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SUMMARY

The complex nature of the transcriptional networks underlying addictive behaviors suggests 

intricate cooperation between diverse gene regulation mechanisms that go beyond canonical 

activity-dependent pathways. Here we implicate in this process a nuclear receptor transcription 

factor, Retinoid X Receptor Alpha (RXRα), which we initially identified bioinformatically as 

associated with addiction-like behaviors. In the nucleus accumbens (NAc) of male and female 

mice, we show that, while its own expression remains unaltered after cocaine exposure, RXRα 
controls plasticity- and addiction-relevant transcriptional programs in both dopamine receptor 

D1- and D2-expressing medium spiny neurons, which in turn modulate intrinsic excitability and 

synaptic activity of these NAc cell types. Behaviorally, bidirectional viral and pharmacological 

manipulation of RXRα regulates drug reward sensitivity in both non-operant and operant 

paradigms. Together, this study demonstrates a key role for NAc RXRα in promoting drug 

addiction, and paves the way for future studies of rexinoid signaling in psychiatric disease states.

eToc blurb

The transcriptional substrates of vulnerability to addiction are diverse and complex. Godino et 

al. use cell-type-specific transcriptomics, electrophysiology and behavior to single out RXRα, 
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a putatively druggable transcription factor that governs larger gene networks to calibrate the 

physiology of NAc neurons and, in turn, individual sensitivity to drugs of abuse.
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INTRODUCTION

Drugs of abuse such as cocaine perturb coordinated activity within the brain’s reward 

circuitry 1 initially in part by increasing dopamine signals to levels far exceeding those of 

natural reinforcers 2, thus hijacking more classic mechanisms of reward learning 3 to build 

pathological drug memories upon repeated exposure 4. The transition to a compulsive state 

of drug seeking and taking even in spite of negative consequences – a behavioral hallmark 

of substance use disorders 5 – however results from a composite interplay between a drug’s 

pharmacological properties and an individual’s sensitivity to drug reward, which depends on 

both innate and environmental factors 6-9.

Genetic, pharmacological and environmental effects converge onto the establishment 

of drug-induced transcriptional programs that underlie the several molecular-, cellular-, 

synaptic-, circuit- and behavioral-level alterations that define the drug-addicted phenotype 
4,10. In a recent effort to better link brain-wide transcriptional patterns with individual 

behavioral responses to cocaine, we performed RNA-sequencing (RNAseq) on six regions 

of the mouse brain’s reward circuitry after cocaine self-administration, withdrawal, and 

relapse 11. One major finding of this study was the large differences in transcriptional 

landscapes across time points and brain regions 11. This indicated that the sole recruitment 

of canonical activity-dependent signaling pathways upstream of transcription factors such as 

CREB or ΔFOSB – extensively studied in addiction 12 – could not account fully for such 

heterogeneity in transcriptional responses. Subsequent in silico analyses 11 led us to propose 

that nuclear receptors – a large but understudied family of ligand-activated transcription 

factors that have the ability to form heterogeneous dimers and thus to coordinate gene 

expression across pathways yet with high specificity 13 – could be critical co-regulators of 

temporal- and region-specific transcriptional programs.

In the nucleus accumbens (NAc), a key striatal region of the brain’s reward circuitry that 

integrates midbrain dopaminergic inputs together with cortical and limbic glutamatergic 

signals to shape reward- and motivation-related behaviors 14, the nuclear receptor Retinoic 

X Receptor Alpha (RXRα) stood out. Its transcript levels were not altered by cocaine 

exposure but were positively correlated with addiction-relevant behavioral features 11, 

together making RXRα a strong mechanistic candidate to explain individual vulnerability 

to cocaine addiction. While burgeoning evidence implicates retinoic acid-related signaling 
15-17 and other RXR family members – especially RXR Gamma (RXRγ) 18-21 – in striatal-

dependent motivation-related behaviors, data on RXRα in the mature brain remain scarce. 

Genome-wide association studies have linked human Rxra mutations with schizophrenia 
22-24, cognitive ability 25,26 and dementia 27,28, and a recent study demonstrated that RXRα 
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can control spine and synapse formation in the adult mouse cortex 29, suggesting a role for 

RXRα in brain plasticity mechanisms.

Therefore, we hypothesized RXRα to be an important transcriptional regulator of NAc 

function in drug-related behaviors. One key question was to identify whether RXRα 
action in NAc is cell-type-specific, with a main focus on the two largely non-overlapping 

subpopulations of GABAergic medium spiny projection neurons (MSNs) that express either 

the dopamine D1 (Drd1) or dopamine D2 (Drd2) receptor 30, and which have been shown 

to play different – even antagonistic – roles in drug-related motivated and reward-learning 

behaviors 31-33. To that end, we here assess RXRα regulation after drug exposure, as 

well as the transcriptional, physiological and behavioral consequences of bidirectional viral 

manipulation of RXRα levels in D1- and D2-MSNs to propose a model for RXRα’s 

contribution to drug reward and addiction. We also provide early preclinical evidence for 

targeting RXRα using a small molecule inhibitor as a possible new pharmacotherapeutic 

avenue for patients with substance use disorders.

RESULTS

RXRα mediates addiction-like transcriptional programs in NAc

In a previous brain-wide transcriptomics study following cocaine self-administration in male 

mice (Figure 1A 11), Rxra transcript levels were not affected at any of the time points 

analyzed in the NAc (Figure 1B) or in any of the five other brain regions analyzed in that 

study (Supplemental Figure S1A 11). However, the correlation between individual animals’ 

Rxra transcript levels and their Addiction Index, a multi-factorial, bioinformatically-derived 

composite metric summarizing addiction-like behaviors, was the strongest in NAc (Figure 

1C and Supplemental Figure S1B), even when only considering cocaine-exposed animals. 

This analysis suggests that pre-existing individual levels of RXRα expression in NAc 

might influence the severity of addiction-like behaviors upon drug exposure, presumably 

by contributing to cocaine-induced gene regulation in this brain region.

To test this hypothesis, we compared genes regulated by RXRα in male NAc to those 

regulated by cocaine exposure in the original study 11. To detect direct or indirect gene 

targets of RXRα, we first performed bulk RNAseq on RXRα-overexpressing or control 

NAc tissue (Figure 1D). RXRα overexpression was achieved by infusing a Herpes Simplex 

Virus (HSV) encoding RXRα (or GFP as a control) and confirmed at both the RNA and 

protein levels (Supplemental Figure S2). Among the 1674 genes significantly regulated 

by RXRα overexpression (all genes and corresponding statistics available in Supplemental 

Table S1), 82 were also regulated in NAc one day after cocaine self-administration – 

more than 50% of the 157 genes affected in that condition (Figure 1E). This significant 

overlap strengthened the idea that RXRα contributes to NAc transcriptional programs in 

response to chronic self-administered cocaine. Subsequent comparisons using rank-rank 

hypergeometric overlap (RRHO) plots (Figure 1F) or expression-based heatmaps (Figure 

1G) highlighted overlapping genes as being mostly upregulated, suggesting that RXRα 
acts predominantly as a permissive transcription factor 13,34,35 in that context. Collectively, 

these initial findings warranted further study of RXRα in the transcriptional mechanisms of 

cocaine reinforcement.

Godino et al. Page 3

Neuron. Author manuscript; available in PMC 2024 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acute or chronic cocaine does not affect RXRα expression in NAc

Our next goal was to examine RXRα regulation at both the RNA and protein levels 

after cocaine exposure in both male and female mice (Figure 2A). We first confirmed 

the absence of regulation of Rxra transcript levels after acute cocaine (Figure 2B). In 

addition, no significant changes in RXRα expression were detected at the total protein level 

(Figure 2C) or in nuclear-enriched fractions from NAc tissue (Figure 2D) – as another 

process through which RXRα could mediate its genomic effects is through regulation of its 

nuclear localization 29. Rxra transcript levels were also unaffected 60 min (Supplemental 

Figure S3A) or 30 days (Supplemental Figure S3B) after chronic experimenter-administered 

cocaine, and likewise RXRα nuclear levels were unaltered after 30 days of withdrawal from 

chronic cocaine or heroin self-administration (Supplemental Figure S3C). However, this 

does not exclude regulation via other mechanisms like phosphorylation or truncation 34, or 

regulation in other more complex experimental settings.

RXRα expression levels in NAc correlate with markers of striatal function

Following up on the original conjecture that NAc RXRα levels might control drug-evoked 

behavioral responses, we examined whether RXRα levels would predict drug-evoked 

molecular responses by correlating individual RXRα transcript, total protein and nuclear 

levels with markers of striatal function and drug-induced plasticity. We found positive 

correlations with expression levels of several key players, including dopamine (Drd1, Drd2) 

and glutamate (Gria1, Grin1, GluN2B) receptors, signaling molecules like phosphorylated 

ERK and NFκB-complex transcription factor p65/RELA (Figure 2E), as well as all 

immediate early genes (IEGs) tested, including Zif268/Egr1 (Figure 2F). Of note, a link 

between RXRα action and IEG expression, which are well-established proxies of stimulus-

induced neuronal activation and key intermediates in drug-induced molecular plasticity 36, 

has been proposed before 29. At the protein level in both total (Figure 2G) and nuclear 

(Figure 2H) extracts, RXRα positively correlated with levels of phosphorylated (active) 

CREB (pCREB), the convergence point of many drug-triggered signaling cascades 12. 

Although not a causal mechanistic explanation, these correlative data provide first clues as 

to the molecular underpinnings of RXRα striatal function: RXRα might control select target 

transcriptional programs that affect MSN excitability and activation of stimulus-induced 

signaling pathways, such as – but likely not limited to – pCREB-mediated IEG induction.

RXRα is partly enriched in NAc D1-MSNs

A growing literature underscores the importance of considering cell-type specificity in 

studies of drug-induced signaling and plasticity 12,33. Accordingly, we checked for RXRα 
enrichment in NAc core and medial shell cells expressing either Drd1 or Drd2 30 using 

RNA fluorescent in situ hybridization (FISH; Figure 3A). Quantification of Drd1 and Drd2 
probes in DAPI-identified nuclei (Supplemental Figure S4) allowed for robust classification 

into D1-MSNs (Drd1+/Drd2−) or D2-MSNs (Drd1−/Drd2+). Quantification of Rxra puncta 

within cell-type-classified nuclei revealed a significant 18% higher Rxra expression level 

in D1-MSNs compared to D2-MSNs (Figure 3B). Rxra levels were lower in all other cell 

types, except in sparse microglia (data not shown), consistent with low levels of Rxra 
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detected in NAc cholinergic and somatostatin-expressing interneurons by RNAseq of these 

cell types 37,38.

RXRα controls similar excitability- and plasticity-related transcriptional programs in D1- 
and D2-MSNs

To further investigate cell-type-specific targets downstream of RXRα signaling, we used 

male and female D1-Cre and D2-Cre mice – which express Cre recombinase under 

the promoter of the Drd1 or Drd2 gene – in combination with a Cre-dependent adeno-

associated virus expressing RXRα (AAV-DIO-RXRα) infused in the NAc to achieve 

population-specific RXRα overexpression (Figure 3C). These mice were also crossed with a 
fl/fleGFP::L10a reporter line that allows for Fluorescence-Activated Nuclei Sorting (FANS) 

of D1- or D2-positive nuclei 39 (Supplemental Figure S5), where the vast majority (>95%) 

of labeled cells are respectively D1- or D2-MSNs (data not shown). RXRα overexpression 

was confirmed in sorted cell types at the transcript level and in whole NAc tissue at 

the RNA and protein levels (Supplemental Figure S2). First, we validated enrichment of 

canonical D1- and D2-MSNs markers 39,40 in the corresponding populations (Figure 3D). 

We also confirmed Rxra enrichment in D1-MSNs (Figure 3E), consistent with RNA FISH 

data (Figure 3B) and another D1- and D2-specific RNAseq dataset from our laboratory 

(Supplemental Figure S3B 41).

Next, we compared genes regulated by RXRα overexpression (AAV-DIO-RXRα vs AAV-

DIO-GFP) separately in D1-MSNs or in D2-MSNs (all genes and corresponding statistics 

available in Supplemental Tables S2 and S3). While the total number of differentially 

expressed genes (DEGs) at the predefined significance threshold (±15% change, nominal p 
< 0.05) was much higher in D2-MSNs than D1-MSNs, DEG lists overlapped considerably, 

with almost 90% of the D1-MSNs DEGs also passing significance criteria in D2-MSNs 

(Figure 3F). Visualization in RRHO plots further confirmed strong similarities in threshold-

free transcriptomic landscapes associated with RXRα overexpression in the two cell types 

(Figure 3G), and expression fold-change heatmaps indicated that, even for genes that do 

not reach significance, the change direction (up/down-regulation) was conserved across 

cell types (Figure 3H) although with blunted change magnitude in D1-MSNs relative 

to D2-MSNs. Such occluded response in D1-MSNs, both in terms of DEG number and 

variation amplitude, might be explained by higher levels of RXRα in D1-MSNs at baseline 

(Figure 3B,E). Select DEGs that encode potassium, calcium or sodium channels, as well 

as GABA, glutamate or neuromodulator receptors or associated G proteins (some of which 

have been linked to cocaine action 10,42,43) similarly showed larger fold change magnitude 

in D2-MSNs (Figure 3I). Unbiased gene ontology enrichment analyses further implicated 

RXRa-regulated genes in neuronal excitability, signaling and plasticity mechanisms (Figure 

3J), with stronger enrichment for relevant gene ontology terms in D1-MSNs vs D2-MSNs, 

suggesting that RXRα-dependent transcriptional programs in D2-MSNs, although larger in 

number of DEGs, are less explicitly related to excitability or plasticity processes than in 

D1-MSNs. Despite these differences, this RNAseq dataset demonstrates that RXRα governs 

highly similar transcriptional programs in D1- and D2-MSNs, which include numerous and 

diverse candidate effector genes that participate in neuronal physiology.
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RXRα bidirectionally and cell-autonomously controls neuronal excitability in D1- and D2-
MSNs

The next step was therefore to explore the cell-type-specific functional consequences of 

RXRα-dependent transcriptional control of excitability- and plasticity-related genes. We 

developed non-cell-type-specific AAV constructs for either RXRα overexpression (AAV-

RXRα-GFP) or knockdown using miRNA constructs targeted against the Rxra coding 

sequence or a control Lacz sequence not expressed in mammals (AAV-miR-RXRα-EYFP 

or AAV-miR-lacZ-EYFP). Both RXRα overexpression and knockdown efficiencies were 

confirmed in virally-infected tissue at both the RNA and protein levels, with knockdown 

levels of at least 50% (Supplemental Figure S2). These constructs were then infused into 

the NAc of D1-tdTomato male and female mice, which express a tdTomato fluorophore 

under the promoter of the Drd1 gene (Figure 4A), allowing us to record from AAV-infected 

(GFP/EYFP+) D1-MSNs (tdTomato+) or D2-MSNs (tdTomato−) (Figure 4B). In both cell 

types, manipulating RXRα levels did not affect resting membrane potential (Figure 3C) 

or rheobase (Figure 3D), with average values for those two metrics in line with previous 

reports 44-46. When measuring the number of action potentials evoked in patched MSNs 

upon increasing steps of current injection, we found strikingly dampened responses at higher 

currents in both cell types with RXRα knockdown, and conversely RXRα overexpression 

lead to increased responses, indicating respectively blunted or enhanced intrinsic excitability 

(Figure 4E,F). At the synaptic level, frequency (Figure 4G,H) but not amplitude (Figure 

4G,I) of spontaneous excitatory postsynaptic currents (sEPSCs) was reduced across cell 

types upon RXRα knockdown but unaffected by its overexpression, an effect that was 

stronger in D2-MSNs than in D1-MSNs. The overall blunted electrophysiological response 

of D1-MSNs might be related to either the fact that these cells express higher levels of 

RXRα at baseline (Figure 3A,B,E), or to the fact that RXRα controls many more genes with 

greater magnitude, including excitability- and plasticity-associated ones, in D2-MSNs than 

in D1-MSNs (Figure 3H,I,J). Nevertheless, these electrophysiological results substantiate 

that the transcriptional programs controlled by RXRα in NAc MSNs modulate intrinsic 

excitability and synaptic function of both MSN subtypes – likely via changes in the channel, 

receptor and G protein repertoires expressed at the postsynaptic membrane (Figure 3I) – and 

that RXRα could thus be critical in calibrating neuronal sensitivity to drug stimuli.

Manipulating RXRα levels in NAc influences sensitivity to drug reward contextual learning

Our final efforts were thence to characterize the behavioral consequences of RXRα-

mediated transcriptional regulation of MSN excitability. To assess whether NAc RXRα 
levels alter the ability of an animal to associate predictive contextual cues with the rewarding 

properties of drugs of abuse, we used an unbiased conditioned place preference (CPP) 

assay in male and female mice. Bulk, HSV-mediated RXRα overexpression increased 

CPP for a subthreshold (5 mg/kg) dose of cocaine, which did not induce a preference in 

control animals (Figure 5A). This effect generalized to other drug reinforcers, as it was 

also observed for an intermediate (7.5 mg/kg) dose of morphine (Figure 5B), and was 

bidirectional, as AAV-mediated RXRα knockdown produced the opposite effect – a decrease 

in CPP for a higher (10 mg/kg) dose of cocaine (Figure 5C). Because D1- and D2-MSNs 

have been shown to play opposite roles in this specific CPP task 31,32, we hypothesized 

that RXRα-mediated modulation of their intrinsic excitability would exert opposite effects 
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on cocaine CPP. We found that D1-MSN-specifc (Figure 5D) but not D2-MSN-specific 

(Figure 5E) RXRα overexpression increased subthreshold cocaine CPP, indicating that net 

bulk effects (Figure 5A) are likely mediated through RXRα action in D1-MSNs. We next 

assessed whether RXRα effects on neuronal excitability (Figure 4) were causal to its effects 

on CPP behavior by combining RXRα viral manipulations with chemogenetics. Increasing 

MSN excitability using an AAV expressing the activating Designer Receptor Exclusively 

Activated by Designer Drugs (DREADD) hM3Dq rescued the CPP deficit induced by 

miR-mediated RXRα knockdown (Figure 5F), indicating that RXRα effects on drug-context 

associative learning are mediated at least in part through regulation of MSN excitability. 

These experiments corroborate the correlative data shown in Figure 1, as they causally 

establish that differential NAc RXRα levels calibrate sensitivity to drug reward, with higher 

and lower RXRα levels respectively promoting and lessening drug reward learning.

RXRα enhances cocaine reinforcing efficacy in goal-directed tasks

CPP measures have been interpreted as a direct function of a stimulus’s rewarding value, 

however, they also incorporate essential elements of attention, saliency and learning 

mechanisms 47. To better dissociate changes in dose sensitivity and reinforcing efficacy 

from these other factors, especially from learning components, we combined HSV-mediated 

RXRα overexpression with a self-administration behavioral economics threshold procedure 

(Figure 6A), which assesses an animal’s motivation and perseverance to self-administer a 

reinforcer in the face of increasing cost by generating a dose-response curve within subject 

within a single session 48-50. Each animal is exposed to a descending series of 11 unit 

doses of cocaine in an FR1 schedule: consequently, the “price” of cocaine – the number of 

responses required to obtain 1 mg – increases over time, and differences in consummatory 

and appetitive responding can be measured as a function of cocaine dose/price. We applied 

this procedure to male rats – where it has been best validated 51.

After training on an FR1 schedule and HSV infusion, we first observed that HSV-RXRα 
rats reduced their total drug intake under FR1 responding (Figure 6B). However, during 

behavioral economics testing, they exhibited significantly higher responding for low (1-5 

μg) doses of cocaine (Figure 6C), indicating an upward/leftward shift of the dose-response 

function after RXRα overexpression. Next, data were plotted as a demand curve (Figure 

6D), with consumption as a function of price, and independent measures of consumption, 

motivation and demand elasticity were extrapolated using mathematical modeling (Figure 

6E) applying basic economic principles 50,52. Consistent with FR1 consumption data (Figure 

6B), both consumption at low effort Q0 (Figure 6F) and at maximum effort Qmax (Figure 

6G) showed trends toward a decrease with RXRα overexpression. By contrast, motivation 

metrics such as the price of maximal responding after which consumption decreases Pmax 

(Figure 6H) and the maximal behavioral output at that price Omax (Figure 6I) were both 

significantly increased by RXRα overexpression. Finally, RXRα overexpression reduced 

demand elasticity α, which indicates how sensitive demand is to price and can be interpreted 

as an inverse indicator of the essential value of the reinforcer used; our findings of lower α 
suggesting higher cocaine essential value (Figure 6J). All of these metrics were equivalent 

across animals when tested before HSV surgery and group allocation (Supplemental Figure 

S6).
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To summarize, RXRα overexpression in NAc reduced cocaine consumption but increased 

sensitivity to and motivation for low cocaine doses, as well as cocaine value. Decorrelation 

between consumption and motivation is precedented 48,53,54, and here we propose that rats 

with increased RXRα NAc levels consume less cocaine precisely because they are in fact 

more sensitive to its reinforcing properties and rewarding value, and thus consume less 

drug to maintain a given hedonic set point. Extending upon our CPP data (Figure 5), these 

operant behavioral findings demonstrate that RXRα dictates individual sensitivity to drug 

rewards through direct modulation of their reinforcing efficacy.

Systemic RXRα pharmacological inhibition weakens cocaine reward

To determine whether RXRα could be leveraged for addiction prevention or treatment, 

we evaluated the potential for systemic administration of an RXRα inhibitor in regulating 

drug-related behaviors. First, intraperitoneal injection of the RXR-family antagonist HX531 
55, at a dose (20 mg/kg) known to interfere with striatal processes like amphetamine-induced 

hyperlocomotion 56 and haloperidol-induced dyskinesias 57, blocked cocaine CPP (Figure 

7A). Next, we tested the effects of HX531 on operant responding for cocaine in the same 

rat behavioral economics task (Figure 7B) as above. Intraperitoneal injections of HX531 

(12 mg/kg) blunted responding across the dose-response (Figure 7C) and demand price 

curves (Figure 7D). Mathematical modeling (Figure 7E) further demonstrated that, while 

consumption at minimal (Figure 7F) and maximal (Figure 7G) effort remained unchanged, 

HX531 treatment decreased motivation to self-administer cocaine – as evidenced by 

decreased Pmax (Figure 7H) and Omax (Figure 7I) – and decreased cocaine essential value 

and perseverative responding – as evidenced by increased demand elasticity α (Figure 

7J). Again, these metrics were equivalent across animals when tested before HX531 

treatment and group allocation (Supplemental Figure S7). Together, these experiments 

support systemically targeting RXRα as a therapeutically accessible approach to prevent 

the development of drug addiction by limiting the reinforcing efficacy of – and learning 

processes associated with – addictive substances.

RXRα only mildly affects striatal-dependent natural behaviors

Finally, to test whether RXRα in NAc affects behaviors not involving drugs of abuse, 

we examined male mice with AAV-mediated RXRα overexpression in NAc neurons on 

a battery of striatal-dependent reward- or stress-related behaviors (Figure 8A). RXRα 
overexpression did not affect locomotor activity or time in the center – a proxy metric 

for innate anxiety-like responses – in an open-field test (Figure 8B). RXRα overexpression 

also did not affect social interaction towards either a male or female conspecific (Figure 8C), 

suggesting that RXRα signaling in NAc does not regulate baseline social reward behaviors. 

In a novelty-suppressed feeding test, however, food-restricted RXRα-overexpressing mice 

engaged in feeding behavior under environmental conflict faster than controls (Figure 8D). 

The observation that RXRα overexpression had no effect in either the open-field or elevated-

plus maze (Figure 8E) – another anxiety-related test – indicates that the shorter latency to 

feed in the novelty-suppressed feeding test might represent increased goal-directed approach 

towards a natural food reward rather than decreased anxiety or an overall hyper-locomotor 

phenotype. Further investigation revealed that RXRα-overexpressing mice tended to learn 

both Pavlovian conditioned approach (Figure 8F) and instrumental FR1 operant responding 
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(Figure 8G left and Supplemental Figure S8A) for natural saccharine water rewards faster 

than controls, although neither effect achieved statistical significance, which could be 

interpreted as weakly increased motivation to explore natural rewards consistent with the 

novelty-suppressed feeding data (Figure 8D). The effects disappeared when increasing the 

motor and motivation requirement via use of an FR5 schedule (Figure 8G middle), or when 

increasing uncertainty under an RR5 schedule (Figure 8G right), indicating that they likely 

do not result from changes in thirst and satiety sensitivity. Testing for perseveration under 

a progressive ratio (PR) schedule showed a weak trend towards decreased motivation after 

RXRα overexpression (Figure 8H and Supplemental Figure S8B), a moderate yet opposite 

effect than that for drug rewards (Figure 6). Together, these results suggest that NAc RXRα 
might affect other striatal behaviors selectively geared towards reward processing for natural 

reinforcers, yet to a considerably milder extent than for drug rewards, thus supporting a 

putative therapeutic approach.

DISCUSSION

In this study, we identify RXRα as a key mediator of the NAc transcriptional mechanisms 

underlying sensitivity to drug reinforcers in both male and female rodents. Using a 

combination of viral approaches, we causally demonstrate a positive association between 

individual RXRα levels in NAc and addiction-relevant molecular, cellular and behavioral 

features: the higher levels at which NAc MSNs express RXRα, the more excitable they are 

(Figure 4) and the more responsive to low drug doses the animal is (Figure 5, 6). Our data 

also support the idea that these effects are transcriptionally mediated at baseline before drug 

exposure (Figure 2, 3), and are also recruited as important mediators of the transcriptional 

plasticity mechanisms induced after acute or repeated drug exposure (Figure 1, 2).

First, this study links molecular control of NAc MSN excitability with reward-related 

motivational and learning processes, adding to a complex and often convoluted literature 

on the matter 58,59. One particular distinction may reside in differences between NAc core 

and shell function, where it has been proposed that these two subregions encode distinct 

yet related parameters for both associative learning and primary reinforcement, likely via 

differential input-output activity 58,60,61. Here, we primarily targeted the NAc core, but still 

observed behavioral consequences on both types of metrics. A more precise anatomical and 

circuit dissection, and especially of D1- vs D2-MSNs within these NAc subregions, would 

undoubtedly help clarify the respective contribution of their excitability to reward behaviors. 

How RXRα signaling affects inhibitory vs excitatory transmission in NAc circuits is also an 

interesting focus for future studies. We postulate that RXRα might act as a general master 

regulator of excitability transcriptional programs, and consequently hypothesize that the 

functional consequences of its manipulation might be mostly dictated by the recruitment (or 

not) of targeted circuits or cell types during execution of a specific behavior. As an example, 

increasing excitability of NAc core and medial shell D1-MSNs via cell-type-specific RXRα 
overexpression promotes the same behavioral outcome – increased cocaine reward learning 

– as found for optogenetic activation of those same neurons 31.

Transcriptional processes represent a fundamental building block of neuronal plasticity, 

including after drug exposure 4,10. In that context. RXRα is particularly well-suited 
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to fine-tune these transcriptional programs in a very specific yet stimulus-dependent 

manner, because of its ability to function either as homodimers or as an obligatory 

heterodimerization partner for several other nuclear receptors, like brain-expressed retinoic 

acid receptors (RARs), peroxisome proliferator-activated receptors (PPARs), vitamin D 

receptors (VDRs) and thyroid hormone receptors (TRs), among many others 13,34,35,62. In 

addition to bridging together different signaling pathways, these heterodimers can be either 

permissive or repressive for transcription depending on subsequent recruitment of distinct 

co-regulators and epigenetic enzymes 13,34,35. This posits RXRα as a potential integrative 

signaling hub at key gene promoters to subtly dictate locus-specific gene expression upon 

activation of generic drug-evoked signaling cascades and transcription factors such as CREB 
12. Consistent with this idea, RXRα motifs exist in close proximity to CREB binding 

sites at promoters of select cocaine-regulated genes 11. Other promising candidate RXRα 
binding partners include 1) RXRγ, which is known to contribute to striatal- and dopamine-

dependent locomotion 18 and depressive-like 19-21 behaviors, 2) NURR77/NR4A1, an IEG 

and orphan receptor associated with cocaine 63 and stress 64 behaviors that also positively 

correlates with RXRα expression (Figure 2E), 3) RARs and PPARs because the enzymes 

that deliver retinoic acid to RAR/RXR or PPAR/RXR complexes – CRABP2 and FABP5 

respectively – contribute to addiction- 15,16 and depression-related 17 behaviors, and 4) 

VDRs, as vitamin D deficiency was recently linked with opioid addiction 65. Ultimately, 

a finer dissection of RXRα binding partners, as well as potential coordinated shifts in 

RXRα binding partners and/or genomic binding sites upon drug exposure, could better 

explain some of the cell-type-, region-, drug- and drug-regimen-specificity of drug-induced 

transcriptional programs, as these likely result from the recruitment of not one but several 

factors and enzymes, which could be partly harmonized by RXRα.

By definition, activation of specific nuclear receptor complexes is dependent on proper 

recognition of their respective ligands 13,34,35,62. However, the exact nature of the 

endogenous brain ligand(s) for RXR family members including RXRα – termed rexinoids 

– remains debated, partially because of technical difficulties in detecting and studying 

naturally-occurring retinoids and rexinoids 34,62. All-trans-retinoic acid (atRA), the 

undisputed physiological ligand for RARs 66, does not bind RXRs 66. 9-cis-retinoic acid 

(9CRA), which binds RXRs with nanomolar affinity in vitro 66, was considered as an 

RXR endogenous ligand until several reports failed to detect endogenous 9CRA levels in 
vivo 62,67. Several other molecules have since been proposed, but to date the two strongest 

candidates for rexinoid activity in brain are 1) free fatty acid metabolites of docosahexaenoic 

acid (DHA), and 2) dihydroretinoid metabolites, especially 9-cis-13,14-dihydroretinoic acid 

(9CDHRA). On the one hand, DHA is abundant in the mammalian brain 68 (although 

whether in forms and at concentrations sufficient to induce transactivation is questioned 62), 

DHA has been shown to control cortical excitability and synaptic architecture in an RXRα-

dependent manner 29, and DHA supplementation can reverse depressive-like behavior in 

an RXRγ-dependent manner 20. On the other hand, 9CDRHA is detected in brain tissue 

at high levels sufficient for RXR binding 67, and 9CDHRA supplementation also reversed 

depressive-like behavior in an RXRγ-dependent manner 21. Whether DHA, 9CDRHA or 

other related molecules bind RXRα in NAc, as well as the exact kinetics of their action 

(baseline levels, but also hypothetical release temporal dynamics), and whether these are 
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affected by drug exposure, remain to be elucidated, and would greatly benefit from improved 

resolution of metabolomics techniques.

One shared property of rexinoids is that they or their precursors can be nutritionally 

provided 19-21,62,68. This has great preclinical relevance for several other pathologies linked 

to RXR signaling including Alzheimer’s disease, Parkinson’s disease, multiple sclerosis 

and diabetes 34,35,62 and has sparked interest in testing phyto-pharmacologically derived 

rexinoids or de novo synthetic RXR ligands to clinically combat or prevent these conditions 
34,35,62. Here we show that inhibition of RXRs using a systemically administered RXR 

antagonist (HX531) reduced cocaine-induced associative learning and operant responding 

(Figure 7), consistent with previous reports showing that HX531 blocked amphetamine-

induced hyperlocomotion in a NURR77/NR4A1-dependent manner 56 – another hint at 

further studies of RXR/NURR77 dimers in psychostimulant action (see above). Moreover, 

this inhibitor has been shown to block RXR/RXR, RAR/RXR and PPARγ/RXR, but not 

PPARα/RXR heterodimers 55, highlighting rexinoid drugs as a potential platform from 

which to derive pharmacological compounds with increased specificity for certain RXR-

containing nuclear receptor dimers – i.e., for some target pathways, cell type or condition. 

Finally, because full cortical and hippocampal RXRα knockout mice behaved normally on 

an extensive battery of baseline behavioral tests 29, our preliminary data illustrate that 

systemically or nutritionally targeting NAc RXRα using rexinoids might be leveraged 

as a prevention initiative for drug addiction with tolerable side effects. This work also 

underscores the effectiveness of bioinformatically harnessing large-scale datasets 11 as part 

of the effort to unravel innovative answers to highly complex brain maladaptations from both 

fundamental and translational standpoints.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources should be directed to and 

will be fulfilled by the lead contact, Eric J. Nestler (eric.nestler@mssm.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All RNAseq data reported in this study are deposited 

publicly in the Gene Expression Omnibus under accession code GSE198527. Unmodified 

Western blots scans and other supporting raw data are available from the lead contact upon 

request. Scripts and code utilized in this study, including for statistical analysis, are available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Male and female C57BL/6J mice (8-16 weeks old, 20-30 g, The Jackson 

Laboratory) were maintained on a 12:12 h light/dark cycle (07:00 lights on; 19:00 lights 

off) and were provided with food and water ad libitum. Transgenic mouse lines (D1-

Cre: MGI:3836633, D2-Cre: MGI:3836635, D1-tdTomato: MGI:4360387, fl/fleGFP::L10a: 

IMSR_JAX:022367) were bred in-house on a C57BL/6J background. All mice were 
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maintained according to the National Institutes of Health guidelines for Association 

for Assessment and Accreditation of Laboratory Animal Care accredited facilities. All 

experimental protocols were approved by the Institutional Animal Care and Use Committee 

at Mount Sinai.

Rats—All rats were housed in the animal facilities at Mount Sinai. Male Sprague-Dawley 

rats (300-400g) were maintained on a 12:12 h reverse light/dark cycle (07:00 lights 

off; 19:00 lights on) and restricted to 95% of free-feeding body weight to improve 

consistency of the self-administration behavior. All rats were maintained according to the 

National Institutes of Health guidelines for Association for Assessment and Accreditation of 

Laboratory Animal Care accredited facilities. All experimental protocols were approved by 

the Institutional Animal Care and Use Committee at Mount Sinai.

METHOD DETAILS

Drug treatments—Cocaine HCl (from the National Institute on Drug Abuse) was diluted 

in 0.9% NaCl saline solution (ICU Medical) and injected intraperitoneally at 20, 10 or 

5 mg/kg. Morphine SO4 (from the National Institute on Drug Abuse) was diluted in 

0.9% NaCl saline solution (ICU Medical) and injected subcutaneously at 7.5 mg/kg. 

HX531 (Tocris, Cat. No. 3912) was first diluted in DMSO (Sigma), then in Dulbecco’s 

Phosphate Buffered Saline (PBS, Gibco) to a 1% DMSO final concentration and injected 

intraperitoneally 20 min before testing at 20 mg/kg in mice, and to a 5% DMSO final 

concentration and injected intraperitoneally 30 min before testing at 12 mg/kg in rats. For 

chemogenetics, clozapine-N-oxide (CNO) dihydrochloride (Tocris, #6329) was diluted in 

PBS and injected intraperitoneally 15 min before testing at 2 mg/kg.

Viral reagents—For HSV-mediated RXRα overexpression, an RXRα insert consisting of 

a codon-optimized mouse sequence reverse-translated from RXRα mouse protein sequence 

was synthesized de novo by Genewiz into a pENTR plasmid, then sub-cloned downstream 

of a IE4/5 promoter into a bicistronic p1005 plasmid, which also expresses GFP under 

a separate CMV promoter, using Gateway LR Clonase Kit (Invitrogen). Packaging into 

HSVs of the overexpression (HSV-RXRα-GFP) and empty control (HSV-GFP) vectors was 

performed at the Gene Delivery Technology Core of Massachusetts General Hospital in 

Boston, Massachusetts, USA. For AAV-mediated RXRα overexpression, the RXRα insert 

was excised from the p1005 plasmid and sub-cloned into an AAV2 expression backbone 

downstream of an EGFP reporter sequence separated by a P2A cleavage sequence. For 

non-Cre-dependent vectors, the insert expression was controlled by a CMV promoter. For 

Cre-dependent expression, the insert was flanked by two inversed loxP sites to only express 

the transgene upon Cre-dependent recombination and expression was controlled by a CAG 

promoter. Cloning and then packaging into AAV9 capsids of the overexpression (AAV9-

CMV-EGFP-P2A-RXRα and AAV9-CAG-DIO-EGFP-P2A-RXRα) and control (AAV9-

CAG-DIO-EGFP) vectors were performed at the Duke University Viral Vector Core in 

Durham, North Carolina, USA. The control non-Cre-dependent AAV9-CMV-EGFP vector 

was obtained from Addgene (#105530-AAV9). For AAV-mediated RXRα knockdown, 

miRNA plasmids were prepared using the BLOCK-iT Pol II miR RNAi Expression Vector 

Kit (ThermoFisher Scientific) with top and bottom sequences targeting mouse Rxra cDNA 
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(Top: 5’ - TGC TGA GAT GTT GGT AAC AGG GTC ATG TTT TGG CCA CTG ACT 

GAC ATG ACC CTT ACC AAC ATC T - 3’; Bottom: 5’ – CCT GAG ATG TTG GTA AGG 

GTC ATG TCA GTC AGT GGC CAA AAC C - 3’) or a control Lacz sequence (Top: 5’ – 

TGC TGA AAT CGC TGA TTT GTG TAG TCG TTT TGG CCA CTG ACT GAC GAC 

TAC ACA TCA GCG ATT T - 3’; Bottom: 5’ – CCT GAA ATC GCT GAT GTG TAG TCG 

TCA GTC AGT GGC CAA AAC GAC TAC ACA AAT CAG CGA TTT C - 3’) obtained 

from Invitrogen. The miRNA plasmids were then sub-cloned into an AAV2 expression 

backbone downstream of a CMV promoter and of an EYFP reporter sequence. Cloning 

and then packaging into AAV9 capsids of the knockdown (AAV9-CMV-EYFP-miR-RXRα) 

and control (AAV9-CMV-EYFP-miR-lacZ) vectors were performed by the Duke University 

Viral Vector Core in Durham, North Carolina, USA. All viral vectors were validated in 
vivo (Supplemental Figure S2). For chemogenetics, AAV9-hSyn-DIO-hM3D(Gq)-mCherry 

(#44361) and AAV9-hSyn-DIO-mCherry (#50459) were both purchased from Addgene.

Stereotaxic surgeries—Mice or rats were anesthetized with an intraperitoneal bolus of 

ketamine (100 mg/kg) and xylazine (10 mg/kg), then head-fixed in a stereotaxic apparatus 

(Kopf Instruments). Syringe needles (33G, Hamilton) were used to bilaterally infuse 1 μl of 

virus at a 0.1 μl/min flow rate. Needles were kept in place for 10 minutes after injection 

before being retracted to allow for virus diffusion. Viruses were used at the following titers: 

HSV-GFP and HSV-RXRα-GFP at ± 1 × 108 IU/mL, AAV9-CMV-EGFP-P2A-RXRα, 

AAV9-CMV-EGFP, AAV9-CAG-DIO-EGFP-P2A-RXRα, AAV9-CAG-DIO-EGFP, AAV9-

hSyn-DIO-hM3D(Gq)-mCherry and AAV9-hSyn-DIO-mCherry at ± 1 × 1012 VG/mL, 

AAV9-CMV-EYFP-miR-RXRα and AAV9-CMV-EYFP-miR-lacZ at ± 5 × 1012 VG/mL. 

Coordinates for NAc were as follows, from Bregma: AP + 1.6 mm , ML + 1.6 mm, DV − 

4.5 mm, 10° angle for mice, and AP + 1.9 mm , ML + 2.8 mm, DV − 7.2 mm, 10° angle for 

rats. These injection coordinates targeted the anterior NAc core and representative images 

are shown in Supplemental Figure S2. For HSV vectors, expression remained limited to NAc 

core. For AAV vectors, expression was strong in both NAc core and NAc medial shell.

RNA extraction and quantitative real-time PCR—Mouse brains were collected after 

cervical dislocation and followed by rapid bilateral punch dissections of NAc (core and 

shell) from 1 mm-thick coronal brain sections using a 14G needle and frozen on dry 

ice. RNA extraction was performed using the RNeasy Micro Kit (Qiagen) following 

manufacturer instructions. RNA 260/280 ratios of 2 were confirmed using spectroscopy, 

and reverse transcription was achieved using the iScript cDNA Synthesis Kit (BioRad). 

Quantitative PCR using PowerUp SYBR Green (Applied Biosystems) was used to quantify 

cDNA using an Applied Biosystems QuantStudio 5 system and Applied Biosystems 

QuantStudio Design & Analysis Software v1.4.3. Each reaction was performed in triplicate 

and relative expression was calculated relative to the geometric average of 3 control genes 

(Ppia, Tbp, Rpl38) according to published methods 69. Sequences of all used primers are 

available in Supplemental Table S4.

Protein extraction and Western blotting—Mouse brains were collected after cervical 

dislocation and followed by rapid bilateral punch dissections of NAc (core and shell) from 

1 mm-thick coronal brain sections using a 14G needle and frozen on dry ice. For whole 
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tissue extracts, frozen NAc samples were homogenized and then incubated for 30 min with 

agitation in 200 μL of ice-cold RIPA buffer (10 mM Trizma Base, 150 mM NaCl, 1 mM 

EDTA, 0.1% SDS, 1% Triton-X-100, 1% sodium deoxycholate, pH 7.4, complemented 

with protease and serine/threonine and tyrosine phosphatase inhibitors), before 5 cycles of 

20 s on/off sonication using a Bioruptor (Diagenode). Samples were centrifuged for 15 

min at 14,000 g to pellet insoluble debris and lipids, and supernatant was transferred to 

new tubes. For nuclear fractions, frozen NAc samples were first subjected to subcellular 

fractionation using our established procedures 48. Briefly, frozen NAc samples were 

homogenized in 150 μL of HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES, pH 

7.4, complemented with protease and serine/threonine and tyrosine phosphatase inhibitors) 

before a 10 min centrifugation at 1000 g at 4°C to pellet nuclei, followed by 3 washes 

in HEPES-buffered sucrose and finally by RIPA extraction (see above). For both whole 

tissue and nuclear extracts, protein concentration was quantified using a Pierce BCA Protein 

Assay Kit (ThermoFisher Scientific). SDS-PAGE protein separation and Western blotting 

were performed according to manufacturer instructions and our published protocols 48. 

Equal amounts of proteins were mixed β-mercaptoethanol-supplemented Laemmli buffer 

(BioRad), heated to 95°C for 5 min before being separated by SDS-PAGE with Criterion 

Precast Gels (4 −15% Tris-HCl; BioRad) and transferred onto Immun-Blot PVDF 0.2 

μm (BioRad) membranes. Membranes were blocked in Tris-buffered saline containing 

5% bovine serum albumin (Sigma) and 0.1% Tween-20 (Fisher Bioreagents) for 1 h 

at room temperature. Primary antibodies (full list and concentrations used available in 

Supplemental Table S5) were diluted in blocking solution and incubated overnight at 4°C. 

After washing, membranes were incubated with anti-mouse (#PI-2000, Vector Laboratories) 

or antirabbit (#PI-1000, Vector Laboratories) peroxidase-conjugated secondary antibodies 

diluted 1:50,000 in blocking solution for 2 h, washed thoroughly, and developed using 

SuperSignal West Dura Substrate (ThermoFisher Scientific). Quantification was performed 

by densitometry using Image J v1.53c (U.S. National Institutes of Health). Protein levels 

were normalized to actin for whole tissue extracts or to actin and TBP for nuclear extracts. 

Between primary antibodies, membranes were stripped using Restore Plus Stripping Buffer 

(ThermoFisher Scientific). Male and female samples were run on separate gels and later 

normalized to their respective controls before being pooled for analysis. Unmodified 

Western blots scans are provided as Source Data.

Nuclei purification and Fluorescence-Activated Nuclei Sorting (FANS)—Mouse 

brains were collected after cervical dislocation and followed by rapid bilateral punch 

dissections of virally-infected NAc (core and medial shell) tissue under fluorescent light 

from 1 mm-thick coronal brain sections using a 14G needle and frozen on dry ice. To obtain 

a single nuclei suspension, frozen NAc samples were homogenized in 4 mL of low-sucrose 

lysis buffer (0.32 M sucrose, 5 mM CaCl2, 3 mM Mg(Ace)2, 0.1 mM EDTA, 10 mM Tris-

HCl) using a large clearance then a small clearance pestle of a glass dounce tissue grinder 

(Kimble Kontes). Homogenates were filtered through a 40 μm cell strainer (Pluriselect) into 

ultracentrifuge tubes (Beckman Coulter), underlaid with 5 mL of high-sucrose solution (1.8 

M sucrose, 3 mM Mg(Ace)2, 1 mM DTT, 10 mM Tris-HCl) and centrifugated at 24,000 

rpm for 1 h at 4°C in a SW41Ti Swinging-Bucket Rotor (Beckman Coulter). Supernatant 

was discarded and nuclei pellets were re-suspended in 800 μL of PBS. DAPI was added at 
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a 1:5000 dilution. Nuclei were sorted on a BD FACS Aria II three-laser device with a 70 

μm nozzle and using BD FACSDiva Software v8.0.2. Gating strategy from representative 

sorts are visualized in Supplemental Figure S5. Briefly, debris and doublets were excluded 

using FSC and SSC filters, nuclei were then selected as DAPI-positive (Violet1-A laser) 

events, and finally GFP-positive nuclei (Blue1-A laser) were sorted directly into TRIzol 

LS (Ambion) and flash frozen. Between 30,000 and 60,000 nuclei were recovered for each 

sample.

RNA-sequencing (RNAseq)—For bulk tissue RNAseq, mouse brains were collected 

after cervical dislocation and followed by rapid bilateral punch dissections of virally-

infected NAc (core and medial shell) tissue under fluorescent light from 1 mm-thick coronal 

brain sections using a 14G needle and frozen on dry ice. RNA extraction was performed 

using the RNeasy Micro Kit (Qiagen) following manufacturer instructions. Sequencing 

libraries were prepared by Genewiz/Azenta with polyA selection and sequenced with 

Genewiz/Azenta on an Illumina HiSeq 4000 machine using a 2 × 150 bp pair-end read 

configuration to a minimum depth of 20 million reads per sample. For cell-type-specific 

RNAseq, RNA was extracted from frozen TRIzol LS (Ambion) homogenates using the 

Direct-zol RNA Microprep Kit (Zymo Research) following manufacturer instructions. Ribo-

depleted sequencing libraries were prepared with the SMARTer Stranded Total RNA-Seq 

Kit v2 - Pico Input Mammalian (TaKaRa Biotech) following manufacturer instructions 

and sequenced with Genewiz/Azenta on an Illumina NovaSeq S4 machine using a 2 × 

150 bp pair-end read configuration to a minimum depth of 40 million reads per sample. 

Bioinformatics were run on a Java v1.8.0 environment. For both experiments, quality 

control was performed using FastQC v0.11.9 (www.bioinformatics.babraham.ac.uk/projects/

fastqc/), adapter contaminants were trimmed using Trimmomatic v0.27 (github.com/

usadellab/Trimmomatic), reads were aligned to a custom-built reference genome (RXRα 
and GFP plasmid sequences were added to GENCODE GRCm38 genome) using 

hisat2 v2.1.0 (daehwankimlab.github.io/hisat2/), duplicate reads were removed using 

Picard v2.18.10 MarkDuplicate tool (broadinstitute.github.io/picard/), and finally count 

matrices were generated using the featureCounts function of the subread v2.0.0 package 

(subread.sourceforge.net/featureCounts.html) and a comprehensive gene annotation file 

obtained from GENCODE (GRCm38 vM23). Reads mapping to the plasmid codon-

optimized Rxra overexpression sequence were added to reads mapping to the endogenous 

Rxra sequence (ENSMUSG00000015846). The top 30% most expressed annotated genes/

features (highest normalized read counts average across all samples) were kept for 

subsequent analysis in order to filter out poorly expressed genes. Differential expression 

was analyzed in R v4.0.2 using the DESeq2 package v1.34.0 70. Of note, for the cell-type-

specific RNAseq both males and females were used, and biological sex was included 

as a factor in the model design (~ Sex + Virus). To confirm cell-type specificity, only 

GFP control samples were selected and differential expression was run between cell types 

(~ Sex + CellType model). Significance cut-offs were of at least 15% expression fold 

change ( ∣log2(FoldChange)∣ > log2(1.15) ) and nominal p < 0.05, except in the cases 

when genes were examined individually, where the Benjamini-Hochberg corrected padj 

was used. Gene lists and corresponding statistics are available in Supplemental Table 

S2 (D1-MSNs) and S3 (D2-MSNs). RRHO plots were generated using the RRHO2 
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package 71 (github.com/RRHO2/RRHO2). Gene ontology analyses were performed using 

the PANTHER knowledgebase and classification system (pantherdb.org). Analysis code is 

available upon request.

RNA fluorescent in situ hybridization (FISH)—Mice were transcardially perfused 

with a fixative solution containing 4% paraformaldehyde (PFA). Brains were post-fixed 

for 24 h in 4% PFA at 4°C. Sections of 20 μm thickness were cut in the coronal plane 

with a vibratome (Leica) and stored at −20°C in a cryoprotectant solution containing 30% 

ethylene glycol (v/v), 30% glycerol (v/v) and 0.1 M phosphate buffer. NAc slices were 

mounted on charged Superfrost Plus microscope slides (Fisher Scientific) and processed for 

RNA FISH using RNAscope Multiplex Fluorescent Reagent Kit v2 (ACD Bio) according 

to manufacturer instructions using mouse probes for Rxra (Mm-Rxra, #463121), Drd1a 
(Mm-Drd1a-C2, #406491-C2) and Drd2 (Mm-Drd2-C3, #406501-C3) transcripts. Sections 

were counterstained with DAPI and mounted using ProLong Gold Antifade Mountant 

(ThermoFisher Scientific). Confocal images (6-10 per animal, 1024 × 1024 pixels, 16 bits 

pixel depth) were acquired on a SP8 inverted confocal microscope (Leica) using a 40X 

objective and Leica Application Suite X v3.5.7.23225. A custom-made automated Image J 

v1.53c (U.S. National Institutes of Health) pipeline was used to extract channel intensity 

in every nucleus identified on DAPI staining (Supplemental Figure S4A). Individual Rxra 
puncta were detected using ComDet v0.5.4 (github.com/ekatrukha/ComDet). Analysis code 

is available upon request.

Ex vivo slice electrophysiology—After at least 4 weeks of recovery from AAV 

surgery, male and female D1-Tomato mice were anesthetized using isoflurane. Brains were 

rapidly extracted, and coronal sections (250 μm) were prepared using a Compresstome 

(Precisionary Instruments) in cold (0-4°C) sucrose-based artificial cerebrospinal fluid (SB-

aCSF) containing 87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 4 mM MgCl2, 23 

mM NaHCO3, 75 mM Sucrose, 25 mM Glucose. After recovery for 60 min at 32°C 

in oxygenated (95% CO2 / 5% O2) aCSF containing 130 mM NaCl, 2.5 mM KCl, 1.2 

mM NaH2PO4, 2.4 mM CaCl2, 1.2 mM MgCl2, 23 mM NaHCO3, 11 mM Glucose, 

slices were kept in the same medium at room temperature for the rest of the day and 

individually transferred to a recording chamber continuously perfused at 2-3 mL/min with 

oxygenated aCSF. Patch pipettes (4-6 MΩ) were pulled from thin wall borosilicate glass 

using a micropipette puller (Sutter Instruments) and filled with a K-Gluconate-based intra-

pipette solution containing 116 mM KGlu, 20 mM HEPES, 0.5 mM EGTA, 6 mM KCl, 

2 mM NaCl, 4 mM ATP, 0.3 mM GTP (pH 7.2). Cells were visualized using an upright 

microscope with an IR-DIC lens and illuminated with a white light source (Olympus 

for Scientifica), and fluorescence visualized through eGFP and mCherry bandpass filters 

upon LED illumination through the objective (p3000ULTRA, CoolLed) using μManager 

v2.0 (https://micro-manager.org/). All recordings were made on anterior NAc core MSNs. 

Excitability was measured in current-clamp mode by injecting incremental steps of current 

(0-300 pA, +20 pA at each step). For recording of spontaneous Excitatory Post-Synaptic 

Currents (sEPSCs), neurons were recorded in voltage-clamp mode at −70mV and sEPSCs 

detected with a 8 pA threshold. Whole-cell recordings were performed using a patch-clamp 

amplifier (Axoclamp 200B, Molecular Devices) connected to a Digidata 1550 LowNoise 
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acquisition system (Molecular Devices). Signals were low pass filtered (Bessel, 2 kHz) 

and collected at 10 kHz using Axon pCLAMP 11 Software Suite (Molecular Devices). 

Electrophysiological recordings were extracted using Clampfit (Molecular Devices). All 

groups were counterbalanced by days of recording and all recordings were performed blind 

to experimental condition.

Conditioned place preference (CPP)—Unbiased CPP was carried out using three-

chambered CPP Med Associates boxes and MED-PC IV v4.2 software. The two end 

chambers have distinct visual (gray vs striped walls) and tactile (small grid vs large grid 

flooring) cues to allow differentiation. On the pre-test day, animals were allowed to freely 

explore all three chambers for 20 min. Groups were then attributed and pairing sides 

were adjusted to balance out any pre-existing chamber bias. Next, drug-context learning 

was achieved by pairing an injection of saline with one chamber in the morning, and a 

second injection of cocaine or morphine with the other chamber in the afternoon for two 

consecutive days. CPP testing was carried out on the fourth day when each animal was again 

allowed to explore all chambers freely. Place preference score was taken as the difference in 

time spent on the cocaine-paired side time vs on the saline-paired side.

Rat intravenous self-administration—Rats were anesthetized with ketamine (100 

mg/kg) and xylazine (10 mg/kg) and implanted with chronic indwelling jugular catheters as 

described previously 48. Animals were singly housed, and all sessions took place during the 

active/dark cycle (12:00–15:00). After a 4-day recovery period, animals underwent training 

for self-administration where they were given access to a drug-paired lever on a fixed ratio 

one (FR1) schedule using a cocaine dose of 0.8 mg/kg/infusion or using a heroin dose of 

0.03 mg/kg/infusion, both delivered over 5 s,. After each infusion, the lever was retracted 

and a stimulus light was illuminated for a 20 s timeout period. Responding on a second 

inactive lever was recorded but resulted in no programmed consequence. Acquisition was 

defined as the first session in which an animal allocated > 70% of their responses to the 

active lever, and when a stable pattern of inter-infusion intervals was present.

Behavioral economics testing—For behavioral economics testing, after acquisition of 

cocaine responding, rats then went through a within-session threshold procedure, described 

in detail below, before being split into two unbiased groups (Supplemental Figures S6 and 

S7) for HSV surgery or HX531 treatment. After surgery and one recovery day, rats were 

subjected to 2 FR1 consumption sessions and 2 threshold sessions, or to only 2 threshold 

sessions for the HX531 experiment. The threshold procedure has been used by our lab 
48 and others 49,50,52-54. Briefly, a descending series of 11-unit doses of cocaine (259.9, 

146.1, 82.2, 46.2, 26.0, 14.6, 8.2, 4.6, 2.6, 1.5 and 0.83 μg/infusion) are available for 10 

min upon an FR1 schedule with no timeouts, and levers remain extended. Both the number 

of lever presses and the total cocaine intake are measured for each price bin and plotted 

as a function of dose/price. The resulting demand curves can be used for mathematical 

curve fitting using the following equation: log10(Q) = log10(Q0) + k × (e−α × Q0 × C − 1) where 

Q is consumption and C is the varying cost of the reinforce 50,52. Here, curve fitting was 

achieved using custom-made R code utilizing the stats::nls function, and goodness of fit 

was assessed by computing a pseudo-R2 coefficient (the square of the correlation between 
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observed and predicted log10(Q) values) and the Akaike Information Criterion (AIC) for 

each individual fit. The k value was determined by fitting all individual curves with 0.1 

increments of k values between 1 and 5, and the k value that maximized the overall 

pseudo-R2 and minimized the overall AIC was selected and was here equal to 2.7. The 

parameters Q0, Qmax, Pmax, Omax and α were then calculated for each animal. Q0 is a 

measure of the preferred level of cocaine consumption of the animals and was measured 

as the amount of consumption at a theoretical minimally constraining price. Pmax is the 

inflection point of the demand curve and was calculated as the point for which the first 

derivative slope of the demand function is equal to −1 in the log-log space, and corresponds 

to the price at which the animal no longer emits enough responses to maintain intake and 

consumption decreases. Qmax is the consumption at Pmax, and Omax the behavioral output 

(active lever presses) at Pmax. The measure of elasticity α, also termed the essential value, 

is a measure of how sensitive the demand is to price. With high elasticity, responding will 

drop off quickly as price increases, whereas with low elasticity, animals will be motivated 

to continue consuming drug, regardless of cost. Curve fitting and analysis code is available 

upon request.

Open-field test (OFT)—Mice were placed in the open field arena (44 × 44 cm) for 5 min 

to compare the distance traveled and time spent in the peripheral zone (7.5 cm from each 

border wall) compared to the center zone. Testing conditions occurred under red-light (10 

lux) in a room isolated from external sound sources. The OFT apparatus was thoroughly 

hand cleaned between mice with an odorless 30% ethanol cleaning solution. The mouse’s 

activity – distance, velocity, and time spent in specific open field areas – was captured with a 

video tracking system (Ethovision) set to localize the mouse center point at each time of the 

trial.

Social interaction test—Testing for social interaction was assessed with a novel, non-

littermate, aged-matched C57BL/6J male or female mouse under red-light (10 lux) in a room 

isolated from external sounds. In the first 2.5 min, the experimental mouse was allowed to 

freely explore an arena (44 × 44 cm) containing a custom-made Plexiglass circular enclosure 

(10 cm diameter) centered against one wall of the arena. In the next 2.5 min, the target 

mouse was placed in the enclosure. The apparatus was thoroughly hand cleaned between 

mice with an odorless 30% ethanol cleaning solution. Time spent in a defined ‘interaction 

zone’ (a 7.5 cm-wide circular band surrounding the enclosure) was measured using video 

tracking (Ethovision). A “Social Interaction Ratio” was calculated as time spent exploring 

the interaction zone with the target mouse present, divided by time spent exploring the 

interaction zone with the target mouse absent.

Novelty-suppressed feeding (NSF) test—Mice were food-restricted for 24 h before 

testing. They were then placed in the corner of a novel, black open-field arena (44 × 44 

cm) covered in a different type of saw-dust bedding and where a single pellet of chow food 

was placed in the center of the arena. Testing conditions occurred under dim white-light (6 

lux) in a room isolated from external sounds. The NSF boxes were thoroughly hand cleaned 

between mice with an odorless 30% ethanol cleaning solution, bedding replaced and a new 

food pellet was used for each mouse. Latency to feed was hand-scored by an experimenter 
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blind to the experimental groups as the start of the first bout of uninterrupted feeding that 

was longer than 5 s.

Elevated-Plus maze (EPM) test—EPM apparatuses were designed in black Plexiglass 

(arm length 75 cm, arm width 8 cm, height 80 cm) and fitted with white surfaces to 

provide contrast. Testing conditions occurred under red light (10 lux) in a room isolated 

from external sounds. The apparatuses were thoroughly hand cleaned between mice with an 

odorless 30% ethanol cleaning solution. Mice were positioned in a closed arm, and behavior 

was video tracked for a 5 min period. Time in EPM compartments, locomotion and velocity 

were measured by video tracking (Ethovision).

Saccharine water self-administration—Mice were restricted to 15 min of water access 

per day for the entire duration of the experiment, given after behavioral testing. Natural 

reward-related behaviors were tested in 5 consecutive phases, all carried out using the 

same MedAssociates operant boxes and associated MedPC IV software. First, Pavlovian 

conditioned approach behavior learning was assessed using a dipper training procedure: 

for 30 min, a dipper exposing 20 μL of 0.2% saccharine water raised for 5 s every 30 s 

inside a head port equipped with laser beams to detect magazine head entries. A reward 

was considered ‘consumed’ when a head entry was detected while the dipper was raised. 

Conditioned approach behavior was considered ‘acquired’ when mice on average consumed 

40 rewards, i.e., two thirds of the total 60 rewards offered, which was observed after 5 days. 

Second, water-restricted mice learned to press an active lever for a 5 s access to the same 

saccharine water reward under a fixed ratio 1 (FR1) schedule of reinforcement. Responding 

on a second inactive lever was recorded but resulted in no programmed consequence. FR1 

testing was continued for a total of 8 days to allow all mice to reach a responding plateau 

of stable reward consumption. One of 25 mice failed to acquire operant responding and was 

removed from further testing. Third, the responding requirement was increased to an FR5 

schedule for 4 days, and then to a random ratio 5 (RR5) schedule for 4 days, where each 

lever press had a 20% chance of resulting in reward presentation. Finally, mice were tested 

on a progressive ratio (PR) schedule for 3 consecutive days, where, for each session, the 

FR requirements to trigger the next reward delivery increased following an exponential suite 

defined by the following equation: FRreq = 5 × e0.18n − 5 where n is the number of rewards 

previously obtained and FRreq was rounded to the nearest integer. Breakpoints were defined 

as the total number of rewards obtained and averaged for each mouse across the 3 testing 

sessions.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical power estimation analyses were used to predetermine sample sizes, which 

instead were chosen to match previous publications 11,31,39,48. All statistics were performed 

in R v4.0.2 mostly relying on stats v4.0.2, tidyverse v1.3.1 and lmerTest v3.1-3 packages. 

Detailed statistics, including the exact functions and arguments used, are provided for 

each figure panel in Supplemental Table S6. In summary, pairwise comparisons were 

performed with Welch’s t-tests (stats::t.test function), enrichment tests using Fisher’s LSD 

(stats::fisher.test function), correlations using Pearson’s r (stats::cor.test function) and more 

complex multifactorial designs were analyzed using linear models computed with the 
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stats::lm function for fixed effects-only models or lmerTest::lmer function for mixed effects 

models. Random effects (repeated measures and/or nested observations) were modeled as 

random intercept factors. Subsequent analysis of variance was performed using type III sums 

of squares with Kenward-Roger’s approximation of degrees of freedom. Of note, biological 

sex was always included as a fixed effect factor according to best practice guidelines in 

considering sex as a biological variable 72. Pooled data are represented in figures, but 

individual data points are color-coded by sex. Post hoc testing (on pooled data when 

relevant) was performed using the emmeans package and significance was adjusted using 

Sidak’s correction, except for RNAseq data where Benjamini-Hochberg correction was used 

as part of the DESeq2 pipeline. Bar and line graphs represent mean ± SEM. Correlation 

graphs represent regression line with its 95% confidence interval. Significance was set at p < 

0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NAc RXRα expression correlates with addiction-relevant behavioral and 

molecular features

• RXRα transcriptionally controls neuronal excitability of NAc D1- and D2-

MSNs

• Manipulating NAc RXRα levels modulates cocaine reward learning and 

reinforcing efficacy

• Systemic, pharmacological inhibition of RXRα weakens cocaine-related 

behaviors
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Figure 1. RXRα expression in NAc is linked to addiction-relevant behavior and transcription.
(A) Experimental design of the original cocaine self-administration (SA) study 11, using 

male mice (n = 5-8/group).

(B) RNAseq of NAc tissue showed no regulation of Rxra transcripts across experimental 

groups 11.

(C) Rxra levels in NAc correlated with the Addiction Index, a composite metric 

representative of addiction-like behavioral domains computed using exploratory factor 

analysis 11 (across all samples: Pearson’s r = 0.45, p = 0.0049; across cocaine SA samples 

only: Pearson’s r = 0.66, p = 0.0016).

(D) Experimental design of bulk RXRα overexpression transcriptomics study, using male 

mice (n = 4/group).

(E) RNAseq of virally-infected NAc tissue revealed a significant overlap between transcripts 

significantly regulated by RXRα overexpression and following 1 WD from cocaine SA 11 

(Fisher’s exact test p = 1.7e−21).

(F) Comparison of transcriptome-wide expression profiles using rank-rank hypergeometric 

overlap (RRHO) plots confirmed overlap between the two datasets in a threshold-free 

manner (white arrows indicate change directionality in each dataset).
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(G) Similar patterns of gene expression visualized as heatmaps of expression fold changes 

from respective controls.

Bar graphs represent mean ± SEM. Correlation graphs represent regression line with its 95% 

confidence interval.
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Figure 2. RXRα expression levels in NAc are not regulated by acute cocaine but correlate with 
markers of striatal activity and plasticity.
(A) Experimental design, using male and female mice (n = 4-5/group).

(B) Rxra mRNA levels were not significantly regulated after acute cocaine exposure (LMM-

ANOVA: main effect of Drug: F1,31 = 0.8185, p = 0.3726; interaction Drug:Time: F1,31 = 

2.5762, p = 0.1186).

(C) RXRα protein levels in whole tissue lysates were not significantly regulated after 

acute cocaine exposure (LMM-ANOVA: main effect of Drug: F1,32 = 0.1004, p = 0.7534; 

interaction Drug:Time: F1,32 = 0.4864, p = 0.4906).

(D) RXRα protein levels in nuclear fractions were not significantly regulated after acute 

cocaine exposure (LMM-ANOVA: main effect of Drug: F1,32 = 0.4631, p = 0.2353; 

interaction Drug:Time: F1,32 = 0.0070, p = 0.9340).

(E) Summary heatmap showing that Rxra/RXRα levels correlated strongly with other genes/

proteins implicated in striatal function – including several IEGs – across saline only, cocaine 

only or all samples (Pearson’s r, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

(F) Representative example of Rxra mRNA levels correlation with the IEG Zif268 (across 

saline samples only: Pearson’s r = 0.83, p < 0.0001; across cocaine samples only: Pearson’s 

r = 0.73, p = 0.0002; across all samples: Pearson’s r = 0.73, p < 0.0001).

(G) Representative example of RXRα protein levels correlation with active transcription 

factor pCREB (across saline samples only: Pearson’s r = 0.73, p = 0.0003; across cocaine 

samples only: Pearson’s r = 0.40, p = 0.0844; across all samples: Pearson’s r = 0.51, p = 

0.0007).

(H) Representative example of RXRα nuclear levels correlation with pCREB (across saline 

samples only: Pearson’s r = 0.29, p = 0.2148; across cocaine samples only: Pearson’s r = 

0.54, p = 0.0130; across all samples: Pearson’s r = 0.43, p = 0.0061).

Representative Western Blot pictures for RXRα and control actin and TBP bands are 

attached to the corresponding quantifications. Bar graphs represent mean ± SEM after 

combining male and female data. Correlation graphs represent regression line with its 95% 

confidence interval.
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Figure 3. RXRα controls plasticity- and excitability-related transcriptional programs in both D1- 
and D2-MSNs.
(A) Representative images of RNA FISH for Drd1, Drd2 and Rxra mRNAs in NAc core. 

Scale bar is 20 μm.

(B) Quantification of Rxra mRNA puncta in nuclei of NAc cell types classified on Drd1 and 

Drd2 expression levels in both male and female mice (n = 4-5/group) showed higher Rxra 
expression in D1-MSNs at baseline. (LMM-ANOVA: main effect of CellType: F3,19381 = 

45.1531, p < 2.2e−16, followed by Sidak’s post hoc tests).

(C) Experimental design of cell-type-specific RXRα overexpression transcriptomics study, 

using male and female D1-Cre xfl/fleGFP::L10a or D2-Cre x fl/fleGFP::L10a mice (n = 

4-5/group).

(D) RNAseq confirmed enrichment of D1-MSNs and D2-MSNs marker genes in sorted D1 

and D2 nuclei, respectively (Wald’s test D1-MSNs vs D2-MSNs, **** p < 0.0001).

(E) RNAseq also confirmed increased Rxra expression in D1-MSNs at baseline (Wald’s test 

with Benjamini-Hochberg correction for multiple comparisons padj = 0.0499).

(F) Significant overlap between transcripts significantly regulated by RXRα overexpression 

in D1-MSN and D2-MSN nuclei (Fisher’s exact test p = 5.3e−86).

(G) Comparison of D1- and D2-specific transcriptome-wide expression profiles using rank-

rank hypergeometric overlap (RRHO) plots confirmed overlap (white arrows indicate change 

directionality in each cell type).

(H) Similar patterns of gene expression visualized as heatmaps of expression fold changes 

from respective controls.
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(I) Selected excitability- and plasticity-related genes are regulated by RXRα overexpression 

in D1- or D2-MSNs (Wald’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

(J) Gene ontology analyses of all genes significantly regulated by RXRα overexpression 

indicated enrichment of genes involved in neuronal and synaptic function in both D1- and 

D2-MSNs.

Bar graphs represent mean ± SEM after combining male and female data.
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Figure 4. RXRα modulates intrinsic excitability of both D1- and D2-MSNs.
(A) Experimental design of cell-type-specific RXRα manipulation ex vivo 
electrophysiology study, using male and female Drd1-tdTomato mice (n = 4-5/group, n 

= 123 neurons total). Control viruses (CTRL) expressed either GFP or a miRNA-sequence 

targeted against Lacz sequence, and were pooled for analysis.

(B) Representative picture of a patched AAV-infected D1-tdTomato+ neuron. Scale bar is 20 

μm.

(C) Resting membrane potential was unaffected by RXRα overexpression or knockdown 

in either D1- or D2- MSNs (LMM-ANOVA: main effect of Virus: F2,14.634 = 3.2852, p = 

0.06630; interaction Virus:CellType: F2,102.934 = 0.8075, p = 0.44877).

(D) Rheobase, the minimal injected current required to trigger an action potential, was 

also unaffected by RXRα overexpression or knockdown in either D1- or D2-MSNs (LMM-

ANOVA: main effect of Virus: F2,15.122 = 0.1815, p = 0.8358; interaction Virus:CellType: 

F2,99.563 = 1.9302, p = 0.1505).

(E) Representative membrane responses from D1- and D2-MSNs in response to a 280 pA 

current injection, with or without RXRα overexpression or knockdown.

(F) The number of evoked action potentials (AP) in response to increasing depolarizing 

current steps was increased by RXRα overexpression and blunted by RXRα 
knockdown in both D1- (left) and D2-MSNs (right), suggesting reduced excitability 

(LMM-ANOVA: interaction Virus:Current: F2,1818 = 6769.22, p < 2.2e−16; interaction 

Virus:Current:CellType: F2,1818 = 32.5683, p = 1.268e−14, followed by Sidak’s post hoc 
tests, see Supplemental Table S6 for all statistics).

(G) Representative voltage-clamp recordings of NAc D1- or D2-MSNs highlighting 

spontaneous Excitatory Post-Synaptic Currents (sEPSCs), with or without RXRα 
overexpression or knockdown. Dotted line represents the 8 pA deviation from baseline 

threshold for sEPSC detection.
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(H) RXRα knockdown reduced the frequency of sEPSCs in both D1- and D2-MSNs, while 

overexpression had no effect (LMM-ANOVA: main effect of Virus: F2,14.634 = 8.0783, p 
= 0.004327; interaction Virus:CellType: F1,102.934 = 1.2754, p = 0.283686, followed by 

Sidak’s post hoc tests).

(I) RXRα overexpression or knockdown did not alter the amplitude of sEPSCs in either 

D1- or D2-MSNs (LMM-ANOVA: main effect of Virus: F2,15.239 = 0.6838, p = 0.1952; 

interaction Virus:CellType: F2,100.332 = 0.7404, p = 0.47949).

Bar graphs and line graphs represent mean ± SEM after combining male and female data.
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Figure 5. RXRα bidirectionally and cell-type-specifically regulates dose sensitivity in drug-
reward associative learning.
(A) HSV-mediated RXRα overexpression in NAc increased conditioned place preference 

(CPP) for a subthreshold (5 mg/kg) dose of cocaine (LMM-ANOVA: interaction Test:Virus: 

F1,44 = 10.1557, p = 0.002647, followed by Sidak’s post hoc tests).

(B) HSV-mediated RXRα overexpression in NAc increased CPP for a 7.5 mg/kg dose of 

morphine (LMM-ANOVA: interaction Test:Virus: F1,43 = 9.4374, p = 0.003681, followed by 

Sidak’s post hoc tests).

(C) AAV-mediated RXRα knockdown in NAc decreased CPP for a high (10 mg/kg) dose 

of cocaine (LMM-ANOVA: interaction Test:Virus: F1,41 = 5.1204, p = 0.02901, followed by 

Sidak’s post hoc tests).

(D) AAV-mediated NAc D1-MSN-specific RXRα overexpression increased CPP for a 

subthreshold (5 mg/kg) dose of cocaine (LMM-ANOVA: interaction Test:Virus: F1,44 = 

28.4447, p < 0.0001, followed by Sidak’s post hoc tests).

(E) AAV-mediated NAc D2-MSN-specific RXRα overexpression did not increase CPP for 

a subthreshold (5 mg/kg) dose of cocaine (LMM-ANOVA: interaction Test:Virus: F1,44 = 

0.0813, p = 0.7768).

(F) Chemogenetic activation of NAc MSNs using the hM3Dq DREADD rescued the 

effects of RXRα knockdown on cocaine CPP at a high (10 mg/kg) dose (LMM-ANOVA: 

interaction Test:DREADD:knockdown F1,20 = 5.4961, p = 0.0295, followed by Sidak’s post 
hoc tests).

Both male and female mice were used in all experiments except for chemogenetics (n = 

11-12/group). Bar graphs represent mean ± SEM after combining male and female data.
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Figure 6. RXRα overexpression in NAc increases motivation to self-administer low cocaine doses.
(A) Experimental design for behavioral economics testing, using male rats (n = 8/group).

(B) Total cocaine intake in FR1 sessions was significantly reduced by RXRα overexpression 

(unpaired Welch’s t-test: t8.5723 = 2.3018, p = 0.04824).

(C) Dose response curves in the threshold procedure showed increased responding for 

low doses of cocaine after RXRα overexpression (LMM-ANOVA: interaction Dose:Virus: 

FF9,126 = 5.4513, p = 0.00000261, followed by Sidak’s post hoc tests).

(D) Averaged demand curves showed a similar trend of increased cocaine intake at higher 

prices (LMM-ANOVA: interaction Price:Virus: F9,126 = 1.2085, p = 0.2955).

(E) Representative example of task performance in the threshold procedure (from an HSV-

GFP control), highlighting mathematical demand curve fitting and extraction of behavioral 

economics parameters.

(F) Consumption at low effort Q0 (unpaired Welch’s t-test: t13.987 = 1.9359, p = 0.07336) 

and

(G) consumption at maximum effort Qmax (unpaired Welch’s t-test: t13.977 = 1.899, p = 

0.0784) both trended toward a decrease after RXRα overexpression.

(H) Motivation metrics Pmax (unpaired Welch’s t-test: t8.0394 = −2.3802, p = 0.04439) and

(I) Omax (unpaired Welch’s t-test: t8.6305 = −3.2097, p = 0.01126) were both increased by 

RXRα overexpression.

(J) Demand elasticity α was reduced by RXRα overexpression (unpaired Welch’s t-test: 

t12.208 = 2.4121, p = 0.0325).

Bar graphs and line graphs represent mean ± SEM.
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Figure 7. Treatment with the RXR inhibitor HX531 reduces behavioral responses to cocaine.
(A) Systemic administration of HX531 (20 mg/kg) decreased CPP in male and female 

mice (n = 11-12/group) for a high (10 mg/kg) dose of cocaine (LMM-ANOVA: interaction 

Test:Virus: F1,44 = 13.4504, p = 0.0006572, followed by Sidak’s post hoc tests).

(B) Experimental design for behavioral economics testing, using male rats (n = 6-8/group) 

treated systemically with HX531 (12 mg/kg).

(C) Dose-response curves in the threshold procedure showed decreased responding across 

doses of cocaine after HX531 treatment (LMM-ANOVA: main effect of Treatment: F9,12 = 

7.2432, p = 0.01962, followed by Sidak’s post hoc tests).

(D) Averaged demand curves showed decreased cocaine intake across cocaine prices (LMM-

ANOVA: main effect of Treatment: F9,12 = 5.4469, p = 0.0378, followed by Sidak’s post hoc 
tests).

(E) Representative example of task performance in the threshold procedure (from an HSV-

GFP control), highlighting mathematical demand curve fitting and extraction of behavioral 

economics parameters.

(F) Consumption at low effort Q0 (unpaired Welch’s t-test: t11.218 = 1.1917, p = 0.258) was 

not affected by HX531 treatment.

(G) Consumption at maximum effort Qmax (unpaired Welch’s t-test: t11.305 = 1.2226, p = 

0.2463) was similarly not affected.

(H) Motivation metrics Pmax (unpaired Welch’s t-test: t7.953 = 2.8289, p = 0.0223) was 

decreased by HX531 treatment.

(I) Omax (unpaired Welch’s t-test: t11.607 = 2.6369, p = 0.0222) was similarly decreased.

(J) Demand elasticity α was increased by HX531 treatment (unpaired Welch’s t-test: t7.3526 

= −3.0459, p = 0.01761).

Bar graphs and line graphs represent mean ± SEM.
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Figure 8. RXRα overexpression in NAc mildly affects natural reward behaviors.
(A) Experimental design for behavioral testing, using male mice (n = 12-13/group).

(B) RXRα overexpression did not affect baseline locomotor activity (left, unpaired Welch’s 

t-test: t22.392 = −1.3742, p = 0.1830) or anxiety-like behaviors (right, unpaired Welch’s 

t-test: t22.916 = 1.1312, p = 0.2697) in the open-field test.

(C) RXRα overexpression did not alter social investigation behaviors towards either a 

male (left, unpaired Welch’s t-test: t22.827 = −0.5106, p = 0.6145) or female (right, 

unpaired Welch’s t-test: t22.475 = 0.6265, p = 0.5373) target. Dotted line represents a Social 

Interaction Ratio of 1.

(D) RXRα overexpression reduced the latency to feed in a novel anxiogenic context during 

NSF testing (unpaired Welch’s t-test: t21.688 = 3.3708, p = 0.002796).

(E) RXRα overexpression did not affect open-arm exploration in the EPM test (unpaired 

Welch’s t-test: t21.44 = 0.94804, p = 0.3537).

(F) RXRα overexpression induced a trend towards faster saccharine water Pavlovian 

learning of conditioned approach behavior (LMM-ANOVA: interaction Virus:Day: F4,91 = 

1.9778, p = 0.1045).

(G) RXRα overexpression induced a trend towards faster saccharine water instrumental 

learning of operant responding on FR1 schedule (left, LMM-ANOVA: main effect of Virus: 

F1,22 = 3.0245, p = 0.09599), but had no effect on stable FR5 (middle, LMM-ANOVA: main 

effect of Virus: F1,22 = 0.0011, p = 0.9734) or RR5 (right, LMM-ANOVA: main effect of 

Virus: F1,21.98 = 0.0014, p = 0.9700) responding.

(H) RXRα overexpression induced a trend towards decreased motivation for saccharine 

water reward as measured by reduced PR breakpoint (unpaired Welch’s t-test: t20.978 = 

1.6453, p = 0.1148).

Bar graphs and line graphs represent mean ± SEM.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

see Supplemental Table S4

anti-mouse peroxidase-conjugated secondary antibody Vector Laboratories Cat#PI-2000

anti-rabbit peroxidase-conjugated secondary antibody Vector Laboratories Cat#PI-1000

 

Oligonucleotides

see Supplemental Table S5 for qPCR primers

see Method Details for miRNA sequences

FISH probe: Mm-Rxra ACD Bio Cat#63121

FISH probe: Mm-Drd1a-C2 ACD Bio Cat#406491-C2

FISH probe: Mm-Drd2-C3 ACD Bio Cat#406501-C3

 

Chemicals

Cocaine HCl NIDA N/A

Morphine SO4 NIDA N/A

HX531 Tocris Cat#3912

PBS Thermo Fisher Scientific 14-190-144

DMSO Sigma D4540

CNO dihydrochloride Tocris Cat#6329

 

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Cat#000664

Mouse: Tg(Drd1-cre)FK150Gsat GENSAT MGI:3836633

Mouse: Tg(Drd2-cre)ER44Gsat GENSAT MGI:3836635

Mouse: Tg(Drd1-tdTomato)5Calak Shuen et al., 2008 MGI:4360387

Mouse: Rosa26fsTRAP The Jackson Laboratory IMSR_JAX:022367

Rat: SAS Sprague Dawley Charles River Cat#400

 

Viruses

HSV-GFP Gene Delivery Core, MGH N/A

HSV-RXRa-GFP Gene Delivery Core, MGH N/A

AAV9-CAG-DIO-EGFP Viral Vector Core, Duke BK277

AAV9-CAG-DIO-EGFP-P2A-RXRa Viral Vector Core, Duke BK1432

AAV9-CMV-EYFP-miR-lacZ Viral Vector Core, Duke BK1202

AAV9-CMV-EYFP-miR-RXRa Viral Vector Core, Duke BK1149

AAV9-CMV-EGFP Wilson lab Addgene #105530

AAV9-CMV-EGFP-P2A-RXRa Viral Vector Core, Duke BK1418
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REAGENT or RESOURCE SOURCE IDENTIFIER

AAV9-hSyn-DIO-hM3D(Gq)-mCherry Krashes et al., 2011 Addgene #44361

AAV9-hSyn-DIO-mCherry Roth lab Addgene #50459

 

Software and algorithms

FastQC v0.11.9 Babraham Institute RRID:SCR_014583

Trimmomatic v0.27 Usadel lab RRID:SCR_011848

hisat2 v2.1.0 Kim lab RRID:SCR_015530

Picard v2.18.10 Broad Institute RRID:SCR_006525

subread v2.0.0 RRID:SCR_009803

DESeq2 v1.34.0 Love et al., 2014 RRID:SCR_015687

RRHO2 Cahill et al., 2015 github.com/RRHO2/RRHO2

PANTHER Thomas et al., 2003, 2006 pantherdb.org

ComDet v0.5.4 github.com/ekatrukha/ComDet

Axon pCLAMP 11 Software Suite Molecular Devices RRID:SCR_011323

R v4.0.2 R foundation RRID:SCR_001905

Image J v1.53c NIH RRID:SCR_003070
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