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Mechanisms by which early-life
experiences promote enduring stress

resilience or vulnerability
Annabel K. Short1, 2, Jessica L. Bolton1, 2,

Tallie Z. Baram1, 2

1Department of Anatomy/Neurobiology, University of California-Irvine, Irvine, CA, United
States; 2Department of Pediatrics, University of California-Irvine, Irvine, CA, United States

Introduction

A predisposition to emotional and cognitive disorders originates early in life (Kessler et al.,
2005; Insel, 2009). The concepts of gene-environment interaction, and the importance of early-
life experience for resilience or vulnerability to mental illness, have been demonstrated in
both preclinical rodent studies and clinical studies in human populations (Insel, 2009; Bale
et al., 2010; Gunnar, 2010; Fox et al., 2010; Juul et al., 2011; Bale, 2015). Resilience is defined
as an active and adaptive biological, psychological, and social response to an event that may
otherwise impair one’s normal function (Dudley et al. 2011; Russo et al., 2012). Vulnerability
is the susceptibility of an individual to a disorder and is often related (in addition to genetics)
to early experiences. Resilience or vulnerability to a stressor tends to be regulated by molec-
ular, cellular, synaptic, and finally, behavioral changes that determine the level of coping and
normal function. Early-life experiences that contribute to resilience or vulnerability may consist
of stimuli from the general environment (poverty, wealth, war). Notably, in view of the crucial
importance of interaction/attachment with the primary caretaker for survival (Bowlby, 1950),
there is compelling evidence to suggest that sensory signals from the primary caretaker during
the neonatal period are vital in determining an individual’s vulnerability or resilience to
cognitive and emotional disorders later in life (Meaney and Szyf, 2005; Fenoglio et al., 2006;
Lupien et al., 2009; Korosi, 2009; Fox et al., 2010; van Hasselt et al., 2012; Wang et al., 2014).
Thus, early-life adversity/stress, as well as beneficial early-life experiences, may be “filtered”
by the mother and conveyed to the infant via altered maternal signals.
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There is now a large body of evidence in humans associating early-life adversity with
emotional and cognitive disorders later in life. These publications range from epidemiological
studies of famine or war (Brown et al., 1995; Eriksson et al., 2014) to prospective,
cross-sectional, and case-control analyses (e.g., Bremner et al., 1993; Kaplan et al., 2001). To
elucidate both direct causal and mechanistic relationships between early-life experiences
and outcomes later in life, rodent models have been utilized. A variety of prenatal and post-
natal manipulations have been employed in these studies (Molet et al., 2014; Walker et al.,
2017). Studies inducing early-life stress are associated with negative emotional consequences,
including behaviors that typically signify depression, anxiety, and social isolation. The
consequences of early-life (prenatal as well as postnatal) stress on emotional and social be-
haviors have been a subject of several recent reviews (Lucassen et al., 2013; van Bodegom
et al., 2017; Walker et al., 2017). Although not as widely studied, manipulations that result
in a more positive early-life environment are associated with increased learning and memory,
and decreased anxiety-like phenotypes (Weaver et al., 2004; Fenoglio et al., 2006;
Champagne, 2008; Korosi, 2009; Korosi et al., 2010).

The type and severity of early-life perturbations determine their consequences. In humans,
this effect is highlighted in studies of institutionally raised children. These studies show
chronic impoverished care was associated with cognitive and emotional problems. However,
the associated consequences were somewhat reversed by fostering into more positive
environments, thus highlighting the importance of early interaction with a primary caregiver
(Fenoglio et al. 2005, 2006; Gunnar, 2010; Chen et al., 2012; Wang et al., 2014). Abnormal
patterns of maternal care, ranging from unpredictable neglect to inconsistency and lack of
sensitivity, can be a major cause of early-life stress (Fenoglio et al., 2005; Bota and Swanson,
2007). This is in contrast to repeated, predictable barrages of maternal care. To study early-life
experiences, animal models have aimed to recapitulate these conditions by manipulating
maternal interactions with the developing individual.

The degree of predictability of maternal care influences long-lasting cognitive
and emotional resilience or vulnerability

Experimental model studies, in conjunction with human studies, have found that maternal
input is the most significant environmental experience during development (Bowlby, 1950;
Baram et al., 2012; Kundakovic and Champagne, 2015). Thus, most animal models
of early-life stress have manipulated maternal interaction, disrupting either the quantity or
quality of maternal care early in life (see Molet et al., 2014; Walker et al., 2017; van Bodegom
et al., 2017 for recent reviews).

Studying early-life experiences experimentally

Disrupted maternal care

Some of the earliest and most informative translational work on early-life stress associated
with disrupted maternal care has been performed in nonhuman primates. These models
have the advantage of modeling the development of complex psychiatric disorders.
Initial nonhuman primate studies were the first to demonstrate the association of intact
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maternal-infant interactions with appropriate development of cognitive and emotional
phenotypes (Mason and Harlow, 1958). In addition to these studies of disrupted maternal
care, a model of physical separation in nonhuman primates has been used. With this
approach, Sanchez and colleagues associated adverse early-life experience with altered devel-
opment of the stress response. This abnormal development resulted in emotional reactivity
and manifested as poor maternal care when these infants reached adulthood and became
mothers themselves (Maestripieri et al., 2006; Drury et al., 2017).

Due to the difficulties associated with nonhuman primate work, most studies of disrupted
maternal care are performed in rodents. Although it is difficult to measure sophisticated
cognitive and emotional disorders in rodents, appropriate testing and analyses yield tractable
results when studying the developmental and behavioral outcomes of early-life stress. Given
the similarities in the role of maternal care across species, and the significant parallelism of
brain development especially the development of synaptic connectivity and brain circuits, ro-
dents are a suitable model for studying the effects of maternal careerelated stress on neuro-
psychiatric outcome.

Comparable with the maternal role in humans, the rodent dam is the primary source for
nutrition and pup well-being. This includes providing protection and safety in the nest,
which involves the communication of vital environmental signals from the dam to the
pups (Levine, 1957; Eghbal-Ahmadi et al., 1999; Lucassen et al., 2013). Although removing
the mother from the pup will effectively disrupt these signals, doing so for extended periods
of time will lead to obvious physical stressors such as hypothermia and starvation. To over-
come this, studies of disrupted maternal care may employ intermittent maternal separation,
for variable lengths of time. This decreases the quantity of time available for maternal care in
addition to causing a repeated stress (Millstein and Holmes, 2007). These approaches have
been widely employed in the field and have provided an understanding of how directly
decreasing maternal care influences early development and outcomes later in life. Yet, these
approaches have yielded variable results (Shalev and Kafkafi, 2002; Aisa et al., 2007;
Hill et al., 2014). Furthermore, adverse conditions that are commonly experienced by human
infants and children include situations such as severe poverty, famine, war, maternal drug
abuse, where the child is with the mother and receiving maternal signals. Because of the over-
whelming importance of maternal signals, including their nature and patterns, there is a
rationale to study early-life adversity in the presence of the mother. To recapitulate poverty
in the presence of the mother, a now prevalent approach uses manipulations of the home
cage while both the dam and pups are present. During postnatal days (P)2e9, nesting and
bedding materials are limited (LBN) (Gilles et al., 1996; Molet et al., 2014; Naninck et al.,
2015), and this manipulation reliably and reproducibly causes fragmented and unpredictable
maternal behaviors toward the pups (Molet et al., 2016a). This is likely because the imp-
overished environment induces stress in the dams (Ivy et al., 2008). Notably, the duration
or quality of the nurturing behaviors of the dams is minimally altered: it is the patterns of
maternal care that are disrupted (Ivy et al., 2008; Rice et al., 2008; Molet et al., 2016a; Walker
et al., 2017). This fragmented maternal care causes chronic, unpredictable, and uncontrollable
“emotional stress” in the pups (Gilles et al., 1996; Ivy et al., 2008; Rice et al., 2008; Moriceau
et al., 2009; Wang et al., 2011; Molet et al., 2014; Naninck et al., 2015). The pups’ stress is
apparent in persistent elevation of plasma corticosterone and adrenal hypertrophy, which is
associated with emotional and cognitive vulnerabilities in adulthood (Brunson et al., 2005;
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Rice et al., 2008; Molet et al., 2016b). These cognitive and emotional outcomes produced by the
LBN approach have been reliably reproduced by numerous laboratories and multiple
outcome measures (Moriceau et al., 2009; Roth et al., 2009; Dalle Molle et al., 2012;
Raineki et al., 2012; Gunn et al., 2013; Malter Cohen et al., 2013; Naninck et al., 2015; Walker
et al., 2017).

Augmented/predictable maternal care

Important biological phenomena run along a spectrum. If unpredictable maternal care pro-
vokes enduring vulnerability, then highly predictable patterns of maternal-derived sensory
signals to the developing brain should promote cognitive and emotional resilience long-term.

Nurturing maternal care is typically quantified by licking and grooming behaviors.
The handling paradigm (Levine, 1957; Plotsky and Meaney, 1993; Korosi, 2009) has been
extensively used to modulate maternal licking and grooming quantity, as well as patterns.
This involves a brief (15 min) daily separation of rat pups from the mother during the first
weeks of life. The timing of these bouts of separation is crucial, and brief separations will
promote increased, predictable sensory input to the pups upon reunion with their mothers
(Liu et al., 1997; Fenoglio et al., 2006; Korosi et al., 2010). The recurrent predictable maternal
signals lead to increased resilience to depressive-like behavior (Meaney and Szyf, 2005; Singh-
Taylor et al., 2017) and improved learning and memory (Fenoglio et al., 2005). Notably, it is
not simply the increase in maternal care that drives resilience. A single day of handling or
irregular handling is insufficient to promote the molecular and behavioral outcomes
(Fenoglio et al., 2006). Recurrent, predictable, repetitive brief separations (typically in the
same circadian phase) seem to be required (Fenoglio et al., 2006; Karsten and Baram, 2013).

Cognitive and emotional outcomes of early-life experiences

Theeffects of early-life experiences on resilienceorvulnerability inadulthoodcanbe examined
in rodents using standardized cognitive andemotional tests that are also translational tohumans.
Tests of emotional behavior such as the forced-swim test are used to identify depressive-like
phenotypes in rodents, as when used in conjunction with routinely prescribed antidepressants,
there is a reduction in depressive-like behaviors (Slattery and Cryan, 2012).

Measures of anxiety have relied on tests such as the open field and elevated-plus maze.
Cognitive tests have typically involved memory and especially hippocampus-dependent
spatial memory. Available standardized tests for this function include both the well-
characterized Morris water maze and the object location memory test. The former involves
stress/adversity in itself (forced swimming, cold water), whereas the object location relies
on natural curiosity and is devoid of stress, as well as the potential confounding effect of
early-life experience on stress-related behavior later in life. Thus, spatial memory tests are
best when these considerations are included. An additional important caveat is that the large
majority of studies have employed males, and many of the tests have been developed and
standardized for males. Here, we note if reported studies and outcome pertain to females.

A spectrum of cognitive consequences of early-life experiences

Memory impairments have been the common outcome in rodents exposed to chronic
early-life adversity. For example, in a rigorous and hippocampus-dependent test of object
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location memory, an overt impairment in spatial memory was found as early as adolescence
in rats reared for a week in the simulated poverty environment (LBN rats) (Molet et al.,
2016b). A less rigorous memory task involving object recognition (OR) found comparable
performance in LBN versus control adolescent rats during adolescence. However, an
acute-stress “challenge” imposed 24 h prior to the test led to memory problems only in
the LBN rats, thus unmasking a latent cognitive vulnerability (Molet et al., 2016b). The
memory deficits after chronic early-life stress also progressed over the life span of LBN
rats, so that deficits in OR memory emerged by middle age (Molet et al., 2016b). At this
age, hippocampus-dependent memory deficits were also present using the Morris water
maze task (Brunson et al., 2005; Ivy et al., 2010). These data, obtained in males, are
intriguing, because the emergence of memory problems during middle age has been
found in men experiencing early-life adversity in well-controlled epidemiological studies
(Kaplan et al., 2001).

Conversely, rats receivingpredictable augmentedmaternal care had improvedhippocampus-
dependent cognitive function (Tang, 2001; Fenoglio et al., 2005; Lesuis et al., 2016). Together,
these studies indicate that either naturally occurring or experimentally recurrent, predictable
or enhanced sensory stimulation that pups receive from the dam improves hippocampus-
dependent learning and memory later in life (Korosi and Baram, 2008).

Emotional consequences of early-life experience

A variety of emotional problems, based on rodent tasks considered indicative of depres-
sion or anxiety, have been reported after early-life stress (McEwen, 2003; Molet et al., 2014;
Chen and Baram, 2016). Increased anxiety-like behaviors in the elevated-plus maze test
were found later in adulthood (Dalle Molle et al., 2012, but see Molet et al., 2016a),
Conversely, predictable barrages of maternal care early in life was related to decreased
anxiety-like phenotypes in adult rats (Singh-Taylor et al., 2017).

Anhedonia, a reduced capacity to experience pleasure, which commonly heralds depres-
sion or schizophrenia in humans (Whitton et al., 2015), has been identified in rodents
following perturbations of early-life experiences. Already during adolescence, anhedonia,
apparent both as a significant reduction in sucrose preference and a reduction of peer
play, was found in late-adolescent LBN rats (Molet et al., 2016a; Bolton et al., 2018). This
anhedonia was not accompanied by overt anxiety-like behavior or depressive-like behavior.
Adolescent anhedonia after early-life stress has since been confirmed in a separate LBN
cohort in a different laboratory, as indicated by decreased consumption of palatable food
(M&Ms) (Bolton et al., 2019). Furthermore, LBN rats self-administered lower levels of cocaine,
consistent with a reduced hedonic set point (Bolton et al., 2019). These changes were shown to
be selective to anhedonia, as early-life adversity did not affect other measures of addiction,
such as sensitivity to self-administered cocaine dose; responding for cocaine under extinction
conditions; or cocaine- or cue-induced reinstatement of cocaine seeking. Early-life adversity
did not induce anxiety-like behavior or augmented locomotor response to acute cocaine.
Together, these findings demonstrate enduring effects of early-life adversity on reward/
pleasure-circuit function.

In contrast, rats that have been handled in the first week of a life, thus receiving recurrent
barrages of maternal care signals, when given a similar task, had an increase in the consump-
tion of palatable food, in the absence of an anxiety-like phenotype (Silveira et al., 2005).
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Although the majority of emotional consequences of chronic early-life adversity have been
negative, there is some evidence for positive outcomes following stressful experiences that are
challenging but not overwhelming, so-called “stress inoculation” (Lyons, 2009). For example,
Lyons and colleagues have demonstrated that exposure of newly weaned squirrel monkeys
to brief intermittent maternal separations decreased subsequent anxiety and stress responsiv-
ity. This resilience to later stress did not seem to be maternally mediated or related to changes
in maternal care, unlike the rodent models discussed above (Parker et al., 2006).

It is possible that some discrepancies reported on the emotional consequences of early-life
stress may be due to inadvertent generation of recurrent, predictable bouts of maternal care,
which may counteract or reverse the stress effects. For example, a recent powerful paper by
Peña et al. (2017) did not find major emotional outcomes after early-life stress in the simulated
poverty paradigm. Yet, in aiming to improve the approach, Peña et al. added daily maternal
separations, which, upon the subsequent return of the dams to the cages, may have provided
predictable, recurrent daily episodes of maternal tactile signals (licking) to the pups (Korosi
et al., 2010; Singh-Taylor et al., 2015, 2017). Thus, the potential negative consequences of
unpredictable and fragmented sensory signals from the mother in the LBN cages on the devel-
opment of brain circuits were most likely mitigated by the predictable daily barrages of
maternal care when the dams were returned to the cages. These variations highlight the
complexities inherent in all of our experimental approaches to the human condition.

Importantly, the consequences of early-life experiences are clearly further modulated later
in life. In humans, fostering at 2 years or earlier clearly ameliorated the effects of institution-
alization (Nelson et al., 2007). In rodents, enrichment (Bredy et al., 2003) or pharmacological
manipulations (Ivy et al., 2010) at least partially reversed cognitive deficits promoted by
early-life adversity. Understanding the basis of these consequences of early-life stress should
enable targeted and logical interventions to improve lifelong outcomes.

Mechanisms by which early-life experiences elicit enduring changes in
neuronal, circuit, and behavioral functions

How altered early-life experience promotes resilience or vulnerability to emotional and
cognitive disorders in adulthood is yet to be fully elucidated. An attractive hypothesis is
that, in analogy to the development of the visual and auditory brain circuits, early sensory
signals from the mother alter synaptic development and pruning, thus influencing the matu-
ration of brain networks involved in emotional and cognitive processing (Bogdan and Hariri,
2012; Burghy et al., 2012; Maras and Baram, 2012; Karsten and Baram, 2013; Singh-Taylor
et al., 2015; Chen and Baram, 2016; Davis et al., 2017). Changes in synaptic connectivity, in
turn, have recently been shown to influence epigenetic programs in stress-sensitive neurons
(Singh-Taylor et al., 2017).

Stress-sensitive neurons in the hypothalamus are influenced by early-life stress
as well as by augmented early-life experience

Early-life stress and fragmented maternal care have significant effects on the developing
and adult stress response system. Abnormal maternal care in the simulated poverty environ-
ment provokes an increased number and function of excitatory synapses to stress-sensitive
neurons in the hypothalamus (Gunn et al., 2013). In contrast, recurrent predictable maternal
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signals reduce the number of excitatory synapses to corticotropin-releasing factor (CRF)e
expressing cells in the paraventricular nucleus (PVN) of the hypothalamus (Korosi et al.,
2010). Recent exciting data indicate that the change in synapse number and function is suffi-
cient to turn on massive epigenetic/transcriptomic programs in the PVN CRF cells (Singh-
Taylor et al., 2017). These changes include lifelong reduction in CRF expression in the PVN.

Reduced expression of CRF in the PVN is classically associated with reduced CRF release
in response to stress throughout life. Thus, there is now a direct mechanistic connection be-
tween early-life experiences, development of circuitry of a key element of the stress system,
and enduring epigenetic change in the level of expression and function of a stress hormone.

Notably, reduced or increased CRF expression and release influences the levels of circu-
lating glucocorticoids, thus providing multiple pathways by which early-life stress or optimal
experience will influence the brain long-term (Liu et al., 1997; Eghbal-Ahmadi et al., 1999;
Korosi et al., 2010). Rodents, reared in LBN cages have elevated basal levels of serum
corticosterone (Brunson et al., 2005; Rice et al., 2008). These changes are present immediately
following the stress and may or may not persist into adulthood. Although there is also
adrenal hypertrophy described in pups following LBN, these changes do not persist into
adulthood (Gilles et al., 1996; Avishai-Eliner et al., 2001; Brunson et al., 2005; Ivy et al.,
2008). Conversely, predictable maternal care is associated with decreased release of serum
corticosterone in response to stress (Liu et al., 1997; Eghbal-Ahmadi et al., 1999; Meaney
and Szyf, 2005; Singh-Taylor et al., 2017).

Memory consequences of early-life stress and experiencesda hippocampal story

There is clear vulnerability or resilience accorded by early-life experience to hippocampus-
dependent tasks. In rodents, early-life stress causes reduction in dorsal hippocampal volume
associated with a reduction in dendritic arborization (Brunson et al., 2005; Ivy et al., 2010;
Molet et al., 2016b). This is comparable with observations in humans. For example, children
raised in orphanages have reduced hippocampal volume (Hodel et al., 2015). Rodent data
allow speculation that reduced hippocampal volume in humans is also a result of a decrease
in synaptic growth and branching of neuronal dendrites, contributing to the observed func-
tional deficits (Brunson et al., 2005; Radley et al., 2008; Ivy et al., 2010; Maras and Baram,
2012; Chen and Baram, 2016). In addition to structural changes in the hippocampus of
rodents following early-life stress, significant reduction in LTP has been observed, which
progresses as the animal ages (Brunson et al., 2005). These structural and functional changes
in the hippocampus following early-life stress are also associated with lasting molecular
changes (Gilles et al., 1996; Avishai-Eliner et al., 2001; Bath et al., 2016). Both elevated plasma
corticosteroids and enhanced CRF gene (Crh) expression in hippocampus (Ivy et al., 2010;
Maras and Baram, 2012) might play a role in these hippocampal changes. Glucocorticoids
powerfully modulate dendritic and synapse growth in hippocampus (Magarinõs and McE-
wen, 1995; Alfarez et al., 2009; Jafari et al., 2012; Liston et al., 2013), and chronic increases
in CRF, via binding to local CRF receptors (Chen et al., 2013) impair dendritic branching
and pruning early in life (Chen et al., 2004; Joëls and Baram, 2009).

In contrast to the adverse consequences of early-life stress, augmented maternal care may
have beneficial influences on the hippocampus, and these also seem to progress with age.
Aged rats that have undergone handling at an early age show less hippocampal cell
loss when compared with control animals and maintain better cognitive function
(Fenoglio et al., 2005).
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Early-life experiences affect a number of brain systems

Early-life experiences provoke enduring changes in the expression of multiple molecules
throughout the brain. This is likely mediated via large-scale transcriptional/epigenetic
programs (Singh-Taylor et al., 2017; Peña et al., 2017; Gray et al., 2017).

Evidence for altered gene expression and function are found in anxiety-fear circuits,
including the central nucleus of the amygdala (ACe), and bed nucleus of stria terminalis
(BnST). In these regions, changes in Crh gene expression are an eloquent example of broad
transcriptional change. In addition, the changes in Crh expression probably directly
contribute to altered functional outcomes in behaviors subserved by the underlying circuits.
For example, increased Crh expression has been found in amygdala (Dubé et al., 2015)
already during adolescence after early-life stress; in contrast, high levels of predictable
maternal care promote reduced Crh expression in the ACe (Fenoglio et al., 2004). Notably,
the same experience promotes reduction of glucocorticoid receptor (GR) in ACe. As GR
occupancy increases CRF expression in the amygdala (Makino et al., 1994), these findings
support a coordinate effect of early-life experience on two mediators of the stress system.
A second, intercalated circuit influenced by early-life experience encompasses the mesolimbic
reward/pleasure circuit. As mentioned above, dysregulation of these systems has been
observed following early-life stress. Mechanistically, social play, a pleasurable task, provoked
Fos activation of CRF neurons within the ACe, in contrast to controls (Bolton et al., 2018).
These findings suggest aberrant connectivity of pleasure/reward and fear/anxiety circuits.
Importantly, knockdown of CRF expression in the ACe was sufficient to completely
reverse the observed anhedonia in individual LBN rats, suggesting mechanistic roles for
CRF-expressing neurons in the amygdala in the abnormal emotional function induced by
early-life stress.

Aberrant patterns in Fos activation are apparent in LBN rats also following cocaine. The
abnormal activation was found in other reward-related regions, such as the core of the
nucleus accumbens (NAc) and the lateral habenula (LHb) (Bolton et al., 2019). This evidence
for network disruptions following adverse early-life experiences is supported by high-
resolution MRI studies. Tractography revealed increased tracts/streamlines connecting the
amygdala to themedial prefrontal cortex in LBN rats (Bolton et al., 2018). Together, these results
suggest that projections in both pleasure/reward- and anxiety/aversion-related circuits are
enduringly altered because of early-life stress, which may have functional implications.

Although there is currently limited evidence for a role of augmented maternal care in
pleasure and reward-seeking behavioral changes, there are reported changes in related brain
regions. Fos mapping studies have suggested that the pathway of neuronal activation by
repeated barrages of maternal care travels to the hypothalamic PVN via the ACe and BnST
(Fenoglio et al., 2006). These high levels of neuronal activation result in robust and enduring
suppression of Crh gene expression in these neurons (Fenoglio et al., 2006; Karsten and
Baram, 2013), which further supports a role for the CRF neurons in the amygdala in
resilience or vulnerabilities to emotional disorders in adulthood.

How the consequences of early-life experience are encoded long-term:
transcriptional and epigenetic mechanisms

The critical importance of events taking place during sensitive developmental periods is their
influence on developmental trajectories and hence their enduring effects (Russo et al., 2012;
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Regev and Baram, 2014; Peña et al., 2017). In the context of early-life stress, this is clearly
apparent from the ability of interventions, including pharmacological, to alter the course of these
consequences if undertaken directly after the stress epoch (Bredy et al., 2003; Ivy et al., 2010).
However, interventions several months later were ineffective in reversing the effects of early-
life stress on hippocampal functions (Ivy et al., unpublished observations). There is also evidence
for the crucial importance of the sensitive period in humans. Early-life stress is associated with
an increased risk of dementia and cognitive problems in middle age (Kaplan et al., 2001; Nelson
et al., 2007). Interventionswere found only to be effective prior to the first 3 years of life, suggest-
ing that mechanisms behind these behavioral changes decrease in plasticity over time (Nelson
et al., 2007; Regev and Baram, 2014).

There is increasing evidence that the larger changes in brain circuit behavior induced by
early-life stress may occur through molecular changes via epigenetic mechanisms.
Commonly described epigenetic mechanisms include DNA methylation, histone modifica-
tions, and chromatin remodeling. Alterations to gene expression can occur via noncoding
RNAs, which is often also regarded as an epigenetic mechanism.

Multiple studies in rodents have shown that aberrant maternal care, whether biological or
fostered, will produce permanent changes in behavior and gene expression patterns
(Roth et al., 2009). These changes in gene expression patterns have been associated with
multiple epigenetic modifications both on a genome-wide level and to specific target genes
(for a full review, see Kundakovic and Champagne, 2015). Although the majority of work
has focused on the effects of early-life experiences on the hippocampus, there is also evidence
for altered epigenetic states in the prefrontal cortex (Roth et al., 2009) and hypothalamus
(Murgatroyd et al., 2009; Peña et al., 2013).

Weaver et al. (2004) were the first to link differences in maternal care to levels of GR
promoter methylation. Analogous changes in methylation after early-life stress have been
sought in humans (McGowan et al., 2009; Naumova et al., 2012; Suderman et al., 2014).
Yet, it is unclear if DNA methylation, argued by Weaver to be a mechanism for lasting
changes, is a cause or consequence of gene expression changes. Changes in gene expression
in neuronal populations that drive the function of these neurons can be triggered and main-
tained via numerous mechanisms. Initiation of transcriptional changes is often secondary to
transcription factors (Peña et al., 2017; Singh-Taylor et al., 2017), which might be activated in
response to early-life sensory signals and/or changes in calcium entry to the cell resulting
from changes in synaptic numbers (Chen et al., 2017). The mechanisms for stable changes
in the chromatin that endure for life (and even transgenerationally, Chan et al., 2018) are
complex. In addition to these epigenetic changes, there is also some evidence for a role for
altered miRNA expression in encoding stress resilience or vulnerabilities from the early-life
environment (Bai et al., 2012; Zhang et al., 2013), which may also be heritable across
generations (Rodgers et al., 2013; Gapp et al., 2014; de Castro Barbosa et al., 2016; Short
et al., 2016; Short et al., 2017). Histone modifications are also likely to play a role, and
multiple histone modifications have been associated with differences in early-life experience
(Weaver et al., 2004; Peña et al., 2017).

These types of chromatin modifications follow both early-life adversity (see above) and
beneficial early-life experiences. Repressive histone modifications were recently observed
after augmented early-life experience (Singh-Taylor et al., 2017). In this instance, large-scale
epigenetic changes were initiated by increases in the function of a transcriptional repressor,
NRSF. Later in life, NRSF binding to target genes was no longer observed. Rather, there

Mechanisms by which early-life experiences elicit enduring changes in neuronal, circuit, and behavioral functions 173



were increases in histone modifications associated with repression of these target genes,
including Crh (Singh-Taylor et al., 2017). These results suggest a transition of epigenetic states
across the life span in response to changes in the early-life experiences.

Conclusions

Early-life experiences modulate risk and resilience to stress-related emotional and cogni-
tive disorders in adulthood. The mechanisms by which experiences during the sensitive
developmental period early in life translate into enduring molecular, cellular circuit, and
behavioral phenotypes are emerging (Fig. 12.1). This chapter reviews available knowledge.
It proposes a unified mechanistic scenario, where patterns of sensory input from the mother
influence the number and function of synapses onto stress-sensitive neurons (in analogy to
similar processes in visual and auditory systems). Synapse changes regulate transcriptional
and epigenetic programming in distinct neuronal populations, which modulate how these

FIGURE 12.1 A unifying theoretical framework for how early-life experiences can induce long-term changes in
behavior. The inciting event is the experience of early-life adversity (green) or repeated, predictable barrages of
maternal care (pink), represented in the overlapping circles. Changes in early-life experiences cause a cascade of
changes acutely during the perinatal period that results in altered neuronal development and changes in gene
expression, which are maintained long-term via epigenetic modifications of the chromatin (represented in the dark
grey inner concentric circle). These molecular- and cellular-level changes build upon each other to create altered
synaptic connectivity and circuit development at the level of the network, ultimately resulting in the observed al-
terations in cognition, emotion, and pleasure/reward (represented by the three nodes within the light grey outer
concentric circle). Adapted from Bolton, J.L., Molet, J., Ivy, A., Baram, T.Z., 2017. New insights into early-life stress and
behavioral outcomes. Current Opinion in Behavioral Sciences 14, 133e139 with permission.
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neurons wire together into circuits and the levels of expression of numerous genes. Together,
the altered circuitry and altered neuronal behavior in response to future stimuli promote a
phenotype of resilience or vulnerability to stressful signals throughout lifedand perhaps
across generations.

This framework requires much additional work to affirm or refute. However, it provides a
common mechanistic understanding for the enduring consequences of both adverse and
beneficial early-life experiences, leading to resilience and vulnerability, respectively, to
stress-related emotional and cognitive disorders.

Acknowledgments
This work was supported by the National Institutes of Health (grant numbers R01MH073136, R01NS028912,
P50MH096889) and the George E. Hewitt Foundation for Medical Research.

References
Aisa, B., Tordera, R., Lasheras, B., Del Río, J., Ramírez, M.J., 2007. Cognitive impairment associated to HPA axis

hyperactivity after maternal separation in rats. Psychoneuroendocrinology 32 (3), 256e266.
Alfarez, D.N., De Simoni, A., Velzing, E.H., Bracey, E., Joëls, M., Edwards, F.A., Krugers, H.J., 2009. Corticosterone

reduces dendritic complexity in developing hippocampal CA1 neurons. Hippocampus 19 (9), 828e836.
Avishai-Eliner, S., Eghbal-Ahmadi, M., Tabachnik, E., Brunson, K.L., Baram, T.Z., 2001. Down-regulation of hypotha-

lamic corticotrophin releasing hormone messenger ribonucleic acid (mRNA) preceeds early life experience
induced changes in hippocampal glucocorticoid receptor mRNA. Endocrinology 142, 89e97.

Bai, M., Zhu, X., Zhang, Y., Zhang, S., Zhang, L., Xue, L., Yi, J., Yao, S., Zhang, X., 2012. ‘Abnormal hippocampal
BDNF and miR-16 expression is associated with depression-like behaviors induced by stress during early life’ J
Homberg (ed). PLoS One 7 (10), e46921.

Bale, T.L., 2015. Epigenetic and transgenerational reprogramming of brain development. Nature Reviews Neurosci-
ence 16 (4), 332e344.

Bale, T.L., Baram, T.Z., Brown, A.S., Goldstein, J.M., Insel, T.R., McCarthy, M.M., Nemeroff, C.B., Reyes, T.M.,
Simerly, R.B., Susser, E.S., Nestler, E.J., 2010. Early life programming and neurodevelopmental disorders.
Biological Psychiatry 68 (4), 314e319.

Baram, T.Z., Davis, E.P., Obenaus, A., Sandman, C.A., Small, S.L., Solodkin, A., Stern, H., 2012. Fragmentation and
unpredictability of early-life experience in mental disorders. American Journal of Psychiatry 169 (9), 907e915.

Bath, K.G., Manzano-Nieves, G., Goodwill, H., 2016. Early life stress accelerates behavioral and neural maturation of
the hippocampus in male mice. Hormones and Behavior 82, 64e71.

van Bodegom, M., Homberg, J.R., Henckens, M.J.A.G., 2017. Modulation of the hypothalamic-pituitary-adrenal Axis
by early life stress exposure. Frontiers in Cellular Neuroscience 11 (April), 1e33.

Bogdan, R., Hariri, A.R., 2012. Neural embedding of stress reactivity. Nature Neuroscience 15 (12), 1605e1607.
Bolton, J.L., Ruiz, C., Rismanchi, N., Sanchez, G., Castillo, E., Huang, J., Cross, C., Baram, T.Z., Mahler, S.V., 2019.

Early-life adversity facilitates acquisition of cocaine self-administration and induces persistent anhedonia. Neuro-
biology of Stress.

Bolton, J.L., Molet, J., Ivy, A., Baram, T.Z., 2017. New insights into early-life stress and behavioral outcomes. Current
Opinion in Behavioral Sciences 14, 133e139.

Bolton, J.L., Molet, J., Regev, L., Chen, Y., Rismanchi, N., Haddad, E., Yang, D.Z., Obenaus, A., Baram, T.Z., 2018.
Anhedonia following early-life adversity involves aberrant interaction of reward and anxiety circuits and is
reversed by partial silencing of amygdala corticotropin-releasing hormone gene. Biological Psychiatry 83 (2),
137e147.

Bota, M., Swanson, L.W., 2007. The neuron classification problem. Brain Research Reviews 56 (1), 79e88.
Bowlby, J., 1950. Research into the origins of delinquent behaviour. British Medical Journal 1 (4653), 570e573.
Bredy, T., Humpartzoomian, R., Cain, D., Meaney, M., 2003. Partial reversal of the effect of maternal care on cognitive

function through environmental enrichment. Neuroscience 118 (2), 571e576.

References 175



Bremner, J.D., Southwick, S.M., Johnson, D.R., Yehuda, R., Charney, D.S., 1993. Childhood physical abuse and
combat-related posttraumatic stress disorder in Vietnam veterans. American Journal of Psychiatry 150 (2),
235e239.

Brown, A.S., Susser, E.S., Lin, S.P., Neugebauer, R., Gorman, J.M., 1995. Increased risk of affective disorders in males
after second trimester prenatal exposure to the Dutch hunger winter of 1944-45. British Journal of Psychiatry:
Journal of Mental Science 166 (5), 601e606.

Brunson, K.L., Kramár, E., Lin, B., Chen, Y., Colgin, L.L., Yanagihara, T.K., Lynch, G., Baram, T.Z., 2005. Mechanisms
of late-onset cognitive decline after early-life stress. Journal of Neuroscience 25 (41), 9328e9338.

Burghy, C.A., Stodola, D.E., Ruttle, P.L., Molloy, E.K., Armstrong, J.M., Oler, J.A., Fox, M.E., Hayes, A.S., Kalin, N.H.,
Essex, M.J., Davidson, R.J., Birn, R.M., 2012. Developmental pathways to amygdala-prefrontal function and inter-
nalizing symptoms in adolescence. Nature Neuroscience 15 (12), 1736e1741.

de Castro Barbosa, T., Ingerslev, L.R., Alm, P.S., Versteyhe, S., Massart, J., Rasmussen, M., Donkin, I., Sjögren, R.,
Mudry, J.M., Vetterli, L., Gupta, S., Krook, A., Zierath, J.R., Barrès, R., 2016. High-fat diet reprograms the epige-
nome of rat spermatozoa and transgenerationally affects metabolism of the offspring. Molecular Metabolism 5 (3),
184e197.

Champagne, F.A., 2008. Epigenetic mechanisms and the transgenerational effects of maternal care. Frontiers in
Neuroendocrinology 29 (3), 386e397.

Chan, J.C., Nugent, B.M., Bale, T.L., May 15, 2018. Parental advisory: maternal and paternal stress can impact
offspring neurodevelopment. Biological Psychiatry 83 (10), 886e894.

Chen, Y., Baram, T.Z., 2016. Toward understanding how early-life stress reprograms cognitive and emotional brain
networks. Neuropsychopharmacology 41 (1), 197e206.

Chen, Y., Bender, R.A., Brunson, K.L., Pomper, J.K., Grigoriadis, D.E., Wurst, W., Baram, T.Z., 2004. Modulation of
dendritic differentiation by corticotropin-releasing factor in the developing hippocampus. Proceedings of the
National Academy of Sciences of the United States of America 101 (44), 15782e15787.

Chen, J., Evans, A.N., Liu, Y., Honda, M., Saavedra, J.M., Aguilera, G., 2012. Maternal deprivation in rats is associated
with corticotrophin-releasing hormone (CRH) promoter Hypomethylation and enhances CRH transcriptional re-
sponses to stress in adulthood. Journal of Neuroendocrinology 24 (7), 1055e1064.

Chen, Y., Kramár, E.A., Chen, L.Y., Babayan, A.H., Andres, A.L., Gall, C.M., Lynch, G., Baram, T.Z., 2013. Impair-
ment of synaptic plasticity by the stress mediator CRH involves selective destruction of thin dendritic spines
via RhoA signaling. Molecular Psychiatry 18 (4), 485e496.

Chen, L.-F., Zhou, A.S., West, A.E., 2017. Transcribing the connectome: roles for transcription factors and chromatin
regulators in activity-dependent synapse development. Journal of Neurophysiology 118 (2), 755e770.

Malter Cohen, M., Jing, D., Yang, R.R., Tottenham, N., Lee, F.S., Casey, B.J., 2013. Early-life stress has persistent
effects on amygdala function and development in mice and humans. Proceedings of the National Academy of
Sciences of the United States of America 110 (45), 18274e18278.

Davis, E.P., Stout, S.A., Molet, J., Vegetabile, B., Glynn, L.M., Sandman, C.A., Heins, K., Stern, H., Baram, T.Z., 2017.
Exposure to unpredictable maternal sensory signals influences cognitive development across species. Proceedings
of the National Academy of Sciences 114 (39), 10390e10395.

Drury, S.S., Howell, B.R., Jones, C., Esteves, K., Morin, E., Schlesinger, R., Meyer, J.S., Baker, K., Sanchez, M.M., 2017.
Shaping long-term primate development: telomere length trajectory as an indicator of early maternal maltreat-
ment and predictor of future physiologic regulation. Development and Psychopathology 29 (5), 1539e1551.

Dubé, C.M., Molet, J., Singh-Taylor, A., Ivy, A., Maras, P.M., Baram, T.Z., 2015. Hyper-excitability and epilepsy
generated by chronic early-life stress. Neurobiology of Stress 2, 10e19.

Dudley, K.J., Li, X., Kobor, M.S., Kippin, T.E., Bredy, T.W., 2011. Epigenetic mechanisms mediating vulnerability and
resilience to psychiatric disorders. Neuroscience & Biobehavioral Reviews 35 (7), 1544e1551.

Eghbal-Ahmadi, M., Avishai-Eliner, S., Hatalski, C.G., Baram, T.Z., 1999. Differential regulation of the expression of
corticotropin-releasing factor receptor type 2 (CRF2) in hypothalamus and amygdala of the immature rat by
sensory input and food intake. Journal of Neuroscience 19 (10), 3982e3991.

Eriksson, M., Räikkönen, K., Eriksson, J.G., 2014. Early life stress and later health outcomes-findings from the
Helsinki Birth Cohort Study. American Journal of Human Biology 26 (2), 111e116.

Fenoglio, K.A., Brunson, K.L., Avishai-Eliner, S., Chen, Y., Baram, T.Z., 2004. Region-specific onset of handling-
induced changes in corticotropin-releasing factor and glucocorticoid receptor expression. Endocrinology 145
(6), 2702e2706.

12. Mechanisms by which early-life experiences promote enduring stress resilience or vulnerability176



Fenoglio, K.A., Brunson, K.L., Avishai-Eliner, S., Stone, B.A., Kapadia, B.J., Baram, T.Z., 2005. Enduring, handling-
evoked enhancement of hippocampal memory function and glucocorticoid receptor expression involves activa-
tion of the corticotropin-releasing factor type 1 receptor. Endocrinology 146 (9), 4090e4096.

Fenoglio, K.A., Chen, Y., Baram, T.Z., 2006. Neuroplasticity of the hypothalamic-pituitary-adrenal axis early in life
requires recurrent recruitment of stress-regulating brain regions. Journal of Neuroscience 26 (9), 2434e2442.

Fox, S.E., Levitt, P., Nelson III, C.A., 2010. How the timing and quality of early experiences influence the development
of brain architecture. Child Development 81 (1), 28e40.

Gapp, K., Jawaid, A., Sarkies, P., Bohacek, J., Pelczar, P., Prados, J., Farinelli, L., Miska, E., Mansuy, I.M., 2014.
Implication of sperm RNAs in transgenerational inheritance of the effects of early trauma in mice. Nature
Neuroscience 17 (5), 667e669.

Gilles, E.E., Schultz, L., Baram, T.Z., 1996. Abnormal corticosterone regulation in an immature rat model of
continuous chronic stress. Pediatric Neurology 15 (2), 114e119.

Gray, J.D., Kogan, J.F., Marrocco, J., McEwen, B.S., 2017. Genomic and epigenomic mechanisms of glucocorticoids in
the brain. Nature Reviews Endocrinology 13 (11), 661e673.

Gunn, B.G., Cunningham, L., Cooper, M.A., Corteen, N.L., Seifi, M., Swinny, J.D., Lambert, J.J., Belelli, D., 2013.
Dysfunctional astrocytic and synaptic regulation of hypothalamic glutamatergic transmission in a mouse model
of early-life adversity: relevance to neurosteroids and programming of the stress response. Journal of Neuro-
science 33 (50), 19534e19554.

Gunnar, M.R., 2010. Reversing the effects of early deprivation after infancy: giving children families may not be
enough. Frontiers in Neuroscience 4, 170.

van Hasselt, F.N., Cornelisse, S., Yuan Zhang, T., Meaney, M.J., Velzing, E.H., Krugers, H.J., Joëls, M., 2012. Adult
hippocampal glucocorticoid receptor expression and dentate synaptic plasticity correlate with maternal care
received by individuals early in life. Hippocampus 22 (2), 255e266.

Hill, R.A., Klug, M., Kiss Von Soly, S., Binder, M.D., Hannan, A.J., van den Buuse, M., 2014. Sex-specific disruptions
in spatial memory and anhedonia in a “two hit” rat model correspond with alterations in hippocampal brain-
derived neurotrophic factor expression and signaling. Hippocampus 24 (10), 1197e1211.

Hodel, A.S., Hunt, R.H., Cowell, R.A., Van Den Heuvel, S.E., Gunnar, M.R., Thomas, K.M., 2015. Duration of early
adversity and structural brain development in post-institutionalized adolescents. NeuroImage 105, 112e119.

Insel, T.R., 2009. Translating scientific opportunity into public health impact. Archives of General Psychiatry 66 (2),
128.

Ivy, A.S., Brunson, K.L., Sandman, C., Baram, T.Z., 2008. Dysfunctional nurturing behavior in rat dams with limited
access to nesting material: a clinically relevant model for early-life stress. Neuroscience 154 (3), 1132e1142.

Ivy, A.S., Rex, C.S., Chen, Y., Dubé, C., Maras, P.M., Grigoriadis, D.E., Gall, C.M., Lynch, G., Baram, T.Z., 2010.
Hippocampal dysfunction and cognitive impairments provoked by chronic early-life stress involve excessive
activation of CRH receptors. Journal of Neuroscience 30 (39), 13005e13015.

Jafari, M., Seese, R.R., Babayan, A.H., Gall, C.M., Lauterborn, J.C., 2012. Glucocorticoid receptors are localized to den-
dritic spines and influence local actin signaling. Molecular Neurobiology 46 (2), 304e315.

Joëls, M., Baram, T.Z., 2009. The neuro-symphony of stress. Nature Reviews Neuroscience 10 (6), 459e466.
Juul, S.E., Beyer, R.P., Bammler, T.K., Farin, F.M., Gleason, C.A., 2011. Effects of neonatal stress and morphine on

murine hippocampal gene expression. Pediatric Research 69 (4), 285e292.
Kaplan, G.A., Turrell, G., Lynch, J.W., Everson, S.A., Helkala, E.-L.L., Salonen, J.T., 2001. Childhood socioeconomic

position and cognitive function in adulthood. International Journal of Epidemiology 30 (2), 256e263.
Karsten, C.A., Baram, T.Z., 2013. How does a neuron “know” to modulate its epigenetic machinery in response to

early-life environment/experience? Frontiers in Psychiatry 4 (August), 1e5.
Kessler, R.C., Demler, O., Frank, R.G., Olfson, M., Pincus, H.A., Walters, E.E., Wang, P., Wells, K.B., Zaslavsky, A.M.,

2005. Prevalence and treatment of mental disorders, 1990 to 2003. New England Journal of Medicine 352 (24),
2515e2523.

Korosi, A., 2009. ‘The pathways from mother’s love to baby’s future’. Frontiers in Behavioral Neuroscience 3, 1e8.
Korosi, A., Baram, T.Z., 2008. The central corticotropin releasing factor system during development and adulthood.

European Journal of Pharmacology 583 (2), 204e214.
Korosi, A., Shanabrough, M., McClelland, S., Liu, Z.-W., Borok, E., Gao, X.-B., Horvath, T.L., Baram, T.Z., 2010. Early-

life experience reduces excitation to stress-responsive hypothalamic neurons and reprograms the expression of
corticotropin-releasing hormone. Journal of Neuroscience 30 (2), 703e713.

References 177



Kundakovic, M., Champagne, F.A., 2015. Early-life experience, epigenetics, and the developing brain. Neuro-
psychopharmacology 40 (1), 141e153.

Lesuis, S., Maurin, H., Borghgraef, P., Lucassen, P., Van Leuven, F., Krugers, H., 2016. Positive and negative early life
experiences differentially modulate long term survival and amyloid protein levels in a mouse model of
Alzheimer’s disease. Oncotarget 7 (26), 39118e39135.

Levine, S., 1957. Infantile experience and resistance to physiological stress. Science 126 (3270), 405e405.
Liston, C., Cichon, J.M., Jeanneteau, F., Jia, Z., Chao, M.V., Gan, W.-B., 2013. Circadian glucocorticoid oscillations pro-

mote learning-dependent synapse formation and maintenance. Nature Neuroscience 16 (6), 698e705.
Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., Sharma, S., Pearson, D., Plotsky, P.M.,

Meaney, M.J., 1997. Maternal care, hippocampal glucocorticoid receptors, and hypothalamic-pituitary-adrenal
responses to stress. Science 277 (5332), 1659e1662.

Lucassen, P.J., Naninck, E.F.G., van Goudoever, J.B., Fitzsimons, C., Joels, M., Korosi, A., 2013. Perinatal program-
ming of adult hippocampal structure and function; emerging roles of stress, nutrition and epigenetics. Trends
in Neurosciences 36 (11), 621e631.

Lupien, S.J., McEwen, B.S., Gunnar, M.R., Heim, C., 2009. Effects of stress throughout the lifespan on the brain,
behaviour and cognition. Nature Reviews Neuroscience 10 (6), 434e445.

Lyons, D., 2009. Developmental cascades linking stress inoculation, arousal regulation, and resilience. Frontiers in
Behavioral Neuroscience 3, 32.

Maestripieri, D., Higley, J.D., Lindell, S.G., Newman, T.K., McCormack, K.M., Sanchez, M.M., 2006. Early maternal
rejection affects the development of monoaminergic systems and adult abusive parenting in rhesus macaques
(Macaca mulatta). Behavioral Neuroscience 120 (5), 1017e1024.

Magarinõs, A.M., McEwen, B.S., 1995. Stress-induced atrophy of apical dendrites of hippocampal CA3c neurons:
involvement of glucocorticoid secretion and excitatory amino acid receptors. Neuroscience 69 (1), 89e98.

Makino, S., Gold, P.W., Schulkin, J., 1994. Corticosterone effects on corticotropin-releasing hormone mRNA in the
central nucleus of the amygdala and the parvocellular region of the paraventricular nucleus of the hypothalamus.
Brain Research 640 (1e2), 105e112.

Maras, P.M., Baram, T.Z., 2012. Sculpting the hippocampus from within: stress, spines, and CRH. Trends in Neuro-
sciences 35 (5), 315e324.

Mason, W.A., Harlow, H.F., 1958. Performance of infant rhesus monkeys on a spatial discrimination problem. Journal
of Comparative & Physiological Psychology 51 (1), 71e74.

McEwen, B.S., 2003. Early life influences on life-long patterns of behavior and health. Mental Retardation and Devel-
opmental Disabilities Research Reviews 9 (3), 149e154.

McGowan, P.O., Sasaki, A., D’Alessio, A.C., Dymov, S., Labonté, B., Szyf, M., Turecki, G., Meaney, M.J., Labonte, B.,
Szyf, M., Turecki, G., Meaney, M.J., 2009. Epigenetic regulation of the glucocorticoid receptor in human brain
associates with childhood abuse. Nature Neuroscience 12 (3), 342e348.

Meaney, M.J., Szyf, M., 2005. Maternal care as a model for experience-dependent chromatin plasticity? Trends in
Neurosciences 28 (9), 456e463.

Millstein, R.A., Holmes, A., 2007. Effects of repeated maternal separation on anxiety- and depression-related pheno-
types in different mouse strains. Neuroscience & Biobehavioral Reviews 31 (1), 3e17.

Molet, J., Maras, P.M., Avishai-Eliner, S., Baram, T.Z., 2014. Naturalistic rodent models of chronic early-life stress.
Developmental Psychobiology 56 (8), 1675e1688.

Molet, J., Heins, K., Zhuo, X., Mei, Y.T., Regev, L., Baram, T.Z., Stern, H., 2016a. Fragmentation and high entropy of
neonatal experience predict adolescent emotional outcome. Translational Psychiatry 6 (1), e702.

Molet, J., Maras, P.M., Kinney-Lang, E., Harris, N.G., Rashid, F., Ivy, A.S., Solodkin, A., Obenaus, A., Baram, T.Z.,
2016b. MRI uncovers disrupted hippocampal microstructure that underlies memory impairments after early-
life adversity. Hippocampus 26 (12), 1618e1632.

Dalle Molle, R., Portella, A.K., Goldani, M.Z., Kapczinski, F.P., Leistner-Segala, S., Salum, G.A., Manfro, G.G.,
Silveira, P.P., 2012. Associations between parenting behavior and anxiety in a rodent model and a clinical sample:
relationship to peripheral BDNF levels. Translational Psychiatry 2 (11), e195.

Moriceau, S., Shionoya, K., Jakubs, K., Sullivan, R.M., 2009. Early-life stress disrupts attachment learning: the role of
amygdala corticosterone, locus ceruleus corticotropin releasing hormone, and olfactory bulb norepinephrine.
Journal of Neuroscience 29 (50), 15745e15755.

12. Mechanisms by which early-life experiences promote enduring stress resilience or vulnerability178



Murgatroyd, C., Patchev, A.V., Wu, Y., Micale, V., Bockmuhl, Y., Fischer, D., Holsboer, F., Wotjak, C.T.,
Almeida, O.F., Spengler, D., 2009. Dynamic DNA methylation programs persistent adverse effects of early-life
stress. Nature Neuroscience 12 (12), 1559e1566.

Naninck, E.F.G., Hoeijmakers, L., Kakava-Georgiadou, N., Meesters, A., Lazic, S.E., Lucassen, P.J., Korosi, A., 2015.
Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice.
Hippocampus 25 (3), 309e328.

Naumova, O.Y., Lee, M., Koposov, R., Szyf, M., Dozier, M., Grigorenko, E.L., 2012. Differential patterns of whole-
genome DNA methylation in institutionalized children and children raised by their biological parents. Develop-
ment and Psychopathology 24 (1), 143e155.

Nelson, C.A., 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. Science 318 (5858).

Parker, K.J., Buckmaster, C.L., Sundlass, K., Schatzberg, A.F., Lyons, D.M., 2006. Maternal mediation, stress inocula-
tion, and the development of neuroendocrine stress resistance in primates. Proceedings of the National Academy
of Sciences of the United States of America 103 (8), 3000e3005.

Peña, C.J., Neugut, Y.D., Champagne, F.A., 2013. Developmental timing of the effects of maternal care on gene
expression and epigenetic regulation of hormone receptor levels in female rats. Endocrinology 154 (11),
4340e4351.

Peña, C.J., Kronman, H.G., Walker, D.M., Cates, H.M., Bagot, R.C., Purushothaman, I., Issler, O., Loh, Y.E., Leong, T.,
Kiraly, D.D., Goodman, E., Neve, R.L., Shen, L., Nestler, E.J., 2017. Early life stress confers lifelong stress suscep-
tibility in mice via ventral tegmental area OTX2. Science 356 (6343), 1185e1188.

Plotsky, P.M., Meaney, M.J., 1993. Early, postnatal experience alters hypothalamic corticotropin-releasing factor
(CRF) mRNA, median eminence CRF content and stress-induced release in adult rats. Molecular Brain Research
18 (3), 195e200.

Radley, J.J., Rocher, A.B., Rodriguez, A., Ehlenberger, D.B., Dammann, M., McEwen, B.S., Morrison, J.H.,
Wearne, S.L., Hof, P.R., 2008. Repeated stress alters dendritic spine morphology in the rat medial prefrontal
cortex. The Journal of Comparative Neurology 507 (1), 1141e1150.

Raineki, C., Cortés, M.R., Belnoue, L., Sullivan, R.M., 2012. Effects of early-life abuse differ across development: infant
social behavior deficits are followed by adolescent depressive-like behaviors mediated by the amygdala. Journal
of Neuroscience 32 (22), 7758e7765.

Regev, L., Baram, T.Z., 2014. Corticotropin releasing factor in neuroplasticity. Frontiers in Neuroendocrinology 35 (2),
171e179.

Rice, C.J., Sandman, C.A., Lenjavi, M.R., Baram, T.Z., 2008. A novel mouse model for acute and long-lasting conse-
quences of early life stress. Endocrinology 149 (10), 4892e4900.

Rodgers, A.B., Morgan, C.P., Bronson, S.L., Revello, S., Bale, T.L., 2013. Paternal stress exposure alters sperm micro-
RNA content and reprograms offspring HPA stress axis regulation. Journal of Neuroscience 33 (21), 9003e9012.

Roth, T.L., Lubin, F.D., Funk, A.J., Sweatt, J.D., 2009. Lasting epigenetic influence of early-life adversity on the BDNF
gene. Biological Psychiatry 65 (9), 760e769.

Russo, S.J., Murrough, J.W., Han, M.-H., Charney, D.S., Nestler, E.J., 2012. Neurobiology of resilience. Nature Neuro-
science 15 (11), 1475e1484.

Shalev, U., Kafkafi, N., 2002. Repeated maternal separation does not alter sucrose-reinforced and open-field
behaviors. Pharmacology Biochemistry and Behavior 73 (1), 115e122.

Short, A.K., Fennell, K.A., Perreau, V.M., Fox, A., O’Bryan, M.K., Kim, J.H., Bredy, T.W., Pang, T.Y., Hannan, A.J.,
2016. Elevated paternal glucocorticoid exposure alters the small noncoding RNA profile in sperm and modifies
anxiety and depressive phenotypes in the offspring. Translational Psychiatry 6 (6), e837.

Short, A.K., Yeshurun, S., Powell, R., Perreau, V.M., Fox, A., Kim, J.H., Pang, T.Y., Hannan, A.J., 2017. Exercise alters
mouse sperm small noncoding RNAs and induces a transgenerational modification of male offspring conditioned
fear and anxiety. Translational Psychiatry 7 (5), e1114.

Silveira, P.P., Portella, A.K., Clemente, Z., Gamaro, G.D., Dalmaz, C., 2005. The effect of neonatal handling on adult
feeding behavior is not an anxiety-like behavior. International Journal of Developmental Neuroscience 23 (1),
93e99.

Singh-Taylor, A., Korosi, A., Molet, J., Gunn, B.G., Baram, T.Z., 2015. Synaptic rewiring of stress-sensitive neurons by
early-life experience: a mechanism for resilience? Neurobiology of Stress 1 (1), 109e115.

References 179



Singh-Taylor, A., Molet, J., Jiang, S., Korosi, A., Bolton, J.L., Noam, Y., Simeone, K., Cope, J., Chen, Y., Mortazavi, A.,
Baram, T.Z., 2017. NRSF-dependent epigenetic mechanisms contribute to programming of stress-sensitive
neurons by neonatal experience, promoting resilience. Molecular Psychiatry 0 1e10.

Slattery, D.A., Cryan, J.F., 2012. Using the rat forced swim test to assess antidepressant-like activity in rodents. Nature
Protocols 7 (6), 1009e1014.

Suderman, M., Borghol, N., Pappas, J.J., Pinto Pereira, S.M., Pembrey, M., Hertzman, C., Power, C., Szyf, M., 2014.
Childhood abuse is associated with methylation of multiple loci in adult DNA. BMC Medical Genomics 7 (1), 13.

Tang, A.C., 2001. Neonatal exposure to novel environment enhances hippocampal-dependent memory function dur-
ing infancy and adulthood. Learning & Memory 8 (5), 257e264.

Walker, C.D., Bath, K.G., Joels, M., Korosi, A., Larauche, M., Lucassen, P.J., Morris, M.J., Raineki, C., Roth, T.L.,
Sullivan, R.M., Taché, Y., Baram, T.Z., 2017. Chronic early life stress induced by limited bedding and nesting
(LBN) material in rodents: critical considerations of methodology, outcomes and translational potential. Stress:
The International Journal on the Biology of Stress 20 (5), 421e448.

Wang, X.-D., Rammes, G., Kraev, I., Wolf, M., Liebl, C., Scharf, S.H., Rice, C.J., Wurst, W., Holsboer, F.,
Deussing, J.M., Baram, T.Z., Stewart, M.G., Müller, M.B., Schmidt, M.V., 2011. ‘Forebrain CRF₁ modulates
early-life stress-programmed cognitive deficits’. Journal of Neuroscience 31 (38), 13625e13634.

Wang, A., Nie, W., Li, H., Hou, Y., Yu, Z., Fan, Q., Sun, R., 2014. Epigenetic upregulation of corticotrophin-releasing
hormone mediates postnatal maternal separation-induced memory deficiency’ SD ginsberg (ed). PLoS One 9 (4),
e94394.

Weaver, I.C., Cervoni, N., Champagne, F.A., D’Alessio, A.C., Sharma, S., Seckl, J.R., Dymov, S., Szyf, M.,
Meaney, M.J., 2004. Epigenetic programming by maternal behavior. Nature Neuroscience 7 (8), 847e854.

Whitton, A.E., Treadway, M.T., Pizzagalli, D.A., 2015. Reward processing dysfunction in major depression, bipolar
disorder and schizophrenia. Current Opinion in Psychiatry 28 (1), 7e12.

Zhang, Y., Zhu, X., Bai, M., Zhang, L., Xue, L., Yi, J., 2013. Maternal deprivation enhances behavioral vulnerability to
stress associated with miR-504 expression in nucleus accumbens of rats. PLoS One 8 (7), e69934.

12. Mechanisms by which early-life experiences promote enduring stress resilience or vulnerability180


	12 -Mechanisms by which early-life experiences promote enduring stress resilience or vulnerability
	Introduction
	The degree of predictability of maternal care influences long-lasting cognitive and emotional resilience or vulnerability
	Studying early-life experiences experimentally
	Disrupted maternal care
	Augmented/predictable maternal care

	Cognitive and emotional outcomes of early-life experiences
	A spectrum of cognitive consequences of early-life experiences
	Emotional consequences of early-life experience


	Mechanisms by which early-life experiences elicit enduring changes in neuronal, circuit, and behavioral functions
	Stress-sensitive neurons in the hypothalamus are influenced by early-life stress as well as by augmented early-life experience
	Memory consequences of early-life stress and experiences—a hippocampal story
	Early-life experiences affect a number of brain systems
	How the consequences of early-life experience are encoded long-term: transcriptional and epigenetic mechanisms

	Conclusions
	Acknowledgments
	References




