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Histone acetylation has recently been implicated in learning and memory processes, yet necessity of histone acetylation for such processes has not been demonstrated using pharmacological inhibitors of histone acetyltransferases (HATs). As such, the present study
tested whether garcinol, a potent HAT inhibitor in vitro, could impair hippocampal memory consolidation and block the memoryenhancing effects of the modulatory hormone 17␤-estradiol (E2 ). We first showed that bilateral infusion of garcinol (0.1, 1, or 10 g/side)
into the dorsal hippocampus (DH) immediately after training impaired object recognition memory consolidation in ovariectomized
female mice. A behaviorally effective dose of garcinol (10 g/side) also significantly decreased DH HAT activity. We next examined
whether DH infusion of a behaviorally subeffective dose of garcinol (1 ng/side) could block the effects of DH E2 infusion on object
recognition and epigenetic processes. Immediately after training, ovariectomized female mice received bilateral DH infusions of vehicle,
E2 (5 g/side), garcinol (1 ng/side), or E2 plus garcinol. Forty-eight hours later, garcinol blocked the memory-enhancing effects of E2.
Garcinol also reversed the E2-induced increase in DH histone H3 acetylation, HAT activity, and levels of the de novo methyltransferase
DNMT3B, as well as the E2-induced decrease in levels of the memory repressor protein histone deacetylase 2. Collectively, these findings
suggest that histone acetylation is critical for object recognition memory consolidation and the beneficial effects of E2 on object recognition. Importantly, this work demonstrates that the role of histone acetylation in memory processes can be studied using a HAT
inhibitor.

Introduction
Epigenetic processes, such as histone acetylation and DNA methylation, are critical regulators of long-term hippocampal memory
formation (Levenson et al., 2004; Miller and Sweatt, 2007). The
role of histone acetylation in memory has been intensively explored in recent years. The basic element of chromatin is the
nucleosome, comprised of a histone octamer containing two
molecules of each of the four core histones (H2A, H2B, H3 and
H4), around which is wrapped superhelical DNA (Luger et al.,
1997). Amino acid residues on histone tails can be modified in
numerous ways, including acetylation, which relaxes the bond
between histones and DNA, allowing access to transcriptional
factors (Strahl and Allis, 2000). Histone acetylation is controlled
by a dynamic balance between histone acetyltransferases (HATs)
and histone deacetylases (HDACs) (Yang and Seto, 2007). HDAC
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inhibitors increase histone H3 and H4 acetylation in the dorsal
hippocampus (DH), enhance several types of hippocampaldependent memories, including contextual fear, object recognition and spatial memory in rodents (Stefanko et al., 2009; Zhao et
al., 2010; Haettig et al., 2011), and rescue hippocampal memory
deficits in mouse models of Alzheimer’s disease (Ricobaraza et
al., 2009; Kilgore et al., 2010).
To date, no studies have examined the effects of HAT inhibitors on memory because few viable inhibitors have been isolated
or synthesized. Of the HATs studied, p300/CBP and PCAF (p300/
CBP-associated factor) are most often implicated in hippocampal learning and memory. Mice with mutations of p300 (Oliveira
et al., 2007), CBP (Alarcón et al., 2004; Korzus et al., 2004; Wood
et al., 2005), or PCAF (Maurice et al., 2008; Duclot et al., 2010)
exhibit impaired hippocampal memory and long-term potentiation. However, inhibiting HAT activity with drugs has proven
challenging, as most inhibitors of p300/CBP and PCAF generated
to date cannot be used in vivo due to their cell impermeability and
metabolic instability (Dal Piaz et al., 2010). Recent in vitro studies
have identified garcinol, a polyisoprenylated benzophenone
isolated from the Garcinia indica fruit rind, as the first nonspecific HAT inhibitor that is highly permeable to cultured
cells (Balasubramanyam et al., 2004; Mantelingu et al., 2007).
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Garcinol is a potent inhibitor of both p300 and PCAF, inhibits
p300 transcriptional activity, induces apoptosis, and alters
gene expression (Balasubramanyam et al., 2004). Garcinol
also inhibits activation of ERK and PI3K/Akt in colorectal cell
lines (Liao et al., 2005b) and enhances neural survival of cortical astrocytes (Weng et al., 2011). Further, garcinol exhibits
anti-oxidant, anti-inflammatory, anti-proliferative, and antiviral abilities, and so has been explored as a treatment for conditions including cancer, AIDS, ulcers, and allergies (Liao et al.,
2005a; Padhye et al., 2009). However, the effects of garcinol in
vivo on brain function or behavior have yet to be studied.
The present study determined whether garcinol prevents object recognition memory consolidation both alone, and in the
presence of the sex steroid hormone 17␤-estradiol (E2). We recently demonstrated that activation of the extracellular signalregulated/mitogen activated kinase (ERK/MAPK) cell signaling
cascade in the DH is necessary for E2 to enhance object recognition memory consolidation in young and middle-aged female
mice (Fernandez et al., 2008; Fan et al., 2010). Further, we showed
that ERK-driven epigenetic alterations, such as histone acetylation and DNA methylation, also play important roles in the
memory-enhancing effects of E2 (Zhao et al., 2010). ERK activation leads to gene transcription, primarily through the transcription factor cAMP response element-binding protein (CREB),
which interacts with HATs to promote transcription (Selvi et al.,
2010). Infusion of E2 into the DH increased acetylation of histone
H3, but not histone H4, an effect dependent on DH ERK activation (Zhao et al., 2010). E2 also decreased DH expression of histone deacetylase 2 (HDAC2) (Zhao et al., 2010), an enzyme
which negatively modulates hippocampal memory and plasticity
(Guan et al., 2009). Although our previous work suggested a
critical role of histone acetylation in the mnemonic effects of E2,
it did not demonstrate that this acetylation was necessary for E2 to
enhance memory. The present study examined this issue by determining whether garcinol could block the effects of E2 on object
recognition and hippocampal epigenetic processes. This first in
vivo investigation of the mnemonic effects of a HAT inhibitor
sheds light on a novel pharmacological tool for understanding
the role of histone acetylation on memory processes.

Materials and Methods
Subjects. Female C57BL/6 mice were obtained from Taconic at 12 weeks
of age and housed individually in shoebox cages in a room (22⫺23°C)
with a 12 h light/dark cycle. Food and water were provided ad libitum.
Mice were handled briefly before use. Procedures were conducted from
10:00 A.M. to 5:00 P.M. in a quiet room, and experimenters conducting
behavioral testing were blind to the treatment each mouse received. All
procedures were approved by the Animal Care and Use Committees of
Yale University and the University of Wisconsin-Milwaukee, and are
consistent with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals.
Surgery. Mice were bilaterally ovariectomized and implanted with
guide cannulae during the same surgical session as described previously
(Fernandez et al., 2008). Mice were anesthetized using isoflurane gas (5%
for induction, 2% for maintenance) in 100% oxygen and placed in a
stereotaxic apparatus (Kopf Instruments). Immediately after ovariectomy, mice were implanted with stainless-steel intracranial guide cannulae (C232GC; 22 gauge; Plastics One) with inserted dummy cannulae
(C232DC) aimed at the DH (bilaterally; 1.7 mm posterior to bregma,
⫾1.5 mm lateral to midline, 2.3 mm (injection site) ventral to skull
surface). Guide cannulae were anchored to the skull with dental cement
that also closed the wound. Mice recovered for at least 5 d before testing.
Drugs and infusions. During infusions, mice were gently restrained and
dummy cannulae were replaced with injection cannulae (C232I; 28
gauge, extending 0.8 mm beyond the 1.5 mm guide) attached to polyeth-
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ylene tubing (PE50) connected to a 10 l Hamilton syringe. Infusions
were controlled by microinfusion pump (KD Scientific), and were conducted at a rate of 0.5 l/min for 1 min. Infusion cannulae were left in
place for another minute to prevent drug diffusion up the cannula track.
Cyclodextrin-encapsulated 17␤-estradiol (Sigma) was dissolved in
physiological saline to concentration of 10 g/l, resulting in doses of 5
g/side of the DH. Vehicle, 2-hydroxypropyl-␤-cyclodextrin (HBC,
Sigma), was dissolved in an equal volume of saline and contained the
same amount of cyclodextrin as E2 for infusions. Garcinol (Enzo Life
Sciences) was dissolved in 100% DMSO to a concentration of 2 g/ml,
and then diluted to administer doses of 0.001, 0.1, 1, and 10 g/side.
Vehicles for each drug were based on their respective diluents. In studies
where mice received two infusions into the DH, DMSO vehicle or garcinol were always infused immediately before HBC vehicle or E2. For
example, those infused with vehicle alone received both DMSO and HBC
vehicles, those infused with E2 alone received DMSO vehicle immediately
followed by E2, those infused with garcinol alone received garcinol followed immediately by HBC vehicle, and those infused with garcinol plus
E2 received garcinol immediately followed by E2.
Object recognition. Novel object recognition, conducted as previously
reported (Gresack et al., 2007), evaluated nonspatial hippocampal memory (Clark et al., 2000). Lesions or pharmacological inactivations of the
DH block object recognition memory consolidation using this protocol
(Clark et al., 2000; Baker and Kim, 2002; Fernandez et al., 2008). Briefly,
mice were habituated to an empty white chamber by allowing them to
freely explore for 5 min (no data were collected). After 24 h, mice were
rehabituated to the empty chamber for 1 min and then placed in a holding cage while two identical objects were placed near the left and right
corners of the chamber. Mice were returned to the chamber for training
and allowed to freely explore until they accumulated a total of 30 s exploring the objects (exploration recorded when the front paws or nose
contacted the object). Mice were then removed from the chamber, immediately infused, and returned to their home cage. After 24 or 48 h,
object recognition was tested by substituting a novel object for a familiar
training object (novel object location counterbalanced across mice).
Time spent with each object was recorded; because mice inherently prefer to explore novel objects, a preference for the novel object (significantly more time than chance (15 s) spent with the novel object) indicates
intact memory for the familiar object. Vehicle-treated mice remember
the familiar object after 24, but not 48 h (Gresack et al., 2007). Thus, a
24 h delay was used to observe memory impairing effects of garcinol and
a 48 h delay was used to observe memory-enhancing effects of E2.
Western blotting. Both dorsal hippocampi were dissected rapidly on
dry ice either 30 min (for histones H2B, H3, and H4) or 4 h (for the
HDACs and DNMTs) after infusion. These time points were chosen
based on our previous study showing that histone H3 acetylation in the
dorsal hippocampus was increased by E2 30 min after infusion, whereas
HDAC2 and DNMT3B protein levels were not significantly altered until
4 h after infusion (Zhao et al., 2010). Samples were resuspended and
sonicated in hypotonic lysis buffer. Total protein content of the lysates
was measured by BCA protein assay (Thermo Scientific), sample buffer
was added, and samples were boiled for 5 min at 100°C. Samples were
loaded onto 18%, 10%, or 7.5% Tris-HCl polyacrylamide gels (Bio-Rad)
for electrophoresis and, after separation, transferred to PVDF membranes (Millipore). Membranes were incubated overnight at 4°C with
rabbit polyclonal or monoclonal antibodies recognizing acetylated histone H2B (Lys 12; 1:500, Cell Signaling Technology), acetylated histone
H3 (Lys 9,14; 1:5000, Millipore), acetylated histone H4 (1:2000, Millipore), DNMT1 (1:500, Abcam), DNMT3A (1:1000, Cell Signaling Technology), DNMT3B (1:1000, Cell Signaling Technology), HDAC1 (1:
1000, Millipore), or HDAC2 (1:1000, Millipore). After TTBS wash,
membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat anti-rabbit IgG (Cell Signaling Technology) or with HRP-conjugated anti-mouse IgG (Sigma) and developed
using enhanced chemiluminescence (SuperSignal West Dura, Thermo
Scientific). Blots were then stripped for 1 h and reprobed with antibodies
for total histone H2B (1:1000, Abcam), total histone H3 (1:5000, Millipore), total histone H4 (1:5000, Millipore) or monoclonal ␤-Actin (1:
5000, Sigma) for normalization. Signal was detected using a Kodak Image
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Station 440CF and quantified by densitometry using Kodak 1D 3.6 software. Data were expressed as percent immunoreactivity relative to vehicle controls. Treatment effects were measured within single gels.
HAT activity assay. A colorimetric histone acetyltransferase activity
assay kit from Abcam was used to measure nonspecific HAT activity.
Acetylation of a peptide substrate by active HAT releases the free form of
CoA, which then serves as an essential coenzyme for producing NADH
(Abcam). This kit detects NADH spectrophotometrically after it is reacted with a soluble tetrazolium dye. Both dorsal hippocampi were dissected rapidly on dry ice 5, 15, or 30 min after infusion. Samples were
resuspended and sonicated in hypotonic lysis buffer. Total protein content of the lysates was measured by BCA protein assay. The lysates were
diluted 1:2 and 40 l of this dilution were added to each well in duplicate
in a U-shaped 96-well plate. To assess background HAT levels, a blank
was added to the plate for each duplicate. Assay Mix (65 l) was added to
each well and plates were incubated at 37°C for 20 min. Plates were read
in a plate reader at 405 nm, and blank values were subtracted from their
corresponding duplicate.
Statistical analyses. Statistical analyses were conducted using SPSS 14.0
and GraphPad Prism 4.0. For each behavioral experiment, separate onesample t tests were performed for each group to determine whether the
time spent with the novel object differed from chance (15 s). This analysis
was used because time spent with the objects is not independent; time
spent with one object reduces time spent with the other (Frick and
Gresack, 2003). For Western blotting and HAT activity experiments including two groups, separate two-tailed unpaired Student’s t tests were
performed between treatment and vehicle groups for each normalized
protein. For Western blotting and HAT activity experiments including
multiple groups, one-way ANOVAs were conducted, followed by Newman–Keuls post hoc tests. Significance was determined at p ⬍ 0.05. Data
were expressed as mean ⫾ SEM.

Results
Histone acetylation is critical for 24 h object memory
consolidation in young ovariectomized mice
We first determined whether memory consolidation in the novel
object recognition task requires histone acetylation. Mice were
habituated to an empty testing arena by allowing them to freely
explore for 15 min. After 24 h, mice were allowed to accumulate
30 s exploring two identical objects placed near the corners of the
arena. Immediately after this training, mice received bilateral
DH infusions of DMSO vehicle or one of four doses of garcinol
(0.001, 0.1, 1, and 10 g/side). Twenty-four hours later, mice
were returned to the arena and allowed to accumulate 30 s exploring one novel object and one familiar object. Mice receiving
vehicle spent significantly more time than chance (15 s) with the
novel object (t(5) ⫽ 10.92, p ⬍ 0.001; Fig. 1 A), suggesting that
they remembered the familiar object after 24 h. This memory was
dose-dependently impaired by garcinol. Garcinol at doses of 0.1,
1, and 10 g/side blocked memory consolidation; mice receiving
these doses spent no more time than chance with the novel object,
suggesting that histone acetylation is critical for 24 h object recognition memory consolidation.
Histone acetylation is necessary for E2 to enhance object
memory consolidation
In contrast to the 0.1, 1, and 10 g/side doses of garcinol, mice
infused with 0.001 g/side (hereafter referred to as 1 ng/side)
garcinol did show a preference for the novel object (t(5) ⫽ 5.26,
p ⬍ 0.01; Fig. 1 A), indicating that this dose did not block object
recognition on its own. We then sought to coinfuse this subeffective dose with E2 at a longer 48 h delay to test the hypothesis that a dose of garcinol that does not block memory
formation on its own can, nonetheless, block the beneficial
effects of E2 on memory consolidation. As in our previous
work with cell signaling inhibitors (Fernandez et al., 2008; Fan
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Figure 1. Garcinol blocked object recognition and the E2-induced enhancement of object recognition. A, Mice received bilateral DH infusions of DMSO vehicle, or garcinol
(0.001, 0.1, 1, or 10 g/side) immediately after object recognition training and were
tested 24 h later (n ⫽ 5–9/group). Vehicle-treated mice spent significantly more time
with the novel object than chance (dashed line at 15 s; *p ⬍ 0.05 relative to chance),
indicating intact memory for the familiar object at this delay. Garcinol in doses of 0.1, 1, or
10 g/side immediately after object recognition training spent no more time with the
novel object than chance, indicating that these doses impaired object recognition memory
consolidation. In contrast, mice receiving 0.001 g/side (hereafter referred to as 1 ng/
side) garcinol significantly spent more time with the novel object than chance (*p ⬍ 0.05
relative to chance), indicating that this dose of garcinol did not block memory on its own.
As such, the 1 ng/side dose was then used in all subsequent experiments to determine
whether garcinol could block the behavioral and biochemical effects of E2. B, Mice receiving bilateral DH infusion of DMSO vehicle ⫹ 5 g/side E2 (n ⫽ 8) immediately after
training spent significantly more time with the novel object than chance 48 h after infusion (*p ⬍ 0.05 relative to chance); this effect was blocked by concurrent infusion of
garcinol (1 ng/side; n ⫽ 9). Bars represent the mean ⫾ SEM time spent with each object.

et al., 2010; Zhao et al., 2010), the use of such a subeffective
dose is necessary to ensure that any detrimental effects of
garcinol on memory are not due to its ability to simply block
general memory formation, but rather due to a specific blockade of the memory enhancing effects of E2. We have previously
shown that mice receiving DH infusions of E2, but not vehicle,
spend significantly more time with the novel object than
chance 48 h after infusion (Fernandez et al., 2008; Fan et al.,
2010; Zhao et al., 2010). If histone acetylation is necessary for
E2 to enhance object recognition, then we would expect garcinol to block the memory-enhancing effects of E2. Therefore,
another set of mice was behaviorally tested 48 h after bilateral
DH infusion of DMSO vehicle plus E2 (5 g/side) or garcinol
(1 ng/side) plus E2. Mice receiving E2 alone spent significantly
more time than chance (15 s) with the novel object (t(7) ⫽ 3.30,
p ⬍ 0.05; Fig. 1 B), indicating that they remembered the familiar object 48 h after infusion. In contrast, mice infused with
garcinol plus E2 showed no preference for the novel object
(t(8) ⫽ 1.8424, p ⬎ 0.05; Fig. 1 B), suggesting that garcinol
blocked the beneficial effects of E2 on object recognition.
These data indicate that histone acetylation is necessary for E2
to enhance object recognition.
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Figure 2. Garcinol reduced DH HAT activity and blocked the E2-induced increase in DH HAT
activity. A, Mice received bilateral DH infusion of vehicle (Veh), vehicle ⫹ 5 g/side E2, 1
ng/side garcinol ⫹ E2, 1 ng/side garcinol ⫹ vehicle, or 10 g/side garcinol ⫹ vehicle 30 min
before bilateral dissection of the DH (n ⫽ 5–7). E2 significantly increased HAT activity (*p ⬍
0.05 relative to Veh), and this effect was reversed by 1 ng/side garcinol ( ##p ⬍ 0.01 relative to
Veh ⫹ E2). Neither 1 ng/side nor 10 g/side garcinol altered HAT activity 30 min after infusion
when administered with vehicle. B, Relative to vehicle, 10 g/side garcinol significantly reduced HAT activity 15 min (*p ⬍ 0.05), but not 5 min, after infusion (n ⫽ 4 or 5). Bars represent
mean ⫾ SEM percent change from vehicle (100%).

Garcinol prevented E2 from increasing dorsal hippocampal
HAT activity and histone H3 acetylation
The assumption underlying the above finding is that E2 enhances
object recognition by increasing DH HAT activity, which then
increases H3 acetylation. However, the effects of E2 on DH HAT
activity have not previously been measured. In the event that E2
does increase HAT activity, we expected that the HAT inhibitor
garcinol should block this increase. Therefore, we next examined
whether HAT activity in the DH is affected by E2 or garcinol. A
new set of mice received bilateral DH infusions consisting of
vehicle, 5 g/side E2, 1 ng/side garcinol plus E2, 1 ng/side garcinol, or 10 g/side garcinol. Two doses of garcinol were administered to determine the effects on HAT activity of doses that had
no effect (1 ng/side) or impaired (10 g/side) object recognition
regardless of E2 (Fig. 1 A). HAT activity in the DH was measured
30 min after infusion, based on our previous observation that E2
increases H3 acetylation 30 min after infusion (Zhao et al., 2010).
A one-way ANOVA including all five groups revealed a significant main effect of treatment (F(4,23) ⫽ 4.81; p ⫽ 0.0058; Fig. 2 A).
Newman–Keuls post hoc tests showed that HAT activity was significantly increased after E2 infusion (*p ⬍ 0.05 relative to vehicle; Fig. 2 A), and this increase was blocked by concurrent
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infusion of 1 ng/side garcinol ( p ⬍ 0.01 relative to E2 alone; Fig.
2 A). These data indicate that garcinol prevents E2 from increasing DH HAT activity. Interestingly, 1 ng/side garcinol alone had
no effect on HAT activity relative to vehicle, which is consistent
with its inability to impair object recognition (Fig. 1 A). Curiously, however, the 10 g/side dose also had no effect on HAT
activity 30 min after infusion ( p ⬎ 0.05 relative to vehicle; Fig.
2 A). Given that garcinol can directly affect HAT activity (Balasubramanyam et al., 2004), whereas E2’s effects on histone acetylation appear to be mediated by intermediaries like ERK (Zhao et
al., 2010), we hypothesized that garcinol’s inhibitory effect on
HAT activity may occur earlier than 30 min. Thus, we next gave a
new set of mice a DH infusion of DMSO vehicle or 10 g/side
garcinol, and dissected the DH 5 or 15 min later. HAT activity was
significantly altered by garcinol infusion (F(2,11) ⫽ 5.58; p ⫽
0.021; Fig. 2 B), such that activity was significantly reduced 15
min, but not 5 min, after infusion relative to vehicle ( p ⬍ 0.05;
the vehicle group consisted of mice killed at both time points).
The reduction at 15 min is consistent with the fact that 10
g/side garcinol impaired 24 h object recognition (Fig. 1 A),
and suggests that HAT activity regulates object recognition
memory consolidation.
We next turned our attention to histone acetylation. We previously showed that DH infusion of E2 significantly increased
acetylation of histone H3 (lys 9,14), but not histone H4 (lys 12)
(Zhao et al., 2010). Because garcinol inhibited the E2-induced
increase in HAT activity, it should prevent E2 from increasing H3
acetylation. Therefore, we next tested a new set of mice receiving
bilateral DH infusions of vehicle alone, 5 g/side E2 alone, 1
ng/side garcinol alone, or 1 ng/side garcinol plus E2 as above.
Thirty minutes after infusion, mice were killed and the DH dissected bilaterally to assay histone H2B (Lys 12), histone H3 (Lys
9,14), and H4 (lys 12) acetylation. One-way ANOVA revealed a
significant treatment effect for acetyl H3 (F(3,18) ⫽ 4.30, p ⫽ 0.02;
Fig. 3A), but not acetyl H2B (F(3,12) ⫽ 0.69, p ⫽ 0.58; Fig. 3B) or
acetyl H4 (F(3,17) ⫽ 0.85, p ⫽ 0.49; Fig. 3C). DH histone H3
acetylation was increased 30 min after E2 infusion relative to
vehicle ( p ⬍ 0.05), and this increase was reversed by DH infusion
of garcinol ( p ⬍ 0.05 relative to E2 alone; Fig. 3A). Garcinol alone
had no effect on H3 acetylation. Although a similar pattern of
results was observed for histone H2B, the groups did not significantly differ. Together, these data show that inhibition of HAT
activity in the DH by garcinol can block the E2-induced increase
in DH HAT activity and histone H3 acetylation. This finding
strongly supports the notion that histone acetylation, mediated
by HAT enzymes, is critical for E2 to enhance object recognition
memory consolidation.
Garcinol blocked the E2-induced decrease in dorsal
hippocampal HDAC2 protein expression
We next examined whether garcinol could prevent E2 from altering the expression of HDAC proteins. HDAC activity and histone
deacetylation have been associated with transcriptional repression (Narlikar et al., 2002). We have previously shown that E2
significantly decreases protein levels of HDAC2 in the DH 4 h
after infusion (Zhao et al., 2010). In contrast, levels of HDAC1
protein were not altered by E2 1– 4 h after infusion (Zhao et al.,
2010). Both HDACs are expressed in the adult mouse hippocampus, where HDAC1 is expressed primarily in glia and neural progenitor cells, and HDAC2 is expressed in neurons and neural
progenitor cells (MacDonald and Roskams, 2008). In adult mice,
HDAC1 regulates cell proliferation and differentiation (Kim et
al., 2008), and HDAC2, but not HDAC1, negatively modulates
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Figure 4. Garcinol blocked the E2-induced reduction of HDAC2 protein expression in the DH.
Mice received bilateral DH infusions of vehicle (Veh), vehicle ⫹ 5 g/side E2, 1 ng/side garcinol
⫹ E2, 1 ng/side garcinol ⫹ vehicle (n ⫽ 6/group) 4 h before bilateral dissection of the DH. A,
Neither E2 nor garcinol altered DH HDAC1 protein expression. B, E2 alone significantly decreased
DH HDAC2 protein levels relative to vehicle (*p ⬍ 0.05); garcinol blocked this effect ( #p ⬍ 0.05
relative to E2). Garcinol alone had no effect on HDAC2 levels. Bars represent mean ⫾ SEM
percent change from vehicle (100%). Insets are representative Western blots showing HDAC
and ␤-actin protein levels.

Figure 3. Garcinol blocked E2-induced histone H3 acetylation in the DH. Mice received bilateral DH infusions of vehicle (Veh), vehicle ⫹ 5 g/side E2, 1 ng/side garcinol ⫹ vehicle, or 1
ng/side garcinol ⫹ E2 (n ⫽ 5 or 6/group) 30 min before bilateral dissection of the DH. A, E2
alone significantly increased DH histone H3 (Lys 9,14) acetylation relative to vehicle (*p ⬍
0.05); garcinol blocked this effect ( #p ⬍ 0.05 relative to E2 ⫹ Veh). B, Neither E2 nor garcinol
significantly altered DH H2B acetylation. C, Neither E2 nor garcinol significantly altered DH H4
acetylation. Bars represent mean ⫾ SEM percent change from vehicle (100%). Insets are representative Western blots showing acetylated and total H2B, H3, and H4 protein levels.

hippocampal memory and synaptic plasticity (Guan et al., 2009).
Our observation that E2 can decrease levels of HDAC2 protein
(Zhao et al., 2010) suggests that an E2-induced reduction of this
memory repressor protein may contribute to the ability of E2 to

enhance object recognition. To determine whether histone acetylation is involved in the regulation of HDAC2 or HDAC1 by E2,
we measured protein expression of HDAC2 and HDAC1 in the
DH 4 h after bilateral DH E2 infusion of vehicle, 5 g/side E2, 1
ng/side garcinol, or 1 ng/side garcinol plus E2 as above. HDAC1
protein levels were not altered by any treatment (F(3,20) ⫽ 0.52,
p ⫽ 0.67; Fig. 4 A). However, HDAC2 protein levels were significantly affected by treatment (F(3,20) ⫽ 4.32, p ⫽ 0.017; Fig. 4 B).
Levels were significantly decreased by E2 (p ⬍ 0.05 relative to vehicle), and this effect was blocked by concurrent infusion of garcinol
(p ⬍ 0.05 garcinol plus E2 group relative to the E2 ⫹ Veh group; Fig.
4B). Garcinol (1 ng/side) alone had no effect on HDAC2 protein
expression (Fig. 4B). These results suggest that the E2-induced reduction in HDAC2 levels are mediated by histone acetylation, perhaps through an increase in DNA methylation (see below).
Garcinol blocked the E2-induced increase in dorsal
hippocampal DNMT3B protein expression
Finally, we considered whether histone acetylation affects the other
major epigenetic alteration that has been associated with learning
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here to examine whether histone acetylation
plays a role in regulating DNMT levels. We
measured protein expression of
DNMT1, DNMT3A, and DNMT3B in the
DH 4 h after bilateral DH E2 infusion of vehicle, 5 g/side E2, 1 ng/side garcinol, or 1
ng/side garcinol plus E2 as above. DNMT1
protein levels were not altered by these treatments (F(3,15) ⫽ 0.21, p ⫽ 0.89; Fig. 5A).
Although DNMT3A protein levels tended
to increase after E2 infusion (Fig. 5B), there
was no significant treatment effect observed
in the ANOVA (F(3,19) ⫽ 1.70, p ⫽ 0.20).
However, DNMT3B protein expression
was significantly affected by treatment
(F(3,18) ⫽ 3.92, p ⫽ 0.026; Fig. 5C); levels
were increased 4 h after infusion of E2
( p ⬍ 0.05 relative to vehicle), and this effect was blocked by garcinol ( p ⬍ 0.05
relative to E2 alone). These data indicate
that histone acetylation is necessary for
E2 to increase DNMT3B expression, and
support the notion that DNA methylation and histone acetylation works synergistically to regulate the mnemonic
effects of E2.

Discussion
Recent studies using HDAC inhibitors or
genetic alterations of HATs have demonstrated that histone acetylation can regulate hippocampal memory formation
(Alarcón et al., 2004; Levenson et al., 2004;
Wood et al., 2006; Fischer et al., 2007;
Oliveira et al., 2007; Vecsey et al., 2007;
Stefanko et al., 2009; Zhao et al., 2010).
The present study extends this work by
providing the first demonstration that a
Figure 5. Garcinol blocked the E2-induced increase of DNMT3B protein expression in the DH. Mice received bilateral DH infu- HAT inhibitor, infused directly into the
sions of vehicle (Veh), vehicle ⫹ 5 g/side E2, 1 ng/side garcinol ⫹ E2, or 1 ng/side garcinol ⫹ vehicle (n ⫽ 4 – 6/group) 4 h DH, can both inhibit hippocampal membefore bilateral dissection of the DH. A, B, Neither E2 nor garcinol altered DH DNMT1 or DNMT3A protein expression. C, E2 alone ory consolidation and block the memorysignificantly increased DH DNMT3B protein levels relative to vehicle (*p ⬍ 0.05), and garcinol blocked this effect ( #p ⬍ 0.05
enhancing effects of a modulatory steroid
relative to E2 ⫹ Veh). Bars represent mean ⫾ SEM percent change from vehicle (100%). Insets are representative Western blots
hormone. Three doses of garcinol (0.1, 1,
showing DNMT and ␤-actin protein levels.
and 10 g/side) impaired 24 h object recognition, suggesting that histone acetylation is critical for object memory
and memory, DNA methylation (Levenson et al., 2006; Miller and
consolidation. In contrast, 1 ng/side garcinol had no effect on
Sweatt, 2007). The methylation of DNA at cytosine residues typically
object recognition, and therefore, was insufficient to block memsilences gene transcription, although the functional consequences of
ory formation. Although this dose alone did not affect HAT acthis silencing depend on the specific genes altered. Methylation is
tivity 30 min after infusion, it may have affected HAT activity at
catalyzed by the DNA (cytosine-5⬘) methyltransferase (DNMT) enother time points. The 10 g/side dose significantly reduced HAT
zymes DNMT1, DNMT3A, and DNMT3B. DNMT1 is a mainactivity 15 min after infusion, suggesting that HAT activity is
tenance methyltransferase, responsible for copying methylation
critical for memory formation, although this association must be
to nascent DNA strands during replication, whereas DNMT3A
tested more rigorously with various doses and time points. Nevand DNMT3B are de novo methyltransferases that add new methyl
ertheless, the fact that 10 g/side garcinol can reduce DH HAT
residues to DNA (Bird, 2002; Li, 2002). Like histone acetylation,
activity is consistent with previous in vitro studies showing that
DNA methylation plays a critical role in hippocampal memory con1–10 M garcinol inhibits p300 and PCAF activity on purified
solidation (Levenson et al., 2006; Miller and Sweatt, 2007), and
HeLa core histones (Balasubramanyam et al., 2004; Arif et al.,
both processes are thought to work in concert to dynamically reg2009). Garcinol’s memory impairing effects contrast appropriulate memory formation and synaptic plasticity (Miller et al., 2008).
ately with the memory enhancing effects of HDAC inhibitors,
We previously showed that a DNMT inhibitor blocked the benefisuch as trichostatin-A (TSA) and sodium butyrate (NaB), which
cial effects of E2 on object recognition, and that E2 increased
increase hippocampal histone H3 and H4 acetylation, enhance
expression of DNMT3B mRNA and protein 45 min and 4 h after
infusion, respectively (Zhao et al., 2010). As such, it was of interest
hippocampal long-term potentiation, and promote contextual
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fear conditioning and spatial memory in the Morris water maze
(Levenson et al., 2004; Fischer et al., 2007; Vecsey et al., 2007). Other
HDAC inhibitors have reversed contextual fear and spatial
memory deficits in transgenic mouse models of Alzheimer’s
disease (Ricobaraza et al., 2009). Of particular note for the present study is the fact that TSA and NaB enhance object recognition
in wild-type and CBP mutant mice (Stefanko et al., 2009; Zhao et al.,
2010), suggesting that inhibition of HDAC activity, thereby increasing histone acetylation, facilitates long-term object recognition. As
such, inhibition of HAT activity, thereby reducing histone acetylation, should impair object recognition, as was seen here and in previous studies of mice expressing truncated forms of p300 and CBP
(Alarcón et al., 2004; Wood et al., 2006; Oliveira et al., 2007).
Together, these data suggest that histone acetylation is a critical
modulator of object recognition memory consolidation.
Although several HAT inhibitor drugs have been synthesized,
none were previously administered in vivo to examine their effects
on cognitive function. Several, like Lys-CoA, H3 Co-A20, and anacardic acid, have poor cell-membrane permeability (Mantelingu et al., 2007), and thus, are not suitable candidates for in
vivo use. However, the cell-permeable garcinol is a nonspecific
HAT inhibitor, so it is unclear which HATs are critical for its
behavioral effects. Garcinol is potent inhibitor of p300/CBP
and PCAF in vitro (Balasubramanyam et al., 2004; Arif et al.,
2009), suggesting the potential involvement of multiple HATs
in object recognition. In vitro studies find that garcinol is a more
efficient inhibitor for PCAF than p300/CPB, and has a higher
affinity for PCAF (Balasubramanyam et al., 2004). Further, PCAF
primarily acetylates H3, so perhaps PCAF is more significant in
the effects of garcinol than p300/CBP. However, studies of transgenic p300 and CBP mice demonstrate a role for these HATs in
regulating object recognition memory (Wood et al., 2006;
Oliveira et al., 2007; Stefanko et al., 2009). As such, studies using
more specific HAT inhibitors must be conducted to pinpoint
which HATs are critical for memory formation and the modulation of
memory by E2. One such drug, LTK-14, which is specific for p300,
might be a suitable candidate (Mantelingu et al., 2007). Such information is important not only to advance our understanding of the neurobiology of learning and memory, but also to characterize the potential
cognitive effects of HAT inhibitors under development to treat cancer,
diabetes, AIDS, or other conditions. Garcinol inhibits cell proliferation
andsurvivalincolonandbreastcancercells(Hongetal.,2007;Ahmadet
al., 2010), so could be a useful anti-proliferative treatment for various
cancers. However, if the present garcinol-induced memory impairment
generalizes to other types of memory, then cognitive side effects should
be considered when evaluating the therapeutic potential of garcinol, or
other HAT inhibitors, to treat disease.
The fact that the 1 ng/side dose of garcinol blocked the effects of
intrahippocampally infused E2 on object recognition and histone H3
acetylation suggests that histone acetylation is necessary for E2 to
enhance object recognition memory consolidation. The present
findings that E2 increased H3, but not H4, acetylation 30 min after
infusion, and altered protein expression of HDAC2 and DNMT3B,
but not HDAC1, DNMT1, and DNMT3A, 4 h after infusion replicates our previous findings (Zhao et al., 2010). The fact that a behaviorally subeffective dose of garcinol blocked these effects suggests a
specific interaction between E2 and garcinol that prevented E2induced alterations. The garcinol-induced blockade of E2stimulated H3 acetylation is entirely consistent with the fact that
garcinol prevents E2 from increasing HAT activity. The lack of effect
of E2 on H4 acetylation is also consistent with previous findings from
our lab (Zhao et al., 2010) and studies showing no effect of contextual fear learning on H4 (Levenson et al., 2004). Interestingly, H4 is

more sensitive to garcinol than H3 in vitro (Balasubramanyam et al.,
2004), so it is perhaps surprising that garcinol alone did not affect H4
acetylation. However, we did not examine whether behaviorally effective doses of garcinol, like 10 g/side, could affect histone acetylation, so we cannot exclude that H3 or H4 acetylation may be
reduced in response to a higher dose. Furthermore, it is possible that
H4 lysine residues other than Lys 12 may be affected by E2, so we
cannot yet rule out any effects of E2 on H4 acetylation. Likewise, H2B
acetylation at Lys 12 was also not significantly affected by E2 or 1 ng
of garcinol, but other doses of these drugs and other lysine residues
must be examined before concluding that H2B acetylation is not
affected by E2 or garcinol, particularly given recent data showing that
CBP is critical for acetylation of dorsal hippocampal histones H2B,
H3, and H4 (Barrett et al., 2011).
The lack of effect of E2 and garcinol on HDAC1 expression is consistent with our previous in vivo E2 findings (Zhao et al., 2010) and with a
nulleffectofgarcinolonHDAC1inHeLacells(Balasubramanyametal.,
2004). Here, we replicate our previous report of an E2-induced reduction in HDAC2 expression (Zhao et al., 2010), and the fact that garcinol
blockedthiseffectextendsthisfindingtosuggestthathistoneacetylation
plays a role in this reduction. HDAC3 has also recently been shown to
impair hippocampal memory (McQuown et al., 2011), so the effects of
E2 and garcinol on this important protein should be examined in future
studies. HDAC2 is a potent negative modulator of hippocampal memory and plasticity (Guan et al., 2009), so the present data suggest that E2
may regulate object recognition, at least in part, by reducing dorsal hippocampal HDAC2 expression. Hippocampal histone acetylation can
also be regulated by DNMT activity, as demonstrated by the fact that
intrahippocampal infusion of the DNMT inhibitor 5-aza-2deoxycytidine (5-AZA) blocks hippocampal H3 acetylation and
impairs contextual fear conditioning (Miller et al., 2008). We have
previously shown that 5-AZA also blocks E2-induced enhancement
of object recognition, and that E2 increases expression of DNMT3B
(Zhao et al., 2010). Thus, we have proposed that DNA methylation,
specifically de novo methylation, is critical to the memory-enhancing
effects of E2, and have hypothesized that the E2-induced regulation
of HDAC2 may occur via DNA methylation, possibly related to the
increase in DNMT3B (Zhao et al., 2010). With the present data, we
further speculate that E2-induced acetylation of histone acetylation
increases expression of DNMT3B, which then silences HDAC2
through de novo methylation. Although an attractive hypothesis,
chromatin immunoprecipitation analysis of DNMT3B and methylation analyses of HDAC2 in response to E2 will be necessary to test
this idea. Other potential memory-repressor proteins that may be
methylated by E2 are HDAC3 and PP1, the latter of which impairs
hippocampal memory processing and is repressed by DNA methylation (Miller and Sweatt, 2007).
In conclusion, the present study provides the first evidence that a
HAT inhibitor can regulate memory and block the memoryenhancing effects of E2. These data are consistent with a growing
literature demonstrating that histone acetylation is critical for hippocampal memory formation. As such increasing histone acetylation through treatments such as E2 (Zhao et al., 2010),
environmental enrichment (Fischer et al., 2007), or HDAC inhibitors (Levenson et al., 2004), may be especially useful for the treatment of various disorders characterized by memory impairment.
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