Send Orders for Print-Reprints and e-prints to reprints@benthamscience.ae

Current Pharmaceutical Design, 2017, 23, 1-8 1

REVIEW ARTICLE

Global Effects Of Early Life Stress On Neurons And Glial Cells

Duefias Zulma®*, Caicedo-Mera Juan Carlos® and Torner Luz®

“Departamento de Ciencias Fisioldgicas, Facultad de Medicina, Universidad Nacional de Colombia, Sede Bogotd. Colombia;
*Grupo Salud, Conocimiento Médico y Sociedad del Centro de Investigaciones sobre Dindmica Social, Universidad Externado de
Colombia. Colombia; “Centro de Investigacién Biomédica de Michoacan, Instituto Mexicano del Seguro Social. Morelia, Michoacdan,

Meéxico

Abstract: Early life stress is considered a risk factor for the development of many diseases in both adolescence
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and adulthood. It has been reported that chronic stress (for instance, due to maternal separation during breast
feeding), causes damage to the central nervous system at the level of neurons and glial cells, which are reflected
in behavioral disturbances and susceptibility to the development of primarily emotional psychopathology. The

aim of this review is to identify the overall state of the scientific literature that relates the information about the
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consequences of early life stress, contextualizing the mechanisms that may be altered, the behavioral conse-

quences that have been studied and the possible dimorphic effects and its causes. At the end a short overview of
pharmacological treatments that have been proposed to reduce the behavioral and neuroendocrine consequences
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caused by early life stress is presented. This review pretends to integrate general but relevant information based

primarily on studies in animal models, which allow the experimental approach and the study of the mechanisms
involved. A series of questions remains for reflection and surely will be answered in the near future.
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1. INTRODUCTION

There is abundant evidence related with the deleterious effects
of early life stress (ELS) on central nervous system development,
and the association with the occurrence of different psychopatholo-
gies later in life [1-9]. For example, children who have experienced
prolonged maltreatment, abuse or neglect during rearing, usually
present an increased risk of developing anxiety disorders, depres-
sion, attention deficit, learning problems and so on [9]. One of the
critical elements for neurodevelopment on early life is the mother-
child interaction [11]. This bond goes beyond the-nutritional care
because it is an important source of sensitive, motor and affective
stimulation for the baby, and helps to shape the maturation of neu-
ronal circuits. It has been reported that maternal deprivation or early
maternal separation acts as a chronic stressor that has adverse con-
sequences on brain ontogeny [6,11-12].

Most of the studies that inquire about consequences of ELS use
animal models, including several methods of prenatal or postnatal
stress, these ones elicited as maternal separation or maternal depri-
vation procedures. The majority of the results agree with the delete-
rious effect of ELS, related not only with the probability to affect
behaviour but also the neuroendocrine regulation, mainly on the
hypothalamus-pituitary-adrenal axis (HPA). The essential players
of the stress response regulation by HPA axis are glucocorticoids,
and affect several genomic and signalling cascades responsible for
modulating cognitive processes and behaviour. Apart from the HPA
axis, ELS affects the immune system and alters the immune re-
sponses in adult life. There is growing evidence of the involvement
of the immune system in the development of psychiatric disorders.
It has been hypothesized that the clinical symptoms of several men-
tal illness such as depressive disorders, anxiety, or schizophrenia
are contributed by a chronic proinflammatory state of the individual
[13]. In this sense, glial cells express receptors for glucocorticoids
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and probably all the cytokines released by glial cells may induce
part of the behavioural effects of chronic stress. Thus, in this review
we want to integrate the research about ELS and we will focus
mostly on maternal separation, mainly 3 or 6 hours period, as an
animal model of ELS, to show how ELS affects both neuronal and
glial cell functions.

2. HPA-AXIS PROGRAMMING

During the last decades of research, physiological studies are
being focused on the adaptative mechanisms of biological organ-
isms with special attention to the allostasis process that implies
stability during the change. In fact, the successes in life begin when
living beings are able to anticipate the environment conditions after
learning experiences [14-16].

Studying the stress responses, the notion of allostasis allow us
to understand that some early events may induce long term patterns
of responses like early programming that would take place in criti-
cal periods during ontogeny [6]. Taking into account that the Hypo-
thalamus-Pituitary-Adrenal (HPA) axis is one of the main stress
response regulator and effector mechanisms, it is the most appro-
priate system to study adaptative mechanisms as well as possible
alterations associated with pathological phenomenon.

Classically, the HPA axis has a hierarchical organization com-
manded by the hypothalamus. The parvocellular neurons of the
paraventricular nucleus (PVN) of the hypothalamus are in charge of
corticotrophin releasing hormone (CRH) synthesis. This peptide
acts on corticotroph cells of the adenohypophysis inducing the ex-
pression of proopiomelanocortin (POMC), molecule that when
cleaved result in different peptides: melanocyte stimulating hor-
mone, beta endorphins and corticotrophin. While corticotrophin
induce glucocorticoid an mineralocorticoid production in the adre-
nal gland, beta endorphins act on opiod receptors, that mediate pain
responses and participate in emotional regulation. Glucocorticoids
modulate the immunologic, metabolic and behavioural actions ob-
served under normal and stressful conditions [7].
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In the nervous system, glucocorticoids reach areas where their
receptors are located, such as the amygdala and hippocampus, and
are involved in processes of learning, memory and emotional regu-
lation against stressful experiences [17-24]. This seems to be one of
the keys to understanding the predictive programming of the HPA
axis responses. In fact, the negative feedback mechanisms that al-
low censoring and adjust the HPA axis responses involve these
areas of the limbic system, as well as other interconnected areas:
the prefrontal cortex and the striatum. They all send excitatory and
inhibitory projections that act collaterally to modulate HPA axis
responses and they are sensitive to the hormones produced by it in
its various segments [24-27].

On the other hand, arginine-vasopressin (AVP) and oxytocin,
hormones produced by the neurohypophysis are also important for
early ripening of the HPA axis and have reported their modulatory
effects of behaviour in regions of the cortex and subcortex . Indeed,
some authors note that AVP has a more flexible behaviour that
CRH in early stages of development, so that it would become the
most important signal for regulating the release of ACTH [28].

3. EFFECTS OF MATERNAL SEPARATION TROUGHOUT
LIFE

As suggested, the effects of all these signals are especially im-
portant in the early ontogeny. Several experimental models of early
adversity have been proposed to address its effects, and it has been
shown that they resemble many of the features observed in ELS
patients. These models induce a state of chronic stress in the pups
by means of altering their environmental conditions. For instance,
maternal separation (MS) consists of the separation of the pups
from the mother for prolonged periods of time (3, 4 or 6h) and
through a daily basis (10, 14 or 21 days) starting one or 2 days after
birth [29]. Other models of ELS induce a state of anxiety in the
mother by limiting the material to build a nest. This procedure al-
ters the normal pattern of maternal behavior and induces a stressful
state in the pups [30]. Other procedures consist of the permanent
separation of the pups from their mother at an early age, for in-
stance, at postnatal day (PN) 15 (Early weaning) [31], or combine
both the MS procedure with early weaning.

Significantly, the variability of the stress protocols by maternal
separation, consisting of differences in the daily period of separa-
tion, the number of days that is done, blocking or access to olfac-
tory stimuli and vocalizations of the mother, the isolation from
other infants, the type of acute stress in adult life prior to biochemi-
cal or behavioural measurements and strains of animals used,
among others, has generated important, and even contradictory
changes in the research results. It should also be noted the intrinsic
variability of individual responses to stress, whose mechanisms are
not sufficiently clarified [6]. However, several characteristics are
common to most of the animal models.

Studies in rats have characterized a period of "low stress re-
sponsivity" between postnatal day 2 and 21, in which it was as-
sumed that the immaturity of the HPA axis prevented the activation
of hormonal responses to mild stressors. However, stress models in
rat pups such as isolation, early weaning and especially maternal
separation (MS), have shown that the shaft is capable of producing
the release of glucocorticoids and this reactivity can become a pat-
tern of programmed response in later ontogeny [32]. The long-term
effects of these changes have been reported in numerous studies,
from the pioneering work of Levine in the early fifties [33] until
today.

To illustrate the consequences of MS, the findings of some of
these investigations are summarized. A study by Colorado et al
[34] included the test in the open, light-dark box and sucrose con-
sumption test. The results showed that rats subjected to MS for 6
hours / day for the first 10 days of life showed a decrease in the
behaviour of orientation and an increase in anxiety behaviours and
impulsivity in adolescence, which were exacerbated in new con-
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texts for the animal [34]. In another study, Riu et al., found that rats
that were separated by 3 hours daily during the first 2 weeks of life
and after weaning were kept in isolation, presented at two months
of life behaviours of hyperphagia and excessive weight gain, in
addition to increased mobility in the forced swimming test and
increased frequency of defecation tests in ambulatory activity; ex-
trapolated behavioural symptoms of anxiety and depression. For
these authors, these results could be explained by the fact that the
isolation after weaning creates an evocation of early stress given by
the MS [35]. Furthermore, Zimmerberg et al. found that maternal
separation was associated with changes in the acoustic characteris-
tics of ultrasonic vocalizations issued by the offspring during the
period of separation and an increase in the behaviour of maternal
care when pups were returned [36]. Also Macri et al. reported a
change in the active maternal care in rats subjected to short periods
of maternal separation (15 min), which are within the spectrum of
time that the mother is away from the pups in the day to find food.
These animals were manipulated by the researcher while they were
separated from their mothers (Early Handling). The authors con-
clude that the beneficial effect observed in the EH group in the
normo-activation of the HPA axis, could be due to this increase in
maternal care at the time of the return and not to the effect of stimu-
lation by the fact of being manipulated. In addition, the comparative
design between multiple groups allowed the authors to report that
the MS and the level of maternal care act independently and oppo-
site on anxiety and impulsivity behaviours assessed in the open
field test [37].

In work carried out on MS using the elevated plus maze, we
found an increase in exploration risk behaviours and hyperactivity
in a group of adult MS females. Animals underwent MS twice daily
during the dark cycle from postnatal day 1 to postnatal day 21. Be-
havior was tested when rats were 65-70 days old. We found that
separated females spent more time in the open arms and showed
more head dipping behavior compared with controls. The separated
males spent more time in the center of the maze and engaged in
more stretching behavior than the controls. Furthermore, adult MS
males presented higher exploration - avoidance conflicts than con-
trols [38, 39]. Other authors found a significant increase in anxiety
behaviours in MS rats also evaluated in the elevated plus maze [40].

In another study by Aisa et al., the effects of MS on markers of
plasticity were studied with relation to spatial learning in rats.
While this type of learning is correlated with an increase in the
expression of the total levels of the neural cell adhesion molecule
(NCAM) in both the MS group and the control, the increase was
significantly lower in the MS group, mainly for NCAM-140 iso-
form. In addition, this group had lower levels of brain derived neu-
rotrophic factor (BDNF) mRNAs and of synaptophysin protein in
the hippocampus, compared to the control group. Cell proliferation
was also decreased in the dentate gyrus of the MS group [41]. Other
study from our group showed that MS decreases hippocampal neu-
rogenesis right after the stress period, i.e., at postnatal day 15. This
effect was associated to a depressive — like behavior in adulthood
and to a dysregulated HPA axis [42]. All these results suggest the
possible deleterious effect of MS in at least some neuronal mecha-
nisms involved in neurogenesis, cell proliferation and dendritic
arborization, postulating it as a factor affecting the long-term neu-
ronal plasticity and HPA axis function.

Furthermore, a study showed that the effects of MS could not
only be associated with manifestations of anxiety and depression,
but a potential vulnerability for the development of neurodegenera-
tive disorders in adulthood, particularly Parkinson's disease. In that
report the authors investigated the effect of dopaminergic neurons
damage induced by intrastriatal injection of 6-hydroxydopamine
(3pg/ml). Animals with a history of MS showed significant changes
in the mobility of their vibrisae and presented manifestations of
akinesia, compared with the control group. These results suggest
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that MS could be associated with increased vulnerability to damage
the dopaminergic circuits in later ages of ontogeny [43].

Meanwhile, other authors have focused on the serotonergic
system as one of the main targets of the MS and other forms of
stress early as social isolation, studying their effects on the structure
and function of some regions of the nervous system, primarily the
hippocampus. A review by Weaver et al. showed evidence to as-
sume that alterations in the expression of glucocorticoid receptors
(GR) in the hippocampus of rats subjected to MS, would be associ-
ated with a hyper activation of the ascending serotonergic path-
ways, with subsequent changes in the expression of transcription
factors that could act on the promoter regions of the gene encoding
these receptors [44].

Another study showing the broad spectrum of the impact of MS
on different circuits of the nervous system was developed by Gen-
est et al. Here, they studied the mechanisms involved in the deficit
of respiratory control reported in male rats with a history of MS that
present an increase in ventilatory responses to hypoxia 25% greater
than the controls. This was taken as a criterion of hyperresponsive-
ness in the chemoreflex mechanisms that appear linked to various
disorders of the respiratory control. Their hypothesis was that an
alteration of the inhibitory control by gabaergic neurons to the PVN
nucleus may be correlated with the elevated response to hypoxia in
rats that were separated from their mothers. The results showed
that, indeed, the injection of 1 mM GABA or muscimol attenuated
the ventilatory response to hypoxia in a much more pronounced
fashion in animals with a history of MS than in controls. This at-
tenuation was associated with an increase in the binding site of the
GABAA receptor by 22% in the PVN of MS animals relative to
controls, in measurements made by receptor autoradiography.
However, despite this increase in receptor density, MS animals had
a deficient GABAergic modulation, possibly associated with an
apparent increase in the effectiveness of excitatory inputs that con-
verge on this nucleus.

In line with the findings of a compromised function of the
GABAergic system in the MS, Caldji ef al. showed that MS ani-
mals showed a significant decrease of orthosteric binding sites of
high affinity (30 nM ) of the GABAA receptor in the medial pre-
frontal cortex, the nucleus of the solitary tract and the locus coer-
uleus [45]. In another study, these authors showed that the MS was
associated with a decrease in the number of binding sites benzodi-
azepines, dependent on a decrease in mRNA expression of the
subunit y2 in the same structures mentioned above [45].

The review by Skilbeck et al. [46] showed that these effects on
GABAergic circuits would be mediated by the increased exposure
to glucocorticoids, as a result of the HPA axis hyperactivation stress
generated early. Although the diversity of experimental models
partially affects the consistency of the findings of different authors,
Skilbeck et al. suggest that glucocorticoids could alter GABAA
receptor phosphorylation via activation of protein kinase C (PKC),
which would affect the traffic and expression of surface receptors.
In addition, early stress by MS might interfere with the normal
turnover subunit 02 by al on GABAA receptors, which takes place
in the first 21 days of life of the rat and that is associated with the
maturation of the GABAergic responses [46].

In work carried out in our research group, we reported altera-
tions in the expression of the a subunit of GABAA receptors in rats
with a history of MS. Female rats subjected to MS showed less
immunoreactivity positive for the GABAA receptor in the hippo-
campus, preoptic area and the paraventricular nucleus, while the
MS males had a decreased GABAA receptor immunoreactivity in
the amygdala, and prefrontal cortex preoptic area, in immunohisto-
chemistry. However, in western blots findings were not fully com-
parable: a decrease in the amount of GABAA receptor in the
paraventricular nucleus and preoptic area for MS females and in the
prefrontal cortex and amygdala to MS males [39]. It is important to
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recognize that more research is needed to clarify the potential influ-
ences of MS on the traffic and expression of GABA A receptors
and their potential impact, not only to control the HPA axis, but
also on the inhibitory connections in cortical and subcortical areas
related to emotional processing and reward mechanisms controlling
impulsivity.

4. MATERNAL SEPARATION, HPA AXIS RESPONSE AND
SEXUAL DIMORFISM

Variations in the stress response associated with gender [47],
are important for understanding the epidemiological differences in
psychopathological disorders such as depression, schizophrenia and
ADHD [48]. Recently, it has been established that there are behav-
ioural differences between men and women accompanied by
changes in specific brain structures evoked by stress during critical
periods of neurodevelopment. In one study, it was found that the
amygdala volume was higher in women whose mothers had high
levels of stress during pregnancy, compared with men [49]. On the
other hand, the volume of the hippocampus in adulthood was corre-
lated with birth weight in women who had received poor maternal
care at an early age, while these changes were evident in the male
gender [50].

As suggested, the possible mechanisms of these variations
could be related to changes in the hypothalamic- pituitary- response
adrenal axis (HPA). A study established that exposure to adverse
situations in women at an early age was associated with increased
basal levels of corticotrophin, while men with similar backgrounds
showed a decrease in basal levels of this hormone. However, reac-
tive secretion of corticotrophin in situations of acute stress was
increased in men who had had severe trauma in childhood, without
any reported equivalent changes in women [51].

Another study showed that epigenetic changes given by methy-
lation exon 1F in the promoter region of the gene encoding the
glucocorticoid receptor (NR3C1), and the presence of genetic po-
lymorphisms in the gene encoding the receptor of a estrogen (ERa)
and serotonin transporter (S-HTTLPR) were correlated with
changes in salivary cortisol secretion only in women [52]. This
study suggests that both genetic and epigenetic influences, in rela-
tion to the response to stress may have dimorphic patterns in the
human species.

Many studies have explored the molecular mechanisms of sex-
ual dimorphism compared to early stress in animal models such as
those mentioned. In a study conducted with mice subjected to a
stress model for early weaning (postnatal day 14), the authors
showed an increase in anxiety - related behaviour, aggression and
changes in the interaction with the mother in male mice, from post-
natal day 15. At the age of 8 weeks, with early weaning male mice
also had significantly higher baseline levels of corticosterone than
controls and females, as well as a decrease in the population of
glucocorticoid receptor GR [53]. In other work, the authors reported
a decrease in expression of brain derived neurotrophic factor
(BDNF) and cell proliferation in the hippocampal of male mice
with early weaning [54] as an early myelination in the amygdala, as
signal of a possible early maturation process induced by stress [55].

However, the directionality of the changes associated with
stress related to sex is not consistent across studies using animal
models [56]. Moreover, many of the molecular aspects in this area
remain unsolved, mainly due to the difficulty of studying specific
signaling pathways, neutralizing interference with other pathways
acting concomitantly [7]. In fact, given the complexity of the multi-
ple actions of steroid hormones in the nervous system, most studies
have focused on identifying specific molecular mechanisms and
have not proposed integrative models that combine different types
of ligands. On the other hand, it has been shown that many of the
endocrine effects on the nervous system may be different and even
in opposing relation to the intensity and duration of hormonal stim-
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uli and the location of their target molecules in different areas of the
cortex [7].

Currently, a bimodal model for glucocorticoid action in nerve
tissue, which is mediated by a functional balance in the action of
two types of cytoplasmic receptors accepted: the mineralocorticoid
(MR) and the glucocorticoid (GR) receptors [6]. In general, signals
mediated by the MR maintain a basal tone on glucocorticoid stimu-
lation when serum levels are relatively low. Because of circadian
fluctuations, these receptors remain saturated during the day and
their signals are important to the activation of metabolic pathways
and cell survival. This was demonstrated in experiments using
adrenalectomized rats that showed high levels of apoptosis in the
hippocampal dentate gyrus, an effect that could be restored by low
doses of exogenous corticosterone (20 mcg / ml), capable of acti-
vating the MR [57]. In addition, while GR response elements
(GRES) usually dissociate from the GR-DNA complex after 1 h, the
MR tends to stay longer attached to the DNA, ensuring fast-
feedback tonic effects [58].

When glucocorticoid (GC) serum level increases in response to
stressors, the hormone interacts with GR receptors, whose affinity
is activated ten times lower than the MR (Kd : 0.5 nM and 5 nM
respectively). Its effects are associated with recovery processes,
learning and adaptation to stress [6]. However, if glucocorticoid
levels are unusually high and / or sustained high in time it occurs a
change in the intracellular signal spectrum, which produces delete-
rious effects as oxygen- overproduction of reactive species (ROS),
mitochondrial dysfunction and activation of apoptosis [6,59-60].
The mechanisms that define this threshold from which the "posi-
tive" effects shift to "negative" effects are not fully elucidated [27].

Moreover, several studies have focused on the effect of ovarian
steroids on nerve cells. The most studied hormone: the 178-
estradiol (E2), exerts multiple actions in the central nervous system
associated with sexual dimorphism in cognitive and behavioural
processes, through the strengthening of mechanisms that favor brain
plasticity in specific areas [61,62].

In summary, while MS elicits multiple changes in neurotrans-
mitter systems and in neuronal function within different cerebral
structures, these changes cannot account for all the observed behav-
ioral effects induced by stress. Further, when analyzing the effects
of ELS on male and female subjects, several differences are evi-
dent, implying that gender confers a differential response to stress.
On the other hand it has been shown that chronic stress exposure,
particularly during early ages, can induce glial cell dysfunction,
which could play a role in the vulnerability to develop several psy-
chopathologies.

5. MATERNAL SEPARATION AND EFFECTS ON GLIAL
CELL FUNCTION

Other studies have analyzed the impact of early maternal sepa-
ration and have focused on other aspects of the histological organi-
zation, covering the changes that occur on the glial cells. The popu-
lation of glial cells comprises mainly the astrocytes, the microglia
and the oligodendroglia. Astrocytes are multifunctional cells of the
nervous system; they contribute to the formation of synapses and
are involved in neurotransmitter turnover, since they wrap the neu-
ronal synapses, allowing the neurotransmitter to stay longer in the
synaptic cleft [63]. Further, astrocytes are involved in the mainte-
nance of neurons, providing nutrients, controlling water and ionic
balance, and clearing excess of glutamate [64]. Microglial cells are
the main surveillors of the immune system in the brain. They
change their morphology in response to a number of insults sub-
serving different roles, and secreting cytokines. In low concentra-
tions these molecules function as growth factors, promoting cell
proliferation and differentiation during development, but in high
concentrations they convey neurochemical changes that result in
inflammatory processes.
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5.1. Effects of MS on Astrocytes

Several studies have addressed the role of maternal separation
and other models of early stress on various functional and anatomi-
cal parameters in the nervous system. Many of these changes take
place in areas characterized by a high capacity for tissue remodel-
ing such as the hippocampus [42, 65-69] and prefrontal cortex
structures [70,71]. Because of the importance of the role of astro-
cytes in the process of synaptic connectivity [69-73], the possible
effects of stress early in the quantity, morphology and function of
these cells become a relevant issue in research. One of the ap-
proximations used is the Sholl analysis that allows identifying the
degree of astrocytic branching which can be interpreted as an im-
portant correlate of neuronal plasticity [65].

However, the results in this field have not been entirely consis-
tent. For example, while some authors have found a decrease in the
number and activation of astrocytes in different regions of the cor-
tex [74, 75], others have reported significant increases in areas such
as the prefrontal cortex [76]. No studies specifically evaluate astro-
cytic branching patterns relative to the background of maternal
separation found. However, some reports indicate that this type of
stress can alter the number of astrocytes in the hippocampus. A
study by Musholt et al. used a double labelling for GFAP protein
and phosphorylated CREB (activated downstream of the signaling
cascade of cAMP), which quantifies the active astrocytes in differ-
ent brain slices factor. The results showed a significant decrease in
these cells in the hippocampus, both in pups undergoing six hours
of maternal separation, such as those undergoing only an hour apart
in a model of neonatal stress that spanned the first two weeks of
life. Analyses were made 24 hours after the end of the period of
separation [74]. In the work of our group with the protocol of ma-
ternal separation of 6 hours daily for 21 days of lactation, a signifi-
cant decrease in the number of astrocytes labeled with GFAP was
also found in the prefrontal cortex, the hippocampus and the preop-
tic area of MS individuals [75]. A recent study using the protocol of
daily maternal separation 3h/day (from PN1 to PN14) showed that
MS male pups present a reduced number and cell density of astro-
cytes in the hippocampal hilus at PN15. Interestingly, the number
of processes of the astrocytes was also reduced in the MS pups [77].

On the other hand, the research developed by Kwak et al. re-
ported that maternal separation was associated with an increase in
GFAP labelled astrocytes number in adult male rats. They also
reported in this group of animals an increase in hyperactivity be-
haviour and risk screening, when subjects were tested in the open
field and in the elevated plus maze [76,78], using the deprivation
protocol of 3h/day (PN1 — PN14), reported no change in the num-
ber of neurons and astrocytes in the prelimbic area of the prefrontal
cortex [78], Another study showed a reduction in the total number
of glial cells in the substantia nigra and the ventral tegmental area
of juvenile male rats and in the substantia nigra of female rats sub-
jected to MS as pups [79]. The difference between these results and
across the age may reflect the dynamic nature of astrocytic changes
at different times of the ontogeny. In fact, the increase in the num-
ber of astrocytes in a region of the cortex in adult animals can also
be a signal depletion of synaptic connections by a process of reac-
tive astrogliosis, in which these cells partially replace the space left
by neuronal loss [76].

5.2. Effects of MS on Microglial Cells

Regarding changes in microglial cell activation related to early
life stress, there is evidence to postulate that many alterations
documented in different brain regions could be mediated by neuro-
inflammatory phenomena which are emerging as an important field
of study in the coming years [80]. Numerous studies have addressed
the effects of chronic stress on the activation of microglial cells in
adult animals [81], but in contrast, very few studies have addressed
the effects of ELS on this cell type. Actually, some reports postulate
that the mechanisms of neuro- inflammation elicited by the increase
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in pro- inflammatory cytokines and activation of microglia could be
related to early stressful experiences and their long-term changes
[82, 83]. It has even been reported that these mechanisms could be
associated with sexual dimorphism in response to stress, as in ro-
dent studies in the juvenile stage, only the males showed a signifi-
cant trend for neuro - inflammatory changes [80].

Initial studies from Kazl et al. showed that early life environ-
ment plays a significant role in the response of the brain and glial
cells to neuronal injury. They grew a group of rats under a MS
schedule (3h/day) or under maternal care and enriched environment
(EE), and injected kainic acid at PN35. They showed that MS rats
displayed an increase in DNA fragmentation and in microglial acti-
vation in the hippocampus, compared to the EE rats [84]. Another
study combining MS (4h/day, PN2-PNS5 and 6h/day PN6 — PN16)
and early weaning (EW, PN17) showed behavioral alterations such
as greater anxiety in MS-EW adolescent and adult male and female
mice. This study also demonstrated a higher activation of microglial
cells in several regions of the hippocampus (CA3, CAl) of the MS
— EW female mice; this was not observed in MS — EW male mice
[85]. These results were associated to a dysregulation of the trypto-
phan — kynurenine metabolism in the prefrontal cortex of MS — EW
male and female mice [85]. A recent study from our group using the
MS schedule of (3h/day, PN1 — PN14) showed no changes in the
total number and density of microglial cells in the hippocampal
hilus, but instead an increased percentage (from 35% to 58%) of
activated microglial cells in this area was observed in MS male
pups at PN15 [77]. Further, changes in the activated state of micro-
glia together with a reduction of astrocyte density was associated to
an enhanced expression of IL-1f and of TNF-a in hippocampal
extracts of MS pups. Interestingly, IL-1p expression was greatly
enhanced (20 fold) after subjecting a subgroup of MS pups to an
acute stressor, suggesting that this response could contribute to the
programming of ELS of the HPA axis altering the cytokine re-
sponses at hippocampal level [77]. Since cytokines are involved in
cell proliferation and differentiation, it is hypothesized that altera-
tions in cytokine expression at hippocampal level during this early
stage could contribute to alter the process of neurogenesis (known
to be harmed by MS) and the normal maturation of the hippocam-
pus, inducing permanent alterations in its inhibitory control of HPA
axis function and in mood regulation [86, 87].

Apparently, the experience of early life stress is strong enough
to permanently program the neuroimmune system of an individual,
as suggested by the studies of Diz-Chaves et al. [82, 83]. They
showed that the induction of prenatal stress (PS) to the fetal mice
by immobilizing the mother 3 times/day (45min, from gestational
day 12 to delivery) produced a permanent activation of microglial
cells in the dentate gyrus of male and female PS adult mice, and an
exacerbated response of microglial and astrocytic cells to a further
challenge in adulthood [82, 83, 88].

Thus, ELS programs the neuroendocrine system and induces a
silent proinflammatory state in different areas of the brain, inducing
local changes in cytokine expression and sensitizing the glial cells
to respond in an exacerbated way to future challenges, and predis-
posing the individual to develop a psychopathology.

6. THERAPEUTIC APPROACHES TO COUNTERACT
DELETERIOUS EFFECTS OF MS

As stated above, the long term effects of ELS have been thor-
oughly studied in terms of different mechanisms and neurobiologi-
cal changes that take place in the brain and are partially responsible
for the development of psychopathology. An actual line of research
concerns the possible therapeutic treatment, which could counteract
or prevent the deleterious effects of ELS.

In this regard, some studies have been made using antidepressants,
inhibitors of neurotransmitter receptors, or anti-inflammatory
agents. Here we will shortly highlight some examples of these ap-
proaches to show the state of the art in the field.
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6.1. MS and Antidepressants

Affective disorders are usually treated with several types of
antidepressants. Since ELS is an influential factor in the develop-
ment of this psychiatric illness, attempts have been made to coun-
teract the effects by the use of antidepressants to normalize most of
the parameters affected by MS stress.

An early report from Huot et al. [89] described the use of par-
oxetine to inhibit the preference for ethanol observed in MS adult
rats. Antidepressant treatment was administered to adult MS rats
during 21 days before testing and resulted in improvement of anxi-
ety and HPA responses and a lower consumption of ethanol by the
MS rats. Martisova et al. [90] reported on the use of the antidepres-
sant venlafaxine and its effect on the glutamatergic/gabaergic cir-
cuit of the hippocampus of MS rats. They observed that venlafaxine
reversed the upregulation of the glutamate receptor subunits NR1
and NR2A, and GluR4. Studies in vitro demonstrated that this anti-
depressant also counteracted the increase of glutamate and the de-
crease of GABA induced by corticosterone. Thus, the authors con-
cluded that an important target is the modulation of the glutamate
/GABA circuit by antidepressants to improve behavioral effects of
ELS. Cotella et al. [91] tested the use of the antidepressant amitrip-
tyline to correct the HPA axis function in MS adult rats subjected to
chronic stress also in adulthood. Antidepressant treatment was ad-
ministered simultaneously with daily stress exposure from PN 50 —
PN 74. They reported that MS induces a reduction in ACTH plas-
matic levels that the combination of MS and adult chronic stress
raises more the concentration of corticosterone, and that antidepres-
sant treatment prevented this increase in corticosterone. Yoo ef al.
[92] utilized fluoxetine, a 5-hydroxytryptamine (SHT) reuptake
inhibitor, to reverse some of the effects some of the behavioral
effects of MS in female rats. Fluoxetine treatment was started at
PN35 and until the end of the experimental period (PN45). MS
female adults showed an increase of 5-HT metabolism in both, the
hippocampus and the hypothalamus of MS females, while behav-
ioral parameters were not improved in adolescent females. Expo-
sure of an antidepressant during development has been also investi-
gated by the group of Pawluski. Rat pups subjected to prenatal
stress were indirectly administered with fluoxetine, by giving this
substance to the mother. Maternal treatment with fluoxetine re-
versed the immobility in the forced swimming test and the decrease
in hippocampal neurogenesis of prenatal stress offspring [93]. To-
gether, all these experiments show that antidepressant treatment
helps to reverse or to ameliorate several behavioral, neuronal con-
sequences of early life adversity. Clearly, more studies are needed
and with different early stress models testing different time sched-
ules and onset of administration of antidepressants to reverse the
deleterious effects of ELS.

6.2. MS and Anti-inflammatory Agents

Psychiatric illnesses are associated to inflammatory processes
in the brain. Therefore, strategies targeting some key players in the
inflammatory cascade like prostaglandins and the enzyme cy-
clooxygenase-2 (COX-2), might turn to be good therapeutic agents
to prevent or reduce some of the effects of ELS. Studies of Hen-
nessy et al. [94] showed that a proinflammatory state contributes to
the behavioral effects observed during isolation of MS pups. They
showed that the administration of the prostaglandin synthesis in-
hibitor indomethacin reduced the passive repertoire of responses
elicited by pups during a 3h isolation period. Later, Brenhouse and
Andersen [95] blocked the action of COX-2 in the brain of MS rats,
since this is an important mediator of the inflammatory cascade,
and MS increases COX-2 expression in the prefrontal cortex. They
administered a COX-2 inhibitor to the MS rats during preadoles-
cence and showed that this strategy prevented the loss of parvalbu-
min and improved their performance on a working memory task.
Recently, Hennessy et al. [94] administered another anti-
inflammatory agent naproxen, to guinea pig pups during several
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Fig. (1). Schematic representation of the effects of Maternal Separation as Early Stress factor, on different systems, neurons and glial cells.

maternal separation procedures and showed that its administration
reduced the depressive — like behavior and fever elicited by the
pups after the MS procedures.

The above studies confirm the participation of proinflammatory
mechanisms in the behavioral and neuroendocrine effects evoked
by ELS. Clearly more studies are needed with different anti-
inflammatory agents to target and prevent the deleterious conse-
quences of chronic stress exposure at early ages.

In summary early life stress affects different aspects of the
physiology and the mechanisms that are involve still on research.
Certainly, the disruption of mother-child interaction during breast-
feeding that is frequently in low-income-countries is a chronic
stress and alters the children development and their cognitive per-
formance. In figure 1 we summarize the effects of MS, and, in this
sense, animal models are one of the best ways to explain the path-
ways involved and many questions have to be answered.
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