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Stimuli that stimulate neurons elicit transcription of immediate-early genes, a process which requires local sites of chromosomal DNA to form double-strand breaks (DSBs) generated by topoisomerase IIb within a few minutes, followed by repair within a few hours. Wakefulness, exploring a novel environment, and contextual fear conditioning also elicit turn-on of synaptic genes requiring DSBs and repair. It has been reported (in non-neuronal cells) that extrachromosomal circular DNA can form at DSBs as the sites are repaired. I propose that activated neurons may generate extrachromosomal circular DNAs during repair at DSB sites, thus creating long-lasting “markers” of that activity pattern which contain sequences from their sites of origin and which regulate long-term gene expression. Although the population of extrachromosomal DNAs is diverse and overall associated with pathology, a subclass of small circular DNAs (“microDNAs,” ∼100–400 bases long), largely derives from unique genomic sequences and has attractive features to act as stable, mobile circular DNAs to regulate gene expression in a sequence-specific manner. Circular DNAs can be templates for the transcription of RNAs, particularly small inhibitory siRNAs, circular RNAs and other non-coding RNAs that interact with microRNAs. These may regulate translation and transcription of other genes involved in synaptic plasticity, learning and memory. Another possible fate for mobile DNAs is to be inserted stably into chromosomes after new DSB sites are generated in response to subsequent activation events. Thus, the insertions of mobile DNAs into activity-induced genes may tend to inactivate them and aid in homeostatic regulation to avoid over-excitation, as well as providing a “counter” for a neuron’s activation history. Moreover, activated neurons release secretory exosomes that can be transferred to recipient cells to regulate their gene expression. Mobile DNAs may be packaged into exosomes, released in an activity-dependent manner, and transferred to recipient cells, where they may be templates for regulatory RNAs and possibly incorporated into chromosomes. Finally, aging and neurodegenerative diseases (including Alzheimer’s disease) are also associated with an increase in DSBs in neurons. It will become important in the future to assess how pathology-associated DSBs may relate to activity-induced mobile DNAs, and whether the latter may potentially contribute to pathogenesis.
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Introduction and hypothesis

It has long been recognized that DNA has desirable properties to store and read out information, including its specific sequences, stability, and epigenetic modifications. Diverse molecules have been shown to have messenger actions within the CNS, ranging from amino acids and peptides to gases, nucleotides and even small RNAs, yet so far, genomic DNA has been exempt from this list because it is thought to function entirely within chromosomes in the nucleus. However, there are strong reasons to believe that mobile DNAs are formed and released from chromosomes during normal neuronal physiology:

Stimuli that activate the firing of neurons lead to the rapid transcription of immediate-early genes (e.g., Fos, Arc, FosB, Egr1, Npas4). Transcription of this subset of genes requires the formation of double-strand DNA breaks (DSBs) generated by topoisomerase IIb within the gene promoters within a few minutes, followed by repair within a few hours (Crowe et al., 2006; Madabhushi et al., 2015; Pollina et al., 2023). Transcription of heat shock genes, serum-induced immediate-early genes and nuclear receptor-activated genes in a variety of cell types also requires DNA double-strand breaks (Calderwood, 2016). A learning paradigm in living mice, contextual fear conditioning, also shows an increase in DSB formation which is a bit more widespread than seen in cultured neurons (including at sites of synaptic genes), and repair takes a bit longer (up to 24 h) (Li et al., 2019; Navabpour et al., 2020; Stott et al., 2021; Delint-Ramirez et al., 2022; Weber Boutros et al., 2022). DSB formation and repair appear to be involved in aspects of long-term retention of fear avoidance memory, insofar as agents which block DSB formation or repair inhibit aspects of the long-term memory (Navabpour et al., 2020). Other physiologic conditions which induce DSBs include exploration of a novel environment (Suberbielle et al., 2013) and wakefulness, with sleep being needed for repair of the DSBs to occur (Bellesi et al., 2016; Zada et al., 2019, 2021). DNA strand breaks also occur in brain somatic gene recombination (Kaeser and Chun, 2020).

The need to make double-stranded breaks in chromosomal DNA makes sense at a mechanistic level [relieving torsion that allows transcription of the affected gene to proceed (Calderwood, 2016)], but this process remains somewhat paradoxical and counterintuitive, since DSBs had been thought of as sites of potential genotoxic damage, and the repair mechanisms present within postmitotic (non-replicating) neurons are error-prone, so it is surprising for DSBs to not only occur normally but be required for expression of activity-dependent genes (Madabhushi et al., 2015).

A new insight into this process comes from a separate line of investigation carried out in non-neural systems, in which DSBs undergoing repair can be associated with the formation of extrachromosomal circular DNA (eccDNA) molecules [reviewed in Ling et al. (2021)]. This is exciting since, in the context of neuronal activation, formation of eccDNAs which contain sequences from their sites of origin would have potential physiological roles as long-lasting extrachromosomal “markers” and regulators of that activity pattern.

Extrachromosomal DNA molecules have been detected in brain and many other tissues (Shibata et al., 2012; Ling et al., 2021; Zhao et al., 2022; Guo et al., 2023; Zhong et al., 2023). They are enriched in specific areas (hotspots), including untranslated (3′-UTR and 5′-UTR) areas, regions with a high GC content, and transcriptionally active chromatin and can include both repeat elements and unique sequences. EccDNAs can arise from multiple mechanisms (Ling et al., 2021), assume both linear and circular forms, can be relatively large (> 1 megabase), can be derived from apoptotic or dying cells, and can contain entire genes that are amplified within cancer cells (Paulsen et al., 2018). Thus the population of extrachromosomal DNAs is quite diverse and overall associated with pathology. However, a subclass of small circular DNAs (“microDNAs,” ∼100–400 bases long), largely derives from unique genomic sequences and has attractive features to act as stable, mobile circular DNAs to regulate gene expression in a sequence-specific manner (Shibata et al., 2012; Dillon et al., 2015; Paulsen et al., 2018, 2019, 2021).

Despite intensive studies of DSBs in neuroscience, to my knowledge, no one has yet proposed or described activity-induced eccDNAs. Circular DNAs are expected to be especially stable (e.g., are resistant to nucleases such as DNase I), so eccDNAs may potentially help regulate long-term persistent changes in the phenotype of neurons—their firing behavior and expression of proteins and RNAs. If stable, the amount of extrachromosomal DNA produced over time would have a direct relationship to the long-term firing behavior of the neuron, providing a type of cellular “ticketing” or “genomic indexing” (Griffith and Mahler, 1969; Newman et al., 2017; Ueberham and Arendt, 2020; Giuditta et al., 2023).



How might activity-induced eccDNAs mediate long-term responses to neuronal activation?

1. There is evidence from non-neural systems that extrachromosomal circular DNAs can serve as templates for the transcription of non-coding RNAs, including small inhibitory siRNAs and RNAs that interact with microRNAs (Allen et al., 2017; Paulsen et al., 2019), and if so, they could regulate gene expression within the neuron. Insofar as these eccDNAs arise from the activity-induced DSB sites, they would be expected to contain unique gene sequences related to activity-induced and synaptic genes and hence to regulate aspects of learning, memory and synaptic plasticity.

2. Another consequence of neuronal activation is the secretion of small vesicles called “exosomes” which contain specific proteins and RNAs, and which transfer signals to neighboring neurons (either presynaptic or postsynaptic partners) or nearby astrocytes, oligodendroglial cells or microglia (Smalheiser, 2007; Chivet et al., 2013; Gurung et al., 2021). It is known that exosomes can interact with recipient cells by binding surface receptors and by being incorporated into the cytoplasm and nucleus of the recipient cells (Gurung et al., 2021). Exosomal proteins and RNAs, including microRNAs, can regulate gene expression within the recipient cells. Extracellular DNA is associated with exosomes, but much of this appears to be contamination from dying or damaged cells, insofar as it is linear, covers the entire genome, and predominantly coats the outside of the exosomal membranes. Nevertheless, there is evidence that DNA is also contained within the exosomes and can be functionally transferred to recipient cells [(Peters and Pretorius, 2011; Waldenström et al., 2012; Cai et al., 2013, 2016; Fischer et al., 2016; Ono et al., 2019; Lichá et al., 2023), see also (Thakur et al., 2014; Lázaro-Ibáñez et al., 2019)]. If indeed activity-induced eccDNAs are formed within neurons, they may also be packaged within the exosomes, and transferred within recipient cells. Thus mobile DNAs may not simply have roles within the cell that produces it, but provide signals that regulate neighboring cells as well.

3. Our proposal may also relate to a third independent line of research: there is evidence that multiple copies of LINE-1 repeat sequences are inserted within hippocampal neurons, enriched in transcribed neuronal stem cell enhancers and hippocampus genes (Upton et al., 2015). The insertions may not only occur within neural precursor cells (Muotri et al., 2005), rather, various types of DNA sequences can be inserted into the chromosomes of postmitotic (non-dividing) neurons, including LINE-1 repeat elements (Macia et al., 2017; Newman et al., 2017) and retrotranscribed cellular RNAs (Giuditta and Casalino, 2020; Kaeser and Chun, 2020; Ueberham and Arendt, 2020; Giuditta et al., 2023), and at least some DNA insertions may occur at DSB sites (Ono et al., 2015; Newman et al., 2017). Exosome-associated DNA (treated with DNase I to remove linear adsorbent contaminants) has also been shown to incorporate into the chromosomes of non-neural recipient cells [(Cai et al., 2013, 2016; Fischer et al., 2016; Ono et al., 2019), see also (Emamalipour et al., 2020)]. DNA insertions alter genomic sequences in individual cells, and have a variety of possible consequences—changing the transcription, splicing and even coding of genes (Alt and Schwer, 2018). In this context, if activity-induced eccDNAs are produced at one time point, they would be a natural type of marker sequence to be inserted into distal regions of chromosomes of the same neuron, following a later activation that produces new DSBs. Thus, as the neuron is activated repeatedly, not only would the amount of activity-induced eccDNAs accumulate in the cell, but the number of insertions into chromosomes may accumulate as well. DNA insertions into genes in general, and immediate-early genes in particular, may tend to inactivate their expression—but in our scenario this should be helpful, not detrimental, to neuronal health since it could serve as a form of homeostasis against over-excitation (Newman et al., 2017).



How to test the hypothesis

The hypothesis can, in principle, be tested using existing methods of DNA isolation and sequencing (Chiu et al., 2020; Kumar et al., 2020; Zhang et al., 2021; Mann et al., 2022; Jiang et al., 2023; Wang et al., 2023) and standard methods of mouse cortical neuron culture in vitro (Mukherjee et al., 2023) and fear conditioning paradigms in vivo (Pinna and Rasmusson, 2014; Locci and Pinna, 2019). The experiments comprise six steps:

1. Optimize or adapt methods for isolation and sequencing of extrachromosomal DNAs sufficient to detect eccDNAs within cultured mouse cortical neurons and intact mouse hippocampus. Beyond sequencing the entire pool of eccDNAs, it would be desirable to have a way to selectively tag only those eccDNAs that are formed during neuronal activation, to distinguish them from other eccDNAs (e.g., those expressed constitutively or deriving from damaged or stressed cells). DSB repair involves some incorporation of nucleotides into the repair site and presumably into the eccDNAs as well, at least at junctional regions. Thus, incubating cultured neurons during activation with biotin-dUTP, to replace normal dTTP, should incorporate biotin-dU analogs selectively into activity-induced eccDNAs and chromosomal DSB repair sites. The use of biotin-dUTP should allow subsequent biotin pull-down of the dU-containing eccDNAs using streptavidin beads (e.g., Lei et al., 2023).

2. Test whether acute activation of cultured mouse cortical neurons (via depolarization by treatment with NMDA, high K+ or bicuculline) causes rapid, specific formation of extrachromosomal circular DNAs (eccDNAs) arising at sites of double-strand breaks (DSBs), particularly those associated with immediate-early genes. Are eccDNAs are elicited with a time-course that follows DSB formation and repair? Is eccDNA formation dependent upon DSB formation and repair, as evidenced by inhibition when DSB formation is suppressed by agents (e.g., ICRF-193 or ICRF-187) that inhibit topoisomerase IIb? Do their sequences derive from activity-induced genes? Can they be labeled selectively using biotin-dUTP during activation?

3. Test whether eccDNAs will be acutely generated in the hippocampus of mice trained in contextual fear conditioning, or in mice exploring a novel environment. Will they be dependent upon DSB formation and repair? Will they persist for days or even weeks after their formation? Will their levels correlate with aspects of long-term memory such as extinction and reconsolidation?

4. Test whether the appearance of activity-induced eccDNAs is accompanied by the appearance of specific regulatory RNAs, whose sequences correspond to (and are putatively transcribed from) the eccDNAs. These may include:

 • small RNAs in the length ranges of 15–45 bases, encompassing microRNAs, siRNAs and other ncRNAs such as piRNAs (e.g., Smalheiser et al., 2011; Lugli et al., 2012, 2015; Smalheiser, 2012),

 • larger RNAs (including mRNAs and lncRNAs),

 • circular RNAs. Circular RNAs are particularly intriguing since some have well documented roles as microRNA “sponges” (i.e., binding and hence inactivating specific free microRNAs at multiple sites) and there is evidence that they can be transcribed from circular DNAs (Allen et al., 2017; Paulsen et al., 2019).

If so, do these RNAs regulate specific target mRNAs and proteins? Do these RNAs and their targets regulate aspects of synaptic plasticity, learning and memory?

5. Test whether exosomes released from stimulated cultured mouse cortical neurons contain activity-induced eccDNAs. If so, can they be transferred to recipient cells? For example, can mouse neurons cultured on one side of a microporous membrane (George et al., 2017) transfer mouse eccDNAs to human-induced pluripotent derived neuronal cells cultured on the other side? Can one define a pathway for transport of eccDNAs from the nucleus to cytoplasmic sites wherein exosomes are loaded?

6. Test whether activity-induced eccDNAs are incorporated into distant sites in the chromosomes of a neuron, especially at DSBs formed during subsequent activation events. This is the most difficult step to assess, but may be approached using the biotin-dUTP technique to label activity-induced eccDNAs during a short interval following activation, i.e., stimulating cultured neurons with NMDA while incorporating biotin-dU into eccDNAs selectively within the subsequent 2 h. After a further interval of 24 h, to allow recovery of the cells and washout of the biotin-dUTP, the cultures can be stimulated a second time to induce new DSB sites to form, and 2 h later, the neurons’ chromosomal DNA can be isolated, fragmented by sonication or using rare-cutting restriction enzymes to produce fragments of a more controlled average size suitable for sequencing, and the fragments exposed to biotin pulldown to selectively isolate chromosomal DNA fragments that contain biotin-dU, followed by sequencing (Smits and Faulkner, 2023).

The biotin-containing fragments should comprise a mix of DSB sites formed and repaired during the first activation stimulus, and fragments containing eccDNAs that were inserted into chromosomes during the second activation stimulus. The two can be distinguished by the distance between biotin-containing inverse repeats—very close for DSB sites, vs. hundreds to thousands of bases for eccDNA inserts. As well, sequencing of the fragments should directly show eccDNA inserts embedded within distal chromosomal regions, far from the original site of origin of the eccDNA sequences.



Conclusion

In summary, I hypothesize the existence of a new, fundamental (and somewhat heretical) biochemical pathway of mobile circular DNAs regulating the long-term behavior of neurons in the brain. This hypothesis elegantly ties together several hitherto separate and somewhat puzzling findings within neuroscience, including the observations that:

• stimulating neuronal activity causes neurons to make double-stranded breaks at specific sites within their genomic DNA

• stimulating activity causes an increase in transposition of sequences (repeat sequences and retrotranscribed RNAs) that insert into genomic DNA even in postmitotic non-dividing neurons

• stimulating neuronal activity causes an increase in secretion of small vesicles (“exosomes”) that in addition to containing specific proteins and RNAs, also are associated with DNA.

Such a discovery would offer a paradigm shift comparable to the discoveries of gene splicing, microRNAs, or transposable elements. Activity-induced eccDNAs may provide new experimental tools for investigating and perturbing neuronal physiology, and may provide biomarkers reflecting the state of neuronal activity and health.

Furthermore, neurons also exhibit an increase in DSBs during aging and in a variety of neurodegenerative diseases (e.g., Zhu et al., 2019; Konopka and Atkin, 2022), though these DSBs may not all be created nor repaired in the same manner as the activity-induced DSBs. In the future, it will be important to compare eccDNAs formed under physiological vs. pathological conditions, and to learn whether the physiological pathway proposed here contributes to the pathophysiology of Alzheimer’s disease and other neurodegenerative diseases (Konopka and Atkin, 2022). If so, targeting the turnover of eccDNAs or their RNA transcripts may provide a new therapeutic strategy.
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