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Abstract

Background: Opioid abuse is a chronic disorder likely involving stable neuroplastic
modifications. While a number of molecules contributing to these changes have been identified,
the broader spectrum of genes and gene networks that are affected by repeated opioid
administration remain understudied.

Methods: We employed Next-Generation RNA-sequencing (RNA-seq) followed by quantitative
chromatin immunoprecipitation to investigate changes in gene expression and their regulation in
adult male and female rats’ dorsomedial prefrontal cortex (dmPFC) after a regimen of daily
injection of morphine (5.0 mg/kg; 10 days). Ingenuity Pathway Analysis (IPA) was used to
analyze affected molecular pathways, gene networks, and associated regulatory factors. A
complementary behavioral study evaluated the effects of the same morphine injection regimen on
locomotor activity, pain sensitivity, and somatic withdrawal signs.

Results: Behaviorally, repeated morphine injection induced locomotor hyperactivity and
hyperalgesia in both sexes. 90% of differentially expressed genes (DEGS) in morphine-treated rats
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were upregulated in both males and females, with a 35% overlap between sexes. A substantial
number of DEGs play roles in synaptic signaling and neuroplasticity. Chromatin
immunoprecipitation revealed enrichment of H3 acetylation, a transcriptionally activating
chromatin mark. Although broadly similar, some differences were revealed in the gene ontology
networks enriched in females and males.

Conclusions: Our results cohere with findings from previous studies based on a priori gene
selection. Our results also reveal novel genes and molecular pathways that are upregulated by
repeated morphine exposure, with some common to males and females and others that are sex-
specific.
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1. Introduction

Opioid addiction is a chronic, often lifelong, disorder, characterized by high rates of relapse
(Cami and Farré, 2003). The disorder’s enduring nature is attributable to a variety of long-
term changes in neuronal structure and neuronal plasticity (Hyman et al., 2006). These, in
turn, are likely induced, and subsequently maintained, through alterations in patterns of gene
expression (Nestler, 2001). As such, characterizing the molecular mechanisms underlying
opioid addiction is essential for developing more effective treatments.

Investigations into the cellular, molecular, and genetic effects of opioid administration have
undergone rapid progress (Imperio et al., 2016; Valentino et al., 2020). Nevertheless, while a
number of molecular targets that play key roles in opioid addiction have been identified
(Browne et al., 2020; Hurd and O’Brien, 2018), the ways in which a broader range of
functional pathways and networks interact to produce and/or maintain addictive behavior
remain to be determined. Elucidating molecular networks and targets requires assessing
global changes in gene expression after opioid exposure. In an earlier effort along these
lines, Spijker et al. (2004) assessed transcriptional changes of 159 genes within pre-selected
gene networks, including neurotransmitters, neuronal morphology and plasticity, and
intracellular signaling. The advent of Next-Generation RNA Sequencing (RNA-seq)
technique allows for measurement of expression levels of genes throughout the
transcriptome, without a priori selection criteria (Hitzemann et al., 2013). This approach has
already yielded critical insights into genomic and downstream regulatory mechanisms
underlying cocaine addiction (Walker et al., 2018). The current study applied the same
approach to investigate the transcriptional changes following repeated opioid (morphine)
exposure.

The role of dysregulated brain reward pathways in addiction has long been recognized
(Kreek and Koob, 1998). Both clinical and preclinical studies have implicated alterations in
prefrontal cortex function as critically important in producing compulsive drug use, drug
seeking, and relapse (Goldstein and Volkow, 2002; Kalivas et al., 2005; Koya et al., 2009;
Wilson et al., 2004). Responding to reward or in anticipation of reward in a variety of
contexts is a function of the activity of glutamatergic projections from medial prefrontal
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cortex (MPFC) to the nucleus accumbens (NAc) (Hearing, 2019; Pascoli et al., 2014).
Activity in both structures is modulated by dopaminergic inputs from the ventral tegmental
area (Hyman et al., 2006). The mPFC is therefore an appropriate locus for investigating
changes in gene expression induced by exposure to opioids.

In the current study, we tested global gene expression changes in the dorsal medial PFC
(dmPFC) after a regimen of morphine injections (5.0 mg/kg per day over 10 days) that
produced locomotor hyperactivity and withdrawal-induced hyperalgesia. Given that our
most striking finding was a preponderance (>90%) of upregulation among differentially
expressed genes (DEGs; see below) we also conducted a study on biological replicates to see
if a selection of upregulated genes showed hyperacetylation of lysine residues in promoter
regions in the H3 histone tail. This phenomenon is an epigenetic feature of heroin exposure
(Browne et al., 2020) and thus likely contributes to the hypertranscriptional state revealed in
the dmPFC after repeated exposure to morphine.

The 24h-timepoint after morphine exposure at which tissue was harvested in this study is the
same timepoint at which rats exhibit anhedonia (Rothwell et al., 2009; Swain, et al., 2020).
Anhedonia is a core symptom of depression, and transcriptional changes in the mPFC of
three mouse models of depression correlate highly with transcriptional changes assayed
postmortem in the mPFC of individuals diagnosed with major depressive disorder (MDD)
(Scarpa et al., 2020). Therefore, as a preliminary exploration of the translational relevance of
post-opioid anhedonia to depression, we conducted a similar comparison of the
transcriptional changes induced by repeated morphine exposure in this study to the same
MDD dataset._Given that the intensity of morphine withdrawal-induced anhedonia also
predicts the severity of subsequent morphine self-administration (Swain et al., 2020), our
approach has the potential to identify genes and gene ontology networks that are important
in vulnerability to opioid addiction and anhedonia.

In view of differences in vulnerability of males and females to opioid addiction (Becker et
al., 2017; Brady and Randall, 1999; Lee and Ho, 2013), and the historical paucity of studies
in this area that have included female subjects or been powered sufficiently to measure sex
differences (Becker and Koob, 2016), both male and female groups were included.
Commonalities and differences between the sexes in the effects of repeated opioid exposure
on genomic regulation could therefore be characterized.

Materials and Methods

2.1. Animals

Eighty adult Sprague Dawley rats (40 males, 40 females, 65-75 days) were obtained from
Envigo (Indianapolis, IN). Of these, 10 rats of each sex were used in the behavioral
experiment, 18 animals of each sex were used in the RNA-seq and confirmative RT-gPCR
experiment, and 12 animals of each sex were used in the ChIP-gPCR experiment._Animals
were same-sex pair-housed in polypropylene cages with ad /ibitum access to food and water.
The colony was maintained on a 12-h light-dark cycle. All procedures were conducted
during the light phase of the light-dark cycle. Animals were habituated to the colony for at
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least 1 week before experimentation. All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Minnesota.

2.2. Drug treatments

Animals were randomly assigned to morphine or saline conditions, which resulted in 4
groups (Male/Morphine, Male/Saline, Female/Morphine, and Female/Saline). Morphine
sulfate (Research Triangle International, NC) was dissolved in 0.9% sterile saline and
injected subcutaneously. Animals received daily injections of either morphine (5.0 mg/kg) or
an equivalent volume of saline daily over 10 consecutive days. This is similar to the dosing
regimen used in previous studies of morphine-induced hyperactivity and hyperalgesia
(Paolone et al., 2003; Rothwell et al., 2010; Shippenberg et al., 1996; Tumati et al., 2012).

2.3. Assessment of somatic signs

One hour prior to the 101 daily injection of morphine or saline (i.e., 23 hours after the 9t
injection), rats were habituated to opaque plastic circular chambers for 10 min and then
videotaped for 10 min. Tapes were later scored for somatic withdrawal signs by a blinded
trained observer using a validated checklist (Gellert and Holtzman, 1978; Swain et al.,
2020). Total scores were analyzed by a two-way ANOVA with group and sex as between-
subjects factors followed by Tukey’s multiple comparisons tests. These and all other
behavioral data were analyzed using GraphPad Prism (version 9.0.0), with a. set at p < 0.05.

2.4. Nociception test

On Day 10, thermal nociception was assessed immediately before, and again 40 min after
injection of morphine or saline (i.e., 20 min prior to locomotor testing) using a plantar test
apparatus (Ugo Basile, Varese, Italy) based on Hargreaves et al. (1988). The apparatus
consisted of three identical clear plastic cages (22 x 127 x 14 cm) resting on top of a glass
floor (2.2 mm thickness). After a 10-min habituation period, latency of hind paw removal in
response to a thermal stimulus (Osram halogen bulb; 8 V, 50 W) located beneath the glass
floor was measured (to the nearest 0.1 s) and displayed by a digital timer connected to the
heat source. The thermal stimulus was adjusted to produce a mean baseline paw removal
latency of 20 s and was programmed to automatically shut off after 32.7 s to prevent tissue
damage. Results were analyzed by a three-way ANOVA with drug treatment and sex as
between-subjects factors and pre/post-test as a within-subjects factor. Data were further
analyzed using a two-way (drug treatment x pre/post-test) ANOVA and Tukey’s multiple
comparisons tests for between-group comparisons.

2.5. Locomotor activity

Locomotor activity was monitored in clear plastic cages (16.5” x 8” x 7.5”) with corn cob
bedding on the floor. Activity was videotaped by surveillance cameras, and travel distances
were later analyzed with ANY-maze behavioral tracking software (Version 6.3; Stoelting
Co., Wood Dale, IL). Rats were habituated to the apparatus for 90 min one day before the
first injection. On the last injection day (Day 10), locomotor activity was measured for 90
min starting 1 h after injection (i.e., 20 min after nociception testing). Results were analyzed
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by a two-way ANOVA with drug treatment and sex as between-subjects factors followed by
Tukey’s multiple comparisons tests, with a set at p < 0.05.

2.6. Tissue collection

Animals were sacrificed 24 hours after the 10t injection. The dmPFC was dissected
bilaterally, immediately flash-frozen in liquid nitrogen, and stored at —80°C. Tissue from
both hemispheres was used for RNA-seq and ChlP-qPCR assays.

2.7. RNA preparation and sequencing

Samples within each condition for each sex were randomly pooled in groups of three prior to
RNA preparation. RNA-seq was conducted as previously described (Barks et al., 2018).
Total RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. Isolated RNA was further purified and concentrated using the
MinElute Cleanup Kit (Qiagen). Library preparation and RNA-seq were conducted at the
University of Minnesota Genomics Center. RNA was quantified using the RiboGreen RNA
Assay kit (Invitrogen) and assessed for quality using capillary electrophoresis (Agilent Bio
Analyzer 2100; Agilent). Barcoded libraries were constructed for each sample using the
TruSeq RNA v2 kit (Illumina). Libraries were size-(200 bp) selected and sequenced (50bp
paired-end read, ~20 million reads/library) using Illumina HiSeq 2500.

2.8. RNA-seq analysis

Quality control on raw sequence data was performed with FastQC. Mapping of reads was
performed via Hisat2 (version 2.1.0) using the rat genome (rn6) as reference. Differentially
expressed genes (DEGs) were identified by gene-wise negative binomial generalized linear
models using the EdgeR feature in CLC Genomics Workbench (Qiagen, version 10.1.1). The
generated list was filtered based on = 2x absolute fold change and false discovery rate (FDR)
corrected p-value (g-value) < 0.05. Principle Component Analysis (PCA) of DEGs was
conducted via unsupervised clustering.

2.9. Ingenuity Pathway Analysis

DEGs were annotated by Ingenuity pathway Analysis (IPA; Qiagen) to identify relevant
canonical pathways, molecular networks and cellular functions that showed significant
alterations in experimental versus control groups as previously described (Barks et al.,
2018). Statistical significance p < 0.05; —log(p) > 1.3] was determined by Fisher’s exact test.

2.10. Chromatin immunoprecipitation (ChIP) assay

ChIP experiments were performed as previously described (Tran et al., 2015), with
modifications. In brief, chromatin was prepared from dissected dmPFC tissue following the
manufacturer’s recommendation (Millipore, Temecula, CA). Tissue was homogenized and
cross-linked in 1% formaldehyde solution (Sigma) with intermittent mixing at 37°C (5 min)
and room temperature (5 min). Fixed tissue was sonicated (Bioruptor Pico, Diagenode) in
lysis buffer [1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.1, 1 mM PMSF, protease
inhibitor cocktails (Roche, Indianapolis, IN)] to shear chromatin DNA. Chromatin DNA
fragments were validated by agarose gel electrophoresis following a cross-linking reversal
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(0.2 M NacCl, 65°C overnight). Sonicated lysates were diluted 10-fold with ChIP dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.1, 167 mM
NaCl) and pre-cleared with Protein A agarose (50% slurry, Sigma). Pre-cleared lysate was
immunoprecipitated by ChIP Acetyl-Histone H3 antibody (H3Ac; #17-615, Millipore,
Temecula, CA). The antibody-histone complex was collected by Protein A agarose slurry
with mixing (4° C, = 1 h). Following washes (per manufacturer’s protocol, Millipore),
immune-histone complex was eluted in elution buffer (1% SDS, 0.1 M NaHCO3). Reverse
cross-linking was achieved by incubation in NaCl (0.2 M, 65°C overnight). DNA was
recovered by protease digestion (20 pg proteinase K, 20 mM EDTA, 100 mM Tris-pH 6.5,
45°C 1 h), and purified using phenol/chloroform extraction and isopropanol precipitation
(1/20 volume 3 M sodium acetate pH 5.2, 1 volume isopropanol). Normal 1gG was used as a
negative control. Levels of enriched Gapdh (active) and Myod1 (inactive) promoter regions
were used to validate ChIP experiments.

Real-time quantitative PCR (RT-qPCR)

For RNA-seq confirmation, RT-gPCR was performed on technical replicates (6/group) as
previously described (Barks et al., 2018). RNA was isolated using RNAqueous Total RNA
Isolation Kit (Invitrogen). cDNA synthesis was performed using High-Capacity RNA-to-
cDNA Kit (Applied Biosystems). RT-gPCR was performed using a TagMan Universal PCR
Master Mix (Applied Biosystem) and TagMan gene expression assays (ThermoFisher
Scientific). Beta actin (Actb) was used as an endogenous control. Samples were run in
duplicate, normalized to Actb and averaged to generate fold-changes relative to controls. For
analysis of precipitated DNA from ChlIP experiments, SYBR-green PCR (Fast SYBR green
master mix, ABI) was used to amplify selected gene promoter regions using validated
oligonucleotides (Supplementary Material, S.11). Input DNA (10%) was used as a
normalizer to account for input amount (ACt). Data were expressed as a ratio to saline
control (272ACY) using one of the samples from the saline group as a calibrator (AACt). Both
RT-gPCR assays were performed on a DNA analyzer (QuantStudio 3, ThermoFisher
Scientific). Results were analyzed by two-tailed #tests in RStudio (version 1.2.5033), with a
setat p<0.05.

Rank-rank hypergeometric overlap (RRHO)

The RRHO method was used to evaluate overlap in gene signatures between major
depressive disorder (MDD) in humans (assayed in mPFC postmortem by RNA-seq) and
morphine dependence in rats in this study in a threshold-free manner (Plaisier et al., 2010).
FastQ and metadata files from human MDD samples (GSE102556) were obtained from
Gene Expression Omnibus. Briefly, we ranked differential gene expression in both datasets
based on the signed —log(p-value), with the sign depending upon whether a gene was up or
down-regulated. We implemented a sliding window approach to scan through genes
iteratively in both gene lists and computed hyper-geometric test p-values for each window.
The Benjamini-Yekutieli multiple hypothesis correction was applied to the p-values. The

lSupplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi: https:/
doi.org/10.1016/j.drugalcdep.2021.108598
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computed p-adj values were converted to —log (p-adj) values and represented as a heat map;
color scale ranging from blue to red.

3. Results

3.1. Repeated morphine exposure produced hyperalgesia and locomotor hyperactivity

Morphine withdrawal did not produce significant evidence of overt somatic signs (Drug
treatment, p= 0.4017; Sex, p = 0.8876; Drug treatment x Sex, p = 0.1338; Supplementary
Material, S.22).

A three-way mixed model (drug treatment x sex x pre/post-test) ANOVA revealed
significant main effects of drug treatment [F (1, 32) = 9.226, p= 0.0047] and pre/post-test [F
(1, 32) = 31.73, p< 0.0001] but not of sex [F (1, 32) = 1.309, p=0.2611], and a significant
interaction between drug treatment and pre/post-test [F (1, 32) = 36.58, p < 0.0001] on
opioid-induced changes in nociception. A follow-up two-way (drug treatment X pre/post-
test) ANOVA revealed a significant main effect of drug treatment [F (1, 36) = 9.644, p=
0.0037] and pre/post-test [F (1, 36) = 33.17, p< 0.0001], and a significant interaction
between drug treatment and pre/post-test [F (1, 36) = 38.24, p < 0.0001]. Post-hoc Tukey’s
tests for multiple comparisons indicated that prior morphine exposure led to hyperalgesia
prior to injection on Day 10 (p < 0.0001, Fig. 1A), with a reversal of this effect following
morphine treatment (p < 0.0001, Fig. 1A).

A two-way (drug treatment x sex) ANOVA revealed a significant main effect of drug
treatment [F (1, 16) = 114.1, p < 0.0001] but not of sex (o= 0.4663) and a significant
interaction between drug treatment and sex [F (1, 16) = 7.403, p= 0.0151] on locomotor
activity, measured after the final (101") drug injection. Tukey’s multiple comparisons tests
showed that repeated morphine administration induced hyperactivity in both sexes, as
indicated by significantly greater activity 1 h after injection in the morphine-treated
compared to controls groups (Male, p=0.0002; Female, p < 0.0001; Fig. 1B), but no
differences between males and females for either treatment condition (Saline, p= 0.5193,;
Morphine, p=0.1069).

3.2. Repeated morphine injections altered gene expression in the dmPFC

NGS data were aligned to 17,336 loci in morphine- or saline-treated rats (Figs. 2A, 2B; raw
data files available on request). Principal Component Analysis of the 500 most divergent
genes showed that samples clustered into four discrete groups based on drug treatment and
sex (Supplementary Material, S.32). In male rats, 377 genes were differentially expressed in
the morphine-treated relative to the saline-treated group, among which 337 (89%) were up-
regulated and 40 (11%) were down-regulated (Supplementary Material, S.42). In female rats,
409 genes were significantly differentially expressed in morphine-treated relative to saline-
treated rats, with 370 (90%) up-regulated and 39 (10%) down-regulated (Supplementary
Material, S.52). RNA-seq results were verified by RT-gPCR with selected genes that are

2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi: https:/
doi.org/10.1016/j.drugalcdep.2021.108598
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known to regulate nervous system development and function (Figs. 2C, 2D; Supplementary
Material, S.62).

3.3. Morphine treatment enriched H3 acetylation in the promoter regions of several
upregulated genes.

To investigate long-term effects of repeated morphine exposure on gene expression
regulation, we conducted RT-gPCR after ChlIP (i.e., ChIP-gPCR) with the H3Ac activation
chromatin marker. Targeted gene promoter regions were selected from genes that were
significantly upregulated in both RNA-seq and subsequent confirmatory RT-gPCR assays. In
males, H3Ac enrichment was found at all three gene (Cadk5r1, GabrbZ2, Grmb) promoter
regions (Fig. 2E). In contrast, no significant changes were found in the female group
(Supplementary Material, S.73).

3.4. Morphine treatment altered gene transcription in neuronal plasticity and intra-/inter-
cellular signaling pathways

Male and female groups shared a subset of 204 (35%) DEGs (Fig. 3A). This overlapping set
of genes was analyzed using IPA to identify non-sex-specific effects. DEGs were enriched in
canonical pathways critical for synaptic/intracellular signaling, including synaptogenesis,
long-term potentiation, opioid signaling, dopamine-DARPP32 signaling and ephrin receptor
signaling pathways (Fig. 3B). All of the top affected pathways were activated (z-score = 2).

DEGs that were shared between sexes were also analyzed via IPA to identify enrichment of
diseases and biological functions (Fig. 3C). Enriched functional groups of genes included
those coding for neurotransmitter receptor subunits (Chrnaz, Chrnb2, Gabra4, Gabrb?,
Gabrb3, Grin3a, Grmb, Htr2a, Hir5a, Pgr), intra-/inter-cellular signaling regulation
(Camk2d, Cdkbrl, Efnb2, Kalrn, PrkaaZ, Prkach, Prkce), and synaptic morphology/function
(Stx1b, Syngr1, Synpo, Sytl) (Supplementary Materials, S.4 and S.53). In addition, these
DEGs implicated JAK1/2, FEV, and ADORAZ2A as key upstream regulators of the
transcriptional effects of repeated morphine exposure (Supplementary Material, S.83).

Finally, separate analyses of DEGs in each sex showed enrichment of the neuroinflammatory
pathway in males but not females (z-scores = 2.53 and 1.13, respectively) and the
endocannabinoid and long-term depression pathways in females (z-scores = 2.71 and 2.12)
but not males (z-scores = 1.13 and 0.45) (Supplementary Materials, S.9 and S.103).

3.5. Gene dysregulation in morphine-treated rats correlates with dysregulation in the
mPFC of MDD patients

Since substantial anhedonia has been found in rats at the same timepoint at which we
sacrificed animals in this study (Swain et al., 2020), we performed an unbiased, threshold-
free, interspecies RRHO analysis to compare gene expression measured postmortem in the
mPFC in human MDD patients versus controls (Labonté et al., 2017; Scarpa et al., 2020)
and in morphine-exposed versus control rats in our study. The red signal in the bottom left

3Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi: https:/
doi.org/10.1016/j.drugalcdep.2021.108598
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quadrant represents the presence of significantly co-upregulated genes in the two studies
(Fig. 3D; Maximum hypergeometric p-adj < 1 x 107169). Thus, human MDD and our rat
anhedonia model shared similar gene dysregulation patterns.

4. Discussion

We analyzed the transcriptome from the rat dmPFC, a key brain structure implicated in
addictive behavior, to identify a posteriori genes and gene networks dysregulated by
repeated opioid exposure. Using a regimen of morphine injections that produced robust
behavioral changes, the most striking outcome of our transcriptomal analysis at a global
level was that 90% of DEGs were upregulated in both sexes. In males, this increase was
accompanied by H3 histone tail acetylation, a chromatin modification that maintains the
nucleosome in a transcriptionally active state (Shahbazian and Grunstein, 2007). Such H3
hyperacetylation has been reported as a common epigenetic consequence of opioid exposure,
although those studies were conducted only on male subjects (Browne et al., 2020). Given
that this effect was not seen in females in this study, there is a need for further studies to
elucidate alternative epigenetic modifications (e.g., methylation of histone lysine residues)
underlying the activational influence of prior opioid exposure on gene expression.

The high degree of upregulation seen here is consistent with the results of a previous RT-
gPCR study conducted on the NAc in male rats at the same time point after morphine
exposure (Spijker et al., 2004) and implicates widespread transcriptional activation as a
regulatory response following chronic opioid exposure. Interestingly, a cocaine self-
administration protocol in mice yielded a similarly high proportion of upregulated
expression (>90%) at the same time point during withdrawal, exclusively in the mPFC
(Walker et al., 2018). The latter finding suggests the intriguing possibility that this
phenomenon in the mPFC may be a common counteradaptional transcriptomic signature
among addictive drugs having distinct acute pharmacological modes of action (Koob and Le
Moal, 1997).

The overlapping upregulated genes common to both sexes participate in canonical pathways
broadly associated with synaptogenesis and neuroplasticity, consistent with the idea that
recruitment of these cellular processes is a fundamental process in the development of
addiction (Luscher and Malenka, 2011). Altered dmPFC gene expression indicates
activation in molecular networks associated with opioid and dopamine signaling, and
intracellular Ca?*, G-protein, and cAMP/CREB signaling pathways. These findings support
the view that addiction is induced via neuroadaptations and neuroplasticity and concomitant
alterations in opioidergic and dopaminergic neurotransmission via G-protein-coupled
receptors (Dani et al., 2001; Kauer and Malenka, 2007). For example, the cCAMP-dependent
pathway is upregulated by chronic morphine treatment (Avidor-Reiss et al., 1996; Nestler
and Tallman, 1988; Terwilliger et al., 1991), resulting in the activating phosphorylation of
CREB (Haghparast et al., 2014; Mor6n et al., 2010). These changes in turn likely affect
neurotransmitter release and enhance synaptic connectivity (Chavez-Noriega and Stevens,
1994; Weisskopf et al., 1994). It has been further proposed that such upregulation of the
cAMP pathway represents a compensatory response to the acute inhibitory effect of opioid
administration (Sharma et al., 1977, 1975; Traber et al., 1975), that may play an important
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role in opioid dependence, tolerance, and withdrawal (Hamdy et al., 2001; Lai et al., 2014;
Nestler, 2016).

A number of the genes that were significantly upregulated in both sexes have already been
implicated in addiction, validating this study’s approach. These include ionotropic and
metabotropic glutamate receptors (Grin3a, Grmb), nicotinic (Chrnaz, Chrnb2) and
serotonergic (Htr2a, Hirba) receptor subtypes, and the progesterone receptor (Evans and
Foltin, 2006; Jackson et al., 2006; Muneoka et al., 2010; Popik and Wr6bel, 2002; Yuan et
al., 2013). In addition, our findings reveal potential novel molecular substrates of opioid-
induced addiction-related plasticity. These include cyclin dependent kinase 5 (Cdk5)
regulatory subunit 1 (Cdk5r1) and ephrin B2 (Efnb2). Ck5r1 encodes a neuronal-specific
activator of Cdk5, which is strongly implicated in addictive properties of cocaine and
opioids (Bibb et al., 2001; Ferrer-Alcon et al., 2003; Narita et al., 2005). Cak5r1
upregulation in this study differs from a previous study that found downregulation of Cdk5/
Cdk5r1 in morphine-treated rats (Ferrer-Alcén et al., 2003). These disparate findings may
reflect differences in the timing of the assay relative to drug exposure (Spijker et al., 2004).

The Ephrin family of tyrosine kinase-related receptors regulates neurogenesis, neuronal
migration, synaptic plasticity, axon guidance and neuroadaptation (Ashton et al., 2012;
McClelland et al., 2009; Xiao et al., 2006). Ephrins also interact with glutamatergic and
dopaminergic pathways (Essmann et al., 2008; Piccinin et al., 2010; Planaguma et al., 2016;
Yue et al., 1999). Despite participating in such a highly relevant set of functional domains,
the possible role of ephrins in the pathophysiology of mental illnesses, including addiction,
has received relatively little attention. Nevertheless, the current finding of increased £/nb2
expression in the dmPFC adds to two previous transcriptomic screens that detected its
upregulation in the NAc after repeated morphine exposure (Martinez-Rivera et al., 2019;
Spijker et al., 2004). Thus, accumulating evidence implicates £/162in the long-term effects
of opioid exposure in the mesocorticolimbic system.

Analysis of upstream regulators from the common DEGs of both sexes suggests increased
activity of JAK1/2, FEV, and ADORA2A. Both FEV and ADORAZ2A are potential hubs in
the network of genes involved in opioid addiction. FEV transcription factor (PET-1) is
localized in serotonin neurons in the CNS, where it is necessary for serotonin synthesis and
release (Liu et al., 2010; Puzerey et al., 2015; Wyler et al., 2016). Our data additionally
showed that genes coding the serotonin 5-HT?2a and 5-HT5a receptors were upregulated
after opioid exposure, further supporting the possibility of interactions between the
opioidergic and serotonergic systems in the PFC (Marek and Aghajanian, 1998; Marek et al.,
2001). The adenosine 2a receptor (ADORA2A) also interacts with the opioid system (Brown
et al., 2009; Yao et al., 2006) and forms heteromeric complexes with other receptors,
including the dopaminergic D2 receptor and the glutamatergic mGIuR5 receptor (Ferré et
al., 2007), which was upregulated in our study. Hence, the emergence of PET-1 and the
adenosine 2a receptor as upstream regulators may provide insights into the hubs underlying
gene networks critical in the development or maintenance of opioid addiction.

Our identification of molecular networks that were differentially affected by morphine in
males and females highlights potential mechanisms underlying the gender-specific effects of
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vulnerability to opioid addiction. Female rats showed significant enrichment of genes in the
long-term depression and endocannabinoid synaptic pathways. The latter likely reflects the
interaction between cannabinoid and opioid systems (Ledent et al., 1999; Martin et al., 2000;
Wenzel and Cheer, 2018), which occurs in response to opioid drugs (Maldonado and
Rodriguez De Fonseca, 2002). Additionally, endocannabinoid receptors participate in
estradiol-potentiated cocaine-induced locomotor activity (Peterson et al., 2016). The
interactions among endocannabinoid, opioid and hormonal systems may represent female-
specific mechanisms underlying addiction vulnerability (Anker and Carroll, 2011; Carroll
and Anker, 2009; Chartoff and McHugh, 2016; Lynch et al., 2002). In contrast, male rats
showed enrichment of genes in neuroinflammatory pathways, adding to an emerging
literature on the role of neuroinflammatory processes in sex differences in the effects of
opioids (Averitt et al., 2019; Doyle et al., 2017).

In summary, repeated morphine administration produced substantial upregulation of gene
transcription in the dmPFC, particularly affecting genes involved in synaptogenesis,
neuroplasticity, and neuronal development. These changes may reflect a compensatory
response to repeated stimulation of mu opioid receptors. It is noteworthy that assessment of
transcriptional changes 24-h after drug exposure in this study coincides with robust
manifestations of opioid withdrawal symptoms (Bechara et al., 1995; Gold et al., 1994;
Hand et al., 1988; Rothwell et al., 2009). We have found previously that one of these
measures is withdrawal-induced anhedonia (Swain. et al., 2020). The clinical relevance of
this finding was supported in the current study in that gene expression changes after repeated
morphine exposure correlated highly with those identified postmortem in individuals with a
diagnosis of major depression, a condition characterized by anhedonia. Moreover, we have
found that withdrawal-induced anhedonia correlates with_the severity of subsequent
morphine self-administration. Thus, to the extent that their functional relevance is
confirmed, a subset of the genes and gene ontology pathways identified in this study may
represent opioid-stimulated biomarkers for long-term vulnerability to anhedonia and opioid
addiction.
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Highlights

. Chronic morphine administration induced hyperactivity and hyperalgesia.

. The same regimen altered the transcriptome in rats’ dorsomedial prefrontal
cortex.

. Gene networks involved in cellular plasticity/signaling were altered in both
Sexes.

. Males and females showed some differences in gene ontology network
enrichment.
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Fig. 1.

Repeated morphine exposure induced hyperalgesia and locomotor hyperactivity. (A)
Nociception test. Nociception was tested prior to the final morphine/saline injection and
again 40 min after injection. A three-way (drug treatment x sex x pre/post-test) ANOVA
followed by a two-way (drug treatment x pre/post-test) ANOVA and Tukey’s multiple
comparisons tests revealed hyperalgesia effects prior to injection on Day 10, and a reversal
of this effect following morphine treatment (/7= 10/group, **** p < 0.0001). (B) Male and
female locomotor activity test. A two-way (drug treatment x sex) ANOVA followed by
Tukey’s multiple comparisons tests revealed that the morphine group within each sex
showed locomotor hyperactivity 1 hr after their final morphine injection, compared to saline
controls (n7=5/group; *** p< 0.001, **** p< 0.0001).

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 20

s - Male Female
| rerzaamer
3 e
H g -
o
4 4 '] 4 L] a
togdiFold Crangs logdiFald Crange|
C Male =1 Saline W Morphine D Female g3 Salne W Morphine E 1 Saline W Morphine
*
1.6 14
.
_ —_ ()
o T o & 12 ts
o= D= £®
RE 5@ 2 ‘;
£ £ c
o8 cgw g
Zeo10 o .% 5]
] ]
g LEos 2E
= 08 =
0.6 0.6
CdkSr1  Chmb2 Gabrb2  GrmS Gridi  Negri Pgr CdkSr1 Gabrb2  GrmS5
Gene symbol Gene symbol Gene symbol
Fig. 2.

Transcriptional and epigenetic changes in the rat dmPFC following the 10-day morphine/
saline injection regimen. (A, B) Volcano plots generated from unfiltered RNA-seq data from
males and females, respectively [FDR, False Discovery Rate corrected p-value (g-value)].
(C, D) RT-gPCR validation of male and female RNA-seq datasets (/7= 5-6/group; * p< 0.05
compared with the respective saline control group). (E) ChIP-gPCR revealed H3Ac
enrichment at upregulated gene promoter regions (/7= 4-5/group; * p< 0.05, *** p< 0.001).
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Tectad p

Overlapping genes, affected canonical pathways and gene networks analyses. (A) Venn
diagram of filtered total number of DEGs in males and females. (B) DEGs in both males and

1duosnuepy Joyiny
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females were enriched in cell signaling-, and synaptic growth- and plasticity-related
pathways [absolute zscore = 2; p-value < 0.05, —log(p-value) > 1.3, dotted line]. (C)
Annotated functions of gene networks in dmPFC affected in all morphine-treated rats
(absolute zscore = 2; p-value < 0.05). (D) RRHO comparing differential gene expression in
human MDD patients versus controls and morphine-exposed rats versus control rats. The red
signal in the bottom left quadrant represents the presence of significantly co-upregulated
genes in experimental groups in the two studies (Maximum hypergeometric p-adj < 1 x
107160y
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