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a  b  s  t  r  a  c  t

Stress  in early  life  has  been  appointed  as  an  important  phenomenon  in the  onset  of  depression  and  poor
response  to  treatment  with  classical  antidepressants.  Furthermore,  childhood  trauma  triggers  epigenetic
changes,  which  are associated  with  the  pathophysiology  of major  depressive  disorder  (MDD).  Treat-
ment  with  atypical  antipsychotics  such  as  quetiapine,  exerts  therapeutic  effect  for  MDD  patients  and
induces  epigenetic  changes.  This  study  aimed  to  analyze  the  effect  of chronic  treatment  with quetiapine
(20  mg/kg)  on  depressive-like  behavior  of  rats submitted  to maternal  deprivation  (MD),  as  well  as  the
activity  of  histone  acetylation  by the  enzymes  histone  acetyl  transferases  (HAT)  and  deacetylases  (HDAC)
and  DNA  methylation,  through  DNA  methyltransferase  enzyme  (DNMT)  in  the  prefrontal  cortex  (PFC),
nucleus  accumbens  (NAc)  and hippocampus.  Maternally  deprived  rats  had  a  depressive-like  behavior  in
ntidepressant
aternal deprivation
ajor depressive disorder

the forced  swimming  test  and  an  increase  in  the HDAC  and  DNMT  activities  in the  hippocampus  and
NAc.  Treatment  with  quetiapine  reversed  depressive-like  behavior  and  reduced  the DNMT  activity  in
the hippocampus.  This  is  the  first study  to show  the antidepressant-like  effect  of  quetiapine  in  animals
subjected  to MD  and  a protective  effect  by quetiapine  in  reducing  epigenetic  changes  induced  by  stress
in  early  life.  These  results  reinforce  an  important  role of  quetiapine  as  therapy  for  MDD.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

A wide variety of research shows that the pathophysiology of
DD  involves several biological mechanisms both, in the central

ervous system and other physiological systems [64]. The low ther-
peutic responses of classical antidepressants suggest that MDD  is

n etiologically heterogeneous disorder [21]. Among the various
iological and psychosocial factors, stress during childhood history,
uch as sexual abuse, physical neglect and family violence were cor-

∗ Corresponding author at: Laboratory of Neurosciences, University of Southern
anta Catarina Criciuma, SC, 88806-000, Brazil.

E-mail address: gislainezilli@hotmail.com (G.Z. Réus).

ttp://dx.doi.org/10.1016/j.bbr.2016.11.044
166-4328/© 2016 Elsevier B.V. All rights reserved.
related with a higher vulnerability to MDD  and anxiety in adulthood
[14,65]. In addition, childhood trauma has also been associated
with poor response to treatment, similarly to treatment-resistant
depression (TRD) [41]. Stress in childhood induces changes in the
hypothalamic pituitary adrenal (HPA) axis activity [6,22], a classic
physiological phenomenon associated to stress [63]. Studies have
shown that changes in HPA axis function are found in MDD  indi-
viduals who have experienced early life stress [1,54].

Despite the changes in the HPA axis functions, which seem
inherent or interrelated to other physiological changes, researches

have added an intense focus on epigenetic phenomena intricate
in the processes that occur along or much later in individuals
exposed to stress at the beginning of life. Among other mecha-
nisms, epigenetic includes processes, which are better known and

dx.doi.org/10.1016/j.bbr.2016.11.044
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2016.11.044&domain=pdf
mailto:gislainezilli@hotmail.com
dx.doi.org/10.1016/j.bbr.2016.11.044
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ore emphasized in the scientific literature, namely: DNA methy-
ation, which mechanism consist in covalent addition of a methyl
roup at the 5′ position for cytosine residue, through the DNA
ethyltransferases (DNMT) enzymes, especially when cytosine is

ollowed by a guanine with a phosphate bond, a sequence called
ytosine-phosphate-guanine (CpG) island [32]. An increase on
ethylation of cytosine in CpG islands is associated with a reduced

ene transcription [28]. Another process refers to post-translational
odifications of histone proteins; whose main mechanism con-

ists of acetylation of lysine residues. This process reduces the
ffinity between proteins and DNA, promoting a relaxation of the
hromatin structure and also increasing the recruitment, activa-
ion and stabilization of the transcriptional machinery [37]. The
cetylation levels along of the chromatin are determined by the
alance between HAT, which adds acetyl groups, and HDAC, which
emoves acetyl groups from lysine residues in histone [30]. The his-
one acetylation level is determined by the balance between HAT
nd HDAC enzyme activity, and thus determines the level of tran-
cription of associated gene [29]. The resilience, a phenomenon of
esistance and ability to cope with adversity throughout life can
e seriously impaired when individuals are subjected to traumatic
vents during critical periods for brain developmental program-
ing and can result in long-lasting detrimental consequences

hroughout life and adulthood [34]. In fact, recent literature has
ointed out that epigenetic changes resulting from stress in child-
ood are inherent in a repertoire of biological processes involved

n depression [12,34,58]. In hippocampus of suicide victims, who
uffered various forms of abuse and neglect in childhood, stud-
es showed increased methylation of gene promoter region for
lucocorticoid receptor (GR) in parallel with a reduction in the
R mRNA levels and GR expression [31,38]. These findings trans-

ate results obtained from the hippocampus of rat subjected to
aternal deprivation, in which the authors also observed increased

epressive-like behavior [67]. Other researchers using MD proto-
ols, also observed increased depressive-like behaviors in parallel
ith increase of HDAC activity in the rat NAc [48]. It is important

o note that the increase in DNA methylation and depressive-like
ehaviors were reversed with HDAC inhibitors [67]. Indeed, the

nactive chromatin is associated with methylated DNA [59], which
upports the findings about correlation between inhibition of HDAC
nd reversing of DNA methylation and depressive behavior. Some
tudies have shown that classical antidepressants, as well as fast-
cting drugs seem to reverse the epigenetic alterations involved in
revious stress in childhood, in animals subjected to MD [48].

Atypical antipsychotic, also has epigenetic effects by reduc-
ng the methylation of genes in the central nervous system
19,20], and peripherally [23]. The Food and Drug Administra-
ion (FDA) approved quetiapine in 1997 for the treatment of
chizophrenia [9]. Several studies have demonstrated the effi-
acy, safety, and tolerability of quetiapine in the treatment of
DD  and bipolar disorders [3,56]. Noteworthy is the fact that

RD patients showed antidepressant responses when treated with
uetiapine [13]. Moreover, in animals subjected to chronic stress,
uetiapine, unlike fluoxetine a classical antidepressant, reversed
epressive-like behavior and improved hippocampal neurogene-
is [66]. Quetiapine has serotonergic properties as a 5-HT1A partial
gonist, potent �1 and �2-adrenoceptors antagonist, as also is
n inhibitor of the norepinephrine transporter, through its N-
esalkylquetiapine metabolite [50,60]. These aminergic actions are
elieved to play a role in its antidepressant properties [27] and

ncrease the therapeutic effect of classical antidepressants [10].
herefore, the study of drugs targeting neuroepigenetic mecha-

isms could not only provide insights into the understanding of
he mechanisms underlying neurobiological causes of the MDD,
ut should also accelerate the development of novel pharmacolog-

cal agents which can be most effective in the treatment of MDD.
 Research 320 (2017) 225–232

Therefore, this study was  aimed to investigate the effects of queti-
apine administration on the depressive-like behavior, as well as on
biochemical parameters related to DNA methylation and histone
acetylation in the adult rat subjected to MD  during early life.

2. Experimental procedures

2.1. Animals

Pregnant female Wistar rats (age of 3 months, weight of
250–280 g) were obtained from the breeding colony of Universi-
dade do Extremo Sul Catarinense (UNESC, Criciúma, SC, Brazil) and
were housed for one week in the presence of males for sexual expe-
rience. At the end of 7 days, pregnant rats (n = 10) were housed
individually with ad libitum access to food and water. All moth-
ers and pups were kept on a 12 h light/dark cycle (06:00 a.m. to
06:00 p.m.) at a temperature of 23 ± 1 ◦C, including the pups sub-
jected to MD.  Male and female pups were used during the maternal
deprivation period, but only half of male were subjected to depri-
vation, according to the protocol below and schematic drawing
(Fig. 1). We  take care to select females with approximately the
same number of animals, so that the number of animals in the sep-
aration of the litter was  not much different between them. The
whole litter, and the mother rat were housed in a clean box, only
after the last day of the MD protocol. After this, the animals were
weaned in the 21th postnatal day and housed with five animals per
cage. Females were donated to the UNESC vivarium for other stud-
ies. Only male rats were used in this research and were primarily
divided into two  experimental groups: (1) control, non-deprived
(n = 23), which received no treatment whatsoever; (2) deprived
(n = 21), which were submitted to MD as described. All experimen-
tal procedures involving animals were performed in accordance
with the NIH Guide for the Care and Use of Laboratory Animals and
the Brazilian Society for Neuroscience and Behavior (SBNeC) rec-
ommendations for animal care and with approval by local Ethics
Committee under protocol number 82/2012.

2.2. Maternal deprivation (MD) protocol

The pups were deprived of the mother for 3 h per day during the
first 10 postnatal days (see Fig. 1). In the first postnatal day, the MD
protocol was applied to 50% of the male pups during 1–10 postnatal
days; other males were used as control. The male pups were ran-
domly selected and after the first withdrawal protocol, deprived
pups were marked for the deprivation protocols in the following
days. The maternal deprivation protocol consisted of removing the
pups from the next box. Non-deprived animals remain undisturbed
in a home cage with their mother.

2.3. Drugs and experimental design

Quetiapine (Seroquel
®

) was  provided from AstraZeneca (São
Paulo, Brazil). Animals received daily intraperitoneal injections of
quetiapine (20 mg/kg) for 14 days. The concentration and treatment
period considered a first study published by Ignácio et al. [26] that
used quetiapine at the doses of 20, 40 and 80 mg/kg. Lower con-
centrations of quetiapine elevated the activity of mitochondrial
respiratory chain complexes [26]. Furthermore, an unpublished
pilot study from our group showed that the concentration of que-
tiapine at the dose of 80 mg/kg administered acutely revealed
a sedative effect, while the concentrations of 20 and 40 mg/kg
did not promote sedation, compared to control animals treated

with saline. Thus, in the present study we used quetiapine at
the dose of 20 mg/kg. Quetiapine was dissolved in saline (0.9%,
NaCl) solution (vehicle). Control animals received saline (0.9%
NaCl; 1.0 ml/kg). When the Wistar rats non-deprived and deprived
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ig. 1. Schematic drawing of the MD protocol and chronic treatment with quetiapin
ay.  The behavioral tests (open-field and forced swimming) were performed at 62n
iochemical analysis.

eached 50th postnatal day, the drug treatment was  initiated
see Fig. 1). The animals were divided into four groups: (1) non-
eprived + saline (n = 11); (2) non-deprived + quetiapine (n = 12);
3) deprived + saline (n = 10); and (4) deprived + quetiapine (n = 11).

.4. Behavioral tests

All behavioral tests were conducted in the morning (8:00
.m.–12:00 p.m.), 60 min  after drug treatment, according to the pro-
ocols described in the methods section. All behavioral tests were
erformed by an observer blind to the experimental groups.

.4.1. Open field test
On the 62nd postnatal day (Fig. 1), and 60 min  after adminis-

ration of quetiapine or saline, the animals were subjected to the
pen-field apparatus, in order to assess possible effects of drug
reatment on spontaneous locomotor activity. Analysis of the rat’s
pontaneous activity was carried out in an open field apparatus,
hich is an arena 45 × 60 cm surrounded by 50 cm high walls made

f brown plywood with a front-facing glass wall. The floor of the
pen field was divided into 9 rectangles (15 × 20 cm each) by black
ines. Animals were gently placed on the left rear rectangle and left
o explore the arena for 5 min. The numbers of horizontal (cross-
ng) and vertical (rearing) activities performed by each rat during
he 5 min  observation period were counted by an experienced
bserver.

.4.2. Forced swimming test
The forced swimming test was conducted according to the previ-

us reports [42,45]. The test involves two individual exposures to a
ylindrical tank filled with water in which the rats cannot touch the
ottom of the tank or escape. The tank is made of transparent Plexi-
las, 80 cm tall, 30 cm in diameter, and filled with water (22–23 ◦C)
o a depth of 40 cm.  On the 62th postnatal day (Fig. 1), 60 min
fter the quetiapine or saline treatment, and after the locomotor
ctivity test in the open field, the rats were individually placed in
he cylinder containing water for 15 min  (pre-test session). On the
3rd postnatal day (Fig. 1), the rats received their treatment, and
fter 60 min  were again subjected to the forced swimming test for

 session of 5 min  (test session). The immobility time of the rats
as recorded in seconds by an expert observer (the researcher was

lind to the experimental groups). After the behavioral tests, all
ats were killed by decapitation and the brains were immediately
emoved. The PFC, hippocampus and NAc were quickly and man-
ally isolated by a skilled researcher, using a magnifying glass, a
patula and a thin brush. The dissection was based on the histo-

ogical distinctions described by Paxinos and Watson [43]. After
he removal of the structures, they were placed in Eppendorf tube
nd stored in a freezer at −80 ◦C for posterior biochemical analy-
is. The brain tissues were used for analysis of histone acetylation
ays; 20 mg/kg). MD procedures were performed for 10 days after the first postnatal
 63rd postnatal days. After the behavioral test brain samples were assessed to the

and DNA methylation levels by observing the enzymatic activity of
HAT, HDAC DNMT.

2.5. Histone acetylatase, histone desacetylase and DNA
methyltransferase activities

2.5.1. Nuclear extraction and cytosolic fraction separation
The PFC, hippocampus and NAc were rapidly frozen and stored

at −80◦C until nuclear proteins were extracted. The tissue sam-
ples, PFC, hippocampus and NAc, frozen at −80 ◦C, were subjected
to a nuclear extraction protocol from a Nuclear Extraction kit
(Sigma, St Louis, USA). Briefly, samples were homogenized in cyto-
plasmic lysis buffer containing dithiothreitol (DTT) and protease
inhibitors. The suspension was kept on ice for 15 min  and then cen-
trifuged at 250 x g for 5 min  at 4 ◦C. The supernatant containing the
cytosolic fraction was  discarded, and the pellet was resuspended in
two volumes of cold cytoplasmic lysis buffer. The suspension was
homogenized using a syringe with a small gauge needle and cen-
trifuged at 8000 x g for 20 min  at 4 ◦C. The pellet was  resuspended
in an extraction buffer containing DTT and protease inhibitors. The
resulting sample was kept in slow agitation for 30–60 min  in an
orbital shaker at 4 ◦C. After, the nuclear suspension was  centrifuged
at 16,000 x g for 5 min  at 4 ◦C and the supernatant containing the
nuclear extract was transferred to another tube and stored at −80 ◦C
until further analysis.

Nuclear extracts from the PFC, hippocampus and NAc were sub-
jected to the HDAC, HAT and DNMT enzymatic activity assay (n = 5
for each brain region and enzyme) with the use of HDAC, HAT and
DNMT Assay kits (Colorimetric Detection) according to the manu-
facturer’s instructions. Briefly, nuclear extract samples were mixed
with HDAC (EPIGENTEK; Base catalog #P-4034), HAT (EPIGENTEK;
Base catalog #P-4003) or DNMT (EPIGENTEK; Base catalog #P-
3009) assay buffer, more assay substrate of the same enzymes, in
a 96 well plate and incubated at 30 ◦C for 45 min. Concomitantly, a
standard curve was  performed with serial dilutions of HDAC, HAT
or DNMT substrates, as also positive and negative controls were
added to the plate. Afterwards, the developer solution was  added
to the wells, and the plate was incubated at room temperature for
15 min. A colorimetric reading was performed on a fluorescence
plate reader with 450 nm for HDAC, HAT and DNMT activities.

2.6. Statistical analysis

All data are presented as mean ± S.E.M. (standard error of the
mean). Differences among experimental groups in the assess-
ment of behavioral tests and HDAC, HAT DNMT enzyme activities

were determined by one-way ANOVA, followed by Tukey post hoc
test when ANOVA was  significant; p < 0.05 was considered to be
statistically significant. All analyses were carried out in an IBM
PC-compatible computer using SPSS.
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. Results

.1. Effect of MD  and treatment with quetiapine on behavior in
he forced swimming and locomotor activity tests

As represented in Fig. 2a, MD  induced depressive-like behav-
or in adult life, which may  be observed by the animal immobility
ime in the forced swimming test. The depressive-like effect in the
nimals was significantly reduced in rats chronically treated with
uetiapine, as measured by immobility time (Fig. 2a; F(1–41) = 9.047,

 < 0.001). Fig. 2b shows the effects of MD  and quetiapine on the
ocomotor activity evaluated in the open-field test. Locomotor
ctivity was not different between MD  and control animals (non-
D), as measured by number of crossings and rearings. However,

uetiapine reduced locomotor activity in MD  and control animals
non-MD), but only when compared to saline-treated MD animals,
s measured by crossings (Fig. 2b; F(3–40) = 3.72; p < 0.05) and rear-
ngs (Fig. 2b; F(3–40) = 5.89; p < 0.01).

.2. Measurement of epigenetic parameters

.2.1. Histone deacetylases (HDAC) activity
Fig. 3a illustrates the influence of MD  and chronic quetiapine

reatment on the HDAC activity. The statistical analysis revealed
hat adulthood MD  rats displayed an increase in the HDAC activ-
ty in the hippocampus (Fig. 3a; F(3–16) = 11.11; p < 0.001) and NAc
Fig. 3a; F(3–16) = 13.81; p < 0.001), but it did not change in PFC
Fig. 3a; F(3–16) = 1.61; p = 0.227). However, chronic treatment with
uetiapine did not reduce significantly the increase of HDAC activ-

ty in MD  animals.

.2.2. Histone acetyltransferases (HAT) activity
As depicted in Fig. 3b, the stress caused by MD did not induce

lteration of HAT activity in adult animals. Similarly, chronic treat-
ent with quetiapine did not cause any change in the HAT activity,
hether in relation to MD  animals treated with saline or con-

rol animals (non-MD). Statistical analysis revealed no significant
hanges in any of brain areas: Hippocampus (Fig. 3b; F(3–16) = 0.22;

 = 0.88), NAc (Fig. 3b; F(3–16) = 2.05; p = 0.15), and PFC (Fig. 3b;
(3–16) = 0.58; p = 0.63).

.2.3. DNA methyltransferases (DNMT) activity
Fig. 3c shows the influence of MD  and chronic quetiapine treat-

ent on the DNMT activity. The statistical analysis revealed that
dulthood MD  rats displayed an increase of DNMT activity in the
ippocampus. MD  animals treated with quetiapine also showed an

ncrease in the hippocampal DNMT activity, when compared to ani-
als without stress (non-MD). The quetiapine significantly reduced
NMT activity when compared to MD  animals treated with saline,

ndicating that quetiapine has a pharmacological profile in order
o reverse the hippocampal DNA methylation in stressed animals
Fig. 3c; F(3–16) = 36.56; p < 0.001). In the NAc, the DNMT activity
ncreased significantly in MD  animals, both treated with saline and
uetiapine (Fig. 3c; F(3–16) = 13.92; p < 0.001). The chronic treatment
ith quetiapine did not reduce significantly the increase of DNMT

ctivity in the NAc of MD  animals. In the PFC, only MD  animals

reated with quetiapine had an increase in the DNMT activity com-
ared to animals not stressed (non-MD) and treated with saline
Fig. 3c; F(3–16) = 3.62; p < 0.05). The other groups showed no signif-
cant changes in enzyme activity in the PFC.
 Research 320 (2017) 225–232

4. Discussion

4.1. Effect of MD and treatment with quetiapine on behavior in
the forced swimming and locomotor activity tests

This is the first study investigating quetiapine effects in the
reduction of depressive-like behavior in adult animals, which were
maternally deprived in the first postnatal days. In addition, it was
the first study to investigate the effect of quetiapine on epigenetic
changes induced by stress in early life. Similar to other studies, the
MD increased immobility time in the forced swimming test, indi-
cating a depressive-like behavior in animals, and confirming that
the traumatic experiences in early life can culminate in depression
in adulthood [49]. Chronic treatment with quetiapine significantly
reduced depressive-like behavior. The antidepressant-like effects
of quetiapine were also demonstrated in other studies in which
adult animals were subjected to chronic stress [66,17]. Additionally,
quetiapine reversed the reduction of GABA levels in the hippocam-
pus as well as it reduced the concentrations of corticosterone in
the serum of animals subjected to stress [17]. In the studies by
Wang et al. [66], the authors observed that quetiapine exercised
antidepressant-like action in rodent resistant to treatment with flu-
oxetine. In the present study, quetiapine induced a significant effect
in animals subjected to stress in early life, a condition that has been
highlighted as a pivot of the poor response to classical antidepres-
sant treatments in MDD  patients [41,68], and in animals displaying
depressive-like behaviors [70]. It was observed that animals sub-
jected to MD exhibited depressive-like behavior in adulthood, and
escitalopram, a selective serotonin reuptake inhibitor (SSRI), was
less effective in reversing the depressive-like behavior [70]. These
and other study [17] revealed that quetiapine, as monotherapy and
chronically administered exerted significant antidepressant-like
effect. In MDD  patients, some authors also showed that quetiapine,
alone and chronically administered, exercised significant antide-
pressant effects [35,5], as well as it reduced anxiety in MDD  patients
with comorbid anxiety [18]. Thus, quetiapine, in addition to func-
tion as adjunctive therapy with other antidepressant drugs, also
exerts antidepressant effect when administered as monotherapy.

In locomotor activity test, quetiapine reduced crossings and
rearing activities, when compared with deprived animals and
saline-treated, a result that suggest a sedative function of dose
administered 60 min before testing. Indeed, quetiapine has quick
sedative effect after its administration in MDD  patients [61], being
one of its limitations as therapy for MDD  [8]. However, the effect on
locomotor activity should be interpreted with some caution, given
that in our pilot study, only the concentration of 80 mg/kg exerted
sedative effect, one of the reasons that prompted us to choose the
lowest concentration for this study. Some studies have observed
that maternally deprived rats, in the 9th and 10th postnatal days,
presented an increase in the locomotor activity in adolescence [36]
and adult life [47]. In the present study, deprived and saline-treated
animals exhibited a slight increase in locomotor activity, when
compared to non-deprived animals. Although the increase in activ-
ity was not significant, the window between deprived animal’s
response and small reduction promoted by quetiapine, has the
significant effect between quetiapine- and saline-treated deprived
animals. It is important to consider that despite of small reduction
on locomotor activity, the animals showed a significant reduction
in immobility time in the forced swimming test, indicating that
a possible small sedative effect of quetiapine did not harm the
antidepressant-like effect in animals subjected to stress of maternal
deprivation. Notwithstanding, despite of sedative effect, the queti-

apine improves the sleep patterns and architecture, even before of
the antidepressant effect, and does not seem to exert sedative effect
during daytime. In addition, it was suggested that beneficial effect
on sleep patterns might be synergistic to other mechanisms elicited
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ig. 2. MD and quetiapine (20 mg/kg, during 14 days) effects on the immobility time
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y quetiapine toward the antidepressant therapeutic, when added
o classical antidepressants or as monotherapy [61]. Other stud-
es have found that imipramine, a classic antidepressant, reduced
mmobility in the forced swimming test in diabetic rats, while also
educed locomotor activity in the open field [7,40]. Still, regard-
ng the effects of locomotor activity, some studies suggest that
eduction of motor activity in the open field is correlated with
ncreased immobility, whereas other authors have shown that loco-

otor activity is not underlying the performance of animals in
he forced swim test [11]. Some authors suggest that other fac-
ors may  be involved in motor behavior assessed in the open
eld. For example, in mice, the motor activity was  significantly
ecreased by imipramine chronically administered, after chronic
tress for 27 days, while the immobility time also was  reduced in
he forced swim test. On the other hand, after 21 days of chronic
tress, imipramine did not change locomotor activity, compared
ith the controls or stressed animals [71].

Although quetiapine acts through wide variety of mechanisms,
nd it is difficult to identify the mechanisms more closely related
o the antidepressant effect [51], it is important to note that the
rug increases the release of dopamine in brain regions such
s PFC [46]. This quetiapine effect is suggested as important to
mprove affective and cognitive effects underlying depression [46].
esides dopamine, quetiapine may  also has a therapeutic benefit to

ncrease extracellular levels of norepinephrine through blockade of
-HT2C receptors [2], which exert a tonic, inhibitory influence upon
opaminergic and adrenergic pathways in the PFC [39]. Blier and

londeau [2] also postulated that MDD  patients non-responsive
o selective serotonin reuptake inhibitors (SSRIs) might be with
educed noradrenergic activity, given that SSRIs reduces firing
 forced swimming test (2a) and locomotor activity (crossings and rearings numbers)
EM). *Different from control + saline, p < 0.05. # Different from MD + saline, p < 0,05.

of noradrenergic neurons in the locus coeruleus, by activating
receptors 5-HT2A on inhibitory GABAergic neurons that modu-
late noradrenergic neurons. Regarding the noradrenergic activity
is important to note that quetiapine also has strong blocking action
on the norepinephrine transporter and is a potent �2-adrenoceptor
antagonist [50,10], whose mechanisms increase the synaptic avail-
ability of noradrenaline. In addition to the noradrenergic activity, it
is also important to consider that increasing dopaminergic activity
may  be a mechanism related to therapeutic effect on individuals
who have poor response to other treatments, as suggested by [24].

4.2. Effect of MD and treatment with quetiapine on the enzymatic
activity of HDAC, HAT and DNMT

In this work, adult animals, which were maternally deprived,
showed an increase in HDAC and DNMT activity in the hippocam-
pus and NAc, confirming other findings described [67,48]. Increased
activity of these enzymes is associated with lower gene transcrip-
tion [28,29]. Noteworthy is the fact that increasing function of
HDACs is associated with depression in animal models and reduced
therapeutic response to antidepressants [15,62]. Also, it is impor-
tant to note that chronic treatment with antidepressants can alter
the epigenetic changes [48,57], and to mitigate the losses of hip-
pocampal neurogenesis possibly underlying to epigenetic changes
resulting from stress in early life [57].

Chronic treatment with quetiapine does not significantly

reverse the activity of HDAC in the analyzed brain regions of MD
animals, although it has had a tendency to reduce the enzymatic
activity in the hippocampus and NAc. However, on the DNMT activ-
ity, quetiapine significantly reduced the increase in enzyme activity
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ig. 3. MD and quetiapine (20 mg/kg, during 14 days) effects on the enzyme acti
ethyltransferase (DNMT) (3c). Values expressed as the mean and standard error of t

 < 0,05.

n the hippocampus and promoted a slight reduction in enzymatic
ctivity in the NAc. Some studies have shown that quetiapine, as
ell as other dibenzepine derivatives such as clozapine and olan-

apine also has epigenetic effect, reducing the methylation of genes
n the central nervous system, unlike butyrophenone derivative
aloperidol and the piperidyl-benzisoxazole derivative risperidone
19,20]. Another important study from human neuroblastoma cell
ulture showed that quetiapine promotes hypomethylation in wide
ariety of genes, with the most hypomethylated genes belongs
o promoter regions located within CpG island [55]. Another
mportant finding of these last studies was one decreased DNA

ethylation in the specific CpG site on the promoter region of
he serotonin transporter gene (5-HTT). Genetic polymorphisms in
hese regions are associated with increased methylation of pro-

oter regions of the 5-HTT gene in lymphoblastic cell lines and

ith reduced transcriptional activity for the mRNA of serotonin

ransporter [44]. Moreover, literature reports that the polymorphic
ariant associated with lower transcriptional activity, also presents
reater interaction between gene x stress in early life, resulting
 histone deacetylase (HDAC) (3a), histone acetyltransferase (HAT) (3b) and DNA
an (M ± SEM). *Different from control + saline, p < 0.05. # Different from MD + saline,

in lifelong depression [25]. Importantly is the fact that genotype
that present reduced transcriptional activity also is associated with
poor response of patients to treatment with classical antidepres-
sants [53]. Another important evidence is that the polymorphic
variant, which showed a higher level of methylation and lower tran-
scriptional activity, was also associated with smaller hippocampal
volume in MDD  patients [16].

It is also important to highlight that quetiapine reversed the
reduction of hippocampal neurogenesis in animals subjected to
chronic stress [33,69]. In addition, neurogenesis parallel to the
antidepressant-like effect promoted by quetiapine, was demon-
strated in rats subjected to chronic stress and not responsive to the
effect of fluoxetine [66]. The stress of maternal deprivation attenu-
ated differentiation of precursor cells of hippocampal adult neurons
and increased DNMT expression. Another interesting finding was

that a DNMT inhibitor reversed the reduction by maternal depri-
vation of neural differentiation of adult neural precursor cells [4].
Thus, the effect of quetiapine on hippocampal neurogenesis may, at
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east in part, be related to its ability to reduce the activity of DNMT
nzymes.

The DNMT activity increased in the PFC of MD  animals treated
ith quetiapine. This result seems paradoxical when compared to

he results observed in the hippocampus, in this study or results
rom studies, which observed other brain regions. However, in
tudies which observed a reduction in DNA methylation in the
FC, the research was directed to specific promoter regions of
enes associated with other disorders, where the methylation and
emethylation processes appear to require intermediation of other
olecular markers [20]. As discussed by the authors, in neurons the

romoter methylation is a dynamic process, involving many fac-
ors, among which may  be the psychopathology and brain regions
nvolved with functions relevant to respective disorder. In addi-
ion to lacking data about the function of quetiapine on epigenetic
arameters, the scientific literature also lacks data involving the
rofile of quetiapine and other atypical antipsychotics on DNA
ethylation mechanisms in the PFC. One study showed that cloza-

ine and risperidone increased methylation of some genes, while
n other genes, it appears to show reduced methylation in the PFC,
ossibly as a positive antipsychotic effect on behaviors related to
chizophrenia, or other psychiatric disorders [52]. Therefore, fur-
her studies are needed in order to uncover a possible protective
r harmful role of quetiapine and other atypical antipsychotics in
pigenetic parameters in the PFC.

In conclusion, the results of this study showed that quetiap-
ne exerted antidepressant-like effects in animals subjected to MD
tress, an event underlying to MDD. Additionally, ratifying results
f the scientific literature, this work data also indicate that previ-
us life stress induces alterations in epigenetic patterns, which can
ulminate in a reduction in gene transcription process. A most sig-
ificant finding was the fact that quetiapine induced a significant
ecrease in DNMT activity in the hippocampus, DNA methylation
echanisms, possibly reversing a hypermethylation induced by

tress in childhood.
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