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Opioid misuse in the United States contributes to >70% of annual overdose

deaths. To develop additional therapeutics that may prevent opioid misuse,

further studies on the neurobiological consequences of opioid exposure are

needed. Here we sought to characterize molecular neuroadaptations involving

microRNA (miRNA) pathways in the brain and blood of adult male rats that self-

administered the opioid heroin. miRNAs are ~18–24 nucleotide RNAs that

regulate protein expression by preventing mRNA translation into proteins.

Manipulation of miRNAs and their downstream pathways can critically

regulate drug seeking behavior. We performed small-RNA sequencing of

miRNAs and proteomics profiling on tissue from the orbitofrontal cortex

(OFC), a brain region associated with heroin seeking, following 2 days of

forced abstinence from self-administration of 0.03mg/kg/infusion heroin or

sucrose. Heroin self-administration resulted in a robust shift of the OFC

miRNA profile, regulating 77 miRNAs, while sucrose self-administration only

regulated 9 miRNAs that did not overlap with the heroin-induced profile.

Conversely, proteomics revealed dual regulation of seven proteins by both

heroin and sucrose in the OFC. Pathway analysis determined that heroin-

associated miRNA pathways are predicted to target genes associated with the

term “prion disease,” a term that was also enriched in the heroin-induced protein

expression dataset. Lastly, we confirmed that a subset of heroin-induced miRNA

expression changes in the OFC are regulated in peripheral serum and correlate

with heroin infusions. These findings demonstrate that peripheral blood samples

may have biomarker utility for assessment of drug-induced miRNA pathway

alterations that occur in the brain following chronic drug exposure.
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Introduction

Misuse of opioid drugs is associated with a high risk of

overdose death [1]. A drastic increase in the incidence of misuse

and overdose of opioids has occurred in the United States over

the past two decades [2] and represents a major public health

concern. In 2021, opioids were involved in more than 70% of the

100,000+ overdose deaths that occurred in the United States [3].

These epidemiological patterns emphasize that critical efforts are

required to reduce drug overdose deaths and aid in maintenance

of abstinence behavior from opioid use. Because many patients

recovering from opioid use disorder (OUD) continue to

experience motivation to seek opioids, despite abstinence or

FDA-approved OUD medications [4, 5], elucidation of the

molecular signaling patterns in the drug-free period following

cessation of drug use may provide insight into the pathways that

can be targeted for reduction of drug seeking behavior.

Rodent models of drug self-administration provide an

excellent tool to model drug seeking behavior and interrogate

the molecular neuroadaptations that arise in discrete brain areas

following chronic drug exposure. Previous studies from our labs

and others have demonstrated that chronic self-administration of

opioids, such as morphine or heroin, induces drug seeking

behavior that is both immediate and long lasting in the

absence of drug access [6–9]. Such behaviors are accompanied

by regulation of a class of small noncoding RNAs called

microRNAs (miRNAs) that are ~18–24 nucleotides long [10].

miRNAs can regulate gene expression by inhibiting translation of

a “target”mRNA to protein [10]. The short sequence of miRNAs

allows them to accomplish this process by binding to the 3′-UTR
of a target mRNA with sequence complementarity and inducing

deadenylation of poly-A mRNA [10]. miRNAs bind to their

targets within a short 6–8 nucleotide “seed” region, which

theoretically permits an individual miRNA to target 100s,

even 1000s of mRNA sequences [11]. Because of this,

miRNA-mediated inhibition of protein translation is an

essential regulatory mechanism for modulation of gene

expression and the proteome [11]. Exposure to all classes of

drugs can induce long-lasting alterations to brain miRNA

expression profiles and regulation of miRNA function can

modulate drug seeking behavior [7, 12–24]. Manipulation of

individual miRNA expression or functional capabilities has been

reported to regulate seeking for the opioids morphine and heroin,

as well as psychostimulants and alcohol [14, 17, 20, 21, 23, 24]. In

our recent publication, we reported the regulation of miRNAs

and their associated downstream proteins in the orbitofrontal

cortex (OFC) of rats following late abstinence (21 days) from self-

administration of two heroin dose, 0.03 mg/kg/infusion or

0.075 mg/kg/infusion [24]. OFC-specific manipulation of the

heroin-associated miRNA miR-485-5p resulted in regulation

of long-lasting heroin seeking behavior [24]. The OFC has

been identified as a key brain region that is active during

incubation of heroin craving [25] and humans that have used

heroin chronically display elevated blood flow to the OFC in

imaging studies during a craving experience [26].

More than 700 miRNAs have been detected in the rodent brain

[27], yet, less than <1% of brain-derived miRNAs have been

explored to determine their association with drug seeking.

Moreover, investigation of miRNA expression in serum

exosomes derived from peripheral blood represents an intriguing

avenue for biomarkers associated with drug craving. However, the

profile of miRNAs in discrete brain regions has not been compared

to blood miRNAs levels following heroin exposure, nor have blood

miRNA levels been correlated to opioid seeking behavior. Thus,

identifying miRNAs and their associated downstream protein

pathways that are regulated in the brain as a result of chronic

opioid exposure represents a novel strategy for determining

previously understudied mechanisms that may have therapeutic

relevance for the reduction of opioid seeking in OUD. Brain-region

specific and drug dose-dependent regulation of miRNAs occurs [7],

which necessitates the need to uncover the miRNA profile that

results following a wide range of drug exposure protocols. In the

present study, we have begun addressing these critical issues by

performing small RNA sequencing ofmiRNAs and protein profiling

on the OFC of rats that self-administered heroin at a dose of

0.03 mg/kg/infusion and underwent forced abstinence for 2 days

(early abstinence). We chose to study miRNAs associated with

heroin seeking behavior due to the association ofmiRNA expression

with heroin dependence in human subjects [28–32]. Our results

have uncovered a unique profile of drug-specific and sucrose-

specific OFC miRNA and protein regulation in the acute

abstinence period. We report select blood miRNA patterns may

be robustly responsive to heroin self-administration and provide

insight into drug-induced miRNA expression that has utility for

biomarker measurement of heroin-taking behavior.

Methods

Subjects

35 adult male Sprague Dawley rats (Charles River) were used

in this study. Rats were ~240 g and 8 weeks old on arrival. All

animals were pair-housed on a reverse light/dark cycle and

provided food ad libitum, except where noted. Animals were

acclimated to the facility for at least 5 days prior to beginning

behavioral testing. All procedures were approved by Temple

University’s Institutional Animal Care and Use Committee

and followed the National Institute of Health’s Guide for the

Care and Use of Laboratory Animals.

Reagents

Heroin hydrochloride was obtained from the NIDA Drug

Supply Program and dissolved in 0.9% sterile saline. 45 mg
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chocolate-flavored sucrose pellets were obtained from Bio-Serv

(Flemington, NJ, USA).

Self-administration

Self-administration of 0.03 mg/kg/infusion heroin and

sucrose on an FR1 schedule was performed as previously

reported [6, 24, 33]. Self-administration data for heroin

animals was previously reported [24]. Drug-naïve animals

were handled daily but did not undergo self-administration of

any substance. 48-hours after the last heroin or sucrose session,

animals were euthanized with 5% isoflurane and rapidly

decapitated. Brains were immediately frozen in ice-cold liquid

isopentane on dry ice and stored at −80°C until dissection.

Blood & serum collection

Trunk blood was collected immediately following

decapitation into 50 mL tubes and stored +4°C for ~12 h.

Following coagulation, blood was centrifuged at 2,000 rpm for

10 min. The serum supernatant was collected and stored at −80°C

until RNA extraction.

RNA extraction

Bilateral tissue punches of the OFC were collected from each

animal. The regions of the OFC dissected were the ventral OFC

and lateral OFC subregions. For extraction of total RNA from

OFC tissue, the miRVANA PARIS RNA extraction kit (Life

Technologies, Carlsbad, CA) was used, as we have previously

reported [7, 24, 34]. Exosomal RNA was extracted from blood

serum using the SeraMir Exosome RNA Amplification Kit

(System Biosciences, Palo Alto, CA), according to the

manufacturer’s instructions.

Small-RNA sequencing

Library preparation and small-RNA sequencing of miRNAs

was performed on individual biological replicate samples, 4 per

group, by BGI Genomics (BGI Americas Corp, Cambridge, MA,

United States), as we have previously described [24]. Briefly,

RNA integrity >7.5 and 28S/18S>1.3 for each sample was

confirmed with Bioanalyzer prior to library preparation. Small

RNAs were size selected by PAGE gel, ligated with 3′ and 5′
adaptors and reverse transcribed to cDNA for PCR amplification

with high-ping polymerase. Following PAGE gel separation, PCR

products were purified and quantified by single strand DNA

cyclization then DNA nanoballs were by rolling circle replication.

DNA nanoballs were sequenced on the BGISEQ-500 and raw

sequencing reads were filtered to yield clean reads without

contamination. Clean reads were aligned to the reference

genome with Bowtie2 [35]. The small-RNA seq yielded

approximately 40 million reads per sample. Small RNA

expression was calculated as transcripts per kilobase million

(TPM). The open-access software miRPATH from DIANA

was used to predict putative pathways of target genes

impacted by heroin- or sucrose-associated miRNAs [36]. Raw

sequencing data are available in the SRA and Gene Expression

Omnibus repositories (Accession # PRJNA949640 and

GSE237409). A list of OFC miRNA statistics between heroin,

sucrose and naïve animals can be found in Supplementary Tables

SE1–SE3.

Proteomics

For proteomic profiling of OFC proteins following heroin or

sucrose self-administration, dissected OFC tissue punches were

obtained from 2 to 3 individual animals per group and submitted

to the Core Research Facility at Yale University. Samples were

processed and differential proteins were calculated, as we have

previously reported [24]. Briefly, chloroform-methanol

precipitation, dual enzymatic digestion with lysine and

trypsin, acidification with 20% trifluoroacetic acid and

desalting were performed on protein tissue samples prior to

Label-Free Quantification with an Orbitrap Fusion Mass

Spectrophotometer (ThermoFisher Scientific). Only proteins

that were present in all samples were considered for

comparison between two groups. KEGG pathway analysis of

differentially regulated proteins between two comparisons were

performed using DAVID (NIH) [37, 38]. Lists of protein

expression values for and statistics of differentially expressed

proteins between heroin, sucrose or drug-naïve animals is

available in Supplementary Tables SE4–SE7. For overlap of

miRNA data with proteomics, the microTCDS software from

DIANA was used to identify putative targets of the heroin-

regulated miRNAs [39].

qPCR analysis

For measurement of serum miRNAs with qPCR, 20 ng of

RNA was reverse transcribed into cDNA using the miRCURY

LNA RT KIT (Qiagen), according to the manufacturer’s

instructions, as we have previously reported [7, 24]. cDNA

was diluted 1:60 and used as a template for qPCR with the

miRCURY LNA SYBR Green PCR Kit (Qiagen) and the

following LNA miRCURY SYBR green assays (Qiagen): rno-

miR-877-5p (Assay ID: YP00205626); rno-miR-376a-3p (Assay

ID: YP00205059); rno-miR-29c-3p (Assay ID: YP00204729);

rno-miR-379-5p (Assay ID: YP00205658); rno-miR-186-5p

(Assay ID: YP00206053); rno-miR-107-3p (Assay ID:
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YP00204468); rno-miR-219a-5p (Assay ID: YP00204780); rno-

miR-451-5p (Assay ID: YP02119305); rno-miR-135a-5p (Assay

ID: YP00204762); rno-miR-218b (Assay ID: YP02101069). rno-

miR-320-3p (Assay ID: YP00206042) and rno-mir-191a-5p

(Assay ID: YP00204306) were used as endogenous control

genes because they were not regulated in the small-RNA

sequencing analysis. Expression levels were calculated using

2−ΔΔCT method [40].

Statistical analysis

Two-tailed Mann-Whitney tests were used to confirm a

significant preference of the reward-paired active lever during

self-administration, compared to the inactive lever. For small-

RNA sequencing, DEseq2 [41] was used to determine miRNAs

differentially expressed between two groups, with the Benjamini

and Hochberg method applied to correct for multiple

comparisons [42]. miRNAs were considered statistically

significant if the adjusted p-value between two groups

was <0.05. For proteomics and miRNA qPCR, unpaired

t-tests were used to determine differentially expressed proteins

or miRNAs between treatment groups with normal distribution,

with p < 0.05 considered significant. Two-tailed Mann-Whitney

tests were used to compare miRNA expression when data was not

normally distributed. Shapiro-Wilk normality tests were used to

determine the distribution of data. Outliers were defined as

values exceeding the mean by >2.5 times the standard

deviation. Pearson correlations were used to compare the

relationship between miRNA expression and drug-seeking

behavior. All statistical analyses were performed using

Graphpad Prism (Prism version 9, San Diego, CA, USA).

Results

Our lab and others have demonstrated that self-

administration of 0.03 mg/kg/infusion of heroin results in

perseverant heroin-seeking behavior [6, 43], defined as a

significant preference for the active, drug-paired lever

compared to the inactive lever during cue-induced relapse

sessions. Furthermore, such a protocol induces biochemical

changes in the brain that recapitulate heroin-induced

neuroadaptations observed in human subjects [43–46]. We

sought to further characterize the neurobiological

consequences of heroin self-administration at this dose by

profiling miRNAs and proteins in the OFC, a brain region

critical for opioid-seeking behavior [24, 25, 47, 48]. Results

were compared to a separate group of rats that only self-

administered sucrose pellets. Adult male Sprague Dawley rats

self-administered heroin or sucrose pellets on an FR1 schedule

for 10 days (Figure 1A). Rats in both heroin and sucrose groups

demonstrated a significant preference for the active reward-

paired lever compared to an inactive lever (Mann-Whitney

test, heroin: U = 6, p < 0.0001; sucrose: U = 0, p < 0.0001;

Figure 1B). Two days after the last self-administration session,

animals were euthanized for small-RNA sequencing of OFC

miRNAs or proteomic analysis of OFC proteins. Self-

administration of heroin or sucrose resulted in differential

expression of miRNAs in the OFC (Figures 1C–E;

Supplementary Tables S1–S3). Exposure to heroin regulated

77 OFC miRNAs compared to drug-naïve animals, while

sucrose only regulated 9 (Figures 2A, B). None of the sucrose-

associated miRNAs were commonly regulated by heroin. The top

5 most regulated miRNAs in each comparison can be found in

Table 1. Most heroin-regulated miRNAs were downregulated,

suggesting a relief of miRNA inhibition of protein expression

(Figure 2A). ~75% of the OFCmiRNAs regulated between heroin

and naïve animals were also regulated between heroin and

sucrose animals, demonstrating that heroin induces a unique

profile of OFC expression beyond that observed with an

appetitive reward (Figure 2B). Because miRNAs regulate

mRNA translation into protein, we performed bioinformatic

analysis to determine the putative pathways that are regulated

by heroin- or sucrose-associated miRNAs. Predicted targets of

heroin-associated miRNAs are involved in signaling pathways

related to “Prion diseases,” “N-Glycan biosynthesis,”

“Proteoglycans in cancer,” and “TGF-beta signaling,” among

others (Figure 2C). Only one pathway was enriched for

predicted target genes of the 9 sucrose-associated miRNAs:

“Mucin type O-Glycan biosynthesis” (Figure 2D). Pathways

predicted to be targeted by miRNAs significantly regulated

between heroin and sucrose animals were largely overlapping

with heroin-associated miRNAs and included the most

significant pathway, “Prion diseases” (Figure 2E). Genes

predicted to be targeted by miRNAs in this pathway included

many with known links to opioid exposure, including Elk1, Egr1,

and Erk1 (Table 2) [44, 49–54].

To provide more insight into both the reproducibility of our

initial miRNA sequencing findings as well as determine the

potential miRNA-mediated protein pathways that are

associated with heroin or sucrose self-administration, we

performed parallel proteomics profiling on OFC tissue from

separate animals that self-administered heroin or sucrose

(Figure 3). More than 2,000 proteins were detected in the

OFC with label-free mass spectrometry and heroin regulated

expression of 43 OFC proteins relative to naïve animals and

60 OFC proteins relative to sucrose animals, while sucrose

regulated expression of 33 OFC proteins relative to naïve

animals (Figures 3A–D; Supplementary Tables S4–S7).

36 proteins were specifically regulated by heroin and not sucrose

when compared to drug-naïve animals, while 57 proteins were

specifically regulated by heroin and not sucrose when comparing to

only sucrose animals (Figure 3D). 23 proteins were regulated by

sucrose alone and not overlapping with heroin-exposed animals

(Figure 3D). ~60% of heroin-associated proteins were upregulated
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(Figures 3A, C), in contrast to the large downregulation of OFC

miRNAs, suggesting that heroin may repress expression of

some miRNAs to allow for positive gene expression

regulation. The top 5 proteins regulated in each

comparison can be found in Table 3. None of the proteins

regulated in the comparison of heroin to naïve animals were

overlapping in the comparison of heroin to sucrose animals.

However, 7 proteins were commonly regulated by both

heroin and sucrose when each was compared to drug-free

naïve animals (Figure 3D; Table 4). The pathways of the

heroin-regulated proteins included “Proteosome,” and

several neurodegenerative pathways that all contained the

similar proteins, such as “Amyotrophic lateral sclerosis,”

“Parkinson disease” and “Prion disease,” “Huntington

disease” and “Alzheimer disease” (Figure 3E). The only

pathway significantly enriched for sucrose-associated OFC

proteins was “Metabolic pathways” (Supplementary Figure

S1). Proteins regulated by heroin compared to sucrose were

significantly enriched in terms such as “Amyotrophic lateral

sclerosis,” “Mineral absorption,” “Tight junction” and

“Huntington disease” (Supplementary Figure S1). We

overlapped the heroin-regulated OFC proteomics dataset

with the small-RNA sequencing data of OFC miRNAs

regulated following 2D forced abstinence from heroin and

observed a high degree of overlap between the datasets

(Figure 3F). Nearly two-thirds of the heroin-induced

proteins are predicted to be regulated by a miRNA-mRNA

interaction and approximately half of the heroin-regulated

miRNAs targeted at least one mRNA for a heroin-associated

protein (Figure 3F). This data indicates that heroin regulates

OFC miRNA pathways.

To provide insight into the potential biomarker utility of

heroin-associated OFC miRNAs, we examined the

expression patterns of a subset of these miRNAs in

FIGURE 1
Self-administration of rewarding substances induces differential regulation of OFC miRNAs. (A) Experimental overview. Animals underwent
acclimation and/or jugular vein catheterization (JVC). Seven days later, animals self-administered either heroin (0.03 mg/kg/infusion) for 6 h per day
or sucrose pellets for 2 h per day for a total of 10 days. Animals underwent 2 days forced abstinence and were euthanized for molecular analysis of
OFC and blood expression. (B) The average number of active or inactive lever responses across 10 days of self-administration of heroin or
sucrose.N= 11–12/group. ***p < 0.001. Error bars depict ± the standard error of themean (SEM). (C–E) Volcano plots depictingmiRNA expression in
the OFC for heroin vs. drug-naïve animals (C), sucrose vs. drug-naïve animals (D), or heroin vs. sucrose animals (E). Red dots indicate miRNAs that
were significantly regulated in each of the comparisons. Dotted lines indicate the threshold for significance based on p-value (horizontal) or log2 fold
change (vertical).
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peripheral blood samples. Using RNA extracted from exosomes

in serum blood samples, we performed qPCR to measure

expression of 10 miRNAs that were regulated in the OFC:

miR-107-3p; miR-135a-5p; miR-186-5p; miR-218b; miR-219a-

5p; miR-29c-3p; miR-376a-3p; miR-379-5p; miR-451-5p; miR-

877-5p (Figure 4A). These miRNAs were chosen based on their

robust expression values in the central nervous system as well

as their high fold change values in the OFC. Three of the

miRNAs, miR-135a-5p, miR-218b, and miR-376a-3p, had

very low expression in serum samples and were not able to

be quantified. Of the remaining 7 miRNAs we examined, miR-

186-5p was significantly downregulated (t [12] = 2.179; p =

0.050) and both miR-29c-3p and miR-877-5p were

significantly upregulated (miR-29c-3p: Mann-Whitney U =

5, p = 0.006; miR-877-5p: unpaired t-test: t [13] = 5.115; p =

0.0002) (Figure 4A). The regulation of miR-186-5p and miR-

877 mirrored the opioid-induced differential regulation of

these two miRNAs observed in the OFC. Expression levels of

three miRNAs positively correlated with heroin infusions

administered on the last day of self-administration: miR-

107-3p (Pearson r = 0.754; p = 0.050), miR-186-5p

(Pearson r = 0.785; p = 0.036) and miR-219a-5p (Pearson

r = 0.805; p = 0.029) (Figures 4B–D). These data demonstrate

that blood miRNA levels may, in some instances, reflect

heroin-induced regulation of OFC miRNAs.

Discussion

Opioid exposure results in brain-region specific regulation of

the miRNA profile. Our results demonstrate that acute

abstinence from heroin self-administration results in a robust

regulation of both miRNAs and proteins in the OFC. In a prior

study, we determined that heroin self-administration induces

lasting regulation of OFC miRNAs that may be manipulated to

modulate long-lasting heroin seeking behavior [24]. The present

work identified a unique profile of OFC miRNA regulation

during acute abstinence that greatly differed from that

observed in the OFC following late abstinence. This data

demonstrate that the brain undergoes neuroadaptations

following cessation of drug use and the best miRNA pathways

to target pharmacologically for reduction of drug seeking

behavior may be dynamically regulated in a time-dependent

manner, as we have previously observed for morphine

exposure [7]. Of the 77 heroin-associated miRNAs that were

identified as differentially regulated in the OFC between heroin

and naïve animals, we determined that none of the miRNAs were

overlapping with the OFC profile following between sucrose self-

administration and naive. However, we identified 7 proteins

commonly regulated in the OFC following heroin or sucrose

self-administration relative to naïve animals. These data suggest

that the profile of heroin-associated miRNAs we identified is

FIGURE 2
miRNA pathways in the OFC are regulated by acute withdrawal from heroin self-administration. (A) Number of miRNAs upregulated or
downregulated following heroin or sucrose self-administration. (B) Venn diagram depicting the number of miRNAs that were overlapping or unique
in the comparisons between heroin, sucrose, and naïve animals. (C–E) KEGG pathway terms of genes predicted to be targeted by miRNAs that were
significantly enriched between heroin and naïve animals (C), sucrose and naïve (D), or heroin and sucrose (E).
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TABLE 2 miRNA-mediated protein pathways enriched for ‘Prion Disease’ in heroin animals, relative to both naïve and sucrose comparisons.

Putative miRNA-targeted genes in “Prion Disease” pathway, commonly regulated by heroin vs. naïve or sucrose

Ensembl ID Gene name miRNA

ENSRNOG00000007697 C8a rno-miR-764-3p

ENSRNOG00000019422 Egr1 rno-miR-300-3p

ENSRNOG00000010171 Elk1 rno-miR-495, rno-miR-873-5p

ENSRNOG00000000596 Fyn rno-miR-495

ENSRNOG00000018294 Hspa5 rno-miR-495, rno-miR-379-5p

ENSRNOG00000004575 Il1a rno-miR-495, rno-miR-30e-5p, rno-miR-543-3p, rno-miR-758-3p

ENSRNOG00000002680 Lamc1 rno-miR-340-5p, rno-miR-764-3p, rno-miR-29a-3p, rno-miR-29b-3p, rno-miR-29c-3p

ENSRNOG00000019601 Mapk3 (Erk1) rno-miR-15a-5p

ENSRNOG00000031890 Ncam1 rno-miR-466b-5p

ENSRNOG00000002126 Ncam2 rno-miR-340-5p, rno-miR-127-5p

ENSRNOG00000019322 Notch1 rno-miR-340-5p

ENSRNOG00000003696 Prkx rno-miR-495, rno-miR-873-5p, rno-miR-3065-5p

ENSRNOG00000021259 Prnp rno-miR-107-5p, rno-miR-466b-5p

ENSRNOG00000021164 Stip1 rno-miR-340-5p

TABLE 1 Top miRNAs regulated by heroin and sucrose.

Top 5 miRNAs regulated by heroin relative to naïve animals

miRNA miRBase Accession p-value, adj Log2FC

rno-miR-10b-5p MIMAT0000783 0.022 −4.192

rno-miR-19a-3p MIMAT0000789 0.022 −2.964

rno-miR-764-3p MIMAT0017370 0.017 −2.527

rno-miR-29c-3p MIMAT0000803 0.003 −2.516

rno-miR-377-3p MIMAT0003123 0.003 −2.338

Top 5 miRNAs regulated by sucrose relative to naïve animals

miRNA miRBase Accession p-value, adj Log2FC

rno-let-7a-5p MIMAT0000774 0.046 −3.031

rno-miR-214-3p MIMAT0000885 0.001 2.331

rno-miR-196a-5p MIMAT0000871 0.010 2.403

rno-miR-133a-3p MIMAT0000839 <0.001 2.888

rno-miR-196b-5p MIMAT0001082 0.001 3.849

Top 5 miRNAs regulated by heroin relative to sucrose animals

miRNA miRBase Accession p-value, adj Log2FC

rno-miR-19a-3p MIMAT0000789 0.048 −2.707

rno-miR-764-3p MIMAT0017370 0.020 −2.557

rno-miR-29c-3p MIMAT0000803 0.005 −2.490

rno-miR-377-3p MIMAT0003123 0.004 −2.302

rno-miR-183-5p MIMAT0000860 0.025 3.193
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likely due to drug exposure and not learning a rewarding task. In

addition, the common proteins regulated by both sucrose and

heroin may be due to miRNA-independent pathways, or the

unique profile of miRNAs regulated by sucrose and heroin

commonly target the same OFC proteins.

In comparison with our previously published study that

examined miRNA regulation associated with long-lasting

heroin seeking behavior following 21D forced abstinence from

either 0.03 mg/kg/infusion or 0.075 mg/kg/infusion heroin, we

observed some overlap of heroin-regulated miRNA expression in

the OFC. 5 miRNAs were commonly regulated following 2 or

21D forced abstinence from the 0.03 mg/kg/infusion heroin dose:

miR-219a-5p, miR-299a-5p, miR-29c-3p, miR-666-3p and miR-

764-3p. In addition to miR-219a-5p, miR-218b, miR-3065-5p,

miR-338-3p, miR-379-5p and miR-503-3p, which were regulated

in the present study following 2D forced abstinence from

FIGURE 3
Protein expression is regulated in the OFC following acute abstinence from heroin self-administration. (A–C) Volcano plots depicting protein
expression in the OFC for heroin vs. drug naïve animals (A), sucrose vs. drug-naïve animals (B), or heroin vs. sucrose animals (C). Red dots indicate
proteins that were significantly regulated in each of the comparisons. Dotted line indicates the threshold for significance based on p-value. (D) Venn
diagram depicting the number of proteins that were regulated in each comparison of (A–C). (E) KEGG pathway terms of proteins that were
significantly enriched between heroin and naïve animals. (F)Overlap of miRNA sequencing data with proteomics to depict the significantly regulated
miRNAs that are predicted to target significantly regulated proteins following chronic heroin.
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TABLE 3 Top proteins regulated by heroin or sucrose.

Top 5 proteins regulated by heroin relative to naïve animals

Uniprot Accession Protein Description Protein Symbol Log2FC

Q3ZAU6 RBR-type E3 ubiquitin transferase Rnf14 −1.043

A0A0G2JSH9 Peroxiredoxin 2 Prdx2 −0.959

P40307 Proteasome subunit beta type-2 Psmb2 1.059

D3ZAF6 ATP syntdase subunit f, mitochondrial Atp5mf 1.179

A0A0G2K707 Diacylglycerol kinase Dgkz 1.806

Top 5 proteins regulated by sucrose relative to naïve animals

Uniprot Accession Protein Description Protein Symbol Log2FC

P32232 Cystatdionine beta-syntdase Cbs −0.794

P11348 Dihydropteridine reductase Qdpr 0.795

Q62785 28 kDa heat- and acid-stable phosphoprotein Pdap1 1.138

Q6QIX3 Probable proton-coupled zinc antiporter Slc30a3 1.777

M0R4L7 Histone Cluster 1 H2B Family Member L Hist1h2bl 2.518

Top 5 proteins regulated by heroin relative to sucrose animals

Uniprot Accession Protein Description Protein Symbol Log2FC

Q6QIX3 Probable proton-coupled zinc antiporter Slc30a3 −0.970

F1MAH8 CAP-Gly domain-containing linker protein 1 Clip1 0.923

Q6MGC4 H2-K region expressed gene 2, rat ortdologue Pfdn6 0.933

A0A0G2K4W2 Transcription factor BTF3 Btf3 0.990

Q6IRG7 Claudin Cldn11 2.388

TABLE 4 Proteins commonly regulated by heroin or sucrose comparisons.

Commonly regulated by sucrose relative to drug-naïve or heroin animals

Uniprot Accession Protein Description Protein Symbol Length

D3ZAN3 Alpha glucosidase 2 alpha neutral subunit (Predicted) Ganab 797 AA

Q920Q0 Paralemmin-1 Palm 383 AA

Q6QIX3 Probable proton-coupled zinc antiporter SLC30A3 Slc30a3 388 AA

Commonly regulated by heroin and sucrose relative to drug-naïve animals

Uniprot Accession Protein Description Protein Symbol Length

P09117 Fructose-bisphosphate aldolase C Aldoc 363 AA

B1WC73 ADP-ribosylation factor-like protein 6 Arl6 186 AA

A0A0H2UHI7 ATPase family, AAA domain containing 1 Atad1 403 AA

D3ZM21 Catechol-O-metdyltransferase domain containing 1 Comtd1 262 AA

P47942 Dihydropyrimidinase-related protein 2 Dpysl2 572 AA

A0A140TAF2 ELAV-like protein 4 Elavl4 385 AA

Q925Q9 SH3 domain-containing kinase-binding protein 1 Sh3kbp1 709 AA
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0.03 mg/kg/infusion heroin, were also regulated in the OFC

following 21D forced abstinence from a higher heroin dose of

0.075 mg/kg/infusion. The combination of these two studies

demonstrates that some miRNAs, such as miR-219a-5p, are

regulated by both high and low doses of heroin. Moreover, a

subset of miRNAs are regulated immediately following heroin

and remain altered for at least 21D following the last heroin self-

administration session. This later finding demonstrates that

miRNA regulation in the OFC is a long-lasting

neuroadaptation that results from chronic heroin exposure.

The dynamic responsiveness of miRNAs to opioids is likely

dependent on drug dose, timepoint and region specificity.

However, the present study is limited in that it does not

address the contribution of the aforementioned variables on

heroin-induced miRNA expression. Future studies that

include animals of both sexes, additional timepoints following

drug exposure, profiling of multiple brain regions and variable

periods of drug exposure that may more accurately model

physical dependence are likely to yield additional insight into

the impact of heroin on miRNA expression. Validation of RNA-

sequencing and proteomics with secondary measures will also

help to narrow down the most relevant miRNAs for support of

drug seeking behavior. While our study did not perform

secondary validation with qPCR or western blots, the

sequencing and proteomics datasets were obtained from

separate groups of animals, yet we still observed overlap of

putative heroin-regulated miRNA pathways with the

proteomics data (Figure 3F).

The correspondence of the “Prion disease” pathway enriched for

proteins regulated by heroin, as well as putative gene targets of

miRNAs regulated by heroin, demonstrates the reproducibility of

our findings. The genes predicted to be regulated in the “Prion

disease” pathway by heroin-associated miRNAs included several

transcription factors that have been demonstrated to regulate

expression of proteins observed in our heroin-associated protein

list, including Atp5pd (Elk1) and Uqcrfs1 (Elk1) [55]. These results

are not surprising, given that the KEGG entry for the “Prion disease”

pathway includes many genes known to be involved in drug-

induced neuropathologies, including Erk1/2, CREB, Egr1, p38/

JNK, GSK-3B, PKA, Fyn, and other genes involved in

FIGURE 4
Acute withdrawal from heroin self-administration induces miRNA expression regulation in the blood that reflects the OFC profile. (A–D) Serum
blood expression of heroin-associated miRNAs measured by qPCR in drug-naïve and heroin self-administration animals. (B–D) Correlations
between serum miRNA expression and the average number of heroin infusions over the course of 10 days of self-administration. N = 6–8/group.
*p < 0.05. **p < 0.01. ***p < 0.001. Error bars depict ± SEM.
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proteosomal and mitochondrial function [43, 44, 49–51, 56–59].

However, by describing a pattern of genes regulated by heroin-

associated miRNAs in the OFC, our study begins to fill in the

molecular gap between heroin exposure and heroin-induced

neuroadaptations. These findings suggest that miRNAs may

function as key modulators of heroin-regulated proteins.

Published studies have reported differential regulation of miRNA

expression in peripheral blood samples from humans exposed to

opioids [28, 30, 60–64]. Demonstration of the utility of detecting

miRNA expression in peripheral blood samples is evidenced by the

observation that miRNAs may be predictive of need for

hospitalization or pharmacological interventions in opioid-exposed

infants [62]. However, it is unclear how the blood miRNA profile

reflects brain-region specific miRNA expression induced by drugs.

Only one such study has been performed with human samples, and

this is likely due to the challenges of collecting blood and postmortem

samples in a timely manner. Grimm et al reported the

correspondence of frontal cortex brain and blood miRNA levels in

postmortemhuman samples fromOUDsubjects and observed a large

overlap in miRNA expression [65]. Of the miRNA profile measured

in the BA9 region, the authors observed differential expression of hsa-

miR-10b-5p, hsa-miR-337-3p, has-miR-340-5, hsa-miR-376a-3p,

hsa-miR-376b-3p, hsa-miR-379-5p, hsa-miR-486-3p, hsa-miR-495-

3p, and hsa-miR-758-3p [65], which were all dysregulated in theOFC

of heroin-exposed rats in the current study. Investigation into the

relationship between drug exposure and regulation of brain miRNAs

that can also be detected in the periphery can be accomplished easily

with rodent models of self-administration but has yet to be done. We

report for the first time the regulation of two miRNAs, miR-186-5p

and miR-877, in both the OFC and the serum of animals that have

previously self-administered heroin.We identified threemiRNAs that

correlated with heroin infusions-miR-186-5p, miR-107-3p and miR-

219a-5p-which suggests that miRNAs may have putative

biomarker utility for understanding drug motivation or

abstinence behavior. Indeed, miR-186-5p was significantly

reduced in both the OFC and serum of heroin-exposed

animals in our study, as well in peripheral blood samples

obtained from humans that meet criteria for OUD [63]. We

also identified miR-451-5p as a miRNA downregulated in the

OFC following heroin self-administration and this miRNA

was significantly downregulated in blood exosomal samples

from human patients with heroin use disorder [64].

Additional studies to understand the responsiveness of

blood miRNA expression as an indication of opioid

craving or recovery from OUD may help to inform

patient care in the clinic.

Data availability statement

The datasets presented in this study can be found in online

repositories.Thenamesof the repository/repositories andaccession

number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal studies were approved by Temple Institutional

Animal Care and Use Committee. The studies were conducted in

accordance with the local legislation and institutional

requirements. Written informed consent was obtained from

the owners for the participation of their animals in this study.

Author contributions

Conceptualization, SD; methodology, SD, MZ, LS, and PM;

formal analysis, SD, MZ, LS, and PM; data collection, MZ, LS,

and PM; writing-original draft preparation, SD; writing-review

and editing: SD, MZ, LS, and PM; supervision, SD; project

administration, SD; funding acquisition, SD. All authors

contributed to the article and approved the submitted version.

Funding

This work was supported by NIDA/NIH grants

R00DA041469 (SD) and the NIDA P30 Core Grant

DA013429 (Temple). The funders had no role in study

design, data collection and analysis, decision to publish, or

preparation of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Acknowledgments

Heroin was obtained from the NIDA Drug Supply

Program. We thank Florine Collins and Rashaun Wilson

at the Keck MS & Proteomics Resource at Yale University

for mass spectrometry and proteomics. We acknowledge

the Yale School of Medicine for providing mass

spectrometers and biotechnology tools necessary for mass

spectrometry, which is funded in part by National Institutes

of Health grants S10OD02365101A1, S10OD019967, and

S10OD018034.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontierspartnerships.org/articles/10.3389/

adar.2023.11668/full#supplementary-material

Advances in Drug and Alcohol Research Published by Frontiers11

Zanda et al. 10.3389/adar.2023.11668

https://www.frontierspartnerships.org/articles/10.3389/adar.2023.11668/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/adar.2023.11668/full#supplementary-material
https://doi.org/10.3389/adar.2023.11668


References

1. Buresh M, Stern R, Rastegar D. Treatment of opioid use disorder in primary
care. Bmj (2021) 373:n784. doi:10.1136/bmj.n784

2. Hedegaard H, Miniño AM, Warner M. Drug overdose deaths in the
United States, 1999-2015. NCHS Data Brief (2020) 394:1–8.

3. HedegaardH,MiniñoAM,WarnerM. Co-involvement of opioids in drug overdose
deaths involving cocaine and psychostimulants. NCHS Data Brief (2021) 406:1–8.

4. Grella CE, Lovinger K. 30-year trajectories of heroin and other drug use among
men and women sampled from methadone treatment in California. Drug Alcohol
Depend (2011) 118(2-3):251–8. doi:10.1016/j.drugalcdep.2011.04.004

5. Smyth BP, Barry J, Keenan E, Ducray K. Lapse and relapse following inpatient
treatment of opiate dependence. Ir Med J (2010) 103(6):176–9.

6. Zanda MT, Floris G, Sillivan SE. Drug-associated cues and drug dosage
contribute to increased opioid seeking after abstinence. Sci Rep (2021) 11(1):
14825. doi:10.1038/s41598-021-94214-4

7. Gillespie A, Mayberry HL, Wimmer ME, Sillivan SE. microRNA expression
levels in the nucleus accumbens correlate with morphine-taking but not morphine-
seeking behaviour in male rats. Eur J Neurosci (2022) 55(7):1742–55. doi:10.1111/
ejn.15650

8. Shalev U, Morales M, Hope B, Yap J, Shaham Y. Time-dependent changes in
extinction behavior and stress-induced reinstatement of drug seeking following
withdrawal from heroin in rats. Psychopharmacology (Berl) (2001) 156(1):98–107.
doi:10.1007/s002130100748

9. Mayberry HL, Bavley CC, Karbalaei R, Peterson DR, Bongiovanni AR, Ellis
AS, et al. Transcriptomics in the nucleus accumbens shell reveal sex- and
reinforcer-specific signatures associated with morphine and sucrose craving.
Neuropsychopharmacology (2022) 47:1764–75. doi:10.1038/s41386-022-
01289-2

10. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
(2004) 116(2):281–97. doi:10.1016/s0092-8674(04)00045-5

11. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res (2009) 19(1):92–105. doi:10.1101/gr.
082701.108

12. Bahi A, Dreyer JL. Striatal modulation of BDNF expression using
microRNA124a-expressing lentiviral vectors impairs ethanol-induced
conditioned-place preference and voluntary alcohol consumption. Eur
J Neurosci (2013) 38(2):2328–37. doi:10.1111/ejn.12228

13. Chandrasekar V, Dreyer JL. microRNAs miR-124, let-7d and miR-181a
regulate cocaine-induced plasticity. Mol Cel Neurosci (2009) 42(4):350–62. doi:10.
1016/j.mcn.2009.08.009

14. Hollander JA, Im HI, Amelio AL, Kocerha J, Bali P, Lu Q, et al. Striatal
microRNA controls cocaine intake through CREB signalling. Nature (2010)
466(7303):197–202. doi:10.1038/nature09202

15. Im HI, Hollander JA, Bali P, Kenny PJ. MeCP2 controls BDNF expression
and cocaine intake through homeostatic interactions with microRNA-212. Nat
Neurosci (2010) 13(9):1120–7. doi:10.1038/nn.2615

16. Kim J, Im HI, Moon C. Intravenous morphine self-administration alters
accumbal microRNA profiles in the mouse brain. Neural Regen Res (2018) 13(1):
77–85. doi:10.4103/1673-5374.224374

17. Mavrikaki M, Anastasiadou E, Ozdemir RA, Potter D, Helmholz C, Slack FJ,
et al. Overexpression of miR-9 in the nucleus accumbens increases oxycodone self-
administration. Int J Neuropsychopharmacol (2019) 22(6):383–93. doi:10.1093/ijnp/
pyz015

18. Most D, Salem NA, Tiwari GR, Blednov YA, Mayfield RD, Harris RA.
Silencing synaptic MicroRNA-411 reduces voluntary alcohol consumption in mice.
Addict Biol (2019) 24(4):604–16. doi:10.1111/adb.12625

19. Pittenger ST, Schaal VL, Moore D, Guda RS, Koul S, Yelamanchili SV, et al.
MicroRNA cluster miR199a/214 are differentially expressed in female and male rats
following nicotine self-administration. Sci Rep (2018) 8(1):17464. doi:10.1038/
s41598-018-35747-z

20. Tapocik JD, Barbier E, Flanigan M, Solomon M, Pincus A, Pilling A, et al.
microRNA-206 in rat medial prefrontal cortex regulates BDNF expression and alcohol
drinking. J Neurosci (2014) 34(13):4581–8. doi:10.1523/JNEUROSCI.0445-14.2014

21. Xu W, Hong Q, Lin Z, Ma H, Chen W, Zhuang D, et al. Role of nucleus
accumbens microRNA-181a and MeCP2 in incubation of heroin craving in male
rats. Psychopharmacology (Berl) (2021) 238(8):2313–24. doi:10.1007/s00213-021-
05854-3

22. Quinn RK, James MH, Hawkins GE, Brown AL, Heathcote A, Smith DW,
et al. Temporally specific miRNA expression patterns in the dorsal and ventral

striatum of addiction-prone rats. Addict Biol (2018) 23(2):631–42. doi:10.1111/adb.
12520

23. Yan B, Hu Z, Yao W, Le Q, Xu B, Liu X, et al. MiR-218 targets MeCP2 and
inhibits heroin seeking behavior. Sci Rep (2017) 7:40413. doi:10.1038/
srep40413

24. Zanda MT, Floris G, Sillivan SE. Orbitofrontal cortex microRNAs support
long-lasting heroin seeking behavior in male rats. Transl Psychiatry (2023) 13(1):
117. doi:10.1038/s41398-023-02423-4

25. Fanous S, Goldart EM, Theberge FR, Bossert JM, Shaham Y, Hope BT.
Role of orbitofrontal cortex neuronal ensembles in the expression of
incubation of heroin craving. J Neurosci (2012) 32(34):11600–9. doi:10.
1523/JNEUROSCI.1914-12.2012

26. Sell LA, Morris JS, Bearn J, Frackowiak RS, Friston KJ, Dolan RJ. Neural
responses associated with cue evoked emotional states and heroin in opiate addicts.
Drug Alcohol Depend (2000) 60(2):207–16. doi:10.1016/s0376-8716(99)00158-1

27. Sillivan SE, Jamieson S, de Nijs L, Jones M, Snijders C, Klengel T, et al.
MicroRNA regulation of persistent stress-enhancedmemory.Mol Psychiatry (2019)
25:965–76. doi:10.1038/s41380-019-0432-2

28. Toyama K, Kiyosawa N, Watanabe K, Ishizuka H. Identification of circulating
miRNAs differentially regulated by opioid treatment. Int J Mol Sci (2017) 18(9):
1991. doi:10.3390/ijms18091991

29. Xu W, Zhao M, Lin Z, Liu H, Ma H, Hong Q, et al. Increased expression of
plasma hsa-miR-181a in male patients with heroin addiction use disorder. J Clin
Lab Anal (2020) 34(11):e23486. doi:10.1002/jcla.23486

30. Gu WJ, Zhang C, Zhong Y, Luo J, Zhang CY, Wang C, et al. Altered serum
microRNA expression profile in subjects with heroin and methamphetamine use
disorder. Biomed Pharmacother (2020) 125:109918. doi:10.1016/j.biopha.2020.109918

31. Wang X, Sun L, Zhou Y, Su QJ, Li JL, Ye L, et al. Heroin abuse and/or HIV
infection dysregulate plasma exosomal miRNAs. J Neuroimmune Pharmacol (2020)
15(3):400–8. doi:10.1007/s11481-019-09892-9

32. Shi X, Li Y, Yan P, Shi Y, Lai J. Weighted gene co-expression network analysis
to explore the mechanism of heroin addiction in human nucleus accumbens. J Cel
Biochem (2020) 121(2):1870–9. doi:10.1002/jcb.29422

33. Floris G, Gillespie A, Zanda MT, Dabrowski KR, Sillivan SE. Heroin regulates
orbitofrontal circular RNAs. Int J Mol Sci (2022) 23(3):1453. doi:10.3390/
ijms23031453

34. Sillivan SE, Jones ME, Jamieson S, Rumbaugh G, Miller CA. Bioinformatic
analysis of long-lasting transcriptional and translational changes in the basolateral
amygdala following acute stress. PLoS One (2019) 14(1):e0209846. doi:10.1371/
journal.pone.0209846

35. Langmead B, Wilks C, Antonescu V, Charles R. Scaling read aligners to
hundreds of threads on general-purpose processors. Bioinformatics (2019) 35(3):
421–32. doi:10.1093/bioinformatics/bty648

36. Vlachos IS, Zagganas K, ParaskevopoulouMD, Georgakilas G, Karagkouni D,
Vergoulis T, et al. DIANA-miRPath v3.0: deciphering microRNA function with
experimental support. Nucleic Acids Res (2015) 43(W1):W460–6. doi:10.1093/nar/
gkv403

37. Huang d. W, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc (2009) 4(1):
44–57. doi:10.1038/nprot.2008.211

38. Sherman BT, Hao M, Qiu J, Jiao X, Baseler MW, Lane HC, et al. David: a web
server for functional enrichment analysis and functional annotation of gene lists
(2021 update). Nucleic Acids Res (2022) 50:W216–W221. doi:10.1093/nar/gkac194

39. Tastsoglou S, AlexiouA, Karagkouni D, Skoufos G, Zacharopoulou E, Hatzigeorgiou
AG. DIANA-MicroT 2023: including predicted targets of virally encodedmiRNAs.Nucleic
Acids Res (2023) 51(1):W148–W153. doi:10.1093/nar/gkad283

40. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method.Methods (2001) 25(4):
402–8. doi:10.1006/meth.2001.1262

41. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi:10.
1186/s13059-014-0550-8

42. Hochberg Y, Benjamini Y.More powerful procedures for multiple significance
testing. Stat Med (1990) 9(7):811–8. doi:10.1002/sim.4780090710

43. Egervari G, Akpoyibo D, Rahman T, Fullard JF, Callens JE, Landry JA, et al.
Chromatin accessibility mapping of the striatum identifies tyrosine kinase FYN as a
therapeutic target for heroin use disorder. Nat Commun (2020) 11(1):4634. doi:10.
1038/s41467-020-18114-3

Advances in Drug and Alcohol Research Published by Frontiers12

Zanda et al. 10.3389/adar.2023.11668

https://doi.org/10.1136/bmj.n784
https://doi.org/10.1016/j.drugalcdep.2011.04.004
https://doi.org/10.1038/s41598-021-94214-4
https://doi.org/10.1111/ejn.15650
https://doi.org/10.1111/ejn.15650
https://doi.org/10.1007/s002130100748
https://doi.org/10.1038/s41386-022-01289-2
https://doi.org/10.1038/s41386-022-01289-2
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1111/ejn.12228
https://doi.org/10.1016/j.mcn.2009.08.009
https://doi.org/10.1016/j.mcn.2009.08.009
https://doi.org/10.1038/nature09202
https://doi.org/10.1038/nn.2615
https://doi.org/10.4103/1673-5374.224374
https://doi.org/10.1093/ijnp/pyz015
https://doi.org/10.1093/ijnp/pyz015
https://doi.org/10.1111/adb.12625
https://doi.org/10.1038/s41598-018-35747-z
https://doi.org/10.1038/s41598-018-35747-z
https://doi.org/10.1523/JNEUROSCI.0445-14.2014
https://doi.org/10.1007/s00213-021-05854-3
https://doi.org/10.1007/s00213-021-05854-3
https://doi.org/10.1111/adb.12520
https://doi.org/10.1111/adb.12520
https://doi.org/10.1038/srep40413
https://doi.org/10.1038/srep40413
https://doi.org/10.1038/s41398-023-02423-4
https://doi.org/10.1523/JNEUROSCI.1914-12.2012
https://doi.org/10.1523/JNEUROSCI.1914-12.2012
https://doi.org/10.1016/s0376-8716(99)00158-1
https://doi.org/10.1038/s41380-019-0432-2
https://doi.org/10.3390/ijms18091991
https://doi.org/10.1002/jcla.23486
https://doi.org/10.1016/j.biopha.2020.109918
https://doi.org/10.1007/s11481-019-09892-9
https://doi.org/10.1002/jcb.29422
https://doi.org/10.3390/ijms23031453
https://doi.org/10.3390/ijms23031453
https://doi.org/10.1371/journal.pone.0209846
https://doi.org/10.1371/journal.pone.0209846
https://doi.org/10.1093/bioinformatics/bty648
https://doi.org/10.1093/nar/gkv403
https://doi.org/10.1093/nar/gkv403
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1093/nar/gkad283
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/sim.4780090710
https://doi.org/10.1038/s41467-020-18114-3
https://doi.org/10.1038/s41467-020-18114-3
https://doi.org/10.3389/adar.2023.11668


44. Sillivan SE, Whittard JD, Jacobs MM, Ren Y, Mazloom AR, Caputi FF, et al.
ELK1 transcription factor linked to dysregulated striatal mu opioid receptor
signaling network and OPRM1 polymorphism in human heroin abusers. Biol
Psychiatry (2013) 74(7):511–9. doi:10.1016/j.biopsych.2013.04.012

45. Egervari G, Landry J, Callens J, Fullard JF, Roussos P, Keller E, et al. Striatal
H3K27 acetylation linked to glutamatergic gene dysregulation in human heroin
abusers holds promise as therapeutic target. Biol Psychiatry (2017) 81(7):585–94.
doi:10.1016/j.biopsych.2016.09.015

46. Brown TG, Xu J, Hurd YL, Pan YX. Dysregulated expression of the
alternatively spliced variant mRNAs of the mu opioid receptor gene, OPRM1,
in the medial prefrontal cortex of male human heroin abusers and heroin self-
administering male rats. J Neurosci Res (2022) 100(1):35–47. doi:10.1002/jnr.24640

47. Reiner DJ, Lofaro OM, Applebey SV, Korah H, Venniro M, Cifani C, et al.
Role of projections between piriform cortex and orbitofrontal cortex in relapse to
fentanyl seeking after palatable food choice-induced voluntary abstinence.
J Neurosci (2020) 40(12):2485–97. doi:10.1523/JNEUROSCI.2693-19.2020

48. Altshuler RD, Yang ES, Garcia KT, Davis IR, Olaniran A, Haile M, et al. Role
of orbitofrontal cortex in incubation of oxycodone craving in male rats. Addict Biol
(2021) 26(2):e12927. doi:10.1111/adb.12927

49. Ortiz J, Harris HW, Guitart X, Terwilliger RZ, Haycock JW, Nestler EJ.
Extracellular signal-regulated protein kinases (ERKs) and ERK kinase (MEK) in
brain: regional distribution and regulation by chronic morphine. J Neurosci (1995)
15(2):1285–97. doi:10.1523/jneurosci.15-02-01285.1995

50. Macey TA, Lowe JD, Chavkin C. Mu opioid receptor activation of ERK1/2 is
GRK3 and arrestin dependent in striatal neurons. J Biol Chem (2006) 281(45):
34515–24. doi:10.1074/jbc.M604278200

51. Lyons D, de Jaeger X, Rosen LG, Ahmad T, Lauzon NM, Zunder J, et al. Opiate
exposure and withdrawal induces a molecular memory switch in the basolateral
amygdala between ERK1/2 and CaMKIIα-dependent signaling substrates.
J Neurosci (2013) 33(37):14693–704. doi:10.1523/JNEUROSCI.1226-13.2013

52. Ferrer-Alcón M, García-Fuster MJ, La Harpe R, García-Sevilla JA. Long-term
regulation of signalling components of adenylyl cyclase and mitogen-activated
protein kinase in the pre-frontal cortex of human opiate addicts. J Neurochem
(2004) 90(1):220–30. doi:10.1111/j.1471-4159.2004.02473.x

53. Kuntz-Melcavage KL, Brucklacher RM, Grigson PS, FreemanWM, Vrana KE.
Gene expression changes following extinction testing in a heroin behavioral
incubation model. BMC Neurosci (2009) 10:95. doi:10.1186/1471-2202-10-95

54. Kuntz KL, Patel KM, Grigson PS, Freeman WM, Vrana KE. Heroin self-
Administration: II. CNS gene expression following withdrawal and cue-induced
drug-seeking behavior. Pharmacol Biochem Behav (2008) 90(3):349–56. doi:10.
1016/j.pbb.2008.03.019

55. Rouillard AD, Gundersen GW, Fernandez NF, Wang Z, Monteiro CD,
McDermott MG, et al. The harmonizome: a collection of processed datasets

gathered to serve and mine knowledge about genes and proteins. Database
(Oxford) (2016) 2016:baw100. doi:10.1093/database/baw100

56. Besnard A, Bouveyron N, Kappes V, Pascoli V, Pagès C, Heck N, et al.
Alterations of molecular and behavioral responses to cocaine by selective inhibition
of Elk-1 phosphorylation. J Neurosci (2011) 31(40):14296–307. doi:10.1523/
jneurosci.2890-11.2011

57. Caputi FF, Rullo L, Stamatakos S, Candeletti S, Romualdi P. Interplay between
the endogenous opioid system and proteasome complex: beyond signaling. Int J Mol
Sci (2019) 20(6):1441. doi:10.3390/ijms20061441

58. Calarco CA, Fox ME, Van Terheyden S, Turner MD, Alipio JB, Chandra R,
et al. Mitochondria-related nuclear gene expression in the nucleus accumbens and
blood mitochondrial copy number after developmental fentanyl exposure in
adolescent male and female C57BL/6 mice. Front Psychiatry (2021) 12:737389.
doi:10.3389/fpsyt.2021.737389

59. Sillivan SE, Black YD, Naydenov AV, Vassoler FR, Hanlin RP, Konradi C.
Binge cocaine administration in adolescent rats affects amygdalar gene expression
patterns and alters anxiety-related behavior in adulthood. Biol Psychiatry (2011)
70(6):583–92. doi:10.1016/j.biopsych.2011.03.035

60. Hsu CW, Huang TL, Tsai MC. Decreased level of blood MicroRNA-133b in
men with opioid use disorder on methadone maintenance therapy. J Clin Med
(2019) 8(8):1105. doi:10.3390/jcm8081105

61. Purohit P, Roy D, Dwivedi S, Nebhinani N, Sharma P. Association of miR-
155, miR-187 and inflammatory cytokines IL-6, IL-10 and TNF-α in chronic
opium abusers. Inflammation (2022) 45(2):554–66. doi:10.1007/s10753-021-
01566-0

62. Mahnke AH, Roberts MH, Leeman L, Ma X, Bakhireva LN, Miranda RC.
Prenatal opioid-exposed infant extracellular miRNA signature obtained at birth
predicts severity of neonatal opioid withdrawal syndrome. Sci Rep (2022) 12(1):
5941. doi:10.1038/s41598-022-09793-7

63. Dai Q, Pu SS, Yang X, Li C, He Y, Liu X, et al. Whole transcriptome
sequencing of peripheral blood shows that immunity/GnRH/PI3K-akt pathways
are associated with opioid use disorder. Front Psychiatry (2022) 13:893303. doi:10.
3389/fpsyt.2022.893303

64. Chen F, Xu Y, Shi K, Zhang Z, Xie Z, Wu H, et al. Multi-omics study
reveals associations among neurotransmitter, extracellular vesicle-derived
microRNA and psychiatric comorbidities during heroin and
methamphetamine withdrawal. Biomed Pharmacother (2022) 155:113685.
doi:10.1016/j.biopha.2022.113685

65. Grimm SL, Mendez EF, Stertz L, Meyer TD, Fries GR, Gandhi T, et al.
MicroRNA-mRNA networks are dysregulated in opioid use disorder
postmortem brain: further evidence for opioid-induced neurovascular
alterations. Front Psychiatry (2022) 13:1025346. doi:10.3389/fpsyt.2022.
1025346

Advances in Drug and Alcohol Research Published by Frontiers13

Zanda et al. 10.3389/adar.2023.11668

https://doi.org/10.1016/j.biopsych.2013.04.012
https://doi.org/10.1016/j.biopsych.2016.09.015
https://doi.org/10.1002/jnr.24640
https://doi.org/10.1523/JNEUROSCI.2693-19.2020
https://doi.org/10.1111/adb.12927
https://doi.org/10.1523/jneurosci.15-02-01285.1995
https://doi.org/10.1074/jbc.M604278200
https://doi.org/10.1523/JNEUROSCI.1226-13.2013
https://doi.org/10.1111/j.1471-4159.2004.02473.x
https://doi.org/10.1186/1471-2202-10-95
https://doi.org/10.1016/j.pbb.2008.03.019
https://doi.org/10.1016/j.pbb.2008.03.019
https://doi.org/10.1093/database/baw100
https://doi.org/10.1523/jneurosci.2890-11.2011
https://doi.org/10.1523/jneurosci.2890-11.2011
https://doi.org/10.3390/ijms20061441
https://doi.org/10.3389/fpsyt.2021.737389
https://doi.org/10.1016/j.biopsych.2011.03.035
https://doi.org/10.3390/jcm8081105
https://doi.org/10.1007/s10753-021-01566-0
https://doi.org/10.1007/s10753-021-01566-0
https://doi.org/10.1038/s41598-022-09793-7
https://doi.org/10.3389/fpsyt.2022.893303
https://doi.org/10.3389/fpsyt.2022.893303
https://doi.org/10.1016/j.biopha.2022.113685
https://doi.org/10.3389/fpsyt.2022.1025346
https://doi.org/10.3389/fpsyt.2022.1025346
https://doi.org/10.3389/adar.2023.11668

	MicroRNA-mediated translational pathways are regulated in the orbitofrontal cortex and peripheral blood samples during acut ...
	Introduction
	Methods
	Subjects
	Reagents
	Self-administration
	Blood & serum collection
	RNA extraction
	Small-RNA sequencing
	Proteomics
	qPCR analysis
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Acknowledgments
	Supplementary material
	References


