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Chronic stress undermines physical and mental health, in part via dysregulation of the neuroendocrine
stress system. Key to understand this dysregulation is recognizing that the problem is not stress per se,
but rather its chronicity. The optimally functioning stress system is highly dynamic, and negative feedback
regulation enforces transient responses to acute stressors. Chronic stress overrides this, and adaptation
to the chronicity can result in persistent dysregulation by altering sensitivity thresholds critical for con-
trol of system dynamics. Such adaptation involves plasticity within the central nervous system (CNS) as
well as epigenetic regulation. When it occurs during development, it can have persistent effects on neu-
roendocrine regulation. Understanding how chronic stress programs development of the neuroendocrine
stress system requires elucidation of stress-responsive gene regulatory networks that control CNS plasticity
and development.
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It is widely appreciated that chronic stress undermines health and accelerates degenerative aging, but how it does
is a complex problem that calls for interdisciplinary research with a developmental perspective [1-3]. There is
consensus that a key aspect of the problem involves dysregulation of the neuroendocrine system that orchestrates
the physiological adjustments needed for homeostasis in a constantly changing and at times stressful environment.
Such dysregulation is itself a source of chronic stress, compounding the problem. The fact that chronic stress is
both a cause and effect of neuroendocrine dysregulation points up a key insight that is not as widely appreciated:
stress per se is not a bad thing — in fact, it is essential for life, motivating core processes and behaviors that maintain
health and homeostasis. Stress only becomes unhealthy (‘toxic stress’) when it exceeds the environmental resources
available for its mitigation and the body’s inherent capacity to adapt and thrive. Thus, the toxicity of chronic stress
stems not so much from the stress per se, but from its chronicity. This essay asks the question of why that is the
case and proposes the answer that the toxicity of chronic stress is a side effect of adaptation to the chronicity in
developmentally plastic systems.

A defining attribute of living systems is that they are adaptive. Adaptation occurs at many levels of organization,
from the biochemical up through individuals, populations and species. In general, biological systems adapt to
changing conditions by changing their physiology, anatomy and behavior to meet the existential demands that
those conditions impose, which can lead to the system acquiring new traits and abilities. At the level of a species this
occurs through natural selection working on genetic variation in the population, facilitated to varying degrees by
environmentally responsive developmental plasticity and epigenetic memory [4-7]. While species-level adaptations
are typically construed as anatomical or physiological characteristics (such as wings, lungs, horns, etc.), some of the
most powerful adaptations are behavioral characteristics such as sociality. Sociality is the adaptation that allowed
the human species to organize to become the dominant force for environmental change that we now are. It is no
accident then that social networks and associated safety nets are among the most effective environmental resources
we have available for stress mitigation [8,9]. Conversely, negative social interactions or status can be a significant
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source of chronic stress [10,11].
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Figure 1. Regulatory circuits for physiological adaptation. Adaptation to a chronic stimulus (s) can occur through
either (A) negative feedback regulation of the activator (a), or (B) incoherent feedforward regulation of the response
(r), by an inhibitor (i). This manifests temporally as (C) a transient increase in response in to a chronic increase in
stimulus. Incoherent feedforward regulation also affords fold-change detection, which means that a subsequent
response of the same amplitude will occur only when the fold-change of a subsequent increase in stimulus strength is
equivalent to that which elicited the original response (see references [15-19]).

At the level of an individual, sociality interacts with physiology to adapt the body to changing environmental
conditions via concerted changes involving all of the anatomical systems. These adaptive physiological changes,
which serve to maintain homeostasis, are active and thus draw from the body’s overall energy budget. The concept
of allostasis refers to the full set of (inter)active, adaptive physiological responses to physical or psychic challenges
that are directed toward maintaining or returning the body to homeostasis [2,12]. The ‘allostatic load’ then can
be thought of as the demand that allostasis places on the overall energy budget, with an increased allostatic load
entailing decreased energy available for other processes. Given that there are fundamental differences in how
energy is budgeted in males and females and how that partitioning is regulated by sex-specific neuroendocrine
systems, it is not surprising that allostasis has sex-specific effects [2,13]. Thus, for example, it was recently shown
that in men adaptation to chronic stress blunts the autonomic/cardiovascular response to acute stress without
affecting the neuroendocrine response, which was associated with increased adiposity, whereas the opposite was
true in women (blunted neuroendocrine response but augmented autonomic/cardiovascular response) [14]. While
important to keep in mind, sex-specific effects will not be considered further here, as what follows are abstractions
and generalizations that pertain to both sexes.

At the level of cellular biochemistry and molecular genetics, adaptation to a stimulus is generally mediated by
negative feedback and incoherent feedforward regulatory loops [15-17], which work to return a system’s output
to baseline following its initial elevation in response to a sustained (i.e., chronic) increase in stimulus amplitude
(Figure 1). Negative feedback occurs when an activator of a response to a stimulus also activates its own inhibitor
(Figure 1A). Feedforward regulation occurs when the activator also activates a second regulator of the response
itself, which can be either another activator (coherent feedforward regulation) or an inhibitor/repressor (incoherent
feedforward regulation; Figure 1B). Adaptive regulatory circuits involving negative feedback and/or incoherent
feedforward regulation establish ‘set points’ that determine the sensitivity thresholds that control system dynamics,
for example by affording fold-change detection [18,191. Thus, a system that becomes adapted to a chronically
sustained increase in stimulus strength will respond again only when the fold-change, rather than to the absolute
increment, of subsequent increases stimulus strength are equivalent to that of the original (Figure 1C). In this way,
the adapted system manifests a new set point that renders it less sensitive to the original stimulus.

One of the more insidious effects of chronic stress and adaptation thereto is that it perturbs development
of systems and/or life history stages that are developmentally plastic [20,211. Developmental plasticity refers to
the degree to which the phenotypic outcome of development is influenced by environmental conditions. In
general, developmental plasticity is higher during early development than in later development. Physiological
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adaptation to chronic stress during a plastic stage of development can produce phenotypes that become locked in
as plasticity is lost with subsequent developmental maturation, with lifelong or even intergenerational effects. Such
‘developmental programming’ is thought to be adaptive to the extent that it proactively prepares the organism for
a stressful environment. However, it comes at a cost when the adaptations entail increased allostasis, and hence
a greater allostatic load [12]. Moreover, adaptive developmental programming can be unhealthy when there is a
mismatch between the anticipated conditions toward which the adaptations are directed and the actual conditions
encountered by the mature organism, as the pre-adaptations can themselves be toxic under such conditions (e.g., as
when nutritional stress directs development of a highly efficient metabolism that subsequently encounters a high
calorie diet) [22].

The biomedical significance of stress-induced developmental programming is underscored by extensive epidemi-
ology showing that early life adversity (ELA), in the form of either chronic stress (including prenatal exposure
to chronic maternal stress) or intense acute stress (e.g., trauma) increases later life disease risk and susceptibil-
ity to neurological/psychological disturbances [23-26]. A common characteristic of many health problems that
have developmental origins is chronic inflammation, affecting various tissues including the central nervous sys-
tem (CNS) 26-28]. All in all, the data from epidemiology as well as experimental studies in model organisms indicates
that stress-induced developmental programming contributes significantly to metabolic disease, dysregulation of the
immune system and mental illness. Since the neuroendocrine stress system is inextricably linked to and a crucial
regulator of metabolism, the immune system and mental health, it is reasonable to focus on the question of how
its development is perturbed by stress, and chronic stress in particular from the standpoint of this review.

The hypothalamus-pituitary-adrenal axis & neuroendocrine regulation of homeostasis

The two branches of the vertebrate neuroendocrine stress system are the sympathetic nervous system and the
hypothalamus—pituitary—adrenal (HPA) axis. Both branches emanate from the hypothalamus and converge on the
adrenal gland, working together to maintain homeostasis by orchestrating systemic physiological adaptations to
environmental contingencies. The sympathetic nervous system provides the more immediate response to stress by
promoting rapid release of epinephrine and norepinephrine from the adrenal medulla. The HPA axis, the main
focus of this review, provides a more prolonged response critical for mitigating, resolving and adapting to the
stress [29]. While the focus here is on the HPA axis and the glucocorticoid signaling pathway that it regulates, it is
important to keep in mind that these are but part of (and thus dependent on) a larger system and physiological
network, within which metabolic, autonomic and immune systems provide additional important mediators of
adapration [30].

The HPA axis is activated by circadian and stress-induced neurological signals that direct the periventricular
nucleus (PVN) of the hypothalamus to produce corticotropic releasing hormone (CRH), which binds specific
receptors in the pituitary to induce production and secretion into the bloodstream of adrenocorticotropic hormone
(ACTH). Receipt of circulating ACTH in the adrenal cortex stimulates production and secretion of glucocorticoids
(GCs, primarily cortisol in humans), steroids that induce tissue-specific genomic responses throughout the body
by binding the ubiquitously expressed glucocorticoid receptor (GR) as well as the more tissue-restricted mineralo-
corticoid receptor (MR). The GR and MR both function as sequence-specific DNA-binding transcription factors
as well as non-nuclear signaling proteins. The GR binds GCs less avidly than the MR and is thus more dynamically
regulated over the normal range of endogenous GC fluctuations.

GC-responsive gene expression maintains homeostasis both reactively, in response to unpredictable environmental
stressors such as injury, trauma and starvation, and proactively, in anticipation of predictable environmental changes
such as circadian activity cycles [29,31-34]. To that end, the HPA axis is highly dynamic, producing ultradian, circadian
and stress-induced pulses of GCs that in turn regulate CRH and ACTH production via GR-mediated negative
feedback on the hypothalamus and pituitary [35,36]. These dynamics are a functionally important aspect of GC
signaling [37-41]. The ultradian pulsatility controls GR dwell time on its target sites in chromatin, which is important
for responsivity of GR-mediated gene expression to changing conditions [37,41]. The circadian rhythm in GR activity
helps entrain peripheral clocks to the central clock [32,421. Circadian rhythms regulate much of physiology 43,44,
including hematopoiesis, the immune system [42,45-48] and learning-dependent formation of synapses [49], whereas
circadian dysregulation increases disease risk [48,50].

A major function of GC signaling is to regulate metabolism, as reflected in the name ‘glucocorticoid’ — the ‘gluco’
referring to glucose. Increased GC signaling, such as occurs with acute stress or at the beginning of the circadian
activity phase (morning in diurnal species), leads to increased catabolism, for example, gluconeogenesis in the liver
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and lipolysis in adipocytes, increasing the availability of glucose and other energy substrates that feed increased
mitochondrial respiration and energy production. Mitochondria represent a fascinating nexus for understanding
GC signaling, as they are both the source and an ultimate target organelle for endogenous GCs such as cortisol [51].
The adrenal cortex, the major source of cortisol, can thus be viewed as a vertebrate organ specialized for coordinating
nuclear genomic and mitochondrial activity throughout the body [51. It is thus a key organ for regulating the flow
of both information and energy in the service of homeostasis, arguably the defining characteristics of life itself.

Another major function of GC signaling is to regulate the immune system [52]. Colloquially, GCs are known
for their immunosuppressant and anti-inflammatory activities, and synthetic GCs are widely prescribed to control
inflammation. However, GC function with respect to the immune system is actually more complex, contributing
to both activation and resolution of immune responses in ways that depend on concentration and/or temporal
dynamics that can be construed as hormetic (53]. Thus, at low levels, GCs work to ‘prime’ immune cells and promote
expression of genes involved in inflammation and the immune response, whereas higher levels have the opposite
effects [53]. GCs regulate the immune system at least in part through their regulation of metabolism. An interesting
case in point is GR-mediated regulation of the gene 77¢7, a target of the GR that encodes a mitochondrial enzyme
expressed in macrophages [54]. The product of 77¢] is an enzyme involved in fatty acid oxidation, a byproduct of
which is reactive oxygen species (ROS) used to kill pathogens [54]. The hypothesis that GC-mediated regulation of
the immune system is hormetic has an interesting implication: all else being equal, adaptation to increased levels
of GC signaling via increased GC resistance in immunocytes would be expected shift the balance of stress-induced
GC function toward the proinflammatory role normally associated with low GC levels.

A third major function of GC signaling is to regulate CNS activity. Although the GR has been the major focus
of research on stress-induced glucocorticoid signaling throughout the body, the MR has emerged as an important
player within the CNS, particularly within hippocampus where it mediates excitatory signaling in response to
stress [55]. This has led to the MR:GR balance hypothesis [56] that the stress response is regulated by a dynamically
shifting balance of activities of both the MR and GR that correlates with the different affinities of the two receptors
for GCs. Thus early in the stress response as GC levels begin to rise, the higher affinity MR becomes engaged,
activating rapid nongenomic excitatory responses that trigger emotion and memory retrieval within the CNS and
contribute to the stress signaling through the HPA axis (56). With higher GC levels, the lower affinity GR becomes
engaged, orchestrating longer-term genomic responses directed toward providing energy, mitigating damage, storing
memory [56] and finally terminating the response via negative feedback control of the HPA axis. Thus, according
to the balance hypothesis, the MR and GR function antagonistically to the extent that the former is involved in
mounting and the former in resolving the response to stress.

GC signaling is dynamically & adaptively regulated

The hypothesis that the neuroendocrine stress system exerts its effects through a dynamically shifting balance of MR
and GR activities fits well with the fact that endogenous GC levels are themselves highly dynamic, both under basal
conditions and in response to acute stress. As noted above, under normal (unstressed) conditions, GCs undergo
both ultradian and circadian fluctuations. The affinity of the GR for cortisol is such that the GR is only activated
at peak levels of ultradian pulses, which therefore result in pulsatility of GR activation and engagement with the
genome [37,41]. This serves to maximize the dynamic responsivity of the system. The ultradian rhythms are driven
by a combined feedforward/feedback loop between the pituitary and adrenal cortex that produces phase-shifted
oscillations of ACTH and cortisol [57,58). The circadian rhythms in GC levels are driven by the central clock,
and serve to coordinate metabolism with circadian activity cycles, and also to maintain synchrony between the
autonomous circadian clocks of peripheral tissues with the central clock [34,43,50,591. Moreover, the circadian rhythm
has been shown to be required for efficient termination and hence transience of the HPA axis response to acute
stress via GR-mediated negative feedback in the hypothalamus and pituitary [60,61].

Negative feedback regulation of neuroendocrine stress signaling mediates adaptation as well as dynamics. One
of the genes activated by the GR is fkbp5, which encodes the co-chaperone protein that inhibits activation GR
by antagonizing binding of GCs thereto. Fkbp5 is thus an intracellular negative feedback regulator that increases
resistance to the GC signal, adapting the system to chronically elevated GC levels as for example occurs in squirrel
monkeys [62]. Other genes activated by the GR encode repressors of GR targets, affording incoherent feedforward
regulation. Such regulators include the kriippel-like factors 49, recently shown to function as a feedforward
repressor of the GR target #/f2 in mouse macrophages (631, and k/f15, a feedforward repressor of m2a and tiparp
in mouse lungs [64]. Incoherent feedforward regulation enforces a pulsed response, even when the stimulus remains
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elevated, and in that way affords adaptation as discussed above (Figure 1). Thus feedback and feedforward loops
work at multiple levels from the cellular to the systemic work to dynamically and adaptively control HPA axis
output and signaling effects.

Among feedforward regulators of GC/GR signaling, KIf9 is emerging as a particularly interesting transcription
factor for a number of reasons. First, it has been shown to collaborate with other transcription factors and
neuroendocrine systems, including the thyroid receptor, progesterone receptor and Nrf2 [65-68]. Interestingly, with
the latter it works as an incoherent feedforward regulator of the response to oxidative stress, amplifying ROS levels
by repressing the expression of antioxidant enzymes [67]. In human epidermis, KLF9 functions as a cortisol-induced
circadian regulator of keratinocyte proliferation [69]. In a recent meta-analysis of microarray studies of GC-induced
gene expression in the brain or cells derived from the CNS of mice, rats, or humans, £/f9 was shown to be the most
commonly upregulated transcriptional regulatory gene [70]. Finally, it was recently shown that KIf9 is responsible
for chronic stress-induced remodeling of neural circuits in the mouse hippocampus leading to pathological fear-
conditioning and behavior [71], and for increased liver gluconeogenesis contributing to development of diabetes in
response to chronic dexamethasone exposure [72]. Thus KIf9 appears to be an important feedforward transcriptional
regulator of GC signaling that integrates the neuroendocrine stress system with other neuroendocrine and metabolic
signaling systems.

Chronic stress, cortisol dynamics & HPA axis dysregulation

From the foregoing, it should be apparent that one of the problems with chronic stress is that it produces a situation
in which continuous stress-induced activation of the HPA axis occurs coincidentally and thus cross-purposes with
negative feedback and incoherent feedforward regulation of its signaling activity. As a result, the dynamic regulation
of the system is compromised, and cortisol levels become chronically elevated. While this is countered by adaptive
mechanisms such as fkbp5 activation that increase GC resistance, increased GC resistance can lead to chronic
inflammation, a common feature of diseases associated with chronic stress [73]. The toxicity of chronic stress is
thus likely to extend in part from the fact that the same feedback and feedforward circuits that normally mediate
optimally dynamic functionality also mediate adaptation to chronically high GC levels, with the latter functionality
compromising the former by establishing new set points affecting dynamic control (Figure 1). Loss of optimal
dynamics due to adaptation to chronically high GC levels would be expected to have ramifying effects that increase
allostatic load and reduce the adaptive capacity of the system. GCs are systemic signals affecting all of the body’s
tissues and organ systems [33], and therefore adaptive capacity is coordinately determined by regulatory systems
engaged throughout the organism, any one of which can become limiting when diseased. Moreover, information
flow along the brain-body axis is bidirectional, with the health of one affecting the health of the other (which
points up the artificiality and danger of treating them as separate entities). Nevertheless, the CNS (and the brain in
particular) is by definition central to this regulation, and its adaptive capacity is determined by its plasticity.

The CNS is a complex adaptive system that retains some amount of developmental plasticity throughout the
life course. The plasticity manifests as experience-induced remodeling of neural architecture, notably within the
hippocampus, wherein synaptic plasticity and neurogenesis are stimulated by acute stress but negatively impacted
by chronic stress [74,75]. A major factor contributing to adaptive (or maladaptive) remodeling in response to chronic
stress is excitatory neurotransmission mediated by glutamate, in part stimulated by glucocorticoids via nongenomic
activities of the MR and GR [75,76]. Chronically elevated excitatory signaling can eventually lead to neurotoxicity and
cell death associated with intracellular calcium overload. This is countered by activation of neuronal immediate early
genes, in particular that encoding the transcription factor Npas4, which directs neuroprotective gene expression
and development of inhibitory synapses [77-79]. Even so, stress-induced remodeling of neural circuitry within limbic
regions of the CNS, in particular the hippocampus, will affect HPA axis regulation to the extent that the remodeled
circuits impinge on the PVN and affect CRH production. One way that it might lead to dysregulation is by
increasing CRH tone, which controls the ultradian pulsatility of ACTH and GCs, with higher CRH tone leading
to decreased pulsatility (flatcer GC profile) (58]. This would have adverse health consequences given the importance
of GC pulsatility as discussed above. An implication of this line of reasoning is that optimal regulation of the HPA
axis depends on an optimal excitatory/inhibitory balance within the hippocampus and other regions of the brain
that signal to the PVN.

Plasticity within the CNS and peripheral tissues is subject to epigenetic regulation by chromatin modifications and
micro-RNA expression. One well-studied epigenetic modification affected by chronic stress is DNA methylation.
Methylation of cis-regulatory regions of genes (promoters and enhancers) can affect transcription factor binding,
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altering the responsivity of the gene to signals. A well-studied example in humans is FKBP5, a variant of which
contains an intronic GR-binding site subject to stress-induced demethylation (80,81). In individuals carrying this
variant, the binding site is hypomethylated in response to childhood trauma, which allows increased accessibility to
the GR and hence greater FKBP5 responsivity to GCs [80,81]. As a result, individuals with this variant overexpress
FKBP5 in response to chronic stress, increasing GC resistance and risk of associated pathologies [82]. Other genes
involved in GC signaling, including 7#73c! which encodes the GR, are also subject to stress-induced epigenetic
modification that affects their activity (83-86] and hence responsivity to GCs. Epigenetically programmed GC
resistance within peripheral tissues or within the HPA axis itself, particularly within the pituitary affecting negative
feedback regulation that is critical for dynamic control of GC signaling, can thus lead to dysregulation of the
neuroendocrine stress system.

On the other hand, plasticity within the CNS also affords opportunities for interventions designed to counteract
the adverse effects of chronic stress. For example, in mice exposed to 21 days of chronic restraint stress, the
hippocampus was shown to have an adaptive response manifesting as resilience to a familiar stressor (acute restraint
stress), which opened a transient ‘window of plasticity’ within which the negative behavioral and molecular effects
of the chronic restraint stress were reversed [74]. This occurred through upregulation of the histone acetyl-transferase
P300, leading to enhanced expression of mGlu2 and consequent inhibition of glutamate release (741. This suggests
that pharmacological interventions such as the acetyl donor acetyl-L-carnitine applied within defined windows of
plasticity might be used to counteract some of the negative neurological effects of chronic stress, particularly those
associated with glutamatergic excitotoxicity [74,87).

Chronic early life stress & developmental programming

Developmental plasticity is generally maximal during immature stages of development, so that is when the neu-
roendocrine stress system might be expected to be most susceptible to chronic stress, and also more amenable
to therapeutic interventions designed to counteract the negative effects of earlier insults. Indeed, while prenatal
brain development is especially sensitive to perturbation by environmental factors, including elevated cortisol levels
associated with chronic maternal stress, these effects can be counteracted to an extent by appropriate postnatal
interventions such as high quality parent-infant interaction and bonding [88,8]. As noted above, human epidemi-
ology and experimental studies with model organisms clearly indicate a correlation between ELA and HPA axis
dysregulation and associated health problems later in life. The problems are both physical (e.g., metabolic syn-
drome, inflammatory diseases such as asthma) and mental (e.g., anxiety and depression) and typically associated
with chronic inflammation indicating immune system dysregulation [27,28,90-92]. The latter is likely at least in part a
secondary consequence of HPA axis dysregulation, given the critical role of GC signaling both in direct immunoreg-
ulation and circadian regulation, the latter also being necessary for optimal immune system function [42,46,48,93].
But while the correlation is well established and some of the mechanisms have been characterized, the gene regula-
tory networks through which early life stress and adversity affect development of the neuroendocrine stress system
remain largely unknown.

One way that chronic stress is likely to affect development of the neuroendocrine stress system is through altered
activities of the GR and MR, both of which are present at high levels in the developing brain. Their chronic
activation may perturb development of stress-sensitive neural circuitry through their direct or indirect regulation
of key plasticity genes (e.g., altered expression of £/f9 or npas4), and also via epigenetic effects such as altered DNA
methylation (as discussed above with FKBP5), with long term effects on HPA axis regulation. Consistent with this
scenario, a recent study found that children who had experienced ELA had smaller hippocampal volume and a
flatter diurnal cortisol profile than controls [941. Zebrafish embryos injected with cortisol show an altered pattern
of neurogenesis in the fish equivalent of the hippocampus, and develop an aberrant behavioral phenotype [95].
The extent to which these phenotypes result from altered GR and MR activity/balance in response to chronically
elevated GCs is not known and calls for more research.

Conclusion

The toxicity of chronic stress is likely to stem in large part from its chronicity, which overrides the highly dynamic
regulation that is critical to optimal HPA axis function. Adaptation to chronically elevated GC levels leads to loss
of system sensitivity and responsivity through chronic activation of negative feedback and feedforward regulators.
When this occurs during early development, it can affect neuro-architecture in brain regions that regulate the HPA
axis, leading to its long-term dysregulation. The GR and MR are GC-activated transcription factors and signaling
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proteins that normally regulate the stress system via a dynamically shifting balance controlled by the dynamic
fluctuations of endogenous GCs and are hence prime molecular candidates for mediating the developmental
programming effects of chronic stress and chronically elevated GC levels.

Future perspective

The genome directs development through gene regulatory networks defined by sequence-specific interactions
between transcription factors and their DNA-binding sites 96,971, and the environment perturbs development
by perturbing the operation of those networks in developmentally plastic systems. The gene regulatory networks
downstream of the GR and MR that direct development of the neuroendocrine stress system are still largely
uncharted. Future work in model systems subjected to stress or GC treatment, combined with high throughput
sequencing approaches such as RNA-seq and ChIP-seq, will be required to comprehensively identify the relevant
regulatory genes. Several candidates have been gleaned from the literature and work ongoing in our laboratory,
including transcriptional regulatory genes such as £/f9 and npas4 as discussed above. Beyond identification of the
genes themselves the linkages between them will need to be defined, as will their roles in regulating each others’
expression dynamics, through judiciously designed perturbation (e.g., knockout, knockdown and pharmacological
inhibition) studies that systematically assess the effects of the perturbation on all genes in the network, similar to
what was done over the past 20 years to elucidate the developmental gene regulatory networks that control sea
urchin embryogenesis [98-100]. Only in this way will the understanding of ‘developmental programming’ move from
descriptive phenomenology to predictive molecular-genetic mechanism.

Executive summary

e Chronic stress undermines health by perturbing dynamic regulation of the neuroendocrine stress system via
physiological adaptation and developmental programming.

o Physiological adaptation to stress and its sequelae entails allostasis, defined as the array of active adaptive
processes needed for homeostasis.

o Allostasis draws on the overall energy budget, exacting an ‘allostatic load’ with sex-specific effects.

o Physiological adaptation during early development can have long term effects on allostasis and the allostatic
load.

e The hypothalamus—pituitary-adrenal (HPA) axis contributes to allostasis as a critical neuroendocrine regulator of
homeostasis.

o The HPA axis regulates systemic levels of GCs (e.g., cortisol) that activate the glucocorticoid receptor (GR) and
mineralocorticoid receptor (MR), transcription factors and signaling proteins with different GC affinities.

o GCs regulate metabolism, the immune system and the CNS.

o The GR:MR balance hypothesis proposes that fluctuations of GCs dynamically control GC signaling and the
stress response by way of a temporally shifting balance between MR and GR activities, the former working to
mount the response and the latter to resolve it.

e The HPA axis regulates GC levels dynamically and adaptively.

o Endogenous GC levels display ultradian and circadian rhythms and transient responses to stress.

o Cortisol pulsatility is an important determinant of GR activity dynamics and regulation.

o Feedback and feedforward genetic regulators of GC signaling have been identified that mediate adaptation.

e Chronic stress alters GC signaling dynamics by way of HPA axis dysregulation.

o Chronic stress leads to constitutively elevated cortisol, overriding healthy dynamics and promoting
development of GC resistance via adaptation.

B As a result, chronic stress promotes chronic inflammation.

o The stress system adapts to chronically elevated cortisol by way CNS plasticity and epigenetic effects on genes
that control sensitivity to GCs.

e Chronic early life stress results in developmental programming that affects regulation of the neuroendocrine
stress system.

o Early life stress is correlated with an increase in adult disease risk.

o High levels of GR and MR in the CNS are likely to affect its development in response to chronically elevated GCs
associated with chronic stress, leading to altered CNS architecture upstream of the HPA axis and hence
dysregulation of the latter.

e Conclusion and future perspective: understanding the mechanism underlying developmental programming of
the neuroendocrine stress system will require research to define stress-responsive developmental gene regulatory
networks engaged by the GR and MR.
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