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Abstract Studies have suggested the involvement of inflamma-
tory processes in the physiopathology of bipolar disorder.
Preclinical evidences have shown that histone deacetylase inhib-
itors may act as mood-stabilizing agents and protect the brain in
models of mania and depression. The aim of the present study
was to evaluate the effects of sodium butyrate (SB) and valproate
(VPA) on behavioral changes, histone deacetylase activity, and
the levels of cytokines in an animal model of mania induced by
dextroamphetamine (d-AMPH). Wistar rats were first given d-
AMPH or saline (Sal) for a period of 14 days, and then, between
the 8th and 14th days, the rats were treated with SB, VPA, or Sal.
The activity of histone deacetylase and the levels of cytokines
(interleukin (IL) IL-4, IL-6, and IL-10 and tumor necrosis factor-
alpha (TNF-o0)) were evaluated in the frontal cortex and striatum
of the rats. The administration of d-AMPH increased the activity
of histone deacetylase in the frontal cortex. Administration of SB
or VPA decreased the levels of histone deacetylase activity in the
frontal cortex and striatum of rats. SB per se increased the levels
of cytokines in both of the brain structures evaluated. AMPH
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increased the levels of cytokines in both of the brain structures
evaluated, and VPA reversed this alteration. The effects of SB
on d-AMPH-induced cytokine alterations were dependent on
the brain structure and the cytokine evaluated. Despite VPA
and SB having a similar mechanism of action, both being
histone deacetylase inhibitors, they showed different effects
on the levels of cytokines. The present study reinforces the
need for more research into histone deacetylase inhibitors be-
ing used as a possible target for new medications in the treat-
ment of bipolar disorder.

Keywords Bipolar disorder - Cytokines - Animal model of
mania - Histone deacetylase - Sodium butyrate, valproate

Introduction

Bipolar disorder (BD) is a chronic mental disorder which affects
about 1-3% of the global population. BD is associated with
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multiple medical and psychiatric comorbidities, such as cardio-
vascular disease, diabetes mellitus, obesity, and thyroid dys-
function. Furthermore, this medical condition is accompanied
by significant functional impairment, deterioration of both the
patients and the patients’ families’ quality of life, and higher
rates of suicide [1-3].

Although BD contributes to dominate as the global burden of
mental disorders, little is known about the precise neurobiologi-
cal underpinnings of BD [4]. Some theories about the pathophys-
iology of BD have been discussed in the literature, such as alter-
ations to the monoamine systems [5, 6], oxidative stress [7, 8],
and mitochondrial dysfunctions [9-11]. More recently, evidences
have suggested that inflammatory mechanisms have an impor-
tant role in the pathophysiology of BD [12, 13].

In the central nervous system (SNC), the cells responsible for
the activation of immune responses are called microglial cells.
These cells respond to the binding of pathogen proteins or even
to specific endogenous biomolecules from damage and cellular
death binding to its membrane receptors, which triggers an intra-
cellular cascade, leading to the activation of a local inflammatory
response. Cytokines are inflammatory mediators, released by
microglial cells, and are responsible for the modulation of the
inflammatory response [14, 15]. Cytokines play an important
role in inflammatory signaling, inducing molecular adhesion to
neutrophils, increasing vascular permeability, and the attraction
and activation of neutrophils [16].

In fact, several studies have demonstrated that there are alter-
ations in the levels of inflammatory mediators present in BD
[17]. Clinical studies have shown that peripheral levels of IL-
1P, IL-6, IL-18, IL-23, and IL-33; TGF; sIL-2R and sIL-6R;
CRP; sTNF-R1; and MCP-1 are increased in patients with BD
when compared with control subjects [17-24]. Genetic studies
with bipolar patients have shown that they have alterations in
their TNF-o¢ gene, which has been related to higher levels of
TNF-o production [25, 26]. In addition, it was demonstrated that
there is a genetic variant of the IL-1 and RIL-1 genes in BD [27,
28]. It was also discovered that there is mMRNA overexpression of
TNF-, IL-1&, IL-6, and CCL2 in the monocytes of bipolar
patients and also in the offspring of bipolar parents [29].

Mood-stabilizing agents may produce their therapeutic effects
by regulating gene expression within neuronal circuits. Valproate
(VPA) is an anticonvulsant that is used as a mood stabilizer in the
treatment of BD. One of the mechanisms of action of VPA is that
it regulates gene expression by acting as a histone deacetylase
(HDAC) inhibitor [30]. Based on the mechanism of action for
VPA, other HADC inhibitors, such as sodium butyrate (SB),
have also been studied as possible mood-stabilizing drugs. In
fact, treatment with SB was able to reverse both the manic- and
depressive-like symptoms of BD in preclinical studies [31-35].

One of the main features of BD is its manic symptoms, which
can be related to dopaminergic hyperactivity. Thus, even though
the animal model of mania induced by dextroamphetamine (d-
AMPH) only addresses one pole of the disorder, it is still the
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most useful model currently used in studying BD [36, 39, 40].
A previous study has shown that BD patients exhibit modifica-
tions in an allele of the dopamine transporter encoder, which may
enhance dopamine levels in the brains of BD patients [37].
Recently, a study from our research laboratory evaluated the
levels of cytokines in the frontal cortex, striatum, hippocampus,
serum, and cerebrospinal fluid in an animal model of mania
induced by d-AMPH. In this previous study, it was shown that
d-AMPH increased the levels of IL-4, IL-6, IL-10, and TNF-x in
the frontal cortex, striatum, and serum of rats, suggesting that
dopamine can be related to the alterations in the inflammatory
system observed in BD [38].

Several clinical neuroimaging studies have demonstrated
morphological and physiological alterations in the frontal cor-
tex and striatum of patients with BD [41-43]. In addition,
previous studies have demonstrated that there are alterations
in the levels of cytokines in the postmortem frontal cortex of
patients with BD [44]. However, most studies evaluate the
levels of cytokines in patients’ blood [18-24], and few studies
have evaluated these molecules in the central nervous system
(CNS) of BD patients [44].

Considering that inflammatory signaling plays a pivotal
role in the pathophysiology of BD, and that HDAC inhibitors
show a potential effect as mood stabilizer; the present study
aims to investigate the effects of BS and VPA treatments on
the levels of cytokines in the frontal cortex and striatum of rats
submitted to the animal model of mania induced by d-AMPH,
in order to clarify its use as a new therapeutic approach.

Experimental Methods
Animals

All of the animals used in the present study were adult male
Wistar rats (weighing 250-350 g) which were obtained from
our breeding colony. They were housed five animals to a cage,
with food and water available ad libitum, and were maintained
on a 12-h light/dark cycle (lights on at 7:00 a.m.) at a temper-
ature of 22 £ 1 °C. All experimental procedures were per-
formed in accordance with, and with the approval of, the local
ethics committee for the use of animals at the Universidade do
Extremo Sul Catarinense under protocol number 66/2010. All
experiments were performed at the same time during the day
to avoid circadian variations.

Drugs and Pharmacological Procedures

The animals received one daily intraperitoneal (i.p.) injection
of d-AMPH at a dose of 2 mg/kg or saline (Sal) for a period of
14 days (48 animals per group). On the eighth day of treat-
ment, the animals in both the saline and d-AMPH groups were
divided into three subgroups (eight animals per group); the
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first group was treated with VPA (200 mg/kg i.p.), the second
group was treated with SB (600 mg/kg i.p.), and the third
group received Sal (NaCl 0.9%, i.p). The animals treated with
VPA, SB, or Sal received the drugs twice a day for a period of
7 days. On the 15th day of treatment, the animals received a
single injection of d-AMPH or Sal, and their locomotor activ-
ity was assessed 2 h after the last injection using an open field
test (described below).

The doses of VPA and SB were based on previous studies
from our laboratory, showing that VPA (200 mg/kg) and SB
(600 mg/kg) prevented and reversed the hyperactivity induced
by amphetamine in rats [38, 39].

Note d-AMPH (Sigma®), SB (Sigma®), and VPA (Sanofi
Aventis®) were diluted in saline solution (NaCl 0.9%). The
drugs were administered intraperitoneally (i.p.) at a volume of
1 ml/kg body weight. The control groups received an equiva-
lent volume of saline.

Locomotor Activity

Locomotor activity was assessed using the open field task. This
task was performed in a 40 x 60-cm open field surrounded by
50-cm-high walls made of brown plywood, with the floor divid-
ed into 12 equal rectangles by black lines. The animals were
gently placed on the left rear rectangle, and they were left to
freely explore the arena for a period of 5 min. Crossings (loco-
motor activity/horizontal activity measured by the number of
times the animals crossed the black lines) and rearings (explor-
atory activity/vertical activity) were counted.

Preparation of the Samples

Immediately after the open field test, the rats were sacrificed by
decapitation, and the brains were transferred within 1 min to ice-
cold isolation buffer (0.23 M mannitol, 0.07 M sucrose, 10 mM
Tris-HCI, and 1 mM EDTA, pH 7.4). The frontal cortex and
striatum were dissected in ice-cold buffer in a Petri dish.

Note The striatum and frontal cortex were dissected according to
the stereotaxic atlas from Paxinos and Watson [45]. Coordinates
of the striatum—anteroposterior 1.6 mm, lateral 1.8 mm, and
ventral 7.5 mm. Coordinates of the frontal cortex—3.2 mm
anteroposterior, lateral 0.6 mm, and ventral 1.5 mm.

Nuclear Extraction

The obtained samples were flash-frozen and stored at —80 °C
until nuclear proteins could be extracted. The frontal cortex
and striatum from both hemispheres were subjected to a nu-
clear extraction protocol using a commercial Nuclear
Extraction kit (Chemicon, USA). The nuclear extraction was
used to evaluate the levels of HDAC activity.

HDAC Activity

Nuclear extracts from the frontal cortex and striatum were
subjected to an HDAC activity assay using a commercial
HDAC Assay kit (Fluorometric Detection) according to the
manufacturer’s instructions (Upstate, USA). Briefly, 5 pL of
nuclear extract was mixed with 5 L of HDAC Assay Buffer
and 5 uL of HDAC Assay Substrate in a 96-well plate, and
then incubated at 30 °C for 45 min. Concomitantly, a standard
curve was performed with serial dilutions of deacetylated sub-
strate, with both positive and negative controls also being
added to the plate. Subsequently, 10 uL of activator solution
was added to the wells, and the plate was incubated at room
temperature for a period of 15 min. A fluorescence reading
was obtained using 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 uM/ug protein. Total protein was measured
using a modified version of Lowry’s method [46] using bo-
vine serum albumin as a standard. HDAC activity was calcu-
lated as the micromolar concentration of deacetylated standard
substrate per microgram of protein.

Assessment of 11-4, IL-6, IL-10, and TNF-x Levels

In order to evaluate the levels of cytokines, the frontal cortex
and striatum from both hemispheres were homogenized in
extraction solution containing aprotinin (100 mg of tissue
per 1 mL). The concentrations of cytokines were determined
using a commercially available enzyme-linked immunosor-
bent assay (ELISAs), following the instructions supplied by
the manufacturer (DuoSet kits, R&D Systems; Minneapolis).
The results are shown in pg/100 mg of tissue. Total protein
was measured using a modified version of Lowry’s method
[46] using bovine serum albumin as a standard.

Statistical Analysis

Data were analyzed using the two-way analysis of variance
(ANOVA) test, followed by the Tukey’s post hoc test. The
data are expressed as the mean + standard deviation. All anal-
yses were performed using the Statistical Package for the
Social Sciences software (SPSS). In all experiments, the level
of significance was p < 0.05.

Results
Behavioral Test
Results for locomotor activity are shown in Fig. 1. Two-way

ANOVA revealed that there was a significant effect for d-
AMPH (F(; 24y = 29.516; p < 0.001), treatments with SB and
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Fig. 1 Effects of VPA or SB 100-
administration on locomotor

activity (number of crossings) in L 804
the animal model of mania %
induced by AMPH. Bars g 604
represent means; error bars 2 —_1
represent standard deviations; © 40-
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followed by Tukey’s test; =z

#p < 0.05 vs. AMPH+Sal group, 0

i

7

according to a two-way ANOVA
followed by Tukey’s test

VPA (F(;.24)=30.978; p < 0.001), and d-AMPH versus treat-
ment interaction (F; 24y = 20.395; p < 0.001) in relation to the
number of crossings. Further analysis with the Tukey post hoc
test showed that the administration of d-AMPH increased the
number of crossings in the rats treated with saline, which is
considered a manic-like behavior. Treatments with SB or VPA
reversed this behavioral alteration. Lone treatments with SB or
VPA did not alter the behavioral measures, indicating that the
effects of SB or VPA on rats treated with d-AMPH were not
associated with sedation.

HDAC Activity

Results for HDAC activity in the frontal cortex and striatum are
shown in Fig. 2. The levels of HDAC activity were found to be
significantly increased within the frontal cortex, but not in the
striatum, of rats in the AMPH + Sal group, when compared to
the control group. Treatments with VPA reversed this alteration.
The animals in the AMPH + SB group showed reductions in

Sal + Sal

Sal + VPA
Sal + SB
AMPH + Sal
AMPH + VPA
AMPH + SB

BEREELD

HDAC activity

Striatum

Fig. 2 Effects of VPA or SB administration on HDAC activity in the
animal model of mania induced by AMPH. Bars represent means; error
bars represent standard deviations; *p < 0.05 vs. Sal + Sal group,
according to a two-way ANOVA followed by Tukey’s test; #p < 0.05
vs. AMPH + Sal group, according to a two-way ANOVA followed by
Tukey’s test

Frontal Cortex
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HDAC activity within the frontal cortex and striatum, when
compared to the control group. The administration of VPA or
SB per se decreased the levels of HDAC activity in the frontal
cortex and striatum.

Data from the two-way ANOVA for AMPH administration
(frontal cortex F(j 24y = 12.9, p = 0.0015; striatum F; 54, = 53.17,
p < 0.001), treatment with VPA or SB (frontal cortex
F(2A24) =51.38, p< 0.001; striatum F(2_24) = 186.02, p< 0.001),
and AMPH x treatment interaction (frontal cortex F; 24y = 6.67,
p =0.005; striatum F 54, = 8.23, p = 0.0019).

Cytokines Levels

Results for interleukin levels within the frontal cortex and
striatum are shown in Fig. 3. The administration of AMPH
increased the levels of IL-4 in the frontal cortex and striatum
of rats; however, treatment with VPA reversed this alteration.
The administration of SB per se increased the levels of IL-4 in
the frontal cortex and striatum of rats (Fig. 3a).

Data from the two-way ANOVA for AMPH administration
(frontal cortex F(1_24) = 2233,p < 0001, striatum F(1_24) = 614,
p = 0.02), treatment with VPA or SB (frontal cortex
Fa24y = 37.36, p < 0.001; striatum F 54y = 9.09, p = 0.0011),
and AMPH x treatment interaction (frontal cortex F; 54, = 18.46,
p < 0.001; striatum F5 54y = 19.61, p < 0.001).

The administration of AMPH increased the levels of IL-6 in
the frontal cortex and striatum of rats. Treatment with VPA re-
versed this alteration in the frontal cortex and partially reversed
this alteration in the striatum. In addition, SB partially reversed
the increase of AMPH-induced IL-6 in the striatum of rats. The
administration of SB per se increased the levels of IL-6 in the
frontal cortex and striatum of rats (Fig. 3b).

Data from the two-way ANOVA for AMPH administration
(frontal cortex F(j 24y = 20, p < 0.001; striatum F 54, = 95,
p < 0.001), treatment with VPA or SB (frontal cortex
F(2_24) = 5581,p < 0.001; striatum F(2_24) = 57,p < 0.001), and
AMPH x treatment interaction (frontal cortex F(; 4y = 17.76,
p <0.001; striatum F; 54y = 74, p < 0.001).

The administration of AMPH increased the levels of IL-10 in
the frontal cortex and striatum of rats, and treatment with VPA
reversed this interleukin alteration. SB partially reversed the
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Fig. 3 Effects of VPA or SB administration on IL-4 (a), IL-6 (b), IL-10
(¢), and TNF-« (d) levels in the animal model of mania induced by
AMPH. Bars represent means; error bars represent standard deviations;

AMPH-induced increase in the levels of IL-10 in the frontal
cortex of rats. The administration of SB per se increased the
levels of IL-10 in the frontal cortex and striatum of rats (Fig. 3c¢).

Data from the two-way ANOVA for AMPH administration
(frontal cortex Fj 24y = 32, p < 0.001; striatum F(; 54y = 40,
p < 0.001), treatment with VPA or SB (frontal cortex
F(2.24) =85, p< 0.001; striatum F(2_24) =53, p< 0.001), and
AMPH x treatment interaction (frontal cortex F( 24y = 70,
p< 0.001; striatum F(2_24) = 23,]7 < 0.001).

The administration of AMPH increased the levels of
TNF-« in the frontal cortex and striatum of rats, and treatment
with VPA reversed this cytokine alteration. In addition, SB
partially reversed the increase in AMPH-induced TNF-« in
the frontal cortex. SB alone increased the levels of TNF-« in
the frontal cortex and striatum of rats (Fig. 3d).

Data from the two-way ANOVA for AMPH administration
(frontal cortex F(j 4y = 59, p < 0.001; striatum F(; 24y = 53,
p < 0.001), treatment with VPA or SB (frontal cortex
F(2_24) =98, p< 0.001; striatum F(2'24) =62, p< 0001), and
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*p < 0.05 vs. Sal + Sal group, according to a two-way ANOVA followed
by Tukey’s test; #p < 0.05 vs. AMPH + Sal group, according to a two-way
ANOVA followed by Tukey’s test

AMPH x treatment interaction (frontal cortex F; 24y = 77,
p <0.001; striatum F5 54y = 14, p < 0.001).

Discussion

The present study was able to reproduce previous results from
our research laboratory, in which VPA and SB reversed the
hyperlocomotion induced by d-AMPH, a potent central ner-
vous system dopaminergic stimulant [36, 47]. Indeed, dopa-
minergic system dysfunctions have been implicated in the
pathophysiology of BD [37, 48, 49]. It is important to empha-
size that amphetamine can induce manic-like symptoms in
healthy subjects and exacerbate symptoms or induce manic
episodes in bipolar patients [50, 51]. Thus, amphetamine-
induced hyperactivity is considered a good animal model of
mania because psychomotor agitation is generally observed in
manic episodes [52, 53]. Besides this, a significant number of
studies have shown that the administration of amphetamine in
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rats causes a wide range of neurochemical changes that are
also seen in BD patients, like oxidative stress [39], mitochon-
drial dysfunction [38], decreases in BDNF [39], and increases
in the levels of cytokines in the brain [38], reinforcing the
significance of this model in studying the pathophysiology
of BD and in screening new mood stabilizers.

In the present study, SB as well as VPA reversed the d-
AMPH-induced hyperactivity in rats. Indeed, in recent studies
from our laboratory, it was reported that treatments with SB
prevented and reversed the manic-like behaviors induced by
ouabain and d-amphetamine [29, 31, 33-35, 39, 54]. Wu and
colleagues [55] demonstrated that HDAC inhibitors upregu-
late GDNF and BDNF expression in astrocytes, protecting
DA neurons. In fact, some studies from our laboratory have
shown that VPA and SB increased the levels of BDNF, NGF,
and GDNF in the brain of rats [33, 34, 56]. Together with our
findings, these studies suggest that HDAC inhibitors can pro-
tect DA neurons, which should decrease the levels of AMPH-
induced hyperactivity.

Moreover, AMPH increased the levels of HDAC activity in
the frontal cortex, but not in the striatum. Treatment with VPA
and SB reversed this enzyme alteration in the frontal cortex. In
accordance with the present results, previous studies from our
laboratory have demonstrated that AMPH-induced manic-like
behaviors are associated with alterations in HDAC activity
within the frontal cortex, which was reversed by VPA and
SB [33]. In a preclinical study evaluating the neuroanatomical
profile of the antimanic effects of HDAC inhibitors, it was
shown that the antimanic effects of SB and VPA are related
to the amygdala, striatum, and frontal cortex [54]. Contrary to
the present study, Arent and colleagues [54] demonstrated that
acute injections of AMPH did not alter the levels of HDAC
activity in the frontal cortex, hippocampus, striatum, and
amygdala. This discrepancy may be explained by the differ-
ences in the administration of AMPH—acute (in the previous
study) [54] and subchronic (in the present study). It is well
described in the literature that AMPHs act by increasing
extraneuronal dopamine in this projection, as measured by
in vivo microdialysis and voltammetry [57]. 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 in the nucleus.

It is important to emphasize that in the present study, the
levels of HDAC activity did not explain the antimanic effects
of VPA and SB. Indeed, there are no concrete studies proving
that either BD or the administration of AMPH can change the
levels of HDAC; nevertheless, studies show that the adminis-
tration of HDAC inhibitors improves both the manic symp-
toms in humans and the manic-like symptoms induced by
psychostimulants in rats [47, 54, 58]. Therefore, it can be
suggested that there is a yet unknown underlying pathway in
which HDAC inhibitors may be providing an antimanic
effect.
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The present study was able to reproduce previous results
from our research laboratory, in which AMPH increased the
levels of IL-4, IL-6, IL-10, and TNF « in the frontal cortex and
striatum of rats [37]. It is important to note that the increase of
cytokines induced by AMPH does not seem to be directly
related to changes in HDAC activity, since the AMPH-
induced increase in cytokine levels was observed in all of
the brain structures evaluated; however, this drug only altered
HDAC activity in the frontal cortex of rats. There is a body of
data indicating that AMPH induces serious damage to dopa-
minergic neurons [38, 59]. It is well described that AMPH
induces the over production of reactive oxygen species
(ROS), increasing protein, lipid, and DNA oxidative damage
in the brain of rats [31, 60, 61], which can lead to subsequent
inflammation [62]. It is important to emphasize that abnormal-
ities in the inflammatory system appear to play an important
role in the pathophysiology of BD. Recently, Kim and col-
leagues [44] demonstrated that the levels of IL-1(3, IL-6,
TNF-«, and IL-10 are increased in the postmortem frontal
cortex from patients with BD. Therefore, studies attempting
to explain this system and the search for new drugs that target
the inflammatory system in the CNS are very important for the
treatment of BD.

In the present study, it was shown that VPA is able to
reverse the increase in AMPH-induced interleukin levels in
the frontal cortex and striatum of rats. In vitro and in vivo
experiments show that VPA significantly inhibited the pro-
duction of TNF-o and IL-6 in human monocytic leukemia
cells [63]. A preclinical study also showed that VPA was able
to reverse the increase in the levels of IL-10 induced by ma-
ternal separation in rats [64]. Additionally, it was demonstrat-
ed that VPA downregulates lipopolysaccharide (LPS)-induced
proinflammatory cytokine production in mouse RAW 264.7
macrophage-like cells [65]. Jambalganiin and colleagues [65]
found that VPA inhibits the phosphorylation of PI3K/Akt/
MDM2 signaling, enhancing p53 expression and decreasing
NF-kB transcriptional activation, which has a central role in
the production of proinflammatory cytokines. Therefore, it
can be suggested that in the present study, VPA reversed the
increase in AMPH-induced cytokines levels via the inhibition
of the PI3K/Akt/MDM?2 signaling pathway.

On the other hand, in the present study, SB was unable to
reverse the increases in the levels of cytokines induced by
amphetamine seen in most of the analysis (frontal cortex:
IL-4 and IL-6 and striatum: IL-4, IL-10, and TNF ). In addi-
tion, the administration of SB per se increased the levels of
cytokines in all of the brain structures evaluated, when com-
pared to the control group. However, the literature shows con-
troversial data, as discussed below. In accordance with our
results, SB increased the levels of IL-4 and IL-10 in human
monocytes [66]. Berndt and colleagues [67] showed that SB
increased IL-23 by stimulating dendritic cells. In the same
study, the same authors [67] also demonstrated that SB did
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not alter the increase in the levels of TNF-« and IL-6 that was
induced by LPS. In an in vitro study, it was found that SB
enhanced both the secretion of LPS-induced IL-6 and the ex-
pression of protein in transformed N9 microglial cells.
However, in the same study, it was found that SB decreased
the levels of IL-6 and TNF-« in rat primary microglia [68].
Additionally, a previous study has shown that trichostatin A, a
specific inhibitor of class I and II HDAC, also induced a
strong potentiation of LPS-induced secretion of IL-6 in trans-
formed N9 microglial cells [69].

In the present study, it was also demonstrated that SB par-
tially reversed the AMPH-induced increases of IL-10 and
TNF-« in the frontal cortex and IL-6 in the striatum. Indeed,
several sources of data from the literature have also demon-
strated the anti-inflammatory effects of SB. In a previous
study, pretreatment with SB or tricostatin A (TSA) caused a
robust decrease in LPS-induced proinflammatory responses
and protected DA neurons from damage in mesencephalic
neuron-glia cultures [70]. Furthermore, SB-treated animals
in a severe acute pancreatitis model showed decreases in their
levels of IL-6 and TNF-« [71]. In a study using a rat-based
permanent ischemic model of stroke, it was demonstrated that
postinsult treatment with VPA or SB suppressed microglial
activation, reduced the number of microglia, and inhibited
inflammatory markers in the ischemic brain [72]. By treating
isolated synovial cells from patients with RA (which is a sys-
temic inflammatory disease) with TSA, it was possible to
decrease the levels of proinflammatory cytokines, and also
to increase apoptosis [73]. Inhibitors of HDAC induced
microglial apoptosis, which could be related to their neuropro-
tective effects in response to proinflammatory stimuli [70, 73].
Additionally, it is known that HDAC inhibitors prevent the
activation of NF-kappaB [74], which has an important role
in the proinflammatory signaling pathway via the expression
of proinflammatory genes including cytokines, chemokines,
and adhesion molecules [75].

Our data showed that VPA reversed d-AMPH-induced cy-
tokine dysfunction in all of the brain regions analyzed.
However, SB presented less effects against d-AMPH-
induced cytokine dysfunction. This discrepancy can be ex-
plained, at least in part, by the fact that although VPA and
SB are HDAC inhibitors, they have differing chemical struc-
tures and abilities to inhibit the various HDAC isoforms [76].
In addition, a review article from Akimova and colleagues
[77] highlights an important discussion relating to some con-
troversial data from the literature regarding the effects of
HDAC inhibitors on the inflammatory system. In the review,
the authors suggested that the effects of HDAC inhibitors can
be cell-, tissue-, or context-dependent and can involve the
modulation of specific inflammatory signaling pathways as
well as epigenetic mechanisms. In addition, besides the inhi-
bition of HDAC, VPA has other molecular targets. It is known
that VPA enhances GABA activity within the brain by

inhibiting its degradation, stimulating its synthesis and re-
lease, and directly enhancing its postsynaptic effects [78].
VPA also acts as an inhibitor on the protein kinase C, decreas-
ing the release of neurotransmitters [70, 79, 80].

In conclusion, we demonstrated that VPA reversed d-
AMPH-induced cytokine dysfunction in all of the brain re-
gions analyzed. However, SB presented less effects against
d-AMPH-induced cytokine dysfunction. Furthermore, the ef-
fects of SB can vary depending on the brain region and cyto-
kines analyzed. Therefore, we can suggest that VPA could
provide a better level of protection against inflammatory dys-
function, as observed in bipolar patients.

Limitations of the Study (1) It is important to note that no
animal model developed to date can fully mimic the
“corresponding” human psychiatric disorder; therefore, the
administration of d-AMPH in rats did not mimic all of the
manic symptoms seen in humans. (2) The present study did
not evaluate the levels of cytokines in the blood, despite most
studies with BD evaluating the levels of cytokines in the pa-
tients’ blood. (3) The results of the present study suggest that
the antimanic effects of SB are not related to the modulation of
cytokines; however, this does not explain the specific mecha-
nisms of action involved in this effect.
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