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Long-term potentiation (LTP) of synaptic transmission is recognized as a cellular

mechanism for learning and memory storage. Although de novo gene transcription

is known to be required in the formation of stable LTP, the molecular mechanisms

underlying synaptic plasticity remain elusive. Noncoding RNAs have emerged as major

regulatory molecules that are abundantly and specifically expressed in the mammalian

brain. By combining RNA-seq analysis with LTP induction in the dentate gyrus of live

rats, we provide the first global transcriptomic analysis of synaptic plasticity in the

adult brain. Expression profiles of mRNAs and long noncoding RNAs (lncRNAs) were

obtained at 30min, 2 and 5 h after high-frequency stimulation of the perforant pathway.

The temporal analysis revealed dynamic expression profiles of lncRNAs with many

positively, and highly, correlated to protein-coding genes with known roles in synaptic

plasticity, suggesting their possible involvement in LTP. In light of observations suggesting

a role for retrotransposons in brain function, we examined the expression of various

classes of repeat elements. Our analysis identifies dynamic regulation of LINE1 and SINE

retrotransposons, and extensive regulation of tRNA. These experiments reveal a hitherto

unknown complexity of gene expression in long-term synaptic plasticity involving the

dynamic regulation of lncRNAs and repeat elements. These findings provide a broader

foundation for elucidating the transcriptional and epigenetic regulation of synaptic

plasticity in both the healthy brain and in neurodegenerative and neuropsychiatric

disorders.

Keywords: long noncoding RNA (lncRNA), LTP (long term potentiation), retrotransposons, repeat elements, rat

brain, time-series data, synaptic plasticity (LTP/LTD)

Introduction

Long-lasting changes in synaptic communication are thought to underlie memory storage and
adaptive functions of the brain related to fear, anxiety and reward (Malenka and Bear, 2004;
Whitlock, 2006; Nabavi et al., 2014; Baudry et al., 2015). Long-term potentiation (LTP), a persistent
increase in synaptic strength induced by electrical stimulation of synapses, is a widely used model
for the cellular and molecular analysis of synaptic plasticity (Bliss and Lomo, 1973). Stable forms of
activity-dependent synaptic plasticity require coordinated gene transcription and protein synthesis
as well as protein degradation (Sutton and Schuman, 2006; Bramham and Wells, 2007). Although
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FIGURE 3 | De novo transcriptome assembly identifies novel differentially-expressed lncRNAs after high frequency stimulation. (A) (Top left) Frequency

of differentially expressed lncRNAs and direction of change post-stimulation with positive values indicating upregulated lncRNAs and negative indicating

downregulated lncRNAs. (bottom) Class of lncRNAs that display differential expression for each time point. (top right) Intersection of differentially expressed lncRNA

between each time point. (B) Conservation of the novel differentially expressed lncRNAs (blue) compared to Ensembl miRNA (red), protein-coding genes (green).

(random 71 genes taken from each group). (C) Temporal expression of novel lncRNAs between the brain hemispheres. Left key (blue/yellow/red) describes the log2FC

value, middle key (white/pink) denotes the expression values (log2 cpm), right key (green/white) represents the significance of the differential expression (FDR, n = 3).

(D) K-means clustering of the temporal profile for the differentially expressed lncRNAs divided into four individual clusters.

However, in contrast to protein coding genes, downregulation

of lncRNA expression was almost completely confined to

the 5 h time point, with the exception of one lncRNA
downregulated at 2 h. Thus, lncRNA downregulation appears

to be delayed compared to protein coding genes. The genomic
locations of all differentially expressed lncRNAs are presented in
Table S4.

LncRNAs Are Positively Correlated to Known
LTP-genes
To infer possible functions of lncRNAs, we correlated
differentially expressed lncRNAs with regulated protein coding
genes. Of 71 differentially expressed lncRNAs, the majority of
each class of lncRNAs (intergenic, antisense and bidirectional
with number and classification shown in Figure 4B) were
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FIGURE 4 | Expression correlation analysis of lncRNAs with Ensembl genes. (A) Correlation matrix between all differentially expressed lncRNAs (y-axis divided

into their respective class) and differentially expressed Ensembl genes (x-axis). Pearson correlation was used to determine degree of correlation. (B) Classification of all

differentially expressed novel lncRNA with a coding potential less than zero (Antisense: overlapping a protein-coding gene on the antisense, Bidirectional: <1 kb from

the TSS of the protein-coding gene on the opposite strand, Intergenic: >1 kb from the nearest protein-coding gene). (C) Frequencies of classes of differentially

expressed lncRNAs that had highly correlated expression with a protein-coding neighbor (p < 0.05). (D) Examples of neighboring lncRNA-mRNA pairs (blue, red

respectively) that had highly correlated expression. Pearson correlation coefficients (R) are indicated.

positively correlated with the majority of the protein coding
genes, whereas a smaller proportion of lncRNAs were negatively
correlated (Figure 4A).

Next the correlation between neighbor lncRNAs and Ensembl
genes were explored. By only looking at differentially expressed
neighboring lncRNA and protein coding pairs (23 in total),

we found 22 correlated DE lncRNA that neighbor DE
Ensembl genes with a P < 0.05 (Figure 4C). Divided into
their classes, 6 intergenic and 12 antisense lncRNA show a
range of positive and negative expression correlation to their
neighboring gene. In contrast, 4 bidirectional lncRNAs, display
high positive correlation with adjacent protein coding genes,
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suggesting that they share common regulatory mechanisms.
Examples of differentially expressed lncRNA positively correlated
to their neighbor Ensembl gene are shown in Figure 4D.
Prostaglandin-endoperoxide synthase 2 (ptgs2), also known as
cyclooxygenase-2 (COX-2), is an IEG (Yamagata et al., 1993)
implicated in the induction phase of LTP and in memory
and learning (Cowley et al., 2008). We identified an activity-
induced lncRNA (XLOC_045589) in close proximity but on
the opposite strand of ptgs2 (Figure 4D and Figure S6D). The
expression of XLOC_045589 was confirmed with qPCR to be
specific to NMDA-dependent LTP (Figure S6E). A conserved
human ortholog was recently shown to positively regulate ptgs2
expression by sequestering repressive protein complexes from
the Ptgs2 promoter and thereby facilitating the expression of
Ptgs2 in human mammary epithelial cells (Krawczyk et al.,
2014). However, it is yet to be determined whether the same
mechanism applies in neuronal cells for this lncRNA-mRNApair.
Two other notable correlation pairs are the antisense lncRNA to
gamma-aminobutyric acid (GABA) A receptor alpha 4 (Gabra4),
a receptor subunit of the major inhibitory neurotransmitter
in CNS and a nearby intergenic lncRNA to Mas-Related G

Protein-Coupled Receptor A (Mas1), (Bartolomei, 2009; Shen
et al., 2010).

Unlike protein-coding genes, where function can be inferred
by identification of known regulatory motifs, structural
prediction, or orthology to other genes, there are no established
rules for predicting the function of lncRNAs. Based on the
premise that genes that show correlated expression profiles
may be under a common regulatory architecture and therefore
potentially share a common role, we investigated lncRNAs
situated in trans relative to the differentially expressed protein-
coding genes with focus on lncRNAs correlated to Arc and the
most significantly differentially expressed protein-coding genes,
Arc, Mapk4, Dbc1, Tet3, Pim1, and Pmepa1 (Figure 5). By
applying this method, we found 34 lncRNAs highly correlated
(p < 0.05 and Pearson correlation coefficient > 0.75). The
corresponding lncRNA include XLOC_047519 corresponding to
a lncRNA upstream of Tmem150c (Figure S6A), XLOC_139362
corresponding to the lincRNA Tunar (Figure S6B), and
XLOC_055591 corresponding to a lncRNA overlapping, but
not sharing any exons with, LOC306079, which does not show
any sign of differential expression (Figure S6C). Tunar (TCL1

FIGURE 5 | Novel rat lncRNAs correlated to highly differentially expressed Ensembl genes and Arc mRNA. The Ensembl genes chosen were those with the

lowest FDR value for 2 and 5 h (no lncRNAs were identified at 30min that showed high correlation to any Ensembl genes), and Arc. LncRNA with a neighboring

Ensembl gene (from Figure 4C) were excluded from this analysis. The top 5 correlated lncRNAs with a p < 0.05 were plotted. Pearson correlation values are shown

to the right of each line. Ensembl genes are colored brown and assigned a Pearson correlation value of 1, while the lncRNA are color-coded in each graph.
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Upstream Neural Differentiation-Associated RNA), or in human
TUNA (Figure S5B), was recently shown to be evolutionary
conserved and required for neuronal differentiation (Lin et al.,
2014). Deregulation of TUNA in the striatum has been suggested
to be part of the pathophysiology of Huntington’s disease. The
present findings implicate Tunar in neuronal activity-dependent
synaptic plasticity in the adult brain, however, these observations
need to be tested further. In light of increasing numbers of
lncRNAs with demonstrated roles in regulation, we propose that
the lncRNAs described in this study may represent important
targets for future biological studies in understanding the
molecular mechanisms underlying LTP.

Rapid, Differential Regulation of Diverse Repeat
Elements in Long-term Potentiation in vivo
Recent studies have shown that L1 repeat elements are expressed
and that L1 and Alu elements are mobilized in the human brain.
The resulting genomic mosaicism driven by retrotransposition
is hypothesized to reshape the genetic circuitry of the brain and
underpin normal and abnormal neurobiologial processes. In light
of these observations, we hypothesized that retrotransposition
may play a role in genomic reprogramming during memory
formation in the rat brain. If this were the case, we would expect
to see up-regulated expression of retrotransposable elements
following HFS stimulation. Therefore, we examined uniquely
mapping reads to all repeat-masked regions of the genome
taken from the repeatMasker track downloaded from UCSC.
Differential expression analysis between the left stimulated
and the right unstimulated DG indeed showed that a wide
array of repeat types, collapsed into their respective classes,
displayed differential expression (Figure 6A and Table S5). The
total number of differential expressed repeats (up- and down-
regulated) increased with time (as seen for coding- and lncRNA
genes).

The five major classes of differential expressed repeat element
were class I transposons (retrotransposons) including long
terminal repeat elements (LTRs) and long interspersed nuclear
elements (LINEs), class II transposons (DNA), simple repeats,
and tRNA (Figure 6A). As was the case for protein coding
genes and lncRNA, most repeat types show increased expression
after HFS-LTP. The most differentially expressed repeat types
belong to either LTR or DNA repeats (Figure 6B). Moreover,
many repeat types are highly correlated to the expression of
LTP genes (Figure 6C, Figure S7D). MER21B, a LTR belonging
to the ERV1 family, is upregulated early after stimulation and
remains upregulated during all subsequent time points. The
most upregulated individual repeat element was the MER113
DNA transposon, which was upregulated 16-fold 5 h after
stimulation. Although simple repeats generally exhibited lower
degrees of change compared to other repeat types, they are
the second largest class of differentially expressed repeats,
second only to LTRs (Figure 6A). Furthermore, the simple
repeat (TCCCG)n displayed the highest degree of change across
all time points with a 64-fold upregulation post-stimulation
(Figure S7A).

A previous study showed that B2, a SINE element, is repressed
in rat hippocampus after 30min acute stress, and that H3K9me3

is responsible for this repression (Hunter et al., 2012). H3K9me3
enrichment was identified as selective for LTR/ERV, whereas
H3K9me3 was depleted at DNA transposons and simple repeats,
and most predominantly the tRNA family. In concordance
with this, we observe highly upregulated expression of 11
tRNAs and of 24 different simple repeats after stimulation.
However, we observe both up- and downregulation of LINEs
and LTRs, while only one SINE type, ID_Rn2 (Figures 6A,B),
was differentially expressed and, in our case, upregulated. The
NMDA-receptor-dependent upregulation, and region specificity,
of three specific ID_Rn2 was confirmed by qPCR, using unique
primers (Figure S7C).

To infer the potential function of the DNA transposon, LINE,
LTR, and SINE elements in LTP, we correlated their profiles
with the major expression profile clusters generated for protein-
coding genes (Figure 6C, Figure S7D).We identifiedmany repeat
types that positively correlated with DE coding genes associated
with synaptic plasticity (Figure S7B). In summary, our analysis
of repeat elements during LTP shows many distinct classes of
elements being differentially expressed. Previous studies have
shown changes in repeat element expression during aging and in
alcoholism and PTSD. We propose that these elements may play
a function in synaptic plasticity, however, these findings need to
be studied further to investigate the potential function of repeat
elements in brain.

Discussion

This study presents the first global transcriptomic analysis
following in vivo rat LTP induction revealing the rapid regulation
of lncRNA, repeat elements, and tRNA. This is the first
evidence linking these major, functionally diverse classes of
RNA to synaptic plasticity in adult brain. Importantly, the
present study confirmed the differential expression of numerous
previously reported IEGs and shows the NMDA-dependent
expression of Arc, validating the approach chosen. As well
as providing the most detailed annotation of the rat brain
transcriptome, the analysis also greatly extends the set of
differentially expressed protein-coding genes (900 Ensembl-
annotated genes), and provides evidence of a late expression
wave of transcription factors associated with LTP. This is
exemplified by Runx1 which is considered a master regulator
of haematopoiesis and is also implicated in the proliferation
and differentiation of neural progenitor cells in the olfactory
epithelium, although no role in post-mitotic neurons in brain has
been described (Theriault, 2005). RARα signaling is implicated
in homeostatic control of synaptic strength through regulation
of local translation in dendrites (Chen et al., 2014). The
present results show late transcriptional upregulation of RARα,
but further studies are needed to address contributions of
RARα protein expression to LTP. Altogether we identified
over 60 highly differentially expressed genes not previously
associated with LTP, such as Pmepa1 and Gsg1l. PMEP1 is
thought to function as a membrane-bound protein interacting
with downstream signaling molecules through WW- and SH3-
binding domains (Giannini et al., 2003). Germ cell-specific
gene 1-like protein (Gsg1l), an auxiliary subunit of the
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FIGURE 6 | Expression profiling of repeat elements reveals differentially expressed repeat types after high frequency stimulation. (A) Frequency of

significantly differentially expressed (FDR <0.05) repeat types aggregated to their respective repeat class between LDG and RDG for naïve rats and for each time

point. (B) Differential expression of different repeat types (excluding simple repeats, tRNA and low complexity repeat types) between each time point with significantly

differentially expressed (FDR<0.05) repeats colored red. (C) Expression correlation of Arc, Dbc1, Pim1, and Pmepa1 with different repeat types as in Figure 5,

excluding simple repeats, tRNA, and low complexity repeat types.

AMPA-receptor, can boost AMPA receptor surface expression
and modify its electrophysiological properties (Haering et al.,
2014). The expression of Gsg1l is upregulated at 5 h, but not

at earlier time points (30min and 2 h) after LTP induction.
Moreover, abnormal Gsg1l expression levels have been linked to
Huntington’s disease (Becanovic et al., 2010).
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Several studies couple lncRNA expression to brain
development (Amaral et al., 2009; Lipovich et al., 2012;
Pauli et al., 2012), aging (Wood et al., 2012), and pluripotency
or neuronal fate specification (Dinger et al., 2008a; Mercer et al.,
2010; Ng et al., 2011; Aprea et al., 2013). In situ hybridization
analysis has shown brain region-specific expression patterns
and subcellular localization of lncRNAs (cis-antisense, linc,
and bidirectional) (Mercer et al., 2008). Specific lncRNAs
have also been implicated in synaptogenesis (Bernard et al.,
2010), local dendritic protein synthesis (Lin et al., 2008), and
short-term hippocampus-dependent memory (Anguera et al.,
2011). However, no systematic analysis has been done to
investigate the importance of lncRNAs in long-term synaptic
plasticity.

The present study demonstrates regulation of lncRNA
expression in relation to synaptic activation and LTP formation
in the medial perforant path input to the dentate gyrus
in vivo. Following LTP induction and stringent filtering, 71
lncRNAs were identified as differentially expressed. Already
30min after LTP, 5 lncRNAs were upregulated and the
number of DE lncRNAs increased with time after stimulation.
After initial (30min) expression of a few lncRNAs from
all classes, antisense transcripts predominate at 2 h post-
HFS, while late (5 h) expression was more restricted to
intergenic transcript. Our analysis revealed 22 lncRNAs to be
highly correlated to their neighboring DE protein-coding gene,
indicating potential lncRNA-mRNA regulatory pairs while 34
lncRNAs were highly correlated to known, highly significant
LTP DE genes in trans, indicating their possible importance
in LTP.

Repeat elements can be seen as marks of earlier transposition
events. Although repeat elements make up one third of
the genome in mammals (de Koning et al., 2011), they
have been long considered as evolutionary debris, lacking
function. Although originally thought to be confined to germ
cells, pluripotent cells, and cancer cells, retrotransposition
has since been demonstrated to occur in somatic cells,
and specifically in neuronal precursors derived from rat
hippocampal stem cells (Muotri et al., 2005). Retrotransposition
in neuronal progenitors is now well documented in both
rodents and humans (Coufal et al., 2009; Baillie et al., 2011;
Richardson et al., 2014). Here we show, for the first time,
that different classes of repeat elements are rapidly, and
temporally, transcribed in the context of long-term synaptic
plasticity.

The mechanism that drives the expression of repeat elements
following stimulation was not explored here. However, it
has been previously demonstrated that LTP and learning
influences epigenetic marks and therefore we speculate that
the activation of retrotransposon transcription might be a
consequence of the activity-dependent modulation of chromatin
remodeling factors (Lipsky, 2013; Telese et al., 2013). Acute
behavioral stress (environmental) can induce epigenetic effects
that impact expression of specific retrotransponsons including
B2 SINEs (Grabherr et al., 2011; Hunter et al., 2012).
Indeed, the repression of numerous noncoding and repetitive
elements has been shown to be mediated by a histone

methyltransferase (SETDB1) regulating H3K9me3 (Karimi et al.,
2011).

Expressed retrotransposons are thought to insert back into
the genome at different locations to either increase or disrupt
transcription of neighboring genes, creating a somatic mosaicism
that influences neuronal type specificity and diversity. Moreover,
depletion of RNAi regulatory proteins in the fly brain results
in enhanced retrotransposition in specific neuronal types in the
mushroom body, a brain region involved in memory formation
(Perrat et al., 2013). This raises the question of whether a
conserved mechanism for increased retrotransposition exists
in the hippocampus and other memory-relevant circuits in
mammals (Erwin et al., 2014). It is intriguing to consider
that expression of repeat elements during LTP is the first
step toward retrotransposition and reshaping of the neuronal
genome. A hypothetical mechanism for how these repeat
elements could be linked to memory, would be that a certain
stimuli, whether it is stress or a learning task (here LTP),
deregulate the repression of repeat elements which are then
rapidly and transiently transcribed. These elements reinsert
themselves back into the genome of stimulated neurons where
they influence the expression of neighboring genes. It has now
been shown that each individual hippocampal neuron contains
an average of 13.7 novel somatic L1 insertions enriched in
hippocampal genes and neuronal stem cell enhancers (Upton
et al., 2015). The present work supports the intriguing hypothesis
that dynamic retrotransposition may act as a molecular means
to reprogram the neuronal genome as part of long-term
synaptic plasticity and memory formation (Mattick and Mehler,
2008).

In summary, the results presented here reveal a vast extension
of mRNAs previously not associated with neuronal plasticity; the
discovery of extensive, dynamic regulation of lncRNAs, repeat
elements, and tRNA following LTP induction in the adult rat
brain. Activity-dependent gene expression is fundamental to
the formation of neural circuits and the remodeling of neuronal
connectivity with experience. Many neurodevelopmental and
psychiatric disorders have been linked to dysregulation of
activity-dependent gene expression and synaptic function.
Our data provides new insights into the molecular
underpinnings of synaptic plasticity and builds a case for
further study of this novel regulatory repertoire in neurological
disease.
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