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Abstract

Psychostimulants and opioids increase dopamine (DA) neurotransmission, activating D1 and D2 G 

protein-coupled receptors. β-arrestin2 (βarr2) desensitizes and internalizes these receptors and 

initiates G protein-independent signaling. Previous work revealed that mice with a global or cell-

specific knockout of βarr2 have altered responses to certain drugs; however, the effects of βarr2 on 

the excitability of medium spiny neurons (MSNs) and its role in mediating the rewarding effects of 

drugs of abuse are unknown. D1-Cre and D2-Cre transgenic mice were crossed with floxed βarr2 

mice to eliminate βarr2 specifically in cells containing either D1 (D1βarr2-KO) or D2 (D2βarr2-KO) 

receptors. We used slice electrophysiology to characterize the role of βarr2 in modulating D1 and 

D2 nucleus accumbens MSN intrinsic excitability in response to DA and tested the locomotor-

activating and rewarding effects of cocaine and morphine in these mice. Eliminating βarr2 

attenuated the ability of DA to inhibit D2-MSNs and altered the DA-induced maximum firing rate 

in D1-MSNs. While D1βarr2-KO mice had mostly normal drug responses, D2βarr2-KO mice showed 

dose-dependent reductions in acute locomotor responses to cocaine and morphine, attenuated 
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locomotor sensitization to cocaine, and blunted cocaine reward measured with conditioned place 

preference. Both D2βarr2-KO and D1βarr2-KO mice displayed an enhanced conditioned place 

preference for the highest dose of morphine. These results indicate that D1- and D2-derived βarr2 

functionally contribute to DA-induced changes in MSN intrinsic excitability and behavioral 

responses to psychostimulants and opioids dose-dependently.
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Introduction

Substance abuse continues to be a public health crisis, and an urgent need exists to better 

understand the neurobiological effects of addictive drugs and to develop new 

pharmacological interventions. G protein-coupled receptors (GPCRs) are crucially involved 

in mediating the behavioral effects of drugs with abuse potential. Most addictive drugs 

increase dopamine (DA) neurotransmission in the nucleus accumbens (NAc), which 

stimulates D1-like and D2-like GPCRs on medium spiny neurons (MSNs) (Di Chiara & 

Imperato, 1988; Pierce & Kumaresan, 2006). Some drugs of abuse, such as opioids and 

cannabinoids, directly bind to GPCRs. β-arrestins (βarr) are important for desensitizing and 

internalizing GPCRs and can initiate G protein-independent signaling (Smith & Rajagopal, 

2016), making them a promising target for regulating drug-induced GPCR signaling.

Accumulating evidence implicates β-arrestin2 (βarr2, also known as arrestin-3) in 

modulating the effects of addictive drugs (Porter-Stransky & Weinshenker, 2017). βarr2 

knockout (βarr2-KO) mice, which completely lack βarr2, have blunted morphine-induced 

locomotion yet show an enhanced morphine conditioned place preference (CPP) (Bohn, 

Gainetdinov, Sotnikova et al., 2003). Conventional and neuron-selective βarr2-KOs also 

have reduced locomotor responses to amphetamine, but complete absence of βarr2 does not 

impair cocaine CPP (Beaulieu, Sotnikova, Marion et al., 2005; Bohn, Gainetdinov, 

Sotnikova et al., 2003; Urs, Gee, Pack et al., 2016; Zurkovsky, Sedaghat, Ahmed et al., 

2017).

Alterations in βarr2 in the NAc affect cocaine-induced locomotion (Gaval‐Cruz, Goertz, 

Puttick et al., 2014). Although the modulation of drug responses by βarr2 are thought to 

occur within mesolimbic circuitry, the striatal cell-types have not been fully identified. This 

is an important question because D1- and D2-MSNs in the NAc can have different 

projections and elicit distinct behavioral effects (Beaulieu & Gainetdinov, 2011; Floresco, 

2015; Hikida, Morita & Macpherson, 2016; Kupchik, Brown, Heinsbroek et al., 2015; 

Pardo-Garcia, Garcia-Keller, Penaloza et al., 2019; Porter-Stransky, Seiler, Day et al., 2013). 

Inhibition of D1 transmission or a βarr2/phospho-ERK signaling complex attenuates the 

locomotor-activating effects of morphine (Urs, Daigle & Caron, 2011), while eliminating 

βarr2 in both D1- and D2-containing cells or just in D2 neurons reduces amphetamine-

induced locomotion (Urs, Gee, Pack et al., 2016). Research using engineered variants of D2 

receptors indicates that βarr2, independent of G protein signaling downstream of D2 
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receptors, contributes to the locomotor-activating effects of psychostimulants (Peterson, 

Pack, Wilkins et al., 2015; Rose, Pack, Peterson et al., 2018).

While mesolimbic βarr2 is implicated in the effects of drugs of abuse, there is little 

information regarding how βarr2 regulates the activity of D1- and D2-MSNs, and the 

specific cell types that mediate the impact of βarr2 on drug-induced locomotion and reward 

remain unclear (Gaval‐Cruz, Goertz, Puttick et al., 2014; Rose, Pack, Peterson et al., 2018; 

Urs, Daigle & Caron, 2011; Urs, Gee, Pack et al., 2016). In the present study, we used 

conditional βarr2-KO mice that lack βarr2 specifically in D1 or D2 receptor-containing cells 

(D1βarr2-KO and D2βarr2-KO) (Urs, Gee, Pack et al., 2016) to investigate the contribution of 

endogenous βarr2 to (1) DA-mediated changes in D1- and D2-MSN excitability, and (2) the 

locomotor-activating and rewarding effects of the psychostimulant cocaine and opioid 

morphine.

Materials and Methods

Subjects.

To generate mice lacking βarr2 in either D1- or D2-containing cells, C57BL6/J D1-Cre and 

D2-Cre mice (Mutant Mouse Regional Resource Center, strain #036916-UCD and 017263-

UCD, respectively) were crossed onto a homozygous floxed βarr2 background (Urs, Gee, 

Pack et al., 2016). D1βarr2-KO, D2βarr2-KO, and homozygous floxed βarr2 lacking Cre 

(control) mice were used for all behavioral experiments. For electrophysiology and 

immunohistochemisty experiments, D1βarr2-KO and D2βarr2-KO mice were crossed with 

floxed tdTomato mice to facilitate the visualization of D1 (D1βarr2-KO/tdTomato) and D2 (D2 
βarr2-KO/tdTomato) MSNs, respectively. D1-tdTomato mice (obtained from The Jackson 

Laboratory, stock #016204) and D2-GFP mice (obtained from Mutant Mouse Regional 

Resource Center, strain #036931-UCD) with normal βarr2 levels were used as controls in 

electrophysiology experiments. All strains were maintained on a C57Bl/6 background. 

Genotypes were confirmed by PCR. Approximately equal numbers of male and female mice 

of each genotype were included in experiments, and subjects were kept on a 12:12 light/dark 

cycle with lights on at 7:00 AM. Behavioral testing occurred during the light cycle of 3–6 

months old mice. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Emory University and the University of Texas-San Antonio. To 

confirm βarr reductions in the appropriate cells of the conditional KOs, tissue was prepared 

and immunohistochemistry was performed, as detailed in the Supplementary Materials and 

Methods and previously described (Porter-Stransky, Centanni, Karne et al., 2019).

Slice electrophysiology.

Electrophysiological recordings of NAc MSNs from D1βarr2-KO/tdTomato, D2βarr2-KO/tdTomato, 

D1-tdTomato, and D2-GFP mice were conducted as described in the Supplementary 

Materials and Methods.

Drugs.

Cocaine and morphine were supplied by the National Institute on Drug Abuse Drug Supply 

Program. Doses were chosen based upon previous studies and to capture potential dose-
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dependent effects (Bohn, Gainetdinov, Sotnikova et al., 2003; Gaval‐Cruz, Goertz, Puttick et 

al., 2014; Schank, Ventura, Puglisi-Allegra et al., 2006). Drugs were mixed in 0.9% 

bacteriostatic saline and injected at a volume of 10 ml/kg. DA was purchased from Tocris 

(Minneapolis, MN).

Drug-induced locomotion.

Locomotor testing was conducted in San Diego Instruments (La Jolla, CA) locomotor 

chambers as described in the Supplementary Materials and Methods.

CPP.

A 5-day paradigm in a 3-chamber CPP apparatus (San Diego Instruments) was used as 

previously described (Schank, Ventura, Puglisi-Allegra et al., 2006) and detailed in the 

Supplementary Materials and Methods.

Statistics.

Because the data were normally distributed, parametric tests were used to analyze the data in 

SPSS Version 25 and GraphPad Prism Version 7. An alpha level of 0.05 was used to 

determine statistical significance. Mixed model ANOVAs (genotype as a between-subjects 

factor and DA application as a repeated-measures factor) were used to analyze DA-induced 

changes in maximum number of spikes, slope of F-I curves, half maximal current, and 

rheobase in electrophysiology experiments. Unpaired t-tests were used to compare the 

baseline data between the conditional βarr2-KO cells and control cells.

For locomotor experiments, the 90-min habituation session prior to drug injection was 

analyzed separately from the 2-h drug-induced locomotion post injection. For acute drug-

induced locomotor experiments, ambulations in 5-minute time bins were analyzed with a 

linear mixed model because of its ability to handle repeated measures data in which 

observations are not independent (Aragona, Cleaveland, Stuber et al., 2008; Vander Weele, 

Porter-Stransky, Mabrouk et al., 2014). D1βarr2-KO and D2 βarr2-KO mice were compared to 

controls. A mixed model ANOVA was used to analyzed the first 30 minutes (binned into 1 

data point) of drug-induced locomotion followed by Dunnett’s multiple comparisons test. To 

analyzed locomotor sensitization to cocaine, a mixed model ANOVA also was used 

comparing cocaine-induced locomotion on day 1 to day 7 (genotype as between-subjects 

factor and session as repeated-measures factor) followed by a posthoc test with Bonferroni 

correction. To analyze session-by-session data in the cocaine sensitization experiment, a 

mixed model ANOVA (genotype as between-subjects factor and session as repeated-

measures factor) and a Dunnett’s multiple comparisons test were used. An unpaired t-test 

was used to compare saline-induced locomotion of controls with a D1-Cre or D2-Cre parent 

and to compare cocaine-induced locomotion during CPP of D2 βarr2-KO mice to controls. To 

test whether subjects of each genotype developed a CPP for each dose of drug, mixed model 

ANOVAs (time as a repeated factor and dose as a between-subjects factor) and posthoc tests 

with Bonferroni corrections were used to compare differences in preference (time spent in 

saline-paired chamber subtracted from time spent in drug-paired chamber) between the pre-

test (prior to conditioning) and the post-test (after conditioning). Cohen’s d was calculated to 

determine effect sizes for statistically significant effects.
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Although male and female subjects were included in all experimental groups, sex was not 

included as a factor in analyses. Sex differences were not the focus of the present study, and 

the experiments were not sufficiently powered to detect them. However, we visually 

inspected the data based on sex and saw no apparent differences.

Results

Generation of mice lacking βarr2 in D1 or D2 cells.

D1-Cre and D2-Cre mice were crossed onto a homozygous floxed βarr2 background to 

generate KOs lacking βarr2 specifically in either D1 or D2 cells (Urs, Gee, Pack et al., 

2016). To visualize MSNs lacking βarr2, a floxed tdTomato allele was introduced in the 

conditional KOs. Thus, tdTomato should be expressed preferentially in cells lacking βarr2, 

while cells with normal βarr2 levels should be devoid of tdTomato. Immunohistochemistry 

and electrophysiology experiments were performed on slices taken from the NAc (Figure 

1A–C). Consistent with previous studies, approximately half of the analyzed neurons in the 

NAc expressed tdTomato, indicating equivalent percentages of D1- and D2-MSNs in both 

conditional βarr2-KOs (Figure 1D). Whereas βarr2 immunoflorescence was observed in the 

majority (~75%) of non-tdTomato cells (primarily D2 cells in D1βarr2-KO mice and D1 cells 

in D2βarr2-KO mice; Figure 1E), βarr2 immunoflorescence only was detected in a minority 

(~25%) of tdTomato cells (D1 cells in D1βarr2-KO mice and D2 cells in D2βarr2-KO mice; 

Figure 1F). Therefore, βarr2 was mostly absent from D1-MSNs but not D2-MSNs in 

D1βarr2-KO mice, while the opposite was true in D2βarr2-KO mice. The observed βarr2 signal 

was not due to non-specific binding of the secondary antibody (Figure S1).

βarr2 preferentially modulates DA-induced activity in D2-MSNs.

To determine the contribution of βarr2 to DA-induced changes in NAc D1- and D2-MSN 

excitability, we performed ex vivo whole cell recordings. No statistically significant 

differences were observed for baseline electrophysiological properties between D1βarr2-KO 

and control D1-MSNs (Figure 2; maximum firing rate, t(31) = 1.903, p = 0.066; slope of F-I 

curve, t(31) = 0.945, p = 0.352; half maximum current, t(31) = 0.922, p = 0.364; rheobase, 

t(31) = 0.661, p = 0.514) or between D2 βarr2-KO and control D2-MSNs (Figure 3; maximum 

firing rate, t(40) = 0.380, p = 0.706; slope of F-I curve, t(40) = 0.466, p = 0.644; half 

maximum current, t(40) = 1.517, p = 0.137; rheobase, t(40) = 1.766, p = 0.085).

When DA (60 μM) was bath-applied to NAc slices, an increase in intrinsic excitability in D1 

neurons was observed in both D1βarr2-KO/tdTomato and D1tdTomato mice (Figure 2A-D). DA 

increased the maximum firing rate of D1 cells lacking βarr2; however, DA did not 

significantly alter the maximum firing rate of D1-MSNs in control mice (Figure 2E; main 

effect of DA F(1,31) = 5.114, p = 0.031; interaction F(1,31) = 0.958, p = 0.335; controls, p = 

0.392; D1βarr2-KO, p = 0.022, Cohen’s d = 0.526). DA did not significantly alter the slope of 

F-I curves, regardless of βarr2 content (Figure 2F; main effect of DA, F(1,31) = 2.042, p = 

0.163; interaction F(1,31) = 0.014, p = 0.907; controls, p = 0.303; D1βarr2-KO, p = 0.338). DA 

caused a significant decrease in the half maximum current (Figure 2G; main effect of DA 

F(1,31) = 25.770, p < 0.001; interaction F(1,31) = 1.089, p = 0.305; controls, p = 0.010, 

Cohen’s d = 0.697; D1βarr2-KO, p < 0.001, Cohen’s d = 1.078) and the threshold current 
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necessary to generate an action potential (rheobase, Figure 2H; main effect of DA F(1,31) = 

32.513, p < 0.001; interaction F(1,31) = 2.830, p = 0.103; controls, p = 0.011 Cohen’s d = 

0.809; D1βarr2-KO, p < 0.001, Cohen’s d = 1.177) in both D1βarr2-KO-MSNs and control D1-

MSNs. Together, these data indicate that βarr2 only modestly affected a single aspect of D1-

MSNs’ responses to DA, as indicated by an increase in the maximum number of spikes 

when the D1 neurons lack βarr2, while all other measures were comparable in D1βarr2-KO 

and control D1-MSNs.

By contrast, there were several marked genotype differences in the D2-MSN DA response. 

DA (60 μM) inhibited D2-MSN excitability in both D2βarr2-KO/tdTomato and D2-GFP mice, 

but the effect was much more profound in D2-MSNs with normal βarr2 content (Figure 3A-

D). DA also significantly decreased maximum firing rate in control D2-MSNs and D2-

MSNs lacking βarr2 (Figure 3E; main effect of DA F(1,40) = 97.884, p < 0.001; interaction 

F(1,40) = 2.047, p = 0.160; controls, p < 0.001, Cohen’s d = 2.083; D2βarr2-KO, p < 0.001, 

Cohen’s d = 1.162). However, DA caused a significant decrease in the slope of the F-I curve 

in control D2-MSNs but not in D2-MSNs lacking βarr2 (Figure 3F; main effect of DA 

F(1,40) = 20.991, p < 0.001; interaction F(1,40) = 6.726, p = 0.013; controls, p < 0.001, 

Cohen’s d = 1.037; D2βarr2-KO, p = 0.157). Similarly, DA significantly increased the half 

maximal current required for an action potential in control D2-MSNs but its effects on this 

parameter in D2βarr2-KO-MSNs did not reach statistical significance (Figure 3G; main effect 

of DA F(1,40) = 10.772, p = 0.002; interaction F(1,40) = 0.329, p = 0.569; controls, p = 0.011, 

Cohen’s d = 0.649; D2βarr2-KO, p = 0.057). DA increased rheobase in both control and D2-

MSNs lacking βarr2 (main effect of DA F(1,40) = 18.427, p < 0.001; interaction F(1,40) = 

0.060, p = 0.808; controls, p = 0.003, Cohen’s d = 0.710; D2βarr2-KO, p = 0.006, Cohen’s d = 

0.618). Together, these results indicate that βarr2 is required for full D2-MSN responses to 

DA; eliminating βarr2 in D2-MSNs makes these neurons less sensitive to the inhibitory 

effects of DA as evidenced by blunted inhibition and lack of DA-induced reduction in the 

slope of F-I curves and half maximal current.

Loss of βarr2 in D2 but not D1 cells attenuates the locomotor-activating effects of cocaine 
and morphine.

Mice lacking βarr2 in all neurons have attenuated locomotor responses to amphetamine and 

morphine (Beaulieu, Sotnikova, Marion et al., 2005; Bohn, Gainetdinov, Sotnikova et al., 

2003; Urs, Gee, Pack et al., 2016), which are DA-dependent behaviors, and we identified 

greater alterations in the cellular responses of βarr2-lacking D2-MSNs to DA compared to 

D1-MSNs. D1βarr2-KO, D2βarr2-KO, and control mice exhibited nearly identical levels of 

novelty-induced locomotion (Figure S2A; D1βarr2-KO main effect of genotype F(1,20.222) = 

0.534, p = 0.473, interaction F(17,318.637) = 0.692, p = 0.811; D2βarr2-KO main effect of 

genotype F(1,22.847) = 0.588, p = 0.451, interaction F(17,302.920) = 0.678, p = 0.824) and 

saline-induced locomotion (Figure S2B; D1βarr2-KO main effect of genotype F(1,60.172) = 

1.046, p = 0.310, interaction F(24,306.375) = 1.076, p = 0.370; D2βarr2-KO main effect of 

genotype F(1,76.874) = 0.927, p = 0.339, interaction F(24,294.475) = 0.505, p = 0.976), 

indicating that βarr2 in these cells is not required for normal locomotion in the absence of 

drug. Furthermore, locomotor responses to a saline injection did not differ regardless of 
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whether control mice came from a D1-Cre or D2-Cre litter (Figure S2C; t(26) = 0.371, p = 

0.714).

To determine whether βarr2 in D1 or D2 cells modulates the acute locomotor-activating 

effects of drugs of abuse, ambulations following administration of morphine or cocaine were 

examined. Cocaine-induced locomotion in D1βarr2-KO mice was comparable to controls at 

all doses tested (Figure 4A-C; 5 mg/kg main effect of genotype F(1,51.878) = 0.856, p = 

0.359, interaction F(24,322.681) = 1.109, p = 0.332; 10 mg/kg main effect of genotype 

F(1,45.393) = 0.400, p = 0.530, interaction F(24,342.980) = 1.674, p = 0.026; 20 mg/kg main 

effect of genotype F(1,23.598) = 0.023, p = 0.880, interaction F(24,418.171) = 1.034, p = 0.420) 

but was significantly reduced in D2βarr2-KO mice at the 10 mg/kg dose (Figure 4A-C; 5 

mg/kg main effect of genotype F(1,64.691) = 0.749, p = 0.390, interaction F(24,305.341) = 

1.201, p = 0.239; 10 mg/kg main effect of genotype F(1,50.427) = 6.739, p = 0.012, interaction 

F(24,335.365) = 1.770, p = 0.016; 20 mg/kg main effect of genotype F(1,24.874) = 0.145, p = 

0.707, interaction F(24,406.685) = 1.122, p = 0.315). We later replicated this finding by 

examining ambulations in a separate group of mice during CPP training; D2 βarr2-KO mice 

administered 10 mg/kg cocaine once again exhibited blunted cocaine-induced locomotion 

compared to controls (Figure 4D; t(14) = 2.188, p = 0.046, Cohen’s d = 3.095).

Because βarr2 is necessary for amphetamine sensitization (Zurkovsky, Sedaghat, Ahmed et 

al., 2017), we tested whether βarr2 also contributes to cocaine locomotor sensitization. 

Subjects received cocaine (10 mg/kg, i.p.) daily for 7 days. Analysis of cocaine-induced 

activity by day revealed that control and D1βarr2-KO mice displayed significantly greater 

locomotor responses to cocaine in subsequent sessions compared to day 1, but D2βarr2-KO 

mice did not (Figure 4E; main effect of time F(6,174) = 15.518, p < 0.001; main effect of 

genotype F(2,29) = 0.943, p = 0.943; interaction F(12,174) = 0.762, p = 0.688; posthoc test 

with Dunnett’s correction revealed days 2, 4–7 compared to day 1 p < 0.05 in controls; days 

2–7 compared to day 1 p < 0.05 in D1βarr2-KO mice; none of days 2–7 were significantly 

higher than day 1, p > 0.05, in D2βarr2-KO mice). Indeed, whereas control and D1βarr2-KO 

mice sensitized to cocaine, D2 βarr2-KO mice did not exhibit a significantly enhanced 

response to cocaine on day 7 compared to day 1 (Figure 4F; main effect of time F(1,29) = 

42.524, p < 0.001; interaction F(2,29) = 1.241, p = 0.304; posthoc test with Bonferroni 

corrections, controls p < 0.001, Cohen’s d = 1.360; D1βarr2-KO p < 0.001, Cohen’s d = 

1.191; D2βarr2-KO p = 0.131).

To examine whether βarr2 is similarly important in D2 cells for opioid responses, we 

examined morphine-induced locomotion in the three genotypes. Morphine-induced 

locomotion in D1βarr2-KO was similar to controls at all doses tested (Figure 4D-F; 5 mg/kg 

main effect of genotype F(1,54.613) = 0.356, p = 0.553, interaction F(24,306.834) = 0.902, p = 

0.599; 10 mg/kg main effect of genotype F(1,33.092) = 0.626, p = 0.434, interaction 

F(24,442.906) = 1.075, p = 0.369; 20 mg/kg main effect of genotype F(1,26.887) = 0.243, p = 

0.626, interaction F(24,458.327) = 0.510, p = 0.976). By contrast, morphine-induced 

locomotion was blunted in D2βarr2-KO mice at the highest dose tested (Figure 4D-F; 5 mg/kg 

main effect of genotype F(1,64.848) = 0.125, p = 0.725, interaction F(24,300.471) = 1.394, p = 

0.107; 10 mg/kg main effect of genotype F(1,32.383) = 1.529, p = 0.225, interaction 
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F(24,438.530) = 0.749, p = 0.800; 20 mg/kg main effect of genotype F(1,26.370) = 4.946, p = 

0.035, interaction F(24,453.726) = 1.620, p = 0.033).

To encapsulate the locomotor effects, the first 30 minutes of locomotor activity were 

summed for each condition (Figure 4J). Consistent with the results above, analysis of the 

binned locomotor activity data revealed that D1βarr2-KO mice did not differ from controls in 

any tested condition, but D2βarr2-KO mice exhibited reduced locomotor activity compared to 

controls following the high dose of morphine and a strong trend for the medium dose of 

cocaine (main effect of drug condition, F(7,210) = 41.978, p < 0.001; interaction, F(14,210) = 

1.830, p = 0.036; Dunnett’s posthoc test: all conditions p > 0.3 except controls vs 

D2βarr2-KO
: 20 mg/kg morphine p = 0.001, Cohen’s d = 1.336; 10 mg/kg cocaine p = 0.080, 

Cohen’s d = 0.778).

Loss of βarr2 in D2 cells blunts the rewarding effects of cocaine but not morphine.

Because conventional βarr2-KO mice have enhanced morphine CPP and normal cocaine 

CPP (Bohn, Gainetdinov, Sotnikova et al., 2003), we used this paradigm to determine the 

effects of cell type-specific βarr2 deletion on drug reward. Both control (Figure 5A; main 

effect of time F(1,28) = 38.307, p < 0.001; interaction F(3,28) = 3.651, p = 0.024; saline, p = 

0.547; 5 mg/kg, p = 0.015, Cohen’s d = 0.891; 10 mg/kg, p < 0.001, Cohen’s d = 1.302; 20 

mg/kg, p < 0.001, Cohen’s d = 2.966) and D1βarr2-KO mice (Figure 5B; main effect of time 

F(1,28) = 20.723, p < 0.001; interaction F(3,28) = 2.066, p = 0.127; saline, p = 0.794; 5 mg/kg, 

p = 0.005, Cohen’s d = 0.838; 10 mg/kg, p = 0.031, Cohen’s d = 0.694; 20 mg/kg, p = 0.001, 

Cohen’s d = 3.093) developed a CPP for each dose of cocaine tested. By contrast, 

D2βarr2-KO mice only showed a significant preference for the highest dose of cocaine tested 

(Figure 5C; main effect of time F(1,28) = 11.182, p = 0.002; interaction F(3,28) = 1.042, p = 

0.389; saline, p = 0.265; 5 mg/kg, p = 0.246; 10 mg/kg, p = 0.255; 20 mg/kg, p = 0.003, 

Cohen’s d = 1.007). These data reveal that βarr2 in D2-, but not D1-, containing cells 

modulates the rewarding effects of cocaine.

While control mice developed a CPP to the low and medium but not high dose of morphine 

tested (Figure 5D; main effect of time F(1,34) = 6.093, p = 0.019; interaction F(3,34) = 1.982, 

p = 0.135; saline, p = 0.519; 5 mg/kg, p = 0.040, Cohen’s d = 0.417; 10 mg/kg, p = 0.011, 

Cohen’s d = 0.454; 20 mg/kg, p = 0.652), all doses of morphine supported a CPP in 

D1βarr2-KO and D2 βarr2-KO mice (Figure 5E-F; D1 βarr2-KO main effect of time F(1,29) = 

17.030, p < 0.001; interaction F(3,29) = 1.652, p = 0.199; saline, p = 0.737; 5 mg/kg 

morphine, p = 0.041, Cohen’s d = 1.126; 10 mg/kg morphine, p = 0.002, Cohen’s d = 1.284; 

20 mg/kg morphine, p = 0.027, Cohen’s d = 0.711; D2βarr2-KO main effect of time F(1,36) = 

24.227, p < 0.001; interaction F(3,36) = 1.130, p = 0.350; saline, p = 0.160; 5 mg/kg 

morphine, p = 0.001, Cohen’s d = 1.692; 10 mg/kg morphine, p = 0.020, Cohen’s d = 0.633; 

20 mg/kg morphine, p = 0.035, Cohen’s d = 0.600). These results indicate that βarr2 in D1 

and D2 cells is not necessary for morphine CPP and suggests that a lack of βarr2 in either 

cell type permits higher doses of morphine to be rewarding.
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Discussion

Using transgenic mice, electrophysiology, and behavioral assays, the present study 

investigated the contributions of βarr2 in NAc D1- and D2-MSN responses to DA as well as 

to the locomotor-activating and rewarding effects of cocaine and morphine. The results 

indicate that loss of βarr2 in D2-MSNs reduces the inhibitory effects of DA, attenuates the 

locomotor-activating effects of cocaine and morphine, blunts the rewarding properties of 

cocaine, and enhances the rewarding properties of morphine in a dose-dependent fashion. 

These results provide novel insights into the effects of βarr2 on DA-induced excitability of 

NAc MSNs and cell-type specificity of βarr2’s functional contributions to psychostimulant 

reward.

βarr2 protein levels are relatively low in the dorsal and ventral striatum compared with some 

other brain regions, but detectable and functionally important. Immunohistochemistry 

experiments confirmed the efficiency and specificity of the conditional βarr2-KOs. In the 

NAc, βarr2 was detected in the majority of D2 cells in D1βarr2-KO mice and D1 cells in 

D2βarr2-KO mice. By contrast, βarr2 was largely absent in the majority of D1 cells in 

D1βarr2-KO mice and D2 cells in D2βarr2-KO mice, confirming a substantial cell type-specific 

reduction in βarr2 (Figure 1). Together, these results indicate cell type specificity of the KO 

and are consistent with previous work validating the conditional βarr2-KOs with 

immunohistochemistry and TRAP analysis (Urs, Gee, Pack et al., 2016).

While knocking out βarr2 altered one parameter (maximum firing rate) on D1-MSN 

excitability in response to DA (Figure 2), eliminating βarr2 in D2-MSNs significantly 

altered a few aspects of DA-induced inhibition of these cells (Figure 3). The lack of DA-

induced change in slope of F-I curves and half maximal current in NAc D2-MSNs of 

D2βarr2-KO mice indicates that βarr2 normally contributes to DA-induced inhibition of D2-

MSNs. To our knowledge, this is the first study to report the effects of endogenous βarr2 on 

multiple parameters of DA-induced changes in NAc D1- and D2-MSN excitability. 

UNC9994A, a βarr2-biased D2 partial agonist, recently was shown to be less effective than 

the D2/D3 agonist quinpirole at decreasing the excitability of D2-MSNs in the dorsal 

striatum (Urs, Gee, Pack et al., 2016). Thus, it appears that both G protein and βarr2 

signaling are important for D2-induced inhibition of D2-MSNs.

The underlying mechanisms that lead to DA-induced changes in cellular excitability are 

complex. Some have reported that the D2/D3 agonist quinpirole has no effect on excitability 

(Lemos, Friend, Kaplan et al., 2016), while others have reported that quinpirole causes a 

decrease in intrinsic excitability (Gaval‐Cruz, Goertz, Puttick et al., 2014; Urs, Gee, Pack et 

al., 2016). While the D2 cell response is largely dose-dependent, D1 agonists can facilitate 

either an increase or decrease in firing rate depending on the resting membrane potential 

(Hernández-López, Bargas, Surmeier et al., 1997). Because DA receptors are G-protein 

coupled receptors, they do not act directly on any specific ionic conductance but instead are 

modulators of multiple ionic conductances that either facilitate or inhibit intrinsic 

excitability. In these experimental conditions, we show that the endogenous agonist DA 

decreases excitability in D2-MSNs and increases excitability in D1-MSNs. The DA-induced 

decrease in D2-MSN excitability is partially dependent on βarr2 modulation, as we show 
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that F-I slope is attenuated in D2βarr2-KO-MSNs. The exact biological mechanisms 

underlying how DA alters slope of the F-I curve is not completely understood. Because DA 

modulates sodium channel conductances (Surmeier & Kitai, 1993; Surmeier, Eberwine, 

Wilson et al., 1992), one possibility is that DA-dependent βarr2 signaling alters supra-

threshold sodium conductances.

Whereas D1βarr2-KO mice behaved similarly to controls in each locomotor test, D2βarr2-KO 

mice exhibited dose-dependent reductions in cocaine- and morphine-induced locomotion 

(Figure 4) and blunted cocaine CPP (Figure 5). Similarly to D2βarr2-KO mice, conventional 

βarr2-KO mice exhibited reduced locomotor responses to morphine (Bohn, Gainetdinov, 

Sotnikova et al., 2003); therefore, the present study provides cell-type specificity for βarr2’s 

attenuation of the locomotor-activating effects of morphine. Similarly to βarr2-KO mice, 

both D1βarr2-KO and D2βarr2-KO mice developed a CPP for a high dose of morphine that was 

not rewarding in controls; therefore, both D1 and D2 cells may encode a “ceiling” for the 

rewarding properties of morphine that is disrupted when βarr2 is eliminated. Unlike the 

conventional βarr2-KO mice (Bohn, Gainetdinov, Sotnikova et al., 2003), neither D1βarr2-KO 

nor D2βarr2-KO mice exhibited any alterations in baseline locomotor activity (Figure S2); 

therefore, that phenotype must be mediated by different cell types, and the drug-induced 

behavioral responses in our experiments are not confounded by changes in baseline activity.

Drug-induced DA release activates D2 receptors on D2-MSN, which promotes inhibition of 

these cells. D2-MSNs modulate the locomotor-activating effects of drugs of abuse, and both 

D1 and D2 receptors are involved in the rewarding properties of addictive drugs (Smith, 

Lobo, Spencer et al., 2013). Therefore, the electrophysiological finding that DA-induced 

inhibition of D2-MSNs is attenuated in D2βarr2-KO mice is consistent with the behavioral 

finding of blunted cocaine-induced locomotion and reward. A recent calcium imaging study 

revealed that cocaine increases D1-MSN activity and decreases D2-MSN activity during 

CPP training, and inhibiting D1-MSNs prevents the development of CPP (Calipari, Bagot, 

Purushothaman et al., 2016). Considering the present data, these cocaine-induced changes in 

D1-MSNs are likely driven through G protein rather than βarr2 signaling, because 

D1βarr2-KO mice displayed normal cocaine CPP. The current study shows that D2βarr2-KO 

mice have attenuated cocaine CPP, and their D2-MSNs are less inhibited by DA. In light of 

the fact that cocaine reduces NAc D2-MSN activity (Calipari, Bagot, Purushothaman et al., 

2016), the present data support the interpretation that βarr2 in D2-MSNs is necessary for 

maximal DA-induced inhibition of D2-MSNs in the presence of cocaine, and that this 

functionally contributes to the development of cocaine CPP.

Consistent with the present study, mice lacking βarr2 in all D2-containing cells or 

specifically in striatal D2 cells, but not in D1-containing cells, showed blunted 

amphetamine-induced locomotion (Urs, Gee, Pack et al., 2016). Viral vector-mediated 

striatal overexpression of D2 receptors with biased βarr2 signaling enhanced locomotor 

responses to amphetamine (Peterson, Pack, Wilkins et al., 2015), demonstrating that βarr2 in 

D2-MSNs can bidirectionally modulate psychostimulant-induced locomotion. The present 

data demonstrate that βarr2 in D2 cells modulates the locomotor-activating effects of 

cocaine in addition to amphetamine and demonstrate a novel role for βarr2 in D2 cells in 

mediating cocaine reward.
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Mice completely lacking βarr2 originally were reported not to have deficits in cocaine-

induced locomotion, locomotor sensitization to cocaine, or cocaine CPP (Bohn, Gainetdinov, 

Sotnikova et al., 2003). The discrepancy between these finding and the present study could 

be attributed to differences in the behavioral assays, doses of cocaine tested, or 

compensatory changes that may occur due to ubiquitous, lifelong loss of βarr2-KO. It is also 

possible that βarr2 facilitates cocaine responses in some cell types and opposes them in 

others. By eliminating βarr2 selectively in D2 cells, we may have uncovered a phenotype 

that is masked in the full KO. The present data revealing blunted cocaine responses in 

D2βarr2-KO mice are consistent with recent findings showing that βarr2 is necessary for 

amphetamine-induced sensitization (Zurkovsky, Sedaghat, Ahmed et al., 2017), and 

D2βarr2-KO mice have reduced acute responses to amphetamine (Urs, Gee, Pack et al., 2016).

In humans, decreased striatal D2 receptor availability is associated with cocaine abuse 

(Volkow, Fowler, Wang et al., 2009; Volkow, Fowler, Wang et al., 1993), whereas in the 

present study cocaine reward was blunted and D2 cellular responses to DA were impaired in 

D2βarr2-KO mice. The differences between these findings is likely attributable to many 

factors. A reduction in βarr2 does not equate to a reduction in D2 receptor expression, and 

D2 receptor G protein signaling is intact in D2βarr2-KO mice; it is not known how cocaine 

dependence might differentially affect striatal D2 G-protein versus βarr2 signaling. Finally, 

βarr2 knockout presumably affects many GPCRs in D2βarr2-KO cells, in contrast with the 

relatively selective D2 receptor reduction in people suffering from cocaine abuse.

Because morphine-induced locomotion requires mesolimbic DA transmission (Hnasko, 

Sotak & Palmiter, 2005; Manzanedo, Aguilar & Minarro, 1999), the reduced ability of DA 

to inhibit D2-MSNs in D2βarr2-KO mice could account for the attenuated locomotor response 

to morphine in these animals. Alternatively, the altered morphine responses of D2βarr2-KO 

mice could be attributed to reduced βarr2 interactions with mu-opioid receptors on MSNs, 

rather than activation of DA receptors per se. Indeed, mu-opioid receptors are located on D2-

MSNs, and deleting mu-opioid receptors only in forebrain GABAergic neurons (primarily 

MSNs) reduces heroin-induced locomotion yet enhances motivation to self-administer 

heroin (Charbogne, Gardon, Martín-García et al., 2017).

The possibility exists that βarr2 in DA neurons contributes to the observed behavioral 

effects, as βarr2 would be eliminated in D2 autoreceptor-containing neurons in D2βarr2-KO 

mice. However, altered βarr2 in DA neurons is unlikely to explain the blunted behavioral 

responses to cocaine because cocaine-induced DA release is not altered in βarr2-KO mice 

(Bohn, Gainetdinov, Sotnikova et al., 2003), and mice with βarr2 eliminated only in D2-

MSNs, not including DA neurons, similarly display attenuated amphetamine-induced 

locomotion (Urs, Gee, Pack et al., 2016). βarr2-KO mice have greater morphine-induced DA 

release in the NAc (Bohn, Gainetdinov, Sotnikova et al., 2003). While the morphine CPP of 

D2βarr2-KO mice is consistent with increased morphine-induced DA release, this neural 

mechanism is unlikely to mediate the behavior. D1βarr2-KO mice similarly showed a CPP for 

every tested dose of morphine, yet would not have altered levels of βarr2 in DA neurons 

because DA neurons do not contain D1 receptors (Weiner, Levey, Sunahara et al., 1991). The 

hippocampus is an alternative region that could contribute to the increased morphine CPP, as 

hippocampal D1 and D2 receptors can modulate morphine CPP (Assar, Mahmoudi, 
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Farhoudian et al., 2016). The prefrontal cortex is functionally connected to the brain reward 

system and could also conceivably contribute. Indeed, a limitation of the transgenic 

conditional KOs is that βarr2 in all D1- and D2-expressing cells is targeted. While the DA-

dependent behaviors tested here are largely mediated through striatal circuitry, and our 

results are consistent with viral vectors targeting only striatal D2 receptors (described 

below), we cannot rule out the possibility that βarr2 in D1 or D2 containing cells in other 

brain regions contribute to the observed behavioral effects.

βarr2 has multiple cellular functions including desensitizing and internalizing GPCRs, as 

well as initiating intracellular signaling independent of traditional G protein signaling (Smith 

& Rajagopal, 2016). While the present study demonstrates that βarr2 in D2 neurons 

modulates the locomotor-activating and rewarding properties of addictive drugs, the precise 

intracellular actions of βarr2 that mediate these effects are still being determined. βarr2 

signaling complexes with JNK and phospho-ERK have been implicated in mediating the 

locomotor-effects of morphine (Mittal, Tan, Egbuta et al., 2012; Urs, Daigle & Caron, 2011), 

and GSK3β in D2-MSNs has been shown to modulate amphetamine-induced locomotion 

(Urs, Snyder, Jacobsen et al., 2012). Futures studies should determine the specific signaling 

mechanisms in D2 cells mediating the altered behavioral responses to cocaine and morphine 

revealed in the present study.

Experiments using functionally selective D2 receptors in indirect pathway MSNs that are 

biased for either βarr (primarily βarr2) or G protein signaling showed that either mechanism 

is sufficient to support cocaine-induced locomotion, although the G protein group appeared 

to have lower cocaine-induced activity than the βarr group (Rose, Pack, Peterson et al., 

2018), consistent with the present data. Another group reported identical cocaine-induced 

locomotion in mice with either βarr- or G protein-selective D2 receptors (Donthamsetti, 

Gallo, Buck et al., 2018); however, they used a higher dose of cocaine which may 

overwhelm and mask βarr2-mediated changes in locomotion. Although both βarr and G 

protein signaling in D2-MSNs contribute to amphetamine-induced locomotion, neither 

independently drives the full effect (Rose, Pack, Peterson et al., 2018). Viral overexpression 

of wild-type or βarr-biased D2 receptors in D2-MSNs potentiates locomotor responses to 

amphetamine, while overexpression of G protein-biased D2 receptors is less effective. 

Together, these experiments reveal that βarr signaling in D2-MSNs functionally contributes 

to locomotor responses to psychostimulants.

The present study highlights the importance of testing multiple doses of drugs, as different 

neurobiological mechanisms may contribute to responses at different doses. For example, as 

discussed above, mice with D2 receptors biased for G protein signaling have slightly 

reduced locomotor activity to 10 mg/kg cocaine (Rose, Pack, Peterson et al., 2018), but 

experiments using higher doses of cocaine did not detect effects from βarr2 manipulations 

(Bohn, Gainetdinov, Sotnikova et al., 2003; Donthamsetti, Gallo, Buck et al., 2018), 

consistent with our results. Similarly, it is only with higher doses of morphine (20 mg/kg) 

where D2-derived βarr2 contributions to morphine-induced locomotion are observed. 

Together, these data suggest that both G protein and βarr signaling contribute to the 

locomotor-activating effects of psychostimulants and opioids. G protein signaling in D2 cells 

appears sufficient for driving locomotion in response to low and high doses of cocaine, 
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while βarr2’s contributions to cocaine-induced locomotion is most notable at the moderate 

10 mg/kg dose. G protein signaling is sufficient for morphine-induced locomotion as 5 and 

10 mg/kg, but βarr2 in D2 cells is necessary for normal locomotor responses to the higher 

dose of 20 mg/kg morphine.

Furthermore, effective doses can vary by behavioral assay because locomotor-activating 

effects do not always correlate with the rewarding properties of drugs. Although D2βarr2-KO 

mice did not exhibit altered locomotor responses to 5 mg/kg cocaine, they did not find this 

dose rewarding whereas controls did. At the 10 mg/kg dose of cocaine, D2βarr2-KO mice 

showed reduced responses to both the rewarding and locomotor-activating effects of the 

drug, and at 20 mg/kg cocaine, these mice showed similar responses as controls in both 

assays. Additionally, whereas all three genotypes showed similar CPP and locomotor 

responses to 5 and 10 mg/kg morphine, D2βarr2-KO mice had blunted locomotor but 

enhanced CPP responses to 20 mg/kg morphine. These findings indicate that both G protein 

and βarr2 signaling in D2 cells modulate morphine’s effects, and βarr2’s contributions are 

bidirectional at higher doses enhancing reward but attenuating locomotion. For behavioral 

pharmacology studies, we advocate for testing multiple drug doses in each type of assay 

when possible: different neurobiological mechanisms can contribute to different drug-

induced behavioral effects in a dose-dependent manner.

The present study revealed that βarr2 in D2 cells can modulate the locomotor-activating and 

rewarding effects of cocaine and morphine, and βarr2 in D1 cells alters cellular responses to 

DA and the rewarding effects of morphine. Because βarr2’s effects varied depending on the 

behavioral assay and drug, investigating βarr2’s involvement in the reinforcing properties of 

various drugs of abuse will be important. Overexpression of wild-type D2 receptors on 

indirect pathway MSNs has been shown to enhance operant responding for a food reward in 

a progressive ratio test; however, overexpression of βarr-biased D2 receptors did not 

(Donthamsetti, Gallo, Buck et al., 2018), indicating that both G protein and βarr signaling 

are important for the motivation to obtain rewards. Future studies should examine the role of 

βarr2 in specific cell types in mediating complex motivated behaviors and reinforcement for 

both natural and drug rewards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunohistochemistry of conditional βarr2-KOs.
A-B) Representative images of endogenous tdTomato fluorescence of D1- (A) or D2- (B) 

MSNs (magenta) from D1βarr2-KO/tdTomato and D2 βarr2-KO/tdTomato mice, respectively. Green 

indicates βarr2 immunofluorescence. Right panel shows merge of tdTomato, βarr2, and 

DAPI (blue). Arrowheads indicate examples of D1-MSNs (A) or D2-MSNs (B) not 

containing βarr2. Arrows point to non-tdTomato cells containing βarr2. All scale bars = 50 

μm. C-F) Images were taken from the NAc (blue rectangle; C) and quantification of DAPI, 

tdTomato, and βarr2 in NAc cells was performed. Approximately half the analyzed cells in 
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each genotype expressed tdTomato (indicating D1- or D2-MSNs; D). βarr2 co-localized in 

most non-tdTomato-expressing cells (E) but was absent in the majority of tdTomato-

expressing cells (F). Error bars represent SEM; n = 2–3 mice per group.
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Figure 2. Effects of DA on NAc D1-MSNs lacking βarr2.
A-D) Representative, single-cell traces (A, C) and F-I curves (B, D) of NAc D1-MSN 

activity at indicated levels of current injection in response to bath application of DA (60 μM) 

from control and D1βarr2-KO mice. E-H) DA increased the maximum firing rate of D1-

MSNs in D1βarr2-KO but not control mice (E). DA had similar effects on F-I slope (F), half 

maximal current (G), and rheobase (H) in D1βarr2-KO and control D1-MSNs. *p < 0.05, **p 
< 0.001, n.s. = not statistically significant, error bars represent SEM, n = 15–18 cells per 

genotype.
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Figure 3. Effects of DA on NAc D2-MSNs lacking βarr2.
A-D) Representative, single-cell examples of NAc D2-MSN responses from control and 

D2βarr2-KO mice. The example traces (A, C) are representative of the typical changes 

observed in response to DA (60 μM), and the example F-I curves show single-cell responses 

to DA at indicated levels of current injection (B, D) to highlight the changes in slope of the 

F-I curves from control but not D2βarr2-KO cells. E-H) DA decreased the maximum number 

of spikes in control and D2-MSNs lacking βarr2 (E). DA reduced the slope of the F-I curve 

(F) and increased the half maximal current (G) in control D2-MSNs but not in D2-MSNs 

lacking βarr2. DA increased rheobase in both control and D2βarr2-KO D2-MSNs. *p < 0.05, 

**p < 0.01, ***p < 0.001, n.s. = not statistically significant, error bars represent SEM, n = 

20–22 cells per genotype.
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Figure 4. Loss of βarr2 in D2 cells attenuates the acute locomotor-activating effects of cocaine 
and morphine dose-dependently.
A-D) Cocaine-induced locomotion was dose-dependently blunted in D2βarr2-KO mice but not 

D1 βarr2-KO mice (A, 5 mg/kg cocaine; B, 10 mg/kg cocaine; C, 20 mg/kg cocaine; *p < 

0.05). The reduced locomotor activation of D2βarr2-KO mice was replicated in a separate 

group of subjects (D, 10 mg/kg cocaine; *p < 0.05). E-F) In a sensitization experiment, 

cocaine (10 mg/kg)-induced locomotion was measured for 7 consecutive days. Control and 

D1βarr2-KO mice showed elevated cocaine-induced locomotion on on several days compared 
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to day 1, whereas D2βarr2-KO mice did not (E, *p < 0.05 compared to day 1). Control and 

D1βarr2-KO mice sensitized to cocaine by the end of the experiment (day 7 compared to day 

1, ***p < 0.001), but D2βarr2-KOs did not have significantly elevated cocaine-induced 

locomotion on day 7 compared to day 1 (F). G-I) Morphine-induced locomotion was dose-

dependently attenuated in D2βarr2-KO mice but not D1 βarr2-KO mice (G, 5 mg/kg morphine; 

H, 10 mg/kg morphine; H, 20 mg/kg morphine; *p < 0.05). G) Acute drug-induced 

locomotor data showing cumulative ambulations 30 minutes post-injection (*p < 0.05; †p = 

0.08). n.s. = not statistically significant, error bars represent SEM, n = 8–12 mice per group.
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Figure 5. Loss of βarr2 in DA receptor-containing cells alters the rewarding effects of cocaine 
and morphine dose-dependently.
A-C) For each subject’s pre- and post-test, a preference score was calculated by subtracting 

the time (s) spent in the saline-paired side from the time (s) spent in the drug-paired side. 

Whereas control (A) and D1βarr2-KO (B) mice developed a CPP for each dose of cocaine 

tested (5, 10, 20 mg/kg), D2βarr2-KO mice only developed a CPP for the highest tested dose 

of cocaine (C). D-F) Control (D) mice showed a CPP for morphine at the 5 and 10 mg/kg 

doses, but not 20 mg/kg dose, while both D1βarr2-KO (E) and D2βarr2-KO (F) mice developed 

a CPP for all tested doses of morphine. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not 

statistically significant, error bars represent SEM, n = 8–12 mice per group.
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