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ARTICLE INFO ABSTRACT

Keywords: A new school of thought in evolutionary developmental biology, combined with research in the neurobiology of
Dyslexia stress, suggest that early exposure to stressful circumstances may be a cause of dyslexia. A balance between
Stress epigenetic, stress-induced and cognitive-growth genetic programs modulates the brain's cellular, regional, and
E;?;::;’i‘cs network homeostasis. This balance is essential for adaptability to the normative range of everyday stress.

However, even mild chronic stress exposition may overactivate the hypothalmic-pituitary-adrenal stress axis,
upsetting the homeostatic balance between these programs, and exposing the brain to harmful levels of stress
hormones. A protective strategy to sustained disequilibrium precociously advances maturation at the cost of
neuroplasticity, which blunts stress axis reactivity but also compromises learning potential in the prefrontal
cortex and networks associated with dyslexia. Stress exceeding an individual's range of resilience: (1) reduces
levels of TFEB and BDNF, gene regulatory factors prolonging maturation and neuroplasticity; (2) interferes with
the insular cortex, amygdala and hippocampus in coordinating afferent visceral signals with cognitive perfor-
mance; (3) over-recruits the brain's Default Mode network; and (4) amplifies release from the Locus coeruleus/
norepinephrine system which impairs the entrainment of oscillations in the lower phonological frequencies of
speech. Evidence supporting a stress-growth imbalance is preliminary, but holds promise for reconceptualizing
the neurobiology of dyslexia and reducing its prevalence.

Neuroplasticity

1. Introduction
1.1. An evolutionary framework

Revisions to the conventional neo-Darwinian account of human
biological evolution mandate a new understanding in children's neu-
rocognitive development, of natural selection, adaptation, and the role
of genes in maturation (e.g., Michel et al., 2018). This reinvigored ap-
proach to evolution is called the Extended Evolutionary Synthesis
(EES). The combined integration of the EES framework with: (1) cur-
rent research in evolutionary developmental biology or “Evo-Devo”
(Jablonka, 2017); (2) stress system reactivity to every day human living
(FeldmanHall et al., 2019); and (3) the high incidence of anxiety in
children with learning disorders (Haft et al., 2019) has transformational
implications for how we conceptualize the evolution and development
of literacy and, more specifically, the high prevalence of children's
difficulties in acquiring beginning and fluent reading skills, i.e., dys-
lexia (Zuk et al., 2019).

Developmental dyslexia is a hereditary, neurocognitive-based
learning difficulty, usually encountered in primary education when
young children struggle to acquire proficiency in beginning reading
skills. Important corollaries of an Evo-Devo perspective are: (1) dyslexia
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represents the lower ranges of a normal distribution of the emerging
evolution of reading skills in literate societies (Pennington and Bishop,
2009); and (2) dyslexia is independent of general intellectual perfor-
mance (Tanaka et al., 2011). Depending on the skill level cut-off point
that various clinicians and researchers have used, dyslexia estimates
have ranged from 5% to as high as 20% (Pugh et al., 2013). However,
no reliable differences in neurobiological or cognitive processes have
ever been demonstrated across the levels of reading disability (cf.
Siegel, 1989). Therefore, we use an inclusive definition of dyslexia. We
consider poor readers to be dyslexic if they are below-grade in their
reading ability, despite having normal IQs, adequate educational op-
portunities, and without a history of emotional problems (cf. Zuk et al.,
2019).

An Evo-Devo reorientation requires a break from the traditional
view of brain evolution as an ancient, time-bound process in our an-
cestral genetic lineage. The traditional view of evolution has little or no
relevance to the dynamics of ongoing neurocognitive change. This
conceptual shift creates exciting new opportunities, but complex chal-
lenging issues, for parenting and early childhood education. At the
fountainhead of this shift is an unprecedented knowledge explosion in
neuroscience and education (e.g., Kershner, 2020). Interdisciplinary
research supports a vast potential for the brain to undergo functional
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and morphological adaptations in response to environmental circum-
stances. Beginning at conception and throughout the lifespan, multiple
time windows exist for activity-evoked, neuronal systems to undergo
fundamental reprogramming. These changes are viewed as heritable,
evolutionarily conserved positive adaptations, with life-altering con-
sequences affecting children's education, behavior and vocational suc-
cess. This movement is gaining momentum and having a noticeable
effect on research. Over the last decade, in child development an in-
creasing number of studies have been performed from an Evo-Devo
perspective (Bjorklund, 2018).

Stress, from this orientation is a physiological response cultured by
evolution to insure the survival of the species.. Moderate levels of stress,
within an individual's range of tolerance, serve counterbalanced de-
velopmental and evolutionary functions: adaptation strategies, that are
essential to successfully managing the tensions that we all experience in
coping with life's everyday needs and challenges. On the one hand, the
brain must be in an optimal state of attentional arousal and alertness for
learning to take place. Concurrently, the same attentional control me-
chanisms, via extended neuronal interactions with the brain's stress
system, are poised to recruit “flight or fight” response tendencies,
should the stress level become excessive. Thus, evolutionary selection
has nourished attentional and stress management systems capable of
simultaneously maximizing both (1) learning ability for cognitive
growth and (2) avoidance behaviors in unsettling and potential life-
threatening circumstances.

Recently, dyslexia has been associated with the expression of stress-
related genes (Zakopaulou et al., 2019), and with dysregulation of the
hypothalamic-pituitary-adrenal (HPA) stress axis (Espin et al., 2019).
To put such fundamental neurophysiological findings in dyslexia in
perspective, Evo-Devo has been recognized as a theoretical framework
for (1) a better understanding of dyslexia (Benitez-Burraco and Murphy,
2019), and (2) conceptualizing the stress/dyslexia connection
(Kershner, 2019). This paper is the first to argue for the validity of
conceptualizing the stress/dyslexia connection within an evolutionary
theoretical framework. Simply put, prenatal and early childhood stress
may be a dyslexia risk factor, and dyslexia may be the natural outcome
of an evolutionarily-conserved adaptive response to stress.

However, early adversity as a putative cause of reading disability is
not a new revelation. Large-sample studies have firmly established an
association between low socioeconomic status, home literacy environ-
ment, and family turmoil, to poor academic performance, including
reading (Brito et al., 2017; Dilnot et al., 2016; Hamilton et al., 2016;
Noble et al., 2006; Ozernov-Palchik et al., 2018). Notably, multiple
studies have documented that stress is capable of altering the brain
regions affected by the stress hormones known to be involved in dys-
lexia (Gilmore et al., 2018; McGowan and Matthew, 2018; Van den
Bergh, 2011; Vogel and Schwabe, 2016). In addition, maternal stress,
presumably by altering the intrauterine environment, can have detri-
mental effects on the reading ability of their offspring (Li et al., 2013;
D'Sousa et al., 2016) For example, D'Sousa et al. (2016) in a long-
itudinal study compared the later reading ability of 500 children born
from mothers who were stressed vs non-stressed during late cycle
pregnancy. With controls for sex, birth weight, and maternal education,
the study revealed that children carrying a homozygous variant of the
K1AA0319 dyslexia risk gene who were exposed to high maternal stress
were significantly poorer readers during adolescence. Clearly, dyslexia
in some children has its origin in stress system dysregulation, related to
suboptimal environmental circumstances. The Evo-Devo perspective is
consistent with these studies, but adds a comprehensive evolutionary
overview proposing adaptation to stress as a cause of dyslexia, identi-
fying the underlying cortico-limbic mechanisms of the stress response
dysfunction, and pointing a pathway to prevention.

To summarize, new currents in evolutionary developmental biology
(Evo-Devo), combined with research in stress and dyslexia, provide a
novel theoretical platform for understanding dyslexia. Compared to
main-stream dyslexia studies, this more naturalistic orientation has a
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different fundamental logic and range of predictions. From this per-
spective, dyslexia is seen as the non-pathological outcome of an inter-
active evolutionary process in child development between stress system
reactivity and the emerging neurobiological substrates involved in
reading acquisition.

1.2. Stress vs growth genetic programmes

Foundational to a working Evo-Devo framework in children's neu-
rocognitive growth is the formative influence of human neoteny
(Gould, 1997). Neoteny refers to the prolongation of high cortical
metabolism and synaptic plasticity in humans compared to other pri-
mates. Throughout the human life span, cortical association areas show
increased expression of the genes that regulate neuroplasticity (Bufill
et al., 2011; Liu et al., 2012; Miller et al., 2012; Somel et al., 2009,
2011). Moreover, this inherited evolutionary bias is orchestrated by a
dynamic balance between epigenetic, stress-induced and cognitive-
growth gene expression programs (e.g., Lopez-Maury et al., 2008;
Pryluk et al., 2019; Schultz et al., 2019). As an example of the tradeoff
between cognition and aversive emotions, Pryluk et al. (2019) com-
pared single unit recordings of neural firing patterns from the amygdala
and prefrontal cingulate cortex in humans and monkeys (Macaca fas-
cicularis). Both regions have evolved extensively and, together, form a
dense reciprocal synaptic complex of interconnecting neurons
(Ghashghaei et al., 2007). The amygdala evolved to subserve defensive
behaviors, and is central to coping with modern-day socio-emotional
events. The cingulate cortex evolved to support complex cognition and
adaptive learning. Pryluk et al. (2019) devised a measure of neural
coding efficiency called Contrast Entropy which pitted signal com-
plexity, implicating neuroplasticity with high energy requirements,
against the maximum capacity of a neuron/pathway (for a different
definition of entropy, see Peters et al., 2017). This measure of entropy is
based on the assumption that the net amount of entropy (channel ca-
pacity) is unaffected by stress. Rather, emotional activation has a re-
lative influence on (1) signal complexity or the amount of capacity used
efficiently and (2) robustness or speed of response and synchrony be-
tween neurons. Efficient coding provides greater Contrast Entropy, in-
creasing the ability to adapt to uncertainty and changing environments.
The results showed that humans coded more efficiently in both regions,
and the cingulate in both species was more efficient than the amygdala.
Firing patterns in the amygdala were less complex and highly pre-
dictable. These findings corroborate the view that evolution seeks to
advance cognition, but at the same time protects the stability and re-
liability of response to threats. The main takeaway for our thesis is that
evolutionary advances in learning ability succeed best in a compli-
mentary stress/growth environment. But, undue or chronic stress can
enhance robustness at the expense of the neuroplasticity essential for
cognitive growth. A stress imbalance, while potentially damaging to
general cognitive growth, would be expected to take a bigger toll on the
actively evolving neural regions and networks that are in an emerging
state, supporting the acquisition of relatively new cognitive abilities
such as literacy (Benitez-Burraco and Murphy, 2019; Gollo et al., 2018;
Wagner et al., 1997). The important upshot of this is that reading
ability has a lower threshold for stress-induced environmental com-
promise than general intelligence. Hence dyslexia can result from re-
latively lower intensities of stress, with moderate stress system dysre-
gulation, and at all IQ levels (Tanaka et al., 2011).

As the stress/growth balance plays out in daily living, the expres-
sion of both genetic programmes is regulated largely by epigenetics.
Epigenetic biochemical processes control the transcriptional factors
that bind to promoter regions of the genome next to a gene, or to
messenger RNAs. Throughout development they regulate protein
synthesis and the expression of germ-line genes. In humans, progressive
evolution depends on the primacy of enrichment-related genetic pro-
grams to promote rapid cognitive growth by prolonging maturation and
neuroplasticity. At the same time, unstable and emotionally stressful
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environments also are well-established as central operational features
of adaptive evolution (Le Rouzic et al., 2013). In every-day common
living, the brain's stress-growth programs are counter-poised, in msec.
to msec. timing, to respond spontaneously to feelings of anxiety and
threat, while preserving the potential for cognitive development.

As children mature, moderate levels of stress and a responsive stress
axis prime the sensory-motor systems subserving arousal, attention, and
motivation, and also play an essential role in neuronal synaptic plas-
ticity and learning (Murray et al., 2004). However, excessive stress-
induced cellular metabolic levels, resulting from early traumatic events,
may upset the balance between the stress and growth programs. When
this happens, the bioenergetic resources needed for extended neotenous
brain growth are redirected to stress protection: an adaptive response to
environmental adversity or deprivation (Teicher et al., 2016). As the
normal range of homeostatic balance is exceeded by traumatic experi-
ences maintained over time, an excess of glucocorticoids (cortisol in
humans) is released from the hypothalamic-pituitary-adrenal axis
(HPA). This release has potentially toxic effects on the hippocampus,
amygdala, and prefrontal cortex (PFC), all areas coactivated by socio-
emotional events and cognitive processing. If unchecked, excessive
cortisol also becomes a risk factor in adult poor health outcomes
(McGowan and Matthews, 2018; Raymond et al., 2018). Fortunately, to
offset extensive cellular metabolic damage, individuals have the adap-
tive capacity to accelerate maturation (Callaghan and Tottenham,
2016). Faster development is an evolutionary strategy to increase sur-
vival and fitness in uncertain and threatening environmental contexts
(Krugers et al., 2017). Precocious maturation reduces neuroplasticity
which dampens the stress response system, but unfortunately is asso-
ciated with decreased performance in cognitive functions (Burns et al.,
2018). For example, continuous harsh parenting at 3 years is related at
10 years-of-age to below-average stress system reactivity (Jaffe et al.,
2015). Early chronic stress appears to upend the developmental balance
between the stress and cognitive-growth programs, eventually resulting
in widespread losses of neuroplasticity. Mutual antagonism between
these programs, responding to the degree of environmental adversity vs
enrichment, acts respectively to shorten or extend the maturational
neuroplasticity essential for learning and memory. Thus, the relative
degree of stress, tempered by its nature, onset, and duration, is re-
cognized as an epigenetic trigger guiding the timing of neuroplasticity
during development and cross-generational evolutionary change
(Badyaev, 2005; McGowan and Matthews, 2018). In short, prolonged
stress reactivity is antithetical to learning.

The purpose of the present paper is to present an Evo-Devo per-
spective of dyslexia. The review proposes an adaptive tradeoff between
the stress and cognitive-growth programs as a root cause. To come to
terms with this hypothesis, we need to consider multiple sources of
supporting evidence. The second section is a brief overview of evolu-
tion, differentiating the EES and Evo-Devo from the traditional neo-
Darwinian view. The third section reviews the effects of levels of stress
on behavior and brain maturation. Section four discusses the brain's
stress response axis, and how early adversity, via epigenetic mechan-
isms, upsets homeostasis and down-regulates neuroplasticity in
reading-related brain circuitry. Five, is a summary discussion empha-
sizing the beneficial human and socioeconomic consequences of an Evo-
Devo perspective of dyslexia, and suggesting research to test directly
the stress-growth imbalance hypothesis.

2. EES and Evo-Devo

In the neo-Darwinian view of evolution, the course of child devel-
opment is portrayed as the unfolding of a predetermined program of
instructions coded in the child's genotype. With the successful mapping
and detailed investigations of the human genome, fractures began oc-
curring in the neo-Darwinian account. Cross-species comparisons re-
vealed that human-subhuman primate differences in protein-coding
genes were extremely rare at about 3.42%; and a majority of the human

Neurobiology of Stress 12 (2020) 100223

genome was dominated by noncoding DNA variants (Hartwell et al.,
2011; Lui et al., 2019). It appears that complex phenotypic trait var-
iance (e.g., reading ability) is mediated largely by epigenetic factors
which mediate the complex interaction between coding genes and their
behavioral outcomes (i.e., D'Souza et al., 2016). These discoveries im-
plicate intermediary networks of environmentally-activated, gene reg-
ulatory processes in heritability and in shaping the course of neuro-
cognitive development (Campbell and Wood, 2019; Grigorenko et al.,
2016).

In other words, in contrast to neo-Darwinism, human uniqueness
and children's individual behavioral traits are to be found to a sig-
nificant extent in the noncoding regions of our genome. Thus, the
modern science of epigenetics was born: commonly defined as en-
vironmentally-induced, heritable metabolic and cellular processes,
regulating gene expression while conserving the gene's structural neu-
cleotide sequence, i.e. not a genetic mutation (Champagne, 2016). The
epigenome serves the dual functions of (1) facilitating cellular differ-
entiation during embryonic development and (2) sustaining the neu-
roplasticity needed throughout development in coping with ever-
changing environments. This breakout from the priority of genes to the
epigenome is incompatible with the received neo-Darwinian view, and
forms the conceptual core of the Evo-Devo portrayal of child develop-
ment.

The gene-centric traditional account of evolution understates the
formative role of plasticity in neurological development, which sub-
serves children's ability to alter patterns of brain activity in accom-
modating to novelties in every-day living experiences. In the neo-
Darwinian view, evolutionary change is seen as accumulated genetic
baggage from the past, and as a future predetermined by the survival
advantage of random gene mutations. According to this view, popula-
tion adaptation and fitness are set genetically by “natural selection”, the
late-stage survival advantage of competing alternative genetic alleles.
Hence, evolution in the present, when considered in early childhood
education, has been limited to the semi-automatic playout of instruc-
tions contained in the genetic code's DNA sequence; a species altering
process that occurred in the distant past. In the EES and Evo-Devo re-
formulation, the well-spring of evolutionary change is in the present
(Jablonka, 2017; Sultan, 2017). Evo-Devo gives educational efforts by
caretakers, parents, and teachers a new sense of empowerment. Before
natural selection can act, it is preempted by (1) stress threshold beha-
viors between mutually inhibiting, stress vs cognitive-growth gene ex-
pression programs and (2) inherited and environmentally-induced
epigenetic variations, which together orchestrate the reprogramming of
neuroplasticity (Burns et al., 2018). Although natural selection interacts
on many levels with developmental selection, phenotypic flexibility in
early childhood is the main unit of selection for evolutionary change.

Thus, in a significant revision of the “gene mutation” traditional
view, Evo-Devo highlights child initiated developmental selection,
given agency by the epigenome, as a primary source of advances in
evolution. The behavioral decisions made by children in seeking a
comfort zone or ecological niche come before genetic assimilation. In
effect, the child's environmental context becomes imbedded in patterns
of brain structure and function. At the same time, these non-random,
goal-directed neural patterns serve each child's needs in coping with
uncertainty and life's unexpected challenges. An evolutionary adapta-
tion to prolonged duress accelerates brain maturation at the expense of
plasticity, while nourishing environmental surroundings slow brain
maturation, which prolongs plasticity, encourages inquisitiveness, and
facilitates learning ability.

3. Stress levels, behavior, and brain maturation

We encounter multiple stressful circumstances in everyday living,
defined as physical and social-emotional events that challenge meta-
bolic cellular homeostasis. Stressors that have the potential to overload
the stress system are more common than we might imagine. According
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to surveys in the U.S. and Europe, one half of all adults have experi-
enced at least one form of early adversity (Bellis et al., 2014; Felitti
et al., 1998). These studies included common early trauma, ranging
from moderate to severe: emotional abuse; neglect; environmental
disaster; parental separation; witnessing violence, death, or mental ill-
ness; and bullying.

Mild anxiety helps in navigating a wide variety of daily experiences,
work and play activities, and social interactions, and is essential to the
neurocognitive functions recruited for learning and memory (McEwen,
2007). However, as more intense exposure overrides the stabilizing
influence of favorable aspects of the environment, the beneficial flow of
stress can turn negative, referred to as “allostatic overload” (Burns
et al., 2018). This gradual break with equilibrium supports the view
that stressors are on a natural continuum from beneficial and mild to
severely traumatizing (Grigorenko et al., 2016), which parallels the
population distribution of cognitive abilities and the incidence and
severity of dyslexia (Pugh et al., 2013).

Numerous studies with normal, nonclinical samples have docu-
mented significant correlations between environmental stress and poor
neurocognitive functions (e.g., Moore et al., 2016). In addition, it has
been suggested that such negative environmental effects may be
common to all socioeconomic levels, and that they may be regulated
epigenetically (Hackman et al., 2010). Taking a broader Evo-Devo
view, an incremental scaling of negative environmental events would
be expected across the general population, accompanied by alterations
in the timing of brain maturation. Indeed, this prediction has been
supported by the first large-scale research into the effects of traumatic
environmental stress. The study involved a healthy and nonclinical
sample of 9498 youths, aged 8-21 years, representing a range of so-
cioeconomic levels (Gur et al., 2019). The investigation tested the ef-
fects of low socioeconomic status (L.SES) and traumatic stressful events
(TSEs) on distress spectrum behaviors, cognitive skills, puberty, and
brain maturation. The study calculated the incidence of TSE's for each
participant including exposure to natural disasters or bad accidents;
someone close hurt badly; witnessing a killing or beating; and person-
ally experiencing assault. L.SES was defined primarily by parental
educational attainment. The outcome, stress spectrum behaviors were
aligned on a continuum of increasing severity from mood-anxiety, to
fear, psychosis, and externalizing behaviors. Cognitive measures were
episodic memory, complex cognition, and social cognition. Pubertal
stage was indexed by the onset of secondary sex characteristics. Brain
maturation was measured using fMRI whole brain imaging.

The first somewhat surprising result was that the incidence of TSEs
was similar across socioeconomic levels. Overall, socioeconomic status
yielded smaller effect sizes, so L.SES was also less informative than a
count of the actual stressful events experienced by each participant.
Secondly, the effect of TSEs (which ranged from O to 8) on stress be-
haviors showed that 2 or greater TSEs compared to 0-1 was associated
with an increase in mood-anxiety distress in girls and psychosis in boys.
Most importantly to our interest, 2 or greater TSEs was related to lower
scores in executive functioning and complex reasoning. And finally,
both TSEs and L.SES were related to advanced puberty and accelerated
brain maturation, mainly affecting the fronto-limbic stress axis path-
ways.

These results demonstrate the deleterious effects of early life ad-
versity on children's emotional well-being and general cognitive abil-
ities. Such findings provide strong support for the Evo-Devo model of
child development: increasing exposure to stressful events was shown
to upset the homeostatic balance needed to prolong maturation and
brain neuroplasticity, which leads to increased capacity for learning
over an extended period-of-time. Hence, Evo-Devo reconceptualizes
stress in terms of environmental events that influence the homeostatic
balance essential for cognitive growth. Finding that stressful events
advanced puberty is also consistent with Evo-Devo. A stress-induced
switch from a relatively nonstressed growth strategy, to faster ma-
turation, accelerating the age of puberty, is an adaptation for earlier
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reproductive success under difficult survival conditions. In this sense,
whether it will confer a long-term advantage depends on the broader
envelope of sociocultural and socioeconomic circumstances. In any
event, stress-related early puberty appears to compromise neuroplasti-
city and learning potential.

4. Epigenetics, the stress axis, and reading disability
4.1. Epigenetics and the HPA stress axis

Epigenetic gene expression programs play a key role in normal de-
velopment by maintaining a cellular and neural circuit, metabolic
balance between stress protection and cognitive growth. The epigenetic
“marks” or mechanisms recruited to maintain this balance when faced
with the challenges of early life environments are DNA methylation,
histone post-translational modifications, and noncoding RNAs (e.g.,
Burns et al., 2018). Once activated by environmental stress, alterations
in these mechanisms have an influence, via the amygdala, on neuro-
cognition by engaging the stress responsive, hypothalamic-pituitary-
adrenal axis (HPA) (Griffiths and Hunter, 2014; Raymond et al., 2018).

In coping with life's everyday anxieties, the amygdala initiates an
endocrine cascade by: (1) stimulating the hypothalamic paraventricular
nucleus (PVN) to release corticotropic-releasing hormone (CRH); which
(2) triggers the release of adrenocorticotropic hormone (ACTH) from
the anterior pituitary; which (3) causes the adrenal cortex to release
glucocorticoids (GC). Corticosteroids (mainly cortisol) from the adrenal
glands then cross the blood-brain barrier to (1) directly modulate ac-
tivity outside of the HPA in the amygdala, hippocampus, and prefrontal
cortex (PFC) and (2) inhibit the HPA via return pathways to the HPA
from the hippocampus and PFC (McGowan and Matthews, 2018). In
particular, the hippocampus, which is rich in GC receptors, has a major
role in sustaining a negative feedback loop of the axis. Under mild
stress, this negative feedback loop serves to moderate homeostatic
balance, simultaneously buffering against the potential negative cor-
tisol effects of strong emotion while facilitating neuroplasticity in
higher cortical regions via reciprocal PFC connectivity. However, HPA
release of excessive glucocorticoids eventually will suspend cortical
plasticity (cf. Peters et al., 2017).

In addition to the HPA, two stress subsystems feedback to the brain.
The Sympathetic Nervous System (SNS) allocates glucose, targeted to
support specific extra energy needs. And, the Locus coeruleus releases
norepinephrine (LC/NE system) which interacts with local glutamate
levels, the brain's primary excitatory neurotransmitter, to synchronize
brain oscillations (Peters et al., 2017). Thus, stress activates three sys-
tems that have powerful influences on higher cognitive functions.
However, the HPA, regulated in large measure by epigenetic factors,
has a direct effect on the PFC, controlling neuroplasticity and the pro-
tein synthesis required for learning.

The PFC feeds top-down inhibitory input to the HPA and also is the
primary bottom-up target for variations in HPA activity to promote or
repress cognitive growth. For instance, in typical adults, early child-
hood trauma has been associated with increased DNA methylation and
a diminished cortisol stress response, thought to repress plasticity of the
PFC (Houtepen et al., 2016). In general, stress effects on behavior occur
via epigenetic regulation of neuroplasticity. The PFC lies at the junction
of the brain's large-scale neurocognitive networks and includes the
anterior cingulate and anterior insular cortices, major frontal lobe
paralimbic relay stations propagating signals to and from the HPA
(Seeley et al., 2007; Uddin, 2015). Moreover, it has rich interconnec-
tions throughout the brain's higher cortical and subcortical regions,
evolved relatively recently, and continues to mature into the 30s. De-
velopmental changes in the PFC play a crucial role in higher cognition,
personality, and executive control (Numata et al., 2012). Thus, main-
taining an HPA-PFC balance insures children's emotional well-being,
while nurturing their capacity for learning (Fisher et al., 2016). The
ease of learning something new is enhanced by a sense of psychological
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and physiological security.

However, as disturbing and threatening events increase in number,
intensity, and duration, and especially in postnatal periods, if they are
beyond the child's capacity for understanding or control, the HPA
system goes into allostatic overload (Burns et al., 2018). At that tipping
point, stress methylation produces a decrease in hippocampal GC re-
ceptor expression, which reverses the negative feedback loop by en-
hancing a positive feedback function and subsequent overactivity of the
HPA (Burns et al., 2018). HPA dominance overrides system home-
ostasis, advancing maturation of the HPA and suppressing the PFC
cognitive-growth pathways (e.g., Pryluk et al., 2019). The resulting
stress-growth imbalance would be expected to impact homeostatic
tradeoffs at three interconnected levels of neuronal function: cell to cell;
region to region; and network to network. Dyslexia has been linked to
an imbalance at all three levels.

4.2. Cellular imbalances

At the cellular level, the transcriptional factors TFEB and BDNF are
master stress-related regulators of the cognitive-growth gene expression
programs (Gray et al., 2013; Levine and Kroemer, 2018). During normal
development, TFEB serves two functions. TFEB, a noncoding RNA
transcription factor, governs the precise temporal and regional speci-
ficity of myelinating the brain's interconnecting axons (Sun et al.,
2018). The developmental timing of an axon's myelin sheath must be
age-synchronized for efficient signal propagation. Secondly, TFEB
maintains a fine cytoprotective balance between the removal of da-
maging cellular cargo, without degrading essential cargo (Levine and
Kroemer, 2018). A buildup of intracellular toxins will induce what is
known as endoplasmic reticular stress (ER), interfering with neuronal
protein homeostasis, cell membrane trafficking, and signal transduction
(Di Meo et al., 2016). To keep this stress-growth balance in check, TFEB
regulates a system of 16-20 stress-induced autophagy (ATG) or
“housekeeping genes”. Excessive environmental stress can negatively
impact both homeostatic functions by depleting TFEB, with resulting
losses in neuroplasticity. More specifically, reduced TFEB causes pre-
mature myelination of the brain's white matter connectivity. This puts a
brake on pathway plasticity (Sun et al., 2018), and at the same time
induces cell-body ER stress, which reduces the computational plasticity
of individual neurons (Levine and Kroemer, 2018). Of particular sig-
nificance is that TFEB has an early effect on maturation of the corpus
callosum, which has been shown over numerous replications to be
myelinated atypically in dyslexia (for a review, see Kershner, 2019).

BDNF is a neurotropic factor linked inversely to stress-activated
DNA methylation, and is concentrated in the amygdala, PFC, and hip-
pocampus (Reus et al., 2013). In parallel with TFEB, BDNF also plays an
essential role in regulating synaptic plasticity in response to stress (Gray
et al., 2013; Grigorenko et al., 2016). A rat model linking BDNF with
infant stress and prefrontal plasticity found: (1) childhood maltreat-
ment yielded elevated DNA methylation and a reduction of BDNF
mRNA and protein levels in the PFC; (2) reduced BDNF persisted into
adulthood and (3) it was inherited by offspring of abused females (Roth
et al., 2009). Similarly, maternal separation after weening (for 3 h per
day over 10 days), of male rat pups, was shown to impair memory,
cognitive flexibility, and caused a significant reduction in hippocampal
BDNF (Menezes et al., 2020). Moreover, in a large sample of individuals
with borderline personality disorder, the number of early traumatic
events was associated with increased plasma DNA methylation and
reduced levels of BDNF (Perroud et al., 2013).

It appears that BDNF-mediated synaptic plasticity may be essential
for acquiring new knowledge, defined as high-energy functional and
structural change between neurons (Goyal et al., 2014). Such energy
intensive modifiability, even in the absence of environmental adversity,
produces its own metabolic intracellular stressors that BDNF keeps
within limits to maintain plasticity while avoiding damage. The high
metabolic activity needed for learning generates free radicals and other
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reactive oxygen (ROS) and nitrogen species. Within normal limits, the
ROS activate the HPA to children's benefit (Di Meo et al., 2016;
Massaad and Klann, 2011). However, under the added weight of en-
vironmental adversities, which increases methylation and depletes
BDNF, an increasing concentration of ROS can reach a saturation point,
beyond the containment of available antioxidants. (Balmus et al.,
2016). When ROS saturation occurs, the resulting oxidative stress hy-
permobilizes the HPA and suppresses growth neuroplasticity in higher
cortical regions at the level of the individual neuron. Thus, the net ef-
fect of prolonged endogenous and exogenous stress can override TFEB
and BDNF homeostasis by depleting both factors, resulting in an allo-
static overload: a faster pace of maturation and reduced learning po-
tential.

Reduced neuroplasticity in the neural circuitry involved in reading,
implying a cellular homeostatic imbalance, has been shown to be
characteristic of individuals struggling with dyslexia (e.g., Hancock
et al., 2017; Huber et al., 2018; Malins et al., 2018). Our understanding
of the pivotal role of the stress-reactive transcriptional factors TFEB and
BDNF in sustaining such plasticity in white and gray matter, suggests a
causal link to dyslexia. This is a compelling theoretical probability.
Clearly, dyslexia is a learning disability related to compromised growth
neuroplasticity at the level of the individual neuron. But whether dys-
lexia is associated with a stress-level imbalance correlated with reduced
TFEB remains to be tested. However, a recent study confirmed lower
levels of plasma BDNF in a Canadian sample of 28 boys and 14 girls
(6-12 yrs old) with dyslexia compared to age-matched, average readers
(Elhadidy et al., 2019). The results were unambiguous. There was no
overlap between groups in BDNF levels, with the test showing high
sensitivity and specificity. BDNF levels ranged in the dyslexic group
from .86 to 1.34 ng/ml with a mean of 1.10; while the control group
ranged from 1.60 to 2.40 ng/ml with a mean of 2.00.The authors
suggest the appropriateness of plasma BDNF testing as a biomarker for
dyslexia. Of course, we need a replication and more research prior to
such an endorsement, but the results are indeed promising and may
lead to a valid means of early identification.

4.3. Regional imbalances

The amygdala and hippocampus, which are enriched with high le-
vels of BDNF, are midstream gatekeepers maintaining homeostasis, via
dense reciprocal connectivity between the HPA and higher cortical re-
gions (e.g., Gray et al., 2013; Pryluk et al., 2019). When the engage-
ment of stress-related epigenetic marks upsets this regional balance,
stress axis dominance, via disrupted signaling from the amygdala and
hippocampus, accelerates maturation of the HPA and depresses activity
in the PFC. Added to its inhibitory role in HPA function, the hippo-
campus is the postnatal brain's main source of neurogenesis, pro-
liferating neural progenitor cells to sustain plasticity (Gage, 2019;
Moreno-Jimenez et al., 2019). Stress suppresses the hippocampus,
which compromises both functions, diminishing neuroplasticity
throughout the brain's higher cognitive circuity. In tandem with the
hippocampus, the amygdala coordinates emotion with cognition, via
rich interconnectivity between the HPA (Raymond et al., 2018) and the
anterior insula and cingulate (Pryluk et al., 2019; Thomas et al., 2018).
Stress increases activation of the amygdala, fueling HPA dominance and
altering the amygdala's communication to frontal cortical regions
(Berry et al., 2019; Teicher et al., 2016). Key to this sequence of events
is that homeostasis fails because stressed amygdala and hippocampus
dysregulation initially overactivates the HPA and depresses the PFC
(Kim et al., 2013; Raymond et al., 2018).

An association of such HPA-PFC regional imbalance implicating the
hippocampus and amygdala with dyslexia is consistent with research
showing (1) an atypical HPA response to stress in children with dyslexia
(Espin et al., 2019), and (2) reduced white matter thickness in the
arcuate fasciculus bilaterally, which connects the PFC with posterior
areas, in children with familial risk of dyslexia (Wang et al., 2017). In



J.R. Kershner

addition, research into everyday trait anxiety suggests a more specific
prefrontal pathway for the putative HPA-PFC imbalance in dyslexia.
Studies of these brain regions in a resting state and under acute situa-
tional stress have shown stronger connectivity of HPA pathways
asymmetrically to the right PFC (Berry et al., 2019; Wang et al., 2005).
A regional tradeoff of the HPA with the right hemisphere is compatible
with recent studies demonstrating poor auditory encoding of the low
frequencies in speech in the right hemisphere as an underlying neuro-
biological risk factor for dyslexia (Goswami, 2019). Thus, an asymme-
trical imbalance between the HPA and right PFC, although speculative,
is attractive theoretically as a stress pathway that may be implicated in
dyslexia.

Finally, after much controversy, it has become widely accepted that
trauma-induced neuronal epigenetic alterations can be passed on to
future generations (Curry, 2019). Nothing is more fundamentally at
variance to the neo-Darwinian view than the proposition that parental
neurological change can be forwarded to children and grandchildren by
germline inheritance. Indeed, ground-breaking research in the nema-
tode Caenorhabditis elegans has identified stress-related noncoding RNAs
as an epigenetic mechanism capable of moving adaptive brain changes
to the germline (Posner et al., 2016). C. elegans is capable of complex
learning, making it an ideal organism to study basic biological me-
chanisms. This study is the first to present firm evidence of a molecular
process demonstrating how stress-induced, parental learned behaviors
can be passed to progeny.

Directly pertinent to the current review, an epigenetic stress-growth
imbalance, propagated by parents before fertilization, has been shown
to affect offspring during embryogenesis or early postnatal develop-
ment. For a recent example, next generation rats of parents bred for low
interest in learning, showed increased DNA methylation postnatally in
the amygdala and increased anxiety; those bred for high anxiety pro-
duced offspring with low novelty response (McCoy et al., 2019). Indeed,
maternal or paternal adversity before conception in humans can reset
parental HPA, which may increase their children's survival at birth, but
can have profound effects on their HPA, later behavior, and cognition
(McGowan and Matthews, 2018; Vaiserman et al., 2018).

An epigenetic pattern of stress system inheritance has far-reaching
consequences for dyslexia. Such transgenerational inheritance of pu-
tative neurobiological risk factors for dyslexia, and specifically HPA
regional imbalance, if verified by future research, will call for a re-
modeling of the genetic basis of the disorder. It appears that a child's
risk of dyslexia from a reprogrammed HPA can be inherited from the
stressful experiences of previous generations without the child ever
encountering a traumatic level of environmental stress (e.g., Nishikawa
and Kingo, 2018).

In summary, indirect evidence arguably supports the hypothesis
that epigenetic, stress axis regional imbalance may be related to dys-
lexia, and may be acquired by stressful events during development or
experienced by parents and inherited. In any event, HPA stress repro-
gramming and regional imbalance has negative consequences for chil-
dren's cognitive performance.

4.4. Network imbalances

4.4.1. Introduction to the stress system networks

Cellular and regional stress effects are embedded in higher-level
brain circuitry, at play in coordination among the brain's major net-
works. Key to this macroscale neuronal collaboration under stress is the
central core of the Default Mode network (DMN). The central core is
made up of the medial PFC, precuneus, and posterior cingulate cortex,
and is an extension of the brain's stress axis (Andrews-Hanna et al.,
2010; Utevsky et al., 2014). The DMN central core, largely independent
of sensory input, is thought to engage in self-referential processing,
high-level emotion, and autobiographical memory (Dixon et al., 2018).
In typical development, a stress-growth homeostatic balance is main-
tained between the DMN on the one hand, and the Salience (SN) and
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Frontoparietal networks (FPN), which are right-hemisphere lateralized
and control executive behavior and higher cognitive processes (Spagna
et al., 2018; Wu et al., 2019). Controlling hubs of the SN are the right
frontal insular cortex (rFIC) and right frontal cingulate cortex (rFCC).
Main cortical hubs of the FPN are the right dorsolateral PFC and right
posterior parietal cortex.

The prevailing view of the brain's attentional control circuitry im-
plicated in stress involves hierarchical interactions among these three
networks (FeldmanHall et al., 2019; Satpute and Lindquest, 2019;
Schultz et al., 2019; Xuan et al., 2016). In a study of networks and
reading, Bailey et al. (2018) applied an fMRI, resting state data base of
11,406 studies to the reading-related 7-cortical networks identified by
Yeo et al. (2011). All of the networks across the brain showed patterns
of activation. However, the configuration of reading-related networks
with the highest activations were the FPN and its subsystems, the
Dorsal and Ventral Attention networks, which, together accounted for
56% of the net activation. Hence, a majority of the working networks of
the reading brain appear to be domain-general networks involved in
attention and executive functions. More generally, the FPN and SN
which work together, are frequently anti-correlated with the DMN
(Horowitz-Kraus et al., 2015; Utevsky et al., 2014; Zhou et al., 2018). In
fluent reading, the DMN, with sparse global connectivity, may extract
self-centered meaning from the text, while the FPN leads in compre-
hending the narrative flow of story-line events.

4.4.2. How the networks function

At the top of the hierarchy, the rFIC of the SN receives and co-
ordinates somatosensory, interoceptive, and volitional control inputs
(Critchly and Harrison, 2013; Mai et al., 2019). The rFIC is a major
outflow hub, and first to respond to swings in afferent temperment,
with significant downstream excitatory effects, via the amygdala, on
the HPA. Thus, the stress-induced HPA cascade initiated by the amyg-
dala has its origin in top-down signals from the rFIC-FPN-DMN cir-
cuitry. Following the integration of somatosensory, interoceptive and
volitional control signals, the rFIC (1) activates the HPA and (2) mod-
ulates the relative balance in activation of the DMN vs the FPN (Seeley
et al., 2007; Uddin et al., 2011; Uddin, 2015; Wu et al., 2019; Zhou
et al.,, 2018). In overly stressful circumstances, the rFIC favors pre-
ferential recruitment of the DMN, which has low global connectivity
(Schultz et al., 2019). Sustained engagement of the rFIC-DMN pathway
is the first-line trigger, combined with rFIC-amygdala enhanced con-
nectivity, for stress-induced overactivation of the HPA (see Fig. 1).

Fig. 1 is a simplified diagram of the major players in this complex
and fluid interaction meant to portray the system In periods of stress
system stasis. For instance, reading, in the absence of excessive stress
would find the three networks in a state of equilibrium, and the nega-
tive feedback loops modulated by the PFC and hippocampus main-
taining homeostasis of the HPA and extended pathways.

However, in stressful circumstances or if the system is unstable,
DMN dominance curtails and underserves the cognitive-growth func-
tions of the FPN and PFC. Thus, the stress-activated rFIC-DMN circuit
reallocates processing resources from cognitive-growth to DMN stress
protection (Maron-Katz et al., 2016). Notably, this large-scale adapta-
tion to stress of the brain's networks has been reported in situations of
acute stress in adults, and in 2-month-old infants living in poverty-re-
lated stressful family circumstances (Maron-Katz et al., 2016; Turesky
et al., 2019). Thus, such network reprogramming may reflect a funda-
mental whole-brain strategy to facilitate adaptive response to adversity,
while simultaneously maintaining neuroplasticity and openness to new
learning. When the equilibrium of this system fails, evolution favors
stress management.

4.4.3. Network links to dyslexia

Research by Bailey et al. (2018) demonstrating the connectivity of
interactions among the brain's reading networks, suggests that dyslexia
can be characterized by a network imbalance. More specifically, an
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Fig. 1. Diagram of the activation and inhibition pathways of the Cortico-Limbic
Stress System. The right frontal insular cortex (rFIC) of the Salience Network
(SN) maintains balance between the frontoparietal (FPN) and Default Mode
(DMN) networks. All three serve to interact with the amygdala, which mediates
between the networks and the hypothalamic-pituitary-adrenal (HPA) axis. To
maintain homeostasis, the HPA production of glucocorticoids (GCs) is modu-
lated by negative feedback loops to the HPA, via the hippocampus and pre-
frontal cortex. Dysregulation occurs when the SN/DMN/amygdala circuit be-

comes dominant, over the SN/FPN/amygdala circuit, which suppresses the
hippocampus and prefrontal cortex, and incites the HPA to produce excess GCs.
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allostatic overload favoring the DMN has the potential for a direct effect
on learning to read by overriding the FPN's attentional and executive
functions. A stress compromised FPN in dyslexia is consistent with (1)
the FPN's role in visuospatial attentional processes (Dixon et al., 2018),
and (2) studies demonstrating atypical low frequency speech encoding
by the right hemisphere in dyslexia (Goswami, 2011 & 2019). Taken
together, these studies suggest an impairment of the right hemisphere
frontoparietal attention networks as a putative cause of the phonolo-
gical processing deficit that is a signature feature of dyslexia across
languages (for a review, see Kershner, 2020).

The latter possibility (i.e. stress) would add a new dimension of
support for Goswami's (2011 & 2019) temporal sampling theory (TST)
of dyslexia. Goswami was the first to recognize impaired neural coding
of low-frequency delta/theta oscillatory rhythms in speech in the right
hemisphere as an etiological factor in dyslexia. Indeed, it has been
proposed that the entrainment to the oscillatory code of the speech
envelope may be a human-specific, evolving process that makes reading
possible (Murphy and Benitez-Burroco, 2018). It follows, that dyslexia
may be described as resulting from an ongoing evolutionary process,
principally involving a stress system disorder of encoding species-spe-
cific, patterns of brain rhythms.

According to the TST, atypical phase-locking of amplitude rise-time
in the speech envelope (stimulus onset to maximum peak amplitude)
prevents the assimilation of the phonological primitives needed for
subsequent phonemic processing of text by the left hemisphere.
Morerover, a stress-oscillation origin of dyslexia is supported further by
the finding that stress enhances Locus coeruleus/norepinephrine (LC/
NE) drive, which gates the entrainment of slow-wave oscillations in the
speech envelope (Mather et al., 2016). Individuals with dyslexia over-
sample the low frequencies in speech by entraining to higher gamma
rhythms (Power et al., 2013). Therefore, stress can have a formative
effect on the beginning stages of learning to read by modulating the
FPN's early role in tracking low-frequency oscillations. Indeed, such a
network imbalance in favor of DMN dominance in dyslexia has been
supported by fMRI recordings of individuals with dyslexia, aged 11-20
years. Schurz et al., 2015 found that connectivity between the DMN and
reading-related areas was atypically stronger in individuals with dys-
lexia compared to non-impaired readers.

In summary, substantial theoretical and empirical evidence suggests
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that a stress network imbalance may be an etiological factor in dyslexia.
However, the actual stressors that may be involved remain unknown.
And, to go beyond theoretical plausibility, we need direct investigations
testing the hypothesis of a stress connection to the atypical frequency
entrainment in dyslexia.

5. Discussion

The timeliness of this review is underscored by the currency of to-
pical revisions in Evo-Devo pointing-up (1) the malleability of child-
hood neuronal reprogramming and (2) the applicability to children's
neurological development of adaptive tradeoffs between stress-induced
and cognitive-growth genetic programs. An Evo-Devo perspective of
child development, combined with the research reviewed, presents a
theoretical framework for understanding dyslexia in some children as a
normally occurring, positive adaptation to early stressful environments.
Early stress axis offsets may be transitory, but can presage later effects
on socio-emotional and cognitive performance (Burns et al., 2018;
Raymond et al., 2018). Prenatal and childhood traumas are known to
cause cognitive, socio-emotional, and behavioral impairments (in-
cluding ADHD, autism, conduct disorder, and schizophrenia), and are
well-established as serious public health issues (Burns et al., 2018).
Only a few studies, however, have linked the effects of early adversity
to brain functioning and reading disability. An Evo-Devo perspective is
consistent with the behavioral negative effects of early stress docu-
mented by these studies, but adds evolutionary principles of child de-
velopment and underlying genetic/epigenetic explanatory mechanisms.
Most significantly, this review suggests a direct causal pathway from
stress system dysregulation to the brain's reading circuitry and dyslexia.

The research reviewed outlines a theoretical framework for how the
stress-hierarchical organization of the brain's fronto-limbic stress re-
sponse system may lead to reading problems. To summarize, at the top
of the hierarchy of a compromised or overwrought stress system, the
rFIC of the SN (1) reallocates processing resources from the FPN to the
DMN and (2) engages the amygdala, which prioritizes hyperactivation
of the HPA over the stabilizing and cognitive-growth functions of the
hippocampus and PFC. This outflow of signals initiated by the rFIC is
intended to offset the destabilizing behavioral and cellular con-
sequences of stress, but also negatively impacts the cognitive-growth
functions of the FPN, with deleterious effects on reading acquisition.
Concurrent with hyperactivity of the HPA, stress drives the LC/NE
system to desynchronize the FPN's control of the slow-wave oscillatory
entrainment underlying the phonological lexicon.

Multiple studies have identified the right hemisphere's atypical en-
coding or entrainment of the low speech frequencies in dyslexia as a
primary cause (Cutini et al., 2016; Di Liberto et al., 2018; Hamalainen
et al., 2012; Lehangre et al., 2011; Lizarazu et al., 2015; Molinaro et al.,
2016; Power et al., 2013). The study by Cutini et al. (2016) was able to
localize the right hemisphere impairment to regions of the supramar-
ginal gyrus and angular gyrus, directly implicating the attentional
controls of the right FPN. It is generally agreed that such amplitude
modulation and ongoing resetting of the low speech frequencies ne-
cessary for entrainment are a core ingredient of selective attention (e.g.,
Obleser and Kayser, 2019), and are controlled predominantly by the
right frontoparietal attention networks (Daitch et al., 2013; Galumbic
et al., 2012; Marshall et al., 2015; Szcepanski et al., 2014). In response
to an allostatic overload and occurring in early postnatal development,
such regional and network reprogramming would have a forward effect
on the later phonemic processing capabilities of the left hemisphere
reading network (Meyer, 2017). We assume that these effects will be
associated with increased norepinephrine, and reduced TFEB and BDNF
in the amygdala, PFC and hippocampus, downregulating cognitive-
growth plasticity in the FPN and upsetting the stress-growth balance at
the cellular, regional, and network levels. Direct tests of the Evo-Devo
framework will require rigorous experiments addressing this pattern of
brain organization in dyslexia.
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In humans, plasma BDNF can be tested for DNA methylation and
protein levels, and TFEB levels can be inferred from white matter
structural imaging. Longitudinal designs with observations of early
stress beginning prenatally would test directly the stress-growth hy-
pothesis. These studies should include measures of BDNF; estimates of
TFEB; HPA response and methylation; amygdala, hippocampal, and
rFIC regional and network connectivity; and reading-related tests as the
dependent measures. Transcranial magnetic stimulation coupled with
EEG recordings can be used to measure the connectivity of critical
neural structures involved in interoceptive and cognitive-emotional
processes. In addition, research is needed to determine the individual
threshhold at which stress turns negative at the cellular level. We as-
sume that dyslexia occurs at marginal stress levels, or in individuals
with a narrow range of stress resilience, because it is typically defined
as not resulting from low general intelligence, or prior emotional dis-
turbance. The specificity of the disorder suggests that the breaking
point leading to dyslexia will be short of extreme trauma. Dyslexia risk
is likely to be associated with complex genetic/epigenetic interactions
triggered by the kind of stress, its onset, duration, and intensity, and
each individual's comfort zone for stress tolerance.

However these issues turn out, identifying early adversity as a root
cause of dyslexia raises the possibility that we may be able to reduce the
high incidence of reading failure or its severity through efforts to im-
prove the quality of children's environment in early development. This
is easier said than done, but awareness is an essential first step. Also,
once identified, reducing stress in the remedial educational environ-
ment would follow logically. Preventing an inherited stress imbalance
of course is impossible, but inheritance by the epigenome is an opti-
mistic change from the neo-Darwinian gene-centric account. Without
question, prevention or correction of a stress imbalance in parents
would stop dyslexia at that point from transgenerational passage.

The human and socioeconomic consequences of acknowledging an
environmental cause of reading failure cannot be overstated. A national
testing program of students in grades 4-12 in over 8000 schools in the
U.S. revealed that only 35% were proficient in reading (NAEP, 2015).
Individuals with dyslexia are less likely to complete high school, have
lower incomes and fewer chances for employment, and are over-re-
presented in the juvenile justice system and prison populations
(McLaughlin et al., 2012). A comparison of graduate students without
criminal records and offenders in a medium security prison found that
the lower-level literacy skills associated with dyslexia were significant
predictors of the prison population (Baker and Ireland, 2007).

Evo-Devo presents a rational basis for understanding why so many
children cannot easily learn to read. The hypothesis of a stress-growth
imbalance as a primary cause of dyslexia addresses a long-standing
frustration in early childhood education and cognitive science. But,
most importantly, if confirmed by future research, it points the way to
reducing its prevalence. As with any major paradigm shift, an Evo-Devo
framework for dyslexia invites criticism and debate, and calls for rig-
orous experimental protocols to test its validity.

6. Conclusion

New insight into the currency of evolutionary processes in child
development, merged with recent findings on the importance of stress-
reactive cellular, regional, and network homeostasis for cognitive
growth, suggest that dyslexia may be a positive adaptation to inherited,
prenatal, or childhood environmental challenges to stress system
homeostasis.
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