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Gene expression is dynamically regulated by chromatin modifications on histone tails, such as acetylation. In general, histone acetylation
promotes transcription, whereas histone deacetylation negatively regulates transcription. The interplay between histone acetyltranserases and histone deacetylases (HDACs) is pivotal for the regulation of gene expression required for long-term memory processes.
Currently, very little is known about the role of individual HDACs in learning and memory. We examined the role of HDAC3 in long-term
memory using a combined genetic and pharmacologic approach. We used HDAC3–FLOX genetically modified mice in combination with
adeno-associated virus-expressing Cre recombinase to generate focal homozygous deletions of Hdac3 in area CA1 of the dorsal hippocampus. To complement this approach, we also used a selective inhibitor of HDAC3, RGFP136 [N-(6-(2-amino-4-fluorophenylamino)6-oxohexyl)-4-methylbenzamide]. Immunohistochemistry showed that focal deletion or intrahippocampal delivery of RGFP136 resulted
in increased histone acetylation. Both the focal deletion of HDAC3 as well as HDAC3 inhibition via RGFP136 significantly enhanced
long-term memory in a persistent manner. Next we examined expression of genes implicated in long-term memory from dorsal hippocampal punches using quantitative reverse transcription-PCR. Expression of nuclear receptor subfamily 4 group A, member 2 (Nr4a2)
and c-fos was significantly increased in the hippocampus of HDAC3–FLOX mice compared with wild-type controls. Memory enhancements observed in HDAC3–FLOX mice were abolished by intrahippocampal delivery of Nr4a2 small interfering RNA, suggesting a
mechanism by which HDAC3 negatively regulates memory formation. Together, these findings demonstrate a critical role for HDAC3 in
the molecular mechanisms underlying long-term memory formation.

Introduction
Transcription is thought to be a key step for long-term memory
processes (Alberini, 2009). Transcription is promoted by specific
chromatin modifications, such as histone acetylation, which
modulate histone–DNA interactions (Kouzarides, 2007). Modifying enzymes, such as histone acetyltransferases (HATs) and
histone deacetylases (HDACs), regulate the state of acetylation
on histone tails. In general, histone acetylation promotes gene
expression, whereas histone deacetylation leads to gene silencing.
Numerous studies have shown that a potent HAT, cAMP response element-binding protein (CREB)-binding protein (CBP),
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is necessary for long-lasting forms of synaptic plasticity and longterm memory (for review, see Barrett and Wood, 2008).
In contrast, HDACs have been shown to be powerful negative
regulators of long-term memory processes. Nonspecific HDAC
inhibitors enhance synaptic plasticity as well as long-term memory (Levenson et al., 2004; Lattal et al., 2007; Vecsey et al., 2007;
Bredy and Barad, 2008; Guan et al., 2009; Malvaez et al., 2010;
Roozendaal et al., 2010). For example, HDAC inhibition can
transform a learning event that does not lead to long-term memory into a learning event that does result in significant long-term
memory (Stefanko et al., 2009). Furthermore, HDAC inhibition
can also generate a form of long-term memory that persists beyond the point at which normal memory fails. HDAC inhibitors
have been shown to ameliorate cognitive deficits in genetic models of Alzheimer’s disease (Fischer et al., 2007; Kilgore et al.,
2010). These demonstrations suggest that modulating memory
via HDAC inhibition have considerable therapeutic potential for
many cognitive disorders.
Currently, the role of individual HDACs in long-term memory formation remains primarily unexplored except for two recent studies. Kilgore et al. (2010) revealed that nonspecific HDAC
inhibitors, such as sodium butyrate, inhibit class I HDACs
(HDAC1, HDAC2, HDAC3, HDAC8) with little effect on the
class IIa HDAC family members (HDAC4, HDAC5, HDAC7,
HDAC9). This suggests that inhibition of class I HDACs is critical
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for the enhancement of cognition observed in many studies. Indeed, forebrain overexpression of HDAC2, but not HDAC1, negatively regulates memory formation (Guan et al., 2009). To date,
no studies have examined the function of HDAC3 in memory
formation. HDAC3 is the most highly expressed class I HDAC
throughout the brain, including the hippocampus (Broide et al.,
2007). HDAC3 alters gene expression as part of a large complex
that contains corepressors, nuclear receptor corepressor 1 (NCoR)
and silencing mediator for retinoid and thyroid-hormone receptors (SMRT), as well as class IIa HDACs, such as HDAC4 (Guenther et al. 2000; Li et al., 2000) (for review, see Karagianni and
Wong, 2007). NCoR associates with HDAC3 through the
deacetylase activation domain (DAD) of NCoR and a single
amino acid substitution (Y478A) in the NCoR DAD results in a
mutant protein that is unable to associate with or activate
HDAC3 (Alenghat et al., 2008). In addition, class IIa HDACs may
require interaction with HDAC3 for their HDAC activity (Fischle
et al., 2002).
In this study, we examined the molecular and behavioral consequences of HDAC3 inhibition using a combined genetic and
pharmacologic approach. Together, these strategies provide convergent findings demonstrating that HDAC3 is a critical negative
regulator of long-term memory formation.

Materials and Methods
Subjects and surgical procedures. HDAC3 floxed C57BL/6 mice were generated with loxP sites flanking exon 4 through exon 7 of the HDAC3 gene,
a region required for the catalytic activity of the enzyme. These mice were
generated in the laboratory of Dr. Mitch Lazar at the University of Pennsylvania and will be described in detail elsewhere. Briefly, targeted
mutagenesis was performed in C57BL/6 embryonic stem cells and
HDAC3–FLOX mice have been maintained on a C57BL/6 background.
To generate a focal deletion, mice were infused with adeno-associated
virus expressing Cre-recombinase (AAV2/1–Cre; Penn Vector Core,
University of Pennsylvania, Philadelphia, PA) 2 weeks before behavioral
procedures. Mice were anesthetized with isoflurane and placed in a digital Just For Mice stereotax (Stoelting). Virus (1.0 l) was injected at a
rate of 6 l/h via an infusion needle positioned in the dorsal CA1 area of
the hippocampus [anteroposterior (AP), ⫺2.0 mm; mediolateral (ML),
⫾1.5 mm; dorsoventral (DV), ⫺1.5 mm]. NCoR homozygous knock-in
mice (referred to as DADm mice) were generated on C57BL/6 background using homologous recombination to incorporate a single amino
acid substitution (Y478A) in the NCoR DAD. DADm mice are fully
described by Alenghat et al. (2008). CBPKIX/KIX homozygous knock-in
mice were generated as described previously (Kaspar et al., 2002). These
mice carry a triple-point mutation in the phospho-CREB (KIX) binding
domain of CBP. For the Nr4a2 knockdown experiment, SMART pool
small interfering RNAs (siRNAs) (Dharmacon) targeted against Nr4a2
were prepared with jetSI (Polyplus Transfection) at a final concentration
of 4 M before injection. Intrahippocampal infusions of Nr4a2 siRNA or
RNA-induced silencing complex (RISC)-free control siRNA were performed similarly to the infusion procedure above. These surgeries were
performed on hippocampal AAV–Cre-infused HDAC3flox/flox and
HDAC3⫹/⫹ mice 2 d before training. Immunohistochemistry and quantitative reverse transcription-PCR were used to confirm focal deletions
and siRNA knockdown, respectively, and lack of either was used as criteria for exclusion from those experimental groups. For all other experiments, C57BL/6J male mice were acquired from The Jackson
Laboratory. Mice were anesthetized with isoflurane, and bilateral cannulae (Plastics One) aimed at the dorsal hippocampus were stereotaxically
implanted (AP, ⫺1.7 mm; ML, ⫾1.2 mm; DV, ⫺1.5 mm). For all experiments, mice were 8 –12 weeks old and had access to food and water ad
libitum in their home cages. Lights were maintained on a 12 h light/dark
cycle, with all behavioral testing performed during the light portion of
the cycle. All experiments were conducted according to National Institutes of Health guidelines for animal care and use and were approved by
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the Institutional Animal Care and Use Committee of the University of
California, Irvine.
Drugs. RGFP136 [N-(6-(2-amino-4-fluorophenylamino)-6-oxohexyl)4-methylbenzamide] was provided by Repligen Corporation and has been
described previously by Rai et al. (2010). Drug was dissolved in DMSO and
diluted in a vehicle of 20% glycerol, 20% PEG 400, 20% propylene glycol,
and 100 mM sodium acetate, pH 5.4. The final DMSO concentration was no
greater than 10%, and the same concentration of DMSO was included in
vehicle injections. For experiments, doses were 1.25 ng/side (0.5 l volume)
for intrahippocampal infusion and 30 or 150 mg/kg subcutaneously (10
ml/kg volume) for systemic administration.
Immunohistochemistry. Two weeks after mice were infused with AAV–
Cre or 2 h after RGFP136 hippocampal infusion, mice were anesthetized
deeply with sodium pentobarbital (100 mg/kg, i.p.) and perfused transcardially with ice-cold PBS, pH 7.4, followed by ice-cold 4% paraformaldehyde in PBS, pH 7.4, using a peristaltic perfusion pump (Thermo
Fisher Scientific). The brains were removed, postfixed overnight at 4°C,
and then transferred to 30% sucrose for 48 h at 4°C. Brains were frozen
and cryocut to 20 m coronal slices, and sections were stored in 0.1 M
PBS. Floating sections were rinsed in 0.1% Triton X-100 (Thermo Fisher
Scientific) in PBS, rinsed in PBS, and then blocked for 1 h at room
temperature in 8% normal goat serum (NGS) (Jackson ImmunoResearch) with 0.3% Triton X-100 in PBS. Sections were rinsed in PBS and
incubated overnight at 4°C in 2% NGS and 0.3% Triton X-100 in PBS
with primary antibody. The sections were then rinsed in PBS and incubated for 2 h at room temperature with goat anti-rabbit IgG–FITC secondary antibody (1:1000; Millipore Bioscience Research Reagents).
Sections were rinsed again in PBS and mounted on slides using ProLong
Gold antifade reagent with DAPI (Invitrogen). Primary antibodies used
were HDAC3 (1:1000; Millipore Corporation), HDAC2 (1:1000; Abcam), HDAC4 (1:500; Abcam), and acetyl-histone-H4K8 primary antibody (1:1000; Cell Signaling Technology).
Images were acquired on an Olympus BX51 microscope using a 4⫻
or 20⫻ objective, CCD camera (QImaging), and QCapture Pro 6.0
software (QImaging). All treatment groups were represented on each
slide, and all images were acquired using the same exposure time.
Immunolabeling was quantified using NIH ImageJ software by selecting the cell layer from comparable 20⫻ images and calculating the
optical density of immunofluorescence.
Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was
performed to examine nuclear receptor subfamily 4 group A member 2
(Nr4a2) and c-fos expression. Tissue was collected by taking 1 mm
punches from dorsal hippocampal slices in the area of the focal deletion
in HDAC3flox/flox mice as confirmed by immunohistochemistry for
HDAC3 and equivalent regions in HDAC3⫹/⫹ mice. RNA was isolated
using RNeasy minikit (Qiagen). cDNA was made from 200 ng of total
RNA using the Transcriptor First Strand cDNA Synthesis kit (Roche
Applied Science). Primers were derived from the Roche Universal ProbeLibrary: Nr4a2 left primer, 5⬘-ttgcagaatatgaacatcgaca-3⬘; Nr4a2 right
primer, 5⬘-gttccttgagcccgtgtct-3⬘; probe, ttctcctg; c-Fos left primer, 5⬘ggggcaaagtagagcagcta-3⬘; c-Fos right primer, 5⬘-agctccctcctccgattc-3⬘;
probe, atggctgc (both Nr4a2 and c-Fos probes are conjugated to the dye
FAM); glyceraldehyde-3-phosphate dehydrogenase (GAPDH) left
primer, 5⬘-atggtgaaggtcggtgtga-3⬘; right primer, 5⬘-aatctccactttgccactgc3⬘; probe, tggcggtattgg (GAPDH probe is conjugated to Lightcycler Yellow 555). The non-overlapping dyes and quencher on the reference gene
allow for multiplexing in the Roche LightCycle 480 II machine (Roche
Applied Science). All values were normalized to GAPDH expression levels. Analysis and statistics were performed using the Roche proprietary
algorithms and REST 2009 software based on the Pfaffl method (Pfaffl,
2001; Pfaffl et al., 2002).
Object recognition. Training and testing for location-dependent object
recognition memory (OLM) and novel object recognition memory
(ORM) were performed as described previously (Roozendaal et al.,
2010). Before training, mice were handled 1–2 min for 5 d and were
habituated to the experimental apparatus 3 min/d for 3 consecutive days
in the absence of objects. The experimental apparatus was a white rectangular open field (30 ⫻ 23 ⫻ 21.5 cm). During the training trial, mice
were placed in the experimental apparatus with two identical objects
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(either 100 ml beakers, 2.5 cm diameter, 4 cm height; or large blue Lego
blocks, 2.5 ⫻ 2.5 ⫻ 5 cm) and were allowed to explore these objects for 3
min, which does not result in short or long term memory (Stefanko et al.,
2009). During the 24 h or 7 d retention test, mice were placed in the
experimental apparatus for 5 min. For ORM, one copy of the familiar
object (A3) and a new object (B1) were placed in the same location as
during the training trial. For location-dependent OLM, one copy of the
familiar object (A3) was placed in the same location as during the training trial, and one copy of the familiar object (A4) was placed in the
middle of the box. All combinations and locations of objects were used in
a balanced manner to reduce potential biases attributable to preference
for particular locations or objects. All training and testing trials were
videotaped and analyzed by individuals blind to the treatment condition
and the genotype of subjects. A mouse was scored as exploring an
object when its head was oriented toward the object within a distance
of 1 cm or when the nose was touching the object. The relative exploration time was recorded and expressed by a discrimination index
[DI ⫽ (tnovel ⫺ tfamiliar)/(tnovel ⫹ tfamiliar) ⫻ 100].
Statistics. Datasets with only two groups were analyzed by independent
samples t test. Datasets with four groups, such as the HDAC3–FLOX and
Nr4a2 siRNA experiment, were analyzed by two-way ANOVA, and separate one-way ANOVAs were used to make specific comparisons when
significant interactions were observed. Student–Newman–Keuls and
least significant different post hoc tests were performed when appropriate. Simple planned comparisons were made using Student’s t tests with
␣ levels held at 0.05.

Results
Generation of focal HDAC3 deletion
The overall goal of this study was to begin to understand the role
of HDAC3 in long-term memory function. Focal deletions of
HDAC3 allow for a detailed regional and task-selective behavioral
analysis without developmental consequence. HDAC3flox/flox and
HDAC3 ⫹/⫹ mice received bilateral intrahippocampal infusions
of AAV–Cre recombinase (1 l/side). AAV serotype 2/1 was used,
which has the viral genome of serotype 2 and packaged in coat
proteins from serotype 1 for efficient transduction of dorsal hippocampal pyramidal neurons (Burger et al., 2004). This viral
infusion does not alter neuronal morphology indicated by intact
nuclei visualized by DAPI staining but does lead to a complete,
focal deletion of HDAC3 as demonstrated by loss of immunoreactivity in the dorsal hippocampus (Fig. 1 A, bottom left).
Next, we examined immunoreactivity for other HDACs.
HDAC2, another class I HDAC member, has been implicated in
learning and memory (Guan et al., 2009), and it is part of a
corepressor complex with HDAC1 (Laherty et al., 1997). We also
chose HDAC4, a class IIa HDAC that can bind to HDAC3 in a
corepressor complex (Grozinger and Schreiber, 2000; Fischle et
al., 2002). HDAC3 deletion did not alter the expression of
HDAC2 (Fig. 1 B, bottom middle). In contrast, HDAC4 had reduced nuclear expression in the region of the HDAC3 deletion
(F(1,6) ⫽ 7.53; p ⫽ 0.03) (Fig. 1C, bottom middle). These results
suggest that deletion of HDAC3 has no observable effect, using
immunohistochemical analysis, on expression of HDAC2; however, it has a significant effect on the expression of HDAC4.
To determine whether deletion of HDAC3 affected histone
acetylation, acetylation of histone H4, lysine 8 (H4K8Ac) was
examined. Acetylation at this site 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).
Indeed, there was an observed increase in H4K8Ac in the region
of HDAC3 deletion (F(1,5) ⫽ 7.18; p ⫽ 0.04) (Fig. 1 D). These
findings suggest that HDAC3, perhaps together with HDAC4,

McQuown et al. • HDAC3 Is a Negative Regulator of Long-Term Memory

controls acetylation of H4K8 involved in transcriptional regulation (Agalioti et al., 2002).
The absence of HDAC3, decreased expression of HDAC4, and
the increase in histone acetylation suggested that gene expression
would be increased in the region of the focal homozygous deletion of HDAC3. To test this, we examined expression of two
immediate early genes, c-fos and Nr4a2, 2 h after object recognition training. Transcription of immediate early genes initiated by
patterned synaptic activity is necessary for synaptic plasticity and
long-term memory (for review, see Alberini, 2009). We have
shown in a previous study that HDAC inhibition in the hippocampus maintained the expression of Nr4a2 at 2 h, beyond
the point at which it would normally be expressed during
memory consolidation (Vecsey et al., 2007). HDAC3flox/flox and
HDAC3⫹/⫹ mice received bilateral intrahippocampal AAV–Cre
infusions 2 weeks (for optimal gene deletion; data not shown)
before training. During training, mice were placed in an arena
with two identical objects for a subthreshold 3 min training session (Fig. 2 A), which does not result in long-term memory (Stefanko et al., 2009). Tissue was collected by taking 1 mm punches
from dorsal hippocampal slices in the area of the focal deletion in
HDAC3flox/flox mice (n ⫽ 3) as confirmed by immunohistochemistry for HDAC3 and equivalent regions in HDAC3⫹/⫹ mice (n ⫽
3). c-fos expression was significantly increased in the area of the
focal deletion of HDAC3flox/flox mice compared with wild-type
littermates (t(4) ⫽ 6.81; p ⫽ 0.002) (Fig. 2 B). Similarly, Nr4a2
expression in the dorsal hippocampus was twofold greater in
HDAC3flox/flox compared with HDAC3⫹/⫹ mice after training
(t(4) ⫽ 4.05; p ⫽ 0.015) (Fig. 2C). Gene expression was also measured in naive controls that received hippocampal AAV–Cre infusions to determine potential basal differences (data not
shown). Naive handled HDAC3flox/flox mice had significantly
greater c-fos expression than wild-type mice (t(9) ⫽ 2.30; p ⬍
0.05), yet basal Nr4a2 expression was unchanged (t(6) ⫽ 0.33; p ⫽
0.75). Thus, Nr4a2 is differentially induced in the HDAC3flox/flox
mice, in which training triggers greater gene expression but basal
levels are unchanged compared with HDAC3⫹/⫹ mice. Together,
these data reveal that HDAC3flox/flox mice have enhanced histone
acetylation and gene expression in the focal deletion compared
with wild-type controls.
Deletion of HDAC3 in dorsal hippocampus leads to enhanced
long-term memory for object location
We hypothesized that the observed increases in histone acetylation and training-induced expression of genes implicated in
long-term memory would likely result in enhanced performance
in a behavioral paradigm used to assess learning and memory.
Previous studies have shown that HDAC inhibition enhances
memory such that a subthreshold learning event that would not
result in long-term memory is transformed into an event leading
to long-term memory (Stefanko et al., 2009). To test whether
deletion of HDAC3 affects learning and memory in a similar
manner, HDAC3flox/flox and HDAC3⫹/⫹ mice received bilateral
intrahippocampal AAV–Cre infusions 2 weeks (for optimal gene
deletion and protein clearance) before training. During training,
mice were placed in an arena with two identical objects for a 3
min training session, which does not result in long-term memory
(Stefanko et al., 2009), and then tested 24 h later in the same arena
with one familiar object moved to a novel location (OLM) (Fig.
3A). Wild-type mice did not exhibit significant discrimination
(n ⫽ 8; DI ⫽ 4.7 ⫾ 3.0%), confirming that 3 min was a subthreshold training period. In contrast, HDAC3flox/flox mice displayed
significant memory for object location, evident by a significantly
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Figure 1. Intrahippocampal AAV2/1–Cre infusion in HDAC3flox/flox mice results in a complete, focal deletion of HDAC3 that correlates with increased histone acetylation. Images are 4⫻, except
the right panels, which are 20⫻ magnifications of the regions boxed in white. Histograms depict quantification of optical density as a percentage of wild type. A, Representative images showing
DAPI labeling and HDAC3 immunoreactivity in hippocampi of AAV2/1–Cre infused HDAC3⫹/⫹ and HDAC3flox/flox mice. HDAC3 labeling is found throughout CA1, CA3, and the dentate gyrus, and no
immunoreactivity is found in the AAV2/1–Cre infusion site of HDAC3flox/flox mice. *p ⬍ 0.05. B, Representative images showing HDAC2 immunoreactivity in hippocampus is unchanged in
AAV2/1–Cre-infused HDAC3flox/flox mice. C, However, HDAC4 immunoreactivity is decreased in the region of the HDAC3 deletion. *p ⬍ 0.05. D, Furthermore, acetylation at H4K8 is increased
specifically in the AAV2/1–Cre infusion site of HDAC3flox/flox mice. *p ⬍ 0.05.

Figure 2. c-fos and Nr4a2 expression are increased in the area of focal homozygous deletion of Hdac3 in HDAC3flox/flox mice. A,
Mice received subthreshold training (3 min) in an environment with two identical objects. B, Two hours after training, quantitative
RT-PCR shows that c-fos expression is significantly increased in the dorsal hippocampus of HDAC3flox/flox mice compared with
wild-type littermates (n ⫽ 3 per group; **p ⬍ 0.003). C, In addition, training induced greater Nr4a2 expression in the dorsal
hippocampus of HDAC3flox/flox mice compared with wild-type littermates (n ⫽ 3 per group; *p ⬍ 0.02).

greater discrimination index (n ⫽ 8; DI ⫽
25.1 ⫾ 3.3%; t(14) ⫽ 3.51; p ⫽ 0.003) (Fig.
3B). Groups did not differ in total exploration time of the two objects during either the
training or retention test (data not shown).
These results demonstrate that HDAC3 is a
negative regulator of long-term memory in
the dorsal hippocampus.
In the next experiment, we tested the
persistence of long-term memory induced
by HDAC3 deletion. Previously, we demonstrated that novel object recognition after 10 min training is evident 24 h later,
but this memory fails when tested after 7 d
(Stefanko et al., 2009). Mice received a 3
min training period, followed 7 d later by
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a retention test. As shown in Figure 3C,
HDAC3flox/flox mice (n ⫽ 9; DI ⫽ 27.4 ⫾
4.0%) had a greater preference for object
in the new location compared with wildtype mice (t(16) ⫽ 5.30; p ⬍ 0.001).
Groups did not differ in total exploration
time of the two objects during either the
training or retention test (data not
shown). These results suggest that
HDAC3 deletion leads to long-term
memory formation that is persistent and
lasts beyond the point at which normal
long-term memory fails.
We next examined whether the focal
HDAC3 deletion affected long-term
memory in a standard novel object recognition task (ORM) (Fig. 3D). In this task, Figure 3. Focal homozygous gene deletion of Hdac3 in the dorsal hippocampus leads to enhanced memory for object location
there is no change in context or object lo- (OLM), which persists at least 7 d but not for object recognition (ORM). A, Mice received subthreshold training (3 min) in an
cation, but one of the familiar objects is environment with two identical objects and received a retention test 24 h or 7 d later in which one object is moved to a new
flox/flox
mice exhibited significant long-term memory for object
replaced with a novel object. The dorsal location. Schematic describes methods for B and C. B, HDAC3
⫽ 8 per group; **p ⬍ 0.005). C, In a different set of mice, the persistence of this
hippocampus has been shown to encode location 24 h after subthreshold training (nflox/flox
was examined. HDAC3
mice displayed a significant preference for the novel object location compared
information regarding context and loca- enhanced memory
with HDAC3⫹/⫹ mice during a 7 d retention test (n ⫽ 9 per group; **p ⬍ 0.001). D, Mice received subthreshold training (3 min)
tion (O’Keefe, 1999; Fanselow, 2000;
in an environment with two identical objects and received a retention test 24 h later in which one object is replaced with a novel one
Maren and Holt, 2000; Smith and Mizu- (ORM). Schematic describes methods for E. E, Neither HDAC3⫹/⫹ or HDAC3flox/flox mice exhibited significant preference for the
mori, 2006); however, other brain re- novel object (n ⫽ 8 per group).
gions, such as insular cortex, are
important for long-term memory for the
object itself (Balderas et al., 2008;
Roozendaal et al., 2010). This distinct
neural circuitry for the ORM and OLM
tasks can reveal the specificity of our treatment. Figure 3E shows that, after subthreshold training (3 min), both
HDAC3flox/flox (n ⫽ 8) and HDAC3⫹/⫹
(n ⫽ 8) mice spent similar amounts of
time with both the familiar and novel objects on test day (t(14) ⫽ 0.40; p ⫽ 0.70).
Groups did not differ in total exploration
time of the two objects during either the
training or retention test (data not
shown). Together, the data in Figure 3
suggest that focal deletion of HDAC3 in
the dorsal hippocampus results in a selective enhancement of long-term memory Figure 4. Loss of HDAC3/NCoR interaction enhances long-term OLM and ORM formation but has no effect on short-term
for the object location (Fig. 3B) but not memory. A, Mice received subthreshold training (3 min) in an environment with two identical objects and received a retention test
90 min (B) or 24 h (C) later in which one object is moved to a new location. B, Subthreshold training did not result in significant
the object itself (Fig. 3E).
To further support the role of HDAC3 as short-term memory by either genotype when tested 90 min later (n ⫽ 11–13 per group). C, However, DADm mice showed a
a negative regulator of long-term memory significant preference for the novel object location 24 h after training compared with wild types (n ⫽ 9 –10 per group; **p ⬍
0.005). D, Mice received subthreshold training (3 min) in an environment with two identical objects and received a retention test
formation, we also examined genetically 24 h later in which one object is replaced with a novel one (ORM). Schematic describes methods for E. E, DADm mice showed a
modified NCoR homozygous knock-in significant preference for the novel object itself 24 h after training compared with wild types (n ⫽ 12–18 per group; *p ⬍ 0.05).
mice. These mice carry a single amino acid
substitution (Y478A) in the DAD of NCoR
(n ⫽ 10) exhibited significant preference for the novel location of the
that disrupts its binding to HDAC3 (Alenghat et al., 2008) (these
familiar object compared with wild-type controls (n ⫽ 9; t(17) ⫽
mice are referred to as DADm mice). Mice were subjected to a sub3.52; p ⫽ 0.003) (Fig. 4C). Groups did not differ in total exploration
threshold training period (3 min) and tested for short-term (90 min)
time of the two objects during either the training or retention test
memory for object location (Fig. 4A). Short-term memory is a dis(data not shown). These results are consistent with findings that
tinct form of memory that does not require transcription (for reHDAC inhibition enhances long-term memory, but short-term
view, see Alberini, 2009). As shown in Figure 4B, DADm (n ⫽ 11)
memory is unaffected (Stefanko et al., 2009).
and wild-type (n ⫽ 13) mice showed a similar lack of preference for
We next examined whether loss of NCoR/HDAC3 interacthe novel object location after a 90 min retention test (t(22) ⫽ 0.08;
tions affected long-term memory in the ORM task. Because these
p ⫽ 0.94). In a different set of mice to examine long-term memory at
are traditional knock-in mice, mutant NCoR is present in all cells
expressing NCoR. Thus, we predicted that DADm mice would
24 h (mice were also given a 3 min training period), DADm mice
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HDAC3 (Rai et al., 2010). Using this compound, we tested whether acute inhibition
of HDAC3 produced similar changes to that
observed in the HDAC3flox/flox mice with respect to HDAC2–HDAC4 expression as
well as histone acetylation. Brains from
C57BL/6 mice with bilateral hippocampal
cannulae were collected 2 h after 0.5 l infusions of RGFP136 (1.25 ng/side) or vehicle. The drug infusion does not alter
neuronal morphology compared with vehicle as visualized by DAPI staining (data not
shown). HDAC3 nuclear immunoreactivity
is similar in drug-infused mice compared
with vehicle-treated mice (Fig. 5A, bottom
right). HDAC2 expression is unchanged
(Fig. 5B). Similar to results obtained from
HDAC3flox/flox mice shown in Figure 1C,
there is a loss of HDAC4 expression (F(1,5) ⫽
8.35; p ⫽ 0.03) (Fig. 5C). To determine the
effect of RGFP136 on histone acetylation,
H4K8Ac was examined. As predicted,
RGFP136 infusion resulted in an increase of
immunoreactivity for H4K8Ac compared
with vehicle (F(1,6) ⫽ 6.60; p ⫽ 0.04) (Fig.
5D). These findings mirror the results from
HDAC3flox/flox mice (Fig. 1) and further support that HDAC3 may be involved in
HDAC4 expression and inhibition of
HDAC3 results in increased histone
acetylation.
RGFP136 treatment leads to enhanced
long-term memory for object
recognition and location
Next, we examined the ability of RGFP136
to modulate long-term memory. Mice
were given a subthreshold 3 min training
period (Fig. 6 A), followed immediately by
subcutaneous injection of RGFP136 (30
or 150 mg/kg) or vehicle. As shown in FigFigure 5. Intrahippocampal RGFP136 infusions increases histone acetylation. Images on left are 4⫻, and 20⫻ magnifications
ure 6 B, mice receiving the 30 mg/kg dose
of the regions boxed in white are on the right. Histograms depict quantification of optical density as a percentage of vehicle. A,
HDAC3 immunoreactivity is unaltered in area of infusion 2 h after RGFP136 treatment compared with vehicle. B, Representative (n ⫽ 9; DI ⫽ 40.7 ⫾ 7.1%) exhibited a
images show HDAC2 immunoreactivity in dorsal hippocampus is also unchanged by drug treatment. C, However, HDAC4 nuclear significantly greater preference for the
immunoreactivity is decreased in the region of the RGFP136 infusion. *p ⬍ 0.05. D, Furthermore, acetylation at H4K8 is increased novel object than vehicle-treated controls
in RGFP136-infused mice compared with those treated with vehicle. *p ⬍ 0.05.
(n ⫽ 7; DI ⫽ 12.4 ⫾ 5.7%; F(1,14) ⫽ 0.48;
p ⫽ 0.01). Because animals treated with
150 mg/kg RGFP136 did not exhibit sigexhibit enhanced memory in the ORM task (Fig. 4 D) as well.
nificantly enhanced preference for the novel object (n ⫽ 9; DI ⫽
Figure 4 E shows that, after subthreshold training (3 min),
21.5 ⫾ 11.5%; F(1,14) ⫽ 4.83; p ⫽ .530), only the low dose (30
DADm mice (n ⫽ 18) showed a greater preference for the novel
mg/kg) was used to test the persistence of memory for the familiar
object than the wild-type mice (n ⫽ 12) on test day (t(28) ⫽ 2.19;
object 7 d after the initial exposure in a different set of mice. Mice
p ⫽ 0.04). These data suggest that brain regions mediating ORM,
treated with 30 mg/kg RGFP136 immediately after a 3 min trainsuch as insular and perirhinal cortex, are also regulated by NCoR/
ing period and tested 7 d later (n ⫽ 10; DI ⫽ 38.8 ⫾ 4.6%)
HDAC3. Thus, disruption of the interaction between NCoR and
showed
significant preference for the novel object (t(17) ⫽ 2.06, p
HDAC3, which is sufficient to abrogate HDAC3 activity, results
⬍
0.05)
compared
with vehicle controls (n ⫽ 9; DI ⫽ 2.5 ⫾ 6.3%)
in similar effects as HDAC inhibition by enhancing long-term,
(Fig.
6C).
Groups
did not differ in total exploration time of the
but not short-term, memory.
two objects during either the training or retention test (data not
shown). Next, we examined OLM after RGFP136 systemic delivThe HDAC inhibitor RGFP136 affects HDAC4 expression and
ery. Animals were tested for short-term memory 90 min after
histone acetylation
training. No significant preference for the object in the novel
A new pimelic diphenylamide HDAC inhibitor, RGFP136, has been
characterized as a class I HDAC inhibitor with greatest inhibition of
location was evident in either the RGFP136 or vehicle-treated
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groups (RGFP136, n ⫽ 10, DI ⫽ 0.5 ⫾
1.4%; vehicle, n ⫽ 9, DI ⫽ 4.1 ⫾ 1.4%;
t(17) ⫽ 1.835; p ⬎ 0.05) (Fig. 6 E). In a
different set of mice to examine long-term
memory at 24 h (mice were also given a 3
min training period), mice treated with
posttraining RGFP136 (30 mg/kg, s.c.) exhibited significant preference for the object in the novel location compared with
vehicle controls (F(1,17) ⫽ 192.21; p ⬍
0.001) (Fig. 6 F). These findings mirror
the effects in HDAC3flox/flox mice as well as
a recent study using a general HDAC inhibitor (Stefanko et al., 2009), in which
enhanced memory is demonstrated in
long-term, but not short-term, memory
tests.
To test the effect of site-specific delivery of RGFP136 on long-term memory,
we examined its ability to modulate memory for object location (OLM) (Fig. 6G).
Mice fitted with bilateral hippocampal
cannulae received either 0.5 l infusions
of RGFP136 (n ⫽ 7; 1.25 ng/side) or vehicle (n ⫽ 7) immediately after a subthreshold 3 min training period. Mice treated
with RGFP136 showed a greater preference for object in the novel location 24 h Figure 6. The HDAC inhibitor RGFP136 enhances long-term memory for ORM and OLM. A, Mice received subthreshold training
later than controls treated with vehicle (3 min) in an environment with two identical objects immediately followed by subcutaneous injection of RGFP136 and received a
(t(12) ⫽ 3.16; p ⫽ 0.008) (Fig. 6 H). In ad- retention test 24 h (B) or 7 d (C) later in which one object is replaced with a novel one. B, Mice treated with the 30 mg/kg dose
dition, a separate group of mice were exhibited a significant preference for the novel object than vehicle-treated controls, whereas 150 mg/kg treatment resulted in
given a subthreshold 3 min training pe- memory no different from vehicle (n ⫽ 7–9 per group; two-way ANOVA, **p ⬍ 0.01). C, In a different set of mice, the persistence
riod and then a 7 d OLM retention test. of this enhanced memory was examined. Mice receiving subcutaneous injection of RGFP136 (30 mg/kg) exhibited significantly
RGFP136-treated mice (n ⫽ 8) showed increased exploration of the novel object compared with vehicle-treated mice during a 7 d retention test (n ⫽ 9 –10 per group;
significantly greater preference for object **p ⬍ 0.01). D, Mice received subthreshold training (3 min) in an environment with two identical objects immediately followed
in the novel location than vehicle-treated by a subcutaneous injection of RGFP136 (30 mg/kg) or vehicle and received a retention test 90 min (E) or 24 h (F ) later in which one
object is moved to a new location. E, Subthreshold training did not result in significant short-term memory after RGFP136 (30
controls (n ⫽ 8; t(14) ⫽ 6.10; p ⬍ 0.001) mg/kg) or vehicle injections when tested 90 min later. F, Mice treated with the 30 mg/kg RGFP136 exhibited significant preference
(Fig. 6 I). Groups did not differ in total for the object in the novel location compared with vehicle-treated controls (n ⫽ 9 –10 per group; **p ⬍ 0.001). G, Mice received
exploration time of the two objects during subthreshold training (3 min) in an environment with two identical objects followed immediately by intrahippocampal infusion of
either the training or retention test (data RGFP136 and received a retention test 24 h (H ) or 7 d (I ) later in which one object is moved to a new location. H, Intrahippocampal
not shown). We next examined whether RGFP136 treatment led to significant preference for the novel object location 24 h after subthreshold training (n ⫽ 7 per group;
intrahippocampal delivery of RGFP136 **p ⬍ 0.01). I, In a different set of mice, the persistence of this enhanced memory was examined. Mice receiving intrahippocampal
affected long-term memory in a standard RGFP136 also displayed a significant preference for the novel object location compared with vehicle-treated mice during a 7 d
novel object recognition task (ORM; data retention test (n ⫽ 8 per group; **p ⬍ 0.001).
not shown). Both RGFP136 (DI ⫽ 0.3 ⫾
main of CBP (CBPKIX/KIX mice) (Kaspar et al., 2002). Previously,
4.2%) and vehicle-treated mice (DI ⫽ 0.9 ⫾ 6.7%) did not show
we have demonstrated that HDAC inhibition, by either soa preference for the novel object 24 h later ( p ⬎ 0.05), demondium butyrate or trichostatin A, enhances hippocampal synstrating that site-specific delivery only enhances hippocampusaptic plasticity via a CREB/CBP interaction (Vecsey et al.,
dependent long-term memory. In summary, RGFP136 treatment
2007). To see whether RGFP136 is acting via a similar mechleads to similar effects on long-term memory when delivered to the
anism, we infused this drug into the dorsal hippocampus of
dorsal hippocampus as the HDAC3 dorsal hippocampus deletions.
CBPKIX/KIX and CBP⫹/⫹ mice after a 3 min subthreshold training period and tested the effects on OLM (Fig. 7A). We found
RGFP136 enhancement of long-term memory for object
overall effects of genotype (F(1,24) ⫽ 17.12; p ⬍ 0.001), drug
location requires CBP
treatment (F(1,24) ⫽ 17.15; p ⬍ 0.001), as well as interaction of
HDAC3 is found in the nucleus and cytoplasm in which it can reggenotype ⫻ drug treatment (F(1,24) ⫽ 34.41; p ⬍ 0.001).
ulate transcription of genes as well as perform other nonRGFP136-treated
CBP⫹/⫹ mice (n ⫽ 5) showed significantly
transcriptional functions (e.g., deacetylate nonhistone proteins) (for
greater preference for object in the novel location than vehireview, see Karagianni and Wong, 2007). To test whether the encle-treated controls (n ⫽ 6; p ⬍ 0.001) (Fig. 7B). However,
hancements in memory formation observed in Figure 6 may be atRGFP136 had no effect on novel location preference in the
tributable to the transcription of genes necessary for long-term
CBPKIX/KIX mice (n ⫽ 8 for vehicle and n ⫽ 9 for RGFP136; p ⫽
memory, we used genetically modified CBP mutant mice carrying a
1.0). Groups did not differ in total exploration time of the two
triple-point mutation in the phospho-CREB (KIX) binding do-
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Neurons lacking HDAC3 had increased
histone acetylation of histone H4 lysine 8
(H4K8Ac), which correlated with increased Nr4a2 and c-fos expression in the
area of the focal HDAC3 deletion in the
dorsal hippocampus. Focal homozygous
deletion of HDAC3 in the dorsal hippocampus lead to facilitated long-term
memory formation after a subthreshold
training period. This subthreshold training period failed to yield long-term memory in control animals. The genetic
approach to examine the role of HDAC3
Figure 7. The HDAC inhibitor RGFP136 requires CBP to enhance long-term memory of OLM. A, Mice received subthreshold
in long-term memory formation was
training (3 min) in an environment with two identical objects immediately followed by intrahippocampal infusions of RGFP136
(1.25 ng/side) or vehicle (0.5 l/side) and received a retention test 24 h later in which one object is moved to a new location. B, complemented with a pharmacological
Wild-type CBP⫹/⫹ mice that received intrahippocampal RGFP136 immediately after training showed significant long-term mem- approach using an HDAC inhibitor
ory for the object location compared with vehicle-treated mice. CBPKIX/KIX mice showed no effect of drug treatment (n ⫽ 5–9 per shown to be more selective for HDAC3
than other class I HDACs. This comgroup; two-way ANOVA, **p ⬍ 0.001).
pound, called RGFP136, when delivered
to the dorsal hippocampus, resulted in
objects during either the training or retention test (data not
decreased HDAC4 expression, increased H4K8Ac, and also sigshown). These results indicate that RGFP136 enhances longnificantly facilitated long-term memory formation via a CBPterm memory through a CBP-dependent mechanism.
dependent manner in the hippocampus. Our final experiment
demonstrated that HDAC3 may modulate long-term memory
Deletion of HDAC3 in dorsal hippocampus requires Nr4a2
formation via the expression of the immediate early gene and
expression to enhance long-term memory
transcription factor Nr4a2. Together, these genetic and neuroNr4a2 is a CREB-dependent gene implicated in long-term mempharmacological approaches identify HDAC3 as a critical negaory (Peña de Ortiz et al., 2000; von Hertzen and Giese, 2005;
tive regulator of memory.
Colón-Cesario et al., 2006; Vecsey et al., 2007). We showed in
HDAC3 is expressed throughout the brain, with particularly
Figure 2 that subthreshold training induced greater Nr4a2 gene
strong gene expression in the hippocampus (Broide et al., 2007).
expression in the dorsal hippocampi of HDAC3flox/flox mice comHowever, no study to date has examined the role of HDAC3 in
pared with wild-type controls. To determine whether this inthe brain. Previous in vitro studies have shown that HDAC3 and
crease in Nr4a2 expression is necessary for enhanced long-term
HDAC4 interact with each other in large complexes (Grozinger
memory in HDAC3flox/flox mice, we infused siRNA targeting
and Schreiber, 2000; Fischle et al., 2002). Interactions between
Nr4a2 48 h before training (Fig. 8 A). We found an overall effect
HDAC3 and HDAC4 create a functional complex involved in
of siRNA treatment (F(1,35) ⫽ 11.98; p ⫽ 0.001), genotype (F(1,35) ⫽
transcriptional regulation. HDAC4 is considered to be in the “in5.08; p ⫽ 0.03), and an interaction of genotype ⫻ siRNA treatactive state” until bound to HDAC3, an interaction necessary for
ment (F(1,35) ⫽ 7.31; p ⫽ 0.005). HDAC3flox/flox mice infused with
its enzymatic activity (Fischle et al., 2002). A study by Lahm et al.
RISC-free siRNA (n ⫽ 10) demonstrated significant preference
(2007) supported previous findings that class IIa HDACs
for the object in the novel location, which was blocked by Nr4a2
(HDAC4, HDAC5, HDAC7, and HDAC9) are inactive on acetysiRNA treatment (n ⫽ 10; p ⬍ 0.001) (Fig. 8 B). HDAC3⫹/⫹ mice
lated substrates, thus distinguishing them from class I HDACs
did not display preference for the novel location after either
(HDAC1, HDAC2, HDAC3, and HDAC8). This has called into
RISC-free or Nr4a2 siRNA treatment (n ⫽ 10 for RISC free and
question the catalytic activity of class IIa HDACs. An equally
n ⫽ 9 for Nr4a2 siRNA; p ⫽ 1.0). Two hours after testing, brains
reasonable idea is that the natural substrate of these enzymes
were collected to determine levels of Nr4a2 mRNA in the dorsal
has not been identified. In any case, the interaction between
hippocampus. Significant effects were found for genotype (F(1,8)
HDAC4 and HDAC3 is facilitated by corepressor proteins
⫽ 11.24; p ⫽ 0.01), siRNA treatment (F(1,8) ⫽ 56.45; p ⬍ 0.001),
NCoR and SMRT, which form a large complex with HDACs
and an interaction of genotype ⫻ siRNA treatment (F(1,8) ⫽
and other proteins (Fischle et al., 2002). HDAC4 and HDAC3
10.82; p ⫽ 0.01). Figure 8C shows that the infusion of Nr4a2
bind independently to different domains of SMRT and NCoR,
siRNA significantly decreased Nr4a2 expression in wild-type and
but the proximity allows for interactions of HDAC3 and
HDAC3flox/flox mice compared with RISC-free siRNA-infused
HDAC4 proteins.
controls (wild-type, p ⫽ 0.02; HDAC3flox/flox, p ⬍ 0.001). In adTo complement our genetic and pharmacological approach to
dition, HDAC3flox/flox mice treated with RISC-free siRNA also
study HDAC3, we also used genetically modified NCoR mutant
demonstrated an increased induction of Nr4a2 mRNA after the
mice. These mice, referred to as DADm mice, carry a single amino
long-term memory test ( p ⫽ 0.002 vs HDAC3⫹/⫹ RISC free).
acid substitution (Y478A) in the DAD of NCoR, which results in
This enhancement posttest is similar to increases seen after traina mutant NCoR protein that is unable to associate with or activate
ing (Fig. 2 B). These data yield a potential mechanism for the
HDAC3 (Guenther et al., 2001; Ishizuka and Lazar, 2005; Alengnegative regulation of long-term memory by HDAC3.
hat et al., 2008). When given a subthreshold training period,
Discussion
DADm homozygous knock-in mice exhibited significant longThe results from this study demonstrate that HDAC3 is a critical
term memory compared with wild-type littermates, which failed
negative regulator of long-term memory formation. Focal hoto show any long-term memory. These data support the idea that
mozygous gene deletion of HDAC3 resulted in not only loss of
a functional complex between NCoR and HDAC3 is required to
HDAC3 but also a significant decrease in HDAC4 expression.
repress long-term memory formation.
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Lahm et al. (2007) showed that a critical residue for HDAC3 activity is a tyrosine at amino acid 298, which if
mutated to a histidine (Y298H) completely abrogates enzymatic function. Interestingly, HDAC4 and other class IIa
enzymes normally have a histidine at
this position, which provides a potential
reason why HDAC4 has such poor enzymatic activity on traditional substrates.
Commonly used HDAC inhibitors, such
as valproic acid, sodium butyrate, phenylbutyrate, and suberoylanilide hydroxamic acid (SAHA), have been
shown to greatly inhibit class I HDACs
(HDAC1, HDAC2, HDAC3, HDAC8)
with little effect on the class IIa HDAC
family members (HDAC4, HDAC5,
HDAC7, HDAC9) (Kilgore et al., 2010).
This suggests that inhibition of class I
HDACs are critical for the reported efFigure 8. Nr4a2 siRNA attenuates the long-term memory enhancement observed in HDAC3flox/flox mice. A, At 48 h after infufects of HDAC inhibition, such as the
sions of Nr4a2 or RISC-free siRNA, HDAC3flox/flox and HDAC3⫹/⫹ mice received subthreshold training (3 min) in an environment
enhancement of cognition. Indeed, with two identical objects and received a retention test 24 h later in which one object is moved to a new location. B, HDAC3flox/flox
HDAC2, which has been shown to neg- mice infused with RISC free (n ⫽ 10) exhibited significant memory for object location compared with HDAC3⫹/⫹ mice ( ††p ⫽
atively regulate memory formation, has 0.001), which was blocked by Nr4a2 siRNA treatment (n ⫽ 9 –10 per group; **p ⬍ 0.001). C, At 2 h after testing, quantitative
been implicated as a specific target of RT-PCR shows that Nr4a2 siRNA treatment significantly reduced Nr4a2 expression in both HDAC3flox/flox and HDAC3⫹/⫹ mice (n ⫽
commonly used HDAC inhibitors 3 per group; **p ⬍ 0.001 and *p ⬍ 0.05 vs respective RISC-free siRNA controls). HDAC3flox/flox mice also exhibited an increased
induction of Nr4a2 mRNA after the long-term memory test ( ††p ⫽ 0.002 vs HDAC3⫹/⫹ RISC free).
(Guan et al., 2009).
Recently, a new class of HDAC inhiblate transcription required for hippocampus-dependent long-term
itor called pimelic diphenylamide compounds has been idenmemory.
tified (Chou et al., 2008; Xu et al., 2009; Rai et al., 2010). These
Despite the consistent enhancements of long-term memory
inhibitors are slow-on/slow-off, competitive tight-binding inby deletion of HDAC3, short-term memory was unaffected (Figs.
hibitors that specifically target class I HDACs, with the great4 B, 6 E). A major difference between these forms of memory is
est inhibitory effect on HDAC3 (Chou et al., 2008; Xu et al.,
that, in general, transcription is essential for the formation of
2009). RGFP136, used in these studies, has an IC50 of 5.2 M
long-term memory but not short-term memory. We and others
for HDAC1, 3.0 M for HDAC2, and 0.4 M for HDAC3 using
have found that HDAC inhibition by sodium butyrate, trichospurified recombinant HDACs. After systemic subcutaneous
tatin A (TSA), or SAHA have no effect on short-term memory
injection, the maximum drug concentration (Cmax) in the
(Korzus et al., 2004; Levenson et al., 2004; Yeh et al., 2004; Vecsey
brain is ⬃1.7 M for a 30 mg/kg dose. This suggests that, after
et al., 2007; Stefanko et al., 2009). Additionally, homozygous
systemic administration, as in the data shown in Figure 6,
knock-in NCoR mice in this study exhibit enhanced long-term
RGFP136 is at a sufficient concentration in the brain to inhibit
memory but not enhanced short-term memory. In contrast,
HDAC3 but perhaps not HDAC1 or HDAC2. Furthermore,
Guan et al. (2009) found enhanced short-term memory in
the immunofluorescence data indicate that RGFP136 disrupts
HDAC2 knock-out mice in which the knock-out is generated by
HDAC4 expression, with no effect on HDAC2 expression.
crossing HDAC2–FLOX mice with nestin–Cre transgenic mice.
Thus, although RGFP136 affects class I HDACs, the effects
Thus, the differences observed on short-term memory may be
observed in this study are most likely via HDAC3. Behaviorattributable to either functional differences between HDAC3 and
ally, when delivered site specifically to the dorsal hippocamHDAC2 or developmental/compensation effects in HDAC2
pus, RGFP136 transformed a learning event that does not
knock-out mice. In any case, it is still remarkable that traditional
result in long-term memory into an event that now does lead
knock-out (HDAC2) or knock-in (NCoR) mice exhibit similar
to long-term memory. Furthermore, this facilitation of longenhanced long-term memory phenotypes as acute disruption of
term memory via RGFP136 resulted in persistent long-term
HDAC activity by pharmacological manipulation.
memory observed 7 d later when normal long-term memory
A major finding in this study is the relationship of hippocamretrieval for object location fails. Subcutaneous injection of
pal HDAC3 deletion with increased Nr4a2 expression. Nr4a2 is a
RGFP136 also facilitated long-term memory for object
CREB-dependent gene that has been implicated in long-term
location (Fig. 6 F) as well as long-term memory for a familiar
memory (Peña de Ortiz et al., 2000; von Hertzen and Giese, 2005;
object (Fig. 6 B).
Colón-Cesario et al., 2006; Vecsey et al., 2007). We have demonImportantly, we found that, in the hippocampus, RGFP136 restrated previously that Nr4a2 expression is enhanced by the
quires CBP to facilitate long-term memory formation. CBPKIX/KIX
HDAC inhibitor TSA during memory consolidation (Vecsey et
mice, which contain a mutation in the phospho-CREB (KIX) bindal., 2007). In this study, we also observed enhanced Nr4a2 expresing domain of CBP (Kaspar et al., 2002), failed to exhibit significant
sion in HDAC3flox/flox mice after learning (Fig. 2C). It has been
long-term memory for object location when RGFP136 was delivered
suggested that HDACs may terminate the CREB-dependent tranto the dorsal hippocampus (Fig. 7B). These results suggest that
scription for this gene (Fass et al., 2003), and thus the removal of
RGFP136 is functioning via a CBP-dependent mechanism to regu-
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HDAC3 allows transcription to be maintained for a longer period. Activation of Nr4a2 is critical for the expression of longterm memory, as demonstrated by our behavioral study using
siRNA (Fig. 8). HDAC3flox/flox mice with a homozygous deletion
of HDAC3 in the dorsal hippocampus failed to exhibit enhanced
long-term memory when Nr4a2 siRNA was infused into the area
of HDAC3 deletion before training. These findings are in agreement with another study that found hippocampal infusions of
Nr4a2 antisense, which did not affect c-fos expression, caused
impaired long-term memory for a spatial discrimination task
(Colón-Cesario et al., 2006). 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.
In summary, the experiments presented here demonstrate
that HDAC3 is a critical negative regulator of long-term memory
formation. RGFP136, a pimelic diphenylamide compound, represents a promising pharmacotherapeutic approach for cognitive impairments. RGFP136 and genetic manipulation of
HDAC3 (via HDAC3flox/flox and DADm mice) had similar effects at the molecular and behavioral levels. It is likely that
HDAC3 performs its role in memory processes via its interactions with NCoR as well as HDAC4. However, future studies
are necessary to determine the exact nature of these interactions and their effects on acetylation, gene expression, and
learning and memory.
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