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Abstract

Addiction is a chronic and relapsing brain disorder characterized by compulsive seeking despite
adverse consequences. There are both heritable and epigenetic mechanisms underlying drug
addiction. Emerging evidence suggests that non-coding RNAs (ncRNAS) such as microRNAs
(miRNAs), long non-coding RNAs, and circular RNAs regulate synaptic plasticity and related
behaviors caused by substances of abuse. These ncRNAs modify gene expression and may
contribute to the behavioral phenotypes of addiction. Among the ncRNAs, the most widely
researched and impactful are miRNAs. The goal in this systematic review is to provide a detailed
account of recent research involving the role of miRNAs in addiction.
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1| INTRODUCTION

Addiction is a chronic and relapsing brain disorder characterized by compulsive seeking.
Both sporadic and genetic factors contribute to the negative symptoms associated with
addiction, such as drug-seeking and relapse. The consequences of repeated exposure to
drugs of abuse often lead to difference in feeling, preoccupant behavior, temporary satiation,
loss of control, and negative consequences, all of which are symptoms of addiction
(Sussman & Sussman, 2011). The easiest measure of addiction is a user’s behavioral
preoccupancy with obtaining more drugs; in humans, this behavior is complex and can be
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challenging to measure, however, in animal models, addiction can be measured through
Pavlovian-style classical conditioning such as conditioned placement preference (CPP) or
operant conditioned lever-pressing self-administration (SA). Animal models have
consistently shown that addiction will cause compulsive-like SA even in the presence of
aversive consequences (Hopf & Lesscher, 2014; Hyman & Malenka, 2001; Vanderschuren &
Everitt, 2004). The change from a positive reward, commonly called a “high,” to negative
stimuli during abstinence is one of the hallmarks of addiction (Koob & Le Moal, 2001).
These uncontrolled changes often contribute to the user’s inability to cease drug taking
regardless of negative symptoms. Treating addiction disorders is a substantial challenge
given the far-reaching consequences, which include medical, financial, and civil costs. In the
United States alone, the cost of addiction to legal drugs surpasses tens of billions of dollars
(Florence, Zhou, Luo, & Xu, 2016; Sacks, Gonzales, Bouchery, Tomedi, & Brewer, 2015;
Xu, Bishop, Kennedy, Simpson, & Pechacek, 2015). Furthermore, according to the Centers
for Disease Control and Prevention, the death toll from illicit substance poisoning is above
70,000 per year (Kochanek, 2019).

Understanding the molecular mechanisms underlying addiction, such as the regulation of
gene expression, is critical. It is well established that altered gene expression affects function
of individual neurons and their neural circuits, ultimately leading to the behavioral
abnormalities observed in drug addicts (McClung & Nestler, 2008; Nestler, Hope, &
Widnell, 1993). Alterations of gene expression can occur through regulation of transcription
factors, chromatin structure, and small non-coding RNA (ncRNA). In this review, we will
focus on the ability of ncRNA to transcriptionally regulate gene expression in the context of
drug addiction. Although there are many classes of ncRNA—microRNA (miRNA), long
non-coding RNA (IncRNA), circular RNA (circRNA), piwi-interfering RNA, small
nucleolar RNA, and small interfering RNA—the most abundant and widely studied are
miRNAs, which will be the primary focus of this review article.

1.1 | Drugs of abuse and microRNA

miRNAs are small (~21-23 nucleotides) ncRNA transcripts that are capable of regulating
gene expression at the post-transcriptional level (Lim et al., 2005). These were first
discovered in Caenorhabditis elegansin 1993 (R. C. Lee, Feinbaum, & Ambros, 1993), and
to date 1,917 miRNAs have been identified in humans (http://www.mirbase.org). However,
less than a third of these miRNAs are robustly supported as miRNA genes (Fromm et al.,
2015). miRNAs impact posttranscriptional regulation via destabilizing or cleaving mMRNA,
making them ideal tools for regulating gene expression (Fabian, Sonenberg, & Filipowicz,
2010). Furthermore, the silencing effect of miRNAs on their target genes is highly specific
and allows them to precisely regulate physiological responses. These abilities have caused
miRNASs to be the subject of research in a variety of neurological diseases, including
addiction (Hammond, 2015). In humans, the brain expresses a greater variety of unique
miRNAs than any other tissues, thus denoting their prominence in regulating development
and plasticity of the brain (Adlakha & Saini, 2014). As of today, a PubMed search
(“miRNA” and “addiction™) has yielded 5,602 manuscripts, of which 739 have been
published within the last year.
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Drugs of abuse can have a wide array of impacts and varying pharmacological mechanisms
of action in the brain. However, a common connection associated with drugs of abuse is the
ability to induce plasticity that impacts overall brain function, thus leading to addiction
(Kauer & Malenka, 2007). Importantly, the number of uniquely expressed miRNAs in the
brains of higher organisms is key in the development of the diverse cellular mechanisms
behind cognitive function, namely plasticity (Z. Hu & Li, 2017; McCreight, Schneider,
Wilburn, & Swanson, 2017). miRNAs have been heavily investigated to help understand
how drugs of abuse affect the biological machinery to cause the learned behavioral and
biochemical dependence on a drug. Some miRNAs are conserved across drugs of addiction
and modalities, whereas others can be seen in specific drugs or drug classes. The most
commonly researched drugs of abuse fall into three main classes depending on their
physiologic effects: psychostimulants, opiates, and depressants. We present below the key
miRNAs impacted by these different classes of drugs across different model systems.

2 | PSYCHOSTIMULANTS

Psychostimulants, whether illicit or legal, are the most widely abused class of drugs. The
canonical reward pathway, or dopaminergic pathway, is conserved throughout most drugs of
abuse, including psychostimulants, and is comprised of the activation of the dopaminergic
neurons in the ventral tegmental area (VTA) and substantia nigra, which affect GABAergic
neurons in the striatum (N. D. Volkow & Morales, 2015). The complex transition from
reward to addiction also involves the activation of higher brain structures including the
limbic system and pre-frontal cortex (PFC) (N. D. Volkow & Morales, 2015).
Psychostimulants stimulate the central nervous system by enhancing or mimicking various
catecholamine neurotransmitters such as dopamine (Treatment for Stimulant Use Disorders,
1999; Wise, 1978). Some psychostimulants are also capable of acting on serotonin receptors
to induce hallucinogenic and psychogenic effects (Muller & Homberg, 2015); both of these
pathways have been investigated for clinical applications of therapeutics. This review will
focus on methamphetamine (METH), cocaine, and nicotine, the three most widely abused
and highly addictive psychostimulants.

2.1 | Methamphetamine

METH is a potent psychostimulant known for its significant negative health effects such as
hallucinations, neurological dysfunction, and accelerated aging. According to self-reported
data from human studies as well as from studies utilizing rodent SA addiction models,
METH is highly addictive and can cause drastic negative withdrawal symptoms even after
short dosing periods (Kitamura, Wee, Specio, Koob, & Pulvirenti, 2006; Marshall, Belcher,
Feinstein, & O’Dell, 2007). It has recently been shown that even a single dose of METH in
rats drastically increased SA of METH after the fifth day of exposure, and this rate of
increase persisted for 18 days (Jayanthi, Torres, Ladenheim, & Cadet, 2020). In humans,
similarly increased drug craving can persist up to 6 weeks (Zorick et al., 2010). Given
METH?’s potential to induce dependence and relapse, elucidating the different miRNAs
involved in these processes could provide a greater understanding of the mechanisms that
make METH such a potently addictive drug and provide further insight into addiction to
other drugs of abuse.
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2.1.1 | miRNAs in METH abuse—One of the characteristic features of METH is that it
can disrupt the blood brain barrier (BBB) with both chronic and acute use (Turowski &
Kenny, 2015). Indeed, miR-125a-5p, miR-29b, and miR-143, which are associated with
METH abuse, have been shown to increase BBB degradation (Bai et al., 2016). A significant
clinical challenge when addressing METH addiction in humans is accurately characterizing
the status of abuse and addiction via readily accessible biomarkers in plasma or serum. In
humans, several circulating plasma miRNAs are differentially regulated in METH abusers.
miR-4799, miR-4776, miR-550b, and miR-9 were increased in active METH users while
miR-181a, miR-15b, miR-let-7e, and miR-let-7d were decreased significantly in recovering
METH users (Gu et al., 2020; Y. Zhao et al., 2016). However, as observed in chronic
models, different miRNAs were associated with chronic versus acute METH usage;
therefore, future studies of plasma or serum samples should seek to identify potential
biomarkers of addiction regarding the duration of drug use (i.e., chronic versus acute), not
just drug-specific biomarkers.

In chronic versus acute usage of METH, distinct miRNA regulatory differences exist. One
study revealed 132 miRNAs were differentially regulated in the nucleus accumbens (NAc)
between a single acute dose and chronic escalating doses of METH as compared to control
rats (Sim et al., 2017). Specifically, 32 miRNAs were uniquely regulated in acute groups,
and 38 miRNAs were uniquely regulated in chronic groups. Intriguingly, the final dose prior
to sacrifice was identical in both conditions, suggesting that METH dosage can affect the
expression of mMiRNAs in NAc (Sim et al., 2017). Specifically, the study identified one
miRNA, miR-496-3p, to be 13-fold increase in the chronic group (Sim et al., 2017). Though
the exact role of miR-496-3p in addiction has not been explored, its role in learning and
memory via activity-dependent regulation of dendritogenesis has been documented (Rago,
Beattie, Taylor, & Winter, 2014; W. Wang, Kwon, & Tsai, 2012), indicating that miR-496-3p
differential expression could affect synaptic plasticity and, therefore, behavior. Interestingly,
both miR-496-3p and miR-496-5p were upregulated in a study of nicotine, further
suggesting it may play a regulatory role in psychostimulant addiction (S. Lee, Woo, Kim, &
Im, 2015).

In another METH SA rat study, Bosch, Benton, Macartney-Coxson, and Kivell (2015)
revealed 78 miRNAs and 150 mRNA transcripts were differentially expressed in the VTA.
Of significance is the identification of the miR-29 family, which was downregulated in the
VTA. Intriguingly, a recent study from Su et al. showed similar downregulation of the
miR-29 family in the NAc in a chronic rat model. Specifically, they showed that miR-29c
inhibition attenuated METH-induced locomotor sensitization (Su et al., 2019). Furthermore,
miRNA-29c¢ has been shown to be an inhibitor of BACEL, a key enzyme in myelination that
is also upregulated with METH exposure (Shukla, Maitra, Hernandez, Govitrapong, &
Vincent, 2019; Zong et al., 2011). Inhibition of miR-29c¢ during chronic exposure is likely
the condition through which METH-induced increase of BACEL occurs. Together,
miR-29c¢’s differential regulation in chronic METH groups and its impact on locomotor
sensitization indicate that it plays a role in reward addiction. Ultimately, behavioral studies
using miRNA regulation in animal models, such as knockouts or miRNA-inhibition, are
necessary to validate miRNAs as regulators of addiction. Such behaviorally validated
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miRNAs, like miR-29c¢, could elucidate other potential miRNAs for investigation and
validation based on their mMRNA targets.

Another interesting longitudinal study performed in METH SA rats found unique miRNA
differences in the PFC related to duration of drug access (Du et al., 2016). During longer SA
time periods of 6 hr, miR-127, miR-186, miR-222, and miR-24 were increased significantly
while miR-329 was decreased (Du et al., 2016). During much shorter exposure times such as
1 hr, only miR-186 increased while miR-195 and miR-329 were decreased (Du et al., 2016).
miR-24, miR-195, and miR-222 have been previously shown to target the apoptosis
regulating gene Bcl2 (Singh & Saini, 2012). It is suggested by Du et al. that Bcl2-mediated
apoptosis is promoted in the short access group via decreased miR-195 expression whereas
Bcl2 is decreased in long access groups via increased miR-24, miR-195, and miR-222.
Additionally, a KEGG pathway analysis by Du et al. (2016) showed several of the 6-hr
specific mMiRNAS’ putative targets to be axon guidance, MAPK signaling, and Wnt signaling.
This differential apoptotic regulation alongside an increase in synaptic plasticity-associated
genes suggests that extended use of METH contributes to the learned behavior of addiction
whereas the shorter exposure times do not. This study therefore provides insight on the role
of miRNAs at a regulatory level. One of the most widely researched miRNAs from the Du et
al. paper is miR-24, which is a poly-drug-linked miRNA associated in METH, oxycodone,
and alcohol use. miR-24 targets p38 MAPK, a MAPK family related to the serotonergic
sensitization that contributes heavily to addiction-associated behavior such as CPP, stress,
and anxiety (Bruchas et al., 2011; El Rawas, Amaral, & Hofer, 2020).

Other studies of METH-associated miRNAs have focused on miR-128, which has key roles
in learning and behavior. miR-128’s differential expression has been repeatedly noted in
chronic cocaine and METH abuse (Hollander et al., 2010; J. Li et al., 2020; Lin et al., 2011;
Sim et al., 2017). Recently, it was validated that only chronically exposed METH rats
showed a significant difference in miR-128 expression in the NAc (J. Li et al., 2020).
miR-128’s overexpression and under-expression were shown to exacerbate or mitigate
METH-seeking, respectively (J. Li et al., 2020). Interestingly, Sim et al. (2017) reported
dysregulation of miR-128 in the NAc with both acute and chronic METH treatments.
Importantly, miR-128 targets three major proteins: Arf6, Cpeb3, and Nignl (J. Li et al.,
2020). These proteins are important for dendritic spine morphology, synaptic transmission,
and neurogenesis, the three key modalities for synaptic plasticity (S. Choi et al., 2006; Y. S.
Huang, Kan, Lin, & Richter, 2006; Stidhof, 2008).

In summary, understanding the role of miRNAs in METH addiction will help in
understanding how METH abuse dysregulates specific brain regions. Due to the severe
neurotoxicity of METH, several biological responses from neurons and glia are elicited in all
brain regions, however much of this may not directly contribute to addiction. METH studies
have produced an astounding array of data regarding miRNA dysregulation, but for the
purpose of studying addiction it is critical to understand which miRNAs play a role in the
acquisition of METH-dependent behaviors such as drug seeking and withdrawal. The
miRNAs addressed here that have the greatest promise for further investigation are miR-128
and miR-29c for their ability to affect METH-seeking behavior (J. Li et al., 2020; Su et al.,
2019). However, there are other miRNAs that are noted in SA studies that deserve further

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gowen et al. Page 6

investigation due to their targeted pathways, particularly miR-24 and miR-496-3p, both of
which have roles in synaptic plasticity and learning behavior.

2.2 | Cocaine

Cocaine, like METH, pharmacologically operates through presynaptic monoamine receptors
and is a highly addictive drug. The mechanism of addiction likely lies in synaptic plasticity
and memory pathways (Vanderschuren & Everitt, 2004). The reward pathway of addiction is
highly conserved through different drugs, as illustrated in Figures 1 and 2, and a few
miRNAs appear to be conserved across multiple types of drugs, including cocaine. In
addition to these conserved miRNAs, cocaine dependency (CD) has shown a variety of
uniquely differentially regulated miRNAs.

2.2.1 | miRNAs in cocaine abuse—A study performed using the neuroblastoma SH-
SY5Y cell line found that 30-min and 6-hr cocaine treatments revealed a total of 90
differentially expressed miRNAs (Cabana-Dominguez, Arenas, Cormand, & Fernandez-
Castillo, 2018). The most significantly downregulated of these were miR-9-5p, miR-101-3p,
miR-124-3p, miR-124-5p, miR-137, miR-153-3p, and miR-369-3p. Following the
identification of these miRNAs, the authors further investigated a human dataset comprised
of 2,085 individuals with CD and 4,293 controls. Three of these miRNAs were confirmed to
be associated with CD in humans; miR-124-3p, miR-153, and miR-9 were all significantly
downregulated (Cabana-Dominguez et al., 2018). Interestingly, of these three miRNAs,
miR-124-3p was shown to be a key regulator in cocaine-induced synaptic plasticity
(Chandrasekar & Dreyer, 2009, 2011). Interestingly, miR-153 is widely known for playing a
role in tumorigenesis, but more investigation is needed to establish its relevance in addiction
(W. J. Chen et al., 2015; Ghasemi, Fallah, & Ansari, 2016; Xia et al., 2015). Although
miR-9 has not been shown to directly regulate CD, it has been shown to directly target
several key transcriptional regulators that control neurogenesis (Bonev, Stanley, &
Papalopulu, 2012; Shibata, Nakao, Kiyonari, Abe, & Aizawa, 2011; Yao et al., 2014; C.
Zhao, Sun, Li, & Shi, 2009). The role of miR-9 in activation of the NF-xB pathway and
RE1-silencing transcription factor (REST), both of which have been shown to be directly
involved in alcohol and METH addiction, further endorses it as a target of interest for CD
(Ruffle, 2014; Sadakierska-Chudy et al., 2017; H. Tian et al., 2016).

Other studies using the SH-SY5Y cell line investigated an enzyme called poly[ADP-ribose]
polymerase 1 (PARP-1) for its role in plasticity, memory, and CD (Cohen-Armon et al.,
2004; Scobie et al., 2014). Furthering this line of research, an in vivo study of PARP-1 found
it was modulated by miR-125b, a miRNA significantly downregulated with cocaine
exposure (Dash et al., 2017). Increasing the dose of cocaine was shown to gradually
decrease the expression of miR-125b, demonstrating the dose-dependent nature of addiction
(Dash et al., 2017). Dash et al. (2020) further investigated PARP-1 and found that it also has
significant binding overlap with miR-124. Although PARP-1 is regulated by both miR-125b
and miR-124, miR-124 appears to be the primary regulator. It is also interesting to note that
while CD downregulated both miR-125b and miR-124 in the NAc, only miR-124 appeared
to be impacted in the hippocampus (HIP) and VTA (Chandrasekar & Dreyer, 2009; Dash et
al., 2017; Dash et al., 2020).

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gowen et al.

Page 7

Another in vivo experiment using mice found that miR-495, let-7, and miR-212/132 were
significantly down-regulated in the NAc shell by SA of cocaine and showed that these
miRNAs could regulate several canonical reward pathways (Bastle et al., 2018). Using
cocaine infused with green fluorescent protein-tagged lentivirus for miR-495, Bastle et al.
further showed that miR-495 was two-fold more enriched in the NAc in chronic SA mice.
Furthermore, the same study showed that overexpression of miR-495 in the NAc shell
recovered lever-pressing conditioning in CD rats (Bastle et al., 2018). It was also shown that
miR-495 targeted the key genes BDNF and ARC as well as CAMK2A, a gene associated
with long-term memory potentiation known to regulate CD in humans (Easton et al., 2014).
The role of miR-495 in addiction-related behavior and its regulation of three key
synaptogenesis-related genes mark it as a significant potential therapeutic target.

In a rat SA model of cocaine, it was shown that miR-212/132 family was differentially
expressed in the striatum (Im, Hollander, Bali, & Kenny, 2010; Sadakierska-Chudy et al.,
2017). miR-212 and miR-132 are transcribed from the same pre-miRNA (Aten, Hansen,
Hoyt, & Obrietan, 2016). It has been shown that miR-212/132 is critical in CREB cycle-
mediated synaptic plasticity and memory (Hollander et al., 2010). Hollander et al. (2010)
showed that controlling striatal miR-212/132 levels in a SA rat model directly affected the
development of cocaine addiction. A recently published study took this analysis a step
further by illustrating two key points using an active and yoked SA model; the active subject
could press a lever that would result in cocaine delivery to both the active and yoked
subjects. If the yoked or saline cagemates pressed the lever, however, no cocaine would be
administered. The first novel discovery was that altered expression of miR-212/132 extended
through 10 days of cocaine abstinence for active group SA rats, but yoked condition
cagemates did not show extended differential miR-212/132 expression despite receiving the
same cocaine doses (Sadakierska-Chudy et al., 2017). This suggests that the duration of
miR-212/132 dysregulation is dependent on the learned behavior of lever pressing not just
cocaine exposure, further establishing miR-212/132 as a behavioral regulator of addiction.
The second significant finding was that miR-212/132 impacted REST expression
differentially in the active condition versus the yoked condition, suggesting that REST may
be a key protein in the motivational formation of addiction (Sadakierska-Chudy et al., 2017).
REST has also been implicated in CREB cycle-mediated synaptic plasticity associated with
multiple drugs of abuse (Hollander et al., 2010; Jayanthi et al., 2014; Mavrikaki et al., 2019).
These points highlight miR-212/132 as likely being key to the development of learned
addiction as well as potentially contributing to relapse. These factors make miR-212/132 one
of the most attractive targets for translationally relevant therapeutics regarding cocaine
addiction and its negative outcomes.

Together these studies reveal that miRNAs play an important regulatory role in CD. The
miRNAs responsible for mediating the behavior of addiction such as miR-212/132,
miR-495, and miR-124 are the most relevant for future study. Many of these miRNAs, such
as miR-124 are not only impactful in CD, but they are also associated with multiple drugs of
abuse and several brain diseases. This widespread influence may suggest that novel miRNAs
which impact similar disorders and pathways could merit further investigation. Particularly,
miRNAs that are seen to be active across multiple drug modalities could be key in
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understanding addiction. Some of the miRNAs not fully established in addiction behavior
paradigms are seen across several drugs of abuse.

2.3 | Nicotine

Nicotine is the major stimulant present in tobacco with a strong addictive potential.
Typically taken through inhalation, nicotine accesses the brain in one of most direct drug
delivery methods outside of injection. While commonly abused and less stigmatic than
METH or cocaine, it is still a highly addictive drug of abuse (McLaughlin, Dani, & De
Biasi, 2015). Nicotine acts as an agonist to the nicotinic acetylcholine receptors on
dopaminergic neurons and, like cocaine and METH, primarily affects the mesocortolimbic
dopamine system (Nisell, Nomikos, & Svensson, 1994). Despite the similarities in neural
activation, the reinforcement of nicotine addiction may rely on different neural substrates as
compared to other psychostimulants. One particular brain region involved in the reward-
addiction pathway, known as the habenular nuclei, has been shown to be highly significant
in mediating nicotine addiction (Baldwin, Alanis, & Salas, 2011). The habenular nuclei has
a high density of nicotinic acetylcholine receptors that, when bound by nicotine, are
responsible for mediating the release of various neurotransmitters, including dopamine
(Grady et al., 2007; Jackson, Toma, Contreras, Alkhlaif, & Damaj, 2019). Although nicotine
has some miRNA overlap with psychostimulants, it also presents a unique miRNA profile
due to the differences in how it affects the brain.

2.3.1 | miRNAs in nicotine abuse—Recently, a mouse model of nicotine SA found that
a total of 44 miRNAs were differentially regulated in the habenular nuclei (S. Lee et al.,
2015). miR-496, which was also identified in a METH model of addiction, was found to be
upregulated (S. Lee et al., 2015; Sim et al., 2017). Lee et al. also noted 6 other miRNASs that
had a direct effect on 10 mRNA targets associated with addiction: miR-223-3p,
miR-467¢-3p, miR-669c-3p, miR-721, miR-3474, and miR-5621-3p. These miRNAs have
not been experimentally shown to impact the behavior of addiction, however many of their
target MRNAs, such as NF-xB, BDNF, and Mapk1, have been strongly implicated in
addiction (Robison & Nestler, 2011). Another study considered miRNA expression in
nicotine addiction as related to environment enrichment and found that nicotine-dosed rats in
stimulus-enriched arenas had significantly upregulated levels of miR-221, miR-150,
miR-202, miR-330, miR-380, miR-221, and miR-483 in the PFC (Gomez et al., 2015). Of
these, the two most significantly upregulated were miR-483 and miR-221, both of which
play a role in pathways heavily associated with depression and neurological disorders
(Ausi6, 2016; Chouri et al., 2018; N. Lian et al., 2018). Gomez et al. (2015) further validated
that miR-221 was a key regulator of nicotine-associated locomotor sensitization. The
findings by Gomez et al. identified miRNAs specifically in the PFC and suggested that, due
to their putative targets, miR-483 and miR-221 might be related to the negative emotional
effects of nicotine-induced depression, which impacts drug relapse (Kendler et al., 1993).

Furthermore, sex specific miRNAs have been identified with nicotine dependency. Using
RNA-Seq analysis on the prefrontal cortex, Pittenger et al. (2018) identified miR-199a and
miR-214 in response to nicotine dependency. The authors also noted a total of 23
differentially regulated miRNAs in female rats and only 21 in males, regardless of similar
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addictive tendencies during nicotine SA training. Whether or not this indicates that
nicotine’s impact on miRNA expression is regulated differently in females versus males
requires further investigation into these two miRNAs. Interestingly, miR-140-5p was
highlighted in this study and in a study in perinatal nicotine exposure, where it was
upregulated in males but not in females (Keller, Dragomir, Yantao, Akay, & Akay, 2018;
Pittenger et al., 2018). Interestingly, several miRNA expression differences have also been
noted in spermatozoa and seminal plasma: 21 upregulated and 7 downregulated miRNAs
(Marczylo, Amoako, Konje, Gant, & Marczylo, 2012). Specifically, miR-146 was
differentially regulated in sperm cells; the 5p strand was downregulated while the 3p strand
was upregulated. Furthermore, many of the miRNAs noted by Marczyla et al. are associated
with reproductive disorders and apoptosis signaling (J. Lian et al., 2009; C. Wang et al.,
2011). Additionally, 18 of the identified miRNAs may play a role in the strongly observed
epigenetic effects of nicotine exposure that may cause subsequent generations to be more
susceptible to nicotine addiction (Marczylo et al., 2012; Taki, Pan, Lee, & Zhang, 2014).

Another interesting area of research in nicotine addiction is the effect of prenatal nicotine
exposure and the potential for abuse in later stages of life (Agrawal et al., 2010). This
prenatal exposure can cause affected infants to have an increased likelihood of addiction in
later life (Levin et al., 2006). An in vivo rat model of perinatal nicotine exposure showed an
upregulation of 58 miRNAs and downregulation of 16 miRNAs in the VTA neurons (Keller
et al., 2018). Keller et al. post-validated miR-1224 and miR-6216 as significantly
upregulated and miR-130a-3p and miR-9a-3p as significantly downregulated. While none of
these miRNAs has been behaviorally confirmed to be relevant in nicotine addiction,
miR-9a-3p has also been identified in cocaine and METH addiction, perhaps suggesting it
for further nicotine addiction studies (Cabana-Dominguez et al., 2018; Gu et al., 2020).
Among the miRNAs reported by Keller et al. (2018), it is important to note that, despite not
being post-validated, miR-140-3p, miR-140-5p, and miR-125a-5p were also seen to be
significantly upregulated in their microarray data. Another study on a fetal stem cell line
found that miR-140-3p was significantly upregulated with nicotine exposure (Balaraman,
Winzer-Serhan, & Miranda, 2012). In cell culture models, nicotine has been shown to affect
Dnml1, a canonical protein coding gene responsible for endocytosis of synaptic terminals via
upregulation of miR-140-3p (W. Huang & Li, 2009b; Mears et al., 2011). Upregulation of
Dnm1 is heavily correlated with morphologically significant synaptic changes (Hwang & Li,
2006). This not only further validates miR-140-3p as impactful in nicotine addiction but also
emphasizes that the dopaminergic pathway is critically impacted by nicotine via miRNA
dysregulation (W. Huang & Li, 2009b). Interestingly, miR-125a-5p was previously
associated with METH-related BBB degradation, and it may play a similar role in nicotine
exposure (Bai et al., 2016; Hawkins et al., 2004). A study of placentas from nicotine-
exposed mothers noted three significantly downregulated miRNAs: miR-21, miR-146a, and
miR-182 (Maccani et al., 2010). Maccani et al. further validated these findings by exposing
TCL-1 cells to nicotine and benzo(a)pyrene, another common chemical found in cigarettes.
This revealed that miR-146a was significantly downregulated by both nicotine and
benzo(a)pyrene, while miR-21 and miR-182 were affected only by nicotine exposure. The
inclusion of this chemical is important as the plethora of chemicals in cigarettes may cause
confounding results in human studies of nicotine abuse. Overall, nicotine exposure during
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development and how it can affect addiction in later life will likely be an increasingly active
area of study.

miRNAs associated with nicotine addiction are often less researched in animal models when
compared to other psychostimulants. This is likely due to nicotine being seen as less
addictive than psychostimulants such as cocaine or METH. However, nicotine provides a
perfect opportunity for psychostimulant studies of addiction since its use is prevalent among
humans. Though the mechanism of addiction may not be entirely conserved, future nicotine
studies may provide a deeper translational understanding of psychostimulant addiction.

3 | OPIOIDS

Narcotics such as oxycodone and other opioids are typically prescribed for pain
management, but they are also frequently abused and known for their addictive potential
(Kolodny et al., 2015; Silverstein, Silva, & Iberti, 1993). Unlike legal drugs of abuse such as
nicotine and alcohol, these narcotics are prescribed and used in surgeries. In addition to
pharmaceuticals in use today, several illegal opioids such as heroin and opium are also
widely abused (Karbakhsh & Zandi, 2007; Rudd et al., 2014; Seth, Rudd, Noonan, &
Haegerich, 2018). The unifying factor all of these opioids possess is that they act on opioid
receptors that are widely dispersed in the brain and spinal cord, allowing for complex
addiction pharmacodynamics. There are three principal opioid receptors (y, x, 8) that act on
GABAergic neurons (Kosten & George, 2002). This activation occurs throughout the brain,
but it is primarily studied in the canonical mesolimbic pathway (Kosten & George, 2002).
On the surface, opioid addiction occurs in a very similar network to psychostimulants;
however, the targets and substrates that mediate opioid addiction impact significantly
different receptors. As such, the miRNA expression profile of addiction is highly varied
from other classes of drugs. The most commonly abused opiates are morphine, heroin, and
oxycodone.

3.1 | Morphine/heroin

Morphine and its semi-synthetic relative heroin are very closely related. While morphine is a
naturally occurring and widely used painkiller, heroin is synthesized from morphine and
used illicitly as a narcotic. Both are pharmacokinetically similar and will be discussed here
together. Morphine and heroin operate predominantly as agonists to the -8 opioid receptor
heteromer (Yekkirala, Kalyuzhny, & Portoghese, 2010). These receptors are spread
throughout the brain, but most are concentrated in the posterior amygdala, hypothalamus,
thalamus, and cortices (Pilapil, Welner, Magnan, Zamir, & Quirion, 1986).

3.1.1 | miRNAs in morphine/heroin abuse—In an in vivo study using a mouse model
of morphine SA, 33 upregulated and 29 downregulated miRNAs were identified in the NAc
(J. Kim, Im, & Moon, 2018). Many of these miRNAs operate in a network to collaboratively
affect MRNA targets. The upregulated miR-32 and miR-451a were putatively found to co-
regulate Nsmal as well as interact with miR-202 to co-regulate B3galt2 (J. Kim et al., 2018).
The function of these genes in addiction requires further validation as not much is known at
this time. The downregulated miR-20b and miR-193 shared four common targets: Arid4b,
VIdIr, Fbxw11, and Ddhd1. Each of these possesses diverse functions and is not in the same
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canonical pathways despite being co-targeted by miR-20b and miR-193 in addiction. Kim et
al. also identified a total of 7,752 mRNA involved in 43 different pathways that were
putatively suggested to be impacted by the 62 identified miRNA. Of these, the most
important and commonly suggested targets were involved in the Wnt and MAPK signaling
pathways, which are ubiquitously altered in addiction, and long-term depression (J. Kim et
al., 2018).

In a rat model of heroin addiction, miR-218 was found to be the most significantly
differentially regulated miRNA between chronic saline and chronic heroin groups (Yan et
al., 2017). This study focused on the NAc and showed that chronic doses of heroin
significantly lowered expression of miR-218. It was also shown that lentiviral-mediated
overexpression of miR-218 caused heroin-seeking behavior extinction (Yan et al., 2017).
Putative targets of miR-218 include Gabrb3, GIuR2, Dnmt3a, Ube3a, Nrxnl, Sema6b,
Gng3, and Mecp2, all of which are highly relevant to synaptic plasticity. One study of
psychostimulants in Mecp2 knockout and enhanced mice found that Mecp2-enhanced mice
were resistant to CPP training while Mecp2 knockout mice learned CPP more readily (Deng
et al., 2010). This suggests that miR-218 could be a primary regulator of heroin addiction in
the NAc via downregulation of the transcription factor Mecp2 (Deng et al., 2010). Another
previously discussed miRNA cluster, miRNA-132/212, is also a key regulator of opioid
receptor expression via Mecp?2 regulation (Garcia-Concejo, Jimenez-Gonzalez, &
Rodriguez, 2016). With regard to Mecp2, the interactions among brain region specificity,
miRNA modality, and drug of abuse may provide critical insight into the mechanisms of
morphine addiction.

Opioids such as morphine are considered cofactors in HIV infection because they act
synergistically with HIV proteins to enhance infection (Reddy, Pilakka-Kanthikeel, Saxena,
Saiyed, & Nair, 2012). One study of the miRNAs upregulated in HIV-infected monocyte-
derived macrophages treated with morphine found 14 downregulated and 12 upregulated
miRNAs within a selected group of miRNAs that were predicted to target growth factors
(Dave & Khalili, 2010). Of these, the most downregulated was miR-181b, which was
previously addressed in both cocaine- and METH-exposed conditions (Chandrasekar &
Dreyer, 2009; Y. Zhao et al., 2016). As in those examples, the putative targets of miR-181
(NFAT5, ITGA2, and CAMK2D) are implicated in inflammation via MCP-2 and IL-6 as
well as Tbl1x, which targets the Wnt signaling pathway (Dave & Khalili, 2010). The most
upregulated miRNA was miR-15b, which is putatively suggested to act on the Wnt signaling
pathway via Btrc regulation (Dave & Khalili, 2010). Further investigation into these
miRNAs as they impact the key Wnt signaling pathway, which is strongly associated with
both memory and addiction (Dave & Khalili, 2010; Maguschak & Ressler, 2011).

miRNAs can also be shuttled to different areas of the body through extracellular vesicles
(EV), which serve as important cell-cell communicators by transporting proteins, lipids, and
small nucleotides (J. Tian, Casella, Zhang, Rostami, & Li, 2020). Though widely researched
in the fields of oncology and pathology, EV research in the context of addiction is still in its
infancy. A study of primary astrocyte cultures found that astrocyte-derived EVs treated with
morphine had differentially regulated miRNAs. Most notably, miR-23, miR-98, and
miR-138 were significantly upregulated while miR-221 was significantly downregulated (G.
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Hu et al., 2018). The majority of the upregulated miRNAs found in morphine-treated
astrocyte EVs were thought to activate the TLR7/8 gene to cause NF-xB-induced
overexpression of lincRNA-Cox2. Hu et al. showed that morphine-treated astrocyte-derived
EVs could induce upregulation of lincRNA-Cox2 expression in microglia culture. Previous
work on morphine’s ability to activate NF-xB signaling suggests that astrocytes, which
possess a high quantity of mu opioid receptor (OPRM1), utilize IncRNA-Cox2 to facilitate
the deleterious effects seen in morphine addiction (Welters et al., 2000). EVs provide a
promising potential avenue for investigation for all drugs of abuse, but opioid studies in
particular have made recent strides investigating miRNAs shuttled by EVs (Odegaard et al.,
2020; Shahjin, Guda, et al., 2019).

3.2 | Oxycodone

Structurally similar to morphine, oxycodone has been established as a potent and widely
abused prescription opioid. Designed for pain management, oxycodone operates as a full
agonist to OPRML, though it also has a low binding affinity to both the x and 6 receptor
(Chahl, 1996). The binding of oxycodone to 1 opioid receptors causes the subsequent
inhibition of neurotransmitter release by decreasing cAMP production (Chahl, 1996).
Importantly, oral doses of extended release of oxycodone are thought to be twice as potent as
a similar dose of morphine (Freye, 2008). Oxycodone addiction is a clinically relevant and
rapidly increasing field of research, particularly with regard to miRNA.

3.2.1 | miRNAs in oxycodone abuse—One study assessing oxycodone and
hydromorphone, two opiates primarily used in a clinical setting, found several differentially
regulated miRNAs (Toyama, Kiyosawa, Watanabe, & Ishizuka, 2017). This study found 22
upregulated and 32 downregulated miRNAs, of which 13 were increased and 14 were
decreased in only oxycodone exposure. Of the increased miRNAS in oxycodone exposure,
let-7, miR-146a, miR-24, and miR-221 stood out. Each of these miRNAs is differentially
regulated in previously mentioned psychostimulant paradigms, but not always in a similar
manner. miR-146a was upregulated in oxycodone exposure but downregulated significantly
in placental nicotine exposure; miR-221 was also increased in in vivo experiments for both
oxycodone and nicotine (Gomez et al., 2015; Maccani et al., 2010). Furthermore, miR-24
was increased in both METH SA and oxycodone exposure (Du et al., 2016). let-7 is also a
reoccurring miRNA that is affected by SA in METH, cocaine, alcohol, and now opiates; for
a full account of let-7’s interaction with drugs of abuse see Table 1. Additionally, another
miRNA noted across several substances of abuse, miR-9, was found to increase SA of
oxycodone in rats when overexpressed in the NAc (Mavrikaki et al., 2019). This is believed
to be caused by miR-9’s inhibition of REST. REST is a transcriptional repressor shown to be
relevant in opioid abuse via inhibition of the expression of dopamine receptor D2 (DRD2)
and the OPRM1 (Chidambaran et al., 2017; Y.-M. Sun et al., 2005). Overexpression of
miR-9 caused a significant increase in DRD2, which is suggested to be the cause of
increased oxycodone SA (Mavrikaki et al., 2019). miR-9 should also be further investigated
in heroin models of addiction, as it has been confirmed that DRD2 expression is increased in
rats treated with increasing doses of heroin (VY. Li, Xia, Li, Yin, & Liang, 2017).
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Oxycodone, like morphine, has also been shown to alter the miRNA cargo of EVs. In a rat
study, in utero and postnatal exposure to oxycodone resulted in unique, differentially
expressed miRNA signatures in brain-derived EVs (BDEs) (Shahjin, Guda, et al., 2019).
Among these, miR-504, which is expressed in the cortical and hippocampal regions of the
human brain, was upregulated in rats treated in utero. Interestingly, miR-504 is involved in
the regulation of hippocampal dendritic spine density (S.-Y. Choi et al., 2015),
downregulation of DRD2 in the NAc in response to maternal deprivation (Zhang et al.,
2013), and modulation of DRD1 expression by a DRD1 polymorphism (W. Huang & Li,
2009a; Jiménez, Pereira-Morales, & Forero, 2018). Indeed, when primary neuron cultures
were treated with BDESs from the in utero oxycodone group, there was a significant
reduction in spine density, an effect that may possibly be attributed to the upregulation of
miR-504 in the in utero exposure group BDEs.

Oxycodone abuse is a growing focus for research largely due to the current ongoing opioid
epidemic (Manchikanti et al., 2012). miRNAs may be critical regulators behind the
transition of intermittent use to abuse of oxycodone. The continued study of these
differentially regulated miRNAs is clinically important; a miRNA therapy could potentially
halt or mitigate the transition from use to abuse. One such therapy could lie in the recent
research regarding EV-mediated miRNA transport. This emerging field could have drastic
implications across several drugs of abuse (Rao, O’Connell, & Finnerty, 2018).

4 | DEPRESSANTS

4.1 | Alcohol

Depressants are named for their ability to impair and depress both behavioral and
mechanical functions. Alcohol, which is similar to nicotine in legality, is one of the most
abused drugs in the world. A9-tetrahydrocannabinol (THC), the primary psychoactive
component in marijuana, has also received significant attention recently due to its increasing
social and legal acceptance worldwide. THC is sometimes considered a psychostimulant
drug, but functionally it has been observed to depress reaction to stimuli and will be
considered as a depressant for this review. While both of these are described canonically as
depressants, their methods of action in the brain are very different. Interestingly, we see
some small conserved effects in miRNASs between alcohol and THC that are in contrast to
those identified in the stimulant studies.

Alcohol exerts its psychoactive effects on the brain via complex interactions with the lipid
bilayer (Ingélfsson & Andersen, 2011) and by interacting with membrane proteins directly
(Treistman & Martin, 2009). Unlike most of the other drugs mentioned in this paper, alcohol
requires a relatively high concentration to take effect. However, alcohol’s effects on the
brain are widespread, affecting GABA receptors, glutamate receptors, NMDA receptors,
nicotinic acetylcholine receptors, and serotonin receptors (Narahashi et al., 2001; Wu, Gao,
& Taylor, 2014). Acute alcohol use increases extracellular dopamine release and alters
synaptic plasticity (Grace, 2000). Interestingly, acute and chronic alcohol paradigms have
identified many miRNAs linked to alcohol exposure that coincide with other drugs of abuse.
This is likely due to alcohol’s widespread mechanism of action. Despite alcohol’s relatively

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gowen et al.

Page 14

low potency, alcohol addiction has a robust effect on miRNA regulation. Analysis of miRNA
expression in alcohol addiction in specific brain regions may provide insight into alcohol’s
mechanism of action.

4.1.1 | miRNAs in alcohol abuse—In studies of fetal and adult alcohol exposure, miR-9
was upregulated in the pituitary, supraoptic nucleus, and striatum. (Omkaram, Shaima,
Olivia, & Dipak, 2017; Pietrzykowski et al., 2008). miR-9 is a brain-enriched miRNA that
plays a role in both neurogenesis and synaptic plasticity (Krichevsky, King, Donahue,
Khrapko, & Kosik, 2003; Pietrzykowski, 2010). Targets of miR-9 that are relevant to alcohol
addiction include the large-conductance calcium-and-voltage-activated potassium (BK)
channel and DRD2. The BK channel, which is itself a target for alcohol (Treistman &
Martin, 2009), is expressed throughout the body. The a subunit of the BK channel is
ubiquitously expressed in the brain, and the channel plays a key role in neurotransmitter
release and dendritic excitability (Martin et al., 2004). Several mechanisms involving
tolerance levels and durations of exposure have been proposed to explain how the BK
channel contributes to molecular alcohol tolerance (Treistman & Martin, 2009). One
possible mechanism involves miR-9 selectively inhibiting isoforms of the BK channel that
have lower tolerance. miR-9 allows more tolerant isoforms of the BK channel to remain,
thus contributing to overall alcohol tolerance, which increases the amount of alcohol
required to achieve similar levels of sensation.

As discussed in the opioid section, DRD2 is thought to play a role in the development of
addiction for several substances (Noble, 2000). One study found that chronic alcohol use in
rats led to reduced mRNA levels of the long DRD2 isoform in the NAc (Feltmann et al.,
2018). As miR-9 has previously been shown to regulate DRD2 expression (Shi et al., 2014),
the upregulation of miR-9 with alcohol exposure may result in this reduced expression of
DRD2 mRNA.

miR-124, another miRNA that has been linked to alcohol exposure in several studies, is
involved in neuronal plasticity (Smith & Kenny, 2018). In a mouse model of acute ethanol
exposure, miR-124 and miR-132 were found to be significantly upregulated across the
whole brain 1 hr after ethanol administration and remained elevated for a full 12 hr (Mizuo
et al., 2016). The researchers observed that the increase of miR-124 and miR-132 was
caused by histone H3 acetylation mediated by the decrease of HDAC4 (Mizuo et al., 2016).
A similar pattern of alcohol-mediated H3 acetylation and HDAC4 inhibition was also
previously observed in the rat amygdala (Pandey, Ugale, Zhang, Tang, & Prakash, 2008).
Upon further investigation of miR-124, researchers found miR-124 downregulation, as well
as upregulation of its target BDNF, in the dorsolateral striatum (DLS) of rats after 2 weeks
of ethanol exposure (Bahi & Dreyer, 2013). This study also observed that lentiviral-mediated
upregulation of miR-124 enhanced CPP and alcohol intake; further, overexpression of
BDNF caused reduced CPP and alcohol intake (Bahi & Dreyer, 2013). The authors proposed
that continuous exposure to alcohol attenuated miR-124 expression and subsequently
amplified BDNF expression. This hypothesis is given further weight by an additional study
that showed a difference in alcohol consumption linked to BDNF infusions in the DLS
(Jeanblanc et al., 2009). This difference in consumption is believed to be caused by the
binding of BDNF to its receptor TrkB, which attenuates alcohol SA (Jeanblanc et al., 2006).
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Alcohol administration significantly dysregulates miR-124 expression across several brain
regions, and miR-124 plays a direct role in alcohol addiction-related behavior. These data,
along with miR-124’s role in other drugs of abuse, suggest that it is a significant global
mediator of drug addiction.

Another study implicated miR-124, along with miR-30a-5p, miR-195, and miR-1, in the
modulation of BDNF in the medial PFC (mPFC) during binge drinking and abstinence
(Darcq et al., 2015); miR-195 and miR-30a-5p were upregulated after binge drinking and
after a 24-hr abstinence period. Furthermore, miR-124 expression was increased after
abstinence while miR-1 was only upregulated during binge drinking. This is interesting as
miR-124’s upregulation in abstinence means that it could play a role in alcohol relapse.
Furthermore, moderate levels of alcohol consumption led to no significant change in the
expression of BDNF or any of the previously mentioned miRNAs studied, suggesting that
binge drinking may trigger their expression. In addition to miR-124, miR-206 has also been
shown to regulate BDNF. Furthermore, after 3 weeks of alcohol exposure, rats going through
withdrawal had upregulated miR-206 and downregulated BDNF in the mPFC, but not in the
NAc, VTA, or amygdala (Tapocik et al., 2014). The same study found that BDNF
attenuation was replicated in rats that were treated with viral-mediated overexpressed
miR-206 in the mPFC; alcohol SA increased in these animals after treatment. Together,
these data provide evidence for BDNF’s role in controlling the consumption of alcohol in
the mPFC and the DLS.

Bioinformatics studies have also linked the miR-34 family to chronic alcohol exposure;
following alcohol exposure, miR-34 was upregulated in the NAc of humans (Mamdani et al.,
2015) and in the PFC of mice (Nunez et al., 2013). miR-34 was downregulated in the ventral
HIP in rats (Asimes et al., 2019). miR-134, miR-212, and miR-132 were also found to be
differentially expressed in the NAc (Mamdani et al., 2015). miR-34 and miR-134 are both
capable of targeting SIRT1, which influences the learning and memory process (Ferguson et
al., 2013; Gao et al., 2010; Zovoilis et al., 2011). Although highlighted here in alcohol
studies, miR-132 and miR-212 also play a role in CD (Smith & Kenny, 2018).

As with opioids, EVs appear to play a role in alcohol addiction. A study by Tseng et al.
(2019) found that, after 3 days of alcohol exposure, EVs released from fetal neural stem
cells and the neural stem cells themselves contained miRNAs that were differentially
expressed. Among their findings, miR-140, which is also sensitive to nicotine exposure, was
the most overexpressed, resulting in increased proliferation of neural stem cells. Much like
in the Darcq et al. study, miR-195, miR-30a-5p, and miR-30c were upregulated. In addition
to this study of fetal samples, several differentially regulated miRNAs have also been
observed in the serum of alcohol-abusing human mothers: miR-122, miR-126, miR-216b,
miR-221, miR-3119, miR-3942, miR-4704, miR-4743, miR-514, and miR-602 (Gardiner et
al., 2016). Studies into maternal alcohol use and fetal alcohol exposure are critical, as many
miRNAs have effects in neuronal differentiation and may impact addiction and development
in utero (Lau & Hudson, 2010).

Studies of miRNAs in alcohol abuse are growing in the field. Additionally, both miR-206
and miR-124 have promise for further investigation as they can directly regulate alcohol-
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seeking behavior (Bahi & Dreyer, 2013; Tapocik et al., 2014). miR-206 and miR-124 both
act to regulate BDNF, and, as seen in both psychostimulants and opioids, BDNF-regulating
miRNAs play a significant role in addiction behavior. Alcohol’s wide range of targets in the
brain, including similar targets to both psychostimulants and opioids, indicates that some of
these miRNA regulatory pathways could be conserved across several drugs of abuse. Further
alcohol addiction studies into miR-9, miR-let7, and miR-212/132, miRNAs seen across
psychostimulants, opioids, and depressants, may identify them as conserved regulators of
addiction.

4.2 | Cannabis

Currently, literature in the context of cannabis addiction and miRNA expression is very
scarce. THC is the primary active component in cannabis, the other being cannabidiol. THC
mainly binds to the cannabinoid 1 (CB1) receptor. Evidence suggests that THC-mediated
dopamine release occurs in the striatum, and THC alters neural components related to
salience processing and the mesolimbic pathway (Zehra et al., 2018). Rodent models show
that chronic THC exposure leads to downregulation of CB1 receptors; receptor levels in all
regions of the brain except the HIP returned to baseline after 4 weeks of abstinence, however
(Hirvonen et al., 2012).

4.2.1 | miRNAs in cannabis abuse—The results of a study by Egervari et al. suggest
that chronic cannabis usage could interfere with the expression of miR-365. This study
provided evidence that the single nucleotide polymorphism (SNP) rs2235749, a genetic
variant that codes for the hormone prodynorphin (PDYN), alters PDYN expression by
impairing the binding of miR-365 with the 3’-UTR of PDYN in the striatum (Egervari et al.,
2016). This study found that the Pdyn-miR365 interaction in the NAcSh directly influenced
novelty-seeking exploratory behavior and facilitated SA. Specifically, cannabis users with
rs2235749 had higher novelty-seeking traits. While there appeared to be a relationship
between miR-365 and PDYN in novelty-seeking and reinforcement decision-making, the
authors noted that it was unclear how cannabis exposure contributed to these effects; they
proposed follow-up studies of cannabis exposure and PDYN expression in translational
animal models. This proposed future study has merit, as striatal PDYN expression changes
have been linked to alcoholism (Guitart-Masip et al., 2006), opioid dependence (Clarke,
Krause, Li, & Schumann, 2009), and CD (Yuferov et al., 2009). With the overlap of
miRNAs and differential expression of their targets across different substances of abuse,
there may be a common addiction pathway in the brain that is vulnerable to substance-
specific alterations in miRNAs.

5 | DISCUSSION

This article summarized known miRNAs involved in drug addiction that may have potential
in diagnosing and treating addition in the future. Although this review found some miRNAs
that were specific to a single substance of abuse, other miRNAs, like the miR-132/212
family, miR-124, and miR-9, were differentially expressed in multiple drugs of abuse. These
miRNAs appear to be pleiotropic in nature, and their expression can differ depending on the
type of tissue, anatomical region, stage of development, and the presence or absence of other
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factors/molecules in their environment. In the context of addiction, their expression can be
further altered by the use of addictive substances, the type of substance, and the paradigm
(e.g., acute vs. chronic) through which those substances are ingested.

miRNA levels have been shown to differ with acute and chronic use, indicating that miRNAs
behave in a manner almost comparable to that of a protein—protein interaction network (Zou,
Li, Song, Zeng, & Wang, 2015), meaning that miRNA isoforms implicated in multiple
substances of abuse and brain regions (e.g., let-7, miR-212/132) potentially act as regulatory
hubs for addictive behavior. Evidence further suggests that miRNA strands act
competitively, behaving in a hierarchical manner, and some miRNA targets may have
stronger binding affinities than others (Clevers, 2006; Negi & Chan, 2017; Rzepiela et al.,
2018).

Future research in the field of addiction biology should continue to investigate miRNAs with
a greater focus on how miRNA expression changes over time. In particular, emphasis should
be placed on understanding the difference in miRNA expression during acute and chronic
drug usage, as well as how expression changes during drug abstinence and relapse. Another
avenue of study for future research concerns polydrug usage. Known polydrug studies
explore the usage of alcohol, nicotine, and occasionally cannabis in various combinations.
However, of particular interest is whether miRNAS are implicated in multiple drugs of abuse
and whether they are further up- or down-regulated in the presence of more than one
substance. Because miRNAs are associated with alleged gateway drugs such as nicotine,
alcohol, marijuana, and opiates, understanding their role in poly-drug abuse is essential. To
highlight prospective poly-drug links, we have created a map featuring the miRNAs affected
by drugs of abuse in the context of synaptic plasticity pathway genes (Figure 2). Identifying
these miRNAs and their associated pathways allows for the potential development of
therapeutics for the behavior of addiction.

Presently, several pre-clinical studies are being performed using miRNAs as biomarkers or
therapeutics for diseases, but no clinical trials, and few pre-clinical trials, exist specifically
for addiction (Creed, 2018; Dennis et al., 2020; Edemann-Callesen, Barak, Hadar, & Winter,
2020; Whyte, Torregrossa, Barker, & Gourley, 2018). Many drug abuse studies rely on self-
reported data, and reliable diagnostics are difficult and expensive (Nora D. Volkow, Koob, &
Baler, 2015). Biomarkers would remedy these issues and are therefore one of the most
investigated subjects at the moment. Despite many challenges, the pre-clinical studies
utilizing small RNA therapies show promise for the use of miRNAs in addiction
therapeutics. One of the biggest challenges in utilizing miRNAs is that they often exert a
wide range of downstream effects, as shown in Table 1. Indeed, promising work with
circRNAs has shown their ability to act as a miRNA sponge and potentially block negative
effects associated with an increase in a specific miRNA (J. Li et al., 2019). However, as with
miRNAs, circRNAs can have unintended effects. miRNA effects are widely varied
depending on the system and tissues involved, so absorption of miRNASs by circRNAs may
pose issues in therapy development. Aside from potential unintended effects, miRNA
delivery in humans has been challenging due to extant nucleases and passage through
phospholipid bilayers (Fu, Chen, & Huang, 2019). One popular method for overcoming the
delivery hurdle is using inorganic carriers such as gold, mesoporous silicon, graphene oxide,
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and iron oxide nanoparticles to pass phospholipid bilayers (Y. Chen, Xianyu, & Jiang, 2017,
H.Y.Kimetal., 2017; Y. Li et al., 2018; S. Sun et al., 2017). Other successful vectors for
miRNAs include naturally occurring and synthetic lipid nanocarriers. Naturally occurring
EVs, such as microvesicles and exosomes, are also very promising candidates for future
research as they can be both bio-labeled and receptor-targeted while having low toxicity and
antigenicity (Shahjin, Chand, & Yelamanchili, 2019). Another key benefit that prompts EV
research for drug delivery is their ability to pass the blood brain barrier, which is incredibly
pertinent for addiction therapeutics (Fu et al., 2019; Shahjin, Chand, et al., 2019).

A large amount of data regarding miRNAs associated with drugs of addiction has been
generated over the years. Recent research listed here has focused on addiction-specific
scenarios such as SA, withdrawal, and relapse. Future research should address specific
elements of addiction or amelioration of the negative effects of addiction. Another important
consideration for research are the time-specific miRNA changes in addiction models and the
subsequent miRNA activity as drug-taking transitions into drug-seeking behavior,
dependency, and withdrawal. From a therapeutic standpoint, promising research uses
miRNA vectors for disease amelioration, and these vectors have been successfully applied in
some models of addiction mentioned above. Overall, pre-clinical work regarding miRNA
treatment of drug addiction is still in its infancy and rapid progress is being made.
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FIGURE 1.
Using miRPathDB and Cytoscape, we mapped the seven miRNAs with the most poly-drug

associations in this paper to putative target genes related to synaptic plasticity. This allows
for a visual representation of the strength that some miRNAS have in synaptic plasticity and
likely is also representative of their strength in regulating addiction
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FIGURE 2.
The underlying genes in the drug addiction pathway in relation to miRNAs experimentally

linked to these genes have been mapped using Cytoscape. There are many more non-
confirmed miRNAs that are putatively targeting these genes, but for the sake of validity and
simplicity the map has been limited to those that were confirmed by miRPathDB to have
experimental validity linking them to impacting these genes. The miRNAs which have
experimental data linking them to a drug of abuse mentioned in this article have been
denoted with a number according to the key above: (1) METH, (2) cocaing, (3) nicotine, (4)
oxycodone, (5) morphine/heroin, (6) alcohol
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TABLE 1.

The miRNAs affected by the drugs of focus in this paper

mMiRNA
7a-3p
9-3p
9-5p

10b-5p
156

15b-3p

16

19a-3p

20b-5p

23b-3p

24

24-3p
24-3p/1-5p/2-5p
28-3p

29a/b

29a/b/c
29c
29a-3p/c-3p

29b-3p/c-3p/
a-5p

32
32-5p
33
34a-3p

34b-3p/b-5p/
c-5p

34c-5p
54
55
58

Drug

Alcohol

Nicotine

Cocaine
Methamphetamine
Morphine

Cocaine

Cocaine

Alcohol

Alcohol
Alcohol
Methamphetamine

Morphine

Alcohol

Cocaine

Alcohol

Morphine
Morphine
Methamphetamine
Oxycodone
Alcohol

Alcohol

Cocaine

Nicotine
Methamphetamine
Methamphetamine
Methamphetamine
Alcohol

Methamphetamine

Cocaine
Morphine
Cocaine
Alcohol
Alcohol

Alcohol
Nicotine
Nicotine

Nicotine

Paradigm  Effect

g

B R e

R e e e e e R >« o> <«

> — > > >

— <« > >

Sample Source
PFC

VTA

NAC

VTA

PFC

NAC

Striatum

Pituitary, striatum,
supraoptic nucleus

Fetal NSC
Midbrain
Plasma

Monocyte-derived
macrophages

PFC

Striatal PSD
Cortex

NAc

Plasma

PFC

Plasma
Frontal Cortex
Midbrain

Limbic forebrain, PFC

PFC, HIP

Limbic Forebrain, HIP

VTA
NAc
Ventral HIP
NAC

Striatal PSD
NAc
Striatal PSD
Ventral HIP
NAc

Frontal cortex, PFC

C. elegans
C. elegans

C. elegans

Citation
Nunez et al. (2013)
Keller et al. (2018)

Cabana-Dominguez et al. (2018)

Bosch et al. (2015)

Tapocik et al. (2014)
Eipper Mains et al. (2011)

Pietrzykowski (2010)

Balaraman et al. (2012)
Gorini, et al. (2013)
Y. Zhao et al. (2016)
Dave and Khalili (2010)

Lewohl et al. (2011)
Eipper Mains et al. (2011)
Gorini, et al. (2013)

J. Kim et al. (2018)
Wau et al. (2009)
Du et al. (2016)

Toyama et al. (2017)

Nunez et al. (2013)

Gorini, et al. (2013)

Lippi et al. (2011)

Bosch et al. (2015)
Su et al. (2019)

Page 32

Asimes, Kim, Rao, Bartelt, and Pak (2019)

Zhu et al. (2016)

Eipper Mains et al. (2011)

J. Kim et al. (2018)

Eipper Mains et al. (2011)
Asimes et al. (2019)
Mamdani et al. (2015)

Nunez et al. (2013)
Taki et al. (2014)
Taki et al. (2014)
Taki et al. (2014)
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miRNA
80
99b

101-3p
124

124a
124-3p/5p

125a-5p

1256
127
127-5p
128
128b
130a-3p
1300-3p
132

132-3p

134-5p
137
140-3p

140-5p
145
150-5p
152
153-3p
181a

181b

186
190

190-8p
193-3p

Drug Paradigm
Nicotine
THC

Cocaine
Cocaine

Alcohol

Alcohol
Alcohol

Cocaine

Methamphetamine
Alcohol

Nicotine

Cocaine
Methamphetamine
Alcohol
Methamphetamine
Cocaine

Nicotine

Cocaine

Cocaine

Alcohol

Opioids

Alcohol

Alcohol

Cocaine

Nicotine

Nicotine

Alcohol

Alcohol

Nicotine
Methamphetamine
Cocaine

Alcohol

Cocaine
Methamphetamine
Cocaine

Morphine

Methamphetamine
Ketamine/Morphine
Alcohol

Morphine

Effect

-S>« o« >

e R T e e e T R e e T e R =R S

— o> <« >

Sample Source
C. elegans
Intestine

HIP

NAc

Whole brain

mPFC
DLS

NAc, SH-SY5Y
neuroblastoma cells

NAc

Striatum

VTA

Striatal PSD
Striatum
Whole brain
Zebrafish embryos
NAc

NAc

NAc

PC12 cells
Fetal NSC
Fetal NSC
Cortex, midbrain
PFC

VTA

Striatum

PFC

NAc

Plasma

NAc, CPU, HIP

Monocyte-derived
macrophages

PFC

Primary HIP rat culture
Cortex

NAc

Citation

Taki et al. (2014)

Chandra et al. (2014)

Chen et al. (2013)
Cabana-Dominguez et al. (2018)

Mizuo, Okazaki, Watanabe, Inoue, and

Matsumoto (2016)

Darcq et al. (2015)

Bahi and Dreyer (2013)
Cabana-Dominguez et al. (2018)

Bosch et al. (2015)
H. Tian et al. (2016)
Keller et al. (2018)
Dash et al. (2017)
Du et al. (2016)
Gorini, et al. (2013)

J. Lietal. (2020), Lin et al. (2011)

Hollander et al. (2010)

Keller et al. (2018)

Eipper Mains et al. (2011)
Sadakierska-Chudy et al. (2017)
Mizuo et al. (2016)

Chiarlone et al. (2016)
Mamdani et al. (2015)
Mamdani et al. (2015)
Cabana-Dominguez et al. (2018)
W. Huang and Li (2009b)
Balaraman et al. (2012)

Gorini, et al. (2013)

Pittenger et al. (2018)

Bosch et al. (2015)

Eipper Mains et al. (2011)
Lewohl et al. (2011)
Cabana-Dominguez et al. (2018)
Y. Zhao et al. (2016)

Chandrasekar and Dreyer (2009, 2011)

Dave and Khalil (2010)

Du et al. (2016)

Zheng et al. (2010)
Gorini, et al. (2013)
J. Kim et al. (2018)
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miRNA
195

199a-5p
200a/b/c
202
202-5p
204
204-5p
206
210
212
212-3p
214-3p
218

221
221-3p
222
223-3p

329
330
335
346-3p
361-3p
369-3p
370
380
382
429
451a
483
488-3p
495
496-3p
496a-5p
582-5p
669c-3p

721

770-5p
1224

Drug
Methamphetamine
Alcohol
Nicotine
Cocaine
Nicotine
Morphine
Nicotine
Nicotine
Alcohol
Nicotine
Cocaine
Alcohol
Nicotine
Cocaine
Nicotine
Oxycodone
Methamphetamine
Nicotine
Nicotine
Methamphetamine
Nicotine
Alcohol
Alcohol
Alcohol
Cocaine
Cocaine
Nicotine
Alcohol
Cocaine
Morphine
Nicotine
Alcohol
Cocaine
Methamphetamine
Nicotine
Cocaine
Nicotine
Nicotine
Nicotine
Nicotine
Cocaine

Nicotine

Paradigm  Effect
!

D e e e T e e I T e e e e I e T D

Sample Source
PFC

PFC

PFC

Striatal PSD
PFC

NAc
Choroid plexus
VTA

mPFC
Whole brain
Striatum
NAc

PFC

Striatal PSD
PFC
Plasma
PFC

LHb

MHb

PFC

PFC

Fetal NSC
Midbrain
Midbrain
NAc
Striatal PSD
PFC

Nac

Striatal PSD
NAc

PFC
Cortex, midbrain
NAc

NAc
Habenular nuclei
Striatal PSD
LHb

MHb

MHb

LHb
Striatal PSD
VTA

Citation

Du et al. (2016)

Darcq et al. (2015)
Pittenger et al. (2018)
Eipper Mains et al. (2011)
Gomez et al. (2015)

J. Kim et al. (2018)

Lallai et al. (2019)

Keller et al. (2018)
Tapocik et al. (2014)

L. Wang et al. (2017)
Sadakierska-Chudy et al. (2017)
Mamdani et al. (2015)
Pittenger et al. (2018)
Eipper Mains et al. (2011)
Gomez et al. (2015)
Toyama et al. (2017)

Du et al. (2016)

S. Lee et al. (2015)

Du et al. (2016)

Gomez et al. (2015)
Balaraman et al. (2012)
Gorini, et al. (2013)
Gorini, et al. (2013)
Cabana-Dominguez et al. (2018)
Eipper Mains et al. (2011)
Gomez et al. (2015)

J. Lietal. (2013)

Eipper Mains et al. (2011)
J. Kim et al. (2018)
Gomez et al. (2015)
Gorini, et al. (2013)
Bastle et al. (2018)

Sim et al. (2017)

S. Lee et al. (2015)
Eipper Mains et al. (2011)
S. Lee et al. (2015)

S. Lee et al. (2015)

Eipper Mains et al. (2011)
Keller et al. (2018)
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MiRNA
1224-3p
3474

4799-5p
5621-3p

6216
Let-7¢

Let-7d/7e
Let-7b-3p
Let-7a-5p

Let-7d-5p/7e-5p/
7f-5p

Let-7g-5p

Drug Paradigm
Alcohol
Nicotine
Nicotine
Methamphetamine
Nicotine
Nicotine
Nicotine
Cocaine

Methanandamide

Alcohol
Hydromorphone
Methamphetamine
Hydromorphone
Oxycodone

Hydromorphone

Oxycodone

Effect

T T e e R

B e T e e

Sample Source
Midbrain

LHb

MHb

Serum

LHb

MHb

VTA

NAc, CPU, HIP

SH-SY5Y neuroblastoma
cells

Frontal cortex, PFC
Plasma
Plasma
Plasma
Plasma

Plasma

Plasma

Citation
Gorini, et al. (2013)
S. Lee et al. (2015)

Gu et al. (2020)
S. Lee et al. (2015)

Keller et al. (2018)
Chandrasekar and Dreyer (2009, 2011)
Chiarlone et al. (2016)

Nunez et al. (2013)

Toyama et al. (2017)
Y. Zhao et al. (2016)
Toyama et al. (2017)
Toyama et al. (2017)
Toyama et al. (2017)

Toyama et al. (2017)
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