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One of the alluring aspects of examining chromatin modifications in the role of modulating transcription required
for long-term memory processes is that these modifications may provide transient and potentially stable epigenetic
marks in the service of activating and/or maintaining transcriptional processes. These, in turn, may ultimately
participate in the molecular mechanisms required for neuronal changes subserving long-lasting changes in behavior.
As an epigenetic mechanism of transcriptional control, chromatin modification has been shown to participate in
maintaining cellular memory (e.g., cell fate) and may underlie the strengthening and maintenance of synaptic
connections required for long-term changes in behavior. Epigenetics has become central to several fields of
neurobiology, where researchers have found that regulation of chromatin modification has a significant role in
epilepsy, drug addiction, depression, neurodegenerative diseases, and memory. In this review, we will discuss the role
of chromatin modifying enzymes in memory processes, as well as how recent studies in yeast genetics and cancer
biology may impact the way we think about how chromatin modification and chromatin remodeling regulate

neuronal function.

The role of transcription in long-lasting forms of synaptic plas-
ticity and memory has been actively investigated since initial
experiments showing that transcription is required for long-term
memory in goldfish nearly 40 years ago (Agranoff et al. 1967).
Over the past four decades, technology has allowed researchers to
study how individual transcription factors regulate gene expres-
sion required for long-term memory processes in finer detail,
especially with advances in spatial and temporal control of ge-
netic manipulations. As the molecular mechanisms controlling
transcription required for long-term memory processes were be-
ing unraveled, researchers focusing solely on mechanisms of
transcription were using bioinformatic approaches to show that
promoter architecture relies on combinatorial elements for tran-
scription-factor binding and subsequent expression of specific
transcription profiles (e.g., Harbison et al. 2004).

Transcription is not occurring on naked DNA, but rather in
the context of chromatin, providing an additional level of com-
plexity yet to be fully understood. Chromatin is the protein com-
plex that condenses and organizes genomic DNA. Thus, success-
ful gene activation requires the orchestrated effort of not only
transcription factors, but also very specific enzymatic protein
complexes that modify chromatin structure. The regulation of
chromatin structure is now the focus of intense investigation in
several fields of neuroscience, including memory, neurodegen-
erative diseases, stem-cell research, and drug addiction: illustrat-
ing how important a fundamental process like the regulation of
chromatin structure has become (for reviews, see Colvis et al.
2005; Levenson and Sweatt 2005; Tsankova et al. 2007). In this
review, we will discuss the role of chromatin modifying enzymes
in memory processes, as well as how recent studies in yeast ge-
netics and cancer biology may impact the way we think about
how chromatin modification and chromatin remodeling regu-
late neuronal function.
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The term “epigenetics” is often used to describe general
nongenetic functions, but a clear understanding of mechanisms
involved in the regulation of chromatin structure and transcrip-
tion requires very precise definitions. In one of an excellent set of
reviews published in Cell (2007, volume 128), Allis et al. (2007)
offered a modern molecular definition of epigenetics as “the sum
of the alterations to the chromatin template that collectively
establish and propagate different patterns of gene expression
(transcription) and silencing from the same genome” (Allis et al.
2007). We will revisit this definition after describing the main
mechanisms of altering chromatin structure. The basic repeating
unit of chromatin is the nucleosome, which is comprised of a
histone octamer that interacts with ~147 bp of genomic DNA per
nucleosome. The histone octamer contains pairs of histones
H2A, H2B, H3, and H4 (see Fig. 1A). The amino-terminal tails of
these core histone proteins are the sites of numerous post-
translational modifications (e.g., acetylation, methylation, phos-
phorylation) (see Fig. 1A) carried out by an equally large number
of histone modifying enzymes (acetyltransferases, deacetylases,
methyltransferases, demethylases, kinases, etc.) (for review, see
Kouzarides 2007).

The manipulation of chromatin via the addition of func-
tional groups to histone tails is referred to as chromatin modifi-
cation, which serves two main purposes (Fig. 1B). The first is to
provide recruitment signals for non-histone proteins involved in
transcriptional activation and silencing (Kouzarides 2007; Tav-
erna et al. 2007). The second is to relax chromatin by disrupting
contacts between nucleosomes and also interactions between
histone tails and genomic DNA (Kouzarides 2007). The func-
tional consequence of these modifications will be discussed in
the next section. Importantly, chromatin modification should
not be confused with chromatin (or nucleosome) remodeling,
which refers to ATP-dependent enzymatic complexes (e.g., SWI/
SNF, ISWI, INO80, NURD, etc.) that restructure, mobilize, and
remove nucleosomes to regulate access to genomic DNA for tran-
scriptional activation (Saha et al. 2006a,b). Chromatin structure
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may also be manipulated and regulated via histone variant in-
corporation (e.g., H3.3, macroH2A, H2AZ, H2AX) (Ausio 2006).

Thus, epigenetic regulation of transcription may be thought
of as the coordinated interplay of mechanisms (histone modify-
ing enzymes, nucleosome remodeling complexes, histone vari-
ant incorporation, DNA methylation, etc.) that translate and in-
tegrate incoming signaling events by altering chromatin struc-
ture in a specific and precise manner, which in turn regulates
gene expression profiles for defined cellular functions. To date,
chromatin (or nucleosome) remodeling and histone variant in-
corporation have not been examined with regard to regulating
transcription required during memory processes. Thus, we will
focus this review on chromatin modifying enzymes and histone
modifications that have been shown to be necessary for regulat-
ing transcription required during memory formation.

Histone acetyltransferases (HATs) and memory

Histone acetylation is a chromatin modification critically in-
volved in gene regulation during many neural processes. The
enzymes that regulate levels of histone acetylation are histone
acetyltransferases (HATs) and histone deacetylases (HDACs:).
HATSs acetylate histones, while HDACs deacetylate histones, and
together with other modifications they regulate transcription
profiles for specific cellular functions (for review, see Kouzarides
2007). One primary function of histone acetylation (as opposed
to non-histone acetylation) carried out by HATs is to neutralize
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Modifications of residues on histone H4, H3, H2B, and H2A and their two main functions.
(A) This schematic illustrates the basic repeating unit of chromatin, called the nucleosome, which is
comprised of a histone octamer that interacts with ~147 bp of genomic DNA per nucleosome. The
histone octamer contains pairs of histone H4, H3, H2B, and H2A. The amino-terminal tails of these core
histone proteins are the sites of numerous post-translational modifications (figure adapted from Luger
et al. 1997 and Kouzarides 2007). Sites marked with a box are those that have been examined with
regard to memory processes. (B) This schematic illustrates the two main functions these histone
modifications are thought to perform. On the one hand, they are involved in relaxing physical re-
straints of compact chromatin structure. On the other hand, they provide docking and recruitment
sites for additional factors that contain domains capable of binding specific histone modifications, such
as the bromo and chromo domains, which bind acetylated lysines and methylated lysines, respectively.

the charges on histones to relax chroma-

tin structure, allowing for greater access

to the DNA by transcription factors

(Norton et al. 1989; Vettese-Dadey et al.
H3 1996). Another main function is to mark
chromatin for the recruitment of addi-
tional chromatin modifying and remod-
eling enzymes, and transcription-related
proteins, to facilitate and regulate tran-
scriptional processes (Felsenfeld and
Groudine 2003). To date, only three
HATs have been implicated in the mo-
lecular mechanisms underlying memory
formation (Table 1). Although CREB-
binding protein (CBP) is the most thor-
oughly studied HAT with regard to
learning and memory (Oike et al. 1999;
Bourtchouladze et al. 2003; Alarcon et
al. 2004; Korzus et al. 2004; Wood et al.
2005, 2006), very recent studies have
shown a role for E1A-binding protein
(p300) (Oliveira et al. 2006, 2007) and
p300/CBP-associated factor (PCAF)
(Maurice et al. 2008) in memory pro-
cesses.

CBP is well known as a coactivator
recruited by cyclicAMP responsive ele-
ment-binding protein (CREB) via the in-
teraction between the Ser 133 phosphor-
ylated kinase-inducible domain (KID) of
CREB and the KIX domain of CBP
(Chrivia et al. 1993; for review, see
Goodman and Smolik 2000). The first
indication that CBP may have a role in
memory came from human patients
with Rubinstein-Taybi Syndrome (RTS)
(Rubinstein and Taybi 1963; Padfield et
al. 1968). RTS is caused by mutations in
Cbp (Petrij et al. 1995) and is character-
ized by developmental abnormalities
and mental retardation (Rubinstein and Taybi 1963; Padfield et
al. 1968; Hennekam et al. 1992; Cantani and Gagliesi 1998).

A number of mouse models generated with various Chp mu-
tations have provided a great deal of insight into the role of CBP
in learning and memory (Table 1). Supporting an important role
for CBP in learning and memory, memory impairments have
been observed in five different types of Chp mutant mice: het-
ereozygous knock-out (Tanaka et al. 1997; Alarcon et al. 2004),
dominant-negative (Oike et al. 1999; Bourtchouladze et al. 2003),
spatially restricted transgenic dominant-negative (Wood et al.
2005), spatially and temporally restricted conditional transgenic
dominant-negative (Korzus et al. 2004), and homozygous knock-
in (Wood et al. 2006; Table 1).

The first Chp mutant mice contained a mutant allele of Cbp,
resulting in a deletion of amino acids 29-265, effectively reduc-
ing CBP expression to 50% of wild-type levels (Tanaka et al.
1997). The homozygous mutants died between 8 and 10 d post-
fertilization, demonstrating a critical role for CBP in develop-
ment (Tanaka et al. 1997). The heterozygous mutant mice exhib-
ited physical abnormalities similar to those seen in RTS patients.
Oike et al. (1999) generated Cbp mutant mice expressing one
wild-type allele of Cbp and one truncated allele of Cbp, which
lacked the C terminus of CBP, including the HAT domain. Em-
bryonic lethality was observed in the homozygous mice. The
heterozygous dominant-negative mice showed significant devel-
opmental abnormalities as observed in RTS patients as well as
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Table 1.

Types of memory deficits observed in genetically modified mice and memory enhancements generated by HDAC inhibition

Histone acetyltransferases (HATs) and memory?

Mutation

Memory/Plasticity Impairment

Reference

Dominant-negative truncated CBP
Passive avoidance

Novel object recognition
Contextual fear conditioning

CBP knockout

Cued fear conditioning

Oike et al. 1999

Bourtchouladze et al. 2003
Alarcon et al. 2004

Novel object recognition
Cued fear conditioning (trend only)

L-LTP
CBPHAT
Morris water maze
CBPKIX/KIX

Novel object recognition

Novel object recognition

Korzus et al. 2004

Wood et al. 2006

Contextual fear conditioning

CBPA1 Morris water maze

Wood et al. 2005

Contextual fear conditioning
L-LTP generated by: 1 train E-LTP + D1 agonist

Novel object recognition
Novel object recognition

p300AT

Oliveira et al. 2007
Oliveira et al. 2007

Contextual fear conditioning

PCAF knockout Morris water maze

Inhibitory avoidance

Maurice et al. 2008

Novel object recognition

Histone deacetylase (HDAC) inhibitors and memory®

HDAC inhibitor

Memory/plasticity enhancement

Reference

TSA Fear potentiated startle

Extinction of contextual fear conditioning

Contextual fear conditioning

Yeh et al. 2004
Lattal et al. 2007
Vecsey et al. 2007

LTP induction by one-train stimulation

LTP (early and late phases)
VPA Cued fear conditioning

Extinction of cued fear conditioning

NaBr LTP
Contextual fear conditioning
Morris water maze

Extinction of contextual fear conditioning
Extinction of cued fear conditioning

SAHA L-LTP

Levenson et al. 2004

Bredy et al. 2008

Bredy et al. 2007, 2008

Levenson et al. 2004

Levenson et al. 2004; Fischer et al. 2007
Fischer et al. 2007

Lattal et al. 2007

Bredy et al. 2007

Alarcon et al. 2004

Histone modifications and memory*

Location Functional group/relation to memory Reference

H3 S10 Phosphate; T in response to fear conditioning/hippocampal slice stimulation Chwang et al. 2006, 2007
H3 K14 Acetyl; T in response to fear conditioning/hippocampal slice stimulation

H3 K14 Acetyl; T in response to treatment with 5-HT in aplysia Guan et al. 2002

H4 K8 Acetyl; T in response to treatment with 5-HT in aplysia

H4 K8 Acetyl; | correlates with long-term depression

H3 K14 Acetyl; T in response to fear conditioning Levenson et al. 2004

H4 K5/8/12/16 Acetyl; T in response to latent inhibition training

H3 K14 Acetyl; T in response to fear conditioning + TSA Vecsey et al. 2007

H4 K5/8/12/16

Acetyl; T in response to fear conditioning + TSA

“The different genetically modified mice used to investigate the role of several HAT enzymes in memory and the types of memory found to be impaired

in those mice.

The different HDAC inhibitors that have been investigated with regard to their ability to enhance memory and synaptic plasticity.
“The different histone residues and the post-translational modification at that residue that have been implicated in being regulated during normal or
enhanced memory and synaptic plasticity. These modifications are marked by a box in Figure 1.

memory impairments. However, to study the role of CBP in
memory independently of its role in development, it became
essential to generate animals with more specific spatial and tem-
poral regulation of mutations in Chp.

Several genetically modified Chp mutant mice have been
generated that do not exhibit developmental abnormalities.
These include conditional transgenic mice expressing a domi-
nant-negative Cbp allele with a point mutation in the HAT do-
main, which is spatially restricted by the CaMKII promoter and
temporally restricted by the tetracycline system (Korzus et al.
2004); mice expressing a dominant-negative C-terminal trunca-
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tion mutant under control of the CaMKII promoter to restrict
transgene expression spatially to forebrain neurons in transgenic
mice (Wood et al. 2005); and homozygous knock-in mice ex-
pressing Cbp alleles carrying a triple point mutation in the KIX
domain of CBP (Wood et al. 2006). All of these Chp mutant mice
exhibit normal development and significant impairments in spe-
cific forms of synaptic plasticity and long-term memory.

The specific details of the memory deficits differ in all of the
Cbp mutant mice generated thus far, but this is not surprising in
light of the differences in the types of mutations and expression
patterns (summarized in Table 1). CBP dominant-negative mice
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exhibit impaired cued fear conditioning, yet normal memory for
contextual fear and spatial learning in the water maze (Oike et al.
1999). In contrast, transgenic mice expressing a similar domi-
nant-negative CBP mutant transgene from the CaMKII promoter
exhibit deficits in memory for contextual fear and spatial learn-
ing and memory in the Morris water maze, yet normal cued fear
conditioning (Wood et al. 2005). CBP heterozygous knockout
mice exhibit impaired memory for contextual fear, but normal
memory for cued fear and spatial learning and memory in the
water maze (Alarcon et al. 2004). In homozygous knock-in mice
expressing mutant CBP carrying a triple point mutation in the
KIX domain, contextual fear conditioning is impaired, but cued
fear conditioning is spared (Wood et al. 2006). Out of all the
currently studied genetically modified Chp mutant mice, the
most sophisticated are the conditional transgenic mice generated
by Korzus et al. (2004). These mice express a Cbp transgene ex-
pressing a mutant CBP protein with a point mutation in the HAT
domain, which is spatially restricted by the CaMKII promoter
and temporally restricted by the tetracycline system. These mice
exhibit normal memory for contextual and cued fear condition-
ing, but impaired spatial learning and memory in the water
macze. Interestingly, all of the different types of genetically modi-
fied Chbp mutant mice studied to date exhibit deficits in long-term
memory for novel object recognition (Bourtchouladze et al.
2003; Alarcon et al. 2004; Korzus et al. 2004; Wood et al. 2006;
Oliveira et al. 2007). This evidence suggests that brain regions
required for long-term memory of novel object recognition (in-
cluding the perirhinal cortex, hippocampus, amygdala, and in-
sular cortex) may be particularly sensitive to alterations in CBP
activity and histone acetylation (Ennaceur and Aggleton 1997;
Murray and Mishkin1998; Brown and Aggleton 2001; Mumby et
al. 2002; Stupien et al. 2003; Broadbent et al. 2004; Winters et al.
2004; Bermudez-Rattoni et al. 2005).

Results from hippocampal long-term potentiation experi-
ments demonstrate that CBP is necessary for several forms of
hippocampal L-LTP, but not E-LTP (Alarcon et al. 2004; Wood et
al. 2005) and behavioral studies show that CBP is required for
hippocampus-dependent memory as well (Alarcon et al. 2004;
Wood et al. 2005, 2006). These findings suggest that the hippo-
campus is particularly sensitive to alterations in CBP activity and
histone acetylation. Additional studies are necessary now, using
more focally restricted manipulations of CBP, to understand the
role of CBP and histone acetylation in different brain regions and
memory systems.

Examination of the different genetically modified Chp mu-
tant mice has also revealed which domains of CBP are critical for
learning and memory. CBP has two functional domains that are
particularly critical for transcription, the HAT domain and the
CREB binding domain (the KIX domain). The conditional trans-
genic dominant-negative mice generated by Korzus et al. (2004)
express a transgene in which CBP carries a point mutation in the
HAT domain of CBP, which disrupts CBP HAT activity. These
mice were used to demonstrate the role of the CBP HAT domain
in long-term memory formation. The CBP C-terminal truncation
mutants lacking the HAT domain expressed in dominant-
negative mice generated by Oike et al. (1999) and transgenic
dominant-negative mice generated by Wood et al. (2005) also
indicate a role for the HAT domain in memory processes. Homo-
zygous knock-in mice expressing mutant CBP with a triple point
mutation in the KIX domain exhibit long-term memory impair-
ments and decreased expression of specific CRE-containing genes
(Wood et al. 2006). These results demonstrate a role for the KIX
domain in transcriptional processes required for memory forma-
tion. Future studies examining the role of the bromo domain of
CBP, the domain used by CBP to interact with acetylated lysine
residues, will be very interesting with regard to how chromatin
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modifications (including acetylation) recruit chromatin modify-
ing enzymes directly to modulate transcription. This idea will be
discussed in greater detail below.

In early studies, p300 and CBP were thought to have mostly
redundant functions because they are highly homologous and
share several conserved domains. In vitro experiments demon-
strated that they interact with the same transcription factors (for
review, see Goodman and Smolik 2000). However, recent in vivo
studies suggest that they have nonredundant functions during
embryogenesis and hematopoiesis (Tanaka et al. 1997; Yao et al.
1998; Kasper et al. 2002, 2006; for review, see Kalkhoven 2004).
Using genetically modified p300 and CBP mutant mice, a study
comparing heterozygous p300 mice (in which one allele of p300
carries a triple point mutation in the KIX domain) to heterozy-
gous CBP mice (in which one allele of Cbp carries an analogous
triple point mutation in the KIX domain) demonstrated a differ-
ential role for p300 and CBP in motor-skill learning (Oliveira et
al. 2006). A more recent study using conditional transgenic mice
expressing an inhibitory truncated form of p300, lacking the
HAT domain, that is spatially regulated by the CaMKII promoter
and temporally regulated by the tetracycline system, showed that
p300 is required for long-term recognition and contextual fear
memory (Oliveira et al. 2007). These memory deficits are very
similar to what has been observed in several different types of
genetically modified CBP mutant mice, suggesting functional
overlap in vivo with regard to some, but not all types of memory
processes.

To date, there are only a handful of studies examining the
expression of CBP and p300 in the brain. Several studies have
shown CBP (Stromberg et al. 1999; Chung et al. 2002; Fiore and
Gannon 2003; Wood et al. 2006) and p300 (Fiore and Gannon
2003; Oliveira et al. 2007) to be expressed ubiquitously in fore-
brain neurons, including the cortex and hippocampus. Thus, dif-
ferences between CBP and p300 with regard to memory are not
simply explained by differential expression patterns. It is more
likely that even though they share similar functions/
interactions/activities, they are also known to be distinct at the
level of enzymatic activity, both with regard to their different
interaction partners (Perissi et al. 1999) as well as their different
histone lysine residue targets (McManus and Hendzel 2003).

To investigate the role of PCAF in learning, memory, and
stress, Maurice et al. (2008) examined traditional PCAF knockout
mice. At 2 mo of age, PCAF knockout mice exhibited impair-
ments in short-term memory, but not long-term memory. At 6
and 12 mo of age, PCAF knockout mice exhibit long-term
memory impairments as measured by water maze and passive
avoidance performance. PCAF knockout mice also exhibit altered
response to stress, which was associated with increased plasma
corticosterone levels. Thus, as with any germ line knockout
mouse, there are several factors that may affect the development
and/or performance of these knockout mice, which may con-
found interpretation of data in tasks used to indirectly measure
memory. Future studies using more precise manipulations of
PCAF will be essential for understanding the role of this HAT in
learning and memory.

It is important to note that although the HATs described
above (CBP, p300, and PCAF) are well known for acetylating
histones, they can also acetylate non-histone proteins, which
then regulate transcription and memory. One example of a non-
histone HAT target is CREB, with three of the five lysines within
CREB’s activation domain being targets of CBP. Acetylation of
CREB by CBP leads to enhancement of CREB-mediated gene ex-
pression (Lu et al. 2003). CBP can also acetylate NFkB, which
leads to enhanced long-term memory, but not short-term
memory (Yeh et al. 2004). Together with PCAF, CBP regulates
both the transcriptional activation and deactivation of INFB by
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acetylating specific residues within the INFB enhanceosome
(Munshi et al. 1998). p53 is another protein regulated by CBP/
p300-dependent acetylation (Gu and Roeder 1997). p53 acetyla-
tion results in stronger binding of p53 to DNA, which correlates
with increased transcriptional activity. Clearly, the role of CBP as
an acetyltransferase is not limited to histones, and as with any
HAT, the non-histone acetylation substrates should be kept in
mind.

Histone deacetylases (HDACs) and memory

In general, HAT activity and histone acetylation have been asso-
ciated with transcriptional activation, whereas HDAC activity
and histone deacetylation have been linked to transcriptional
repression (Jenuwein and Allis 2001; Narlikar et al. 2002). These
two types of histone modifying enzymes function together, bal-
ancing one another, to modulate gene expression (Mahlknecht
and Hoelzer 2000; Guan et al. 2002; Soejima et al. 2004; Clayton
et al. 2006). Because mutations in CBP and decreases in histone
acetylation result in memory impairments, it was quickly real-
ized that HDAC inhibitors may be able to induce a histone hy-
peracetylated state that would compensate for deficits in CBP
activity in CBP mutant mice and even enhance synaptic plastic-
ity and memory in wild-type mice (summarized in Table 1).

Indeed, studies have shown that memory deficits due to
mutations of CBP can be ameliorated pharmacologically using
HDAC inhibitors. Alarcon et al. (2004) demonstrated that the
HDAC inhibitor SAHA could ameliorate contextual fear-
conditioning memory impairments in CBP heterozygous knock-
out mice. Similarly, Korzus et al. (2004) showed that the HDAC
inhibitor TSA could ameliorate deficits in novel object recogni-
tion memory in conditional transgenic CBP mutant mice. These
studies demonstrate that HDAC inhibitors may be considered an
important therapeutic for treating cognitive disorders associated
with impairments in CBP activity, as in Rubinstein-Taybi Syn-
drome.

These studies agree with previous findings in the Hunting-
ton’s disease (HD) literature, in which pathology is associated
with impaired CBP activity and decreased histone acetylation.
HDAC inhibition has been shown to increase histone acetyla-
tion, arrest ongoing progressive neuronal degeneration, and re-
duce lethality in a Drosophila model of HD (Steffan et al. 2001), as
well as ameliorate motor deficits in a mouse model of HD
(Hockly et al. 2003). These studies suggest that it is the effect of
HDAC inhibition on histone acetylation that is important. How-
ever, as discussed above with regard to non-histone substrates of
HATs, it may also involve non-histone substrates of HDACs.
Huntington’s disease is also characterized by altered microtu-
bule-dependent transport of organelles, including vesicles con-
taining brain-derived neurotrophic factor (BDNF) (Gauthier et al.
2004). Recently, HDAC inhibition was shown to increase vesicu-
lar transport of BDNF via increased acetylation of a-tubulin
(Dompierre et al. 2007). The authors demonstrate that HDAC
inhibition, via TSA, specifically increases lys40 acetylation of a-
tubulin in an HDAC6-dependent manner, and that HDAC inhi-
bition may thus ameliorate vesicular transport defects in HD.
Taken together, these studies suggest that HDAC inhibition may
affect both histone and non-histone acetylation mechanisms
with regard to ameliorating certain pathology in HD. HDAC in-
hibitors are currently being tested in clinical trials with regard to
neurological disorders, some of which have been published (Mer-
curi et al. 2004; Brahe et al. 2005; Hogarth et al. 2007;).

With regard to enhancing memory in normal mice, HDAC
inhibitors have been found to enhance long-term memory for
contextual fear conditioning (Levenson et al. 2004; Fischer et al.
2007; Vecsey et al. 2007), spatial learning in the water maze
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(Fischer et al. 2007), fear potentiated startle (Yeh et al. 2004),
extinction of fear memory (Bredy et al. 2007; Lattal et al. 2007;
Bredy and Barad 2008), and synaptic plasticity (Alarcon et al.
2004; Levenson et al. 2004; Vecsey et al. 2007). One major open
question that arises from these studies is what is the mechanism
by which HDAC inhibitors enhance memory and synaptic plas-
ticity? This question is answered in part by two very recent stud-
ies. In the first, Fischer et al. (2007) found that HDAC inhibition
induced histone hyperacetylation correlating with dendritic
sprouting and increased number of synapses, suggesting a cellu-
lar mechanism by which HDAC inhibitors may modulate
memory. In the second, Vecsey et al. (2007), using homozygous
CREB knockout mice as well as homozygous knock-in mice ex-
pressing CBP carrying a triple point mutation in the CREB-
binding (KIX) domain of CBP, have shown that CREB and the
interaction between CREB and CBP is necessary for HDAC inhi-
bition to enhance long-term memory and hippocampal long-
term potentiation. In this study, different types of genetically
modified Cbp mutant mice were essential to demonstrate that at
least one wild-type allele of Cbp is required to mediate the effects
of HDAC inhibition. Thus, simply inducing a histone hyper-
acetylated state is not sufficient, most likely because of the role
CBP plays in recruiting basal transcription machinery. Under-
standing the molecular and cellular mechanisms underlying the
activity of HDAC inhibitors in neurons will be pivotal to the
future design and use of the next generation of HDAC inhibitors
with increased specificity, ability to cross the blood-brain barrier,
and cell permeability.

Dynamic interactions between histone modifying
enzymes and nucleosome remodeling complexes:

Essential for neuronal function?
The interplay between HATs and HDACs involved in regulating
transcription required for synaptic plasticity was elegantly dem-
onstrated in a study in Aplysia. Guan et al. (2002) used a bifur-
cated single sensory neuron-two motor neuron culture prepara-
tion (Martin et al. 1997; Casadio et al. 1999) to measure synapse-
specific long-term depression and facilitation (forms of synaptic
plasticity in Aplysia). Long-term depression was induced using
FMRFa, a neuropeptide related to enkephalins, which was shown
to require the repressor CREB2. Long-term facilitation was in-
duced using 5-HT (serotonin), which is a form of facilitation
known to require the activator CREB1 (Bartsch et al. 1998). The
bifurcated prep allowed the authors to induce long-term depres-
sion at one synapse and long-term facilitation at another to de-
termine the effect of one form of plasticity on the other, as well
as examine the underlying mechanisms of signal integration.
Guan et al. (2002) found that long-term depression could
over-ride long-term facilitation. To understand how, they exam-
ined the molecular events taking place at the C/EBP promoter in
dissected ganglia. They found that under 5-HT-induced long-
term facilitation, histone acetylation at histones H4 Lys 8 and H3
Lys 14 significantly increased, and that this increase in acetyla-
tion correlated with the recruitment of CBP at the C/EBP pro-
moter. 5-HT is thought to lead to PKA-dependent phosphoryla-
tion of CREB1, which serves as an inducible recruitment signal
for CBP. In contrast, FMRFa induced long-term depression cor-
related with recruitment of the repressor CREB2 and HDACS.
Thus, the dynamic interplay between HAT and HDACs appears to
be critical for the integration of neuronal signaling events un-
derlying synaptic plasticity. However, the molecular mechanism
involved in the regulation of transcription during synaptic plas-
ticity and memory formation are likely to be much more com-
plicated, as suggested by the interdependence of chromatin
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modifying enzymes (e.g., HATs, HDACs) and chromatin remod-
eling enzymes (e.g., SWI/SNF, BAF).

The coordinated recruitment of chromatin modifying en-
zymes and chromatin remodeling enzymes has been described in
detail with respect to viruses and yeast, where the resulting com-
plex is called the enhanceosome (Merika and Thanos 2001). A
number of studies (Munshi et al. 1998, 2001; Agalioti et al. 2000,
2002; Lomvardas and Thanos 2002) have described the temporal
and spatial relationships between different transcription factors,
chromatin modifiers, and chromatin remodelers. The order of
recruitment earlier in transcription can alter later recruitment,
which allows the enhanceosome to accommodate variations in
nucleosomal architecture. Acetylation by CBP can facilitate
nucleosome remodeling by the mammalian SWI/SNF (or BAF
complex), which in turn is necessary for the binding of other
transcription factors and can accelerate their recruitment. The
placement of nucleosomes can alter the necessity for certain
parts of the enhanceosome. For example, if a nucleosome is
blocking a core promoter, then remodeling machinery is neces-
sary for transcription to occur. However, if the nucleosome is
elsewhere, then this machinery is not as critical. The enhanceo-
some, including CBP, transcription factors, and chromatin re-
modeling machines thus works in an integrated fashion (see
Agalioti et al. 2000, Fig. 6 for schematic model; for review, see
Merika and Thanos 2001).

The order of CBP recruitment is crucial for its functionality.
Agalioti et al. (2000) demonstrated the ordered recruitment lead-
ing to IFN-B transcription in response to viral infection. First,
there is initial acetylation of the nucleosome by GCNS, a HAT,
which allows for recruitment of the CBP-PolIl holoenzyme com-
plex. CBP further acetylates the nucleosome and recruits SWI/
SNF, which is a nucleosome remodeling complex. Nucleosome
remodeling facilitates transcription by moving the nucleosome
out of the way of transcriptional machinery. Because SWI/SNF
has no sequence specificity (Vignali et al. 2000), recruitment by
CBP and the involvement of the already assembled enhanceo-
some lends the necessary specificity. Therefore, CBP cannot be
recruited without the proper composition of the enhanceosome,
but CBP itself is necessary for completion of the enhanceosome.

It is likely that, although these large enhanceosome com-
plexes have been studied mainly in yeast, they are also necessary
for regulation of the transcriptional regulation of learning and
memory. This aspect of transcriptional regulation has so far been
overlooked in studies of learning and memory. Its critical in-
volvement in other models, however, suggests that it may be a
central piece of the puzzle, an idea supported by the existence of
neuron-specific chromatin remodeling complexes (nBAF com-
plexes) described by Crabtree and colleagues (for review, see
Kouzarides 2007; Wu et al. 2007).

Stable and transient histone modifications

One of the alluring aspects of examining chromatin modifica-
tions in the role of modulating transcription required for long-
term memory processes is that these modifications may provide
transient as well as stable epigenetic marks in the service of ac-
tivating and/or maintaining transcriptional processes. These in
turn may ultimately participate in the molecular mechanisms
required for neuronal changes subserving long-lasting changes in
behavior. As an epigenetic mechanism of transcription, chroma-
tin modification in combination with DNA methylation has
been shown to maintain cellular memory (e.g., cell fate) (for re-
view, see Turner 2002; Hirose 2007) and may underlie the
strengthening and maintenance of synaptic connections re-
quired for long-term changes in behavior (e.g., maternal behav-
ior) (Meaney et al. 2007) and memory (Miller and Sweatt 2007;
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Miller et al. 2007). While a role for rapid DNA methylation in
regulating transcription required for memory has been demon-
strated (Miller and Sweatt 2007; Miller et al. 2007), no stable DNA
or histone modifications have been demonstrated to be involved
in memory processes. Perhaps this is because at each level, mo-
lecular, cellular, systems, etc., there are emergent properties spe-
cific to each level, and thus, correlating stable epigenetic marks
to remote long-term memories will be impossible. On the other
hand, it may be that investigation of other histone modifications
will reveal long-lasting modification changes. Currently, the
best-studied modifications are those with reliable site-specific an-
tibodies raised against them. As those tools improve, so may our
understanding of transient versus stable modifications. Regard-
less, all current studies demonstrate that transient histone modi-
fications are observed during memory consolidation and there
are several very interesting possibilities for these transient modi-
fications. For example, they may play an integral part of epige-
netically “bookmarking” genes that have recently been transcrip-
tionally activated. This mechanism has been described in the
yeast literature as molecular short-term memory (for review, see
Turner 2003) and may be one type of mechanism by which tim-
ing of activity-dependent events may be processed.

Investigating how chromatin modification, chromatin re-
modeling, and DNA methylation regulate transcription required
for long-term memory addresses a crucial, and still unanswered
question in neurobiology of how long-lasting changes in behav-
ior may occur. As we understand more about different chromatin
modifying and remodeling enzymes, types of histone modifica-
tions, DNA methylation, and the incredible combinatorial com-
plexity of epigenetics, the epigenome will hopefully reveal fun-
damental insight into the molecular mechanism of memory pro-
cesses as well as avenues to rational therapeutic design for human
cognitive diseases.
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