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Review

Introduction

In general terms, learning can be thought of as the ability 
to adapt in response to both external and internal experi-
ence with memory being the long-lasting representation 
of these learned experiences (Kandel and others 2014; 
Kukushkin and Carew 2017). During learning, electro-
chemical, physical, and molecular pathways intersect 
spatiotemporally in order to form a network of neurons 
within the brain responsible for storing new memories 
(Fig. 1). This network of neurons is best described by the 
conceptual theory of the “engram,” which was first pro-
posed by Richard Semon in 1904 to describe a population 
of cells that undergo long-lasting chemical and/or physi-
cal changes during learning (Schacter and others 1978; 
Semon 1904). This population of cells can be reacti-
vated, or retrieved, following presentation of only a 
fraction of the cues present in the original experience. 
More recently, support has been growing for the idea 
that memory is supported by multiple cell ensembles 
that communicate across several brain regions, and 
together comprise an “engram complex” (Josselyn and 
Tonegawa 2020). In order to fully understand how 
memories are formed, the mechanisms of communica-
tion within the brain that coordinate and underpin these 
ensembles must be deciphered.

During a sensory event, both intercellular and intracel-
lular mechanisms of communication contribute toward 
translating this experience into long-lasting alterations in 
cellular behavior. Upon stimulation, the following trajec-
tory of events is known to occur: (1) neurotransmitter 

release at excitatory glutamatergic synapses activates 
N-methyl-d-aspartate (NMDA) receptors, which leads to 
influx of Ca++ into the cell, (2) Ca++ influx triggers a vari-
ety of downstream signalling and transcription factor 
pathways, and (3) these Ca++-induced signaling pathways 
activate a program of gene expression (i.e. activity-
dependent gene expression) that is directly required for 
experience-dependent changes in synaptic plasticity 
(West and Greenberg 2011).

Rapid, stimulus-induced modification of existing pre-
stimulus transcription factors, such as CREB, mediates 
the first wave of activity-dependent “immediate early 
gene” (IEG) expression. IEGs are classically defined as a 
set of stimulus-induced genes that do not require de novo 
protein synthesis and are rapidly transcribed following 
stimulus onset (Sheng and Greenberg 1990). A number of 
IEGs are also transcription factors and their expression 
leads to a second delayed wave of transcription, which 
comprises genes that are regulated in a cell-type- and 
stimulus-specific manner. The products of these two 
waves of transcription lead to changes in processes such 
as postsynaptic receptor expression and dendritic spine 
formation that alter the strength of synaptic connections 
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and the underlying neural circuitry (Loebrich and Nedivi 
2009).

Importantly, activity-dependent gene expression is not 
limited to the production of messenger RNAs (mRNAs) 
that act as templates for protein translation. In fact, 
approximately 98% of the output from the human genome 
does not code for proteins and is classified as “non-cod-
ing” (Mattick 2004). These non-coding RNAs perform 
regulatory roles that are now known to be critical for 
driving changes in brain function and behavior (Alberini 
and Kandel 2015; Mercer and others 2008). Moreover, 
throughout evolution, the number and percentage of 

non-coding RNAs within the genome has increased in 
proportion to organismal complexity whereas the number 
of protein-coding genes remains about the same (Mattick 
2004). The implication of this is that higher-order cogni-
tive abilities may be the direct result of an increase in 
regulatory architecture rather than effector number.

In a neuron, RNA can act within the nucleus to coordi-
nate gene expression or localize to the synapse to mediate 
rapid, activity-dependent alterations to local translation 
and synaptic plasticity (Holt and others 2019; Leighton 
and others 2018). Importantly, it has recently been shown 
that RNA does not function exclusively within a single 

Figure 1.  Memories are stored in engram complexes that comprise multiple engrams distributed across the brain. During 
learning, multiple pathways intersect both spatially and temporally to form an engram, a network of connected cells that store 
new memories. These pathways include electrochemical signaling, intercellular transfer of molecules, and physical alteration to 
synaptic neural connections. TNTs, tunneling nanotubes.



Zajaczkowski and Bredy	 475

neuron but can also transfer between cells, which enables 
both locally and distally connected cells to coordinate 
their behavior over timescales beyond that of the trigger-
ing stimulus (Belting and Wittrup 2008; Budnik and oth-
ers 2016; Dinger and others 2008). However, the 
activity-dependent processes that occur during learning 
are short-lived. How then are memories able to persist for 
longer than a couple of days? One answer to this question 
may lie in an evolutionarily old class of RNA known as 
circular RNAs.

Circular RNAs (circRNAs) are closed loop single-
stranded RNA molecules that are highly stable and 
enriched in the brain. As a result of their stability, it has 
been speculated that circRNAs may serve as “memory 
molecules” and could potentially transfer information 
between cells, given that they resemble small virus-like 
particles called viroids and other circular forms of nucleic 
acid (e.g., plasmids) that are known to do this (Lasda and 
Parker 2014). Here, we will review the current evidence 
implicating circRNAs with the biological processes that 
underlie neural plasticity, learning, and memory, as well 
as how perturbations to circRNA regulation and function 
contribute to neurodegenerative disease and psychiatric 
disorders.

What Are circRNAs and How Are 
They Detected?

CircRNAs, which comprise a structurally distinct class of 
RNA, consist of closed loops of single-stranded RNA 
molecules that are highly abundant in the brain and 
enriched within synapses (Rybak-Wolf and others 2015; 
You and others 2015). As a result of their unique struc-
ture, circRNAs are resistant to exonuclease-mediated 
RNA degradation and are long-lived (Jeck and others 
2013). They were first visualised in the cytoplasm of 
HeLa cells by electron microscopy (Hsu and Coca-Prados 
1979). However, until recently, circRNAs were thought 
to be artefacts of splicing or rare oddities derived from 
only a few genes (Capel and others 1993; Cocquerelle 
and others 1993; Zaphiropoulos 1996). With the advent 
of high-throughput sequencing, thousands of circRNAs 
have now been identified, many of which are highly con-
served and are regulated separately from their linear 
counterparts (Gokool and others 2020; Ragan and others 
2019; Rybak-Wolf and others 2015; Zhou and others 
2017). Similar to other classes of RNA, circRNAs exhibit 
regions of secondary structure (i.e., 16-26 base pairs of 
double-stranded RNA duplexes) and can be chemically 
modified (e.g., by N6-methyladenosine, m6A) (Chen and 
others 2019; Liu and others 2019; Yang and others 2017; 
Zhou and others 2017).

CircRNAs are bioinformatically identified by aligning 
sequencing reads to the backsplice junction (BSJ), which 

occurs at the site where a downstream 5′bss (backsplice 
site) and 3′ss (splice site) are covalently joined (Fig. 2A) 
(Gao and Zhao 2018; Jeck and Sharpless 2014; Szabo and 
Salzman 2016). Traditionally, circRNAs were detected 
by ribosomal RNA (rRNA) depletion followed by diges-
tion with ribonuclease R (RNAse R), an enzyme that 
digests linear RNAs at their 3′ end (Fig. 2B and C). Newer 
methods such as RPAD (RNAse R treatment, polyadenyl-
ation, and poly(A)+ depletion) (Pandey and others 2019) 
offer an improvement by polyadenylating all digested 
RNAs with a 3′ end (i.e., non-circular RNA) before per-
forming a poly(A)+/− selection to enrich for non-polyad-
enylated RNA (i.e., circular RNA). Multiple validation 
strategies are then employed to verify the circularity of 
bioinformatically predicted circRNA targets, including, 
divergent polymerase chain reaction (PCR), Sanger 
sequencing, exonuclease treatment (e.g., RNAse R, 
tobacco acid phosphatase, and terminator exonuclease), 
and northern blot (Fig. 2C) (Jeck and Sharpless 2014).

How Are circRNAs Regulated?

Three different types of eukaryotic circRNAs have been 
identified (Fig. 2A). “CircRNA” is commonly used to 
refer to exons that are backspliced from a linear tran-
script. On occasion, introns are also retained between 
exons, with this subset of circRNAs referred to as exon-
intron circRNAs (EIciRNAs) (Li and others 2015). 
Finally, circular intronic RNAs (ciRNAs) are formed 
from intron lariats that have escaped debranching (Zhang 
and others 2013). CircRNA formation can be facilitated 
by intronic complementary sequences (ICSs) that flank 
the putative BSJ and bring it together (Jeck and others 
2013; Zhang and others 2014). Both repetitive (e.g., short 
interspersed nuclear elements such as Alu) and non-repet-
itive sequences can promote base pairing (Jeck and others 
2013). CircRNA production is known to occur both co- 
and post-transcriptionally (Ashwal-Fluss and others 
2014; Zhang and others 2016; Zhang and others 2020), is 
reliant on canonical splice signals (Starke and others 
2015), and can be increased by limiting the pre-mRNA 
processing machinery (e.g. core spliceosome factors, 
transcription termination factors) that exists to promote 
mRNA production (Fig. 3) (Liang and others 2017; Wang 
and others 2019). Furthermore, the rate of Pol II–mediated 
transcription can also affect the composition and fraction 
of circRNAs that are produced during host gene tran-
scription (Ragan and others 2019). In particular, accentu-
ated differences in the Pol II transcription rate between 
introns and exons (introns > exons) are observed in cir-
cRNA host genes, which are hypothesized to promote 
intronic base pairing between non-sequential introns 
(backsplicing) rather than within the same intron (linear 
splicing).



476	 The Neuroscientist 27(5)

Figure 2.  Biogenesis, enrichment, and validation of circular RNAs (circRNAs). (A) CircRNAs can be exon-only (circRNA), 
intron-only (ciRNA) or a mixture of both (EIciRNA). The backsplice junction (BSJ) is the site where the 5′ back-splice site 

(continued)
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(5′bss) and 3′ splice site (3′ss) of a linear strand of RNA are covalently joined. Exons are depicted as rectangular boxes, lettered 
A to E, whereas introns are represented by the black lines between exons. Stars denote the introns that flank a potential BSJ, 
which can contain either repetitive or non-repetitive sequences that promote circularization. (B) Several enrichment strategies 
can be employed to increase the fraction of circRNAs within a given RNA population in order to improve their bioinformatic 
detection following sequencing. From left to right, the enrichment strategies are rRNA depletion (rRNA−), rRNA depletion 
and removal of poly(A)+ sequences (rRNA−, poly(A)−), rRNA depletion and RNAse R treatment (rRNA−, RNAse R+), and 
RNAse R treatment followed by polyadenylation and poly(A)+ depletion (RPAD). (C) Strategies used to verify the circularity 
of a bioinformatically predicted circRNA. Divergent polymerase chain reaction (PCR) uses outward-facing primers to specifically 
amplify and detect the region around the BSJ of a predicted circRNA target. These primers are not able to generate a PCR 
product from the linear RNA of the same gene. A northern blot can be used in combination with anti-sense oligonucleotide 
(ASO) probes (A, B) and RNAse H treatment to verify circularity. Exonuclease treatment with enzymes that digest linear RNA, 
followed by divergent PCR, is also commonly used.

Figure 2.  (continued)

Trans factors, such as RNA-binding proteins (RBPs), 
can bind to ICSs (e.g., inverted repeated Alus) and help to 
facilitate or disrupt base pairing and subsequent covalent 
bond formation. For instance, circRNA formation is pro-
moted by the immune factors NF90 and/or NF110 (Li and 
others 2017), whereas ADAR1 (Rybak-Wolf and others 
2015) and DHX9 (Aktaş and others 2017) disrupt cir-
cRNA formation by RNA editing, which alters base pair-
ing affinity, and unwinding of RNA pairs, respectively. 
The splicing factors Quaking and Muscleblind also facili-
tate circRNA formation by recognising and binding their 
motifs within flanking introns (Ashwal-Fluss and others 
2014; Conn and others 2015). Once a circRNA is pro-
duced, its high stability leads to its accumulation within 
cells, particularly those that are non-dividing (e.g., neu-
rons in the brain) (Rybak-Wolf and others 2015; Zhang 
and others 2016). Current methods to actively remove 
circRNAs from the cell include endonucleolytic attack 
and cellular release via extracellular vesicles (Fig. 3). 
Endonucleolytic attack occurs in the cytoplasm and can 
be achieved by (1) microRNA (miRNA)-mediated cleav-
age by Ago2, (2) RNAse L–mediated degradation follow-
ing viral infection in immune cells, (3) m6A-mediated 
decay via YTHDF2-HRSP12-RNAseP/MRP interactions, 
and (4) structure-mediated decay via G3BP1 and UPF1 
(Fischer and others 2020; Guo and others 2020; Hansen 
and others 2011; Liu and others 2019; Park and others 
2019). Furthermore, Drosophila GW182 and its human 
homologues are involved in circRNA degradation, which 
is mediated via its Mid domain and not its Ago-binding 
domain or p-body localisation signal (Jia and others 2019).

Another aspect of circRNA regulation to consider is 
their localisation. Typically, intron-containing circRNAs 
localise to the nucleus whereas exon-containing cir-
cRNAs are found in the cytoplasm and synapse. The 
nuclear export of circRNAs is known to be length-depen-
dent (Huang and others 2018a); however, the mecha-
nisms for the retention of intron-containing circRNAs in 
the nucleus vs exclusion of exon-containing circRNAs 
are still unclear. Thus, a more thorough understanding of 

the mechanisms that underlie circRNA biogenesis and 
regulation in different cellular compartments is required 
in order to manipulate the function of these RNAs.

Functions of circRNAs

miRNA Sponge

Despite only recently being recognized as a functionally 
relevant class of RNA, it is evident that circRNAs are 
incredibly diverse and can perform a wide range of func-
tions (Fig. 4). The best understood function of circRNAs 
is that of a miRNA sponge. miRNAs are a class of small 
non-coding RNAs (~22 nucleotides) that regulate the 
transcriptome by post-transcriptional silencing that is 
mediated by target recognition of complementary base 
pairs in mRNA. miRNAs are spatiotemporally expressed 
in the brain and have been implicated in learning and 
memory (Bredy and others 2011).

The first and most well-studied circRNA implicated in 
brain function, CDR1as, is a miRNA sponge that forms 
part of a non-coding RNA regulatory network (long non-
coding RNA (lncRNA)-miRNA-circRNA) that acts to 
regulate neural activity (Kleaveland and others 2018; 
Piwecka and others 2017). CDR1as contains over 70 par-
tial miR-7 binding sites with one perfectly complemen-
tary miR-671 binding site (Hansen and others 2013). 
These features enable CDR1as to be targeted by miR-671 
for degradation as well as acting to “sponge” (i.e., seques-
ter) miR-7 from the cellular milieu. Unchecked miR-7 
enhances miR-671-directed cleavage of CDR1as while 
the lncRNA Cyrano regulates CDR1as accumulation by 
degrading miR-7 (Kleaveland and others 2018). However, 
most annotated circRNAs contain few miRNA binding 
sites (Guo and others 2014), which suggests that spong-
ing miRNAs is not the only function of circRNAs and/or 
not all circRNAs are regulated by miRNAs. Further dis-
section of this subset of circRNAs that contain miRNA 
binding sites is critical to understand their role in regulat-
ing neural plasticity, learning, and memory.
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Figure 3.  Regulation of circRNA abundance in the nucleus and cytoplasm. Within the nucleus, the factors that affect the rate and 
success of circRNA formation include the rate of Pol II transcription, the amount of canonical splicing factors and transcription 
termination factors, and the presence of RBPs that can bind to sequences within the flanking introns (indicated by stars) of a 
potential circRNA. Within the cytoplasm, circRNAs can be removed by cellular release via extracellular vesicles or degradation 
via endonucleolytic attack. Mechanisms for endonucleolytic attack include (1) miRNA-mediated cleavage by Ago2, (2) RNAse 
L–mediated degradation following viral infection in immune cells, (3) m6A-mediated decay via YTHDF2- HRSP12-RNAseP/MRP 
interactions, and 4) structure-mediated decay via G3BP1 and UPF1. Ago2, Argonaute 2; G3BP1, G3BP stress granule assembly 
factor 1; HRSP12, heat-responsive protein 12; m6A, N6-methyladenosine; MRP, multidrug resistance protein; Pol II, polymerase II; 
RBP, RNA-binding protein; UPF1, UP-Frameshift-1; YTHDF2, YTH N6-methyladenosine RNA binding protein 2.
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Figure 4.  The function of circRNAs within the cell. ciRNA and EIciRNA are retained in the nucleus and can act to regulate 
their host gene transcription. Exon-containing circRNAs are exported from the nucleus in a length-dependent manner and can 
function as a sponge for miRNAs and RNA-binding-proteins (RBPs) as well as a template for translation. CircRNAs are also 
involved in innate immunity and can be transferred between cells via exosomes. eIF3A, eukaryotic translation initiation factor 3 
subunit A; eIF4G2, eukaryotic translation initiation factor 4 gamma 2; IRES, internal ribosome entry site; m6A,  
N6-methyladenosine; PKR, protein kinase R; YTHDF2, YTH N6-methyladenosine RNA binding protein 2.

Regulation of Transcription

Memory formation requires de novo gene transcription, 
which is flexibly fine-tuned by transcriptional regulators 
during the progression of a new memory from a labile to 
stable state (Alberini and Kandel 2015). Intron-containing 

circRNAs, such as ciRNAs and EIciRNAs, are predomi-
nantly expressed in the nucleus, whereas exon-containing 
circRNAs are exported to the cytoplasm and synapse (Li 
and others 2015; Zhang and others 2013). Both ciRNAs 
and EIciRNAs act in cis to positively regulate transcrip-
tion of their host genes. In particular, ciRNAs have been 
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found to escape debranching due to the presence of con-
sensus motifs near the 5′ splice site and branchpoint site, 
and subsequently associate with Pol II at their transcrip-
tion sites to upregulate host gene transcription (Zhang 
and others 2013). Similarly, EIciRNAs have been shown 
to interact with U1 small nuclear ribonucleoproteins 
(U1A and U1C), which associate with Pol II at the pro-
moters of their host genes to enhance transcription within 
a positive feedback loop (Li and others 2015). Thus, 
intron-containing circRNAs are more than just “tran-
scriptional noise” and can act to regulate their own host 
genes. Little is known, however, about the mechanisms 
that regulate circRNA alternative splicing, which can 
result in either the retention of introns for transcriptional 
regulation or exon-only circRNAs that are exported to the 
cytoplasm to be potentially translated.

m6A Modification and Translation

m6A is the most prevalent chemical modification on lin-
ear RNA and is present on many annotated circRNAs 
(Yang and others 2017; Zhou and others 2017). Within 
the brain, m6A is dynamically regulated by experience 
and acts to enhance long-term memory formation 
(Widagdo and others 2016). m6A-modified circRNAs 
share the same methylation machinery as linear RNAs; 
however, m6A-modified circRNAs are commonly 
derived from exons that are not methylated in mRNAs 
(Zhou and others 2017). Within mRNAs, m6A is enriched 
within the 3′-untranslated region (3′UTR) and around the 
stop codon whereas circRNAs are usually produced from 
gene segments closer to the 5′ end or middle (Ragan and 
others 2019; Zhang and others 2014). It has been reported 
that mRNAs that are methylated on the same exons as 
those found in m6A-modified circRNAs tend to be less 
stable, due to regulation by the m6A reader YTHDF2 
(Zhou and others 2017). Thus, promotion of circRNA 
production over linear RNA transcripts may be one of 
the reasons that m6A is not observed in high abundance 
within the 5′ end of mRNA. Further study is required to 
understand how the m6A machinery identifies targets for 
methylation and how the context surrounding methyla-
tion marks (e.g., sequence and structure context, circular 
vs linear) affects its regulation of RNA function. 
Nevertheless, m6A on circRNAs is known to have 
important functional consequences. For instance, m6A 
modification enables the cell to recognize circRNAs as 
belonging to “self” unlike foreign-derived circRNAs that 
are known to initiate innate immunity (Chen and others 
2019). From an evolutionary perspective, immune func-
tions enable a cell to differentiate between “messages” 
that are derived from itself or friendly neighbours versus 
foreign invaders trying to hijack the system. Thus, m6A 
could be acting as a “stamp” for circRNAs that enables 

their “message” to be safely read without destruction. 
Furthermore, m6A modification, as well as internal ribo-
some entry site (IRES) sequences, can promote the trans-
lation of circRNAs. IRES sequences can drive direct 
binding of ribosomes and translation factors whereas 
m6A can be read by YTHDF3, which then recruits trans-
lation initiation factors such as eIF4G2 and eIF3A (Chen 
and Sarnow 1995; Pamudurti and others 2017; Yang and 
others 2017). Moreover, m6A is also known to alter the 
accessibility of structured regions of RNA to enable 
RNA-protein interactions (Liu and others 2017). Thus, 
there is a possibility that m6A deposition on structured 
regions of circRNAs could act as a translation switch to 
reveal hidden IRES sequences, which then become 
accessible for translation initiation. Furthermore, as a 
result of their high stability, circRNAs are ideally posi-
tioned to regulate and maintain synaptic status over long 
periods of time. It is therefore tempting to speculate that 
reservoirs of translatable circRNAs at the synapse could 
be switched “ON” to modulate synaptic plasticity on 
demand. However, under normal conditions, cap-inde-
pendent translation of both circRNAs and mRNAs 
remains quite low, although it can serve to enhance the 
translation of specific mRNAs that contain both IRES 
sequences and a 5′ cap (Legnini and others 2017; 
Pamudurti and others 2017). In general, cap-independent 
mechanisms are promoted/relied on during conditions 
where cap-dependent mechanisms are reduced/impaired 
(e.g., stress). As such, it will be critical to understand 
when periods of increased cap-independent translation 
arise within the brain during learning and memory for-
mation and under what conditions (e.g., frequency and 
strength of stimulation). Moreover, the effect of a given 
small peptide/protein on neural plasticity over a more 
abundantly expressed protein is not necessarily less pro-
nounced. Further studies into the stoichiometry of small 
peptides derived from circRNAs and the magnitude of 
their effects will be required to determine the effect that 
circRNA translation has on the processes of neural plas-
ticity, learning, and memory formation.

Intercellular Transfer of circRNAs

The ability of viroids and circular genomes to exchange 
information between cells hints at the possibility that cir-
cRNAs may also function as intercellular information 
carriers. Indeed, circRNAs have been detected within 
extracellular vesicles and are selectively packaged over 
their linear counterparts (Fanale and others 2018; Lasda 
and Parker 2016). The release of circRNAs from the cell 
via extracellular vesicles potentially contributes to the 
stoichiometry of circRNAs at the synapse in order to reg-
ulate synaptic plasticity and may influence the behavior 
of neighboring and connected cells to fine-tune engram 
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formation. As yet, there is limited understanding of the 
composition of extracellular vesicles and how they are tar-
geted and taken up by particular cell-types. For instance, 
microglia might preferentially bind to extracellular vesi-
cles that contain transcripts that need to be cleared from 
the cell whereas messages related to memory formation 
may be preferentially taken up by neurons and potentially 
other cells involved in neural plasticity (e.g., astrocytes) 
(Lachenal and others 2011). Thus, circRNA transfer could 
contribute toward maintaining communication amongst 
engram cells (i.e., engram maintenance), which would 
have important consequences for the long-term stability 
and robustness of a given memory. Further study into the 
mechanisms underpinning the packaging, uptake mecha-
nisms, and timing of extracellular vesicle release is 
required in order to fully understand the functional rele-
vance that intercellular circRNA transfer may have for 
learning and memory formation.

circRNAs Over a Lifetime

Within the brain, circRNAs are spatiotemporally regu-
lated across development, with their expression, indepen-
dent of their host gene, coinciding with the onset of 
synaptogenesis (You and others 2015). Indeed, many 
neural circRNAs are derived from genes related to synap-
tic function and are differentially expressed during neuro-
nal differentiation and maturation (Rybak-Wolf and 
others 2015; You and others 2015). For example, a highly 
conserved circRNA, circSLC45A4, is required to keep 
neural cells in a progenitor state and its knock-down in 
the developing mouse cortex results in a depleted basal 
progenitor pool and an increase in Cajal-Retzius cells 
over cortical neurons, which leads to improper cortex for-
mation (Suenkel and others 2020). Furthermore, circRNA 
expression continues throughout adulthood and is dynam-
ically regulated in response to neural activity (You and 
others 2015). For instance, circHomer1a, a highly con-
served circRNA derived from the Homer1 gene, is upreg-
ulated during neural activity, and its knock-down within 
the mouse orbitofrontal cortex (OFC) leads to deficits in 
OFC-mediated cognitive flexibility during reversal learn-
ing (You and others 2015; Zimmerman and others 2020). 
On the other hand, an unregulated increase in circRNA 
production by knocking down ADAR1, which edits ICSs 
and prevents the production of circRNAs, could also 
impair memory updating (Marshall and others 2020; 
Rybak-Wolf and others 2015). However, as ADAR1 has 
many non-circRNA targets, further work on specific cir-
cRNA examples is required to explore the relationship 
between circRNAs and cognitive flexibility. Studies of 
aged animals, which typically exhibit deficits in cogni-
tive flexibility, could provide additional, albeit indirect, 
evidence for this relationship; studies across multiple 
species have observed a general trend of increased 

expression or accumulation of circRNAs across the 
genome in an age-dependent manner (Knupp and Miura 
2018). However, it remains unclear whether the increased 
abundance of circRNAs exerts a direct effect on cognitive 
function or simply represents a marker of aging, espe-
cially given that alterations in alternative splicing pat-
terns are known to occur with age (Tollervey and others 
2011).

In general, older adults who are cognitively healthy 
exhibit a reduced rate of acquiring new information 
whereas their ability to retain previously learned informa-
tion remains intact (Harada and others 2013). Hence, one 
possibility is that an increased abundance of circRNAs is 
a compensatory mechanism that acts to stabilise previ-
ously learned information in order to reduce the energetic 
burden of neural remodeling, which becomes more diffi-
cult and risky in advanced age. In simple terms, there is 
the potential to lose both old and new information by 
spreading resources too thin within an already distressed 
cellular environment. Further understanding of the role 
that circRNAs play over the course of a lifetime will also 
provide insight into disorders where circRNA expression 
is dysregulated. In particular, a given circRNA, or a 
combination of circRNAs, may produce a variety of dif-
ferent behavioural outcomes depending on the surround-
ing environment (e.g., development vs. aging) and confer 
either a protective or deleterious effect on neuronal 
function.

CircRNAs and Cognitive Dysfunction

Neurodegeneration

Alzheimer’s disease (AD) is a neurodegenerative disor-
der that is characterized by toxic β-amyloid (Aβ) plaques 
and tau tangles that lead to cell death and progressive 
decline in cognitive function. Age is the most prominent 
risk factor for neurodegeneration and, interestingly, age-
related changes in alternative splicing patterns found in 
cognitively healthy adults are also observed in 95% of 
individuals with frontotemporal lobe dementia or AD 
patients, irrespective of age (Tollervey and others 2011). 
Hence, one possibility is that changes in alternative 
splicing that only occur in AD are contributors toward 
disease pathogenesis whereas the remainder of changes, 
which overlap with those in cognitively healthy aged 
adults, could be the result of a cell’s coping response to 
suboptimal environmental conditions (e.g., metabolic 
dysfunction in aging vs. toxic pathology in AD). Changes 
in alternative splicing patterns may also underlie the 
accumulation of circRNAs observed during aging, with 
several studies already demonstrating the dysregulation 
of circRNAs in AD and their involvement in its patho-
genesis (Wang and others 2018). For instance, a known 
therapeutic agent for AD, Panax notoginseng saponins, 
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alters the expression of several circRNAs that are linked 
to AD-related pathways and could potentially play a role 
in AD pathogenesis (Huang and others 2018b). More 
directly, a recent study showed that one of 17 circRNAs 
derived from the amyloid precursor protein (APP) gene 
can be translated into an Aβ-related peptide, which is 
then further processed into Aβ peptides that aggregate 
into plaques in vitro (Mo and others 2018). Furthermore, 
the translatable Aβ-circRNA also promotes the phos-
phorylation of tau, which is a key feature of tau tangles, 
by up-regulating glycogen synthase kinase 3β. Hence, 
Aβ-circRNAs may play a role in initiating or contribut-
ing toward AD pathogenesis and should be considered as 
a target for therapeutic intervention.

The circRNA miR-7 sponge, CDR1as, has a protective 
effect against AD pathogenesis but is reduced in the 
brains of AD patients (Lukiw 2013). Ubiquitin conjugat-
ing enzyme E2 A (UBE2A) is a target of miR-7 repres-
sion and is responsible for ubiquitinating aggregated Aβ42 
peptides for proteolysis (Zhao and others 2016). Thus, 
reduced levels of CDR1as lead to excess miR-7 levels, 
increased downregulation of UBE2A, and accumulation 
of Aβ plaques. CDR1as can also prevent the formation of 
plaques before they accumulate. The cleavage of APP 
into Aβ peptides by the BACE1 enzyme is a major caus-
ative pathway for the pathogenesis of AD. Nuclear 
factor-κB (NF-κB) represses ubiquitin carboxyl-termi-
nal hydrolase L1 (UCHL1), which is a protein that is 
able to ubiquitinate and subsequently degrade APP and 
BACE1. CDR1as expression inhibits the translation of 
NF-κB and induces its cytoplasmic localisation, thereby 
lifting the repression of UCHL1 and promoting the deg-
radation of APP and BACE1 (Shi and others 2017). Taken 
together, circRNAs appear to be key regulatory elements 
that can influence a variety of cellular pathways, leading 
to either the progression of or protection against the 
pathogenesis of neurodegenerative disorders such as AD.

Neuropsychiatric and Neurodevelopmental 
Disorders

Given that circRNAs influence a wide variety of biologi-
cal processes involved in cognition, it is not surprising 
that their dysregulation is also a feature of neuropsychiat-
ric disorders. For instance, despite showing no significant 
effect on recognition memory, a CDR1as knock-out 
mouse model presented a strong sensorimotor gating def-
icit, which is a behavioral phenotype that is associated 
with schizophrenia and other neuropsychiatric disorders 
(Piwecka and others 2017). In schizophrenia patients 
themselves, reduced complexity and abundance of cir-
cRNAs is observed within the dorsolateral prefrontal cor-
tex (DLPFC), with many depleted circRNAs predicted to 
act as sponges for miRNAs that have previously been 
identified as being increased in schizophrenia (Mahmoudi 

and others 2019). circHomer1a is a functionally validated 
example of a circRNA involved in cognitive flexibility 
and is also known to be dysregulated in neuropsychiatric 
disease (Zimmerman and others 2020). In particular, cir-
cHomer1a is depleted in the OFC of both bipolar disorder 
and schizophrenia patients as well as the DLPFC of 
schizophrenia patients. Notably, changes in circHomer1a 
levels within the OFC and DLPFC of schizophrenia 
patients is positively correlated with age of clinical onset.

In autism spectrum disorder (ASD), dysregulation of 
several circRNA-miRNA-mRNA regulatory axes have 
been found to target known ASD risk genes, as well as 
inhibitory postsynaptic density proteins, which supports 
prior observations of increased inhibitory neuron num-
bers in ASD-derived organoids (Chen and others 2020; 
Gokool and others 2020). In major depressive disorder 
(MDD), circDYM and circSTAG1 are reduced in the 
blood of both MDD patients and a chronic unpredictable 
stress (CUS) mouse model of depression (Huang and oth-
ers 2020; Zhang and others 2018). CircDYM is a miR-9 
sponge and its overexpression within depressive-like 
mouse models induced by CUS or lipopolysaccharide 
leads to an increase in HECTD1 expression, increased 
HSP90 ubiquitination, and a subsequent decrease in 
microglial activation that results in attenuated depressive-
like behavior (Zhang and others 2018). Similarly, overex-
pression of circSTAG1 in a CUS mouse model attenuates 
astrocyte dysfunction and subsequent depressive-like 
behaviors (Huang and others 2020). However, rather than 
acting as a miRNA sponge, circSTAG1 functions as an 
RBP sponge that binds to the demethylase ALKBH5 and 
prevents its translocation into the nucleus. This leads to 
increased m6A methylation and subsequent degradation 
of FAAH mRNA in astrocytes, which reduces astrocyte 
loss induced by corticosterone in vitro. Taken together, 
these and other examples of circRNA dysregulation in 
psychiatric disorders provide considerable evidence for 
the role of circRNAs in cognitive function.

Concluding Remarks

In general, memories can be viewed as a population of 
cells that communicate across both space and time in order 
to form connected networks (i.e., the “engram complex”). 
Previously, the role of RNA as a regulatory architect of cel-
lular behavior was constrained by its short longevity 
whereas the long-lived DNA blueprint and its protein 
effectors were typically viewed as the molecular constitu-
ents that connect the behavior of a given cell—or network 
of cells—from one instant to the next. However, with the 
discovery of circRNAs, our understanding of how molecu-
lar networks function and communicate with each other, 
both intracellularly and intercellularly, may soon be revised 
(Fig. 5). So far, studies of circRNA function have revealed 
a great deal of overlap with linear RNA function. Both 



Zajaczkowski and Bredy	 483

Figure 5.  Conjectured role of circRNAs in learning and memory formation. (A) General model of how memories are formed, 
stored, and retrieved. (B) During learning, two peaks of gene transcription contribute toward the formation of memory. 
However, linear RNAs and their actions are relatively short-lived. Given their long life span, there is the possibility that circRNAs 
may be necessary for the stability, and hence continuity, of cellular behavior that underlies memory. Thus, we propose that 
circRNAs act as a mechanism to keep track of the history of experiences (i.e., alterations in cellular behavior) that a cell, or 
network of cells, undergoes.
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types of RNA are involved in regulation of transcription, 
miRNA regulation, can be chemically modified, assume 
secondary structures, transfer between cells, and some cir-
cRNAs can even serve as templates for translation into 
small peptides. Therefore, the major difference lies in their 
stability, with circRNAs able to act over broad timescales 
whereas linear RNAs function within short and specific 
time windows. CircRNAs may therefore serve to ensure 
the stability, and hence continuity, of cellular behavior. 
Linear RNAs could also be preferentially recruited to per-
form minute adjustments to ongoing cellular processes 
since circRNAs are liable to continue making adjustments 
over a long period of time leading to overadjustment. 
Given their relatively recent discovery, there is still a lot to 
uncover about the regulation and function of circRNAs 
and their involvement in cognition. In particular, how is the 
function of circRNAs regulated across time and how do 
they act to support cognition both within and between cells 
as well as across a lifetime in both healthy and disease con-
ditions? Taken together, the diverse roles that circRNAs 
play in both health and disease, together with their ability 
to act over broad time scales, highlights the importance of 
understanding these RNAs in greater detail.
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