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Histone deacetylase activity and brain-derived
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Objective: In the present study, we aimed to examine the effects of repeated D-amphetamine
(AMPH) exposure, a well-accepted animal model of acute mania in bipolar disorder (BD), and histone
deacetylase (HDAC) inhibitors on locomotor behavior and HDAC activity in the prefrontal cortex (PFC)
and peripheral blood mononuclear cells (PBMCs) of rats. Moreover, we aimed to assess brain-derived
neurotrophic factor (BDNF) protein and mRNA levels in these samples.
Methods: We treated adult male Wistar rats with 2 mg/kg AMPH or saline intraperitoneally for 14
days. Between the 8th and 14th days, rats also received 47.5 mg/kg lithium (Li), 200 mg/kg sodium
valproate (VPT), 2 mg/kg sodium butyrate (SB), or saline. We evaluated locomotor activity in the
open-field task and assessed HDAC activity in the PFC and PBMCs, and BDNF levels in the PFC and
plasma.
Results: AMPH significantly increased locomotor activity, which was reversed by all drugs. This
hyperactivity was associated with increased HDAC activity in the PFC, which was partially reversed by
Li, VPT, and SB. No differences were found in BDNF levels.
Conclusion: Repeated AMPH administration increases HDAC activity in the PFC without altering
BDNF levels. The partial reversal of HDAC increase by Li, VPT, and SB may account for their ability to
reverse AMPH-induced hyperactivity.
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Introduction

A growing body of evidence suggests an association
between epigenetic mechanisms and the pathophysiol-
ogy of bipolar disorder (BD), given the importance of
long-lasting changes in neuroplasticity and gene expres-
sion to the mechanism of action of mood stabilizers.1 The
importance of gene-environment interaction in the devel-
opment of different psychiatric disorders has been
discussed elsewhere, in that external stimuli can cause
modifications in gene expression without actually altering
the genetic code.2 These long-lasting changes based on
epigenetic mechanisms would be desirable in a treatment
approach as well. Among such mechanisms, a change in
the methylation and acetylation state of genes and
histones is the most well known.3 Hyperacetylation of
histones generally promotes chromatin decondensation
and increased gene activity, whereas hypoacetylation

leads to condensation and reduced activity.4 Given that
such modifications can alter and regulate the expression
of specific genes, this mechanism could be potentially
associated with acute mood symptoms in BD and with the
mechanisms of action of psychotropic drugs, altering
protein levels in parallel with behavioral changes. Sodium
valproate (VPT) inhibits the enzyme histone deacetylase
(HDAC), which catalyzes the removal of acetyl groups
from histones.5 Lithium (Li) seems to share some
mechanism with HDAC inhibitors (HDACi), but whether
it can inhibit this enzyme directly remains unclear.6 So far,
little is known about the association between HDAC
activity and the behavioral effects of mood stabilizers in
vivo.

One gene whose expression has been linked to mood-
stabilizing effects is brain-derived neurotrophic factor
(BDNF). Among its functions, BDNF acts to promote
neuronal survival and synaptic plasticity7 and has been
extensively studied as a biomarker of illness activity in
BD.8 Serum BDNF levels are reduced in BD patients
during manic and depressive episodes, whereas no
differences are found in euthymic patients compared to
healthy controls.9 Moreover, BDNF levels seem to
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increase along with remission of symptoms10 and after
mood stabilizer treatment in vitro and in vivo.11,12 Of note,
BDNF transcription is at least partially modulated by
epigenetic mechanisms.13 Evidence suggests that BDNF
increases after treatment with HDACi in vitro and in vivo,
and this increase seems to occur in a promoter-specific
way.14

Based on previous findings, the ability to inhibit HDAC
and modulate behavior could be a way to screen for
potential novel drugs with mood-stabilizing properties.
Studies investigating other drugs capable of inhibiting
HDAC as compared with known mood stabilizers in vitro
suggest that the short-chain fatty acid sodium butyrate
(SB) may be a promising candidate.11,15 SB has been
shown to exhibit antidepressant properties16,17 and can
increase BDNF levels in vitro.11 Moreover, it has recently
been shown that SB reverses and prevents D-ampheta-
mine (AMPH)-induced hyperactivity in an animal model of
mania,18 but the extent to which it is associated with
HDAC activity requires further research.

Considering that chromatin remodeling can lead to
alterations in the expression of neuroprotective genes,
the effects of AMPH and mood stabilizers on such
parameters would be of great interest to the field of BD
research and therapy. AMPH exposure has been
consistently put forward as a model for mania due to its
ability to increase dopamine levels upon administration.19

AMPH-treated rats become hyperactive12 and exhibit
several memory deficits,20 some of which are reversed by
administration of mood stabilizers.21 Moreover, the
construct validity of this model has been increasing
significantly over time, with several biomarkers found in
human BD patients also altered in animals subjected to
this model.12 The present study aimed to evaluate if
repeated exposure to AMPH would induce alterations in
HDAC activity and if these alterations would be reversed
by the administration of a classic HDACi (SB or VPT) or
Li. Furthermore, we evaluated whether such HDAC
alterations would be associated with a modulation of
BDNF levels. To that end, we assessed the effects of the
treatments on the locomotor behavior of rats and
measured the activity of HDAC and BDNF protein and
mRNA levels in the prefrontal cortex (PFC), a brain region
known to be associated with BD pathophysiology.22,23

We also evaluated HDAC modulation in peripheral blood
mononuclear cells (PBMCs) and plasma BDNF levels to
analyze whether the effects of these drugs would be
mainly central or could also be systemic.

Methods

Animals

All experiments were conducted with male Wistar rats
(age: 3-4 months; weight: 220-310 g) obtained from our
breeding colony. Rats were housed five to a cage and
kept on a 12-h light/dark cycle (lights on between 7 a.m.
and 7 p.m.), with water and food available ad libitum. All
study procedures were in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and the
Brazilian Society of Neuroscience and Behavior (SBNeC)

recommendations for animal care, and were approved by
the Hospital de Clı́nicas de Porto Alegre Ethics
Committee.

Treatment

The animals received daily intraperitoneal (i.p.) injections
of 2 mg/kg AMPH (Sigma, St. Louis, MO, USA) or saline
solution for 14 days. Between the 8th and the 14th day,
AMPH or saline-treated rats were divided into four
experimental groups: treatment with 47.5 mg/kg Li i.p.
twice a day (n=12), 200 mg/kg VPT i.p. twice a day
(n=12), 1.2 g/kg SB i.p. twice a day (n=12), or saline
(n=21). All drugs were administered in the rats’ home
cages. On the 15th day, rats received either AMPH or
saline, and their locomotor activity was measured 2 h
later. The doses of the mood stabilizers tested are within
the range of doses regularly used in other behavioral and
functional studies with animal models of mood disorders.
Of note, animals treated with Li had plasma Li levels in
the range of 0.6-1.2 mEq/L, as recommended for the
treatment of BD patients.12

Locomotor activity

Locomotor activity was assessed with the open-field task.
The test was performed in a 40 x 60 cm open field
surrounded by 50 cm-high walls made of brown plywood
with a frontal glass wall. The open-field floor was divided
into 12 equal rectangles by black lines. The animals were
gently placed in the left rear quadrant and allowed to
explore the arena freely for 5 min. Two observers who
were blinded to the treatment status of the rats counted
the number of times they crossed the black lines and
performed rearing behavior. We considered the number
of times that rats crossed the black lines to be a
measurement of horizontal locomotor activity and the
number of times they reared to be a measurement of
vertical locomotor activity. The animals were euthanized
by decapitation immediately after the open-field task.

Nuclear extraction and cytosolic fraction separation

The PFC (the anterior part of the frontal lobes of the rat
brain) was fully dissected according to the stereotactic
atlas of Paxinos and Watson.24 The obtained samples
were flash-frozen and stored at -806C until nuclear
proteins were extracted. Whole blood was collected by
intracardiac puncture and PBMC separation was per-
formed with Histopaque 1077 reagent (Sigma, St. Louis,
MO, USA) according to manufacturer instructions. Tissue
samples and PBMCs were subjected to a nuclear
extraction protocol with a commercial Nuclear Extraction
kit (Chemicon, USA). Briefly, samples were homogenized
in cytoplasmic lysis buffer containing dithiothreitol (DTT)
and protease inhibitors. The suspension was kept on ice
for 15 min and was later centrifuged at 250 6 g for 5 min
at 46C. The supernatant was discarded, and the pellet
was resuspended in two volumes of cold cytoplasmic
lysis buffer. The suspension was homogenized using a
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small-gauge needle syringe and centrifuged at 8,000 6 g
for 20 min at 46C. The resulting pellet contained the
nuclear portion of the cell lysate. The supernatant
containing the cytosolic fraction was transferred to
another tube and stored at -806C until the BDNF protein
level assay was performed.

The pellet was resuspended in a nuclear extraction
buffer containing DTT and protease inhibitors, and the
suspension was homogenized with a small-gauge needle
syringe. The resulting sample was kept in slow agitation
for 30-60 min in an orbital shaker at 46C. Later, the
nuclear suspension was centrifuged at 16,000 6 g for 5
min at 46C, and the nuclear extract-containing super-
natant was transferred to a new tube and stored at -806C
until further analysis.

HDAC activity

Nuclear extracts from the PFC and PBMCs were subjected
to an HDAC activity assay with the HDAC Assay kit
(Fluorometric Detection) according to manufacturer
instructions (Upstate, USA). Briefly, 5 mL of nuclear extract
were mixed with 5 mL of HDAC Assay Buffer and 5 mL of
HDAC Assay Substrate in a 384-well plate and incubated
at 306C for 45 min. Concomitantly, a standard curve was
performed with serial dilutions of deacetylated substrate
and positive and negative controls were added to the plate.
Afterwards, 10 mL of activator solution were added to the
wells, and the plate was incubated at room temperature for
15 min. A fluorescence reading was obtained in a
fluorescence plate reader, with 360 nm for excitation and
460 nm for emission. HDAC activity was calculated on the
basis of the standard curve, and values are presented as
mM/mg protein. Total protein was measured by a modified
Lowry’s method25 using bovine serum albumin as the
standard. HDAC activity was calculated as the micromolar
concentration of deacetylated standard substrate per
microgram of protein.

BDNF protein levels

Whole blood was collected by intracardiac puncture into a
Vacutainer containing ethylenediamine tetraacetic acid
(EDTA) to prevent clotting. Plasma samples were
obtained by centrifugation (4000 rpm for 10 min) and
frozen at -806C until further analysis. BDNF levels in the
cytosolic fraction from PFC and plasma samples were
measured using an anti-BDNF sandwich enzyme-linked
immunosorbent assay (ELISA) (CYT306), according to
manufacturer instructions (Millipore, USA). Briefly, micro-
titer plates (96-well flat-bottom) were coated for 24 h with
the samples, diluted 1:2 in sample diluent, and the
standard curve ranged from 7.8 to 500 pg/ml of BDNF.
The plates were then washed four times with wash buffer,
and a biotinylated monoclonal anti-BDNF rabbit antibody
(ChemiKine, USA), diluted 1:1000 in sample diluent, was
added to each well and incubated for 3 h at room
temperature. After washing, peroxidase-conjugated
streptavidin (ChemiKine, USA) (diluted 1: 1000) was
added to each well and incubated at room temperature

for 1 h. After the addition of substrate and stop solution,
the amount of BDNF was determined by absorbance at
450 nm. The standard curve demonstrated a direct
relationship between optical density (OD) and BDNF
concentration. Total protein was measured by Lowry’s
method using bovine serum albumin (Sigma, St. Louis,
USA) as standard.

RNA isolation

Tissues were subjected to an RNA isolation protocol with
the use of TRIzol (Invitrogen, Carlsbad, CA, USA),
according to manufacturer instructions. Briefly, tissues
(50 to 100 mg) were homogenized in 1 mL TRIzol and
incubated at room temperature for 5 min. Afterwards,
chloroform was added to the samples and the suspension
was vigorously mixed for 15 s and incubated at room
temperature for 5 min, followed by centrifugation at
12,000 6 g for 15 min at 46C. The aqueous phase was
then placed in another tube to which isopropanol was
added, followed by incubation at room temperature for 10
min and centrifugation at 12,000 6 g for 10 min at 46C.
The supernatant was then discarded and the pellet was
washed with 75% ethanol, followed by another centrifu-
gation at 7,500 6 g for 5 min at 46C. After drying the
pellet at room temperature, RNA was resuspended in 30
mL of DEPC-treated water. RNA samples were then
quantitated with the Quant-iT RNA assay (Molecular
Probe; Invitrogen, Carlsbad, CA, USA), treated with
DNAse I, Amp Grade (Invitrogen, Carlsbad, CA, USA),
and stored at -806C until further analysis.

Primer design and quantitative real-time PCR

FAM-labeled TaqMan primers and a probe (Applied
Biosystems, Foster City, CA, USA) specific for the rat
BDNF gene were designed with the use of Primer
Express software (Applied Biosystems, Foster City, CA,
USA) based on the BDNF mRNA sequence obtained
from NCBI GenBank (GenBank ID: 122427415,
NM_012513). Primers and probe specificities were
confirmed through comparison with other sequences
available at the GenBank with the use of BLAST. The
sequences used were as follows: forward primer, 59-
CTGACACTTTTGAGCACGTGATC-39; reverse primer,
59-CGTTGGGCCGAACCTTCT-39.

Real-time RT-PCR reactions were performed in the
7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) with the use of the TaqMan One-
Step RT-PCR kit (Applied Biosystems, Foster City, CA,
USA) according to manufacturer instructions. Reactions
were performed in a final volume of 12 mL with 2 mL of
total RNA (5 ng), 6 mL of Master Mix 2x, 0.3 mL of RT
enzyme 40x, 0.6 mL of TaqMan Custom Gene expression
assay, 0.6 mL of endogenous TaqMan gene expression
assay, and 2.5 mL of DEPC-treated water. Expression
values were normalized to beta-actin endogenous control
expression using a TaqMan VIC/MGB endogenous
control inventoried assay (Applied Biosystems, Foster
City, CA, USA, 4352340E).
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All reactions were performed in triplicate. Relative
expression levels (RQ) were determined by the DDCt
method.26

Statistical analysis

Statistical analyses were performed using PASW
Statistics 18.0 for Windows. Behavioral data (number of
crossings and rearings), HDAC activity, and BDNF
protein levels in the PFC fit a standard distribution curve
and were therefore subjected to parametric analyses. For
comparisons between groups, a one-way analysis of
variance (ANOVA) test was performed, followed by the
Tukey post-hoc test when the ANOVA was significant. P-
values , 0.05 for a two-tailed distribution were consid-
ered statistically significant. BDNF mRNA and protein
plasma levels did not fit a standard distribution curve and
were thus subjected to nonparametric analyses. A
Kruskal-Wallis test was performed to compare groups
and p-values , 0.05 for two-tailed distributions were
considered statistically significant. All biochemical data
are expressed as % of control.

Results

Open-field test

In the open-field test (Figure 1), one-way ANOVA
followed by Tukey’s post-hoc test was performed to
compare all groups. AMPH increased horizontal and
vertical locomotor activities in saline-treated rats
(ANOVA, crossings-F7-82 = 6.673, p , 0.0001, Figure
1A; rearings-F7-82 = 7.980, p , 0.0001, Figure 1B),
whereas treatment with Li, VPT, and SB partially
reversed this AMPH-induced hyperactivity. The adminis-
tration of Li, VPT, and SB per se did not significantly alter
the behavioral activity, indicating that their effects on
AMPH-treated rats were not due to sedation.

HDAC activity

Figure 2 shows the amount of HDAC activity in the PFC
and in PBMCs. In the PFC, AMPH treatment (AMPH +
saline) significantly increased HDAC activity as compared
with the control group (saline + saline) (ANOVA, F7-79 =

Figure 1 Schematic representation of treatment and open-field test. A) Number of crossings. B) Number of rearings.
Rats were treated for 7 days with AMPH + 7 days of AMPH and Li, VPT, or SB. One-way ANOVA and Tukey’s post-hoc test;
* p , 0.0001 (different from the SAL + SAL group). The results are presented as mean 6 standard error of the mean (n=11-
21). AMPH = D-amphetamine; Li = lithium; SAL = saline; SB = sodium butyrate; VPT = sodium valproate.
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2.173, p = 0.01, Figure 2A), and treatment with Li, VPT,
and SB in AMPH-treated rats partially reversed this
effect. In PBMCs, no differences in HDAC activity were
found between groups (p . 0.05 for all comparisons,
Figure 2B).

BDNF mRNA and protein levels in the PFC

Given that evidence suggests that BDNF expression may
be linked to mood-stabilizing effects, it was hypothesized
that BDNF levels would increase after treatment with
HDACi. However, we did not observe any between-group
differences in BDNF protein levels (p . 0.05 for all

comparisons, Figure 3A) or mRNA levels (p . 0.05 for all
comparisons, Figure 3B) the PFC. This indicates that
HDAC modulation in the PFC might alter the expression
of genes other than BDNF.

Plasma BDNF levels

To analyze whether the effects of the tested drugs would
be mainly central or could also be systemic, we measured
plasma BDNF levels (Figure 4). We did not find any
between-group differences in these levels (p . 0.05 for
all comparisons), suggesting that there are no systemic
effects of AMPH-modulating HDAC in the BDNF gene.

Figure 2 HDAC activity in the prefrontal cortex and PBMCs. A) Prefrontal cortex (n=8-18 per group). B) PBMCs (n=7-19 per
group). One-way ANOVA and Tukey’s post-hoc test; * p = 0.001. The results are presented as mean 6 standard error of the
mean. AMPH = D-amphetamine; HDAC = histone deacetylase; Li = lithium; PBMC = peripheral blood mononuclear cell; PFC =
prefrontal cortex; SAL = saline; SB = sodium butyrate; VPT = sodium valproate.

Figure 3 BDNF levels in prefrontal cortex. A) Protein levels. One-way ANOVA and Tukey’s post-hoc test. The results are
presented as mean 6 standard error of the mean (n=7-12 per group). B) mRNA levels. A Kruskal-Wallis test was used to
compare groups, p . 0.05. The results are presented as median and interquartile range (n=7-12 per group). AMPH = D-
amphetamine; BDNF = brain-derived neurotrophic factor; Li = lithium; SAL = saline; SB = sodium butyrate; VPT = sodium
valproate.
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Discussion

Evidence suggests that HDACi may exert antimanic
effects in different treatment regimens and animal
models. Accordingly, our results show that treatment
with SB, as well as with Li and VPT, was able to partially
reverse AMPH-induced hyperactivity after repeated
AMPH administration. Moreover, AMPH increased
HDAC activity in the PFC, which was partially reversed
by SB, VPT, and Li. No between-group differences were
found in BDNF protein and mRNA levels. In addition, no
differences were found in HDAC activity in PBMCs or in
plasma BDNF levels, suggesting that the HDAC-mod-
ulating effects of AMPH are mainly central. The present
study provides evidence that AMPH-induced behavioral
effects may be associated with histone modifications in
the PFC and that this can be partially reversed by HDAC
inhibitors.

To the best of our knowledge, this is the first study
showing that AMPH treatment increases HDAC activity in
the PFC of rats. Although there is no evidence of a direct
association between AMPH and HDAC, the ability of
AMPH to increase dopamine levels in the synaptic cleft
may have consequences at a nucleosomal level. Histone
deacetylation has been associated with activation of D2
dopamine receptors, leading to the recruitment of a
corepressor complex to the promoter of the prolactin
gene.27 Moreover, trichostatin A, which is an HDACi, has
been shown to block cocaine-induced behavioral sensi-
tization,28 showing that other HDAC inhibitors may also
have effects on dopamine-enhancing drugs. More
recently, Arent et al. showed different effects of SB
treatment in specific brain regions, suggesting that the
antimanic effects of SB and of VPT are related to the
amygdala, striatum, and, of special interest here, to the
PFC, although not to the hippocampus.29 More studies
are warranted to clarify the effects of these HDAC

inhibitors in different brain regions. Of note, the lack of
between-group differences in HDAC activity in PBMCs in
our sample suggests that the modulation of HDAC activity
by the tested drugs is mainly central and cannot be
observed in the periphery.

Based on our results, we cannot rule out the possibility
that AMPH increases the expression of different HDACs,
which would ultimately lead to an enhanced activity of this
enzyme in our samples. Nevertheless, in this particular
experiment, regardless of whether AMPH increased
HDAC expression or only its activity, both scenarios
would culminate in increased histone deacetylation and,
thus, decreased gene expression. Furthermore, we did
not assess whether this modulation of HDAC activity is
associated with a change in acetylated H3 and H4 levels,
which would contribute to the discussion of our results. In
this sense, future studies are required to further explore
these mechanisms.

Our results show that the reversal of AMPH-induced
hyperactivity by Li, VPT, and SB was associated with the
ability of these drugs to partially reverse the increase in
HDAC activity. However, we found no effects of their
administration on HDAC activity per se, suggesting more
complex mechanisms regarding HDAC inhibition. Of
note, there are two protein families with HDAC activity:
the recently discovered SIR2 family of NAD+- dependent
HDACs, and the classical HDAC family. Members of the
classical HDAC family fall into two different phylogenetic
classes, namely class I and class II. Both of these protein
families with HDAC activity share an ability to deacetylate
histones, but they have different patterns of expression,
different pharmacological profiles, different mechanisms
of regulation, and different functions.30 It is possible that
different HDAC enzymes are differentially modulated by
Li, VPT, and SB in the PFC. For instance, SB has
relatively poor HDAC selectivity (disrupting the activity of
multiple classes), which also limits our discussion on
specific HDAC inhibition taking place in the brain. To
address this, an analysis of second-generation com-
pounds (such as hydroxamic acids and benzamides),
which would potentially demonstrate the feasibility and
importance of dissecting out the roles of particular
HDACs in the brain, would be of great interest. In
addition, it is also possible that the time elapsed between
the last HDACi injection and euthanasia was too long,
which would have prevented detection of any enzyme
inhibition possibly induced by the drugs. Schroeder et al.
showed that histone hyperacetylation in the hippocampus
peaks 30 min after i.p. injection of SB in mice, returning to
baseline within 1 h after administration.17 Further studies
are necessary to clarify these issues.

A growing body of evidence suggests a role for histone
acetylation in the neurobiology and pharmacology of
mood disorders.3,31 Hobaro et al. found that the levels of
HDAC2 and HDAC5 mRNA were increased in patients
with major depressive disorder (MDD) while in the
depressive state, and that HDAC4 mRNA levels were
increased in depressive BD patients when compared with
controls.32 These data suggest that aberrant transcrip-
tional regulation caused by altered HDAC expression

Figure 4 BDNF levels in plasma. A Kruskal-Wallis test was
used to compare groups, p . 0.05. The results are
presented as median and interquartile range (n=8-19 per
group). AMPH = D-amphetamine; BDNF = brain-derived
neurotrophic factor; Li = lithium; SAL = saline; SB = sodium
butyrate; VPT = sodium valproate.
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may be associated with the pathophysiology of mood
disorders. HDAC class I and II inhibitors have shown
efficacy in the treatment of neurodegenerative disor-
ders,33 neurodevelopmental disorders, cognitive defi-
cits,34 and psychiatric disorders such as depression and
anxiety.17,35 In this same vein, Ferrante et al. showed an
attenuation of neuron loss and increased motor function
after treatment with SB in an animal model of
Huntington’s disease.36 Histone modifications are also
associated with memory and learning processes, as
shown by the increased formation of contextual fear
memory in rats treated with SB.37 In addition, treatment of
mice with SB resulted in antidepressant-like effects when
administered at a sufficiently high dose that induced
global and transitory hyperacetylation of histones in the
PFC and in the hippocampus.17

Amphetamine-induced hyperactivity in rats has been
consistently put forward as a dopaminergic model of
mania with predictive validity.38 Therefore, the finding that
AMPH-induced hyperlocomotion is partially blocked by
SB treatment, as well as by Li and VPT treatment,
suggests that SB may have mood-stabilizing proper-
ties.18,29 Based on this pre-established relevance of the
AMPH treatment as a valid animal model of mania, we
are able to suggest that the results found in our
experiments can be of relevance for human patients with
BD. Nevertheless, clear extrapolations to the human
condition regarding the doses of the tested drugs are less
likely to be made, mostly due to differences in the
metabolism of rats and humans and, therefore, in the
kinetics of the drugs. Moreover, this finding suggests that
other HDAC inhibitors should be further investigated as
agents with possible therapeutic effects for manic
episodes in patients with BD.

Finally, the use of HDAC inhibitors as mood stabilizers
has been proposed on the basis of their ability to increase
the expression of neuroprotective genes, some of which
have already been investigated in patients with BD and
other neuropsychiatric disorders.39 The modulation of
neurotrophin levels by HDAC inhibitors has already been
shown in vitro,11 and the differential pattern of HDAC
inhibition in different brain regions is in line with previous
findings of region-specific expression of neurotrophins.40

We found no differences in BDNF protein or mRNA levels
in the PFC of rats, even though AMPH increased HDAC
activity in this brain region. Schroeder et al. did not find
any change in BDNF levels after SB treatment in vivo
either, and no other study has ever been conducted with
this aim.17 Although a significant body of evidence points
to changes in serum BDNF levels in BD patients, there
are still discrepancies between studies. Some did not find
modulation of this factor in BD phases.41 Several factors
that may influence BDNF levels could explain these
differences, such as medication, comorbidities, and
staging of illness. Likewise, in studies with animals, some
variables could have a direct impact on the results. In the
present study, the absence of alterations in BDNF is likely
to be related to the duration of HDACi treatment, which
was brief. Fukumoto et al. demonstrated that only chronic
Li treatment was able to increase BDNF protein levels in

the rat cortex and hippocampus.42 Furthermore, as we
did not perform a dose-response experiment, one cannot
rule out the possibility that higher doses would have
stronger effects on BDNF. As far as we can assume,
HDAC modulation in the PFC might alter the expression
of genes other than BDNF. Further analyses are required
to explore the SB-induced effects found in our model as
well as in other behavioral tests, including evaluation of
the dopaminergic system and of other structures, such as
the hippocampus and the amygdala.

In conclusion, we demonstrated that repeated AMPH
administration increased HDAC activity in the PFC
without altering BDNF protein or mRNA levels.
Moreover, Li, VPT, and SB administration partially
reversed this increase in HDAC activity, which might
account for the ability of these agents to reverse AMPH-
induced hyperactivity. Further studies are required to
explore the cellular consequences of HDAC inhibition in
different brain areas, including assessment of the
expression of other genes likely to be associated with
these treatments. Nonetheless, the available results
support the hypothesis that histone modifications are
associated with the mechanisms of action of AMPH and
mood stabilizers. In addition, the present data highlight
the notion that HDAC inhibitors may hold important
potential for the development of new drugs for the
treatment of BD.

Acknowledgements

This work was supported by grants from National Science
and Technology Institute for Translational Medicine
(INCT-TM), Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), and Fundo de
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