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Introduction:

Behavioral patterns of drug use have constituted a rising trend in overdose deaths in the
United States (Ahmad et al., 2022). This effect is a result of societal and environmental
factors and was exacerbated by the Covid-19 pandemic (Jones et al., 2022; Volkow, 2020).
Drug overdose deaths are now the leading cause of accidental death (Ahmad et al., 2022;
Hedegaard et al., 2021). Chronic exposure to drugs induces molecular changes in the brain
that contribute to future drug seeking behavior (Nestler and Lischer, 2019). Understanding
the neurobiological changes that the brain undergoes in response to drugs is essential for the
identification of pathways or targets that may be utilized for the development of therapies to
reduce continued drug seeking events.

A significant proportion of the existing literature on molecular mechanisms of addiction
has focused on drug-induced dysregulation of mMRNA and protein species, including the
involvement of transcription factors and epigenetic modifications to regulate downstream
gene expression (Robison and Nestler, 2011). RNA sequencing, microarrays and proteomics
profiling have identified mRNA and protein species that are regulated in discrete brain
regions or blood samples following drug exposure in postmortem human samples as

well as preclinical rodent models (Natividad et al., 2018; Zhou et al., 2014). However,
MRNA and protein only account for a portion of the regulatory genetic machinery in

the cell, and drug exposure induces regulation to other RNA species, including circular
RNAs (circRNAS). circRNAs represent a unique class of RNAs with profound and diverse
regulatory capabilities. circRNAS, unlike other non-coding RNAs, are generated from
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pre-mRNA through a back-splicing event which results in covalently bound 5’-3" ends
(Kristensen et al., 2019). This closed structure renders circRNAS resistant to many common
RNA degradation processes, giving circRNAs more stability and a longer half-life than that
of a typical mRNA (Enuka et al., 2016; Jeck and Sharpless, 2014; Jeck et al., 2013). As

a single-stranded RNA sequence, circRNAs can bind microRNAs (miRNAs), RNA binding
proteins and other complementary nucleic acid sequences (Li et al., 2018). Thus, their
presence can disrupt the homeostatic environment within the cell and have wide-ranging
effects on transcription, translation and protein location and function . Examples of circRNA
functions including modulation of transcriptional events, interference with RNA splicing and
protein polypeptide synthesis and miRNA sponging to impact mRNA translation (Li et al.,
2018; Piwecka et al., 2017).

The cellular processes regulated via circRNAs can have a vast impact on neurological

and cognitive function. For instance, the number of circRNAs detected in the mammalian
brain increases with age and humans express many more circRNAs compared to rodents,
suggesting that circRNAs may contribute to cognitive ability (Mahmoudi and Cairns, 2019;
Rybak-Wolf et al., 2015). The abundance of some circRNAs exceeds that of its linear
parent gene, indicating that a cell may preferentially shift its mMRNA processing to favor a
circRNA isoform. This suggests that circRNAs have a meaningful presence in the cell that
can affect biological processes in a sequence-specific manner. Furthermore, circRNAs are
most abundantly expressed in the brain, conserved from humans to rodents and even further
enriched in neuronal synaptosomes, suggesting a functional role in synaptic transmission
and plasticity (Rybak-Wolf et al., 2015; You et al., 2015). Recent studies have demonstrated
that opioids, psychostimulants, and alcohol can regulate circRNA expression in the brain,
indicating that our current understanding of drug exposure on RNA regulation is incomplete.
In addition to gene expression analyses following drug exposure, research is underway

to define the functional contributions of individual circRNA species to drug seeking in
preclinical models of drug exposure with promising results. Further studies are warranted,
given that circRNAs can regulate drug seeking behavior (Shen et al., 2022; Yu et al., 2021)
and cognition (Hafez et al., 2022; Zimmerman et al., 2020). While many more circRNASs
have been detected in the human brain, ~20-25% are conserved from rodents to human

at the structural or sequence level (Irie et al., 2019; Jeck et al., 2013; Rybak-Wolf et

al., 2015). We hypothesize that the long-lasting nature of circRNAs, combined with their
complex cellular functions, may impart additional modulation of continued, perseverative
drug seeking behavior that endures over time in individuals with substance use disorder
(SUD). In this review, we will discuss this hypothesis by first describing the detection

and function of circRNAs as they relate to neuronal processes that can impact addictive
behaviors. We will review the individual circRNAs that have been studied in preclinical
addiction models and post-mortem tissues from subjects that used addictive substances.
Lastly, we will provide insight into how researchers may adapt to study circRNAs and the
limitations that are associated with the current technologies available to study circRNAs.

Formation of circRNAS:

CircRNAs are derived from pre-mRNA and are generated via back-splicing events. During
circRNA biogenesis, the 3’ end of an exon attacks the 5’ end of an upstream exon, resulting
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in covalently bound 5°-3’ tails and a circular structure (Figure 1a) (Jeck and Sharpless,
2014; Kristensen et al., 2019; Ragan et al., 2019). CircRNA biogenesis exhibits much
heterogeneity, and the composition of individual circRNAs varies with multiple isoforms
of circRNAs for a given gene. circRNASs can be classified based on sequence composition,
with a majority of circRNAs derived purely from exons. However, circRNAs can also

be derived from intronic, mixed- exonic and intronic- and intergenic RNA sequences (Li

et al., 2018). Although circRNAs were first identified in 1979 (Hsu and Coca-Prados,
1979) and hundreds of thousands of circRNAs have been detected in the mammalian brain
(Glazar et al., 2014), only a handful of splicing enzymes have been linked to circRNA
biogenesis. Regulators of circRNA formation include the circRNA biogenesis enzymes
Adenosine Deaminase RNA Specific 1 (Adarl), FUS RNA Binding Protein (Fus), and
quaking (Qki) (Conn et al., 2015; Errichelli et al., 2017; Rybak-Wolf et al., 2015; Shi et
al., 2017). However, only one RNA-binding protein has been described to regulate circRNA
biogenesis in the brain in a model of drug exposure: ELAV like RNA binding protein 4
(Elavl4), also referred to as HuD (Oliver et al., 2018). Elavl4/HuD is significantly elevated
in the nucleus accumbens (NAc) in response to cocaine conditioned place preference (CPP)
and overexpression of Elavl4/HuD further enhances CPP behavior (Oliver et al., 2018).
Nearly one-third of circRNASs expressed in the mouse brain are estimated to contain

a consensus motif that would allow for binding to Elavl4/HuD and manipulation of
Elavl4/HuD expression induces drastic regulation of striatal circRNAs (Dell’Orco et al.,
2021; Dell’Orco et al., 2020). By simultaneously measuring circRNA, miRNA and mRNA,
Dell’Orco et al determined that linear mRNA counterparts of many circRNAs regulated

by Elavl4/HuD manipulation are also regulated (Dell’Orco et al., 2020). Additionally,
examining the list of miRNAs regulated by Elavl4/HuD indicated that the expression levels
of many putative miRNA target mMRNAs were regulated in the opposite direction compared
to their predicted miRNA regulator (Dell’Orco et al., 2020). Because miRNAs bind to their
target MRNA and function to prevent mRNA translation to protein, it would be expected
that putative miRNA targets exhibit regulation in the opposite direction of a miRNA
(Friedman et al., 2009), thus indicating that regulation of circRNAs is associated with
disruption of miRNA signaling and downstream miRNA-mediated target gene expression.
Furthermore, the Elavl4/HuD-regulated miRNA list included miRNAs that have previously
been demonstrated to functionally regulate cocaine-seeking behaviors, such as mir-132—
3p/212-3p (Hollander et al., 2010; Im et al., 2010). These data indicate that circRNA
biogenesis in the nervous system is associated with integrated regulation of miRNA and
MRNA networks which may ultimately impact downstream cellular function and organism
behavior.

RNA sequencing has been widely employed to measure mRNA expression levels in various
brain regions after drug exposure. It is possible, depending on the method of library
preparation, to extract information on circRNA expression from existing RNA-seq datasets
(Chen et al., 2022). The caveat is that the RNA-seq library must have been prepared from
total RNA using a ribosomal depletion strategy and not a poly-A enrichment strategy.

It is highly likely that further analysis can be performed on existing datasets to yield

useful information about the regulation of circRNAs in response to drugs. The two main
technologies for unbiased profiling of circRNAs are microarrays and RNA-sequencing.
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Microarrays contain probes that hybridize with circRNA backsplice junctions and can give
information about potential circRNA expression patterns. However, the backsplice probes do
not indicate the size of the circRNA or its sequence content. Since circRNAs are formed as
splice variants, they may include a variety of exons or introns and thus information about
the sequences of the circRNA can only be obtained from RNA sequencing. Additionally,
performing long-read RNA sequencing will allow the researcher to obtain more information
about splice junctions that are part of circRNA backsplice junctions or indicative of other
splicing events. Splice junction identification is essential to determine the composition of a
circRNA, which can only be determined by sequencing and not by microarray.

circRNA functions in the nervous system:

The heterogeneity in circRNA composition indicates that circRNAs have a diverse range

of functions attributed to their unique sequence arrangement even though multiple isoforms
may be derived from the same gene. We have highlighted six proposed regulatory functions
of circRNAs: (i) regulation of gene expression; (ii) interaction with proteins- circRNAs

can function as transporters, scaffolding, or protein decoys and regulate protein activity;
(iii) translation into protein; (iv) miRNA sponging; (v) creation of pseudogenes; and (vi)
regulation of epigenetic processes including histone modifications and DNA methylation
(Piwecka et al., 2017; Qu et al., 2017; You et al., 2015; Zhang et al., 2020). CircRNAs
dually regulate gene expression through several discrete mechanisms (Figure 1b) including:
(a) negative regulation of their parent gene by competing with canonical splicing; (b)
promotion of gene transcription through interaction with DNA polymerase Il (Pol 11.); and
(c) inhibition of gene translation by specific competitive binding of RNA binding proteins
(RBP) (Qu et al., 2017; Zhang et al., 2020). The best characterized role of circRNAs is that
of miRNA sponging (Hansen et al., 2013). miRNAs (miRNAs) are small ~18-24 nucleotide
noncoding RNAs that inhibit mMRNA translation to protein by binding ‘target” mRNAs with
sequence complementarity (Bartel, 2004). CircRNAs may retain miRNA binding sequences,
thus serving to ‘sponge’ miRNASs by preventing them from interacting with their target
mMRNA and facilitating translation of miRNA-repressed genes (Sekar and Liang, 2019).
However, computational analysis has determined that many circRNAs lack binding sites for
miRNAs and miRNA sponging is likely not the main function of the majority of circRNAs
(Guo et al., 2014). Alternatively, as circular isoforms of mMRNAs, it seems clear that exonic
circRNAs might retain their mRNA-parent gene’s capability to be translated into a protein
product, and indeed several exonic circRNAs derived from synaptic encoding genes are
capable of being translated into protein (Ragan et al., 2019). However, circRNAs lack the 5’
cap and 3’ poly-A tail requisite for mRNA translation. Instead, it appears circRNAs utilize
cap independent mechanisms, primarily internal ribosome entry sites (IRES) elements and
N6-methyladenosine (m6A) modified nucleotide sequences (Legnini et al., 2017; Pamudurti
etal., 2017; Yang et al., 2017). To date, only a handful of circRNAs have been proven

to code functional proteins, but other exonic circRNAs may also be capable of coding
protein. Little is known on whether circ-proteins, proteins derived from circRNAs, function
differently than proteins translated from mRNA. We suggest that it is unlikely that many
circRNAs encode proteins and if they do, the proteins are expressed at very low levels
because decades of mass-spectrometry data have failed to detect evidence of circ-proteins.
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Taken together, these findings demonstrate the profound regulatory capabilities of circRNAs
across a plethora of biological processes. By impacting gene expression output in a variety
of ways, drug-induced circRNAs are thus well-suited to impart regulatory modulation of
cellular function.

One way in which drug-induced circRNAs may impact cellular neuroadaptations within the
brain is by modulation of synaptic plasticity. A disproportionate percentage of circRNAs
are derived from synaptic genes and published studies have implicated neuronally expressed
circRNAs in regulation of synaptic plasticity (Piwecka et al., 2017; Ragan et al., 2019; Xu
etal., 2020; You et al., 2015; Zhang et al., 2022). CircRNAs are dynamically expressed
both spatially and temporally, with increased expression in neuronal regions participating
in synaptic transmission and upregulation during periods of neural development and
synaptogenesis (Rybak-Wolf et al., 2015; You et al., 2015). Similarly, artificial chemical
induction of homeostatic plasticity induces a robust increase in circRNAs, many derived
from well-characterized plasticity genes, locally at the neuronal synapse (You et al., 2015).
Genetic deletion of a circRNA derived from a long-noncoding RNA was sufficient to

alter neuronal function in brain cells (Piwecka et al., 2017). Therefore, by participating

in regulation of synaptic function circRNAs are poised to contribute to drug-induced
neuroplasticity and in turn, behavioral output that results from synaptic transmission.

Additionally, newer studies into pathologically relevant circRNAs supports discrete roles

of unique circRNA species on synaptic plasticity and glutamate homeostasis. For instance,
circGrial, a circular isoform derived from Grial, which encodes the GIuR1 subunit of

the AMPA receptor, was found to negatively regulate hippocampal synaptogenesis and
GIuR1 activity-dependent synaptic plasticity in male macaques (Xu et al., 2020). Glutamate
homeostasis is adversely impacted by drug exposure and pharmacological manipulation

of glutamate signaling regulates drug seeking phenotypes (D’Souza, 2015; Kalivas, 2009).
Therefore drug-induced circRNA mechanisms that perturb glutamate signaling may also
contribute to drug-induced neuropathologies.

Although limited information is available on circRNA function in drug seeking, insight

into the flexibility of circRNA modulation of behavior can be gained from studies on

other psychiatric conditions, including circRNA regulation of cognition and learning. For
example, bidirectional manipulation of circHomerla, a circRNA dysregulated in both human
neuropsychiatric diseases (Cervera-Carles et al., 2020; Urdanoz-Casado et al., 2021) and
preclinical rodent models, in the mouse orbitofrontal cortex regulates reversal learning
behavior (Hafez et al., 2022; Zimmerman et al., 2020). Additionally, the brain’s repertoire
of circRNAs increases from birth to adulthood (Gruner et al., 2016; Xu et al., 2020),

and extensive expression profiling of circRNAs in both clinical samples from Alzheimer’s
patients (Dube et al., 2019) and preclinical models of Alzheimer’s-like symptoms (Huang et
al., 2018) have begun to identify candidate circRNAs (Lu et al., 2019) that may participate
in cognitive decline or memory (Zajaczkowski and Bredy, 2021). A circulating peripheral
blood circRNA, Asa_circ_ 0003391, was found to be associated with Alzheimer’s disease,
suggesting a potential role of circRNAs as biomarkers for neurological disorders (Liu et al.,
2020).
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Because drugs impact striatal dopamine signaling (Nestler, 2005), additional insight into
the putative function of drug-induced circRNAs can also be gained by examining circRNA
regulation in Parkinson’s disease (PD), a condition in which striatal dopamine is lost.

In a study of post-mortem substantia nigra (SN) tissue, researchers found that circRNAs
accumulated in an age-dependent manner in control subjects, but not in individuals with
PD, and PD patients had reduced total circRNA expression (Hanan et al., 2020). A clinical
study of circulating blood circRNAs from PD patients implicated 4 circRNAs in predicting
early-stage versus late-stage PD (Zhong et al., 2021). These studies demonstrate that
circRNAs may have utility as biomarkers and are associated with a severe phenotype of
loss of dopaminergic signaling. Lastly, changes in circRNA biogenesis are sufficient to alter
animal behavior and cognition. /n7 vivo rodent brain manipulation of circRNASs can rescue
depression-like behavior in a model of chronic unpredictable stress (Zhang et al., 2018) as
well as cognitive behavior and infarct volume in a cerebral focal ischemia model (Wu et al.,
2019).

These studies highlight other potential avenues by which drug-induced circRNAs may
contribute to drug seeking behavior through modulation of learning, stress responses

or alteration of striatal signaling pathways. Drug self-administration in both preclinical
models and human subjects is a result of extremely robust learned associates between
drug-associated cues and drug administration (Kutlu and Gould, 2016; Lyons et al., 2013).
Such drug-associated cues are potent initiators of relapse or reinstatement to drug seeking
following periods of forced abstinence or extinction (Bossert et al., 2013). Likewise,
stress and anxiety can promote a return to drug seeking behavior and are risk factors for
vulnerability to relapse (Mantsch et al., 2016). CircRNA patterns associated with stress or
learning phenotypes in other models may therefore by biologically relevant to drug seeking
behaviors and should be thoroughly investigated.

Alcohol-induced circRNA regulation

Alcohol regulation of circRNAs has been examined in both human and preclinical samples,
in a sex specific manner, in developing brain samples, as well as in circulating exosomes

in blood in ethanol exposed tissues. In preclinical studies, circRNAs have been profiled

in developing and adult animals after alcohol exposure. Paudel et al sought to identify
circRNAs regulated by alcohol exposure in utero (Paudel et al., 2020). After exposing
developing mice to 10% ethanol during the prenatal period, circRNA expression was
profiled in whole brain samples using a microarray and identified sex-specific regulation
of circRNAs (Paudel et al., 2020). No differentially regulated circRNAs were overlapping
in male and female brains exposed to alcohol in utero, indicating that drugs may regulate
brain circRNA expression in a sex-specific manner (Paudel et al., 2020). The lack of overlap
of alcohol-induced circRNAs mirrors what has been described in mRNA studies for other
drugs such as opioids: male and female animals display similar behavioral phenotypes but
differ in their molecular response to drugs (Mayberry et al., 2022; Townsend et al., 2021).
Because limited studies have investigated sex-specific regulation of genes in addiction
models, it is possible that the reported sex-specific effects may be due to variability that
cannot be quantified unless further studies are performed using multiple strains of rodents.
Nevertheless, such findings emphasize the importance of performing studies with both
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male and female animals, as sex-specific circRNA mechanisms may underlie drug seeking
behavior.

While the rodent microarray technology can measure expression of ~10,000-15,000
circRNAs (Paudel et al., 2020; You et al., 2015), high throughput sequencing detected
expression of more than 50,000 circRNAs in the adult rodent brain following chronic
ethanol exposure (Gong et al., 2022). CircRNA expression was compared in whole brain
tissue from adult male mice that underwent a combination of chronic intermittent ethanol
vapor exposure followed by voluntary ethanol intake using RNA sequencing technology
(Gong et al., 2022). Nearly 400 circRNAs were differentially regulated in the brain
following the ethanol exposure paradigm, with enrichment of circRNAs derived from

genes involved in inhibitory synapses, cannabinoid signaling and signaling downstream of
morphine exposure (Gong et al., 2022). A select subset of differentially regulated circRNAs
was validated using quantitative PCR in both brain tissue as well as peripheral blood
samples from ethanol-exposed animals (Gong et al., 2022). This latter finding suggests

that the blood circRNA profile may be reflective of the brain circRNA profile, and that
circRNAs from the brain may be released via extracellular vesicles (Lasda and Parker, 2016)
or exosomes from the brain (Wang et al., 2022) into the circulating bloodstream.

Using human samples, circRNAs have been profiled in circulating exosomes for biomarker
detection as well as in postmortem brain tissue. Liu et al profiled exosomal-derived
circRNAs from serum samples of patients with Alcohol Use Disorder using RNA-
sequencing technology and identified several hundred circRNASs that are associated with
alcohol use (Liu et al., 2021). Correlation analysis determined that /#sa_circ 0004771, which
is derived from the linear mRNA for NripZ, was associated with severity of alcohol use (Liu
etal., 2021). Nripl is a nuclear receptor, sensitive to stress and gonadal hormone regulation,
which has also been reported as a cocaine-induced gene in the NAc (Vallender et al.,

2017). One possible mechanism of drug-induced circRNA biogenesis is through differential
regulation of linear mMRNA abundance first. However, further insight is required to determine
if alcohol induces regulation of the linear mMRNA that gives rise to the differentially
regulated circRNAs described in the aforementioned studies. One strategy to address this
issue is to perform parallel profiling of mMRNA and circRNA simultaneously. Vornholt et

al performed microarrays on NAc tissue from patients that were previously diagnosed with
Alcohol Use Disorder to identify differentially expressed circRNAs as well as mRNAs

and miRNAs in the postmortem samples (Vornholt et al., 2021). This innovative approach
allows for the comparison of circRNA and mRNA expression simultaneously to determine
if alcohol-induced circRNAs were regulated independent of their linear mRNA. Such a
finding would suggest that alcohol, and other drugs, may induce differential activation or
expression of splicing factors that then give rise to circRNAS; or of proteins that degrade
circRNAs without impacting linear mRNA levels. Additionally, the study built putative
circRNA-miRNA-mRNA networks associated with Alcohol Use Disorder to provide insight
into how the sequence of a circRNA may sponge a miRNA to impact gene expression
(Vornholt et al., 2021). One of the most significant interactions identified in subjects with
Alcohol Use Disorder was a network that involves Asa_circ_406702 with miR-1200 and
genes with well-characterized roles in synaptic plasticity and neurotransmission, such as
HOMER1 (Mornholt et al., 2021). By performing RNA profiling of all three types of RNA
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simultaneously as well as extensive correlational analysis to identify patterns of genes that
are co-regulated together, the study provides a framework for investigating the downstream
impact of drug-induced circRNA regulation on gene expression and sequence-specific
sponging of miRNA by circRNA. Furthermore, such analysis demonstrates the far-reaching
consequences of drug-regulated circRNA dysregulation, as miRNA sponging may impact
many of the 100°s-1000’s of targets for an individual miRNA (Friedman et al., 2009).

Opioid-induced circRNA regulation

Opioid-induced regulation of circRNA expression in the nervous system has been examined
in preclinical models of opioid exposure in both whole brain tissue, as well as NAc and
orbitofrontal cortex. Splice variants arising from the mu-opioid receptor (Oprm1) are diverse
and indeed, circRNAs derived from Oprm1 are differentially regulated in whole brain tissue
from mice that underwent chronic morphine exposure (Irie et al., 2019). This suggests

that opioid interaction with the mu-opioid receptor may also induce post-transcriptional
regulation of the receptor itself, and thus may impact mu-opioid receptor-mediated signaling
cascades in the brain, as has been described in the heroin-exposed brain (Sillivan et al.,
2013). Conservation of circRNAs derived from OprmZ1 was also demonstrated by the
detection of circOprm1 in brain and spinal cord tissue from humans, rats and mice (Irie
etal., 2019).

In a rat model of heroin self-administration, chronic heroin exposure altered the profile of
circRNAs in the orbitofrontal cortex (Floris et al., 2022), a brain region that modulates long-
lasting heroin seeking behavior (Fanous et al., 2012). Among the circRNAS responsive to
heroin was a circRNA derived from Grin2b (ro_circRNA_011731), the gene that encodes
an NR2B subunit of the glutamate receptor, which was accompanied by an upregulation

of linear Grin2b. This finding suggests that heroin either elevates levels of Grin2bto

result in an increase in biogenesis of circGrin2b, or that heroin-induced upregulation of
clreGrin2b regulates the transcription of linear GrinZb, as some circRNASs are reported to
regulate transcription of their parent gene. These findings are in accordance with previous
studies that have demonstrated the utility of NR2B blockade for preventing reinstatement of
heroin seeking and reversing heroin-induced synaptic remodeling (Shen et al., 2011). Thus,
changes in the abundance of NR2B that are produced from circGrin2b biogenesis following
heroin self-administration may impact aspects of drug seeking. Floris et al demonstrated
that heroin-associated circRNAs regulated in the orbitofrontal cortex may be regulated
independent of their linear counterparts, the majority are exonic, and their regulation can be
specific to drug reward or general to appetitive reward (Floris et al., 2022).

Using a mouse model of morphine CPP, Yu et al identified 16 circRNAs in the NAc core
that are associated with a phenotype of increased morphine seeking behavior following
forced abstinence (Yu et al., 2021). Among these, circ Tmeff1, which is derived from the
gene transmembrane protein with EGF like and two follistatin like domains 1 ( 7meffI),
was the most significantly increased circRNA and manipulation of NAc core circTmeff1
expression bidirectionally modulated morphine CPP following 14 days of forced abstinence
but not 1 day (Yu et al., 2021). These effects may be mediated by circTmeff1 sponging of
mir-541-5p or mir-6934-3p and indicate that circ Tmeff1 may be involved in the functional
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modulation of long-lasting opioid seeking phenotypes (Yu et al., 2021). Additional insight
into the pattern of circRNAs regulated by opioids may also be gained from studies of
morphine-induced regulation of circRNAs in the spinal cord in preclinical models of
morphine analgesia and tolerance (Bai et al., 2023; Weng et al., 2019; Xing et al., 2022).

Psychostimulant-induced circRNA regulation

Exposure to the psychostimulants methamphetamine or cocaine can regulate brain
expression patterns of circRNAs as well as in vitro expression of circRNASs. In an
experimenter-administered methamphetamine exposure study, circRNA expression was
evaluated with RNA-sequencing in the cerebellum, a site of neuronal degeneration following
methamphetamine (Boroujeni et al., 2020). While many cortical circRNAs are reported to
contain only exons (You et al., 2015), the cerebellar profile of circRNAs contained mostly
intronic circRNAs (~43%) that were over 100,000 base pairs in length (Boroujeni et al.,
2020). Such large intronic circRNAs are believed to localize to the nucleus where they

may interfere with transcription . Given the presence of degenerative markers also observed
in cerebellar neurons after methamphetamine exposure, it is possible that methamphetamine-
regulated intronic circRNAs may program cell death in cerebellar neurons. A separate
study examined the impact of cocaine self-administration on circRNA expression in the
dorsal striatum (Bu et al., 2019), a brain region critical for the formation of continued drug
seeking behavior (Molkow et al., 2019), using microarray technology. Three gPCR validated
CircRNAs, mmu_circRNA_ 002381, mmu_circRNA_002520 and mmu_circRNA 003834,
were regulated in the dorsal striatum by chronic cocaine self-administration as well as by
experimenter administered injections of cocaine, indicating that these circRNAs respond
robustly to cocaine (Bu et al., 2019). Using an siRNA knockdown approach, it was
demonstrated that mmu_circRNA_002381 expression impacts both mRNA and protein
levels of Limk1 and BDNF in N2A cultured cells, suggesting that mmu_circRNA_002381
may regulate expression of genes involved in neuroplasticity following cocaine exposure
(Bu et al., 2019). A limitation of the aforementioned study is that the linear mMRNA from
which the drug-associated circRNAs are derived is not currently known and therefore, it is
unclear whether these circRNAs are also regulated by other drug exposure paradigms.

Drug-induced circRNA regulation of Homer1 or circRNAs derived from HomerI represent
the most consistent finding in the literature to date. As detailed above, a circRNA from
Homer1 can regulate cognition (Hafez et al., 2022; Zimmerman et al., 2020) and the
Homer1 protein has a well-described role as a scaffolding protein that contributes to synaptic
neurotransmission. Moreover, circHomer1 represents a translationally-relevant circRNA, as
isoforms of circHomer1 are dysregulated in human disease (Cervera-Carles et al., 2020;
Urdanoz-Casado et al., 2021), including alcohol use disorder (Vornholt et al., 2021), as we
have described. However, primary cortical cells treated with methamphetamine also display
upregulated circHomer1 (mmu_circ_0000491) very rapidly within 12 hours (Li et al., 2019;
Li et al., 2020). No dopamine would presumably be released following methamphetamine
exposure, due to the fact that the cultures no not contain dopaminergic synapses, suggesting
that methamphetamine may regulate circHomerl (mmu_circ_0000491) through a dopamine-
independent pathway. Knockdown of circHomer (mmu_circ_0000491) in primary cultures
reduced methamphetamine-induced cell damage, suggesting that drug-induced upregulation
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of circHomer1 may also contribute to drug toxicity. In another study of methamphetamine
CPP, circHomerl (mmu_circ_0000491) was significantly elevated in multiple brain regions,
including the hippocampus, prefrontal cortex, ventral tegmental area, and NAc, suggesting
that drug-induced biogenesis of this circRNA is widespread (Li et al., 2019). circHomer1
(mmu_circ_0000491) expression in the hippocampus and ventral tegmental area positively
correlated with CPP scores (Li et al., 2020). This indicates that an animal’s individual
response to, and perhaps motivation for, methamphetamine is related to production of this
circRNA. Given Homer1’s role in synaptic plasticity and addiction (Ghasemzadeh et al.,
2009; Gould et al., 2015; Okvist et al., 2011), regulation of the abundance of Homerl in the
cell may help to explain how circRNAs may regulate drug seeking behavior.

cireTmeff1, which was identified as a circRNA associated with incubation of craving of
morphine CPP, has also been evaluated functionally in a rodent cocaine CPP paradigm (Shen
et al., 2022). In animals that previously underwent cocaine CPP, a single cocaine injection
rapidly elevates levels of circTmeff1 in the NAc core within 30 minutes (Shen et al., 2022),
suggesting that this circRNA may be responsive to dopamine signaling cascades that are
produced by exposure to drugs. Elevated circ Tmeff1 is maintained in the core for at least 6
hours following cocaine. Moreover, cocaine-induced circTmeff1 expression correlates with a
miRNA network of downregulated mir-206-3p and elevation of the mir-206-3p target brain-
derived neurotrophic factor (BDNF) (Shen et al., 2022), a protein well studied for its role in
learning and memory that supports incubation of opioid craving behavior (Theberge et al.,
2012). Knockdown of circTmeffI in the NAc core significantly impairs reconsolidation of
cocaine CPP behavior, an effect blocked with a mir-206—-3p antagomir (Shen et al., 2022).
These findings suggest that circ Tmeff1 sponges mir-206-3p to disinhibit the translation

of mir-206-3p genes, such as BDNF, allowing this pathway to support drug-associated
memories.

Extensive RNA sequencing has been performed on tissue sets from postmortem brain

of individuals with cocaine use disorder as well as preclinical models of cocaine or
methamphetamine exposure and many of these datasets are publicly available on repositories
such as Gene Expression Omnibus. Information on backsplice junction reads from these
datasets may provide insight into putative psychostimulant-induced circRNA expression in
the brain but requires additional analysis. Chen et al performed such analysis on an RNA-
sequencing dataset of dorsal lateral prefrontal cortex tissue from individuals with cocaine
use disorder (Ribeiro et al., 2017) and reported differential expression of 41 circRNAs (Chen
et al., 2022). Among the regulated circRNASs was a 172bp circGrin2b (chr12:13708789|
13708961), a circRNA derived from the gene that encodes the NR2B subunit (Chen et al.,
2022). A separate circGrin2b was also regulated by heroin in a rat model (Floris et al.,
2022), as described above, indicating that circRNA biogenesis from the GrinZb gene may be
general to multiple types of drugs. Chen et al identified miRNA response element sequences
and RNA binding protein sequences for cocaine-associated circRNAs, demonstrating that
there are extensive sites through which circRNAs may interact with other RNA and proteins
(Chen et al., 2022). Further studies with RNA- or protein-immuneprecipitation are required
to understand the RNA-binding proteins that interact with circRNAs or the miRNAs that
may be sponged by circRNAs.
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Studying circRNAs in addiction

Currently RNA sequencing in preclinical models is limited by the fact that many companies
require a large input of total RNA (e.g.- >5ug) that is not compatible with individual brain
areas from the mouse brain. Working with rat models may provide more utility for circRNA
researchers as the rat brain is significantly larger in size compared to the mouse brain and
models of self-administration are very well-characterized for rats. Following detection of
dysregulated circRNASs associated with drug exposure, quantitative PCR (gPCR) should

be performed, using primers that span the circRNA backsplice junction , to confirm either
RNA-sequencing or microarray findings (Nielsen et al., 2022). Both RNA sequencing and
microarray detection of circRNAs are semi-quantitative and therefore, validation of these
methodologies with high-quality gPCR is essential.

Because circRNAs are cargo that can be packaged into exosomes (Li et al., 2015), circRNAs
may provide insight into drug seeking phenotypes by functioning as biomarkers. Neuronal
exosomes can be released from the brain and detected in peripheral blood samples. By
analyzing the content of neuronal exosomes, it is possible to obtain a window into

the regulation of neuronal circRNAs. In preclinical models of drug exposure and self-
administration, blood sampling measurements that correspond to drug seeking events can
be collected from animals to correlate behavioral data to circRNA expression levels. Such
measurements may reveal insight into brain circRNA expression levels that are indicative
of enhanced drug seeking or provide insight into molecular mechanisms through which
therapies may reduce drug seeking behavior. An analogous approach may also be applied
to blood samples from human subjects that are in recovery from addiction to identify
circRNA biomarker profiles that correspond to enhanced drug craving, relapse, or treatment
responsiveness.

A major barrier to performing translationally relevant circRNA research on the neurobiology
of addiction lies in the fact that no central database of circRNAs currently exists. This
limitation makes it challenging to determine when a species-specific analog of a circRNA
exists. A website that functions similar to miRBase, which tracks known miRNAs and
allows a user to determine conservation status of a given miRNA, would be extremely

useful for circRNA researchers. More annotated databases of circRNAs can be found for
human and mouse circRNAs (Dori and Bicciato, 2019), such as circBase (http://circrna.org).
circBank (http://www.circhank.cn) and circRNADDb (http://reprod.njmu.edu.cn/circrnadhb)
are exclusive to human circRNAs. circRNADD also contains information about protein-
coding circRNAs and such a resource would be extremely valuable to basic scientists
seeking to understand the biological mechanisms of circRNAs in preclinical models,

yet this information is not currently available for mouse, rat, worm, or fly circRNAs.

In addition, web-based tools to investigate putative circRNA interactions, comparable to
TargetScan or mirDB for miRNAs, are a much-needed resource for the circRNA field.
Because circRNAs may interact with miRNA, mRNA or protein, sequence-based analysis of
RNA-binding or protein-binding domains of a circRNA would allow researchers to identify
potential interactions for a given circRNA to begin to delineate the cellular mechanisms

of individual circRNAs. Like miRNAs, circRNASs have been more extensively studied in
cancer biology and a well-curated database called CircNet exists to allow researchers to
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mine circRNA data associated with a particular cancer (https://awi.cuhk.edu.cn/~CircNet).
CircRNA studies in the nervous system can benefit from databases such as CircNet by
using its framework to identify circRNAs associated with neuropsychiatric conditions. At
present, the existing circRNA databases use 3 separate strategies for circRNA names. Until
there is a universally accepted circRNA nomenclature, comparing drug-associated circRNA
results across species may still be challenging. To circumvent these challenges, researchers
should consider employing well-characterized technologies that are readily available to
study the consequences of a circRNA or its potential binding partners. Examples include
RNA sequencing or mass-spectrometry to identify changes in RNA or protein expression
following a circRNA knockdown or overexpression; as well as RNA-immuneprecipitation
assays followed by mass-spectrometry to identify RNA-binding proteins that associate with
a circRNA of interest.

To date, no study has examined circRNA expression in models of nicotine or cannabis
exposure. Given the regulation of circRNAs in the brain after exposure to psychostimulants,
opioids, or alcohol, it is likely that circRNAs are also regulated by nicotine or cannabis
exposure. Future studies should examine circRNA contribution to drug seeking at various
stages, including self-administration, extinction, reinstatement, and relapse. The limited
studies that have examined the functional relevance of circRNAs to drug seeking
demonstrate that this species of RNA may possess profound regulatory control over synaptic
plasticity associated with drug exposure as well modulation of drug seeking behavior.
Therefore, exploration into the role of drug-associated circRNAs and their vast modulatory
networks represents a critical neurobiological process to study to further understand the
neurobiology of addiction.

This work was supported by NIDA/NIH grants T32DA007237 (AG) and DP1DA051550 (SS).
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Highlights:

. Overview of circRNA functions that may contribute to drug-associated
neuroadaptations

. Review of existing studies that have identified drug-associated circRNAs and
their functional contribution to drug-seeking behaviors

. Identification of strategies that may be implemented to further identify
drug-associated circRNAs and critical challenges for studying circRNAs in
addiction
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Figure 1:
Biogenesis, classification, and regulatory functions of circRNAs.

(A) circRNAs can be classified into 4 subtypes: intronic circRNAs (icircRNA), exon-intron/
sense overlapping circRNAs (ELcircRNA), exonic circRNAs (EcircRNA), and intergenic
circRNAs with each group undergoing discrete biogenesis processes. (B) 6 circRNA
functions identified to date. (1) Regulate gene expression through 3 discrete pathways (1a)
compete with canonical splicing of linear counterpart (negative regulation); (1b) interact
with polymerase 11 (Pol I1) to promote transcription of parental gene (positive regulation);
(1c) inhibit protein translation via sequestration of RBPs. (2) circRNAs have been shown

to have dynamic protein interactions where they can function as transporters, scaffolding,
decoys, and modulate protein activity. (3) Newer research has found some circRNAs can

be translated into protein. (4) circRNAs may sponge miRNAs to allow translation of
miRNA-repressed genes. (5) Through a process of reverse transcription and integration into
host genomes, circRNAs can generate pseudogenes and thus physiological and pathological
processes at the DNA, RNA, and protein levels; the mechanisms, and functions of circRNA
derived pseudogenes is unknown. (6) circRNAs can also regulate epigenetic modifications
via DNA and histone methylations.
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Published studies reporting drug-induced circular RNA regulation.

Table 1:

First author Year PMID Drug Brain region
Paudel 2020 | 33304235 Alcohol Whole brain
Liu 2021 | 33821559 | Alcohol Serum
Vornholt 2021 | 34164896 Alcohol Nac
Gong 2022 | 35838410 | Alcohol Whole brain
Li 2019 | 30797870 Meth NAc, PFC, VTA, HPC
Boroujeni 2020 | 32576439 Meth Cerebellum
Li 2020 | 32450188 Meth NAc, PFC, VTA, HPC
Bu 2019 | 31434869 | Cocaine Striatum
Yun Chen 2019 | 35493321 | Cocaine dorsolateral PFC
Shen 2022 | 35489671 | Cocaine NAc
Weng 2019 | 31533844 | Morphine Spinal cord
Irie 2019 | 31243060 | Morphine | Whole brain, Spinal cord
Hailei yu 2021 | 34116208 | Morphine NAc
Floris & Gillespie | 2022 | 35163373 Heroin OFC
Xing 2022 | 35992914 | Morphine Spinal cord
Bai 2022 | 36202171 | Morphine Spinal cord
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Table 2:

Potential mechanisms of drug-induced circRNAs.

Page 21

CcircRNA

Parent
Gene

Species

Drug-Induced
Expression

Drug/Model

Sample type

Citation

Potential
Mechanism

circHomer_(mmu_circ_0000491)

Homer

mouse

Upregulated

Methamph
etamine
exposure

Primary
Cortical
Neurons

Liet
al.,2019

Methamph
etamine CPP

Hippocampus,
VTA, NAc,
PFC

Liet
al.,2020

Upregulation
is associated
with
methamphet
amine-induced
toxicity and
CPP score.
Reduction may
protect from
methamphet
amine toxicity

mmu_circRNA_002381

Unknown

mouse/
N2A

cultured
cells

Upregulated

Cocaine self-
administration

Whole Brain

Buetal.,
2019

Positively
regulates genes
associated with

drug-induced

neuroplasticity
and may
sponge
miR-138

mmu_circRNA_002520

Unknown

mouse

Downregulated

Cocaine self-
administration

Whole Brain

Buetal.,,
2019

May function
as a miRNA
sponge:
contains 33
putative
binding sites
for miR-138
and 29 for
miR-212

mmu_circRNA_003834

Unknown

mouse

Downregulated

Cocaine self-
administration

Whole Brain

Buetal.,
2019

Contains 13
putative
binding sites to
sponge
miR-138

circTmeff-1

Tmeff

mouse

Upregulated

Cocaine CPP

NAc Core

Shen et.,
2022

Induced during
reconsolidation
of cocaine-
paired
memory; may
disrupt
miR-206-
mediated
regulation of
BDNF

Morphine
CPP

NAc Core

Yuetal.,
2021

Induced by
abstinence
from morphine
CPP and
sponges
miR-541-5p
and
miR-6934-3p
to positively
regulate Nfasc
and Vampl

circGrin2b chr12:13708789|
13708961

Grin2b

Human

Upregulated

Cocaine

Postmortem
Dorsal Lateral
Prefrontal
Cortex

Chen et
al., 2022

circGrin2bh_011731

Grin2b

Rat

Upregulated

Heroin

Orbitofrontal
Cortex
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CircRNA

Parent
Gene

Species

Drug-Induced
Expression

Drug/Model

Sample type

Citation

Potential
Mechanism

etal.,
2022

responsive to
drug reward;
may positively
regulate
expression of
its linear
parent gene

hsa_circ_0004771

Nrip1

Human

Upregulated

Alcohol

Serum
Exosome

Liu et
al., 2021

Positively
associated with
severity of
Alcohol Use
Disorder

hsa_circ_406702

Unknown

Human

N/A

Alcohol

Postmortem
NAc

Vornholt
etal.,

Interaction
network
significantly
associated with
miR-1200;
may regulate
miR-1200 and
HRAS,
PRKCB,
HOMERI1 and
PCLO either
directly or
indirectly

circOprml1

Oprm1

Mouse

Upregulated

Morphine

Whole Brain

Irie et
al., 2019

Morphine may
facilitate
Oprm1 circR
NA formation;
Oprm1
circRNAs may
sponge
miRNAs
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