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Abstract

Heroin addiction is a disease of chronic relapse that harms the individual through devaluation of 

personal responsibilities in favor of finding and using drugs. Only some recreational heroin users 

devolve into addiction but the basis of these individual differences is not known. We have shown 

in rats that avoidance of a heroin-paired taste cue reliably identifies individual animals with greater 

addiction-like behavior for heroin. Here rats received 5 min access to a 0.15% saccharin solution 

followed by the opportunity to self-administer either saline or heroin for 6 hours. Large 

Suppressors of the heroin-paired taste cue displayed increased drug escalation, motivation for 

drug, and drug loading behavior compared with Small Suppressors. Little is known about the 

molecular mechanisms of these individual differences in addiction-like behavior. We examined the 

individual differences in mRNA expression in the nucleus accumbens (NAc) of rats that were 

behaviorally stratified by addiction-like behavior using next-generation sequencing. We 

hypothesized that based on the avoidance of the drug-paired cue there will be a unique mRNA 

profile in the NAc. Analysis of strand-specific whole genome RNA-Seq data revealed a number of 

genes differentially regulated in NAc based on the suppression of the natural saccharine reward. 

Large Suppressors exhibited a unique mRNA prolife compared to Saline controls and Small 

Suppressors. Genes related to immunity, neuronal activity, and behavior were differentially 

expressed among the 3 groups. In total, individual differences in avoidance of a heroin-paired taste 

cue are associated with addiction-like behavior along with differential NAc gene expression.
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1. Introduction

Heroin addiction is a brain disease of chronic relapse that harms the individual, at least in 

part, through devaluation of personal duties and natural rewards in favor of finding and using 

drugs. Despite the intensely rewarding properties of heroin, only a fraction of heroin users 

transition from recreational use to addiction. In the case of heroin, approximately 50% of 

individuals who engage in heroin use will devolve into substance dependence [42], a 

phenomenon also evident in animal model [12, 17]. Given this range of responses, also 

termed individual differences, understanding why certain individuals develop heroin 

dependence and others do not would provide specific insight into the addictive process and 

potential treatments.

One method to identify individual differences in addiction-like behavior is reward 

comparison between a natural reward and the drug of abuse. Suppression of a natural reward 

in favor of the drug of abuse is a surrogate of devaluation of normal life activities in favor of 

drug abuse. Reward comparisons can be performed in humans and animal models and in 

animal models providing a useful tool for understanding individual differences. For 

example, rats suppress intake of a palatable saccharin solution when it predicts cocaine 

access and greater suppression of intake of the saccharin taste cue is associated with greater 

cocaine seeking and taking [10]. Recently, we have shown that avoidance of a heroin-paired 

taste cue also reliably identifies individual differences in addiction-like behavior for heroin 

[12]. Adult male Sprague-Dawley rats received 5 min access to a 0.15% saccharin solution 

followed by the opportunity to self-administer either saline or heroin for 6 hours. Large 

Suppressors of the heroin-predictive taste cue displayed increased drug escalation, drug-

loading behavior, and relapse-like behaviors compared with Small Suppressors. However, 

little is known about the molecular mechanisms of individual differences in addiction-like 

behavior for heroin. Exploring the molecular differences and neuroadaptations that underlie 

these divergent behavioral phenotypes can help to elucidate the etiology of drug addiction. 

Understanding the development of heroin addiction is of great interest, particularly given 

ongoing epidemic of heroin use in the United States partially due to addicts transitioning 

from prescription opioids given heroin's lower cost and ease of access [6].

One of the primary brain regions of interest in the study of drug addiction has been the 

nucleus accumbens (NAc) given its role in reward [11] and its sensitivity to drugs of abuse 

[21] and neuroadaptations with drug abuse [28]. Our laboratory has reported that avoidance 

of a morphine-paired taste cue is associated with full blunting of NAc dopamine response to 

an otherwise palatable saccharin reward [9]. Intraoral infusion of a taste cue that predicts 

later access to cocaine self-administration leads to a shift in the NAc neural code from 

‘reward’ to ‘aversion’ [47] and a reduction in accumbal dopamine, as determined by 

voltammetry [46]. Behaviorally, avoidance of the drug-paired taste cue is linked with shorter 

latency to take drug, larger drug loading, and greater drug taking. Molecular analyses have 
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only recently begun to examine individual differences in NAc adaptations to drug exposure. 

For example, microarray studies of the rat NAc reveal that high preference for ethanol is 

accompanied by a pattern in gene expression that is distinct from those rats that showed low 

fondness for the drug [3].

To better understand the molecular mechanisms underlying these individual differences in 

addiction-like behavior following extended access to heroin, we examined the NAc 

transcriptome of behaviorally stratified rats using next-generation sequencing (RNA-Seq). 

RNA-Seq has benefits over previous transcriptome analyses, such as microarrays, which are 

limited to detecting genes and transcripts whose oligonucleotide probes are present on the 

microarray. Further, given that RNA-Seq utilizes unbiased sequencing to determine 

differences in gene expression, it is possible to detect gene isoforms that previous 

technologies would have missed [43]. Importantly, RNA-Seq offers the ability to determine 

from which parent DNA strand the mRNA is transcribed. This ability to determine the origin 

of the mRNA provides greater accuracy of expression values in regions where genes may 

overlap on the forward and reverse genomic strands. Using this advanced tool for detecting 

differences in gene expression, we hypothesized that individual differences in avoidance of 

the drug-paired cue would be associated with a specific mRNA profiles in the nucleus 

accumbens. Here we demonstrate that not only is there a common mRNA response to heroin 

self-administration regardless of natural reward suppression, a specific signature of Large 

Suppressors of a heroin-paired taste cue compared to Small Suppressors who accept the 

heroin-paired saccharin cue as well.

2. Materials and Methods

2.1 Behavioral Paradigm

2.1.2 Subjects and surgeries—The subjects were 20 male, Sprague-Dawley rats 

obtained from Charles River at approximately 90 days of age. The rats were housed singly in 

suspended, stainless steel cages in a humidity-controlled environment under a 12/12 h light/

dark cycle. Food and water were available ad libitum, except where noted. These subjects 

are described in greater detail in [12] and are from the second replication of Experiment 2 in 

that report. The subjects were implanted with jugular catheters and had 2 weeks recovery 

time before testing began. All animal experiments were executed according to protocols 

approved by the Penn State University Institutional Animal Care and Use Committee.

2.1.3 Apparatus—Testing was conducted in 12 self-administration chambers as 

previously described [32]. Each operant chamber was equipped with three retractable sipper 

tubes that entered the chamber through three holes. A stimulus light was located above each 

tube. A lickometer circuit was used to monitor licking on the leftmost saccharin spout, the 

middle inactive spout (the spout upon which responding elicited no consequence), and the 

rightmost active spout (the spout upon which a set of fixed ratio (FR) responses led to an i.v. 

infusion of drug). Each chamber also was equipped with a house light (25 W), a tone 

generator, and a speaker for white noise. Events in the chamber and collection of the data 

were computer controlled on-line using programs written in the Medstate notation language 

(MED Associates, Inc., St. Albans, VT).

Imperio et al. Page 3

Brain Res Bull. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1.4 Drug Acquisition—Rats were habituated in the self-administration chambers 5 min 

per day for 3 days prior to the start of acquisition. During habituation, the rats were on a 

water restriction regimen in which they received 5 min access to water through 1 of the 3 

spouts in the chambers and 25 ml of water in the home cage overnight. This habituation 

occurred over 3 days until each animal experienced each of the 3 spouts. Thereafter, water 

was returned to the rats and acquisition began. Following habituation, rats were given 5 min 

access to the 0.15% saccharin solution followed immediately thereafter by a 6 h session to 

self-administer either saline (n=7) or 0.06 mg/0.2 ml infusion of heroin (n=13) on an FR10 

schedule of reinforcement. Self-administration trials were once a day, 5 days a week, for a 

total of 16 trials.

2.1.5 Progressive Ratio—Upon completion of the 16-trial acquisition phase, the 

willingness to work was assessed in a one-trial progressive ratio (PR) test where a greater 

number of operant responses were required for each successive infusion of heroin. After 5 

min access to the saccharin cue, each subject began on an FR 10 on the active spout for the 

1st infusion, with subsequent infusions requiring the completion of the following 

progression of licks to obtain the next infusion: 10, 12, 16, 22, 30, 40, 52, 66, 82, 100, 120, 

142, 166. Breakpoint was defined as the last ratio completed and the trial concluded when 

30 min elapsed without having earned an infusion. After the PR test the animals underwent 3 

days of maintenance training with the previous FR10 schedule.

2.1.6 Extinction and Reinstatement Test—All rats used for RNA-Seq analysis then 

were given a one-day extinction and reinstatement test for relapse-like behaviors. Subjects 

initially received a 5 min access to the saccharin cue. Upon completion of the 5 min 

availability of the saccharin cue, the extinction phase commenced. During the extinction 

phase, rats underwent a 6 h extinction session where responding on the active spout was not 

reinforced. Following the extinction phase, the rats received a single experimenter delivered 

iv infusion of heroin and reinstatement of heroin seeking was examined across an additional 

1 h of extinction testing.

2.1.7 Behavioral Stratification—Using previously established behavioral criteria [10], 

Small Suppressors were defined as rats that emitted >200 licks/5min during terminal 

saccharin intake, while Large Suppressors were defined as rats that emitted <200 licks/5min.

2.2 Gene Expression Analysis

2.2.2 Sacrifice and Tissue Dissection—To ensure that no drug was on board at the 

time of sacrifice, subjects were sacrificed by rapid decapitation 24 h after the extinction/

reinstatement test. The nucleus accumbens were dissected as previously described [15]. The 

nucleus accumbens contained both core and shell, combined.

2.2.3 Subject Selection Criteria—Using terminal saccharin avoidance (Trial 16) as a 

selection method, the top 5 performers of each group were chosen for RNA-Seq analysis (5 

Small Suppressors with the most licks, and the 5 Large Suppressors with the fewest licks). 

The top 5 from each group to determine the changes that occur in gene expression at the 

extremes of the behavioral spectrum.
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2.2.4 RNA Isolation and cDNA synthesis—RNA was isolated from the nucleus 

accumbens using AllPrep DNA/RNA Mini Kit (Qiagen) as previously described [23]. RNA 

quantity and quality (>8 RNA integrity number) were measured using the RNA 6000 Nano 

Assay with an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA). Using 1 μg RNA, cDNA 

was synthesized from purified RNA using ABI High-capacity cDNA Reverse Transcription 

kit (Applied Biosystems, Foster City, CA) [24].

2.2.5 Library Construction and Next Generation Sequencing—Library 

construction was performed in a stranded manner to retain the directionality of the 

transcripts [37] for Saline, Small Suppressor, and Large Suppressor groups (n=5/group). 

Each sequencing library was prepared from RNA from a single animal to provide biological 

variance and for correlation to individual animal behavioral data. Illumina Truseq Stranded 

HT library generation was performed according to manufacturer's instructions (See 

Supplemental Figure 1A).Briefly, polyA containing mRNA was purified using oligo-dT 

attached magnetic beads. mRNA were then chemically fragmented and cDNA synthesized. 

For strand-specificity, the incorporation of dUTP instead of dTTP in the second strand 

cDNA synthesis does not allow amplification past this dUTP with the polymerase. 

Following cDNA synthesis, each product underwent end repair process, the addition of a 

single ‘A’ base, and finally ligation of adapters. The cDNA products were further purified 

and was enriched using PCR to make the final library for sequencing. Library sizing was 

performed by TapeStation (Agilent) and libraries were quantified by qPCR (Kappa 

Biosystems). The cDNA library was then sequenced using an Illumina Hiseq2500 at 

Oklahoma Medical Research Foundation Genomics Facility in a 2×100bp fashion.

2.2.6 RNA-Seq Data Analysis—Following sequencing, reads were trimmed, aligned, 

differential expression statistics and correlation analyses were performed in Strand NGS 

software package (Agilent). Reads were aligned against the Rnor 5 build of the rat genome 

(2013.04.03). Alignment and filtering criteria included: fixed 2bp trim from 3’ and 5’ ends, a 

maximum number of one novel splice allowed per read, a minimum of 90% identity with the 

reference sequence, a maximum of 5% gap, trimming of 3’ end with Q<10. Alignment was 

performed directionally with Read 1 aligned in reverse and Read 2 in forward orientation. 

Reads were filtered based on the mapping status and only those reads that aligned normally 

(in the appropriate direction) were retained. Normalization was performed with the RPKM 

algorithm [25]. For the sake of thoroughness alternative normalization methods TMM [34] 

and DESeq [1] were also utilized and returned highly similar results (data not shown). 

Transcripts with an average read count value >1 in at least 100% of the samples in at least 

one group were considered expressed at a level sufficient for quantitation and those 

transcripts below this level were considered not detected/not expressed and excluded, as 

these low levels of reads are close to background and are highly variable. One Saline sample 

failed these filtering and quality control steps and was excluded from subsequent 

quantitative analyses. For statistical analysis of differential expression, one-way ANOVA 

followed by Student-Newman Keuls post hoc test was used. For those transcripts meeting 

this statistical criterion, a fold change >|1.25| cutoff was used to eliminate those genes which 

were statistically significant but unlikely to be biologically significant and orthogonally 

confirmable due to their very small magnitude of change. Correlation (Pearson's) of 
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normalized RNA-Seq gene expression to behavioral measures was performed in Stand NGS 

as were visualizations of hierarchical clustering, principle components analysis, and 

partition depths. The entirety of the sequencing data is available for download in FASTQ 

format from NCBI Sequence Read Archive (Accession number SRX1117567).

2.2.7 Tertiary Analysis—For potential disease relationships, functions, signaling 

pathways and upstream regulators, the Ingenuity Pathway Analysis (Qiagen, Redwood City, 

CA) database was used. Bioinformatic analysis was conducted individually on all three sets 

of differentially expressed genes (Large Suppressors vs Small Suppressors, Large 

Suppressors vs Saline, and Small Suppressors vs Saline). For each gene set an overlap p 
value and an activation z-score were computed [13]. The p value was calculated using 

Fisher's Exact Test based on overlap between genes in the differentially expressed list and 

genes pertaining to the function, pathway or regulator. The activation z-score is used to infer 

likely activation states of a function or upstream regulator based on the direction of changes 

in the gene list and literature-derived functional or regulation directions. A positive z-score 

cutoff signifies activation while a negative z-score indicates inhibition.

2.2.8 qPCR Confirmations—For confirmations of genes discovered in the RNA-Seq 

dataset, quantitative PCR (qPCR) analysis of targets of interest was performed using 

TaqMan Assay-On-Demand (Life Technologies) gene-specific primers/probe assays 

(Supplemental Table 1) and a QuantStudio 12K Flex Real-Time PCR system (Applied 

Biosystems) according to our standard methods [4, 24]. Relative gene expression was 

calculated with Expressionsuite v 1.0.3 software using the 2−ΔΔCt analysis method with β-

actin as an endogenous control. qPCR confirmation analysis was done in the same subjects 

used in the RNA-Seq analysis (n=5/group). Independent t-test were used to compare results 

from qPCR analysis based on prior differences found using RNA-Seq.

3. Results

3.1 Drug Taking Behaviors

As described in greater detail [12], of 13 rats with heroin access, n=7 met the criteria for 

Large Suppressors and n=6 for Small Suppressors on their terminal trial 16 saccharin 

consumption. Given that we are interested in the molecular outcomes in the extreme ends of 

the behavioral spectrum, we selected the top 5 performers in saccharin consumption in each 

of the 3 groups for further analysis (n=5/group). It should be noted that this still represents a 

continuum of behavior. Figure 1A depicts the avoidance of the drug-paired taste cue when it 

predicts 6 h of heroin self-administration for the extremes within each group (n=5/group). 

Post hoc test of a significant one-way ANOVA of terminal (Trial 16) saccharin intake 

(F(2,14)=4.71; p<0.05) revealed that the Large Suppressors showed the greatest avoidance of 

the drug-paired taste cue compared to Saline and Small Suppressors rats (ps<0.05). In 

addition, as seen in Figures 1B and 1C, the Large Suppressors also showed the greatest drug 

taking over 6 h (F(2,14)=8.72; p<0.01) and the greatest escalation of terminal heroin intake 

(F(2,14)=16.42; p<0.001), as defined as the mean number of infusions taken within the first h 

of drug access on the Terminal day (Trial 16). A one-way ANOVA revealed significant 

differences in the motivation to work for drug under progressive ratio testing (F(2,14=5.27; 
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p<0.05). Post hoc analysis demonstrated that Large Suppressors showed the greatest 

motivation for heroin compared to Small Suppressors (Figure 1D). Following the three-day 

maintenance phase to reestablish normal FR responding, the subjects underwent a same day 

extinction and reinstatement test (Figure 1E). Post hoc analysis of a significant mixed 

factorial 3 × 6 ANOVA varying Group (Saline, Small, and Large Suppressors) × Time (h 1 – 

6) interaction (F(12,72)=3.36; p<0.05), revealed that while both heroin groups showed robust 

drug seeking in the initial hour of extinction testing, as measured by unreinforced infusion 

attempts, compared to the Saline controls, Large Suppressors showed significantly more 

drug seeking behaviors than Small Suppressors (p<0.05). Thereafter, responding dropped off 

precipitously and there were no differences found among any of the 3 groups between hours 

2 through 6 of extinction testing (data not shown). After a non-contingent iv infusion of 

heroin (right panel), Large Suppressors showed a greater amount of drug-seeking behavior 

than both Small Suppressors and Saline controls (ps<0.05).

3.2 RNA-Seq Analysis

An average of 26.1 million reads per sample passed filtering and alignment criteria. There 

was no difference in the average number of reads between groups and equivalent numbers of 

reads mapped to the positive and negative genomic strands (Supplementary Figure 1B). 

Using a cutoff of >1.0 RPKM for all samples in at least one group, 13,752 of the 31,399 

transcripts with rat RefSeq annotations were called as expressed. Differentially expressed 

transcripts between groups were identified though a one-way ANOVA design with Student 

Neuman Keuls pair-wise post hoc testing (α<0.05). These transcripts were further filtered to 

only those that had a >|1.25| fold difference between the groups that had a significant post-

hoc test result. This resulted in a total list of 773 transcripts with pairwise numbers of 597 

(Saline vs Large Suppressor), 205 (Saline vs Small Suppressor), 183 (Small Suppressor vs 

Large Suppressor) (Figure 2A). Both hierarchical clustering (Figure 2A) and Principle 

Components Analysis (PCA) on samples (Figure 2B) demonstrate that the individual 

samples cluster according to their groups. There was a large degree of overlap in 

differentially expressed genes between Saline and heroin groups as well as between the 

Large Suppressor vs Saline and vs Small Suppressor comparisons (Figure 2C). Importantly, 

for the 161 genes in the overlap between the heroin groups and Saline, every gene showed 

concordance, i.e., genes were either induced or repressed in both comparisons. Similarly all 

of the genes in the overlap between the Large Suppressors vs Saline and Large Suppressors 

vs Small Suppressors agreed in the direction of change. The full list of differentially 

expressed transcripts is provided in Supplemental Table 2. RNA-Seq assesses differences 

in abundance across the entire gene and not just at single oligonucleotide binding site. Three 

examples of differentially expressed genes are presented in Figure 3A. As a goal of this 

study is to identify molecular changes that may underlie the observed behavioral differences, 

transcripts identified as differentially expressed were correlated to the following quantitative 

behavioral measures: saccharin licks, heroin infusions in the 1st hour, heroin infusions in the 

6 hour session, infusions during extinction, infusions during reinstatement, and progressive 

ratio infusions. A number of positive and negative correlations were observed (Pearson's >|

0.5|, Supplemental Table 3), two examples are provided in Figure 3B. The approach allows 

for both statistical comparisons with Large and Small Suppressors are bimodal groups 

(above) but as a continuum of behavior here. For Slc18a1, greater avoidance of the drug 
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paired taste cue was significantly correlated with decreased mRNA expression (r=0.75; 

p<0.05). Conversely, larger avoidance of the drug paired taste cue was significantly 

correlated with increased expression of the Fcrls gene (r=−0.50; p<0.05).

3.3 Tertiary Analysis

Analysis of diseases and functions, signaling pathways, and upstream regulators (Figure 
4A-C) of the three differentially expressed gene sets identified common responses in the 

heroin self-administration groups as compared to the Saline controls. Of note were both the 

commonalities in categories and the fact that the z-scores were in the same direction with a 

slightly higher |value| for the high suppressor comparisons, suggestive of a greater effect 

(Supplemental Tables 5-7). Fewer significant gene sets were identified in the Large 

Suppressor vs Small Suppressor comparison. However, there was a common and unique 

response of impaired inflammatory/infection response in the Large Suppressors as compared 

to both of the other groups.

3.4 qPCR Confirmations

To confirm changes in gene expression from the RNA-Seq analysis, confirmatory qPCR was 

conducted on a number of genes. A sampling of genes was selected based on Ingenuity 

pathway analysis, fold change, and potential role in drug abuse. Supplemental Table 1 lists 

the 9 genes selected for qPCR analysis. Since we sought to replicate the findings from the 

RNA-Seq analysis using qPCR, independent t-tests were conducted on selected pairwise 

comparisons from the RNA-Seq dataset. Seven of these genes met statistical criteria for 

confirmation and are presented in Figure 5 with paired RNA-Seq results. These results 

confirm the variety of pairwise expression differences observed in the discovery RNA-Seq 

experiments including: reductions (Slc18a1 and inductions (Fcrls in Large Suppressors as 

compared to Small Suppressors; induction (Cck or reduction (Calcr, Calb2, Npyr2, Ngfr in 

one or both of the heroin groups as compared to Saline controls. For the genes that did not 

meet our confirmation criteria: Slc17a7 showed a 5 fold increase in the heroin groups, 

similarly to the RNA-seq data, but a high degree of variability which prevented reaching of 

statistical significance, and Pip5k1c did not correspond with our RNA-Seq data 

(Supplemental Table 4). In total, these orthogonal confirmations demonstrate the analytical 

reproducibility of the discovery experiment and suggest that other genes identified in the 

RNA-Seq analysis are also differentially expressed.

4. Discussion

The data presented here examine the gene expression profile in the nucleus accumbens 

(NAc) in animals stratified by their addiction-like behaviors, namely in their avoidance of a 

natural reward that predicts heroin self-administration. Individual differences in the 

avoidance of a drug-paired taste cue was associated with greater drug taking, drug 

escalation, and relapse-like behaviors [12]. The human literature has shown that only a 

fraction of individuals who engage in drug use transition to drug addiction, with heroin 

showing some of the greatest addiction liability [42]. Given these large individual 

differences in the response to drugs of abuse, we sought to discover the mRNA changes that 

occur in the NAc of rats that were behaviorally stratified by their addiction-like behavior.
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Recently there has been a surge in discovery of neuroadaptations associated with individual 

differences in response to drugs of abuse [28]. For example, individual differences in 

responding to heroin-primed reinstatement were linked with differences in gene expression 

of vasopressin, D2 receptor, and orexin [49]. Based on the RNA-Seq analysis here, a large 

number of mRNA expression changes occurred among the three conditions in the NAc with 

the majority of the changes in gene expression observed when comparing the heroin groups 

to the Saline controls. Pathway analysis revealed that many of these genes were related to 

movement disorders, neuronal stimulation, neuronal outgrowth, and learning. Moreover, 

Large Suppressors showed significant differences in gene expression compared to Saline 

controls that were not evident in Small Suppressors versus Saline subjects potentially 

indicative of different amounts of heroin self-administration. Importantly however, there 

were a number of differences in gene expression between Large and Small Suppressors that 

were only evident in this comparison between two groups with heroin self-administration. 

These data demonstrate that changes in mRNA expression occur not only with heroin self-

administration but also between rats with a history of heroin self-administration that have 

been stratified based on their avoidance of a drug-paired natural reward. Importantly, 189 

genes demonstrated significant correlations with saccharin drinking but only 105 significant 

correlations to 6 h heroin intake would help boost their argument. This supports the concept 

that these individual differences reflect in part devaluation of natural reward and not simply 

difference in heroin intake. Additionally, 19 different genes had correlations to four or more 

of the, albeit related, behavioral measures (with r-values of greater than 0.6). This suggests 

that there could be gene dosage effects across the continuum of behavior.

Two genes of focus, Slc18a1 and Fcrls, were uniquely associated with the degree of 

avoidance of the drug-paired natural reward. It may be worth noting that, aside from a 

smaller correlation of Slc18a1 with hour one infusions, neither one of these genes 

demonstrates an association with measures of self-administration behavior. Slc18a1, the 

vesicular monoamine transporter (VMAT1), was originally thought to be only expressed in 

the periphery, however recent evidence has shown that VMAT1 may serve a role in the brain 

[26]. Deletion of Slc18a1 in mice reduces hippocampal neurogenesis and produces 

neurocognitive deficits [26]. Furthermore mutations in the Slc18a1 gene also have been 

linked to an increased likelihood of developing schizophrenia [33] and type 1 bipolar disease 

[20]. The decreased expression of this gene in the Large Suppressor group may reflect 

blunted synaptic plasticity in the nucleus accumbens; a difference which could contribute to 

the addiction phenotype. Of note, it has long been postulated that the etiology of 

schizophrenia and bipolar disorder stems from dysregulation of dopamine transmission [22, 
38]. These data demonstrate, for the first time, that Slc18a1 may also be involved in the 

addictive processes, a disease in which dopamine plays a central role. In contrast to the 

expression pattern of Slc18a1, the gene expression of Fcrls was increased in the Large 

Suppressors compared to Saline controls and Small Suppressors. Fcrls is a scavenging 

receptor that is has been shown to be preferentially expressed on microglia [2]. The increase 

in Fcrls expression in the Large Suppressors may reflect the ability of opioids to influence 

immune function [35] although a growing body of literature indicates that immune 

molecules also function as neurotransmitters [31]. To our knowledge, this is the first time 

that Fcrls has been found to be associated with addiction-like behavior. These findings 
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further support that individual differences in drug induced avoidance of a natural reward is 

linked not only to changes in addiction-like behavior but also to changes in gene expression. 

A number of additional differences specific to the Large Suppressor vs Small Suppressor 

category were identified and these may serve as targets for further studies in the future.

Selected additional genes with differences in expression between heroin and Saline groups 

were also confirmed including Ngfr and Npy2r, which both showed significant decreases in 

gene expression in both small and Large Suppressors compared to Saline controls. Ngfr, also 

known as p75 neurotrophin receptor, has been implicated in the development of analgesic 

tolerance, as null mice for Ngfr show a lack of analgesic tolerance to repeated injections of 

morphine [40]. The neuropeptide y (NPY) system has been implicated in the drug abuse 

field. Previously we have reported that heroin exposure and enforced drug abstinence 

decreased NPY expression in the medial prefrontal cortex [16]. Single nucleotide 

polymorphisms of the NPY2R have been implicated in the development of alcohol addiction 

[45]. Given that both genes showed decreased mRNA expression in out studies, it appears 

that Ngfr and Npy2r may be more sensitive to heroin self-administration regardless of the 

amount taken.

Cholecystokinin (Cck) showed significantly greater gene expression in the Large 

Suppressors compared to the Saline controls. Cck is a neuropeptide that has been implicated 

in the role of satiety [48]. Moreover Cck has been shown to oppose many opiate induced 

effects such as analgesia and locomotor activity [8, 36]. Of note, the Large Suppressors 

showed a robust increase in Cck expression compared to Saline subjects. Given that Cck has 

been shown to attenuate the rewarding effects of opiates, the increase in Cck expression in 

the Large Suppressors could counteract the effects of heroin self-administration and return 

the subject back to homeostasis [44]. This pattern of activity may serve to ameliorate the 

deleterious effects that opiates have on neuronal growth and survival [27]. Additionally, 

given its role in satiety, changes in Cck may contribute to suppression of intake of the 

heroin-paired saccharin cue in these subjects.

Confirmatory qPCR found 2 genes (Calb2 and Calcr) to be significantly lower in expression 

in the Large Suppressors than in the Saline controls. Calb2, also known as calretinin, is a 

neuroprotective calcium binding protein [39]. Heroin exposure in rats has been shown to 

decrease the amount of immunoreactive neurons for Calb2 in the dentate gyrus [5]. A 

similar effect was observed here, showing that Large and Small Suppressors displayed 

decreased Calb2 gene expression compared to Saline subjects. The Calcr gene encodes the 

calcitonin receptor, which is a G-coupled protein receptor that normally plays a role in 

calcium homeostasis [30]. Studies have shown that the calcitonin receptor gene may also 

serve a role in controlling ingestive behaviors [18]. Furthermore heroin exposure in rats has 

been previously shown to disrupt intracellular calcium homeostasis, which correlated with 

an increase in neuronal cell damage when challenged with drug [19]. Although the role of 

Calcr gene in addiction has not been elucidated it is worth noting the lower expression of the 

gene in Large Suppressors versus Saline controls may reflect a heroin-induced defect in 

calcium homeostasis.
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One concern regarding the findings presented here is that the changes observed might be an 

effect of the amount of drug taken. Indeed, this is a possible explanation for the differences 

in gene expression since Large Suppressors do show the greatest drug taking behaviors 

compared to Small Suppressors. However, these subjects were freely able to decide how 

much heroin to infuse and how much to avoid of a natural reward. Therefore this choice in 

self-administration mimics the human condition in which the individual decides how much 

drug to consume. Yoked delivery may be used to address this concern [14], but does have 

some drawbacks. Twining et al. [41] demonstrated that yoked delivery of cocaine was 

aversive to the subject and caused behaviors that protected the rat from working for drug. 

Therefore, we simply asked the question what transcriptomic changes do occur in 

behaviorally stratified subjects based on their avoidance of a taste cue and their heroin self-

administration history. Taken together, it appears that the Large Suppressors of a drug-paired 

taste cue show a unique mRNA profile that is distinct from Saline controls and distinct from 

that found in Small Suppressors of the natural reward vs Saline controls.

Although the focus of this study was to determine individual differences in gene expression 

among behaviorally stratified subjects on their addiction-like behavior, future studies should 

examine additional aspects of the transcriptome. Transcription from the DNA plus strand 

produces antisense RNAs that are complementary to their related gene transcripts and have 

been shown to alter gene expression due to changes in the environment [29]. Furthermore 

antisense RNAs have been implicated in various human disease such as Alzheimer's disease 

and cancer [7]. Moreover, additional experiments should be devoted to seeing if mRNA 

changes are evident in other brain regions associated with drug addiction such as the medial 

prefrontal cortex and ventral tegmental area. Given that drug addiction affects multiple 

regions of the brain as shown in Kuntz et al. [15] and Zhou et al. [49], it is worth 

investigating if region specific differences in mRNA expression exist following heroin self-

administration and avoidance of the drug-paired taste cue. Future experiments also should 

examine if these changes in mRNA are persistent, or even enhanced during abstinence. 

Previously our laboratories have shown persistent mRNA changes following 14 days of 

drug-enforced abstinence after heroin self-administration [15]. Given that addiction is a 

chronic relapsing disease that can manifest itself after prolonged periods of abstinence, 

exploring whether individual differences in gene expression can contribute to this 

vulnerability towards relapse or if certain patterns of mRNA expression may be protective 

could inform treatment decisions and potentially lead to better therapeutics. The data 

reported here demonstrate changes in gene expression that are specific to a behavioral 

measure of reward devaluation that goes beyond just pharmacological measures of gene 

response to drugs of abuse. In addition, these data serve as a reference for other 

investigations examining molecular alterations in other opioid administration paradigms, 

both investigator initiated and self-administered.

5. Conclusions

In sum, in addition to demonstrating that heroin self-administration has profound effects on 

the rodent brain, our data show that individual differences in mRNA expression do occur in 

subjects stratified by their addiction-like behavior, specifically, avoidance of a drug-paired 

taste cue. To our knowledge this is the first report of its kind that examines individual 

Imperio et al. Page 11

Brain Res Bull. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differences in gene expression based on avoidance of a natural reward that predicts heroin 

self-administration. Large Suppressors of the natural reward showed significant differences 

in mRNA expression compared to Saline controls and these differences were not found 

between Small and Saline controls. Furthermore, differences in gene expression also were 

found between Large Suppressors and Small Suppressors. Many of these genes underlie the 

biological processes of behavior, neuronal function, and immunity. Understanding the 

individual differences in gene expression that are associated with greater addiction-like 

behavior will assist in tailoring therapies that target these differences. Here, we demonstrate 

that greater avoidance of a drug-paired natural reward is associated with a unique mRNA 

profile in the NAc that is distinct from that of the Small Suppressors (i.e., from those rats 

who readily ingest the saccharin cue even when it predicts the opportunity to self-administer 

drug) and distinct from that of the Saline controls.

Supplementary Material

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

• Suppression of a natural reward is associated with greater addiction-like 

behavior.

• Large suppressors of a heroin-paired taste cue showed a unique mRNA prolife 

compared to small avoiders.

• Avoidance of a natural reward is linked with differences in gene expression.
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Figure 1. Extended Access Addition-like Behavior
A) Mean (+/− SEM) number of licks/5 min of 0.15% saccharin during Trial 1 and Trial 16 

for Saline, Small, and Large Suppressors. Mean (+/− SEM) number of saline or heroin (0.06 

mg/0.2ml of heroin) infusions/6 h B) and C) within in the 1st h for Saline, Small, and Large 

Suppressors during Trial 1 and Trial 16. D) Mean (+/− SEM) number of saline or heroin 

infusions earned during progressive ratio testing for Saline, Small, and Large Suppressors. 

E) Mean (+/− SEM) number of drug seeking behaviors/1 h exhibited during Hour 1 of the 6 
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h extinction period (left panel) and during 1 h following a single experimenter delivered iv 

dose of saline or heroin for Saline, Small, and Large Suppressors. *p<0.05 (n=5/group)
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Figure 2. Identification of Differential Gene Expression by RNA-Seq
A) Hierarchical clustering of genes and samples for the 685 differentially expressed 

transcripts (ANOVA, SNK pairwise posthoc, fold change >|1.25|. B) Relationship between 

samples through principal compenent analysis based on the differentially expressed genes. 

Samples segregated along the first compenet by group. C) Venn diagram representation of 

the differentially expressed transcripts. A number of common changes were observed 

between heroin groups and Saline and in the comparisons between Large Supressors and 

Saline and Small Suppressors. n=4-5/group
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Figure 3. Differential Expression Across Exons and Correlation of Gene Expression to 
Behavioral Measures
A) With RNA-Seq differentially expressed genes are evident through different read depths 

across the exons of the transcript. B) Gene expression of differentially expressed genes was 

correlated (Pearson's) to behavioral measures. Two examples are given demonstrating 

positive and negative correlations to saccharin licks. Only heroin groups were included in 

the correlation analysis. n=4-5/group
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Figure 4. Tertiary Analysis of Differentially Expressed Transcripts
Differentially expressed transcripts in each of the three pair-wise comparisons were assessed 

for over-representation of disease relationships and functional categories (A), signaling 

pathways (B), and upstream regulators (C) using the Ingenuity Pathway Analysis database. 

Selected categories of interest that passed statistical thresholds (Fisher's Exact Test, p<0.05) 

are presented.
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Figure 5. Confirmatory qPCR of genes selected from RNA-Seq analysis of the nucleus 
accumbens
Left panels depict mean (+/− SEM) changes in RPKM (Reads per Kilobase per Million 

mapped reads). Right panel depicts mean (+/− SEM) changes found to be significant 

through qPCR. n=4-5/group *p<0.05
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