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Abstract

Neurological illnesses, including cognitive impairment, memory decline and dementia, affect over
50 million people worldwide, imposing a substantial burden on individuals and society. These
disorders arise from a combination of genetic, environmental and experiential factors, with the
latter two factors having the greatest impact during sensitive periods in development. In this
Review, we focus on the contribution of adverse early-life experiences to aberrant brain
maturation, which might underlie vulnerability to cognitive brain disorders. Specifically, we draw
on recent robust discoveries from diverse disciplines, encompassing human studies and
experimental models. These discoveries suggest that early-life adversity, especially in the perinatal
period, influences the maturation of brain circuits involved in cognition. Importantly, new findings
suggest that fragmented and unpredictable environmental and parental signals comprise a novel
potent type of adversity, which contributes to subsequent vulnerabilities to cognitive illnesses via
mechanisms involving disordered maturation of brain ‘wiring’.

Neurological illnesses, including cognitive deficits and decline and dementia, are prevalent
throughout the world, exerting an enormous toll in terms of both medical costs and loss of
human potentiall-2. Genetic factors have been shown to influence brain function throughout
life3-5, and these factors, sometimes interacting with early-life experiences, account for a
substantial proportion of the interindividual variance in both cognitive and emotional
outcomes. Indeed, early-life experiences in themselves seem to play an important role in
influencing cognitive outcomes®7. The idea that early-life adversity influences cognitive and
emotional health and disease throughout life is supported by strong epidemiological
evidence, and the statistical relationship between early-life adversity and a variety of
psychiatric disorders has been extensively documented and reviewed8-13. While
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acknowledging the frequent overlap between cognitive and emotional deficits!4, in this
Review we focus primarily on how early-life adversity could modulate cognitive functions
across the lifespan, including memory problems in children19:15.16 cognitive decline during
middle agel’=22, and late-life demential’-18.23, The types of adversity that have been
implicated by studies on poor cognitive outcomes include low socioeconomic status (SES),
war, famine, neglect and abuse, and being raised in an orphanage.

Large prospective and retrospective studies have provided support for the idea that early-life
adversity promotes cognitive deficits?4-31, Sophisticated analyses have advanced the
recognition of the contribution of pre-existing genetic and societal factors to the association
between conventional measures of adversity and cognitive outcomes. Cognitive indicators
include poor school performance and reduced ability in specific tasks in childhood?832-35
and reduced cognitive function during adult life. In this article, we describe some of the
studies that have addressed the influence of environmental factors and experiences during
sensitive periods early in life on vulnerability and resilience to cognitive pathology, address
some of the caveats in these studies, and propose novel aspects of adverse early-life
experiences that might influence brain maturation, leading to cognitive problems later in life
(FIG. 1).

Prospective studies in humans can provide strong associations and generate causal and
mechanistic hypotheses. However, it is difficult to account for potential confounders:
children inherit genes from their parents, but parental characteristics might also influence the
probability of an individual being born into an adverse situation, such as low SES.
Therefore, animal models in which genetic variables can be controlled are important to
establish causality as well as to study mechanisms. Over the past few decades, dozens of
articles have documented the memory impairments provoked by early-life adversity in
rodents and non-human primates36-48. We focus on some of the salient findings in both
nonhuman primates and rodent models, including evidence suggesting that early-life
adversity in rodents impairs memory progressively during middle age and provokes
premature memory senescence?3:50. Although animal models are limited in their
translatability to the clinical arena, taken together with robust human studies they reinforce
the idea that certain aspects of early-life adversity affect cognitive function (and specifically
memory) throughout life.

The mechanisms by which adverse early-life experiences influence the maturation of the
brain to promote aberrant cognitive function are important to address. How do these
influences endure, and how might they progress with age? We review established
information as well as new and emerging evidence about the nature of adversity-induced
signals that affect the maturation of cognitive brain functions, and we address potential
mechanisms for the onset and persistence of these effects. We highlight the advent of
technological advances that enable these fundamental questions to be better addressed, as
well as the constructive iteration between the clinical questions and experimental animal
models that is enabling the establishment of causality and mechanisms.

Nat Rev Neurol. Author manuscript; available in PMC 2020 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Short and Baram Page 3

Studies in humans

Human studies on early-life adversity have focused on low SES, including parental
unemployment and education levels, and also on war, famine, neglect, abuse and
institutional rearing. These studies have involved several approaches.

Large epidemiological studies have collected cohorts born or raised during specific epochs
of adversity, then assessed cognitive outcomes compared with earlier-born or later-born
cohorts. For example, the Dutch famine study addressed the effects of prenatal malnutrition
resulting from starvation of the Dutch population during World War 115152, In individuals
who experienced this adversity prenatally, the investigators identified markers of accelerated
brain ageing on MRI®1, yet cognitive function during middle age was not influenced by the
prenatal malnutrition®2, A similar investigation conducted in China during the ‘Great Leap
Forward’- associated famine (1959-1961) identified cognitive disabilities in individuals who
were exposed to prenatal malnutrition®3. However, the effects were confined to men who
were raised in rural areas, and memory per se was not affected®3. Taken together, these
studies provide only modest support for an effect ofprenatal malnutrition on later-life
cognitive function.

Other types of studies examined cognitive outcome related to SES in both developing and
developed countries. In developing countries such as Ethiopia, Peru and Vietnam, severe
poverty as well as parental schooling were associated with poor school performance®4. Other
studies have capitalized on the large data sets that are common in Scandinavian health
systems. These data sets go back for decades and enable examination of the relationship
between early-life adversity and cognitive performance not only during childhood and
adolescence but also during adulthood and middle age. For example, longitudinal
observations of men from Eastern Finland identified SES as an important predictor of
several cognitive measures during middle agel”. However, as is often observed in human
studies, other factors, including genetics, accounted for a substantial proportion of the
variance in cognitive outcomes.

Several investigations have taken advantage of natural experiments and subsequent
interventions. Prominent among these investigations are studies that monitored infants and
children raised in institutions such as orphanages?28:29:33-35.55 Because of the high infant to
caregiver ratio, these infants were deprived of social and emotional interactions, although
physical factors including nutrition were not generally deficient. The results of these studies
were profound: lack of adequate individual emotional nurturing was associated with serious
emotional and cognitive problems, including deficits in spatial working memory, visual
recognition and associative learning2%33:56, |n addition, in the randomized, controlled
Bucharest adoption study, infants who were adopted by families at 2 years of age or earlier
fared significantly better in terms of cognitive outcomes than those adopted later in life,
suggesting that the first 2-3 years of life constitutes a critical period for the vulnerability to
parental deprivation and the neuroplasticity that enables recovery29:57.

The concept of the disproportionate importance of adversity during the first years of life
versus later in childhood and adolescence is supported by studies that examined the effects
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of poverty at various stages of a child’s life8:59, Early poverty was a better predictor of later
cognitive achievement than was poverty in middle or late childhood — an effect that is
difficult to explain by genetics and, thus, supports an influence of the adversity itself>8.,

A number of large prospective studies addressing early-life adversity and cognitive function
are ongoing in the USA, Europe and other parts of the world80-64, These studies generally
enrol infants and children (or commence during prenatal life)®1.63.64 and follow their
development until adolescence or adulthood. The studies centre on normative
populations®%:64 or on traumatized populations, such as those in inner-city Atlanta®®. The
studies vary in terms of demographics, ethnic backgrounds and outcome measures, and
many include neuroimaging as well as hormonal and psychological batteries. Together, these
studies should shed important light on the nature and timing of early-life adversities that
have an impact on memory and other parameters of cognitive function, as well as on the
underlying brain networks.

Several investigators have found an influence of early-life adversity on decline in cognitive
function during middle age;17-20 however, this association has not been consistently
observed15:24.66-68 |n addition, early-life poverty, stress and abuse have been linked to late-
life demential?18.69-71

An inherent difficulty in many human investigations is the inability to tease apart intrinsic
(genetic) capabilities of the child from the effects of the environment. A further inherent
complexity is the gene-environment interaction, whereby individuals with different genetic
make-ups (for example, harbouring specific gene variants) might respond differently to
early-life adversity. Genetic factors that have been implicated in these interactions include
the Val-Met variants of the brain-derived neurotrophic factor (BDNF) gene, as well as
variants of genes encoding the serotonin transporter, the corticotropin-releasing hormone
receptor, the glucocorticoid receptor-interacting protein FKBP5 and the voltage-dependent
calcium channel CaV1.2 (REFS®7.72-75),

Several research groups have used longitudinal approaches in an attempt to address the
conundrum of pre-existing factors that antedate adversity. Among the most prominent are
the Lothian Birth Cohort study?! and a study by Danese et al.”%. In the Lothian study,
children in the 1936 Aberdeen birth cohort underwent memory and cognitive testing at 11
years of age to establish their intellectual level, and their SES was also recorded. The same
individuals were re-recruited in later life (for example, in their 60s and 70s)21, and childhood
intelligence, social class, education, life-course social mobility, memory test performance
and memory decline in late life were all assessed. Higher SES and intelligence during
childhood predicted better cognitive performance later in life. The trajectory of memory
decline was steeper in individuals who had received less education, and this relationship was
independent of childhood intellectual ability and SES, sex and social mobility. The authors
concluded that both genetics and early-life adversity (low SES) contribute critically to late-
life memory deficits and decline. Importantly, the availability of data on early-life
intelligence helps to distinguish the relative contributions of early-life adversity and innate
capabilities’’.
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More recently, Danese and collaborators analysed the association between a battery of
cognitive problems and childhood victimization, using prospectively collected data from two
cohorts’®, The researchers concluded that victimization per se contributed relatively little to
cognitive outcome, much of which was predicted by pre-trauma abilities, and by antedating
factors that were considered to be confounding, including low SES.

The studies discussed so far demonstrate that an association between conventional measures
of adversity and cognitive outcomes exists at the group level; however, determining the
nature of the relationship and the adversity is not straightforward. Although trauma and
victimization in childhood explain a minority of the variance in cognitive outcomes, genetic
factors and gene-environment interactions are likely to be major contributors. Evidence of
reduced cognitive performance emerges very early in childhood, and as mentioned above, is
not fully explained by genetic factors and gene-environment interactions. Notably, reduced
cognitive performance often precedes victimization. Together, these facts suggest that other
as-yet-unconsidered aspects of early-life experience take place perinatally and in infancy
and, together with genetics and gene-environment interactions, contribute critically to
cognitive outcomes. This supposition led us to re-examine the construct of early-life
adversity (FIG. 1).

Early-life adversity is often equated with physical and emotional stress, as assessed from the
perspective of the investigator. However, early-life adversity might also be considered as any
factor that disrupts the normal maturation of cognitive circuits, irrespective of the presence
of conventional ‘stress’. In addition to intrinsic and temporally ordered gene expression
programmes, the maturation of sensory brain circuits requires patterned sensory signals from
the environment, for example, sound and light patterns in the case of visual and auditory
circuits, respectively (Box 1). These observations raise the possibility that aberrant patterns
of signals from the environment can contribute to disrupted maturation of brain circuits,
including cognitive circuits. Recent evidence has provided support for this notion. A
prospective study in infants and children who had not been exposed to other conventional
types of adversity demonstrated that the degree of predictability of maternally derived
sensory signals correlated positively with cognitive performance at 2 years and memory at 7
years of ageb4. These correlations persisted when typical measures of adversity, including
SES and maternal depression, were included in the models. A second study in an ethnically
and demographically distinct prospective cohort identified a relationship between
unpredictability of environmental signals in infancy and cognitive outcomes’8.

These new studies uncover an additional dimension to the construct of early-life adversity
that is distinct from its definition as ‘stress’, namely, chaotic unpredictable patterns of
experiential signals very early in life. Examples of such patterns include inconsistent,
fragmented or interrupted maternal care behaviours or chaotic households with numerous
changes in providers of sensory input to the infant and child. These patterns can be
measured, quantified and defined as entropy rates63.64.79.80_ Notably, the early timing of the
adversity is consistent with the Bucharest studies described above, which suggested a unique
vulnerability of the developing brain to environmental and caregiver signals during the first
2 years of life2%:3381 This novel aspect of early-life adversity might explain a significant
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portion of the variance in cognitive outcome that is not accounted for by genetics or typical
measures of adversity.

Animal studies

Animal models permit the causal relationship between adverse early-life experiences and
cognitive problems to be probed. Such investigations have been conducted in non-human
primates as well as rodent models. In chimpanzees, rearing by peers, a paradigm that models
institutional care, resulted in impaired cognitive development®2. In juvenile rhesus
macaques, a similar type of early-life adversity led to complex defects in several aspects of
memory, which were associated with selective reduction in corpus callosum volume on
MRI39, Furthermore, impaired reversal learning was found in juvenile marmosets that were
exposed to recurrent parental deprivation early in life%0.

These primate studies enable causality to be established; however, to probe specific
mechanisms via molecular and interventional approaches, rodent models offer the
advantages of rapid development, access to tissue, low cost, genetic homogeneity and novel
genetic tools. Numerous investigations, employing a spectrum of models of early-life
adversity, have been conducted in rodents. Other reviews have summarized these studies in
rodent models, focusing on the effects of early-life adversity on cognitive function later in
ife83-85 and here we describe just a few of the salient discoveries.

The effects of abusive maternal care on aspects of learning become apparent early in
development, and are associated with aberrant functioning of emotional cognitive circuits
involving the amygdala®:87, Several groups have reported spatial memory deficits in adult
rats that were exposed to maternal deprivation in early 1ife36:88.89 although conflicting
results have been obtained®. A robust paradigm of chronic early-life adversity, consisting of
simulated poverty in cages with limited nesting and bedding material, also provoked
impairments in spatial and recognition memory*1:49.84.91 These deficits were initially
observed during middle age, and were associated with impaired synaptic potentiation and
substantial loss of neuronal arborization and synapses*®1. The memory problems seemed to
be progressive, perhaps indicating premature memory senescence, as has been suggested in
humans49-50, Refinements in the cognitive tests that are employed to assess spatial memory
subsequently uncovered problems in hippocampus-dependent memory by the time of
adolescence in rats exposed to early-life adversity, and MRI studies revealed reduced dorsal
hippocampal volume and disturbed intra-hippocampal connectivity in these animals®2.

Early-life adversity in rodents, as in humans, is likely to be multifactorial*’, and the
mechanisms by which it leads to cognitive problems in childhood, adolescence, middle age
and senescence are not fully understood. Much work has focused on potential deficits in
growth factors such as BDNF89:93-98 | addition, the notion that adversity disrupts the
maturation of brain circuits involved in cognition®%-103 via disordered synapse strengthening
and pruning14 has gained credence with the advent of novel imaging and tracing methods,
as discussed in more detail below. Thus, animal models have been instrumental in furthering
our understanding of the relationship between early-life adversity and cognitive function.
However, these models cannot, by definition, capture the full complexity of mental illnesses
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that is seen in humans. Accordingly, we cannot claim that animals are models of specific
neuropsychiatric diseases; rather, they are models for the study of disease0®.

Aspects of early-life adversity

It is tempting to lump together diverse types of physical, emotional and social disadvantages,
with the idea that they all converge on activating the brain’s ‘stress system’. This activation,
in turn, ‘primes’ future brain programming and function, setting in motion a cascade of
molecular, cellular and behavioural events that affect cognition1947.106 However, both
human and experimental data suggest that the nature of the adversity influences its effect on
the developing brain. For example, the relationship between low SES and cognitive
performance is most robust in developed countries and is much more variable in developing
countries®*197_ In addition, infants and children might be exposed to both physical and
emotional aspects of adverse situations, such as displacement, war or poverty, but the
emotional facets of adverse early-life experiences seem to be most salient to cognitive
outcomes28.29,56,108

During sensitive early-life periods, including both prenatal and postnatal epochs,
environmental signals to the developing brain are filtered and conveyed by the
mother83.109-112 Nt surprisingly, the majority of human early-life adversity derives from
abnormal types and patterns of maternal care, ranging from inconsistency and lack of
sensitivity to neglect®6:113.114 Total lack of maternal care has catastrophic consequences for
cognitive and emotional development, as has been found in studies of institutionalized
children25:27,28,32,34,35,108,115,116 | addition, a robust body of work has addressed the
relationships between specific aspects of maternal behaviour and
neurodevelopment63.64.113.117-123 ‘Mych of the work has focused on emotional outcomes,
but reports have also linked aspects of maternally derived signals to the infant and child with
cognitive performanceb4.124, The causality of such links has surfaced in experimental rodent
and non-human primate experiments, in which reduction or aberrant patterns of maternal
care led to memory problems during adolescence and adulthood92:125-130,

As discussed in the section on human studies above, we propose an additional dimension of
the construct of early-life adversity, namely, chaotic, unpredictable patterns of experiential
signals from the parent and the environment, which contribute to disrupted maturation of
cognitive brain circuits. Prospective studies in infants and children who had not been
exposed to other conventional types of adversity demonstrated that the degree of
unpredictability of maternally derived sensory signals correlated with cognitive development
at 2 years of age and memory at 7 years of age. These correlations persisted after typical
measures of adversity, including SES and maternal depression, were included in the
models®4.

As parental signals dominate the nature of the environment of a developing infant and child,
abnormal maternally derived signals are likely to constitute a type of early-life adversity. A
mother’s behaviour will be influenced by her environment, and she might convey this
general environmental adversity to the developing brain of her child. In support of this
notion, modification ofthe environment to generate simulated poverty in rodents directly
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provoked fragmented and unpredictable patterns of maternal care37:85.126,131-133 |t jg
becoming clear that these patterns of maternal signals to infants are a key measure of

adversity and influence cognitive outcomes, as indicated by both rodent and human
studiesB364.84.91

Potential mechanisms

Historically, brain maturation in general was considered to be protected or immune from the
effects of early-life adversity and stress (Box 2). However, current thinking suggests that
early-life adversity directly modulates brain development, in part via the programming
actions of stress hormones that act as transcription factors, such as cortisol and its
receptors134,

Complex cognitive and emotional behaviours arise from the coordinated functions of brain
circuits13%136 During development, the establishment and maturation of brain circuits is
modulated by salient sensory signals during sensitive or critical periods37-139 (Box 1). This
process involves formation of synapses guided by molecular cues, followed by selective
strengthening or pruning of synapses depending on neuronal activity: in general terms,
active synapses become strengthened and inactive synapses are pruned. The signals that
promote synapse loss or strengthening in sensory circuits are known, and they include light
and sound patterns in visual and auditory circuits, respectively. By contrast, the specific
signals that contribute to the maturation of circuits underlying functions such as memory and
stress responses, and the mechanisms through which disturbances in these signals disrupt
brain circuit maturation, are yet to be determined. Sensory signals emanating from the
parents might promote strengthening or pruning of synapses in these circuits!1140.141 Thys,
erratic, unpredictable signals could lead to enduring aberrant maturation of these circuits via
deranged strengthening and pruning of synapses®1:142,

The circuitry involved in memory performance is centred on the hippocampus!43-145, The
hippocampal formation undergoes dramatic growth and maturation during early postnatal
life in both humans and rodents146-149, Several groups found excessive loss of dendrites,
dendritic spines and synapses from the hippocampus in rodents that were exposed to early-
life adversity36:49.92.150_ Similarly, reduced hippocampal volume has been found in non-
human primates®1.152 and human adolescents and adults after exposure to early-life
traumal00-108, Many of the available studies are retrospective, which introduces potential
caveats. However, as discussed in the next section, prospective studies have affirmed a
relationship between early-life adversity and neuroimaging measures of brain circuit
development.

Crucial and novel study tools

Visualization of changes in the volume and connectivity of memory-related circuits in
adolescent, adult and ageing individuals provides a powerful tool for advancing our
understanding of the role of early-life adversity in neurocognitive illnesses. Visible changes
could help delineate potential mechanisms; for example, ~40% of the cortical volume is
composed of dendrites!®3154 and volume loss might imply loss or poor development of
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neuronal compartments involved in connectivity, including dendritic branches and spines. In
addition, a non-invasive means to visualize brain circuit structure is extremely helpful in
delineating trajectories within individuals100101.103 ‘and for clarifying potential bases for
sex differences in the outcomes of early-life adversity®5-157. FIGURE 2 demonstrates the
sex-specific differences in connectivities in brain circuits; furthermore, it shows that the rates
of maturation of these circuits differ between boys and girls. Thus, adversity at a given age is
likely to affect boys and girls differentially. An important question is whether the
consequences of neonatal adversity on memory-related circuits are static or even reversible
with time, or whether the processes set in motion by early-life adversity are progressive
and/or interact with ageing processes during middle age and senescencel®8.

An additional impetus to optimizing imaging methods for the study of adversity-related
neurological sequelae is the ability of these methods to bridge across species. Identical or
analogous imaging approaches can be used in humans and in primate or rodent models,
thereby aiding the identification of common bases for the relationships between early-life
adversity and cognitive outcomes. The causal and mechanistic nature of adversity-provoked
brain structure changes can then be probed in animal models, enabling inferences to be made
about similar mechanisms in humans. Non-invasive imaging should also allow longitudinal
assessment of the efficacy of any pharmacological or behavioural and lifestyle interventions.

Major innovations in imaging technology and the related analyses, including data-driven and
powerful computational approaches, have advanced the study of adversity-related cognitive
— in particular, memory — problems!36:159.160 \plumetric analyses of the human
hippocampus and hippocampal formation were initially performed retrospectively, and some
of these studies identified volume reductions in adolescent, adult and ageing individuals who
had experienced early-life adversity161-163 However, retrospective studies in specific
populations are susceptible to confoundingl0%-164 and later studies failed to replicate these
findings165:166. More recently, prospective approaches have aimed to clarify the relationship
between early-life adversity and imaging measures of brain circuit development110.167,
These studies have provided confirmation that reduced volumes of cortical regions and the
hippocampus are associated with adversity10.168-170 consistent with poor development or
loss of neuronal dendritic arborizationl”?. These findings suggest an effect of early-life
adversity, in addition to the major influence of genetic factors, in governing cortical and
hippocampal volumes and their response to early-life traumal52172,

Structural connectivity in the brain has also been probed through the use of diffusion tensor
imaging (DTI) and its variants173-174, Alterations in connections among brain regions that
are fundamental to memory processing have been described in neurological disorders
involving memory loss and demential’>-180, Prospective analyses have identified reduced
efficiency of network organization in girls who have experienced substantial early-life
povertyl67, suggesting sex-specific vulnerabilities!®5-157.181 Classic DTI approaches have
focused largely on delineating white matter connections (tracts) between the hippocampus
and other brain regions, but high-resolution intrahippocampal DTI has also been employed.
In humans, this approach, which is exemplified by the work of Yassa et al., enabled
assignment of specific memory functions to discrete elements within the hippocampal
formation82. In addition, Leal and Yassa documented the effects of ageing and dementia on
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structural connectivity83. In rodent models, intra-hippocampal DTI has capitalized on the
ordered arrangement of apical dendrites of hippocampal neurons, especially in the CAl
region, which is essential for processing of spatial memory92. Very-high-resolution, high-
magnetic field scanners have uncovered disorganization and loss of these dendrites (and
probably their synapses) after early-life adversity92. Interestingly these major connectivity
changes were accompanied by relatively modest volume losses, demonstrating the power of
using connectivity and network organization to assess the structural basis of the profound
memory problems provoked by early-life adversity, at least in experimental animal
models’1,

Connectomics, the study of structural and functional neuronal networks and circuits, has
revolutionized the approach to understanding neurological diseases. Rather than affecting a
single neuron, sets of neurons or defined regions, early-life adversity is now believed to

affect brain circuits and nodes and the properties that emerge from their
interactions®7+136,167,184,

The application of these methods across species holds promise for establishing analogies
between the outcomes of controlled early-life adversity in experimental models and
suspected or presumed causal early-life experiences in humans. In mice, the circuitry can
also be probed using a variety of viral tracing and circuit manipulation techniques!. Both
anatomically and molecularly defined brain connections can be examined, and the effects of
adversity on axonal and synaptic connections, including their strength, can be addressed.
Chemogeneticl8® or optogenetic!®” activation or blocking of these brain connections could
potentially be used to measure the effects of early-life adversity on the function of specific
brain circuits, although these techniques have not yet been formally applied to the study of
early-life adversity-induced changes in memory function.

Epigenetics and methylomic biomarkers

How might the effects of adversity that is limited to a relatively short developmental epoch
endure and perhaps even progress throughout life? Conceptual and technological advances
in epigenomics and related fields of study are helping us to answer this crucial, clinically
relevant question.

The behaviour of individual neurons is controlled by the expression of specific genes in
exquisitely orchestrated sequences that govern molecular expression, transport, interactions
and degradation to drive the complex machinery of cellular communication. These
coordinated gene expression programmes are governed by epigenetic effects on the
chromatin — a complex consisting of DNA, histones and multiple interacting
proteins188.189 Epjigenetic mechanisms, which include DNA methylation, histone
modification, non-coding RNAs and the emerging concept of RNA methylation, have been
reviewed extensively elsewhere190-192 Here, we present evidence that early-life adversity
leads to ‘re-programming’ of neuronal function via epigenetically mediated alterations of
gene expression109.193.194 \\fe focus on hippocampal and prefrontal cortex neurons, which
are central to memory and executive functions.
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In humans, the vast maj ority ofstudies that have directly addressed alterations in gene
expression have employed post-mortem tissue, although some have employed tissue blocks
resected from individuals undergoing surgery for epilepsy9°, and most studies on the effects
of early-life adversity have focused on psychiatric problems!96:197_In experimental models,
including primates!®8199 a wide and growing literature is documenting major adversity-
induced epigenomic changes in the hippocampus and prefrontal cortex through the use of
sophisticated methodologies, including RNA sequencing, ribosome tagging (RiboTag) and
chromatin immuno-precipitation sequencing (ChlP-Seq). Data-driven analyses and
bioinformatics200-202 gre used to identify important gene sets and molecular pathways that
might contribute to neuronal deficits203204, as well as transcriptional master regulators that
potentially drive large-scale changes in gene expression’-205-208_Stressful early-life
experiences are thought to programme neurons via the glucocorticoid receptor, which
functions as a transcription factor?%9, Additional key transcriptional master regulators are
being discovered, including the homeobox protein OTX2 (REF2%6) and RE1-silencing
transcription factor207:208_ Several studies have employed hypothesis-driven approaches
centred on the effects of early-life adversity on the expression of single genes or gene sets,
especially those involved in synaptic growth and neuronal connectivity®1:210-215_Stydies in
animal models have identified numerous pathways that contribute to neuronal deficits, which
might underlie memory problems. However, more work is needed to translate these findings
to the clinical prevention of adversity-provoked cognitive deficits in humans.

To enable therapeutic intervention, individuals at risk of adversity-related cognitive
problems will need to be identified as early as possible. The imaging approaches described
above hold promise for identifying predictive biomarkers for the risk of cognitive or
affective disorders, but an additional avenue involves the study of epigenetic markers in
peripheral cells, and specifically of DNA methylation profiles (methylomics). DNA
methylation profiles change with age?16-218 and have been suggested to represent a
biological ageing clock?19. Although the relationship between the methylation profiles in
buccal swab-derived cells or peripheral white blood cells and those in cortical and
hippocampal neurons is limited220-221 acceleration of the ‘methylation age’ of DNA in
white blood cells might portend neurological disorders, especially cognitive decline and
dementia?19222-225 A growing number ofstudies are comparing DNA methylation
signatures in individuals exposed to early-life adversity with signatures in individuals with
apparently optimal infancy and childhood?26. These studies include paediatric, adult and
ageing cohorts?2/-229_ Only a few studies have found associations between methyl- ation
signatures and reductions in cognitive abilities?2”. The difficulty in identifying predictive
biomarkers for cognitive defects and dementia in these cross-sectional studies derives from
the considerable variance among individuals. Longitudinal and within-individual
comparisons are now emerging230:231, These comparisons hold promise for uncovering
methylation patterns that might be predictive markers for the risk of cognitive problems or
dementia later in life.

Potential interventions

Adverse life experiences affect nearly 50% of children in the USA232, Policy changes driven
by observational233 and interventional®34 studies aim to mitigate childhood poverty, yet our
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ability to prevent other types of early adversity is limited. Therefore, efforts to mitigate
adversity-related neurological disorders, including memory decline and dementia, should
probably focus on post hoc interventions. Key questions that are central to any intervention
relate to its timing: what is the duration of the sensitive developmental period when
adversity most profoundly affects cognition, and how late can we reverse the resulting
deficits?

No definitive answers to either question have yet been obtained, but important data are
emerging. Human memory circuits have been shown evolve during infancy and
childhood?35-237 and the pioneering studies of Romanian infants and children raised in
orphanages suggest that the first 2 years of life are a particularly sensitive period to the
effects of adversity29, although evidence exists for cumulative effects of adversity on
cognitive function throughout childhood3238.239  |n experimental animals, critical periods
for the normal development of memory circuits and functions have been identified240.241,
and studies in animal models have advanced our understanding of the mechanisms that
contribute to these critical periods. Although developmental stages of the human and rodent
brain do not correlate precisely, comparative development of the memory-subserving
hippocampal formation across species has been assessed?42,

As regards the time frame during which interventions might be effective, studies in orphans
suggested that cognitive recovery is lower in individuals who were provided with adoptive
families later than 24 months of age than in infants who were adopted earlier2>22, Similarly,
in experimental models, early interventions using pharmacological and epigenetic
approaches enabled restoration of memory in adversity-experiencing rats®1:122 whereas later
interventions were less effective?43, Together, these findings suggest that lengthening the
sensitive period when neuronal and circuit plasticity enables intervention would be a major
advance in post hoc interventions after early-life adversity.

The mechanisms that govern the sensitive window for memory-related circuits are unknown;
however, major insights have been gained from the study of sensitive periods in the auditory
circuitry. During development of the rodent auditory system, there is a critical period during
which patterned sensory auditory inputs govern the maturation of the thalamocortical
auditory circuit?*4, Aberrant neuronal activity, such as seizures, during this period disrupts
circuit maturation245, Recently, elegant work has identified the neurobiological basis of the
critical period, enabling its extension to a later age245. The principles of critical periods have
now been demonstrated for several sensory brain circuits246:247  and evidence for critical
periods in the development of the hippocampus-centred memory circuitry has been
uncovered*9.242,248.249 | analogy to the auditory system, aberrant neuronal firing
(seizures)207 and fragmented or unpredictable sensory input!137 disrupt the maturation of
circuits underlying memory and emotions. Taken together, these observations suggest that
extension or reopening of the critical period for memory circuitry could enable reversal or
prevention of memory defects resulting from early-life adversity.

Interventions that might be helpful both during development and in the adult and ageing
brain include a variety of growth factors including BDNF, as well as exerciseZ?0, Physical
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activity has been shown to improve memory in rodent models of ageing and dementia251:252,
and is associated with better cognitive function in ageing humans253-256,

Conclusions and future directions

The correlation between early-life adversity and neurological health and disease is supported
by strong epidemiological evidence. The nature of this correlation is complex: although
genetic factors clearly modulate the consequences of the adversity on neurological
outcomes, a distinct influence of adversity across diverse genotypes is apparent, suggesting
that this environmental factor has an important role in shaping cognition.

Robust evidence from animal models and prospective studies in specific human populations
indicate that aspects of early-life adversity influence cognitive brain development and
function. Exposure to adversity during the first few years of life has the most profound and
enduring effects on outcomes, consistent with a sensitive developmental period.

Notably, our notions of the nature of early-life adversity are in flux. Beyond poverty, abuse
and neglect, unpredictable and chaotic parental and environmental signals to the developing
infant are emerging as important contributors to early-life adversity. These factors do not
necessarily coexist with other types of adversity, and could help to explain a substantial
portion of the variance in cognitive outcomes during childhood.

The mechanisms through which early-life adversity influences the brain are numerous, and
might include modulation of stress-related processes. Novel technologies, in particular
epigenomic techniques and neurocimaging, are increasing our understanding of the effects of
early-life adversity on brain circuit maturation, on gene expression profiles and on the
function of individual neurons and neuronal ensembles that are pivotal to cognitive and other
complex behaviours.

Numerous questions remain unresolved and should be topics for future studies. For example,
as components of the cognitive circuitry mature at different ages, do distinct sensitive ages
of exposure exist for different types of outcomes (for example, executive function versus
memory)? Also, what are the fundamental sex-dependent differences in cognitive circuits
and their development (FIG. 2), and how does sex influence vulnerability to and expression
of cognitive problems that follow early-life adversity? Finally, if fragmented, unpredictable
environmental and parental signals early in life can contribute to cognitive problems, does
parental cell phone use, which can disrupt patterns of sensory signals to the infant, constitute
a novel form of adversity257?

The effects of early-life adversity on cognitive outcomes have occupied human thinking for
millennia, and this issue remains as topical and vexing as ever as we enter the third decade
of the 21st century.
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Box 1 |
Construction and disruption of brain circuits

Complex behaviours involve coordinated activities of brain circuits that integrate signals
at the molecular, cellular, synaptic and network levels135.136 (see the figure).
Neurological disorders can arise from dysfunction of specific brain circuits, which
originates from genetic risk factors and environmental influences, the latter taking place
particularly during sensitive developmental periods193:109, The general framework of
brain circuits is laid out by orchestrated programmes of gene expression in presynaptic
and postsynaptic neurons28. However, brain circuits are immature for most of the
developmental epoch, and different brain circuits mature within distinct individual
developmental periods, with sensory circuits typically preceding the networks that
underlie cognitive brain functions101:259, Executive function circuits centred on the
prefrontal cortex are considered to be among the last to mature02,

The maturation and refinement of brain circuits is characterized by the establishment of
stable intercellular connections via activity-dependent synaptic maturation and pruning,
and the integration and coordination of the emergent brain networks to drive behaviour.
Environment-derived sensory signals influence the development of sensory brain circuits;
for example, light and visual patterns are required for the establishment of a normally
functioning visual circuit!37:247, via microglia-mediated pruning of ‘extraneous’
synapsest04. This critical maturational process takes place during a defined sensitive
period during the first few weeks of life in the rodent04260, and an analogous sound and
tone dependent process takes place in the maturation of auditory circuits?46. Missing or
aberrant signals from the environment are thought to drive aberrant maturation of these
sensory brain circuits, resulting in persistently aberrant connectivity and function that is
difficult to reverse beyond the “plastic’ sensitive period246:261 \We propose that similar
principles apply to the maturation of the brain circuits that underlie cognitive functions,
including memory. The appropriate maturation of these circuits requires predictable and
consistent signals during the first few years of lifel1.262, Unpredictable and fragmented
environmental signals might disrupt this process, leading to cognitive problems during
development, adult life and/or ageing.
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Box 2 |
Adversity and the brain: evolving concepts

Concepts regarding the influence of early-life adversity on brain function have evolved
over the years. The three main phases of thinking on this topic are outlined below.

no effects of stress on the brain

Historically, in writings from the 1950s to the 1980s, the brain was considered to be
immune to the effects of stress, possibly to provide protection from the traumatic effects
of birth263-267,

plasticity and epigenetics

Over the next two decades, the profound and enduring effects of prenatal and postnatal
adversity on brain function came to be recognized. The idea that persistent cellular
consequences of adversity might persist throughout the lifetime of the individual and
might even be transmitted across generations via epigenetic mechanisms also emerged
during this phase of thinking109.188.194.268 \Which brain cells are influenced, and how
adversity signals reach specific neuronal populations was not yet clear at this time265-267,

brain circuit maturation during sensitive periods

During the past decade, the circuit organization of the brain and sensitive periods in the
maturation of brain circuits via synaptic strengthening and pruning have come to be
recognized193.106.240.259 These concepts are being applied to the effects of

environmental signals, including adversity, on circuit maturation and
function57,104,112,134,184,185,262,269
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Key points

A strong association exists between neurocognitive disorders and early-life
adversity, and experimental animal models support a causal relationship, in
addition to the critical effects of genetics and gene-environment interactions.

The emotional aspects of adversity, including unpredictability of
environmental and parental signals, most profoundly influence cognitive
outcomes.

Mechanistically, early-life adversity might disrupt the normal maturation of
the brain circuits that underlie cognitive functions by modulating synaptic
maturation and pruning.

Novel cross-species imaging and epigenomic technologies hold promise for
identifying mechanisms, biomarkers and mechanism-based preventive
approaches and interventions.
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Living in signals from parent Absence
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Parental Traumatic
sensitivity events

Environment
(physical and social)

Fig. 1 |. Do aberrant patterns of environmental signals to the developing brain constitute early-
life adversity?
This novel conceptual model, which incorporates emerging information from humans and

experimental models!1:49.64.92 centres on the prenatal and early postnatal epochs of human
development and the maturation of brain circuits. The width of the arrows denotes the
strength of influence. Sensory brain circuits, including visual and auditory networks, require
patterned sensory signals (light and sound) for proper strengthening and pruning of synapses
and, hence, formation of functional circuits. We posit that the same principle applies to
cognitive circuits. Maturation of these circuits might require predictable and consistent
sequences of environmental signals from the mother during late prenatal and early neonatal
periods. Aberrant signals from the parent or environment represent a potential pathway or

Nat Rev Neurol. Author manuscript; available in PMC 2020 May 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Short and Baram

Page 32

mechanism through which numerous aspects of early-life adversity (outer circle) modulate
the maturation of structural and functional brain circuits that underlie cognition and complex
behaviours. The impact of those exposures depends on age, sex and developmental stages
during which the exposure occurs and the age at which assessments are conducted. In
addition to being a potential mediator of established early-life risk factors for neurological
and psychiatric diseases, fragmented or unpredictable patterns of parental and environmental
signals could exert direct influences on the developing brain by modulating brain circuit
maturation, leading to cognitive deficits®4.
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| -e-»0.20-039 —> 0.40-0.50 == >0.60

Fig. 2 |. Connectomic analysis reveals sex-specific development and maturation of brain circuits.
MRI-based connectivity analysis in young girls (part @), older girls (part b), young boys

(part ¢) and older boys (part d). Connections are presented by effective connectivity
strength: low (0.20-0.39), medium (0.40-0.59) and high (=0.60); black arrows are positive
effective connections, red arrows are negative effective connections. The orbitofrontal (OF)
cortex, a major node that undergoes maturation during adolescence, seems to develop
differently in boys and girls. For example, connections from primary visual areas (V1) to the
OF are present in younger but not older girls and in older but not younger boys. Such
differential patterns of development must be taken into consideration when assessing the
effects of early-life adversity on brain development259. The patterns of connectivity are
notable for relatively high density and posterior distribution in younger boys and an
anteriorly shifted connectivity in older boys. Younger girls show an anterior-posterior
distribution of connectivity in resembling that of older boys, but with more balanced
distribution, and older girls exhibit an anteriorly shifted pattern of connectivity with overall
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lower density. Cin, cingulate cortex; Cun, cuneus/precuneus; EC, entorhinal cortex; H,
hippocampus; IF, inferior frontal cortex; IP, inferior parietal cortex; SP, superior parietal
cortex; T, temporal association cortex; V2, secondary visual cortex. Adapted with
permission from REF181 Elsevier.
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