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Abstract

Successful transcription of specific genes required for long-term memory processes involves the
orchestrated effort of not only transcription factors, but also very specific enzymatic protein
complexes that modify chromatin structure. Chromatin modification has been identified as a
pivotal molecular mechanism underlying certain forms of synaptic plasticity and memory. The
best-studied form of chromatin modification in the learning and memory field is histone
acetylation, which is regulated by histone acetyltransferases and histone deacetylases (HDACS).
HDAC inhibitors have been shown to strongly enhance long-term memory processes, and recent
work has aimed to identify contributions of individual HDACSs. In this review, we focus on
HDACS3 and discuss its recently defined role as a negative regulator of long-term memory
formation. HDACS3 is part of a corepressor complex and has direct interactions with class Il
HDACs that may be important for its molecular and behavioral consequences. And last, we
propose the “molecular brake pad” hypothesis of HDAC function. The HDACs and associated
corepressor complexes may function in neurons, in part, as “molecular brake pads.” HDACs are
localized to promoters of active genes and act as a persistent clamp that requires strong activity-
dependent signaling to temporarily release these complexes (or brake pads) to activate gene
expression required for long-term memory formation. Thus, HDAC inhibition removes the
“molecular brake pads” constraining the processes necessary for long-term memory and results in
strong, persistent memory formation.

Introduction

Gene transcription is essential for long-term synaptic plasticity and long-term memory
formation (Alberini, 2009). Chromatin modifications can modulate the transcription required
for long-term memory processes by providing transient and potentially stable epigenetic
marks that activate and/or maintain transcriptional processes. Histone acetylation is a
chromatin modification that modulates histone-DNA interactions via two different classes of
enzymes: histone acetyltransferases (HATS), which acetylate histone tails and promote gene
transcription; and histone deacetylases (HDACs), which remove acetyl groups and lead to
gene silencing (Kouzarides, 2007). A learning event that produces long-term memory
enhances histone acetylation, by increasing HAT and decreasing HDAC activity, to induce
specific patterns of gene expression (Levenson et al., 2004; Federman et al., 2009).
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Numerous studies have shown that a potent HAT, cyclicAMP response element binding
protein (CREB)-binding protein (CBP), is necessary for long-lasting forms of synaptic
plasticity and long-term memory (reviewed in Barrett and Wood, 2008). Mouse models with
a loss of CBP’s HAT function all show attenuated histone acetylation and impaired long-
term memory formation (Oike et al., 1999; Bourtchouladze et al., 2003; Alarcon et al., 2004;
Korzus et al., 2004; Wood et al., 2005; Wood et al., 2006; Vecsey et al., 2007; Stefanko et
al., 2009; Chen et al., 2010; Barrett et al., 2011).

In contrast, HDACSs have been shown to be powerful negative regulators of long-term
memory processes. Nonspecific HDAC inhibitors enhance histone acetylation, synaptic
plasticity, as well as long-term memory (Levenson et al., 2004; Bredy and Barad, 2008;
Lattal et al., 2007; Vescey et al., 2007; Guan et al., 2009; Malvaez et al., 2010; Roozendaal
et al., 2010). Using subthreshold training conditions, HDAC inhibition can transform a
learning event that does not lead to memory formation into a learning event that does result
in significant long-term memory (Stefanko et al., 2009). Further, HDAC inhibition can also
generate a form of long-term memory that persists beyond the point at which normal
memory fails (Stefanko et al., 2009). This body of work implicates histone acetylation as a
potential mechanism by which a learning event can result in encoding of a long-term
memory, whereas deacetylation likely inhibits this process.

Classification and Contribution of Individual HDACs

HDAC:Ss are grouped into four classes based on sequence homology with yeast factors and
domain organization. All classes are dependent on zinc for their catalytic activity except for
the sirtuins (Class I11) which are structurally unrelated NAD-dependent enzymes and will
not be discussed in this review. Class I, comprised of HDACs 1, 2, 3, and 8, share homology
with yeast RPD3 protein. This group contains nuclear localization signal (NLS) and lack a
nuclear export signal (NES), with the exception of HDAC3 which can be found in the
nucleus and cytoplasm (Gregoretti et al., 2004). Class Il HDACs resemble yeast protein
HDAL and are separated by domain organization into Ila (HDACs 4, 5, 7, and 9) and Ilb
(HDACs 6 and 10). This class contains NLS and NES for phosphorylation-regulated
shuttling between the cytoplasm and nucleus as well as additional regulatory domains.
HDACS3 has been shown to interact with most of the class Il proteins (HDACA4, 5, 7, and 10;
Fischle et al., 2002; Tong et al., 2002). HDAC11 is the sole member of Class 1V, and has
been found primarily in the nucleus in complexes with HDAC6 (Gao et al., 2002). HDAC11
has similarities with both Class | and 1l HDACs but likely has a unique physiological role.

Currently, the role of individual HDACs in long-term memory formation remains largely
unexplored except for few recent studies. HDAC5 was the first discrete HDAC to be
implicated as a negative regulator of long-term synaptic plasticity. Recruitment of HDAC5
to the C/EBP promoter repressed transcription and blocked long-term facilitation in aplysia
(Guan et al., 2002). Further, mice lacking HDACS5 show enhanced reward learning in
cocaine conditioned place preference (Renthal et al., 2007). Conversely, overexpression of
HDAC4 or HDACS attenuated the expression of cocaine conditioned place preference,
further supporting their role as negative regulators of reward-associated memory (Kumar et
al., 2005; Renthal et al., 2007). However, it was recently shown that purified HDAC4 and
HDACS have little to no catalytic activity on canonical HDAC substrates containing acetyl-
lysines (Lahm et al., 2007). There is mounting evidence that class Ila HDACs function in
vivo by interacting with class | HDACs, which have very potent HDAC activity, and other
corepressors to form multi-protein complexes (Fischle et al., 2002; Lahm et al., 2007).
These findings strongly suggest that future studies should include examination of not only
an individual HDAC, but consider the corepressor complex as a whole to determine how
gene expression required for long-term memory formation is being modulated.
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Most of the evidence for the contribution of HDACs in learning and memory comes from
pharmacological studies. HDAC inhibitors sodium butyrate (NaBut), valproate and
suberoylanilide hydroxamic acid (SAHA) were thought to non-specifically block class I, l1a
and Ilb, but not class 111, HDACs. However, a recent biochemical analysis of the in vitro
activities of recombinantly expressed, purified HDACs 1-9 demonstrated that those drugs
are potent inhibitors of class I, but not class Ila and 1lb, HDACs (Kilgore et al., 2010). These
findings suggest that it is the class | HDACs that are critical for regulating long-term
memory processes. Indeed, recent work on individual class | HDACSs supports this
hypothesis. Forebrain overexpression of HDAC2, but not HDAC1, caused impaired memory
formation and synapse formation (Guan et al., 2009). Conversely, loss of HDAC2 resulted
in enhanced memory formation and synaptic plasticity. Further, HDAC2, but not HDACL,
was shown to be associated with the promoters of several genes implicated in plasticity and
learning, and so it is likely that removal of this negative regulator would allow for greater
learning-induced gene expression. We have shown recently that another class | HDAC,
HDACS, negatively regulates memory formation (McQuown et al., 2011), which will be the
focus of the rest of this review.

HDAC3 Expression and Function

HDACS3 is found in many tissues throughout the body, including the brain (Mahlknecht et
al., 1999). It is the most highly expressed Class | HDAC in the brain with greatest
expression in the hippocampus, cortex, and cerebellum (Broide et al., 2007). HDAC3 is
predominantly expressed in neurons, but it is also one of the few HDACs localized in
oligodendrocytes (Shen et al., 2005; Broide et al., 2007). While its primary localization is in
the nucleus, HDAC3 can also be found in the cytoplasm and at the plasma membrane
(Takami and Nakayama, 2000; Longworth and Laimins, 2006).

HDACS3 catalytic activity can be regulated by phosphorylation at the serine 424 residue of
the C-terminal domain (Zhang et al., 2005). Casein kinase 2 phosphorylation of HDAC3 at
this site has been shown to increase the basal enzymatic activity, whereas protein
phosphatase 4 has the inverse effect (Zhang et al., 2005). Although phosphorylation can
alter activity of HDACS, it has not been found to alter subcellular localization or protein
interactions (Zhang et al., 2005; Jeyakumar et al., 2007). Also, an oligomerization domain
has been identified in the N-terminal by which the protein can self-associate to form dimers
and trimers (Yang et al., 2002). However, recombinant HDAC3 alone has no HDAC
function (Guenther et al., 2001). HDAC3 must be properly folded by TCP-1 ring complex
and then bound to corepressors NCoR (nuclear receptor corepressor) or SMRT (silencing
mediator of retinoic acid and thyroid hormone receptor) to form an active enzyme complex
(Guenther et al., 2001, 2002).

HDACS3 forms a stable multiprotein complex with corepressors NCoR and SMRT in order
to regulate transcription of genes as well as other nontranscriptional functions. Three
different binding sites on NCoR/SMRT are associated with HDAC3 (Wen et al., 2000). One
site important for HDAC3 activity is the deacetylase domain (DAD) of NCoR/SMRT, which
binds both the amino and carboxy termini of HDAC3 and transforms HDAC3 into a four-
helical structure (Codina et al., 2005; Guenther et al., 2001). HDACS3 is the primary HDAC
enzyme in NCoR/SMRT complexes, however other HDACs or HDAC complexes can be
recruited in a transcription factor-specific or context-specific manner by less stable
interactions with NCoR/SMRT (Huang et al., 2000; Fischle et al., 2001; 2002). This has
been best described of the class Il HDACs.

Class lla HDACs (HDAC4 and 5) are found to directly interact with the RD3 domain of
NCoR/SMRT, a distinct domain from HDAC3, and become part of the repressor complex
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(Huang et al., 2000; Wen et al., 2000; Fischle et al., 2001). In addition, class Il HDACs (4,
5, 7, and 10) have been shown to interact with HDAC3, but not HDAC1 or 2 (Huang et al.,
2000; Fischle et al., 2001; 2002). Specifically, HDAC4 coimmunoprecipitates with HDAC3
via its C-terminal domain and disruption of this interaction results in loss of observed
HDAC activity. Further, it has been suggested that the enzymatic activities of Class lla
HDAC:Ss rely on interactions with HDAC3 and NCoR/SMRT (Huang et al., 2000; Fischle et
al., 2001). Purified HDAC4 and 5 have little to no catalytic activity on canonical HDAC
substrates containing acetyl-lysines (Lahm et al., 2007). However, HDACA4 or 5 associated
with HDAC3 and/or NCoR results in observable deacetylase activity which is disrupted by
mutations in these interaction domains. Thus, Class 1la HDACs likely function in vivo by
interacting with HDAC3, which has potent HDAC activity, as part of a corepressor multi-
protein complex (Fischle et al., 2002; Lahm et al., 2007).

Histone substrates of HDAC3

Histone deacetylation by HDAC3 and the NCoR/SMRT complex have been shown to cause
transcriptional repression in two different ways. First, the removal of acetyl groups increases
the affinity of the histone tail for the negatively charged DNA backbone, which yields a
closed chromatin conformation intractable to transcription. Second, histone deacetylation
reduces the recruitment of bromo-domain coactivators, such as chromatin-associated
proteins and histone acetyltranferases that typically bind the acetyl-lysine motifs and
promote transcription (Zeng and Zhou, 2002). In this fashion, HDAC3/NCoR/SMRT
mediates the repression of unliganded nuclear receptors (e.g., PPAR, RAR, RXR, GR,
NR4A2 and Rev-Erb; Fajas et al., 2002; Jepsen and Rosenfeld, 2002; Yin and Lazar, 2005;
Lammi et al., 2008). HDAC3 repression is lost when a ligand binds and induces a
conformational change to release the corepressor complex and allowing a coactivator to
bind. In other cases, HDAC3 complexes interact with transcription factors to keep their
target genes in an inactive state (Heinzel et al., 1997; Lutterbach et al., 1998).

Some research has aimed to identify HDAC3-preferred lysine residues on histone tails and
has yielded conflicting results. The first studies of HDAC3 identified it as a potent
deacetylase of both histones H3 and H4, however HDAC3 deacetylated histone H4 more
completely than HDACL1 (Yang et al., 1997; Dangond et al., 1998; Emiliani et al., 1998). In
contrast, Vermeulen et al. (2004) found histone deacetylation of SMRT/NCoR complexes
preferred histone H3 when targeted to preacetylated nucleosomal templates. More detailed
studies began to identify specific lysine residues on the histone tails targeted by HDAC3.
One in vitro study suggested that HDAC3 completely deacetylated H2AKS5, H4K5, and
H4K12, but only partially deacetylated H3, H2B, H4K8, and H4K16 (Johnson et al., 2002).
Using the retinoic acid-regulated gene as a prototype, recruitment of HDAC3-NCoR/SMRT
complex showed deacetylation of H4 lysines in order of K5, K8, K12, and K16 (Hartman et
al., 2005). Other models of genetic deletion and pharmacological inhibitor administration
supported these histone H4 acetylation sites as targets and also found increased histone H3
K9/K14 acetylation (Bhaskara et al., 2010; Knutson et al., 2008; Xu et al., 2009; McQuown
etal., 2011).

HDACS3 deacetylation occurs in concert with complementary enzymes (e.g.,
methyltransferases, phosphotases) to allow for coordinated epigenetic modifications. Thus,
knockdown of HDAC3 has revealed interdependent changes in histone modifications.
Aurora B kinase has been shown to prefer a hypoacetylated H3 tail in order to phosphorylate
H3S10 residues. When HDAC3 is removed, histone H3 is hyperacetylated and a
corresponding decrease in phosphorylation at H3S10 is observed (Li et al., 2006). Other
HDACS3 interdependent modifications identified are phosphoryation of H3S28, methylation
of H4K20, and dimethylation of H3K4 (Eot-Houllier et al., 2008; Yoo et al., 2010). The
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histone demethylase IMIJD2A HDACS3 is an essential component for the coordination of
these histone modification profiles to regulate specific gene expression profiles and to bring
about distinct downstream events. Therefore, future studies should consider that the specific
composition of modifications on a histone can further influence chromatin modification and
ultimately establish specific transcription profiles that dictate cellular function.

Nonhistone substrates of HDAC3

In addition to histone targets, HDAC3 can deacetylate other proteins and regulate their
localization and activity. One such target that is relevant to learning and memory is nuclear
factor-kappaB (NF-«B) protein RelA. NF-xB is a transcription factor required for induction
of genes necessary for long-term memory formation (Freudenthal and Romano, 2000; Merlo
et al., 2005). HDAC3 has been shown to terminate NF-«xB signaling by deacetylating RelA
which triggers its nuclear export via interaction with inhibitory-xB (Chen et al., 2001).
Removal of HDAC3 may extend NF-kB-dependent transcription following a learning event
to enhance long-term memory formation.

Another nonhistone substrate is myocyte enhancer factor 2 (MEF2), a transcription factor
important for the regulation of structural plasticity genes. HDAC4 and other class lla
HDACSs have been shown to repress MEF2-dependent transcription, however, only HDAC3
has demonstrated the ability to deacetylate MEF2 (Gregoire et al., 2007). HDAC3 has a
physical association with MEF2 at a DNA-binding domain that is distinct from where class
Ila HDAC:s bind (Gregoire et al., 2007). Deacetylation of MEF2 by HDAC3 terminates
transcription of plasticity genes. Strikingly, HDAC3 also has been shown to deacetylate the
acetyltransferases PCAF and p300/CBP for MEF2 and other proteins (Chuang et al., 2006;
Gregoire et al., 2007). The NCoR-HDAC3 complex has been shown to directly interact with
CBP, such that increasing concentrations of NCoR lead to decreasing amounts of CBP HAT
activity (Cowger and Torchia, 2006). Deacetylation of these coactivators, which are also
HATS, has been shown to inhibit their function and shut down the activation of these
pathways. Through deacetylation of histone and nonhistone substrates critical for learning, it
can be predicted that HDAC3 would negatively regulate long-term memory formation.

HDAC3 and memory formation

We examined the role of HDAC3 in learning and memory using three different approaches
(McQuown et al., 2011). First, HDAC3f1o2/flox mice were infused with AAV-Cre
recombinase into the dorsal hippocampus to create a homozygous focal deletion of HDACS.
Another genetic approach used was the DADm mouse that has a single amino acid
substitution in the DAD domain that disrupts HDAC3 binding to NCoR (Alenghat et al.,
2008). And last, we used a pharmacological inhibitor with greatest inhibition of HDAC3,
RGFP136 (Rai et al., 2010). All three approaches lead to facilitated long-term memory
formation after a subthreshold training period in the novel object recognition task
(McQuown et al., 2011). This subthreshold training period failed to yield 24-hr long-term
memory in control animals. The schematic in Fig. 1A shows the experimental design, such
that the mice received subthreshold training (3 min) in an environment with 2 identical
objects and received a retention test 24 hrs later in which one object is moved to a new
location (object location memory). HDAC3flox/flox mice spent significantly more time with
the object in the new location, whereas wildtype controls had no preference (Fig. 1B).
Further, memory in animals with a loss of HDACS3 persisted at least seven days, a point
beyond where normal object memory fails (see Stefanko et al., 2009). These behavioral
findings suggest that HDAC3 is a critical negative regulator of long-term memory
formation.
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Despite the consistent enhancements of long-term memory by loss of HDACS3 function,
short-term memory for the object recognition task was unaffected. A major difference
between these forms of memory is that, in general, transcription is essential for the
formation of long-term memory, but not short-term memory. We and others have found that
HDAC inhibition by sodium butyrate, TSA, or SAHA have no effect on short-term memory
(Yehetal., 2004; Levenson et al., 2004; Korzus et al., 2004; Vecsey et al., 2007; Stefanko et
al., 2009). Therefore, HDAC3 inhibition is likely enhancing memory through increased gene
expression.

As described above, HDAC3 can repress CBP function by deacetylation (Chuang et al.,
2006; Gregoire et al., 2007). It is likely that HDACS3 inhibition allows greater CREB-CBP
interactions to enhance gene transcription necessary for memory formation. We tested this
hypothesis using genetically modified CBP mutant mice carrying a triple point mutation in
the phospho-CREB (KIX) binding domain of CBP (CBPKIX/KIX mice: Kasper et al., 2002).
Previously we have demonstrated that HDAC inhibition enhances hippocampal synaptic
plasticity in wildtype but not CBPKIX/KIX mice, suggesting enhancement via HDAC
inhibition requires hippocampal CREB:CBP interaction (Vecsey et al., 2007). Also,
CBPKIX/KIX mice have deficits in long-term memory formation of a hippocampus-
dependent task (Haettig et al., 2011). Intrahippocampal delivery of RGFP136 resulted in
long-term memory after subthreshold training in CBP*"* mice, but not CBPKIX/KIX
littermates (McQuown et al., 2011). These results indicate that RGFP136, like sodium
butyrate and trichostatin A, enhances long-term memory through a CBP-dependent
mechanism. This appears to be a fundamental mechanism by which HDAC inhibitors
modulate hippocampal synaptic plasticity and hippocampus-dependent long-term memory,
and strongly suggest that HDAC inhibitors (even only class | specific inhibitors) modulate
memory via a specific mechanism.

Immunohistochemical studies were conducted to examine the effects of HDACS3 disruption
on other histone modifying enzymes and modifications. HDAC3 is highly expressed in the
dorsal hippocampus, and HDAC31%/fox mice infused with AAV-Cre showed a complete
focal deletion of HDAC3 primarily in the CA1 of the dorsal hippocampus (Fig. 2A). In the
area of the HDACS3 deletion, we observed a decrease in HDAC4, but not HDAC2,
immunoreactivity (McQuown et al., 2011). This suggests that the behavioral effects were
not a consequence of HDAC2, but rather the disruption of HDAC3 corepressor complex is
responsible and that may lead to mislocalization or degradation of HDACA4. Again, these
findings imply that examination of individual HDACs cannot exclude their effects on the
corepressor complex which may incorporate other HDACs.

We also observed increased acetylation of histone H4 at K8 (H4K8Ac) in the area of
HDACS3 deletion (Fig. 2B; McQuown et al., 2011). Acetylation at H4K8 has been shown to
increase after the dissociation of the NCoR/HDAC3 complex from promoter regions and
consequently leads to an increase in transcriptional activity (Guenther et al., 2000; Li et al.,
2000; Wang et al., 2010). Intrahippocampal infusion of RGFP136 showed the same
alterations in immunoreactivity for HDAC4 and H4K8Ac as HDAC3f1ox/flox mice. Increased
histone acetylation in the absence of HDACS3 likely suggests corresponding increases in
gene expression.

We investigated gene expression of Nr4a2 and c-Fos, immediate early genes, in the
HDAC3M19X/flox mice. Nr4a2, also known as nurrl, is a CREB-dependent gene implicated in
long-term memaory (Pena de Ortiz et al., 2000; von Hertzen and Giese, 2005; Colon-Cesario
et al., 2006; Vecsey et al., 2007). We have previously demonstrated that Nr4a2 expression is
enhanced by the HDAC inhibitor TSA during memory consolidation (Vecsey et al., 2007).
Indeed, we observed increased Nr4a2 and c-Fos expression in the area of the focal HDAC3
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deletion in the dorsal hippocampus 2 hours after subthreshold training compared to wildtype
mice (Fig. 3; McQuown et al., 2011). However, there was no effect of HDAC3 deletion on
Nr4a2 expression in naive handled mice, which suggests that this enhanced expression is
triggered by learning event.

To determine if increased Nr4a2 expression is necessary for enhanced long-term memory in
HDAC3MoX/flox mice, we infused SIRNA targeting Nr4a2 48 hrs prior to the subthreshold
training in novel object recognition task (Fig. 4A). HDAC31oX/flox mice with a homozygous
deletion of HDAC3 in the dorsal hippocampus failed to exhibit enhanced long-term memory
when Nr4a2 siRNA, but not RISC free siRNA, was infused into the area of HDAC3 deletion
prior to training (Fig. 4B; McQuown et al., 2011). Further, quantitative RT-PCR showed
that Nr4a2 siRNA treatment significantly reduced Nr4a2 expression in both HDAC3flox/flox
and HDAC3** mice, and RISC free-treated HDAC3f1oX/flox mice also exhibited an increased
induction of Nr4a2 mRNA after the long-term memory test (Fig. 4C). These data suggest a
mechanism by which the loss of HDAC3 enhances long-term memory by allowing increased
and/or prolonged CREB:CBP dependent transcription of Nr4a2. These data also suggest that
the transcription factor and immediate early gene Nr4a2 may be a key molecular component
of the machinery underlying synaptic plasticity and memory formation.

Brake Pad Hypothesis

In the learning and memory field, a prevailing question that drives numerous research
programs, including our own, is what are the molecular mechanism underlying long-term
memory formation? Although mechanisms underlying memory are of great importance, an
equally important question is by what molecular mechanisms are long-term memories
prevented from forming? This is an old question, and has taken several manifestations,
including a recent version in which genes that prevent memory formation were described as
memory suppressor genes, relating to their counterparts (tumor suppressor genes) in cell
cycle regulation (Abel et al., 1998). Below we present yet another version, but modified to
reflect the current understanding of the contribution of HDACs and associated corepressors
in regulating transcription required for long-term memory processes.

In this last section of the review, we would like to put forth a hypothesis aimed at describing
how long-term memaory processes are prevented at the level of gene regulation. The
hypothesis, which we term the “molecular brake pad” hypothesis, states that HDACs and
associated corepressors form complexes (or molecular brake pads) that normally maintain
specific genes in a silent state and sufficiently strong activity-dependent signaling is
required to temporarily remove these complexes (or brake pads) to activate gene expression
required for long-term memory formation. Thus, these repressor complexes (or brake pads)
are always on, except during important signaling events triggering specific gene expression
profiles for cellular function. Below we explore a few predictions made by this hypothesis.

Genomic DNA in its relaxed form would extend approximately two meters, which needs to
fit into a six micron diameter nucleus. To achieve this incredible level of compaction,
genomic DNA goes through multiple levels of organization resulting in approximately a
10,000 fold compaction. “10,000 fold” is an extremely difficult idea to grasp, but it becomes
readily clear that accessing and indexing genes required for long-term memory processes is
a remarkable achievement. The point is that the molecular machinery involved in this
organization and compaction of genomic DNA is part and parcel to accessing and indexing
genes. Again, not a novel idea, but it helps to consider this before exploring how genes are
turned on for long-term memory formation---it’s not just as simple as loading RNA pol I1.

One simple prediction is that HDACs and associated corepressors forming “molecular brake
pads” are normally engaged in silencing gene expression because they are normally
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involved in the compaction of chromatin structure. However, there are many mechanisms of
genomic DNA compaction (polycomb, etc.), so what makes HDACSs and associated
corepressors unique? Part of the answer may be that HDACs and associated corepressors are
preferentially found at actively transcribed genes in a constant interplay with HATs and
RNA pol 1 to regulate gene expression. A recent genome-wide mapping of HATs and
HDACSs found that both are found at active genes with acetylated histones and both are
targeted to transcribed regions of active genes by phosphorylated RNA pol Il (Wang et al.,
2009). The authors extend the interpretation of their findings to conclude that the majority of
HDAC:Ss function to reset chromatin by removing acetylation at active genes. These results
support the idea of HDACs and associated corepressors functioning as “molecular brake
pads” at actively transcribed genes as they are primarily found at actively transcribed genes
and reset their state of expression.

Another simple prediction is that inhibition of these molecular brake pad complexes should
have specific consequences on activity-dependent transcription and long-term memory (see
Fig. 5). We’ll consider the former first. If these molecular brake pad complexes serve to
reset chromatin and silence gene expression following activity-dependent signaling, then
prohibiting the molecular brake pads from re-engaging may be predicted to prolong gene
expression beyond the point it would normally following a learning event. This has been
observed in a study by Vecsey et al. (2007) in which mice were fit with intrahippocampal
cannulae, subject to contextual fear conditioning, and then immediately after training
injected with an HDAC inhibitor. Two hours after training, hippocampi were collected and
gene expression was examined. At a point when immediate early genes are normally turned
off, the immediate early gene and transcription factor Nr4a2 had maintained expression,
which was associated with increased histone acetylation at its promoter (Vecsey et al.,
2007). HDAC inhibition alone had no effect on the genes examined and contextual fear
conditioning alone did not result in maintained gene expression at two hours post-training.
Furthermore, out of about a dozen genes examined, only Nr4a2 and Nr4al had maintained
gene expression. These results demonstrate that HDAC inhibition may prevent the resetting
of chromatin structure by molecular brake pad complexes, resulting in maintained gene
expression beyond the point normally observed after learning.

Does maintained gene expression result in enhanced long-term memory? Does maintained
gene expression transform a learning event that does not normally result in short- or long-
term memory into an event that does? We don’t have the answers to those specific
questions, but studies have demonstrated remarkable effects on the modulation of memory
by HDAC inhibition. In particular, one simple prediction of the molecular brake pad
hypothesis is that if the brake pads are removed, then a subthreshold stimulus should result
in long-term potentiation (LTP) and long-term memory. With regard to synaptic plasticity,
Vecsey et al. (2007) showed that a stimulus that normally induces a transient, transcription-
independent form of LTP, can be transformed into a stable, transcription-dependent form of
LTP in the presence of HDAC inhibition. With regard to long-term memory, Stefanko et al.
(2009) showed that a subthreshold learning period of three minutes, which does not result in
observable short- or long-term memory, does result in robust long-term memory in the
presence of HDAC inhibition. Similarly, Hdac3-FLOX mice with a focal homozygous
deletion of HDAC3 in the dorsal hippocampus also exhibit robust long-term memory for
object location following a subthreshold training period (McQuown et al., 2011).

Is this via any specific mechanism? Indeed, Haettig et al. (2011) and McQuown et al (2011)
recently showed that HDAC inhibition modulates hippocampus-dependent long-term
memory in a CBP-dependent manner. This supports the interplay between HDACs and
HATS as suggested by Wang et al. (2009) in regulating actively transcribed genes. More
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importantly, there is strong evidence demonstrating that removal of molecular brake pad
complexes results in remarkable effects on long-term memory predicted by this hypothesis.

There remains an immense amount of work to fully define and understand how these
HDAC:Ss and associated corepressor complexes function as molecular brake pads to regulate
gene expression required for long-term memory processes, but we believe that this
hypothesis may provide a useful conceptual framework to understand how these molecular
mechanisms contribute to learning and memory. Future work in understanding how these
molecular brake pads interact with HAT complexes, target non-histone substrates, regulate
specific gene expression profiles, and receive and integrate incoming upstream signaling for
specific neural function is pivotal. It may even help, in part, elucidate aspects of post-
traumatic stress disorder, humans with excellent autobiographical memory, and contribute to
novel therapeutic agents for cognitive disorders.
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Figure 1.

Deletion of Hdac3 in the dorsal hippocampus leads to enhanced memory for object location
(OLM). (A) Mice received subthreshold training (3 min) in an environment with 2 identical
objects and received a retention test 24 hrs later in which one object is moved to a new
location. (B) HDAC3fox/flox mice exhibited significant long-term memory for object
location 24 hours after subthreshold training (n=8/group, ** indicates p<0.005). Adapted
from McQuown et al. (2011) with permission.
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Figure 2.

In?rahippocampal AAV2/1-Cre infusion in HDAC3Mox/lox mjce results in a complete, focal
deletion of HDACS that correlates with increased histone acetylation. Images are 4X except
the right panels which are 20X magnifications of the regions boxed in white. Histograms
depict quantification of optical density as a percent of wildtype. (A) Representative images
showing DAPI labeling and HDAC3 immunoreactivity in hippocampi of AAV2/1-Cre
infused HDAC3*/* and HDAC3M1oX/flox mice. HDAC3 labeling is found throughout CAL,
CAZ3 and the dentate gyrus, and no immunoreactivity is found in the AAV2/1-Cre infusion
site of HDAC3MoX/flox mice, * indicates p<0.05. (B) Representative images show that
acetylation at H4K8 is increased specifically in the AAV2/1-Cre infusion site of
HDAC3MoX/flox mice, * indicates p<0.05. Adapted from McQuown et al. (2011) with
permission.
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Figure 3.

Gene expression is increased in the area of focal homozygous deletion of Hdac3 in
HDAC3MoX/flox mice, (A) Mice received subthreshold training (3 min) in an environment
with 2 identical objects. (B) 2 hrs following training, tissue was collected by taking 1mm
punches from dorsal hippocampal slices in the area of the focal deletion in HDAC3lox/flox
mice as confirmed by immunohistochemistry for HDAC3 and equivalent regions in
HDAC3** mice. Quantitative RT-PCR shows that Nr4a2 expression is significantly
increased in the dorsal hippocampus of HDAC3f1oX/flox mice as compared to wildtype
littermates (n=3/group, * indicates p<0.02). Adapted from McQuown et al. (2011) with
permission.
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Figure 4.

Nr4a2 siRNA completely blocks the long-term memory enhancement observed in
HDAC3MoX/flox mice. (A) 48 hours after infusions of Nr4a2 or RISC free siRNA,
HDAC3oX/flox and HDAC3*/* mice received subthreshold training (3 min) in an
environment with 2 identical objects and received a retention test 24 h later in which one
object is moved to a new location. (B) HDAC3f1oX/flox mice infused with RISC free (n=10)
exhibited significant memory for object location compared to HDAC3*/* mice (t1 indicates
p=0.001), which was blocked by Nr4a2 siRNA treatment (n=9-10/group, ** indicates
p<0.001). (C) 2 hrs following testing, quantitative RT-PCR shows that Nr4a2 siRNA
treatment significantly reduced Nr4a2 expression in both HDAC3f1oX/flox and HDAC3*/*
mice (n=3/group, ** p<0.001 and *p<0.05 vs. respective RISC-free siRNA controls).
HDAC3MoX/flox mice also exhibited an increased induction of Nr4a2 mRNA after the long-
term memory test (11 indicates p = 0.002 vs. HDAC3*/* RISC free). Adapted from
McQuown et al. (2011) with permission.
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Figure 5.

Illustration of the molecular brake pad hypothesis. This is a simplified schematic diagram of
the transcriptional regulation by interactions with HATs and HDACs. Cartoon depicts the
nucleosome as blue cylinders with DNA tightly wound around them in black. Learning-
induced activation releases HDAC/Corepressor complexes and allows HAT/Coactivator
complexes to recruit transcriptional machinery to induce gene expression. Although depicted
as separate protein complexes, it is quite likely that HATs and HDACs may be found in the
same complex. Dotted lines represent theoretical immediate early gene expression levels
after learning with an HDAC inhibitor.
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