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Abstract: The present article is a theoretical contribution suggesting a simple model of the dynamics
involved in the development of neurodevelopmental disorders and the phenomenon of autism
offering an explanation of why different individuals have different onset of manifest disease. The
model relates to present genetic and epigenetic evidence and previous theoretical models. The
dynamic model applies an individualized transdiagnostic and dimensional approach integrating
several levels of influence involved in the dynamic interaction between an individual and their
environment across time. The dynamic model illustrates the interaction between a basic
neurobiological susceptibility, compensating mechanisms, and stress-related releasing mechanisms
involved in the development of manifest clinical illness. The model has a particular focus on the
dynamics of neurocognitive processes and their relationship to more basic information,
psychological and social processes. A basic assumption guiding the model is that even quite normal
events related to typical development may increase the risk of enduring stress in cognitively
vulnerable individuals, further increasing their risk of developing manifest clinical illness. The model
suggests that genetic variation, endogenous epigenetic processes of development, and epigenetic
changes influenced by physical/chemical and social environmental risk and resilience factors all may
contribute to phenotypical expression. A genetic susceptibility may translate into a biological
susceptibility reflected in cognitive impairments. A cognitively vulnerable individual may be at
increased risk of misinterpreting sensory inputs, potentially resulting in psychopathological
expressions, e.g., autistic symptoms, observed across several neurodevelopmental disorders. The
genetically influenced experience of an individual relates to cognitive phenomena occurring at the
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interfaces between the brain, mind, and society. The severity of clinical illness may differ from the
severity of a disorder of reasoning. The dynamic model may help guide future development of
personalized medicine in psychiatry and identify relevant points of intervention. A discussion of the
implications of the model relating to epigenetic evidence and to previous theoretical models is
included at the end of the paper.
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1. Introduction

The complex transdiagnostic and dimensional nature of autism as a pathological phenomenon,
and changes across time in the definition of autism as a clinical construct, are both reasons why a
focus on autism may be a relevant starting point for a discussion of the basic dynamics involved in
the development of neurodevelopmental disorders. The prevalence of autism spectrum disorders
(ASD) has changed over time from approximately 0.1% at the beginning of the century to
approximately 1% at present [1-4]. The reasons for this marked change may be attributable to
several sources, including both true etiological factors and cultural factors [5-7]. The effort to
identify and understand the reasons for this marked increase in prevalence is important. Potentially,
such knowledge may challenge our present understanding of autism and the assumptions guiding
autism research, thereby yielding an impact on the effort of identifying the etiological causes and
molecular mechanisms of ASD and related neurodevelopmental disorders.

The task to identify mechanisms and etiological causes involved in the development of ASD is
of major importance. Insights resulting from such an effort may have great impact on future
treatment strategies. Potentially, such knowledge may improve the prognosis of affected individuals,
increase their quality of life (QoL), and point to future strategies for prevention. The task, however,
is complex and is complicated by the heterogeneous nature of ASD and the many coexisting or
comorbid conditions that are often present together with ASD [8-11].

A major challenge for autism research is to explain why only some but not all at-risk individuals
develop clinical symptoms surpassing the diagnostic threshold for an ASD. This represents a
dimensional challenge. Genetic risk factors for ASD may be present not only in affected
individuals but also in unaffected individuals, a finding observed in the family members of
diagnosed individuals [12] as well as the general population [13]. Such evidence challenges the
prevalent categorical diagnostic approach and indicates that a dimensional approach may be more
relevant.
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Furthermore, genetic markers for ASD can be observed across different neurodevelopmental
disorders, indicating that these markers are associated with more than one disorder [9,14,15]. Such
evidence reveals another major challenge for autism research, a transdiagnostic challenge. The
transdiagnostic and dimensional challenges identified at the genetic level are also observable at the
phenotypic level [8,10]. Moreover, they can be observed at different translational levels of
psychopathology, e.g., at different levels of information processing at the neurocognitive level,
identified as neurocognitive impairments, or the neural level of activity, observed as
psychophysiological deficits [16]. To what extent are differences in psychopathological expression
explained by qualitative or quantitative differences in genetic vulnerability and to what extent do
other factors contribute, including physical, chemical and social environmental risk and resilience
factors?

The present paper for the special issue of AIMS Molecular Science on the molecular
mechanisms of and therapies for ASD is a theoretical contribution. From a clinical perspective, the
paper focuses on the dynamic, translational and transgenerational aspects of molecular mechanisms
and offers an explanation of why different individuals have different onset of manifest disease. The
aim of the present theoretical paper is to contribute with suggestions for how to develop a simple
theoretical model of the complex dynamics involved in the development of neurodevelopmental
disorders and the phenomenon of autism that may help explain the observed biological and clinical
heterogeneity of ASD and their relation to other neurodevelopmental disorders, including
schizophrenia. The ambition has been to sketch the design of a model that may account for the
impact of neurobiological and psychological processes taking place at the individual level and their
interactions with processes acting at the physical, chemical and social environmental levels.
Assumptions guiding the model are that clinical symptoms are expressions of different phenomena
related to the brain and that many different routes may lead towards the same overall clinical picture.
Some clinical symptoms may more directly relate to basic brain phenomena—for example, anxiety,
compulsive behavior and affective symptoms—whereas the relationship between the phenomena of
autism and psychosis with the brain may be more indirect with these phenomena relating to cognitive
phenomena taking place at the interface between the brain, the mind and society. Genetic and
epigenetic mechanisms are suggested to be operating as the basic mechanisms integrating and
translating information between all levels involved in psychodynamics across time. When designing
the model, a central goal for the model was that it should be able to distinguish between processes
related to a basic susceptibility, adaptive processes and decompensating factors involved in the
development of manifest clinical illness. Furthermore, it should include illustrations of the dynamics
over time embedded within a developmental context. Finally, the model should be able to distinguish
between a neurobiological susceptibility and contributions from environmental risk factors (physical,
chemical and social), discriminate among adaptive biological, psychological and social processes,
and ultimately, separate biological, psychological and social decompensating factors.

The suggested dynamic model is the result of a further development of previously published
theoretical ideas suggesting that autism may represent a transdiagnostic, dimensional construct of
reasoning [16,17]. These ideas—inspired by original ideas by Bleuler (1911) [18] and Piaget
(1967) [19], and reinterpreted in light of present empirical evidence—include the suggestion of a
neurodevelopmental approach, a cognitive link between ASD and schizophrenia, and revised
concepts of autism and psychosis. The present author owes much inspiration to the sociologist
Alberoni (1984) [20] and his concept of the nascent state. The nascent state is a psychotic-like state
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thought to be involved in the dynamics of the development of society. The concept has informed a
central assumption included in the dynamic model, the idea that social dynamics may be an
important driver in the psychopathological development of neurodevelopmental disorders.
Furthermore, the concept has inspired a central hypothesis of the model suggesting that cognitive
impairments with no measurable abnormal changes within the neurotransmitter systems may be
involved in psychodynamics, see below. This hypothesis was also inspired by the results from
psychological research conducted in the 1970’s by a group of psychologists and psychiatrists
exploring experiences of reality across early neurotypical development and different
psychopathological states including psychotic and non-psychotic conditions [21,22]. The results
indicated changes in the experience of reality across early neurotypical development with a tendency
to experience imaginary items as being real disappearing around the age of 6. Furthermore, these
researchers found that psychotic patients compared with 6-year old children and non-psychotic
patients had a tendency to experience non-existing items as being real, whereas the experience of the
material world remained intact.

The basic hypotheses of the dynamic model assume that cognitively vulnerable individuals may
be at risk for enduring stress resulting merely from events relating to typical development and that
this may increase their risk of developing manifest clinical disease. At different time points and
levels of cognitive complexity, cognitive impairments with no measurable abnormal changes within
the neurotransmitter systems may distort the experience of sensory input and result in cognitive
experiences that may reflect a distorted picture of reality. A basic disorder of reasoning may be
common between ASD and schizophrenia, whereas differences in age-related symptom expression,
the severity of cognitive impairments, comorbidity of clinical conditions, and focus on psychosis
may be what separate ASD from schizophrenia at the clinical and phenomenological levels.
Cognitive impairments may reflect information processing deficits resulting from a genetic
susceptibility. An assumption guiding the dynamic model is that a basic disorder of reasoning
associated with an inflexible way of thinking may be a common feature for the phenomena of autism
and psychosis, with both phenomena relating to the experience of reality [16]. Whereas autism as a
phenomenon relates to the reciprocal social behavioral and cognitive aspects of an experience,
psychosis as a phenomenon focuses on how an experience perceptually relates to reality expressed in
thought or behavior, with both phenomena expressing various, qualitatively different aspects of how
an experience relates to reasoning. As such, both phenomena are expected to be observed across a
clinical dimensional spectrum reflecting reasoning ranging from neurotypical expressions to
pathological expressions such as those observed in ASD and intellectual disability. This suggestion
may be consistent with findings from a recent population-based study of children focusing on
alterations in mentalization and their association with psychotic experiences defined as psychotic
symptoms in the absence of psychotic illness [23]. An exaggerated type of Theory-of-Mind,
Hyper-Theory-of-Mind associated with psychotic disorders was related to psychotic experiences and
delusional ideas. Hypo-Theory-of Mind associated with a diagnosis of ASD and negative symptoms
was also associated with psychotic experiences indicating that both types of Theory-of-Mind may be
involved in the development of psychotic phenomena. The authors concluded that different
alterations of Theory-of-Mind may be suggested to impact different stages of development of
psychosis.

From a basic assumption regarding autism as primarily an environmental condition, dating back
to Bleuler (1911) [18], focus shifted towards a predominant view considering autism a
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neurobiological condition [1]. Today, there is an increasing awareness of the importance to integrate
these two frameworks and to explore the significance of gene-environment interactions [7,24,25] and
possible epigenetic mechanisms involved in the development of ASD [26-28]. Furthermore, there is
an increasing awareness of the need to examine deviations in relation to expected normal variation
across development [29-32]. Finally, culturally related factors may affect prevalence measures [5,6].
The marked increase in the prevalence of ASD may be due to nonetiological factors, including
reporting practices, increased awareness and availability of mental health services, as well as a
broadening of the diagnostic criteria [5,6]. However, a true increase in disease prevalence may also
be due to etiological factors such as diverse environmental risk factors, e.g., exposure to toxins,
maternal lifestyle, or parental age [5].

Epigenetic mechanisms are reversible [26,27,33]. Evidence for the involvement of epigenetic
mechanisms in the development of neurodevelopmental disorders including ASD and the
identification of relevant environmental factors that may be involved in epigenetic changes in these
disorders are therefore potentially of great importance because they may turn out to be very relevant
foci for future treatment and prevention. To the extent that experience is genetically influenced [34],
and insofar the cognitive ability of an individual sets the limits for experience at the interface
between brain and mind with social interaction taking place at the interface between an individual
and their environment, a major implication of the suggested dynamic model is that genetically
influenced individual experiences set the limits for social interaction.

1.1. Evidence of gene-environment interactions in autism

Previous research on risk factors involved in the development of ASD have mainly focused on
individual genetic or environmental risk factors, with only a few studies exploring the interactions
between individual risk factors [11]. Twin studies have contributed with estimates of the contributions
made by genetic and environmental risk factors, providing strong support for a major influence of
genetic factors. A shared environmental risk for ASD, however, may also be important [24].
Furthermore, evidence from a large twin and family study indicates that nonshared environmental
risk factors contribute to overall risk [12]. This finding is in line with the general assumption that
most of the environmental variance in families is nonshared rather than shared, although little is
known about the specific sources of nonshared environmental effects, in particular, the specific
sources of nonshared experience outside the families [34].

Prenatal exposure to valproic acid and the rubella virus are examples of environmental factors
strongly associated with ASD [11]. Other environmental risk factors for ASD, albeit with smaller
effect sizes, include very low birth weight, extreme premature birth, and advanced paternal and
maternal age. A family history of mental illness, birth in an urban area and diverse perinatal factors
have also been associated with the risk of ASD [35,36], although conclusions from studies on
pregnancy-related exposures are inconsistent [37].

1.2. Evidence of molecular mechanisms in autism
Despite very strong evidence for genetic involvement in the development of ASD and rapid

progress in the identification of risk genes with new advanced genomic technologies, the majority of
the genetic risk either remains unaccounted for or is estimated to derive from common inherited yet
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unidentified variants with an additive effect [38]. Multiple familial inheritance patterns exist, with
etiological heterogeneity appearing to be the norm rather than the exception [9,39-40]. Rare genetic
risk factors with large effect sizes [41,42] can only account for a very small number of cases of ASD,
whereas common genetic variants with small effect sizes [9] likely account for most of the genetic
risk in ASD [11,43].

Common polygenic as well as rare de novo variation may both contribute to the risk for ASD,
likely conferring risk in different ways [42]. Apparently, the genetic influences from both common
variants and de novo mutation variants are additive. Whereas the de novo variant risk for ASD has a
strong impact only within a limited number of cases, the common polygenic risk may be more
consistently contributing to autism liability across all cases.

Increasing evidence suggests that ASD may share biological pathways with other
neurodevelopmental disorders with variants in genes also found in these disorders, e.g., intellectual
disability and schizophrenia [9,14,15,44,45]. Furthermore, ASD are strongly associated with social
and communication trait variation in the population, with both common inherited and de novo
variants influencing typical variation [13].

1.3. Epigenetic mechanisms in psychiatric disorders

Epigenetic mechanisms may be the biological mechanisms that connect genetic and
environmental factors, with most epigenetic evidence coming from preclinical animal research and
studies on human brain cells [26,28]. Increasing evidence from human population studies on
epigenetics in neurodevelopmental disorders including ASD is now emerging [46,47]. An original
description of the concept of “epigenotype” comes from Waddington (1942), who defined
epigenetics as the study of the developmental processes and the causal mechanisms by which genes
of a genotype produce phenotypic effects [48].

Epigenetic regulation of gene transcription and expression involves processes modifying
chromatin via deoxyribonucleic acid (DNA) methylation, histone modification and small noncoding
ribonucleic acids (RNAs), so-called micro RNAs, without altering the DNA sequence [26,27,33].
Enzymatic processes modify the state of chromatin, with chromatin consisting of a histone
protein-based structure with DNA wrapped around it. Several enzymatic processes, e.g., methylation,
phosphorylation, acetylation, and DNA methylation reactions involving covalent modification of
cytosines that are catalyzed by DNA methyltransferases, are involved in the modification of
histone proteins [33]. Evidence suggests that DNA methylation is a dynamic, targeted and
reversible process [33]. Histone modification enzymes interact with DNA methylating enzymes,
thereby regulating gene expression. Gene expression only takes place in active regions of the
chromatin associated with hypomethylated DNA. The pattern of methylation is gene- and
tissue-specific. Suppression of gene expression via DNA methylation is associated with
hypermethylated DNA and inactive chromatin.

To maintain the homeostasis of epigenetic information, a dynamic balance of the DNA
methylation pattern and the chromatin structure is required [33]. Changes in epigenetic regulation
caused by mutations in genes involved in epigenetic mechanisms and their regulation or caused by
environmental factors or genetic programming affecting epigenetic regulation may affect this
balance.

While the genome remains largely intact throughout the lifespan, the epigenome may change
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according to the developmental requirements and the physiological needs to adapt to the
environment [25]. It is relevant to distinguish between two basic kinds of epigenetic changes that
interact with each other, thereby affecting outcome [25]. Endogenously programmed changes include
epigenetic changes related to developmental and aging processes, as well as genetic variation
affecting the genes involved in epigenetic modification. Second, epigenetic changes occur in
response to exogenous factors such as physical and chemical agents and a range of other
environmental stressors, including psychological, behavioral and social stressors. The interactions
between these processes are complex and may depend on developmental windows of sensitivity.

A study of volunteer monozygotic twin pairs has documented age-dependent epigenetic
differences, with its results indicating that older twins are epigenetically different from younger twins,
a difference not due to a general increase in the epigenetic variability in the older population [49]. The
older twin pairs showed more than two times as many locus-specific DNA methylation differences
compared to the younger twin-pairs. According to the authors, an explanation of the observed
differences in epigenetic patterns in genetically identical individuals may relate to the influence of both
external factors, e.g., lifestyle factors such as smoking and diet, and internal factors, e.g., aging [49].

Lifestyle factors, including substance abuse, and environmental factors affecting gametogenesis,
reproduction, fetal life and parenting behavior may all potentially modify the epigenome [25].
Naturally occurring or synthetic endocrine-disrupting compounds, chemicals that affect endocrine
function, hormones, receptors and signaling pathways, have potential or observed epigenetic effects.

Focusing on the epigenetic effects of prenatal environmental toxicants that may act as endocrine
disruptors, Tran and Miake [47] report on findings from preclinical and human population studies on
the epigenetic effects of maternal smoking, heavy metals, plastic-derived chemicals and organic
pollutants. Preclinical studies suggest negative effects of environmental toxicants on neuronal cells
and neurodevelopment with the molecular mechanisms not yet fully understood. Evidence from
epidemiological studies may also indicate a relationship between maternal smoking, plastic-derived
chemicals and heavy metals and an increased risk for neurodevelopmental conditions. Furthermore,
alterations in DNA methylation related to maternal smoking, plastic-derived chemicals, and organic
pollutants as well as heavy metals and the associated possible effects on genes involved in
neurodevelopment suggest that epigenetic mechanisms may be involved in the observed associations
between environmental toxicants and neurodevelopmental changes.

Nutrition, medication and prenatal infection are risk factors associated with neuropsychiatric
disorder, for which epigenetic mechanisms are potentially involved; however, the relationship
between the risk factors and epigenetics have not yet been established, and many of the factors
account for only a small amount of the risk [50]. Furthermore, stress, trauma, and early life adversity
are associated with effects on the hypothalamic—pituitary—adrenal axis (HPA axis) affecting the stress
response and the homeostatic regulation of glucocorticoid levels. Preclinical, epidemiological and
clinical studies suggest a strong link between exposure to stress and dysregulation of the HPA axis or
susceptibility to neuropsychiatric illnesses. Glucocorticoids may directly influence DNA methylation
and chromatin remodeling. Lee and Avramopoulos [50] suggest a model of the complex
gene-environment interactions, focusing on circularity with genes determining phenotypes,
phenotypes affecting behaviors, behaviors modifying environmental exposures, and environmental
exposures modifying epigenetic marks and the function of genes.

Evidence from epidemiological studies and animal models suggests that gestational exposures
to parental stress are strongly associated with neurodevelopmental disorders, including ASD, and that
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transmission of not only maternal but also paternal stress to offspring through epigenetic marks in
the germ cell may be involved [51]. Although environmental exposure to prenatal stress and early
life environment may influence long-term risk for a neurodevelopmental disorder, the risk for
manifest clinical disease may depend on multiple interacting factors, combining a genetic
predisposition with later environmental exposures experienced across a lifetime. Bale [51] suggests
that a genetic susceptibility may be the first hit in a two- or three-hit model, with an environmental
exposure to prenatal stress acting as a second hit, where the next stress-inducing event experienced
during later points in life may tip the balance and trigger onset of manifest clinical disease. The
model suggests that prenatal exposure to stress may trigger epigenetic programming in a context with
increased genetic vulnerability, and together, the genetic vulnerability and epigenetic programming
may increase sensitivity to later life events.

1.4. Evidence of epigenetic mechanisms in autism

Several rare, severe neurodevelopmental conditions that are due to altered genetic imprinting or
caused by mutations in genes that encode factors involved in epigenetic regulation are associated
with autism spectrum behavior and intellectual disability [52]. Genomic imprinting refers to
parent-specific epigenetic marks regulating the expression of genes via DNA methylation and histone
modification in specific regions of the genome [52]. Angelman syndrome, a severe
neurodevelopmental syndrome characterized by intellectual disability and developmental delay of
motor skills and speech, results from an imprinting defect. Other examples of neurodevelopmental
conditions associated with epigenetic alterations are Rett syndrome and Fragile X syndrome. Rett
syndrome is an example of a group of disorders associated with intellectual impairment and ASD and
caused by mutations in genes encoding different proteins involved in epigenetic regulation [52].
Gene mutations associated with Rett syndrome include mutations affecting a gene localized on the X
chromosome encoding a protein binding to methylated DNA independent of the DNA sequence. This
protein is responsible for the inhibition of transcription. Interestingly, the expression is especially
high in the brain and rather specific for neuron maturation and, later, maintenance and modulation of
synapses and dendritic complexity. Gene expression is associated with changes related to brain
development with high expression during embryonic development, low expression at birth and
increased expression thereafter. Fragile X syndrome is a clinical syndrome involving intellectual
disability, delayed speech and psychomotor development, and autism spectrum behavior, which also
results from a mutation in a gene located on the X chromosome [52]. Methylation of a polymorphic,
unstable, noncoding repeated section of the gene and adjacent regulatory elements leads to repression
of gene expression in this syndrome.

Clinical and preclinical evidence indicates that exposure to environmental chemicals may affect
several proteins involved in normal brain maturation, e.g. Brain-Derived Neurotrophic Factor, with
dysregulation of these proteins associated with ASD [28]. In animal models, organic chemicals have
been associated with modulation of the expression of genes coding for oxytocin, and vasopressin,
known to be involved in the modulation of social cognition and behavior [28]. Dysregulations in
these brain neuropeptide systems have been suggested to underlie social dysfunctions in ASD.
Epidemiological studies and preclinical research suggest that environmental factors including
prenatal exposure to air pollution, vitamin D deficiency and anticonvulsant medication are associated
with ASD, and observations of altered DNA methylation may indicate that epigenetic mechanisms
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are involved [28]. Vitamin D is associated with the regulation of genes involved in the control of
inflammation, immunity, and cell development suggesting a possible role for these processes in the
development of ASD. An abnormal metabolic profile of the methionine transmethylation and
transsulfuration pathway associated with oxidative stress in ASD and related to susceptible genetic
variants may indicate that alterations in gene expression due to multiple polymorphisms and
environmental factors may interact and affect metabolic pathways, inducing a chronic metabolic
imbalance [53]. A redox/methylation hypothesis of autism assuming that oxidative stress is initiated by
environmental factors in genetically vulnerable individuals leading to impaired methylation and
neurological deficits resulting from impaired synchronizing of neural networks has been proposed [54].

A large, recent case-control study aiming to identify DNA methylation biomarkers of ASD
detectable at birth did not find any global differences in DNA methylation or identify any
differentially methylated positions when comparing a group of neonates who later developed a
diagnosis within the autism spectrum and a matched control group [45]. This study used DNA
samples isolated from neonatal blood collected shortly after birth and included a case-control sample
of 1316 individuals with equal numbers of ASD cases and controls. As an exploratory finding, the
study found a significant association between increased polygenic burden for ASD and methylomic
variation at specific loci.

A small cohort study of ASD patients with resulting rare variants examined in an independent,
larger ASD sample aimed to identify methylation aberrations in an epigenome-wide association
study of blood DNA and to explore the functional consequences on the blood transcriptome of a
subset [55]. The results showed a significant association of ASD with the hypomethylation of rare
genetic variants at several loci and identified a few clustered epimutations in single patients. The
identified epimutations affected genes involved in neurodevelopment and function. The authors
concluded that inherited alterations in DNA methylation from unaffected parents due to either
genetic or epigenetic defects affect gene expression and contribute to ASD susceptibility, possibly in
an additive manner. The study found no global methylation alterations, which is in line with the
results from Hannon et al. [46] and consistent with the results from a small study on gene expression
and DNA methylation levels in brain tissue from two brain regions conducted in a post mortem
sample of subjects with ASD and matched controls [56]. This study found significant transcriptional
heterogeneity in brains from autistic subjects and decreased expression of genes related to
mitochondrial oxidative phosphorylation and protein synthesis.

In a recent study of monozygotic twin pairs, the results showed multiple differentially
methylated regions associated with ASD, with variability appearing to be specific to ASD-discordant
twin pairs. In this study, a genome-wide analysis of DNA methylation was conducted in a sample of
twin pairs from a representative population cohort including twin pairs concordant and discordant for
ASD, ASD-associated traits and no autistic phenotype. In line with the studies mentioned above,
ASD was only associated with site-specific differences and not associated with systemic differences
in global DNA methylation [57].

Another line of epigenetic research has focused on the task of unraveling the effects of
maltreatment on the associated risks for mental problems including neurodevelopmental disorders
and reactive attachment disorder [58-60]. In light of previous evidence indicating an overlap
between individual disorders associated with maltreatment and their shared environmental and
genetic predisposing factors, Minnis [58] suggests considering maltreatment-associated psychiatric
problems (MAPP) a syndrome of overlapping complex neurodevelopmental problems in children
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who have experienced abuse or neglect early in life. The concept of MAPP may be an example of
ESSENCE—Early =~ Symptomatic ~ Syndromes  Eliciting  Neurodevelopmental  Clinical
Examinations—a concept previously introduced by Gillberg [8]. In a cross-sectional twin study, this
group of researchers, in line with their expectations, observed an association between childhood
maltreatment and symptoms of neurodevelopmental disorders including ASD [60]. Interestingly,
their data suggested that the association was mainly due to common genetic factors. Although
childhood maltreatment was associated with an increased load of neurodevelopmental symptoms, the
nature of the study design did not permit an investigation of directions of causality. Overall, the
findings were not consistent with the assumption that maltreatment is responsible for the increased
load of neurodevelopmental problems observed in children with a history of maltreatment.

1.5. Epigenetics and the HPA axis

Tissue-specific processes are influenced by cortisol signaling via transcription. Furthermore,
cortisol affects genes directly by regulating and mediating the stress response of the HPA axis,
thereby affecting the subsequent cortisol levels [50]. Glucocorticoids may directly influence DNA
methylation and chromatin remodeling. Both intense traumatic stress and chronic stress may affect
the HPA axis and glucocorticoid dynamics, leading to abnormal cortisol levels that can persist even
in the absence of the initial stressor. Furthermore, individual perception and experience of a stressor
may activate the HPA axis, resulting in the production and release of cortisol [50], and indicating a
possible basis of a translational interaction between psychological and biological regulatory
processes. The relationship between stress or cortisol-induced HPA-axis dysregulation and the
resulting effect on cortisol dynamics may affect mood and emotions.

In general, evidence indicates that stress responses promote adaptation via responses of several
interacting systems, neural, cardiovascular, autonomic, immune and metabolic systems, with most of
the evidence coming from animal studies [61]. Complex, non-linear interactions take place with
glucocorticoids, catecholamines (e.g., adrenaline, noradrenaline and dopamine), other hormones,
pro- and anti-inflammatory cytokines and the parasympathetic nervous system all involved in
regulation of stress responses. Stress hormones modulate function within the brain by changing the
structure of neurons. Repeated stress causes changes in brain regions including hippocampus,
prefrontal cortex and amygdala [61,62]. The hippocampus is involved in cognitive function including
memory and direction of attention and is a very sensitive and malleable region of the brain
undergoing several adaptive changes in response to acute and chronic stress.

Evidence from epidemiological studies suggests that intrauterine exposures to stress are
associated with an increased risk for neurodevelopmental disorders, including ASD [51]. According
to the two- or three-hit model by Bale [51] this could be explained by the effects that prenatal stress
may have on the fetal brain by triggering epigenetic processes that may modify the action of
susceptible genes, thereby increasing sensitivity to later life events.

Evidence from animal models and in vivo experiments indicates that mechanisms of
environmental programming exist, with scientific results demonstrating that persistent changes in
behavior and physiology initiated by early fetal experiences may be mediated by epigenetic
processes resulting in sustained changes in gene expression in the brain [63]. Differences in DNA
methylation patterns may alter glucocorticoid receptor expression. Preclinical data further provide
evidence that the molecular mechanisms underlying the effects of early experience on neural function
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may be reversible in adulthood, speaking to possible social and therapeutic implications [64]. Evidence
supports the hypothesis stating that the DNA methylation pattern is dynamic even in postmitotic
brain tissue with a steady state maintained by the state of chromatin acetylation [63].

In light of their findings from experiments on the effects of maternal stress on fetal experience
and later behavioral phenotypic expressions, Meaney and Szyf [63] suggest that epigenetic processes
may imprint dynamic environmental experiences on the genome, resulting in stable changes in the
phenotype. They relate their results to biological evidence from similar findings of maternal effects
on defensive responses to threat observed in plants and various animals. Such effects may follow
exposure of the mother to the same or a similar kind of threat, indicating a possible translation of the
environmental experience of the mother via epigenetic mechanisms of inheritance into phenotypic
variation in the offspring. If this is the case, then maternal effects could transmit adaptive responses
across generations.

In addition to epigenetic effects transmitted directly to the embryo and fetus, recent evidence
indicates that both maternal and paternal adversity as well as glucocorticoid exposure before
conception may have profound effects on the development and subsequent function of the HPA axis
and related behaviors in offspring [65]. The effects depend on the timing and duration of exposure
and are sex- and age-specific. Interestingly, emerging evidence suggests that the effects of both early
maternal and paternal exposures can last across multiple generations with modifications of epigenetic
mechanisms, e.g., DNA methylation, observed in gametes and peripheral and brain tissues of
offspring transmitted via both maternal and paternal lineage [65]. Nevertheless, detailed knowledge
about the mechanisms of epigenetic developmental programming is lacking.

The evidence from human studies on the epigenetic effects related to early life stress is sparse. A
few studies document transmission of abnormal HPA-axis activity from mother to offspring many
years after initial exposure to a traumatic event, e.g., war, hunger or genocide [66]. According to
Stenz and coauthors [66], a challenge of this type of studies is how to interpret whether or not the
transmission of traits from parents to offspring are acquired by learning from the traumatized parents
or via biological transmission by epi-mutated gametes or an altered intrauterine environment [66].

In humans, prenatal exposure to maternal stress may affect epigenetic modification of the
regulation of stress. A human study of prenatal exposure to increased maternal depressed mood
identified an association between the methylation status in newborns of a human glucocorticoid
receptor gene and increased stress-reactivity in the exposed infants at three months of age [67].

Studies of stress-sensitivity in ASD have convergent findings showing disordered HPA-axis
regulation of stress in both high-functioning autism [68-71] and low-functioning autism [72]. More
variability of salivary cortisol levels are found in children and adolescents with ASD compared to
neurotypical controls [69,71,72]. Furthermore, higher levels of salivary cortisol with significantly
flatter daytime and nighttime slopes are observed in autism [68,69,72]. According to the authors,
possible interpretations of their results may include the suggestion that these findings relate to
alterations in circadian rhythms possibly reflecting abnormalities in subcortical structures engaged in
stress responsivity to novel stimuli and memory formation and retrieval related to personal
experiences [70,72]. The cortisol variability may result from heightened sensitivity to daily changes
and unpredictable events in the environment, with elevated evening values perhaps reflecting the
cumulative effects of daily stress [69].

The results show increased stress response in anticipation of stressful situations in both
high-functioning and low-functioning autism [68,72], a finding also observed in neurotypical
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controls [68]. Social stress may increase with age [70]. Not only children but also adults with ASD
experience more stress compared to neurotypical controls [73,74]. Observations have shown that
perception of life as stressful may be associated with greater social disability without being directly
related to the biological response to stress [74]. Such evidence may reflect the complex interaction of
factors involved in social stress responses with the resulting adaptation or contribution to clinical
symptoms possibly involving a psychological/biological connection.

1.6. Epigenetics and the development of the brain in autism

With regard to the epigenetic nature of development, Courchesne [30] proposes a growth
dysregulation hypothesis of autism suggesting that a pathologic dysregulation of growth during early
life, yielding abnormal anatomical brain development with different brain structures following
different schedules of pathological growth, ultimately may lead to the changes in behavior observed
in autism.

Consistent with the growth dysregulation hypothesis, convergent genetic evidence from several
lines of research relating to large data consortia all point to early neurodevelopment as a target for
pathological processes involved in the development of ASD and related disorders, with a few
examples given below.

A recent brain MRI study of the impact of the 16p11.2 distal copy number variants (CNV)
associated with ASD and schizophrenia examined gene dose-response effects on measures of brain
structure [75]. Independent of clinical and family history, the researchers observed negative
dose-response associations with CNV on intracranial and basal ganglia volumes.

Another recent study, focusing on simplex autism (i.e., the sole family member with ASD),
analyzed the contribution of variants in the noncoding, putatively regulatory portions of the genome
after whole-genome sequencing (WGS) comparing probands negative for known pathogenic
mutations and unaffected siblings [76]. The results showed trends for several de novo mutations in
genes associated with nervous system development.

Furthermore, recent evidence from a nationwide cross-disorder association study suggests that a
dysregulation of genes associated with common variants involved in neurodevelopment may
contribute to a general liability for several different psychiatric outcomes, including ASD [77]. The
authors identified novel variants predicted to regulate genes expressed in the developing neocortex.
Their results drew on the analysis of DNA extracted from neonatal dried blood spot samples.

An analysis of published gene-expression microarray studies across five major neuropsychiatric
disorders using brain transcriptomic profiling, a method analyzing quantitative, genome-wide
molecular phenotypes across disorders, identified patterns of both shared and distinct gene
expression across the conditions [78]. The authors found shared transcriptional dysregulation related
to a polygenic single-nucleotide polymorphism (SNP)-based) overlap among ASD, schizophrenia
and bipolar disorder, indicating that a major component of the observed gene-expression patterns
may reflect biological processes coupled with underlying genetic variation. The degree of
transcriptomic severity was larger in ASD compared to schizophrenia and bipolar disorder.
Furthermore, the results showed a distinct pattern in ASD, with upregulated microglial markers
indicating microglia involvement in the dysregulation of synaptic connectivity during
neurodevelopment [78]. When extending their analysis, the authors identified disease-associated rare
variants: rare, nonsynonymous de novo mutations in both autism- and schizophrenia-related cases.
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Results from a human postmortem study suggest that development of the prefrontal cortex is
associated with widespread changes in the cortical transcriptome across development, indicating that
epigenetic changes occurring not solely during fetal life but also after birth and later across
development may take place [79]. The study used genome-wide profiling of a histone mark
associated with transcriptional regulation in neuronal chromatin in a small sample of postmortem
brains from the late gestational period to 80 years of age. The results showed a majority of
developmentally regulated peaks of rapid gains or losses of histone methylation during the
transitions from prenatal to postnatal development, with slower changes observed during early and
later childhood but only minimal changes observed later in life.

According to Menon [31], network analysis may contribute evidence about changes in the
overall organization of the brain associated with neuropsychiatric disorders and may help identify
affected subnetworks and networks compensating for dysfunction. Multiple brain regions interact
over time. A triple neurocognitive network model on psychopathology may help relate findings into a
common framework for understanding dysfunction in core neurocognitive networks across multiple
neurodevelopmental disorders, including ASD [31]. This model predicts that a change in one core
network may have an impact on the other networks, resulting in clinical manifestations that may
extend beyond the primary deficit. Three core neurocognitive functional networks involved in higher
cognitive functioning are included in the model. First, the central executive network rooted in the
dorsolateral prefrontal cortex and the posterior parietal cortex is important in working memory and
attention. Second, the salience network rooted in the frontoinsular cortex and dorsal anterior
cingulate cortex is important for the detection and mapping of salient external inputs and internal
brain events. The salience network also comprises subcortical and limbic areas involved in reward
and motivation, including the amygdala, the substantia nigra and the ventral tegmental area. Finally,
the default mode network rooted in the posterior cingulate cortex and medial prefrontal cortex is
important for self-referential mental activity. Menon [31] suggests that changes affecting the balance
among these three core neurocognitive networks are the fundamental mechanisms underlying
cognitive dysfunction in many psychiatric disorders and report that changes in all three core
networks have been associated with ASD.

Neurobiological evidence indicates that the phenotypic expressions of autism may result from
an interaction of normal development with abnormal constraints at the cellular and molecular level
reflected at the cognitive level [29,80]. Some of the observed symptoms in ASD may reflect
compensatory changes resulting from the interaction of normal cognitive development with
abnormal neural information processing [29,80]. Clinical symptoms of ASD may change over time
and across individuals.

Evidence about the mechanisms responsible for changes in behavioral presentation during
development and about how these changes relate to underlying cognitive and neural dysfunctions is
sparse [81]. To be able to measure compensation and disentangle the contributions of compensation
and cognitive impairments to behavior, it may be necessary to develop sensitive cognitive tools that
exist independent of behavioral symptoms. Livingston and Happé [81] have created a working
definition of compensation, defining compensation as the processes that contribute to an improved
behavioral presentation of a neurodevelopmental disorder in the presence of persisting cognitive or
neural core deficits. They point to evidence for compensation’s improvement of social symptoms
despite persistent theory of mind deficits in four subgroups of ASD: individuals with good outcomes,
at-risk individuals who transition away from an ASD phenotype, individuals with late diagnosis, and
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the presentation of autism in females. Several neurocognitive mechanisms are potentially involved in
compensation, including greater intelligence quotient (IQ), with higher 1Q in childhood being a
strong predictor for good outcomes later in life. Another mechanism may be intact executive
functions for those individuals who are not impaired. Finally, neural mechanisms that may involve
recruitment of alternative networks, e.g., the prefrontal cortex, or hyperactivation of already involved
networks are other possible mechanisms [81]. Compensatory resources may be limited under stress,
anxiety or mental fatigue. Modulation of compensation by the environment is designated by
Livingston and Happé [81] as “environmental scaffolding”.

1.7. Models of psychopathology and the dynamics of stress

How are the epigenetically mediated gene-environment interactions translated into the observed
phenotypic expressions? To what extent do genetic and epigenetic mechanisms contribute to the
development of manifest clinical illness? To what extent are psychopathological manifestations of
illness preprogrammed from an early stage? What kind of mechanisms trigger the onset of illness?
How are clinical appearance and time of onset related to how and when genetic and epigenetic events
occur, e.g., preconception, intrauterine life, neonatal life and early development, childhood,
adolescence, and life later on?

Theoretical models may potentially help guide research in the effort to answer such questions.
Diathesis-stress models assume that adversity early in life may alter the development of genetically or
biologically predisposed individuals by increasing their risk for disease later in life [63]. The
relationship between early environment and later health may be mediated by parental effects on the
development of neural systems underlying the expression of behavioral and endocrine responses to
stress [63]. During perinatal life, adversity may alter development by promoting vulnerability,
particularly for stress-related diseases such as depression and anxiety. Prolonged activation of the
HPA axis and autonomic systems in response to stress are associated with chronic stress and
persistent activation of stress hormones, thereby increasing clinical risk. The actions of
glucocorticoids and catecholamines increase the availability of energy substrates in cells, a relevant
response during acute stress conditions, yet one that is inadequate and destructive in high-risk
conditions associated with chronic stress and persistent activation of stress hormones [63].The brain
plays a central role in perceiving, responding and adapting to experiences throughout life
determining potentially stressful events, and controlling the behavioral and physiological responses,
and the resulting lifestyle [61]. This is reflected in the two concepts “allostasis” and “allostatic load”,
with the first concept referring to the active process by which an individual responds to daily events
and maintains homeostasis, and the second concept referring to the long term effects of multiple
interacting mediators acting on the body and brain resulting from adapting to the demands of daily
life over time, and from the behavioral and physiological consequences affecting how an individual
responds to stressors [61]. The “allostatic load” may result from inefficient management of allostasis,
e.g. an inadequate response or lack of habituation to a recurrent stressor, or from enduring stress with
genetic differences also playing an important role.

To help predict susceptibility to negative fear-response system reactions after trauma (disaster
exposure), Weems [82] has developed a bioecological model of risk and resilience to traumatic stress
relating to biological markers of the fear system. The model includes three critical components that
together may predict the response of an individual and assumes that it is possible to understand
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biological correlates of disaster reactions in terms of basic biological markers of the fear-response
system. The basic components of the model comprise (1) the qualities of exposure; (2) the genetic
susceptibility to environmental influences, which may involve age-related critical periods; and (3) the
degree to which the trauma is enduring coupled with the quality of the post-trauma environment [82].
Weems et al. [83] emphasize the importance of applying a developmental approach to understand the
neurobiological response to traumatic stress. The investigators argue that the brain undergoes marked
changes in childhood and that typical developmental changes may become affected by traumatic
stress. The authors suggest an integration of approaches focusing on the symptom network with brain
network approaches, and they refer to evidence indicating that changes in structural connections and
distributed functional networks including the salience network, default mode network, and central
executive network are associated with traumatic and severe early life stress.

1.8. Models of the development of manifest clinical disease

Common features of the epigenetic models suggested by both Bale [51] and Lee and
Avramopoulos [50] and the theoretical models of psychopathology focusing on the dynamics of
stress referenced in the previous section [63,82] are the inclusion of both molecular mechanisms and
the effects of environmental factors. Several researchers acknowledge the need to integrate evidence
from different fields in order to be able to understand and predict psychopathological courses and
grasp the complexity involved in psychodynamics. This is apparent from several theoretical models.
A few examples may illustrate how researchers have integrated evidence related to processes at
different psychopathological levels (the genetic, neurobiological, cognitive, psychological, and social
levels) in their explanatory models [14,84-87].

The model of the complex relationship between biological variation and some major forms of
psychopathology suggested by Craddock and Owen [14] is an example of a comprehensive model
including several translational levels of psychopathology, genetic variation, biological systems,
neural processes and several domains of psychopathology (cognitive impairments, negative
symptoms, positive symptoms and mood symptoms). These authors suggest that future development
of models of mental illness should integrate evidence from various levels across scientific disciplines.
They base this suggestion on genetic evidence indicating that rare genetic variants with large effects
may be involved in several different mental disorders across a disease spectrum ranging from
intellectual disability, ASD and schizophrenia to bipolar and unipolar mood disorders [14]. They
encourage the use of dimensional measures of key domains of psychopathology in addition to
diagnostic categories and recognize that a single axis of psychopathological conditions in light of
observed substantial individual variation is a simplification, e.g., individuals with ASD may also be
suffering from mood pathology. Furthermore, they suggest research to focus on the relationship
between psychotic disorders and neurodevelopmental disorders such as ASD.

Another example of a theoretical model is that developed by Ouss-Ryngaert and Golse [84].
According to these authors [84], complex models have a great influence on the way we conceive of
and study development [84]. Their paradigm of “double reading” provides a new way to approach
psychopathology, assumptions about etiology and whether clinical expressions are related to the
mind or brain (thereby reflecting a psychic defense versus an impairment or defect, respectively).
The paradigm assumes that for many developmental disorders, including ASD, the disorders both
affect the constitution of the inner world and have a brain origin. Their framework makes it possible
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to consider a symptom as both reflecting an impairment and serving as a psychic defense. They
apply the principle in their clinical evaluations of developmental disorders, where they propose an
integrative clinical view [84]. According to Ouss-Ryngaert and Golse [84], there are several reasons
for connecting neuroscience and psychoanalysis. They argue that contemporary concepts of
development, in contrast to previous developmental models that were predictive, i.e., moving from a
gene to a phenotype, now include early environmental influences and that psychoanalytic models
have changed to become more rooted in early development. While referring to Meaney and Szyf [63]
and Sameroff and Mackenzie [88], they state that new models of neuroscience focus on two major
processes, epigenetics and plasticity, with development understood as a complex transactional
system.

A third example of a comprehensive model is the developmental model of transgenerational
transmission of psychopathology developed by Hosman et al. [85] The purpose of this model was to
establish a scientific basis for a science- and practice-based preventive program for children of
parents with a mental illness. These children are at high risk of developing a mental disorder
themselves, with evidence indicating that the risk may depend on the presence of accumulated risk
factors weighed against protective factors (resilience factors) that reduce said risk. The model
describes the main domains of risk and the protective factors involved in the development of
psychopathology relating to different stages of development [85]. The model differentiates between
several interacting social domains and influences. Mechanisms of transgenerational risk include
genetic risk, prenatal influences, parent-child interactions, family processes and social influences, all
possibly affecting the outcomes.

A fourth example of a comprehensive theoretical model is a framework for conceptualizing the
pathogenesis of neurodevelopmental disorders suggested by Sarovic [86]. This model includes
endogenous and exogenous factors and their interaction focusing in particular on genetic
susceptibility, cognitive compensation and environmental risk factors. Three interacting features are
suggested to determine the observable behavioral phenotype: (1) a genetic susceptibility
operationalized through a broader phenotype representing a spectrum of behaviors typical for a given
disorder; (2) cognitive compensation operationalized through cognitive capacity representing the
ability of an individual to recognize, respond to and learn from environmental cues and demands,
and to cope; (3) risk factors operationalized through the neuropathological burden reflecting risk
factors undermining brain development and function [86]. Risk factors include malnutrition,
infection or neuroinflammation, pre- and postnatal stress, obstetric complications, toxins, somatic
comorbidity and mechanical brain trauma [86]. Etiologies are suggested to be nonspecific and
somatic insults to activate the HPA-axis and immune system. The model suggests that immune
function and autonomic regulation modulate the effects of environmental insults, or induce insults of
their own, potentially increasing the effects from environmental insults decreasing cognitive
compensatory ability [86].

A final example of how evidence may give rise to theory comes from a study exploring the
structure of psychopathology in data from a complete birth cohort [87]. The results indicate that one
general psychopathology dimension, the p factor best explains psychiatric disorders across a period
of 20 years spanning from adolescence to midlife [87]. Caspi et al. [87] point to four hypotheses that
potentially may explain their findings: (1) a dimensional severity hypothesis suggesting that thought
disorder symptoms are central as a dimension of severity; (2) a developmental hypothesis suggesting
a developmental progression of severity; (3) an etiological hypothesis suggesting that the origins of p
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begin with genetic liability; and (4) a hypothesis about dubious specificity of etiological variables
and other variables, e.g. biomarkers, consequences, treatments etc. Their analyses take into account
dimensionality, persistence, co-occurrence, and sequential comorbidity of mental disorders. Higher
p-scores were associated with worse developmental histories, more compromised brain function
early in life, more life impairment and greater familiarity. An extremely high correlation between a
thought disorder dimension and the general psychopathology dimension suggest that the thought
disorder factor to a great extent may reflect general psychopathology indicating that a full description
of the structure of common psychiatric disorders may have to include the dimension of disordered
thought. Caspi et al. [87] suggest that the p dimension may represent low-to-high psychopathology
and for future research to apply a translational and transdiagnostic approach to uncover the etiology
of p.

Depending on their perspective, the five exemplified models emphasize different aspects of the
psychodynamics involved in the development of psychopathology. Craddock and Owen [14]
primarily focus on the molecular, biological and neural processes, although they acknowledge both
the role that environmental factors may play in etiology and the importance of including a
developmental perspective. Hosman et al. [85] primarily focus on the significance of psychological
and social environmental risk and resilience factors related to developmental stages, yet they
acknowledge the importance of genetic influences. Ouss-Ryngaert and Golse [84] emphasize the
need to continuously bridge psychological and neurobiological approaches and to integrate evidence
from genetic science while applying a developmental context, with development recognized as a
complex transactional system. Sarovic [86] focuses on the impact of polygenic risk and of
pregnancy-related and early postnatal risk factors and their effects on brain development, including a
focus on how risk factors modulate diagnostic risk through their effects on cognitive compensation.
The model includes immune function and autonomic regulation as factors modulating the impact of
environmental factors, or by themselves acting as risk factors. A major strength of this model is the
focus on operationalization. Finally, Caspi et al. [87] emphasize the need for an open-minded
transdiagnostic, dimensional approach that ignores the idea of specificity. They acknowledge the
importance of a translational approach including measurements across genetic, neural, cognitive and
environmental domains, and the need to follow measures across time focusing on developmental
progression of severity with thought disorder symptoms suggested to be the core symptoms of
psychopathology.

The present dynamic model may add to this pool of theoretical literature by suggesting
frameworks within which to understand the psychodynamics involved in the development of mental
illness as well as by searching for a common language with which to guide the collaborative effort
between the scientific communities engaged in this task. The present contribution may provide yet
another perspective that may inspire future research engaged in the task of unravelling the dynamics
of the development of ASD and related neurodevelopmental disorders.

1.9. Therapeutic perspectives of epigenetic evidence
Results from preclinical research indicate that environmentally programmed effects reflected in
altered DNA methylation early in life can be reversed by pharmacological activation later in life and

may therefore be modified by environmental factors [63]. The reversible nature of epigenetic
mechanisms makes them relevant to consider as possible targets for both the treatment and
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prevention of psychiatric disorders. Two overall approaches to treatment and prevention are
prevalent: (1) an approach focusing on the options to develop molecular and pharmacological
interventions based on the insights from genetic science, and (2) an approach focusing on how to
apply environmental actions in therapy and prevention.

An example of a discussion on how to develop interventions based on evidence for molecular
mechanisms is given by Shork et al. [77]. These researchers reflect on possible implications for the
development of pharmacological intervention related to increasing evidence suggesting that genetic
variants associated with neurodevelopmental disorders are involved in early neurodevelopment, with
susceptible genes affecting synapse and calcium channel biology during neuronal proliferation,
migration and the establishment of brain circuits [77]. According to these researchers, such
observation makes it critical to consider the developmental stages during which the susceptible genes
are expressed in order to be able to target the molecular pathologies.

Epigenetic drugs targeting DNA methylation and histone deacetylation enzymes may have
potential in the treatment of psychiatric disorders [33]. Their use, however, may not be without
challenges, with specificity and risk of unintended global side effects being a main challenge [33].
Knowledge about the complex epigenetic machinery and how epigenetic mechanisms are involved in
specific psychopathological processes leading to disease is essential in order to be able to develop
targeted epigenetic therapy [33].

An aim of the epigenetic autism research by Ouss-Ryngaert and Golse [84] is to examine how
pharmacological treatment on the one hand and environmental action on the other may change the
brain’s state. They hypothesize the different treatments, such as psychotherapy and medication, may
have similar effects, even though they work through different mechanisms [84]. These researchers
assume that epigenetic processes include the effect of relational actions and predict that new findings
in neuroscience will change the way psychoanalysts think and treat their patients; they further hope
that their own approach will change the way neuroscientists think and affect neuroscientists’ choice
of experimental paradigms.

Studies with the aim of identifying relevant environmental interventions aiming to reduce
stress—and, as such, possibly affecting epigenetic processes—has been performed by
Bishop-Fitzpatrick and coresearchers [89,90]. These authors have examined the association between
perceived stress, QoL and reports of social support, and recreational activity in autism. Results
showed significantly lower levels of social support and QoL in adults with ASD compared to
neurotypical controls, with direct effects of social support and perceived stress on QoL in adults with
autism [89]. Furthermore, results indicated that self-reported recreational activities moderated the
relationship between perceived stress and QoL, whereas social activities did not [90]. Based on their
findings, the authors expect that interventions that focus on teaching adults with ASD to manage
stress may help improve QoL [89,90], and they suggest creating opportunities for participation in
recreational activities [90].

The question of whether epigenetic drugs targeting DNA methylation or environmental actions
possibly affecting altered DNA methylation may be relevant for the treatment and prevention of ASD
cannot be answered in light of the present evidence.

Of possible relevance for future choices in which approach to apply, Yehuda et al. [91] point out
that it is important to distinguish between whether epigenetic alterations are associated with
preconception effects or result from the contribution of in utero effects on fetal development
associated with the maternal state. Although these researchers focus on the effects of trauma on later
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development of Post Traumatic Stress Disorder (PTSD), their reflections may be of potential interest
also for neurodevelopmental disorders including ASD, as their focus on the effects of trauma relates
to the possible effects of stress on offspring behavior, which are also relevant for these disorders [91].
In contrast to epigenetic effects resulting from direct maternal transmission that may affect fetal
development, the epigenetic alterations associated with preconception transmission are unassociated
with maternal state during gestation or later parenting influences. Therefore, they may be susceptible
to control and change. As such, transgenerational epigenetic markers transmitted through germ cells
may be malleable, and epigenetic influences may be able to contribute to resilience as an alternative
to vulnerability. Moreover, learning and changing experiences across a lifetime may have an effect
on observed epigenetic changes in offspring and are likely to vary across the lifespan depending on
environmental influences. Therefore, according to Yehuda et al. [91], in addition to research that
focus on how molecular mechanisms influence individuals and their offspring, it is also important to
focus on the effects of human experience and growth [91].

In light of the presented evidence, both pharmacological agents as well as environmental
interventions have potential roles in the future treatment of ASD and related neurodevelopmental
disorders. If the suggested dynamic model and associated hypotheses are able to predict
psychopathological courses of illness, time of onset, and the dynamics involved, then the model may
contribute with new knowledge of possible significance for the effort of developing personalized
medicine in psychiatry.

2.  Materials and method

The present article is a theoretical contribution representing a further development of previously
reported theoretical ideas suggesting that autism may represent a transdiagnostic, dimensional
construct of reasoning [16,17]. In light of the present genetic and epigenetic evidence, previously
suggested hypotheses are included in a simple dynamic model illustrating the dynamics involved in
the development of neurodevelopmental disorders and the phenomenon og autism. Examples of
various possible courses of illness suggested by the model, and how they may depend on etiology
and the mechanisms involved, are illustrated. Finally, a discussion of the implications of the dynamic
model is included in the last part of the paper relating to epigenetic evidence and to previous
theoretical models of the complex mechanisms involved in the development of neurodevelopmental
disorders.

3. Results
The dynamic model

The dynamic model illustrates the dynamics involved in the development of clinical symptoms
across time, and how clinical symptoms at any given time relate to an environmental context and a
given developmental stage and history. Depending on approach, clinical symptoms may either be
classified as belonging to specific disorders, sorting the clinical symptoms and behavior into clinical
syndromes having prognostic value, or symptoms may be assumed to reflect expressions of different
more basic brain related phenomena possible to identify at any given time and expressed in behavior
depending on the genetic set up and associated neurobiological vulnerability, compensating
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mechanisms and environmental risk, and as such reflecting transdiagnostic and dimensional
phenomena independent of descriptive categorical diagnoses. In both cases, the clinical symptoms
develop and are expressed as the result of a dynamic interaction between a basic genetically related
vulnerability affecting the development and function of the brain, the ability of an individual to
compensate, and the effects of the physical, chemical and social environmental influence on
development.

Embedded in a developmental context, the dynamic model distinguishes among three different
kinds of mechanisms involved in the development of manifest clinical disease: (1) a basic
neurobiological susceptibility; (2) individual compensation or compensating mechanisms by the
social environment; and (3) releasing mechanisms, including physical, chemical and social
environmental stress-related factors.

In the following section, examples of different clinical courses across development predicted by
the dynamic model are illustrated, and a simple translational model illustrating brain dynamics,
gene-environment interactions, and the transdiagnostic and dimensional challenge is presented. For
the applicable symbols, see Figure 1.

Transient clinical symptoms may occur within the normal range across the course of
neurotypical development, e.g., feeling tense, anxious or having discrete compulsive behavior. An
illustration of a model of the development of transient clinical symptoms within the normal range
across the course of normal development is included in Figure 2.
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Figure 1. The figure illustrates key symbols applied in the subsequent figures. (A): A simple
sketch of the dynamic model illustrating an individual in interaction with their environment
across time. (B): An outline of the key symbols applied in the subsequent figures.

AIMS Molecular Science Volume 7, Issue 2, 122-182.



142

Figure 2. A simple dynamic model of neurotypical development. The model illustrates a
neurotypical individual interacting with their physical/chemical and social environment across
time. Normal events related to development may cause transient symptoms within the normal
range, e.g., anxiety or compulsive behavior. (A): Early time course with no stress and no clinical
symptoms; (B): Intermediate time course with transient stress and a few transient clinical
symptoms within the normal range; (C): Later time course with no stress and no clinical
symptoms. (Green time course: no clinical symptoms; yellow time course: transient clinical
symptoms; downward orange arrows: transient stress; upward green arrows: normal events
related to development).

More enduring clinical symptoms, outside the normal range of what may be expected according
to neurotypical development, may result from pathological processes.

Traumatic or adverse events may initiate processes resulting in clinical manifestations across
development, as shown in Figures 3a and 3b. Different stages across each course are illustrated.
Across a neurotypical course of development, transient stress resulting from adverse events or
trauma may result in either no or transient clinical symptoms (see Figure 3a). Recurrent and enduring
stress may increase stress reactivity, possibly via epigenetic processes, and may initiate pathological
courses resulting in clinical symptoms or manifest illness, e.g., anxiety disorders or depression (see
Figure 3b). The dynamics illustrated are simple and do not include involved molecular mechanisms,
potentially compensating mechanisms, or possible effects of stress on cognition.

A basic assumption of the dynamic model is that normal events related to development may
initiate processes resulting in clinical manifestations in cognitively vulnerable individuals who reach
the limits of their cognitive ability. According to the model, the diagnostic categories of ASD and
schizophrenia are reflecting clinical conditions in which the rationale of an individual’s behavior
may differ qualitatively from that of the social environment due to different experiences resulting
from a basic neurobiological susceptibility reflected in cognitive impairments [16,17]. Cognitive and
social challenges increase across the course of typical development. The dynamic model predicts that
some individuals at different levels of cognitive complexity may reach the limits of their cognitive
abilities, increasing their risk of experiencing enduring stress, which further increases their risk of
developing manifest clinical illness above the diagnostic cut off for a disorder (see Figure 4a). This
figure illustrates the basic psychodynamics involved in the development of neurodevelopmental
disorders including ASD and schizophrenia. The neurobiological susceptibility may affect an
individual’s ability to readjust to new expectations, and other requirements related to development.
Subtler cognitive deficits may go unnoticed. Recognition of an underlying vulnerability may not
occur until after manifest disease appears in the form of obvious clinical manifestations, such as
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compulsive behavior, anxiety, depressive symptoms, changes in social behavior or psychotic
symptoms, resulting from enduring stress. Furthermore, stress triggered by major life events and
trauma may worsen already present cognitive impairments. A combination of the mechanisms
illustrated in Figures 3a, 3b and 4a are therefore likely to be involved in the development and course
of mental illness across a lifespan.

Depending on the course of neurodevelopment and on individual cognitive resources, some
individuals may be able to compensate for underlying cognitive and neural dysfunctions (see
Figure 4b). Social and cognitive challenges, however, increase across the course of development,
further increasing the risk for clinical symptoms. Individual compensation may reduce the risk for
clinical manifestations for some time. Along with an increase in cognitive and social challenges,
however, transient stress may arise and may cause transient clinical symptoms outside the normal
range, e.g., anxiety, depressive symptoms, and social withdrawal. If stress continues, this may
increase the risk for more enduring clinical symptoms and the development of manifest clinical
illness. Enduring stress may affect the ability to compensate and result in more enduring clinical
symptoms, ultimately resulting in manifest clinical illness. In addition to events related to normal
development, major life events and trauma may contribute to the psychopathological course.

Figure 3a. A simple dynamic trauma model of the development of clinical symptoms.
Neurotypical course. The model illustrates a neurotypical individual interacting with their
physical/chemical and social environment, suggesting different stages over time for a
neurotypical course. Transient stress may cause either no clinical symptoms or a few transient
clinical symptoms, e.g., insomnia or anxiety; (A): Early time course with no stress and no clinical
symptoms; (B): Intermediate time course with transient stress and a few transient clinical
symptoms within the normal range; (C): Later time course with no stress and no clinical
symptoms. (Green time course: no clinical symptoms; yellow time course: transient clinical
symptoms; downward orange arrows: transient stress; upward green arrows: normal events
related to development, upward tall red arrow: trauma/adverse effect).
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Figure 3b. A simple dynamic trauma model of the development of clinical symptoms resulting
from enduring or recurrent stress. Pathological courses. The model illustrates a neurotypical
individual interacting with their social environment, suggesting different stages across time for
two different pathological courses. I. Enduring stress may cause increased stress reactivity and
trigger the development of more enduring clinical manifestations, e.g., insomnia, anxiety or
depressive symptoms; (A): Early time course with no stress and no clinical symptoms; (B):
Intermediate time course with transient stress and a few transient clinical symptoms; (C): Later
time course with enduring stress triggering epigenetic mechanisms and resulting in enduring
clinical symptoms or manifest illness. Il. Recurrent stress may result in increased stress reactivity
and transient or enduring clinical manifestations, e.g., insomnia, anxiety or depressive symptoms;
(D): Early time course with no stress and no clinical symptoms; (E): Intermediate time course
with transient stress and a few transient clinical symptoms; (F): Later time course with recurrent
stress triggering epigenetic mechanisms and resulting in enduring clinical symptoms or manifest
iliness. (Green time course: no clinical symptoms; yellow time course: transient clinical
symptoms; red time course: manifest clinical symptoms; downward orange arrows: transient stress;
downward red arrows: recurrent or enduring stress; upward green arrows: normal events related to
development; upward tall red arrow: trauma/adverse effect; yellow star: epigenetic effect).

Rough illustrations with suggestions about gene-environment interaction and epigenetic effects
over time and how they may act as modifiers or mediators when modeling the effects on the brain
and affecting the psychopathological courses of neurodevelopmental disorders are shown in Figures
5a, 5b, 5¢, 6, and Tables 1 and 2. As illustrated in these figures and tables, different courses of illness
may depend not only on the nature of a more basic genetic vulnerability, be it either inherited or
acquired. Environmental influences across development and associated epigenetic modification
affecting brain development and function or altering stress-sensitivity may affect the risk of
developing manifest clinical symptoms and illness. Genetic variation and the endogenous epigenetic
processes of development and aging, as well as exogenous epigenetic changes affected by the
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influence of environmental risk and resilience factors, may all contribute to phenotypical expression.

An individual interacts with their social and physical/chemical environment (see Figure 5a).
The brain may act as a filter of information as it translates environmental and internal sensory stimuli
into experiences of the mind. Epigenetic modulation is at the core of this translation with common
gene polymorphism moderating the influence of environmental risk factors (see Tables 1 and 2). The
resulting epigenetic effects depend on time of exposure and may involve effects on
neurodevelopment, and function, modulation of stress-sensitivity, effects on social cognition and
behavior, as well as direct tissue related effects on behavior, e.g., effects resulting from adaptative
stress responses involving the neural, cardiovascular, autonomic, immune and metabolic systems. A
genetic susceptibility may translate into a biological susceptibility, e.g., information processing
deficits reflected in cognitive impairments. A cognitively vulnerable individual may be at increased
risk of misinterpreting sensory inputs. This risk may depend on both environmental risk and
resilience factors and on genetic influences related to an individual, with the severity of disordered
reasoning predicted to increase with increases in the neurodevelopmental pathological load.
Misinterpretations related to a disordered reasoning, e.g., deficits in social cognition or psychotic
experiences, may represent psychopathological expressions of a reasoning disorder. Depending on
the neurobiological susceptibility, developmental course and clinical state, clinical symptoms
reflecting such misinterpretations may develop, e.g., deficits in Theory-of-Mind such as
Hypo-Theory-of-Mind or Hyper-Theory-of-Mind, or positive or negative psychotic symptoms.
According to the dynamic model, development of manifest clinical illness requires that clinical
symptoms are recurrent or enduring and that they cause suffering.

The dynamic model suggests that clinical symptoms associated with stress, resulting from
activation of the HPA-axis, e.g., anxiety, compulsive behavior and affective symptoms are predicted
to be present from early on, and recurrently or continuously across the course of neurodevelopmental
illness depending on the severity of clinical illness. Furthermore, cognitive phenomena, e.g. deficits
of mentalization, impairments in the ability to integrate inputs coherently or in regulation of attention,
or executive dysfunctions may all reflect information processing deficits resulting from a
neurodevelopmental genetic susceptibility predicted to contribute to the core symptoms of
neurodevelopmental disorders. The cognitive impairments are present and may be observed before
the development of manifest clinical illness. The cognitive phenomena take place at the interface
between the brain, the mind and society (see Figure 5a). The phenomena of autism and psychosis are
both clinical expressions of qualitatively different aspects reflecting how an experience relates to
reality with both phenomena predicted to result from a basic disorder of reasoning associated with an
inflexible way of thinking [16]. Autism as a phenomenon relates to the social cognitive and
behavioral aspects of an experience. Psychosis focuses on how an experience perceptually relates to
reality expressed in thought and behavior. Both phenomena can be observed across a clinical
dimensional spectrum reflecting reasoning ranging from neurotypical expressions to pathological
expressions (see Figure 5a and 5b).

Clinical psychopathological expressions of misinterpretations are present across several
developmental disorders including intellectual disability and are, as such, transdiagnostic,
psychopathological expressions (see Figure 5b). From a categorical point of view, observations of
concrete misinterpretations as reflected in negative psychotic symptoms and Hypo-Theory-of-Mind are
frequent in ASD, whereas elaborated abstract misinterpretations as reflected in positive symptoms and
Hyper-Theory-of-Mind are frequent in psychotic disorders, including schizophrenia (see Figure 5c).
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Figure 4a. A simple dynamic developmental model of the basic psychodynamics involved in the
development of neurodevelopmental disorders. Illustration of the significance of the
neurodevelopmental psychopathological load. The model illustrates a genetic vulnerable
individual interacting with their social and physical/chemical environment at different stages
across time. The course of illness may depend on the neurodevelopmental psychopathological
load. At an early stage with no compensation, the appearance of clinical symptoms is dependent
on the degree and character of the neurobiological vulnerability: I. (A): A large and severe
neurodevelopmental pathological load may challenge an individual right from the beginning of
life, with normal events related to development causing enduring stress that may result in
enduring clinical symptoms and manifest neurodevelopmental disease, e.g. intellectual disability
or low functioning autism spectrum disorder (ASD). Il. A smaller, less severe
neurodevelopmental pathological load and normal events related to development may result in
either of two outcomes; (B): Symptoms within the normal range, e.g., transient anxiety or
compulsive behavior; (C): Transient or more enduring stress and transient or more enduring
clinical symptoms above the cutoff for a stress-related mental disorder, e.g., depression, social
anxiety or obsessive compulsive disorder (OCD). The risk of clinical symptoms increases across
time along with increases in social and cognitive challenges. At a later stage across time, merely
resulting from events related to normal development, transient stress may cause transient
neurodevelopmental symptoms, e.g., autistic or psychotic symptoms, outside the normal range,
increasing the risk for more enduring clinical symptoms and the development of manifest clinical
illness. (D): Enduring stress may result in more enduring clinical symptoms resulting in manifest
clinical illness above the diagnostic cut off for a neurodevelopmental disorder, e.g. high
functioning ASD or schizophrenia. (Green time course: no clinical symptoms; yellow time course:
transient clinical symptoms; red time course: manifest clinical symptoms; downward orange
arrows: transient stress; downward red arrows: recurrent or enduring stress; upward green arrows:
normal events related to development; upward red arrow: normal events that challenge an
individual reaching their limit of cognitive ability; yellow star: epigenetic effect).
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Figure 4b. A simple dynamic developmental model of the basic psychodynamics involved in the
development of neurodevelopmental disorders. Illustration of the significance of compensation.
The model illustrates a vulnerable individual interacting with their social environment at different
stages over time. The course of illness may depend on the ability to compensate. At an early stage
with no compensation, clinical symptoms may depend on the degree and character of the
neurobiological vulnerability and the social and physical/chemical environments. Normal events
related to development may result in (A): Symptoms within the normal range, e.g., anxiety or
compulsive behavior; or (B): Transient or more enduring stress and transient or more enduring
clinical symptoms above the diagnostic cutoff for a stress-related disorder, e.g., depression or
obsessive compulsive disorder (OCD). The risk of clinical symptoms increases over time along
with increases in social and cognitive challenges. (C): Individual compensation may reduce the
risk of clinical manifestations. (D): At a later stage, despite individual compensation, and merely
resulting from events relating to normal development, transient stress may cause transient
neurodevelopmental clinical symptoms outside the normal range, e.g., autistic or psychotic
symptoms, increasing the risk for more enduring clinical symptoms and the development of
manifest clinical illness above the diagnostic treshold for a neurodevelopmental disorder. (E):
Enduring stress may affect the ability to compensate and result in more enduring clinical
symptoms, resulting in manifest neurodevelopmental disorder above the diagnostic treshold.
(Green time course: no clinical symptoms; yellow time course: transient clinical symptoms; red
time course: manifest clinical symptoms; downward orange arrows: transient stress; downward
red arrows: recurrent or enduring stress; upward green arrows: normal events related to
development; upward red arrow: normal events that challenge an individual reaching their limit
of cognitive ability; yellow star: epigenetic effect; horizontal backward blue arrow: individual
compensation; horizontal backward red arrow: affected individual compensation).
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Figure 5a. The wulnerability model. A simple model illustrating brain dynamics,
gene-environment interactions, and the transdiagnostic and dimensional challenge. An individual
represented by the brain, with the brain illustrated as a bar in the center of the figure, interacts
with their social and physical/chemical environments, illustrated to the left. The information
processing of sensory inputs presented to the brain results in a psychological interpretation of
data, illustrated to the right. The brain acts as a filter of information by translating environmental
and internal sensory stimuli into experiences of the mind. A cognitively vulnerable individual,
with a susceptible brain (illustrated by the dotted lines) is at risk of misinterpreting sensory inputs.
This risk may depend on environmental risk or resilience factors (red and green arrows pointing
to the individual) or genetic influences related to the individual (e.g., the expression of
susceptible genes associated with de novo mutations and/or common variants) (red and green
arrows pointing from the individual). In the model, three different interpretations of the same
stimuli are illustrated: a real interpretation (green text), a complex or abstract misinterpretation
(yellow text), and finally a simple or concrete misinterpretation (red text). The two illustrated
misinterpretations are possible psychopathological expressions, i.e., clinical symptoms observed
across several neurodevelopmental disorders, and as such represent transdiagnostic
psychopathological expressions. From a categorical point of view, observations of concrete
misinterpretations are frequent in ASD, whereas elaborated abstract misinterpretations are
frequent in psychotic disorders, including schizophrenia. From a dimensional point of view, the
illustrated misinterpretations represent observations across a neuropsychopathological spectrum
of reasoning, with real interpretations at the one end of the spectrum and concrete
misinterpretations at the other end. The severity of disordered reasoning increases with increased
neurodevelopmental pathological load, illustrated to the right in the figure with a black arrow.
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Figure 5b. The vulnerability model. Transdiagnostic dimensional approach. Examples of three
psychopathological courses. Three psychopathological courses of illness are illustrated with
clinical symptoms reflecting different dimensional expressions of the same brain related
phenomena. (A): An example of a neurotypical course with transient at risk behavior observed at
the time shortly after leaving school; (B): An example of a psychopathological course illustrating
at risk behavior until adolescence, and onset of manifest neurodevelopmental clinical behavior
shortly after leaving school with clinical symptoms including predominantly positive symptoms
and Hyper-Theory-of Mind above the level of manifest neurodevelopmental illness; (C): An
example of a psychopathological course illustrating at risk behavior until early childhood, and
onset of manifest neurodevelopmental clinical behavior shortly after the start in child care with
clinical symptoms including predominantly negative symptoms and Hypo-Theory-of Mind above
the level of of manifest neurodevelopmental illness. (Blue twisted line: example of a neurotypical
course; orange twisted line: example of a course of neurodevelopmental illness with
predominantly positive symptoms and Hyper-Theory-of Mind; red twisted line: example of a
course of neurodevelopmental illness with predominantly negative symptoms and
Hypo-Theory-of Mind; upward red arrow: environmental risk factors; downward green arrow:
environmental resilience factors).
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Figure 5c. The vulnerability model. Categorical approach. Examples of three psychopathological
courses. Three psychopathological courses of illness are illustrated with clinical symptoms
reflecting different dimensional expressions of the same brain related phenomena. (A): An
example of a neurotypical course with transient at risk behavior observed at the time shortly
after leaving school; (B): An example of a psychopathological course illustrating at risk
behavior until adolescence, and onset of manifest neurodevelopmental clinical behavior shortly
after leaving school with clinical symptoms above the level of diagnostic cut off classified as
schizophrenia; (C): An example of a psychopathological course illustrating at risk behavior
until early childhood, and onset of manifest neurodevelopmental clinical behavior shortly after
the start in child care with clinical symptoms above the level of diagnostic cut off classified as
autism spectrum disorder. (Blue twisted line: example of a neurotypical course; orange twisted
line: example of a course of schizophrenia; red twisted line: example of a course of autism
spectrum disorder; upward red arrow: environmental risk factors; downward green arrow:
environmental resilience factors).
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Table 1. Environmental stressors and molecular mechanisms triggering clinical

manifestations (non-exhaustive list).

Environmental stressors

Mechanisms

Physical/chemical agents:

e Air pollution
ePlastic-derived chemicals
eHeavy metals

eOrganic pollutants
ePharmacological agents
eInfection

eNutrients

eSmoking

eSubstance abuse

Social stressors:

o Stressful life events associated with
factors related to socio-economic status

o Stressful life events associated with
own or family members illness

e Traumatic events

e Maltreatment

e Bullying

e Unrealistic social expectations related
to development

e Reaching the level of cognitive ability
and being unable to adjust

De novo mutations in risk genes or

genes regulating epigenetic modulators

Common gene polymorphisms

moderating influence of environmental

risk factors

Epigenetic modulation of neuropeptide

systems involved in modulation of

social cognition and behavior

(vasopressin, oxytocin)

HPA-axis activation

» epigenetic modulation of expression
of susceptible genes involved in
neurodevelopment and function

» epigenetic programming of future
stress-sensitivity

» epigenetic modulation affecting
behavior through direct effects on
tissues

Common gene polymorphisms
moderate influence of environmental
risk factors

Epigenetic modulation of neuropeptide
systems involved in modulation of
social cognition and behavior
(vasopressin, oxytocin)

HPA-axis activation

» epigenetic modulation of expression
of susceptible genes involved in
neurodevelopment and function

» epigenetic programming of future
stress-sensitivity

» epigenetic modulation affecting
behavior through direct effects on
tissues
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Table 2. Environmental stressors, time of exposure, molecular and compensating
mechanisms, and types of effects affecting clinical manifestations and time of onset

(non-exhaustive list).

Mechanisms

Type of effects

Preconception exposure
transgenerational genomic transmission
e De novo mutations in risk genes or
genes regulating epigenetic modulators

e HPA-axis activation affecting gametes

Genetic and epigenetic programming of
future neurodevelopment

Epigenetic programming of future
stress-sensitivity

Intrauterine exposure
maternal transmission of environmental risk
e De novo mutations in risk genes or
genes regulating epigenetic modulators

e Common gene polymorphism

e HPA-axis activation

Genetic and epigenetic modulation
affecting basic neurodevelopment

Moderate influence of environmental
risk factors via genetic modulation of
epigenetic effects

Epigenetic effects on neurodevelopment
Epigenetic programming of future
stress-sensitivity

Infant exposure
transmission of environmental risk
e Common gene polymorphism

e HPA-axis activation

e Neuropeptide systems (vasopressin,
oxytocin)

e Scaffolding

Moderate influence of environmental
risk factors via genetic modulation of
epigenetic effects

Epigenetic effects on early postnatal
brain development and function
Epigenetic modulation of
stress-sensitivity

Epigenetic effects affecting behavior
through direct effects on tissues

Epigenetic effects of neuropeptide
systems involved in modulation of
social cognition and behavior

Primary caregiver protecting and
supporting the infant

AIMS Molecular Science
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Mechanisms Type of effects

Childhood exposure
Adolescent exposure
Adult exposure
transmission of environmental risk
e Common gene polymorphisms e Moderate influence of environmental
risk factors via genetic modulation of
epigenetic effects

e HPA-axis activation e Epigenetic effects on further brain
development and function
e Epigenetic modulation of
stress-sensitivity
e Epigenetic effects affecting behavior
through direct effects on tissues

e Neuropeptide systems (vasopressin, e Epigenetic effects of neuropeptide
oxytocin) systems involved in modulation of
social cognition and behavior

e Compensation e Neural, cognitive and psychological
processes that contribute to an
improved behavioral presentation in the
presence of persisting cognitive or
neural core deficits

e Scaffolding’ e Primary caregiver protecting and
supporting the child

Social support e Social environmental support

The severity of illness may differ from the severity of a disorder of reasoning reflected in the
dynamic model by the distinction between a basic neurobiological susceptibility and manifest
clinical illness. In addition to the cognitive symptoms resulting from a basic neurobiological
susceptibility and reflected in a disorder of reasoning, further cognitive symptoms, e.g., impairments
of working memory or executive dysfunctions, may develop as a result of the effects of recurrent and
enduring stress on brain cognitive function. The contribution of these stress-associated cognitive
impairments added to an already present cognitive vulnerability is predicted to be involved in the
psychopathological processes finally resulting in manifest neurodevelopmental clinical illness. They
may worsen already present cognitive impairments and affect the ability to compensate.

The dynamic model illustrates the dynamics of interactions among processes taking place at and
across several different translational levels: the genetic, biological, cognitive, psychological and
social levels. The model has a particular focus on the dynamics of neurocognitive processes and their
relationships with more basic information processes related to brain structure and function on the one
hand and their relations to the psychological and social level on the other.
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Epigenetic effects initiated by physical, chemical and/or social environmental risk factors may
affect brain development and function, modify the level of stress reactivity, or directly affect
behavior via direct effects on tissue, and may depending on the genetic and environmental risk load
affect the time of onset of clinical manifestations (see Figure 6). At different stages across
development, environmental risk factors may trigger epigenetic mechanisms that may affect
neurodevelopment, alter stress-sensitivity or affect behavior (see Tables 1 and 2). Genetic variation
and epigenetic processes related to preconception exposure, intrauterine exposure, and environmental
exposures early and later in life may all affect the psychopathological course of illness, thereby
contributing in various ways. The relative contribution from physical/chemical risk factors and social
environmental risk factors may change across time with the relative importance of social risk factors
suggested to increase across time. Lifestyle related behaviors influenced by stress associated
behavioral responses contribute to the clinical manifestations.

Several factors related to the genetic and environmental risk load may affect time of onset. The
genetic load may be reflected in both the quality and quantity of the genetic susceptibility with Loss
of Function mutations and a large polygenic risk score predicted to increase the risk of clinical
manifestations and early time of onset. The environmental risk load may be reflected in epigenetic
marks associated with susceptible genes with effects depending on time of exposure as well as the
quality and quantity of the environmental risk factors and the presence of resilience factors
counteracting the effect of risk. Prior to conception, transgenerational transmission may affect future
stress-sensitivity via epigenetic programming. Across development, prior epigenetic modification
altering stress-sensitivity and modifying the effect of risk genes may be expressed and moderate the
influence of environmental risk factors. Across time, the accumulated epigenetic effects of
environmental risk factors may increase stress reactivity and the risk for manifest clinical illness.
Prior epigenetic modification combined with an increase in environmental risk factors may result in
early manifestation, e.g., of high-functioning ASD. On the other hand, environmental resilience
factors may decrease stress reactivity and the risk for manifest illness with environmental resilience
factors postponing clinical manifestation, e.g., of high-functioning ASD. Furthermore, mechanisms
of individual compensation or social mechanisms of support, including scaffolding and
environmental social support are predicted to postpone the onset of manifest neurodevelopmental
clinical illness. Some examples of environmental influences predicted to affect the development of
manifest clinical symptoms follows below. Toxicants may induce rare de novo mutations involved in
early neurodevelopment during fetal life or induce epigenetic effects that alter stress sensitivity
during fetal life. Pre- and postnatal stress, obstetric complications and early maltreatment may
activate the HPA axis, initiating epigenetic processes that in turn modify the action of susceptible
genes. Enduring social challenges, e.g., bullying may activate the HPA axis and initiate epigenetic
processes. Finally, the dynamic model suggests that even innocuous effects, e.g. of unrealistic
expectations related to development, or reaching the level of cognitive ability and being unable to
adjust may activate the HPA-axis and result in epigenetic effects contributing to the risk of
developing manifest neurodevelopmental illness. The parent-child interaction is only one of several
social interaction contexts that may affect an individual across a lifetime.

Figure 6 illustrates how epigenetic effects may modify the course of illness depending on
gene-environment interactions resulting from the combined contributions of genetic factors and
environmental risk factors across the course of development. In most cases, for manifest clinical
illness to occur, several events have to take place. This may be characteristic in most of the cases
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where polygenic risk from genes associated with common variants is prevalent. In contrast, in the
rarer cases resulting from genetic syndromes and gene mutations with large effects, manifest clinical
illness may be present right after birth.
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Figure 6. A simple dynamic model of the development of neurodevelopmental illness.
Gene-environment interaction across time affect time of clinical onset depending on the genetic
and environmental risk load. The model illustrates a vulnerable individual interacting with their
physical, chemical and social environment at different stages across development, which may
trigger epigenetic mechanisms, alter stress-sensitivity and affect neurodevelopment and behavior.
The figure illustrates how time of onset may depend on genetic load with environmental factors
kept constant across cases except for the changes related to development across time. Depending
on the kind of genetic susceptibility involved, prior epigenetic modification, and environmental
influences affecting the development of manifest clinical symptoms, different courses of illness
may result. The epigenetic effect of an exposure is added to the epigenetic effects of previous
exposures across development throughout life. Three clinical courses are illustrated. (A): A
course of illness with an early onset of neurodevelopmental illness; e.g., low functioning ASD
(genetic vulnerability: de novo mutation); (B): A course of illness with a late onset of
neurodevelopmental illness; e.g., high functioning ASD (genetic vulnerability: common genetic
variants “at risk™); (C): A typical course of development with no onset of neurodevelopmental
clinical illness (genetic vulnerability: neurotypical vulnerability). (Downward orange arrows:
transient stress; downward red arrows: recurrent or enduring stress; yellow star: epigenetic effect).

4. Discussion
The suggested dynamic model is an example of a deductive approach to neurodevelopmental

research guided by several integrated hypotheses that may be tested in future research. The model
includes neurobiological aspects of mental illness as well as cognitive, psychological and social
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dynamics. Mechanisms working at different levels assumed to be involved in the development of
manifest clinical illness are integrated into an overall coherent theoretical framework that also
includes hypotheses about the significance of neurodevelopment, development across time and
interaction with the environment.

As suggested by the dynamic model, the association between a neurodevelopmental genetic
load and clinical psychopathological expression may not be straightforward. Rather, the association
may depend on the complex interaction of factors acting at and across many different levels over
time. The dynamic model may be consistent with several models of epigenetic dynamics involved in
the complex interaction among genetic, epigenetic and environmental factors previously suggested
by several authors [25,50,51]. Consistent with the idea of a three-hit model [51], the dynamic model
distinguishes between a more basic vulnerability and later events that trigger the development of
manifest clinical illness. As with the three-hit model, the dynamic model assumes that the
mechanisms by which early life events contribute to the development of neurodevelopmental
disorders may involve complex interactions between a more basic genetic susceptibility,
environmental factors, and epigenetic programming [51]. In line with Latham et al. [25], the dynamic
model suggests that various courses of illness are possible with several possible routes, and the
disease threshold and courses of illness may depend on changes in the dynamic relationship between
an epigenetic state and environmental factors across time. Furthermore, the dynamics involve
complex gene-environment interactions that include interacting endogenous processes of genetic
variation, development and aging, as well as exogenous processes of environmental influences
affecting phenotypic expression across the lifespan, per Latham et al. [25]. The dynamic model
emphasizes that an individual engages with their social and physical/chemical environment in mutual
interaction (see Figure 5a). This may be consistent with Lee and Avramopoulos’s [50] assumption
that not only is the phenotype affected by environmental factors but also the phenotype itself may
affect the behaviors of an individual, thereby influencing how an individual modifies their
environment. According to these authors, the environment may alter genes through mutation or, more
commonly, through epigenetic modification [50].

4.1. The distinction between clinical appearance and biological susceptibility

As previously suggested and as reflected in the dynamic model, there may be a need to
distinguish between psychopathology representing manifest clinical illness and psychopathology
representing a more basic neurobiological susceptibility [16].

Overall, convergent evidence from preclinical, epidemiological and genetic studies suggests that
both common and rare genetic variants and associated genes are involved in fetal neurodevelopment.
Despite different approaches and foci, various analyses of the functional implications of gene loci
associated with ASD suggests that risk variants and associated genes may be involved in processes
relating to brain development and neuronal function [9,76—78]. Such findings may indicate that a
genetic susceptibility translates into a biological susceptibility, thereby increasing the risk for the
later development of mental disorders. Furthermore, the observed association between susceptible
genes related to early neurodevelopmental processes and neurodevelopmental disorders appears to be
consistent with preclinical evidence indicating that genetic and epigenetic processes affecting
neurodevelopment may depend on developmental windows of sensitivity [25].

The exploratory finding by Hannon et al. [46] of an association between methylomic variation
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at specific loci in the blood at birth and an increased polygenic burden for ASD may indicate that
epigenetic modifications of susceptible common variants are involved in the early stages of the
development of ASD, potentially contributing to susceptibility. Even so, the mechanisms linking
DNA sequence variation to alterations in DNA methylation and other epigenetic mechanisms are not
well understood [46].

The results by Hannon et al. [46] showing little evidence of an association between global DNA
methylation at birth and later ASD may be in line with the suggestion that a genetic and associated
biological vulnerability—even in absence of manifest clinical illness—can be present at birth. This
suggestion is consistent with the assumption of the three-hit model by Bale [51] and the prediction
suggested by the dynamic model that postnatal future events possibly involving epigenetic processes
may occur throughout life and may further contribute to dynamics resulting in later development of
manifest clinical illness.

The findings by Schork et al. [77] indicating that molecular mechanisms affecting
neurodevelopment are involved in the early development of ASD may be consistent with the growth
dysregulation hypothesis proposed by Courchesne [30]. Shork et al. [77] suggest targeting future
investigations of gene-environment interactions by focusing on the overlap in timing for the actions
of genetic and environmental susceptibility factors and considering the developmental course of
pathological susceptibility implied by associated germline variants partitioning the risk; these are a
critical next step in translational research.

In light of the present genetic and epigenetic evidence, the answers to several questions appear
to be important in order to be able to predict how and when various genetic and epigenetic processes
contribute to a psychopathological course of illness and time of clinical onset.

How does the balance between the relative contributions from genetic variance and epigenetic
processes affect the clinical course of illness and the time of clinical onset? To what extent do the
genetic load and type of genetic susceptibility affect a clinical course of illness? To what extent do
morphological changes in the brain related to genetic effects on early neurodevelopment affect the
time of clinical onset? How does the continuous development of the brain across time affect brain
changes related to those genetic effects that affect early neurodevelopment? To what extent do
preprogrammed epigenetic processes, e.g., those related to development and aging, contribute to the
development of manifest clinical illness and to the time of clinical onset?

The finding by Fraga and coauthors [49] suggesting that age-dependent epigenetic differences
in monozygotic twins are not solely explained by intrinsic, preprogrammed epigenetic processes of
aging is important. The possible indication that external factors across time can also modify
phenotypical expression may imply that external factors across time are also likely to be involved in
psychopathological processes. Insofar as this is the case, it may be reasonable to assume that external
factors can affect phenotypic behavioral expression in vulnerable individuals, potentially resulting in
manifest clinical illness.

How are the processes of DNA methylation and other epigenetic processes related to
pathogenesis involved in the development of a prior neurobiological susceptibility and to the time of
first clinical appearance? Is it possible to distinguish between the contributions of intrinsic epigenetic
processes modifying the expression of susceptible genes and the contribution of extrinsic epigenetic
processes influenced by external factors? How do these processes interact across time, and how do
they relate to morphological changes of the brain, or to stress-related reactions mediated by the HPA
axis or other hormonal systems, and their associated functional disturbances?
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To be able to understand the biological predictors of ASD in order to predict clinical trajectories,
the answers to such questions appear to be essential. In the following sections, a discussion of the
dynamic model in light of the reported genetic and epigenetic evidence will follow, focusing on
psychopathological dynamics in general and the significance of molecular mechanisms in particular.

4.2. A basic neurobiological vulnerability

An increasing pool of convergent genetic evidence from several lines of research suggests that
complex gene-environment interactions and epigenetic mechanisms are likely to be involved in the
development of manifest clinical illness.

In contrast to the strong impact of de novo variant risk present in a relatively small number of
cases, the common genetic variants associated with ASD may each contribute with only small effects,
yet together, they may contribute substantially to autism liability, with most of the heritability likely
due to common variants [43].

Most likely, multiple types of genetic risk for ASD are associated with a continuum of
behavioral and developmental traits across a spectrum, with only the most severe cases at the end of
the spectrum resulting in an ASD condition or some other, related neurodevelopmental disorder [13].
Much in line with the model of the complex relationship between biological variation and some
major forms of psychopathology espoused by Craddock and Owen [14], Robinson and coauthors [13]
suggest a continuum model to be used in future studies of the biology of neurodevelopmental
disorders. Their suggestion refers to evidence from genome-wide genetic linkage analysis focusing
on variations in social behavior and adaptive functioning relating to data from several large ASD
consortia, as well as population-based data.

Increasing evidence suggests that both quantitative and qualitative differences in genetic
profiles may be associated with the heterogeneous clinical expression across subgroups [9,42]. De
novo and common polygenic variation probably confer risk in different ways [13,42]. Consistent
with the hypotheses of the dynamic model, such evidence may indicate that different routes and
mechanisms may be involved in the development of the various clinical expressions of the
phenomenon of autism and neurodevelopmental disorders including ASD.

How are the relationships among genetic vulnerability, cognitive vulnerability and manifest
clinical illness reflective of the present evidence, and how do these fit with the predictions suggested
by the dynamic model?

Common genetic variants appear to be associated with normal to high 1Q and high-functioning
ASD [9,92,93], whereas single-gene and de novo mutations are associated with severe intellectual
disability and rarer syndromes [93,94]. In addition to the observations of lower 1Q in the presence of
a de novo mutation, de novo mutations occur across the entire 1Q distribution [94]. Furthermore,
evidence indicates that common polygenic risk may more consistently contribute to autism liability
across cases with common variant risk associated with ASD not only in individuals with high 1Q but
also in those with low 1Q, sometimes acting together with a de novo mutation [42]. Overall, common
variants are associated with better educational and cognitive outcomes in the population.

Focusing on the relationships among cognitive impairment, symptom severity and
ASD-associated de novo mutations, or familial inherited variants, Robinson and coauthors [93]
analyzed the association between measures of intelligence and of language and behavior, and the rate
of de novo loss-of-function (LoF) mutations and family history of mental disease. They identified
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subgroups with different probabilities of case severity related to de novo and inherited variants [93].
Their results showed high rates of LoF mutations and low frequencies of family history of
psychiatric illness in intellectually impaired individuals, with this group also being more impaired
with regard to language and behavior. In contrast, a higher 1Q was associated with a family history of
psychiatric disease and low rates of de novo LoF, indicating that the inherited risk for mental
disorders may be more relevant in ASD etiology for cases of higher functioning. These results are
consistent with Sanders et al. [94]. Insofar as intellectual disability and time of early onset are likely
to be associated, higher 1Q is likely to be associated with later onset, all other factors being equal; the
predictions offered by the dynamic model may also be consistent with these results.

Clarke et al. [92] investigated the relationship between common genetic risk for ASD and
cognitive function in the general population using polygenic risk profiling to investigate the genetic
overlap. Consistent with Robinson [93], the authors found a positive correlation between polygenic
risk for ASD and general cognitive ability, a finding replicated in an independent sample. Their result
indicates that the relationship between genetic risk for ASD and intelligence may be partly
independent of clinical state, suggesting that common genetic variants associated with ASD affect
general cognitive ability [83]. Clarke et al. [92] acknowledge that the existence of distinct classes of
genetic risk may complicate the relationship between autism and intelligence.

Interestingly, and apparently consistent with the findings by Robinson et al. [93] and Clarke et
al. [92], an association between autism risk and common polygenic effects on greater educational
attainment suggests that individuals with ASD and intellectual disability have inherited more
IQ-increasing alleles compared with their typically developing siblings [42]. This finding, replicated
in independent ASD cohorts, was not associated with de novo events. The authors raise the question
whether an 1Q below 70 in an individual with ASD may differ somehow from an IQ below 70 in
someone without and suggest examining the mechanisms through which genetic risk is conferred by
distinguishing between how and when risks are deleterious or beneficial [42].

From a clinical perspective, the results suggesting that the relationship between genetic risk for
ASD and intelligence may be partly independent of clinical state and that individuals with ASD
compared with their typically developing siblings respond differently may not be surprising. The
results of a cognitive test depend on motivation and mutual understanding. It is a common
observation that test behavior may differ in individuals with ASD compared to the behavior of
typically developed individuals. How do such behavioral differences affect a cognitive test result? If
test performance understates real cognitive potential due to a lack of motivation or a lack of ability to
understand the purpose of a test, then the test result may not be representative of the true cognitive
potential or comparable to standard expectations. This may explain the observed differences in
educational attainment in ASD compared with typical development, all other factors being equal.
Another possible explanation emerges from the clinical observation that an uneven cognitive profile
possibly contributes to a different cognitive style, with an average 1Q not being representative of the
true cognitive potential.

Previously, the present author has suggested that a cognitive vulnerability may influence the
experience of reality in ASD [16] and that a tendency to experience the imaginary world as being
real, reflected in a rigidity of thinking, may reflect the core link between the phenomena of autism
and psychosis and the clinical diagnostic constructs ASD and schizophrenia [16,17]. These
hypotheses, included in the dynamic model, are central for the vulnerability model that illustrates
how a basic genetic and neurobiological susceptibility may translate into a disorder of reasoning (see
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Figures 5a, 5b and 5c¢). From a cognitive perspective, cognitive impairments comparable in nature
may operate at different levels of complexity, resulting in the reduced cognitive flexibilities
frequently observed in both ASD and schizophrenia [17]. The different levels of complexity of
thought and reasoning are comparable to those distinguished by Piaget, which he suggested relate to
different cognitive stages of development [19]. As illustrated by the vulnerability model, it is
possible to identify different levels of severity of disordered reasoning that are assumed to be
associated with neurodevelopmental pathological load (see Figure 5a). Although there may be an
overlap between severity of disordered reasoning and severity of illness, according to the dynamic
model, this may not necessarily be the case. The risk may depend on both environmental risk and
resilience factors, as well as on genetic influences related to the individual. These may change during
development. In addition to the contribution from genetically related causes, and dependent on the
neurodevelopmental pathological load, more enduring or recurrent clinical symptoms may also
depend on the presence of enduring or recurrent stress (see Figures 4a, 4b, 6 and tables 1 and 2).

From a neurobiological perspective, the particular focus of the dynamic model on the dynamics
of interactions between processes taking place at and across several different translational levels,
including the genetic, biological and cognitive levels, may be consistent with the model of biological
variation and psychopathology proposed by Craddock and Owen [14]. It appears reasonable to
assume that cognitively vulnerable individuals may be at greater risk of influence by environmental
risk factors compared with individuals having normal cognitive abilities. Increased stress reactivity
resulting from epigenetic processes activated by early life events may further contribute to basic
neurobiological susceptibility, thereby increasing the risk for manifest clinical illness. Preclinical
evidence indicates that maternal stress may result in increased stress responsiveness and cognitive
deficits in offspring [51]. Such evidence may be consistent with the suggestions of the dynamic
model that maternal stress may affect a fetus and may alter sensitivity of the
hypothalamic-pituitary-adrenal (HPA)-stress axis in offspring, in addition to possibly affecting
neurodevelopment and potentially resulting in altered behavioral stress reactivity and cognitive
deficits.

4.3. Releasing factors

How do environmental risk and resilience factors modify risk across development in genetically
susceptible children and adolescents? Children may be differentially susceptible to environmental
influences depending on gene-environment interactions. Studies suggest that common gene
polymorphisms may moderate the influence of environmental risk factors on psychopathological
outcomes [95,96]. Importantly, epigenetic processes may not only activate susceptible genes but also
activate protective genes, thereby affecting risk or resilience [63,91]. Such evidence may help
elucidate why only some but not all at-risk individuals develop manifest clinical illness, e.g.,
genetically susceptible individuals.

How do the effects of stress initiated by epigenetic processes that occur later in life balance with
the significance of the molecular and brain morphological changes affecting neurodevelopment that
are established early in life? Information about this balance has potentially important therapeutic
consequences. In particular, for those cases of high-functioning ASD where genetic causes are
primarily associated with common genetic variants having a late time of onset, it may be relevant to
consider whether a focus on prevention and treatment should target stress-releasing factors, rather
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than factors related to neurodevelopment.

According to the dynamic model, the time of clinical onset depends on genetic influences,
neurodevelopmental pathological load, environmental risk and resilience factors, and compensating
mechanisms (see Figures 4a, 4b, 6 and Tables 1 and 2). Consistent with Latham et al. [25],
endogenous epigenetic processes and exogenous epigenetic processes modify gene expression and
mediate the complex gene-environment interactions across time. The dynamic model suggests that a
large and severe neurodevelopmental pathological load may be visible from the beginning of life.
Normal events related to development may cause enduring stress that contributes to the clinical
expression of manifest clinical illness. In contrast to this example of early onset, the dynamic model
predicts that the neurodevelopmental pathological load in psychopathological courses of ASD with a
late time of onset may be smaller and less severe, consistent with the observation of either no or only
a few clinical symptoms early in life. In this case, the dynamic model predicts that clinical
expressions only occur in the presence of recurrent or enduring stress occurring later across the
developmental course, either those resulting from predictable challenges related to normal
development or those related to adverse events or trauma. The dynamic model may be in line with
the concept of “allostatic load” insofar as this concept focuses on the significance of the accumulated
effects of stressors throughout life and acknowledge the importance of genetic differences [61]. A
strength of this concept is the emphasis on how behavioral and physiological consequences of
recurrent or chronic stress may affect lifestyle, with lifestyle factors by themselves contributing to
the course.

In light of present genetic and epigenetic evidence, it appears that the effects of stress may be at
least twofold. First, stress mediated via epigenetic effects may modulate processes occurring at the
molecular level, e.g., the effects on neurodevelopment initiated by the modulation of expression of
susceptible genes or the effects resulting from epigenetic programming of future stress sensitivity.
Second, stress mediated via epigenetic effects may affect behavior through direct effects on tissues
via hormone release or via regulation of endocrine function, e.g., direct effects of cortisol release on
the brain that may affect neurocognitive function or result in clinical symptoms such as anxiety,
compulsivity or depressive symptoms observed clinically.

Already emphasized above is the importance of epigenetic mechanisms that affect the
neurodevelopment and stress sensitivity involved in the development of ASD. The convergent
evidence showing disordered HPA-axis regulation of stress with increased cortisol variability and
higher levels of salivary cortisol and flatter slopes across time observed in both high- and
low-functioning autism [68—74] may indicate that stress is involved not only in the development but
also in the maintenance of clinical symptoms. Such evidence may be consistent with the predictions
made by the dynamic model and with the suggestions offered by stress researchers that characteristic
alterations in circadian rhythms observed in ASD may result from heightened sensitivity to daily
changes and unpredictable events and to cumulative effects of daily stress [69,70,72]. The
observation of higher levels of psychological measures of stress and affected sensory functioning
related to lower levels of cortisol may indicate chronic stress in ASD, with lower levels of cortisol
observed in conditions of chronic stress and social situations characterized by unstable social
relationships [69,71].

A recent study focusing on the relationships among cortisol, serotonin, oxytocin and repetitive
behaviors found that individuals with ASD had higher levels of cortisol areas under the curve and of
serotonin, as well as lower levels of oxytocin, compared with a group of typically developing
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controls [97]. The levels of cortisol, serotonin and oxytocin were significantly associated with total
scores on the Repetitive Behavior Scales-Revised in individuals with ASD, and the cortisol levels
were positively associated with the stereotyped and restricted behavior subscale scores. The authors
concluded that cortisol, serotonin and oxytocin are associated with repetitive behaviors in ASD and
are possibly involved in the occurrence of these symptoms [97]. The clinical description of the ASD
group showed that all individuals had a comorbid intellectual disability. Stereotyped behavior is a
common clinical symptom in intellectual disability. The authors, however, did not discuss to what
extent factors related to comorbid intellectual disability may have contributed to their results.
Another study exploring the effect of a prior diagnosis of OCD in children and their parents on
susceptibility to ASD, or the other way around, found that ASD with a comorbid diagnosis of mental
disability did not increase the risk of OCD [98]. The authors aimed to determine the patterns of
comorbidity, longitudinal risk, and shared familial risk between OCDe and ASD in a large
population-based, nationwide prospective cohort study based on a younger cohort of children.
Records of the exposures were independent of outcome. The results showed that the risk for a
comorbid OCD in individuals with an ASD and the aggregation of ASD in offspring of parents with
OCD were increased [98]. Individuals first diagnosed with an ASD had a 2-fold higher risk of a later
OCD, whereas individuals first diagnosed with an OCD had an almost 4-fold higher risk of a
diagnosis within the autism spectrum later in life. Interestingly, the observed associations were
stronger for less severe types of ASD. In light of the observed high comorbidity, longitudinal risk,
and shared familial risk between the two disorders, the authors concluded that their results indicate
partially shared etiological mechanisms between OCD and ASD.

To what extent are repetitive behaviors, e.g., stereotyped and restricted behaviors, or obsessive
and compulsive behaviors associated with stress and to what extent are they associated with genetic
influences? How does the contribution to repetitive behaviors from stress-related respectively
genetically influenced factors vary with 1Q and over time?

4.4. Mechanisms of compensation

According to Valla and Belmonte [99], ritualistic behavior may result from compensatory
mechanisms for interactions between cognitive inflexibility and sensory abnormalities related to
development. Their developmental dynamic interactionist model assumes that initially independent
social and nonsocial autistic traits may covary because of dynamic trait interactions over the course
of development [99]. The emphasis of the dynamic model on the significance of impaired cognitive
flexibility and of possible compensatory mechanisms involved in the development of
neurodevelopmental disorders and the phenomenon of autism may be in line with Valla and
Belmonte’s model [99]. Their model could also be consistent with the two- or three hit model
proposed by Bale [51] and to the suggestion that disordered HPA-axis regulation of stress in ASD
may reflect abnormalities in subcortical structures engaged in stress responsivity to novel stimuli, as
well as to those structures implicated in memory formation and recall related to individual
experiences [70;72].

According to Livingston and Happé [81], compensatory resources may be limited under stress,
anxiety or mental fatigue. Under such circumstances, in line with Livingston and Happe [81], the
dynamic model predicts that transient stress may cause transient clinical symptoms (see Figure 4b).
With more enduring stress, the risk for more enduring clinical symptoms and development of
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manifest clinical illness arises. The dynamic model suggests that enduring stress affects the ability to
compensate, thereby contributing to the development and maintenance of more enduring clinical
symptoms. It may be reasonable to assume that stress mediated via epigenetic effects can affect
neurocognitive function, e.g., via direct effects of cortisol release on the brain, thereby affecting the
neurocognitive mechanisms potentially involved in compensation. This would be consistent with
evidence from animal models of maternal stress demonstrating that maternal stress may alter the
development and sensitivity of an offspring’s HPA axis and behavioral stress reactivity, potentially
resulting in cognitive deficits [51], and with results from animal and human studies indicating
functional and structural changes in brain areas involved in cognitive function such as the
hippocampus and prefrontal areas [61,62].

Basic assumptions of the dynamic model are the suggestions that secondary stress-related
processes may affect time-demanding cognitive processes involved in adaptive coping and that
adaptive or compensatory mechanisms should be distinguished from more basic processes involved
in the development of manifest clinical illness [16]. According to Belmonte et al. [29], and in line
with the assumptions guiding the dynamic model, secondary compensatory processes may mask
primary abnormalities, thereby increasing the risk of overlooking cognitive and perceptual features
closer to the core dysfunction than the diagnostic features. In line with Szatmari [32] and Belmonte
et al. [29], the dynamic model assumes that more basic phenomena relating to brain structure and
function and their deviations in relation to expected normal variation across development may
contribute to the development of manifest clinical illness [16]. Consistent with the prediction by
Belmonte et al. [29], the model predicts that subtler cognitive deficits may not be recognized until
after manifest illness appears with overt changes in behavior, e.g., stress-related symptoms, or social
withdrawal.

Evidence indicates that individuals with ASD show enhanced and sustained social stress
increasing with age [70,73,74]. Such evidence may be consistent with a previous suggestion included
in the dynamic model that a discrepancy between the cognitive ability of an individual and social and
cognitive challenges may give rise to stress, potentially worsening already present cognitive
impairments while further contributing to symptom appearance and increasing the risk of developing
manifest clinical illness [16,17].

The impact of stress in the dynamics resulting in the development of neurodevelopmental
disorders including ASD, and how events related to normal development may trigger stress as
suggested by the dynamic model, may be underestimated. In addition to the neurocognitive
mechanisms (e.g., higher 1Q, intact executive functions, or neural mechanisms involving recruitment
of alternative networks) suggested by Livingston and Happé [81] to potentially be involved in
compensation, Lai et al. [100] have suggested that some individuals may use learned strategies to
hide or camouflage social and communicative difficulties. According to these authors, such coping
strategies may require considerable cognitive effort and may lead to increased stress, anxiety and
depression [100].

Recognition of the importance of including mechanisms for compensation when trying to
understand the relationship between behavioral presentations and an underlying neurobiological
susceptibility in neurodevelopmental disorders cannot be underestimated. As stated by Livingston
and Happé [81], a transdiagnostic compensation framework may have important implications for
clinical practice and research. Compensation may help explain an observed mismatch between
behavior and cognition in high-functioning subgroups. The framework of compensation may help
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guide research in the effort of investigating mechanisms involved in changes in symptom severity
across development and unravelling the mechanisms involved in the development of
neurodevelopmental disorders across time.

To what extent is ASD the combined result of deviant processes and normal processes? If
deviant behavior results from the combined action of normal processes and deviant conditions, what
does that imply for our understanding of autism and associated psychopathological processes? How
does such knowledge affect strategies for treatment and prevention?

4.5. Environmental stressors

Natural or synthetic physical and chemical compounds, including toxicants, medication and
nutrition, may affect brain maturation, endocrine function and signaling pathways, with epigenetic
mechanisms possibly being involved [25,28,47,50]. Physical and chemical environmental risk factors
are included in the dynamic model, although the mechanisms involved and the extent to which they
contribute to the development of ASD still remain unknown. Associations between ASD and
infection, despite having been observed, may not be specific to an infection or to ASD [101], with
recent findings suggesting a genetic risk for infections and a genetic correlation with mental
disorders, as well as a high degree of comorbidity between the two disorders [102]. The suggestion
that chemical environmental risk factors may affect modulation of the expression of genes coding for
neuropeptides and result in dysregulation in brain neuropeptide systems underlying social
dysfunctions in ASD [28] is interesting and warrant further investigation. The hypothesis assuming
that oxidative stress is initiated by environmental factors in genetically vulnerable individuals [54]
appears to be consistent with the concept of “allostatic load” [61], and may be in line with the
suggestion that oxidative stress observed in ASD related to susceptible gene variants may be due to
multiple polymorphisms and environmental factors interacting and affecting metabolic pathways,
thereby inducing a chronic metabolic imbalance [53]. In light of the of the many physiological
systems, e.g., neural, cardiovascular, autonomic, immune and metabolic systems that are affected by
the multiple interacting mediators activated in response to stress [61], concurrent findings of
cardiovascular, autonomic and immune dysfunction as well as metabolic imbalance and affected
brain function may not be surprising in clinical conditions involving recurrent or enduring stress. To
what extent this may explain concurrent findings of autonomic and immune dysfunction in
neurodevelopmental disorders including ASD remains an open question. Such a view is reflected in
the dynamic model and also expressed in the model by Sarovic [86] with this model also suggesting
that immune function and autonomic regulation have an independent role modulating the effects of
environmental risk factors, or inducing insults of their own, potentially increasing the effects.

In general, evidence indicating that common gene polymorphisms may moderate the influence
of environmental risk factors on psychopathological outcome and that children are differentially
susceptible to environmental risk factors, including stressful life events [95,96], may be important to
and of potential use in the development of future strategies for treatment and prevention.

Social environmental risk factors include stressful life events and trauma. Convergent evidence
indicates that epigenetic processes may be involved in the transmission of maternal and paternal
adversity to offspring before conception [65] and the transmission of maternal stress to the fetus [51],
with observed effects on stress sensitivity and potential effects on neurodevelopment. Furthermore,
HPA-axis dysregulation related to social stressors is observed in children, adolescents and adults
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with ASD [69,72,89]. Since epigenetic processes may be reversible [63], knowledge about the
stress-related processes and gene-environment interactions involved in the development and
maintenance of clinical symptoms in autism may have important implications for future choices
about relevant approaches to treatment and prevention. In this light, the findings by Dinkler et al. [60]
indicating that the effects of childhood maltreatment, and the associated risk for mental problems,
including neurodevelopmental disorders, are mainly due to possible common genetic factors offer an
important contribution to the field’s knowledge. Although maltreated children appear to be at higher
risk of having multiple neurodevelopmental problems, the findings were not consistent with the
assumption that maltreatment causes these problems [60]. The authors concluded that maltreated
children may carry a double burden of both having extremely adverse experiences in childhood as
well as a high load of neurodevelopmental problems, with their data suggesting that the association
between maltreatment and neurodevelopmental disorders may have a common genetic origin [60].
This suggestion may be consistent with the conclusions from a sound study on the origins of
cognitive deficits in victimized children including data from two longitudinal population-based birth
cohorts [103]. The study included scores for twins discordant for victimization and found that
observed cognitive deficits in victimized individuals were largely explained by cognitive deficits
already present prior to victimization and by confounding genetic and environmental risk factors
indicating that the association between childhood maltreatment and later cognition is largely
non-causal.

According to the dynamic model, social expectations may be important social environmental
stressors if an individual is unable to fulfill them due to unrecognized cognitive impairments or an
impaired ability to readjust to new expectations. In general, the significance of cognitive
impairments and their involvement in psychodynamics may be underestimated. In particular,
cognitive dysfunctions that go unnoticed may contribute to more enduring stress triggered by
cognitive and social challenges, either because of compensation or the use of learned strategies or
because the cognitive impairments are subtle or overshadowed by other symptoms. As illustrated in
the vulnerability model (Figure 5a), the cognitive ability of an individual set limits for experience at
the interface between the brain and mind. Translation of sensory inputs into interpretations take place
in the brain. Individual experience results from the translation of sensory information via basic
information processing and psychological processes. As illustrated in the vulnerability model, a
disorder of reasoning may affect the experienced interpretations of reality. In parallel, at the interface
between an individual and their environment, social interaction takes place, consisting of the
interaction between two or more individuals influenced by their experiences. Mechanisms that
govern social dynamics set the limits for social interaction at the interface between the mind and
society. Insofar as the cognitive ability of an individual sets the limits for experience, individual
experience may likewise limit social interaction.

The dynamic model and the vulnerability model emphasize the importance of social aspects of
cognitive impairment in the development of clinical symptoms (see Figures 4a, 4b, 5a, 6 and Tables
1 and 2). The dynamic model suggests (1) that genetic influences affect cognition, thereby affecting
the ability to engage in social interaction; and (2) that stress resulting from cognitive and social
challenges across development may affect the brain, further contributing to cognitive impairments
and/or disrupting compensatory strategies and thereby worsening social capacity. The focus of the
dynamic model on the dynamics of interaction between cognitive processes and their relation to the
psychological and social level may be consistent with work by Sameroff and Mackenzie [88].
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Compensation by the social environment, also called “environmental scaffolding” [81], may
support cognitively vulnerable individuals by reducing stress and reducing the visible effects of
cognitive impairments on behavior. According to the dynamic model, scaffolding may reduce the
risk of manifest clinical illness, thereby postponing the time of clinical onset.

Parent-child interaction, the attachment dimension, may be only one of several social interaction
contexts that may affect an individual across a lifetime. In line with Sameroff and Mackenzie [88]
and Plomin [34], the dynamic model suggests analyzing the potential psychopathological impact of
changing social interaction contexts across time, not only early in life but also across development
into adulthood.

4.6. The dynamics across time

To understand the psychodynamics involved in the development of neurodevelopmental
disorders and the phenomenon of autism, in light of present evidence, it appears important to
distinguish between genetic influences, epigenetic processes, environmental exposures and how
gene-environment interactions across time affect gene expression. Furthermore, information about
the kind of environmental exposure and the timing of said exposure, whether it occurs prior to
conception, during the fetal state, after birth, and earlier or later across the developmental course, are
important pieces of information needed to be able to disentangle the complex processes involved in
the development and maintenance of the psychopathological expressions of autism and
neurodevelopmental disorders.

Should the epigenetic changes observed by Shulha et al. [79] as developmentally regulated
peaks across a lifetime be replicated in future studies, it will be interesting to see whether such
changes are associated with social and cognitive adjustment related to normal challenges occurring
across a typical developmental course, as predicted by the dynamic model. Whether the findings by
Shulha et al. [79] relate to normal events across development, e.g., social and cognitive challenges
across childhood, adolescence and adulthood, remains to be seen. Furthermore, the issue of whether
neurodevelopmental disorders are associated with endogenous epigenetic regulation of susceptible
genes, deviances in epigenetic regulation, and/or exogenous epigenetic processes related to normal or
deviant events across development remains an open question. According to the dynamic model,
several routes are possible, and several mechanisms may be involved across time.

With reference to trauma research, Weems et al. [83] suggest investigating the impact of stress
exposure on age-related changes in structural or functional connectivity and linking information
about effects on connectivity to the symptom-expression network. In addition, these authors suggest
clarifying the role of cumulative stress and the timing of trauma on connectivity [83]. The dynamic
model may be consistent with suggestions by Weems et al. [83] to apply a developmental approach
in order to be able to understand the neurobiological response to stress. They argue that traumatic
stress may affect the typical developmental changes of the brain.

The bioecological model of risk and resilience to traumatic stress by Weems et al. [82] focuses
on the dynamics involved in the development of trauma-associated disorders, and PTSD in particular.
The basic components of the Weems et al. [82] model—namely, quality and duration of
environmental exposure (trauma), genetic susceptibility and quality of the social environment—are
also components included in the dynamic model. To what extent does traumatic stress differ from
stress associated with neurodevelopmental disorders including ASD? Is it relevant to distinguish
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between different environmental exposures associated with stress, or are the epigenetic mechanisms
identical independent of the kind of exposure, e.g., trauma or social stress? In addition to having a
secondary focus on the dynamics involved in the development of disorders associated with trauma,
the dynamic model primarily focuses on the dynamics involved in psychopathology associated with
neurodevelopmental disorders, including ASD. In contrast to the model by Weems et al. [82], the
dynamic model suggests that not only trauma or adverse events, including maltreatment but also
quite normal events across development may trigger the development of clinical symptoms in
cognitively susceptible individuals.

The dynamic model may be compatible with Menon [31], who suggests that network analysis
results may contribute to evidence about changes in the overall organization of the brain that are
associated with neuropsychiatric disorders. Consistent with Belmonte et al. [29,80], Menon [31]
distinguishes between affected subnetworks and networks compensating for dysfunction. The triple
neurocognitive network model on psychopathology focuses on the dynamic interaction of multiple
brain regions across development, assuming that such an approach may help relate findings into a
common framework for understanding dysfunction in core neurocognitive networks across multiple
neurodevelopmental disorders, including ASD [31]. Changes in one core network may affect the
other networks, resulting in clinical manifestations that go beyond the primary deficit.

The impact of social environment on the development and maintenance of clinical symptoms
after the early years of life may be underestimated. It is reasonable to assume that the quality of
social relations not only is important in early childhood but also may be important later in life,
potentially contributing to epigenetic modification of susceptible genes. This assumption of the
dynamic model may be in line with evidence indicating that, in addition to preprogrammed
epigenetic changes related to developmental and aging processes, epigenetic status also may change
across a lifetime depending on environmental influences [49]. Furthermore, the assumption is
consistent with the theoretical suggestion that while the influence of family decreases across time,
life events outside the family become more important in shaping experience [34,88].

From a theoretical point of view, the transactional model emphasizes the significance of the
active interplay between an individual and their context in shaping experience [88]. This model
views developmental outcomes as the results of individual differences in the regulation of experience.
As such, they represent relational constructs, the products of a combination of an individual and their
experience in a given context. Individuals engage in complex dynamic reciprocal interchanges and
modify social and biological experiences.

According to Plomin [34], and consistent with Sameroff and Mackenzie [88], the contributions
of nonshared life events among siblings increase across a lifetime, shaping the experience of
individuals and potentially affecting outcomes. Nonshared environmental factors, however, can only
account for a small degree of the effects of experience on outcomes. Individuals actively contribute
to their experiences [34]. They affect the environment, implying that environmental measures depend
on the individual making measures of genetically influenced experiences. This suggestion could be
in line with the assumption by Lee and Avramopoulos [50] that the phenotype may affect the
behaviors of an individual, thereby influencing how an individual modifies the environment.
Furthermore, the suggestion may be consistent with the findings by Dinkler et al. [60], who suggest
that the association between maltreatment and neurodevelopmental disorders may have a common
genetic origin and the evidence suggesting that common gene polymorphisms can modify the effects
of environmental risk factors [95,96]. The suggestion by Plomin [34] that measures of experience are
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genetically influenced may also be consistent with the dynamics illustrated by the vulnerability
model (Figure 5a). As illustrated by this model, the cognitive ability of an individual sets the limits
for experience at the interface between the brain and mind, and social interaction takes place at the
interface between an individual and their environment, with individual experience setting limits for
social interaction.

Insofar as experience is genetically influenced [34], to what extent is the genetic influence
stable and to what extent is it malleable?

As previously mentioned, the results from studies on animal models indicate that early
experience related to mother-infant interaction affects behavior and physiology, e.g., stress sensitivity,
in offspring mediated by epigenetic processes [63]. Despite the stable nature of the resulting DNA
methylation patterns observed in selected brain regions, e.g., the hippocampus, these changes are
reversible. Such findings may have important therapeutic consequences, indicating that
environmental programming potentially is reversible by pharmacological treatment or environmental
intervention. Possibly related, although focusing on epigenetic alterations associated with
preconception transmission, is the suggestion by Yehuda et al. [91] that experiences and learning
across time may affect epigenetic processes in offspring and may vary across a lifespan depending on
environmental influences. Insofar as epigenetic processes are malleable and involved in the
development of manifest clinical illness, the opportunity for environmental intervention becomes a
relevant option to consider.

Results from studies in adults with ASD show that perceived stress and stressful events are
significantly associated with social disability and that social stress is associated with social but not
global functioning [73,74]. Consistent with this finding, a recent meta-regression analysis found
statistically significant associations of moderate effect size between measures of quality of life (QoL)
and social functioning in adults with ASD, with only small and insignificant associations observed
between QoL and age, 1Q, and autism severity [104]. Social functioning explained only
approximately 10% of the variation in QoL in adults with autism. The authors mention other
potentially significant QoL correlates reported in prior research, such as perceived stress, self-esteem,
depression, anxiety, and psychological empowerment. In light of their findings, they suggest either
supporting social functioning in adults with ASD as a means to increase QoL or educating the social
environment regarding the importance of understanding and meeting adults with ASD, thereby
increasing their QoL regardless of their level of social functioning [104], a suggestion in line with
Bishop-Fitzpatrick et al. [89].

Associated psychiatric disorders may contribute to impairment. An epidemiological study
exploring the rates and types of psychiatric comorbidity associated with ASD, as well as the
associations with variables identified as risk factors for child psychiatric disorders, found that 70% of
their participants had at least one comorbid disorder and approximately 40% had two or more [10].
These results are consistent with recent solid evidence showing that comorbidity within mental
disorders is common, with risk persisting over time [105]. The most common comorbid diagnoses
identified by  Simonoff and coauthors [10] were social anxiety  disorder,
attention-deficit/hyperactivity disorder and oppositional defiant disorder. While epilepsy was
associated with any main disorder, autism severity was not a significant predictor of other disorders,
and neither 1Q nor the Vineland Adaptive Behavior Scale score was associated with any other
psychiatric disorder category [10]. The authors concluded that delineation of psychiatric comorbidity
could identify targets for specific intervention that have the potential to reduce overall impairment
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and improve QoL [10], a suggestion in line with Gillberg [8].

The results by several researchers [92-94] indicating that the relationship between genetic risk
for ASD and intelligence may be partly independent on clinical state may be consistent with both
Simonoff et al. [10] and the findings by Kim and Bottema-Beutel [104] that 1Q is independent of
clinical state in ASD. These observations may be in line with the distinction between a basic
neurobiological susceptibility and manifest clinical illness reflected in the dynamic model and the
prediction suggested by the vulnerability model that severity of illness may differ from the severity
of a disorder of reasoning.

A potential challenge for relevant treatment—which may be particularly relevant for clinical
cases complicated with social adversities—may be that the complexity of clinical problems is so
overwhelming that the social environment, including parents and clinicians, do not recognize
neurodevelopmental problems [58,60]. The results by Dinkler et al. [60] showing that maltreated
children display more neurodevelopmental disorders than children who have not experienced
childhood maltreatment may indicate that individuals presenting with trauma-related disorders may
have undiagnosed neurodevelopmental disorders. Such evidence may point to the relevance of
applying a multidisciplinary clinical approach, in line with the suggestions by Simonoff [10] and
Gillberg [8] and possibly in line with the implications of the dynamic model.

To understand the specific psychodynamics involved in the development of neurodevelopmental
disorders and the phenomenon of autism, for each individual course of illness, the dynamic model
suggests that it may be possible—at least in theory—to disentangle the contribution from susceptible
gene variants (e.g., rare mutations, CNVs, common variants), intrinsic and extrinsic epigenetic
processes affecting gene expression and modifying stress sensitivity across development and to
identify the environmental factors affecting extrinsic epigenetic processes. Although in theory,
overall contributing mechanisms and different routes may be predicted, to be able to predict an
individual course and a specific route of disease across time would demand having a crystal ball and
being able to look into the future. On the other hand, for each individual case, while looking
backwards in time, it is suggested that the dynamic model can be applied as a tool guiding the task of
disentangling how the different contributing mechanisms across time may have contributed to
clinical symptoms of possible relevance for treatment. From a universal perspective, the dynamic
model offers an explanation for why different individuals have different onsets of disease. The model
visualizes overall universal psychodynamics including different possible contributory mechanisms.
Even though the model suggests that there are several routes to disease, some overall generalizable
patterns may be predicted. According to the dynamic model, environmental risk and resilience
factors and common gene polymorphisms may modify risk across development in genetically
susceptible individuals such that they are differentially susceptible to environmental influences
depending on gene-environment interactions. The model emphasizes the importance of seemingly
natural and innocuous events such as normal challenges related to development and the importance
of social risk factors. According to the model, the relative contribution from physical and chemical
environmental factors may decrease across time, whereas the relative contribution from social
environmental risk factors may increase.

To conceptualize a phenotypic outcome as truly transgenerational, according to Bale [51], an
epigenetic mark must be present in the germ cell. Evidence from preclinical research indicates that
epigenetic marks can be erased and re-established in the absence of re-exposure to the original
environmental stimuli [51]. This ability determines whether future generations will be impacted [51].
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Today, growing evidence from animal models, in vivo experiments and epidemiological studies
indicates that transgenerational passage of parental stress experiences may take place and involves
changes in germ cell epigenetic marks. How and when epigenetic marks can be programmed during
germ cell development is still not clear [51]. Importantly, previous preclinical evidence indicates that
epigenetic processes may be reversible [63]. The molecular mechanisms underlying the relationship
between environment and neurodevelopmental disorders remain unclear [47].

4.7. Implications of the dynamic model

According to the dynamic model, cognitive impairments comparable in nature may operate at
different levels of complexity, thereby influencing the experience of reality, and such impairments
may be reflected in a reduced cognitive flexibility representing a core link between ASD and
schizophrenia [16,17]. The vulnerability model illustrates how a basic genetic and neurobiological
susceptibility may translate into a disorder of reasoning, with different levels of severity of disordered
reasoning assumed to be associated with neurodevelopmental pathological load (Figure 5a). Although
there may be an overlap between severity of disordered reasoning and severity of illness, according
to the dynamic model, this may not necessarily be the case. The risk may depend both on
environmental risk and resilience factors and on genetic influences related to an individual. These
may change across development. In addition to contributions from genetically related causes and the
neurodevelopmental pathological load, more enduring or recurrent clinical symptoms may depend on
the presence of enduring or recurrent stress.

From a scientific point of view, the effort of unravelling the dynamics involved in the
development of autism spectrum and related disorders will require collaboration between different
scientific disciplines and an agreement on the definitions of concepts as well as a clear distinction
between clinical phenomena and clinical diagnoses [16]. Although clinical experience should inform
the development of theory, as suggested by Cuthbert and Insel [106], it may be of paramount
importance to challenge the inherent assumptions of present categorical diagnostic classifications.
The dynamic model presumes an open-minded dimensional and transdiagnostic approach that is
symptom-focused, albeit independent of the inherent assumptions implied in the present
symptom-based categorical diagnostic classifications of mental illness provided by the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) and the Tenth Revision of the
International Classification of Diseases and Related Health Problems (ICD-10) [107,108]. As such,
the dynamic model may be in line with the hypothesis about dubious specificity by Caspi et al. [87],
and with the ESSENCE approach suggested by Gillberg [8], although extended beyond preschool
age into adulthood. Similar to the concept of ESSENCE, the dynamic model assumes that
neurodevelopmental disorders express themselves differently at different timepoints depending on
environmental demands, and as such it does not make sense to distinguish between specific disorders.
Furthermore, the dynamic model may be consistent with the model of the complex relationship
between biological variation and some major forms of psychopathology proposed by Craddock and
Owen [14], although the dynamic model presumes that the gradient of affective pathology may be
equally contributing to psychopathology along the whole spectrum of mental disorders. The
relatively large contribution of a neurodevelopmental pathological gradient to clinical symptoms in
ASD and other neurodevelopmental disorders may blur the contribution from the gradient of
affective pathology. Such a view may be consistent with the dimensional severity hypothesis
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suggested by Caspi et al. [87], and their suggestion that thought disorder symptoms may represent
core symptoms of general psychopathology. Insofar as their thought disorder dimension may reflect a
basic neurobiological susceptibility associated with genetic liability this may be comparable to the
suggestion by the dynamic model that a disorder of reasoning may reflect the basic neurobiological
susceptibility at the core of neurodevelopmental disorders.

According to the dynamic model, affective symptoms, including anxiety, obsessive or
compulsive symptoms, and depressive symptoms may result from the epigenetic dynamics of stress
involved in the development of manifest clinical illness with symptoms varying across time
depending on environmental requirements. This view may be consistent with the developmental
extension of the dimensional hypothesis by Caspi et al. [87] suggesting a developmental progression
of severity. In addition to the thought disorder dimension, these authors identified two other
dimensions of psychopathology, an externalizing liability to antisocial and substance-abuse disorders,
and an internalizing liability to depression and anxiety also highly correlated with the p factor
suggesting that these factors also to some extent may reflect general psychopathology [87]. Whereas
no sex differences were observed in the thought disorder dimension, in contrast this was observed for
the internalizing and externalizing factors. Males were more likely to exhibit externalizing and
females more likely to exhibit internalizing symptom related behavior indicating that these two
dimensions may represent gendered personality styles. In light of the suggestions by the dynamic
model it is tempting to speculate whether these two dimensions reflect stress associated gender
related symptom styles.As proposed by Ouss-Ryngaert and Golse [84], it will be necessary to bridge
the gap between the different and sometimes conflicting approaches that hitherto have guided our
understanding and clinical practice. They emphasize the importance of theoretical models to guide
research and become aware of the assumptions guiding the models [84]. In line with previous models,
the present dynamic model attempts to integrate present evidence in order to predict clinical illness.
What the present model may add to previous models is an individualized and dynamic approach
embedded in a developmental context integrating several levels of influence (genetic, neurocognitive,
psychological and social) involved in the dynamic interaction between an individual and their
physical, chemical and social environment across time. In addition, the model emphasizes that even
quite normal events related to typical development, e.g., starting school, may increase the risk for
enduring stress in cognitively vulnerable individuals, further increasing their risk of developing
manifest clinical illness.

The association between a more basic disorder of reasoning and severity of illness may not be
simple. Compensation may blur the presence of an underlying neurobiological susceptibility. Not
only ASD but also other neurodevelopmental disorders, OCD, anxiety disorders, and depression may
all represent transdiagnostic, dimensional phenomena marked by heterogeneity and comorbidity
commonly observed across time [10,98,105].

The suggested model may assist in the interpretation of clinical data and may help predict time
of clinical appearance and clinical course of illness. The model suggests that basic impairments in
reasoning resulting from characteristic cognitive impairments may be common for the phenomena of
autism and psychosis, with both phenomena relating to the experience of reality; autism to the social
cognitive and behavioral aspects; psychosis to the perceptual aspects and how these may be reflected
in thought and behavior [16,17].

Insofar as epigenetic effects are reversible, it may be important to investigate how general or
specific the epigenetic mechanisms involved in the psychopathological processes of

AIMS Molecular Science Volume 7, Issue 2, 122-182.



172

neurodevelopmental disorders and the phenomenon of autism are. Such insight may have
consequences for the prospect of inventing epigenetic tools for the treatment of ASD and related
disorders compared to the alternative of removing environmental causes.

Despite the very simple nature of the suggested dynamic model, it may serve as an example of a
possible way to create a common language to grasp and communicate the complexity of the
mechanisms and the causes involved in the development of neurodevelopmental disorders and to
help understand their nature and predict their time of onset.

There are several limitations of the present theoretical contribution. In its present form, the
dynamic model appears to be a sketch rather than a comprehensive model. The model is clinically
informed and does not in its present form illustrate the more detailed interactions taking place at the
molecular level or the interactions between different regions of the brain that are assumed to be
important. Neither does the present model illustrate the complex social and psychological dynamics
also assumed to be important. The hypotheses guiding the model refer to scientific evidence from
different fields, with the present paper focusing in particular on genetic and epigenetic mechanisms
and how they may relate to other translational levels involved in psychodynamics, including basic
information processing, cognitive and psychological processes, and social dynamics. Since the
content of the paper relates to selected evidence, rather than to an extensive review of the literature,
potentially relevant and important evidence is not included.

4.8. Perspectives

An important implication of the dynamic model is the need to integrate evidence from different
fields of research. Researchers from molecular science, neuroscience, clinical science and social
science should collaborate on the development of a comprehensive theoretical model. The present
dynamic model may contribute as a skeleton for such an endeavor and suggests one possible
direction to follow. In light of present genetic and epigenetic evidence, a future challenge appears to
be to design studies that can distinguish between the different contributions from genetic and
epigenetic processes across development and between normal and deviant processes involved in the
psychopathological processes across time. The dynamic model represents a framework that may be
consistent with the suggestion by Simonoff [7] that future causal research in autism needs to focus on
both genetic and environmental factors, as well as to identify models of gene—environment interplay.

Recent evidence challenges the hitherto prevalent categorical diagnostic approach to research
on mental illness [87,105,106,109]. To understand the complex interactions between the levels of
biopsychosocial functioning involved in human regulation, according to Sameroff and Mackenzie [88],
there is a need for longitudinal study designs able to assess these reciprocal processes. It is important
to design studies in a way where it is possible to distinguish contributions from distinct
psychopathological processes involved in pathogenesis across time. Several authors mention the
need to construct and use research designs that can distinguish between genetic and environmental
influences over time [34,60,110], and the need to collaborate across disciplines [14,84,111]. Lee and
Avramopoulos [50] point to an important challenge of epigenetic studies, the dependence on tissue
specificity and developmental processes wherein epigenetic information is dynamic and related to
context in time and space. For neuropsychiatric disorders, this problem becomes particularly relevant
given the difficulties faced in accessing the human brain. The use of animal models in studies of
several environmental factors are relevant insofar as similar physiological processes and signal
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pathways exist among mammals [50]. According to Tran and Miake [47], in order to clarify
etiological pathways, it is important for future studies to focus on epigenetic alterations of specific
genes related to neurodevelopmental disorders and to perform such studies in humans, because the
underlying biologies of animals and humans potentially differ with regard to epigenetic alterations
after environmental exposure.

As a scientific tool, the suggested dynamic model will have to prove its value. To do so, the
hypotheses guiding the model need to be operationalized and tested in future research. This task is a
next step, outside the scope of the present paper. Like the neurodevelopmental model by Sarovic [86],
the dynamic model distinguishes between individual risk factors related to a genetic susceptibility,
environmental risk factors and protective factors. In contrast to the model by Sarovic [86], the
dynamic model in addition to physical and chemical environmental risk factors emphasizes the
importance of social risk and resilience factors, and the dynamic model does not include immune
function and autonomic regulation as contributing factors of their own. Still, comparable to the
model by Sarovic, an operationalization of the dynamic model may be considered possible following
a similar track. Assessment involves the option—at any given time within a developmental
context—to be able to identify a phenotypic profile, neuroprotective aid including cognitive capacity
and social support, and neuropathological pressure including all possible environmental risk factors.
A distinction between quantification of measures relating to a behavioral phenotype and a clinical
phenotype appears to be relevant. Quantification of a neurodevelopmental behavioral phenotype
could include measures of endophenotypes, polygenic scores and other measures relating to a basic
neurobiological susceptibility. Quantification of a clinical phenotype, in addition, should include
measures of severity of illness reflecting suffering, e.g. QoL, measures of social adaptive function,
symptom rating scores etc. Quantification of neuroprotective aid could include cognitive measures
and measures of social support. Finally, quantification of neuropathological pressure could include
measures of epigenetic changes and relevant measures of stress, e.g., cortisol measures, heart rate
variability, etc.

The dynamic model has potentially important therapeutic implications. As implied by the
dynamic model, and in line with Latham et al. [25], many different routes may lead towards the same
overall clinical picture. The dynamic model reveals several points of possible intervention: (1) a
primary neurobiological vulnerability of genetic origin and derived consequences with associated
primary effects on neurocognitive function; (2) an endogenous epigenetic modification of genetic
variants and associated primary effects on neurocognitive function; (3) the genetic and epigenetic
modification resulting from physical and chemical environmental factors and associated secondary
effects on neurocognitive functioning; (4) the exogenous epigenetic effects of social environment
and associated secondary effects on neurocognitive and social functioning; (5) the direct effects of
stress on brain tissue and the associated secondary effects on neurocognitive functioning via
epigenetic modification; (6) psychological processes affecting interpretation of sensory information;
and finally; (7) compensating mechanisms.

The treatment effects may depend on the reversible nature of the epigenetic mechanisms involved
in the development of manifest illness. As such, treatment courses may vary dependent on the character
of the genetic, epigenetic and environmental factors involved. The choice of strategy for intervention
may depend on information about the relative contributions from genetic, epigenetic processes and
environmental exposures to the observed psychopathological expressions. Insofar as epigenetic
processes are malleable, environmental factors have the potential to modify these processes [63,91].
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In each individual case, treatment strategies may be adapted according to individual needs in
light of developmental history, including the genetic and epigenetic profile, as well a thorough
description of individual risk and resilience factors that may change across the developmental course.
In light of present genetic and epigenetic evidence, it appears relevant to distinguish between how
contributions to psychopathology may depend on the quality and quantity of affected genes,
epigenetic and environmental factors and gene-environment interactions across time. Relevant
therapeutic approaches may depend on the involvement of rare or common genetic variants. In light
of present evidence, both pharmacological agents as well as environmental interventions potentially
have a role in the future treatment of ASD.

From a molecular genetic perspective, to the extent that susceptible genetic variants are
involved in early neurodevelopment, it may be relevant to develop molecular and pharmacological
interventions, as has been suggested by several researchers, e.g., Siniscalco et al. [28], Szyf et al. [33],
and Shork et al. [77]. DNA methylation and histone deacetylation enzymes are possible targets for
epigenetic drugs that may offer potential in the treatment of psychiatric disorders [33]. Developing
targeted epigenetic therapy based on the insights from genetic science on how epigenetic
mechanisms are involved in pathogenesis and on knowledge about complex epigenetic mechanisms
may not be without challenges, with specificity being a main challenge [33].

From a clinical therapeutic perspective, a primary focus of treatment may be to adjust
expectations and thereby relieve stress. Of relevance is to identify and, if possible, adjust or eliminate
factors that cause stress and strengthen resilience factors, e.g., individual compensation, scaffolding
and social support. Such an approach may be consistent with the approach taken by
Bishop-Fitzpatrick et al. [89] and Kim and Bottema-Beutel [104] on environmental intervention and
the suggestion by Yehuda et al. [91] to focus on the effects of human experience and growth, in
addition to a focus on how molecular mechanisms influences individuals and their offspring.

In light of the heterogeneous nature and high risk of comorbidity [8,10,98,105], it may be
important to apply multiple strategies in the treatment of ASD, including symptomatic treatment of
comorbid disorders, e.g., anxiety disorders, compulsive behavior, depression, attention deficits, sleep
disorders, immune system dysfunction, seizures and gastrointestinal problems. It may also be
important to distinguish between whether the comorbid conditions are directly related to the
molecular mechanisms involved in the development of neurodevelopmental disorders and the
phenomena of autism and to understand to what extent they are secondary, i.e., related to
compensatory efforts as suggested by Belmonte and coauthors [29,80] or to stress-related
phenomena.

From a clinical perspective, the introduction of dynamic multilevel models may increase
opportunities to diagnose and treat ASD, and related neurodevelopmental disorders in light of their
complex and heterogeneous nature. New insight into the complex nature of neurodevelopmental
disorders may improve the basis of evidence that clinicians rely on. Such insight could allow them to
be able to apply multiple strategies in the treatment of ASD and other neurodevelopmental disorders
and to differentiate treatment according to more specific etiological knowledge. With big data and
personalized medicine entering the arena of psychiatry, application of such knowledge has the
potential to help improve the treatment of complex, heterogeneous neurodevelopmental disorders
such as ASD. According to Latham et al. [25], the use of genetic information in personalized
medicine will require access to updated data on past and current environmental exposures and
current epigenetic states. Personalized medicine may support clinicians when handling and
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combining the enormous amount of clinical and scientific data available today, e.g., genetic and
epigenetic evidence, neurobiological, neurocognitive, psychological and social evidence. A major
premise for the success of such an endeavor is the successful development of algorithms to guide the
machine learning models applied in personalized medicine. To avoid misinterpretation of arbitrary
associations as etiologically related, such algorithms will have to refer to coherent theory.

5. Conclusion

A simple theoretical model of the complex dynamics involved in the development of
neurodevelopmental disorders and the phenomenon of autism may help explain the observed
biological and clinical heterogeneity of ASD and related neurodevelopmental disorders. The
suggested dynamic model illustrates how psychodynamics may involve the interaction between a
basic neurobiological susceptibility, compensating mechanisms, and stress-related releasing factors.
The model applies an individualized and dynamic approach embedded in a developmental context
integrating several levels of influence—genetic, biological, cognitive, psychological, and
social—involved in the dynamic interaction between an individual and their environment across time.

The model suggests that at different stages across development, environmental risk factors may
affect genetic and epigenetic mechanisms, with potential effects on neurodevelopment and
stress-sensitivity influencing the time of clinical onset. Environmental exposures across time, genetic
variation and epigenetic processes related to preconception exposure, intrauterine exposure, and
environmental exposures early and later in life may all affect the psychopathological course of illness.

The molecular mechanisms involved in the development of neurodevelopmental disorders
including ASD are complex. Across time, accumulated epigenetic effects of environmental risk
factors increase stress reactivity and the risk for manifest neurodevelopmental illness. At different
stages across development, physical, chemical and social environmental risk factors may trigger
epigenetic mechanisms that may affect neurodevelopment, alter stress-sensitivity or affect behavior.
Depending on the genetic and environmental risk load, gene-environment interactions affect the time
of onset of clinical illness. The genetic load reflects both the quality and quantity of a genetic
susceptibility. The environmental risk load is reflected in epigenetic marks associated with
susceptible genes with epigenetic effects depending on time of exposure as well as the quality and
quantity of the environmental risk factors and the presence of resilience factors counteracting the
effect of risk.

In light of present genetic and epigenetic evidence, major future challenges for
neurodevelopmental research appear to be identifying and understanding the regulation of and
interactions between rare and common genetic variants, how these interactions result in the
heterogeneous clinical expressions of neurodevelopmental disorders, and how environmental factors
modulate the overall risk via epigenetic mechanisms. Such knowledge may have important
therapeutic implications.

As suggested by the dynamic model, many routes are possible, and in most cases, several events
must take place for manifest clinical illness to occur. In particular, in the cases where polygenic risk
from genes associated with common variants is prevalent, this may be characteristic, whereas
manifest clinical illness may be present right after birth in the rarer cases resulting from genetic
syndromes and gene mutations having large effects.

The processes are complex. According to the predictions of the dynamic model, it is relevant to
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distinguish between neurobiological susceptibility, which is associated with neurodevelopmental
pathological load and stress sensitivity, and the severity of illness, which is related to manifest
clinical illness and persistent stress. An observed discrepancy between behavioral expression and
underlying cognitive or neurobiological susceptibility may be due to compensation. The
psychodynamics may involve stress-related releasing factors, including normal events across
development found challenging by cognitively vulnerable individuals.

In order to understand fully the psychodynamics involved in the pathogenesis of
neurodevelopmental disorders and the phenomenon of autism, future theoretical models guiding
research may need to apply a transdiagnostic dimensional translational approach including molecular
mechanisms, cognitive and psychological processes as well as social dynamics, as emphasized by the
dynamic model. Relevant choices of intervention and prevention may depend on etiology and ethical
considerations.

Application of the suggested model in future psychopathological research may contribute new
knowledge about the pathogenesis of mental illness and the dynamics involved in the development of
ASD and related neurodevelopmental disorders, including schizophrenia, as well as of the
phenomena lying behind these disorders.

The illustrated dynamics suggested by the model may help guide future development of
personalized medicine in neurodevelopmental disorders. Furthermore, the model may be useful as a
pedagogical tool for communication and psychoeducation to help disentangle the different
mechanisms involved in development of manifest clinical illness. The model may help identify
relevant points of intervention in the treatment of neurodevelopmental disorders including ASD and
prevention of future progression in the course of illness. As a therapeutic tool, the model may shed
light on the different mechanisms involved in the development of illness, and how these mechanisms
work and interact at different time points depending on multiple factors unique to the individual,
thereby contributing to the development of manifest disease. As illustrated by the model, the course
of illness may depend not only on the development of the brain but also on the ability of an
individual to cope in a complex world. In addition, the course may depend on social environmental
challenges encountered by an individual across time.

Theoretical contributions to research may add to the overall scientific effort of unravelling the
mechanisms involved in the pathogenesis of neurodevelopmental disorders, which at some time in
the future may help augment our understanding of these disorders and may help alleviate or
eliminate the stress and suffering related to these conditions.
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