1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Rev Neurosci. Author manuscript; available in PMC 2015 October 14.

-, HHS Public Access
«

Published in final edited form as:
Rev Neurosci. 2012 ; 23(0): 607-626. doi:10.1515/revneuro-2012-0050.

Molecular brake pad hypothesis: pulling off the brakes for
emotional memory

Annie Vogel-Ciernia and
Department of Neurobiology and Behavior, Center for the Neurobiology of Learning and Memory,
University of California Irvine Irvine, CA 92697-3800, USA

Marcelo A. Wood
Department of Neurobiology and Behavior, Center for the Neurobiology of Learning and Memory,
University of California Irvine Irvine, CA 92697-3800, USA

Marcelo A. Wood: mwood@uci.edu

Abstract

Under basal conditions histone deacetylases (HDACs) and their associated co-repressor
complexes serve as molecular ‘brake pads’ to prevent the gene expression required for long-term
memory formation. Following a learning event, HDACSs and their co-repressor complexes are
removed from a subset of specific gene promoters, allowing the histone acetylation and active
gene expression required for long-term memory formation. Inhibition of HDACs increases histone
acetylation, extends gene expression profiles, and allows for the formation of persistent long-term
memories for training events that are otherwise forgotten. We propose that emotionally salient
experiences have utilized this system to form strong and persistent memories for behaviorally
significant events. Consequently, the presence or absence of HDACs at a selection of specific
gene promoters could serve as a critical barrier for permitting the formation of long-term
memories.
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Introduction

Emotionally arousing events often lead to the formation of strong and persistent memories
that can last a lifetime. There is extensive research supporting the role of adrenal stress
hormones in enhancing memory for emotionally salient events (reviewed in McGaugh,
2004), but the molecular events underlying their persistence are largely unexplored. Here we
propose that behaviorally important events remove the molecular ‘brake pads’ that normally
prevent the formation of long-term memories and that misregulation of this system may
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result in the formation of abnormally strong memories, such as in post-traumatic stress
disorder or addiction.

The consolidation of long-term memories requires the coordinated expression of specific
profiles of gene targets (reviewed in Alberini, 2009). Many recent studies have focused on
epigenetic mechanisms of transcriptional regulation in controlling the gene expression
underlying longterm memory formation. In a broad sense, epigenetics refers to the
regulation of gene expression via chromatin structure that is independent of changes in DNA
sequence (Day and Sweatt, 2011; Wood, 2011). There are five major mechanisms by which
chromatin structure is regulated in the service of controlling gene expression: histone
modification, DNA methylation, nucleosome remodeling, histone variants, and miRNAs.
This review will focus on histone modification mechanisms, as this is the best-studied
chromatin regulatory mechanism implicated in memory processes to date and has recently
been implicated in regulating behavioral adaptations to emotional stimuli (Renthal et al.,
2007; Roozendaal et al., 2010; Fukada et al., 2012).

For transcription to occur, both transcription factors and RNA polymerase must gain access
to the DNA. Within eukaryotic cells DNA is highly compacted (~10,000-fold) into a
structure called chromatin. The primary repeating unit of chromatin is termed the
nucleosome, with each nucleosome consisting of 147 base pairs of DNA wrapped around a
histone octamer. The histone octamer can vary in composition, but canonically includes two
of each of the following core histone proteins: H2A, H2B, H3 and H4. Each histone contains
a histone tail that interacts with the negatively charged phosphate backbone of DNA.
Histone tails can be post-translationally modified by the addition or removal of specific
chemical groups (phosphorylated, acetylated, methylated, etc.). These histone tail
modifications can alter histone-DNA interactions, recruit DNA or histone-interacting
proteins, and either promote or repress transcription (Kouzarides, 2007; Barrett and Wood,
2008). Specific histone modifications may alter gene expression by interacting with
additional epigenetic mechanisms of gene regulation. For example, DNA methylation and
histone acetylation appear to work in concert to regulate long-term changes in behavior
(Weaver et al., 2004; Miller and Sweatt, 2007).

This dynamic state of chromatin ultimately regulates gene expression profiles that in turn
dictate cellular function. In general, histone acetylation weakens the interactions between
histone tails and the negatively charged DNA, allowing greater access for the transcriptional
machinery and hence promoting transcription. In contrast, histone deacetylation is usually
associated with repressive chromatin states and decreased transcription (Kouzarides, 2007).
The interplay between histone acetylation and deacetylation is one of the most widely
studied forms of epigenetic regulation with regard to learning and memory. In particular, the
two classes of enzymes that control the addition and removal of acetyl groups on histone tail
lysine residues are histone acetyltransferases (HATS) and histone deacetylases (HDACS),
respectively. The role of HATSs in learning and memory has been reviewed extensively
elsewhere (Barrett et al., 2008) and consequently, this review will focus on the role of
HDAC: as negative regulators of long-term memory formation. Specifically, we propose
that HDACSs serve as molecular ‘break pads’ that prevent the formation of long-term
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memory and it is the removal of these ‘break pads’ during emotional, stressful or salient
events that triggers the gene expression required for long-term memory formation.

Histone deacetylases

Histone deacetylases (HDACS) are a family of enzymes that are categorized into five main
subtypes (I, lla, 1lb, 111 and 1V) based on their homology to yeast transcriptional regulators,
subcellular localization and enzymatic activity (reviewed in Bolden et al., 2006). Both class
I and Il HDACSs remove acetyl groups from the € amino groups of lysine residues via a
charge-relay system that requires both Zn 2* and additional cofactors (Finnin et al., 1999). In
contrast, the class Il HDACs (sirtuin family) are structurally and functionally distinct from
class | and 11 and depend on nicotinamide adenine dinucleotide (NAD *) for deacetylase
activity. In addition to targeting acetyl groups on specific histone tail lysine residues, class I,
Ila and I1b HDACSs also remove acetyl groups from a variety of non-histone targets
including cytoskeletal proteins, molecular chaperones, and nuclear import factors (Glozak et
al., 2005). The first non-histone target of HDAC-mediated deacetylation was the tumor
suppressor and DNA binding transcription factor p53 (Juan et al., 2000). Since that original
discovery, HDACs have been found to remove acetyl groups from a variety of transcription
factors including Yin Yang 1, STAT3, MyoD, NF-kB and c-MYC. Deacetylation also
regulates several other non-transcription factor proteins including importin- o (nuclear
import), Ku70 (DNA repair), Hsp90 (molecular chaperone), and a-tubulin (cytoskeleton)
(reviewed in Glozak et al., 2005). Overall, the acetylation/deacetylation of non-histone
targets seems to have a diverse and protein specific functional impact. For example,
depending on the transcription factor target, increased acetylation has been associated with
both increased and decreased DNA binding affinity, protein stability and the stability of
protein - protein interactions (reviewed in Glozak et al., 2005).

Class | HDACs (1, 2, 3 and 8) are mainly localized to the nucleus (reviewed in de Ruijter et
al., 2003). HDACs 1, 2 and 3 are highly expressed throughout many brain areas including
the amygdala, hippocampus and cortex. Brain expression of HDAC 8 is relatively low, with
the exception of moderate expression in the hippocampus (Broide et al., 2007). HDAC1 and
2 are found in at least three distinct complexes: Sin3, nucleosome remodeling and histone
deacetylation (NURD) and CoREST (reviewed in Ng and Bird, 2000; de Ruijter et al.,
2003). The HDAC3 complex includes either the co-repressors silencing mediator for
retinoid co-repressor (SMRT) or nuclear receptor co-repressor (N-CoR) as well as class lla
HDACs 4, 5 and 7 (Guenther et al., 2000; Li et al., 2000; Fischle et al., 2001, 2002; Zhang et
al., 2002). Both SMRT and N-CoR contain a deacetylase-activating domain (DAD) that
includes a conserved switching-defective protein 3, adapter 2, nuclear receptor co-repressor,
transcription factor (SANT) motif required for HDAC3 enzymatic activity. Importantly, the
DAD domain of SMRT is required for both HDAC3 de acetylase activity and repression by
SMRT (Guenther et al., 2001) and recently the specificity of the HDAC3/SMRTDAD
domain interaction was further demonstrated by the crystal structure of the co-repressor
complex (Watson et al., 2012).

Class Il HDACs are subdivided into lla (HDAC 4, 5, 7 and 9) and I1b (HDAC 6 and 10).
HDACSs 4, 5, 7 and 9 shuttle between the nucleus and the cytoplasm, while the class I1b
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HDAC:Ss are found mainly within the cytoplasm (Jepsen and Rosenfeld, 2002; Chawla et al.,
2003; reviewed in de Ruijter et al., 2003). HDACs 4 and 5 are highly expressed throughout
the brain, while expression of HDACs 7 and 9 is comparably low. As described above,
HDACs 4, 5 and 7 interact with HDAC3 and the NCoR/SMRT complex. Recently, Lahm
and colleagues (2007) showed that class Ila HDACs may not actually possess true
deacetylase activity and instead express their enzymatic activity through interactions with
class | HDACs. Specifically, the authors examined the deacetylase activity of HDAC3 (class
1) and 4 (class I1a) on histone H4-derived peptides with a single acetyl-lysine. The class |
and lla HDAC:s differ by a single amino acid (tyrosine vs. histidine) within the catalytic
domain, which is predicted to disrupt enzymatic activity in the class lla HDACs. Mutation
of this critical tyrosine within the HDAC3 (class 1) catalytic site eliminates its deacetylase
activity without disrupting its presence in the co-repressor complex. In contrast, a similar
mutation in HDAC4 had no effect on the complex’s deacetylase activity. This in
combination with the lack of deacetylase activity of purified recombinant HDAC4 suggests
the de acetylase activity of HDAC4, and perhaps other class l1la HDACs, actually comes
from their association with class | HDACs. In further support of this hypothesis, substituting
the histidine for tyrosine within the catalytic domain of HDAC 4, 5 and 7 creates gain-of-
function mutants with potent deacetylase activity (Lahm et al., 2007). These findings
suggest that class I1la HDACs may not be enzymatically active but instead rely on class |
HDAC:s for histone deacetylase activity. It is currently unclear, however, whether these
studies extend beyond the role for class l1la HDACs on traditional isolated histone substrates.
It remains an open possibility that class Ila HDACs may act on other acetylated histone sites
or nonhistone targets.

Class 1lb HDACS6 possess several unique structural domains including two independent
catalytic domains and acts in the cytoplasm to deacetylate a-tubulin and alter microtubule
stability (reviewed in Valenzuela-Fernandez et al., 2008). Over-expression of HDAC6
decreases acetylation, resulting in an increase in cell maotility leading to microtubule
depolymerization (Hubbert et al., 2002). HDACS6 is moderately expressed in the cortex,
hippocampus and pons (Broide et al., 2007), suggesting a potential role for the regulation of
microtubule-dependent transport and cytoskeletal dynamics in neurons (see the section on
HDACS6 below). The other class 11b HDAC (HDAC10) is only moderately expressed within
the brain (Broide et al., 2007) and has been found to interact with both class I and class lla
HDAC:Ss (reviewed in de Ruijter et al., 2003).

The sirtuin family (class I11) is composed of seven different NAD * -dependent HDACs that
differ both structurally and functionally from other HDACSs. There are seven mammalian
sirtuins (1-7) that all share a conserved catalytic core domain that utilizes NAD * as a
cofactor for catalytic reactions, including both deacetylases and mono-ADP-ribosyl
transferase activity (Michishita et al., 2005; reviewed in Michan and Sinclair, 2007). Sirtuins
vary in the type of enzymatic activity they possess, with SIRT1 demonstrating the most
robust deacetylation activity (Michishita et al., 2005). Cellular localization of sirtuins varies
with SIRT1, 6 and 7 being primarily locali zed within the nucleus and SIRT 2, 3,4 and 5
within the cytoplasm (Michishita et al., 2005). Sirtuins target both histones and other
proteins to regulate stress, metabolism and cell survival (reviewed in Sauve et al., 2006);
however, even though all seven sirtuins are expressed in the brain, little is known about their
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specific roles in normal brain function (Michishita et al., 2005). To date, only SIRT1 and 2
have been characterized in the brain (see the section on SIRT1 below), with SIRT1
expression occurring mainly in neuronal cell bodies (Michan and Sinclair, 2007) and SIRT2
within oligodendrocytes and Schwann cells in the olfactory bulb (Yu et al., 2005). SIRT1
germline knockout mice or transgenic mice expressing SIRT1 lacking the catalytic domain
possess abnormalities in the central nervous system including impaired retinal and heart
development, somatotropic signaling and dwarfism (Cheng et al., 2003; Cohen et al., 2009).
The role of SIRT1 in learning and memory is discussed in the sections below.

The final class of HDACs (class 1V) contains only HDAC11, which shares homology within
the catalytic domain to both class | and Il HDACs (Gao et al., 2002). HDAC11 is expressed
highly throughout most regions of the brain (Broide et al., 2007) and co-immunopreciptiates
with HDACS6 (Gao et al., 2002), suggesting a potential role in deacetylating non-histone
targets. lIdentifying potential HDAC11 targets as well as its function within the central
nervous system remain an open areas of research.

HDACs regulate gene expression

Transcription is a complex and highly orchestrated process required for basic cellular
function. Originally, the presence or absence of co-activator or co-repressor complexes was
viewed as a ‘switch’ between a transcriptionally active or repressed state (reviewed in
Perissi et al., 2010). In this model, HATS are associated with active genes and HDACs with
inactive genes. This model has been further refined to incorporate the finding that in
addition to co-activators, transcriptional activation requires the cyclic recruitment of HDACs
and nucleosome remodeling complexes. Meétivier and colleagues (2003) demonstrated the
orchestrated cycling of a host of activation factors including HATS, transcription factors,
RNA polymerase and nucleosome remodeling complexes in vitro. Furthermore, following
initiation and elongation, HDACs and chromatin remodeling machinery cycle on to the
promoter to silence or reduce gene expression to basal levels. The authors propose that
active promoters continuously exchange co-activator and co-repressor complexes, with the
removal of co-repressors signaling transcriptional activation (Meétivier et al., 2003; Perissi
et al., 2010). In the case of the N-CoR/SMRT/HDAC3 complex, this removal appears to be
mediated by transducin B-like protein 1(TBLR1). TBLR1 is required for both N-CoR/
SMRT/HDAC3-mediated repression and recruiting the ubiquitin/19S proteosomal
machinery, the latter resulting in the dismissal and/ or degradation of the N-CoR/SMRT/
HDAC3 complex and the subsequent activation of gene expression (Perissi et al., 2004,
2008). The continual presence of TBLR1 within the co-repressor complex suggests that the
complex is primed for removal (Perissi et al., 2010), but it is unclear which signaling
pathways directly orchestrate the removal/addition of different complexes at specific
promoters at distinct time points.

The dynamic interplay between HDACs and HATS is supported by Wang and
colleagues’demonstration of the presence of both HATs and HDACSs at active promoter and
enhancer regions in human CD+ T lymphocytes (Wang et al., 2009). In the resting state, the
presence of HATSs such as CBP, p300, PCAF, MOF and Tip60 near the transcription start
site correlated with the presence of RNA Pol Il, H3 and H4 acetylation and active gene
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expression. Surprisingly, a similar set of correlations was found for HDAC1, 2, 3 and 6, and
HDACSs were not enriched at inactive genes. When cells were treated with the HDAC
inhibitor Trichostatin A (TSA) and butyrate, both H3K9 and H4K16 acetylation levels were
increased in active genes within as little as 10 min. Given that both HATs and HDACSs are
found at active genes (and not inactive ones), the increase in acetylation following global
HDAC inhibition indicates that active genes are in a constant cycle between acetylation and
deacetylation and that blocking HDACs simply shifts this dynamic interplay in favor of
histone acetylation (Wang et al., 2009). Recently, similar cyclic states of DNA methylation/
demethylation at active promoters were demonstrated in vitro, indicating a potential synergy
between the dynamic cycling of HDACs/HATs and DNA methyltransferases/demethylases
(Kangaspeska et al., 2008; Meétivier et al., 2008).

If HDACs and HATS continually cycle at active promoters, HDAC inhibitors would be
predicted to shift this dynamic in favor of HAT activity and prolong transcriptional
activation by preventing HDAC re-engagement at active promoters. Delivery of HDAC
inhibitors in vivo during a learning event increases H3 and H4 histone acetylation levels
(Levenson et al., 2004; Vecsey et al., 2007; Federman et al., 2009; Malvaez et al., 2010).
These global increases in histone acetylation could be predicted to lead to a general increase
in gene expression; however, HDAC inhibition induces changes in expression of only a
small subset of actively transcribed genes in vitro in carcinoma (8-10%; Glaser et al., 2003),
lymphoid (2%; Van Lint et al., 1996), and hepatoma (~4%; Chiba et al., 2004) cell lines.
Similarly, in vivo changes in gene expression following learning and HDAC inhibition seem
to be limited to a subset of specific activity-dependent neuronal genes (Vecsey et al., 2007;
McQuown et al., 2011). More specific inhibitors of individual HDAC enzymes are predicted
to impact an even smaller subset of actively transcribed genes. Following a learning event
and HDAC inhibition, expression of the orphan nuclear receptors Nr4al and Nr4a2 were
significantly increased over vehicle-treated controls two hours post training (Vecsey et al.,
2007). Since there were no changes in expression of either gene in animals given HDAC
inhibitors without training and with normal expression of these genes peaks prior to two
hours post training, these findings indicate that HDAC inhibitors prolong the expression of a
specific subset of activity-regulated genes (Vecsey et al., 2007). The prolonged expression
following HDAC inhibition as well as the memory-enhancing effects of HDAC inhibitors
(see below) depend on the interaction between phosphorylated cyclic AMP-response
element binding (CREB) and CREB Binding Protein (CPB) in the hippocampus, indicating
that both CREB and CPB are critical for mediating increases in hippocampal gene
expression following HDAC inhibition (Vecsey et al., 2007; see also McQuown et al., 2010;
Barrett et al., 2011; Haettig et al., 2011).

Similar to the effects observed with general HDAC inhibitors, HDAC3 focal deletions in the
dorsal hippocampus of HDAC3-FLOX mice led to prolonged expression profiles for both
Nr4a2 and c-fos in a CREB/CBP-dependent manner. This prolonged expression appears to
be critical for memory formation, since blocking Nr4a2 expression within the hippocampus
prior to subthreshold object location training blocked the memory enhancement observed in
the vehicle-treated controls (McQuown et al., 2011), see the HDAC3 section below. The
findings from general HDAC inhibitors as well as manipulations of a single HDAC
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(HDAC3) indicate that endogenous HDACs negatively regulate the expression of specific
target genes required for long-term memory formation.

Another potentially critical function of HDACs may be to keep a subset of promoters in a
‘primed’ state. These promoters contain the H3K4 methylation mark associated with gene
activation but are maintained in a silent state, presumably by the presence of HDACSs that
maintain low levels of acetylation and interfere with RNA Pol Il binding (Wang et al.,
2009). Fass et al. (2003) found that in PC12 cells the pre-initiation complex appears to be at
least partly pre-assembled and poised to initiate transcription at both the c-fosand Nr4al
promo ters, and that HDAC inhibition rapidly triggers the expression of both genes. Under
normal conditions, HDACs may serve to prevent the complete formation of the pre-initiation
complex and hence halt transcriptional activation. The role of HDAC inhibition may be
more complex, however, as both Icer and Nor-1 transcription were decreased following
HDAC inhibition in PC12 cells, indicating a potential role for HDACs in modulating trans
criptional repression, perhaps by acting on non-histone targets (Fass et al., 2003). These
findings indicate that HDACs may serve to negatively regulate gene expression by
inhibiting the complete formation or activation of the initiation complex.

A similar ‘priming’-like mechanism was recently shown to mediate the rapid transcription
of immediate early genes (IEGs; Saha et al., 2011). For a subset of IEGs, RNA polymerase
I1 (RNA Pol Il) transcribes approximately 20-50 nucleotides and then pauses until a
sufficient activity-dependent stimulus releases the inhibition (Zeitlinger et al., 2007;
Nechaev and Adelman, 2008). This promoter-proximal RNA Pol Il stalling appears to occur
at a subset of ‘rapidly’ engaged IEGs and allows for their immediate induction in response
to neuronal activity. For example, in neuronal cultures RNA Pol |1 stalling was found at the
c-fos promoter and following TTX withdrawal and c-fos transcription was rapidly engaged.
In this study, both Nr4al and Nr4a2 were categorized as ‘delayed’ IEGs indicating that their
expression is slower to engage than the more ‘rapid’ IEGs such as c-fos. Like most ‘delayed’
IEGS, RNA Pol Il stalling did not appear to occur at the Nr4al promoter; however, RNA
Pol 1l was bound at the Nr4a2 promoter indicating the presence of a pre-initiation complex
under basal conditions (Saha et al., 2011). Furthermore, in non-neuronal cells HDAC
corepressor complexes have been found to mediate basal state repression, specifically that of
activity-regulated genes, with RNA Pol |1 stalling at their promoters. For example, in
macrophages RNA Pol 11 stalling occurs at Toll-like receptor inducible genes. Under basal
resting conditions, NCoR/HDAC3 and CoREST keep these genes switched off. Upon
lipopolysaccharide stimulation, the co-repressor complexes are rapidly removed, histone
acetylation increases, and RNA Pol 11 elongation progresses (Hargreaves et al., 2009).
Together these findings indicate a potential role for HDACSs in preventing both rapid and
delayed neuronal IEG induction, potentially by maintaining a closed chromatin state prior to
releasing a stalled RNA Pol 1l (rapid IEGS) or in preventing the formation of the pre-
initiation complex or RNA Pol 11 binding (delayed IEGS). In either or both cases, HDACs
could serve a critical role in negatively regulating transcriptional activation and HDAC
inhibitors would be predicted to dramatically shift these kinetics. To date, the role of
HDAC:s in regulating RNA Pol 1l stalling or the induction kinetics of neuronal gene
expression in vivo remains unexplored.
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HDAC inhibition in learning and memory

To date there is a large body of evidence to support the role of histone tail-modifying
enzymes in learning and memory. Learning events in a variety of tasks, brain regions and
species lead to increased histone acetylation and gene expression (Swank and Sweat, 2001;
Guan et al., 2002; Levenson et al., 2004; Chwang et al., 2006; Federman et al., 2009; for a
review, see Barrett and Wood, 2008). Mice with mutations that decrease HAT activity and
histone acetylation show impairments in synaptic plasticity and long-term memory
formation (Bourtchouladze et al., 2003; Alarcon et al., 2004; Korzus et al., 2004; Wood et
al., 2005, 2006). For example, focal homozygous deletion of CBP in the adult dorsal
hippocampus can disrupt histone acetylation and gene expression during memory
consolidation, which correlates with impaired hippocampusdependent long-term memory
and hippocampal longterm potentiation (Barrett et al., 2011).

The first studies on the role of HDACs in learning and memory utilized general HDAC
inhibitors that blocked HDAC function by chelating the zinc ion at the active site (Finnin et
al., 1999). For example sodium butyrate, valproic acid, and suberoylanilide hydroxamic acid
(SAHA) all primarily target class | HDACs with little effect on class Ila (Kilgore et al.,
2010), indicating a critical role for class | HDACs in memory formation and plasticity.
However, the HDAC deacetylases assays performed by Kilgore et al. (2010) measured the
deacetylase activity of purified, recombinant human HDACs on acetylated tripeptide
substrates and it is currently unclear how well these results translate to the inhibition of
specific HDACs within the brain an animal. Class | and 11 HDACs also have varying
enzymatic activity on different acetylated peptide substrates (i.e., acetylated tripeptides vs.
trifluoroacetyllysine tripeptides), potentially confounding the half maximal inhibitory
concentration (ICsq) readings if a non-optimal substrate is chosen for that HDAC (Lahm et
al., 2007; Bradner et al., 2010). Furthermore, current techno logy allows for only an
approximation of HDAC inhibitor specificity in vivo by comparing the ICsq for each HDAC
on purified recombinant proteins to the maximum drug concentration (Cpax ) Within the
targeted brain region. For example, McQuown et al. (2011) found that RGFP136 has an ICsg
of 5.2 um for HDAC1, 3.0 um for HDAC2 and 0.4 um for HDAC3 on purified recombinant
HDAC:s. Following a systemic injection of RGFP136, the Cp,y in brain lysates was found to
be ~1.7 pm, suggesting that systemic administration resulted in a brain concentration of
RGFP136 sufficient to specifically inhibit only HDAC3.

The first experiments to examine the role of HDACs as negative regulators of transcriptional
processes underlying synaptic plasticity were conducted by Guan and colleagues (2002) in
Aplysia. In this system induction of long-term facilitation (five pulses of serotonin, 5HT)
leads to increased histone acetylation, HAT binding and gene expression, while induction of
long-term depression (a pulse of a neuropeptide related to enkephalins, FMRFa) recruited
HDACS binding, and decreased histone acetylation and gene ex pression. As further
evidence for a functional role of HDACs as negative regulators, blocking HDAC function
by treatment with the HDAC inhibitor TSA transformed short-term facilitation (1x5HT) into
longterm facilitation and blocked the induction of long-term depression (Guan et al., 2002).
It was previously demonstrated by this group that a single pulse of serotonin (1x5HT)
produced facilitation that was both short-term and transcription independent while five
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pulses produced long-term facilitation that required both transcription and translation
(Bartsch et al., 1995). Collectively, these findings indicate that HDAC inhibition could
transform a transcription-independent form of short-term facilitation into a transcription-
dependent long-term form. This idea was further explored in rodents, where HDAC
inhibitors have been shown to enhance long-term potentiation (LTP) within the lateral
amygdala (TSA,; Yeh et al., 2004) and hippocampal slices [suberoylanilide hydroxamic acid
(SAHA); TSA/sodium butyrate; TSA; Alarcon et al., 2004; Levenson et al., 2004; Vecsey et
al., 2007]. Similar to the findings in invertebrates, HDAC inhibition (TSA) can transform a
transcription-independent, transient form of long-term potentiation into a transcriptionally-
dependent and long lasting form of LTP (Vecsey et al., 2007). Furthermore, HDAC
inhibition (TSA) enhancement of LTP required activation of NMDA receptors, ERK
signaling and transcription (Levenson et al., 2004) as well as the interaction between CREB
and CBP in the hippocampus (TSA, sodium butyrate; Vecsey et al., 2007; Barrett et al.,
2011).

HDAC inhibition has also been shown to increase histone acetylation and enhance memory
in a variety of tasks including long-term contextual fear memories (sodium butyrate, TSA;
Levenson et al., 2004; Vecsey et al., 2007), novel object recognition (sodium butyrate;
Stefanko et al., 2009; Haettig et al., 2011) and fear extinction (sodium butyrate, TSA,
valproic acid; Bredy et al., 2007; Lattal et al., 2007). Similar to the transformation of a
transcription-independent form of LTP into a longterm transcription-dependent form,
HDAC inhibition can change a subthreshold learning event that does not result in short- or
long-term memory into one that does (sodium butyrate, RGFP136; Stefanko et al., 2009;
Haettig et al., 2011; McQuown et al., 2011). Stefanko and colleagues demonstrated that a
subthreshold object recognition training paradigm (3 min training) does not produced short-
term (90-min) or long-term (24-h) memory for a novel object. Post training systemic deli
very of the HDAC inhibitor sodium butyrate produced long-term memory and this memory
was persistent for at least 7 days, a time at which normal object recognition memory fails.
There were no effects on short-term memory, indicating that the observed enhancement was
dependent on transcriptional activation (Stefanko et al., 2009). Recently, inhibition of
HDACS3 (see section below) was shown to transform a subthreshold learning event into a
long-term memory that persisted for at least 7 days (McQuown et al., 2011). In crabs, weak
context-signal training can be enhanced with post training HDAC inhibition (sodium
butyrate, TSA) to produce longterm memory (Federman et al., 2009). Together these
findings indicate that HDACS serve as critical negative regulators of long-term memory
formation and that removing the molecular ‘brake pads’ can transform subthreshold learning
events into robust long-term memories.

The role of individual HDACs in learning and memory

Since the finding that sodium butyrate, valproic acid, and SAHA ( Table 1) all
predominately target class | HDACs (Kilgore et al., 2010), recent work has focused on
examining the role of individual class | HDACs in the brain. A number of studies have
utilized both pharmacological and genetic approaches to examine the function of individual
HDAC:S in the brain ( Table 1), including HDAC1 (Bahari-Javan et al., 2012), HDAC?2
(Guan et al., 2009), HDAC3 (McQuown et al., 2011), HDACS (Renthal et al., 2007),
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HDAC1

HDAC2

HDACS6 (Fukada et al., 2012) and SIRT1 (Gao et al., 2010). The following sections are not
intended to provide a comprehensive review of the individual HDACs, but instead to
highlight several current studies examining the role of specific HDACs in memory
formation and the regulation of emotional behaviors.

HDACL1 has recently been implicated in several neurological disease states (Graff et al.,
2011); however, mouse models with germline over-expression or homozygous knockout of
HDAC1 display normal memory formation (Guan et al., 2009). Bahari-Javen and colleagues
(2012) used acute manipulations of HDACL1 to reveal a specific role for HDACL1 in the
formation of extinction memory for contextual fear conditioning. Over-expression of
HDACL in the dorsal hippocampus did produce a modest enhancement in pre-pulse
inhibition of the startle response, but did not alter exploration, motor function, working
memory or short-term memory. There was also no impact on long-term memory for novel
object recognition, spatial Morris water maze or contextual fear conditioning. Over-
expression of HDACL in the dorsal hippocampus did, however, facilitate extinction of
contextual fear conditioning. Conversely, an HDAC1-specific inhibitor delivered into the
dorsal hippocampus following each extinction trial impaired contextual fear extinction but
had no effect when delivered following the initial training, indicating a unique role for
HDACUL in the extinction of fear memories (Bahari-Javan et al., 2012).

Repeated extinction trials led to increased levels of HDACL at the c-fos promoter and a
corresponding decrease in c-fos expression, indicating that HDAC1 may repress c-fos
expression during extinction training. Consistent with this idea, the authors found a decrease
in H3K9 acetylation (H3K9AC), a histone modification linked to active transcription, and
HDACL1 activity at the c-fos promoter following extinction training. To directly test the role
of HDACL1 in regulating c-fos expression during extinction training, the authors examined
the impact of manipulating HDACL1 expression of H3K9Ac levels at the c-fos promoter and
c-fos expression. Over-expression of HDACL1 in the dorsal hippocampus using adeno-
associated virus decreased H3K9Ac levels at the c-fos promoter, decreased c-fos expression
and facilitated extinction. Conversely, blocking HDAC1 pharmacologically or knocking
down expression with siRNA increased H3K9Ac levels, increased c-fos expression and
blocked extinction (Bahari-Javan et al., 2012).

These findings suggest a unique role for HDACL in repressing gene expression underlying
the formation of extinction memory. In contrast, the non-selective HDAC inhibitors sodium
butyrate (systemic) and TSA (intrahippocampal infusion) facilitate fear extinction when
delivered following extinction training (Lattal et al., 2007). However, these inhibitors may
target other HDAC family members that serve as negative regulators of gene expression
required for fear extinction memory, such as HDAC3 (McQuown et al., 2011).

Guan and colleagues (2009) showed that HDAC?2 binds the promoter of a variety of activity-
regulated genes and is found within the coREST, NURD and mSin3a co-repressor
complexes (see above). Over-expression of HDAC2 (but not HDACL) decreased histone
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acetylation and impaired long-term but not short-term contextual and cued fear conditioning.
These animals were also impaired on acquisition and probe test for the spatial version of the
Morris water maze task and on a T-maze non-matching-to-place working memory task. In
contrast, homozygous germline HDAC?2 knockout mice have increased levels of histone
acetylation, increased contextual (long- and short-term) and cued fear conditioning (long-
term) and enhanced spatial working memory. Similarly, HDAC?2 over-expressing mice have
impaired LTP while HDAC2 knockout mice have enhanced LTP. HDAC?2 also appears to
regulate the spine density and synapse number, with HDAC2 overexpression decreasing and
HDAC2 knockout increasing spine density. Furthermore, both the behavioral deficits and
spine loss in the HDAC?2 over-expressing mice could be rescued by chronic (10-day)
treatment with the HDAC inhibitor SAHA, indicating that HDAC?2 is a critical target for
SAHA (Guan et al., 2009). Overall, these findings indicate that HDAC2 serves as a critical
negative regulator of both synaptic plasticity and memory processes.

HDACS3 has also recently been shown to be a negative regulator of long-term memory
formation. McQuown and colleagues (2011) used genetically-modified HDAC3-FLOX mice
in combination with surgical infusions of adenoassociated virus expressing Cre recombinase
to selectively delete HDAC3 within the dorsal hippocampus of adult mice. This genetic
deletion approach avoids any potential developmental confounds often observed in
traditional homozygous knockout animals. Deletion of hippocampal HDAC3 increased
H4K8 acetylation and the expression of both c-fos and Nr4a2 were maintained beyond their
normal expression window ( Figure 1). In addition, hippocampal HDAC3 deletions
transformed a subthreshold training event into long-term object location memory, similar to
general HDAC inhibitors (Stefanko et al., 2009; Haettig et al., 2011). Hippocampal HDAC3
deletions also transform a subthreshold training experience into a longterm memory that
persists beyond a point at which normal memory fails in wild-type mice (7 days). The
transformation of a training event that does not normally form a persistent long-term
memory is reminiscent of the modulatory role of stress and arousal in enhancing memory for
emotionally salient events (see sections below).

Long-term memory for both object location and object recognition were impaired in mice
with a single point mutation in the DAD domain (Y478A) of NCoR that disrupts the
HDAC3/NCoR interaction, indicating that HDAC3 plays a critical role in memory for the
object’s location as well as the object itself. Furthermore, post-training administration of an
HDACS3 selective inhibitor produced similar effects on acetylation and long-term memory
formation, indicating that the memory enhancements were due to the role of HDAC3’s
regulation of transcription during memory consolidation. This was further evidenced by the
required interaction between CBP and pCREB for HDAC3 to enhance memory. The
HDAC3 inhibitor failed to enhance memory in transgenic mice in which interaction between
CBP and CREB is disrupted, indicating that HDAC3 enhances memory through the
regulation of CBP/CREB target genes. Specifically, blocking the CREB target gene Nr4a2,
a known target of general HDAC inhibitors (Vecsey et al., 2007), blocked memory
enhancement in mice with hippocampal deletions of HDACS3. These findings demonstrate
the first evidence for the role of a specific gene target in the mechanism underlying HDAC
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HDACS

HDACG6

regulation of memory formation. Furthermore, this is the first evidence that HDAC3
negatively regulates the gene expression required for long-term memory and that removing
or blocking HDAC3 function can pull the ‘brakes’ off of the system, allowing the formation
of long-term, persistent memories.

Renthal and colleagues (2007) recently examined the role of HDACS as a negative regulator
of behavioral adaptations to chronic emotional stimuli. They utilized a social defeat stress
paradigm that models some of the behavioral components of human depression. To examine
the impact of chronic defeat stress on HDACS5, mice were placed in the home cage of an
aggressive CD1 mouse for 10 min/day for 10 days. Between defeat sessions, a porous
barrier allowing non-physical aggressive interactions separated the experimental mouse and
aggressive mouse. Twenty-four hours after the last defeat session, social interactions
between the experimental mouse and a novel mouse were measured. HDACS5 knockout mice
displayed increased social avoidance following chronic (but not an acute single session)
stress, indicating a role for HDACS in regulating behavioral adaptations to repeated stressful
stimuli. In wild-type mice chronic, but not acute, stress down-regulated hdac5 expression in
the nucleus accumbens (NAc), suggesting a potential mechanism for removing the HDAC5
‘brake pads’ and allowing the expression of a subset of specific target genes in response to
repeated stressful stimuli.

In comparison, chronic, but not acute, cocaine treatment does not alter hdac5 expression, but
does increase the phosphorylation of HDACS (Ser259) and its export from the nucleus in the
NAc (Renthal et al., 2007). This export mechanism is consistent with the activity-dependent
phosphorylation and nuclear export of HDACS in hippocampal cultures (Chawla et al.,
2003; but see Taniguchi et al., 2012) and together with the findings from the social defeat
paradigm suggest that there are at least two independent mechanisms for regulating HDAC5
function ( hdacb expression and HDACS nuclear export). In further support of the role of
HDACS in regulating long-term behavioral adaptations to cocaine, over-expression of
HDACS in the NAc decreases the rewarding effects of cocaine, while knockout of HDAC5
results in sensitization. Chronic cocaine treatment in wildtype mice also alters gene
expression and histone H3 acetylation patterns in the NAc. These results led the authors to
propose a model by which HDACS negatively regulates the gene expression required for
responses to chronically stressful stimuli. In this model, chronic stress can reduce HDAC5
function by decreasing mRNA expression or increasing nuclear export. The subsequent
decrease in HDACS5 function removes the ‘brakes’ on the gene expression underlying
behavioral adaptations to chronic stress.

In the adult mouse, HDACS is expressed within the medial and dorsal raphe nuclei and
expression co-localizes with a marker of serotonergic neurons (tryptophan hydroxylase 2;
Fukada et al., 2012). Given the role of serotonin in regulating emotional behaviors, Fukada
and colleagues used HDAC6 germline knockout mice to evaluate the role of HDACG in
regulating a series of emotional behaviors. HDAC6 knockout mice are hyperactive in a
novel environment (increased distance travelled in open field testing) but show normal
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locomotion in the home cage. HDAC6 knockout mice also demonstrate decreased levels of
anxiety (increased entries into the open arm of an elevated plus maze) and lower levels of
immobility on a tail suspension test, indicating that a lack of HDAC6 may lead to an anti-
depressant-like phenotype. Similarly, acute treatment with an HDACS6 inhibitor (NCT-14b)
produced similar anti-depressant-like effects on immobility, indicating that results with the
germline knockout animals were not developmental. The HDACG6 knockout mice also have
normal serum corticosterone levels at baseline and in response to stress, normal serotonin
levels, and normal behavioral responses to both serotonin and noradrenaline reuptake
inhibitors (fluoxetine and desipramine). Both HDAC6 knockout mice and wild-type mice
treated with NCT-14b show normal levels of histone acetylation but increased levels of
acetylated a-tubulin, a protein implicated in cytoskeletal dynamics and cell motility
(reviewed in Valenzuela-Fernandez et al., 2008). Presently, the mechanism for how HDAC6
may regulate emotional behavior is unknown and may involve the deacetylation of multiple
cytoplasmic protein targets including a-tubulin, cortactin (actin cytoskeleton dynamics) and
HSP90 (chaperone) (reviewed in Valenzuela-Fernandez et al., 2008). Interestingly, not all
emotional behaviors appear to be regulated by HDACS, as chronic HDACS inhibition (10
days) does not alter contextual fear memory (Guan et al., 2009). Chronic HDACS inhibitor
administration may, however, result in either molecular or cellular compensation, hence
masking any potential enhancements of a single, acute dose.

The majority of work on the role of HDACs in learning and memory has focused on class |
and Il HDACs; however the class I1l HDAC SIRT1 has recently been demonstrated to play
a role in regulating memory formation. Gao and colleagues (2010) used transgenic mice
with brain-specific deletion mutations of the catalytic domain of SIRT1 to examine the role
of neuronal SIRT1 in memory. SIRT1 mutant mice had impaired long-term memory for
contextual and cued fear, novel object recognition and spatial Morris water maze as well as
impaired maintenance of LTP. These effects were mediated by post-translational down-
regulation of CREB by miR-134. Expression of miR-134 is normally repressed by SIRT1. In
SIRT1 mutant mice this repression is released, resulting in increased miR-134 expression,
decreased CREB protein levels, and subsequently a decrease in BDNF levels. Knockdown
of miR-134 in the CA1 region of the dorsal hippocampus of SIRT1 mutant mice restored
CREB and BDNF levels and rescued deficits in contextual fear memory and LTP
maintenance. While these results demonstrate the role of SIRT1 as a negative regulator of
microRNA expression, it is unclear what the impact of developmental abnormalities in the
SIRT1 mutant mice may be. The genetically modified SIRT1 mutant mice used by Gao et al.
(2010) were previously shown to have metabolic abnormalities including disrupted
somatotropic signaling and dwarfism (Cohen et al., 2009). While these mutant mice did
have normal shock sensitivity, locomotor activity, cued water maze and basal synaptic
transmission (Gao et al., 2010), future studies would benefit from utilizing inducible models
that bypass the potential confound of the known role of SIRT1 in development (Chen et al.,
2003; McBurney et al., 2003; Cohen et al., 2009).

Collectively, the highlighted papers above provide a flavor for the type of pharmacological,
genetic and behavioral approaches currently being used to explore the role of individual
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HDAC:Ss in learning and memory. Both the findings with non-selective HDAC inhibitors and
more HDAC-specific manipulations strongly support a role for HDACs as negative
regulators of gene expression required for long-term memory formation.

brake pad hypothesis: forming enduring emotional memories

We recently proposed the molecular brake path hypothesis (McQuown et al., 2011), which
postulates that HDACSs and their associated co-repressors form complexes (molecular brake
pads) that normally keep a specific set of genes required for long-term memory processes in
a silent state. As discussed in the preceding section, studies using both general HDAC
inhibitors as well as manipulations of specific HDAC enzymes provide evidence that
HDAC:S serve as critical negative regulators of long-term memory formation. This is
consistent with the in vitro findings discussed above indicating a dynamic interaction
between HATs and HDAC:s at active promoters and the belief that HDACs may prevent
gene expression at genes ‘primed’ for activation (Wang et al., 2009). In this model a
sufficiently strong activity-dependent stimulus is required to remove these ‘brake pads’ in
order to initiate the gene expression required for longterm memory formation. Emotionally
arousing experiences tend to be better remembered and these memories can last for the
lifetime of the organism (reviewed in Cahill and McGaugh, 1996; McGaugh, 2000, 2004).
We propose here that the neuromodulatory signaling activated by emotionally arousing
events may serve as powerful regulators for HDAC removal and consequently the activation
of gene expression required for the formation of persistent long-term memories.

Emotionally salient events lead to enduring long-term memories

This next section of this review will focus on the role of several neuromodulators
[corticotropin-releasing hormone (CRH); epinephrine and glucocorticoids] in forming
enduring memories following an acute, emotionally salient event. These types of long-
lasting memories of stressful or arousing events may confer an evolutionary advantage by
allowing the organism to adjust its behavioral response in similar future situations. The
ability of emotional arousal to modulate memory formation to produce a robust and
enduring memory has been extensively explored and the basic signaling cascades are
highlighted below. This section is not intended to serve as a comprehensive review of
research on emotional memory, but instead to provide a context for the proposed role of
molecular ‘brake pads’ in modulating long-term memory formation for emotionally salient
events.

Emotional arousal triggers a diverse set of neurochemical signals within both the peripheral
and central nervous system that can vary depending on the type and duration of the arousing
event (for a review, see Joéls et al., 2011; McClelland et al., 2011). For example, following
an emotionally arousing training event, such as fear conditioning in rodents, CRH is released
from cells within the hypothalamus (Vale et al., 1981), hippocampus (Chen et al., 2001) and
amygdala (Roozendaal et al., 2002). CRH within the hypothalamus induces the release of
corticotropin from the pituitary that subsequently promotes the release of glucocorticoids
(cortisol in humans and corticosterone in rodents; for a review, see McClelland et al., 2011).
In parallel, epinephrine is released from the adrenal glands and activates the release of
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norepinephrine in the basal lateral amygdala (BLA). As shown in Figure 1, norepinephrine
binds to post-synaptic - and a ; -adrenoceptors in the BLA, leading to the activation of
adenylate cyclase, cCAMP formation, cAMP-dependent protein kinase (PKA) activation and
phosphorylation of CREB (Roozendaal and Quirarte, 2002; Roozendaal et al., 2006).

In contrast, glucocorticoids can diffuse directly across the blood-brain barrier and bind
glucocorticoid receptors (GRs) within the brain. GRs are nuclear hormone receptors that
translocate to the nucleus upon glucocorticoid binding and bind as homodimers to
glucocorticoid-responsive DNA elements at the promoters and enhancers of a subset of
target genes. Once bound to DNA, GRs interact with the basal transcription machinery,
regulatory transcription factors and chromatin remodeling enzymes, including HATSs and
HDAC:Ss, leading to transcriptional activation or repression (Beato and Sdnchez-Pacheco,
1996; reviewed in Revollo and Cidlowski, 2009). GRs can also regulate transcription and
other non-genomic signaling cascades through protein-protein interactions independent of
DNA binding (reviewed in Revollo and Cidlowski, 2009). In addition, within the BLA the
interaction between GRs and the membrane bound p-adrenoceptor-cAMP system indicates
that glucocorticoids may also signal through membrane-bound GRs to modulate cAMP
production by adrenoceptor activation ( Figure 1; reviewed in Roozendaal et al., 2007).

CRH, norepinephrine and glucocorticoids are all involved in modulating memory
consolidation for emotionally salient events (reviewed in McGaugh, 2004; Roozendaal et
al., 2007; Joéls et al., 2011). For example, inhibitory avoidance training activates CRH
release in the amygdala and blocking this release impairs memory consolidation
(Roozendaal and Quirarte, 2002). Similarly, extensive evidence has implicated a role for
norepinephrine and glucocorticoid release in the amygdala in modulating memory formation
(reviewed in McGaugh, 2004; Roozendaal et al., 2007). Inhibitory avoidance training
induces the release of norepinephrine in the amygdala (Mclintyre et al., 2002), post-training
infusions of norepinephrine or adrenoreceptor agonists enhance memory formation (Liang et
al., 1986; Ferry and McGaugh, 1999) and blocking of adrenoreceptors impairs epineph-
rine’s enhancing effect on memory consolidation (Liang et al., 1986). Systemic delivery of
corticosterone (Kovacs et al., 1977) or direct infusions of GR agonists into the amygdala
enhance inhibitory avoidance memory formation (Roozendaal and McGaugh, 1997;
reviewed in Roozendaal, 2000). Blocking corticosterone synthesis prevents epinephrine’s
enhancing effects on memory consolidation (Roozendaal et al., 1996) and, conversely,
blocking B-adrenergic receptor activation blocks the memory-enhancing effects of a post-
training GR agonist (Roozendaal et al., 1999), indicating an interaction between
glucocorticoid- and adrenergic-mediated enhancement of memory consolidation. This
hypothesis was further supported by evidence that activation of GRs on the post-synaptic
BLA neurons facilitates norepinephrine signaling through an interaction with a 1 -
adrenoceptors and the B-adrenoceptor-cAMP-PKA-pCREB signaling cascade (see Figure
1; Roozendaal and Quirarte, 2002; Roozendaal et al., 2006). Furthermore, CRH also appears
to facilitate the formation of emotional memories by interacting with GRs and the -
adrenoceptor-cAMP signaling pathway (Roozendaal et al., 2008).
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Epigenetic regulation of emotional memory formation

While the role of CRH and adrenal hormones in enhancing memory formation for
emotionally salient events has been extensively explored (reviewed in Roozendaal et al.
2007; Joéls et al., 2011), how activation of the subsequent downstream signaling cascades
leads to stronger and more persistent memory remains an area of active research. Recent
work has begun to explore the role of epigenetic mechanisms in regulating the gene
expression thought to underlie stress-related learning and memory (reviewed in Trollope et
al., 2012). For example, a single stressful event such as exposure to the scent of a predator,
forced swimming or exposure to a novel environment increases phosphorylation (serine 10)
and acetylation (lysine 14) of histone H3 (H3S10p-K14ac; Bilang Bleuel et al., 2005;
Chandramohan et al., 2007, 2008) and activation of gene expression ( erg-1 and c-fos) in
the rodent dentate gyrus (Gutiérrez-Mecinas et al., 2011). Both the increases in H3S10p-
K14ac and gene expression require GR and NMDA receptor activity, indicating an
interaction between the two signaling cascades (Gutiérrez-Mecinas et al., 2011). Similarly,
the long-term memory of a forced swim session (measured by a decreased latency to initiate
an immobility response at test (Porsolt et al., 1977; De Pablo et al., 1989; Bilang Bleuel et
al., 2005) requires both GR and NMDA receptor activity during training (Bilang Bleuel et
al., 2005; Chandramohan et al., 2008; Gutiérrez-Mecinas et al., 2011). Forced swim training
results in rapid and transient activation of several signaling molecules downstream of
NMDA receptors ( Figure 1), including phosphorylation of extracellular-signal-regulated
kinase 1/2 (ERK1/2), mitogen-and-stress activated protein kinase 1 (MSK1) and ETS-like
transcription factor 1 (Elk1). In addition, phosphorylation of MSK and EIk1 (but not
ERKZ1/2) also requires GR activity, further indicating a synergy between these two signaling
cascades, potentially through direct protein - protein inter actions between activated GRs
and ERK/MSK/EIK1 (Gutiérrez-Mecinas et al., 2011). Activation of this signaling pathway
would lead to phosphorylation of histone 3 at serine 10 (presumably by pMSK1) and
acetylation of histone 3 lysine 14 by the recruitment of specific HATs (Chandramohan et al.,
2008; Gutierrez-Mecinas et al., 2011). Collectively, these findings indicate that both NMDA
receptor and GR activity initiate signaling cascades critical for the epigenetic regulation of
gene expression following stressful experiences, but it is unclear if these findings extend
beyond dentate gyrus granule neurons.

We recently investigated the role of glucocorticoid activity in modulating long-term object
memory by histone acetylation within the hippocampus and insular cortex (Roozendaal et
al., 2010). Systemic post-training corticosterone injections increased H3K14 acetylation in
both brain regions and enhanced long-term memory for both object location and recognition
(Okuda et al., 2004; Roozendaal et al., 2010). HDAC inhibition post training with infusions
of sodium butyrate directly into the hippocampus enhanced object location but not object
recognition memory, whereas infusions into the insular cortex showed the opposite effect
with enhanced object recognition but not object location memory (Roozendaal et al., 2010).
These findings are consistent with the dorsal hippocampus having a critical role in the
retrieval of object location but not object recognition memory (Haettig et al., 2011) and
implicate glucocorticoid signaling in modulating histone acetylation and object memory.
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To further examine the mechanism of how glucocorticoids interact with histone acetylation,
we used a membrane impermeable corticosterone (cort:BSA) to activate membrane-bound
GRs. Cort:BSA delivered into the insular cortex after training enhanced object recognition
memory and increased pCREB levels. GR antagonists or PKA inhibition blocked this
enhancement. These findings indicate that in insular cortex corticosterone activates
membrane-bound GRs that signal through PKA to increase CREB phosphorylation.
However, this does not rule out a role for glucocorticoid hormone receptors in directly
regulating gene expression in response to an emationally arousing experience or in
regulating HDAC function. It was recently shown that neurotoxic insults, such as those
thought to occur during Alzheimer’s disease progression, up-regulate hdac2 expression
through glucocorticoid nuclear hormone receptors (Graff et al., 2012).

We previously demonstrated that the ability of HDAC inhibitors to increase in histone
acetylation and enhance memory required intact interaction between CBP and pCREB in the
hippocampus (Vecsey et al., 2007). Given that glucocorticoids increase histone acetylation
and pCREB levels, we next asked whether memory enhancements by HDAC inhibition
require glucocorticoid signaling. Both a glucocorticoid antagonist and PKA inhibitor
blocked the HDAC inhibition-mediated enhancement of object recognition memory,
indicating that memory enhancement by HDAC inhibition in the insular cortex requires
glucocorticoid and PKA signaling, presumably to activate CBP/pCREB interactions ( Figure
1). This is consistent with previous findings that PKA and PKC can activate histone
acetylation by MEK/ERK signaling (Levenson et al., 2004; Chwang et al., 2006). To further
explore this hypothesis, we tested whether corticosterone could enhance memory in the
absence of CBP/ pCREB interactions using Cbp KIX/KIX mytant mice. Cbp KIX/ KIX
homozygous knock-in mice express CBP with a triplepoint mutation in the CREB-binding
(KIX) domain that disrupts CBP/pCREB interaction (Kasper et al., 2002). ChpX IX/KIX mjce
have normal short-term but impaired long-term object recognition and location memory
(Wood et al., 2006; Haettig et al., 2011). Interestingly, post-training corticosterone rescued
memory deficits for object recognition but not for object location, indicating that
corticosterone enhances memory for object location (but not object recognition) in a CBP/
pCREBdependent manner. Furthermore, these findings implicate a differential role for CBP
in the insular cortex and hippocampus, consistent with our previous findings that HDAC
inhibition enhances hippocampal synaptic plasticity and object location memory in a CBP-
dependent manner (Vecsey et al., 2007; Barrett et al., 2011; Haettig et al., 2011; McQuown
et al., 2011) and enhances object recognition memory in a CBP-independent manner
(Stefanko et al., 2009; Haettig et al., 2011). The enhancement of object recognition memory
in the absence of CBP/pCREB interaction indicates that different HATs may play a critical
role in brain regions such as the insular cortex.

The molecular brake pad hypothesis: making emotional memories

The role of glucocorticoid signaling in modulating histone acetylation through HDAC
inhibition is an area of active investigation. It is currently unclear how glucocorticoids or
their downstream signaling cascades lead to the presumed removal of HDACs from the gene
promoters required for long-term memory. In the working model proposed here, HDACs are
maintained at ‘primed’ promoters (see the above section on gene regulation) of a subset of
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genes required for long-term memory. When a sufficiently strong stimulus is engaged, such
as that produced during emotional arousal, signaling cascades are engaged (i.e.,
glucocorticoids) that induce the removal of HDACs allowing gene transcription and
subsequent memory formation. Administering corticosterone or an HDAC inhibitor simply
mimics the endogenous process by engaging or bypassing the signaling cascades required
for HDAC removal. Histone acetylation alone is not sufficient for gene activation, however,
and additional signaling cascades that lead to pCREB and HAT (CBP or other as yet
unidentified HATS) engagement at the promoter are also required. HDAC inhibition tips the
dynamic interaction between HATs and HDACs in favor of histone acetylation, allowing the
extended expression of a subset of activity-regulated genes required for long-term memory
formation (Figure 1; Vecsey et al., 2007). These changes in gene expression are thought to
then underlie the transformation of a subthreshold learning event into a persistent long-term
memory (Stefanko et al., 2009; McQuown et al., 2011).

These proposed mechanisms potentially play a powerful role in generating strong and
persistent emotional memories by removing the molecular ‘brake pads’ that otherwise
prevent memory formation. Misregulation of this process may be critically involved in the
development of abnormally strong and intrusive memories, such as those that occur in post-
traumatic stress disorder. In contrast, removal of the ‘brake pads’ may be powerfully
therapeutic for disorders in which gene expression is misregulated. Recently HDAC
inhibitors have been investigated as potential therapeutics in models of a variety of
neurodegenerative diseases including Alzheimer’s (Fischer et al., 2007; Kilgore et al., 2010;
Gréff et al., 2012), Parkinson’s (Kontopoulos et al., 2006) and Huntington’s disease
(Ferrante et al., 2003; Hockly et al., 2003; Gardian et al., 2005). In many of these diseases,
HDAC inhibitors were able to ameliorate both the underlying disease pathology and
memory impairments (reviewed in G&ff et al., 2011). In addition, HDACs are also targets
for treating depression (Tsankova et al., 2006; Schroeder et al., 2007), drug addiction
(Malvaez et al., 2010, 2011), stroke (Faraco et al., 2006) and even aging (Peleg et al., 2010).
As interest in targeting individual HDACs as potential therapeutics increases (see sections
above), it will be of critical importance to gain a better understanding of how these
individual enzymes and complexes are regulated and how they in turn regulate gene
expression in different disease models. More targeted approaches to regulating HDAC
function could serve to reestablish the balance between HDACs and HATS, correcting
aberrant gene expression changes associated with a disease state. Overall, the proposed role
of HDAC:s as negative regulators of gene expression required for persistent, emotionally
salient memory formation provides an attractive target for future work on therapeutic
development.
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Figure 1. Regulation of gene expression by emotional memory
In the basal state, the dynamic exchange between HATs and HDACs at the promoter and

regulatory regions favor HDACs, which serve as molecular ‘brake pads’ by repressing gene
expression. Emotionally salient stimuli activate the release of HDACs and activate the
expression of immediate early genes (IEGs) through the activation of multiple
neurochemical signaling pathways. The best-characterized pathways and components in
mediating epigenetic regulation of gene expression for emotional memory are illustrated
here. Emotionally salient events trigger the release of cortisol (cort) and norepinephrine
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(NE) that bind their respective receptors on post-synaptic neurons. Cortisol binds to both
membrane-bound and nuclear hormone glucocorticoid receptors (GRs). Once activated,
nuclear hormone GRs and the bound cortisol translocate to the nucleus where GRs dimerize
and bind glucocorticoid-response elements (GREs) within regulatory and promoter regions.
GRs can also regulate transcription through other protein - protein interactions, such as
pMSKI/pEIk1. NE binds to post synaptic - and a 1 -adrenoceptors, leading to the activation
of adenylate cyclase (AC), CAMP formation, cCAMP-dependent protein kinase (PKA)
activation and phosphorylation of cAMP response binding protein (CREB). Neuronal
activity also activates NMDA receptors (NMDAR) that increase intracellular calcium

(Ca 2*) concentration, leading to the activation of AC and the ERK/MAPK signaling
cascade (pMEK/perk/pMSK/pEIk1). pMSK and PKA can both phosphorylate CREB bound
to cAMP response elements (CRESs) within the promoter of actively transcribed genes. Once
bound to pCREB, CREB binding protein (CBP) interacts with the basal transcription
machinery and acetylates histones. During this process, the molecular ‘brake pads’ (HDACs
and associated co-repressors) are released from the promoter, allowing histone acetylation.
The combined action of these three unique but interacting signaling cascades is to regulate
transcription required for long-term memory formation. As shown in the gene expression
time course shown at the bottom of the figure, IEGs are rapidly induced following a learning
event and return to baseline within approximately two hours (red line). The remaining lines
represent hypothesized changes in gene expression with HDAC inhibition. With HDAC
inhibition, IEG expression is predicted to be extended beyond the time at which it would
normally return to baseline (purple line; see Vecsey et al., 2007; McQuown et al., 2011).
The blue line represents the predicted rapid increase in IEG expression following a learning
event and HDAC inhibition at ‘primed” promoters (see text). The expression of these gene
targets are then predicted to be extended beyond their normal expression window (green
line). Genes that have been shown to have extended expression following HDAC inhibition
are critical for HDAC inhibition-dependent effects on enhanced/persistent long-term
memory (e.g., nr4a2; McQuown et al., 2011).
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