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The capacity to learn from experience and store information to guide future behavior is vital for the 

survival of all species. The cellular mechanisms that underlie the processes of learning and memory have 

been central questions in the field of neuroscience for decades and have been the focus of countless 

scientific studies. While significant advances have been made by virtue of this research, there are still 

many questions that remain unanswered. At present, the primary view of many in the field is that the 

physical memory trace is stored at synapses, and that altering the weight of synaptic connections in 

memory-forming neural circuits is what is necessary and sufficient to encode and store memory. 

However, recent work has demonstrated the importance of somatic plasticity, phenomena occurring in the 

nucleus of neurons, that also appear to be critically involved in the encoding and maintenance of memory 

at the cellular level. At present, the most intriguing questions regarding how memories are stored involve 

interrogation of the processes that bridge synaptic and nuclear plasticity. For my dissertation research, I 

will take advantage of the reductionist model organism Aplysia californica in order to understand the role 

of non-synaptic elements that contribute to memory.  
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Chapter I – Introduction 

Background 

The science of memory has preoccupied philosophers since the age of Aristotle [1]. Over 

two millennia later, the mechanisms that underlie memory are a central focus of modern 

neuroscience research.  Due to work over the last one hundred years, it is now widely accepted 

that new learning is accompanied by synaptic change [2, 3]; nevertheless, the extent to which 

memory storage is mediated by plastic changes at synapses remains unclear [4, 5]. Indeed, the 

ability of single neurons to store memory intrinsically has attracted increasing attention in recent 

years [6-8].  Here, I review the evidence that memory may be stored as nuclear changes within 

neurons, among which are epigenetic changes and genomic changes.  As I show, recent 

discoveries that indicate a central role for the nucleus in memory storage raise important 

questions, not only about the cell biology of memory, but also about the evolution of memory.  I 

propose that, with the evolution of nervous systems, synaptic plasticity became integrated with 

the more ancient system of nuclear memory storage.  The evidence suggests that synaptic 

plasticity provides neural organisms with a rapid, flexible system of relatively labile memory 

storage, whereas nuclear mechanisms continue to mediate permanent storage. 

Evidence for a role for synaptic plasticity in memory 

The concept of the memory “engram”, the physical instantiation of the memory trace, 

was originally proposed by the evolutionary biologist Richard Semon [9] [10].  A critical 

question, first addressed experimentally by the pioneering neuropsychologist Karl Lashley [11], 

is the biological nature of the engrams for various types of memory and, in particular, where in 

the brain engrams are localized.  Lashley’s experiments, which involved examining the effects 
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on maze learning and memory in rats of cortical lesions that varied with respect to size and 

location, failed to discover a locus for the engram.  Based on this failure, Lashley concluded that 

memory must be stored in a distributed fashion throughout the cerebral cortex and not as 

alterations in specific synaptic connections.  Later, Donald Hebb—ironically, a graduate student 

of Lashley’s—proposed an explicitly synaptic model of associative memory [12].  In his famous 

“Neurophysiological Postulate”, Hebb suggested that the repeated, simultaneous activity of two 

synaptically coupled neurons would result in the strengthening of their synaptic connection.  The 

discovery of long-term potentiation (LTP) in the hippocampus by Bliss and Lømo in 1973 [13] 

led to the eventual confirmation of Hebb’s hypothetical mechanism [14-16].  As now described 

in every textbook of basic neuroscience, LTP is induced by the opening of postsynaptic N-

methyl-D-aspartate (NMDA)-type glutamate receptors, due to the (approximately) synchronous 

release of glutamate from the presynaptic neuron and depolarization of the postsynaptic 

membrane, and the consequent postsynaptic influx of calcium through open NMDA receptor 

channels [17].   

There is significant experimental support for the involvement of LTP in learning and 

memory.  Thus, LTP has been associated with, and causally linked to, a variety of forms of 

learning in mammals, including spatial learning in the Morris water maze [2], Pavlovian fear 

conditioning [18-20], and inhibitory avoidance conditioning [21].  Moreover, LTP has been 

proposed to mediate learning in several invertebrate species as well [22-27]. 

Beginning in the 1960s—in parallel with the work on LTP and memory in mammals—

research carried out by Eric Kandel and his colleagues established a role for synaptic plasticity in 

learning and memory in the marine mollusk, Aplysia.  Work in Aplysia focused on the cellular 

bases of simple nonassociative forms of learning, particularly habituation and sensitization, as 
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well as classical conditioning [28, 29].  The emphasis in the Aplysia work has been 

predominately—although by no means exclusively [30]—on presynaptic mechanisms of 

plasticity, particularly that resulting from the neuromodulatory actions of the monoaminergic 

transmitter serotonin [31, 32].  Arguably, due to the relative simplicity of Aplysia’s nervous 

system, the mechanistic links between synaptic changes and learned behavioral alterations are 

more patent in Aplysia than in mammals.  Be that as it may, in the opinion of most 

neuroscientists the scientific evidence—based on over fifty years of research in mammals and 

Aplysia, as in other model organisms [e.g., 33, 34, 35]—supporting a role for synaptic plasticity 

in learning and memory is compelling.  Indeed, the idea that synaptic change mediates learning 

and memory has received the imprimatur of prestigious scientific awards [36, 37], a sign of its 

widespread acceptance within the field. 

 

Early evidence for, and against, molecular encoding of memory  

Despite the current consensus within neuroscience that synaptic plasticity is critical to 

memory storage [2, 4], the idea that memory may be stored by a molecular code has also had its 

champions.  Inspired by the genetic code [38], some behavioral neuroscientists beginning in the 

1960s proposed that memory might be conserved as a molecule.  RNA was an early favorite as 

the encoding molecule [39-41]; others, particularly George Ungar [42, 43], argued in favor of 

memory encoding by specific proteins or peptides.   

Some of the strongest evidence in support of the molecular coding hypothesis came from 

so-called memory “transfer” studies.  In these studies animals were trained on a task and then, 

typically, either purified RNA or extract from the brains of the trained animals was injected into 

naive (untrained) animals.  (In the original, and most notorious, of the memory transfer studies, 
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that by McConnell [44], the trained animals—in this case, cannibalistic flatworms—were simply 

cut up and fed to untrained animals.)  Many of these studies—performed on a variety of 

organisms, including flatworms [45, 46], goldfish [47], and rats [48-55]—reported positive 

transfer of memory;  in addition, there were reports of successful cross-species transfer of 

memory via injection of RNA [56] or brain extract [57, 58].  Furthermore, several of these 

studies were published in highly prestigious scientific journals, including Science, Nature, and 

the Proceedings of the National Academy of Sciences, USA.  But there were many objections to 

the memory transfer results.  First, laboratories reported that they were unable to obtain the 

memory transfer effect [59-61] or, in some cases, to replicate experiments in which positive 

results had been reported [62-65].  Second, significant doubts were raised regarding the potential 

of RNA as a memory transferring molecule.  It was pointed out that messenger RNA (mRNA) 

was a labile molecule, subject to rapid degradation by ribonucleases (RNases).  So how could the 

RNA from the trained donors, which was typically injected intraperitoneally into the untrained 

recipient animals, reach the brain before it could be broken down? [66, 67].  This objection was 

supported by the results of Luttges et al. [59], who purified RNA from the homogenized brains 

of rats, labeled it with the radioisotope phosphorus-32, and then injected it intraperitoneally into 

other rats; the recipient rats were killed at various times after the injection and the levels of 

radioactivity measured in the blood, peritoneal fluid, and brain.  Although radioactivity could be 

detected in the blood and peritoneal fluid of the recipients up to 8 hours after the injection, no 

radioactivity was detected in their brains at any post-injection time.  Further arguing against 

RNA’s candidacy as a molecule able to mediate interindividual transfer of memory were the 

results of Rosenblatt et al. [49] who reported successful memory transfer in rats following 

intraperitoneal injections of brain extracts from trained animals.  In some of their experiments 
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Rosenblatt and colleagues incubated the brain extracts in RNase prior to injecting them into 

untrained rats.  Nonetheless, these investigators found, the RNase-treated extracts successfully 

transferred memory.  An alternative to RNA as the mediatory molecule for memory transfer was 

proposed by Ungar and colleagues [58] who argued that memory—specifically, that for 

conditioned avoidance of a dark chamber by rats—could be transferred by a peptide.  The 

putative dark avoidance peptide was eventually isolated and synthesized by Unger’s group, who 

named it “scotophobin” (Greek for “fear of the dark”).   However, another group failed to 

replicate the original transfer of conditioned dark avoidance using brain extracts from trained 

animals; moreover, this group reported failure to induce dark avoidance in mice via injections of 

Ungar’s extract.  Ultimately, the numerous experimental failures to obtain the memory transfer 

result, plus the inability of the champions of memory transfer to identify a single macromolecule, 

whether an RNA or a protein, that could reliably induce memory, led to a decades-long demise 

of the molecular encoding hypothesis. 

 

Theoretical arguments in favor of molecular encoding of memory 

 Despite the failure of the molecular coding hypothesis to win general acceptance by 

behavioral neuroscientists, it received support from two prominent molecular biologists.  Francis 

Crick [68], co-recipient of the Nobel Prize for the discovery of DNA’s structure, pointed to a 

fundamental problem with synaptic models of memory: although memory, at least in humans, 

may persist for decades, the lifespan of almost all molecules is far shorter, weeks or at most a 

few months.  How, therefore, can a stored memory trace endure despite molecular turnover?  

One would expect the molecules mediating the learning-related strengthening of a given synapse 

to eventually degrade, thereby potentially disrupting any memory trace supported by that 
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synapse’s enhancement.  Crick hypothesized that synapses might contain a protein that could 

exist in two states, active and inactive.  This protein formed a dimer that could be chemically 

modified (for example, by phosphorylation).  When both monomers are modified, the dimer is in 

the active state, and when both monomers are unmodified, the dimer is in the inactive state.  

Crick further hypothesized that an enzyme (for example, a kinase) exists that would modify 

(phosphorylate) one of the monomers if the other monomer is already modified, but not if the 

second monomer is unmodified (dephosphorylated).  Processes that mediate synaptic 

strengthening can modify the dimer, whereas processes underlying synaptic weakening can 

demodify it.  A key part of Crick’s model is that the state of a dimer will remain unaltered should 

one of its monomers have to be replaced due, for example, to protein degradation.  Thus, if the 

dimer is originally in an active state, then, although a replacement monomer will initially be 

unmodified, it will quickly become modified, and the dimer will remain active.  Conversely, if 

the dimer is originally inactive, the replacement monomer will not become modified, and the 

dimer will remain inactive.  In this way, Crick’s hypothetical synaptic protein would be immune 

to molecular turnover; any learning-induced change in the strength of a synapse would persist 

indefinitely or until a new learning experience triggered a different form of plasticity at the 

synapse.  As ingenious as Crick’s hypothesis is, no synaptic macromolecule has yet been 

identified that satisfies the conditions outlined by Crick.  Nonetheless, there remains no generally 

accepted mechanism of synaptic plasticity that resolves the problem of molecular turnover, 

although some have been proposed [69, 70].  (Notice that some students of learning and memory 

appear to simply ignore this problem and assume stability of learning-induced synaptic change 

without offering an explanation for how such stability is achieved in the face of molecular 

turnover [3, 71].) 
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 Crick [68] based his hypothetical molecular mechanism of memory on the maintenance 

of DNA methylation, an epigenetic modification [72].  Elaborating this idea,  the molecular 

biologist Robin Holliday (originator of  Holliday junctions [73]), proposed DNA methylation 

itself as a mechanism of long-term memory (LTM) [74].  DNA methylation involves the 

covalent attachment of a methyl group to the 5’ position of the cytosine pyramidine ring by the 

enzyme DNA methyltransferase (DNMT) [75].  In higher vertebrates it typically occurs in 

cytosine-phosphate-guanine (CpG) dinucleotides.  CpG sites tend to be symmetrically 

methylated, which means that an individual CpG:GpC site is methylated on both strands of 

DNA.  As Holliday [74] pointed out, during DNA replication the methylation of a CpG site on 

the existing DNA strand will be copied to that on the newly synthesized strand by so-called 

“maintenance” DNMT, thereby preserving the original methylation pattern.  By contrast, 

unmethylated CpG sites will remain unmethylated after replication, because maintenance DNMT 

does not act on unmethylated DNA.  In this way, the methylation state of a CpG dinucleotide 

will be stable: repair of a strand of DNA containing a methylated CpG will result in a newly 

synthesized strand in which the CpG site will become methylated.  Holliday proposed that the 

DNA of neurons might exist in alternate methylated or unmethylated states.  A stimulus that 

results in a LTM would induce some intracellular signal that switches the DNA from being 

methylated to being unmethylated, or vice versa.  Consequently, the neuron’s phenotype would 

change so that a later occurrence of the same stimulus would produce a new response in the 

neuron, for example, an action potential (where the initial stimulus had not produced an action 

potential).  DNA methylation is commonly associated with gene silencing via transcriptional 

repression [72].  Given this, Holliday suggested that learning, which commonly involves the 

formation of new proteins [76, 77], would be more likely to involve demethylation.  In addition, 
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Holliday thought that his molecular model might be particularly applicable to one-trial learning 

paradigms, such as conditioned taste aversion [78].  Although it may seem that such a seemingly 

simple mechanism would be mnemonically limited, Holliday pointed out that there are many 

DNA methylation sites—in fact, there are approximately 28 million CpGs in the human genome 

[79]—and a given instance of learning may involve the methylation of different CpGs in 

different neurons.  Holliday emphasized the potential power of a model of memory based on 

DNA methylation: “It should also be noted that the presence or absence of DNA methylation at a 

particular sequence of DNA can be thought of as a 0, 1 binary code. Thus, ten such sites have 

210(1024) epigenotypes and potential phenotypes, and 30 such sites could have up to 230, or 1.07 

x 109 epigenotypes” (p. 341).  Given the potentially huge number of epigenetic switches 

available, therefore, encoding even complex forms of human memory epigenetically should be 

quite feasible. 

 Holliday’s model represents a significant advance on that of Crick.  First, it was based on 

a specific molecular change, DNA methylation.  Second, it moved the site of memory storage 

from the synapse, where Crick had placed his hypothetical memory molecule, to the nucleus.  

Notice that Holliday did not exclude synapses from playing a role in memory; indeed, in arguing 

for the adequacy of his model to account for the complexity of human memory, he factored in 

synaptic complexity.  But he did not explain how his nuclear model of memory could be 

integrated with the predominant synaptic plasticity model. 

 Perhaps the foremost current proponent of the molecular encoding of memory is Gallistel 

[80, 81], who has forcefully argued against synaptic change—for example, Hebbian LTP—as a 

memory storage mechanism [see also 5, 6].  Gallistel distinguishes between signals and symbols.  

Signals are represented in nervous systems by transient phenomena such as neurotransmitter 
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release, complex biochemical cascades, and action potential sequences.  Gallistel believes that 

memories are stored in the brain as molecular symbols, the prime example of which in biology is 

the DNA molecule.  The information encoded in DNA—the genetic code—directs the synthesis 

of RNA, which then leads to the synthesis of proteins and, ultimately, the construction of the 

organism.  Just as the genetic code is read by ribosomes and then translated into proteins, 

Gallistel proposes that the molecular symbols that store memory are somehow read, thereby 

translating the information in them into a signal code and, ultimately, into behavior.  In support 

of these ideas, Gallistel and his co-authors emphasize the fundamental importance of number 

coding in memory.  A prime example of number coding given by Gallistel [81] is dead reckoning 

by desert ants.  During dead reckoning (or path integration) the ants must integrate “the velocity 

vector with respect to time (how fast [the ant] is going in what direction) to obtain the position 

vector with respect to time (where [it] now is)”.  Gallistel proposes that the ant possesses a neural 

odometer that counts the ant’s steps as it looks for food, thereby permitting the ant to keep track 

of its location by adding up its step-by-step displacement.  This information is stored in the ant’s 

memory as a running vector sum.  In addition, as it forages the ant makes neural “snapshots”, 

which it also records to memory, making them available to the ant during subsequent trips.  

When the ant finds food, it stores the food’s location by copying the current dead-reckoning 

vector into a separate memory location.  Then, to return to its nest, it inverts the current location 

vector.  Importantly, when the ant subsequently wishes to return to the food location, it does not 

retrace its original journey, as might be predicted from an associationist model of memory; 

rather, it travels more or less directly to the place where it found the food.   

 According to Gallistel, traditional synaptic models of memory do a poor job of 

accounting for how the quantitative information required by dead reckoning might be stored, as 
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well as how it might be rapidly read out according to future demands.  (Gallistel [80] has taken 

issue with the idea that numbers could be coded by sequences of action potentials or spike trains, 

which are written to and read from neural networks.)  Rather than the currently favored 

alterations in synaptic connections [2, 3] or networks of so-called “engram cells” [82], Gallistel 

[80] hypothesizes that memory is encoded by a cell-intrinsic molecular mechanism.  This 

mechanism must be able to mediate a read/write memory like that possessed by computers.  

Recently, Gallistel [81] has suggested that the cell-intrinsic mechanism is likely to be a small 

molecule that can be generated in large numbers with little energy; consequently, he favors 

polynucleotides, such as RNA, as the information-bearing intracellular molecules.  To date, 

however, Gallistel has not provided any evidence for the encoding of memory by a specific type 

of RNA.  Nor has he dealt seriously with the considerable experimental evidence, summarized 

above, that many, if not most, forms of memory in neural organisms involves synaptic change. 

A recent attempt by Akhlaghpour [83] to develop an RNA-based natural computation 

system suggests how ncRNA could satisfy the conditions stipulated by Gallistel for a molecule 

of memory.  We cannot do justice to Akhlaghpour’s ingenious theory here.  Nonetheless, several 

features of his theory are relevant to the present discussion.  First, RNA can, in principle, store 

vast amounts of information.  As Akhlaghpour states, “Memory expansion is trivial in a system 

that uses the precise sequence composition of polynucleotides as memory.  It can be 

accomplished through the addition of nucleotides, either by insertion or tail extension” (p. 5).  

Second, cellular modifications involving RNA, such as transcription and translation, are rapid.  

For example, Akhlaghpour points out that the ribosome translates RNA to protein at a speed of 

roughly 5-11 amino acids per second, which is equivalent to 30-66 bits per second, although he 

admits that it remains to be shown whether modification rates of RNA can occur at speeds 
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sufficiently fast to satisfy the demands of animal cognition.  A significant problem with RNA as 

an information storage molecule, however, as Akhlaghpour notes, is stability: RNA molecules 

have a mean half-life of only about 7 hours, far too short to satisfy the demands of LTM.  To 

deal with this problem, Akhlaghpour refers to a suggestion originally made by Mattick and 

Mehler [84], namely that RNA induced during learning may be reverse-transcribed into DNA for 

long-term storage, which I will discuss in more detail in Chapters II & III. In summary, 

Akhlaghpour’s paper points the way toward a biologically feasible theory of memory based on 

modifications of RNA, although key predictions of the theory await verification 

 

Problems with synaptic memory storage 

Although there is impressive empirical support for the hypothesis that memory is stored 

by synaptic change [2, 4, 32], there are also data that are difficult to reconcile with this 

hypothesis.  Three phenomena described by Blackiston et al. [85] do not fit well with the notion 

that stable synaptic alterations maintain memory.  The first pertains to holometabolous insects 

that go through complete metamorphosis, such as butterflies and moths.  The moth, Manduca 

sexta, for example, can be conditioned to avoid an odor as a catepillar.  Somewhat remarkably, 

this olfactory memory survives metamorphosis, despite the dramatic reorganization of the insect 

nervous system that occurs during the transition from catepillar to moth, which includes not only 

extensive neurogenesis, but also significant alterations in dendritic morphology and synaptic 

connectivity [86].  The second phenomenon discussed by Blackiston and colleagues involves 

research on planarians by McConnell and colleagues [87].  If cut in half, this flatworm is able to 

regenerate an entire body from either the anterior half (head), which contains the cephalic 

ganglia or brain, or the posterior half (tail), which contains a pair of ventral nerve cords.  
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McConnell and his co-investigators classically conditioned whole planarians to associate a light 

(the conditioned stimulus) with a shock (the unconditioned stimulus).  After the worms were 

successfully conditioned they were cut in half and the two halves allowed to regenerate.  When 

retrained using the same conditioned protocol, both groups of regenerated worms—those 

regenerated from the head section and those regenerated from the tail section—exhibited 

memory savings, as indicated by a reduction in the number of trials to reach the same criterion 

level of conditioning as the original (uncut) worms; furthermore, there was no significant 

difference between the memory of the two renerated groups.  More recently, Shomrat and Levin 

[88] have confirmed that LTM (recognition of a textured surface associated with the presence of 

food) persists in regenerated tail fragments of planarians.  These investigators developed an 

automated training and testing protocol for this study that avoided the experimental ambiguities 

of the earlier study.  Shomrat and Levin point out that the regenerated worms exhibited no 

behavior prior to the regrowth of the brain; this implies that the original learning in the intact 

planarians was mediated by the brain.  Therefore, the stored memory appears to have been 

somehow transferred from the tail fragment to the regenerated brain, raising the question of the 

biological nature of the memory.  The final phenomenon discussed by Blackiston and colleagues 

[85] is the effect of hibernation on the brains of hibernating species of rodents, including ground 

squirrls, hamsters, and marmots.  There is significant retraction of apical dendrites of CA3 

pyramidal neurons in the hippocampus, as well as a significant reduction in density of spines on 

these dendrites, in these animals during deep hypothermia [89, 90].  Furthermore, in torpid 

rodents the spine profiles on CA3 apical dendrites associated with presynaptic mossy fiber 

terminals (MFTs) are significantly smaller, and the terminals themselves contain fewer vesicles 

[89]; these findings imply a significant disruption of synaptic transmission in the CA3 region of 
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hibernators.  Surprisingly, within 2-3 hours after the animals are aroused the hibernation-

associated structural changes reverse, which indicates that there is a rapid restoration of neuronal 

connectivity and postsynaptic structure.  An important question is whether long-term memories 

can survive the drastic dendritic pruning and synaptic loss that accompanies hibernation in these 

rodents.  The results of studies designed to answer this question are mixed at present.  Some 

investigators have reported no effect of hibernation on memory retention [91, 92], others that 

memory retention improves with hibernation [93], and still others that hibernation impairs 

memory for some forms of learning, but not others, such as the ability to recognize familiar 

conspecifics [94]. 

 Although each of the phenomena discussed by Blackiston and colleagues [85] can be 

separately accommodated within the synaptic theory of memory, taken together, they argue 

rather strongly against this theory.  It is difficult, albeit admittedly not impossible, to imagine 

how memory could remain stable given the substantial neural disruptions involved in these 

cases—including, in the case of the planarian experiments, removal of the entire brain—if 

memory were stored by stable synaptic alterations.   

 Two recent studies, one in the marine snail Aplysia [95] and the other in transgenic mice 

[96], offer even stronger evidence against the synaptic theory of memory.  In these studies LTM 

appeared to be eliminated by blocking either original memory consolidation [97] or memory 

reconsolidation [98] by inhibition of protein synthesis.  The disruption of memory was 

accompanied by clear synaptic loss; nonetheless, in both studies memory could be successfully 

reinstated.  Due to their importance to the present argument, it is worth discussing these studies 

in some detail.   



14 
 

 In the mouse study, Ryan and colleagues gave animals contextual fear conditioning.  

Immediately after the training, the mice received an injection of a protein synthesis inhibitor 

(anisomycin).  (Control mice received an injection of saline.)  It has long been recognized that 

inhibition of protein synthesis shortly after training disrupts the consolidation of LTM [76].  As 

expected, when tested the next day, the trained mice treated with anisomycin did not exhibit 

freezing (an indicator of fear in rodents) when placed back into the training chamber. Using 

transgenic methods, the experimenters were able to label dentate gyrus (DG) neurons that were 

strongly activated during conditioning (so-called “engram” cells).  They performed 

electrophysiological assays of synaptic strength between perforant path (PP) axons and DG 

neurons, both engram and non-engram cells, in hippocampal slices from the saline-treated and 

anisomycin-treated conditioned mice.  The PP-DGEngram synapses were significantly more 

potentiated, as indicated by larger EPSCs, than the PP-DGNon-engram synapses in the slices from 

saline-treated mice.  By contrast, there was no significant difference in EPSC amplitude between 

PP-DGEngram and PP-DGNon-engram synapses in the slices from anisomycin-treated mice.  Ryan and 

colleagues also quantified spine number on the dendrites of DGEngram and DGNon-engram cells in the 

hippocampi of saline-treated and anisomycin-treated mice.  The dendrites of DGEngram cells had 

significantly more spines than the dendrites of DGNon-engram cells in the saline-treated group.  The 

DGEngram cells in the saline-treated group also had more dendritic spines than DGEngram cells in 

the anisomycin-treated group; and there was no difference between the number of dendritic 

spines in the DGNon-engram cells in the saline-treated group and the DGEngram cells in group treated 

with the protein synthesis inhibitor.  Thus, administration of a protein synthesis inhibitor shortly 

after conditioning not only disrupted contextual fear memory, but also blocked the increase in 

hippocampal synaptic connectivity that is believed to underlie the memory.  These findings 
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accord well with the synaptic theory.  But despite the absence of context-specific freezing and 

hippocampal synaptic enhancement in the trained anisomycin-treated mice, the investigators 

could cause these mice to freeze in a neutral context—the mice were put into an experimental 

chamber in which they had not been shocked—by selectively activating their DGEngram cells.  

This was achieved as follows: DG neurons in the transgenic mice were initially transfected with 

a viral construct that contained the gene for channelrhodopsin (ChR), a light-activated cation 

channel derived from algae, coupled to a tetracycline-responsive element (TRE).  The transgenic 

mice carried the gene for the tetracycline transactivator (tTA) linked to the promotor of the 

immediate early gene c-fos, which is transcribed in response to neuronal activity; chronic 

administration of doxycycline to these mice, however, suppressed the expression of tTA.   

Removal of the mice from antibiotic administration just prior to fear conditioning caused the 

expression of tTA in DG neurons activated during training—engram cells—which then drove the 

expression of ChR in these neurons.  The DGEngram cells could then be subsequently activated by 

exposing them to light of the appropriate wavelength via a fiber optic implanted just above the 

DG.  Thus, by optically stimulating DGEngram cells when mice were in a non-training context, 

Ryan and colleagues caused them to freeze, just as when the mice were reexposed to the context 

in which they had previously been shocked.  The investigators concluded that the optical 

stimulation reactivated the fear memory in the mice. 

 As dramatic as these results are, the Ryan et al. [96] study is not without its problems of 

interpretation.  First, the amount of time the mice spent freezing during the periods of optical 

stimulation was typically less than the time spent freezing when they were tested naturally by 

returning them to the training (shocked) chamber.  This suggests that light-mediated activation of 

the DGEngram cells produced only partial retrieval of the fear memory; if so, this would not be 



16 
 

surprising as it is reasonable to suppose that the memory for conditioned contextual fear would 

be distributed across several structures in the mouse brain.  A second problem that has been 

raised regarding this study relates to the presumed effect of anisomycin: How could the synthesis 

of ChR occur if the antibiotic, which was injected intraperitoneally, were successfully inhibiting 

protein synthesis in the brains of the mice? Ryan and colleagues claim that the dosage of 

anisomycin they used was sufficient to block memory consolidation, but insufficient to impair 

cFos-driven synthesis of ChR.  Despite these problems, the study by Ryan and co-authors is 

impressive; furthermore, it demonstrates that a long-term fear memory—or at least a component 

of it sufficient to reconstruct the whole memory upon reactivation of the engram cells— can be 

conserved in the absence of synaptic change.   

 The results of Chen et al. [95] in Aplysia support a similar conclusion.  This study 

investigated the effect on behavior and synaptic plasticity of two protocols that have been 

purported to erase LTM: reconsolidation blockade and inhibition of the constitutively active 

isoform of atypical PKC, PKM [69, 98].  (Note that Aplysia have an atypical PKC isoform that is 

homologous to PKMζ, the mammalian isoform; the Aplysia isoform is named PKM Apl III [see 

99, 100, 101].  Here, I will refer to both the mammalian and molluscan isoforms as “PKM”.)  

Previously, it had been shown that both reconsolidation blockade [102] and inhibition of PKM 

[103] appear to erase the memory for long-term sensitization (LTS) in Aplysia, which can be 

induced by repeated, spaced bouts of electrical shocks delivered to the  

animal’s tail [104].  Chen and co-authors investigated a form of synaptic long-term (≥ 24 hours) 

memory, specifically, long-term facilitation (LTF), which can be induced in the monosynaptic 

connections between sensory and motor neurons of Aplysia by repeated, spaced application of 

the modulatory transmitter serotonin (5-HT) [105].  (Typically, neurons in dissociated cell 
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culture are used in studies of LTF.)  The question addressed by Chen and colleagues was the fate 

of presynaptic sensory terminals—referred to as presynaptic varicosities—in sensorimotor 

cocultures following reconsolidation blockade or inhibition of PKM.  Accordingly, sensory and 

motor neurons were labeled with differently colored fluorescent dyes and imaged using a laser-

scanning confocal microscope.  The fluorescently labeled presynaptic varicosities were 

quantified in each coculture during three imaging sessions: at 24 hours before 5-HT treatment; at 

24 hours after 5-HT treatment; and at 48 hours after 5-HT treatment.  Glanzman et al. [106] had 

shown earlier that five spaced bouts of 5-HT could produce approximately a doubling of the 

number of presynaptic varicosities, consistent with finding that such training induced LTF of the 

sensorimotor EPSP [105].  Chen et al. replicated this result.  Furthermore, they found that either 

reconsolidation blockade—using a single 5-minute “reminder” pulse of 5-HT followed by the 

application of a protein synthesis inhibitor—or inhibition of PKM—by treatment with 

chelerythrine—eliminated the 5-HT-induced increase in presynaptic varicosity number, just as 

each of these anti-mnemonic protocols reverse LTF [102, 103].  So far, well and good for the 

synaptic theory of memory.  But when Chen and coworkers examined which specific varicosities 

were eliminated by reconsolidation blockade/PKM inhibition, they discovered that the structural 

elimination was not limited to those varicosities that appeared after the long-term 5-HT 

“training”; rather, varicosities present prior to 5-HT training were also eliminated, and the 

difference between the two groups with respect to lost varicosities was insignificant.  Therefore, 

elimination of sensorimotor presynaptic terminals due to reconsolidation blockade/PKM 

inhibition was random.  This startling finding is inconsistent with the idea that synapses store 

memory; were that the case, one would expect that the synaptic elimination caused by 
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reconsolidation blockade/inhibition of PKM would be confined to those varicosities whose 

growth postdated 5-HT training. 

 Chen et al. [95] also found that LTS in intact Aplysia could be reinstated after its 

disruption by reconsolidation blockade or PKM inhibition.  Specifically, after confirming in 

behavioral tests that reconsolidation/PKM inhibition had eliminated sensitization, as indicated by 

the absence of shock-induced enhancement of the defensive withdrawal reflex, the investigators 

gave the animals truncated sensitization training; this consisted of just three bouts of tail shocks 

instead of the original five.  This truncated training induces intermediate-term sensitization (ITS) 

in Aplysia, a form of memory that lasts < 3 hours and requires protein synthesis but, unlike LTS, 

does not require gene transcription [107].  In animals that received the three-shock training 

protocol after their long-term memories had been disrupted by reconsolidation blockade/PKM 

inhibition, LTS was fully restored within 24 hours after the truncated training.  By contrast, 

previously untrained (naive) animals given training with three bouts of tail shocks did not exhibit 

LTS when tested 24 hours later.  In a related study, Pearce et al. [108] showed that injecting 

Aplysia with anisomycin immediately after sensitization training using five bouts of tail shocks 

appeared to block the consolidation of LTM, as indicated by a test for sensitization of the 

withdrawal reflex 24 hours after training.  However, when the snails were given truncated 

sensitization shortly after the 24-hour test, they exhibited sensitization of their withdrawal reflex 

when tested the next day (48 hours after the long-term 5-HT training).  Furthermore, LTF could 

also be induced by truncated 5-HT training (3 spaced pulses) in sensorimotor cocultures that 

received long-term 5-HT training followed by treatment with anisomycin.  By contrast, neither 

sensorimotor synapses given 5 pulses of 5-HT followed by inhibition of protein synthesis and no 

subsequent 5-HT training, nor synapses given only the truncated facilitation training at 24 hours, 
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exhibited LTF at the 48-hour test.  These findings echo those of Ryan et al. [96] and indicate, as 

do the findings of the mouse study, that there must be some latent LTM that persists in the face 

of memory-disrupting protocols such as post-training protein synthesis inhibition, 

reconsolidation blockade, and PKM inhibition.  The question is, what is the biological nature of 

this latent memory? 

 A recent study offers a potential clue to this question’s answer.  Bedecarrats et al. [109] 

reinvestigated the idea that memory could be transferred by RNA.  They gave a group of Aplysia 

LTS training (5 spaced bouts of tail shocks) and then, following a test the next day to confirm the 

successful induction of LTS, they dissected out the nervous system (central ganglia) of the 

trained snails, and extracted and purified whole RNA from the nervous tissue.  Whole RNA was 

extracted and purified from central ganglia of another group of snails treated identically to the 

first group, but not given any sensitization training.  The purified RNA from the trained snails 

(trained donors) was combined and then injected into a group of untrained snails (recipients).  

(Each recipient received an intrahemocoel injection of approximately 70 µg of the combined 

RNA.)  Another group of untrained recipient snails received an injection of RNA from the 

untrained donors.  Both groups of recipient animals were tested for sensitization 24 hours later.  

The recipients that had received the RNA from the trained donors exhibited sensitization, as 

indicated by the significant enhancement of their withdrawal reflexes.  The recipients that been 

given RNA from the untrained donors showed no sensitization.  In a second experiment 

Bedecarrats and his coworkers gave long-term sensitization training to a single group of donor 

snails.  After being tested RNA was again extracted from their central ganglia.  The total RNA 

from the trained donors was divided in half and then injected into two groups of naive recipient 

snails.  Following the RNA injection, one group of recipients were given an injection of the 
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DNMT inhibitor RG108; the second donor group received an injection of vehicle solution.  

Twenty-four hours later, the recipient animals that received an injection of the RNA followed by 

an injection of the vehicle were sensitized, whereas the recipients that received an injection of 

the RNA followed by an injection of RG108 were not.  Therefore, the successful transfer of 

LTM via RNA in Aplysia requires DNA methylation.  How can we account for these results?  As 

I discuss below, DNA methylation is required for both consolidation and maintenance of tail-

shock induced LTS memory in Aplysia [108].  Moreover, it is known that several species of 

ncRNA, including long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), as well as 

other ncRNAs, can regulate DNA methylation [110-112], and such regulation appears to play an 

important role in learning and memory [113, 114].  Therefore, the whole RNA taken from the 

trained donor Aplysia may have contained species of RNA that modified DNA methylation in the 

recipient animals (as well as, possibly, causing other epigenetic changes), thereby inducing 

sensitization in the recipients 

Epigenetic changes associated with memory 

 It is becoming increasingly recognized that epigenetic changes play major roles in 

learning and memory [115-120].  Because chromatin is highly condensed within the nucleus of 

cells, processes like DNA (de)methylation and histone acetylation are required in order to 

promote or repress expression of genes by modifying the accessibility of transcriptional 

machinery to the DNA substrate. Therefore, the gene and protein expression phenomena 

described earlier in this chapter rely on and are regulated by upstream epigenetic alterations to 

chromatin. These epigenetic modifications have been said to create a “histone code” that 

determines the downstream gene expression profile of a given cell (Strahl & Allis, 2000). 

Specifically, both DNA methylation by DNA methyltransferases (DNMT) (Day et al., 2013) and 
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demethylation by ten-eleven translocation (i.e. TET) enzymes (Kumar et al., 2015; Rudenko et 

al., 2013) have been implicated in various forms of learning in rodents. DNA methylation is also 

a critically required for non-associative memory consolidation in invertebrates (Pearce, Cai, 

Roberts, & Glanzman, 2017) suggesting an evolutionarily conserved mechanism across species 

and types of memory.  

 

Particularly intriguing is the evidence that DNA methylation may mediate LTM storage, 

as originally hypothesized by Holliday [74].  Several studies have shown that disrupting DNA 

methylation through treatment with inhibitors of DNMT blocks the induction of LTM for a 

variety of different learning tasks in both vertebrate and invertebrate organisms or have 

described alterations of DNA methylation patterns due to memory-related stimulation [121, 122].  

In addition, two studies have reported that pharmacological inhibition of DNA methylation 

disrupts fully consolidated memories.  In one of these, Miller et al. [123] found that remote fear 

memory was disrupted by an infusion of a DNMT inhibitor into the anterior cingulate cortex 

(ACC) 30 d after contextual fear conditioning. Furthermore, the remote memory for conditioned 

fear was associated with DNA methylation of the gene for calcineurin, a calcium-dependent 

phosphatase whose down-regulation is a precondition for the establishment of several different 

forms of memory [124].  This result suggests the intriguing possibility that ongoing silencing of 

the calcineurin gene, as well as, possibly, other genes, via DNA methylation is a necessary 

requirement for the maintenance of at least some types of memory.  This idea receives support 

from the study by Pearce et al. [108] in Aplysia.  These investigators gave animals standard tail-

shock training for LTS; then, 5 days after training the snails were given an intrahemocoel 

inhibition of the DNMT inhibitor RG108.  This drug appeared to eliminate LTS as indicated by a 
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test the next day.  Moreover, subsequently administering truncated tail shock training (see above) 

to the animals failed to restore the sensitization memory, nor did the memory spontaneously 

recover during the 48 hours after the injection of RG108.  In this same study, Pearce and 

colleagues injected a DNMT inhibitor into animals immediately after long-term sensitization 

training; they observed that post-training inhibition of DNA methylation appeared to block the 

consolidation of LTM in Aplysia, as did posttraining inhibition of protein synthesis.  But there 

was a critical difference between the effects of these two anti-mnemonic protocols; specifically, 

giving the amnestic animals truncated sensitization training restored memory in the snails that 

had been treated with a protein synthesis inhibitor after the original tail shock training, but did 

not restore memory in those animals that received a posttraining injection of a DNMT inhibitor.  

Taken together, the results of Pearce et al. reinforce the conclusions of the study by Miller et al. 

[123] indicating that the maintenance of LTM requires ongoing DNA methylation; and also 

suggest that DNA methylation is of greater fundamental importance to memory consolidation 

than is posttraining protein synthesis.  Because proteins critical for synaptic restructuring are 

believed to be among those synthesized soon after training in both Aplysia and mammals [3], the 

findings of Pearce and colleagues represent an additional challenge the synaptic theory of 

memory. 

 One aspect of the results in the two studies described above bears special mention: the 

likely dependence of memory on gene silencing.  DNA methylation commonly acts to repress 

gene transcription [125].  If the requirement for DNA methylation documented by Miller, Pearce, 

and their colleagues [108, 123] reflects a dependence of LTM on transcriptional repression, it is 

important to understand why there should be such a dependence.  A possibly related 

phenomenon is the dependence of several forms of LTM on the derepression of repressor 
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isoforms of the transcription factor cyclic-AMP response element binding protein (CREB) [126].  

For example, in Aplysia LTF depends on the activity of CREB1, a transcriptional activator [127], 

which, in turn, depends on its phosphorylation by the cAMP-dependent protein kinase (PKA).  

(Note that 5-HT activates PKA in Aplysia [128].)  In addition to PKA-dependent 

phosphorylation, however, the activity of CREB1 depends on its relief from repression by the 

inhibitory isoform CREB2 (derepression of CREB2) [129] .  This implies that LTM is normally 

suppressed through repression of CREB1 by CREB2.  Furthermore, DNA methylation-mediated 

silencing of genes, such as that for calcineurin, appears to be part of a general regulatory system 

that acts to suppress LTM.   

 Besides DNA methylation, other epigenetic changes have been implicated in memory, 

particularly histone acetylation and histone methylation [116, 120, 130, 131], and the 

implications of these phenomena for the general hypothesis that LTM is stored in the nucleus 

should be obvious.  In addition, a particularly interesting recent study has explored the 

interaction between epigenetic and transcriptional events in the hippocampus of mice subjected 

to contextual fear conditioning [132].  This study used transgenic (TRAP) mice in which neurons 

that were activated during conditioning (engram cells) could be permanently tagged with a 

fluorescent label; the method depends on the activity-induced expression of the activity-

regulated cytoskeleton-associated protein (Arc) gene.  The activated hippocampal neurons could 

later be separated from non-activated neurons using flow cytometry.  The activated and non-

activated neurons were then prepared for subjection to ATC-seq in order to measure chromatin 

accessibility.  Briefly, it was found that memory formation dramatically alters the three-

dimensional genomic architecture in chromatin.  In particular, memory encoding produced 

epigenetic “priming” in which genomic enhancers became increasingly accessible to being 
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bound by transcription factors without, however, an increase in transcriptional changes.  In 

addition, through reactivation of engram cells, primed enhancers are brought into contact with 

their respective promoters, resulting in the upregulation of genes involved in mRNA transport 

and local protein synthesis at synaptic sites.  These transcriptional events are associated with 

morphological alterations of spines on the dendrites of activated DG neurons, including larger 

head diameters, as well as increases in the mRNA of glutamate receptor 1 (Gria1) mRNA. In 

summary, this study that the encoding and reactivation of fear memory involves large-scale, 

highly coordinated epigenetic changes in hippocampal neurons.  

 Overall, the evidence and arguments presented here suggest that a critical component of 

memory is stored in the nucleus of neurons. In the next chapter, I will present original data that 

further supports this notion.  
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Chapter II – The Role of Reverse Transcriptase in Facilitation of the Aplysia Sensorimotor 

Synapse 

Introduction 

Learning can be broadly defined as using experience to guide future behavior, and memory 

the ability to maintain representations of such experience over time. One of the primary goals of 

modern neuroscience research is to understand the cellular processes that make learning and 

memory possible. In Chapter I, I discussed the importance of seminal work by Bliss and Lomo, 

who discovered NMDA dependent LTP in the hippocampus [1] and its role in various forms of 

memory [2-11]. Notably, other forms of LTP that are NMDA receptor independent have been 

observed in other regions like cortex [12] and learning in still other areas of the brain does not 

require LTP or even glutamate at all (e.g. eyeblink conditioning that depends on GABA 

signaling in the cerebellum [13]. Additionally, it is now widely appreciated that there are 

temporal properties to memory; that is, memory exists on a spectrum ranging from short-term 

(minutes) to long-term (days and sometimes years), which depends at least in part on distinct 

cellular mechanisms. The diversity of plasticity mechanisms utilized for learning and the range 

of timepoints in which cellular memory processes can be assayed therefore highlight the 

complexity of studying memory and the brain itself. Because of this complexity, it is necessary 

to test hypotheses regarding learning and memory in simple systems. One such model can be 

found in Aplysia californica, which has been used extensively in the study of learning and 

memory and is also utilized in the experiments presented in this chapter.  

Biological mechanisms of short-term memory in Aplysia 
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 Simple forms of learning, such as sensitization and habituation, have been studied in 

Aplysia for decades; results from this work have provided insights into the cellular processes that 

support these simple forms of learning and memory, as well as more sophisticated forms [14], 

although here I will focus primarily on sensitization and the cellular correlates that support it. 

Sensitization is a form of memory that causes an organism to shift from a weak response to a 

stimulus to a much stronger one after it has been exposed to a noxious stimulus. Because the 

circuitry of sensitization in Aplysia is now well defined, it is an incredibly useful tool for testing 

whether biological manipulations have direct effects on memory and subsequent behavioral 

output of the animal. Furthermore, because of the comparatively simple nervous system of 

Aplysia, neurons with known functions can be dissociated and placed into cell culture where they 

can be studied electrophysiologically.  

Previous work has shown that sensory neurons (SNs) from the ventral cluster in the 

pleural ganglia form monosynaptic chemical synapses with LFS motor neurons (MNs) in 

dissociated cell culture [15]. The sensorimotor synapse in culture, together with experimenter 

delivered serotonin (5HT), recapitulates the synaptic neural circuit that mediates the Aplysia 

defensive withdrawal reflex [16]. Specifically, activation of 5HT receptors on presynaptic SNs 

causes elevation of intracellular c-AMP, which in turn induces several intracellular signaling 

cascades in the presynaptic neuron, including those which activate kinases such as PKC and 

PKA [17]. Studies of this sensorimotor synapse in cell culture have shown that the cellular 

plasticity underlying sensitization of the defensive withdrawal reflex involves increased 

excitability of the SN and facilitation of the sensorimotor synapse [18]. Specifically, a single 

bout of 5HT (from here on termed 1X treatment) causes short-term facilitation (STF) of the 

synapse that lasts on the order of minutes. Of note, the biochemical pathway that is activated in 
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the SN depends on both state and time dependent variables [19]. Specifically, short applications 

(~1min) of 5HT at rested (i.e., non-depressed synapses) predominantly activate PKA and cause 

facilitation by modulating conductance of potassium channels [19]. On the other hand, somewhat 

longer applications of 5HT (~10min), as well as 5HT delivered to depressed synapses, primarily 

activates PKC and produces facilitation by modulation of potassium channels as well as 

mobilization of vesicles to the readily releasable pool [19]. Importantly, the short-term plasticity 

processes described above here depend exclusively on modifications to or mobilization of 

existing proteins and therefore, are thought to be transcription and translation independent [20].  

Bioloical mechanisms of long-term memory in Aplysia 

 From a biological perspective, there are at least two critical factors that distinguish 

sensitization STM from sensitization long term-memory (LTM) in Aplysia: i) whereas the 

mechanisms of STF are entirely presynaptic [17], long-term facilitation (LTF) requires 

coordinated changes to both the pre- and postsynaptic cell and ii) while STF does not require 

translation- and transcription-dependent architectural or morphological changes to synapses, 

these changes do occur during LTF [18, 21]. As with STF, however, LTF is dependent on 5HT 

but requires more robust signaling for its induction. In culture, whereas a single brief pulse of 

5HT induces STF, five spaced bouts of 5HT (from here on, termed 5X treatment) induces LTF of 

the synapse (lasting > 24hr), a phenomenon that is thought to underlie the long-lasting behavioral 

reflex in the intact animal [18]. Prior work suggests that spaced 5X5HT treatment results in 

persistently elevated levels of presynaptic cAMP and activation of PKA in the SN, as well as 

recruitment of MAPK presynaptically [22]. Once activated, MAPK translocates to the nucleus 

where it regulates gene transcription through its interaction with cyclic response element binding 

protein (CREB).  
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 CREB has two main isoforms: CREB-1 which promotes memory formation and CREB-2 

which represses memory formation. The notion that CREB-1 is a memory promoter is evidenced 

by a study by Dash et al. who demonstrated that interfering with CREB-1 binding during 5X5HT 

results in blockade of LTF [23]. Furthermore, blockage of CREB-2 with anti-CREB2 antibodies 

causes 1X5HT treatment (which normally only results in STF) to result in LTF supporting 

CREB-2’s role as a memory repressor [24]. Under basal conditions, CREB-2 is bound to its 

promoter sequence which precludes CREB-1 from binding. Upon neural stimulation and 

sufficient activation of MAPK, CREB-2 repression is relieved and CREB-1 can bind to its 

promoter sequence and initiate gene transcription [24]. The subsequent mRNA products are in 

many cases immediate early genes (IEGs) like c-fos and Arc that go on to regulate a second wave 

of transcription of genes that code for proteins involved with synaptic growth and alteration [25]. 

Therefore, unlike STF, LTF requires both gene transcription and protein synthesis which is 

supported by other data showing that administration of either a protein synthesis inhibitor such as 

anisomycin [26] or a gene transcription inhibitor like actinomycin D causes complete blockage 

of 5X5HT induced LTF and associated morphological changes [27].  

 The fact that the presynaptic mechanisms that support LTF involve generation of cellular 

products that are involved in synaptic growth suggests that postsynaptic change in the MN must 

also be necessary to accommodate the changes taking place in the SN. Indeed, prior work has 

shown that LTF is associated with upregulation of excitatory glutamate receptors and is 

dependent on postsynaptic protein synthesis [28]. The mechanisms of LTF in the postsynaptic 

cell require elevated Ca2+ which is achieved through activation of 5HT receptors on the MN that 

causes IP3-mediated release of Ca2+ from intracellular stores [28]. The rise in postsynaptic Ca2+, 

in addition to activating kinases involved with protein synthesis and gene transcription, also 
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activates a retrograde messenger that triggers release of sensorin from the SN, which then binds 

to presynaptic autoreceptors, ultimately leading to phosphorylation of MAPK and the 

presynaptic signaling cascade outlined above.  

Nuclear plasticity associated with memory – a possible role for retrotransposons?  

Because DNA is tightly condensed as chromatin in the nuclei of cells, altering the 

conformation of DNA molecules is necessary for transcriptional and translational processes to 

occur. Over the past few decades, a wealth of new information has been produced by identifying 

such epigenetic modifications that are correlated with learning and expression of both normal 

and pathological behavioral phenotypes which are described in detail in Chapter I.  

Despite a better understanding of epigenetic changes that occur at or near genes, 

relatively less is known about the dynamism and functional significance of non-coding intergenic 

regions. Certain reports suggest that approximately 45% of the human genome is composed of 

transposable elements [29] or regions of DNA that can “jump” from one locus to another. 

Though several classes of transposons exist, the most well understood type are class I 

retrotransposons (e.g., LINE-1’s) that “cut and paste” themselves using a reverse transcription 

mechanism and an RNA intermediate. Though historically transposons were considered to be 

“selfish genes” - genes that can increase their own ability to be transmitted at the expense of 

others without necessarily conferring a fitness advantage by doing so – recent work has produced 

increasing evidence in support of the notion that transposable elements may also serve important 

functions [30].  

Transposable elements are typically silenced through epigenetic mechanisms such as DNA 

methylation [30], which has at least two important consequences. Firstly, architectural changes 
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in chromatin conformation involve epigenetic modifications like DNA methylation. Therefore, 

transposon activity may alter the 3-dimensional landscape of chromatin and thereby influence 

downstream transcriptional and translational processes. Secondly, transposon activity is likely 

highly correlated with conditions in which the epigenetic landscape is de-repressed or permissive 

to transcription (i.e. euchromatic) as would be the case during learning. As mentioned 

previously, an extensive literature now exists that shows new learning is accompanied by 

epigenetic changes that work upstream of the gene transcription and protein synthesis 

phenomena that have long been associated with memory consolidation. As such, a compelling 

possibility is that learning also induces transposon activity which, through their effect on the 

epigenomic landscape, alter the cell’s transcription profile and physiological responses to 

subsequent stimuli.  

In a recent study, Bachiller et al. provided behavioral evidence in support of this idea, 

showing that de novo insertions of transposable LINE-1 elements occur in the mammalian 

hippocampus following a learning experience, and that blocking transposition impaired long-

term memory [31]. A separate study also showed that cortical LINE-1 activity was necessary for 

reconsolidation of fear memory [32]. Furthermore, somatic mosaicism accumulates with normal 

aging [33] and aberrant genomic rearrangements may contribute to neurodegenerative disorders 

like Alzheimer’s [34] and other cognitive disorders [35].  Prior work from our lab also showed 

that cultured Aplysia SNs exposed to RNA from sensitization-trained Aplysia donors undergo an 

epigenetic event that results in enhanced SN excitability [36]. Similarly, Arc protein forms 

retrovirus-like capsids and can transport RNA between neurons [37]. Together, these studies 

suggest that genomic plasticity involving reverse transcription is involved in learning-related 

neural function. Therefore, by using in vitro STF and LTF of the sensorimotor synapse as a 
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proxy for learning, it is possible to explicitly test whether reverse transcription is involved in 

forms of synaptic plasticity known to be directly related to memory in Aplysia. To that end, I 

took advantage of well-defined STF and LTF protocols using the sensorimotor coculture 

preparation along with the nucleoside analog reverse transcriptase inhibitor (NRTI) lamivudine 

and non-nucleoside analog reverse transcriptase inhibitor (NNRTI) rilpivirine to test whether 

reverse transcriptase plays a role in 1X5HT induced STF and/or 5X5HT induced LTF.  

Methods 

Drug Preparation 

Salts were added to the L-15 solution used in all experiments to reach a final concentration 

of: 400mM NaCl, 11mM CaCl2, 10mM KCl, 27mM MgSO4, 27mM MgCl2, 2mM NaHCO3; pH 

= 7.6). The recording medium (RM) used in all experiments consisted of 50% L-15 and 50% 

artificial seawater (ASW; 460mM NaCl; 11mM CaCl2H2O; 10mM KCl; 55 mM MgCl26H2O; 

10mM HEPES; pH = 7.6). The culture medium consisted of 50% L15 and 50% sterile Aplysia 

hemolymph extracted directly from adult animals (~500-800g). For all experiments, 10mM 5HT 

was prepared daily in ASW and diluted in RM immediately prior to use. The final concentration 

of 5HT used in all STF experiments was 20µM. The final concentration of 5HT used in LTF 

experiments was 200µM for the lamivudine experiment, and 500µM for the rilpivirine experiment. 

Fresh stock solutions of 10mM lamivudine and rilpivirine were also prepared daily as needed and 

diluted with RM prior to use. A final concentration of 10µM was used for both drugs in all 

experiments.  

Cell culture  

Cell culturing procedures followed the same basic protocol as those previously described 

by our lab [38]. Briefly, pleural and abdominal ganglia were dissected from adult animals (80-
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150g), placed in proteolytic enzyme solution and incubated at 34.5° C for 105min. Next, the 

ganglia were washed three times in L15 solution, and left in 4° C fridge to cool for 15min. The 

ganglia were then pinned down to a Sylgard coated dish and the sheath surrounding the neuronal 

tissue was removed. A fine glass micropipette was used to dissociate individual neurons from the 

ganglia, which were then transferred to a culture dish that contained culture medium consisting of 

50% sterile Aplysia hemolymph and 50% Leibowitz-15 (L-15). SNs and MNs were then gently 

moved into proximity of one another to promote synapse formation. After culturing, the samples 

were left undisturbed for 4 days at 18° C to incubate.  

Electrophysiology 

During recording experiments, the cultures were continuously perfused with RM unless 

otherwise noted. Measurements were be made by impaling cultured neurons with a sharp 

intracellular microelectrode (~20mΩ) filled with 1.5M KAc, 0.5 KCl and 0.01M HEPES (pH 7.2). 

An Axoclamp 2B amplifier was used to amplify the voltage signals, which were then digitalized 

by an ITC-18 with Axograph software. All MNs were first current-clamped at a membrane 

potential of -80mV in to deduce the absolute value of the EPSP amplitude. The input resistance of 

both cells was measured by delivering a brief (1s) step of hyperpolarizing current. Depolarizing 

current was then injected into the SN (beginning at 0.2nA and increasing by increments of 0.1nA) 

until one action potential was fired.  Subsequently, excitatory postsynaptic potential (EPSP) 

amplitudes in the MN were measured.  

All measurements in STF experiments were made 4-5 days post-culturing. Experiments consisted 

of five pretest measurements made by delivering suprathreshold depolarizing current to the SN at 

an interstimulus interval of 30s and recording evoked EPSPs in the MN. Subsequently, the 

perfusion pump was turned off and single pulse of either 5HT alone, 5HT+drug, drug alone or RM 
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was puffed into the dish. After 2min had elapsed, three more posttest measurements were made in 

identical fashion as the pretest measurements, for a total of eight recordings (see Figure 2 for 

schematic of procedure). Because STF relies on presynaptic mechanisms [17], if the SN showed 

≥ 30% decrease in input resistance from the first to the last stimulation in these experiments, the 

data from that sample was discarded.  

In LTF experiments, all pretest measurements were made 4 days post-culturing. After pretest 

measurements, cultures were randomly divided into four treatment groups: RM (control), drug 

alone, 5HT and 5HT+drug. Treatment with 5HT/vehicle ± drug occurred upon completion of 

pretest recordings following washout of the recording medium. To ensure that the inhibitors were 

abundantly present in cells at the time of 5HT exposure, drug or vehicle was washed in 30 min 

prior to the onset of subsequent treatment. The drug or vehicle was also left in cultures for 1hr 

post-treatment to account for the temporal properties of consolidation processes [21]. After the 

30min pre-exposure period, each culture received 5 spaced pulses of the appropriate solution, with 

each pulse separated by 15min during which time the treatment solution was washed out. Drug 

groups had the reverse transcriptase inhibitors present in both the treatment and washout solutions 

to maintain consistent exposure. Upon conclusion of treatment, drug solutions were washed out 

and replaced with culture medium and cultures were be left undisturbed overnight. All groups 

subsequently underwent posttest recordings (identical in nature to pretest) 24hr after treatment to 

test for changes in EPSP amplitude (see Figure 11 for schematic of procedure). Although LTF 

depends on both pre-and post-synaptic mechanisms, the presynaptic mechanisms in the SN are 

triggered by retrograde signaling from the MN and are dependent on elevated postsynaptic Ca2+ 

concentrations and protein synthesis [28]. For that reason, I chose to only exclude samples where 

the MN showed a ≥ 30% reduction in input resistance from pretest to posttest. For data analysis, 
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posttest input resistance, spike threshold and EPSP amplitudes were normalized to pretest values. 

All statistical analyses were conducted using JASP statistical software.  

Results 

Lamivudine Weakens 1X5HT induced STF 

A one-way analysis of variance (ANOVA) revealed a main effect of Group (F(3,39) = 10.817, p < 

.001) on the Posttest:Pretest EPSP ratio, which is shown in Figure 2. A post-hoc Tukey HSD test 

showed that the 5HT Posttest:Pretest ratio (2.612 ± .465) was significantly larger than the RM 

control (.785 ± .089) and L alone group (.743 ± .064; p < .001 for both comparisons). Tukey 

HSD also revealed that the Posttest:Pretest EPSP ratio in the 5HT+L group (1.896 ± .197) was 

significantly different from the RM control (p = .025) and L alone group (p = .024). However, 

there was not a significant difference between the 5HT and 5HT+L groups (p = .219) or between 

the RM and L alone group (p = 1.000). 

A separate one-way repeated measures ANOVA revealed a trend toward a main effect of group 

F(3,39) = 2.385, p = .084 and a significant interaction between Average EPSP Amplitude and 

Group (F(3,39) = 14.921, p < .001), which is shown in Figure 3.  

A post-hoc Tukey HSD analysis showed that the mean amplitude of posttest EPSPs 

exposed to 5HT (47.9 ± 7.9) were significantly enhanced when compared to pretest 

measurements from the same samples (23.371 ± 4.72, p < .001). This was also true when 

comparing the posttest EPSP amplitudes in the 5HT+L group (32.854 ± 6.67) to the pretest 

amplitudes in the same group (17.918 ± 2.94, p = .003). None of the average pretest 

measurements were significantly different across groups (p > .993 for all comparisons). 
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Furthermore, the average posttest measurements in the 5HT group did not differ significantly 

from the average posttest measurements in the 5HT+L group (p = .397). 

A final one-way repeated measures ANOVA revealed another main effect of group (F(3, 

39) = 9.307, p < .001) as well as EPSP Number (F(7,273) = 9.998, p < .001) and an interaction 

between EPSP Number and Group (F(21, 273) = 5.990, p <.001), which is shown in Figure 4. 

Tukey HSD analysis showed that EPSP 7 (1.781 ± .337) and 8 (2.252 ± .337) in the 5HT 

condition were significantly different from the first evoked EPSP in the same samples (1 ± 0.00). 

However, none of the posttest EPSPs in the 5HT + L condition were significantly different from 

the first evoked EPSP in their respective samples (p > .994 for all comparisons). In the 5HT 

condition, EPSP 6-8 were significantly larger than EPSP 5 (all comparisons p < .001). EPSPs 6-8 

in the 5HT + L condition were also significantly greater than EPSP 5 in their respective samples 

(all comparisons p < .05). Additionally, the 5HT group had significantly different posttest EPSP 

amplitudes (i.e. EPSPs 6-8) when compared to either the L alone or RM control group (all 

comparisons p < .05) whereas in the 5HT+L group, only the normalized amplitude of EPSP 8 

was significantly different from the L alone group at EPSP 8 (p = .024), but not the RM control 

(p = .131). When directly comparing the 5HT and 5HT+L groups, the normalized amplitude of 

EPSP 6 and 7 did not differ significantly (p > .05). The amplitude of EPSP 8, however, was 

statistically larger in the 5HT group (2.252 ± .337) than the 5HT+L group (1.282 ± 0.160, p = 

.002).  

Rilpivirine Weakens 1X5HT induced STF 

A one-way ANOVA revealed a main effect of Group (F(3,26) = 12.221, p < .001) on the 

Posttest:Pretest EPSP ratio, shown in Figure 6. A post hoc Tukey HSD test revealed that the 
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Posttest:Pretest EPSP ratio in the 5HT group (3.312 ± .554) was significantly greater than the 

RM (0.472 ± .102, p < .001), R alone (.552 ± ..082, p < .001) and 5HT+R groups (1.822 ± .455, 

p = .037). No other comparisons made were statistically significant (all other comparisons p > 

.05). 

Furthermore, a one-way repeated measures ANOVA revealed a main effect of Group 

(F(3,26) = 7.105, p = .001) and a significant interaction between Average EPSP Amplitude and 

Group (F(3,26) = 22.744, p < .001), which is shown in Figure 7. Specifically, the 5HT Average 

Postttest EPSPs (58.578 ± 10.43) were significantly larger than both their own Pretest EPSPs 

(18.973 ± 3.38, p < .001) as well as the Post-treatment EPSPs of the RM control (10.919 ± 4.57, 

p< .001), R alone (6.117 ± 1.26, p< .001) and 5HT+R (26.930 ± 4.99, p = .002) groups. None of 

the average pretest measurements were significantly different across groups (p > .992 for all 

comparisons). Notably, the average posttest EPSP amplitudes in the 5HT+R condition were not 

significantly different from the measurements made in the RM control (p = .31) or the R alone (p 

= .061) conditions.  

A separate one-way repeated measures ANOVA revealed a main effect of group (F(3,26) = 

20.324, p < .001) as well as EPSP Number (F(7,182) = 26.199, p < .001) and an interaction 

between EPSP Number and Group F(21,182) = 13.527, p < .001), which is shown in Figure 8.  

A Tukey HSD post hoc analysis showed that the normalized amplitude of EPSP 6 (1.968 

± .193, p < .001), 7 (1.725 ± .182, p < .001) and 8 (1.598 ± .161, p = .026) in the 5HT group 

were significantly larger than the first evoked EPSP in the same samples (1 ± 0), while this was 

not the case for the 5HT+R group (all comparisons p > .997). In both the 5HT and the 5HT + R 

conditions, EPSPs 6-8 were significantly larger than EPSP 5 in their respective samples (all 
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comparisons p < .008). Furthermore, EPSPs 6-8 in the 5HT group were significantly larger than 

EPSP 6-8 in the RM and R alone groups (all comparisons p < .001) and EPSPs 6-8 in the 5HT+R 

group were also significantly larger than EPSP 6-8 in the RM and R alone groups (all 

comparisons p <.005). Importantly, EPSPs 6-8 in the 5HT were also significantly larger than 

posttest EPSPs in 5HT+R group (all comparisons p < .001).  

Lamivudine Blocks 5X5HT Induced LTF 

A one-way ANOVA revealed a significant difference among relative EPSP amplitudes 

between Groups (F(3,54) = 5.635, p = .002), shown in Figure 11. A post-hoc Tukey HSD test 

showed that the 5HT group (158 ± 26.45) showed significantly greater facilitation when 

compared to the RM (74.102 ± 10.19, p = .003), L (92.616 ± 13.43, p = .028) and 5HT+L 

(86.041 ± 8.83, p = .005) groups, while no other post-hoc comparisons revealed any further 

differences among groups (all other comparisons p > .854).  

Rilpivirine Blocks 5X5HT Induced LTF 

A one-way ANOVA revealed a significant difference among relative EPSP amplitudes 

between Groups (F(3,35) = 6.585, p = .001), as shown in Figure 13. As was the case with the 

lamivudine experiment, a post hoc Tukey test revealed that only the 5HT group (202.543 ± 

22.29) showed significant facilitation when compared to the RM (92.553 ± 13.81, p = .003), R 

(85.884 ± 11.05, p = .01) and 5HT+R (99.267 ± 27.57, p = .006) groups. All other comparisons 

made were not statistically significant (p > .979).  

Discussion 
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In these experiments, I show that inhibition of reverse transcription by either lamivudine or 

rilpivirine causes blockade of synaptic LTF as well as weakening of STF. Although lamivudine 

and rilpivirine are both reverse transcriptase inhibitors, it is worth going into some detail about 

how they are different in terms of their mechanism of action. Lamivudine is a NRTI which 

provides a nucleoside analog into nascently synthesized DNA, essentially causing a block in 

elongation which results in chain termination. On the other hand, rilpivirine is a NNRTI that 

works by directly binding to the reverse transcriptase enzyme and precluding its enzymatic 

ability. This is an important distinction to make because while NRTIs like lamivudine should 

suppress formation of new DNA due to reverse transcription, it is also possible that it could 

interfere with other DNA synthesis processes that are unrelated to reverse transcription. Indeed, 

the difference in drug mechanism may also contribute to the differences seen in the present STF 

experiments. Regardless, by using rilpivirine to replicate the findings gathered using lamivudine, 

I was able to internally validate those findings and corroborate the notion that reverse 

transcription itself is important.  

Because STM is thought to depend on posttranslational modification of existing proteins and 

is independent of new protein synthesis and gene transcription [17], the finding that reverse 

transcription inhibition affected STF in these experiments was somewhat surprising. However, it 

should be emphasized that prior work investigating the role of gene transcription in STF have 

used drugs such as actinomycin D and α-amanitin [20, 27], which inhibit transcription by 

binding DNA at transcription initiation complexes and preventing RNA elongation by blockage 

of RNA Pol II. Since the mechanism of reverse transcription does not involve RNA Pol II, it is 

conceivable that transcription by means of reverse transcriptase in STF does occur despite the 

dogma that STF is transcription independent.  
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While the activity of reverse transcriptase is thought to occur predominantly in the nucleus, 

recent work has shown that cDNA of Alu elements (a class of transposons) can be generated in 

the cytoplasm of cells, the production of which depends on hijacking the L1 reverse transcriptase 

enzyme [39]. Furthermore, production of cytoplasmic Alu cDNA is associated with activation of 

an intracellular signaling cascade that depends on the transmembrane receptor P2X7 [40]. When 

activated by ATP, P2X7 receptors allow non-selective flux of Ca2+, Na+ and K+ [41]. Prior work 

also showed that P2X7 receptors can directly modulate glutamate release [42]. As such, one 

possible explanation for the STF results reported here is that 5HT, in parallel with activation of 

the biochemical signaling cascades detailed previously [17] activates cytoplasmic reverse 

transcriptase and subsequently the P2X7 receptor, which can alter the membrane voltage have 

effects on cell excitability and transmitter release. Indeed, it has already been shown that reverse 

transcriptase inhibitor drugs interact with P2X7 receptors [40] providing support for the above 

notion. To test this hypothesis, a first step is to determine whether Aplysia express the P2X7 

receptor at all using a simple western blot assay. If P2X7 is in fact expressed, a subsequent test 

of its function would be needed to elucidate whether it also plays a role in synaptic STF – P2X7 

antagonist drugs can be employed to that end [43] to antagonize the receptor during 1X 

treatment.  

If P2X7 is not expressed in Aplysia, there are still other ways that reverse transcriptase could 

contribute to short term cellular excitability changes. Astonishingly, reports have indicated that 

mRNA, as well as other RNA species, can serve as a substrate for reverse transcriptase [44], 

perhaps as a means of amplification. Notably, noncoding RNAs have been gaining much 

attention for their role in memory regulation and associated plasticity mechanisms. For example, 

prior work showed that piRNA [45, 46] and microRNA [47, 48] among other non-coding RNA 
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species [49] have functional roles that are involved with memory. As such, another possibility is 

that reverse transcriptase has a regulatory role on cytoplasmic mRNAs and/or acts directly on 

noncoding RNA regulatory pathways that underly learning induced plasticity. In support of this 

notion, while showing that excessive Alu cDNA generated in retinal cells contributes to macular 

degeneration and through its activation of the inflammasome is associated with a detriment to 

cell health, Fukuda and colleagues also suggest that in lower abundance these processes can be 

non-pathogenic, and that Alu cDNA in these cases may serve a “priming” function to alter 

cellular responses to subsequent stimuli [38]. Because our understanding of the regulatory role of 

noncoding RNA species is still in its beginning stages, and that prior work pertaining to 

regulatory noncoding RNAs has focused primarily on their involvement with LTM processes 

[45-49], a critical step moving forward is to consider possible functions of noncoding RNA 

species on STM processes, and the degree to which they are involved in transitioning STM to 

LTM.   

Notably, prior work has demonstrated that LTF can be induced in the absence of STF [50], 

suggesting that the two forms of facilitation can be induced separately and/or in parallel. As 

mentioned earlier, location and form of kinase activated during STF depends on metaplasticity 

(depressed vs. non-depressed) and length of 5HT exposure at the synapse [19]. The time course 

of 5HT exposure in the present STF experiments falls essentially between the two timepoints 

mentioned in [19], and the state of the synapses at the time of 5HT exposure in these experiments 

was depressed, suggesting involvement of both pre- and post-synaptic mechanisms. To 

complicate matters even further, previous research suggests that biochemical pathways may also 

interact in the SN and that PKC can modulate activity of PKA by attenuating cAMP synthesis 

[38]. Interestingly, however, a third form of facilitation, called intermediate-term facilitation 
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(ITF), has been hypothesized to link STF and LTF and support a “cascade” effect [51] that 

allows memory to progress from short to long-term forms. As mentioned previously, Cai et al. 

have previously shown that a retrograde signal that depends on postsynaptic Ca2+ is necessary for 

induction of LTF in the Aplysia sensorimotor coculture preparation [28]. As such, an intriguing 

possibility is that reverse transcriptase inhibition in the current experiments interfered with an 

aspect of trans-synaptic communication that is required for the transition from STF to LTF. 

In 2018, Pastuzyn and colleagues showed that the protein products of the IEG Arc, which are 

essential for synapse maturation and plasticity [52], also form retroviral-like capsids containing 

RNA cargo [37]. While the exact function of these capsids and precisely what RNA they contain 

is still unclear, other work investigating the role of Arc protein at the neuromuscular junction in 

Drosophila has shown that capsid-like vesicles and exosomes can serve as a form of intercellular 

transmission [53]. Furthermore, in addition to its role as an ionic pore, P2X7 receptor activation 

by ATP can also induce a second conformational change that reveals a macropore capable of 

passing large molecules [41]. It is possible then that moderate length exposure to 5HT during 

STF (as in the present experiments) and the transition from STF to LTF activates a mechanism 

involving an intercellular signal that requires reverse transcriptase. If true, this mechanism would 

require the capsid to be detected and its cargo permitted access to the inside of the receiving cell; 

inducing P2X7 activity is one possible means by which this could occur. Alternatively, clathrin 

mediated endocytosis, which critically depends on the enzyme dynamin, is another mechanism 

that would fit said criteria. As such, a first step towards addressing this issue is to investigate 

whether inhibition of dynamin-dependent clathrin-mediated endocytosis (e.g. via dynasore) has 

any effect on synaptic facilitation. Furthermore, given that STF is dependent on the state of the 

synapse and length of 5HT exposure [19], it will be important for future work to systematically 
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probe the role of reverse transcriptase under these different circumstances to gain a clearer 

picture as to what role reverse transcription might play in each case.  

The finding that reverse transcriptase inhibition blocked LTF has several possible 

implications. Firstly, it is consistent with prior work showing that LINE-1 activity participates in 

memory processes [31, 32] and lends support to the theory that genomic editing occurs during 

memory formation. However, the current results do not explicitly address whether transposon 

insertion occurs, or if the products of reverse transcription go on to play a role in other signaling 

cascades like the ones mentioned previously [22, 23, 28]. As mentioned above, reverse 

transcriptase might interact with neuronal P2X7 receptors through generation of cytoplasmic Alu 

cDNA. Interestingly, activation of P2X7 receptors has also been shown to induce CREB binding 

[54] suggesting that transcriptional changes may be induced by reverse transcriptase that act in 

parallel to the transcriptional processes that rely on RNA Pol II. Furthermore, prior studies 

showed that BC1, a non-coding RNA that is a critical regulator of experience dependent 

plasticity and learning [49], is also able to prime its own reverse transcription [55] and thus may 

be a learning-related substrate for reverse transcriptase. 

Furthermore, P2X7 receptors have regulatory properties in the processing of amyloid 

precursor protein (APP) [56], which is known to be critical for normal synapse formation and 

function [57, 58]. Intriguingly, differences in neuronal copy number variation and somatic 

mosaicism of the APP gene have been seen in normal neurons and post-mortem tissue of 

Alzheimer’s patients [59]. These data suggest that reverse transcriptase operates upstream of 

processes that regulate APP activity and might also alter further expression of APP in response 

to experience by means of transpositional events; dysregulation of these processes could then 

contribute to cognitive disease. To test whether the function of reverse transcriptase in LTF is 
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directly related to insertion of transposons, future work should also focus on inhibition of the 

integrase enzyme that is responsible for incorporating new DNA into the existing genome. 

Whole genome and transcriptome sequencing before and after learning might also shed light on 

whether the abundance of transposons is affected by experience.  

The model proposed here implicates a role for reverse transcription in both the cytoplasm and 

nucleus of cells and involvement in short- and long-term forms of memory. However, a major 

gap in the proposed model is what the molecular switch is that activates reverse transcriptase. 

Additionally, if it is the case that transposons are inserted during LTM, it is still unclear where 

and in what abundance these insertions would occur. Regardless, the fact that transposons are 

normally repressed by DNA methylation under basal conditions [30] would suggest that the 

higher order structure of chromatin would be affected irrespective of the insertion locus. The 

impact of transposon insertion on higher order chromatin structure and possible implications on 

LTM will be the primary focus of Chapter III, but the results presented here corroborate recent 

findings showing that LINE activity is correlated with long term memory in the hippocampus 

[31] and cortex [32] of rodents and provides the first (to our knowledge) empirical evidence that 

reverse transcriptase is directly involved in biological plasticity phenomena required for learning 

in Aplysia.  
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FIGURES 

 

 

 

 

 

 

Figure 1: Example coculture and electrophysiology traces. (A) Example of Aplysia 

sensorimotor coculture between MN (left) and SN (right) in vitro. (B) Representative trace of an 

action potential. (C) Representative trace of an EPSP.  

 

 

 

Figure 2: Schematic for short-term facilitation experiments. Five pretest measurements were 

made with an interstimulus interval of 30s. After the fifth measurement, experimental solutions 

were puffed into the bath. After 2min, three more posttest measurements were made in identical 

fashion to the pretest measurements.  

Pretest (5 stims) Posttest (3 stims) 1X Treatment 

A B 

C 
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Figure 3: Lamivudine does not cause a difference in Posttest:Pretest EPSP ratio in 1X5HT 

induced STF. Both groups receiving 5HT had larger Posttest:Pretest ratios than either of the 

control groups, but there was not a significant difference in ratios between the 5HT and 5HT+L 

groups indicated by the asterisk (p < .05). Error bars represent SEM.  
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Figure 4: Lamivudine does not change the average posttest EPSP amplitude during 1X5HT 

STF. Both 5HT groups showed a significant increase in the average EPSP amplitude when 

comparing posttest measurements to pretest which is indicated by the asterisks (p < .05). The 

5HT group average EPSP amplitude was not significantly different from that of the 5HT+L 

group. Error bars represent SEM. 
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Figure 5: Lamivudine weakens 1X5HT induced STF. EPSPs 6-8 in the 5HT and the 5HT + L 

group were significantly facilitated compared to the last pretest measurement made (i.e. EPSP 5) 

which is indicated by the asterisks (p < .05). (#) indicates a difference from the respective EPSP 

measured in the RM control group (p < .05). Additionally, the final normalized EPSP amplitude 

in the 5HT group was significantly different than the final normalized EPSP amplitude of the 

5HT+L group, which is indicated by @ (p < .05). The red bar indicates presence of experimental 

compounds. Error bars represent SEM.  
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Figure 6: Representative traces from the lamivudine STF experiment. The representative 

traces here show the evoked EPSPs in each group at the first, fifth and final (eighth) stimulation 

of the experiment. Synaptic depression occurred in all groups from stimulations 1-5, and the 

amount of facilitation witnessed at EPSP 8 is larger in the 5HT group than the 5HT+L group. 

Arrow indicates time of drug onset. 
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Figure 7: Rilpivirine reduces the Posttest:Pretest EPSP ratio. The 5HT group had 

significantly larger Posttest:Pretest EPSP ratios (indicated by the asterisk; p < .05) compared to 

all groups (p). Error bars represent SEM. 
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Figure 8: Rilpivirine reduces average posttest EPSP amplitude. Only the 5HT group had 

significantly larger posttest averages compared to their respective pretest values (indicated by the 

asterisk; p < .05). Furthermore, the average posttest EPSP values in the 5HT group were 

significantly greater than all other groups posttest EPSP averages (indicated by #; p < .05). Error 

bars represent SEM. 
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Figure 9: Rilpivirine weakens 1X5HT induced STF. EPSPs 6-8 in the 5HT and 5HT + R 

groups were all significantly larger than the last evoked pretest EPSP in their respective samples 

(indicated by the asterisk; p < .05) while this was not true of any other group. Furthermore, 

EPSPs 6-8 in the 5HT group and the 5HT+R group were significantly larger than EPSPs 6-8 in 

the RM and R alone groups (indicated by #; p < .05). Finally, EPSPs 6-8 in the 5HT group were 

all significantly larger  5HT+R group (indicated by @; p < .05). The red bar indicates presence 

of experimental compounds. Error bars represent SEM. 
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Figure 10: Representative traces from the rilpivirine STF experiment. The representative 

traces here show the evoked EPSPs in each group at the first, fifth and final (eighth) stimulation 

of the experiment. Synaptic depression occurred in all groups from stimulations 1-5. 

Furthermore, the amount facilitation seen in all posttest EPSPs of the 5HT group was 

significantly greater than that of any other group. Arrow indicates time of drug onset.  
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Figure 11: Schematic of LTF protocol. All pretest measurements were made 4 days post-

culturing. A pre-exposure period of 30min preceded the onset of 5X treatment, which was 

followed by a 1hr post-exposure period to ensure maximal exposure of the cultures to the 

experimental compounds. Posttest measurements were made 24hr after treatment.  
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Figure 12: Lamivudine blocks 5X5HT induced LTF. Only the 5HT alone group exhibited 

significant LTF from baseline (indicated by the asterisk; p < .05). Error bars represent SEM.  
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Figure 13: Representative traces from the lamivudine LTF experiment. The traces shown 

here are pre- and post-test representatives from each group. Only the 5HT alone group exhibited 

significant LTF.   
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Figure 14: Rilpivirine blocks 5X5HT induced LTF. Only the 5HT alone group exhibited 

significant LTF (indicated by the asterisk; p < .05). Error bars represent SEM. 
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Figure 15: Representative traces from the rilpivirine LTF experiment. The traces shown 

here are pre- and post-test representatives from each group. Only the 5HT alone group exhibited 

significant LTF.   
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Chapter III – Conclusion 

In Chapter I, I discussed in detail evidence for and against the synaptic theory of 

memory. I also discussed the role of epigenetic processes like DNA methylation as they pertain 

to memory. In Chapter II, I presented novel data demonstrating that reverse transcriptase is 

required for the synaptic plasticity that underlies sensitization memory in Aplysia. In this final 

chapter, I will attempt to bridge the gap between learning induced nuclear events and synaptic 

plasticity to reconcile some of the issues presented with the synaptic theory in Chapter I.  

Genomic changes associated with memory 

As discussed in Chapter I, there is a growing appreciation for the role of epigenetic 

mechanisms in memory consolidation. While these epigenetic processes serve to alter 

accessibility to coding regions of the genome, other work has demonstrated that experience 

drives changes to the genome itself as well. For example, work by Suberbielle and colleagues [1] 

showed that exploration of a novel environment produced increased double-stranded breaks 

(DSBs) in neurons of mice in multiple brain regions, particularly the dentate gyrus of the 

hippocampus.  Moreover, visual stimulation of one eye of a mouse using black-and-white grating 

patterns caused an increase in DSBs in neurons of the contralateral primary visual cortex.  In the 

same study, optogenetic stimulation of neurons in the striatum also produced enhanced DSBs in 

the stimulated cells.    

 In related work, Madabhushi et al. [2] found that increasing the activity of hippocampal 

neurons in primary cell culture by pharmacological treatment or that of hippocampal neurons in 

brain slices by electrophysiological manipulation caused an increase in DSBs in these cells.  

Furthermore, subjecting mice to contextual fear conditioning produced increased DSBs in 

hippocampal neurons as well.  Interestingly, the DSBs occurred at specific genomic locations.  In 
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particular, the results of chromatin immunoprecipitation (ChIP) assays with sequencing (ChIP-

seq) showed that of the 21 sites enriched for γH2AX, a marker of DNA DSBs, six were within 

the gene bodies of intermediate early genes (IEGs).  Madabhushi and coworkers found that 

activity-dependent DSBs in neurons were apparently initiated by the DNA-cleaving enzyme 

Topoisomerase IIβ (Topo IIβ).  Topo IIβ binds to the promoter region of IEGs and then cleaves 

them in response to neuronal activity.  Fascinatingly, the Topo IIβ-mediated DSBs were found to 

stimulate the expression of IEGs in neurons. 

 Recently, a protein that plays a critical role in DNA repair, Gadd45γ, has been shown to 

mediate learning-related regulation of the expression of IEGs in cortical neurons.  Li et al. [3] 

reported that cued fear conditioning causes increased expression of Gadd45γ in the prelimbic 

prefrontal cortex (PLPFC) of mice.  Moreover, this increase in Gadd45γ expression was required 

for fear conditioning, because short hairpin RNA (shRNA)-mediated knockdown of the 

expression of Gadd45γ in PLPFC disrupted fear memory.  This repair protein is known to be 

recruited to genomic loci in response to DSBs.  Similar to the finding of Madabhushi et al. [2], 

Li and coworkers found that Topo IIβ was recruited to the promoter region of IEGs; the presence 

of this enzyme corresponded to the first peak of IEG expression at 1 hour after conditioning. 

Using ChIP assays, these investigators also discovered that Gadd45γ was recruited to the 

promoter region of IEGs 5 hours after conditioning, which corresponds to the second wave of 

IEG expression.  Finally, inhibition of the repair of DSBs in PLPFC by the drug etoposide 

(which traps Topo IIβ at DSB sites and prevents their repair) impaired the consolidation of fear 

memory, as indicated by the reduction in freezing when the mice were tested 24 hours after 

training.  Taken together, these results indicate that DNA DSBs and, subsequently, DSB repair, 

are required for the consolidation of fear memory. 
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 Additional support for a role for the induction and repair of DSBs in memory comes from 

a series of studies by Peña de Ortiz and coworkers who tested the effect of pharmacological 

inhibitors of DNA ligases and polymerases on learning and memory.  One such inhibitor, ara-

CTP, was found to block the LTM for conditioned taste aversion (CTA) when infused into the 

lateral ventricles of rats prior to training [4].  Inhibitors of DNA ligases and polymerases were 

also shown to disrupt the consolidation of contextual fear memory when administered to mice 

before conditioning [5].  In a related study, Peña de Ortiz and colleagues examined the role of 

Fen-1, a flap structure-specific endonuclease, in CTA.  They observed that CTA caused an 

increase in the expression of Fen-1 in the amygdala.  They also found that amygdalar 

knockdown of Fen-1 expression by infusing antisense oligonucleotides into this structure, 

impaired the consolidation of the memory for CTA [6]. 

Transposons 

 Thus far, I have focused on how neural activity can affect nuclear changes that in some 

way or another impact protein coding regions of the genome. Yet a significant portion of the 

genome consists of intergenic regions that were historically thought of as “junk” DNA without 

function. However, more recent research has shown that these intergenic regions serve important 

purposes, for example, as enhancers of transcription [7]. Furthermore, certain reports suggest that 

approximately 45% of the human genome is composed of transposable elements [8], or regions 

of DNA that have the ability to “jump” from one locus to another. Transposons were initially 

discovered in 1948 by Barbara McClintock, who proposed that mobile genetic elements could 

dynamically alter the genome and potentially have the ability to impart phenotypic variability 

within a species [9]. However, most considered transposons to be “selfish genes” - genes that can 

increase their own ability to be transmitted at the expense of others without necessarily 
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conferring a fitness advantage by doing so. It is now appreciated that transposable elements are 

instrumental in creating the genomic diversity that is abundant throughout all of nature, and the 

possibility that they also contribute to the heterogeneity of neural cell types that support distinct 

brain circuits has recently attracted much attention.  

Much like epigenetic phenomena, transposition events were also thought to occur 

exclusively in the germline, but it is now appreciated that genomic rearrangement occurs in post-

mitotic tissue. In the last few decades, increasing evidence has emerged in support of the notion 

that transposable elements may serve important functions. Gage and coworkers examined the 

effect of maternal deprivation in mice on L1 retrotransposition in the hippocampus [10].  They 

found that L1 retrotransposition rates in the hippocampi of mouse pups varied with maternal 

care: mice reared with low maternal care had significantly more copies of L1 in the hippocampus 

rates than did mice reared with high maternal care.  Furthermore, low maternal care was 

associated with less methylation of the L1 gene promoter region.  Low maternal care was also 

associated with an increase in anxiety-like behavior in adult mice, although Gage and colleagues 

did not show that this behavioral effect was the result of the alterations in L1 expression. 

 Given that early experience can alter levels of retrotransposition in the developing brain, 

it is natural to wonder whether expression of retrotransposons in the adult brain are modulated by 

learning and memory.  Support for this idea comes from a study by Bachiller et al.  [11], who 

examined the effect of passive avoidance (PA) training on L1 expression in the hippocampus of 

adult mice.  Mice were trained in a chamber with two sides, one lighted and one dark.  The 

animals were initially placed into the lighted side and then permitted to enter the dark side, after 

which they received a foot shock.  Learning in this task is reflected by a subsequent increase in 

the mouse’s latency to move from the lighted side to the dark side.  To test whether this learning 



78 
 

induces retrotransposition in the hippocampus, the experimenters infused an inhibitor reverse 

transcriptase, lamivudine, into the hippocampus of mice at various times after training, ranging 

from immediately after training to 24 hours afterwards.  When mice were treated with 

lamivudine immediately after training, their memory at 1 hour posttraining was unaffected, but 

LTM was severely impaired, as indicated by a test at 72 hour.  Furthermore, LTM was also 

impaired with the treatment with the reverse transcriptase inhibitor occurred up to 6 hours after 

training, but not later.  In other experiments, Bachiller and coworkers examined changes in L1 

activity in the hippocampus after exploration of a novel environment by quantifying expression 

of genes within the L1 sequence that encode ORF1 and ORF2 proteins. Novel exploration 

increased the level of ORF1 mRNA in the hippocampus, but not that of ORF2.  These findings 

represent perhaps the first demonstration of a requirement for retrotransposition during learning 

in adult animals.   

 Another recent study demonstrated a role for L1 activity during reconsolidation of fear 

memories [12]. Specifically, ORF2 mRNA was induced in the hippocampus of mice when they 

were given a short recall period of recent (2hr old) fear memory, an effect that was associated 

with behavioral fear (i.e. freezing) at that time point as well as 24hr later. Intriguingly, treatment 

with lamivudine during the recall period abolished freezing upon subsequent test, as well as 

reduced spontaneous recovery of fear two weeks later. Furthermore, the same group reported 

differential expression of orf2 as well as all three isoforms of DNA methyltransferase (Dnmt1, 

Dnmt3a and Dnmt3b) upon recall of remote (2 weeks old) fear memory. As with recent fear 

memory, lamivudine during recall for remote fear abolished both freezing at 24hr posttest as well 

as reversed the expression profiles of Dnmt mRNAs [12].  
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 The results of these experiments, in addition to the novel work presented in Chapter II, 

provide a compelling argument for transposon activity during learning.  

Implications for experience driven genomic mosaicism 

Retrotransposition, by definition, necessitates recombination mechanisms that allow 

newly synthesized DNA to be joined with extant DNA. Detection of recombinant enzymes in the 

central nervous system provide basic evidence to support that recombination events occur in the 

brain [6, 13]. Indeed, prior work has also shown that L1 content is more highly expressed in the 

CNS compared to other tissues [14], and that L1 mosaicism is also highly prevalent in the 

hippocampus [14, 15]. Both points, especially given the role of the hippocampus in memory, 

point to L1 activity being critically involved in memory.  

Work by Baillie et al. shows that, unlike in the germline [16], L1 insertion events in 

mature brain tissue disproportionately affects protein coding genomic regions [17] which could 

have multitudinous effects on the transcriptome, for example, by causing premature termination 

of mRNA transcripts or exon shuffling [18]. In addition to the effects on coding regions, 

transposons inserted in non-coding regions can also impart physiological consequences through 

their effect on chromatin architecture [18]. In fact, experience-driven architectural changes and 

chromatin remodeling has recently begun to be appreciated as a crucial regulator of gene 

expression and neural plasticity. Previous work indicates that even at basal state, DNA is 

compartmentalized within the nucleus and is organized into transcriptionally active domains 

(termed TADs) and silent regions which rely on the overarching structure of the molecule as well 

as interactions between nuclear laminar proteins [19]. It is also now widely appreciated that 

many protein-coding genes have enhancer regions, which in many cases are very distant from the 

coding locus. As such, so called enhancer-promoter loops are created by chromatin remodeling 
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complexes that bring the enhancer and coding regions into proximity [20, 21]. Similarly, distinct 

subnuclear domains called “transcription factories” that are enriched with RNA polymerase II 

have been reported in human cell nuclei [22]. In addition, LTP induced in CA1 hippocampal 

cells is correlated with a shift in centromeric satellite DNA and heterochromatin density [23] and 

nucleolus assembly [24] indicating that these architectural phenomena are linked to cognitive 

function. Therefore, because transposon sequences are typically suppressed by DNA methylation 

[18], activity induced retrotransposition could have dynamic and potentially long lasting effects 

on the 3-dimensional landscape of chromatin and allow the genomes of individual cells to be 

uniquely altered in sequence and structure by experience, which may contribute to the enormous 

variability in observable behavioral phenotypes as well as the ability to store memories for 

extended periods of time despite molecular turnover and synaptic dynamism.  To that end, prior 

research has shown that loss of 3D chromatin architecture is associated with transcriptional and 

behavioral deficits [25].  

Somatic mosaicism in cognitive disease and aging 

Aberrant genomic rearrangement and L1 activity has become a subject of focus in a 

number of different neuropsychiatric diseases including schizophrenia and Alzheimer’s disease 

[26]. In schizophrenia, for example, Bundo et al. reported higher ORF2 expression in cortical 

postmortem tissue of schizophrenic patients compared to healthy controls, as well as in the PFC 

of mice whose mothers were treated prenatally with drugs that disturb early neural development 

[27]. Furthermore, sequencing data from the same study revealed that marked L1 insertions were 

prevalent near genes that were related to schizophrenia as well as synaptic function.  
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The APP gene and its associated protein are critically involved in the onset and 

progression of Alzheimer’s disease. Interestingly, recent work has shown an increase in copy 

number variation and overall gene content of the APP gene in individuals with the disease vs. 

healthy subjects [28]. Furthermore, other work showed that the differentially expressed 

sequences were strikingly similar in sequence and structure to complimentary DNA (cDNA) 

which is formed by reverse transcription. Indeed, the same study showed that the upregulation of 

APP sequences depends critically on the gene itself, DNA breakage and the RT enzyme [29]. 

These data suggest that there is a possible linkage between retrotransposition and accumulating 

mosaicism in genes that are involved in the progression of neurocognitive disease.  

A substantial number of patients with HIV also express some form of cognitive 

dysfunction, the collective symptoms of which are termed HIV-associated neurocognitive 

disorders (HAND) [30]. Prior work has shown that individuals with HAND have an increase in 

deposition of intracellular amyloid plaques, suggesting a possible connection between HAND 

and Alzheimer’s [31]. Intriguingly, increases in intracellular amyloid deposits are most 

prominent in memory-forming brain regions such as the hippocampus and frontal lobe [32]. 

Although it is somewhat difficult to disentangle whether these effects are due to disease itself or 

its treatment by anti-retroviral therapy (ART) with drugs like lamivudine and rilpivirine, a recent 

study by Giunta et al. showed that drugs used in ART can cause an increase in amyloid plaque 

deposits by interfering with microglial phagocytosis [33]. These data call for a reassessment of 

how ART is implemented in patients with HIV and suggests that treatment paradigms should 

weigh the benefits of minimizing viral load while also mitigating cognitive decline caused by the 

drugs used.  
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Beyond pathological cognitive dysfunction, cognitive decline is a normal side effect of 

aging. Indeed, prior work suggests that somatic mosaicism also accumulates with age in the 

absence of disease and differs by subject and by brain region within individual subjects [34]. 

Together, these data point toward a notion that there is a balance between “normal” mosaicism 

that is associated with functional neural heterogeneity and that which produces cognitive deficits.  

Concluding Remarks 

The data presented in Chapter II as well as the corroborative supporting data presented in 

this chapter strongly implicate a role of reverse transcription and retrotransposition in learning 

and memory. In STM, these processes may act in parallel with other signaling cascades in the 

cytoplasm that regulate short-term plasticity. In LTM, these processes have the power to sculpt 

the genomes of individual neurons which would provide i) an explanation for the enormous 

heterogeneity of cell types observed in the brain and ii) a possible mechanism by which long 

term memory is stored in genetic material. It may also be fruitful to consider an evolutionary 

approach when addressing this possibility. There is increasingly persuasive evidence that non-

neural organisms possess the capacity for LTM [35-39].  Some neurobiologists may be inclined 

to dismiss reports of learning in such organisms as slime molds and protozoans.  Others may 

accept that non-neural organisms can learn and retain information for significant periods of time 

but believe that the mechanisms underlying learning and memory in non-neural organisms are 

fundamentally different from that in neural organisms.  However, it seems unlikely that 

successful mnemonic mechanisms that had been in place for possibly billions of years would 

have been jettisoned by the possessors of the first nervous systems, the metazoans, which 

appeared ~520 million years ago [40].  It seems more likely that the ancient memory apparatus 

would have been integrated into the more modern mechanisms for storing information provided 
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by neurons.  Unfortunately, little is known at present about the molecular mechanisms that 

mediate memory storage in non-neural organisms.  However, epigenetic and genomic alterations 

would appear to be prime candidates for mediating memory in these organisms. 

Importantly, given that the genomic plasticity mechanisms described here are thought to 

be activated by experience, they are not mutually exclusive with mechanisms of synaptic 

plasticity. Instead, I propose that a new memory is stored by synaptic change while it is 

evaluated for its significance to an organism; if its significance surpasses some threshold value, 

the memory is then transferred to the nuclei of neurons for permanent storage.  (One possible 

molecular gauge of the importance of an item of learned information is methylation of genes, 

such as calcineurin [41], that act to chronically repress memory [42].)  Once the information is 

stored in the nucleus, the synaptic change is no longer required for the persistence of the 

memory.  This would explain why a learning-induced synaptic change can be eliminated without 

eliminating LTM [43], as well as why the consolidation of LTM can occur in the absence of 

synaptic change [44].  In addition to serving as a temporary memory buffer, synapses are 

required to express LTM.  Indeed, the probable explanation for why such manipulations as 

posttraining inhibition of protein synthesis [45], memory reconsolidation blockade [46], and 

inhibition of PKM [47] impair LTM is their disruptive effect on learning-induced synaptic 

change [43, 44, 48].  

Furthermore, this idea takes into account that animals that possess nervous systems are 

continually bombarded with potential LTM-inducing stimuli, at least during wakefulness. If, as 

is proposed here, DNA DSBs and retrotransposition—which also involves DNA breakage—are 

primary LTM storage mechanisms, this constant barrage of candidate memories represents a 

potential hazard to neural animals.  Thus, temporarily holding memories in a synaptic buffer 
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while the significance of incoming information is evaluated for permanent nuclear storage may 

serve to reduce the potential pathological damage to the nervous system produced by long-term 

storage of memory. Yet the fact that somatic mosaicism occurs with normal aging suggests that 

experience and normal learning does drive genomic plasticity throughout the course of life which 

allows for the possibility of detrimental mutations to occur over time. However, that individuals 

with neurodegenerative diseases have mosaically different brains than healthy elderly individuals 

suggest that there are regulatory mechanisms in place that restrict damaging genomic 

rearrangement that likely break down or become dysregulated with age and disease.   

Overall, while the ideas presented in this dissertation still require rigorous testing, they 

lend credence to the idea that the physical substrate of memory is non-synaptic and instead is 

related to genetic material which represents a departure from the widely held view that memory 

is stored as persistent changes at synapses. If true, the nuclear mechanisms talked about here also 

represent novel avenues for therapeutic intervention of cognitive decline due to normal aging, as 

well as that which is associated with disease.  
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