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ABSTRACT 50 

BACKGROUND: Global changes in gene expression underlying circuit and behavioral 51 

dysregulation associated with cocaine addiction remain incompletely understood. Here, we 52 

show how a history of cocaine self-administration (SA) “re-programs” transcriptome-wide 53 

responses throughout the brain’s reward circuitry at baseline and in response to context and/or 54 

cocaine re-exposure after prolonged withdrawal (WD). 55 

METHODS: We assigned male mice to one of six groups: saline/cocaine SA + 24 hr WD; or 56 

saline/cocaine SA + 30 d WD + an acute saline/cocaine challenge within the previous drug-57 

paired context. RNA-sequencing was conducted on six interconnected brain reward regions. 58 

Using pattern analysis of gene expression and factor analysis of behavior, we identified genes 59 

that are strongly associated with addiction-related behaviors and uniquely altered by a history of 60 

cocaine SA. We then identified potential upstream regulators of these genes.  61 

RESULTS: We focused on three Patterns of gene expression that reflect responses to: a) acute 62 

cocaine, b) context re-exposure, and c) drug + context re-exposure. These Patterns revealed 63 

region-specific regulation of gene expression. Further analysis revealed that each of these gene 64 

expression Patterns correlated with an “Addiction Index”—a composite score of several 65 

addiction-like behaviors during cocaine SA—in a region-specific manner. CREB and nuclear 66 

receptor families were identified as key upstream regulators of genes associated with such 67 

behaviors. 68 

CONCLUSIONS: This comprehensive picture of transcriptome-wide regulation in the brain’s 69 

reward circuitry by cocaine SA and prolonged WD provides new insight into the molecular basis 70 

of cocaine addiction, which will guide future studies of the key molecular pathways involved.  71 
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INTRODUCTION 72 

Addiction arises from genetic and environmental factors, which determine individual 73 

responses to initial and repeated drug exposure at the molecular, cellular, and circuit levels (1). 74 

A key feature of addiction is the ability for drug or drug-associated cues to trigger relapse, even 75 

after periods of prolonged abstinence (2). It is hypothesized that susceptibility to relapse 76 

depends on long-term neuroadaptations within the brain’s reward circuitry (3-5).  77 

Behavioral responses to cocaine self-administration (SA) after withdrawal (WD) and re-78 

exposure to drug or contextual cues are well characterized in rodent models. However, the 79 

underlying molecular mechanisms remain elusive. Most studies investigating transcriptional 80 

changes associated with long-term WD followed by cocaine/context re-exposure have focused 81 

on candidate genes within one or two brain regions. These studies have found that long-term 82 

WD from cocaine SA is associated with changes in growth factors and their signaling cascades 83 

(6-9), neurotransmitter and neuropeptide systems (10, 11), and immediate early genes (10, 12). 84 

The few studies investigating transcriptome-wide changes after short-term WD from 85 

cocaine SA (13, 14), or long-term WD but without re-exposure (15), focused primarily on 86 

nucleus accumbens (NAc), ventral tegmental area (VTA) (14), or prefrontal cortex (PFC) (13, 87 

15). No study has characterized transcriptome-wide changes across multiple interconnected 88 

brain reward regions. Furthermore, no transcriptomic study has compared multiple stages of 89 

WD plus drug/context re-exposure, while leveraging individual variability to identify genes 90 

transcriptome-wide associated with addiction-related behaviors. 91 

 Here, we performed RNA-sequencing on six reward-related brain regions in mice with a 92 

history of saline or cocaine SA. We profiled the transcriptome in these regions after short- and 93 

long-term WD with drug/context re-exposure. We hypothesized that a history of cocaine SA “re-94 

programs” the transcriptome, resulting in “priming” or “desensitization” of molecular targets upon 95 

re-exposure to drug-related context ± cocaine.  96 

  97 
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METHODS AND MATERIALS 98 

See supplemental information for detailed methods. 99 

 100 

Experimental animals . Male C57BL/6J mice were obtained from The Jackson Laboratory. All 101 

experiments were conducted in accordance with guidelines of the Institutional Animal Care and 102 

Use Committee at Mount Sinai. 103 

 104 

RNA-Sequencing.  Brain regions were dissected rapidly and frozen on dry ice. RNA extraction, 105 

library preparation, and RNA-seq were conducted as described (16-18). Multiple targets were 106 

validated by qPCR using TaqMan assays (Figure S1; ThermoFisher, Foster City, CA).  107 

 108 

Statistics and Bioinformatics.  109 

Behavior: Behaviors were analyzed using ANOVA or Kruskall-Wallis tests depending on 110 

homozygosity of variance. All analyses were conducted using SPSS Statistical Software, V24 111 

(IBM, Armonk, NY). 112 

 113 

Transcriptomic Analysis: Pairwise differential expression comparisons were performed as 114 

reported (16, 17) using Voom-Limma (19); a significance threshold of fold change>1.15 and 115 

nominal p<0.05 were applied.  116 

 117 

Factor Analysis and Linear Modeling: Factor analysis was used to reduce the dimensions of 118 

interdependent behavioral variables. The transformed behavioral data were then used as 119 

continuous covariates to predict gene expression in linear models. A composite “Addiction 120 

Index” (AI) of 3 factors (Figure 4; Supplemental Figures S3,S4) most closely associated with SA 121 

behaviors was calculated (Supplemental Methods). Regression analysis was conducted using 122 

Voom-Limma to determine AI associations with gene expression (19). 123 
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 124 

All other bioinformatic analyses were conducted as reported (16-18, 20, 21). 125 

126 
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RESULTS 127 

Cocaine Self-Administration Behavior:  128 

Figure 1 provides an outline of experimental procedures, which are explained in detail in 129 

Supplemental Methods. To determine how a history of cocaine SA influences circuit-wide 130 

transcriptomes, RNA-seq was performed on PFC, dorsal striatum (DStr), NAc, basolateral 131 

amygdala (BLA), ventral hippocampus (vHIP), and VTA, obtained from the following six groups 132 

of male mice (Figure 1A): saline SA + 24 hr WD (S24, n=5-8); cocaine SA + 24 hr WD (C24, 133 

n=5-8); saline SA + 30 d WD + saline re-exposure (SS, n=5-8); saline SA + 30 d WD + cocaine 134 

exposure (SC, n=5-8); cocaine SA + 30 d WD + saline exposure (CS, n=3-7); and cocaine SA + 135 

30 d WD + cocaine re-exposure (CC, n=5-7). Supplemental Methods provides a complete 136 

breakdown of sample size by brain region. 137 

 138 

Gene Up- and Downregulation as a Function of Histor y of Cocaine SA and Drug Re-139 

Exposure: 140 

Previous work demonstrates that repeated, non-contingent cocaine injections cause 141 

gene “priming” or “desensitization” in NAc upon cocaine re-exposure after prolonged WD (22, 142 

23). We therefore used RNA-seq to investigate this phenomenon genome-wide and analyze 143 

transcriptomic changes throughout the reward circuitry in response to drug re-exposure after 144 

cocaine SA. Baseline transcriptional effects of cocaine SA were established by differential gene 145 

expression profiling in each brain region. Figure 1B shows pairwise comparisons of each 146 

cocaine treatment group with their saline controls (C24 vs. S24; SC, CS and CC vs. SS) and 147 

numbers of differentially expressed genes (DEGs; p<0.05 and fold change>15%) in each brain 148 

region (Supplemental Table S1).  149 

To focus on genes that were uniquely altered following context/drug re-exposure after 150 

WD, we compared all groups to the same baseline (S24); Figures 1C, 2A; detailed description 151 

of pattern identification in Supplemental Methods). Figures 2B-D show heatmaps of DEG 152 
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patterns within each brain region for all comparisons (C24, SS, SC, CS, and CC vs. S24). This 153 

approach revealed two key findings: 1) most DEGs change in the same direction across all re-154 

exposure paradigms (SS – CC); and 2) the magnitude of change for these transcripts was 155 

significantly different depending on the animals’ history of cocaine SA and re-exposure (Figure 156 

2B-D).  157 

We focused on three patterns associated with drug use: first-ever exposure to cocaine 158 

(SC; Pattern A; Figure 2B), re-exposure to cocaine-paired context (CS, Pattern B, Figure 2C), 159 

and re-exposure to cocaine-paired context + cocaine (CC, Pattern C, Figure 2D). Each Pattern 160 

includes genes that were both differentially expressed from S24 (p<0.05; fold change>15%) and 161 

distinct from all other groups. Supplemental Table S2 provides complete gene lists for each 162 

pattern. Figure 3A-C shows the number of up- and downregulated DEGs in each Pattern, with a 163 

cell type analysis of DEGs shown in Supplemental Table S7. 164 

One challenge in devising treatments for addiction is that many genes show different, 165 

sometimes opposite, regulation across brain regions. It was therefore of interest to identify 166 

specific transcripts that show similar directional changes across brain regions. Fisher’s exact 167 

tests (FETs) to compare overlap of DEGs associated with Patterns A–C (Figure 3E-F; 168 

Supplemental Table S3) revealed significant overlap of upregulated genes across brain regions 169 

in Patterns A–C and identified 2 transcripts that are upregulated across a majority of brain 170 

regions in Pattern A (Atp5j2 and Sox18). In Pattern C, overlap of 7 downregulated genes 171 

occurred in DStr, NAc and BLA, 2 of which were also downregulated in VTA (Lmtk3 and 172 

Map4k2). All genes with fold-change >15% from each Pattern were validated by qPCR in 3 173 

brain regions (Figure 3G-I; Supplemental Figure S1). Therefore, we used fold-change cutoff of 174 

15% for all comparisons.  175 

 176 

Predicted Upstream Regulators Have Unique Gene Targ ets Based on Cocaine SA History 177 

and Re-Exposure Across Brain Regions: 178 
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 We hypothesized that these Pattern-associated genes might have common upstream 179 

regulators across brain regions, which could serve as potential targets for therapeutic 180 

intervention. Exploration of upstream regulators was conducted using Ingenuity Pathway 181 

Analysis (IPA; Qiagen Fredrick, MD) for each brain region and each Pattern. Comparison 182 

analysis was conducted to identify upstream regulators shared across brain regions (Figure 3J-183 

L). Only those upstream regulators with an activation z-score>2 and p-value<0.01 in at least 184 

one brain region were included.  185 

Seven molecules (CREB1, EGF, TGFB1, CREM, VEGF, HNF4A, and TCF7L2) were 186 

predicted as upstream regulators in Pattern C and at least 1 other Pattern. Notably, CREB1 was 187 

a predicted upstream regulator across all 3 Patterns (highlighted in red, Figure 3J-L). CREB1 188 

was the top upstream regulator in Patterns A and C and a predicted upstream regulator of 189 

genes in PFC, NAc, and BLA for Patterns A, B, and C (Figure 3J-L). CREB1 is activated by 190 

initial cocaine exposure and is critical for synaptic plasticity involved in cocaine reward (24, 25). 191 

Therefore, the prediction that CREB1 is an upstream regulator of genes responding to an acute 192 

dose of cocaine in all brain regions (Pattern A) validates our pattern identification methodology 193 

(Figure 3J). It should be noted that each gene list is unique for a Pattern within a brain region. 194 

Therefore, the finding that CREB1 is a predicted upstream regulator in all 3 Patterns in PFC, 195 

NAc, and BLA suggests that a history of cocaine SA with drug/context re-exposure results in 196 

different targets for CREB1 in these regions. TGFB1, CREM, EGF, and VEGF were predicted 197 

upstream regulators of patterns associated with an acute dose of cocaine, with or without a 198 

history of cocaine SA (Patterns A & C; highlighted in orange, Figure 3J & L). Finally, HNF4A, a 199 

nuclear receptor, and TCF7L2 were predicted upstream regulators in Patterns associated with 200 

cocaine SA + WD (Patterns B & C; highlighted in purple, Figure 3K & L). Molecular pathway 201 

analysis also identified biological processes associated with the three Patterns (Supplemental 202 

Figure S2). 203 

 204 
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Association of Gene Expression Regulation with Beha vioral Features of Cocaine SA 205 

We next studied whether individual differences in cocaine SA behavior contributed to the 206 

regulation of gene expression observed across brain regions and gene expression Patterns. We 207 

used exploratory factor analysis to reduce multidimensional behavioral data to factors 208 

associated with interrelated variables (Figures 1E, 4A; Supplemental Figure S3). We identified 3 209 

factors that are associated with SA behaviors and reflect important components of addiction: 210 

Factor 1 – cocaine intake and infusion; Factor 3 – discrimination between active and inactive 211 

levers; and Factor 4 – consummatory regulation (altered intake between FR1 and FR2; Figures 212 

1E and 4A). 213 

To simplify these measures of addiction-related behaviors, we calculated a composite 214 

score, or “addiction index” (AI), for each animal (Figure 4B; Supplemental Methods). Individual 215 

data are presented for each factor (behavior: Figure 4D, G & J; factor values: Figure 4E, H & K). 216 

If an animal scored high on all 3 factors (e.g., ▲ in the cocaine SA group), it has a high AI. 217 

However, if an animal scored low on one factor (e.g., × does not discriminate between active 218 

and inactive levers and ■ does not increase lever pressing when moved to FR2) their AI is 219 

lower. Factor 2 was not included in the AI because it represents differences in total lever 220 

pressing (Supplemental Figure S4), a behavior more reflective of locomotor activity and not SA 221 

per se. Use of this factor analysis and calculated AI scores illustrates their utility in identifying 222 

key components of complex behavioral datasets and in discriminating between baseline 223 

individual differences in behavior and those driven specifically by cocaine SA.  224 

We used linear modeling to identify genes associated with AI scores (Figures 1F and 5A; 225 

Supplemental Table S4) to test the hypothesis that individual differences in SA behavior are 226 

associated with transcriptional regulation. We noted that the direction of expression changes in 227 

genes associated with AI scores were similar across all four 30 d WD groups (Supplemental 228 

Figure S5). Because we observed changes in magnitude but not direction in genes categorized 229 
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as Patterns, we hypothesized a similar effect would be observed in genes associated with AI 230 

scores. We calculated magnitude change by subtracting the log fold-change in expression of SS 231 

vs. S24 from all other comparisons (SC, CS and CC vs. S24; Figure 5B). This allowed us to 232 

adjust for gene expression differences observed between the two saline control groups. For 233 

example, if a gene is further downregulated after cocaine re-exposure, it has a negative value 234 

(blue). However, if the downregulation is blunted in comparison to that of the SS controls, it has 235 

a positive value (yellow). Heatmaps of genes significantly associated with AI scores are 236 

displayed (p<0.05, |slope|>0.2) ranked by -log(p-value) and sign of slope (red=positive 237 

association; gray=negative association).  238 

The heatmaps reveal that a history of cocaine SA (Patterns B & C) augments the 239 

transcriptional response observed in the SS groups of those genes positively and negatively 240 

associated with AI in all 6 brain regions (Figure 5C-H). The same is not true after an animal’s 241 

first dose of cocaine. Notably, in NAc, the transcriptional response of genes associated with AI 242 

is attenuated when compared to the SS group (Figure 5E). These data suggest that one dose of 243 

cocaine has little impact on genes associated with addiction-related behaviors.   244 

We next used FETs to identify specific transcripts positively or negatively associated 245 

with AI across brain regions (Figure 5H). More transcripts overlapped across brain regions in 246 

our pair-wise comparisons than in the Patterns. Notably, genes encoding AP-1 transcription 247 

factors, including Fos, Fosb, and Fosl2 were associated with AI in the BLA, vHIP, and NAc. This 248 

is consistent with prior work implicating AP-1 as an important transcriptional mediator of drug 249 

action (25). Genes associated with AI were enriched for neuronal-specific transcripts in all 250 

regions (Supplemental Table S7). Six transcripts (Hspb1, Dnajc3, Mpdz, Tmem252, Lcn2, and 251 

Hspa1b) were positively associated across 5 brain regions. Notably, Lipocalin 2 (Lcn2) was 252 

associated with AI all regions except the VTA, where there was a trend (slope=1.84; p-253 

value=0.07), suggesting that Lcn2 may be a potential novel therapeutic target for addiction.  254 
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Upstream regulator analysis identified 192 molecules predicted to regulate genes 255 

associated with AI (Figure 5J; Supplemental Table S5). RICTOR was the top-predicted 256 

regulator in PFC, DStr, vHIP, and VTA, and CREB1 (highlighted in red) was a predicted 257 

upstream regulator of genes in PFC, NAc, BLA, and vHIP. Finally, HNF4A was a predicted 258 

upstream regulator in 4 out of 6 brain regions. Notably, CREB1 and HNF4A were both predicted 259 

in cocaine SA + WD Patterns (Patterns B and C). 260 

 261 

Transcriptome-Wide Expression Profiles Dependent on  a History of Cocaine SA and Re-262 

Exposure Reflect Region-Specific Roles in Addiction -Related Behaviors: 263 

To determine if genes associated with AI overlap with genes changed in the condition 264 

defining each Pattern of gene expression, we used rank rank hypergeometric overlap (RRHO) 265 

analysis, which compares large datasets in a threshold-free manner (16, 21, 26, 27) (Figure 1F 266 

& 6). In each brain region, there was significant overlap of genes up- and downregulated in 267 

Patterns B and C —Patterns related to cocaine SA—and genes positively and negatively 268 

associated with AI, respectively. This finding is supported by FETs on filtered lists (left) showing 269 

significant overlap of up- and downregulated genes in Patterns B in all brain regions except 270 

NAc. In contrast, overlap between Pattern A—associated with initial, acute cocaine exposure—271 

and AI was absent or far weaker. This is similar to SS vs. S24 comparisons (Supplemental 272 

Figure S7) in all brain regions except vHIP, where AI overlaps strongly with Pattern A (Figure 273 

6E). Additionally, each region showed some Pattern-specific associations with the AI (Figure 6). 274 

Notably, NAc displayed strong associations with Pattern C (Figure 6C) only and BLA showed 275 

the strongest associations with Pattern B (Figure 6D). 276 

 277 

Motif Analysis Reveals Nuclear Receptors as Importa nt Regulators of Transcription After 278 

a History of Cocaine SA 279 
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We conducted HOMER motif analysis on genes associated with AI and categorized as 280 

either Pattern B or C for each brain region (Figures 1F and 7A; Supplemental Table S6). We 281 

found enrichment of several putative transcription factor binding sites implicated previously in 282 

reward-associated behaviors (SMAD, E2F, CREB, EGR, and AP1 families) across multiple 283 

brain regions (7, 8, 28-33). Interestingly, the nuclear receptor (NR) family was predicted in every 284 

brain region. HNF4A (NR2A1) was a predicted regulator in Patterns associated with a history of 285 

cocaine SA (Figure 3J-L; Patterns B and C) and genes associated with AI (Figure 5I). NRs have 286 

recently been identified as critical for CREB-regulated learning and memory in hippocampus 287 

(34) and important for aspects of cocaine SA in NAc (35). This, in combination with the 288 

prediction of CREB as an upstream regulator across all 3 Patterns and AI, raised the hypothesis 289 

that NRs may influence CREB transcriptional regulation in a context-dependent manner 290 

throughout the brain.  291 

Because NR family members are associated with AI across all brain regions and show 292 

region-specific alterations in expression (Figure 7B), we considered the possibility that the 293 

region-specific association of NRs with AI, coupled with known regulation of CREB activity and 294 

binding, could influence the magnitude of expression of addiction-related genes after a history of 295 

cocaine SA. We used in silico analysis to test the hypothesis that CREB and NRs could 296 

potentially interact to influence expression in a context-specific manner. We identified proximally 297 

located CREB and NR binding sites (MatInspector, Genomatix, Germany) in a representative 298 

gene, Lcn2, that was positively associated with AI across multiple brain regions (Figure 7C;). 299 

Hypothetical transcription factor binding states in each brain region are presented based on 300 

region-specific NR expression, association with AI, and known binding data from the 301 

MatInspector database (Figure 7C & D). This illustrates the concept that different NRs could 302 

influence CREB-induced transcriptional regulation in a region-specific manner. For example, 303 

there are two regions in the promoter of Lcn2 where CREB and NR binding motifs occur within 304 

50 bp of each other. In NAc and VTA, different NRs are expressed and/or associated with AI. 305 
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Thus, two putative binding states are represented: 1) In NAc, NR2B1 binds near CREB in the 306 

more distal binding zone, while both NR3C4 and NRC3C bind near CREB in the more proximal 307 

binding zone; 2) in VTA, because NR2B1 is negatively associated with AI, it is not available to 308 

bind, while NR4A2 is positively associated and available (Figure 7C). This Figure serves to 309 

illustrate just one hypothetical mechanism by which the same upstream regulator (e.g., CREB) 310 

can have different downstream effects across brain regions and behavioral histories. 311 

Furthermore, this analysis serves as an example of how our extensive datasets can be used 312 

moving forward. 313 

  314 
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DISCUSSION 315 

 These data provide the first unbiased assessment of gene regulation across various 316 

time-points of cocaine SA—short- and long-term WD— and two different re-exposure paradigms 317 

in six interconnected brain reward regions. While prior studies have investigated transcriptional 318 

responses to cocaine re-exposure after SA (6-12), these have not done so transcriptome-wide 319 

across a range of brain regions. Furthermore, this study is particularly powerful as we used 320 

individual variability to identify transcripts associated with aspects of cocaine SA behavior. We 321 

leveraged two statistical approaches (pattern identification and factor analysis) to characterize 322 

novel gene expression patterns throughout the reward circuitry that are sensitive to drug re-323 

exposure after prolonged WD from cocaine SA.  324 

Traditional methods of analyzing RNA-seq data have focused on pair-wise comparisons 325 

to identify DEGs when compared to a single control group. Our dataset contained two control 326 

groups, so pair-wise comparison using each condition’s control (S24 and SS) could not uncover 327 

all transcriptional differences. Therefore, we utilized a novel approach to identify patterns of 328 

expression that reflect differences from both baselines and identified transcripts that were 329 

uniquely altered by either context re-exposure alone or context + drug re-exposure. This 330 

revealed that many genes associated with long-term WD and re-exposure were altered in 331 

magnitude but not direction. Pattern identification therefore allowed us to detect genes that were 332 

uniquely altered by acute cocaine (Pattern A), cocaine-paired context (Pattern B), or context + 333 

cocaine re-exposure (Pattern C) independent of baseline changes. Furthermore, each gene was 334 

only characterized as one pattern per brain region, thus revealing those genes associated 335 

uniquely with context- and/or drug-induced relapse.  336 

This pattern identification analysis revealed individual transcripts that are regulated 337 

across multiple brain regions and may serve as therapeutic targets for addiction. For example, 338 

in Pattern C, two protein kinases (Lmtk3 and Map4k2) are downregulated in DStr, NAc, BLA, 339 

and VTA. Knockout of Lmtk3 increases locomotor activity and dopamine turnover in striatum 340 
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(36). Both are involved in actin cytoskeletal remodeling (37, 38) and Map4k2 has been linked to 341 

inflammatory responses (39), two key processes in synaptic plasticity (6, 40). Similarly, 342 

transcripts were identified that were associated with AI across multiple brain regions (Figure 343 

5H). Notably, Lcn2 was positively associated with AI across all 6 brain regions (VTA = trend). 344 

LCN2 forms a complex with matrix metalloproteinase 9 (MMP9) and protects it from 345 

degradation, thus prolonging its activity (41). MMP9 activity has been shown to be critical for 346 

cue- and cocaine-induced reinstatement (42). These transcripts provide valuable information 347 

regarding biological processes important for cocaine addiction, and serve as potential brain-348 

wide therapeutic targets. 349 

One key finding of the pattern analysis came from upstream regulator analysis, which 350 

showed that many predicted transcriptional regulators were consistent across Patterns and 351 

brain regions (Figure 3J-L). This is significant because each gene list is unique for a Pattern 352 

within a brain region, suggesting that the targets of these predicted regulators change 353 

depending on cocaine history and re-exposure paradigm. This provides a potential mechanism 354 

for our hypothesis that a history of cocaine SA “primes” the reward circuitry at the transcriptional 355 

level to respond to context/drug re-exposure.  356 

We identified CREB1 as a predicted upstream regulator in Patterns A, B, and C in PFC, 357 

BLA, and NAc – brain regions implicated in cue-induced reinstatement (43-45). CREB1 has long 358 

been implicated in addiction-related phenomena (24, 25, 46) and is critical for synaptic plasticity 359 

and reward learning. Prediction of CREB1 as a regulator of expression in all brain regions upon 360 

initial exposure to cocaine validates our pattern identification methodology.  361 

Individual differences in SA behavioral responses correlate with gene expression 362 

changes following WD. To date, those correlations have been restricted to drug-taking animals 363 

without including saline controls, and none have been performed transcriptome-wide (47, 48). 364 

Two limitations of previous analyses are: 1) false positives/negatives due to constraints in 365 

statistical analysis of small sample sizes typical of RNA-seq experiments, and 2) the inability to 366 
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use all available SA behavioral data in correlation analysis (e.g., saline animals cannot be 367 

correlated with intake). To understand how individual differences in cocaine SA behavior might 368 

influence the transcriptional landscape after long-term WD and re-exposure, we used factor 369 

analysis to generate a composite AI that incorporates variability in SA behaviors associated with 370 

addiction-like outcomes and discriminates between saline and cocaine animals (Figure 4).  This 371 

allowed us to use the saline controls in our linear model to account for baseline differences in 372 

behavior and substantially increased our sample size, reducing the likelihood of false discovery.  373 

The greater transcriptional response in Patterns B and C drive association with the AI in 374 

a region-specific manner (Figure 5B-G). This is further reflected in the RRHO analyses (Figure 375 

6). Thus, context is exceptionally important for the transcriptional component of relapse, and the 376 

response appears to be region-specific. RRHOs highlight which Pattern of gene expression 377 

contributes to AI in each brain region, thus showing which Pattern most reflects addiction-378 

related behaviors. Together, our data suggest that transcriptional reprogramming occurs during 379 

long-term WD and is associated with the degree of the addictive phenotype.  380 

The high degree of overlap of transcripts associated with AI across brain regions (Figure 381 

5I) suggests once again that there is a suite of transcripts throughout the reward circuitry being 382 

targeted by similar upstream regulators. As in the Patterns, CREB1 was a predicted upstream 383 

regulator in PFC, NAc, BLA, and vHIP of genes associated with AI (Figure 5J). HNF4A was also 384 

a predicted upstream regulator of genes associated with AI and was one of two upstream 385 

regulators (TCF7L2) predicted for both Patterns B and C.  HNF4A is implicated in epigenetic 386 

mechanisms (49-52) and dendritic spine morphology (51). While expression of Hnf4a was not 387 

detected in our sequencing data, other NRs were. Additionally, many NRs share a consensus 388 

sequence and compete for DNA binding (53).  389 

Based on this knowledge, we used HOMER de novo motif analysis to identify putative 390 

transcription factor binding sites across genes in Patterns B or C that were also associated with 391 

AI. Strikingly, NRs were present in every brain region in a similar Pattern-specific manner as 392 
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seen by RRHO. Furthermore, CREB1 and other CREB family members were predicted in all 393 

brain regions. Thus, we posit that NRs might influence transcriptional regulation by CREB 394 

proteins in response to drug/context re-exposure in a region-specific manner. 395 

Using novel analytic approaches followed by upstream-regulator, motif and other in silico 396 

analyses, we present here candidate genes and transcriptional regulators that might serve as 397 

therapeutics for addiction-related disorders. While CREB and NRs are highlighted for follow-up, 398 

this serves as just one example for how this vast dataset can be mined in future studies. To 399 

conclude, our datasets provide a highly unique resource of transcriptional regulation throughout 400 

the brain’s reward circuitry and across cocaine SA, WD, and re-exposure. The transcriptional 401 

reprogramming that occurs offers valuable information regarding gene expression correlating 402 

with high performance on a highly ethologically relevant model of addiction. Thus, this work 403 

provides an increasingly complete understanding of the molecular basis of cocaine addiction 404 

and allows us to work toward individualized therapeutics.  405 

  406 
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FIGURE LEGENDS 560 

Figure 1: Outline of Experimental Approach and Bioi nformatic Analyses : (A) Experimental 561 

design and summary of groups. Mice were food trained followed by 5-10 d of FR1 scheduling 562 

and 4-5 d of FR2. One group was euthanized 24 h after their last SA session while another 563 

cohort of animals were group housed in their home cage for 30 d. After WD, animals were given 564 

an injection of saline or cocaine and re-exposed to their original SA chamber for 1 h and 565 

euthanized immediately. (B) Data collection and RNA-seq data analysis. RNA-seq was 566 

performed on micro-dissections of 6 reward-associated brain regions. Differential expression 567 

analysis was performed to identify DEGs compared to their control group (S24 or SS). Number 568 

of DEGs per brain region are indicated (Red = greatest; Gray = least). (C) In an effort to identify 569 

genes that were uniquely altered by cocaine re-exposure we used pattern analysis and 570 

compared all groups to the same baseline (S24). Three patterns were investigated: Pattern A: 571 

genes uniquely altered by an initial dose of cocaine (SC; 1 h post-injection); Pattern B: genes 572 

uniquely altered by re-exposure to cocaine-paired context (CS); and Pattern C: genes uniquely 573 

altered by cocaine re-exposure (CC; 1 h post-injection). (D) Data collection and analysis of 574 

cocaine SA behavioral data. Because all animals (saline included), underwent varying numbers 575 

of SA trials at FR1, behavioral data was aligned to the day each animal transitioned onto an 576 

FR2 schedule (i.e., the last day on FR1). Therefore, data for days 5 - 10 of FR1, but not 1 -4, 577 

includes a majority of the animals in the study. In self-administering animals, cocaine (red) acted 578 

as a reinforcer as shown by increased active lever (solid line) vs. inactive lever (dotted line) 579 

responding on day 3 of FR1 (indicated by *). This did not occur for saline animals (black). 580 

Cocaine SA animals began pressing the active lever significantly more than saline (indicated by 581 

*) beginning on day 6 of FR1, which continued throughout FR2. Cocaine SA animals (red) 582 

received more infusions than their saline counterparts (black) and maintained the same number 583 

of infusions after switching to an FR2 schedule, indicating that cocaine was reinforcing lever 584 

pressing in these mice. (E) We generated an “addiction index” using exploratory factor analysis 585 
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to reduce the multi-dimensional behavioral data to “factors” associated with components of 586 

cocaine SA behavior. We then combined the 3 factors most strongly associated with an 587 

addicted-like phenotype to differentiate between individual animals with high performance 588 

across multiple behavioral endpoints. (F) Integration of genes and behaviors to identify 589 

transcripts important for the addicted-like phenotype. Enrichment testing reveals transcripts 590 

regulated across multiple brain regions. In silico analysis of potential upstream regulators of the 591 

enriched genes. Rank-rank hypergeometric overlap used to determine if gene expression 592 

Patterns are associated with the addiction index within a brain region. Behavioral data were 593 

analyzed using Kruskal Wallis followed by Mann-Whitney Nonparametric Test; *p<0.05; 594 

**p<0.01; data are presented as mean ± SEM. 595 

 596 

Figure 2: Gene expression Patterns associated with cocaine exposure. (A) To reduce the 597 

dimensions of our RNA-seq data and identify genes that were uniquely changed by a specific 598 

exposure paradigm, we used pattern analysis to categorize genes into Patterns of expression 599 

when compared to the same S24 baseline. Categorization of genes affected uniquely by: (B) an 600 

initial dose of cocaine (Pattern A); (C) re-exposure to the cocaine-paired context after 30 d WD 601 

from cocaine SA (Pattern B); (D) re-exposure to cocaine in the cocaine-paired context after 30 d 602 

WD from cocaine SA (Pattern C). Heatmaps show that, for all brain regions, expression of 603 

genes categorized in each Pattern is, by definition, most pronounced in the comparison that 604 

represents that Pattern (e.g., Pattern A most pronounced in SC vs S24 when compared to other 605 

groups).  606 

 607 

Figure 3: Gene expression patterns associated with cocaine exposure reveal circuit-wide 608 

transcriptional changes and upstream regulators. (A-C) Number and percentage of genes 609 

up- and downregulated (yellow=>60% up; blue=>60% down) in each brain region for each of the 610 

three Patterns defined in Figure 2. (D-F) Overlap across brain regions of upregulated (top) and 611 
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downregulated (bottom) genes, color-coded for significance. Total number of regulated genes in 612 

each region is shown in parentheses. Examples of transcripts up- or downregulated across 613 

more than two brain regions are listed in the insets. (G-I) Patterns were validated using qPCR 614 

on technical replicates. Patterns were validated for 8 transcripts across 3 brain regions. 615 

Representative transcripts from each pattern are presented. Fold-changes of at least 15% in the 616 

RNA-seq data were validated using qPCR across all patterns analyzed, supporting use of this 617 

fold-change in all analyses. (J-L) Upstream regulator analysis was conducted across brain 618 

regions for each Pattern. Five upstream regulators were consistently predicted to regulate 619 

genes across brain regions: CREB1 (highlighted in red) is a predicted upstream regulator of all 620 

Patterns. Regulators overlapping between Patterns A and C are highlighted in orange and are 621 

likely indicative of those important for regulating the response to acute cocaine exposure 622 

independent of a history of cocaine SA. Regulators overlapping between Patterns B and C are 623 

highlighted in purple and are likely indicative of those important for regulating the response to a 624 

cocaine-paired context after a history of cocaine SA. Activation Z-Scores in heatmaps: positive 625 

(yellow) = overrepresentation of targets activated by regulator; negative (blue) = 626 

overrepresentation of targets repressed by regulator; no direction (black) = no significant 627 

enrichment of activated versus repressed targets; white = not a predicted upstream regulator. 628 

*p<0.05; **p<0.01; * * = transcripts overlap across multiple brain regions. 629 

 630 

Figure 4: Generation of an “addiction index” for in dividual animals. (A-B) Exploratory 631 

factor analysis on multiple behavioral endpoints reduced multi-dimensional behavioral data to 8 632 

“factors.” A composite score, or “addiction index (AI),” of those factors most strongly associated 633 

with behaviors reflective of an addicted-like phenotype was generated using the individual 634 

transformed data for Factors 1, 3, & 4. (C-K) Data for individual animals for each behavior and 635 

each factor are presented. Each animal is represented by the same unique shape and color. (C, 636 

F, I) Factor loading, or associations, of Factors 1, 3, & 4 with SA behaviors (yellow = positive; 637 
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blue = negative) are presented. (D, G, J) Individual data presented for the behaviors associated 638 

with each factor. (D) Factor 1 associated with intake and infusions; (G) Factor 3 is positively 639 

associated with active lever and negatively associated with inactive lever under an FR2 640 

schedule; (J) Factor 4 is positively associated with FR2 lever presses and negatively associated 641 

with lever pressing on an FR1 schedule. (E, H, K) Individual transformed data for Factors 1 (E), 642 

3 (H) and 4 (K). The product of these values was calculated to generate an AI for each 643 

individual. An animal must display high performance on all three factors (▲) to have a high AI. 644 

By contrast, if an animal performs poorly on one of the behaviors (× or ■) their AI is lower.  645 

 646 

Figure 5:  Genes associated with the AI are reprogrammed by co caine SA to be 647 

responsive to drug or cocaine-paired context.  (A) Linear modeling was used to identify 648 

genes associated with the AI within each brain region. Only genes with a slope of at least ±15% 649 

and a nominal p<0.05 were investigated. Similar to the gene expression Patterns (Figure 2), we 650 

observed that directional changes in expression were similar across all re-exposure 651 

comparisons (SS, SC, CS & CC vs. S24). Genes that were negatively associated with AI (gray 652 

bar) were downregulated and genes positively associated with AI (red bar) were upregulated 653 

(Supplemental Table S4). (B-G) Heatmaps were transformed to indicate change in expression 654 

from SS controls. Blue = fold change in the negative direction from SS vs. S24 and yellow = fold 655 

change in the positive direction from SS vs. S24. Cocaine SA programs those transcripts 656 

associated with AI to be hyper-response to context either with or without drug. (H) Overlap of 657 

genes positively (left) or negatively (right) associated with AI across brain regions, color-coded 658 

for significance. Total number of genes in each brain region listed in parentheses and total 659 

number of genes overlapping between regions indicated in corresponding boxes. There is 660 

significant overlap of genes associated with the AI across most brain regions. (I) Upstream 661 

regulator analysis reveals similar putative transcriptional regulators in genes associated with AI 662 

as those associated with specific gene expression Patterns. Colors correspond to regulators 663 
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overlapping in multiple Patterns (see Figure 3). Activation Z-Scores: positive (yellow) = 664 

overrepresentation of targets activated by regulator; negative (blue) = overrepresentation of 665 

targets repressed by regulator; no direction (black) = no significant enrichment of activated or 666 

repressed targets; white = not a predicted upstream regulator. 667 

 668 

Figure 6: Overlap of transcriptional profiles relat ed to the AI and gene expression 669 

Patterns reveals which Pattern contributes most to AI. A-F) Overlap of genes positively or 670 

negatively associated with AI and also up- or downregulated within each gene expression 671 

Pattern within the gene lists filtered for significance (Fisher’s exact test; left) or transcriptome-672 

wide expression profiles (RRHO plots; right). Overlap of genes associated with AI are specific to 673 

brain regions. For example, significant overlap of up- and downregulated genes across Patterns 674 

B & C with AI are observed in PFC and VTA. vHIP. BLA and DStr are enriched in genes in 675 

Pattern B and NAc only shows enrichment of genes in Pattern C. RRHO plots to the right of 676 

each panel reveal significance of overlap between region-specific transcriptional profiles 677 

associated with AI for Patterns A-C. A key for these plots is shown to the right.  678 

 679 

Figure 7: Motif analysis reveals putative role for NRs in controlling region-specific 680 

cocaine-induced gene expression. (A) HOMER motif analysis was conducted on genes 681 

defined as either Pattern B or C and significantly associated with the AI (lists from Figure 6 682 

enrichment tests). Table of putative transcription factor families whose motifs were enriched in 683 

at least 4 of 6 brain regions. Members of the NR family were predicted upstream regulators in all 684 

brain regions and were Pattern-specific. (B) NR family members are positively (red) and 685 

negatively (gray) associated with the AI in a region-specific manner. Black indicates no 686 

association and white indicates no detectable expression. Only NRs with a significant 687 

association in at least one brain region are displayed. (C) Hypothetical model of transcriptional 688 

co-regulation by CREB and NRs in a gene positively associated with AI across all brain regions 689 
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(VTA = trend). In silico analysis of transcription factor binding sites, identified using 690 

MatInspector, indicate motifs in close proximity to each other (less than 50 bp), and binding data 691 

from the MatInspector database indicate binding of specific NRs within the Lcn2 promoter. 692 

Based on our AI data, we extrapolated possible region-specific binding states that could be 693 

regulating the transcriptional response to drug or context re-exposure. Color indicates sub-694 

family of NRs: orange = NR2 subfamily; pink = NR3 subfamily; green = NR4 subfamily. X = 695 

negative association with AI.  696 
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SUPPLEMENTAL  TABLE  LEGENDS  

All  supplemental  tables  are  provided  in  Excel;;  See  supplemental  .zip  file  to  download    

Table  S1:  Differentially  expressed  genes  (DEGs)  calculated  from  pair-wise  comparisons.    
A  complete  list  of  DEGs  (nominal  p-value  <  0.05;;  fold-change  ±  15%)  in  relation  to  saline  controls  

(either  S24  or  SS)  presented  in  Figure  1B.  Each  comparison  is  presented  on  a  separate  tab.    

  
Table  S2:  Genes  categorized  by  Patterns  of  expression.  A  complete  list  of  genes  categorized  
as  Pattern  A,  B,  or  C  in  each  brain  region.  Log  fold-change  for  all  conditions  when  compared  to  

the  same  baseline  (S24)  are  included.  Genes  were  categorized  by  their  expression  patterns  and  

a  fold-change  cut  off  of  ±  15%  was  applied  to  each  list  to  identify  genes  uniquely  altered  under  

each  re-exposure  condition.  Each  Pattern  is  presented  on  a  separate  tab.  

  

Table   S3:   Overlap   of   genes   categorized   as   Pattern   A,   B,   or   C   across   brain   regions.  A  
complete   list   of   genes   categorized   as   Patterns  A,   B,   or   C   that   overlap   across  multiple   brain  

regions.  Fisher’s  exact  tests  revealed  significant  enrichment  across  lists.  Comparisons  reaching  

significance  after  multiple  comparison  correction  (FDR)  are  bolded.  Each  pattern  and  direction  of  

regulation  is  presented  on  a  separate  tab  of  the  table.    

  
Table  S4:  Overlap  of  genes  associated  with  the  addiction  index  (AI)  across  brain  regions.  
A  complete   list  of  genes  associated  with  AI   that  overlap  across  multiple  brain   region.  Fisher’s  

exact  tests  revealed  significant  enrichment  across  lists.  Comparisons  reaching  significance  after  

multiple   comparison   correction   (FDR)   are   bolded.   Positive   and   negative   associations   are  

presented  on  separate  tabs.  
  
Table  S5:  Table  of  predicted  upstream  regulators  of  genes  associated  with  AI.  A  full  list  of  
predicted   regulators   of   genes   associated   with   AI   and   their   activation   z-scores.   Activation   z-

Scores:   positive   =   overrepresentation   of   targets   activated   by   regulator;;   negative   =  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Walker  et  al.      Supplement  

2  

overrepresentation  of  targets  repressed  by  regulator;;  no  direction  =  no  significant  enrichment  of  

activated  or  repressed  targets;;  white  =  not  a  predicted  upstream  regulator.    

  
Table  S6:  Overlap  of  genes  categorized  as  Pattern  A,  B  or  C  and  associated  with  the  AI  
within  a  brain  region.  A  complete  list  of  genes  categorized  as  Pattern  A,  B,  or  C  that  overlap  
with  those  associated  with  AI  within  each  brain  region.  Fisher’s  exact  tests  revealed  significant  

enrichment  across  lists.  Comparisons  reaching  significance  after  multiple  comparison  correction  

(FDR)  are  bolded.  Comparison  of  Pattern/AI  for  each  brain  region  are  presented  on  a  separate  

tab.    
  
Table  S7:  Cell-type  specific  enrichment  of  genes  categorized  as  Pattern  A,  B,  or  C  or  those  
associated  with   AI.  Fisher’s   exact   tests   revealed   significant   enrichment   of   cell-type   specific  
genes  in  those  lists  of  genes  categorized  as  Pattern  A,  B,  or  C  or  genes  associated  with  AI  within  

each  brain  region.  Only  comparisons  reaching  significance  after  multiple  comparison  correction  

(FDR)  are  presented.  

  

Table   S8:   Transcriptome-wide   associations   with   Factors   1   –   8.   A   complete   list   of   the  
associations  and  p-values  for  each  gene  and  Factor  across  all  brain  regions  is  presented.  Each  

brain  region  is  provided  on  a  separate  tab.    
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SUPPLEMENTAL  FIGURES  

  

Figure  S1:  qPCR  validation  of  Patterns  in  three  brain  regions  reveals  that  fold  changes  of  
at  least  15%  are  replicable.  (A)  List  of  8  genes  categorized  as  Patterns  A,  B,  or  C  were  validated  
using  qPCR  on  technical  replicates  of  the  samples  used  in  the  RNA-seq  experiment.  Only  those  

genes  with  a   fold   change  of   at   least  15%  were  validated.   (B-D)  Expression  of   representative  

transcripts  measured  by  RNA-seq  and  qPCR.  Changes  in  expression  of  at  least  15%  in  the  RNA-

seq  data  were  validated  by  qPCR.  This  is  exemplified  by  those  changes  in  Zfp763  (categorized  

as  Pattern  A  but  with  <15%  change  in  expression);;  Sox18  and  Creb1  (Categorized  as  Pattern  A  

or  C,  respectively  with  >15%  change  in  expression).  Gray  shaded  area  on  graphs  indicates  15%  

change  from  S24.  *  =  p<0.05  
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Figure  S2:  Similar  pathways  are  associated  with  Patterns  of  gene  expression  across  brain  
regions.  (A)  Pattern  A  was  associated  with  protein  kinase  A  signaling,  while  (B)  Pattern  B  was  
dominated   by   NFκB   and   PPAR,   a   nuclear   receptor,   signaling.   (C)   Pathways   associated   with  

Pattern  C  included  synaptic  long-term  depression  and  NFκB  signaling.  Pathways  associated  with  

both  Patterns  B  and  C  are  highlighted  in  purple.  Only  those  pathways  that  met  the  following  criteria  

were  included:  at  least  1  brain  region  with  an  activation  z-score>2  and  p-value<0.01.  Activation  

z-Scores:  positive  (yellow)  =  overrepresentation  of  targets  activated  in  pathway;;  negative  (blue)  

=   overrepresentation   of   targets   repressed   in   pathway;;   no   direction   (black)   =   no   significant  

enrichment  of  activated  or  repressed  targets;;  white  =  not  a  predicted  pathway.    
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Figure   S3:   Factor   loading  
for   behavioral   endpoints  
used   in   factor  analysis.   (A)  
Behavioral   data   represented  

in  the  factor  analysis.  All  lever  

pressing   data   (food   training,  

FR1,  FR2;;  active  vs.  inactive)  

were   included  as  variables   in  

the   factor   analysis.   Here   we  

present   a   subset   of   the   data  

aligned  to  the  first  day  of  each  

phase   of   self-administration.  

Because   all   animals   had  

differing   numbers   of   days   in  

each  phase,   only   those  days  

in  which   the  majority   (>70%)  

of  the  animals  in  the  study  are  

presented.   An   image   of   the  

complete   data   set   is  

presented   in   Figure   1D.      (B)  

Factor   analysis   was   used   to  

reduce   multidimensional  

behavioral   endpoints   to  

factors.   The   association   of  

each   factor   with   each  

behavioral   endpoint   included  

in   the   analysis   is   displayed.  

Factors  were  positively  (yellow),  negatively  (blue),  or  not  associated  (black)  with  each  endpoint.  

These   particular   associations   allowed   for   the   interpretation   of   the   how   each   factor   related   to  

various  SA  behaviors.     
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Figure  S4:  Factor  2  discriminates  between  baseline  differences  in  saline  animals.  (A)  Factor  
2,   in  the  factor  analysis,  was  positively  associated  with  both  active  and  inactive   lever  pressing  

and  negatively  associated  with   intake.   (B)   Individual  data   for   total   number  of   lever  presses   in  

saline  (left)  and  cocaine  (right)  for  the  entire  SA  experiment,  including  food  training.  (C)  Individual  

factor  values  for  Factor  2  for  saline   (left)  or  cocaine   (right)  animals.  Animals  with  the  greatest  

number  of  lever  presses,  but  no  intake,  had  highest  factor  value  (▼in  saline  group).  Animals  with  

increased  lever  pressing  coupled  with  high  intake  (▲in  cocaine  group)  had  lower  factor  values.  

Finally,  those  animals  with  few  lever  presses  and  no  intake  (★    in  saline  group)  had  the  lowest  

factor  values.   (D)  Linear  modeling  was  used   to   identify  genes  associated  with  Factor  2  within  

each   brain   region.   Only   genes   with   a   |slope|>0.2   and   a   nominal   p-value   of   <0.05   were  

investigated.  (D)  Genes  were  ranked  by  -log  p-value  signed  by  the  slope  of  the  association  with  

Factor   2.   Negative   associations   with   Factor   2   are   presented   in   gray   and   genes   positively  

associated   with   Factor   2   are   presented   in   red.   (D)   Heatmaps   presented   are   transformed   to  

indicate  change  in  expression  from  SS  controls.  Blue  =  fold  change  in  the  negative  direction  from  

SS  vs  S24  and  yellow  =  fold  change  in  the  positive  direction  from  SS  vs  S24.  These  data  indicate  

that  changes  in  expression  in  transcripts  associated  with  Factor  2  are  most  robust  in  the  SS  vs  

S24.   This   highlights   the   power   of   factor   analysis   to   extract   important   information   related   to  

baseline  behaviors  and  indicates  that  those  differences  are  reflected  in  our  transcriptomic  data  

as  well.  (E)  Overlap  of  genes  positively  (left)  or  negatively  (right)  associated  with  Factor  2  across  

brain  regions,  color-coded  for  significance.  Total  number  of  genes  in  each  brain  region  listed  in  
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parentheses  and  total  number  of  genes  overlapping  between  regions  indicated  in  corresponding  

boxes.  There  is  a  high  degree  of  overlap  of  transcripts  associated  with  Factor  2  in  all  brain  regions.    
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Figure  S5:  Raw  heatmap  of  addiction  index  associated  genes.  (A-F)  Raw  expression  of  genes  
associated  with  AI  in  all  brain  regions  for  all  groups  when  compared  to  the  same  baseline  (S24).  

Log   fold-change   in   expression   of   genes   associated   with   AI   and   ranked   by   the   sign   of   the  

association  and  -log(p-value)  (gray  =  negative  associations;;  red  =  positive  associations).   In  all  

groups  but  C24,  genes  that  were  negatively  associated  with  AI  (gray  bar)  were  downregulated  

and   genes   positively   associated   with   AI   (red   bar)   were   upregulated.   In   all   brain   regions,   the  

strongest  response  was  in  comparisons  representing  either  Pattern  B  or  C,  suggesting  that  that  

transcriptional   response   to   re-exposure   to   context/cocaine   is   influenced   by   addiction-related  

behaviors  during  cocaine  SA.    
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Figure  S6:  Pathways  associated  with  the  addiction  index  (AI).  Ingenuity  Pathway  Analysis  
revealed   genes   associated   with   the   AI,   which   were   enriched   for   cAMP-mediated   signaling,  

PPARα/RXRα   activation,   and  PI3K/AKT  signaling   among  others.  Activation   z-Scores:   positive  
(yellow)   =   overrepresentation   of   targets   activated   by   regulator;;   negative   (blue)   =  

overrepresentation   of   targets   repressed   by   regulator;;   no   direction   (black)   =   no   significant  

enrichment   of   activated   or   repressed   targets;;   white   =   not   a   predicted   upstream   regulator.  

Behavioral  data  analyzed  using  Kruskal-Wallis   followed  by  Mann-Whitney  Nonparametric  Test;;  

*p<0.05;;  **p<0.001;;  data  presented  as  mean  ±  SEM.  
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Figure  S7:  Overlap  of  transcriptional  profiles  related  to  the  AI  and  saline  controls.  (A-F)  
RRHO  plots  reveal  little  overlap  of  genes  positively  or  negatively  associated  with  AI  and  up-  or  

downregulated   in   saline   control   animals   (SS   vs   S24).   As   predicted,   little   to   no   overlap   of  

expression  profiles  was  observed   in  NAc,  vHIP  and  VTA.  Overlap  of  expression  was  weak   in  

PFC,  DStr  and  BLA  and  similar   to  that  observed  in  the  comparisons  with  Pattern  A.  A  key  for  

these  plots  is  provided.    
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Figure  S8:  Full  list  of  NR  family  members  associated  with  the  AI.  Heatmap  of  association  of  
all   known   nuclear   receptors   with   the   AI.   Members   of   NR1   –   4   subfamilies   are   expressed  

throughout   the   reward   circuitry.   Strongest   associations   are   found   within   NR2B   and   NR4A  

subfamilies.  Yellow  =  positive  association;;  Blue  =  negative  association;;  Black  =  no   significant  

association;;  white  =  expression  not  detected  in  our  dataset.  
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SUPPLEMENTAL  METHODS  

  

Animals    

In  order  to  identify  gene  expression  changes  arising  from  environmental  exposures,  independent  

of  genome  sequence  variation,  genetically  identical  male  C57BL/6J  mice  (6-8  wk-old)  were  used.  

Due   to   limitations  of   the  study   (e.g.,  number  of  operant  boxes,  number  of  animals,  number  of  

groups),  we  focused  on  males  to  limit  the  number  of  cohorts  required.  Male  mice  weighing  20-24  

g  were  maintained  on  a  12  hr   reverse   light-dark  cycle   (lights  on  at  19:00)  at  22-25°C  with  ad  

libitum  access   to   food  and  water,  except  during   training  and   testing  when  access   to  food  was  

restricted.  During  self-administration  testing  mice  were  food  restricted  to  95%  of  their  free-feeding  

weight.  Mice  were  housed  5  per  cage  prior  to  jugular  vein  catheterization  surgeries,  at  which  point  

mice  were   housed   individually.   Following  SA,   those  animals   included   in   the  withdrawal   (WD)  

groups  were  rehoused  with  their  original  cage  mates  for  the  remainder  of  the  experiment  with  ad  

libitum  access  to  food  and  water.  

  

Training,  Surgery  and  Self-Administration    

Food  Training:  Following  7-10  d  of  acclimation  in  the  animal  facility,  mice  were  trained  initially  (3-

10  d)  for   food  reinforcement   in  standard  operant  chambers  (Med  Associates,  St  Albans,  USA)  

equipped  with  2   retracting   levers   (active  and   inactive),  a  cue   light,  and  a  house   light.  Animals  

were  placed  in  operant  chambers  and  illumination  of  the  house  light  and  extension  of  the  levers  

signaled  the  beginning  of   the  self-administration  session.  Active   lever  presses  resulted   in  food  

reinforcer  delivery  followed  by  a  20  sec  time-out  period  during  which  a  cue  light  was  illuminated  

and   levers  were   retracted.  Responding  on   the   inactive   lever  was   recorded,   but   resulted   in  no  

programmed  consequence.  Responding  on  the  active  lever  was  reinforced  on  a  fixed-ratio  one  

(FR1)   schedule.   Animals   were   considered   to   have   acquired   when   they   exhibited   stable  

responding  on  the  active  lever  (60%  active/total  lever  presses)  and  >10  lever  presses  per  1  hr  
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session  on  an  FR1  schedule  of  reinforcement.  Once  the  animals  met  acquisition  criteria,  most  

were  moved  onto  an  FR5  schedule  to  further  confirm  acquisition  of  the  task.    

  

Cocaine  Self-Administration:  Following  food  training,  mice  were  implanted  with  a  jugular  catheter  

(0.3  mm  inner  and  0.6mm  outer  diameter)  under  ketamine  (100  mg/kg  IP)-xylazine  (10  mg/kg  IP)  

anesthesia.  Mice  were  administered  MediGel®  CPF  containing  carprofen  (5  mg/kg)  1  d  pre-op  as  

an  analgesic  and   intravenous  ampicillin   (0.5mg/kg)   for   infection  prevention   for  3  d  post-op.   In  

addition  to  standard  chow,  DietGel®  Recovery  (Westbrook  ME)  was  provided  to  each  mouse  for  

3  d  post-op  to  aid  in  recovery.  Mice  were  allowed  to  recover  for  3-5  d  before  testing.  Catheters  

were   flushed   daily   with   heparinized   saline   (10U/ml   in   0.9%   sterile   saline)   to   ensure   catheter  

patency.   After   recovery,  mice   began   cocaine  SA.   For  mice   self-administering   cocaine,   active  

responses  (FR1)  resulted  in  a  single  (0.03ml)  infusion  of  cocaine  (0.5  mg/kg/infusion  over  3.25  

sec;;  cocaine  HCL  from  the  NIDA  drug  supply)  and  a  discrete  light  cue  was  illuminated  during  the  

20-s  time-out  period.  Mice  underwent  2  hr  daily  session  for  10-15  d:  5-10  d  on  an  FR1  schedule  

followed  by  4-5  d  of  FR2  schedule.  When  animals  self-administer  drug  on  low  effort  schedules  of  

reinforcement  they  defend  a  specific  blood  level  of  drug.  Thus,  in  the  case  of  changes  in  dose  or  

FR  requirement,  animals  will  adjust  responding  to  continue  getting  the  same  relative  amount  of  

drug  (1)  –  referred  to  herein  as  “consummatory  regulation.”  In  order  to  confirm  that  animals  were  

in   fact  being   reinforced  by   cocaine   the  FR   requirement  was   increased.  As  predicted,   animals  

assigned   to   cocaine  SA   (n=22),   but   not   saline   (n=24),   pressed   the  active   over   inactive   lever  

throughout  the  FR1  and  FR2  phases   (Figure  1D;;  corrected  p<0.05).  Behavior   is  aligned   to  all  

animals’  first  FR2  day  in  graphs,  thus  saline  extinction  is  not  easily  observed.  

The  experiment  was  phased  such  that  all  six  groups  of  mice  were  the  same  age  at  the  

time  of  euthanasia.  Thus,  animals  were  run  in  2  cohorts.  The  first  cohort  was  rehoused  with  their  

original  cage  mates  and  exposed  to  WD/forced  abstinence  for  30  d  following  their  final  trial.  After  

30  d  of  WD/forced  abstinence,  mice  were  given  an  IP  injection  of  either  cocaine  (10  mg/kg)  or  
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saline,  placed  back  in  their  original  operant  chamber  with  house  light  illuminated;;  however,  the  

levers  were  not  extended.  Animals  were  euthanized  via  cervical  dislocation  1  hr  after  injection.  All  

mice  in  cohort  1  were  given  saline   injections  (IP)  for  seven  days  prior   to  euthanasia  to  reduce  

stress  in  response  to  handling  and  injection.  The  second  cohort  was  euthanized  24  hr  after  the  

final  SA  trial  to  assess  the  transcriptional  alterations  that  occur  following  short-term  WD  (24  hr).  

Because  all  animals  were  socially  isolated  during  food  training  and  self-administration,  cohort  2  

was  euthanized  after  prolonged  social  isolation.  Small  but  significant  differences  in  behavior  were  

observed  between  the  2  cohorts,  which  most  likely  reflect  slight  differences  in  training  paradigms  

(Figure  1A  &  D).    

  

RNA  Isolation,  Library  Preparation,  and  Sequencing  

For  all   groups,  brains  were   removed  and  sectioned  on   ice   in  a  brain  block   (1  mm   thick)   and  

micropunches  of  six  brain  regions  (PFC,  NAc,  DStr,  vHIP,  BLA,  and  VTA)  were  snap  frozen  on  

dry  ice  and  stored  at  -80°C  until  use.  

RNA  was  isolated  as  previously  described  (2)  using  RNAeasy  Mini  Kit  (Qiagen,  Fredrick,  

MD)  using  a  modified  protocol  from  the  manufacturer  allowing  for  the  separation  and  purification  

of  small  RNAs  from  total  RNA.  Briefly,  after  cell  lysis  and  extraction  with  QIAzol  (Qiagen,  Fredrick,  

MD),  small  RNAs  were  collected  in  the  flow-through  and  purified  using  the  RNeasy  MinElute  spin  

columns  and  total  RNA  was  purified  using  RNeasy  Mini  spin  columns.  Samples  were  treated  with  

DNAse  to  rid  samples  of  genomic  DNA  and  run  on  nanodrop  and  an  Agilent  Bioanalyzer  2100  to  

confirm  RNA  purity,  integrity,  and  concentration.  All  samples’  RIN>8.    

Libraries  were  prepared  using  the  TruSeq  Stranded  mRNA  HT  Sample  Prep  Kit  protocol  

(Illumina,  San  Diego,  CA).  Briefly,   poly  A   selection  and   fragmentation  of  300  ng  of  RNA  was  

converted   to   cDNA   with   random   hexamers.   Adapters   were   ligated   and   samples   were   size-

selected   with   AMPur   XP   beads   (Beckman   Coulter,   Brea,   CA).   Barcode   bases   (6   bp)   were  

introduced   at   one   end   of   the   adaptors   during   PCR   amplification   steps.   Library   size   and  
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concentration  was  assessed  using  Tape  Station  (Life  Technologies,  Grand  Island,  NY)  before  

sequencing.  Libraries  were  pooled  for  multiplexing  (4  pools  of  ~60  samples  with  each  group  and  

brain  region  equally  represented  across  each  pool)  and  sequenced  on  a  HighSeq2500  System  

using  V4  chemistry  with  50  base  pair  single-end  reads  at  GeneWiz  LLC  (South  Plainfield,  NJ).  

Each  pool  was  sequenced  8  times  with  the  goal  of  obtaining  ~25  million  reads  per  sample.  Initial  

quality  control  assessments  revealed  43  samples,  which  did  not  meet  standards  for  read  depth  

and  were  excluded  from  analysis.  Therefore,  the  final  number  of  samples  included  in  the  analysis  

were  between  5  –  8  per  group  apart  from  the  CS  group  in  VTA  (N  =  3).  	  

  

qPCR  Validation  

Technical  replicates  were  used  to  validate  Patterns  of  expression  across  three  brain  regions.  RNA  

(500  ng)  from  PFC,  DStr,  and  NAc  used  for  RNA-seq  was  converted  to  cDNA  using  High  Capacity  

Reverse  Transcriptase  Kits  (Catalog  #:  4368814;;  ThermoFisher,  Foster  City,  CA)  according  to  

manufacturer’s   protocol.   qPCR   was   run   for   8   genes   of   interest   and   2   internal   controls  

(Supplemental  Figure  S1)  using  Taqman®  gene  expression  assays  (Supplemental  Figure1A)  and  

Taqman®  Fast  Universal  Master  Mix  (Catalog  #:  4444964;;  ThermoFisher,  Foster  City,  CA)  on  an  

ABI  Quant  Studio  Flex  7  according  to  the  manufacturer’s  protocol.  Six  plates  were  run  for  each  

brain   region  using   the   following   run  parameters:  1  cycle   (2  min  @  50°C  followed  by  2  min  @  

95°C);;  45  cycles  (1  sec  @  95°C  followed  by  20  sec  @  60°C).  Expression  within  each  brain  region  

was  analyzed  using   the   comparative  Ct  method   (3).  Each  sample  was  normalized   to   its  own  

internal   controls   (geometric  mean   of   the  Ct   values   for  Hprt1   and  Actb)  and   calibrated   to   the  

average  ΔCt  for  the  S24  groups.  In  order  to  replicate  the  pair-wise  differential  expression  analysis  

used  for  RNA-seq  data,  a  Student’s  t-test  was  used  to  identify  genes  significantly  different  from  

S24.    

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Walker  et  al.      Supplement  

16  

Statistical  and  Bioinformatic  Analyses  

Behavior:   Lever-pressing   behavior   and   infusions   were   analyzed   using   a   Kruskal-Wallis   non-

parametric  test   followed  by  Mann-Whitney  Test  to   identify  differences  at   individual   time-points,  

treatments,  or  levers  (cocaine  vs  saline;;  active  vs  inactive).  Other  behaviors  were  analyzed  using  

ANOVA   or   Kruskal-Wallis   tests   depending   on   homozygosity   of   variance.   All   analyses   were  

conducted  using  SPSS  Statistical  Software,  V24  (IBM  Analytics,  Armonk,  NY).  To  account   for  

malfunctions  in  the  operant  chambers  during  SA  sessions  (e.g.,  broken  tubing,  stuck  levers,  etc.)  

we  calculated  the  moving  average  of  lever  presses  for  the  first  5  d  of  FR1  and  the  last  5  d  of  FR2  

(averaged   3   d   together   each   time).  We   then   subtracted   the   grand  mean   of   the   FR1  moving  

average  from  the  FR2  moving  average  as  an  indicator  of  consummatory  regulation,  which  was  

included  as  a  variable  in  the  factor  analysis.  

  

Differential   Expression   Analysis:   Sequencing   short   reads   were   aligned   to   the   mouse   mm10  

genome  using  Tophat2  (4).  QC  analysis  revealed  a  range  of  18-60  million  reads  per  sample  with  

an  average  mapping  rate  of  90.2%.  Read  counts  were  generated  using  HtSeq-count  against  the  

Encode  vM4  annotation.  Stochastic  outlier  selection  (5)  was  utilized  to   identify  outliers  prior   to  

differential  expression  analysis.  Samples  with  an  outlier  probability  of  >90%  were  excluded  from  

analysis  (4  samples  out  of  235  or  1.7%).  Three  of  these  belonged  to  one  animal  in  which  4  of  the  

6  the  brain  regions  investigated  were  predicted  outliers;;  therefore,  the  entire  animal  was  excluded  

from  analysis.  Data  were  filtered  for  low  abundance  transcripts  by  keeping  only  genes  with  more  

than  1  RPKM  in  at  least  80%  of  samples  per  group.  After  filtering,  pair-wise  differential  expression  

comparisons  using  Voom  Limma  were  performed  (6)  and  a  nominal  significance  threshold  of  fold  

change>1.3  and  p<0.05  was  applied.    

  

Pattern   Analysis:   Each   Pattern   included   genes   that   were   differentially   expressed   from   S24  

(p<0.05;;  fold  change>15%)  and  also  different  from  all  other  groups.  For  example,  a  gene  that  is  
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significantly  increased  in  all  groups  compared  to  S24  and  is  further  up-regulated  by  cocaine  re-

exposure   is   categorized  as  Pattern  C.   Importantly,   even  when  genes  are   responsive   to  other  

stimuli,  they  are  only  categorized  within  Patterns  A-C  if  the  magnitude  of  change  is  greatest  in  

that   Pattern  when   compared   to   all   other  groups.   Thus,  we   identified   genes   that   are   uniquely  

regulated  by  each  stimulus  in  each  brain  region.  Figure  2  highlights  the  fact  that  re-exposure  to  

context  alters  expression  of  many  genes  in  the  same  direction,  but  suggests  that  the  magnitude  

of  this  changes  is  dependent  on  both  a  history  of  cocaine  SA  and  re-exposure  to  context/cocaine.  

  

Factor  Analysis  and  Linear  Modeling:  Factor  analysis  was  used  to  reduce  the  dimensions  of  the  

interdependent  behavioral  variables  and  help  account  for  variability  in  the  data  due  to  differences  

in  training,  cohorts,  and  malfunctions  in  the  operant  chambers.  All  animals  were  included  in  the  

analysis.  All  behavioral  measurements  were  first  shifted  to  convert  all  data  to  non-negative  values  

followed   by   log2(x+1)   transformation.   For   “total   intake”,   an   additional   variable   referred   to   as  

“intake  or  not”  was  included  to   indicate  whether  total   intake>0.    This  accounted  for  the   lack  of  

cocaine  intake  in  the  saline  groups.  A  standard  factor  analysis  was  performed  using  the  scikit-

learn  package  (7).  A  10-fold  cross-validation  (CV)  was  utilized  to  choose  the  number  of  factors.  

We  found  that  the  CV  log-likelihood  was  maximized  with  8  factors.  Therefore,  the  factor  number  

was  set  to  8  when  factor  analysis  was  then  applied  to  the  whole  dataset.  The  transformed  data  

from   the  analysis  was  then  used  as  a  continuous  variable   for  each  factor.  Differential  analysis  

was   conducted   using   Voom   Limma   to   determine   which   factors   were   associated   with   gene  

expression  (6).    

  

Factor   loading   (Supplemental   Figure   S3)   revealed   three   factors   associated   with   the  

addicted-like  phenotype.  Factor   1  was  positively  associated  with   intake/infusions  and  was   the  

Factor  that  most  robustly  discriminated  between  saline  versus  cocaine  SA.  Factor  3  was  positively  

associated   with   active   lever   pressing   and   negatively   associated   with   inactive   lever   pressing,  
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suggesting  that  Factor  3  is  associated  with  an  animal’s  ability  to  identify  the  reward-paired  lever.  

Factor  4  was  positively  associated  with  active  lever  presses  on  FR2  and  negatively  associated  

with  active  lever  presses  on  FR1.  Factor  2  on  the  other  hand,  was  positively  associated  with  lever  

pressing   (both   inactive  and  active)  and  negatively  associated  with   intake.  We   interpret   this  as  

reflecting  baseline  differences  in  behavior  within  our  saline  groups.  Factors  5  –  8  were  weakly  

associated  with  behaviors  and  were  excluded  from  further  investigation.  A  full  list  of  transcripts  

and  their  associations  with  each  factor  are  included  in  Supplemental  Table  S8.      

  

Generation  of  an  Addiction  Index  (AI):  A  composite  score,  or  “addiction  index,”  of  the  three  factors  

most  strongly  associated  with  an  addictive  phenotype  was  generated.  This  allowed  us  to  identify  

animals   with   high   performance   scores   across   multiple   behavioral   endpoints   associated   with  

addiction  and  resulted  in  a  continuous  variable  which  could  be  used  to  identify  genes  that  were  

positively  or  negatively  associated  with  those  behavioral  endpoints.  To  calculate  the  index,  factor  

values  were   linearly   transformed   to  eliminate  negative   values.   The   transformation   resulted   in  

values   that   ranged   from  0-1   for   each   factor:   [(individual   value  –  minimum  value)/(maximum  –  

minimum   value)].   The   product   of   the   transformed   factors   was   calculated   for   each   individual.  

Individual  AI  values  as  well  as  the  transformed  values  for  each  factor  are  presented  in  Figure  4.  

As   indicated,  animals  with  high  performance   in  all   three   factors  have   the  highest  AI  but  those  

animals  with  lower  performance  on  any  one  factor  have  a  reduced  AI.    

  

Enrichment  Analysis:  Fisher’s  exact  tests  were  conducted  using  the  Super  Exact  Test  package  in  

R  as  previously  described  (8).  

  

Cell-type  Enrichment  Analysis:  Enrichment  for  cell  types  were  determined  as  previously  described  

(9).  Briefly,  we  used  the  Super  Exact  Test  R  Package  (8)  to  evaluate  statistical  overlap  between  
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our  differential  expression  lists  and  genes  expressed  at  least  five  times  greater  in  one  cell-type  

than  in  any  other  cell  type  in  an  established  transcriptome  study  from  cortical  cells  (10).  

  

Rank  Rank  Hypergeometric  Overlap   (RRHO)  Analysis:  We  applied  an  RRHO  test   to  compare  

gene  regulation  between  the  comparisons  representing  each  Pattern  (e.g.,  Pattern  A  =  differential  

expression  between  SC  vs  S24;;  Pattern  B  =  differential  expression  between  CS  vs  S24;;  etc.)  and  

genes  associated  with  the  addiction  index.  RRHO  identifies  overlap  between  expression  profiles  

in  a  threshold  free  manner  to  assess  the  degree  and  significance  of  overlap  (11).  Here  we  used  

a   modified   script   that   visualizes   both   positive   and   negative   correlations   and   illustrates   each  

quadrant  separately  based  on  the  number  of  genes  in  each  comparison  as  previously  described  

(12).  Full  differential  expression  or  association   (Factors)   lists  were   ranked  by   the   -log(p-value)  

multiplied  by  the  sign  of  the  fold  change/slope  of  association.  A  one  sided  version  of  the  test  was  

used  to  look  for  over  enrichment.  RRHO  difference  maps  were  produced  for  each  comparison  by  

calculating  for  each  pixel  the  normal  approximation  of  difference  in  log  odds  ratio  and  standard  

error  of  overlap  between  the  comparison  representing  the  Pattern  and  the  Factor.  This  z-score  

was  then  converted  to  a  p-value  and  corrected  for  multiple  comparisons  across  pixels  (13).  

  

Upstream   Regulator   and   Pathway   Analysis:   Predicted   upstream   regulators   and   molecular  

pathways  were  identified  using  Ingenuity  Pathway  Analysis  (IPA)  Software  (Qiagen,  Fredrick  MD).  

These  determinations  were  based  on  the  log  fold  change  of  genes  associated  with  each  pattern  

(p<0.05;;  fold  change>1.3)  or  factor  (p<0.05)  analyzed.  Upstream  regulators  and  pathways  were  

filtered  by  activation  z-score  (>2)  and  p-value  (<0.001)  as  well  as  molecule  (genes  and  proteins).  
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