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Abstract 

 For a generation, neuroscience has searched for a molecule which stores our memories 

across time. This search has focused on proteomic mechanisms, but less is known about RNA. 
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Here, we identify a new persisting class of RNA associated with long-term memory – Circular 

RNAs. Unlike other RNAs, Circular RNAs are stable for days or longer and may provide a means 

for storing sensory information across time. Here, we leveraged a differential Pavlovian fear 

conditioning paradigm, where mice sample all real-world sensory inputs (i.e., auditory, visual, 

gustatory, olfactory, and incidental tactile) in a stochastic manner prior to receiving different 

“levels” of an unconditioned stimulus (US) foot-shock. Pavlovian accounts of learning from the 

20th century were critical for understanding elemental associations. However, Pavlovian models 

fail to appreciate (1) what US content remains inside of a conditioned response (CR – a behavioral 

manifestation of an episodic memory), (2) what happens when the associations are complex and 

involve multiple senses such as an episodic memory, and (3) what happens to the real-world US 

information biologically after learning. Given (1) we are constantly sampling information from 

our environment through all our senses, and (2) the US at a given moment likely adds value to 

imprint that multisensory configuration in time, we propose the real-world US is biologically 

encoded within the cells and circuits that represent a particular episodic memory and present days 

later. This logic, best simplified by the equation: 𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁+𝑈𝑈𝑁𝑁) =

 𝑁𝑁𝐶𝐶°
x1p(a)+x2p(v)+x3p(t)+x4p(o)+x5p(g)/t + US(��𝑖𝑖+(𝑛𝑛−1)�∗𝑖𝑖𝑖𝑖�…(𝑖𝑖2… )…/𝑡𝑡) , allowed us to ask how the 

formation of similar episodic memories, which only differ in relation to the content of US 

information, alter Circular RNAs in the CA1 subfield of the hippocampus – the brain area 

important for episodic memories. We found that stronger foot-shock USs during conditioning 

produce stronger memories relative to weaker USs 24-h later. Stronger memories also generalize 

to novel/safe environments 48-h later, suggesting (1) an understudied relationship between the 

strength and type of US/URs and future CRs as well as (2) fear generalization, at least in the short-

term, results from the embedding of additional US information. Next generation sequencing and 

of Circular RNAs following acquisition revealed a remarkably small set of circular RNAs relative 

to nearly identical, yet weaker, memory in CA1 1-hr after conditioning. In situ hybridization 

revealed Circular RNAs were present in CA1 in the absence of experience 4 days later. Future 

experiments will examine the effect globally (CA1 tissue punches; qPCR) as well as selectively in 

cells of a memory trace (i.e., engram cells; in situ hybridization) 4 days later and longer. Taken 

together with our revised model for multisensory learning, our data suggest that circular RNAs do 

not contribute to the storage of the multisensory configural representation, but perhaps to the 

storage of discrete pieces of real-world sensory information related to the US that are partially 
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embedded inside of a memory trace early-on. Importantly, in the above model for multisensory 

learning, the discrete USs are biologically separable from the future 𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁+𝑈𝑈𝑁𝑁) associations and 

US strength is modifiable across time. This work reveals fundamental insights into how we store 

pieces of real-world sensory information in an episodic memory at the biological level of the brain.      
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Introduction 

We are who we are in part by what we have learned, but more importantly by what we 

remember (1, 2). The experiences of our lives are stored as “episodes” that represent a synthesis 

of the sensory stimuli acquired from our various senses (e.g., olfactory, gustatory, auditory, 

visual, and, critically, tactile; cf. (3-6)). “Episodic memories” are essential for adaptive behavior 

and are also the most notably affected in anxiety and post-traumatic stress disorders (PTSD; (7-

13)). Despite considerable progress in identifying how sensory experiences from the real-world 

are associated with precise biological changes (e.g., ex vivo, in vivo, and at the level of neuronal 

networks (6, 14-21)), less is known about which molecules within these neuronal networks store 

information at the biological level.  

     The search for a lasting biological mark of memory dates back nearly a half-century, to the 

early 1980s where Francis Crick outlined ideas for an intramolecular autocatalytic enzyme 

capable of encoding information to allow a memory to persist across time (22). Indeed, empirical 

support for the above ideas began to emerge in the mid- to late-1980s with the identification of 

CAMKII autophosphorylation (23) and later discoveries in the late 1990s (24, 25) and early 

2000s on an atypical, constitutively active Protein-Kinase C isoform, PKMζ (26-28).  

These early studies were paralleled by groundbreaking work on pathogenic prions in the 

1980s by Stanley Prusiner. Prusiner’s group identified several biological properties of prions 

which alluded to a role as a stable, lasting biological information storage device. Indeed, studies 

from our laboratory in the late 1990s and 2000s (29) leveraged Prusiner’s insight into pathogenic 

prions to discover functional prions in the brain (30, 31). Functional prions are different from 

their pathogenic counterparts in that they contain Q/N rich ‘prion-like’ domains and aggregate in 

an activity dependent manner, but, most importantly, are non-pathogenic. Importantly, functional 

prions are also RNA-binding proteins which make them special relative to other proteins given 

they can bind various species of RNA (29-34).  Moreover, recent work has shown that well-

known genes related to synaptic plasticity have a unique capacity to bind RNA and move 

between cells – suggesting a more complex role for RNA than previously thought (35, 36).  

In recent decades, work from several laboratories revealed how RNA-binding proteins such 

as TIA-1 or CPEB3 contribute to the persistence, and pathologies, of memory (cf. (30)). 

Moreover, we’ve made considerable progress in identifying how a signal moves from the 

presynaptic to postsynaptic neuron to influence semi-linear transcription and the translation of 
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proteins necessary for synaptic plasticity and long-term memory (e.g., CAMKII, PKAs, MAPKs, 

and CREB, neurotrophins, RNA-binding proteins, and other autocatalytic enzymes (24, 25, 37-

39)). However, the challenging question remains: How are the sensory components of a real-

world experience biologically stored in cells, incorporated into an episodic memory, and 

physically represented across time? 

Studies continue to search for an intramolecular autocatalytic enzyme. The majority of these 

studies have logically focused on proteins – the functional “end”-product of mRNA translation 

which has a diverse array of longer-lasting functions (40). However, proteins generally have 

short half-lives functioning on the time scale of hours (41, 42)). In recent years, research has 

shifted towards identifying how RNA, rather than proteins, may serve as a mechanism for 

encoding information at the biological level (5, 43). Indeed, Crick and others in the latter half of 

the 20th century hypothesized that RNA may provide a mechanism for carrying information 

across generations (22, 44, 45). Curious studies littered throughout the fringes of the past half-

century, and recently revisited (46), have suggested that RNA may provide a stable platform for 

encoding information – thereby providing a biological link between our sensory world and 

information encoding (47, 48). In fact, our lab has identified the importance of piRNAs (49) in 

memory and subsequent studies from others on long non-coding RNAs (50), and other RNA 

species (48), have provided compelling evidence for a critical, yet poorly defined role for RNA 

in memory.  

    Recently, a new class of RNA was rediscovered – Circular RNA. We know messenger RNA 

(mRNA) is linearly transcribed from DNA prior to splicing and later translation (e.g., CREB, 

C/EBP, CPEB3, etc. (51-54)). By contrast, circular RNAs are backspliced from exonic and/or 

intronic regions of DNA. Circular RNAs are unique relative to every other RNA because [1] they 

are not subject to normal degradation by RNAases, [2] the key RNAase necessary for most 

Circular RNA degradation is not present in tissue, and [3] they persist for very long time periods 

(55, 56). Studies have recently started to identify circular RNAs in the hippocampus – a brain 

region critical to episodic memory (57-60). However, the function of Circular RNAs remains 

unknown (61).  Given (1) their increased stability over time-scales necessary for episodic 

memory and (2) their presence in the hippocampus – a key brain region critical for episodic 

memory – we hypothesized that circular RNAs may provide a stable mechanism (e.g., a real-
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world information packet) for biologically storing key pieces of unconditioned sensory 

information inside of an episodic memory.  

     Research in the past century has leveraged Pavlovian learning principles to understand 

elementary forms of learning where a neutral stimulus (NS) is paired with an unconditioned 

stimulus (US) to form a conditioned stimulus (CS) and conditioned response (CR) (62-65). This 

work has provided valuable insight into associative strength (e.g., ∆V) between single and 

compound cues and the unconditioned stimulus (US) to produce a future CR (cf. (66)). 

Moreover, these principles have been essential for understanding how memories are held in 

discrete, but distributed networks of cells and circuits (e.g., “the engram”; (6, 17, 18, 67). 

However, Pavlovian models do not mathematically or biologically account for what happens to 

information about the US after the initial learning, or how US information is stored inside of a 

complex multisensory-contextual representation.  Given we are continually sampling information 

from our environment, we hypothesized that USs from the world serve to lock value into a 

particular multisensory configural representation within a given moment in time.  Moreover, we 

know the US is discrete and enters through a specific sensory modality and therefore should be 

biologically detectable for prolonged timescales if the US is encoded along with a memory.  

     Using the above logic, we reasoned if we treated the five senses (i.e., auditory, visual, 

olfactory, gustatory, and incidental tactile) of the real-world as “static” in time (allowing the 

sampling of these inputs to stochastically fluctuate as normal) during the formation of an 

episodic memory, we could precisely increase the tactile US inputs to identify (1) stable circular 

RNAs associated with a discrete real-world input (i.e., a tactile US) that is (2) located in the 

major memory center of the brain – the hippocampus, and (3) perhaps incorporated into the cells 

of a memory trace (i.e., engram cells). Our findings provide the first insight into how a novel 

class of RNA may provide a stable, activity-dependent, biological storage mark for real-world 

unconditioned sensory information that is embedded into a memory trace and operates on 

timescales akin to human memory storage. 

 

Results 

 

We hypothesized that circular RNAs (circRNAs) may serve as a link between the sensory 

world and the biological deposition of information into an episodic memory. Thus, we first sought 
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to examine if we could finely control one sensory input during the formation of an episodic 

memory in mice. Given we cannot fully predict all of the sensory stimuli an animal is sampling at 

a given moment in time (21, 68, 69), we allowed for sampling of the sensory environment (i.e., 

the “multisensory context”) to stochastically vary as normal and treated this as a static variable 

(described below). We focused on manipulating a single sensory input similar to our past work (4, 

70) and (71). We synthesized a half-century’s worth of our findings on unconditioned stimulus 

(US) parameters, unconditioned response (UR) defensive behaviors (72-74), contextual learning 

(7, 70, 75, 76),  and the molecular biology of long-term memory storage (cf. (5)) to leverage an 

incredibly simple differential Pavlovian contextual fear conditioning paradigm (Fig. 1a). 

 In contextual fear conditioning, the overall “contextual/configural” representation of an 

episodic memory is a product of the animal’s senses. Thus, real-world sensory inputs coming from 

auditory, visual, olfactory, gustatory, and incidental tactile sensations (i.e., components of the 

multisensory representation) can be treated as static given they have a stochastic sampling pattern 

across individuals; henceforth mathematically represented with subscript “○“). For example, 

suppose individual animals sample a neutral multisensory context in a quasi-random or stochastic 

nature (NS○). NS○ can be decomposed into individual sampling rates through a particular sensory 

modality (e.g., incidental tactile, visual, gustatory, olfactory, auditory) for a given moment in time 

(t). Therefore, we did not focus in on all of the potential permutations of a stochastic multisensory 

context-NS○ (e.g., 𝑁𝑁𝐶𝐶x1p(a)+x2p(v)+x3p(t)+x4p(o)+x5p(g)/t, where the given state/value of NS○ is a 

sum of the weighted (x1, x2…x5) probability (p) of the magnitude (0 ≥ x ≤ 100%) of a given 

sensory input (auditory (a), visual (v), tactile (t) …) in a given moment of time “t” and represented 

by a distributed network of cells and circuits (77). We did focus on the single sensory input we 

can precisely control – the foot-shock unconditioned stimulus (US). Importantly, differences in 

the magnitude of the foot-shock US produces a reliable and replicable increase in the magnitude 

of unconditioned defensive response (UR). Using this logic, we could modify the foot-shock US 

on three domains (duration (d), intensity (i), and number (n)) in order to determine how different 

tactile foot-shock US inputs (over stochastic “○ “ incidental tactile sensory inputs incorporated into 

the multisensory context-NS○ during memory acquisition) influences the strength of an episodic 

NS○+US→CS memory (e.g., a “fear” memory).  

Importantly, our recent work revealed that many USs (e.g., tactile, olfactory, or auditory) create 

neural activity patterns in the CA1 subfield of the ventral hippocampus that parse diverse 
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unconditioned sensory inputs in a complex way (78). Despite the limitations of that study, we also 

found that temporal variations in a US, irrespective of the particular sensory modality engaged, 

creates elevated variability in calcium activity, measured by in vivo calcium recordings (78). These 

data suggested that the duration of a US must be held constant (78) in order for us to detect a direct 

biological component of the US during the formation of an episodic memory. Thus, the US which 

is incorporated into the multisensory contextual-NS○ (e.g., the NS○ + US  association) can be 

represented by the formula: US(��𝑖𝑖+(𝑛𝑛−1)�∗𝑖𝑖𝑖𝑖�…(𝑖𝑖2… )…/𝑡𝑡) , where “i” is intensity of a particular 

sensory input, (n-1) is the number of US presentations through a given sensory input, “is” is the 

internal state of the animal (as yet to be defined), and “i2…i3…” are other USs from other senses 

constrained in the same way as “i” in the same given moment of time “t”. Thus, the discrete 

multisensory context-NS○ memory can be represented by the equation: 𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁+𝑈𝑈𝑁𝑁) =

 𝑁𝑁𝐶𝐶°
x1p(a)+x2p(v)+x3p(t)+x4p(o)+x5p(g)/t + US(��𝑖𝑖+(𝑛𝑛−1)�∗𝑖𝑖𝑖𝑖�…(𝑖𝑖2… )…/𝑡𝑡) , given the CS can be 

decomposed into a fundamental association between the stochastic multisensory contextual-

NS○ and the US.  Importantly, in this model, information about the modality specific US is still 

present and subtractable from the future CS association.  

Using the above logic, we contextually fear conditioned three groups of animals by varying 

only two domains of the tactile foot-shock US: foot-shock intensity in mA and the number of 

actual foot-shocks presented across time and simplified the US(��𝑖𝑖+(𝑛𝑛−1)�∗𝑖𝑖𝑖𝑖…𝑖𝑖2… �/𝑡𝑡) term to “weak” 

(US(��0.4+(1−1)�∗1…1… �/1)   and “strong” US(��1+(3−1)�∗1…1… �/1), given mice were genetically 

similar and treated to have the same stochastic internal state during all aspects of the experience – 

behaviorally evident in baseline levels of freezing. Mice received either no shock and contextual 

exposure (Context; NS○ e.g., incidental learning control), a single mild foot-shock (NS○+USweak), 

or three strong foot-shocks (Strong; ((NS○+USweak) + USstrong); Fig. 1a). Mice showed no 

difference in baseline levels of freezing (Fig. 1b), but mice receiving stronger conditioning (three 

1-mA foot-shocks) exhibited higher post-shock freezing (e.g., a measure contentiously used as a 

proxy for acquisition) relative to other groups (Fig. 1c).  

We also measured the active unconditioned response (UR) to the tactile foot-shock US inputs 

and detected a robust, reliable, and separable difference in the magnitude of the UR (Fig. 1d). 

Moreover, and as would be predicted, the additional intensity and number of USs at conditioning 

produced different strengths of an episodic memory – readout behaviorally as elevated defensive 
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freezing to the conditioning context 24-h later (a conditioned stimulus or CS; Fig. 1e). As may 

also be predicted, additional USs at conditioning produced fear generalization to a novel 

environment 48-h later (Fig. 1f). Taken together with our recent work on the behavioral 

mechanisms of fear generalization (7, 8), these data suggest fear generalization is likely a product 

of embedding additional USstrong information into the NS○+USweak
 association in order to produce 

a NS○+USweak + USstrong memory. Furthermore, these data show a strong relationship between the 

US input parameters (intensity x number), discrete UR motor output type (0-4 ordinal scale; no 

response flinch, hop, horizontal jump, vertical jump;(79) ), and the later retrieval and expression 

of an episodic memory via a conditioned freezing response (CR) – a traditional proxy for the 

strength of a NS○+ USweak or “CS” memory. 

Assuming 𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁+𝑈𝑈𝑁𝑁) =  𝑁𝑁𝐶𝐶°
x1p(a)+x2p(v)+x3p(t)+x4p(o)+x5p(g)/t +

US(��𝑖𝑖+(𝑛𝑛−1)�∗𝑖𝑖𝑖𝑖�…(𝑖𝑖2… )…/𝑡𝑡) ), along with our recent work on the environmental constraints of recent 

and remote fear generalization (7, 8), we hypothesized that the added USstrong information must be 

separable from all other multisensory noise in the hippocampus at the biological level during the 

formation of a “strong” episodic memory given the UR / CR relationship above (78). By 

contrasting animals against the multisensory context-NS○ controls, we could reliably compare the 

biological bases of USweak to that of USweak + USstrong by subtracting out the stochastic multisensory 

context-NS○ sampling during conditioning. That is, NS○- USweak - NS○ (context) = USweak versus 

NS○+ USweak + USstrong - NS○ = USweak + USstrong. We used this logic to examine how a novel class 

of RNA, Circular RNAs – which are remarkably stable and persist across time – may represent 

additional USweak relative to USweak + USstrong information, given USstrong was behaviorally evident 

24-48h following conditioning (Fig. 1d-e). We focused in on the CA1 subfield of the dorsal 

hippocampus given our recent hippocampal work as well as the overwhelming evidence that the 

dorsal CA1 subfield in rodents is critical for storing episodic memories (80). Given normal 

variations in activity dependent RNA expression associated with memory, we collected brain 

tissue 1-hr after conditioning.  

We hypothesized that circular RNAs may (1) operate in an activity-dependent manner and (2) 

parse the additive USstrong biological information embedded on top of the episodic NS○+USweak (or 

CS) association during memory acquisition. We conditioned animals using identical parameters 

(Fig. 2a), collected brain tissue 1-hr after conditioning, and carefully dissected out bilateral 

punches of the CA1 subfield in the hippocampus – given this area is critical for memory and it is 
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where the multisensory contextual NS○ representation is stored early after learning (Fig. 2b). We 

performed next-generation sequencing for circular RNAs on pooled samples across all cells of the 

dorsal hippocampus CA1 subfield given difficulty in detection without abundant RNA (Fig. S1a-

c & S2a-b & Fig. 2b). The need for significant input RNA also highlights the low activity-

dependent abundance of circular RNAs in CA1 given brain tissue is not known to contain key 

RNAses (Fig. 2b, bottom).  

Circular RNA sequencing following conditioning revealed a remarkably small number of 

differentially expressed circular RNAs that were regulated in an activity-dependent USweak vs. 

USstrong manner. Thus, USweak mice showed an up-regulation of only 36 circRNAs and down-

regulation of 101 circular RNAs (Fig. 2c; Supplementary Table S1). Surprisingly, USstrong mice 

showed an upregulation of only 35 circular RNAs and a down-regulation of 88 circular RNAs 

(Fig. 2c; Supplementary Table S2). Thus, only a single upregulated circular RNA differed between 

the USweak and USstrong groups – which were identical (Fig. 2 and 3a) with regard to every aspect 

of an episodic memory, except for the intensity and number of tactile USs. Given the low 

abundance, we factored in overall transcript number on top of statistical analysis to identify that 

the top up-regulated circRNA for USweak was circRNA_13680 related to syntrophin, basic-2 

(Sntb2) whereas the 2nd most up-regulated hit was circRNA_1766 related to the RAB3 GTPase 

protein subunit 2 (RAB3). It should be noted we also detected the greatest downregulation of a 

circular RNA related to the RNA-binding protein Pumillo1 (Pum1; (30)). 

 For USstrong, circRNA_13082 related to alkaline ceramidase-3 (Acer3) was the most abundant 

up-regulated target followed by circRNA_12350 related to mitogen activated protein kinase 14 

(MapK14).  By contrast, circRNA_2941, also related to MAPK14, was the most down-regulated 

target. Importantly, each of the genes represented by these particular Circular RNA variants (e.g., 

Sntb2, Rab3b, Pum1, Acer3, or MapK14) contain a large number of variants (see (81)) but have 

been different aspects of cellular plasticity or learning and memory.  

Surprisingly, USstrong (Fig. 3a) exhibited an elevation in Circular RNA gene ontologies 

associated with protein kinase activity and protein phosphorylation, as well as tyrosine kinase 

signaling – key biological processes of long-term memory; Fig. 3b; (37, 82-84)). By contrast, the 

USweak conditioned group showed an elevation in Circular RNA gene ontologies associated with 

protein de-phosphorylation and intracellular signaling – key biological processes associated with 

weaker, shorter-lasting forms of memory (Fig. 3c; (4, 38)).  
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Taken together, these data show a remarkable parallel between the identified Circular RNAs 

and well-known gene/gene families related to long-term memory (4). Thus, given their known 

biological stability, we hypothesized that the top candidate Circular RNAs for USweak and USstrong 

would be detectable using quantitative PCR (qPCR) against the Circular RNA backsplice junctions 

at 1-hr, but also 4-days later. Thus, we should be able to simply condition the animal, place it back 

on the shelf, and return days later to detect an elevation of Acer3 Circular RNA in USstrong.  

Next, we used a second technique, quantitative PCR (qPCR) and conditioned mice identically 

to previous experiments. We collected CA1 punches at 1-hr and 4-days after conditioning. qPCR 

revealed XXX Circular RNAs for USweak and XXX Circular RNAs for USstrong. Together, these 

data validated NGS findings and expanded upon them to show XXX. 

Finally, we conditioned mice and tagged CA1 neural ensembles (“engrams”) using Fos-cre-

Er2 mice (Fig. 4a) and placed them back in the colony in the dark. Four days after conditioning, 

we removed brains. We obtained tissue sections containing hippocampal area CA1 (Fig. 4b, 

bottom) to visually confirm the localization and presence of the Acer3 circular RNAs to CA1.  In 

the future we will label CA1 for Circular RNAs using in situ hybridization to visualize RNAs in 

the hippocampus. 

 

 

Discussion 

Our data show that a novel class of RNA, Circular RNAs, are associated with the formation 

and storage of a long-term episodic memory in the brain. First, we expand on Pavlovian research 

from the last century to mathematically constrain how complex multisensory experiences can be 

associated with unconditioned stimuli in the real-world using the formula: 𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁+𝑈𝑈𝑁𝑁) =

 𝑁𝑁𝐶𝐶°
x1p(a)+x2p(v)+x3p(t)+x4p(o)+x5p(g)/t + US(��𝑖𝑖+(𝑛𝑛−1)�∗𝑖𝑖𝑖𝑖�…(𝑖𝑖2… )…/𝑡𝑡). Second, we use this 

specialized framework to identify how fear generalization under binary conditions (e.g., USweak = 

0 and USstrong = 1) results from the embedding of additional US information. Third, we use next-

generation sequencing to identify how a novel, persisting class of RNA, Circular RNA, are 

enriched in an “activity-dependent” USweak versus USstrong manner 1-hr after conditioning in the 

CA1 subfield of the dorsal hippocampus (CA1). Fourth, we use quantitative PCR to confirm that 

the upregulation of the same key NGS Circular RNAs 1-hr later is present 4-days later in CA1. 
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Fifth, we use in situ hybridization to visually confirm that Circular RNAs are present in “engram 

cells” 4-days after conditioning – a timepoint consistent with the storage of long-term memories.  

Pavlovian accounts of learning that emerged in the early 20th century established fundamental 

mathematical principles of associative learning. Indeed, in the latter half of the 19th century, our 

laboratory leveraged these principles along with a radically reductionist approach to decipher how 

long-term memories involve synaptic strengthening and discrete cellular/molecular cascades (cf. 

(4, 5). Studies dating back to the 1970s have found higher US intensities drive greater long-term 

defensive responses (e.g., startle, freezing), fear generalization, and “dose”-dependently drive 

increased transmitter levels in the brain across species (85-87). Many other theories have addressed 

aspects of associability (66). These studies suggest that the US plays an especially important role 

in regulating how a neutral stimulus (NS) is associated with an unconditioned aversive stimulus 

(US) to produce a conditioned stimulus (CS) and conditioned defensive conditioned response 

(CR). More research is needed to understand how USs, URs, and CRs are behaviorally related in 

addition to how USs are biologically represented in distinct and overlapping memory traces (88).  

Our refined mathematical framework synthesizes key principles of associative learning and the 

real-world to provide a simple account for how complex multisensory episodic memory 

traces/states are biologically embedded in the brain. Although our model accounts specially for 

fear generalization, it does not account more generally for valence (89).  Thus, future work should 

examine how valence is biologically encoded within the US in addition to how discrete 

parametrizations of different internal states (is) influence how the US is biologically incorporated 

into memories in the weeks and months following the initial storage.  

By leveraging this revised mathematical framework along with three different methods (i.e., 

next-generation sequencing, quantitative PCR, and in situ hybridization), we unequivocally show 

the presence of key Circular RNAs 1-hr after conditioning which persist 4-days later. Indeed, 

Circular RNAs were present in the cells of a memory-trace even in the absence of additional 

experience. Taken together with our incredibly simple behavioral approach, our data show that 

different Circular RNAs are regulated in a US-specific manner and embedded into a memory trace 

within the CA1 subfield of the hippocampus.  

It has long been appreciated that the hippocampus is essential for memory (57, 90). Our 

findings highlight a new piece to the long-standing puzzle of memory whereby we may finally 

close the loop. That is, synaptic plasticity in neuronal ensembles active during the initial time of 



Asok 13 
 

learning, representing a particular multisensory configural state (6, 17, 91), logically contain 

lasting biological information related to real-world USs represented via Circular RNAs. More 

research is needed to identify how Circular RNAs representing different USs can be transferred 

between organisms and how epigenetic modifications and phase-separated states modulate 

information storage over time.  

One of the biggest critiques to the notion of RNA as a biological storage mechanism for long-

term memories is that different species of RNA (e.g., piRNAs, miRNAs, mRNAs, ncRNAs, etc.) 

are unstable and easily degraded. Thus, traditional RNAs cannot generally persist on time scales 

relevant to episodic memory storage. Moreover, these challenges in stability are most evident in 

the current class of next-generation mRNA-based therapeutics that emerged during the COVID 

pandemic that are encapsulated inside of nanoparticles to enhance stability and delivery (92). 

Circular RNAs overcome these limitations. Although we show that Circular RNAs are stable for 

4-days, it is likely they are stable for much longer time scales. More research is needed to identify 

how different USs (which are generally conserved across mammalian species) are encoded by 

different Circular RNAs to persist and operate throughout the brain.  

Research in the coming decades should focus on the molecular biology of Circular RNAs as 

well as its role in transgenerational inheritance of sensory information and other forms of memory, 

Circular RNAs may provide a novel target and treatment strategy across several pathological 

conditions. like Alzheimer’s disease, post-traumatic stress disorder, anxiety, and many more.   
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Methods 

 
 
Animals 

10–18-week-old C57/BL6 mice were used for all experiments (Jackson Laboratory, Bar Harbor, ME). 
Same sex male mice were housed 4 to a cage on a 12h light/dark cycle (lights on from 7:00 – 19:00) with 
ad libitum access to food and water. Mice were acclimated to the colony for at least 1-week prior to the 
start of experimentation. For transgenic Fos tagging experiments, Fostm2.1(icre/ERT2)Luo/J mice 
(Jackson stock: 030323) were crossed with B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Jackson 
stock: 007914) to produce offspring in which tamoxifen would induce Cre recombinase expression in order 
to drive the experience-dependent expression of tdTomato in hippocampal cells.  

All experimental sessions were conducted during the light phase between 09:00 and 17:00 h. 
Procedures were conducted in accordance with the US National Institute of Health Guide for the Care and 
Use of Experimental Animals and were approved by the Columbia University Institute of Comparative 
Medicine at the Zuckerman Mind Brain & Behavior Institute at Columbia.  
 
Behavior – Tail & Transport Habituation (Days 1-3) 

On day 1, animals were tail-marked (not ear-tagged) with a non-toxic marker to expose animals to 
tactile stimulation of the tail and uniquely identify each animal. On days 2-3, animals were transported to 
the fear conditioning room, positioned on a holding rack, and food removed. Mice were habituated to the 
conditioning room on the holding rack for 1-2 hrs/day.  
 
Behavior – Fear Conditioning (Day 4) 

On day 4, we used identical transportation procedures to days 2-3. After 1-hr of habituation, mice were 
conditioned using a standard 4-chamber NIR video fear conditioning system (Med Associates Inc., St. 
Albans, VT). Individual conditioning chambers measured. Chambers were identical spatial (standard square 
layout), olfactory (70% ethanol), visual (white lighting), tactile (metal grid-floors) during conditioning.  
Freezing was measured via integrated Med Associates Video FreezeView software with an episode of 
freezing defined as immobility for 75% of 30 frames in a 1-s time bin.  For each training session, 1 cage (4 
animals) was transported next to the conditioning chambers. Mice were lifted by their tail and placed in the 
chamber. Following placement of the last animal, the session was started.   

For context-only incidental learning controls (“context”), mice were exposed to a 120-s baseline period 
(“baseline”) followed by non-reinforced exposure to the camber for the same time as “weak” or “strong” 
conditioning (XXX-s or XXX-s). “Context” mice were collapsed together across all experiments.  

For “weak” conditioning, animals were exposed to a 120-s baseline period (“baseline”) followed by a 
single 1-s 0.4-mA foot-shock, followed by a 60-s non-reinforced period (“post-shock / acquisition”).  

For “strong” conditioning, animals were exposed to a 120-s baseline period (“baseline”) followed by 3 
1-s 1-mA foot-shocks spaced 10-s apart, followed by a 60-s non-reinforced period (“post-shock / 
acquisition”). 
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Following behavior, each cage was returned to a new holding rack. Animals were left on the holding 
for 30-m following behavior with the last cage of mice and then returned to the same rack locations in the 
colony. 
 
Behavior – Fear Retrieval (Day 5) 

On day 5, mice were returned to the conditioning room and habituated like days 2-3. All groups, 
“context”, “weak”, and “strong” were exposed to the original training boxes and chambers in a counter-
balanced test order relative to conditioning. Chamber were cleaned with 70% ethanol.  

 
Behavior – Fear Generalization (Day 6) 

On day 5, mice were returned to the conditioning room and habituated like days 2-3. All groups, 
“context”, “weak”, and “strong” were exposed to different test boxes and chambers that differed along, 
spatial (circular chamber walls), olfactory (1% acetic acid), visual (NIR lighting), tactile (opaque acrylic 
floor) components. Mice were tested in a counter-balanced test order relative to conditioning. Following 
behavior, each cage was returned to a new holding rack. Animals were left on the holding for 30-m 
following behavior with the last cage of mice and then returned to the same rack locations in the colony. 
 
Behavior – Activity Dependent Engram Tagging 
     For Fos/tdTomato transgenic experiments, mice were treated identical to wildtype mice on days 1-4. 
Following conditioning on day 4, mice were left on the holding rack for 30-m following behavior with the 
last cage of mice and then returned to the same rack locations in the colony. Cages were left undisturbed 
in the dark in the colony room between days 4-8. On day 8, mice were transported to the adjacent room 
and brains were rapidly removed and flash frozen in isopentane prior to sectioning on a cryostat for 
RNAscope in situ hybridization.  
 
Tissue Collection (1-hr and 4-days following conditioning) 

Brains were collected using methods identical to our previous work (CITE). Briefly, 1-hr or 4-days 
following conditioning, mice were transported to a room adjacent to the colony. Brains were rapidly 
removed, and flash frozen in isopentane on dry ice and stored at -80°C until sectioning.  

Brains were sliced on a cryostat at -24°C. An area corresponding to the dorsal hippocampus which 
represented all subfields including area CA1 was targeted (COORD; CITE). Upon reaching these 
coordinates, 0.35mm (diameter) x 0.5mm (depth) tissue punches of area CA1 OR 16-20um tissue sections 
were collected. For tissue punches, two adjacent tissue punches targeting area CA1 were collected 
bilaterally (4 punches total) and immediately placed into a -80°C 1.5mL microcentrifuge tube for circular 
RNA sequencing. For tissue sections, 4 serial sections were collected onto a single charged microscope 
slide and stored in a slide box at -8°0C prior to in situ hybridization.  
 
Circular RNA sequencing 

Total RNA was extracted with Trizol (Invitrogen, CA, USA). Total RNA quantity and purity were 
analyzed of Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA) with RIN 
number>7.0. Approximately 10 ug of total RNA was used to remove ribosomal RNA using an Epicentre 
Ribo-Zero Gold Kit (Illumina, San Diego, USA). Linear RNA was digested following standard protocols 
using Epicentre Ribonuclease R (Illumina, San Diego, USA). Following purification, the linear RNA 
fractions were fragmented into small pieces with divalent cations under heat. The cleaved RNA fragments 
were reverse-transcribed to create the final cDNA library in accordance with a strand-specific library 
preparation using the dUTP method. The average insert size for the paired-end libraries was 300 ± 50 bp. 
Sequencing was conducted using a paired-end 2×150bp sequencing reaction on an Illumina Hiseq 4000 
sequencer. 

The following bioinformatic pipeline was used to identify circRNAs: (1) Quality control, FastQC 
(v.0.10.1); (2) Adapter trimming, Cutadapt (v.1.10); (3) Genome alignment, Tophat (v.2.0.4); (4) Back 
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splice junction filtering, Tophat-fusion (v.2.1); (5) CircRNA identification, CIRCExplorer (v. 2.2.6) and 
CIRI (v.2.0.2); (6) Differential expression analysis, edgeR (v.N/A). 
 
Circular RNA in situ Hybridization 

Tissue sections were processed for RNAscope in situ hybridization following removal from the -80ͦͦC 
slides were immediately fixed with 10% NBF for 15-min at 4C. Next, slides were rinsed in 1X 
PBS+DEPC at RT followed by 0.25% acetic anhydride and 0.1M TEA (pH 8.0) for 10 min. Slides were 
then successively washed in 50%, 70%, and 100% ethanol for 5-min then air dried for 5-min. Tissue 
sections were then treated with RNAscope hydrogen peroxide at RT for 10-min followed by rinses in 1x 
PBS and then incubated with Pretreat 4 for 25-min at RT. Slides were then rinsed in 1x PBS prior to 
hybridization.  

Sections were incubated with Probes targeting Acer 3, Snt2b, as well as standard positive and 
negative RNAscope control slides at 40C for 2-hrs and following standard protocols outlined by ACDbio. 
 
Imaging 

Images were captured on an Olympus FV1000 confocal microscope or a Keyence BZ-X800. For co-
localization experiments, tiled images were first captured on the Keyence BZ-X800. Sections that exhibited 
fluorescent overlap were subsequently captured on the Olympus FV1000 to clearly confirm co-localization 
of the signals. Images were captured at varying magnifications including: 10x, 20x, and 40x. For cell counts 
using RNAscope in situ hybridization, images of the CA1 subfield were cropped, masked, and analyzed 
using Cell Profiler 3.0 (93). Schematics in figures were created using Biorender.  
 
 
Statistics 

Homogeneity of variance was first tested between groups and tests were corrected for any violations. 
For behavioral analyses, one-way ANOVAs were used to detect main effects followed by Tukey’s post-
hoc tests. For shock responsivity testing, Mann-Whitney U tests were used. For RNAs sequencing, 
standard Edge-R differential expression analysis was conducted (MENTION P AND Q). For RNA 
quantitation,  
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Figure 1 

 

Figure 1. Stronger Conditioning produces stronger long-term memories that generalize to safe 
environments. (a) mice were trained in a differential fear conditioning paradigm where only the tactile US 
foot-shock. This differential contextual conditioning paradigm only differed only by the presence and 
intensity of foot shocks across three groups, Context (no foot shocks), Weak (1x 1s, 0.4mA foot shock) 
and Strong (3x 1s, 1.0mA foot shocks), before being returned to the same context 24hr later to measure 
memory strength (a). Baseline (b), post-shock freezing measures and (c) observed behavioral response to 
shock (d) demonstrate immediate defensive responses appropriate to the unconditioned stimulus. (e) 
24hrs of post-training consolidation, a retrieval test in the same context reviled differential levels of 
memory strength with respect to the unconditioned stimulus assignment (f). Exposure to a novel context 
revealed the strong group formed a memory that generalizes across contextual environmental cues. (g)  
analyze. (h) In fear conditioning, the CA1 subfield is critical for episodic memory. 
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Figure 2 
 

Figure 2. Stronger Conditioning produces stronger long-term memories that generalize to safe 
environments. (a) Overview of behavioral paradigm. One after exposure to the context, weak training, or 
strong training, brains were removed. (b) brains were sectioned on a cryostat and two 0.5mm punches 
were taken from each hemisphere. (c) Groups were compared against the context-only exposed controls. 
Weakly conditioned animals showed 36 up-regulated and 101 down-regulated Circular RNAs. Strongly 
conditioned animals showed 35 up-regulated and 88 down-regulated Circular RNAs.  (d-e) volcano plots 
of up (blue) and down (red) Circular RNAs in context-only exposed versus weakly conditioned animals 
(left) or versus strongly conditioned animals (middle).   
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Figure 3 
 

 

Figure 3. Gene ontologies of Circular RNAs. (a) schematic of behavioral paradigm. (b) context-only 
exposed versus weakly exposed animals. (c) context-only exposed animals versus strongly conditioned 
animals. Individual points are color coded by the p-value and represent the enrichment value. Enrichment 
value represents normalization (z) and was calculated by: zsample = (log2(individual sample) – log2 (mean of all samples) / 
log2 (standard deviation of all samples) .   
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Figure 4 
 

   

Figure 4. In situ hybridization of Circular RNA. (a) schematic of behavioral paradigm. (b) in situ 
hybridization of Snt2b was present in the CA1 subfield. (c) Revised model for long-term memory. 
Circular RNAs provide a stable storage mechanism for real-world sensory US information. Whether 
Circular RNAs are trans-synaptically transferred, aide in time-dependent systems consolidation, or 
organizes US representations across the neuronal network for a particular memory-trace are unknown.  
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Supplementary Figure 1 
 

 

Supplementary Figure 1. Statistics of different Circular RNA types across samples. Circular RNAs were 
mapped across different genomic segments to identify the proportion associated with exonic regions 
(green), intronic regions (blue), or intergenic regions (grey). (a) Context-only exposed mice statistics. (b) 
Strongly conditioned mice statistics. (c) Weakly conditioned mice.  
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Supplementary Figure 2 

 

Supplementary Figure 2. Normalized distribution of Circular RNAs. (a) boxplots of normalized Circular 
RNA expression in each biological replicate against spliced reads per billion mapped (srpbm). (b) 
Normalized Circular RNA expression density in each biological replicate.  
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Supplementary Figure 3 
 

 

Supplementary Figure 3. Heatmap of normalized differentially expressed Circular RNA reads in 
fragments per kilobase of exon per million mapped fragments (FKPM). (a) Context-exposed versus 
weakly trained animals. (b) context-exposed versus strongly trained animals. Normalization (z) was 
calculated by: zsample = (log2(individual sample) – log2 (mean of all samples) / log2 (standard deviation of all samples) .  
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Supplementary Figure 4 
 

 

Supplementary Figure 4. KEGG Pathway Analysis. (a) Context-exposed relative to weakly trained 
mice. (b) Context-exposed relative to strongly trained mice. P-values are color coded. Rich (enrichment) 
Factor = # of differentially expressed genes in the KEGG pathway / Total number of genes in KEGG 
pathway.  
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