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ABSTRACT: Molecular mechanisms involved in the strengthening and
formation of synapses include the activation and repression of specific
genes or subsets of genes by epigenetic modifications that do not alter the
genetic code itself. Chromatin modifications mediated by histone acetyla-
tion have been shown to be critical for synaptic plasticity at hippocampal
excitatory synapses and hippocampal-dependent memory formation.
Considering that brain-derived neurotrophic factor (BDNF) plays an
important role in synaptic plasticity and behavioral adaptations, it is not
surprising that regulation of this gene is subject to histone acetylation
changes during synaptic plasticity and hippocampal-dependent memory
formation. Whether the effects of BDNF on dendritic spines and quantal
transmitter release require histone modifications remains less known. By
using two different inhibitors of histone deacetylases (HDACs), we describe
here that their activity is required for BDNF to increase dendritic spine den-
sity and excitatory quantal transmitter release onto CA1 pyramidal neurons
in hippocampal slice cultures. These results suggest that histone acetyla-
tion/deacetylation is a critical step in the modulation of hippocampal
synapses by BDNF. Thus, mechanisms of epigenetic modulation of synapse
formation and function are novel targets to consider for the amelioration
of symptoms of intellectual disabilities and neurodegenerative disorders
associated with cognitive and memory deficits. VVC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Multiple learning processes allow animals to cope with environmental
challenges by storing and recalling enduring modifications in the neuronal
circuits that underlie adaptive behaviors (McEwen and Gianaros, 2010).
The ability of the Central Nervous System (CNS) to learn is an iterative
process that continually links events with outcomes until the memory of
such event is formed. In this sense, for example, associative learning not
only enhances the strength of existing synaptic connections between neu-
rons, but also drives the formation of new ones (Guan et al., 2009; Res-
tivo et al., 2009). Thus, studies of dendritic spines have gained high rele-

vance because most excitatory synapses in the CNS are
formed on these small dendritic protrusions.

Molecular mechanisms involved in the strengthening
and formation of synapses include the activation and
repression of specific genes or subsets of genes by stable
epigenetic modifications that do not change the genetic
code itself (Jiang et al., 2008). Indeed, chromatin remod-
eling by histone acetylation and/or DNA methylation
were shown to participate in synaptic plasticity at hippo-
campal excitatory synapses, as well as in hippocampal-
dependent learning and memory (Levenson et al., 2006;
Fischer et al., 2007; Lubin et al., 2008; Guan et al.,
2009). Considering the critical role that brain-derived
neurotrophic factor (BDNF) plays in synaptic plasticity
and behavioral adaptations (Schinder and Poo, 2000;
Tyler et al., 2002; Bramham and Messaoudi, 2005) is
not surprising that its gene is subject to epigenetic modi-
fications during hippocampal-dependent learning and
memory (Levenson et al., 2006; Lubin et al., 2008).

Modulation of neuronal and synaptic morphology is
among the most prominent consequences of BDNF sig-
naling. Long-term exposure to BDNF increased dendritic
complexity in neurons of the cortex, cerebellum, and
dentate gyrus (McAllister et al., 1995; Mertz et al., 2000;
Danzer et al., 2002). In addition, BDNF increased dendri-
tic spine density in hippocampal CA1 pyramidal neurons
(Tyler and Pozzo-Miller, 2001, 2003), a process that
requires intact MAPK/ERK signaling (Alonso et al.,
2004). Here, we show that histone deacetylases (HDACs)
activity is required for BDNF to increase dendritic spine
density and excitatory quantal transmitter release onto
CA1 pyramidal neurons in hippocampal slice cultures.

RESULTS

Chronic HDAC Inhibition With
Trichostatin-A in Hippocampal Slice
Cultures Prevents the BDNF-Induced
Increase of mEPSC Frequency Recorded
in CA1 Pyramidal Neurons

As we have shown previously (Tyler and Pozzo-Miller,
2001, 2003), the mean cumulative distribution of
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inter-event intervals of miniature excitatory postsynaptic
currents (mEPSCs) recorded in CA1 pyramidal neurons (Fig. 1A)
exposed to BDNF for 48 h (n 5 5 cells) was significantly shifted
toward shorter intervals in comparison to vehicle treated controls
(n 5 5) (P < 0.001, Kolmogorov–Smirnov test: KS-Z value 5
11.36; Fig. 1B). This shift resulted in an increase of the median
(quartiles) mEPSC frequency from 0.91 Hz (0.39–0.96 Hz) in di-
methyl sulfoxide (DMSO) controls to 1.57 Hz (1.25–2.82 Hz) in
BDNF-treated neurons. This effect of BDNF required HDAC ac-
tivity because co-exposure to trichostatin-A (TSA; 1.65 lM)
resulted in a mean cumulative distribution of inter-event intervals
not significantly different than that in DMSO control cells (TSA
1 BDNF, n5 4; P5 0.3115, KS-Z value5 0.9632), resulting in
a median (quartiles) frequency of 0.78 Hz (0.69–1.13 Hz) not sig-
nificantly different from DMSO controls. It should be noted that
a 48 h treatment with TSA by itself had no effect on the mean cu-
mulative distribution of inter-event intervals (n 5 3; P 5 0.51,
KS-Z value 5 0.821) and median mEPSC frequency (0.94 Hz;
0.5–1 Hz) compared to control cells. In addition, the comparison
of median mEPSC frequencies between all experimental groups
indicates that the distribution between groups differed signifi-
cantly, which demonstrate a significant BDNF effect (Kruskal–

Wallis test followed by Dunn’s Multiple comparison test, KW stat
5 10.19, P5 0.017).

Further analysis of the cumulative probability distributions
of mEPSC amplitudes revealed a statistically significant right-
ward shift toward larger amplitude mEPSCs in BDNF-treated
slices compared to all other treatments (P < 0.05 for each
individual comparison, Kolmogorov–Smirnov test; Fig. 1C).
However, differences between median (quartiles) mEPSC
amplitudes were not statistically significant (DMSO 21.6 pA
[21.3–23.3 pA]; BDNF 24.6 pA [17.9–28.6 pA]; TSA 1
BDNF 20.8 pA [18.9–22.5 pA]; TSA 21.9 pA [20.3–22.3
pA]; Kruskal–Wallis test, KW stat 5 1.9, P 5 0.5923). Since
the cumulative probability distributions allow statistical com-
parisons across different mEPSC amplitude sizes (‘‘bins’’), these
results indicate that intact HDAC activity was also necessary
for BDNF to increase mEPSC amplitude.

Lastly, the kinetics of individual mEPSCs events was not
affected by TSA exposure (rise times: control 2.1 6 0.5 msec;
BDNF 2.3 6 0.4 msec; BDNF 1 TSA 2.2 6 0.14 msec; TSA
2.4 6 0.6 msec; P > 0.05 one-way ANOVA) (decay times:
control 9.7 6 1.2 msec; BDNF 9.9 6 0.6 msec; BDNF 1
TSA 9.9 6 0.4 msec; TSA 9.6 6 1.2 msec; P > 0.05 one-way

FIGURE 1. Chronic HDAC inhibition in hippocampal slice
cultures prevents the BDNF-induced increase of mEPSC frequency
recorded in CA1 pyramidal neurons. A: Representative continuous
recording of AMPA-mediated mEPSCs from CA1 pyramidal neu-
rons in hippocampal slice cultures exposed for 48 h to either: (1)
0.02% DMSO vehicle, (2) human recombinant mature BDNF
(250 ng/mL), (3) 1.65 lM TSA dissolved in 0.02% DMSO, or (4)

250 ng/mL BDNF in the presence of 1.65 lM TSA. Insets show a
representative event from each treatment group. B: Cumulative
probability distributions of the inter-event intervals. C: Cumulative
probability distributions of mEPSC amplitudes. P < 0.05 Kolmo-
gorov–Smirnov test for comparison of cumulative probability
distributions. Errors bars in cumulative probability distributions
were removed for clarity.
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ANOVA). Taken altogether, these results demonstrate that
BDNF requires intact HDAC activity to enhance quantal exci-
tatory synaptic transmission onto CA1 pyramidal neurons.

It should be noted that this concentration of the HDAC
inhibitor TSA significantly increased histone H3 acetylation at
K9 and K14, as determined by Western blots of TSA-treated
slice cultures (285.8% of DMSO controls, n 5 4 slice cultures
in each group; P 5 0.0076; unpaired t test with Welch’s
correction; Fig. 3C).

Chronic HDAC Inhibition in Hippocampal Slice
Cultures Prevents the BDNF-Induced Increase of
Dendritic Spine Density in CA1 Pyramidal
Neurons

In addition to enhance presynaptic quantal neurotransmitter
release, long-term exposure to BDNF also increased dendritic
spine density in CA1 pyramidal neurons (Tyler and Pozzo-
Miller, 2001, 2003; Alonso et al., 2004; Amaral and Pozzo-
Miller, 2007b). To investigate the role of HDAC activity in
this spinogenic effect of BDNF, hippocampal slice cultures
were biolistically transfected with eYFP for 7 days in vitro.

After 24 h of expression, slice cultures were randomly assigned
to one of four experimental condition and fluorescent CA1
pyramidal neurons were imaged by laser-scanning confocal
microscopy 48 h later.

Figure 2A shows representative examples of segments of sec-
ondary and tertiary branches of the apical tree of eYFP-express-
ing CA1 pyramidal neurons. As we showed before, BDNF
(250 ng/mL) increased dendritic spine density from 8.6 6 2.5
spines/10 lm of dendrite in DMSO controls (n 5 6 cells) to
11.3 6 2.9 spines/10 lm (n 5 5; P < 0.05) (Fig. 2B). As
with quantal excitatory synaptic transmission, this spinogenic
effect of BDNF required HDAC activity, because co-incubation
with 1.65 lM TSA resulted in dendritic spine density compa-
rable to that in DMSO controls and significantly lower than in
BDNF-treated slices (6.7 6 1.2 spines/10 lm, n 5 4; P >
0.05 vs. DMSO; P < 0.05 vs. BDNF) (Fig. 2B). It is impor-
tant to note that a 48 h treatment with TSA by itself had
no effect on dendritic spine density (7.5 6 2.3 spines/10 lm,
n 5 5; P > 0.05 vs. DMSO) (Fig. 2B).

Using the structurally unrelated HDAC inhibitor suberoyla-
niline hydroxamic acid (SAHA; 1 lM) confirmed that the
spinogenic effect of BDNF required intact HDAC activity

FIGURE 2. Chronic HDAC inhibition in hippocampal slice
cultures prevents the BDNF-induced increase of dendritic spine
density and the changes in dendritic spine morphology in CA1
pyramidal neurons. A: Representative examples of segments of sec-
ondary and tertiary branches of the apical tree of eYFP-expressing
CA1 pyramidal neurons from slice cultures exposed for 48 h to
either: (1) 0.02% DMSO vehicle (top left), (2) human recombi-
nant mature BDNF (250 ng/mL; top right), (3) 1.65 lM TSA dis-
solved in 0.02% DMSO (bottom left), or (4) 250 ng/mL BDNF
in the presence of 1.65 lM TSA (bottom right). B: Histograms of

dendritic spine density, expressed as number of spines per 10 lm
of apical dendrite (mean 6 SD). C: Histograms of the density of
each morphological type of dendritic spine per 10 lm of apical
dendrite: mature-shaped spines, which included Type-I (stubby)
and Type-II (mushroom) shaped spines; and immature-shaped
thin spines (Type-III). *P < 0.05 one-way ANOVA followed by
Newman–Keul test; **P < 0.05 one-way ANOVA followed by New-
man–Keul test compared to control DMSO and BDNF-treated
slice cultures. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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(5.4 6 2.2 spines/10 lm, n 5 4; P > 0.05 vs. DMSO). Con-
sistent with the observations in TSA-treated slice cultures,
exposure to SAHA by itself did not affect dendritic spine
density (5.2 6 1.9 spines/10 lm, n 5 7; P > 0.05 vs.
DMSO; P < 0.0001 one-way ANOVA followed by Newman–
Keul test, F(5,74) 5 10.35).

Chronic HDAC Inhibition Prevents
BDNF-Induced Changes of Dendritic
Spine Morphology

In addition to increase spine density, BDNF also changes the
proportion of the different morphological classes of spines
(Tyler and Pozzo-Miller, 2003). Here, we confirmed that
BDNF-treated CA1 pyramidal neurons had 31% more
‘‘mature’’ spines (Type-I stubby and Type-II mushroom) than
DMSO controls (5.9 6 2 spines/10 lm vs. 4.5 6 1.4 spines/
10 lm; P < 0.05) (Fig. 2C). As with spine density, co-incuba-
tion with 1.65 lM TSA prevented this effect of BDNF (3.8 6
0.7 mature spines/10 lm; P < 0.05) (Fig. 2C). It should be
noted that exposure to TSA by itself did not affect the density
of mature spines (4.8 6 1.5 spines/10 lm, P > 0.05 vs.
DMSO control). Consistently, SAHA also prevented the effect of
BDNF on spine morphology (2.2 6 1.1 mature spines/10 lm;
P < 0.05). Intriguingly, SAHA by itself reduced the density of
mature spines (2.3 6 0.8 mature spines/10 lm; P < 0.05 vs.

DMSO; P < 0.0001 one-way ANOVA followed by Newman–
Keul test, F(5,74) 5 9.163).

BDNF also increased the density of ‘‘immature’’ Type-III
thin spines from 4.1 6 1.6 spines/10 lm (DMSO control) to
5.3 6 1.7 spines/10 lm (P < 0.05), an effect that was also
prevented by co-application of TSA (2.9 6 0.9 spines/10 lm;
P < 0.05) (Fig. 2C), and SAHA (3.2 6 1.4 spines/10 lm;
P < 0.05). However, it should be noted that TSA reduced the
density of thin spines by itself (2.6 6 1.4 spines/10 lm; P <
0.05 vs. DMSO controls). On the other hand, SAHA did not
change the density of ‘‘immature’’ spines (2.9 6 1.2 spines/
10 lm; P < 0.05 vs. DMSO controls) (P < 0.0001, one-way
ANOVA followed by Newman–Keul test, F(5,74) 5 7.108).

Taken altogether, intact HDAC activity is necessary for
BDNF to modulate the density and morphology of dendritic
spines in CA1 pyramidal neurons. The subtle changes in the
proportion of morphological types of dendritic spines in slices
exposed to HDAC inhibitors by themselves suggest that these
compounds may differentially affect ongoing network activity,
which in turn contribute to spine form.

Acute Inhibition of HDAC Activity Does Not
Affect the Frequency, Amplitude, and Kinetics
of mEPSCs Recorded in CA1 Pyramidal Neurons

To test whether TSA had any rapid (e.g., pharmacological)
effects on quantal synaptic transmission, mEPSCs were also
recorded from CA1 pyramidal neurons in acute slices. The
cumulative probability distributions of mEPSC inter-event
intervals before and after 15 min of batch application of TSA
(1.65 lM) were not significantly different (P 5 0.216, KS-Z
value 5 1.05; n 5 5 cells). The median (quartiles) mEPSC fre-
quencies were 0.2 Hz (0.16–0.39 Hz) before and 0.19 Hz
(0.14–0.35Hz) after TSA (Mann–Whitney U 5 9.5, P 5
0.55). Similarly, the cumulative probability distribution of the
mEPSCs amplitudes was not changed after 15 min of TSA
application (P 5 0.6, KS-Z value 5 0.75). The median
(quartiles) amplitudes were 14.4 pA (12–15.9 pA) before and
15.9 pA (12.4–27.9 pA) after TSA (Mann–Whitney U 5 8,
P 5 0.42). Lastly, the kinetics of individual mEPSCs was not
affected by TSA (rise time: control 2.32 6 0.18 msec vs. TSA
2.28 6 0.26 msec; P > 0.05; decay time: control 5.9 6 1.1
msec vs. TSA, 5.1 6 1.3 msec; P > 0.05). These observations
demonstrate that the HDAC inhibitor TSA does not have
pharmacological effects on quantal excitatory synaptic transmis-
sion, and the consequences of long-term exposures arise from
slowly developing processes likely including epigenetic
modifications.

DISCUSSION

Here, we tested whether HDAC activity was necessary for
BDNF to modulate quantal excitatory synaptic transmission and
dendritic spine density and morphology in CA1 pyramidal neu-
rons. We found that co-incubation with the HDAC inhibitor

FIGURE 3. Chronic BDNF treatment of hippocampal slice
cultures induced acetylation of histone H3 at lysines 9 and 14. A:
Representative examples of Western immunoblots of histone 3
from whole-tissue hippocampal slices cultures treated for 48 h
acetylation with DMSO (0.02%), human recombinant mature
BDNF (250 ng/mL), TSA (1.65 lM), or BDNF 1 TSA. B: H3
acetylation at K9-K14 was increased by TSA treatment by 285.8%
compared to DMSO controls. *P 5 0.0076; unpaired t test with
Welch’s correction. C: BDNF increased H3 acetylation at K9-K14
by 31% compared to DMSO controls. *P 5 0.0143; unpaired t
test with Welch’s correction. D: BDNF failed to induce H3 acetyla-
tion at K9-K14 when applied in the presence of TSA (26.3%
compared to TSA alone (n 5 4; P > 0.05, unpaired t test with
Welch’s correction).
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TSA prevented the effect of BDNF on mEPSC frequency and
amplitude without effects of its own. In addition, TSA and
SAHA abolished the effects of BDNF dendritic spine density and
morphology.

As early as the later part of the 19th century and around the
time when the cellular basis of brain structure was still hotly
debated, Santiago Ramón y Cajal and Eugenio Tanzi speculated
that the improvement of existing skills and the acquisition of
new ones required structural changes in nerve cells. Currently,
there is ample experimental evidence that dendritic spines, the
site of most excitatory synapses in the CNS, are critically
involved in the processes of learning and memory (Restivo
et al., 2009). Not less important, the regulation of gene tran-
scription has been demonstrated to participate in the establish-
ing of new synapses and/or the strengthening of existing
connections, thus contributing to long-term synaptic plasticity
and memory processes (Kandel, 2001). More recently, stable
epigenetic modifications that do not change the genetic code
itself, such as histone acetylation and/or DNA methylation
have also been shown to participate in synaptic plasticity at
hippocampal excitatory synapses, as well as in hippocampal-de-
pendent learning and memory (Levenson et al., 2006; Fischer
et al., 2007; Lubin and Sweatt, 2007; Barrett and Wood, 2008;
Jiang et al., 2008; Guan et al., 2009).

From the interplay between histone acetyltransferases (HAT)
and HDACs enzymes, the levels of posttranslational modifica-
tions of histone tails configure the chromatin in a state that
facilitate or impair the action of gene transcription machinery.
HDACs remove an acetyl group from the N-terminal of the
histone lysine tail, thus increasing the positive charges in the
chromatin, and facilitating the binding to the phosphate back-
bone of DNA decreasing transcriptional activity (Turner,
2000). There are four classes of HDACs (Class I, II, III, IV),
composed of 18 enzymes in the mammalian genome: Class-I
includes HDAC1, 2, 3, and 8; Class-IIa is integrated by
HDAC4, 5, 7, and 9; and Class-IIb includes HDAC6 and 10.

Prolonged inhibition of HDAC activity by repeated intraperi-
toneal injections of sodium butyrate or SAHA, which mainly
inhibits Class-I and II, facilitated memory formation through a
mechanism involving mainly HDAC2 (Guan et al., 2009). In
addition, chronic treatment with sodium butyrate induced the
reinstatement of the learning ability and recovered fear memo-
ries in a mouse model of neurodegeneration (Fischer et al.,
2007). These observations suggest that chronic HDAC inhibi-
tion in vivo enhances synaptic transmission in brain regions
involved in learning and memory. When tested in in vitro
preparations, TSA (that is a wide spectrum HDAC inhibitor)
either failed to affect excitatory synaptic transmission in acute
and organotypic slices, or reduced mEPSC frequency in cultured
hippocampal neurons (Akhtar et al., 2009). These apparent dis-
crepancies could originate from the different TSA concentrations
used in these studies (1 mM compared to 1.65 lM), here or the
different levels of synaptic connectivity in primary cell cultures
vs. organotypic slice cultures.

BDNF is the neurotrophin most studied in the context of
synaptic transmission and plasticity, as well as learning and

memory (Tyler et al., 2002; Bramham and Messaoudi, 2005).
Indeed, endogenous BDNF is required in the parietal cortex
for memory processing of a one-trial inhibitory avoidance
(Alonso et al., 2005), and in CA1 of dorsal hippocampus to
transform a non-lasting long-term memory trace into a persis-
tent one trough an ERK-dependent mechanism (Bekinschtein
et al., 2008). In addition, BDNF mRNA transcripts and pro-
tein are increased in the amygdala after fear conditioning and
extinction (Rattiner et al., 2004a,b; Chhatwal et al., 2006; Ou
and Gean, 2006). Furthermore, a different pattern of histone
H3 and H4 acetylation was detected in Bdnf promoter 1 and
4 after fear conditioning and extinction in prefrontal cortex
(Bredy et al., 2007), suggesting that enhanced BDNF tran-
scription is required for the consolidation and extinction of
fear conditioning. In this view, increased histone acetylation
leads to enhanced BDNF transcription, and both promote
memory consolidation. Intriguingly, the long-term actions of
BDNF on synaptic transmission and spine density in vitro are
prevented by HDAC inhibition, suggesting a complex interac-
tion between the genes modulated by fear conditioning and
those by BDNF signaling through the activation of the
MAPK/CREB pathway (Segal and Greenberg, 1996). Consist-
ent with the view that our results reflect epigenetic modifica-
tions, BDNF significantly increased H3 acetylation at K9 and
K14 by 31% compared to DMSO controls in our slice cul-
tures (BDNF n 5 5 slices vs. DMSO n 5 4 slices; P 5
0.0143; unpaired t test with Welch’s correction). Furthermore,
BDNF-induced H3 acetylation was occluded by TSA (26.3%
compared to TSA alone; n 5 4; P > 0.05, unpaired t test
with Welch’s correction; Fig. 3), demonstrating that the conse-
quences of chronic HDAC inhibition on quantal synaptic
transmission and dendritic spine density and morphology
reflect slowly acting epigenetic modifications.

At this time, we could not exclude the possibility that the
results presented here reflect the acetylation of other proteins in
addition to nuclear histones. In fact, alfa-tubulin is deacetylated
in Lys-40 by HDAC6 in vitro and in vivo (Hubbert et al.,
2002; Zhang et al., 2003; Dompierre et al., 2007), potentially
affecting dynamic microtubules within dendritic spines (Gu
et al., 2008; Jaworski et al., 2009). However, it has been
recently shown that WT-161, a specific inhibitor for HDAC6,
did not affect memory formation to a conditional stimulus
(Guan et al., 2009).

In summary, the long-term actions of BDNF hippocampal
neurons, which include modulation of quantal synaptic transmis-
sion and dendritic spine density and morphology through
TRPC3-mediated depolarization, intracellular Ca21 signals,
ERK1/2 and cAMP activation (Tyler and Pozzo-Miller, 2001,
2003; Alonso et al., 2004; Ji et al., 2005; Amaral and Pozzo-
Miller, 2007a,b), also require functional HDAC activity. Our
observations suggest that histone acetylation/deacetylation is a
critical step in the modulation of hippocampal synapses by
BDNF. Considering the current view that neurological disorders
arise as a consequence of synaptic deficiencies, mechanisms of
epigenetic modulation of synapse formation and function are
novel targets for the amelioration of symptoms of intellectual
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disabilities and neurodegenerative disorders associated with cog-
nitive and memory deficits (Fischer et al., 2007).

DETAILED METHODS

Acute Slices

Postnatal-day 30–40 (P30–40) male rats were anesthetized
with ketamine (100 mg/kg) and sacrificed by rapid decapita-
tion. Coronal hippocampal sections (300 lm) were prepared
using a vibratome (Ted Pella, Inc.) and allowed to recover for
at least 1 h at room temperature in an interface holding cham-
ber filled with artificial cerebrospinal fluid (aCSF) containing
(in mM): 125 NaCl, 3.5 KCl, 1.3 MgSO4, 2.5 CaCl2,
26 NaHCO3, and 10 D-glucose; pH 7.4; saturated with 95%
O2/5% CO2.

Organotypic Slice Cultures

P7 rats were rapidly decapitated and the brain immersed in
ice-cold Hank’s balanced salt solution supplemented with glu-
cose (41.55 mM) and antibiotic and antimycotic (1 lg/mL
penicillin, 1 lg/mL streptomycin, 0.25 lg/mL amphotericin
B). Both hippocampi were dissected, and 500 lm-thick trans-
verse slices were prepared using a custom-designed tissue slicer
strung with 20 lm-thick tungsten wire (California Fine Wire).
After 30 min incubation at 48C, slices were plated on tissue
culture plate inserts (Millicell-CM, Millipore), fed with culture
medium, and placed in an incubator at 368C, 5% CO2, 98%
relative humidity. Culture medium consisted of 50% Minimum
Essential Medium, 25% Hank’s balanced salt solution, 20%
heat-inactivated equine serum, 1 mM L-glutamine, and 36 mM
D-glucose. After 4 days in vitro (DIV), the concentration of
serum was titrated to serum-free over 48 h using Neurobasal-A
medium (InVitrogen) supplemented with 2.5% B-27 (InVi-
trogen) and 1 mM L-glutamine (Tyler and Pozzo-Miller, 2003).

Transient Transfections and Treatments

After 7 DIV, cDNA plasmids encoding enhanced Yellow Flu-
orescent Protein (eYFP; Clontech) were introduced by biolistic
gene transfer using a Helios hand-held gene-gun (Bio-Rad)
(Alonso et al., 2004). After 24 h of expression, slice cultures
were randomly assigned to one of six experimental conditions:
(i) 0.02% DMSO (Sigma) as vehicle control; (ii) 250 ng/mL
human recombinant mature BDNF (Promega); (iii) 1.65 lM
trichostatin-A (TSA; Sigma) dissolved in 0.02% DMSO; (iv)
250 ng/mL BDNF in the presence of 1.65 lM TSA; (v) 1 lM
SAHA (Vorinostat, Merk Co., Inc, NJ) dissolved in 0.01%
DMSO; (vi) 250 ng/mL BDNF in the presence of 1 lM
SAHA.

Histone Extraction and Western Blotting

Histone extractions were performed as described by Lubin
and Sweatt (2007). Briefly, hippocampal slice cultures were

homogenized in a Dounce Tissue Grinder (VWR) with ice-
cold buffer containing (in mM): 250 sucrose, 50 Tris, pH 7.5,
25 KCl, 0.5 phenylmethylsulfonyl fluoride, 1% protease inhibi-
tor mixture (Sigma), 0.9 Na1-butyrate. The homogenates was
centrifuged at 7,700g for 1 min and the pellet (nuclear fraction)
was then resuspended in 0.5 mL of 0.4N H2SO4, incubated for
30 min and centrifuged at 14,000g for 10 min. The supernatant
was transferred to a fresh tube, and proteins were precipitated
with the addition of 250 lL of 100% trichloroacetic acid
containing 4 mg/mL deoxycholic acid (Na1 salt, Sigma) for
30 min. Acid-extracted histone proteins were then collected by
centrifugation at 14,000g for 30 min. The protein pellet was
washed with 1 mL of acidified acetone (0.1% HCl) followed by
1 mL of acetone for 5 min each. Protein precipitates were col-
lected between washes by centrifugation (14,000g, 5 min). The
resulting purified histone proteins were resuspended in 10 mM
Tris (pH 8) and protein concentrations for each sample were
determined using a DC protein assay (Bio-Rad). Aliquots of
sample were then normalized to 2 lg/lL and Laemmli sample
buffer (final concentration: 6.25 mM Tris, pH 6.8, 2% SDS,
10% glycerol, 1.25% 2-mercaptoethanol, 0.1% bromophenol
blue) was added to histone samples before performing SDS-
PAGE (12% acrylamide resolving gel overlaid with a 4% acryl-
amide stacking gel. Histone proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes for immunoblotting.
PVDF membranes were then incubated in the primary antibod-
ies anti-H3-K9-K14 (1:1,000, Millipore Biotechnology) or
anti-H3 (1:1,000, Abcam, US) for 1 h at room temperature.
The secondary antibodies were IR-Dye goat-anti-rabbit IgG
(LI-COR, Bioscience). The detection was performed in an Od-
yssey infrared imaging system (LI-Cor Bioscience). Ratios of Ac-
H3-K9-K14 and H3 were obtained and normalized to DMSO
control.

Electrophysiology

Whole-cell voltage-clamp recordings of spontaneous mEPSCs
were performed in visually identified CA1 pyramidal neurons
from slice cultures and acute slices. Neurons were visualized
using differential interference contrast microscopy with infrared
illumination (IR-DIC) using fixed-stage upright microscopes
(Leica DMLFS, Zeiss Axioskop-FS). Slices were continuously
perfused with aCSF containing (in mM): 122 NaCl, 2 KCl,
1.3 MgSO4, 2.5 CaCl2, 26 NaHCO3, 10 D-glucose, and 0.5
lM TTX; pH 7.4; osmolarity was adjusted to 310 mOsm with
sucrose; aCSF was continuously bubbled with 95% O2/5%
CO2. Recordings were made at room temperature with pipettes
filled with a solution containing (in mM): Cs-gluconate 120,
CsCl 17.5, Na-HEPES 10, Mg-ATP 4, Na-GTP 0.4, Na2-
creatine phosphate 10, Na-EGTA 0.2 (3–5 MX). Typical values
of access resistance after whole-cell access were <25 MX, and
whole-cell capacitances were �100 pF. Membrane currents
were acquired and filtered (2 kHz) with an Axopatch-200B
amplifier (Molecular Devices) and digitized at 4 kHz with an
ITC-18 A/D-D/A interface (Instrutech) using custom-written
acquisition software (TI WorkBench), or with a Digidata
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1200B A/D-D/A interface using Clampex 8.0 (Molecular Devi-
ces). Digitized data were analyzed off-line with Mini-Analysis
Program (Synaptosoft).

Confocal Imaging and Quantitative Analyses of
Dendritic Spine Density and Morphology

Slice cultures were fixed by immersion in 4% paraformalde-
hyde in 100 mM phosphate buffer (PB, overnight at 48C), and
washed in PB saline (PBS). Filter membranes around each slice
were trimmed, and each slice was individually mounted on
glass slides and coverslipped using Vectashield (Vector Labora-
tories). CA1 pyramidal neurons displaying eYFP fluorescence
throughout the entire dendritic tree and lacking signs of degen-
eration (e.g., dendritic blebbing) were selected for confocal
imaging. High-resolution images of secondary and tertiary
branches of apical dendrites were acquired with a Fluoview FV-
300 laser-scanning confocal microscope (Olympus) using an oil
immersion 3100 (NA 1.4) objective lens (PlanApo). eYFP was
excited using an Ar laser (488 nm), and detected using stand-
ard FITC filters (Semrock). Series of optical sections in the
z-axis were acquired at 0.1 lm intervals through individual api-
cal dendritic branches. Dendritic spines were identified as small
protrusions that extended �3 lm from the parent dendrite,
and counted in maximum-intensity projections of the z-stacks
using ImageJ (National Institutes of Health). Care was taken to
ensure that each spine was counted only once by following its
projection course through the stack of z-sections. Spines were
counted only if they appeared continuous with the parent
dendrite. Spine density was calculated by quantifying the num-
ber of spines per dendritic segment, and normalized to 10 lm
of dendrite length.

The total length of secondary and tertiary apical dendrites
analyzed was (i) DMSO controls: 714.25 lm from 19 dendritic
segments of five cells; (ii) BDNF: 678.15 lm from 18 dendritic
segments of six cells; (iii) BDNF 1 TSA: 368.45 lm from 11
dendritic segments of four cells; (iv) TSA: 565.35 lm from
16 dendritic segments of five cells; (v) SAHA: 638.6 lm from
28 dendritic segments of four cells; (vi) BDNF 1 SAHA:
1063.32 lm from 21 dendritic segment of eight cells.

Dendritic spines were classified either as mature-shaped spines,
which included Type-I (stubby) and Type-II (mushroom) shaped
spines, or immature-shaped thin spines (Type-III) based on ratios
of their geometrical dimensions (length, head width, and neck
width), following published criteria (Tyler and Pozzo-Miller,
2003; Boda et al., 2004; Chapleau et al., 2009).

Statistical Analyses

All data collection was performed in a blinded manner, i.e.,
the investigator analyzing data off-line was unaware of the
treatment groups. Data are expressed as mean 6 SD or median
(quartiles). Group means were compared by unpaired Student’s
t test, one-way ANOVA followed by Newman–Keul test or
Kruscal–Wallis test followed by Dunn’s post-hoc test. Cumula-
tive distribution probabilities were compared by Kolmogorov–
Smirnov tests. P < 0.05 was considered statistically significant.
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