
A - Representative western immunoblot from NAc and DSt examining of Gαo and Gαi 

expression levels.

B - Quantification of Gαo and Gαi expression levels, normalized to saline control in the 

NAc and DSt (Mann Whitney test).

C - Timeline of experiments. Tissue was taken 24 hrs following the last injection.

D - Representative western immunoblot from NAc and quantification of Gαo and Gαi 

expression levels, normalized to saline control (RM one-way ANOVA; Tukey’s post-test).
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E - Representative western immunoblot from DSt and quantification of Gαo and Gαi 

expression levels, normalized to saline control.

Summary data are mean ± SEM. ns = p > 0.05, * = p < 0.05, ** = p < 0.01. See also Table 

S1.
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Figure 4. Altering the expression of Gαo prevents cocaine-induced changes in D2R sensitivity
A - Generation of the Gαo conditional knockdown (cKD) group (Gαoflx/wt; A2a-Cre+/−) 

and representative western immunoblot and quantification of Gαo and Gαi levels (Mann 

Whitney test).

B - Representative traces from Gαo cKD D2-MSNs in the NAc and DSt following bath 

application of dopamine. All recordings were performed in the presence of cocaine (10 μM).

C - Dopamine D2R dose response curves and EC50 values from control (WT) and Gαo cKD 

groups (two tailed unpaired t-test).
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D - E - Dopamine D2R dose response curves and EC50 values from NAc and DSt D2-MSNs 

from saline and 7-day cocaine treated Gαo cKD groups. Control data from wildtype mice 

following 7-day saline and 7-day cocaine treatment taken from Figure 1 is reshown in boxes 

in grey.

F - Illustration of injection of AAV9.EF1a.DIO.Gαo + AAV.GIRK2.tdTomato in the NAc 

and DSt of Gαo cKD animals to overexpress Gαo (cOE) and representative western 

immunoblot and quantification of Gαo and Gαi levels.

G - Representative traces from Gαo cOE D2-MSNs in the NAc and DSt following bath 

application of dopamine.

H - Dopamine D2R dose response curves and EC50 values from control (WT) and Gαo cOE 

groups.

I - J - Dopamine D2R dose response curves and EC50 values from NAc and DSt D2-MSNs 

from saline and 7-day cocaine treated Gαo OE groups.

Summary data are mean ± SEM (grey traces represent 95% confidence intervals). ns = p > 

0.05, ** = p < 0.01, *** = p < 0.001. See also Figure S4 and Table S1.
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Figure 5. Altering the expression of Gαo blocks cocaine-induced changes in sensitivity of axonal 
D2R regulating collateral transmission
A - Illustration of injection of AAV.EF1a.DIO.hChR2(H134R)-EYFP in A2a-Cre+/− mice.

B - Schematic of experimental condition of expression of ChR2 in D2-MSNs and 

representative trace of evoked GABAA IPSCs and block by picrotoxin (100 μM) in a 

D1-MSN following photoactivation of D2-MSNs.

C - Inhibition of D1-MSN GABAA IPSCs recorded in the NAc and DSt of saline or 

7-day cocaine treated animals following bath application of dopamine. All recordings were 

performed in the presence of cocaine (10 μM).
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D - Dopamine D2R dose response curves of the inhibition of GABAA IPSCs.

E - IC50 values from (D) (two tailed unpaired t-test).

F - Illustration of injection of AAV5.EF1a.DIO.hChR2(H134R)-EYFP in Gαo cKD mice 

(Gαoflx/wt; A2a-Cre+/−).

G - Inhibition of D1-MSN GABAA IPSCs from Gαo cKD in the NAc and DSt of saline or 

7-day cocaine treated animals following bath application of dopamine.

H - Dopamine D2R dose response curves of the inhibition of GABAA IPSCs in Gαo cKD 

groups.

I - IC50 values from (H).

Summary data are mean ± SEM (grey traces represent 95% confidence intervals). ns = p > 

0.05, *** = p < 0.001. See also Figure S5 and Table S1.
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Figure 6. Altering Gαo expression in D2-MSNs affects cocaine reward behaviors
A - Timeline and illustration of cocaine CPP experimental design.

B – Representative western immunoblot, correlation of Gαo and cocaine CPP, and 

quantification of Gαo and Gαi levels following cocaine CPP from control (Gαoflox/wt;A2a­
Cre−/−) mice (Mann-Whitney test).

C - Representative heat map illustrating time spent in chambers during CPP testing for 

control, Gαo cKD and Gαo cOE groups.

D - Quantification of CPP scores from each group (one-way ANOVA; Tukey’s post-test).
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E - Representative GFP and mCherry fluorescence and heat map illustrating time spent in 

chambers during CPP testing for control, Gαo NAc KD and Gαo NAc OE groups.

F - Quantification of CPP scores from each group.

G - Timeline and illustration of cocaine IV self-administration experimental design.

H - Comparison of nose pokes for cocaine between control and Gαo cKD groups over time 

(mixed-model ANOVA).

I - Quantification of average daily cocaine intake (two tailed unpaired t-test), break point 

during PR (two tailed unpaired t-test), and active nose pokes during post-abstinence context 

and cue tests (two-way ANOVA reinstatement × genotype interaction) comparing between 

control and Gαo cKD groups.

Summary data are mean ± SEM. ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

See also Figure S6 and Table S1.
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Figure 7. Cocaine-induced decrease of D2R sensitivity in the NAc is dependent on D1R and 
NMDAR activation
A - Timeline of L-DOPA (100 mg/kg; i.p., 7 days), quinpirole (5 mg/kg; i.p. 7 days) and 

cocaine (20 mg/kg; i.p.; 7 days) preceded by a haloperidol (3 mg/kg, i.p. 7 days) groups.

B - Dopamine D2R dose response curves from NAc D2-MSNs comparing 7-day treatment 

of saline and cocaine with L-DOPA (left), quinpirole (middle) and cocaine preceded by a 

haloperidol (right) pretreatment.

C - EC50 values from (C) (one-way ANOVA; Sidak’s post-test).
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D - Dopamine D2R dose response curves and EC50 values from NAc D2-MSNs comparing 

7-day treatment of saline and cocaine (20 mg/kg) with cocaine preceded by SCH23390 (0.3 

mg/kg, i.p. 7 days) pretreatment.

E - Quantification of cocaine CPP scores from vehicle (saline) and SCH23390 pretreated 

mice (Mann Whitney test).

F - Illustration of injection of AAV.DIO.hM4D(Gi).mCherry and AAV.GIRK2.tdTomato 

into the NAc in D1-Cre mice, timeline of cocaine (20 mg/kg; i.p.; 7 days) preceded by 

JHU37160 (1mg/kg, i.p. 7 days) groups and resulting dopamine D2R dose response curves 

and EC50 values from NAc D2-MSNs.

G - Illustration of injection of AAV.DIO.hM4D(Gi).mCherry into the PFC and 

AAV.GIRK2.tdTomato into the NAc in CaMKII-Cre mice, timeline of cocaine preceded 

by JHU37160 groups and resulting dopamine D2R dose response curves and EC50 values 

from NAc D2-MSNs.

H - Dopamine D2R dose response curves and EC50 values from NAc D2-MSNs comparing 

7-day treatment of saline and cocaine (20 mg/kg; i.p.; 7 days) with cocaine preceded by a 

MK801 (0.3 mg/kg, i.p. 7 days) pretreatment.

I - Quantification of cocaine CPP scores from vehicle (saline) and MK801 pretreated mice.

J - Left: Illustration of injection of AAV.DIO.mCherry and AAV.DIO.mCherry + 

AAV.FLEX.SaCas9.U6.sgGrin1 into the NAc of A2a-Cre mice. Right: Representative traces 

illustration NMDA currents evoked by iontophoretic application of exogenous NMDA (200 

mM) from tdTomato− and tdTomato+ putative D1- and D2-MSNs and quantification of 

NMDA currents (RM one-way ANOVA; Tukey’s post-test).

K - Dopamine D2R dose response curves and EC50 values from NAc D2-MSNs comparing 

7-day treatment of saline and cocaine (20 mg/kg; i.p.; 7 days) treated mice with cocaine 

treated mice expressing sgGrin1.

Summary data are mean ± SEM (grey traces represent 95% confidence intervals). ns = p > 

0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. See also Figure S7 and Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti- Gαo Santa Cruz Cat# sc-13532
RRID: AB_2111645

Mouse anti- Gαi Santa Cruz Cat# sc-136478
RRID: AB_2722559

Rabbit anti- GIRK2 Alamone Labs Cat# APC-006
RRID: AB_2040115

Rabbit anti- D2R Millipore Cat# ABN462
RRID: AB_2810225

Rabbit anti- actin Cell Signaling Technology Cat# 4970S
RRID: AB_2223172

Horseradish peroxidase (HRP)-conjugated secondary 
ECL™ anti-Rabbit IgG

GE Healthcare Cat# NA934V
RRID: AB_772206

Horseradish peroxidase (HRP)-conjugated secondary 
ECL™ anti-Mouse IgG

GE Healthcare Cat# NA931V
RRID: AB_772210

Bacterial and Virus Strains

AAV5.EF1a.DIO.hChR2 (H134R)-EYFP pAAV-EF1a-double floxed-hChR2(H134R)­
EYFP-WPRE-HGHpA was a gift from Karl 
Deisseroth

Addgene plasmid: 20298

AAV9.hSyn.tdTomato.T2A.mGIRK2–1 Marcott et al., 2014 Penn Vector Core: V3992

AAV9.hSyn.DIO.tdTomato.T2A.GIRK2 Marcott et al., 2018 Penn Vector Core: V5688

AAV5-EF1a-mCherry-Cre UNC Vector Core AV6144B

AAV9.EF1a.DIO.D2L.P2A.EGFP Gallo et al., 2015 N/A

AAV9.hSyn.Cre.WPRE.hGH pENN.AAV.hSyn.Cre.WPRE.hGH was a gift 
from James M. Wilson

Penn Vector Core: A-9-PV2676

AAV9.EF1a.Gαo-alpha Marcott et al., 2018 Virovek

AAV9.EF1a.DIO.Gαo-alpha Virovek VVK10008799

AAV5.hSyn.DIO.hM4D(Gi).mCherry Krashes et al., 2011 Addgene plasmid: 44362

AAV2.hSyn.DIO.hM4D(Gi).mCherry Krashes et al., 2011 Addgene plasmid: 44362

AAV5.CAG.tdTomato pAAV-CAG-tdTomato was a gift from Edward 
Boyden

Addgene plasmid: 59462

AAV5.EF1a.DIO.EYFP pAAV-Ef1a-DIO-EYFP was a gift from Karl 
Deisseroth

Addgene plasmid: 27056

AAV5.FLEX.SaCas9.U6.sgGrin1 Hunker et al., 2020 Addgene plasmid: 124852

Chemicals, Peptides, and Recombinant Proteins

Scopolamine Tocris Cat# 1414

AP5 Tocris Cat# 0106

SCH23390 Tocris Cat# 0925

CGP55845 Tocris Cat# 1248

DHβE Tocris Cat# 2349

DNQX Tocris Cat# 0189

Picrotoxin Tocris Cat# 1128

MK-801 Tocris Cat# 0924
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REAGENT or RESOURCE SOURCE IDENTIFIER

NMDA Tocris Cat# 2333

Dopamine Sigma Cat# 0214

L-DOPA Tocris Cat# 3788

Sulpiride Tocris Cat# 0895

JHU37160 dihydrochloride Hello-Bio Cat# HB6261

Cocaine hydrochloride NIDA N/A

Amphetamine hydrochloride NIDA N/A

Quinpirole Tocris Cat# 1061

Haloperidol Tocris Cat# 0931

Critical Commercial Assays

RNeasy Micro Kit QIAGEN Cat# 74004

SuperScript cDNA synthesis kit Thermo Fisher Scientific Cat# 18091200

TaqMan Fast Advanced master Mix Thermo Fisher Scientific Cat# 4444556

Taqman probe: Drd2 Thermo Fisher Scientific Mm00438541_m1

Taqman probe: Actb Thermo Fisher Scientific Mm00607939_s1

Experimental Models: Organisms/Strains

Mouse / Adora2a-Cre MMRRC 036158-UCD

Mouse / Drd1-Cre MMRRC 034258

Mouse / Gαo fl/fl Charles River Laboratory 129SvGo flx/flx

Mouse / CaMKII-Cre Jackson Laboratory JAX: 005359

Mouse / Drd2loxp/loxp Jackson Laboratory JAX: 020631

Mouse / Drd2loxP/wt :: A2a-Cre This manuscript N/A

Mouse / Gαo fl/wt:: A2a-Cre This manuscript N/A

Mouse / C57BL/6J Jackson Laboratory JAX: 000664

Software and Algorithms

Axograph X Axograph Scientific RRID: SCR_014284
https://axograph.com

LabChart ADInstruments RRID: SCR_017551
https://www.adinstruments.com

EthoVision XT Noldus RRID: SCR_000441
https://www.noldus.com

FIJI(ImageJ) NIH RRID: SCR_003070
https://imagej.net

GraphPad Prism 7 GraphPad Software RRID: SCR_002798
https://www.graphpad.com
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