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Noncoding RNAs in Drug 
and Alcohol Research

Noncoding RNAs have emerged as potent regulators of gene expression 

in the nervous system. Many noncoding RNAs are responsive to drug and 

alcohol exposure and manipulation of noncoding RNAs may impact drug 

seeking behavior. However, the field of noncoding RNAs in substance use 

disorder (SUD) is still understudied and many noncoding RNAs have not been 

examined in SUD patients or models of drug exposure. This Special Issue will 

feature studies that investigate noncoding RNAs in drug and alcohol 

research to highlight the mechanisms of noncoding RNA regulation that are 

associated with SUD. Examples include: noncoding RNAs in drug seeking 

phenotypes; noncoding RNAs as biomarkers; noncoding RNAs in HIV/SUD; 

and drug-induced regulation of noncoding RNAs. Work performed in model 

organisms, preclinical models or clinical populations is welcomed.
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Noncoding RNA therapeutics for
substance use disorder

Seyed Afshin Seyednejad1,2 and Gregory C. Sartor1,2*
1Department of Pharmaceutical Sciences, University of Connecticut, Storrs, CT, United States,
2Connecticut Institute for the Brain and Cognitive Sciences (CT IBACS), Storrs, CT, United States

Although noncoding RNAs (ncRNAs) have been shown to regulate maladaptive

neuroadaptations that drive compulsive drug use, ncRNA-targeting therapeutics

for substance use disorder (SUD) have yet to be clinically tested. Recent advances

in RNA-based drugs have improved many therapeutic issues related to immune

response, specificity, and delivery, leading to multiple successful clinical trials for

other diseases. As the need for safe and effective treatments for SUD continues to

grow, novel nucleic acid-based therapeutics represent an appealing approach to

target ncRNA mechanisms in SUD. Here, we review ncRNA processes implicated

in SUD, discuss recent therapeutic approaches for targeting ncRNAs, and highlight

potential opportunities and challenges of ncRNA-targeting therapeutics for SUD.
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Introduction

Substance use disorder (SUD) continues to be a worldwide public health crisis (1).

Although many of the underlying mechanisms that drive compulsive drug use have been

elucidated, the number of pharmacological agents that are approved to treat SUD remains

stagnant (2). Current pharmacotherapies for SUD largely consist of small molecule

modulation of neurotransmitter receptor activity (2). While these treatments have shown

some clinical success, many promising therapeutic opportunities will likely be missed if

this narrow focus continues. Thus, to move the field forward and to improve patient

outcomes, novel pharmacological interventions for SUD are greatly needed.

As only 1%–2% of the human genome encodes for protein (3, 4) and many proteins

lack druggable sites for small molecules (5), researchers are turning to nucleic acid-based

treatments to target previously undruggable mechanisms. The recent progress in nucleic

acid chemistry, bioinformatic approaches, and delivery systems has dramatically

improved several issues associated with stability, specificity, and tolerability of RNA-

targeting drugs (6). These advancements have resulted in successful clinical trials and

recent approvals of nucleic acid-based therapeutics by the Food and Drug Administration

(FDA) and the European Medicines Agency (EMA) for various disorders (7, 8).

Additional factors contributing to the rising interest and growth in nucleic acid-based

therapeutics include rationale design, rapid optimization and adaptability to evolving

targets, high selectivity, and potentially longer half-life leading to infrequent

administration (7, 8). While many of these initial therapies aimed to modulate

protein-coding transcripts, more recently, there has been a rising interest in
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developing nucleic acid-based drugs that target noncoding RNAs

(ncRNAs), given their significant roles in cell type-specific

biological processes in both health and disease (9).

In animal models of SUD, several ncRNAs have been shown to

play functional roles in drug-seeking behaviors (10), and in humans,

many genetic variants linked to SUD are located within noncoding

regions of the genome (11). Thus, as the number of putative ncRNA

targets in SUD continues to grow, nucleic acid-based therapeutics will

likely be required tomodulate these novelmechanisms. In this review,

we describe different ncRNA classes involved in SUD, provide an

overview of the modalities used to manipulate ncRNAs, and highlight

ncRNA-based treatment strategies for SUD. We also discuss the

ongoing challenges of ncRNA targeting and provide future

perspectives for ncRNA-based therapeutics in SUD.

Noncoding RNAs in SUD

In humans and other primates, ncRNA expansion has fostered

the intricate regulatory network required for brain evolution and

cognitive advancement (12). ncRNAs are abundantly expressed in

the central nervous system (CNS) where many are transcribed in a

cell type-specific manner (13). In neuropsychiatric disorders,

including SUD, changes in brain ncRNA expression have been

associated with disease pathophysiology (13, 14), and several

ncRNAs have been functionally examined in CNS disease

models (15–17). In SUD, most of the research has focused on 3

classes of ncRNAs: microRNAs (miRs), long noncoding RNAs

(lncRNAs), andmore recently circular RNAs (circRNAs) (Table 1).

In this section, we briefly review the mechanistic roles of miRs,

TABLE 1 Examples of ncRNA modulation in animal models of SUD.

ncRNA Drug Model Region Modality Change Reference

Let-7d Alcohol TBC NAc LV-let7d ↓ Intake (18)

miR-30a-5p Alcohol TBC mPFC AdVs miR-30a-5p ↑ Intake (19)

LNA antimiR-30a-5p ↓ Intake

miR-124a Alcohol TBC and CPP DLS LV-si124a ↓ Intake and CPP (20)

LV-miR124a ↑ Intake and CPP

miR-137 Alcohol EPM AMG LNA-antimiR-137 ↓ Anxiety and consumption behaviors (21)

miR-382 Alcohol TBC NAc AdV-miR-382 ↓ Intake (22)

Let-7d Cocaine CPP NAc LV-silet7d ↑ CPP (23)

LV-miR-let7d ↓ CPP

miR-124a Cocaine CPP NAc LV-si124 ↑ CPP (23)

LV-miR-124 ↓ CPP

miR-181a Cocaine CPP NAc LV-si181a ↓ CPP (23)

LV-miR-181a ↑ CPP

miR-206 Cocaine CPP NAc AntagomiR-206 ↑ CPP (24)

miR-212 Cocaine SA DS LV-miR212 ↓ Intake (25)

LNA-antimiR-212 ↑ Intake

miR-495 Cocaine SA NAc LV-miR495 ↓ Seeking behavior (26)

Gas5 lncRNA Cocaine CPP NAc AAV-Gas5 or HSV-Gas5 ↓ Intake and CPP (27)

circTmeff-1 Cocaine CPP NAc core AAV-siR-circTmeff-1 ↓ CPP (24)

miR-29c METH OFT NAc AAV-miR-29c ↑ Locomotor activity (28)

AAV-antimiR-29c ↓ Locomotor activity

miR-31-3p METH CPP dHIP AAV-miR-31-3p ↑ CPP (29)

AAV-antimiR-31-3p ↓ CPP

miR-128 METH OFT NAc AAV-miR128 ↑Locomotor activity (30)

AAV-antimiR128 ↓Locomotor activity

miR-9 Oxycodone SA NAc AAV-miR-9 ↑ Intake (31)

miR-132 Morphine SA DG LV-miR-132 ↑ Seeking behavior (32)

circTmeff-1 Morphine CPP NAc core and shell AAV-siR-circTmeff-1 ↓ CPP (33)

AAV- circTmeff-1 No effect on CPP

miR-221 Nicotine EEM mPFC LV-miR-221 ↑ Locomotor activity (34)

BDNF-AS Nicotine SA ILC Anti BDNF-IV-AS ASO ↓ Drug-induced Reinstatement (35)

AdV, adenoviral; AMG, amygdala; DG, dentate gyrus; DS, dorsal striatum; DLS, dorsolateral striatum; dHIP, dorsal hippocampus; EEM, enriched environment model; EPM, elevated plus

maze; HSV, herpes simplex virus; ILC, infralimbic cortex; LV, Lentiviral; LNA, locked nucleic acid; METH, methamphetamine; mPFC, medial prefrontal cortex; OFT, open field test; SA,

self-administering; siR, silencer; TBC, two-bottle choice.
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lncRNAs, and circRNAs, and highlight potential therapeutic

ncRNA targets in SUD.

MicroRNAs

MicroRNAs are a class of small noncoding RNAs with a

highly conserved single-stranded sequence of approximately

22 nucleotides (36). Initially, miRs are transcribed into longer

primary transcripts, called pri-miRs. The pri-miR is then

cleaved by Drosha in the nucleus to produce the precursor

miR (pre-miR) before being processed by Dicer in the cytosol

to yield the mature miR. The mature miR is then loaded into

the RNA-induced silencing complex (RISC) where it

hybridizes to the three prime untranslated region (3′-UTR)

of target mRNAs to mediate translational inhibition, cleavage,

or degradation (36). With the ability to modulate 20%–50% of

protein-coding genes, miRs are considered master regulators

of many cellular activities (37–39). Notably, miRs play

essential roles in brain development and neuroplasticity,

and their dysregulation has been linked to the

pathophysiology of most neuropsychiatric disorders (40–42).

In preclinical and clinical SUD studies, many miRs are

dysregulated in reward-related brain regions following cocaine

(25, 26, 43–48), amphetamine (49–51), methamphetamine

(28–30, 52–57), nicotine (34, 58–63), opioid (31, 32, 64–71),

and alcohol use (19, 20, 22, 72–83). SUD-associated miRs and

their underlying mechanisms have been thoroughly reviewed

elsewhere (14, 84). Of the miRs correlated with drug use, several

have been shown to regulate the expression of known SUD

targets that play important roles in maladaptive

neuroplasticity and drug-seeking behaviors (e.g., BDNF, CREB,

MeCP2, CaMKIIa) (14). In particular, miR-212, miR-132, miR-

181, miR-9, and let-7 may be of interest for clinical targeting as

altered expression of these miRs has been observed across

multiple drugs of abuse in human and animal samples (14).

In addition to miR activity in the brain, miR levels in SUD patient

blood samples have been correlated with drug history and relapse

(23, 85–94). Thus, circulating miRs may be a useful auxiliary

measurement for diagnosis and treatment.

While there have been no clinical trials using miR-

targeting therapeutics in SUD patients, several miRs have

been explored functionally in preclinical SUD models

(Table 1). For example, viral-mediated overexpression of

miR-124a in the dorsolateral striatum enhanced alcohol-

induced conditioned place preference (CPP) and increased

alcohol intake, while silencing its expression attenuated CPP

and alcohol consumption (20). In cocaine CPP experiments,

overexpression of miR-124 and let-7d in the nucleus

accumbens (NAc) attenuated cocaine CPP, whereas miR-

181a overexpression enhanced CPP (95). The opposite

effect on cocaine CPP was observed following knockdown

of miR-124, let-7d, and miR-181a in the NAc. In self-

administration studies, overexpression of miR-212 in the

dorsal striatum attenuated compulsive cocaine intake in

the extended-access self-administration procedure (25).

Consistent with these observations, reduced levels of miR-

212 in the striatum were associated with cocaine intake in

addiction-prone but not addiction-resistant rats (96). In

opioid self-administration experiments, overexpression of

miR-132 in dentate gyrus increased morphine-seeking

behaviors (32), while in a different study, overexpression

of miR-9 in the NAc increased oxycodone intake and

reduced inter-infusion interval (31). Overall, these results

indicate that miRs are important therapeutic targets in SUD.

Long noncoding RNAs

Long noncoding RNAs (lncRNAs) are a diverse class of RNA

molecules that are greater than 200 nucleotides in length and are

generally classified based on their genomic location or function

(e.g., intronic, intergenic, antisense, and enhancer) (97). Many

lncRNAs are expressed in a cell-type and tissue-specific manner

and play important regulatory roles in cells by acting as decoy,

guide, scaffold, and/or signaling molecules (97, 98). For example,

lncRNAs have been shown to mediate gene-specific epigenetic

modifications by recruiting chromatin-modifying complexes to

their targets (99, 100). At the post-transcriptional level, lncRNAs

also fine-tune mRNA splicing, stability, and translation (97). In

the mammalian nervous systems, many lncRNAs are highly

enriched within the brain and play essential roles in the

complex spatio-temporal gene expression mechanisms during

brain development and neuroplasticity (98). Consequently,

altered lncRNA expression is inherent to several brain

diseases, including SUD (10).

One of the first attempts to examine a role for lncRNAs in

SUD was made by analyzing lncRNA expression in the NAc of

post-mortem heroin- and cocaine-using subjects (101). Relative

to drug-free controls, an upregulation of MIAT, NEAT1,

MALAT1, and MEG3 lncRNAs was observed in the NAc of

heroin-using subjects, and MIAT, MALAT1, MEG3, and

EMX2OS upregulation was observed in the NAc of cocaine-

using subjects. These well-studied lncRNAs contribute to various

cellular processes, including GABA neuron neurogenesis,

synapse formation, and cAMP signaling (102–104). In rodent

studies, transcriptional profiling of lncRNAs in the NAc of

methamphetamine-treated mice revealed thousands of

lncRNAs that were altered, mostly downregulated by

methamphetamine (105). Further bioinformatic analysis

revealed that several of these lncRNAs act as potential cis- or

trans-regulators of protein-coding genes involved in reward and
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addiction pathways. In other experiments, lncRNAs, including

H19, Mirg, BC1, Lrap, and Gas5 have also been linked to SUDs

(27, 106–110). Although most SUD-related lncRNA experiments

have been limited to correlational data, Xu et al. recently revealed

a functional role for the lncRNA Gas5 in SUD models (111). In

these studies, cocaine exposure (intraperitoneal injections and

self-administration) reduced Gas5 expression in the NAc, and in

behavioral experiments, viral-mediated overexpression of Gas5

in the NAc attenuated cocaine CPP and self-administration. At

the transcriptomic level,Gas5-regulated gene expression patterns

overlapped significantly with genes altered by cocaine exposure,

an indication thatGas5 regulates cocaine-induced transcriptional

responses.

Natural antisense transcripts (NATs) are a class of lncRNAs

that have also been implicated in SUD (112). NATs are

transcribed from the opposite (antisense) strand of a coding

gene and partially or completely overlap with the body,

promoter, or enhancer region of the coding gene. Many genes

involved in drug-induced neuroplasticity contain NATs (113),

and the expression of multiple NATs such as Bdnf-AS, Homer1-

AS, Traf3ip2-AS1, and Prkcq-AS1 is altered by drugs of abuse (35,

113, 114). Therefore, NAT inhibition could be a particularly

useful approach to increase the expression of SUD-related

protein-coding genes. As a proof of concept, researchers have

found that knockdown of Bdnf-AS in the infralimbic cortex via

antisense oligonucleotides attenuated nicotine self-

administration (115), and in other experiments, siRNA-

mediated silencing of Bdnf-AS attenuated ketamine-induced

neurotoxicity (116). Thus, with their high target specificity

and their emerging roles in drug-seeking behaviors, lncRNAs

are promising therapeutic targets for SUD.

Circular RNAs

Circular RNAs (circRNAs) are single-stranded noncoding

RNA molecules produced from pre-mRNAs by a non-canonical

splicing process called back-splicing, resulting in covalently

closed RNA loops. Approximately 20% of mammalian genes

express circRNAs, and while these ncRNAs are present in various

organs, their enriched expression in the brain makes them an

appealing target for the treatment of neuropsychiatric disorders

(117, 118). circRNAs play important roles as transcriptional,

post-transcriptional, and/or translational regulators through

various mechanisms, most notably as a sponge for miRs

(119). Compared to linear RNAs, circRNAs are highly stable

(120), and thus may also mediate long-term effects in several

disease states.

In several recent papers, a role for circRNAs in SUD has been

explored. For example, RNA-sequencing analysis of post-

mortem human NAc samples identified several circRNA–miR

interactions that were associated with alcohol dependence (121),

and in rodent studies, prenatal alcohol exposure was shown to

alter the expression of brain circRNAs in a sex-specific manner

(122). circRNAs are also dysregulated by opioids (24, 33, 123). In

particular, CircTmeff-1, a sponge of miR-541-5p and miR-6934-

3p, was observed to be functionally important for morphine CPP

(24) and more recently for the reconsolidation of cocaine CPP

(124). In other psychostimulant studies, 90 mouse striatal

circRNAs were differentially expressed following cocaine self-

administration (125), and 41 differentially expressed circRNAs

were discovered in the dorsolateral prefrontal cortex of post-

mortem human subjects with cocaine use disorder (126). Finally,

in methamphetamine-induced neurotoxicity models, numerous

circRNAs were significantly altered following methamphetamine

treatment (127), and knockdown of circHomer1 alleviated

methamphetamine-induced toxicity (128). Together, these

initial experiments indicate an important and emerging role

for circRNAs in drug-induced neuroadaptations.

Categories of ncRNA-targeting drugs

Due to significant improvements in safety, selectivity and

delivery, RNA-based pharmaceuticals have received considerable

attention and 14 RNA-based drugs have received FDA or EMA

approval since 2015. See reference (129) for a comprehensive

review of current FDA-approved RNA therapeutics. In addition

to using nucleic acids to target RNAs, researchers have also

developed small molecules that target RNA transcripts, termed

small molecules interacting with RNA (SMIRNAs) (130). While

the initial strategies to target RNAs focused on coding genes,

many preclinical and clinical studies are now using similar

approaches to target ncRNAs (Figure 1). In this section, we

will briefly review the major categories of ncRNA-targeting drugs

and highlight potential therapeutic opportunities for each

platform in the context of SUD.

Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are small, synthetic

single-stranded nucleic acid molecules that hybridize with the

target RNA to alter splicing or translation via steric block or RNA

degradation (7). The smaller size and stringent binding specificity

give ASOs a therapeutic advantage in CNS-related diseases

compared to other nucleic acid drugs (Table 2). Indeed,

several ASOs that are in clinical trials are being used to treat

CNS-related diseases (131). Also, unlike siRNAs, ASOs are able

to increase target protein expression by promoting alternative

splicing, a strategy that is used clinically for Duchenne muscular

dystrophy and spinal muscular atrophy (132).

Unmodified or naked ASOs display significant

immunogenicity, low stability, and are rapidly cleared from

circulation (133). Thus, chemical modifications are necessary

to improve pharmacokinetics and pharmacodynamics of ASO
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FIGURE 1
Schematic overview of RNA-targeting therapeutics and strategies to improve CNS delivery. Top: Multiple approaches exist for targeting
ncRNAs. For miR replacement, miR mimics are used to imitate endogenous miRs activity, whereas antimiRs, miR masks and sponges inhibit
endogenous miR activity. lncRNAs can be targeted with ASOs and siRNAs, leading to their degradation and silencing. SMIRNAs are small molecules
that directly bind to ncRNAs or interfere with ncRNA-protein interactions. Bottom: Nanoparticles, viral vectors, chemical modifications, and/or
bioconjugations can facilitate stability, cellular uptake, and brain delivery of the ncRNA therapeutics. Novel delivery routes, such as intranasal and
intrathecal administration, may also promote CNS delivery and limit systemic toxicities. Some drug-like SMIRNAs are able to cross the blood-brain
barrier without a delivery system via passive diffusion. Figure created using BioRender.

TABLE 2 Characteristics of RNA-targeting drugs for CNS indications.

Characteristics ASOs siRNAs SMIRNAs

Target Nucleic acid Nucleic acid Nucleic acid or protein

Effect on ncRNA Increase/decrease activity Decrease activity Increase/decrease activity

Duration of effect Days to weeks Days to weeks Hours

Specificity and Strength Specific and potent Specific and potent Specificity and potency vary

Lead optimization Rapid Rapid Slow

Drug-likeness Chemical modifications needed Chemical modifications and/or delivery systems needed Drug-like

Route of Administration Usually intrathecal Usually intrathecal Usually oral

Manufacturing cost High cost but lower than siRNAs High cost Lower cost
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pharmaceuticals (for a comprehensive review see (134)).

Common ASO modifications include substitution of a

phosphorothioate (PS) backbone and sugar moiety

modifications at 2′ position (e.g., 2′-O-methyl, locked nucleic

acid, LNA) (134). Though each type of chemically modified

ASOs has advantages and disadvantages, in general, these

modifications increase safety, stability, and affinity while

reducing the need for delivery systems. However, because

most ASOs and other nucleic acids are unable to cross the

blood-brain barrier, intrathecal or intranasal administration is

typically required to target the CNS (135). Currently, there is at

least one ncRNA-targeting ASO undergoing clinical testing for

Angelman syndrome (NCT05127226) after successful in vitro

and in vivo investigations (136). A few SUD-associated lncRNAs

(e.g., MALAT1, MIAT, and BDNF-AS) have been successfully

targeted using ASOs in other preclinical disease models

(137–141), but additional work is needed to determine if these

or other ncRNA-targeting ASO formulations are effective in SUD

models.

siRNAs

SiRNAs are short double-stranded RNAs that attach to RISC,

unfold, and form Watson-Crick base pairing with the target

RNA, leading to argonaute-induced degradation of the transcript

(129). Like ASOs, chemical modifications to siRNAs have

improved their safety and efficacy (142–144) and currently

5 siRNA-based drugs have received FDA or EMA approval

(Patisiran, Givosiran, Lumasiran, Inclisiran, Vutrisiran).

However, in contrast to some ASOs, siRNA platforms depend

on the intracellular machinery for their effects, which may

restrict the type and number of chemical modifications to the

siRNA. Also, in some instances, siRNAs are not as effective at

targeting nuclear RNAs compared to ASOs (145), and because of

their larger size and negative charge, unmodified siRNAs require

the use of a delivery agent to enter the cell (Table 2). To combat

some of these limitations, researchers have developed siRNA

prodrugs (siRibonucleic neutrals, siRNNs) that disguise the

siRNAs’ negative charge by replacing phosphodiesters with

charge-neutral phosphotriesters (146). These siRNA prodrugs

are able to cross the lipid bilayer, and once in the cell, the

phosphotriester group is cleaved off by thioesterases, allowing for

the knockdown to occur.

While most FDA-approved siRNA drugs target the liver,

there has been a growing interest in using novel siRNA

formulations to treat CNS-related disorders. For example,

Regeneron Pharmaceuticals and Alnylam Pharmaceuticals

recently announced a billion-dollar collaboration to develop

siRNA-based drugs for CNS indications (147). Further

supporting the usefulness of siRNA-based drugs for CNS uses,

recent preclinical experiments identified novel, chemically

modified siRNAs that exhibited safe, potent, and long-lasting

gene silencing in the brain of rodents and nonhuman primates

following intrathecal administration (148). Using systemic or

direct brain injections, siRNA-targeting of ncRNAs has been

achieved in animal models of SUD (124, 149, 150), Parkinson’s

disease (151, 152), Alzheimer’s disease (153–155), epilepsy (156,

157) and stroke (158, 159). Thus, with recent FDA approvals,

multiple ongoing, late-stage clinical tests, and promising

preclinical data, siRNA-based therapeutics appear to have a

promising future, but more testing of siRNA formulations for

CNS indications is needed.

miR replacement/suppression

MiR targeting has been achieved using RNA interference

approaches. For example, miR mimics are modified double-

stranded RNA molecules that imitate endogenous miR activity

and bind to the 3′UTR region of the target mRNAs (37). This

approach leads to a downregulation of the target mRNAs via

translational inhibition. On the other hand, antimiRs, miR

sponges, and miR masking techniques are used to reduce miR

activity. Structurally similar to ASOs, miR inhibitors or antimiRs

prevent an endogenous miRs interaction with its target genes.

These single-stranded molecules are usually modified using

locked nucleic acid, peptide nucleic acids, or cholesterol

(i.e., antagomiR) to improve stability, cellular uptake, and in

vivo delivery (134, 160). To inhibit a family of miRs, miR

sponges, synthetic transcripts that contain various

complementary sequences that recognize the seed sequences

of multiple miRs, have also been employed in preclinical

studies (161–163). Finally, in a technique called miR masking,

ASOs bind to 3′UTR sites on a specific mRNA and prevent its

interaction with a complementary miR (21) (Figure 1).

In preclinical studies, researchers have demonstrated the

effectiveness of antimiRs in animal models of alcohol (19,

164–166), cocaine (25, 124), and opioid (167) use disorders

via intrathecal or direct brain injections. In other disease

models, SUD-relevant miRs (miR-34, miR-145, miR-212) have

been targeted with miR mimics (168–170). Although miR-based

therapeutics have yet to be tested clinically in SUD patients,

several miR mimic and antimiR formulations are being tested in

animals or clinical trials for other diseases (171–175). To move

the field of miR-targeted SUD therapeutics forward, researchers

are encouraged to identify miRs that drive relapse and craving

(rather than acquisition of drug-seeking behaviors) and test

clinically relevant miR-targeted formulations in sophisticated

SUD models.

Small molecules interacting with RNAs

Emerging research indicates that the three-dimensional

structure of RNA, which creates well-defined recognition sites
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and motifs, can be selectively targeted with small molecules

(176). Other than directly binding to specific RNAs (including

ncRNAs), SMIRNAs are also able to indirectly affect the RNA

functions by interfering with RNA biogenesis or RNA-protein

interactions (177–179) (Figure 1). Unlike nucleic acid-based

treatments, many SMIRNAs have low molecular weights

(usually <1 KDa) and may be administered orally (180),

important factors for translational applications (Table 2).

However, the likelihood of discovering a small molecule with

favorable drug-like characteristics depends on the selected RNA

target (181). In other words, the RNA must contain a unique

recognition site with considerable structural complexity,

differentiating it from other RNAs to avoid non-specific

binding and side effects. Also, the abundance of the RNA may

influence the efficacy of SMIRNAs (182), a potential issue when

targeting very low expressing lncRNAs.

Despite the aforementioned challenges, several SMIRNAs

have been identified and validated in preclinical studies

(183–189), and in 2020 Risdiplam (an orally available, non-

antibiotic SMIRNA) received FDA approval for the treatment

of spinal muscular atrophy (190). ncRNAs have also been

successfully targeted with SMIRNAs. For example, two studies

have identified SMIRNAs for MALAT1 (191, 192), a lncRNA

that is altered in the brain of heroin and cocaine users and in rats

treated with morphine (101, 193). In other studies, a first-in-

class, clinical-stage quinolone compound, ABX464, was found to

increase the expression of miR-124, a target that has been well-

studied in SUD models (194). This molecule has passed phase I

dose safety trial and phase IIa clinical studies, and although

ABX464 has beenmainly studied in HIV andUlcerative Colitis, it

could also be used to upregulate miR-124 expression in the brain

to reduce drug-induced neurobehavioral adaptations (194). NP-

C86 is another SMIRNA that stabilizes the lncRNA Gas5 (195), a

lncRNA that has been associated to cocaine-seeking behaviors

(111). Finally, the let-7 family, miRs with a known link to SUD,

are suppressed by RNA-binding proteins called LIN28. Recently,

Wang et al. successfully identified six small molecule disruptors

of LIN28 and subsequently let-7 suppression (179). Together,

these studies indicate that targeting ncRNAs with SMIRNAs is a

feasible approach and may have potential utility in SUD.

Delivery systems for ncRNA
therapeutics

Despite several advances, treating CNS diseases with nucleic

acids-based platforms remains a major challenge due to the

blood-brain barrier. Comprised of tight junctions between

brain capillary endothelial cells, the blood-brain barrier

prevents large molecule therapeutics from entering the brain

parenchyma. To circumvent this issue, researchers have

developed several RNA delivery systems that are capable of

entering the brain via intravenous, intrathecal, or intranasal

routes of administration (131, 196–200). Viral vectors and

nanoparticle carrier systems are some of the most promising

strategies for delivering ncRNA therapeutics to the brain and are

discussed below.

Viral vectors

In preclinical studies, viral vectors are widely used to transfer

nucleic acids to brain cells with high efficiency (201). The most

commonly used viral vectors for delivering nucleic acids are

adenovirus, adeno-associated virus (AAV), and lentivirus vectors

(202–204). In neuroscience research, AAVs are especially

popular as different serotypes allow for transduction of

distinct brain cells (205) and projection-specific pathways

(206). Another advantage of viral vectors is the ability to

target disease-related brain cells, using cell type-specific

promoters (207, 208). However, the vast majority of SUD-

related studies that have used viral vectors to manipulate

ncRNAs have done so by direct brain injections, an approach

that may have limited clinical utility. More recently, researchers

have developed viral vectors that are capable of targeting the

brain via more feasible routes of administration. For example,

intrathecal injection of an AAV that expresses an artificial miR

resulted in robust gene silencing with no observed side effects in

nonhuman primates (209). Using the same approach, a case

study in ALS patients also generated promising results (210). In

animal models of Huntington’s disease, intravenous injection of a

novel AAV encoding an artificial miR that targets the huntingtin

(HTT) gene yielded extensive knockdown of HTT across

multiple brain regions with the highest transduction observed

in the striatum (199). Several other studies have also explored

viral-mediated CNS delivery of ncRNAs via intrathecal or

intravenous routes of administration (211–215) and multiple

clinical trials using AAVs in Parkinson’s disease, Alzheimer’s

disease, Batten disease, and Canavan disease patients have been

conducted or in progress (216). In summary, nonpathogenic viral

vectors offer a powerful option for ncRNA-targeted brain

delivery and should be further pursued in SUD patients.

Nanoparticles

Nanoparticle-mediated delivery of ncRNA therapeutics is a

promising approach for the treatment of SUD (217).

Nanoparticles have several appealing properties including,

tunable release rate, biocompatibility, limited toxicity, brain

penetrating capabilities, and adjustable surface modifications

for cell type-specific delivery (218). Many different classes of

nanocarriers have been successfully tested in CNS disease

models, including polymeric, inorganic, exosome, and lipid-

based nanoparticles (219–229), and as an indication of their

safety and efficacy across multiple disease states, several
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nanoparticle formulations have received FDA approval,

including the recent approvals of the Pfizer-BioNTech and

Moderna COVID-19 vaccines (both use lipid nanoparticles for

mRNA delivery) and the siRNA drug Patisiran (230).

Although nanoparticle-mediated brain delivery via systemic

administration remains an ongoing challenge, miR mimic and

antimiR encapsulated nanoparticles have successfully targeted

the brain in multiple CNS disease models following systemic

administration (231–233). For example, intranasal delivery of

extracellular vesicles loaded with miR-124 to cocaine-treated

mice resulted in successful brain uptake and abrogation of

inflammatory markers (234). A more recent strategy for the

delivery of nucleic acids to the brain is to add surface

modifications to the nanoparticles that facilitate transport

across the blood-brain barrier. For example, using sugar-

coated polymeric nanoparticles that bind a major glucose

transporter in the brain called GLUT-1, researchers

successfully targeted coding and noncoding transcripts in the

brain following intravenous administration (225, 235). In other

studies, exosomes with a transferrin binding ligand attached to

the surface effectively delivered antimiRs into the rat brain after

an intravenous injection. Systemic delivery of nucleic acid

payloads to the brain has also been accomplished using rabies

virus glycoprotein (RVG) exosomes and liposomes (236–238),

transferrin-targeted cyclodextrins (239), angiopep-2-targeted

lipid- and polymer-based nanoparticles (240, 241), and

calcium phosphate lipid nanoparticles (242). Thus, as the

number of nanoformulations capable of delivering nucleic

acids to the brain continues to improve, ncRNA nanocarrier

systems warrant further research in SUD models.

Ongoing challenges and outlook

The lipid bilayer is a billion-year-old barrier that prevents

large, charged molecules like RNAs from entering the cell. In

addition to this barrier, there are other formidable obstacles that

protect cells from RNAs including, RNases, the innate immune

system, and for neurons, the blood-brain barrier (243). Despite

these natural defenses, decades of basic science and clinical

research have recently led to multiple FDA-approved nucleic

acid-based therapeutics for various indications (244). However, it

is clear that we are still in the early days of ncRNA therapeutic

development, particularly for SUD, and several issues need to be

addressed to move the field forward. First, most preclinical and

all clinical experiments exploring ncRNAs in SUD are

correlational studies. Additional functional studies that target

conserved ncRNAs in sophisticated SUDmodels will be essential

to identify the ncRNA targets with the highest translational

potential. Also, as low-quality sequence data have incorrectly

annotated some ncRNAs (245, 246), SUD-associated ncRNAs

should be thoroughly characterized and validated as true

ncRNAs before being pursued therapeutically. To facilitate

therapeutic developoment, multiple bioinformatic tools have

been created to predict ncRNA targets and assist with

characterization and safety (245, 247). Second, rather than

studying the ncRNAs involved in the acquisition of drug-

seeking, researchers should focus on ncRNA mechanisms that

drive drug craving, relapse, and withdrawal, as such targets are

likely more relevant to promote abstinence and recovery in

humans. Also, as different cells and circuits may exert

contrasting effects in the context of SUD, additional cell-type

specific studies are needed to identify the most promising ncRNA

targets. Third, instead of injecting RNA-based therapeutics

directly into the brain in preclinical models, researchers are

encouraged to test clinically relevant routes of administration

for ncRNA treatments. For example, multiple studies have

demonstrated the promise of intranasal administration as a

way to bypass the blood-brain barrier (196, 197, 231,

248–253). Intrathecal injections of modified ASOs and

siRNAs and nanoparticle-containing nucleic acids have also

achieved high brain uptake in preclinical and clinical studies

(131, 200, 254) and should also be employed in SUD

experiments. Finally, using nucleic acids, nanoparticles, and/or

AAVs that contain ligands or surface modifications to promote

brain and/or cell type-specific delivery is an approach to enhance

CNS uptake and avoid potential side effects (7, 217, 247,

255–257). N-acetylgalactosamine (GalNac), a biomolecule

conjugate that promotes liver-specific uptake of RNA-targeted

therapeutics, is a prime example of how such modifications can

facilitate tissue-specific uptake. Additional research is needed to

determine whether similar opportunities exist to enhance CNS-

specific delivery.

An additional strategy to move the field forward is to

repurpose or test clinical-stage nucleic acid-based therapeutics

that may also have relevance to SUD. For example, several

companies have developed miR mimics or antimiR that target

miRs linked to SUD (28, 53, 64, 73, 74, 82, 83, 258–260). Also,

SMIRNA databases (e.g., R-BIND, infoRNA) (261, 262) could be

used to identify compounds that target SUD-relevant ncRNAs,

an appealing translational approach as small molecules typically

have a better physicochemical profile compared to nucleic acids.

These databases also consist of clinically tested small molecules,

providing drug repurposing opportunities for rapid translational

applications. Additionally, the abused substance itself may create

opportunities for nucleic acid-based treatments. For example, the

disrupted blood-brain barrier caused by chronic

methamphetamine use (263) may allow for RNA-based drug

delivery via less invasive routes of administration, a hypothesis

that merits further exploration.

Although many promising opportunities are listed above,

multiple clinical trials using RNA-based treatments have been

withdrawn due to severe side effects or limited efficacy (18, 247,

264). These failures may serve as lessons learned for future SUD

therapeutics. For instance, in preclinical studies, MRX34, a

liposome-delivered miR-34a mimic for treatment of solid
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tumors, showed favorable efficacy and safety profile (265, 266).

However, when injected systemically in humans, MRX34

induced severe immune-related side effects and death in

some patients causing the clinical trial to be terminated

(264). MRX34 was designed to target the low-pH

environment in tumors, but preclinical studies indicated

that it also accumulates in the bone marrow and other

organs, potentially impacting immune cell activity (267).

This incident highlights the need for a thorough risk

assessment of all organ systems following systemic

administration of RNA therapeutics. In another example,

oblimersen, a phosphothiorate-modified ASO targeting

BCL2 mRNA, showed promise in preclinical experiments

but lacked efficacy in multiple clinical trials (268, 269).

Further analyses revealed that several off-target effects of

oblimersen were related to the phosphothiorate

modification, as these off-target effects were not observed

with the same ASO that lacked this modification (270–272).

On a related note, the RNA payload may also alter the

efficacy of the delivery vehicle. For example, nanoparticle

tropism has been shown to change based on the type of cargo

(273). Thus, going forward, each RNA modification along

with the delivery vehicle should be carefully assessed for

efficacy and safety before moving to human subjects.

Dosing is another major issue that needs to be addressed in

ncRNA-targeting therapeutics, as many ncRNA studies have

used supraphysiological concentrations that may lead to

unpredictable side effects (247, 274). For example, high doses

of miR mimics can cause off-target effects by saturating RISC,

potentially blocking the activity of unrelated miRs and triggering

a cascade of side effects. As a prerequisite for clinical studies,

future experiments should establish dose-dependent on- and off-

target effects of the ncRNA therapeutic in both control and

pathological conditions. To address dose-dependent toxicities,

metronomic ncRNA therapy is an approach used in cancer in

which frequent low doses of the ncRNA therapy are administered

(usually in combination with conventional treatments) to avoid

excessive toxicity or immunogenicity (275). Similar strategies

could also be investigated for efficacy and safety in SUD studies.

Finally, the exorbitant price of RNA-based therapeutics is a

continuing issue that needs to be addressed, particularly for

SUD patients that may lack sufficient means to purchase these

costly drugs. Ongoing efforts to address these concerns will open

the door for ncRNA SUD therapeutics.
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Hippocampal ceRNA networks
from chronic intermittent
ethanol vapor-exposed male
mice and functional analysis of
top-ranked lncRNA genes for
ethanol drinking phenotypes
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The molecular mechanisms regulating the development and progression of

alcohol use disorder (AUD) are largely unknown. While noncoding RNAs have

previously been implicated as playing key roles in AUD, long-noncoding RNA

(lncRNA) remains understudied in relation to AUD. In this study, we first

identified ethanol-responsive lncRNAs in the mouse hippocampus that are

transcriptional network hub genes. Microarray analysis of lncRNA, miRNA,

circular RNA, and protein coding gene expression in the hippocampus from

chronic intermittent ethanol vapor- or air- (control) exposed mice was used to

identify ethanol-responsive competing endogenous RNA (ceRNA) networks.

Highly interconnected lncRNAs (genes that had the strongest overall

correlation to all other dysregulated genes identified) were ranked. The top

four lncRNAs were novel, previously uncharacterized genes named Gm42575,

4930413E15Rik, Gm15767, and Gm33447, hereafter referred to as Pitt1, Pitt2,

Pitt3, and Pitt4, respectively. We subsequently tested the hypothesis that

CRISPR/Cas9 mutagenesis of the putative promoter and first exon of these

lncRNAs in C57BL/6J mice would alter ethanol drinking behavior. The Drinking

in the Dark (DID) assay was used to examine binge-like drinking behavior, and

the Every-Other-Day Two-Bottle Choice (EOD-2BC) assay was used to

examine intermittent ethanol consumption and preference. No significant

differences between control and mutant mice were observed in the DID

assay. Female-specific reductions in ethanol consumption were observed in

the EOD-2BC assay for Pitt1, Pitt3, and Pitt4mutantmice compared to controls.

Male-specific alterations in ethanol preference were observed for Pitt1 and

Pitt2. Female-specific increases in ethanol preference were observed for

Pitt3 and Pitt4. Total fluid consumption was reduced in Pitt1 and

Pitt2 mutants at 15% v/v ethanol and in Pitt3 and Pitt4 at 20% v/v ethanol in

females only. We conclude that all lncRNAs targeted altered ethanol drinking
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behavior, and that lncRNAs Pitt1, Pitt3, and Pitt4 influenced ethanol

consumption in a sex-specific manner. Further research is necessary to

elucidate the biological mechanisms for these effects. These findings add to

the literature implicating noncoding RNAs in AUD and suggest lncRNAs also

play an important regulatory role in the disease.

KEYWORDS

alcohol use disorder, ethanol consumption, CRISPR/Cas9, long-noncoding RNA,
transcriptome, knockout, mutagenesis, epigenetics

Introduction

Alcohol use disorder (AUD) is a chronic and debilitating

neurological disorder that has extensive global, social, and

economic burdens. In the United States AUD is one of the

leading risk factors for premature death and disability (1) and

has an annual estimated socioeconomic cost of ~$250 billion (2).

Many consequences of chronic alcohol misuse are attributed to

alcohol’s effect on the brain (3, 4), and alcohol acts in part by

altering neural gene expression (4–8). Deciphering alcohol’s

impact on gene expression within discrete brain regions and

subsequent downstream effects offers an opportunity to identify

novel pharmacological targets that could prevent sustained

alcohol-induced alterations from occurring in humans.

The hippocampus is an important ethanol-sensitive brain

region involved in the transition to AUD (9–11). The

hippocampus is susceptible to the detrimental impacts of

excessive alcohol exposure (12–14), and binge-like ethanol

consumption has been shown to significantly impact

neuroimmune functions within the hippocampus in mice (15).

Neuroimmune, transcriptional, and epigenetic cell signaling

changes are shown to underly the loss of hippocampal

neurogenesis (15, 17–20) and plasticity (9, 19, 21) following

both exposure to ethanol and other drugs of abuse (17, 19, 22,

23). This supports the concept that hippocampal

neuroadaptations are critical targets to understand ethanol

withdrawal and consumption.

The noncoding RNA (ncRNA) transcriptome acts as

epigenetic regulators controlling cellular homeostasis (24).

Evidence supports important roles for ncRNA in the

progression of AUD (7, 8, 25–27). Functional studies targeting

specific RNAs in animal models for AUD have shown that the

ethanol-responsive RNA transcriptome is involved in ethanol

consumption, withdrawal, and the progression of addiction.

Transcriptome data gathered from both humans and animals

chronically exposed to ethanol has revealed mass dysregulation

of multiple RNA subtypes in the brain (7, 8), such as mRNAs and

their coded proteins (28–34), miRNAs (7, 35–39), circular RNAs

(circRNA) (40), and long noncoding RNAs (lncRNAs) (4,

41–43). LncRNAs are an abundant and diverse subclass of

ncRNAs defined as transcripts exceeding 200 nucleotides (nts)

that do not encode protein (7, 44). There are over

100,000 different lncRNA transcripts (45–49), with many

showing brain-specific expression (50). LncRNAs are known

for their roles in epigenetic regulation (44, 50–53), such as

impacting chromatin modifications, RNA processing events,

modulation of miRNAs, gene silencing, regulation of

neighboring genes, synaptic plasticity (44) and molecular

networks by acting and interacting as central hubs (8, 54).

Those that have been studied largely function by regulating

gene expression through cis- and trans-mechanisms (55, 56).

LncRNA expression can be developmentally regulated, can show

tissue- and cell-type specific expression, and can be involved in

numerous cellular pathways critical to normal development and

physiology (50–53, 57–59). The dysregulation of lncRNAs has

been linked to the pathophysiology of several disease states (7, 8,

41, 44, 53, 60–66) including AUD (41, 67, 68), drug addiction (63,

69–71), psychiatric disorders (72, 73), and stress responses (74,

75). Identifying and directly testing lncRNAs that regulate

ethanol consumption and related behaviors is important to

fully understand the initiation and progression of AUD. Here,

we hypothesize that specific ethanol-responsive lncRNAs are

critical hubs of molecular networks that act as key

determinants of ethanol consumption. Targeting specific

ethanol-responsive lncRNAs for genetic modulation that have

strong correlations to other ethanol-responsive RNAs may help

discern transcriptomic network alterations that can impact

ethanol drinking phenotypes.

To shed light on how ncRNAs interact with each other in

vivo, competing endogenous RNA (ceRNA) networks can be

bioinformatically generated from transcriptome data sets

(76–81). LncRNA, circRNA, and miRNA are all known as

ncRNA epigenetic regulators, which work in concert to

coordinate mRNA expression, protein levels, and homeostasis

via such functions as transcription factors, molecular sponges,

scaffolds, decoys, and guides (for reviews, see: (7,24, 44, 51, 53,

54, 63). These networks provide insight into discrete clusters of

RNAs that interact and/or compete with each other to maintain

the network’s function (76–81). These correlated RNAs can then

be intertwined and linked together computationally to either

increase or decrease the rank of hub genes based on their relative

interconnectivity with other genes. Generating ethanol-

responsive ceRNA networks from four prominent RNA

subtypes, lncRNA, mRNA, circRNA, and miRNA, allowed for

novel networks and hub genes to be identified in the present

study. A list of top-ranked putative hub ethanol-responsive

Advances in Drug and Alcohol Research Published by Frontiers02

Plasil et al. 10.3389/adar.2022.10831

19

https://doi.org/10.3389/adar.2022.10831


lncRNAs was generated and genes were prioritized for functional

interrogation via CRISPR/Cas9 mutagenesis.

The acquisition of transcriptome data has greatly outpaced

our capacity to functionally study genes in vivo that are

hypothesized to contribute to AUD (82). To circumvent this

bottleneck, we recently developed an accelerated CRISPR/

Cas9 approach to create a cohort of functional KnockOut

(KO) animals in a single generation (83). Here we applied this

CRISPR Turbo Accelerated KO (CRISPy TAKO) methodology

to test the hypothesis that mutation of ethanol-responsive

lncRNAs identified from hippocampal ceRNA network

analyses impact ethanol drinking behavior. We tested the top

four lncRNAs that were identified as potential hubs for ethanol-

responsive networks via ceRNA analysis. We generated four

CRISPy TAKO mouse lines targeting the top four lncRNA

candidates identified: Gm42575, 4930413E15Rik, Gm15767,

and Gm33447, hereafter referred to as Pitt1, Pitt2, Pitt3, and

Pitt4, respectively. All gene-targeted cohorts were tested for

binge-like drinking behavior and intermittent ethanol

consumption and preference.

Materials and methods

Animals

All experiments were approved by the Institutional

Animal Care and Use Committee of the University of

Pittsburgh and conducted in accordance with the National

Institutes of Health Guidelines for the Care and Use of

Laboratory Animals. C57BL/6J male and female mice used

for chronic intermittent ethanol vapor (CIEV) exposure,

generation of embryos for electroporation, and purchased

control groups were procured from The Jackson Laboratory

(Bar Harbor, ME). CD-1 recipient females and vasectomized

males were procured from Charles River Laboratories, Inc.

(Wilmington, MA). Mice were housed in individually

ventilated caging under specific pathogen-free conditions

with 12-h light/dark cycles (lights on at 7 AM) and had ad

libitum access to food (irradiated 5P76 ProLab

IsoProRMH3000; LabDiet, St. Louis, MO) and water.

Chronic intermittent ethanol vapor
exposure

Male mice were exposed to a 16-h CIEV or room-air

paradigm as previously reported (84) (n = 5–6/treatment).

Briefly, mice were given a priming intraperitoneal injection of

either 1.5 g/kg ethanol (Decon Labs, Inc., #2716GEA) and

68 mg/kg pyrazole (Sigma-Aldrich, P56607-5G) or saline and

68 mg/kg pyrazole, then immediately subjected to vaporized

ethanol or room air (respectively) for 16 h/day, 4 days/week,

for 7 weeks. Hippocampal tissue was harvested 24 h following the

final vapor exposure.

Total RNA isolation and microarray
profiling

Left hippocampi were homogenized in 1 ml TRIzol reagent

(Invitrogen, #15596018) and sent to Arraystar Inc. (Rockville,

MD) for transcriptome analysis. For circRNA analysis, Arraystar

Inc. isolated total RNA, digested with RNase R (Epicentre, Inc.),

fluorescently labeled (Arraystar Super RNA Labeling Kit), and

subsequently hybridized to Arraystar Mouse circRNA Array V2

(8 × 15K). For lncRNA and mRNA analysis, Arraystar Inc.

isolated rRNA depleted RNA (mRNA-ONLY™ Eukaryotic

mRNA Isolation Kit, Epicentre) from total RNA. rRNA

depleted RNA was amplified, fluorescently labeled (Arraystar

Flash RNA Labeling Kit), and hybridized to Agilent Arrays

(Mouse LncRNA Array v3.0, 8 × 60K). An Agilent Scanner

G2505C was used to scan the arrays. The University of Pittsburgh

Genomics Sequencing Core used Applied Biosystems GeneChip

miRNA 4.0 Arrays to measure changes in abundance of miRNAs

from the total RNA samples isolated from the hippocampal

tissue. The median intensity expression values were log2
transformed and quantile normalized across samples.

Differential expression were determined using linear models

for microarray data (limma) (85) with nominal p-value less

than or equal to 0.05 as statistically significant. Weighted gene

co-expression network (WGCNA) was used to determine all

pairwise correlation among RNAs (i.e., lncRNA, mRNA,

circRNA, miRNA) across samples. An unsigned network was

constructed using minimum module size of 100, a cut height of

0.99, and a power of 6 to approximate a scale-free topology. The

expression of unassigned RNAs were labeled as gray. The total

connectivity of individual probes was determined from the

pairwise adjacency matrix for an unsigned network.

gRNA design

Guide RNAs (gRNAs) were generated using a commercially

available two-piece system termed ALT-R™ CRISPR/

Cas9 Genome Editing System (IDT DNA, Coralville, IA). This

system combines a custom CRISPR RNA (crRNA) for genomic

specificity with an invariant trans-activating RNA (tracrRNA) to

produce gRNAs (86). crRNAs were designed using the

computational program CCTop/CRISPRator (87, 88), which

gauges candidate gRNAs for efficiency and specificity. Each

crRNA was annealed separately with tracrRNA in a 1:2 M

ratio then combined into a single solution for each gene.

Four gRNAs were used to target each of the ethanol-

responsive lncRNA genes Pitt1, Pitt3, and Pitt4 and six

gRNAs for Pitt2 (see Supplementary Table S1 for gRNA target
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sequences). These specifically designed gRNAs bind within a 598,

796, 341, or 372 base pairs (bp) target region that includes the

putative promoter and first exon of Pitt1-Pitt4, respectively. We

followed the annotations available at the time on the Ensembl

Genome Browser (GRCm38/mm10).

CRISPR/Cas9 mutagenesis

Female C57BL/6J mice were superovulated with 0.1 ml of

CARD HyperOva (CosmoBio, #KYD-010) between 10 and

11 AM, followed by 100 IU of human chorionic gonadotropin

(Sigma, #CG10) 46–48 h later. Donor females were caged

overnight with C57BL/6J males starting 4–6 h post-

gonadotropin injection and allowed to mate. Embryos were

harvested from oviducts between 9 and 10 AM the following

morning, cumulus cells were removed using hyaluronidase, and

embryos were cultured under 5% CO2 in KSOM medium

(Cytospring, #K0101) for 1–2 h. Embryos were electroporated

in 5 µL total volume of Opti-MEM medium (ThermoFisher,

#31985088) containing 100 ng/μL of each gRNA cocktail and

200 ng/μL Alt-R® S.p. HiFi Cas9 Nuclease V3 protein (IDT,

#1081060) with a Bio-Rad Gene-Pulser Xcell in a 1 mm-gap

slide electrode (Protech International, #501P1-10) using square-

wave pulses (five repeats of 3 msec 25V pulses with 100 msec

interpulse intervals). Electroporated embryos were placed back

into culture under 5% CO2 in KSOM. For in vitro validation of

Pitt1-Pitt4 gRNAs, embryos were cultured for 3 days until the

morulea/blastocyst stage and subsequently analyzed for

mutations. For in vivo cohort generation, one- or two-cell

embryos were surgically implanted into the oviducts of plug-

positive CD-1 recipients (20–40 embryos per recipient) that had

been mated to vasectomized males the previous night.

Genotyping

DNA was amplified from individual Pitt1-Pitt4 gRNA-

electroporated embryos using a Qiagen Repli-G kit (Qiagen,

#150025). DNA was isolated from ear snips of Pitt1-Pitt4

TAKO offspring using Quick Extract (Lucigen, #QE09050).

DNAs were genotyped by PCR under the following settings:

95°C for 5 min (1x); 95°C for 30 s, 60°C for 30 s, 72°C for 1 min

(40x); 72°C for 10 min (1x). Primers for PCR amplification of

Pitt1-Pitt4 are listed in Supplementary Table S1. PCR amplicons

of Pitt1-Pitt4 [Wild-type (WT): 929, 963, 581 and 583 bp,

respectively] were analyzed by agarose gel electrophoresis.

RNA preparation

Hippocampal brain tissue from Pitt1-Pitt4 mice was used for

RT-PCR analysis. All mice were 16–20 weeks of age at time of

euthanasia. Total RNA was isolated using TRIzol (Invitrogen,

#15596018) according to the manufacturer’s protocol, and DNA

contamination was removed with a TURBO DNA-free™ Kit

(Invitrogen, #AM1907). Total RNA was analyzed for purity and

concentration using a Nanodrop Spectrophotometer (Thermo

Scientific, Waltham, MA). One microgram of purified RNA was

converted into cDNA using Superscript™ III First-Strand

Synthesis System (Invitrogen, #18080051) with random

hexamer primers. RT-PCR primers were used that span both

the mutation site as well as the downstream probe-binding

exonic region for Pitt1-Pitt4 (Supplementary Table S1). A

reaction that lacked reverse transcriptase was used as a

negative control for each sample tested.

Behavioral testing

All mice were moved into a reverse light-cycle housing/

testing room (lights off at 10 AM) at 5 weeks of age and

allowed to acclimate for 2–3 weeks before the start of

experiments. Mice were weighed weekly during behavioral

experimentation. Ethanol-drinking experiments were

performed in the housing room. Mice were singly-housed for

all behavioral studies. Mice were sequentially tested on DID and

EOD-2BC, with a minimum of 7 days between assays.

Pitt1 and Pitt2 were studied together with a purchased

control group (controlled for age, sex, and strain) previously

shown to be comparable to mock-treatment controls (83).

Similarly, Pitt3 and Pitt4 were studied together with a

separate purchased control group.

One-bottle drinking in the dark

Mice were given access to ethanol (20% v/v) in 15 ml

drinking bottles with 3.5-inch sipper tubes (Amuza, San

Diego) 2 h into the dark-cycle for 2 consecutive days. Fresh

ethanol solution was prepared daily. The first day’s training

session lasted for 2 h. The second day’s experimental session

lasted 4 h. The amount of ethanol consumed by each mouse was

recorded. Empty cages with sipper bottles only were used to

control for sipper tube leakage, and leakage amount was

subtracted from amount of ethanol consumed by the mice.

Immediately following the experimental session, blood

samples were collected from tail nicks and the plasma

isolated. An Analox analyzer was used to measure the blood

ethanol concentrations (BECs) of each mouse (mg/dL; 5 μL).

The Pitt1/Pitt2/control cohorts were assayed based on

genotype and not sex (i.e., the Pitt1 TAKOs were assayed

separately from the Pitt2 TAKOs). The Pitt3/Pitt4/control

cohorts were assayed based on sex and not genotype (i.e., the

male Pitt3 and Pitt4 TAKOs were assayed separately from the

female Pitt3 and Pitt4 TAKOs).
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Every-other-day two-bottle choice
drinking

Mice were given access to ethanol (v/v; ramping every-other-

day from 3%, 6%, 9%, 12% until 15% was reached then

maintained for a total of 12 days at 15%) and water for 24-h

sessions every other day. If a 20% difference from controls in

ethanol consumption was not observed at 15% ethanol, then the

concentration was increased to 20% v/v and the experiment

extended an additional 12 days. Water alone was offered on off

days. The side placement of the ethanol bottles was switched with

each drinking session to avoid side preference. Bottles were

weighed before placement and after removal from the

experimental cages. Empty cages with sipper bottles only were

used to control for fluid leakage, and leakage amount was

subtracted from the amount consumed by the mice. The

quantity of ethanol consumed, and total fluid intake was

calculated as g/kg body weight per 24 h. Preference was

calculated as amount ethanol consumed divided by total fluid

consumed per 24 h. Ethanol drinking results were transformed to

reflect the percent change in ethanol consumption compared to

control. Ethanol solutions were prepared fresh daily.

Preference for non-ethanol tastants

When a significant difference in ethanol consumption was

observed between genotypes, mice were subsequently tested for

saccharin (sweet tastant; Sigma-Aldrich, 240931) and quinine

(bitter tastant; Sigma-Aldrich, 145912) preference using a 24-h

Two-Bottle Choice (2BC) paradigm. One sipper bottle contained

the tastant solution and the other contained water. Mice were

offered two concentrations of saccharin (0.03% and 0.06%) and

quinine (0.03 and 0.06 mM). For each tastant, the lower

concentration was presented first followed by the higher

concentration. Each concentration was presented for 2 days

(4 days total) with at least 7 days of water-only between

tastants. Empty cages with sipper bottles only were used to

control for leakage, and leakage amount was subtracted from

the amount consumed by the mice. Fresh tastant solution was

prepared daily.

Statistical analysis

Statistical analysis was performed using GraphPad Prism

(GraphPad Software, Inc., La Jolla, CA). Two-way ANOVA with

multiple comparisons was used for Pitt1, Pitt2, and control DID

and BEC data, and one-way ANOVA with multiple comparisons

was used for Pitt3, Pitt4, and control DID and BEC data. Two-

way mixed-effects ANOVA with multiple comparisons and

repeated measures was used for Pitt1, Pitt2, and control

weight over time, and two-way ANOVA with multiple

comparisons and repeated measures was used for EOD-2BC

data and Pitt3, Pitt4, and control weight over time. Significant

main effects were subsequently analyzed with Benjamini, Krieger,

and Yekutieli two-stage linear step up procedure post-hoc

analysis (89). Technical failures were appropriately removed

from analysis.

Because of well-known sex differences of C57BL/6J on

ethanol consumption in the DID and EOD-2BC assays

(90–93), male and female mice were tested on separate days

(except for Pitt1/Pitt2/control DID and BEC), and each sex was

analyzed separately. Statistical significance was defined as p ≤
0.05 and q ≤ 0.05. All data are presented as mean ± S.E.M.

Results

Perturbation of the transcriptome
following CIEV exposure

Hippocampi were dissected from male mice chronically

exposed to ethanol vapor (CIEV) or room air control for

16 h/day, 4 days/week, for 7 weeks, 24 h after the final vapor

exposure. The first 24 h of withdrawal from alcohol is a critical

window of time associated with relapse, which can be highly

detrimental to the long-term goal of reduced drinking (16). This

hippocampal tissue originated from the sires previously

described in (84) wherein males maintained BECs ranging

from 100 to 250 mg/dl throughout the experiment. Total RNA

was isolated from hippocampi for transcriptome analysis to

identify biological systems affected by chronic ethanol

exposure (Figure 1). We detected a total of 18,283 mRNA

probes, 27,177 lncRNA probes, 14,182 circRNA probes, and

23,386 miRNA probes on the microarray. To identify RNAs

differentially expressed due to CIEV, our analysis separately

examined statistically significant changes (p < 0.05) in

expression for mRNA, lncRNA, circRNA, and miRNA.

Among these four classes of RNAs we found that lncRNAs

showed the largest number of changes in expression due to

chronic ethanol exposure (n = 1,923 up-regulated, n =

2,694 down-regulated). This was followed by mRNA (n =

1,948 up-regulated, n = 2,121 down-regulated), circRNA (n =

750 up-regulated, n = 729 down-regulated), and miRNA (n =

481 up-regulated, n = 723 down-regulated) (Figure 2). This data

may suggest that a large number of different RNA within the

hippocampus are susceptible to chronic ethanol exposure;

however, each of these RNA biotypes do not exist in isolation

and must work in concert for homeostatic function of cellular

systems.

The expression of different RNA subtypes creates tightly

coordinated ceRNA networks to mediate the biological function

of molecular circuits (76–81) (Figure 1). We used WGCNA to

determine the pairwise correlation of RNA expression across

samples and assess the total connectivity of lncRNA, mRNA,
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circRNA, and miRNA. Due to the known biological roles in the

regulation of gene expression and their perturbation by chronic

ethanol exposure, our analysis focused on identifying ethanol-

responsive lncRNAs for in vivo characterization. Our unbiased

transcriptome analysis determined that there were multiple

ethanol-responsive lncRNAs that are present in the GRCm38/

mm10 mouse genome assembly but have yet to be

characterized for molecular or behavioral function. To

determine suitable lncRNAs for follow-up in vivo studies,

we used a summed rank of lncRNAs based on their

statistical significance (p < 0.05), fold-change in up-

regulation of expression, overall level of expression to focus

on the most abundant lncRNAs, and lncRNAs with the

highest total connectivity within the correlation networks

to concentrate on hubs of coordinatedly regulated RNA

expression. Additionally, lncRNAs were screened for the

capacity to easily create CRISPy TAKO mice by identifying

candidates within intergenic regions that did not overlap any

other known genes or regulatory regions in the GRCm38/

mm10 mouse genome. Based on this selection criteria the top

4 candidate lncRNA selected for testing were Gm42575,

4930413E15Rik, Gm15767, and Gm33447 (Table 1).

CRISPy TAKOs–Pitt1 and Pitt2

CRISPR/Cas9-mediated mutagenesis
To enhance CRISPR mutagenesis frequency as previously

described (83), all lncRNA genes were targeted simultaneously

with 4–6 gRNAs tiled 50–200 bp apart from each other, spanning

the putative promoter and first exon of each gene. Four gRNAs

were designed to span a 598 bp range within the Pitt1 gene

(Figure 3A). Six gRNAs were designed to span a 796 bp range

within the Pitt2 gene (Figure 3D).

Pitt1 and Pitt2 gRNAs were validated for efficient

mutagenesis by analyzing in vitro cultured embryos following

electroporation. Agarose gel electrophoresis of PCR amplicons

that span the targeted locus of Pitt1 and Pitt2 indicated that 100%

of embryos harbored indels of various sizes (Supplementary

Figures S1A,B, respectively).

FIGURE 1
Schematic diagram detailing the experimental pipeline utilized to generate the list of top novel ethanol-responsive hub lncRNA candidates to
target for ethanol-related functional interrogation. Malemicewere given a priming injection of either ethanol and pyrazole or saline and pyrazole and
placed in either an ethanol- or room-air vapor champers for 16 h/day, 4 days/week, for 7 weeks, respectively. Hippocampi were dissected 24 h after
the final vapor exposure and then subject to mRNA, lncRNA, circRNA, and miRNA microarray analysis. These data sets were then used to
generate ceRNA networks of ethanol-responsive RNA genes.
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A cohort of 35 Pitt1 offspring and 42 Pitt2 offspring, all on

the C57BL/6J genetic background, were generated using the

CRISPy TAKO approach. All mice born from electroporated

embryos were genotyped for gross indels using PCR. The Pitt1

929 bpWT PCR amplicon was readily apparent in control WT

DNA but only 2 out of 35 Pitt1 animals (data not shown). The

remaining 33 displayed gross indels encompassing the

targeted region of interest. PCR bands from a random

representative subset of Pitt1 mice selected for behavioral

experimentation is shown in Figure 3B. The Pitt2 963 bp

WT PCR amplicon was readily apparent in the WT control

and 2 out of 42 Pitt2 animals (data not shown). The remaining

40 displayed gross indels encompassing the targeted region of

interest. PCR bands from a random representative subset of

Pitt2 mice selected for behavioral experimentation is shown in

Figure 3E.

FIGURE 2
Volcano plots showing differential RNA expression based on log2 fold-change in expression (x-axis) and log10 p-value (y-axis) for (A) protein-
coding RNA (mRNA), (B) long non-coding RNA (lncRNA), (C) circular RNA (circRNA), and (D) microRNA (miRNA). Each point indicates an individual
non-duplicated probe on the microarray with blue = significantly down-regulated, red = significantly up-regulated, and black = non-significant.
Significance is defined by p < 0.05.

TABLE 1 Bioinformatic data of the top-ranked lncRNA genes identified from the ceRNA networks in order.

Name Probe Gene
symbol

Chromosome Strand Start End log fold-change Mean
expression

p-value

Pitt1 ASMM10P031898 Gm42575 chr5 + 74754373 74754432 0.35 9.71 0.03

Pitt2 ASMM10P032341 4930413E15Rik chr5 + 118961191 118961250 0.28 8.82 0.02

Pitt3 ASMM10P034032 Gm15767 chr6 − 147242527 147242586 0.27 9.27 0.03

Pitt4 ASMM10P010493 Gm33447 chr13 + 97380367 97380426 0.35 8.25 0.02

Given name, probe, gene symbol, chromosome, strand, gene start, gene end, log fold-change, mean expression, and p-value are presented.
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FIGURE 3
CRISPy TAKO schematics and genotypes for Pitt1 and Pitt2. (A) Pitt1 gene symbol and structure. The gRNAs, PCR primers, RT-PCR primers, and
probe binding site are shown as yellow, green, orange, and red arrows, respectively. (B) Agarose gel electrophoresis of PCR amplicons of Pitt1 DNA in
a random representative subset of Pitt1 TAKOs demonstrating abnormal amplicons in TAKO mice compared to WT control. Individual mouse
numbers are presented above the gel. (C) Random representative subset RT-PCR results from Pitt1 hippocampal brain tissue showing abnormal
RNA transcripts. (Top) RT-PCR of Pitt1 exon 1 amplicons using the F2/R2 primers demonstrating abnormal RNA transcripts in TAKO mice compared
to WT control. (Middle) RT-PCR amplicons using the F3/R3 primers spanning downstream Pitt1 exons, demonstrating abnormal RNA products in
Pitt1 mutant TAKOs that are not present in WT. (Bottom) RT-PCR of MyD88 amplicons used as an internal control. (D) Pitt2 gene symbol and

(Continued )
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The indels varied from animal to animal and most appeared

to be deletions, as evidenced by the PCR products being

~50–400 bp smaller than the 929 bp WT amplicons for Pitt1,

and ~50–600 bp smaller than the 963 bpWT amplicons for Pitt2

(Figures 3B,E, respectively). Out of the 35 Pitt1 mice and

42 Pitt2 mice, only a subset (n = 11M/14F Pitt1; 16M/12F

Pitt2) harboring a large mutation(s) spanning the putative

promoter and exon 1 of Pitt1 or Pitt2 were selected for

behavioral phenotyping. It should be noted that the mice used

for phenotyping presented variable deletions mainly ranging in

230–730 bp (Figures 3B,E, respectively). Despite all Pitt1 and

Pitt2 mice showing variability in mutation site and size, all mice

within a genotype were expected to manifest the same effect on

gene expression and behavioral phenotypes [as previously

shown (83)].

We have previously demonstrated that control C57BL/6J

mice purchased from Jackson Laboratories are not

significantly different from in-house generated Mock-

treatment control mice (83). Therefore, Pitt1 and

Pitt2 TAKO mice were compared to age and sex-matched

C57BL/6J controls. Mice were weighed once per week during

behavioral experimentation. Both TAKO cohorts for both

sexes had significantly increased weight compared to

controls. Males and females had an effect of genotype [F

(1.715, 7.717) = 87.22; p < 0.0001] and [F (1.626, 9.758) =

89.44; p < 0.0001], respectively (Supplementary Figure S2).

Post-hoc analysis revealed an effect of genotype for both

Pitt1 and Pitt2 males (q < 0.001), and Pitt1 and

Pitt2 females (q < 0.0001). These results are consistent with

previously observed differences in our laboratory in

purchased versus in-house produced offspring (data not

shown).

RNA analysis
Hippocampal RNA from a subset of mutant mice used for

phenotyping was analyzed by RT-PCR to validate that the

DNA mutations surrounding the putative promoter and first

exon of Pitt1 and Pitt2 disrupted expression of the targeted

genes. Two RT-PCR primer sets were used for each genotype

to characterize the RNA transcript in TAKO versus WT

hippocampal RNA. F2/R2 RT-PCR primers were used to

validate KO of RNA at the mutation site. F3/R3 RT-PCR

primers were used to characterize the downstream exon

containing the microarray probe-binding site to investigate

expression of downstream lncRNA sequences (Figures 3A,D,

respectively).

Pitt1—The top panel of Figure 3C demonstrates that the

targeted exon 1 region is not transcribed in Pitt1 TAKOs. The

middle panel highlights that the mutation(s) modulate the

downstream lncRNA transcript, resulting in expression of a

novel transcript that is not observed in the WT control. The

bottom panel targeting MyD88 was used as an internal control.

Pitt2—Despite extensive efforts to produce reliable RT-PCR

amplicons for the Pitt2 RNA transcript(s), it was not achievable.

RT-PCR amplicons for both the mutation site and probe-binding

site of the Pitt2 transcript were inconsistent and variable even in

WT control samples (data not shown).

Drinking in the dark
Pitt1 and Pitt2 DID data were analyzed separately based on

genotype (i.e., Pitt1 males and females were analyzed together

with half of the controls, and Pitt2 males and females were

analyzed together with the other half of the controls). No

statistically significant difference was observed between

Pitt1 versus control or Pitt2 versus control for either the 2-h

training day (data not shown) or the 4-h experimental day

(Figures 4A,B, respectively). Consistently, there was no

significant difference between the BECs of Pitt1 and control

or Pitt2 and control following the 4-h experimental day for both

males and females (Figures 4C,D, respectively). We observed a

significant main effect of sex for Pitt1 DID [F (1, 39) = 8.300; p <
0.01] where females consumed more ethanol than males.

Interestingly, a significant main effect of sex was also observed

in Pitt2 DID [F (1, 37) = 5.545; p < 0.05], however females

unexpectedly consumed less ethanol than the males.

Every-other-day two-bottle choice drinking
Pitt1, Pitt2, and control mice were tested for ethanol drinking

using an EOD-2BC ethanol consumption assay over a period of

20 days. Pitt1, Pitt2 and control male analysis of ethanol intake

revealed a main effect of day [F (5.103, 199.0) = 159.5; p <
0.0001], but no effect of genotype or day x genotype (Figure 5A).

Analysis of ethanol preference in males revealed a main effect of

day [F (4.715, 183.9) = 15.83; p < 0.0001] and genotype [F (2,

39) = 3.755; p < 0.05], but no day x genotype significant

differences (Figure 5C). Post-hoc analysis revealed that on day

14 Pitt1 males had significantly higher ethanol preference than

control males (q < 0.05). Pitt1 male ethanol preference at 15% v/v

ranged from 0% to 9% increase, while Pitt2 male ethanol

preference ranged from an increase of 6% to a decrease of

17% (Supplementary Figure S3C). For total fluid intake, there

was a main effect of day [F (3.508, 136.8) = 4.612; p < 0.01] but no

FIGURE 3 (Continued)
structure. The gRNAs, PCR primers, and probe binding site are shown as yellow, green, and red arrows, respectively. (E) Agarose gel
electrophoresis of PCR amplicons of Pitt2 DNA in a random representative subset of Pitt2 TAKOs demonstrating abnormal amplicons in TAKOmice
compared to WT control. Individual mouse numbers are presented above the gel.
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effect of genotype or day × genotype interaction for the males

(Figure 5E). Due to a record-keeping error, data from day 16, at

15% v/v ethanol, was lost.

Analysis of Pitt1, Pitt2, and control female cohorts on total

ethanol intake revealed a day × genotype interaction [F (16,

304) = 2.679; p < 0.001] and main effect of day [F (4.409, 167.5) =

286.3; p < 0.0001], but no effect of genotype (Figure 5B). Post-hoc

analysis revealed that on days 14, 16, and 20 Pitt1 females

consumed significantly less ethanol than control (q < 0.01),

and Pitt2 females consumed significantly more ethanol than

control on day 4 (q < 0.05), and significantly less on day 14

(q < 0.05). Pitt1 females consistently consumed 10%–20% less

ethanol at 15% v/v. Pitt2 females only consumed up to 10% less

ethanol at 15% v/v (Supplementary Figure S3B). Analysis of

ethanol preference in females revealed a main effect of day [F

(3.743, 142.2) = 13.60; p < 0.0001], but no effect of genotype or

day x genotype (Figure 5D). For total fluid intake, there was a day

x genotype [F (16, 304) = 1.938; p < 0.01] and main effect of day

[F (2.272, 86.32) = 31.91; p < 0.0001], but no effect of genotype

(Figure 5F). Post-hoc analysis revealed that on days 14, 18, and

20 Pitt1 females consumed significantly less total fluid than

control females (q < 0.0001, q < 0.05, and q < 0.01,

respectively) and that on days 14 and 18 Pitt2 females

consumed less total fluid than control females (q <
0.0001 and q < 0.05, respectively). The change in ethanol

intake coincided with a reduction in total fluid for

Pitt1 females at 15% v/v ethanol ranging from a reduction of

8.5%–20.5%, and Pitt2 females ranging from a reduction of 5%–

FIGURE 4
Effect of Pitt1 and Pitt2 mutation on ethanol consumption in the Drinking in the Dark assay. (A) Total ethanol consumption of Pitt1 and control
mice over a 4-h experimental period (g/kg/4h). N = 13–14 Pitt1 TAKOs; n= 8 controls. (B) Total ethanol consumption of Pitt2 and control mice over a
4-h experimental period (g/kg/4h). N = 12–14 Pitt2 TAKOs; n = 7–8 controls. (C) Blood ethanol concentrations (mg/dL; 5 μL) from plasma collected
from all Pitt1 mice immediately following removal of ethanol-filled bottles. N = 12–14 Pitt1 TAKOs; n = 8 controls. (D) Blood ethanol
concentrations (mg/dL; 5 μL) from plasma collected from all Pitt2 mice immediately following removal of ethanol-filled bottles. N =
12–14 Pitt2 TAKOs; n = 7–8 controls.
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FIGURE 5
EOD-2BC drinking in Pitt1, Pitt2, and control mice. Left, males; right, females. (A,D) ethanol intake (g/kg/24 h), (B,E) ethanol preference, and
(C,F) total fluid intake (g/kg/24 h) in Pitt1 mutant, Pitt2 mutant, and control mice across time and concentration. # or *q < 0.05, ## or **q < 0.01, and
### or ***q < 0.001 between Pitt1 and control, and Pitt2 and control, respectively. N = 11–16/sex/genotype.
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FIGURE 6
CRISPy TAKO schematics and genotypes for Pitt3 and Pitt4. (A) Pitt3 gene symbol and structure. The gRNAs, PCR primers, RT-PCR primers, and
probe binding site are shown as yellow, green, orange, and red arrows, respectively. (B) Agarose gel electrophoresis of PCR amplicons of DNA from a
random representative subset of Pitt3 TAKOs. Individual mouse numbers are presented above the gel. (C) Random representative subset of RT-PCR
results from Pitt3 hippocampal brain tissue showing abnormal RNA transcripts in TAKO mice compared to WT control. (Top) RT-PCR of

(Continued )
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18% (Supplementary Figure S3F). Due to a record-keeping error,

data from day 8, at 12% v/v ethanol, was lost. Since the decrease

in female ethanol intake could be linked to a reduction in overall

fluid intake, and the male data was not highly compelling, the

experiment was terminated following the completion of 15% v/v

EOD-2BC.

Preference for non-ethanol tastants
Changes in taste perception can alter ethanol consumption in

mice (94–96). Because female Pitt1 and Pitt2 displayed altered

EOD-2BC ethanol consumption compared to controls, females

were subjected to both sweet (i.e., saccharin) and bitter (i.e.,

quinine) tastants. A 24-h 2BC assay was used to determine

whether an alteration in taste perception could account for

the observed changes in ethanol consumption in the mutant

lines tested. No significant difference was observed between

genotypes for either saccharin (Supplementary Figure S4A) or

quinine preference (Supplementary Figure S4B).

CRISPy TAKOs–Pitt3 and Pitt4

CRISPR/Cas9-mediated mutagenesis
A second cohort of mice targeting Pitt3 and Pitt4 (Figures

6A,D, respectively) were subsequently characterized and tested

for behavior. Initial validation of gRNAs designed to target

Pitt3 and Pitt4 occurred in vitro using electroporated embryos

(Supplementary Figures S1C,D, respectively) and demonstrated

that both genes were mutated at a high frequency.

A total of 70 offspring for Pitt3 and 62 offspring for

Pitt4 were generated on the C57BL/6J background using the

CRISPy TAKO approach. All mice born from electroporated

embryos were genotyped for gross indels using PCR and agarose

gel electrophoresis. The Pitt3 581 bp WT PCR amplicon was

readily apparent in WT control and 9 out of 70 Pitt3 animals

(data not shown). The remaining 61 mutants displayed gross

indels encompassing the targeted region of interest. The indels

from a random representative subset of Pitt3 TAKOs used for

behavioral phenotyping varied from animal to animal and most

appeared to be deletions, as evidenced by the PCR products being

~50–350 bp smaller than the 581 bp WT amplicons (Figure 6B).

The Pitt4 583 bp WT PCR amplicon was readily apparent in WT

control and 4 out of 62 Pitt4 animals (data not shown). The

remaining 58 mutants displayed gross indels encompassing the

targeted region of interest. The indels from a random

representative subset of Pitt4 TAKOs used for behavioral

phenotyping demonstrated deletions ranging from ~50–350 bp

smaller than the 583 bp WT amplicon (Figure 6E). Of the

Pitt3 and Pitt4 mutant mice produced, a subset (n = 15/sex/

genotype) harboring large deletions spanning the putative

promoter and first exon of Pitt3 or Pitt4 were selected for

behavioral phenotyping.

As noted for Pitt1 and Pitt2 cohorts, Pitt3 and Pitt4 males and

females consistently weighed significantly more than controls

(Supplementary Figure S5). Analysis of male Pitt3, Pitt4, and

control weight over time revealed a main effect of day [F (2.477,

104) = 412.1; p < 0.0001], a main effect of genotype [F (2, 42) = 19.48;

p< 0.0001], and day x genotype [F (12, 252) = 3.599; p< 0.0001]. Post-
hoc analysis for bothmales and females, for all weeks, had a significant

increase in weight compared to control (q < 0.0001).

RNA analysis
Hippocampal RNA was isolated from a subset of mutant

mice used for behavioral phenotyping and analyzed by RT-PCR

to validate that the DNA mutations surrounding the putative

promoter and first exon of Pitt3 and Pitt4 disrupted expression.

Two RT-PCR primer sets were used for each genotype to

characterize the RNA transcript in TAKO versus control

hippocampal RNA. F2/R2 RT-PCR primers were used to

examine RNA at the site of mutation, and F3/R3 RT-PCR

primers were used to characterize expression of the

downstream exon containing the microarray probe-binding

site (Figures 6A,D, respectively).

Pitt3—The top panel of Figure 6C demonstrates that the exon

1 region in the control sample expressed both the expected 303 bp

amplicon as well as an unexpected, slightly larger amplicon. These

transcripts were not transcribed in 75% of the Pitt3 TAKOs tested.

Two of eightmice (25%; 5304 and 5306) still expressed the slightly

larger RNA transcript from exon 1, but at an apparently reduced

level. The middle panel highlights variability in expression

between animals. Some TAKO mice expressed two

downstream transcripts (5306 and 5307), some only one

transcript (5295, 5304, 5229, 5309, and 5339), and one had no

downstream transcripts (5320). This is likely due to variability in

FIGURE 6 (Continued)
Pitt3 exon 1 using the F2/R2 primers demonstrating the absence of the WT amplicon in most mice, although two animals (5304 and 5306)
express a WT sized transcript at an apparently reduced level. (Middle) RT-PCR amplicons using F3/R3 primers spanning downstream Pitt3 exons
demonstrating abnormal RNA products in Pitt3 mutant TAKOs compared to controls. (Bottom) RT-PCR of MyD88 used as an internal control. (D)
Pitt4 gene symbol and structure. The gRNAs, PCR primers, RT-PCR primers, and probe binding site are shown as yellow, green, orange, and red
arrows, respectively. (E) Agarose gel electrophoresis of PCR amplicons of DNA from a random representative subset of Pitt4 TAKOs. Individualmouse
numbers are presented above the gel. (F) Random representative subset of RT-PCR results from Pitt4 hippocampal brain tissue showing abnormal
RNA transcripts. (Top) RT-PCR of Pitt4 exon 1 amplicons using the F2/R2 primers demonstrating that the mutations eliminate expression of the WT
transcript in 7 of 8 Pitt4 TAKOs analyzed. (Middle) RT-PCR amplicons of downstream Pitt4 exons amplified with the F3/R3 primers demonstrating
expression of normal sized transcripts in TAKOs compared to WT control. (Bottom) RT-PCR of MyD88 amplicons used as an internal control.
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deletions of poorly characterized regulatory sequences

surrounding the mutation site. The bottom panel targeting

MyD88 was used as an internal control.

Pitt4—The top panel of Figure 6F demonstrates that the

targeted exon 1 region was not transcribed in 75% of

Pitt4 TAKOs tested. One sample, 5365, still expressed the

control-sized transcript, and one sample, 5409, expressed a

slightly smaller RNA transcript. This ~10–20 nt smaller RNA

transcript likely reflects an internal mutation that was within

the boundaries of the RT-PCR primers. The middle panel

revealed that all Pitt4 TAKO mice still produced the

downstream Pitt4 transcript, albeit at variable levels of

expression. The bottom panel targeting MyD88 was used as

an internal control.

Drinking in the dark
Mice were tested for binge-like drinking behavior using the

DID ethanol consumption paradigm. Cohorts were separated

and analyzed based on sex. No significant difference was

observed between Pitt3, Pitt4, and control males (Figure 7A)

or females (Figure 7B) for either the 2-h training day (data not

shown) or the 4-h experimental day. Consistently, there were also

FIGURE 7
Effect of Pitt3 and Pitt4 mutation on ethanol consumption in the Drinking in the Dark assay. Total ethanol consumption of Pitt3, Pitt4, and
control male (A) and female (B) mice over a 4-h experimental period (g/kg/4h). Blood ethanol concentrations (mg/dL; 5 μL) from plasma collected
from all male (C) and female (D) mice immediately following the removal of ethanol-filled bottles.
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no significant differences between Pitt3, Pitt4, and control male

(Figure 7C) or female (Figure 7D) BECs following the 4-h

experimental day.

Every-other-day two-bottle choice drinking
Pitt3, Pitt4, and control mice were tested for ethanol

drinking using an EOD-2BC ethanol consumption assay.

FIGURE 8
EOD-2BC drinking in Pitt3, Pitt4, and control mice. Left, males; right, females. (A,D) ethanol intake (g/kg/24 h), (B,E) ethanol preference, and
(C,F) total fluid intake (g/kg/24 h) in Pitt3 mutant, Pitt4 mutant and control mice across time and concentration. Values represent Mean ± SEM. # or
*q < 0.05, ## or **q < 0.01, and ### or ***q < 0.001 between Pitt3 and control, and Pitt4 and control, respectively).
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Because this set of TAKO animals did not present a significant

difference in total fluid intake following 15% v/v ethanol, the

experimental paradigm was expanded to include 20% v/v

ethanol. Analysis of male Pitt3, Pitt4, and control ethanol

intake revealed a main effect of day [F (15, 625) = 335.2; p <
0.0001], but no effect of genotype or day x genotype

(Figure 8A). Analysis of male ethanol preference revealed a

main effect of day [F (15, 624) = 39.54; p < 0.0001], but no

effect of genotype or day x genotype (Figure 8C). Consistently,

analysis of male total fluid revealed a significant main effect of

day [F (15, 624) = 19.39; p < 0.0001], but no effect of genotype

or day x genotype (Figure 8E).

Analysis of ethanol intake in Pitt3, Pitt4, and control

females revealed significant main effects of genotype [F (2,

42) = 3.302; p < 0.05], day [F (15, 630) = 248.6; p < 0.0001], and

a day x genotype [F (30, 630) = 2.201; p < 0.001] (Figure 8B).

Post-hoc analysis revealed that on day 22, 26, and 32

Pitt3 females consumed significantly less ethanol than

controls (q < 0.05). On days 22–32 Pitt4 females consumed

significantly less than control females (q < 0.01, q < 0.01, q <
0.01, q < 0.001, q < 0.01, and q < 0.01, respectively).

Pitt3 females at both 15% and 20% v/v ethanol consumed up

to 10% less ethanol compared to control. Pitt4 females

consumed up to 12% less at 15% v/v and reached a

reduction of up to 18.5% at 20% v/v ethanol. Interestingly,

both Pitt3 and Pitt4 females consumed ~50% more ethanol at

3% v/v (Supplementary Figure S6B). Analysis of female ethanol

preference revealed a significant main effect of day [F (15,

630) = 19.28; p < 0.0001] and day x genotype [F (30, 630) =

1.596; p < 0.05], but no effect of genotype (Figure 8D). Post-hoc

analysis revealed a significant increase in ethanol preference

compared to control on day 2 for both Pitt3 and Pitt4 (q <
0.001). Both Pitt3 and Pitt4 females had a preference ranging

from 0–10% difference from control at 15% and 20% v/v

ethanol, with ~35% increase at 3% v/v (Supplementary

Figure S6D). Considering total fluid intake in females, there

was a significant main effect of day [F (15, 630) = 43.97; p <
0.0001] and day x genotype [F (30, 630) = 1.542; p < 0.05], but

no effect of genotype (Figure 8F). Post-hoc analysis revealed

that on day 4 Pitt3 females consumed significantly less total

fluid than control females (q < 0.01) and on day 22 both

Pitt3 and Pitt4 females consumed significantly less total fluid

than control females (q < 0.01). Both Pitt3 and Pitt4 females had

reductions in total fluid intake by up to 19% in Pitt3 and 16% in

Pitt4 females at 20% v/v ethanol (Supplementary Figure S6F).

Preference for non-ethanol tastants
Since Pitt3 and Pitt4 females had altered EOD-2BC ethanol

consumption when compared to controls, females were subject to

both sweet (i.e., saccharin) and bitter (i.e., quinine) tastant

preference analysis. No differences were observed between

genotypes for saccharin preference (Supplementary Figure

S7A). For quinine preference, there was a significant main

effect of day [F (3, 126) = 3.444; p < 0.05], but no main effect

of genotype or day x genotype (Supplementary Figure S7B).

Discussion

Identification of phenotypically relevant ethanol-

responsive regulatory genes that control brain transcriptional

networks offer valuable insight into the chronic effects of

ethanol exposure and AUD. Microarray analysis of

hippocampal RNA from male mice exposed to CIEV was

used to discern ceRNA expression networks that included

four prominent RNA subtypes: lncRNA, mRNA, circRNA,

and miRNA (Figure 1). The top four ethanol-responsive hub

lncRNAs were identified and selected for functional

interrogation. These novel lncRNAs, named Pitt1-Pitt4,

interact and compete with a myriad of transcripts to

modulate specific ceRNA networks. We hypothesized that

directly altering the expression of these lncRNAs would

change downstream biological processes and change ethanol-

related drinking behavior. Cohorts of Pitt1-Pitt4 gene KO mice

were created using the CRISPy TAKO method (83) and

subsequently screened for changes in ethanol drinking using

the DID and EOD-2BC drinking assays. We observed female-

specific reductions in ethanol consumption ranging from 10%–

20% in the EOD-2BC paradigm compared to control in three of

the tested Pitt mutant lines; Pitt1, Pitt3, and Pitt4. Some of the

observed changes were associated with reductions in total fluid

consumption but they were not influenced by a change in taste

perception. No changes in binge-like drinking in the DID

paradigm were observed in either the male or female

mutants for any Pitt TAKO genotype (Table 2).

The CRISPy TAKO approach was utilized to rapidly

generate a cohort of mutant animals in a single generation

(83). This offers a quick approach to functionally screen novel

lncRNAs of interest so the genes can be quickly tested for the

ability to alter behavior, saving both time and resources. This is

important when screening large numbers of genes with unknown

function for ethanol-related behaviors and avoids the bottleneck

of standard reverse-genetic approaches. Electroporating

embryos with 4–6 gRNAs targeting a >1 kb region led to

unique mutations from the various combinations of gRNAs in

each animal produced (83). Those harboring desirable large

mutations in their DNA were selected for behavioral

experimentation, producing a cohort of uniquely mutated

mice in one generation, all hypothesized to interfere with

gene function (83).

RNA analysis

Hippocampal RNA was analyzed by RT-PCR to confirm that

mutation of the putative promoter and first exon of each lncRNA
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gene disrupted gene expression from each targeted locus. Using

primers that bind to the putative first exon (Pitt1 and Pitt3) or

exon 1 and exon 2 (Pitt4) we established that the CRISPy TAKO

mutagenesis approach successfully disrupted gene expression of

the targeted loci. Nearly all animals failed to amplify with these

primer sets. It should be noted that Pitt4 5365 was the onlymouse

to express transcripts that appeared like WT, but likely at a

reduced level of expression (Figure 6F; top panel). The other

Pitt4 mouse, 5409, expressed a slightly smaller transcript than

WT, suggesting that an internal mutation within the boundaries

of the RT-PCR primers may have been retained, or an alternate

splice variant was expressed.

Each hippocampal RNA sample was also analyzed with

RT-PCR using primers targeting the probe-binding exon used

for the initial microarray analyses that identified these

lncRNAs, downstream from the mutation site. This was

conducted to determine if the full transcript had been

knocked out, or if downstream sequences were still

transcribed following mutagenesis of the putative promoter

and first exonic region. Regions downstream of the Pitt1,

Pitt3, and Pitt4 mutations were expressed in the majority

of animals. Surprisingly, the Pitt1 downstream amplicon was

not detectable in control samples but was consistently

expressed in all Pitt1 TAKO mice (Figure 3C; middle

panel). These results are likely due to mutation of the

putative promoter activating a normally silent promoter, or

by altering downstream splicing events. Pitt3 RT-PCR results

revealed variable downstream RNA products; of the eight

TAKOs used for RT-PCR, two TAKOs express two

downstream transcripts (5306 and 5307), five TAKOs

express only a single downstream transcript (5295, 5304,

5229, 5309, and 5339), and one TAKO does not express

either downstream transcript (5320). Interestingly, none of

the Pitt3 TAKOs had similar RT-PCR results compared to WT

(Figure 6C; middle panel). As detailed previously, CRISPy

TAKO mutants harbor variable mutations (83) and at some

loci such as Pitt3, this can lead to expression of novel

transcripts from the targeted locus. This could be the result

of the mutations impacting the 5’ splice site(s), or mutating

splicer enhancer/repressor binding sites and therefore shifting

splicing dynamics (97–101). Analysis of downstream

sequences in Pitt4 mutants revealed that the downstream

cDNA amplicon was readily detected in control and all

TAKOs analyzed (Figure 6F; middle panel). The most

parsimonious explanation for these results is that an

alternate promoter is present that is driving this

downstream transcript (102–104).

Unexpectedly, following extensive experimentation, the

Pitt2 transcript at the mutation site and probe-binding site

were unable to be reliably amplified from either control or

Pitt2 TAKO cDNA. This could have occurred due to

Pitt2 RNA being expressed at very low levels, or the

Pitt2 gene structure could have been inaccurately annotated.

These results highlight an important limitation of working with

previously unstudied genes including the majority of lncRNAs.

Current gene structure annotations may not accurately predict

function and unexpected changes in gene expression may be

observed when putative regulatory sequences are deleted form

the genome.

The RT-PCR data provided a representative look into the

potential transcriptome differences between the TAKO mice

within a genotype, such as the three different variants of the

downstream Pitt3 amplicon(s). Whereas all Pitt1 TAKOs

tested produced identical amplicons for both the mutation

site and downstream probe-binding region, it is possible that

the Pitt3 TAKO mice could be further divided into sub-

genotypes based on their retained RNA transcripts and

their expression levels. The observed Pitt3 phenotype could

be dampened by the variability of transcripts expressed in

each TAKO. Variation in behaviors within a mutant line could

be the result of small versus large mutations, novel transcripts

being produced, altered expression levels of unmutated

transcripts, altered or ablated lncRNA functionality,

ethanol-responsive versus ethanol-unresponsive variations,

or a combination of such molecular events. However, the

spread of data points from all genotypes were similar to

control and each other; they were well clustered together,

suggesting that independent sub-genotypes did not differ in

behavior significantly from each other. To discern these

intricacies however, Sanger Sequencing, subcloning, and

TABLE 2 Summary table of behavioral results.

Behavior M M M M F F F F

Pitt1 Pitt2 Pitt3 Pitt4 Pitt1 Pitt2 Pitt3 Pitt4

DID and BEC No No No No No No No No

Ethanol Intake No No No No Yes (−20%–6%) Yes (−10%–26%) Yes (−18%–49%) Yes (−19%–48%)

Ethanol Preference Yes (−6%–9%) Yes (−28%–6%) No No No No Yes (−10%–33%) Yes (−10%–33%)

Total Fluid No No No No Yes (−21%–6%) Yes (−18%–6%) Yes (−19%–11%) Yes (−16%–6%)

Words in red represent unchanged behaviors, words in green represent changed behaviors.
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rigorous molecular testing and statistical analysis of the

individual animals would be required.

Behavioral results

Pitt1-Pitt4 female TAKO mice all demonstrated at least a

10% difference from control in ethanol drinking behavior when

tested with the EOD-2BC paradigm (Table 2). This includes

~20% decrease in ethanol consumption in Pitt1 females at 15% v/

v ethanol and in Pitt4 females at 20% v/v ethanol. However, the

associated reduction in total fluid intake at their respective

concentrations could suggest an alternate reason for the

ethanol consumption reduction beyond genotype and sex

alone. It should be noted, however, that there was no

difference found in total fluid intake under the non-ethanol

2BC tastant paradigms for females of all genotypes (data not

shown). Large changes in ethanol consumption and/or

preference were also observed between mutant lines and

controls during the initial ethanol ramping stage (Figures 5,

8). Pitt2, Pitt3, and Pitt4 female mutants all showed increased

ethanol consumption ranging from ~25%–50% on ramping days

with 3% and 6% v/v ethanol (Supplementary Figures S3, S6,

respectively). While these results at lower ethanol concentrations

are intriguing, our primary focus was the impact on the higher-

level concentrations of 15% and 20% v/v ethanol. All four of the

lncRNAs targeted are capable of modulating ethanol drinking

behavior, with Pitt1, Pitt3, and Pitt4 influencing ethanol

consumption in a sex-specific manner.

While differences in ethanol intake were readily apparent

throughout the EOD-2BC paradigm in all mutant lines, no

differences were observed in DID ethanol consumption or the

BECs of the animals immediately following DID (Table 2). This

could be due to the obvious differences between the short-term

binge-like paradigm and the long-term escalation-of-drinking

paradigm and suggestive of specific behavioral patterns being

altered by mutation of these lncRNAs that only present in one

manner of ethanol consumption. The impacted ceRNA networks

may function alternatively from control dependent on the

paradigm employed, leading to the deviation in drinking

behavior over time.

Sexual dimorphism

Our data supports the identification and partial

characterization of four novel ethanol-responsive lncRNAs

that can alter ethanol drinking behavior, specifically in

females. Sexually dimorphic behavioral responses to

ethanol have been previously reported in the literature for

alcohol (30, 105–109). LncRNA genes have shown sex-specific

expression in reward pathways, cell signaling, structural

plasticity, complex decision making, and behaviors

(110–112). Sexually dimorphic biology is present in many

stages of drug addiction, including acute reinforcement, the

transition to compulsive drug use, withdrawal-associated

states of negative affect, craving, and relapse (113). Further,

there are known differences in neural systems related to

addiction and reward behavior such as epigenetic

organization, expression, and contingency that are sex-

dependent (113). This suggests that lncRNAs may be

important in sexually dimorphic biology and behaviors

associated with substance misuse.

The female-specific behavioral changes observed in ethanol

drinking were somewhat unexpected as the ethanol-regulated

lncRNAs studied were identified from microarray data that

originated from a male-only cohort. Male samples were used

because of tissue availability [hippocampal tissue originated

from the sires described in (84)]. The sex differences observed

are likely either qualitative and/or based on underlying

differences in mechanism(s) of action (113). For example,

there may be differences between the sexes in baseline or

ethanol-induced expression levels of Pitt1-Pitt4 lncRNAs. To

investigate possible expression differences, analogous female

tissue would need to be collected, analyzed, and compared to

the male microarray data. This would shed light on not only

potential differences in Pitt1-Pitt4 expression between sexes

and insight into the observed behavior presented, but also

would allow for the identification of sex-independent and

additional sex-specific genes.

LncRNAs and conclusion

A handful of studies has already begun to research lncRNAs

in relation to the neurobiology of AUD (4, 41, 42, 114–116). The

biological functions of these novel ethanol-linked lncRNAs have

been associated with altered gene networks and RNA co-

expression (114), alternative splicing (4), and neural function

(116). The lncRNA brain-derived neurotrophic factor antisense

has previously been described as a regulator of epigenetic events

in the amygdala of humans with AUD (41). Additionally, the

lncRNA named long non-coding RNA for alcohol preference was

identified as a hub gene whose mutation increased alcohol

consumption and preference in Wistar rats compared to

controls (42). While the field is growing, there are still over

100,000 lncRNA transcripts (45–49) that remain uncharacterized

for their relevance to AUD and other human disorders but hold

the potential to regulate multiple cellular mechanisms and

behaviors.

Mutating these novel uncharacterized Pitt1-Pitt4 lncRNA

genes may impact a number of molecular functions, such as

subcellular localization, sequestration, scaffolding, and epigenetic

regulation of gene expression (44, 50–53). Our study was

specifically designed to test genes with no known molecular or

behavioral functions related to models for AUD. We conducted
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these studies with the hypothesis that several, if not all, of the top-

ranked genes would have the ability to alter ethanol drinking and

provide an ideal candidate gene for more in-depth molecular

characterization. By removing a large exonic region of these

genes, many different mechanisms of action could have been

altered that manifest as a change in ethanol drinking behavior.

Future studies should delve into further ethanol-related

behaviors and the mechanism(s) of action of these ethanol-

responsive lncRNAs.

Here, we demonstrated that mutating and screening top-

ranked ethanol-responsive hub lncRNA genes from chronic

ethanol exposed mouse hippocampus led to altered ethanol

drinking behavior in all of the generated TAKO cohorts.

Among the mutant lines tested, Pitt4 appears to be the ideal

target to generate a true breeding line for further studies. This

would permit studying additional ethanol-related behaviors as

well as an in-depth molecular analysis to discern the potential

function(s) and mechanism of action(s) for this novel lncRNA.

The data presented here add to the growing body of literature

supporting the hypothesis that expression of specific lncRNAs is

important for mediating addiction-related behaviors relevant to

human health (63, 69–71).
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microRNA-9 (miR-9) is one of the most abundant microRNAs in the mammalian

brain, essential for its development and normal function. In neurons, it regulates the

expression of several key molecules, ranging from ion channels to enzymes, to

transcription factors broadly affecting the expression of many genes. The neuronal

effects of alcohol, one of the most abused drugs in the world, seem to be at least

partially dependent on regulating the expression of miR-9. We previously observed

that molecular mechanisms of the development of alcohol tolerance are miR-9

dependent. Since a critical feature of alcohol action is temporal exposure to the drug,

wedecided tobetter understand the timedependenceof alcohol regulationofmiR-9

biogenesis and expression. We measured the effect of intoxicating concentration of

alcohol (20mMethanol) on theexpressionof allmajor elementsofmiR-9biogenesis:

three pri-precursors (pri-mir-9-1, pri-mir-9-2, pri-mir-9-3), three pre-precursors

(pre-mir-9-1, pre-mir-9-2, pre-mir-9-3), and two mature microRNAs: miR-9-5p

and miR-9-3p, using digital PCR and RT-qPCR, and murine primary medium spiny

neurons (MSN) cultures.We subjected the neurons to alcohol based on an exposure/

withdrawal matrix of different exposure times (from 15min to 24 h) followed by

different withdrawal times (from 0 h to 24 h). We observed that a short exposure

increased mature miR-9-5p expression, which was followed by a gradual decrease

and subsequent increase of the expression, returning to pre-exposure levels within

24 h. Temporal changes of miR-9-3p expression were complementing miR-9-5p

changes. Interestingly, anextended, continuouspresenceof thedrugcaused a similar

pattern. These results suggest the presence of the adaptive mechanisms of miR-9

expression in the presence and absence of alcohol. Measurement of miR-9 pre- and

pri-precursors showed further that the primary effect of alcohol onmiR-9 is through

the mir-9-2 precursor pathway with a smaller contribution of mir-9-1 and mir-9-

3 precursors.Our results provide new insight into the adaptive mechanisms of

neurons to alcohol exposure. It would be of interest to determine next which

microRNA-based mechanisms are involved in a transition from the acute,

intoxicating effects of alcohol to the chronic, addictive effects of the drug.
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Introduction

Alcohol Use Disorder (AUD) is a chronic, incurable disease

affecting people worldwide regardless of their social or economic

status. AUD leads to an estimated 132.6 million disability-

adjusted life years (DALYs), and an estimated 3 million

deaths per year [1]. In the United States AUD is one of the

largest drug problems, and alcohol abuse costs the country

hundreds of billions of dollars each year in lost revenue,

treatments, and mortality [2, 3]. Development of alcohol

addiction takes place over time through the complex actions

of alcohol on the brain’s reward system. Temporal characteristics

of alcohol actions are critical yet poorly understood.

In recent years, many studies have focused on the epigenetic

underpinnings of addiction to better understand the

development of AUD [4]. MicroRNAs (miRNAs), small

(~21 nt long) endogenous RNA molecules are powerful

epigenetic modulators regulating gene expression on a

genome-wide scale [5]. It has been estimated that microRNAs

modify the expression of approximately 60% of the transcripts in

humans [6] and play a fundamental role in the development and

maintenance of neurons in the brain [7]. microRNAs are also key

elements of the development of drug [8–10] and alcohol

addiction [11–13].

One particular microRNA involved in brain development

[14], function [15], and malfunction [16] is miR-9 (specifically

miR-9-5p). Dysregulation of miR-9-5p by alcohol has a broad

impact on the brain, and several downstream targets of miR-9-5p

have been well-established ([17], reviewed in depth in [18]).

However, effects of upstream changes in miR-9 biogenesis on

mature miR-9 are less studied. Understanding alcohol regulation

of miR-9 biogenesis could help to uncover new mechanisms of

alcohol action, and ultimately may lead to discovery of novel

therapeutic options in addiction.

miR-9 is an ancient microRNA found from invertebrates to

mammals [19, 20] and has a complex biogenesis. In many

species there are three distinct miR-9 genes located on three

different chromosomes. In humans, miR-9 genes are located on

chromosomes 1, 5, and 15, while their equivalents in mice are

on chromosomes 3, 7, and 13, respectively [21]. In both species,

each gene gives rise to a separate, long, primary precursor, pri-

mir-9-1, pri-mir-9-2, and pri-mir-9-3 (Figure 1). Each pri-

precursor is subsequently trimmed to a shorter pre-precursor

of a characteristic hairpin loop structure (Figure 1). The next

step produces an even shorter, small, double-stranded duplex

consisting mostly of two complementarily bound miRNA

strands. Ultimate processing of the duplex separates the

strands yielding two short, single-stranded, distinct mature

microRNAs: miR-9-5p and miR-9-3p. Importantly, in the

case of miR-9, all final mature miR-9-5p products of the

3 biogenesis pathways are identical [22]. Similarly, all mature

miR-9-3p end products are indistinguishable (Figure 1). Both

mature miR-9 strands execute biological action by interacting

through complementarity with multiple targets (RNA

transcripts), which usually leads to suppression of expression

of the targets.

FIGURE 1
miR-9 biogenesis pathways. In apes (including humans) and rodents (including mice), there are 3 mir-9 genes (mir-9-1, mir-9-2, and mir-9-3)
located on different chromosomes. Each gene produces its own primary RNA precursor (pri-mir-9-1, pri-mir-9-2, and pri-mir-9-3), which is cleaved
to a pre-precursor (pre-mir-9-1, pre-mir-9-2, and pre-mir-9-3). Each precursor is further processed to yield a duplex containing bothmiR-9-5p and
miR-9-3p. Separation of each duplex into single-stranded RNA sequences generates two final forms of miR-9, which are physiologically active:
miR-9-5p and miR-9-3p. All miR-9-5p produced via 3 separate biogenesis pathways are identical. Similarly, all final miR-9-3p are indistinguishable.
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miR-9-3p has been shown to be biologically active and play

an important role in carcinogenesis [23] such as in Burkitt’s

lymphoma [24] and breast cancer [23, 25] as well as brain

pathologies. Decreased expression of miR-9-3p has been

linked to neurological disorders including Alzheimer’s and

Huntington’s diseases [26].

Thus, understanding temporal regulation of the expression of

various miR-9 precursors as well as both forms of mature miR-9

by alcohol is critical in enhancing our understanding of the

mechanisms involved in the development of alcohol addiction

and adaptation to alcohol exposure.

Materials and methods

Striatal culture

C57BL6/J mice (Jackson Laboratory, Bar Harbor, ME) were

maintained under 12h:12h light:dark cycles at standard

temperature and humidity with food and water provided ad

libitum at the Bartlett Animal Facility (Rutgers-New Brunswick).

Mice were monitored daily, and cages were routinely changed.

Mice were bred for litters to use in generating cultures. All animal

experiments were approved by the Rutgers Institutional Animal

Care and Use Committee (IACUC Protocol # 10-024).

Cultures of Medium Spiny Neurons (MSN) at ~95% purity [27,

28], were prepared following well-established protocols [29–31]. At

day 5 after birth (P5), pups were decapitated, and brains were

immediately removed and placed into a 60 mm plate containing

ice-cold CMF-HBSS (100mL of final solution made with 10mL 10x

HBSS (Life Technologies), 0.7 mL 5%NaHCO3 (Sigma), final pH 7.1,

brought to final volumewith ultrapure water, then filter sterilized and

stored at room temperature). The Nucleus Accumbens (NAc) was

removed using a mouse brain atlas for visual reference [32]. Equal

numbers of male and female pups were used for each preparation to

limit the bias of using a single gender. Striatal tissue was diced into

smaller fragments, ~1 mm in diameter in 3.15 mL cold CMF-HBSS,

and trypsinized with the addition of 0.35 mL of 2.5% trypsin at 37°C.

After 10 min, 8 mL DMEM-FBS medium (178mL DMEM (high

glucose, no sodium pyruvate, no glutamine (Irvine Scientist), with

20mL FBS, 0.5 mL 10,000 u Pen/Strep and 2mL 200mM glutamine

(Life Technologies), stored at 4°C in the dark) was added, and the

solution was centrifuged at 300 x g for 5 min to pellet the cells. The

medium was aspirated from the tube, and 5mL of Growth Medium

(100mLDMEM/F12 (with Glutamax; Life Technologies), with 2 mL

FBS (1.9% v/v), 2 mL B-27 (1.9% v/v; Life Technologies), and 1mL

penicillin/streptomycin (0.95% v/v), stored at 4°C in the dark) was

added. Trituration to further break apart aggregates was conducted

using a fire-polished Pasteur pipet, and the tube was spun again as

above. Excess media was removed, and the cells were resuspended in

10mL of Growth Medium. Preparations were conducted under a

sterile hood to help maintain sterility, except for centrifugation. The

concentration of live cells/mL was estimated by hemocytometer

counts of live:dead cells using trypan blue, and the cell stock

solution was diluted to a final concentration of 0.5 × 106 cells/mL.

Plates of striatal cells were prepared by seeding 2mL of the cell stock

solution onto 35mm cell culture plates that had been coated with

ornithine (Sigma-Aldrich, St. Louis, MO) and laminin (Life

Technologies, Carlsbad, CA) for cell adherence and enrichment

for neurons. Preparations were rapidly conducted as speed was

critical for cell viability. Twenty-four hours post-seeding, after

allowing cells to adhere, the media was replaced with a 2mL

Neurobasal Medium (NB)/plate (100mL Neurobasal A Medium

supplemented to 2.0 mM glutamine final concentration; Life

Technologies), with 2 mL FBS (1.9% v/v), 2 mL B-27 (1.9% v/v;

Life Technologies), and 1 mL penicillin/streptomycin (0.95% v/v)

stored at 4°C in the dark). Cultures were maintained at 37°C/5%

CO2 in a cell culture incubator with saturated humidity for another

week before starting exposures, and as a result, the neurons were

nearly 2 weeks old since birth (5 days in vivo + 8 days in vitro =

13 days total) at the start of the experiments. Sometimes in

microRNA studies alpha-amanitin is added to cultured cells to

inhibit RNA polymerases II and III, which process microRNA.

Since alpha-amanitin can also cause widespread transcriptional

stress and apoptosis [33, 34] we did not add it to our cultures.

Ethanol exposure

We chose 20 mM ethanol for alcohol exposures as it

represents a physiologically relevant dose of alcohol while

maintaining cell viability. 20 mM ethanol corresponds to a

0.092% Blood Alcohol Content (BAC), which can be achieved

in humans by a quick (30–60 min) consumption of 3–4 standard

drinks of alcohol by a 150-pound individual [35] causing

disinhibition, impaired thinking, and potential DWI/DUI in

the US [35]. Previously we have shown that 20 mM ethanol

can upregulate the expression of miR-9-5p within 15 min after

exposure of the rat brain organotypic cultures containing

supraoptic nucleus (SON) neurons leading to alcohol

tolerance [17]. Importantly, 20 mM causes minimal neuronal

cell death in culture as shown by us [12] and others [36].

Seven days after seeding neurons the cells were subjected to

the alcohol exposure and withdrawal with the following

collection time points: Control = 0 min exposure +0 h

withdrawal, 15 min 20 mM ethanol exposure +0 h withdrawal,

15 min 20 mM ethanol exposure +1 h withdrawal, 15 min

20 mM ethanol exposure +6 h withdrawal, 15 min 20 mM

ethanol exposure +12 h withdrawal, 15 min 20 mM ethanol

exposure +24 h withdrawal, 6 h 20 mM ethanol exposure +0 h

withdrawal, 6 h 20 mM ethanol exposure +6 h withdrawal, 6 h

20 mM ethanol exposure +24 h withdrawal. Collection at each

time point was conducted in triplicate. For each control,

5–7 plates were prepared. Cells were treated by aspirating off

media and replacing with either a neurobasal medium (“media

only” control) or a neurobasal medium with alcohol (NBE with
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20 mM final ethanol concentration). Ethanol evaporation was

minimized by maintaining NBE plates in a semi-sealed container

in the incubator with saturated humidity and additional plates of

medium containing the same concentration of ethanol, based

upon the methods of Pietrzykowski [12, 17].

After a defined length of exposure, NB or NBE media were

removed. For plates without a withdrawal period, cells were

collected immediately. For cells with a withdrawal period, the NB

medium replaced the NBE medium for a defined length of time

after which cells were collected.

Cell collection was carried out by quickly rinsing plates with

2 mL ice-cold PBS followed by scraping cells from the plate with a

cell scraper in 200 uL PBS. Cells were immediately flash-frozen in

liquid nitrogen and stored at −80°C until processed for total RNA

isolation as described previously [16].

Alcohol concentration verification

Media samples were gathered at each collection point in the

experimental process (before and after ethanol addition, during

exposure and withdrawal) to verify alcohol concentration.

Alcohol measurements were conducted using an AMI

Analyzer according to the manufacturer’s instructions (Analox

Instruments Ltd., Lunenburg, MA). 10, 20, and 50 mM ethanol

standards in media were used to calibrate the instrument prior to

reads to ensure accuracy. Alcohol measurements confirmed that

ethanol loss was minimized using our methodology as previously

described in more detail [12, 17].

RNA isolation

Total RNA or Small RNA (for precursor assays) was isolated

by miRVana kit according to the manufacturer’s instructions

(Life Technologies). Concentration and purity were analyzed by a

Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific

Inc., Wilmington, DE), and aliquots of each sample were used to

prepare 10ng/ul dilutions in nuclease-free water for RT-qPCR.

All samples were kept at −80°C.

RT-qPCR

miRNA
We conducted RT and qPCR steps to assess mature miR-9-5p

and miR-9-3p based upon the manufacturer’s protocols for TaqMan

Small RNAAssays (Applied Biosystems, Inc., Foster City, CA). Using

the TaqMan MicroRNA Reverse Transcription kit (Applied

Biosystems, Inc., Foster City, CA), mature miRNA was converted

into cDNA using a Veriti Thermal Cycler (Applied Biosystems, Inc.,

Foster City, CA). A working stock of 10 ng/ul of total RNA was

prepared and used for RT with each experimental sample in a total

volume of 15 μL. RT consisted of 16°C 30min, 42°C 30min, 85°C

5min, and hold at 4°C. The two-step process of RT followed by qPCR

permitted finer control/greater accuracy for the final RT-qPCR

reaction by allowing us to equalize the quantities of cDNA.

cDNAs were amplified with the Taqman Small RNA Assay kit

(Applied Biosystems, Inc., Foster City, CA) using an ABI Step

One Plus Thermocycler (Applied Biosystems, Inc., Foster City,

CA). 1.33 μL of RT sample was used for Taqman qPCR in a total

volume of 20 μL. TaqMan reactions were carried out using Universal

Master Mix II, no UNG from Applied Biosystems, and 1 µL of

TaqMan MicroRNA assay primers. Triplicates of each sample were

used in the 96-well plate (except for controls, where n = 5, or n = 7) to

ensure greater accuracy. The average was taken as the value for each.

For normalization and quality assessment we followed absolute

quantification methods which can provide better accuracy without

the need of a separate housekeeping gene, as described by Iguchi [37],

Arabkari [38], and Wang [39]. We used 7-log dilution range

(10 fmol–10−4 fmol) of synthetic miR-9-5p and miR-9-3p oligos

(amplification efficiency, R2 = 0.9993). The cycling protocol

consisted of 95°C for 10 min, followed by 40 cycles of (95°C for

15 s and 60°C for 1 min), in an ABI Step One Plus Thermocycler

(Applied Biosystems, Inc., Foster City, CA). Data collection occurred

at the 60°C step.

Pre- and Pri-miRNA precursors
We used the Ambion miRVana kit following the manufacturer’s

instructions, to separate small RNA molecules including pre-

precursor miRNAs (~100 nt in length) from the much larger

(over 1,000 nt in length) pri-precursors for subsequent studies.

Pre- precursors

RT was conducted using a miScript II RT kit (Qiagen). miR-9

precursors (pre-mir-9-1, pre-mir-9-2, pre-mir-9-3) were pre-

amplified using stock primers for RT-qPCR from Qiagen. After

this, a 1:20 dilution of the pre-amp product was used for normal

qPCR. Standard curves were prepared from 100 fmol using stocks of

9-1, 9-2, and 9-3 oligos. Pre-amplification was carried out using

Qiagen miScript Precursor assay kits for pre-mir-9-1, -9-2, and -9-

3 respectively, along with a miScript PreAMP PCR Kit (Qiagen).

Pri-precursors

Cell cultures were obtained as indicated above. RT was

carried out with SuperScript VILO Master Mix (Invitrogen)

using the manufacturer’s recommendations. cDNA samples

were sent to Life Technologies for subsequent digital PCR.

Digital PCR

30 ng/μL of each alcohol exposure sample was tested with

three TaqMan Pri-miRNA assays (Mm04227702 pri-mmu-mir-9-

1, Mm03306269 pri-mmu-mir-9-2, and Mm03307250 pri-mmu-

mir-9-3) (Thermo Fisher Scientific Inc.). 1μL of each sample was

added to 10 μL QuantStudio 3D Digital PCR Master Mix, 1 μL of

TaqMan Assay (20X), and 8 μL of nuclease-free water for 20 μL of
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the reaction mix. 14.5 μL of reaction mix was loaded on each

QuantStudio 3D Digital PCR 20K Chip (Thermo Fisher Scientific

Inc.) using QuantStudio 3D Digital PCR Chip Loader (Thermo

Fisher Scientific Inc.) according tomanufacturer’s instruction. The

digital PCR was performed on Proflex 2x Flat PCR System

(Thermo Fisher Scientific Inc.) with thermal cycling of 10 min

at 96°C, followed by 39 cycles at 60°C for 2 min and 98°C for 30 s,

followed by holding at 60°C for 2 min and 10°C for long term. Each

chip fluorescence intensity was read using QuantStudio 3DDigital

PCR instrument (Thermo Fisher Scientific Inc.) and analyzed

copies/μL based on Poisson distribution using QuantStudio 3D

Analysis Suite Cloud Software (Thermo Fisher Scientific Inc.).

Statistical analysis

Expression data for statistical analysis were obtained using

oligos in a standard curve method for mature miR-9-5p and miR-

9-3p, 2−ΔΔCT method for pre-precursors, and Poisson distribution

for pri-precursors. The data were analyzed using unpaired, two-

tailed t-tests. Data were expressed as fold-change to visualize the

relationship between exposure condition and molecule expression.

p-value below 0.05 (p < 0.05) was set as statistically significant.

Results

Regulation of miR-9-5p and miR-9-3p
expression by short exposure to alcohol

miR-9-5p is a prominent brain microRNA regulated by

alcohol. Some reports describe the stimulatory effect of

alcohol on miR-9-5p expression [17, 40], while others report

the opposite effects [41]. To better understand the intricacies of

miR-9-5p regulation by alcohol, we first exposed murine primary

neuronal cultures to physiologically relevant 20 mM ethanol for

FIGURE 2
Expression levels of miR-9-5p and -3p during 24-hr long withdrawal after 15 min exposure to 20 mM ethanol. (A) Temporal expression profile
of miR-9-5p (left bars) andmiR-9-3p (right bars) measured by Taqman-based RT-qPCR. Data expressed asmean fold change ± SD. n = 3, except n =
7 in miR-9-5p control group, n = 5 in miR-9-3p control group). Asterisks indicate statistically significant differences comparing to the control, p <
0.05. (B) Strong, negative correlation of miR-9-5p and miR-9-3p expression levels during the first 6 h of alcohol withdrawal. Correlation
coefficient r = −0.775. (C) Moderate, positive correlation of miR-9-5p and miR-93p expression levels during 12–24 h of alcohol withdrawal. The
correlation coefficient r = 0.550.
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15 min (the short exposure) and measured its expression at

various times after alcohol withdrawal up to 24 h post-

exposure (Figure 2A).

We observed that after the short exposure expression levels of

miR-9-5p increased almost two-fold (Figure 2A, left bars), in

accordance with previously published findings [17]. Alcohol

withdrawal caused a fast decrease of the elevated levels of

miR-9-5p even below the pre-exposure, normal levels within

1 h after the start of the exposure (Figure 2A, left bars). In the

alcohol-free environment, miR-9-5p levels decreased even

further with time, reaching the lowest levels of around 40%

of the pre-exposure levels at the 6 h post-exposure mark.

Somewhere between 6 h and 12 h of the withdrawal miR-9-

5p levels started to rebound from their nadir point and went

back to the pre-exposure levels (Figure 2A, left bars). They

reached the pre-exposure levels 12 h after the exposure and

maintained normal levels up to 24 h after the exposure

(Figure 2A, left bars).

Although miR-9-5p is the most recognized final product of

miR-9 biogenesis, miR-9-3p also plays an important role in

neural development [42] and neuronal differentiation [43]

with more predicted targets then miR-9-5p (Supplementary

Table S1, miR-9-5p: 1242 targets; Supplementary Table S2,

miR-9-3p: 4334 targets). Interestingly, there is a quite large

overlap of targets between these two microRNAs: over 34% of

miR-9-5p targets are also targeted by miR-9-3p (425 targets,

Supplementary Table S3).

We observed that short alcohol exposure also regulates the

expression of miR-9-3p. The short exposure increased expression

of miR-9-3p (Figure 2A, right bars) similar to its effect on the

miR-9-5p expression. In contrast to miR-9-5p however, after the

removal of alcohol, miR-9-3p levels continue to rise, reaching

significantly higher levels 6 h post-exposure (Figure 2A, right

bars).

After reaching the peak of expression, miR-9-3p levels return

down to pre-exposure levels at the 12 h post-exposure timepoint

and maintain that normal level up to the 24 h post-exposure,

mimicking temporal dynamics of miR-9-5p expression changes

within 12–24 h post-exposure time interval (Figure 2A, right

bars).

It seems that, based on changes in the expression of both

microRNAs, two withdrawal periods triggered by short alcohol

exposure could be distinguished: the early period starting

immediately after alcohol withdrawal and lasting around 6 h,

and the late period following the early one and lasting up to the

24-hour post-exposure timepoint (Figure 2A).

During both time periods, the expression of miR-9-5p and

miR-9-3p seems to be tightly associated with each other as

determined by correlation analysis. During the early withdrawal

period changes in miR-9-3p and miR-9-5p expression are strongly

and negatively correlated (Figure 2B; Table 1, correlation

coefficient r = −0.775). During the late withdrawal period,

changes in the expression of miR-9-3p and miR-9-5p are

moderately and positively correlated (Figure 2C; Table 2,

correlation coefficient r = 0.55).

Regulation of miR-9-5p and miR-9-3p
expression by continuous exposure to
alcohol

We compared the short exposure results with the expression

of miR-9-5p under the continuous presence of the drug for up to

24 h (continuous exposure).

We assumed that the continuous presence of the drug would

maintain the elevated plateau of miR-9-5p since exposure to

alcohol increased miR-9-5p levels in the first place. However, it

was not the case. We observed that despite alcohol presence, after

TABLE 2 Correlation between expression fold change of miR-9-5p and miR-9-3p during the late period of alcohol withdrawal.

EtOH WD time [hrs] miR-9-5p fold change miR-9-3p fold change r

12 0.74 0.78 0.550

18 0.97 1.04

24 0.84 1.21

EtOH WD—ethanol withdrawal, r—correlation coefficient.

TABLE 1 Correlation between expression fold change of miR-9-5p and miR-9-3p during the early period of alcohol withdrawal.

EtOH WD time [hrs] miR-9-5p fold change miR-9-3p fold change r

0 1.89 1.25 - 0.775

1 0.39 1.41

6 0.29 1.78

EtOH WD—ethanol withdrawal, r—correlation coefficient.
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the initial increase, miR-9-5p levels dropped within 6 h post-

exposure (Figure 2B, left bars) and then increased (Figure 2B,

left bars) with a similar temporal dynamic seen with the short

exposure. Interestingly, in the continuing presence of alcohol

beyond 6 h the miR-9-5p expression pattern shifted upwards

above the pre-exposure levels presumably trying to set a new,

higher equilibrium (Figure 2B, left bars).

During the continuous exposure to alcohol, the miR-9-3p

expression did not change sufficiently to achieve standard

statistical significance (p < 0.05) except for the last timepoint

(Figure 3A, 24 h exposure). However, the changes of the miR-9-

3p expression tightly followed the changes of the miR-9-5p

expression, showing a strong and positive correlation at each

timepoint studied (Figure 3A). We think that two periods with

similar time frames can be distinguished here as well based on

changes in the expression pattern: the early exposure period

starting soon after alcohol addition and lasting about 6 h

(Figure 3A) with a correlation coefficient r = 0.720

(Figure 3B; Table 3), and the late exposure period following

the first one up to the 24-hour of alcohol exposure (Figure 3C;

Table 4) with the correlation coefficient r = 0.853.

Regulation of expression of miR-9
precursors by short alcohol exposure

Both miR-9-5p and miR-9-3p are final products of miR-9

biogenesis (Figure 1, and ref 19). Three separate biogenesis

pathways of the miR-9-5p/miR-9-3p pair start with each miR-9

gene generating its own pri-mir-9 precursor, and subsequently

pre-mir-9 precursor, which ultimately contributes to the

mature miR-9-5p and the mature miR-9-3p pools (Figure 1).

FIGURE 3
Expression levels ofmiR-9-5p and -3p during continuous, 24-hr long exposure to 20 mM ethanol. (A) Temporal expression profile of miR-9-5p
(left bars) and miR-9-3p (right bars) measured by Taqman RT-qPCR. Data expressed as mean fold change ± SD. n = 3, except n = 7 in miR-9-5p
control group, n = 5 in miR-9-5p control group). Asterisks indicate statistically significant differences comparing to the control, p < 0.05. (B) Strong,
positive correlation of miR-9-5p and miR-9-3p expression levels during the first 6 h of alcohol exposure. The correlation coefficient r = 0.720.
(C) Strong, positive correlation of miR-9-5p and miR-93p expression levels during 12–24 h of alcohol exposure. The correlation coefficient r =
0.853.
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We decided to determine the effects of both, the short and the

continuous alcohol exposure, on the expression of all of these

precursors.

We observed that the short alcohol exposure (15 min) had no

effect on the expression of all three pre-mir-9 precursors

(Figure 4A). Expression levels of none of the precursors changed

immediately after the alcohol exposure. Since they remained

consistently at the same, unchanged level for 6 h following the

alcohol withdrawal (Figure 4A) we did not explore further time

points.

In contrast, within the same timeframe of the early period of

withdrawal, we observed a robust, over 2-fold upregulation of

pri-mir-9-2 precursor expression by short alcohol exposure

immediately following the exposure (Figure 4B). The pri-mir-

9-2 precursor expression upregulation was sustained for at least

6 h after the alcohol withdrawal (Figure 4B). This effect was not

observable for the other two pri-precursors: pri-mir-9-1 and the

pri-mir-9-3 (Figure 4B).

Overall, it seems that a short, 15 min alcohol exposure elicited

changes in the expression of pri-miR-9-2 precursor only and that

these changes were quick, robust, and unceasing in alcohol absence.

Regulation of expression of miR-9
precursors by long alcohol exposure

The long (6 h) alcohol exposure affected the expression of

both, pre- and pri-mir-9 precursors.

Both, pre-mir-9-1, and pre-mir-9-2 were significantly

downregulated after 6 h of alcohol exposure, with pre-mir-

9-3 following this trend but not reaching a statistical

significance at p < 0.05 yet (Figure 5A). Withdrawal of

alcohol for 6 h after the 6 hr-long exposure to the drug

did not restore expression levels of any of the pre-mir-

9 precursors with all of them being decreased. The

decreased expressions of all three pre-miR-9 precursors

continued in the absence of alcohol for up to 24 h after

alcohol withdrawal (Figure 5A).

The effects of the long (6 h) alcohol exposure on the

expression levels of pri-miR-9 precursors also affected all of

these precursors but each in a different way (Figure 5B). The

expression of the pri-mir-9-1 precursor was consistently

downregulated to about 50% of its pre-exposure levels,

and this downregulation persisted in the absence of

alcohol for up to 24 h after alcohol withdrawal

(Figure 5B). In contrast, the expression of the remaining

two pri-precursors (pri-mir-9-2, pri-mir-9-3) was

significantly upregulated by the long (6 h) alcohol

exposure to about 1.5-fold above their pre-exposure levels.

After alcohol withdrawal, the upregulated levels of both pri-

precursors were sustained (Figure 5B). The pri-miR-9-

3 precursor maintained its 1.5-fold upregulation at both,

6 h and 24 h after alcohol withdrawal (Figure 5B), while

the pri-miR-9-2 precursor expression levels 6 h after

alcohol withdrawal went even further up, reaching above

2-fold upregulation, and maintaining their higher expression

levels 24 h post-exposure (Figure 5B).

Overall, it seems that longer alcohol exposure elicited wider

changes in the expression of miR-9 precursors, affecting the

expression of all precursors. Nevertheless, it seems that the

miR-9-2 biogenesis pathway responded in the most

striking way.

Discussion

Alcohol Use Disorder (AUD) is a very complex disease

involving an array of biomolecules, multiple biological

TABLE 4 Correlation between expression fold change of miR-9-5p and miR-9-3p during the late period of continuous alcohol exposure.

EtOH ex time [hrs] miR-9-5p fold change miR-9-3p fold change r

12 1.79 1.43 0.853

18 1.16 1.17

24 1.94 1.99

EtOH ex—ethanol exposure, r—correlation coefficient.

TABLE 3 Correlation between expression fold change of miR-9-5p and miR-9-3p during the early period of continuous alcohol exposure.

EtOH ex time [hrs] miR-9-5p fold change miR-9-3p fold change r

0.25 1.89 1.25 0.720

1 1.00 1.04

6 0.72 1.15

EtOH ex—ethanol exposure, r—correlation coefficient.
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pathways, and several organismal systems. Time is a fundamental

factor of alcohol-triggered changes in the brain’s function as the

development of AUD is happening progressively over time. We

have attempted to shed some light on the temporal regulation of

the biogenesis of miR-9, one of the key master regulators of gene

expression in the brain [19], which is affected by alcohol in both,

brain development [44, 45] and mature brain function [17, 46]

and exists in two biologically active forms: miR-9-5p and miR-9-

3p. We measured changes of both mature miR-9 forms in

murine, primary cell culture consisting of Medium Spiny

Neurons (MSN) derived from the Nucleus Accumbens (NAc),

which is a part of the brain reward system integrating

information from the cortex and subcortical regions [47–49]

and highjacked by alcohol in AUD [50]. Alcohol affects the

activity of MSN [51], disrupts information integration, and

causes behavioral effects [52].

Although during intoxication, neurons in the brain can be

exposed to a wide range of alcohol concentrations from

around 10 mM to over 100 mM, 20 mM ethanol

concentration has a low apoptotic effect [17, 36] yet

significant effects on the CNS neurobiology (e.g., ion

channel conductivity, neuronal excitability, neuronal

network activity), morphology (e.g., synaptic shape and

mitochondrial density [53], and behavior (e.g., sedation,

motor incoordination, inability to operate motor vehicles,

consistent with intoxication) [54]. We reported previously

that exposure of the rat neurohypophysial brain explant to

20 mM alcohol for a short time (15 min) caused an

upregulation of miR-9-5p expression and observable

changes in expression of some of miR-9-5p targets,

including the rearrangement of BK channel splice variants

consistent with neuroadaptation [17]. Here, we extended our

FIGURE 4
Expression levels of pre- and pri-precursors during the first 6 hours of withdrawal after 15 min exposure to 20 mM ethanol. (A) Temporal
expression profile of pre-mir-9-1 (left bars), pre-mir-9-2 (middle bars), and pre-mir-9-3 (right bars) measured by miScript RT-PCR. (B) Temporal
expression profile of pri-mir-9-1 (left bars), pri-mir-9-2 (middle bars), and pri-mir-9-3 (right bars) measured byQuantStudio 3DDigital RT-PCR. Data
expressed as mean fold change ± SD. n = 3 (pre-precursors), n = 2 (pri-precursors). Asterisks indicate statistically significant differences
comparing to the control, p < 0.05.

Advances in Drug and Alcohol Research Published by Frontiers09

Mead et al. 10.3389/adar.2023.11323

48

https://doi.org/10.3389/adar.2023.11323


studies to determine temporal characteristics of miR-9

adaptation to alcohol using murine primary neuronal

cultures of medium spiny neurons harvested from the

striatum, allowing precise control over alcohol exposure

and withdrawal of the pivotal element of the brain reward

system.

miR-9-5p homeostatic response to short
alcohol exposure and withdrawal

After observing previously the biological effects of a short

exposure to 20 mM alcohol [17], we questioned whether the

upregulated miR-9-5p levels persist after alcohol withdrawal and

for how long. We determined here that the short alcohol exposure

triggered changes in miR-9-5p expression observable during

withdrawal. These changes could be divided into two, subsequent

phases: 1/downregulation below the pre-exposure level, and 2/

upregulation to the pre-exposure level. These phases seem to

follow a pattern of homeostatic regulation, during which miR-9-

5p levels thrown off of the steady state equilibrium by alcohol

exposure would undergo changes after alcohol withdrawal to return

eventually to the pre-exposure status quo. Based on our collection

time points we observed that MSN neurons need roughly around

6–12 h of the drug withdrawal to return miR-9-5p levels to normal

(i.e., the pre-exposure steady-state equilibrium). It would be of

interest, in the next studies, to further narrow down the time

window of this homeostatic adaptation.

FIGURE 5
Expression levels of pre- and pri-precursors during 24 hwithdrawal after 6 h of exposure to 20 mMethanol. (A) Temporal expression profile of pre-
mir-9-1 (left bars), pre-mir-9-2 (middle bars), and pre-mir-9-3 (right bars) measured bymiScript RT-PCR. (B) Temporal expression profile of pri-mir-9-1
(left bars), pri-mir-9-2 (middle bars), andpri-mir-9-3 (right bars)measuredbyQuantStudio3DDigital RT-PCR.Data expressed asmean fold change± SD.
n = 3 (pre-precursors), n = 2 (pri-precursors). Asterisks indicate statistically significant differences comparing to the control, p < 0.05.

Advances in Drug and Alcohol Research Published by Frontiers10

Mead et al. 10.3389/adar.2023.11323

49

https://doi.org/10.3389/adar.2023.11323


miR-9-3p upregulation attenuates the
effects of the miR-9-5p downregulation

Recently, miR-9-3p, the passenger strand derived from the

same duplex as miR-9-5p, gained recognition as biologically

active on its own [43, 55]. Martinez et al. [56] showed that

chronic ethanol exposure over the course of 55 days elevated

miR-9-3p in the serum of rats. Balaraman proposed that the

ratio between these two mature microRNAs is important in the

regulation of neuronal differentiation and in the development

of cancer [57]. Both microRNAs impact the differentiation of

neural stem cells through the co-regulation of a transcription

factor, REST (RE1 silencing transcription factor/neuron-

restrictive silencer factor). miR-9-5p targets REST directly,

while miR-9-3p regulates the expression of coREST, a

cofactor of REST [42, 57]. Therefore, miR-9-5p and miR-9-

3p working in tandem can create various combinations of

REST:coREST, thus influencing neuronal differentiation

[58, 59].

Our results postulate an even tighter, joint effect of miR-9-5p

and miR-9-3p on gene expression. Simultaneous downregulation

of miR-9-5p and upregulation of miR-9-3p observed at some

points, and their convergence on a large number of targets

(425 transcripts, over 34% of miR-9-5p targets) could be a

neuronal attempt to attenuate, at least some acute alcohol

effects on miR-9-5p targets, consistent with a homeostatic

response and preservation of pre-exposure equilibrium. We

also would like to propose that any future studies focused on

the regulation of miR-9-5p and its targets by alcohol or other

factors should include miR-9-3p and its targets as well.

Coordinated miR-9-5p/-3p allostatic
response to continuous alcohol exposure

We expected that in the continuous presence of alcohol,

upregulated levels of miR-9-5p and miR-9-3p would be

maintained. However, that was not the case. We observed that

despite the continuous presence of alcohol, bothmiR-9-5p andmiR-

9-3p levels followed a response pattern, similar to one observed in a

short exposure/withdrawal experiment, which could be also divided

into two phases: 1/initial downregulation, 2/subsequent

upregulation, with a demarcation line between these two phases

happening after 6–12 h of alcohol exposure. Interestingly, the final

outcome after 24 h of alcohol exposure was a significant

upregulation of both miR-9-5p and miR-9-3p. One could

interpret these results as a neuronal adaptation at the molecular

level to the continuous presence of alcohol by attempting to set up a

new, overcorrected set-point of miR-9-5p and miR-9-3p expression

despite the continued presence of the drug. This is consistent with

achieving new stability through change—a tenet of allostasis [60, 61]

and the allostatic model of addiction [62].

Regulation of miR-9 precursors and
biogenesis pathways by alcohol

Since we observed the presence of the initial phase triggered

by a short or continuous exposure lasting about 6 h, we decided

to determine whether alcohol differently affects upstream

elements of the miR-9 biogenesis pathway (precursors) during

that window using two scenarios. First, we used this window as a

withdrawal window preceded by the short exposure, second, we

used it as an exposure window followed by a 24-hour withdrawal

period. As we observed no measurable effect on all three miR-9

pre-precursors’ expression levels during the first scenario, we

concluded that the likelihood of alcohol affecting the steps of

microRNA biogenesis responsible for the production of pre-

precursors from pri-precursors is rather low. However, in

scenario 2, alcohol downregulated all three miR-9 pre-

precursors suggesting a possibility that alcohol could interfere

with one or some of the steps producing pre-precursors from pri-

precursors. Production of microRNA pre-precursors starts with

pri-precursors cleavage by the Microprocessor machinery,

followed by export from the nucleus to the cytoplasm by the

exportin5 complex, and capture by Dicer for further processing

by the RISC complex [63]. There are many proteins involved in

microRNA biogenesis as each microRNA processing complex

consists of several proteins. The microprocessor contains

Drosha, DGCR8, RIIa and RIIb proteins, and Exportin-5, a

mediator of nuclear export that needs a cofactor RanGTP

protein [63], while Dicer works with auxiliary proteins TRBP

andmembers of the Argonaute protein family (AGO) to form the

RISC complex [63]. It is possible that some of the regulation of

precursors by alcohol reported here is due to an alcohol effect on

some of these proteins. Indeed, Mulligan [64] showed an

association between Drosha and Dicer expression and

response to alcohol, while Prins [65] determined that, in the

rat hippocampus, alcohol alters Drosha and Dicer expression

(also see 18). Moreover, Gedik [66] reported a genetic association

of DGCR8, AGO1, and AGO2 alleles with alcohol dependence

risk. It would be of great interest to gain a full picture of alcohol

regulation of activity of the key elements of the microRNA

biogenesis complexes which process precursors.

In order to better understand the temporal regulation of

miR-9 expression by alcohol we should also focus our future

efforts on the initial steps of the biogenesis, namely, the

production of the miR-9 pri-precursors from their respective

genes. Our results revealed that even the short alcohol exposure

triggered upregulation of pri-mir-9-2, while longer exposure

affected the expression of all three miR-9 pri-precursors. At

this point we cannot rule out any mechanisms regulating

miR-9 gene expression; however, we suspect epigenetic control

of the mir-9-2 gene expression by alcohol. Pappalardo-Carter

et al. [67] showed that alcohol increases CpG dinucleotide

methylation of the mir-9-2 gene promoter. We believe that
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further, comprehensive studies of the epigenetic regulation of all

miR-9 genes by alcohol are fully warranted.

Further studies should also shed some light on the differential

regulation of miR-9 expression not only by the temporal aspect of

alcohol exposure but also by alcohol concentration. Pappalardo-

Carter [67] reported that a high alcohol concentration (130 mM)

suppressed miR-9 expression, while Tapocik [68] showed that an

alcohol concentration of 70 mM inhibited the expression of miR-

9, creating a lower steady-state level in alcohol-dependent rats.

AUD is known to have a genetic component [69, 70]. Because

humanmiR-9-1 andmiR-9-3 genes are located near or within the

AUD susceptibility loci [8], we believe that exploring the

differential effects of alcohol on each miR-9 biogenesis

pathway is also of great importance in understanding the

genetic predisposition to AUD. We would hypothesize that

the first response to alcohol exposure is mostly through the

mir-9-2 biogenesis pathway. However, with continuous exposure

(longer than 6 h) or possibly multiple exposures (mimicking

frequent drinking characteristic of the AUD) the mir-9-2 gene

may be eventually substantially turned down, with the remaining

contribution shifting to mir-9-1 and mir-9-3 genes. As these two

genes combined produce less miR-9 than mir-9-2, this

hypothesis would explain lower levels of miR-9 observed in

chronic alcohol exposure experiments [67, 68]. This

hypothesis would also rationalize the presence of miR-9-1 and

miR-9-3 genes in the AUD susceptibility loci.

It is worthmentioning that a deeper understanding of alcohol

regulation of miR-9 biogenesis would also benefit research

focused on cancer and neurodegenerative diseases. Aberrant

levels of miR-9 (either miR-9-5p, miR-9-3p, or both) have

been reported in many types of cancer [71]: breast cancer [25,

72, 73], Burkitt’s Lymphoma [24], hepatocarcinoma [74],

prostate cancer [75], gastric cancer [76], colorectal cancer

[77], as well as Alzheimer’s and Huntington’s diseases [78].

Chronic heavy alcohol consumption increases the risk of all of

these cancers and neurodegenerative diseases [79–86].

Summary

AUD is a progressive brain disease. Understanding the

temporal effects of alcohol on gene expression in neurons is of

great importance. Using murine primary cultures of medium

spiny neurons, we attempted to deepen our understanding of

temporal regulation by alcohol of expression and biogenesis of

miR-9-5p and miR-9-3p, key regulators of gene expression.

Based on miR-9-5p and miR-9-3p responses to short alcohol

exposure, we concluded that changes in expression of these

two microRNAs seem to be consistent with the homeostatic

model of addiction, while longer, continuous alcohol exposure

evoked possibly allostatic changes. Finally, our results point

out that the sensitivity of mir-9 genes to alcohol varies among

genes and is also time-dependent. The mir-9-2 gene produces

pri-mir-9-2 precursor almost immediately after alcohol

exposure, while mir-9-1 and mir-9-3 genes need longer

exposure to alcohol. Our studies may help us to understand

better mechanisms of addiction, carcinogenesis, and

neurodegenerative disorders.

Limitations and future directions

There are several limitations to consider when interpreting

the results. We used the primary neuronal culture of the medium

spiny neurons harvested from young mice pups’ striatum. One

needs to remember that neurons harvested in such a way are

taken away from their natural environment of the whole brain

“connected” to the whole animal. To preserve more “natural”

conditions we could use brain striatal slices, however, their

viability over 24 h is poor; we could also consider using whole

animals, however, in this model, it is impossible to precisely

control alcohol exposure and withdrawal. Thus, with its inherited

limitations, this model provides us with precise control over

alcohol exposure and withdrawal, as well as direct access to

neurons derived from the striatum - a pivotal element of the

reward system, which plays a fundamental role in the

development of addiction.

Another limiting factor is that neurons harvested from

newborn pups are not mature yet and for about 2 weeks

correspond to the final in utero period of human

development. However, we waited 5 days to harvest the

neurons from the striata of P5 pups and then cultivated them

on a dish for 8 days before starting alcohol exposure, thus likely

passing the period corresponding to the in utero human

development.

Another factor to remember is that neurons during a few

days after plating undergo proliferation on the culture dish. It has

been shown in another model that in the proliferating neurons of

the retina miR-9 levels (presumably miR-9-5p) oscillate with a

rhythmicity of 3 h [87] meaning the expression of miR-9 follows

a sinusoid with the same levels observed every 3 hours. This

rhythmicity is transient and stabilizes once the neurons mature.

Cultivating neurons on a dish for about a week yields mostly

mature neurons. However, it is possible that there are some

proliferating neurons still present. Since most of our collection

time points were multiplications of three, they were in sync with

miR-9 oscillations, thus any miR-9 rhythmicity should have a

minimal effect. Therefore, by harvesting MSN from the P5 pups

and allowing them for a few days to mature before starting

alcohol exposure, we think that we were able to circumnavigate at

least some of the shortcomings of this model. Future collections

with time intervals shorter than 3 h (or not in sync with 3 h) will

require though additional controls.

We measured the expression of miR-9 precursors which

are products of mir-9 genes and biogenesis machinery but did

not directly study the regulation of gene expression or the
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machinery activity. Future studies could focus on a

systematic approach of determining the alcohol sensitivity

of individual elements of microRNA biogenesis (e.g., using

antisense oligonucleotides targeting each precursor

individually) including temporal characteristics of

epigenetic regulation of gene expression by alcohol.

Lastly, we used a single, low-dose alcohol concentration to

minimize cellular death. Since higher alcohol concentrations

have been shown to also regulate miR-9 expression [67, 68]

determination of their effects on miR-9 biogenesis would be of

interest.
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MicroRNA-mediated
translational pathways are
regulated in the orbitofrontal
cortex and peripheral blood
samples during acute abstinence
from heroin self-administration
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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.
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