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Abstract

The benefits of opioid-based treatments to mitigate chronic pain can be hindered by the side 

effects of opioid-induced hyperalgesia (OIH) that can lead to higher consumption and risk of 

addiction. The present study advances the understanding of the molecular mechanisms associated 

with OIH by comparing mice presenting OIH symptoms in response to chronic morphine exposure 

(OIH treatment) relative to control mice (CON treatment). Using RNA-Seq profiles, gene 

networks were inferred in the trigeminal ganglia (TG), a central nervous system region associated 

with pain signaling, and in the nucleus accumbens (NAc), a region associated with reward 

dependency. The biological process of nucleic acid processing was over-represented among the 

122 genes that exhibited a region-dependent treatment effect. Within the 187 genes that exhibited a 

region-independent treatment effect, circadian rhythm processes were enriched among the genes 

over-expressed in OIH relative to CON mice. This enrichment was supported by the differential 

expression of the period circadian clock 2 and 3 genes (Per2 and Per3). Transcriptional regulators 

in the PAR bZip family that are influenced by the circadian clock and that modulate 

neurotransmission associated with pain and drug addiction, were also over-expressed in OIH 

relative to CON mice. Also notable was the under-expression in OIH relative to CON mice of the 

Toll-like receptor, nuclear factor-kappa beta, and interferon gamma genes and enrichment of the 

adaptive immune processes. The results from the present study offer insights to advance the 

effective use of opioids for pain management while minimizing hyperalgesia.
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Introduction

Chronic pain affects 30 to 40% of the population in the United States and Europe [1-3]. 

Supervised short-term opioid-based therapies can help patients ameliorate pain while 

minimizing the risk to develop analgesic tolerance and addiction. The chronic use of opioids 

can elicit opioid-induced hyperalgesia (OIH), a paradoxical hypersensitivity to stimuli 

triggered by the same stimuli originally prescribed to alleviate pain. Thus, opioid use can 

engender a more fierce sense of pain instead of alleviating the pain and in turn may lead to 

higher opioid consumption [4,5]. A human (f)MRI study demonstrated that subjects who 

developed hyperalgesia to noxious thermal stimuli post-opioid infusion also presented 

activation of the midbrain reticular formation that transmits pain signals during the hour-

long infusion [6]. The molecular mechanisms supporting this activation could be the 

foundation of pro-nociceptive systems.

The intersection between OIH and development of opioid tolerance together with the 

complexity of the OIH pathophysiology have challenged our understanding of molecular 

processes associated with OIH and identification of therapeutic targets [7]. Candidate gene 

studies have associated the desensitization of mu opioid receptor (MOR) triggered by 

repeated opioid exposure with both OIH and loss of opioid treatment effectiveness due to the 

development of tolerance to analgesia [8,5]. MORs are expressed in sensory neurons in the 

trigeminal ganglia (TG) and the nucleus accumbens (NAc), and the levels of expression are 

modulated by morphine treatment [9]. These two central nervous system (CNS) regions are 

involved in nociception, pain processing and reward dependence, respectively [10,11].

The TG neurons relay cephalic sensations of pain, touch, or pressure to the central nervous 

system [12], and many types of opioid receptors are abundantly expressed in these sensory 

neurons [13]. In addition to relaying sensory information to the brain, the TG neurons can 

trigger vasodilation and neurogenic inflammation, and elicit hyperalgesia, sensitization, and 

allodynia in response to certain chronic stimuli [10,14]. Opioid use increases the release of 

dopamine in the NAc, and the disruption in NAc processes plays a role in hyperalgesia 

comorbidities including depression, irritability, fatigue, sleepiness, and loss of appetite [15]. 

The chronic administration of opioids to rodents is a proven construct to advance the 

characterization of the neurological basis of OIH [16-18]. Despite the known involvement of 

TG and NAc in processes associated with chronic pain and the potential to be affected by 

chronic opioid exposure, the simultaneous molecular response of these two CNS regions to 

chronic opioid use in a model of OIH has not been reported.

The overall objective of this study is to advance the understanding of the molecular 

interactions underlining OIH. High-throughput RNA-Seq technology was used to profile the 

NAc and TG transcriptome of mouse that presented OIH triggered by chronic opioid 

exposure. Three supporting objectives were explored: a) to detect and characterize region-

dependent and - independent profiles and networks associated with OIH; b) to identify gene 
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networks and biological processes that are predominantly dysregulated in the TG or NAc of 

individuals experiencing OIH; and c) to uncover regulatory factors and networks associated 

with OIH. The findings from these complementary analyses offered insights that can be used 

in the development of effective strategies to prevent, cure, or manage OIH while benefiting 

from the analgesic effects of controlled opioid-based therapies.

Materials and Methods

Animal experiments

Male C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME), between 9-12 weeks old 

were studied. Mice were group-housed in a 12-12 light-dark cycle, and the food was 

available ad libitum. All experimental procedures were approved by the University of 

Illinois at Chicago Office of Animal Care and Institutional Biosafety Committee in 

accordance with AALAC guidelines, the Animal Care Policies of the University of Illinois at 

Chicago and the European Union directive on the subject of animal rights. Animals were 

weighed daily during treatment, and no adverse effects of treatment were observed on body 

weight or visibly healthy performance.

Twenty samples distributed on a two-by-two experimental design including the factors of 

treatment and region were studied. Mice in the OIH treatment group were injected with 

morphine dissolved in 0.9% saline solution whereas mice in the CON treatment group were 

injected with saline vehicle administered as a 10mL/kg volume. Mice were injected 

morphine or vehicle twice daily (s.c.) for 4 days [19].On days 1-3 the dose of morphine was 

20 mg/kg, and on day 4 the dose was 40 mg/kg. Baselines were determined before the 

morning injection of morphine or vehicle.

Hyperalgesia was confirmed using hind paw and cephalic mechanical sensitivity tests. The 

mice were counterbalanced into groups following the first basal response for mechanical 

sensitivity taken on day 1. The mechanical sensitivity was assessed in the plantar surface of 

the left hind paw (n=5 mice/treatment) on days 1-4, and these mice were used in the RNA-

Seq experiment. Complementary mechanical sensitivity was assessed in the cephalic/

periorbital region caudal to the eyes and near the midline on a separate group of mice (n=6 

mice/treatment) on days 1, 3 and 5. Following protocols previously described [20], mice 

were habituated to the testing boxes for 2 days before testing, and the experimenter was 

blinded to the drug condition being tested. Mechanical response testing occurred in low-light 

conditions in the morning prior to the first injection of the day and the threshold for response 

to punctate mechanical stimuli (withdraw) was tested according to the up-and-down method 

[20,21] The testing regions were stimulated with a series of 8 von Frey filaments with a 

bending force ranging from 0.008 to 2 g [22-24].

A two-way ANOVA with interaction model was used to describe the mechanical threshold 

measurements and to test for the effects of treatment, day, and interaction. A significant 

interaction effect (P-value < 0.05) was followed with a Holm-Sidak post-hoc correction of 

the pair-wise contrasts between each treatment-day group and the CON-day 1 group of mice.

Zhang et al. Page 3

Mol Neurobiol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Region and RNA extraction and sequencing

The collection of samples for RNA-Seq analysis started on day 5 of the experiment after 

mechanical response testing and at approximately 15h following the last morphine or vehicle 

injection. Mice were anesthetized with pentobarbital (Somnosol), euthanized and 

intracardially perfused with ice-cold saline following our proven protocols [22-24]. Brains 

were extracted, and the TG and NAc were rapidly dissected, snap-frozen, and stored at 

−80 °C following our protocols [20,25]. The CNS regions from individual mice were 

homogenized with TRIzol (Invitrogen, Carlsbad, CA) and ceramic beads (MO BIO, 

Carlsbad, CA), and RNA was isolated using the RNA-kit (Omega Biotek, Norcross, GA).

The RNA integrity numbers of the 20 samples corresponding to five animals each for two 

treatments (OIH and CON) and two CNS regions (TG and NAc) were above 7.5. Libraries 

were constructed from these samples and were individually analyzed using a HiSeq 4000 

(Illumina, San Diego, CA) platform that generated 100nt paired-end reads. The FASTQ data 

files from this RNA-Seq analysis are available in the National Center for Biotechnology 

Information Gene Expression Omnibus (GEO) database (GSE126662). The average Phred 

quality score of the reads assessed using FastQC [26] was > 30 across all read positions, and 

therefore no reads were trimmed.

RNA quantification and differential expression analysis

The paired-end reads from the individual samples were aligned to the C57B1/6J mouse 

genome (version GRCm38, downloaded in October 2016 from NCBI [27] using Kallisto 

[28] with default settings. The normalized (trimmed mean of M-values) gene expression 

values were described using a generalized linear model encompassing the main effects of 

treatment group (OIH or CON) and CNS region (TG or NAc) and the corresponding 

interaction and analyzed using edgeR v. 3.14.0. in the R v. 3.3.1 environment [29]. Genes 

supported by > 5 reads per treatment-region combination were analyzed to ensure adequate 

representation across mouse groups.

Orthogonal pairwise contrasts between treatment-region groups were evaluated in addition 

to testing for the effects of treatment-region interaction and main effects of treatment and 

region. The groups compared in the contrasts are identified by the treatment followed by the 

region and encompassed: OIH_TG, OIH_NA, CON_TG and CON_NA. The test-statistic P-

values were adjusted for multiple testing using the Benjamini-Hochberg False Discovery 

Rate (FDR) approach [30].

Functional enrichment and network inference

Two complementary approaches were used to identify over-represented functional categories 

among the genes exhibiting differential expression across treatment and region groups 

[31-34]. Functional categories investigated included Gene Ontology (GO) biological 

processes (BPs) and molecular functions (MFs) and KEGG pathways. The Gene Set 

Enrichment Analysis (GSEA) approach implemented in the software package GSEA-P 2.0 

[35] was used to identify category over-representation with gene over- and under-expressed 

while considering all genes analyzed, sorted by the signed and standardized logarithm-

transformed fold change between the groups compared. The enrichment score of each 

Zhang et al. Page 4

Mol Neurobiol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functional category in the Mus musculus Molecular Signature Database (MSigDB) was 

calculated using the maximum deviation of the cumulative sum based on the signed and 

standardized fold-change. The statistical significance of the category enrichment was 

assessed using the FDR-adjusted P-value computed from 1000 permutations.

The over-representation of functional categories was also studied among the genes that 

exhibited a significant interaction or main effect using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID 6.8). The enrichment of Direct GO 

categories in the DAVID database was evaluated [36]. The Mus musculus genome was used 

as the background for enrichment testing, and enrichment is reported using the Expression 

Analysis Systematic Explorer (EASE) score that was computed using a one-tailed 

jackknifed Fisher hypergeometric exact test. Functional categories were clustered to ease the 

interpretation of enriched categories, and the statistical significance of each cluster is 

summarized as the geometric mean of the −log10 EASE scores from the categories in the 

cluster [37-39].

Differences among genes differentially expressed between treatment-region groups were 

studied by reconstructing gene networks using the Bisogenet package [40] in the Cytoscape 

platform [41]. Information from gene and protein interactions annotated in databases 

including BIOGRID, HPRD, DIP, BIND, INTACT, and MINT was used to visualize 

relationships between genes [42-47]. The network framework includes genes that exhibited a 

significant interaction effect (FDR-adjusted P-value < 0.1) and that were differentially 

expressed in at least one of the 3 orthogonal contrasts (OIH_TG-CON_TG, OIH_NA-

CON_NA or OIH_TG-OIH_NA) at FDR-adjusted P-value < 0.1. The study of the 

previously described orthogonal contrasts enabled the direct comparison of treatment effect 

across networks supported by gene-to-gene connectivity and intersectionality between CNS 

regions. The genes differentially expressed between treatments within each region were used 

as network framework genes and are identified by full nodes with size commensurate with 

the fold change between treatments. In addition to the framework genes, directly connected 

genes in the Bisogenet database that did not reach the differential expression threshold were 

included in the network. The comparison of these networks enabled the detection of shared 

and distinct co-regulation pattern between OIH and CON across CNS regions

Additional understanding of the differences in gene regulation between OIH and CON 

across and within CNS region was gained by testing for the over-representation of potential 

transcription factors of the genes that exhibited differential expression between treatments 

and regions. The iRegulon plugin within the Cytoscape environment was used to identify 

transcriptional regulators of differentially expressed target genes [48]. Transcription factor 

binding motifs over-represented among the differentially expressed genes were identified 

using the position weight matrix (PWM) method [48] and the over-representation is 

expressed in terms of a normalized enrichment score (NES). Motif match was assigned at 

FDR-adjusted P-value < 0.001 and with a minimum Receiving Operating Curve threshold 

for estimation of the Area under the Curve > 0.03.
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Results

Mechanical pain threshold and chronic morphine exposure

Figures 1A and 1B present the profile of hind paw and cephalic mechanical threshold across 

treatment (OIH and CON) and days, respectively The interaction between treatment and day, 

the main effect of treatment and the main effect of day were significant (P-value < 0.001) in 

both regions. Post-hoc contrasts of the mechanical threshold between the OIH mice at days 

2-5 and the CON-day 1 group were significant at P-value < 0.001 and are denoted with 

“***”.

Sequencing metrics

The sequencing of the 20 RNA samples produced approximately 3.1 billion sequenced reads 

and approximately 76.6 million paired-end reads per sample. The number of reads was 

consistent across treatment-region groups (coefficient of variation < 3.4%) and the average 

percentage of mapped reads was approximately 84%. The effects of the interaction and the 

main effects of treatment and CNS region were tested on 23,349 genes that surpassed the 

minimum number of reads per treatment-region combination.

Transcriptome changes associated with opioid-induced hyperalgesia that are region-
dependent

Overall, 89 genes exhibited a significant (FDR-adjusted P-value < 0.05) opioid-induced 

hyperalgesia treatment-by-CNS region interaction effect. The 35 genes that showed the most 

significant (FDR-adjusted P-value < 0.001) interaction effect are presented in Table 1. An 

extended list of the 122 genes that exhibited an interaction effect at FDR-adjusted P-value < 

0.1) can be found in File S1 Table A. Among these, an approximately even number of genes 

were differentially expressed between the treatment groups in the NAc and TG, respectively. 

Eight genes showed opioid treatment effect both in NAc and TG, and 6 of these genes 

displayed opposite expression patterns in the 2 CNS regions studied (Table 1) including 

sodium channel, voltage-gated, type VII, alpha (Scn7a), adipocyte enhancer binding protein 

1 (Aebp1), integrin subunit beta 4 (Itgb4), and plasmolipin (Pllp). The rest of the genes 

exhibiting an interaction effect are substantially more differentially expressed in response to 

the opioid treatment in one CNS region than the other such as phosphoinositide-interacting 

regulator of transient receptor potential channels (Pirt) and LMBR1 domain containing 2 

(Lmbrd2).

Functional and network analysis of genes that exhibit region-dependent associations with 
opioid-induced hyperalgesia

Genes expressing significant OIH treatment-by-region interaction effect can exhibit one of 

many patterns. Therefore, a GSEA study of the genes over- or under-expressed between OIH 

and CON groups within CNS region was explored to gain further insights into the functional 

categories predominantly impacted by treatment in a region-dependent manner. RNA and 

DNA processing including GO BP mRNA metabolic process (GO:0016071), RNA 

processing (GO:0006396), and regulation of DNA metabolic process (GO:0051052) were 

enriched (FDR-adjusted P-value < 0.05; NES > 1.9) among the genes presenting a 
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significant region-dependent treatment effect and over-expressed in the NAc of OIH relative 

to CON mice. Additional categories borderline enriched included: neuron projection 

development (P-value < 0.001) among genes under-expression in the NAc of OIH relative to 

CON mice; GTPase binding (P-value < 0.006) among the genes over-expressed in the TG of 

OIH relative to CON mice; and angiogenesis (P-value < 0.007) among the genes under-

expressed in the NAc of OIH relative to CON mice.

Network visualization further the understanding of the relationships among the 122 genes 

that exhibited significant (FDR-adjusted P-value < 0.1) treatment-by-region interaction 

effect. This interaction effect encompassed one or more significant ((FDR-adjusted P-value 

< 0.1) orthogonal contrast (OIH_NA-CON_NA, or OIH_TG-CON_TG or OIH_NA-

OIH_TG). The networks that depict the relationship between genes for the OIH_NA-

CON_NA and OIH_TG-CON_TG contrasts are depicted in Figures 2 and 3, respectively. 

The network of the remaining orthogonal contrast (OIH_NA-OIH_TG) is included for 

completeness in File S1 Figure 1. The simultaneous study of these genes that form the 

network framework, the consideration of the differential expression patterns and 

connectivity helped us uncover region-dependent transcript changes associated with OIH. 

Red and blue rectangular nodes represent framework genes and edges represent the known 

associations between genes based on curated databases of molecular interactions. White 

nodes represent genes directly connecting framework genes.

Transcriptome changes associated with opioid-induced hyperalgesia shared across 
regions

Overall, 97 genes exhibited significant (FDR-adjusted P-value < 0.05) differential 

expression between OIH and CON mice that was consistent across central nervous system 

regions. Of these, Table 2 presents the 32 genes exhibiting the highest OIH effect (FDR-

adjusted P-value < 0.005). The 187 genes differentially expressed between OIH and CON 

mice at FDR-adjusted P-value < 0.1) are listed in S1 File Table B). Notable, among the 

genes over-expressed in OIH relative to CON mice (Table 2 and S1 File Table B) are three 

transcription factors in the circadian rhythm pathway, D site-binding protein (Dbp), 

thyrotroph embryonic factor (Tef) and hepatic leukemia factor (Hlf). Other genes over-

expressed in OIH relative to CON mice included: circadian associated repressor of 

transcription (Ciart), period circadian clock 3 (Per3), dimethylaniline monooxygenase 

(Fmo2), nuclear receptor subfamily 1 group D member 2 (Nr1d2), and collagen alpha-1(III) 

chain preproprotein (Col3a1).

Functional analysis of gene exhibiting region-independent associations with opioid-
induced hyperalgesia

The DAVID analysis of genes differentially expressed between OIH and CON groups across 

regions uncovered enrichment (ES=3.568) and irrespective to pattern uncovered the 

enrichment of GO BP myelination (GO:0042552) and ensheathment of neurons (GO:

0007272). Within the enriched category ensheathment of neurons, the genes that exhibited 

an interaction effect include Prx, Fa2h, Pllp, Cldn11, and Pmp22 and the genes that 

exhibited a treatment effect include Serinc5, Hexa, cldn5, Mir138-1, Lgi4, Lpar1, and Gjc3. 

Other categories detected by the DAVID analysis that did not reach the statistical threshold 
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included protein folding (GO:0006457, P-value < 0.001); negative regulation of cellular 

metabolic process (GO:0031324, P-value < 0.00068); cell adhesion molecule binding (GO:

0050839, P-value < 0.002) and regulation of circadian rhythm (GO:0042752, P-value 

0.00018).

Enrichment results from the GSEA study within gene under- and over-expressed patterns 

complemented the findings from DAVID. The most enriched informative categories (FDR-

adjusted P-value < 0.05 and normalized enrichment score > ∣1.8∣ are presented in Table 3 

and the extended list of categories (FDR-adjusted P-value < 0.1) is presented in S1 File 

Table C.

Notable is the enrichment of circadian rhythm categories among the genes over-expressed in 

OIH relative to CON mice. Also notable is the enrichment among the genes under-expressed 

in OIH relative to CON mice of genes that participate on adaptive immune regulation 

including toll-like receptor pathway and several cytokines including interleukin 6, 8, 10 and 

12.

Transcriptome differences between trigeminal ganglia and nucleus accumbens 
independent of treatment

Overall, 738genes were differentially expressed between TG and NAc (log2(fold change) > 

2 and FDR-adjusted P-value <1.0E-5) and are listed in the S1 File Table D. Among the 

genes that present region effect but failed to present treatment-by-region interaction effect, 

the 18 genes that presented the most extreme fold change are listed in Table 4. Genes over-

expressed in TG relative to NAc included: transient receptor potential cation channel 

subfamily V member 1 (Trpv1), transient receptor potential cation channel, subfamily A, 

member 1 (Trpa1), Piezo-type mechanosensitive ion channel component 2 (Piezo2), 

calcitonin-related polypeptide alpha (Calca), neuromedin B (Nmb), and MAS-related GPR, 

member a3 (Mrgpra3). Genes over-expressed in NAc relative to TG included: dopamine 

receptor D1 (Drd1), opioid receptor Kappa 1 (Oprk1), neuropeptide Y (Npy), glutamate 

decarboxylase 1 and 2 (Gad1 and Gad2).

The clusters of informative categories with highest DAVID enrichment scores (enrichment 

score >1.7) among the genes differentially expressed between CNS regions (log2(fold 

change) > 2 and FDR-adjusted P-value <1.0E-5) are listed in Table 5. Notable enriched 

categories among the genes differentially expressed between CNS regions are related to 

addiction (e.g., nicotine, amphetamine), glutamate-related activities receptor activities 

(KEGG mmu04724, GO:0004970).

Regulation of genes associated with opioid-induced hyperalgesia treatment

The regulatory analysis enabled us to detect transcription factors that target many of the 

genes dysregulated by chronic morphine treatment. Transcription factor motifs were 

searched in the regulatory region of genes that exhibited differential expression between 

OIH and CON mice within TG, within NAc, and across both regions. The targets include 75 

genes that were over-expressed and 112 genes that were under-expressed in OIH relative to 

CON within or across CNS regions.
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Table 6 highlights the most enriched transcription factors (normalizing enrichment score > 3, 

associated with > 20% of the genes differentially expressed between the treatments 

considered. In this table, the transcription factors are sorted by the expression pattern 

indicated by the log2(fold change) in OIH relative to CON mice. Among the seven highly 

enriched transcription factors three factors were also differentially expressed (FDR-adjusted 

P-value < 0.1) in OIH relative to CON mice: D site-binding protein (Dbp), hepatic leukemia 

factor (Hlf), and Class E basic helix-loop-helix protein 41 (Bhlhe41). The individual 

transcription factors were identified by more than 11 motifs. The transcription factor MLX 

interacting protein like (Mlxipl) in Table 6 shares all the target genes with Dbp and Hlf and 

therefore this factor also reaches the enrichment level cutoff.

The visualization of the regulatory networks including the enriched transcription factors and 

target genes demonstrated the different connectivity of these molecules. The relationship 

between the target genes (ovals) over-expressed in OIH relative to CON mice at FDR-

adjusted P-value < 0.1 and the matched regulatory transcription factors (triangle) is depicted 

in Figure 4 whereas Figure 5 depicts the same relationship for the transcription factors that 

were under-expressed in OIH relative CON mice.

Discussion

Chronic pain afflicts a large percentage of the population and managed opioid-based 

therapies can effectively reduce pain sensation while controlling for the development of 

opioid tolerance and addiction. However, chronic use of opioids like morphine can elicit 

OIH in some patients, a paradoxical hypersensitivity to stimuli, exacerbating rather than 

alleviating pain. Understanding the molecular mechanisms associated with OIH is essential 

to develop therapies that can maximize the benefit of managed opioid treatment. In this 

study, we advanced the knowledge on the transcriptome profiles associated with OIH using 

proven validated mouse model of this disorder [16].

The significantly lower mechanical threshold for withdrawal of OIH relative to CON mice 

both in the peripheral and cephalic regions as early as the second day of morphine treatment 

confirms the robustness of the model used to study hyperalgesia elicited by chronic opioid 

exposure (Figure 1). Our results are in agreement with previous reports of nociceptive 

sensitivity in response to chronic morphine administration [16,49,17]

The TG and NAc transcriptomes were profiled because of the neurological processes 

associated with pain and addiction encompassed by these CNS regions. The TG 

encompasses sensory neurons with abundant opioid receptors and plays a role in pain 

signaling [50], while NAc participates in motivation and reward-dependent processes 

including development and maintenance of addiction to drugs of abuse [51]. We uncovered 

both region-dependent and region-independent differences between OIH and CON mice in 

gene expression, and gene and regulatory networks and enrichment of functional categories 

among the impacted genes. Our work offers novel insights into molecular mechanisms 

underlying OIH and the identification of altered networks of genes provides potential targets 

to block the development of OIH.
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Transcriptome changes associated with opioid-induced hyperalgesia that are region-
dependent

Insights into the region-dependent association of OIH with transcript profiles were gained 

from the study of the 122 genes presenting significant (FDR-adjusted P-value < 0.1) region-

by-treatment interaction effect (Table 1, and Table A in File S1). Many of these genes have 

been associated with hyperalgesia and pain sensation. The majority of the genes exhibited a 

higher fold change between OIH and CON in the NAc than in the TG, and this finding 

supports the more amply study of the participation of NAc in nociception [52]. A review of 

the genes presenting the most common patterns and supporting literature is presented by 

CNS region.

Genes over-expressed in the TG of OIH relative to CON mice included: docking protein 6 

(Dok6), leucyl-cystinyl aminopeptidase (Lnpep), LMBR1 domain-containing protein 2 

(Lmbrd2), and the transcriptional repressor Aebp1, and their patterns are consistent with 

previous studies (Table 1). Related to our findings, polymorphisms in Dok6 were 

significantly associated with morphine dose requirements for pediatric day surgery and 

postoperative pain scores [53] and Dok6 promotes neurite growth in sensory ganglia [54]. 

M1 aminopeptidases such as Lnpep play a role in pain [55] and consistent with our findings, 

aminopeptidase gene-deficient mice exhibit impaired pain response [56]. The pattern of 

Lnpep can be related to hyperalgesia through a complementary mechanism because the 

coded enzyme cleaves vasopressin, oxytocin and other neuropeptide hormones that 

participate in blood pressure regulation [57] and antigen presentation [58]. The profile 

observed in the present study advances the understanding of the role of TG neurons 

triggering vasodilation and neurogenic inflammation and eliciting hyperalgesia, 

sensitization, and allodynia in response to certain chronic stimuli [10].

The over-expression of Lmbrd2 in the TG of OIH relative to CON mice is consistent with 

the potential role as a regulator of adrenoceptor signaling [59] in consideration that opioid 

use can evoke complex regional pain syndrome through the action of adrenoreceptors [60]. 

The genes D site albumin promoter binding protein (Dbp) and zinc finger BED domain-

containing protein 6 (Zbed6) were significantly over-expressed in TG and to a lesser extent 

in the NAc of OIH relative to CON mice. Dbp is involved in rhythmic processes and 

circadian rhythm disorders have been associated with headache [61]. Only aryl hydrocarbon 

receptor nuclear translocator-like protein 1 (Arntl) exhibits under-express “consistent 

pattern”. Arntl is a transcriptional activator that forms a core component of the circadian 

clock and also plays a role in mood-related behavior [62]. The under-expression of giant 

axonal neuropathy (Gan) in OIH relative to CON in the TG (S1 File Table A) is consistent 

with reports that this gene was under-expressed in mice that present tactile allodynia and that 

mutation in this gene is linked to sensorimotor neuropathy [63].

The genes that presented significant under-expression in the NAc of OIH relative to CON 

mice included: Galanin (Gal), acid phosphatase prostate (Acpp); myelin protein P0 (Mpz); 

synuclein gamma (Sncg); phosphoinositide-interacting regulator of transient receptor 

potential channels (Pirt); integrin subunit beta 4 (Itgb4); serine (or cysteine) peptidase 

inhibitor, clade B, member 1a (Serpinb1a); trafficking regulator of GLUT4 (Trarg1 or 

Tusc5); guanine nucleotide-binding protein subunit beta-3 (Gnb3); Periaxin (Prx); 
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Claudin-19 (Cldn19); sodium channel, voltage-gated, type VII, alpha (Scn7a); and Pllp. The 

profiles observed for these genes are in agreement with previous studies of comparable 

models and experiments (Table 1). For example, Gal was 20 fold under-expressed in the 

NAc OIH relative to CON mice (S1 File Table A), and this finding agrees with the 

antinociception function of this gene in the NAc of rats presenting inflammatory pain [64]. 

Gal has been proposed as a molecule participating in the neuroinflammatory mechanism 

associated with opioid tolerance and paradoxical hyperalgesia [65]. The under-expression of 

Acpp in the NAc of OIH relative to CON mice agrees with reports that a product of this 

gene, transmembrane prostatic acid phosphatase (TMPAP), suppresses pain sensation in 

healthy animals and conversely, mice deficient in TMPAP present an increased synthesis of 

striatal dopamine [66]. Our results may suggest that the lower expression of Gal and Acpp 

observed in this study lowers the capacity of these gene products to block the perception of 

pain by sensory neurons resulting in hyperalgesia

The pattern of expression of several genes suggests an alteration in the molecular 

mechanisms that may ameliorate pain sensation and hyperalgesia. The under-expression of 

Pirt and Itgb4 in the NAc of OIH relative to CON mice (Table 1) is consistent with previous 

reports. Pirt knockout mice present lower mechanical allodynia and thermal hyperalgesia 

[67], and the inhibition of Itgb4 alleviates neuropathic pain [68]. We propose that the under-

regulation of Pirt and Itgb4 does not completely block OIH, but the pattern may act as a 

defense to counter OIH.

The under-expression of Serpinb1a, Sncg, and Tusc5 in the NAc of OIH relative to CON 

mice (Table 1) is supported by previous studies. Serpinb1a was under-expressed in a rat 

model of peripheral neuropathy experiencing chronic pain relative to controls [69]. Both 

Sncg and Tusc5 are considered sensory neuron markers [70,71]. The over-expression of 

Sncg in sensory neurons in culture disrupts neurofilament structure, a key component to 

neuronal plasticity associated with addiction [72]. Serpinb1a was under-expressed in a rat 

model of peripheral neuropathy experiencing chronic pain relative to controls [69]. The 

protein coded by Mpz is necessary for normal myelination in the peripheral nervous system 

[73], and our finding is in line with a study of mutations in Mpz leading to rapidly 

progressive and painful axonal neuropathy [74].

The observed under-expression of Prx in the NAc of OIH relative to CON mice (Table 1) is 

in agreement with reports that Prx deficiency in mice can lead to mechanical allodynia, 

thermal hyperalgesia, and demyelination whereas formation and maintenance of myelin is 

essential for normal transmission of nerve impulses and perception of sensory stimuli [75]. 

The under-expression of Pllp in binge-drinking rats is consistent with the observed under-

expression of this gene in the NAc of OIH relative to CON mice [76].

Sodium channel protein type 7 subunit alpha (Scn7a) was under-expressed in the NAc of 

OIH relative to CON mice (Table 1). This pattern is consistent with the positive association 

between the enhanced expression of Scn7a, a gene that encodes an atypical sodium channel 

termed (Nax) and increased excitability of dorsal root ganglion neurons and bone cancer 

pain [77]. The Nax channel is considered an important determinant of sodium sensing in the 

brain [78] and the Scn7a knockdown prevented the onset of hyperalgesia in dorsal root 
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ganglion [79]. Likewise, the under-expression of Itgb4 in the NAc and over-expression in the 

TG of OIH relative to CON mice and reverse pattern in the TG is consistent with reports of 

the role of integrins in pathological pain [80].

Cldn19 was under-expressed in the NAc of OIH relative to CON mice, and this trend agrees 

with electrophysiological analyses showing that deficiency in this protein affected nerve 

conduction of peripheral myelinated fibers. Also, a transcriptome study of inherited sensory 

neuropathies that have high prevalence of neuropathic pain identified significant differential 

expression of Cldn19 in sciatic nerve [81]. Guanine nucleotide-binding protein subunit 

beta-3 (Gnb3) was under-expressed in the NAc of OIH relative to CON mice (S1 File Table 

A) and this trend is consistent with reports that polymorphisms that compromise the 

expression of this gene are implicated in enhanced signal transduction and pain sensation in 

the head [82].

Functional analysis followed the identification of region-dependent gene profiles between 

OIH and CON mice. The enrichment of nucleotide (DNA and RNA) processing and 

metabolic categories among the genes presenting a significant region-dependent treatment 

effect and over-expressed in the NAc of OIH relative to CON mice is consistent with 

previous reports. Acute morphine administration is associated with lower incorporation and 

higher catabolism of uridine into the RNA precursor in the brains of mice without altering 

the concentration of brain RNA. Narcotics such as opium and its derivatives inhibit RNA 

synthesis in glial cell cultures and morphine administration altered the metabolism of 

pyrimidine nucleosides and nucleotides and the incorporation of precursors into the brain 

RNA [83]. Also, thermal hyperalgesia has been associated with histone 3 hypermethylation 

in the dorsal horn of the spinal cord of rats, and this methylation was associated with 

interference of RNA processing [84].

The enrichment of the biological process neuron projection development among the genes 

under-expressed in the NAc of OIH relative to CON mice is consistent with increased 

release of dopamine in the neuron projections of the ventral tegmental area into the NAc that 

participate in morphine-induced antinociception signals [85]. The prevalence of genes 

annotated to the biological process angiogenesis that were under-expressed in the TG of 

OIH relative to CON mice supports reports that chronic morphine stimulates angiogenesis in 

mice [86]. The enrichment of the biological process GTPase binding among the genes over-

expressed in the TG of OIH relative to CON mice may be related to GPTases contribution to 

the modulation of hypoalgesia in the spine [87]. The investigation of the association between 

OIH-associated transcriptome changes in the NAc (e.g., genes annotated to nucleic acid 

processing) and in the TG (e.g., genes annotated to GTPase binding) regions offered novel 

insights into the interactions between the paradoxical sensitivity to stimuli and pain that can 

be triggered by opioid exposure.

Region-dependent gene networks

Further understanding of the distinct interplay between genes annotated to the circadian 

rhythm, neuroimmune response, transcriptional regulation was gained from the comparison 

of the gene networks that consider treatment effect within the CNS region studied. A notable 

finding is that the majority of the genes that were differentially expressed in both networks 
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(Ciart, Per3, Tef, Dbp) were over-expressed in OIH relative to CON mice, albeit at different 

levels. Ciart, Per3, Tef, Dbp are annotated to circadian rhythm processes and Dbp and Tef 

are transcription factors. The exception was the transcriptional repressor Aebp1 that was 

under-expressed in the NAc (Figure 2) and over-expressed in the TG (Figure 3) of OIH 

relative to OIH mice.

A reversal of Aebp1 differential expression between OIH and CON across regions may be 

associated with the multiple contributions to different processes. The over-expression of 

Aebp1 in the TG of OIH relative to CON may be associated with the capacity of the coded 

protein to positively regulate the activity of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) and promote inflammatory responsiveness [88]. Conversely, 

inhibitors of NF-κB can alleviate morphine withdrawal-induced allodynia and hyperalgesia 

[89]. The under-expression of Aebp1 in the NAc of OIH relative to CON mice corresponds 

with the under-expression of this gene in the prelimbic cortex of mice chronically treated 

with the psychostimulant cocaine when comparing knockouts of serotonin transporter and 

wild type groups [90].

The majority of the framework genes in the networks were differentially expressed in one of 

the regions studied. The distribution of profiles of genes uniquely differentially expressed in 

one region confirm the predominance of gene over-expression in the TG and under-

expression in the NAc of OIH relative to CON mice. Several genes differentially expressed 

in one of the two regions studied are annotated to circadian processes and regulation of 

transcription including, for NAc: Gnb3, Prkcdbp, Pou4f1, Traf1, Map2k6, and Per3; and for 

TG: Per2, Cry1, Cry2, Arntl, Usp2, Cry1, Cry2, Hlf, Hipk2, Slc9a1, Sorbs3, and Zfp369.

The peripheral distribution of high differentially expressed genes between OIH and CON 

mice in the NAc (Figure 2) and more centric distribution in the TG network (Figure 3) 

offered insights into the interaction between nervous system region and OIH treatment. The 

networks suggest that OIH is associated with predominant change in expression of more 

central genes in TG that generates a sense of pain whereas change in less central genes is 

favored in NAc. Core components of a network are usually conserved and central in terms of 

functions, while periphery components are usually more variable and specialized [91]. In the 

context of this study, the former components may be central to the fundamental process of 

pain signal transmission in the TG whereas the latter components may be associated to a 

wide range of rewards and motivations that the NAc can respond.

Region-independent associations between opioid-induced hyperalgesia and transcriptome 
changes

The identification of 187 genes that exhibited differential expression (FDR-adjusted P-value 

< 0.1) between OIH and CON mice across TG and NAc advances the understanding of 

molecules that can present a consistent response to therapies for the amelioration of OIH 

across NAc and TG regions (Table 2 and S1 File Table B). Multiple genes annotated to 

circadian rhythm processes were over-expressed in OIH relative to CON mice including 

period circadian clock 2 (Per2), Per3, circadian-associated transcriptional repressor (Ciart), 

nuclear receptor subfamily 1 group D member 1 and 2 (Nr1d1 and Nr1d2, respectively). 

Pain sensation is modulated by circadian processes and consistent with our findings, 
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withdrawal from opioid consumption was associated with lower levels of Per2 and Per3 gene 

expression in the NAc of rats [92] and the opioid fentanyl affected Per gene expression in 

the hamster suprachiasmatic nuclei [93]. Mice exhibiting hind paw and cephalic 

hyperalgesia after repeated treatments with nitroglycerin presented over-expression of Per3 

in the NAc and TG [25]. Per3 has been associated with sensitivity to pain and regulates 

nervous and immune cell activity and function [94]. Variants in Per3 have been associated 

with opioid addiction or the pharmacological effects of treatment of addiction [95]. The 

expression of Nr1d1 has been associated with neuropathic pain [96]. The under-expression 

of the photoperiod gene aryl hydrocarbon receptor nuclear translocator-like protein 1 

(Arntl), in OIH relative to CON mice (Table 2) is in agreement with the observed over-

expression of its repressors: Per2, Per3, Nr1d1 and Nr1d2 [97].

A motivating finding is the set of transcription factors associated with circadian rhythm and 

neurotransmission processes that were over-expressed in OIH relative to CON mice 

including Dbp, Hlf and Tef, and Bhlhe41 (Table 2 and S1 File Table B). Bhlhe41 

participates in the entrainment of the circadian system to altered external cues in mammals 

[98] and Dbp, Hlf and Tef are members of the proline and acidic amino acid-rich basic 

leucine zipper (PAR bZip) family. Members of the PAR bZip family of transcription factors 

are controlled by the circadian clock and can influence the homeostasis of neurotransmitter 

in the brain, such as those associated with pain and drug addiction [99]. PAR bZip-deficient 

mice had lower levels of pyridoxal phosphate, serotonin, and dopamine in the brain [99]. 

These trends support our findings of higher levels of PAR bZip members correlated with 

OIH.

Most of the differential expression patterns between OIH and CON groups support 

hypersensitivity to stimuli whereas the altered expression of other genes suggest the 

activation of molecular mechanisms that can reduce stimuli sensation, processing and 

hyperalgesia. Examples of these latter genes include flavin containing monooxygenase 

(Fmo2), several heat shock proteins (Hspas), and claudin-5 (Cldn5). The enzyme coded by 

Fmo2 metabolizes drugs [100] such that the over-expression of Fmo2 in OIH may enhance 

the metabolization of morphine, therefore lowering the impact of the opioid treatment.

The differential expression of heat shock genes observed in the present study may also be 

involved in ameliorating the effect of opioids to induce hyperalgesia. Heat shock 70 kDa 

protein 1A (Hspa1a), 70 kDa protein 1B (Hspa1b) and 70kDa protein 5 (Hspa5) were all 

under-expressed in OIH relative to CON mice across regions (Table 2, S1 File Table B). This 

pattern is consistent with the suppression of neuropathic pain achieved by inhibitors of heat 

shock proteins [101]. Hspa1a and Hspa1b present circadian rhythmicity in agreement with 

the enrichment of the circadian rhythm process among the genes differentially expressed 

between OIH and CON mice uncovered in the present study [102].

Cldn5, a gene that participates in cell-cell adhesion processes, was under-expressed in OIH 

relative to CON mice (Table 2) in a pattern parallel to Cldn19 within the NAc. Consistent 

with the present finding, Cldn5 was over-expressed in the midbrain and medulla of 

cholecystokinin knockout mice that do not display allodynia induced by chronic constriction 

injury [103]. Another gene that presents cell-cell adhesion function, myelin protein zero-like 
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protein 1 (Mpzl1), was also under-expressed in OIH relative to CON mice.). The previous 

patterns could be indicative of the activation of anti-nociceptive systems.

Functional analysis of genes presenting region-independent associations with opioid-
induced hyperalgesia

Functional analysis of gene patterns between OIH and CON across TG and NAc using 

complementary DAVID and GSEA advanced the understanding of molecular mechanisms 

associated with OIH. Among the genes differentially expressed, DAVID analysis identified 

the enrichment of myelination, axon ensheathment and ensheathment of neurons categories. 

Most of the genes supporting the enrichment results were under-expressed in OIH relative to 

CON mice, and this pattern is consistent with reports that demyelination and unstable 

ensheathment resulted in neuropathic pain [75,104]. Results from the GSEA analysis 

identified the enrichment of circadian rhythm and immune response-related categories 

among the genes over-expressed in OIH relative to CON (Table 3 and S1 File Table C) 

similar to the previously discussed region-dependent enriched categories (Tables 1 and 2). 

These results further confirm the connection between circadian rhythm, neuroinflammatory 

response, neuropathic pain and hyperalgesia [105,106,61,107]. The same processes that 

cause opioid use paradoxically to elicit hyperalgesia (rather than the expected amelioration 

of sensitivity to pain stimuli) also may paradoxically depress the expression of pro-

inflammatory (rather than the expected heighten).

The enrichment of the biological process interferon gamma (INFG) -related immune 

response (GO:0060333; Table 3) and of the KEGG peroxisome proliferators-activated 

receptor (PPAR) signaling pathway (S1 File Table C) among the genes over-expressed in 

OIH mice is in line with reports that that PPAR-gamma agonist can attenuate inflammatory 

pain in the presence of lipopolysaccharide/interferon-γ [108]. This finding also agrees with 

reports that the PPAR signal pathway participates in the regulation of inflammatory 

responses in the CNS associated with neuropathic pain [109-111].

The enrichment of the biological process toll-like receptors (TLRs) signaling among genes 

under-expressed between OIH and CON mice (Table 3) is in agreement with accumulating 

evidence that the inflammatory consequences TLR activation on sensory neurons can have 

an impact on nociceptive processing and progress to exaggerated and unresolved pain [107]. 

Moreover, morphine induces TLR4 oligomerization that, in turn, results in NF-κB -mediated 

release of IL-1β, TNF, and nitric oxide. The paradoxical opioid-induced hyperalgesia may 

be mediated by TLR signaling [107].

Within the TLR functional category, the myeloid differentiation primary response gene 88 

(MyD88) -dependent TLR signaling pathway was also over-represented (S1 File Table C). 

MyD88 is an adaptor protein associated with nearly all TLR-mediated signaling including 

TLR2/1/6, TLR4, TLR5, TLR7/8, and TLR9. Signal transduction triggered by MyD88 

adaptor protein leads to nuclear translocation of activated transcription factors and the 

production of inflammatory cytokines, immune mediators, and interferons. In nociceptive 

pathways such as dorsal root ganglia, chronic constriction injury elicits higher expression of 

MyD88 along with elevated levels of phosphorylated NF-κB, phosphorylated extracellular 

signal-regulated kinase (ERK), and interleukin 1 beta downstream [107].
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Our study confirms the previous association through the enrichment (FDR-adjusted P-value 

< 0.077) of the BP positive regulation of kinase within NF-κB signaling among the genes 

under-expressed in OIH relative to CON mice. The multiple profiles of genes annotated to 

INFG, TLR, and NF-κB and associated with OIH offer novel support to the proposition that 

opioids evoke neuroinflammatory responses underlying hyperalgesia. Our study of the 

association between OIH and transcriptome changes advances the understanding of the 

complex interplay between the paradoxical sensitivity to stimuli and pain that can be 

associated with opioids, circadian processes, and multi-layered neuroinflammatory response.

Main effect of nervous system region on gene expression and functional enrichment

Genes that are markers or highly expressed in the CNS regions studied region were 

confirmed in the present study. Genes, that were highly over-expressed in the TG included: 

Trpv1 [112], Trpa1, Piezo2 [113], Calca [114], Nmb [112], Mrgpra3 [115] whereas genes 

highly over-expressed in the NAc included: Drd1 [116], Kappa-type opioid receptor 

(Oprk1), pro-neuropeptide Y preproprotein (Npy) [116,117], Gad1, and Gad2 [118]. The 

functional categories enriched among the differentially expressed genes agreed with the 

known role of TG in the context of transmission of sensory signals, pain processing and of 

NAc in the context of motivation, reward dependence, and opioid addiction.

The categories enriched among the genes differentially expressed between TG and NAc 

included ECM-receptor interaction, ion channel activity, glutamate receptor activity, and 

glutamatergic synapse, nicotine and amphetamine addiction and circadian entrainment 

(Table 5). These results are in agreement with a report that chronic opiate exposure enhances 

the release of glutamate by primary afferent neurons and hyperexcitability of second-order 

neurons that modulate nociceptive sensitization and hyperalgesia [119].

Regulatory networks

Motivated by our finding of multiple transcriptional regulators differentially expressed in 

OIH relative to CON mice (Tables 1, 2 and 3, Figure 2 and 3, F1 File Tables A, B, and C), 

an analysis of regulatory elements was undertaken. The identification of transcription factors 

including motifs that corresponded to differentially expressed genes offered insights into 

potential regulatory mechanisms associated with OIH. The associations between the 

enriched transcription factors Dbp, Hlf, and Bhlhe41 transcription factors and circadian 

rhythm processes were previously reviewed. Consistent with the detected enrichment of 

carbohydrate-responsive element-binding protein (Mlxipl), this long non-coding RNA was 

implicated in the pathogenesis of neuropathic pain and was differentially expressed in the 

spinal cords of rats modeling spared nerve injury [120], Mlxipl was also differentially 

expressed in human sural nerves of patients presenting diabetic neuropathy [121].

Target genes that were under-expressed in OIH relative to CON mice offered evidence of the 

enrichment of four transcription factors: heat shock factor protein 1 (Hsf1), B-cell 

lymphoma 3 protein homolog (Bcl3), serum response factor (Srf), and nuclear factor of 

activated T-cells, cytoplasmic 1 (Nfatc1). These transcription factors were previously 

associated with immune response processes, and this association is consistent with the 
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corresponding category enrichment identified in the present study (Table 3 and S1 File Table 

C).

Hsf1 is a circadian clock gene and consistent with the under-expression in OIH relative to 

CON mice, this protein participates in the negative regulation of tumor necrosis factor 

production and response to lipopolysaccharide challenge [122]. Likewise, Bcl3 participates 

in NF-κB processes and in lowering the inflammatory response to lipopolysaccharide 

injection [123]. Consistent with the pattern observed in the present study, RNA interference 

of Bcl3 attenuated thermal hyperalgesia in neuropathic rats and reversed the suppression of 

neuroinflammatory cytokines triggered by an intrathecal IL-10 injection and also [124]. 

Also, Bcl3 was over-expressed in the spinal cord of morphine-tolerant rats [125].

The under-expression of serum response factor (Srf) in OIH relative to CON mice is 

consistent with reports that SRF knockdown rats presented lower mechanical hyperalgesia 

priming [126]. The regulation of pro-nociceptive genes via the activation of NFAT-

dependent transcription has been reported [127]. The under-expression of nuclear factor of 

activated T-cells, cytoplasmic 1 (Nfatc1) observed in this study may be a mechanism to 

ameliorate OIH.

The comparison of the regulatory networks between over- and under-expressed offered 

evidence of different regulatory mechanisms. The over-expressed transcription factors 

tended to share target genes with one other over-expressed transcription factor (Figure 4). 

On the other hand, the transcription factors under-expressed in OIH relative to CON mice 

(Figure 5) tended to share multiple target genes with multiple other transcription factors and 

this topological difference may be associated with the high number of motifs among the 

over-expressed enriched transcription factors and the overlap across factors. The difference 

in the level of differential expression between over- and under-expressed transcription 

factors may also affect the regulatory network connections depicted.

Methodological Considerations

Nociceptive sensitization and morphine effects are influenced by several factors in rodents. 

For example, a significant decrease in the pain threshold of rats in response to mechanical 

stimuli was observed across age and females were more sensitive than males [128]. The 

effect of morphine also decreases in intensity with age in adult mice. The results from our 

study focused on adult male mice should be complemented with additional studies including 

the comparison of hyperalgesia indicators and transcriptome patterns associated with OIH in 

females and males, and young and aged individuals.

The present study identified and characterized changes in the TG and NAc transcriptome 

associated with OIH. Recent reviews hypothesize that OIH is associated with the 

upregulation of the non-opioid-dependent ascending sensory systems such as divisions of 

the thalamocortical and spinothalamic tracts [129]. Complementary studies of the previous 

tracts will further advance the understanding of the processes associated with OIH. Neuronal 

processes originated in the microglia of the spinal cord can influence the development of 

opioid-induced hyperalgesia [130]. A focused study of microglia in the NAc may offer 

complementary insights into the OIH mechanisms.
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The effects of opioid use were evaluated in this study using thresholds to hind paw and 

cephalic mechanical hyperalgesia. Additional characterization of OIH to other stimuli 

including heat or cooling test of thermal sensitivity or light touch can advance the 

characterization of the increased sensitivity to noxious or typically nonnoxious stimulation 

that can be elicited by opioid use. The information offered by (f)MRI and PET studies may 

offer a more comprehensive or accurate characterization of differences in pain experience, 

and aid in the characterization of metabolic changes and modulation of glutamate and 

GABA concentrations in the TG, NAc and the somatosensory cortex [131].

Conclusions

The present network, regulatory and functional analyses of the TG and NAc transcriptome 

enabled the identification of central nervous region-independent and dependent changes 

associated with OIH. Noteworthy findings are the enrichment of circadian rhythm categories 

and transcriptional regulators including Dbp, Tef, Hlf, Bhlhe41, and Ciart among the genes 

over-expressed in OIH relative to CON mice. Members of the PAR bZip family (e.g., Dbp, 

Tef and Hlf) are controlled by the circadian clock and can influence the homeostasis of 

neurotransmitter in the brain, such as those associated with pain and drug addiction 

processes and OIH.

Also notable was the enrichment of adaptive immune regulation categories including TLR, 

NF-κB, IFNG and cytokine processes among the genes under-expressed in OIH relative to 

CON mice. The enrichment of TLRs supports accumulating evidence that the inflammatory 

consequences of TLR activation on sensory neurons can lead to nociceptive processing and 

evolve into hyperalgesia and OIH. Moreover, the simultaneous enrichment IFNG categories 

and of the PPAR signaling pathway is in line with reports of an association between PPAR 

and inflammatory and pain. The comparison of gene and regulatory networks further the 

understanding of the distinct interplay between genes annotated to the circadian rhythm, 

neuroimmune response, and transcriptional regulation between TG and NAc. The findings 

from this study can be used in the advancement of controlled and effective opioid use for 

pain management while minimizing paradoxical OIH.
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Fig 1. 
Chronic treatment with morphine elicited mechanical hyperalgesia. Mice were treated with 

vehicle (CON) or morphine (OIH) twice daily (20 mg/kg/injection on days 1-3, and 40 

mg/kg/injection on day 4). Mechanical responses were assessed in the morning before the 

first injection of the day. (A) Two-way ANOVA of hind paw mechanical threshold (n=5/

group), P-value < 0.001 day, treatment, and interaction effect; *** P-value < 0.001 contrast 

to day 1 CON. (B) Two-way ANOVA of cephalic/periorbital mechanical threshold on an 

independent experiment (n=6/group), P-value < 0.001 day, treatment and interaction effects; 

*** P-value < 0.001 contrast to day 1 CON
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Fig 2. 
Network of differential gene expression associated with opioid-induced hyperalgesia in the 

nucleus accumbens (contrast OIH_NA-CON_NA). Node color: red -framework genes over-

expressed in OIH; blue –framework gene under-expressed in OIH; white -genes connecting 

framework genes but not differentially expressed in this study; node size indicates fold 

change
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Fig 3. 
Network of differential gene expression associated with opioid-induced hyperalgesia in the 

nucleus accumbens (contrast OIH TG-CON TG). Node color: red -framework genes over-

expressed in OIH; blue –framework gene under-expressed in OIH; white -genes connecting 

framework genes but not differentially expressed in this study; node size indicates fold 

change
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Fig 4. 
Network of enriched transcription factors (triangles) over-expressed in the opioid-induced 

hyperalgesia relative to control mice and associated with target genes (ovals) differentially 

expressed between treatments at FDR-adjusted P-value < 0.1
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Fig 5. 
Network of enriched transcription factors (triangles) under-expressed in the opioid-induced 

hyperalgesia relative to control mice and associated with target genes (ovals) differentially 

expressed between treatments at FDR-adjusted P-value < 0.1
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Table 1.

Genes exhibiting significant (FDR-adjusted P-value < 0.005) opioid-induced hyperalgesia treatment-by-central 

nervous system region interaction effect.

Gene
Symbol P-value

a
FDR P-

value

b
OIH NA-

CON NA
OIH TG-
CON TG

CON TG-
CON NA

OIH TG-
OIH NA

OIH TG-
CON NA

CON TG-
OIH NA

Tusc5 1.7E−14 3.9E−10 −1.33 0.04 8.02 9.41 8.09 9.36

Lnpep 4.2E−14 4.9E−10 −0.13 1.35 1.44 2.95 2.82 1.58

Pirt 7.0E−12 5.4E−08 −0.96 −0.01 8.10 9.07 8.12 9.06

Itgb4 1.5E−10 8.7E−07 −0.36 0.15 2.84 3.37 3.01 3.21

Serpinb1a 4.1E−10 1.9E−06 −0.59 −0.03 2.91 3.49 2.90 3.51

Gm33320 6.4E−10 2.5E−06 0.31 −0.33 1.78 1.15 1.47 1.47

Acpp 7.9E−10 2.6E−06 −1.14 0.05 8.10 9.31 8.17 9.25

Scn7a 2.5E−09 7.4E−06 −0.94 0.17 7.25 8.38 7.44 8.20

Cysltr2 6.4E−09 1.6E−05 −1.31 −0.08 2.69 3.94 2.64 4.01

Gm33449 6.9E−09 1.6E−05 0.63 −1.51 0.60 −1.52 −0.88 −0.03

Aebp1 1.2E−08 2.5E−05 −0.50 0.54 1.81 2.86 2.37 2.31

Prelp 2.2E−08 4.3E−05 −0.64 0.02 0.53 1.21 0.57 1.18

Cldn19 2.9E−08 5.3E−05 −1.28 0.13 7.70 9.16 7.85 9.01

Pllp 3.2E−08 5.3E−05 −0.32 0.18 1.57 2.08 1.76 1.89

Arfgef3 6.3E−08 9.8E−05 −0.01 0.61 0.23 0.88 0.87 0.25

Mpz 1.0E−07 1.5E−04 −1.26 0.01 8.36 9.65 8.39 9.63

Myo1d 1.1E−07 1.5E−04 −0.24 0.20 1.73 2.19 1.96 1.98

Tlx2 1.8E−07 2.3E−04 −2.46 −0.03 8.32 10.77 8.31 10.78

Prx 2.4E−07 3.0E−04 −0.80 0.10 7.79 8.70 7.90 8.59

Zbed6 4.3E−07 5.0E−04 0.17 1.58 −0.35 1.08 1.25 −0.51

Avil 5.2E−07 5.7E−04 −0.92 −0.03 8.03 8.94 8.02 8.96

Sncg 5.6E−07 5.9E−04 −1.27 −0.07 7.63 8.84 7.58 8.90

Tmem233 7.9E−07 8.0E−04 −1.62 −0.01 8.48 10.09 8.49 10.09

Ppp1r1c 8.4E−07 8.2E−04 −0.88 0.00 7.97 8.87 7.99 8.86

BC005561 9.7E−07 9.1E−04 0.12 0.93 0.12 0.96 1.08 0.01

Gm42411 1.4E−06 1.3E−03 −0.08 1.25 −6.92 −5.53 −5.62 −6.85

Pmp22 2.9E−06 2.5E−03 −0.55 0.03 6.76 7.36 6.81 7.32

Lmbrd2 3.6E−06 3.0E−03 0.03 0.57 0.26 0.82 0.85 0.24

A2m 4.4E−06 3.5E−03 −0.79 0.00 4.57 5.38 4.59 5.37

Dok6 4.9E−06 3.7E−03 −0.17 1.05 −1.50 −0.26 −0.43 −1.32

Slc22a8 4.9E−06 3.7E−03 −0.14 0.91 −1.39 −0.32 −0.45 −1.24

Dbp 5.3E−06 3.9E−03 0.45 1.15 −2.48 −1.76 −1.31 −2.93

Apln 6.3E−06 4.4E−03 −0.52 0.26 −3.45 −2.65 −3.17 −2.93

Prrxl1 7.0E−06 4.8E−03 −0.70 0.06 7.60 8.39 7.68 8.32

Ahnak2 7.2E−06 4.8E−03 −0.95 0.08 8.09 9.14 8.19 9.04

a
False Discovery rate adjusted P-value.
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b
Log2(fold change) between two treatment-brain region groups: OIH= opioid-induced hyperalgesia mice; CON=Control mice; TG=trigeminal 

ganglia; and NA=nucleus accumbens.
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Table 2.

Genes differentially expressed (FDR-adjusted P-value < 0.005) between opioid-induced hyperalgesia (OIH) 

and control (CON) mice.

Gene
symbol Gene Name

a
OIH-
CON

P-value
b
FDR P-
value

Ciart circadian associated repressor of transcription 0.99 1.0E−37 2.4E−33

Per3 period circadian clock 3 0.49 3.0E−18 3.5E−14

Fmo2 dimethylaniline monooxygenase 0.69 1.8E−13 1.2E−09

Nr1d2 nuclear receptor subfamily 1 group D member 2 0.27 2.0E−13 1.2E−09

Col3a1 collagen alpha-1(III) chain preproprotein −0.54 5.0E−13 2.1E−09

Tef thyrotroph embryonic factor 0.32 7.6E−13 2.5E−09

Ankrd12 ankyrin repeat 12 0.26 7.7E−12 2.2E−08

Fabp7 fatty acid-binding protein, brain −0.56 1.4E−10 3.6E−07

Cd93 complement component C1q receptor precursor −0.32 9.6E−09 2.2E−05

Rhoj rho-related GTP-binding protein RhoJ precursor −0.41 4.3E−08 9.0E−05

Gm3417 t-complex-associated testis expressed 3-like 1.64 8.9E−08 1.7E−04

Gm10863 predicted gene 10863 −0.52 1.0E−07 1.7E−04

Nr1d1 nuclear receptor subfamily 1 group D member 1 0.34 1.0E−07 1.7E−04

Per2 period circadian clock 2 0.52 1.3E−07 2.0E−04

Arntl aryl hydrocarbon receptor nuclear translocator-like protein 1 −0.73 1.5E−07 2.1E−04

Bhlhe41 class E basic helix-loop-helix protein 41 0.25 1.5E−07 2.1E−04

Cldn5 claudin-5 −0.35 2.8E−07 3.7E−04

Setx senataxin 0.19 4.5E−07 5.4E−04

Plin4 perilipin 4 0.81 4.6E−07 5.4E−04

Fam76a family with sequence similarity 76, member A 0.16 6.1E−07 6.7E−04

Hspa1a heat shock 70 kDa protein 1A −0.70 1.1E−06 1.2E−03

Hmgcs2 hydroxymethylglutaryl-CoA synthase, mitochondrial precursor −0.29 1.4E−06 1.5E−03

Fam107a family with sequence similarity 107, member A 0.33 1.6E−06 1.6E−03

Ly86 lymphocyte antigen 86 precursor −0.44 1.7E−06 1.6E−03

Fkbp5 peptidyl-prolyl cis-trans isomerase FKBP5 0.27 2.0E−06 1.8E−03

Tmem45a transmembrane protein 45A −0.59 2.0E−06 1.8E−03

Gm40853 predicted gene 40853 1.31 2.3E−06 1.9E−03

Hspa1b heat shock 70 kDa protein 1B −0.82 2.8E−06 2.2E−03

Vegfa vascular endothelial growth factor A −0.15 3.4E−06 2.7E−03

Mpzl1 myelin protein zero-like protein 1 −0.20 4.8E−06 3.6E−03

Plat tissue-type plasminogen activator preproprotein −0.20 5.0E−06 3.7E−03

Gm35908 predicted gene 35908 −0.70 6.1E−06 4.3E−03

a
Log2(fold change) between OIH and CON mice.

b
False Discovery rate.
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Table 3.

Enriched informative categories among the genes under- or over-expressed in the opioid-induced hyperalgesia 

relative to control mice using GSEA.

a
Expression/

b
Category

GO Identifier GO name c
NES P-value

d
FDR P-

value

Over

BP GO:0043153 entrainment of circadian clock by photoperiod 2.18 0.0E+00 3.1E−02

BP GO:0009648 photoperiodism 2.08 0.0E+00 3.8E−02

BP GO:0042752 regulation of circadian rhythm 2.1 0.0E+00 4.0E−02

Under

KEGG cell adhesion molecules cams −2.18 0.0E+00 0.0E+00

BP GO:0006458 de novo protein folding −2.11 0.0E+00 9.7E−04

BP GO:0002224 toll-like receptor signaling pathway −2.06 0.0E+00 4.0E−03

BP GO:0007266 rho protein signal transduction −2.03 0.0E+00 6.3E−03

MF GO:0005201 extracellular matrix structural constituent −2 0.0E+00 6.9E−03

BP GO:0032675 regulation of interleukin 6 production −1.98 0.0E+00 8.1E−03

BP GO:0060333 interferon gamma mediated signaling pathway −1.92 0.0E+00 1.7E−02

BP GO:0032653 regulation of interleukin 10 production −1.9 1.6E−03 2.2E−02

BP GO:0032757 positive regulation of interleukin 8 production −1.88 1.6E−03 2.8E−02

BP GO:0001819 positive regulation of cytokine production −1.84 0.0E+00 3.7E−02

BP GO:0032735 positive regulation of interleukin 12 production −1.82 3.3E−03 4.3E−02

BP GO:0002250 adaptive immune response −1.81 0.0E+00 4.8E−02

a
Expression: Over- and under-expressed in opioid-induced hyperalgesia relative to control mice.

b
BP: biological process; MF: molecular function.

c
normalized enrichment score.

d
False Discovery Rate adjusted P-value.
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Table 4.

Genes presenting the most extreme fold change of expression between trigeminal ganglia (TG) and nucleus 

accumbens (NAc) at FDR-adjusted P-value <1.0E−8.

Gene
Symbol Gene Name

a
TG-NAc

Mrgpra3 mas-related G-protein coupled receptor member A3 9.24

Slc32a1 vesicular inhibitory amino acid transporter −9.06

Foxd3 forkhead box protein D3 8.98

Ankrd63 ankyrin repeat domain-containing protein 63 −8.96

Isl2 insulin gene enhancer protein ISL-2 8.91

Tlx3 T-cell leukemia homeobox protein 3 8.86

Rprml reprimo-like protein −8.82

Six1 homeobox protein SIX1 8.81

Mrgprx1 mas-related G-protein coupled receptor member X1 8.76

Mrgprd mas-related G-protein coupled receptor member D 8.75

Gad2 glutamate decarboxylase 2 −8.67

Hoxd8 homeobox protein Hox-D8 8.60

Scn10a sodium channel, voltage-gated, type X, alpha 8.52

Arx homeobox protein ARX −8.49

Avil advillin 8.46

Mrgprb4 mas-related G-protein coupled receptor member B4 8.46

Slc36a2 solute carrier family 36 (proton/amino acid symporter), member 2 8.43

Hpcal4 hippocalcin-like protein 4 −8.42

Gad1 glutamate decarboxylase 1 −8.42

a
Log2(fold change) between the TG and NAc regions.
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Table 5.

Clusters of enriched functional categories (enrichment score ES > 1.7) among the genes differentially 

expressed between the trigeminal ganglia and nucleus accumbens identified using DAVID.

a
Category Category Identifier and Name P-value

b
FDR P-

value

Cluster 1 ES=3.89

KEGG mmu04512:ECM-receptor interaction 1.2E−05 1.5E−02

KEGG mmu04510:Focal adhesion 3.7E−05 4.8E−02

Cluster 2 ES=2.89

BP GO:0006813~potassium ion transport 1.7E−05 3.0E−02

MF GO:0005244~voltage-gated ion channel activity 1.2E−04 1.8E−01

BP GO:0034765~regulation of ion transmembrane transport 1.3E−04 2.3E−01

Cluster 3 ES=2.89

MF GO:0004970~ionotropic glutamate receptor activity 6.2E−04 9.6E−01

MF GO:0005234~extracellular-glutamate-gated ion channel activity 6.2E−04 9.6E−01

Cluster 4 ES=2.35

KEGG mmu04015:Rap1 signaling pathway 4.8E−04 6.2E−01

Cluster 5 ES=2.03

KEGG mmu05033:Nicotine addiction 1.8E−04 2.3E−01

Cluster 6 ES=1.79

KEGG mmu04713:Circadian entrainment 2.0E−06 2.6E−03

KEGG mmu04724:Glutamatergic synapse 3.9E−06 5.1E−03

KEGG mmu04720:Long-term potentiation 6.7E−05 8.6E−02

KEGG mmu05031:Amphetamine addiction 3.7E−04 4.7E−01

KEGG mmu04911: Insulin secretion 7.3E−04 9.4E−01

a
BP: biological process; MF: molecular function; KEGG: KEGG pathway.

b
False Discovery Rate adjusted P-value.
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Table 6.

Most enriched transcription factors (TFs) and corresponding target genes that exhibited differential over- or 

under-expression between opioid-induced hyperalgesia (OIH) and control (CON) mice within and across 

central nervous system regions (normalized enrichment score >3.0; > 20% of target genes).

OIH vs CON TF a
NES

b
Gene

Count
c
Motif 4Log2(OIH/CON) P-value e

FDR

Over

Dbp 8.26 37 61 0.79 5.4E−13 2.1E−09

Hlf 5.40 30 12 0.41 3.5E−05 1.6E−02

Bhlhe41 4.83 46 49 0.25 1.5E−07 2.1E−04

Mlxipl 3.26 23 1 0.02 8.3E−01 9.8E−01

Under

Hsf1 6.37 54 20 −0.06 1.8E−01 8.0E−01

Bcl3 4.31 38 2 −0.36 1.3E−02 3.5E−01

Nfatc1 3.86 37 2 −0.18 5.4E−02 5.9E−01

Srf 3.71 26 4 −0.03 6.3E−01 9.7E−01

E2f6 4.29 23 4 −0.06 4.6E−02 5.6E−01

a
NES: normalized enrichment score or maximal enrichment score for a transcription factor

b
Number of target genes

c
Number of motifs per transcription factor.

d
Average log2(fold change) of the target genes between OIH and CON mice.

e
False Discovery Rate adjusted P-value of the transcription factor differential expression between OIH and CON
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