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a  b  s  t  r  a  c  t

Stress  is  an  adaptive  response  to demands  of  the  environment  and  thus  essential  for  survival.  Expo-
sure  to stress  during  the  first  years  of  life  has  been  shown  to have  profound  effects  on the growth  and
development  of an  adult  individual.  There  are  evidences  demonstrating  that  stressful  experiences  dur-
ing gestation  or  in early  life  can  lead  to enhanced  susceptibility  to mental  disorders.  Early-life  stress
triggers  hypothalamic-pituitary-adrenocortical  (HPA)  axis  activation  and  the  associated  neurochemical
reactions  following  glucocorticoid  release  are  accompanied  by a rapid  physiological  response.  An  exces-
sive response  may  affect  the  developing  brain  resulting  in  neurobehavioral  and  neurochemical  changes
later  in  life.  This  article  reviews  the  data  from  experimental  studies  aimed  to investigate  hormonal,
functional,  molecular  and  epigenetic  mechanisms  involved  in the  stress  response  during  early-life  pro-
gramming.  We  think  these  studies  might  prove  useful  for the  identification  of  novel  pharmacological
targets  for  more  effective  treatments  of  mental  disorders.
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. Introduction

Until recent years, it was falsely believed that brain and body
ere shaped by experiences only when the child became able to

espond rationally to the social environment without taking into
ccount early life events. However, it is now accepted that both the
mbryo and the fetus are highly responsive to the gestational envi-
onment and in deed, several animal studies have described that pre
nd postnatal exposure to adverse events like stress can influence
he offspring’s neurodevelopment. Moreover, the neuroendocrine
nd the immune systems have also been described to be altered by
tress inducing behavioral changes and thus affecting neuroplas-
icity [1–5]. Additionally, several reports indicate that stress plays

 fundamental role in the etiology and evolution of many diseases
ncluding neuropsychiatric disorders like depression, autism and
ipolar disorder [6,7].

Interpretation of retrospective studies from the 1960’s suggests
hat exposure to prolonged stress during pregnancy cause devel-
pmental and behavioral disorders of the descendants. The brain is
articularly susceptible to early-life programming by deregulation
f the HPA axis and this can be manifested as stress hyper-reactivity
nd increased susceptibility to affective disorders like anxiety,
epression and schizophrenia in childhood or adulthood [8–12].
lteration of the circadian rhythm, imbalance of neurotransmitters

n the brain and impaired immune function has also been described
s consequences of perinatal stress exposure [10,13,14].

The term neuroplasticity refers to the potential of the brain to
eorganize by creating new neural pathways to adapt, as it needs.
his phenomenon requires the stable modulation of gene expres-
ion, which is mediated at least in part, by epigenetic processes
uch as DNA methylation and histone modifications. The sensitivity
f the mature phenotype to environmental factors and the subse-
uent risk of disease are determined by the interactive influence of
oth genome and epigenome [15]. Although the link between pre-
atal exposure to stress and altered postnatal behavior is not fully
nderstood, emerging evidences indicate that epigenetic regula-
ion prior to birth, can exert profound effects on the development
nd functioning of the brain and over many neurodevelopmental
yndromes [16].

The aim of this article is to overview the current state of
nowledge in the field describing different animal models of pre
nd postnatal stress and discussing the epigenetic mechanisms
nvolved in the modulation of the physiological response.

. HPA axis response to stress

The physiological response to a stressful event involves the
ctivation of the hypothalamic–pituitary–adrenal (HPA) axis, the
utonomic nervous system and the immune system whose physi-
logical mediators are glucocorticoids (GCs), catecholamines and
ytokines respectively [17]. The neuroendocrine stress response
lays a key role in the adaptation to the environment, however,

xcessive or chronic stress exposure may  lead to persistent mal-
daptation of neuronal circuits and may  promote the development
f psychiatric pathologies, such as mood or anxiety disorders [18]
hat often arise in adolescence [19,20].
 .  . . . .  . . . . . .  . . . .  .  .  . .  .  . . . . . . .  . . . . . . .  .  . . . .  . . .  .  . . .  .  .  . .  .  . . .  .  . . .  . . . .  . . .  . . .  . .  . .  . .  .  .  70

The HPA axis is an adaptive and plastic system and is char-
acterized by inter- and intra- individual variability. A stressful
experience triggers the activation of the paraventricular nucleus
(PVN) of the hypothalamus, which releases corticotropin-releasing
hormone (CRH) and arginine vasopressin (AVP). These hormones
bind to their specific receptors (CRHR1 and V1b) in the anterior
pituitary stimulating the release of adrenocorticotropic hormone
(ACTH). ACTH stimulates glucocorticoid synthesis (cortisol in
human, corticosterone in rodents), which regulate different pro-
cesses [21,22]. The biological effects of GCs are usually adaptive;
however, inadequate or excessive activation of the HPA axis may
contribute to the development of pathologies [23,24].

Glucocorticoids bind to two  types of receptors: mineralocor-
ticoid (MR) and glucocorticoid receptors (GR). Upon binding to
GRs, glucocorticoids modulate the transcription of HPA compo-
nents creating a regulatory negative feedback loop [25–27]. Given
the distinctive pharmacology of GRs and MRs, it has been sug-
gested that while MRs  regulate basal HPA tone, GRs mediate the
glucocorticoid negative feedback following stress [28].

Interestingly, the effects of long-term changes in the function of
the HPA axis observed as a consequence of developmental adversi-
ties (e.g., pre or postnatal stress exposure) exhibit similarities with
psychiatric disorders characterized by abnormalities in the HPA
axis function and in the stress response [29].

3. Early life stress

The pre and postnatal periods are critical for the development
of the nervous system. Exposure to adverse events early in life
may  profoundly affect brain development leading to long-lasting
effects on neuronal structure and behavior playing a key role in
the etiology of mood and anxiety disorders [30]. The interactions
between the genome and the environment during the perinatal
interval generate windows of vulnerability in which interference
by a stressor could lead to abnormalities at birth (low weight),
to growth retardation, or structural and functional changes that
remain in adulthood [31].

Animal models are useful tools that help us understand how
genetic vulnerability factors can modulate responses to early envi-
ronmental experiences. By controlling environmental exposure to
different stressors and following animals prospectively from or
before birth, these models provide insights about behavioral and
physiological mechanisms involved in the pathways through which
early stress might produce long-term effects. In this review we will
focus on models of pre and postnatal stress.

3.1. Prenatal stress (PS)

During the gestational period animals are susceptible to fac-
tors that can disrupt the homeostasis and therefore development
is affected. In humans, psychosocial work stress during pregnancy
has been related to postnatal consequences such us reduction in
birth weight and time of gestation [32]. Numerous animal models of

prenatal stress (PS) are conceived to mimic  suboptimal womb  envi-
ronments. Different paradigms have been used in order to study the
effects of stress exposure over development and predisposition to
lifelong health problems including immobilization [33], exposure
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o noise, sleep deprivation, nutrient restriction, overfeeding during
regnancy, and exogenously administered glucocorticoids [11].

Several animal and preliminary human studies have linked
S exposure to deficiency in development and behavioral dis-
rders suggesting that the effects of PS can have long-lasting
ffects on the offspring’s immune system and on neurocognitive
unctions [34–36]. These studies suggest that PS could predis-
ose rats to behavioral abnormalities such as increased anxiety,
reater tendency to drug addiction and depressive-like behav-
or [11,13,32,37,38]. Furthermore, behavioral studies have shown
hat PS offspring exhibited increased exploratory behavior and
ncreased locomotor activity [31,36] as well as impairment in
earning and memory performance [39,40]. These findings are in
greement with deficits in social behavior found in several neu-
opsychiatric disorders with a presumed developmental origin
40]. Likewise, Zorrilla Zubilete and colleagues demonstrated that
ffspring from Wistar rats subjected to a daily immobilization
tress protocol during pregnancy showed impairment in spatial
emory and territory discrimination [40].
Different effects of prenatal stress exposure have been described

or males and females [41,42]. This gender variance may  have
 physiological basis which is probably determined throughout
ntrauterine development. During this period, sexual hormones
lay an important role in determining different brain regions which
ccounts for the neuronal differentiation characteristic of each sex.
ince glucocorticoids exert a regulatory effect on the gonads it is
ikely that intrauterine stress response would be involved in this
rocess.

Environmental stimulation is critical for neural circuit forma-
ion and functioning. It is accepted that favorable conditions such
s environmental enrichment (EE) exposure increase brain plastic-
ty and represent a significant advantage for the psychological and
ehavioral response [43,44]. Several animal studies have demon-
trated that pre- or postnatal EE housing enhanced behavioral
erformance suggesting that EE exposure would counteract the
ognitive deficits induced by adverse early life experiences [45].
dditionally, reversal of abnormal behaviors such as emotional
eactivity, motor skills and spatial learning induced by prenatal
tress were observed upon EE exposure [46]. Furthermore, early
ostnatal EE treatment was shown to neutralize prenatal stress-

nduced deficits in hippocampal neurogenesis [47].
Some studies suggest that resilience to stress exposure during

evelopment may  be mediated, at least in part, via nitric oxide and
eurotrophins among other intracellular signaling cascades [48].
s mentioned, prenatal stress is associated with behavioral effects

n the offspring. For these reasons, further studies are necessary
o understand the pathways involved in these processes in order
o provide prospective targets for novel antidepressant and mood
tabilizing treatments, including epigenetic modulators.

.2. Postnatal stress

The effects of early postnatal adversities in adulthood have been
xplored through a variety of experimental animal models. Dif-
erent types of alterations in maternal care are used as models to
pproximate childhood adversity in humans. The most commonly
sed is the so-called Maternal Separation (MS) which involves tem-
orarily separating or isolating litters or individual pups from the
am daily during the early postnatal life [49]. This procedure is per-
ormed between birth and weaning for different periods of time and
llows a set of experimental designs, which differ in the frequency,
uration and age at which maternal separation occur.
Other model consists on a brief separation (generally 15 min) of
he pups from the dam to mimic  a physiological maternal absence.
evine et al. [50] developed this procedure named “early handling”
nd found that the long-term consequences of it have opposite
al Research 109 (2016) 64–73

effects than maternal separation since the former has a positive
impact for stress coping later in life, whereas the latter appears to
be detrimental [51].

Different protocols of MS  in rats have shown alterations in the
functioning of the CNS evidenced by learning disabilities, increase
of self-administration drugs abuse and behavioral changes, which
demonstrates the importance of early maternal care and the long-
term impact on many biological and behavioral processes [52,53].

Early life stress events in humans such as physical, sexual and
emotional abuse is associated with increased risk of psychopathol-
ogy in childhood and adulthood, as well as social and health
problems [54–56]. Natural disasters, wars and terrorism-related
events should also be considered as adverse experiences that cor-
relate with the development of mood and anxiety disorders in
adulthood [56]. Moreover, abuse in childhood has been described
as a risk factor for depression, post-traumatic stress disorder, idio-
pathic chronic pain disorders, substance abuse, antisocial behavior,
as well as obesity, diabetes, and cardiovascular disease partly due
to a sensitization of the neurobiological systems involved in the
stress response [57–60].

4. Neurobiological responses to early life stress

4.1. Glucocorticoids and oxytocin response

Epidemiological, clinical and experimental studies have shown
that stress exposure during early life periods, along with genetic
predisposing factors, may  exert prolonged impact on the HPA
axis function and on subsequent neurochemical and behavioral
responses in adulthood. Many studies have shown the impact of
stress exposure during development on the HPA axis activity and
on psycho-emotional disorders during adulthood [61,62]. In the rat,
the HPA axis completes its development between postnatal days
(PD) 5–7, so this period becomes highly vulnerable to the action
of some type of stressor [63]. In fact, one of the proposed explana-
tions of how maternal stress affects the developing fetus involves
the increased levels of glucocorticoids that can pass through the
placenta [13]. Nevertheless, the role of maternal GCs in transmit-
ting the effects of maternal stress to the fetus is not clear-cut.
The first physiological control is exerted by the placenta which
expresses 11�-hydroxysteroid dehydrogenase type-2 (11�-HSD2).
This enzyme metabolizes corticosterone into inactive 11-dehydro-
corticosterone serving to limit fetal exposure to maternal GCs [64].
However, repeated stress exposure during pregnancy significantly
reduces the activity and the placental gene expression of 11�-HSD2
[65,66], potentially enlarging the exposure of the fetus to mater-
nal glucocorticoids. Another line of control involves the maternal
HPA axis that dramatically reduces its response to stress during
the late pregnancy, thus minimizing fetal exposure to maternal
GCs [67]. Actually, the long-term effects of prenatal stress as the
result of excessive exposure of the fetus to maternal corticosterone
were shown to be prevented in rodents by surgical removal of the
adrenal glands from the mother [13,68]. Furthermore, inhibition of
11�-HSD2 was  shown to produce permanent alterations of the HPA
axis and anxiety-like behavior in the offspring suggesting that fetal
overexposure to endogenous GCs may  represent a common link
between the prenatal environment and disorders linked to adult
HPA axis dysfunction [69,70]. In addition, elevated maternal glu-
cocorticoids were shown to stimulate the production of placental
CRH affecting the fetus’s HPA axis [71,72] and a 30-min restraint
stress protocol applied to the mother during gestational day 15–17

was found to increase the expression of CRH mRNA in the fetal PVN
[73].

Exposure to high levels of glucocorticoids, both in the prenatal
and postnatal environments, has been linked to the development
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f adult pathologies, including heart disease, diabetes mellitus,
epression and anxiety disorders [69,70]. In this context, many
tudies indicate that MS  may  permanently disrupt the ability of
ippocampal GRs to negatively regulate the HPA axis [74–77] and
hat pups exposed to a brief separation from the dam tended to
e less responsive (more resistant) in terms of HPA activity than
ontrol littermates as adults [78]. Moreover, the decreased expres-
ion of MR/GR receptors in the Hic and the consequent increase
n plasma glucocorticoids has also been documented in PS animals
79,80].

Other hormone that is a potent modulator of HPA axis activity
oth in animals and humans is the neuropeptide oxytocin (OXT).
entral OXT has been described as an important regulator of the
tress response and is believed to attenuate the response of the
PA axis. Accordingly, increased levels of OXT, both in the cen-

ral and the peripheral nervous system, have been associated with
tressful events [81–83]. Moreover, evidences from rodent models
uggest that both acute and chronic administration of OXT reduces
hysiological and behavioral stress response [84–87]. Addition-
lly, human studies revealed that intranasal OXT administration
ttenuate cortisol and behavioral responses to psychosocial stress
88–91]. Furthermore, it has been demonstrated that OXT receptor
xpression in Hic is modulated by stress and GCs [92]. Ultimately,
lterations of the OXT system as a consequence of early experiences
ay  contribute to individual vulnerability related to the patholog-

cal effects of stress in humans.

.2. Effects of perinatal stress on the Brain-Derived Neurotrophic
actor (BDNF)

Neurotrophic factors are peptides that promote neuronal devel-
pment and differentiation, and are expressed in a particular region
uring a defined period of time [83]. They are involved in remod-
ling processes, adaptation and neuronal plasticity acting in an
utocrine or a paracrine manner [93]. Neurotrophins are the best-
haracterized family of neurotrophic factors and they comprise the
erve Growth Factor (NGF), the Brain-Derived Neurotrophic Factor

BDNF), Neurotrophins 3 and 4 (NT3, NT4) among others.
Deregulation of neurotrophins is associated with various

athologies of the nervous system and it was suggested that during
estation, these factors may  play numerous roles in angiogenesis,
nergy homoeostasis, regulation of growth factors and develop-
ent and maturation of the fetus-placental unit [94]. For instance,

DNF, the most abundant and widely expressed neurotrophin in
he brain, was shown to potentiate the placental development play-
ng a critical role in cytotrophoblast differentiation, proliferation
nd survival [95,96]. Other studies reported that maternal BDNF
ould circumvent the utero-placental barrier influencing the fetal
rain and contributing to its development [97]. BDNF, by binding
o its receptor TrkB (tyrosine kinase), exerts its biological function
nitiating many signaling cascades that have been implicated in
eurological disorders like schizophrenia [98,99].

Numerous neuropsychiatric disorders, including depression,
utism, bipolar disorder and schizophrenia were associated with
he neurotrophin bdnf gene [100–102]. It has been demonstrated
hat BDNF induces the survival [103], development and function
104] of selected neuronal populations of the peripheral and the
entral nervous systems and participate in the modulation of den-
ritic growth and morphology [105,106]. In the later stages of the
NS development and in the adult brain, BDNF regulates synap-
ic transmission, acts as a central modulator of pain [107] and

odulates plasticity of neuronal networks involved in depressive

ehaviors [108,109]. Regulation of BDNF may  reverse stress-

nduced deficits in the adult brain, resulting in cognitive flexibility
nd, subsequently, in increased ability to cope with environmental
hallenges that may  precipitate or exacerbate depressive episodes
al Research 109 (2016) 64–73 67

[110]. Notably, in humans, reduced BDNF levels associated to sig-
nificant memory impairment were reported in adult women with
childhood sexual abuse history and posttraumatic stress disorder
[111,112].

A differential expression pattern of BDNF was described in the
Hic in a rodent model of maternal separation. While increased lev-
els of BDNF were found in the CA1 and the dentate gyrus (DG)
of adolescent rats as well as in the DG of young adult rats, the
expression was decreased in the medial prefrontal cortex (mPFC)
[113]. Moreover, the offspring of mothers that showed high fre-
quency of maternal licking/grooming and arched-back nursing
levels revealed augmented expression of BDNF mRNA and NMDA
receptor subunit, in addition to increased cholinergic innervation
of the hippocampus and improved spatial learning and memory
[114].

Genetic studies demonstrated that transgenic mice carrying
the Val66Met polymorphism in the bdnf gene exhibited increased
anxiety-related behaviors under stress conditions [115], as well as
decreased BDNF levels in the hippocampus [116]. Interestingly, in
humans the met  allele was related with poorer episodic memory
and atypical hippocampal activation [117].

Since BDNF is an important intracellular mediator that can exert
neurotoxic and/or neuroprotective effects in different processes
induced by pre and postnatal stress, it would be of paramount
importance to fully characterize its role in these processes for the
development of new therapeutic approaches.

4.3. Neurochemical response

Different neurotransmitters such as noradrenaline (NA), sero-
tonine (5-HT), glutamate, gamma-aminobutyric acid (GABA) and
neuromodulators such as a gaseous molecule, nitric oxide (NO),
have been implicated in the pathogenesis of stress-dependent dis-
orders in early stages of life [118–121].

Several hippocampal alterations have been described to be
induced by PS including decreased neurogenesis [122], reduction
of long term potentiation (LTP) accompanied by a decline of NR1
and NR2B subunits of the NMDA type glutamate receptor in the
post-sinapsis [123], a decrease in the number of GABA and sero-
tonin 5-HT1A receptors [124,125], a decreased expression of PKC�1
[39,126], an increase in the NA turnover [127] and altered levels of
metabolites of DA and 5-HT [128].

Altered glutamate receptor (GluR) expression has been impli-
cated in the pathogenesis of stress-induced disorders. Wang
et al. [129] has shown that prenatal chronic mild stress expo-
sure (PCMS) induced behavioral dimorphism response associated
with a regional change in the expression of GluR concluding that
PCMS increased the vulnerability to depressive disorders in males.
Moreover, Adrover et al. [130] have shown that glutamate neuro-
transmission might be impaired in the brain of prenatally stressed
rats. They observed an increased uptake capacity for glutamate
in the PFC of PS males while no such changes were observed
in the Hic. These results led to the conclusion that PS produced
long-term changes in the glutamatergic system modulating the
expression of glutamate transporters and altering synaptic trans-
mission in the adult brain. Additionally, Acosta et al. studied the
effects of chronic postnatal stress (CPS) exposure on alcohol intake
and found an increased in voluntary consumption, accompanied by
augmented glutamate uptake in Hic and decreased protein levels of
the glial glutamate transporter-1 (GLT-1), the glutamate aspartate
transporter (GLAST) and the excitatory amino-acid transporter-3
(EAAT-3) in Hic and FC. They propose that CPS-induced decreases

in GLT-1 and EAAT-3 may  be compensatory mechanism to prevent
excitotoxicity [131].

Interestingly, prenatal stress has been demonstrated to result
in a reduction in the density of paravalbumin-positive GABAer-
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ic interneurons in the medial prefrontal cortex and Hic [132,133]
nd the number of GABAA receptors was found to be significantly
educed in the hippocampus and the central amygdala of PS rats
124]. Similarly, the group led by Acosta has shown that both CPS
nd acute maternal separation (AMS) affect the expression of the
ABA transporter GAT1 [134].

Nitric oxide is an endogenous modulator of the neuronal
unction acting as an important brain messenger released upon
timulation of the glutamate N-methyl-d-aspartate (NMDA) recep-
or and the consequent Ca2+ -dependent activation of the neuronal
O synthase (nNOS) [135,136]. It has been demonstrated that NO
lays an important role in LTP in the hippocampus [136] and in
ong Term Depression (LTD) in the cerebellum [137] and partic-
pates in multiple interactions between the neuroendocrine and
he neuroimmune systems both under physiological and patholog-
cal conditions. In the CNS, neuronal nNOS, the enzyme responsible
f catalyzing NO formation, modulates learning and memory pro-
esses and is involved in the development of neuropsychiatric
iseases, including depression. Maur and colleagues showed an

ncrease cerebellar in calcium-dependent NOS activity in prenatally
tressed animals, suggesting that an increment in NO might drive
o neurotoxic mechanisms in the cerebellum, inducing long-term
lterations in the circuits involved in memory processes [40].

Diet composition during pregnancy is also an influencing factor
n the nitric oxide system. Accordingly, recent studies showed that
inc insufficiency during fetal life and lactation induced a decrease
n nitric oxide renal activity and an increase in oxidative stress

hich would contribute to augmented arterial blood pressure and
enal dysfunction in adulthood [138]. Moreover, maternal feed-
ng of docosahexaenoic acid (DHA), known to play a critical role
n postnatal brain development, significantly prevented prenatal
tress-induced impairment of learning and memory and enhanced
he expression of nitric oxide synthase [139,140]. Additionally,
ecent findings from human studies revealed that the levels of
lobal arginine bioavailability, a marker of NO synthetic capacity
n vivo, were diminished in veterans with PTSD [141]. The multiple
ffects of stress exposure on the HPA axis are summarize in Fig. 1.

. Epigenetic mechanisms

Control of gene expression in mammals, in addition of being
odulated by transcriptional and translational initiation, can also

e controlled epigenetically. Epigenetics refers to mechanisms in
hich the environment interacts with the genotype to produce a

ariety of phenotypes by either modification of chromatin structure
r control of mRNA translation without affecting the nucleotide
omposition of the genome [141]. These epigenetic modifica-
ions are stable, yet reversible. DNA methylation, post-translational
istone modifications (methylation, phosphorylation, acetylation)
nd noncoding RNA activity are among the most studied epigenetic
echanisms that regulate gene expression.
Emerging evidences indicate that epigenetic regulation prior

o birth can exert a profound influence on the development and
unctioning of the brain and over many neurodevelopmental syn-
romes. However, the link between perinatal exposure to stress
nd altered postnatal behavior is far from being fully understood.
pigenetic information can be transmitted on to subsequent gen-
rations through fetal programming, behavioral intervention or
ermline transmission [142] and stress may  influence each of these
ypes of inheritance. Understanding the epigenetic mechanisms
nvolved in stress response regulation could help explain the devel-

pmental and transgenerational programming of the HPA axis.

Epigenetic mechanisms have been described to regulate synap-
ic plasticity in the hippocampus by modulating neurotrophic
actors [143,144]. Methylation of exon IV was postulated as a
al Research 109 (2016) 64–73

possible mechanism in mediating bdnf gene expression during
development and is, consequently, predisposed to environmental
insults [145]. Moreover, early experiences of maltreatment were
shown to cause an increase of bdnf DNA methylation at exons IV and
IX within the prefrontal cortex of offspring exposed to a stressed-
abusive mother [146]. Conversely, decreased DNA methylation in
bdnf exon IV was  found in the hippocampus of adult female off-
spring of predator odor exposed mothers [147]. A recent paper
reports that early life stress affect DNA methylation of the Crf gene
promoter correlating with CRF mRNA levels in the central amygdala
in a learned helplessness paradigm [148].

Several studies have shown that exposure to adverse environ-
ment during pregnancy induces differential methylation of genes
coding for adhesion molecules and neurotransmitter receptors and
decreased expression levels of glutamatergic receptors (PGluR1)
and glutamate transporters (glial EAAT2 and neuronal EAAT3)
in hippocampus, frontal cortex frontal and striatum [149,150].
Furthermore, changes in the methylation status of the neuronal
membrane glycoprotein gene (gpm6a) and an impaired hippocam-
pal neurogenesis have been described in rats subjected to prenatal
stress [151–153]. Moreover, McGowan and collaborators demon-
strated that variations in maternal care (low licking and grooming)
in the rat produce differential methylation of the neuron-specific
glucocorticoid receptor NR3C1 promoter, which regulates hip-
pocampal glucocorticoid receptor expression and HPA responses
to stress [153]. Similarly, early-life stress in mice was described
to cause sustained DNA hypomethylation of an important regu-
latory region of the arginine vasopressin gene [154–156]. Other
studies in human adults showed hypermethylation of the GR pro-
moter in individuals that had experienced childhood trauma [152].
However, this epigenetic mark was  not found in individuals with
depression but not history of child abuse [156,155,157].

5.1. Epigenetic pharmacology

The fact that epigenetic states might be reversible even in the
adult brain has extremely important implications on the potential
of pharmacological intervention. Histone deacetylases (HDACs), by
removing acetyl groups from histones, can regulate gene expres-
sion by making chromatin less accessible to transcription factors
[158]. The opposite action is exerted by histone acetyltransferases
(HATs). Genetic or pharmacological modulation of HDACs or HATs
could account for gene expression regulation. Since histone acety-
lation is associated with active gene transcription, HDAC inhibition
is related to gene up-regulation. In this context, epigenetic phar-
macology has brought interest into the development of HDACs
modulators [159].

According to structure the HDAC inhibitors (HDACi) can be cat-
egorized into different groups, including short- chain fatty acids,
hydroxamic acids, epoxyketones, and benzamides [160]. While
hydroxamic acid inhibitors like suberanilohydroxamic acid (SAHA;
comercial name Vorinostat), that target Class I and II HDACs, have
emerged as promising and potent treatments for cancers other
HDAC inhibitors have shown great potential for the treatment of
neurodegenerative and psychiatric diseases. Several drugs, includ-
ing valproic acid (VPA), vorinostat, MS-275, sodium butyrate, and
phenyl butyrate have been shown to cross the blood-brain bar-
rier making these compounds suitable candidates to be tested in
treating brain disorders [159]. Clinical evidences showed that VPA
can reduce brain inflammation by inducing microglia apoptosis
[161–163] and promote neurotrophin production by astrocytes
[164,165] suggesting a potential therapeutic relevance of HDAC

inhibitors in CNS pathologies [159]. Accordingly, in a mouse model
of Alzheimer’s disease (AD), injections of the inhibitors sodium
valproate, sodium butyrate, or vorinostat completely restored con-
textual memory indicating that targeted inhibition of class I HDAC



D.M. Silberman et al. / Pharmacological Research 109 (2016) 64–73 69

F y  disr
i set or 

i
a
e
b
n
i
o
t
p

k
d
r
o
o
t
e
m
a
t
a
o
a
i
l
b
n
(

t
e
v
b
d
d
e
m
a

p

ig. 1. Effects of stress exposure on the HPA axis activity. Early life adverse events ma
n  the CNS development and the neurochemical response may contribute to the on

soforms would be promising for treating the cognitive deficits
ssociated with early stage AD [166]. Similarly, in Huntington’s dis-
ase, a late-onset progressive neurodegenerative disorder, it has
een demonstrated that the mutant huntingtin protein enters the
ucleus where it binds and inhibits HATs, leading to a decrease

n H3 and H4 histone acetylation and causing a global silencing
f neuronal genes [167,168]. Hence, drugs proficient in correcting
he epigenetic imbalances in these disorders represent auspicious
ossible treatments for such diseases in the future.

The commonly used HDAC inhibitor valproic acid, usually
nown for its function as an anticonvulsant mood-stabilizing
rug, has been shown to have roles in up-regulation and down-
egulation of genes [169,170]. Interestingly, an increasing number
f women of reproductive age are taking VPA for the treatment
f bipolar disorder [171]; however, significant caution should be
aken when prescribed since children exposed to VPA in utero
xhibit increased risk of congenital spina bifida and neurodevelop-
ental disorders [172,173] including reduced cognitive function,

ttention-deficit disorder, learning difficulties, and autistic spec-
rum disorder [174]. Another HDACi, sodium butyrate, when
dministered intraperitoneally, alone or in combination with flu-
xetine, was shown to have antidepressant-like effects [175–177]
nd, in high doses appears to act as a pharmacological stressor
ncreasing the peripheral levels of HPA hormones [178]. Simi-
arly, l-acetyl carnitin (LAC), another potent HDAC inhibitor, has
een shown to exert a rapid anti-depressant effect through epige-
etic modulation of the type 2 glutamate metabotropic receptor
mGlu2) [179].

Since HDAC inhibitors have pleiotropic actions in different cell
ypes, many aspects should be taken into account when consid-
ring a pharmacological approach using these molecules. Chronic
ersus acute treatment, knowledge of the regional brain distri-
ution of individual HDAC enzymes, systemic or region-specific
elivery represent some of them. Moreover, since HDACs also
eacetylate other non-histone proteins, HDACi may  influence sev-
ral processes, including cell cycle arrest, angiogenesis, immune

odulation, and apoptosis [180] disrupting numerous pathways

nd adding an additional complication to rational drug design.
Identification of the signaling pathways that influence fetal

rogramming is key to harnessing the potential of regulating epi-
upt the HPA axis response at many levels thus affecting several systems. Alterations
development of long-last neurobehavioral and neurochemical changes later in life.

genetic mechanisms to modulate the stress response and becomes
essential for the development of more efficient new therapeutic
strategies.

6. Discussion

A growing body of evidence points to a tight relationship
between perinatal stress exposure and development of short- and
long-term health disorders. Stressful events that occur during the
perinatal period may  have an impact on several aspects of the
neuroendocrine programming, subsequently modifying the off-
spring’s growth, metabolism, sexual maturation, stress responses,
and immune system ultimately resulting in the development of
long-term diseases, such us metabolic syndromes and psychiatric
disorders. Deciphering the link between early life adverse events
(in utero stress exposure, maternal separation, maltreatment) and
the behavioral, cognitive, emotional, and physiological reactivity of
the progeny has brought a lot of interest in the past decade. How-
ever, the mechanisms underlying these processes remain to be fully
understood.

The variability in the response to stress depends on both genetic
and epigenetic background. Epigenetic mechanisms (DNA methy-
lation, histone modification and microRNA) play a key role in many
processes in the nervous system, such as neurodevelopment and
neural function, neuroplasticity and memory formation. All these
mechanisms are affected by stress. The role of epigenetics in guid-
ing the mechanisms by which the brain adapts to stress is a field
of growing interest. The involvement of epigenetics processes that
would modulate the onset of psychiatric and neurological disorders
manifested later in life but that may  partly have developmental
origins has extremely important implications on the potential of
pharmacological intervention to reverse the effects of early life
adversity. However, the lack of specificity of current pharmaco-
logical treatments that are unable to target specific genomic sites
makes uncertain whether the manipulation of single components

of the epigenome will provide successful therapeutic outcomes.
Further studies using class and subtype-specific HDAC inhibitors,
as well as methylation and phosphorylation modulators, alone and
also in combination, are necessary to provide greater specificity of
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ction and to produce better therapeutic options with reduced side
ffects.

A better understanding of the mechanisms underlying the stress
esponse and the windows of opportunities during early develop-
ent would allow to design new drugs and treatments that would
odulate epigenetic processes improving or reversing deficits in

dult health generating new therapeutic strategies.
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