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De novo transcription of DNA is a fundamental requirement for the formation of long-term
memory. It is required during both consolidation and reconsolidation, the posttraining and
postreactivation phases that change the state of the memory from a fragile into a stable and
long-lasting form. Transcription generates both mRNAs that are translated into proteins,
which are necessary for the growth of new synaptic connections, as well as noncoding
RNA transcripts that have regulatory or effector roles in gene expression. The result is a
cascade of events that ultimately leads to structural changes in the neurons that mediate
long-term memory storage. The de novo transcription, critical for synaptic plasticity and
memory formation, is orchestrated by chromatin and epigenetic modifications. The com-
plexity of transcription regulation, its temporal progression, and the effectors produced all
contribute to the flexibilityand persistence of long-term memory formation. In this article, we
provide an overview of the mechanisms contributing to this transcriptional regulation un-
derlying long-term memory formation.

The ability to form long-term memories and
to store them for periods ranging from days

to weeks to a whole lifetime is one of the brain
functions most critical for adaptation and sur-
vival. Without the ability to store information
about our experiences for the long term, our
lives would be a series of disconnected frag-
ments. Memories shape our character and,
thus, contribute to every aspect of our individ-
uality. The process of long-term memory for-

mation is complex and is accompanied by long-
lasting structural modification in the brain.

Long-term memories do not form immedi-
ately after learning but develop with time. They
are initially fragile, but through a process of sta-
bilization, known as memory consolidation,
they become resistant to disruption (Bailey
et al. 1996; McGaugh 2000; Dudai 2012). The
biological mechanisms underlying consolida-
tion start with a rapid phase of de novo gene

Editors: Eric R. Kandel, Yadin Dudai, and Mark R. Mayford

Additional Perspectives on Learning and Memory available at www.cshperspectives.org

Copyright # 2015 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a021741

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a021741

1

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

mailto:ca60@nyu.edu; erk5@columbia.edu
mailto:ca60@nyu.edu; erk5@columbia.edu
mailto:ca60@nyu.edu; erk5@columbia.edu
mailto:ca60@nyu.edu; erk5@columbia.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://cshperspectives.cshlp.org/


expression, known as cellular or molecular con-
solidation. This begins at the onset of training
and is a fundamental signature of long-term
memory formation found in numerous spe-
cies and in both explicit and implicit types of
memories. Consolidation is manifest not only
in behavior, but also in the cellular and mo-
lecular mechanisms contributing to long-term
synaptic plasticity (Kandel 2001, 2014; Albe-
rini 2009). Although it was long believed that
molecular consolidation is completed rapidly,
within a few hours, it recently emerged that in
vivo it continues for at least 24 h, a temporal
window in which circadian rhythms and sleep
may make an important contribution (Eckel-
Mahan and Storm 2009; Wang et al. 2011; To-
noni and Cirelli 2014).

For example, in the hippocampus, a brain
region critical for the formation of long-term
contextual, spatial, and episodic memories, the
gene expression–dependent phase necessary for
the consolidation of inhibitory avoidance mem-
ory in rats lasts for more than 24 h, and seems to
be completed by 48 h after training (Taubenfeld
et al. 2001b; Alberini 2009; Bekinschtein et al.
2014). In addition, through a subsequent pro-
cess called system consolidation, the initial crit-
ical role of the hippocampus continues for up
to weeks in mice and even up to years in humans,
although, over time, it can become dispensable
(Squire et al. 2004; Wiltgen and Tanaka 2013).
As a result, memory loss can still occur weeks
after training in animals, and even years in hu-
mans, when the hippocampus is either inacti-
vated or ablated. At the end of this phase of
system consolidation, memories become insen-
sitive to disruption by either pharmacological
or molecular manipulations or hippocampal
disruption/inactivation, and are therefore con-
sidered consolidated at the system level. System
consolidation is primarily found in hippocam-
pus-based explicit memories. Implicit memo-
ries, such as emotional Pavlovian associations
that require the amygdala (e.g., cued fear condi-
tioning) undergo molecular consolidation, but
they are not known to undergo system consoli-
dation like the hippocampal-dependent ones.
However, it is important to keep in mind that,
although the distinction between implicit and

explicit memory can be seen and studied in lab-
oratory settings in which conditions can be con-
trolled, different implicit and explicit memory
processes generally interact to form long-term
memories in real life (Phelps 2004).

It was long believed that the molecular/cel-
lular phase of memory consolidation occurs
only once, following training. Recently, how-
ever, we have learned that when memories that
have become resistant to molecular interferenc-
es, hence, consolidated with respect to the mo-
lecular consolidation process are reactivated
by a retrieval event, they can, as a result, become
temporarily sensitive to disruption. During the
first few hours after reactivation, de novo tran-
scription and translation are required as is the
case during consolidation. Only over time do
the memories regain their stability and resil-
ience. Because of the similarities with consoli-
dation, this postreactivation process of stabili-
zation is known as memory reconsolidation
(Sara 2000; Alberini 2011; Nader and Einarsson
2010). The reconsolidation of different types
of memories shows different temporal bound-
aries. Although hippocampal-based memories
undergo a temporal gradient of stabilization for
postretrieval interference and seem to become at
one point resilient (Milekic and Alberini 2002;
Suzuki et al. 2004; Frankland et al. 2006; Graff
et al. 2014), amygdala-based memories can
reconsolidate for a long time after training (De-
biec et al. 2002, 2006). The reasons for this dif-
ference may very well reside in the different pro-
cessing and mechanisms of the distinct memory
systems. It is thought that hippocampal–corti-
cal system consolidation may explain the tem-
poral window during which these memories can
undergo reconsolidation (Alberini 2011).

A fundamental biological mechanism for
both consolidation and reconsolidation is de
novo gene expression, and both processes re-
cruit several overlapping mechanisms, includ-
ing transcription factors and regulators. Thus,
important questions to be understood are:
How can DNA transcription promote memory
stabilization? Are these changes in gene expres-
sion transient or do they last for weeks, months,
or even years paralleling memory storage? This
central issue has attracted the attention of many
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neuroscientists in the last two decades and has
been investigated in in vitro models and a vari-
ety of behavioral paradigms in invertebrates as
well as in mammals. These studies have asked:
What regulatory mechanisms of transcription
are involved in long-term memory formation?
Can these changes in gene expression by them-
selves explain the long persistence of memo-
ries? What are the genes transcribed in response
to the experience and what are their functions?
Are these molecular mechanisms important
therapeutic targets for treating memory dis-
orders?

In this review, we summarize some of the
current answers to these questions. Given the
large number of studies, we will only be able to
describe examples of (1) the major classes of
transcription factors that play a critical role in
both posttraining and postretrieval transcrip-
tional regulation; (2) the target sequences reg-
ulated, including effector genes; and (3) the
noncoding RNAs that have recently been found
to regulate transcription and that can lead to
chromatin, DNA, and RNA modifications that
act in concert with transcription factors to reg-
ulate transcription important for memory con-
solidation.

MEMORY CONSOLIDATION AND
RECONSOLIDATION REQUIRE
TRANSCRIPTION

Transcription, the first step of gene expression,
is the mechanism that copies a sequence of DNA
into RNAs. It is a complex process that requires
the concerted action of protein and RNA com-
plexes that together dictate the expression of
target genes. It is estimated that 5%–10% of
the expressed sequences in the human genome
encode for transcription regulators, which indi-
cates the importance and complexity of regulat-
ing transcription. Transcription regulators in-
clude DNA-binding proteins that dictate the
rate of gene transcription and are commonly
known as transcription factors, cofactors that
interact with transcription factors, chromatin
regulators, the general transcription machinery,
and their regulators. The complexity of tran-
scription regulation implies the versatility, selec-

tivity, and flexibility of the process, which, in
fact, governs all cellular functions.

Studies using inhibitors of mRNA tran-
scription in a variety of species ranging from
invertebrates to mammals have shown that
memory consolidation requires the synthesis
of mRNAs and their translation into proteins,
and that these transcriptional events are a fun-
damental and evolutionarily conserved mecha-
nism of long-term memory formation (Brink
et al. 1966; Agranoff 1967; Squire and Barondes
1970; Thut and Lindell 1974; Wetzel et al. 1976;
Nestler 1993; Pedreira et al. 1996). As described
earlier, memory consolidation recruits tran-
scription and translation at multiple phases
during an initial and limited temporal window.
For example, in the rat hippocampus, a key re-
gion for explicit memory formation, at least
two periods of transcription are needed to es-
tablish a long-term inhibitory avoidance mem-
ory. The first period of transcription occurs at
about the time of training and the second oc-
curs around 3–6 h later (Quevedo et al. 1999;
Igaz et al. 2002). As mentioned earlier, the re-
quirement for this initial transcription in the
hippocampus continues for more than 24 h
but ends by 48 h after training (Taubenfeld
et al. 2001b; Garcia-Osta et al. 2006; Bekinsch-
tein et al. 2007; Chen et al. 2011).

Another phase of transcription is required
during reconsolidation. Although the underly-
ing mechanisms are much less understood, it
has been found that memory reactivation re-
initiates a phase of gene expression, as revealed
by the amnesia caused when either mRNA syn-
thesis or the function of transcription factors
is inhibited after retrieval (Sangha et al. 2003;
Suzuki et al. 2004; Da Silva et al. 2008; Mad-
dox et al. 2010; Cheval et al. 2012; Arguello
et al. 2013). As in consolidation, the necessity
of mRNA transcription in reconsolidation has
been observed in many species ranging from in-
vertebrates like Lymnaea stagnalis to mammals
(Sangha et al. 2003; Suzuki et al. 2004; Merlo
et al. 2005; Arguello et al. 2013; Veyrac et al.
2014), indicating its general and evolutionarily
conserved role in the fragile phases of memory.

The important role of transcription has also
been confirmed in cellular mechanisms con-
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tributing to long-term memory formation.
These cellular mechanisms include long-lasting
changes of the strength of synaptic connections
in long-term facilitation (LTF) in the inverte-
brate Aplysia californica, and long-term poten-
tiation (LTP) and long-term depression (LTD)
in mammalian brain cells (Lynch 2004), thus
strengthening the conclusion that transcription
and gene expression are essential and general
mechanisms necessary for stabilizing functions
supported by long-term plasticity.

CLASSES OF TRANSCRIPTION FACTORS
INVOLVED IN LONG-TERM MEMORY
CONSOLIDATION

Since the initial studies of the 1990s on the
identification of transcription factors required
for long-term plasticity and memory, it has
emerged that one of the gene expression path-
ways required across species, types of memories,
and memory systems for long-term plasticity
and memory consolidation is that activated by
cAMP-dependent mechanisms and mediated
by members of the family known as cAMP-
response element-binding proteins (CREB)
(Dash et al. 1990; Bourtchuladze et al. 1994;
Yin et al. 1994; Bartsch et al. 1995; Silva et al.
1998; Scott et al. 2002; Yin and Tully 2006; Al-
berini 2009; Kandel 2012). In the invertebrates
A. californica and Drosophila melanogaster, the
activation of the cascade cAMP-protein kinase A
(PKA)-CREB is critical for plasticity and mem-
ory formation (Yin et al. 1994; Kandel 2012; but
see Perazzona 2004). Specifically, cAMP-PKA
activation initiates short-term synaptic changes
that subsequently link via nuclear translocation
of PKA, ERK, and perhaps other kinases to the
activation and recruitment of CREB proteins
and gene transcription (Bacskai et al. 1993; Mar-
tin et al. 1997; Ch’ng et al. 2012). Most of these
mechanisms are conserved in the mammalian
brain where the CREB-dependent pathway has
also been shown to be necessary for long-term
memory formation and long-term synaptic
plasticity (Benito and Barco 2010; Barco and
Marie 2011). Moreover, the overexpression of
CREB promotes long-term memory storage
from protocols that otherwise only induce

short-term memory indicating its proactive
role (Josselyn et al. 2001; Barco et al. 2002; Jos-
selyn and Nguyen 2005; Viosca et al. 2009;
Gruart et al. 2012).

Although CREB represents one of the earli-
est identified transcription factors required for
long-term memory formation, transcription
regulation is a complex mechanism that in-
volves the interactions of several transcription
factors that can activate or inhibit transcription,
cofactors, and general transcription proteins as
well as chromatin-modifying proteins. In fact,
CREB, like many other transcription factors, is
expressed in many cell types throughout the
organism, is regulated by several intracellular
pathways, and is involved in several processes
through different protein/chromatin complex-
es. CREB refers to the activator isoform, but the
CREB family of transcription factors includes
several members (such as CREB-2 and activat-
ing transcription factor [ATF-4]) that can act as
inhibitors of transcription. Thus, its specific
contribution to long-term memory formation
is defined by the orchestrated regulation of the
context in which CREB functions.

Hence, CREB, although essential, is one of
several transcriptional events required for mem-
ory consolidation and reconsolidation. We next
turn to examples of other transcription factors
belonging to different families found to criti-
cally mediate memory consolidation and recon-
solidation.

One gene controlled by and downstream
from CREB activation in the context of learning
or long-term plasticity is the CCAAT enhanc-
er–binding protein (C/EBP), an immediate
early gene (IEG) whose disruption or overex-
pression, like that of CREB, blocks or promotes
long-term synaptic plasticity and long-term
memory consolidation, respectively (Alberini
et al. 1994; Lee at al. 2001; Taubenfeld et al.
2001a,b; Arguello et al. 2013). This indicates
an intimate functional link between the two
families of transcription regulators. One im-
portant aspect of this functional link is that
via C/EBP, CREB controls a transcriptional cas-
cade (Goelet et al. 1986; Alberini et al. 1994).

The biological implication of the contribu-
tion of a cascade of gene expression is that it
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governs a complex cellular function through a
controlled and specific amplification of the ini-
tial signal. The result is a stable and long-lasting
functional change that, at the same time, main-
tains flexibility and dynamism. Although the
transcription factors of the cascade confer spe-
cificity through the ensemble of regulated tar-
get genes, chromatin and DNA modifications
maintain the changes, as we will explain below
(Guan et al. 2002; Levenson and Sweatt 2005).
Additional signaling regulation can add, elimi-
nate, or change the controllers of the cascades,
thus turning on and/or off all of their down-
stream events, hence reversing or modifying the
functional state of the cell. In fact, through spe-
cificity and cooperativity, gene-expression cas-
cades lead to precise concerted actions.

Other transcription factors regulated as
IEGs include the c-Fos and the zinc-finger pro-
tein Zif268 (also known as early growth re-
sponse protein [EGR]-1). The transcription of
these transcription factors is induced by activi-
ty following learning and play a necessary role
in long-term memory formation (Guzowski
2002). Zif268 in particular is required in a vari-
ety of brain regions for consolidation and recon-
solidation of different forms of explicit memo-
ries (Veyrac et al. 2014).

Understanding the transcriptional events
underlying long-term plasticity and memory
formation also provides important tools for
asking further molecular questions. For exam-
ple, in addition to experiments of knockout/
knockdown or functional blockade of IEGs,
which leads to the identification of their role
in plasticity and memory, the detection of ac-
tivity-induced expression of c-Fos and Zif268
can be used as a survey of activity patterns elic-
ited by learning, retrieval, or any behavioral re-
sponse of interest. Furthermore, the IEG reg-
ulatory elements (e.g., promoter regions) can
be used to build readouts of activity-dependent
responses. For instance, constructs can be engi-
neered using a c-Fos promoter placed in front
of the tetracycline transactivator (tTA or TET-
off ), which is known to drive the induction of
tTA during high-level neural activity. tTA is a
transcription factor that can be blocked by the
antibiotic doxycycline (Dox), but, when ex-

pressed, it drives the transcription of genes con-
trolled by a tetO promoter. The presence of a
second transgene carrying a tetO-linked report-
er, like the somato-axonal marker tau-lacZ to-
gether with elements of stabilization, has been
used to reveal c-fos promoter–driven active cel-
lular networks. This approach (developed by
Mayford and colleagues) has been used to reveal
the map of neural networks activated by and
responding to experience and processing of rep-
resentations (Reijmers et al. 2007). The induc-
tion of c-fos during learning can also be utilized
to selectively express a receptor that can regulate
activity when desired. With this method, artifi-
cial memory traces can be created. For example,
by artificially activating an ensemble of cells
in a given context (e.g., context B), which earlier
had been activated by the exposure to a different
context (e.g., context A), one can create a hy-
brid, artificial memory representation (Garner
et al. 2012; Ramirez et al. 2013). These studies
show the importance of understanding and us-
ing the transcriptional mechanisms underlying
memory formation and storage to develop nov-
el strategies that can be useful in research as well
as translational applications.

In addition to these classical IEGs, other
classes of transcription factors play critical roles
in long-term memory. These include the nu-
clear factor-k light-chain enhancer of activated
B cells (NF-kB), members of the families nu-
clear receptor 4a (NR4a), serum response fac-
tor (SRF), and neuronal Per-Arnt-Sim (PAS)
homology factor 4 (NPAS4), just to mention a
few. NF-kB, expressed in both neurons and glia,
is induced by LTP and by learning tasks like
water maze, novel object recognition, and con-
textual fear conditioning. Its knockout results
in memory impairment indicating that it plays
a critical role in memory-related synaptic plas-
ticity (Kaltschmidt et al. 2006; Romano et al.
2006; Ahn et al. 2008; Crampton and O’Keeffe
2013; Snow et al. 2013). An interesting feature
of NF-kB is its synaptic localization, which
implies that it plays a dual role in long-term
memory, first as a signaling molecule at the syn-
apse and second as a transcriptional regulator
on translocation into the nucleus (Romano et al.
2006). In line with the functional requirement
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in memory consolidation and reconsolidation,
primary functions targeted by family members
of the NF-kB are the growth and morphologi-
cal changes of axonal and dendritic arbors in
several regions of the developing and mature
central nervous system (CNS) (de la Fuente et
al. 2011; Gutierrez and Davies 2011).

The nuclear receptor (NR) superfamily of
transcription factors includes ligand-activated
transcription factors implicated in cell differen-
tiation, development, proliferation, and metab-
olism. They contain a zinc-finger DNA-binding
domain and a carboxy-terminal ligand-binding
domain. The expression of some members of
this superfamily, including the NR4a family of
orphan receptors, increases in the hippocampus
immediately after learning, and their function is
necessary for hippocampus-dependent contex-
tual fear and object recognition memory as well
as the transcriptional-dependent LTP (Bridi
and Abel 2013). Notably, the level of NR4a in-
creases following treatments that inhibit his-
tone deacetylase (HDAC) (Hawk et al. 2012), a
modification of histones that favors gene ex-
pression and promotes memory enhancement,
as discussed below. Blocking NR4a signaling
blocks the HDAC inhibitor-mediated memory
enhancement suggesting that the Nr4a gene
family significantly contributes to memory con-
solidation and enhancement (Pena de Ortiz et
al. 2000; Hawk and Abel 2011; Hawk et al. 2012;
Bridi and Abel 2013).

SRF, like CREB, is a major controller of IEG
expression associated with actin-mediated con-
tractile and motile cell functions (Knöll and
Nordheim 2009). In adult brain, SRF is required
for the acquisition of novel contextual infor-
mation and for hippocampal-dependent spatial
memory, as well as for LTP and LTD (Ramanan
et al. 2005; Etkin et al. 2006). SRF, expressed
mostly in neurons but not in glia, regulates acti-
vity-dependent gene expression, neuronal pre-
cursor cell migration, and morphological dif-
ferentiation in both the developing and adult
neurons. Its downstream signal activation re-
cruits MAPKs, CaM kinases, and Rho/actin
signaling cascades. SRF is required for long-last-
ing cellular changes because it modulates actin
microfilament dynamics and associated mor-

phological functions. Thus, SRF seems to be
positioned to couple the initial neural activa-
tion with the structural cell and synaptic mod-
ifications required for long-term maintenance
of synaptic connections. SRF target genes in-
clude c-fos, Egr1, Egr2, and SRF itself as well as
actin cytoskeletal genes (e.g., Acta1, Actb, Actg2)
(Knöll and Nordheim 2009). Like CREB, SRF
can recruit different cofactors and binding
proteins, which can lead to either activation or
repression of target genes; but, unlike CREB,
it seems not to be involved in cell survival or
apoptosis.

Although many transcription factors, such
as CREB, c-Fos, Zif268, and NF-kB, are ex-
pressed throughout the brain in a variety of
different cell populations, other transcription
factors involved in memory formation appear
to have expression that is restricted to a sub-
population of cells. One example is NPAS4, a
b-helix–loop–helix–PAS transcription factor
induced by neuronal activity, which on hetero-
dimerization with ARNT2 regulates genes in-
volved in inhibitory synapse formation. Both
the expression and activity of NPAS4 are tightly
coupled to neuronal activity; neuronal depo-
larization, ischemia, seizure, and learning, all
rapidly and transiently induce the expression
of NPAS4, which, in turn, regulates the expres-
sion of genes involved in increasing the number
of inhibitory synapses, thus maintaining ho-
meostasis of neuronal activity (Lin et al. 2008;
Kim et al. 2010). Because of its role in support-
ing inhibitory synapse formation, deletion of
NPAS4, not surprisingly, results in glutamate
neurotoxicity and neurodegeneration, hyperac-
tivity, seizures, anxiety, and cognitive impair-
ments. Some of these phenotypes are reminis-
cent of those found in autism and schizophrenia
(Lin et al. 2008; Coutellier et al. 2012). Inter-
estingly, conditional deletion of NPAS4 selec-
tively in the CA3 region of the hippocampus
in adult mice impairs contextual memory for-
mation (Ramamoorthi et al. 2011). Further-
more, environmental experience leads to ex-
pression of NPAS4 in hippocampal pyramidal
neurons, which promotes an increase of inhib-
itory synapses on the cell soma but a decrease
in the number of inhibitory synapses on the
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apical dendrites. This differential regulation of
somatic and apical dendritic inhibition may al-
low compartmental integration or plasticity
(Bloodgood et al. 2013).

These are only a few examples of transcrip-
tion factors belonging to different families crit-
ically implicated in memory consolidation and
reconsolidation. They provide a flavor of how
complex the transcription regulation respond-
ing to experience and mediating memory con-
solidation and reconsolidation is. Each of them
in different combinatorial complexes regulates
distinct sets of target genes that also remain
differentially expressed over time. Because of
their role in regulating activity-induced gene
expression, the transcription factors involved
in various brain functions, including learning
and memory, are also implicated in a number
of neuropsychiatric and neurodegenerative dis-
eases.

CHROMATIN STRUCTURAL ALTERATIONS
ASSOCIATED WITH LONG-TERM MEMORY

Transcription factors are key regulators of tran-
scription, but they can only function if the
appropriate DNA regulatory sequences are ac-
cessible to them. The gatekeepers of these regu-
latory sequences are the histone proteins around
which the DNA is wrapped and that mediate
compaction or relaxation of DNA sequences.
In the nucleus of eukaryotic cells, the DNA com-
plexes with histone proteins (also known as
chromatin) form compact structures called nu-
cleosomes, which are similar to beads on a neck-
lace. Histone proteins have small tails that, by
protruding from the nucleosome, offer them-
selves for the addition of specific marks on in-
dividual amino acids. The chromatin changes,
which include histone posttranslational modifi-
cations, chromatin remodeling, and histone var-
iant exchange, produce a unique combination
or code that controls the way the DNA is pack-
aged, hence available for transcription. Tight
packaging inhibits DNA accessibility to the tran-
scription machinery, whereas loose packaging
allows DNA sequences to be accessible for tran-
scription. In addition to chromatin changes,
there are also chemical modifications of the

DNA itself, which together are referred to as
“epigenetic changes” that regulate the availabil-
ity and temporal duration of gene expression.

The discovery that the requirement for de
novo gene expression is necessary for memory
consolidation and reconsolidation first sug-
gested that epigenetic changes must play essen-
tial roles. As morphological changes in synaptic
structures have been found to correlate with
the persistence of memory retention (Aplysia,
mammals, songbirds), it is thought that the per-
sistence of patterns of gene expression, hence
the organization of chromatin and DNA mod-
ifications, orchestrate and control information
retention by regulating transcription that trans-
lates into synaptic structural changes.

Until around the year 2000, chromatin
modification had been studied primarily in
the context of development and differentiation.
Despite extensive studies of transcription in the
brain, little was known about whether external
events that affect transcription modulate chro-
matin structure in neurons.

Swank and Sweatt (2001) were the first to
suggest that histone modifications may play a
role in regulating gene expression associated
with long-term memory formation.

The demonstration that histone acetylation
was indeed a critical step for the de novo gene
expression required for long-term plasticity
mechanisms came in 2002 from Guan et al.
who explored chromatin structure and pro-
tein–DNA interaction in Aplysia neuronal cul-
tures in the context of learning-related synaptic
plasticity using chromatin immunoprecipita-
tion. The investigators focused on the chromatin
around the promoter of C/EBP, which, as we
have seen, is an early response gene downstream
from CREB-1 with several CRE elements in the
promoter region. C/EBP is rapidly induced dur-
ing the formation of long-term memory and its
induction is critical for long-term synaptic plas-
ticity and memory (Alberini et al. 1994). Pre-
venting the induction of C/EBP blocks LTF,
whereas overexpression of C/EBP enhances LTF.

Guan et al. (2002) found that when Aplysia
was exposed to repeated pulses of serotonin (5-
HT), a protocol that induces long-term memory
as a result of CREB and C/EBP expression, the
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CREB-binding protein (CBP), which is capable
of binding to CREB1, was recruited to the pro-
moter of C/EBP to form a CREB1-CBP com-
plex. In addition to CREB1, a small amount
of CREB2—an inhibitor of CREB1—is bound
to the promoter in the untreated state, and this
small amount of CREB-2 decreases further after
5-HT exposure. This decrease in CREB2 most
likely represents a displacement of CREB2 from
the promoter after serotonin induction. With
the induction of the C/EBP, the TATA-box-bind-
ing protein is also recruited to the promoter.

Guan et al. (2002) next asked whether the
induction of C/EBP involves regulation of his-
tone acetylation. They found that, indeed, ex-
posure to repeated pulses of serotonin increased
the acetylation of both histone H3 and H4 at the
C/EBP promoter. Unlike H3, there was a strong
basal acetylation of H4 in untreated animals.
Both histone H3 and H4 have several lysine res-
idues that can be acetylated. Guan et al. (2002)
found that the acetylation and deacetylation of
histones at the C/EBP promoter correlated with
the induction and the termination of C/EBP
expression.

Guan et al. (2002) next went on to ask: How
are the excitatory and inhibitory inputs on a
simple neuron integrated into a coherent out-
put? Although the question of synaptic integra-
tion has been much studied, little was known
about how neurons sum up opposing signals for
long-term synaptic plasticity and memory. To
address this question, they studied the same
Aplysia sensory neurons that undergo LTF in
response to serotonin. These neurons also un-
dergo long-term synaptic depression in re-
sponse to the peptide transmitter FMRFamide.
Each of these transmitters produces synapse-
specific actions when applied to one set of ter-
minals and not the other. But when experi-
menters applied to the sensory neurons simul-
taneous pulses of the facilitating transmitter
serotonin at one of the set of terminals while
applying inhibitory transmitter FMRFamide at
the other set of terminals, long-term synaptic
depression dominated and shut off LTF, central-
ly preventing it from being expressed.

They next used chromatin immunoprecip-
itation assays and found that, although seroto-

nin induces the transcription of C/EBP through
CREB1 activation and CBP recruitment with
the consequent increase of histone acetylation,
FMRF leads to CREB1 displacement by CREB2
and the recruitment of histone deacetylase
5 (HDAC5). When the two transmitters are ap-
plied together, facilitation is blocked and CREB2
and HDAC5 displace CREB1-CBP thereby de-
acetylating histones (Fig. 1). These studies show
that long-term integration of spatially separate
inhibitory and excitatory synaptic inputs oc-
curs in the nucleus and is achieved by regulat-
ing chromatin structure and gene induction
bidirectionally. Inhibitory inputs dominate in
long-term integration by overriding the effects
of facilitatory inputs on histone acetylation and
gene induction. Thus, a neuron integrates op-
posite inputs at several levels: on the cell mem-
brane to determine short-term response and in
the nucleus to determine long-term response.

In subsequent years, many studies have in-
vestigated the mechanisms of chromatin and
DNA modifications that, together with the re-
cruitment of specific transcription complexes,
regulate gene expression in the brain, and par-
ticularly in plasticity, learning and memory, re-
ward, and cognitive processes in general (for
reviews, see Maze et al. 2013; Peixoto and Abel
2013). Below, we limit our description to a few
examples of chromatin regulators that have
been found to critically control gene expression
in memory formation through the action of
some of the transcription factors that we have
described above as essential in memory consol-
idation.

Because the consolidation and reconsolida-
tion of different types of memories use different
memory systems and are mediated by different
brain regions, it is likely that different patterns
of chromatin and DNA modifications occur in a
cell-specific manner and differentially evolve
over time. It follows that, to understand mem-
ory consolidation at the level of gene expression,
it is necessary not only to identify the learning-
induced pattern of expressed genes but also
the learning-induced combinatorial interaction
and assembly of transcription factors, cofac-
tors, chromatin modifications, and remodeling
as well as DNA modifications that control gene
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Figure 1. How 5-HTand FMRFa bidirectionally regulate chromatin changes leading to c/ebp transcription. (A)
At the basal level, CREB1a resides on the C/EBP promoter; some lysine residues of histones are acetylated. (B)
5-HT, through PKA, phosphorylates CREB1 that binds to the C/EBP promoter. Phosphorylated CREB1 then
forms a complex with CBP at the promoter. CBP then acetylates lysine residues of the histones (for example, K8
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gene expression. (C) FMRFa activates CREB2, which displaces CREB1 from the C/EBP promoter. HDAC5 is
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(from Guan et al. 2002).
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expression in a comprehensive way rather than
in isolation. Moreover, as memory consolida-
tion and reconsolidation evolve and change
with time, allowing memory storage to be dy-
namic, the temporal evolution of the underly-
ing molecular changes needs to be understood
to comprehend how memory consolidation,
persistence, and storage occur.

Although this complexity has thus far pre-
vented the elucidation of a comprehensive pic-
ture, specific types of chromatin changes that
in the brain play a critical role in memory for-
mation and storage have been identified. Re-
moving or adding acetyl groups from histones,
through the action of HDACs or histone acetyl-
transferases (HATs), respectively, modifies the
histones wrapping around the DNA, thus influ-
encing gene expression. In rodent brain, changes
in histones acetylation occur in response to pro-
tocols that induce late LTP (L-LTP), a form of
long-term plasticity that, like memory consol-
idation, requires transcription (Weaver et al.
2004; Levenson and Sweatt 2006); and HDAC
inhibitors promote memory formation and en-
hancement (Rudenko and Tsai 2014). Although
the identification of the specific mechanisms
that mediate the memory-enhancing effect of
HDAC inhibitors is still in progress, HDAC2
seems to have an important role (Guan et al.
2009; Morris et al. 2013). Furthermore, and
once again evolutionarily conserved, the recruit-
ment of the HAT CBP controls the gene expres-
sion critical for plasticity and memory consoli-
dation and enhancement (Alarcon et al. 2004;
Korzus et al. 2004; Wood et al. 2006). As pro-
moting CREB activation in CBP mutant mice
rescues their memory impairment phenotypes,
it follows that, as discussed above, CREB-depen-
dent gene expression indeed plays a primary
and proactive role in long-term memory forma-
tion (Bourtchouladze et al. 2003). Clinical data
also underscore this conclusion, as mutations
of CBP, or the related protein p300, are associ-
ated with devastating cognitive impairments,
like that of the Rubinstein–Taybi syndrome.
In animal models of Rubinstein–Taybi and in
cell lines derived from Rubinstein–Taybi syn-
drome patients, cognitive impairments and his-
tone acetylation defects can be ameliorated by

HDAC inhibitors (Alarcon et al. 2004; Lopez-
Atalaya et al. 2012; Park et al. 2014).

Genetic mutations of mice have shown that
most classes of HDAC are involved in memory
formation and its accompanying regulation of
the IEG. For example, the class I HDAC1 and 3
bidirectionally modulate memory retention and
regulate the expression of IEGs like c-Fos, NR4a,
and Zif268. On the other hand, another class I
HDAC, the HDAC2, acts as a negative regulator
of memory formation by binding to the pro-
moter regions of numerous regulatory genes,
including Zif268, CREB, CBP, and effector genes
like Homer1, Arc, GLUA1/2, NR2A/2B, Nrx1/
3, Shank3, and PSD95 (Guan et al. 2009).

In addition to chromatin changes, long-
term memory formation also depends on DNA
methyltransferases (Miller and Sweatt 2007), in-
dicating that chemical DNA modifications are
also fundamental for the process (see Jarome
and Lubin 2013, Zovkic et al. 2013, and Rudenko
and Tsai 2014 for more information).

NONCODING RNAs IN THE REGULATION
OF TRANSCRIPTION

mRNAs are not the only target of transcription
and chromatin regulation in memory consoli-
dation and reconsolidation. Noncoding RNAs,
like micro-RNAs (miRNAs), PIWI-interacting
RNAs (piRNAs), and long noncoding RNAs
(ncRNAs), are also targeted, and their expres-
sion in turn regulates transcriptional and post-
transcriptional mechanisms. To obtain an un-
derstanding of how chromatin structure might
be regulated, Rajasethupathy et al. (2012) per-
formed a systematic screen of small RNAs in
Aplysia. They found that there were not one
but two classes of small RNAs regulated by neu-
ral activity: miRNAs and piRNAs. MiRNAs are a
class of conserved 20–23-nucleotide noncoding
RNAs that, in turn, critically contribute to tran-
scriptional and posttranscriptional regulation
of gene expression and depend on the RNAi
machinery for maturation and function. Raja-
sethupathy et al. (2012) identified 170 distinct
miRNAs: nine of these were enriched in the
brain and several were down-regulated by sero-
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tonin, the modulatory transmitter released dur-
ing learning (Fig. 2).

Characterization of these neural-enriched
miRNAs revealed that miRNA 124, the most
abundant and conserved brain-specific miRNA,
was exclusively present presynaptically in the
sensory-to-motor synapse, where it constrained
serotonin-induced synaptic facilitation through
the regulation of the mRNA of the transcrip-
tion factor CREB1. The activation of serotonin
inhibits miRNA 124, thereby disinhibiting the
translation of CREB1 making possible long-
term transcription.

But in addition to miRNAs, Rajasethupathy
made the surprising discovery of a second class
of small noncoding RNA molecules, piRNAs, 28
to 32 nucleotides in length previously thought
to be restricted to germ cells (Fig. 2). One of
these piRNAs—piRNA-F—increased in re-

sponse to serotonin and led to the methylation
of the promoter of CREB2 and to its silencing.
Thus, serotonin regulates both piRNAs and
miRNAs in a coordinated fashion, illustrating
the integrative interactive action of small RNAs
on the transcriptional level. Serotonin inhib-
its miRNA 124 rapidly and facilitates the acti-
vation of CREB1, which begins the process of
memory consolidation, whereas piRNA-F, also
activated by serotonin but with a delay, leads
to methylation and thus repression of the pro-
moter CREB2, allowing CREB1 to be active for
a longer period of time, thereby establishing a
stable long-term change in the sensory neuron
that consolidates memory and puts it into the
long-term phase (Fig. 3).

Examples of miRNA regulation have also
been found in mammalian memory consoli-
dation and plasticity. For example, the class III
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Figure 2. Two classes of small RNAs in Aplysia central nervous system (CNS). A size histogram of the cloned
small RNAs revealed two populations, and further characterization confirmed the new class of sequences (blue)
to be piRNAs.
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NAD-dependent deacetylase SIRT1 limits the
transcription of the miRNA 134, which repress-
es the expression of critical plasticity/memory-
related genes, such as creb and bdnf, hence pro-
moting and regulating memory retention (Gao
et al. 2010). Overexpression or inhibition of
miRNA-132 in forebrain neurons, respectively,
increases or reduces spine density (Hansen et
al. 2010; Magill et al. 2010) and miRNA-132
accumulates in response to activity (Nudelman
et al. 2010). Furthermore, miRNA-132 also in-
hibits methyl-CpG-binding protein 2 (MeCP2),
a regulator of transcription that binds to meth-
ylated DNA (Klein et al. 2007). Long ncRNAs
can target different aspects of transcription
regulation by modulating transcriptional ac-
tivators or repressors, different components of
the transcription reaction, such as RNA poly-
merase (RNAP) II, and even the DNA structure
(Goodrich and Kugel 2006). NcRNAs modulate
the function of transcription factors by several
mechanisms, including by functioning them-
selves as coregulators, modifying transcription
factor activity, or regulating the association and
activity of coregulators. Hence, it is speculated
that ncRNAs, which together with transcrip-
tion factors, chromatin, and DNA modifica-

tions, finely control gene expression in complex
eukaryotes and may have a critical role in regu-
lating gene expression in memory consolidation
and reconsolidation (Mercer et al. 2008).

AN OVERALL VIEW: THE FUNCTIONAL
OUTCOME OF TRANSCRIPTION
IN MEMORY STABILIZATION AND
STORAGE

As mentioned earlier, understanding transcrip-
tion underlying complex brain functions, such
as memory consolidation and reconsolidation,
requires the characterization of the complexity
of the underlying mechanisms, including modi-
fication of DNA and chromatin, activation or
inhibition of the expression of transcription fac-
tors, formation of diverse DNA-binding com-
plexes that regulate gene expression, transcrip-
tion regulation of target genes, which include
those translated into proteins and regulatory se-
quences, such as miRNAs and ncRNAs, and fur-
ther downstream changes, including transport,
translation, and activation of the effector genes.

What is the role of this complexity in the
stabilization processes of consolidation and re-
consolidation? Why is transcription regulation
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and for
pRNA-miRNA
interactions

Sensory
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Activation of inhibition Removal of inhibition

piRNA-F miRNA-124

5-HT

A New view of the consolidation switch
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Figure 3. Epigenetic regulation of the transcriptional switch. 5-HT inhibits miRNA-124 and thus facilitates the
activation of CREB-1, which begins the process of memory consolidation, whereas piRNA, also activated by
5-HT but with a delay, methylates and thus represses the promoter of CREB-2, allowing CREB-1 to be active for a
longer period of time.
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required for memory stabilization? Given the
complexity of memory storage, a clear answer
is not yet available. Most information we have
relates to single pathways, cell types, or restrict-
ed temporal windows. However, we have at-
tempted to provide some answers given the
knowledge that is available.

First, de novo gene expression is required for
memory stabilization because it provides a con-
trolled mechanism for inducing cellular changes
that can persist for a long time, in fact, estab-
lishing a pattern of gene expression governed
by the epigenome determines cellular changes
that last as long as the epigenomic and transcrip-
tion factor activation are maintained. Second,
it offers specificity, as specific changes can oc-
cur through the selection of programs of gene
expression. For example, in line with the ac-
cepted view of long-term synaptic plasticity, if
the number and/or type of synaptic contacts
change in response to learning, and this synaptic
network constitutes the site where information
is stored, then gene expression would be able to
provide all the proteins, and only those, neces-
sary to build and sustain those long-lasting syn-
aptic changes. Hence, de novo gene expression is
indeed an ideal underlying mechanism, because
it offers regulated changes and stability and at
the same time a vast repertoire of combinatorial
possibilities for rapid responses to the changing
environment. In other words, transcription reg-
ulation can provide a mechanism and explana-
tion for the dynamic nature of memory storage.
The complexity of the gene expression reper-
toire also allows for integration of information.
Third, gene expression is different in different
cell types (e.g., inhibitory versus excitatory neu-
rons/synapses or versus astrocyte, microglia,
oligodendocytes), and together the cell-specific
patterns of gene expression can produce distinct
functional integration patterns. These combina-
torial patterns of gene expression translate into
cellular functions, which then result in the cross
talk among different brain areas that underlie
memory consolidation, reconsolidation, and
storage. Hence, transcription and gene-expres-
sion mechanisms can also explain how infor-
mation can be stored in a system-wide dynamic
network. It has, in fact, become increasingly

clear that memory storage is not a fixed func-
tion, but rather is a very dynamic process,
whereby consolidation and reconsolidation to-
gether with possibly other retrieval-dependent
processes and multiple trace consolidation/
reconsolidation play a role in maintaining and
changing information over time (Alberini 2011;
Inda et al. 2011; Alberini et al. 2012).

System-wide molecular changes clearly must
involve numerous forms of modification, co-
operation, and regulations. Thus, one can ask:
What types of cellular functions reflect the out-
come of the transcription required for mem-
ory stabilization? A reasonable answer is that,
given that memory consolidation and recon-
solidation are the result of a network involving
several brain regions, it is likely that the under-
lying transcriptional mechanism regulates both
general as well as brain region- or cell-specific
events. The field of transcription regulation
in long-term memory is relatively new and, as
a first step, in the last 20–25 yr, has mainly fo-
cused on identifying general, common mecha-
nisms of cellular and synaptic plasticity. Here
we will mention two examples of these gen-
eral mechanisms that are mediated by CREB:
the regulation of excitability and activation of
growth pathways and related structural changes.

Overexpression of CREB in neurons pro-
motes their preferential recruitment into a fear
memory trace (Han et al. 2007). Specifically,
if neurons in the amygdala of mice overexpress
CREB, they are more likely to be activated, as
revealed by IEG expression, following fear con-
ditioning testing. This suggested that the CREB-
overexpressing neurons are predisposed to par-
ticipate in the memory trace and possibly that
the system is not hardwired at the level of indi-
vidual neurons but that certain molecular states
of neurons, such as those promoted by CREB
overexpression, favor a neuron’s recruitment
into the memory trace. Furthermore, selective
ablation of the CREB-overexpressing neurons
disrupts the fear memory, whereas ablation of
a similar number of random neurons in the
amygdala has no effect, demonstrating their
functional role in memory formation and stor-
age (Han et al. 2009). One of the general func-
tions promoted by CREB expression seems to
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be neuronal excitability (Lopez de Armentia et
al. 2007; Viosca et al. 2009; Zhou et al. 2009;
Tong et al. 2010; Gruart et al. 2012) and, like
the overexpression of CREB, increased excitabil-
ity promotes cellular recruitment (allocation)
in long-term memory (Rogerson et al. 2014)
leading to the conclusion that CREB-dependent
gene expression governs the circuitry recruited
in memory formation and storage by increasing
neuronal excitability.

Another general function regulated by
CREB-dependent pathways that may contribute
to cellular changes required for memory stabi-
lization is growth (Persengiev and Green 2003).
Growth pathways are activated in response to
experience and play a key role in neurons dur-
ing long-term memory formation. CREB is re-
quired to regulate the expression of growth fac-
tors, such as the brain-derived neurotrophic
factor (BDNF), which plays a central role in
the induction and maintenance of long-term
plasticity and long-term memory and is a criti-
cal mediator of synaptic structural changes
(Lu et al. 2008). Hence, a plausible hypothesis
is that transcription regulated by CREBs con-
trols growth as a fundamental outcome of long-
term plasticity and memory (Alberini 2009;
Kida 2012; Finsterwald and Alberini 2013;
Nestler 2013).

These are only two examples thus far char-
acterized, but given the critical role of de novo
transcription in long-term memory, it is impor-
tant that it be fully understood. Despite the great
progress made in the last 25 yr, the understand-
ing of transcription regulation in long-term
memory is clearly in its infancy. A number of
questions remain to be addressed including:
What is the contribution of transcription regu-
lation in long-term memory from each cell type
and brain region? How does transcription alter
each cell involved? Which are the end products?
Are they general or selective in different cells?
What is general or selective in different types
of memories? How does previous experience
change the learning-dependent transcriptional
regulation? The answers to these questions will
come from future studies and this knowledge
will also be critical for a better understanding
of memory disorders.
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