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Background: Adaptation is key to survival. An organism must adapt to environmental challenges in order to be able
to thrive in the environment in which they find themselves. Resilience can be thought of as a measure of the ability of
an organism to adapt, and to withstand challenges to its stability. In higher animals, the brain is a key player in this
process of adaptation and resilience, and through a process known as “allostasis” can obtain “stability through
change”; protecting homeostasis in the face of stressors in the environment. Mediators of allostasis, such as
glucocorticoids, can cause changes in the structure and function of neural circuits, clearly impacting behavior. How
developmental stage interacts with stress and leads to long-lasting changes is a key question addressed in this
review. Scope and Methods: We discuss the concept of allostasis, its role in resilience, the neural and physiological
systems mediating these responses, the modulatory role of development, and the consequences for adult functioning.
We present this in the context of mediators the brain and body engage to protect against threats to homeostasis. The
review has been informed by comprehensive searches on PubMed and Scopus through November 2012. Findings:
Stressors in the environment can have long lasting effects on development, depending upon the stage of life at which
they are experienced. As such, adverse childhood experiences can alter resilience of individuals, making it more
difficult for them to respond normally to adverse situations in adulthood, but the brain maintains the capacity to re-
enter a more plastic state where such effects can be mitigated. Conclusions: The brain regulates responses that
allow for adaptation to challenges in the environment. The capacity of the brain and body to withstand challenges to
stability can be considered as “resilience”. While adverse childhood experiences can have long-term negative
consequences, under the right circumstances, the brain can re-enter plastic states, and negative outcomes may be
mitigated, even later in life. Keywords: Allostasis, hormones, neurobiology, aging, brain development.

on one’s life problems, constant thinking about
unachieved goals, or blaming oneself for any number
of mishaps that could occur in the course of a single
day (Schulkin, McEwen & Gold, 1994). For instance,
sleep can be dramatically disrupted in individuals
exposed to endotoxin challenges (Raison, Lowry &
Rook, 2010; Risold & Swanson, 1996). However,
these same sleep and biological timing processes can
also be affected by ruminating about why one was
passed up for a promotion at work. As such, from the
simple to the complex, threats to homeostasis can be
considered an index of survival, and the brain is the
key organ that mobilizes the body’s defenses, for
better or worse, to mitigate such threats, and return
the organism to homeostatic balance. This review
discusses these brain-body interactions in relation
to the neurobiology and physiology of adaptation
across the life course. In this discussion, we shall
note the powerful role of early life experiences in
setting the responsiveness of the brain and body
through the life course.

Introduction

The primary function of any organism is to survive,
reproduce, and ensure that its genetic material is
successfully transmitted to the next generation. This
is as biologically true of single-celled organisms as it
is of humans. While the complexity of these survival
responses varies dramatically through phylogeny, it
is clear that all life has devised mechanisms to
achieve this seemingly simplistic goal. In mammals,
and all other vertebrates for that matter, maintaining
homeostasis is essential for survival. These homeo-
static drives span a wide gamut, from the seemingly
‘simple’ task of regulating body temperature, to more
complex whole organism responses such as getting
adequate food and sleep. Threats to homeostasis, be
they real or perceived, are taken as threats to
survival, and an animal’s physiology engages a set
of responses that are meant to defend homeostasis,
usually by attempting to remove the threat. In most
cases, these threats are externally generated, by an
environmental perturbation that causes a shift in
some underlying physiological system. However, and

this is particularly clear in humans, internally gen- The brain is the key organ that determines
erated threats also play a role, such as ruminating successful adaptation or damage

The brain is the central organ of adaptation to
stressors because it constantly samples the environ-
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threatening, and determines behavioral responses
such as fighting or fleeing; moreover, the brain also
regulates autonomic, neuroendocrine and metabolic
systems, and responds to their hormonal and neural
feedback, which, in turn, can shape the structure
and function of the brain throughout the life course
(McEwen, 1998; McEwen & Gianaros, 2011). In this
context, it is important to introduce the concept of
allostasis, or ‘stability through change’. The brain
activates mediators of allostasis when threats to
homeostasis, most commonly referred to as ‘stres-
sors’ are detected. These mediators allow the organ-
ism to function in the face of altered physiological
parameters, in the hopes that such functioning will
result in successfully coping with, and the eventual
termination of, the stressor. Thus, allostasis allows
an organism to adapt to environmental perturbation
in the short term. The adaptive process that occurs
via allostasis helps maintain homeostasis; however,
overuse and dysregulation of this process can lead to
‘allostatic load’ or ‘allostatic overload’ involving ‘wear
and tear’ on body and brain and acceleration of
pathophysiology leading to many of the diseases that
are common in modern life, from depression to
cardiovascular disease (Cohen, Janicki-Deverts &
Miller, 2007; McEwen & Gianaros, 2011). Allostatic
responses are important in the concept of resilience.
Resilience is the ability of an organism to withstand
environmental challenges to normal function, and as
such, successful allostatic responses can directly
contribute to resilience by providing stability in a
changing environment. Importantly, the concept of
resilience can also be conceptualized in a more long-
term view. That is, while resilience in the moment is
important (e.g., following acute challenges), long-
term resilience is also essential. As such, resilience
can also be considered on longer time scales, in
which a developing individual is able to withstand
challenges that may result in changes to normal
function in adulthood. Thus, when investigating
resilience, one must appreciate both the short-term
acute aspects of resilience and the long-term influ-
ences and adaptations that environmental or psy-
chological challenges during sensitive periods of
development may have.

Hormones: agents of adaptation and change
in the brain

As discussed, the brain and body respond to stres-
sors in the environment through numerous mecha-
nisms. One such mechanism that has received
ample study is the role that hormones play in
sculpting the brain. Hormones play an important
role in brain plasticity and represent an important
channel of communication between the brain and
the body (McEwen, 2007). Besides steroid hormones
of the adrenal glands, those of the thyroid gland,
gonads, as well as metabolic hormones also have
important effects on the central nervous system
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(McEwen, 2007). The brain response to circulating
hormones extends beyond the hypothalamus to
encompass most brain regions, including higher
cognitive centers, and involves structural plasticity,
among other effects (McEwen, 2007). Structural
plasticity includes the turnover of synaptic connec-
tions and the growth and shrinkage of dendrites in
amygdala, prefrontal cortex (PFC) and hippocampus
as well as limited amounts of neurogenesis.

We have studied the role of sex and stress
hormones in structural remodeling in the hippocam-
pus. Sex hormones regulate the estrous cycle vari-
ation in spine synaptic density on CAl pyramidal
neurons in the female hippocampus, as well as PFC
and other areas of the brain; androgens also regulate
spine density in similar regions of the male brain
(McEwen, 2010). The wunderlying mechanisms
involve estrogen and androgen receptors that are
both genomic and nongenomic, meaning that some
are located in the cytoplasm and in synaptic termi-
nals, dendrites, mitochondria, and glial cell pro-
cesses while others are expressed in cell nuclei in
pyramidal neurons and in subtypes of GABAergic
inhibitory interneurons (Dumitriu, Rapp, McEwen &
Morrison, 2010; McEwen, 2010; McEwen & Milner,
2007). This receptor distribution is indicative of a
host of nongenomic signaling pathways that influ-
ence diverse cellular processes such as actin poly-
merization, neurotransmitter release, mitochondrial
calcium retention, and local protein synthesis
(Dumitriu et al., 2010; McEwen, 2010; McEwen &
Milner, 2007).

The effects of stress on the hippocampal formation
involve the stress-induced retraction of apical den-
drites in CA3 pyramidal neurons and the suppres-
sion of neurogenesis in the dentate gyrus (McEwen,
2010). A key feature of the former process is the
synergistic involvement of circulating glucocortic-
oids and excitatory amino acids to cause cytoskeletal
depolymerization and reversible dendritic retraction
(McEwen, 2010), seen most dramatically in the hiber-
nating European hamster (Magarinos, McEwen,
Saboureau & Pevet, 2006), but also as a result of
chronic stress (McEwen, 2010). It should be noted
that the dentate gyrus-CAS region of the hippocam-
pal formation is particularly vulnerable to seizure-
induced damage (McEwen, 2010). Thus, one of the
key open questions is the extent to which these
stress-induced changes represent an adaptive
reduction in vulnerability to excitotoxic damage
(McEwen, 2010) or increase the vulnerability of this
brain regions to subsequent seizure-induced dam-
age (Conrad, 2008). Ongoing studies of epigenetic
mechanisms involving repression of genetic informa-
tion may help shed light on this question in terms of
genomic stability vs. instability (Hunter, McCarthy,
Milne, Pfaff & McEwen, 2009).

Investigations of the role of adrenal steroids and
the mineralocorticoid (MR) and glucocorticoid recep-
tors (GR) that are expressed in the hippocampus and
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other brain regions have led to new information that
points to a diverse range of actions on many cellular
functions. Besides the traditional genomic role (Oi-
tzl, Reichardt, Joels & de Kloet, 2001; Revest et al.,
2005), both MR and GR are expressed in nongenom-
ic sites (Johnson, Farb, Morrison, McEwen &
LeDoux, 2005; McEwen & Getz, 2012), have nonge-
nomic roles in glutamate release (Karst et al., 2005;
Polman et al., 2012) as well as mitochondrial cal-
cium buffering (Du et al., 2009) and rapid (within
hours) formation and down-regulation of spine syn-
apses (Liston & Gan, 2011), dendritic growth, and
branching (Gould, Woolley & McEwen, 1990). There
are also the effects of adrenal steroids to rapidly
increase endocannabinoid synthesis (Hill, Karatso-
reos, Hillard & McEwen, 2010; Tasker, Di & Mal-
cher-Lopes, 2006) that may or may not involve the
classical GR as opposed to an as yet-undefined
membrane glucocorticoid receptor (Polman et al.,
2012). Finally, there are reported to be rapid, non-
genomic, ligand-independent effects of glucocortic-
oids to activated trkB receptors for neurotrophins
(Jeanneteau, Garabedian & Chao, 2008).

Beyond the hippocampus: effects of stress on
structural plasticity in other brain regions

Although the hippocampus has been the focus of
much of the initial work on stress-induced changes in
brain structure and function, work over the past
decade has shown that other brain areas are also
involved, and two in particular, the PFC and the
amygdala, have received special attention. Whereas
the hippocampus plays a central role in learning and
memory, as well as in mood, the PFC is a key brain
region that regulates executive function, inhibitory
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control, and cognitive flexibility (Figure 1). The amyg-
dala (AMY) is a key brain region that regulates
emotionality, aggression, and affect based learning
and memory, such as fear conditioning. Interestingly,
these brain regions show somewhat divergent
responses to stress and stress mediators, in that they
do not always respond in the same way as the
hippocampus, thatis, they do not only show dendritic
retraction. Importantly, the behavioral consequences
of chronic stress exposure closely match the changes
in underlying brain morphology and function.

As mentioned, the PFC is a key brain region that
mediates many ‘higher cognitive’ functions in
humans and nonhuman animals. Whereas the
human PFC is extremely complex and large com-
pared with other brain regions, in rodents such as
rats and mice, it is much simpler. Yet, even in these
species, the PFC exerts clear control over inhibition,
attention, and cognitive flexibility (McEwen & Giana-
ros, 2011). Following chronic stress exposure, neu-
rons of the prelimbic medial PFC (PL) show dramatic
shrinkage and loss of complexity; however, neurons
of the orbitofrontal PFC (OF) show a clear increase in
complexity following chronic stress (Liston et al.,
2006), which is interesting when one considers that
this part of the PFC is centrally important in
processing the affective aspect of cognitive behav-
iors, and given the changes in the AMY (discussed
below) provides an anatomical substrate for the
changes in emotionality observed following chronic
stress. In both the PL and the OF, the changes in
dendritic complexity are accompanied by concomi-
tant changes in dendritic spines, which largely
decrease in the PL and increase in the OF.

In this sense, not only are there fewer and less
complex dendrites in the PL after chronic stress but

Environmental/psychological
stressors in adulthood

Perceived stress
-Threat/ne threat

-Helplessness

-Vigilance

Hippocamipus

Individual differences
-Adverse childhood
Experiences
=Genetic polymorphisms

Prec % Amygdala

Behavioral responses
-Emational behaviors
~Cognitive function
-Coping strategies

-Epigenetic medifications /
Physiologic responses

Figure 1 Multiple pathways interact to determine physiological and neurobehavioral responses to stress/trauma in adulthood.
The interaction of genetics and early environmental experiences can affect the way an individual responds to stressors or trauma in
the environment at the physiological and neurobehavioral levels later in life, thus changing the effects of these negative stimuli on the
structure and function of key brain areas involved in emotionality and cognition, particularly the prefrotnal cortex (PFC), amygdala, and
the hippocampus. The altered physiological response to perceived stressors can also feedback to modulate these brain areas, thus
providing both additional vulnerability, but also potential pathways by which resilience may be bolstered
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also those dendrites seem to have fewer dendritic
spines, suggesting even less connectivity. In the OF,
the effect is the opposite after chronic stress: hyper-
trophied neurons with an increase in spine density.
Along the lines observed in the PFC, in response to
chronic stress, the AMY shows hypertrophy of neu-
rons in the basolateral aspect of the nucleus (Vyas,
Mitra, Rao & Chattarji, 2002), as well as an increase
in the number of dendritic spines in this region, thus
greatly increasing the activity of the AMY and
responses to emotionally charged stimuli in the
environment.

It is important to highlight that these stress-
induced changes in each of these brain regions is
not occurring in a vacuum. That is, these brain
regions are interconnected, and have interacting
effects on behavioral output. For instance, the pro-
cessing of memories with an emotional valence with
contextual information in the environment requires
intact amygdala—hippocampal connections, whereas
on the other hand, the PFC can inhibit AMY activity,
and plays a key role in the extinction of fear learning.
Thus, when taken as a circuit, one can see how
decreased inhibitory outflow from the PFC and
increased activity at the AMY can result in a circuit
that is fundamentally altered and no longer responds
appropriately to stimuli in the environment, partic-
ularly emotionally charged stimuli.

Recovery and reversibility: the brain is a
resilient organ

The adult as well as developing brain has consider-
able structural and functional plasticity and capac-
ity for resilience (Karatsoreos & McEwen, 2011) and
there are numerous strategies for promoting plas-
ticity involving ‘top down’ interventions such as
physical activity and caloric restriction combined
in some cases with pharmaceutical agents as facil-
itators of plasticity. One of the important questions
in current research and practice is how early life
events shape the brain and whether adverse early
life experiences can be reversed. Evidence from
animal models shows the importance not only of
the amount of maternal care (Francis, Diorio, Liu &
Meaney, 1999) but also the consistency of that care
and exposure to novel experiences in cognitive,
social development, as well as physical growth
(Akers et al., 2008; Tremblay & Chaput, 2012).
Prenatal stress (Maccari & Morley-Fletcher, 2007),
postnatal separation of pups from their mothers
(Eiland & McEwen, 2012), and also stress during
puberty (Isgor, Kabbaj, Akil & Watson, 2004) have
all been reported to impair hippocampal develop-
ment and function. Reversible methylation of cyto-
sine residues on DNA is a key feature of the effects of
maternal care (Weaver et al., 2004) and such meth-
ylation, particularly of the glucocorticoid receptor
promoter, has been used as a biomarker of the
effects of early life abuse on the human brain
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(McGowan et al., 2009). Besides these effects that
focus largely on the hippocampus, there are reports
of the importance of suppression development of the
AMY in the ability of young rats to be positively
conditioned to odors paired with shock and the role
of glucocorticoids in promoting maturation of the
AMY to establish the normal role of the AMY in
aversive conditioning (Moriceau & Sullivan, 2006).
Finally, the food insecurity paradigm in rhesus
monkeys involving the variable presentation of food
to the mother in amount, time, and location leads to
chronic anxiety in the offspring and also potential to
develop the metabolic syndrome (Coplan et al.,
2001; Kaufman et al., 2005).

Recent experimental findings have begun to chal-
lenge our previously held views on the capacity of
certain brain circuits to re-enter a plastic state from
what was previously considered a more ‘crystalized’
state that would be resistant to repair or remapping.
A noteworthy illustration of this, which also relates
to adrenal steroid action, is the reported ability of
corticosterone in the drinking water to facilitate the
reversal of neonatal monocular deprivation toward
establishing binocular vision when adults are also
given visual stimulation (Spolidoro et al., 2011). The
seminal work of Hubel and Wiesel [reviewed in:
(Espinosa & Stryker, 2012)] on the importance of
early visual experience in the formation of ocular
dominance columns showed how the early environ-
ment could shape the wiring of the brain. They
showed how changing the visual environment of
kittens could change the formation of ocular domi-
nance columns, and if monocular deprivation
occurred at a particular time, could impair binocular
vision in adulthood. These findings led to changes in
the way childhood strabismus and cataracts were
treated, and eventually they were awarded a Nobel
Prize in Physiology or Medicine for their findings.
Although the effects of monocular deprivation
remain irrevocable fact, the ability for the brain to
recover from this early insult has been re-examined.
Specifically, Spolidoro et al. conducted a clever
experiment in which rats were monocularly deprived
in early life, and the formation of ocular dominance
columns in adulthood was explored. As predicted,
monocular deprivation early in life altered the for-
mation of these cortical structures. Remarkably, two
treatments were able to Teopen’ this previously
closed window. If rats were either exposed to corti-
costerone in their drinking water on alternating
days, or underwent short-term food deprivation with
food available only every other day, plasticity in this
circuit was restored (Spolidoro et al., 2011). Thus,
there are mechanisms by which brain circuits pre-
viously considered to be permanently established,
can be encouraged to become plastic once more. This
along with the effects summarized in the previous
section of this review, in particular (Liston & Gan,
2011), provides a novel view of the ability of adrenal
hormones to promote adaptive plasticity.
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Long-term adaptation: when the brain shifts
the ‘status quo’

The previous section dealt with how hormones that
are released from peripheral glands can impact the
structure, and function, of the brain. As discussed, in
many cases, these effects are reversible, and in most
instances, this reversibility is a desired outcome. The
brain initially detected an environmental challenge,
deployed the appropriate countermeasures to help
adjust to these environmental demands, and once
the demand ceased, returned back to baseline; a
classic example of allostasis. However, there are time
points in the course of an organism’s development
where the environment is able to actively, and last-
ingly, alter the neural, physiological, and ultimately
behavioral systems of the organism to optimize
physiology and behavior for the environment and life
history stage in which the organism finds itself [e.g.,
the Adaptive Calibration Model (Mecawi et al.,
2011)]. One such key stage of development that has
garnered much basic and clinical research is the
neonatal period, and the early life experiences of
childhood. An excellent example of the strong impact
of in utero environmental stressors on the long-term
function of individuals is the remarkable study of the
Dutch ‘hunger winter’ of 1944 (Kyle & Pichard, 2000).
This famine occurred because of German embargo of
food and supplies on the Netherlands after the Allied
invasion of Normandy, and a particularly harsh
winter immediately following the partial lifting of the
embargo. In a tour de force study, the Dutch Famine
Birth Cohort study explored the sustained effects of
this famine on children whose mothers were sub-
jected to this very stressful event. The findings
revealed that children of these women were smaller,
and more susceptible to obesity, diabetes, cardiovas-
cular disease, and other health problems (Kyle &
Pichard, 2006).

Biological embedding, adaptation to a new

environment, and cumulative wear and tear

The Dutch Famine Birth Cohort studies, and other
studies exploring the effects of more positive envi-
ronments, have encouraged the development of
models and explanations for these long-term
effects. Adverse or positive early life experiences
lead to ‘biological embedding’ via gene-environment
interplay, and shape the brain and body; in the
end, they bias the individual to react in certain
ways to stressors generated both externally and
internally (Rapp & Gallagher, 1996; Shonkoff,
Boyce & McEwen, 2009). In hopes of quantifying
how these childhood experiences can contribute to
health and long-term well-being, the Adverse Child-
hood Experiences (ACE) study was launched. The
purpose of this study is to devise a metric (the ACE
score) that can help to predict how early childhood
neglect or abuse will affect an individual’s adult
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health. A guiding notion of this idea is that the
early childhood environment can shape both neu-
ral and physiological responses to stimuli later in
life. An explanation of why such early experiences
have long-lasting effects is that all stimuli, good
and bad, can result in ‘adaptive calibration’, in
other words, somewhat extreme conditions early in
life can alter neural and physiological parameters
to function optimally in the expected extreme
environment.

Adaptive calibration refers to the notion that these
adaptations can serve a useful purpose in a partic-
ular environment. For example, an individual that is
more vigilant and anxious in a dangerous and
chaotic environment is better adapted to that envi-
ronment as is an individual who is calm, curious,
and unafraid from growing up in a stable and safe
environment, where long-term planning is possible
(Del Giudice et al., 2011). Yet, because the nature of
the experiences of these two types of individuals in
their respective environments is likely to be quite
different, each type of individual is on a different
trajectory for health and disease. This is shown by
the gradients of diseases of modern life seen across
education and income known collectively as socio-
economic status, or SES (Marmot, 2004), as well as a
function of gradients of inequality in different soci-
eties (Wilkinson & Pickett, 2010). Furthermore,
putting those individuals into the opposite kind of
environment requires further adaptation and plas-
ticity and can lead to allostatic load and exacerbate
pathophysiology and disease when the adaptation
causes chronic stress and also an unhealthy lifestyle
— for example, lack of exercise, bad food, smoking,
substance abuse (McEwen, 2006; McEwen & Lasley,
2002). For example, taking someone from a safe and
secure environment into a chaotic and dangerous
one may be stressful, but possibly their ‘better’
neural architecture will allow adaptation; on the
other hand, taking someone born into a chaotic
environment into a safe one where long-term plan-
ning is an adaptive strategy may lead to severe
problems (Tough, 2011). In that connection, it is
interesting to hypothesize that perhaps the biological
embedding that occurred in the Dutch Hunger
Winter could have served those children well had
the harsh environment that lasted longer. Instead,
after the end of the war, and eventual recovery and
prosperity of Western Europe, these individuals were
faced with a nutritionally rich and more secure
environment — conditions that their brains and
bodies were perhaps not anticipating based on the
environment of early life.

Periods of biological embedding: is it ever too
late?

There is no question that there are several periods of
development when neurobehavioral function is orga-
nized, and become very difficult to change. Over the
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life course, there appear to be four slightly
overlapping periods that are sensitive to biological
embedding. These include the prenatal period
(Morley-Fletcher et al., 2011; Mueller & Bale, 2008;
Pankevich, Mueller, Brockel & Bale, 2009), the
neonatal period (Akers et al., 2008; Francis et al.,
1999; Moriceau & Sullivan, 2006), early childhood
(Almas et al., 2012; Nelson et al., 2007; Sheridan,
Fox, Zeanah, McLaughlin & Nelson, 2012), and
adolescence (Casey et al., 2010; Isgor et al., 2004;
Pattwell, Bath, Casey, Ninan & Lee, 2011). However,
itis important to keep three things in mind. First, the
adult brain has the capacity for long-term change
(e.g., memories that last a lifetime). Some of these
changes may have both neuroanatomical and epige-
netic changes. Second, there are different sensitive
periods beyond which it is much more difficult to
produce change. A more innocuous example of this
is the acquisition of language skills, including the
ability to acquire a foreign language, or the basic
verbal ability and vocabulary as documented by Hart
(Hart & Risley, 1995). More serious examples could
include the effects on mood and cognition, as
described by the orphanage studies discussed above
and below. Third, reactivation of plasticity is possi-
ble, as the examples from the visual system (Spolid-
oro et al., 2011; Vetencourt et al., 2008). The key
point here is we do not yet know the possibilities and
the limits of biological embedding, and when, or how,
such early life impacts can be mitigated.

Epigenetics and the impact of early life events
and sex differences

As discussed above, early life experiences (particu-
larly ACE) have a lasting impact on brain develop-
ment and function through epigenetic mechanisms
that interact with genotype. On one hand, the
multiple genetic factors that contribute to brain
development and function are recognized to exist in
alleles that confer differential responsiveness to
environmental influences [so-called ‘reactive alleles’
and the orchids vs. dandelion distinction (Boyce &
Ellis, 2005; Dobbs, 2009; Suomi, 2006)]. Although
this view may help explain how the environment can
shape gene expression, there is growing evidence
that some early life environments may actually affect
subsequent generations, even though those individ-
uals never experienced those aversive situations. For
instance, it was demonstrated that the children of
the Dutch Hunger Winter were smaller, on average.
This suggested some kind of ‘epigenetic’ (‘above the
genome’) effect. Over the past decade, intensive
research has been undertaken to understand how
such epigenetic effects are manifested at the behav-
ioral level of subsequent generations, and the spe-
cific mechanisms by which such changes occur at
the level of genetic information. The work of Liu et al.
indicated the type of maternal care experienced by
rat pups could alter GR expression in the brain, and
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alter the response of the hypothalamic pituitary
adrenal (HPA) ‘stress’ axis (Liu et al., 1997). Sub-
sequent work by the laboratory of Michael Meaney
elaborated on this, and demonstrated that maternal
care could result in the hypermethylation of the GR
promoter in the hippocampus, thus altering GR
expression, and hence the sensitivity of the hippo-
campus to glucocorticoids (Weaver et al., 2004).
Recently, additional data from the Meaney group
have shown that maternal care can change methyl-
ation of hippocampal glutamic acid decarboxylase
promoter (Zhang et al., 2010), as well as hippocam-
pal metabotropic glutamate receptor 1 promoter
activity (Bagot et al., 2012). Thus, we have begun
to understand how changes in maternal care and
early life experience can alter the properties of neural
circuits and their response to stimuli in the environ-
ment through epigenetic modifications.

The studies of maternal care by the Meaney group
have been supplemented by work by Tang and
colleagues on the consistency of maternal care over
time and the controlled exposure of pups to novelty,
both of which result in enhanced physical, cognitive,
and social development (Akers etal.,, 2008;
Tang, Yang, Reeb-Sutherland, Romeo & McEwen,
2012). A key mediator appears to be stress self-
regulation by the mother (Tang et al., 2012). Thus, it
is not so much the amount of maternal care, but its
consistency that provides a stable platform for
emotional regulation and cognitive function later in
life, and a key factor is the ability of the mother to
efficiently turn on her HPA axis stress response
(Tang et al., 2012). These observations in the rodent
maternal care model are consistent with work on
monkey by Parker, Lyons, and colleagues (Parker,
Buckmaster, Sundlass, Schatzberg & Lyons, 2006).

The new view of epigenetics now involves many
aspects of the regulation of gene expression and
abolishes the nature-nurture dichotomy by introduc-
ing not only the repression and activation of chromo-
somes by histones (Allfrey, 1980; Fischle, Wang &
Allis, 2003) but also the methylation of cytosine
residues on DNA (Maya-Vetencourt et al., 2012;
McGowan et al., 2009) and the role of microRNA’s
and mitochondrial genes (Mehler, 2008). Gradually,
we are building a picture of how epigenetic changes,
and the mechanisms of gene X environment interac-
tion, can alter resilience of the brain [see review by
(Russo, Murrough, Han, Charney & Nestler, 2012)].

There is ample evidence that early life events can
impact many facets of the circuitry discussed above,
and in some cases, this may be related to changes in
the stress axis. For instance, work by Lupien and
colleagues has shown that levels of cortisol in
children are correlated with their mother’s socioeco-
nomic status and depressive symptoms (Lupien,
King, Meaney & McEwen, 2000). Interestingly, an
increased AMY size has been observed for 10-year-
old children that have been exposed to maternal
depression from birth (Lupien etal.,, 2011). In
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studies with a similar theme, Pruessner and cowork-
ers have shown that prenatal care can influence
adult stress responsivity (Walker, Sapolsky, Meaney,
Vale & Rivier, 1986), and that high maternal cortisol
early in gestation is correlated with increased AMY
size and affective problems in approximately 7-year-
old children, particularly in girls. This is particularly
interesting as it should also be noted that there are
sex differences in how the brain responds to stress
both in hippocampus (Galea et al., 1997) and in PFC
(Shansky et al., 2004, 2010) that involve both
developmentally determined sex differences as well
as the actions of estrogens in the mature brain.
Much work needs to be done to elucidate when and
how these sex differences come about and what they
mean for behavior and other brain functions as well
as psychopathology and pathophysiology. In addi-
tion, numerous studies have demonstrated that
cognition is impacted in children from low SES
(Farah et al., 2006; Noble, McCandliss & Farah,
2007; Noble, Norman & Farah, 2005; Thompson &
Swanson, 2010). Noteworthy new work exploring
effects of early life institutionalization has shown
correlated changes in neural structure. Work by
Sheridan has explored changes in the structure of
cortex, through MRI and EEG (Sheridan et al.,
2012), of Romanian orphans in the Bucharest Early
Intervention Program (BEIP). The BEIP group was
made up of randomized individuals who were either
institutionalized orphans, maintained in standard
care, or previously institutionalized orphans that
were placed into high-quality foster care. Numerous
studies have explored how changes in the type of
care result in altered behavioral outcomes of previ-
ously institutionalized children, including indiscrim-
inate social behavior (Drury etal.,, 2012) and
executive function (Bos, Fox, Zeanah & Nelson Iii,
2009; McDermott, Westerlund, Zeanah, Nelson &
Fox, 2012). Remarkably, the Sheridan study showed
that institutionalized children showed similar
decreases in white matter volume when compared
with never institutionalized children, regardless of
the type of care they received. However, when
exploring changes in gray matter, the children who
were placed into high-quality foster care showed
similar gray matter volume as the never institution-
alized children, whereas the standard care as usual
orphans showed less gray matter volume (Sheridan
et al., 2012). In addition, the question of gene X
environment interactions has also been addressed in
such early life adversity studies with children in both
the BEIP and the English-Romanian Adoption (ERA)
study. In the BEIP cohort, Drury et al. showed
a relationship between the type of care and if the
child was a carrier of either the BDNF val66met allele
or the serotonin transporter (SHTT) allele, with
respect to indiscriminate social behavior (Drury
et al., 2012). In the ERA cohort, Kumsta et al.
showed that children carrying the SHTT allele were
at greater risk in developing adolescent emotional
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difficulties, particularly if they had suffered
adverse early life experiences in an institutionalized
setting (Kumsta et al., 2010). This study, and that
of others, has begun to uncover the links between
early life experiences, genetics, neural circuitry, and
later affective and neurocognitive problems in
children.

Recovering from adverse child experiences:
animal models and the human condition
Adverse childhood experiences (ACE, as described
above) show lasting effects on physical and mental
health (Anda, Butchart, Felitti & Brown, 2010;
Danese & McEwen, 2011) and represent the human
counterpart of adversity in animal models. Besides
prevention (e.g., http://www.nursefamilypartnership.
org/; http://developingchild.harvard.edu/index.php/
activities /council/), what are the prospects of amelio-
rating physical and mental health problems once they
haveemergedasaresultofACEinchildrenand adults?
In the animal model domain, treatment of an anxious
substrain of rats at birth with the neurotrophic factor,
FGF2, reverses the anxiety phenotype in adult life
(Turner, Clinton, Thompson, Watson & Akil, 2011).
Moreover, anovel antidepressant, agomelatine, shows
the ability to reverse some of the affects of prenatal
stress on the hippocampus and behavior when give to
young adults (Morley-Fletcher et al., 2011). In the
human domain, successful cognitive-behavioral ther-
apy has been reported to longitudinally cause reduced
AMY volume in anxiety disorders (Holzel et al., 2009)
and increased prefrontal cortical gray matter volume
in chronic fatigue patients (de Lange et al., 2008).
Moreover, regular physicalactivityin sedentaryelderly
people increases hippocampal volume (Erickson
et al.,, 2011) and also prefrontal cortical blood flow
(Colcombe et al., 2004). Thus, ‘top down’ behavioral
interventions may have theabilitytoalterthe brainand
behavior toward more favorable states.

Conclusion

This review has discussed brain-body interactions
in relation to the neurobiology and physiology of
adaptation to stressors and other challenges across
the life course, with particular emphasis on the
central role of the brain. We have noted the impor-
tance of disturbances of homeostasis, such as
disruptions in metabolic systems or sleep, as a
predisposing agent to life stressors. We have also
emphasized the profound influence of early life
experiences (biological embedding) as another pre-
disposing factor for life stressors and the cumulative
burden reflected in the terms ‘allostatic load and
overload’. Thus, from the simple to the complex and
from early life to daily experiences, threats to
homeostasis can be considered an index of survival,
and the brain is the key organ that mobilizes the
body’s defenses, for better or worse, to remove the
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threats, and return the organism to homeostatic
balance.

As neurobiologists who are aware of the capacity of
the brain to store memories of a lifetime, as well as
capacity of the brain for plasticity and vulnerability
to stressful experiences, and its ability to influence
and respond to systemic physiology and pathophys-
iology, our overall message is that as a society where
lifetime stress is increasing, and where our evolu-
tionary ancient homeostatic systems are facing new
perturbations such as high-fat fast food and con-
stantly ‘on’ society, we cannot afford to ignore these
factors even if they are less easy to pinpoint and to
prevent or treat. Indeed, although it is a useful
adjunct to more targeted top down’ interventions,
pharmacological therapy is not the ultimate solu-
tion. We must continue to search for relevant
biomarkers (which may involve measuring brain
activity or its surrogates with imaging methods) even
as society uses strategies of good clinical practice to
get relevant personal information and find methods
to better prevent or treat by cognitive, behavioral
(e.g., mindfulness) and psychotherapy. If we can
assemble warning signs during development to
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determine how to intervene during childhood, or
potentially ‘re-open’ aspects of these developmental
windows in adulthood, we can combine approaches
to help recalibrate a brain that perhaps went down
the wrong path. The first step to finding these
solutions, particularly in the case of the developing
brain, is that we need to be aware of how the
environment can sculpt neural circuits through
various pathways, and that some of these changes
may be long lasting.
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Key points and future directions

e To survive, organisms must adapt and respond to changes in the environment. The process used to achieve
stability in the face of environmental perturbations is known as allostasis.

e Resilience is the ability of an organism to withstand threats to stability in the environment. In a sense,
resilience represents the ability to bend without breaking in the face of environmental or psychological
perturbations.

e The mediators of allostasis, such as the glucocorticoids, cytokines, and neurotrophins can thus also be
considered as contributing to resilience.

e In both animal models and humans, different stages of the life cycle seem to be more or less malleable.
Particularly, early developmental time points seem to be those in which the brain is most plastic and can be
affected over the long term by environmental or psychological challenges.

e Adverse childhood experiences (ACE) have been shown to alter the trajectory of neurobehavioral develop-
ment, and result in long-term effects into adulthood. Moreover, it is clear that these effects are an interaction
between environmental exposures and an individual’s genotype.

e Epigenetics is an important area for future work to understand how changes in the environment can affect the
genome, and how these effects may then show transgenerational transfer.

e It is important to emphasize that we still know little about both the possibilities, and limitations, of reopening
windows of plasticity. This knowledge could dramatically alter how interventions are considered during
adulthood to address early childhood difficulties.

e Future work should be aimed at exploring the capacity for the adult brain to display plasticity previously only
seen during development. In addition, more work is needed to understand the mechanisms by which ACE
affects long-term neural function, and if such changes can be reversed.

References

Akers, K.G., Yang, Z., DelVecchio, D.P., Reeb, B.C., Romeo,
R.D., McEwen, B.S., ... & Tang, A.C. (2008). Social
competitiveness and plasticity of neuroendocrine
function in old age: Influence of neonatal novelty
exposure and maternal care reliability. PLoS One, 3,
e2840.

Allfrey, V.G. (1980). Molecular aspects of teh regulation of
eukaryotic transcription: Nucleosomal proteins and their
postsynthetic modifications in the control of DNA
conformation and template function. In L. Goldsteiin & D.
Prescott (Eds.), Cell biology: A comprehensive treatise (pp.
348-409). New York: Academic Press, Inc.

Almas, A.N., Degnan, K.A., Radulescu, A., Nelson, C.A. 3rd,
Zeanah, C.H., & Fox, N.A. (2012). Effects of early

© 2013 The Authors. Journal of Child Psychology and Psychiatry © 2013 Association for Child and Adolescent Mental Health.



doi:10.1111/jcpp.12054

intervention and the moderating effects of brain activity on
institutionalized children’s social skills at age 8. [Research
Support, N.I.LH., Extramural Research Support, Non-U.S.
Gov't]. Proceedings of the National Academy of Sciences of
the United States of America, 109 (Suppl. 2), 17228-17231.

Anda, R.F., Butchart, A., Felitti, V.J., & Brown, D.W. (2010).
Building a framework for global surveillance of the public
health implications of adverse childhood experiences.
American Journal of Preventive Medicine, 39, 93-98.

Bagot, R.C., Zhang, T.Y., Wen, X., Nguyen, T.T., Nguyen,
H.B., Diorio, J., ... & Meaney, M.J. (2012). Variations in
postnatal maternal care and the epigenetic regulation of
metabotropic glutamate receptor 1 expression and
hippocampal function in the rat. Proceedings of the
National Academy of Sciences of the United States of
America, 109 (Suppl. 2), 17200-17207.

Bos, K.J., Fox, N., Zeanah, C.H., & Nelson lii, C.A. (2009).
Effects of early psychosocial deprivation on the development
of memory and executive function. Frontiers in Behavioral
Neuroscience, 3, 16.

Boyce, W.T., & Ellis, B.J. (2005). Biological sensitivity to
context: I. An evolutionary-developmental theory of the
origins and functions of stress reactivity. Development and
Psychopathology, 17, 271-301.

Casey, B.J., Jones, R.M., Levita, L., Libby, V., Pattwell, S.S.,
Ruberry, E.J., ... & Somerville, L.H. (2010). The storm and
stress of adolescence: Insights from human imaging and
mouse genetics. [Research Support, N.ILH., Extramural
Research Support, Non-U.S. Gov’tReview]. Developmental
Psychobiology, 52, 225-235.

Cohen, S., Janicki-Deverts, D., & Miller, G.E. (2007).
Psychological stress and disease. JAMA, 298, 1685-1688.
Colcombe, S.J., Kramer, A.F., Erickson, K.I., Scalf, P.,
McAuley, E., Cohen, N.J., & Elavsky, S. (2004).
Cardiovascular fitness, cortical plasticity, and aging.
Proceedings of the National Academy of Sciences of the

United States of America, 101, 3316-3321.

Conrad, C.D. (2008). Chronic stress-induced hippocampal
vulnerability: The glucocorticoid vulnerability hypothesis.
Reviews in the Neurosciences, 19, 395-411.

Coplan, J.D., Smith, E.L.P., Altemus, M., Scharf, B.A., Owens,
M.J., Nemeroff, C.B., ... & Rosenblum, L.A. (2001). Variable
foraging demand rearing: Sustained elevations in cisternal
cerebrospinal fluid corticotropin-releasing factor
concentrations in adult primates. Biological Psychiatry, 50,
200-204.

Danese, A., & McEwen, B.S. (2011). Adverse childhood
experiences, allostasis, allostatic load, and age-related
disease. Physiology & Behavior, 106, 29-39.

Del Giudice, M., Ellis, B.J., & Shirtcliff, E.A. (2011). The
Adaptive Calibration Model of stress responsivity.
Neuroscience & Biobehavioral Reviews, 35, 1562-1592.

Dobbs, D. (2009). Orchid children. The Atlantic, 60-68.

Drury, S.S., Gleason, M.M., Theall, K.P., Smyke, A.T., Nelson,
C.A., Fox, N.A., & Zeanah, C.H. (2012). Genetic sensitivity to
the caregiving context: The influence of Shttlpr and BDNF
val6bmet on indiscriminate social behavior. Physiology &
Behavior, 106, 728-735.

Du, J., Wang, Y., Hunter, R., Wei, Y., Blumenthal, R., Falke,
C., ... & Manji, H.K. (2009). Dynamic regulation of
mitochondrial function by glucocorticoids. Proceedings of
the National Academy of Sciences of the United States of
America, 106, 3543-3548.

Dumitriu, D., Rapp, P.R., McEwen, B.S., & Morrison, J.H.
(2010). Estrogen and the aging brain: An elixir for the weary
cortical network. Annals of the New York Academy of
Sciences, 1204, 104-112.

Eiland, L., & McEwen, B.S. (2012). Early life stress followed by
subsequent adult chronic stress potentiates anxiety and
blunts hippocampal structural remodeling. Hippocampus,
22, 82-91.

Neurobiology and physiology of resilience 345

Erickson, K.I., Voss, M.W., Prakash, R.S., Basak, C., Szabo, A.,
Chaddock, L., ... & Kramer, A.F. (2011). Exercise training
increases size of hippocampus and improves memory.
Proceedings of the National Academy of Sciences of the
United States of America, 108, 3017-3022.

Espinosa, J.S., & Stryker, M.P. (2012). Development and
plasticity of the primary visual cortex. [Research Support,
N.I.H., ExtramuralReview|. Neuron, 75, 230-249.

Farah, M.J., Shera, D.M., Savage, J.H., Betancourt, L.,
Giannetta, J.M., Brodsky, N.L., ... & Hurt, H. (2006).
Childhood poverty: Specific associations with neuro-
cognitive development. Brain Research, 1110, 166-174.

Fischle, W., Wang, Y., & Allis, C.D. (2003). Binary switches and
modification cassettes in histone biology and beyond.
Nature, 425, 475-479.

Francis, D., Diorio, J., Liu, D., & Meaney, M.J. (1999).
Nongenomic transmission across generations of maternal
behavior and stress responses in the rat. Science, 286, 1155-
1158.

Galea, L.A.M., McEwen, B.S., Tanapat, P., Deak, T., Spencer,
R.L., & Dhabhar, F.S. (1997). Sex differences in dendritic
atrophy of CA3 pyramidal neurons in response to chronic
restraint stress. Neuroscience, 81, 689-697.

Gould, E., Woolley, C., & McEwen, B.S. (1990). Short-term
glucocorticoid manipulations affect neuronal morphology
and survival in the adult dentate gyrus. Neuroscience, 37,
367-375.

Hart, B., & Risley, T.R. (1995). Meaningful differences in the
everyday experience of young American children. Baltimore,
MD: Brookes Publishing Company.

Hill, M.N., Karatsoreos, I.N., Hillard, C.J., & McEwen, B.S.
(2010). Rapid elevations in limbic endocannabinoid content
by glucocorticoid hormones in vivo. Psychoneuroendo-
crinology, 35, 1333-1338.

Holzel, B.K., Carmody, J., Evans, K.C., Hoge, E.A., Dusek,
J.A., Morgan, L., ... & Lazar, S.W. (2009). Stress reduction
correlates with structural changes in the amygdala. Social
Cognitive and Affective Neuroscience, 5, 11-17.

Hunter, R.G., McCarthy, K.J., Milne, T.A., Pfaff, D.W., &
McEwen, B.S. (2009). Regulation of hippocampal H3 histone
methylation by acute and chronic stress. Proceedings of the
National Academy of Sciences of the United States of
America, 106, 20912-20917.

Isgor, C., Kabbaj, M., Akil, H., & Watson, S.J. (2004). Delayed
effects of chronic variable stress during peripubertal-
juvenile period on hippocampal morphology and on
cognitive and stress axis functions in rats. Hippocampus,
14, 636-648.

Jeanneteau, F., Garabedian, M.J., & Chao, M.V. (2008).
Activation of Trk neurotrophin receptors by glucocorticoids
provides a neuroprotective effect. Proceedings of the National
Academy of Sciences of the United States of America, 105,
4862-4867.

Johnson, L.R., Farb, C., Morrison, J.H., McEwen, B.S., &
LeDoux, J.E. (2005). Localization of glucocorticoid receptors
at postsynaptic membranes in the lateral amygdala.
Neuroscience, 136, 289-299.

Karatsoreos, I.N., & McEwen, B.S. (2011). Psychobiological
allostasis: Resistance, resilience and vulnerability. [Review].
Trends in Cognitive Sciences, 15, 576-584.

Karst, H., Berger, S., Turiault, M., Tronche, F., Schutz, G., &
Joels, M. (2005). Mineralocorticoid receptors are
indispensable for nongenomic modulation of hippocampal
glutamate transmission by corticosterone. Proceedings of
the National Academy of Sciences of the United States of
America, 102, 19204-19207.

Kaufman, D., Smith, E.L.P., Gohil, B.C., Banerji, M.A., Coplan,
J.D., Kral, J.G., & Rosenblum, L.A. (2005). Early
appearance of the metabolic syndrome in socially reared
bonnet macaques. Journal of Clinical Endocrinology and
Metabolism, 90, 404-408.

© 2013 The Authors. Journal of Child Psychology and Psychiatry © 2013 Association for Child and Adolescent Mental Health.



346 Ilia N. Karatoreos and Bruce S. McEwen

Kumsta, R., Stevens, S., Brookes, K., Schlotz, W., Castle, J.,
Beckett, C., ... & Sonuga-Barke, E. (2010). SHTT genotype
moderates the influence of early institutional deprivation on
emotional problems in adolescence: Evidence from the
English and Romanian Adoptee (ERA) study. Journal of
Child Psychology and Psychiatry, 51, 755-762.

Kyle, U.G., & Pichard, C. (2006). The Dutch Famine of 1944-
1945: A pathophysiological model of long-term
consequences of wasting disease. [Research Support, Non-
U.S. Gov’t Review|. Current Opinion in Clinical Nutrition and
Metabolic Care, 9, 388-394.

de Lange, F.P., Koers, A., Kalkman, J.S., Bleijenberg, G.,
Hagoort, P., van der Meer, J.W.M., & Toni, I. (2008). Increase
in prefrontal cortical volume following cognitive behavioural
therapy in patients with chronic fatigue syndrome. Brain,
131, 2172-2180.

Liston, C., & Gan, W.B. (2011). Glucocorticoids are critical
regulators of dendritic spine development and plasticity in
vivo. [Research Support, N.ILH., Extramural Research
Support, Non-U.S. Gov’t]. Proceedings of the National
Academy of Sciences of the United States of America, 108,
16074-16079.

Liston, C., Miller, M.M., Goldwater, D.S., Radley, J.J.,
Rocher, A.B., Hof, P.R., & McEwen, B.S. (2006).
Stress-induced alterations in prefrontal cortical dendritic
morphology predict selective impairments in perceptual
attentional set-shifting. Journal of Neuroscience, 26, 7870—
7874.

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D.,
Freedman, A., ... & Meaney, M.J. (1997). Maternal care,
hippocampal glucocorticoid receptors, and hypothalamic-
pituitary-adrenal responses to stress. Science, 277, 1659-
1662.

Lupien, S.J., King, S., Meaney, M.J., & McEwen, B.S. (2000).
Child’s stress hormone levels correlate with mother’s
socioeconomic status and depressive state. Biological
Psychiatry, 48, 976-980.

Lupien, S.J., Parent, S., Evans, A.C., Tremblay, R.E., Zelazo,
P.D., Corbo, V., ... & Seguin, J.R. (2011). Larger amygdala
but no change in hippocampal volume in 10-year-old
children exposed to maternal depressive symptomatology
since birth. Proceedings of the National Academy of Sciences
of the United States of America, 108, 14324-14329.

Maccari, S., & Morley-Fletcher, S. (2007). Effects of prenatal
restraint stress on the hypothalamus-pituitary-adrenal axis
and related behavioural and neurobiological alterations.
Psychoneuroendocrinology, 32, S10-S15.

Magarinos, A.M., McEwen, B.S., Saboureau, M., & Pevet, P.
(2006). Rapid and reversible changes in intrahippocampal
connectivity during the course of hibernation in European
hamsters. Proceedings of the National Academy of Sciences
of the United States of America, 103, 18775-18780.

Marmot, M.G. (2004). The status syndrome: How social
standing affects our health and longevity. New york, NY:
Times Book.

Maya-Vetencourt, J.F., Tiraboschi, E., Greco, D., Restani, L.,
Cerri, C., Auvinen, P., ... & Castren, E. (2012). Experience-
dependent expression of NPAS4 regulates plasticity in adult
visual cortex. Journal of Physiology, 590 (pt 19), 4777-4787.

McDermott, J.M., Westerlund, A., Zeanah, C.H., Nelson, C.A., &
Fox, N.A. (2012). Early adversity and neural correlates of
executive function: implications for academic adjustment.
Developmental Cognitive Neuroscience, 2 (Suppl. 1), S59-S66.

McEwen, B.S. (1998). Protective and damaging effects of stress
mediators. New England Journal of Medicine, 338, 171-179.

McEwen, B.S. (2006). Protective and damaging effects of stress
mediators: Central role of the brain. Dialogues in Clinical
Neuroscience, 8, 367-381.

McEwen, B.S. (2007). Physiology and neurobiology of stress
and adaptation: Central role of the brain. Physiological
Reviews, 87, 873-904.

J Child Psychol Psychiatry 2013; 54(4): 337-47

McEwen, B.S. (2010). Stress, sex, and neural adaptation to a
changing environment:  Mechanisms of neuronal
remodeling. Annals of the New York Academy of Sciences,
1204 (Suppl.), E38-E59.

McEwen, B.S., & Getz, L. (2012). Lifetime experiences, the
brain and personalized medicine: An integrative perspective.
Metabolism, 62 (1 Suppl.), 520-526.

McEwen, B.S., & Gianaros, P.J. (2011). Stress- and allostasis-
induced brain plasticity. Annual Review of Medicine, 62,
431-445.

McEwen, B. S., & Lasley, E.N. (2002). The end of stress as we
know it. Washington, DC: National Academies Press.

McEwen, B.S., & Milner, T.A. (2007). Hippocampal formation:
Shedding light on the influence of sex and stress on the
brain. Brain Research Reviews, 55, 343-355.

McGowan, P.O., Sasaki, A., D’Alessio, A.C., Dymov, S.,
Labonte, B., Szyf, M., ... & Meaney, M.J. (2009). Epigenetic
regulation of the glucocorticoid receptor in human brain
associates with childhood abuse. Nature Neuroscience, 12,
241-243.

Mecawi, A.S., Vilhena-Franco, T., Araujo, 1.G., Reis, L.C,,
Elias, L.L., & Antunes-Rodrigues, J. (2011). Estradiol
potentiates hypothalamic vasopressin and oxytocin neuron
activation and hormonal secretion induced by hypovolemic
shock. [Research Support, Non-U.S. Gov’t]. American
Journal of Physiology: Regulatory, Integrative and
Comparative Physiology, 301, R905-R915.

Mehler, M.F. (2008). Epigenetic principles and mechanisms
underlying nervous system functions in health and disease.
Progress in Neurobiology, 86, 305-341.

Moriceau, S., & Sullivan, R. (2006). Maternal presence serves
as a switch between learning fear and attraction in infancy.
Nature Neuroscience, 8, 1004-1006.

Morley-Fletcher, S., Mairesse, J., Soumier, A., Banasr, M.,
Fagioli, F., Gabriel, C., ... & Maccari, S. (2011). Chronic
agomelatine treatment corrects behavioral, cellular, and
biochemical abnormalities induced by prenatal stress in
rats. [Research Support, Non-U.S. Gov’t]. Psychopharma-
cology (Berl), 217, 301-313.

Mueller, B.R., & Bale, T.L. (2008). Sex-specific programming of
offspring emotionality after stress early in pregnancy.
Journal of Neuroscience, 28, 9055-9065.

Nelson, C.A. 3rd, Zeanah, C.H., Fox, N.A., Marshall, P.J.,
Smyke, A.T., & Guthrie, D. (2007). Cognitive recovery in
socially deprived young children: the Bucharest Early
Intervention Project. [Comparative Study Randomized
Controlled Trial Research Support, Non-U.S. Gov't].
Science, 318, 1937-1940.

Noble, K.G., McCandliss, B.D., & Farah, M.J. (2007).
Socioeconomic gradients predict individual differences in
neurocognitive  abilities. [Research Support, N.LLH.,
Extramural Research Support, Non-U.S. Gov't Research
Support, U.S. Gov’t, Non-P.H.S.]. Developmental Science,
10, 464-480.

Noble, K.G., Norman, M.F., & Farah, M.J. (2005).
Neurocognitive correlates of socioeconomic status
in kindergarten children. Developmental Science, 8, 74—
87.

Oitzl, M.S., Reichardt, H.M., Joels, M., & de Kloet, E.R. (2001).
Point mutation in the mouse glucocorticoid receptor
preventing DNA binding impairs spatial memory.
Proceedings of the National Academy of Sciences of the
United States of America, 98, 12790-12795.

Pankevich, D.E., Mueller, B.R., Brockel, B., & Bale, T.L.
(2009). Prenatal stress programming of offspring feeding
behavior and energy balance begins early in pregnancy.
[Research Support, Non-U.S. Gov’t]. Physiology & Behavior,
98, 94-102.

Parker, K.J., Buckmaster, C.L., Sundlass, K., Schatzberg, A.F.,
& Lyons, D.M. (2006). Maternal mediation, stress
inoculation, and the development of neuroendocrine stress

© 2013 The Authors. Journal of Child Psychology and Psychiatry © 2013 Association for Child and Adolescent Mental Health.



doi:10.1111/jcpp.12054

resistance in primates. Proceedings of the National Academy
of Sciences of the United States of America, 103, 3000-3005.

Pattwell, S.S., Bath, K.G., Casey, B.J., Ninan, [., & Lee, F.S.
(2011). Selective early-acquired fear memories undergo
temporary suppression during adolescence. [Research
Support, N.I.LH., Extramural Research Support, Non-U.S.
Gov’t]. Proceedings of the National Academy of Sciences of
the United States of America, 108, 1182-1187.

Polman, J.A., Hunter, R.G., Speksnijder, N., van den Oever,
J.M., Korobko, O.B., McEwen, B.S., ... & Datson, N.A.
(2012). Glucocorticoids modulate the mTOR pathway in the
hippocampus: Differential effects depending on stress
history. [Research Support, Non-U.S. Gov’t]. Endocrinology,
153, 4317-4327.

Raison, C.L., Lowry, C.A., & Rook, G.A. (2010). Inflammation,
sanitation, and consternation: Loss of contact with coevolved,
tolerogenic microorganisms and the pathophysiology and
treatment of major depression. [Research Support, N.I.H.,
Extramural Research Support, Non-U.S. Gov’t Review].
Archives of General Psychiatry, 67, 1211-1224.

Rapp, P.R., & Gallagher, M. (1996). Preserved neuron number
in the hippocampus of aged rats with spatial learning
deficits. [Research  Support, U.S. Gov’t, P.H.S.].
Proceedings of the National Academy of Sciences of the
United States of America, 93, 9926-9930.

Revest, J.M., Di Blasi, F., Kitchener, P., Rouge-Pont, F.,
Desmedt, A., Turiault, M., ... & Piazza, P.V. (2005). The
MAPK pathway and Egr-1 mediate stress-related behavioral
effects of glucocorticoids. [Research Support, Non-U.S.
Gov’t]. Nature Neuroscience, 8, 664-672.

Risold, P.Y., & Swanson, L.W. (1996). Structural evidence for
functional domains in the rat hippocampus. [Research
Support, U.S. Gov’t, P.H.S.]. Science, 272, 1484-1486.

Russo, S.J., Murrough, J.W., Han, M.H., Charney, D.S., &
Nestler, E.J. (2012). Neurobiology of resilience. Nature
Neuroscience, 15, 1475-1484.

Schulkin, J., McEwen, B.S., & Gold, P.W. (1994). Allostasis,
amygdala, and anticipatory angst. Neuroscience and
Biobehavioral Reviews, 18, 385-396.

Shansky, R.M., Glavis-Bloom, C., Lerman, D., McRae, P.,
Benson, C., Miller, K., ... & Arnsten, A.F.T. (2004). Estrogen
mediates sex differences in stress-induced prefrontal cortex
dysfunction. Molecular Psychiatry, 9, 531-538.

Shansky, R.M., Hamo, C., Hof, P.R., Lou, W., McEwen, B.S., &
Morrison, J.H. (2010). Estrogen promotes stress sensitivity
in a prefrontal cortex-amygdala pathway. Cerebral Cortex,
20, 2560-2567.

Sheridan, M.A., Fox, N.A., Zeanah, C.H., McLaughlin, K.A., &
Nelson, C.A. 3rd (2012). Variation in neural development as
a result of exposure to institutionalization early in
childhood. [Comparative Study Research Support, N.I.H.,
Extramural Research Support, Non-U.S. Gov't]. Proceedings
of the National Academy of Sciences of the United States of
America, 109, 12927-12932.

Shonkoff, J.P., Boyce, W.T., & McEwen, B.S. (2009).
Neuroscience, molecular biology, and the childhood roots
of health disparities. JAMA, 301, 2252-2259.

Spolidoro, M., Baroncelli, L., Putignano, E., Maya-Vetencourt,
J.F., Viegi, A., & Malffei, L. (2011). Food restriction enhances
visual cortex plasticity in adulthood. [Research Support,
Non-U.S. Gov’t]. Nature Communications, 2, 320.

Neurobiology and physiology of resilience 347

Suomi, S.J. (2006). Risk, resilience, and gene x environment
interactions in rhesus monkeys. Annals of the New York
Academy of Sciences, 1094, 52-62.

Tang, A.C., Yang, Z., Reeb-Sutherland, B.C., Romeo, R.D., &
McEwen, B.S. (2012). Maternal modulation of novelty effects
on physical development. Proceedings of the National
Academy of Sciences of the United States of America, 109,
2120-2125.

Tasker, J.G., Di, S., & Malcher-Lopes, R. (2006). Minireview:
Rapid glucocorticoid signaling via membrane-associated
receptors. Endocrinology, 147, 5549-5556.

Thompson, R.H., & Swanson, L.W. (2010). Hypothesis-driven
structural connectivity analysis supports network over
hierarchical model of brain architecture. [Research Support,
N.L.H., Extramural|. Proceedings of the National Academy of
Sciences of the United States of America, 107, 15235-15239.

Tough, P. (2011). Can a stressful childhood make you a sick
adult? The New Yorker. Available from: http://www.
newyorker.com/reporting/2011/03/21/110321fa_fact_tough
[last accessed 3 January 2013].

Tremblay, A., & Chaput, J.P. (2012). Obesity: The allostatic
load of weight loss dieting. [Research Support, Non-U.S.
Gov’t Review|. Physiology & Behavior, 106, 16-21.

Turner, C.A., Clinton, S.M., Thompson, R.C., Watson, S.J. Jr,
& Akil, H. (2011). Fibroblast growth factor-2 (FGF2)
augmentation early in life alters hippocampal development
and rescues the anxiety phenotype in vulnerable animals.
Proceedings of the National Academy of Sciences of the
United States of America, 108, 8021-8025.

Vetencourt, J.F.M., Sale, A., Viegi, A., Baroncelli, L., De
Pasquale, R., O’Leary, O.F., ... & Malffei, L. (2008). The
antidepressant fluoxetine restores plasticity in the adult
visual cortex. Science, 320, 385-388.

Vyas, A., Mitra, R., Rao, B.S.S., & Chattarji, S. (2002). Chronic
stress induces contrasting patterns of dendritic remodeling
in hippocampal and amygdaloid neurons. Journal of
Neuroscience, 22, 6810-6818.

Walker, C.D., Sapolsky, R.M., Meaney, M.J., Vale, W.W., &
Rivier, C.L. (1986). Increased pituitary sensitivity to
glucocorticoid feedback during the stress nonresponsive
period in the neonatal rat. [Research Support, Non-U.S.
Gov’t Research Support, U.S. Gov’t, P.H.S.]. Endocrinology,
119, 1816-1821.

Weaver, I.C., Cervoni, N., Champagne, F.A., D’Alessio, A.C.,
Sharma, S., Seckl, J.R, & Meaney, M.J. (2004).
Epigenetic programming by maternal behavior. Nature
Neuroscience, 7, 847-854.

Wilkinson, R.G., & Pickett, K. (2010). The spirit level: Why
greater equality makes societies stronger. New york, NY:
Bloomsburg Press.

Zhang, T.Y., Hellstrom, I.C., Bagot, R.C., Wen, X., Diorio, J., &
Meaney, M.J. (2010). Maternal care and DNA methylation of
a glutamic acid decarboxylase 1 promoter in rat
hippocampus. [Comparative Study Research Support, Non-
U.S. Gov't]. Journal of Neuroscience, 30, 13130-13137.

Accepted for publication: 15 January 2013
Published online: 7 March 2013

© 2013 The Authors. Journal of Child Psychology and Psychiatry © 2013 Association for Child and Adolescent Mental Health.



