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Executive Summary

Genes shape the brain and affect various cognitive functions, such as learning processes, through a complex interaction
with multiple environmental factors.
Several mechanisms regulate gene expression, such as epigenetic modifications that link environmental cues to the
genetic machinery. Epigenetic signatures consist in the controlled addition of specific molecules to the genetic material of
cells that do not change the DNA sequence but that rather can affect gene activity.
Childhood experiences to the generation of epigenetic signatures that facilitate neural plasticity, that is the ability of
neural networks in the brain to change through growth and reorganization, and thus further learning processes.
Adverse childhood environmental conditions, such as those associated with negative parenting or trauma, contribute to
the establishment of epigenetic modifications that may impair cognitive function necessary for learning and building a
stable personality, although having even one dependable, caring, supportive adult in a child’s life, as for example a
teacher, can help to counteract the effects.
Adolescent lifestyles, especially where there is drug consumption, may negatively alter the epigenome of gametes and
affect future offspring.

It is important to share this knowledge among not only educational professionals, policy makers and families, but also among
adolescents who will generate the families of the future.Biologically, a child’s learning capacity allows behavioural responses
to adapt progressively to a complex, dynamic, changing, and uncertain environment, modifying aspects that may favour the
survival of the individual. The mental functions that impact all aspects of human behaviour, including learning, arise from
brain activity. Neural connections are formed throughout life to generate and support mental function, and thereby, enable
lifelong learning. Brain formation and function, as well as neural plasticity, are ultimately influenced by gene activity and by
epigenetic modifications, with the latter offering a crucial regulation of gene expression in adaptation to environmental
conditions. In other words, how the brain grows, maturates and functions is influenced by both genes and environment, and
also by the specific interaction between genes and environment. The environment –which includes familial, social and
educational environments, as well as all experiences a person has through his/her life– can affect neural connectivity and can
also affect genes’ activity, turning them on and off, through epigenetic modification.In this brief, the role of epigenetic
contributions to the mental aspects of learning will be discussed, touching on the genome and its influence on brain
construction and cognitive function, as well as how gene expression is regulated. I aim to enhance, among education
professionals, parents, adolescents, and policy makers, understanding of these biological origins of differences in mental
capabilities as mediated by the environment. Given that these differences arise in familial, social, and educational
environments, I anticipate that these groups will benefit from being empowered with the knowledge to adopt more respectful
and flexible educational practices.
A Taste of Genetics: How Genes Help to Shape the Brain
The brain forms during embryonic and fetal development under the direction of certain genetic programmes[1] and continues
to build and rebuild its connectome (i.e., the map of neural connections) throughout life. This process of neuronal plasticity,
which has been discussed in other briefs in this series, forms the cellular basis of learning. The ability to learn also requires
many different cognitive functions, such as working memory, attention, intelligence, cognitive control, and executive functions,
as well as related functions, such as motivation and resilience. These functions arise through the brain activity, which in turn
relies on its development and the formation of the connectome. In this context, both the construction of the brain and the
functioning of its neurons depend partially on genetic programmes.
The human genome comprises some 20,300 genes[2], all of which may present several alleles (i.e., genetic variants that differ in
their nucleotide sequence). A gene may be defined as a unit of heredity that is transferred from a parent to offspring and that
determines a biological characteristic. Each gene consists of a distinct sequence of nucleotides, the basic molecules that
constitute DNA, with the order of these encoding specific biological information. Slight differences in the nucleotide
sequences of alleles may therefore alter that encoded information, which in turn, may be reflected in the biological functions
they control or may influence the synthesis of corresponding proteins. This control due to the genetic influences of distinct
alleles can be far-reaching. Indeed, just as people may have individual variations in physical traits (e.g., different blood types,

features, and heights) they may also show variations in psychological traits, including those associated with cognitive function
and learning capacity. For example, it has been reported that 800 genes exist with different alleles that may affect to some
extent general cognitive function or temperament[3-5], which do not which does not exclude the important influence of
environmental factors.
Despite the existence of genetic influences on all cognitive functions associated with learning, there is no doubt that certain
factors in aspects related to mental life can adversely affect the influence of each gene or allele. These factors include (1) the
high number of genes and alleles involved; (2) the usually complex interactions among them; (3) the fact that any gene or
allele may influence different psychological domains; and (4) the influence of familial, social, and educational environments on
mental function. Consequently, the most informative data from an educational perspective arise from so-called heritability, a
statistic that is typically interpreted as capturing how much of the variation of a trait is due to genetic differences.
Technically, heritability could be defined as the proportion of variability in any observable characteristic associated with
genetic variation in a population[6,7] and expressed on a scale ranging from 0 to 1 (or percentages). However, variations in
heritability are best interpreted as percentages, with genetic and environmental effects required to equal 100% (or 1.0 as
unitary trait). Using such an approach, it is possible to see that any increase in environmental contribution to the variance of
the trait analysed implies a corresponding decrease in the relative genetic contribution, and vice versa.
An increasing number of papers have been published in which the heritability of psychological traits and cognitive functions
are studied. However, there is no universal agreement in the values reported, mainly due to the methods used. As examples,
Annex 1 summarises the heritability of Holland’s Six Personality Traits, whereas Annex 2 summarises the heritability of some
traits linked to learning processes. The important issue about these data is not the specific values they show, but realizing
some genetic involvement in many, if not all, aspects of a person’s cognitive abilities and temperament.
The heritability of cognitive traits also emphasises the importance of environmental factors in shaping cognitive functions by
affecting the brain, as experiences contribute to shape neural networks (the connectome) by means of neural plasticity. For
example, it is known the existence of substantial underlying neural plasticity associated with development that supports
behavioural changes during adolescence[8], as well as during childhood[9]. Although such neural plasticity is beyond the scope
of this brief and it has been dealt in previous briefs in this series, it is important to highlight its involvement in modifying and
adapting behaviour through learning.
Gene Expression is Tightly Regulated: from Enhancers and Transcription Factors to Epigenetic Modifications
Virtually all human cells contain a complete genome; however, the body possess more than 200 different cell types that have
diverse morphologies and physiological functions. This simple observation highlights the importance of regulating gene
expression through the wide range of mechanisms employed by cells to increase or decrease the production of specific gene
products[10]. Sophisticated programmes of gene expression are widely observed to trigger developmental pathways or
respond to environmental stimuli. Skin cells and muscle cells, for instance, differ in appearance and function because they
express different genes. Moreover, within a specific cell type, some genes are only expressed under certain conditions or at
certain times. An example of this is that pain due to a burn has been shown to upregulate the expression of monoamine
oxidase A (MAO-A) gene in the hippocampus of mouse, leading to delayed depressive behaviour and anxiety[11]. MAO-A is
involved in the degradation of some neurotransmitters such as dopamine, norepinephrine, and serotonin. In this regard, it is
important to note that most of the manipulative experiments have been performed in rodents such as mouse and rat, as they
are genetically and epigenetically very close to humans, which allows to extrapolate to a certain extent obtained data[12].
Gene expression has been reported to be regulated by different systems[10], being epigenetic signatures one of them (Figure 1).
During the last two decades, an increasing amount of evidence has suggested that various environmental factors help to
regulate gene expression by establishing specific epigenetic modifications on particular genes. This area of research, which
used to be called ‘neuroepigenetics’, has emerged as an important neuroscientific domain in which environmental factors are
linked to the gene functions that affect cognitive functions[13]. As such, neuroepigenetics has further expanded the concept of
environmentally triggered neural plasticity, being considered to concern the regulation of gene expression mediated by
changes in DNA methylation and chromatin structure[14]. It is noteworthy that in the DNA molecule, the nucleotide sequence
that contains genes, is wrapped around several proteins called histones to form chromatin. Epigenetic modifications do not
alter the information encoded by genes, and instead, only affect the way in which they are expressed. Although reversible,
they tend to be maintained for a long time.

Figure 1. Regulation of gene expression by promoters, enhancers, and transcription factors. This regulatory system is highly
effective, and it allows for quick responses to environmental changes. However, this is at the cost of high metabolic and
energy demands. Thus, other systems are clearly needed to regulate gene expression, particularly where the expression must
be regulated in the same manner for prolonged periods. It is here that epigenetic modifications step in, providing a much
more cost-effective option in terms of metabolic and energy demands over the long-term. Sites for epigenetic signatures are
included, and their role on gene expression is shown. Modified from [15].

There are two main types of epigenetic modification, either directly on the DNA molecule itself or on the chromatin histones[14]
(Figure 1). These result in complex epigenetic code modulating gene expression. Despite the biochemical complexity of these
processes, there are two important take home messages for the scope of this brief: (1) epigenetic modifications are essential
for adaptative long-term regulation of gene expression, and (2) some of these modifications are established by environmental
influences. In other words, the study of epigenetics allows us to consider the link between environmental factors and gene
function to understand how physiology and behaviour may adapt. This includes behaviours that appear causally linked with
learning processes seen in a broader sense. It may also be possible for these changes to be passed to offspring, as discussed
below.
Epigenetic Modifications Link the Environment with Gene Expression: Consequences for the Development of Cognitive
Functions
Although the specifics of how environmental factors trigger epigenetic modifications are mechanistically and enzymatically
complex, they are reasonably well-known[14]. Epigenetics can be defined as the study of phenomena and mechanisms that
cause chromosome-associated changes to gene expression that are inherited during cell replication and that are not
dependent on changes in DNA sequence. In this context, the epigenome refers to the specific pattern of epigenetic
modifications present in a cell at a given time. During its life span, an individual has one genome, which can be modified at
different times to produce many different epigenomic states. Unlike the genome, which is identical in all cells, the epigenome
is specific to cell types and changes throughout the life cycle in response to environmental cues. In this regard, to cite an
example related to educational systems, it has been suggested the existence of epigenetic processes affecting the
development of cognitive abilities and learning within the educational related to stress and bullying[16]. In this regard, although
strict education certainly succeeds in creating some kind of “excellence,” it does so at a very high cost. Many will drop out
during the process, and the stayers may do so with a legacy of trauma in their brains.
Epigenetic modifications also contribute to regulating the expression of genes involved in neural plasticity and neuron
physiology, including the complex networks of interactions in the neurotransmitter system. This fact emphasises the relevance
of epigenetic changes for learning and mental function, including cognitive ability, in relation with environmental cues. These
are especially relevant during childhood when human beings adapt more intensely to the environment in which they live and
grow. It is important to note that epigenetic signatures form an adaptive system that is influenced by a range of experiences
and environmental conditions, with their main biological role being to favour adaptation of the host individual.
Thus, it has been reported that memory formation and storage, and consequently learning processes, requires the epigenetic
signatures of certain genes, such as those that enhancing neural plasticity[17-19]. In this way, engaging in learning facilitates
future learning in a positive feedback loop that promotes epigenetic signatures facilitating neural plasticity. In other words,
the epigenome of teenagers who have been stimulated during childhood better promotes the expression of genes that will

facilitate the acquisition of new knowledge by enhancing brain plasticity. For example, using rats as model system, it has
been demonstrated that environmental enrichment has have profound effects on the healthy adult brain and as a remedial
tool for brains compromised by injury, disease, or negative experience[20].
It has also been demonstrated that differences in epigenetic signatures influence assessments of executive function[21], and
that malnutrition in early childhood is associated with epigenetic modifications that can impair attention and cognition[22].
Similarly, epigenetic variance in the gene for the dopamine D2 receptor affects the malleability of intelligence[23,24]. Although
neuroepigenetics is a relatively new field of research, the evidence of its importance in regulating cognitive functions is
growing rapidly.
Of special interest are the effects of early childhood traumas and educational environments on cognitive development. For
example, it has been reported that childhood abuse correlates with epigenetic regulation of glucocorticoid receptors in the
brain, favouring the manifestation of depressive behaviour later in adolescence and adulthood[25-26]. In one of this works[25], to
analyse one example, epigenetic differences in a neuron-specific glucocorticoid receptor (NR3C1) promoter between
postmortem hippocampus obtained from suicide victims with a history of childhood abuse and those from either suicide
victims with no childhood abuse or controls were compared. Findings of this work may translate previous results from rat to
humans, suggesting a common effect of parental care on the epigenetic regulation of hippocampal glucocorticoid receptor
expression. This specifically affects the hypothalamic–pituitary–adrenal axis[26], as well as the MAO-A gene, which is
associated with impulsive behaviour[27]. Similarly, childhood neglect has been correlated with specific epigenetic signatures
that have implications for psychiatric vulnerability[28]. Elsewhere, it has been shown that negative parenting, in which there is
indifference, neglect, rejection, hostility, or little emotional warmth, correlates with epigenetic modifications in a set of genes
that favour depression in later life[29].
Although the examples in this text have detailed the epigenomic changes that occur in a given individual in response to
adverse environmental conditions, it has also been reported that specific signatures can be passed to offspring trough
gametes (spermatozoids or oocytes) in some cases. This fact appears to be especially relevant in relation to drugs consumed
during adolescence. The effects of in utero exposure to illicit drugs on adult offspring are well established, particularly
regarding the growing recreational use of cannabis, ketamine, and MDMA (3,4-methylenedioxymethamphetamine).
Epigenetic mechanisms, including DNA methylation and histone modifications, provide a mechanistic link between the
prenatal environment (i.e., drugs consumed by the pregnant mother) and the adolescent environment (i.e. drugs taken by
adolescents) concerning health consequences. These may present years after the original exposure, with shifts in the
epigenome in early life or adolescence having the potential to induce behavioural and somatic disease states that may only
appear during adulthood[30]. Furthermore, it has been demonstrated that cannabis use during adolescence may trigger
epigenetic signatures in gametes that can alter cognitive function in offspring that are yet to be conceived. Specific
consequences include decreases in the capacity to concentrate and focus, as well as an increased risk of depression[31].
Despite the fact that most of the work cited in this brief focus on negative experiences and their epigenetic effects on
cognitive vulnerability, as most of the studies are centred in these issues, there are also some data concerning positive
experiences, as for example those cited on positive versus negative parenting[29]. To cite other example, it has been
demonstrated in rats that maternal care and exposure of the young pups to social behaviour could affect the epigenome of
hundreds of genes in the adult hippocampus positively affecting stress response and anxiety-mediated behaviours[32-34]. That
is, by decreasing stress and anxiety through better management of these mental processes in potentially threatening
situations.
Summarizing, this adaptive system of epigenetic signatures is influenced by many different experiences and environmental
conditions, without which adaptation to changing environments would be more difficult. As such, it parallels neural plasticity
in modifying behaviour through learning. Given that these differences arise in familial, social, and educational environments,
these groups will benefit from being empowered with the knowledge to adopt more respectful and flexible educational
practices. I this regard, it is important to highlight that it has also been shown that having even one dependable, caring,
supportive adult in a child’s life (e.g., a teacher) can help to counteract these effects[35], which justify the essential role of
educational practitioners to adapt and to make more flexible the educational practices to students’ needs.
Conclusions
In summary, several environmental factors, such as parenting, teaching methodologies, traumas, etcetera, are increasingly
being recognised as important to the regulation of gene function that affects personality and cognitive function though

specific epigenetic signatures. The works cited in this brief represent only the tip of a large iceberg. However, my goal was not
to conduct an extensive review of studies linking epigenetics and behaviour, but rather to highlight the importance of learning
environments on both neural plasticity and genomic expression through epigenetic signatures. This research therefore
extends beyond the mere heritability of different learning processes and cognitive functions, and moves to include familial,
social and educational environments during childhood and adolescence as crucial for not only neural plasticity but also the
epigenome. And possibly may also include teaching methodologies, which taken to the ends can be strict and stressful or
supportive and adjusted to diversity and to natural rhythms of brain development. In this way, the epigenome acts indirectly
on cognitive processes such as learning through a variety of behaviours. Similarly, by establishing epigenetic signatures,
lifestyle during adolescence appears to be crucial for the development of future offspring. This emphasises the importance of
introducing educational professionals, families, and adolescents alike to the knowledge in this brief. In this way, we can have
the greatest impact on the families of the future acting from the present.
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Annex 1
Heritability of Holland’s Six Personality Traits. Modified from [36].

Six Holland Code

Heritability
(H[2])

Shared
environmental
effects

Realistic

0.36

0.12

Investigative

0.36

0.10

Artistic

0.39

0.12

Social

0.37

0.08

Enterprising

0.31

0.11

Conventional

0.38

0.11

H[2] stands for broad sense heritability, which considers al genetic influences. Shared environmental effects are those aspects of an
individual’s environment that are necessarily shared with other people in the family, and are distinguished from non-shared ones,
which are any aspect of the environment and any experiences that may be different for different children within the same family.
Annexes
Annex 2
Heritability of some traits linked to learning processes. Modified from [37].

Trait

Heritability

Intelligence

from 0.2 to 0.8, depending on age
0.22 to 0.93, depending on test

Extremely high intelligence

0.33

Creativity

0.08 to 0.62, depending on test

Working memory

0.39
0.40-0.65
0.72

Experimental thinking

0.44

Rational thinking

0.34

Resilience (positive adaptation in the face of adversity)

0.52 (males)
0.38 (females)

Emotion-oriented coping (as a strategy used to manage adversity)

0.14

Task-oriented coping (as a strategy used to manage adversity)

0.11

Attention focus

0.28

Cognitive control

0.49

Grit (perseverance)

0.37

Planning ability

0.53

Cooperativity

0.13

Relational processing

0.67

Literacy and Numeracy

0.68

Musicality

from 0.21 to 0.51, depending on test

Drawing ability

0.29

Exam results

0.57 (in mathematics)
0.66 (in humanities)

