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ABSTRACT
Exposure to stress during early life may alter the developmental
trajectory of an animal by a mechanism known as adaptive plasticity.
For example, to enhance reproductive success in an adverse
environment, it is known that animals accelerate their growth during
development. However, these short-term fitness benefits are often
associated with reduced longevity, a phenomenon known as the
growth rate–lifespan trade-off. In humans, early life stress exposure
compromises health later in life and increases disease susceptibility.
Glucocorticoids (GCs) are major stress hormones implicated in these
processes. This Review discusses the evidence for GC-mediated
adaptive plasticity in development, leading to allostatic overload in
later life. We focus on GC-induced effects on brain structure and
function, including neurogenesis; highlight the need for longitudinal
studies; and discuss approaches to identify molecular mechanisms
mediating GC-induced alteration of the brain developmental
trajectory leading to adult dysfunctions. Further understanding of
how stress and GC exposure can alter developmental trajectories at
the molecular and cellular level is of critical importance to reduce the
burden of mental and physical ill health across the life course.
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Introduction
In vertebrates, the stress response is regulated by the well-conserved
hypothalamo–pituitary–adrenal (HPA) axis, whose end effector
is glucocorticoid hormone (GC). When an organism is exposed
to stress, GCs exert pleiotropic effects on the body to restore
homeostasis by activating adaptive mechanisms. This dynamic
process is known as allostasis (McEwen and Wingfield, 2003).
Over time, these allodynamic processes may promote adaptation,
whereby an animal modifies its phenotype in response to a stimulus
in a manner which increases its evolutionary fitness. This is known
as adaptive plasticity. Indeed, exposure to high levels of GC is
known to mediate numerous adaptive phenotypes which are likely
to be beneficial when faced with adverse environmental conditions.
One of the best examples of this is the accelerated growth of wild
North American red squirrels, which correlates with exposure to

high levels of maternal GCs (Dantzer et al., 2013, 2020). Other
examples include behavioural alterations such as increased boldness
in zebrafish larvae (Best et al., 2017); increased flight performance
and wing maturation in fledgling sparrows (Chin et al., 2009);
memory enhancement in rodents (Quirarte et al., 1997); and
induction of spermiogenesis in zebrafish explants (Tovo-Neto et al.,
2020). Ultimately, these traits may confer fitness advantages
(Fig. 1).

However, although exposure to stress might drive adaptive
responses in the short term, long-term exposure to stressors can lead
to accumulation of so-called allostatic load, and subsequently a
maladaptive state of allostatic overload (McEwen and Wingfield,
2003). Examples of GC-induced allostatic overload can be observed
across species. For example, in humans, exposure to elevated GC
during early development, such as via early life stress (ELS) or
antenatal GC treatment, is implicated in disease risk in later life
(Lupien et al., 2009), especially of mental health disorders, and age-
related disease. In animal studies, early life GC exposure is
associated with reduced adult lifespan (Monaghan et al., 2012),
HPA axis dysregulation (Casagrande et al., 2020; Haussmann et al.,
2012), maladaptive behavioural phenotypes such as impaired
fear extinction behaviour (Bingham et al., 2013), diminished
behavioural flexibility (Reyes-Contreras and Taborsky, 2022) and
impaired social competence (Reyes-Contreras et al., 2019). Such
traits are often considered as biomarkers of behavioural disorders
and accelerated aging (Pariante and Lightman, 2008; Kõks et al.,
2016; Singewald and Holmes, 2019; Pietropaolo and Marsicano,
2022). The negative outcomes that typically manifest in later life can
be considered as a trade-off for the short-term adaptive response to
the stressor (Fig. 1). An example of this is the growth rate–lifespan
trade-off, in which the cost of an earlier investment in growth and
maturation is paid in later life in terms of reduced longevity (Lee
et al., 2013).

Although a role for GCs in mediating adaptive plasticity and
allostatic overload is established, the underlying mechanisms are
not well understood (McEwen and Wingfield, 2003; McEwen and
Liston, 2017; Lupien et al., 2009). In mammals, a surge in
endogenous GC levels during foetal development provides an
important developmental trigger for the maturation of many organ
systems (Moisiadis and Matthews, 2014). As such, disruption of this
critical signal, via exposure to excess GC, or altered timing of
exposure potentially has the power to alter the developmental
trajectory of the animal (Moisiadis and Matthews, 2014). Potentially
the most at risk of the body’s organs is the brain. During early life, the
developing brain is plastic, in that its structure and function are highly
susceptible to modification in response to internal and external cues.
During early development, many species appear to go through a stress
hypo-responsive period, duringwhich the HPA axis is less responsive
to external stressors (Schmidt, 2019). This period is thought to protect
the developing brain from GC-induced modification or damage. As
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such, exposure to excess GC during this period has the power to
significantly alter the developmental trajectory of the brain (McEwen
and Gianaros, 2011).
In this Review, we will discuss the role of GCs in both

adaptive developmental plasticity and allostatic overload in later
life. Although some examples from human studies will be
mentioned, the focus of this Review is on animal studies
investigating underlying cellular and molecular mechanisms
that are relevant to the brain. Our aim is to discuss exemplary
studies that illustrate important concepts, and as such the Review is
not meant to be an exhaustive coverage of the literature. We
highlight the importance of longitudinal studies in connecting how
GC-induced adaptive developmental plasticity might ultimately
lead to allostatic overload in later life and suggest avenues for
addressing the knowledge gap related to the role of GCs in
conferring both adaptive and pathological phenotypes in the brain
across the life course.

GC-induced adaptive developmental plasticity
GCs are known to mediate both rapid non-genomic and delayed
genomic effects that can modulate brain structure and function.
Wide-ranging effects of GCs are mediated by GC receptors,
glucocorticoid receptor (GR) and mineralocorticoid nuclear

receptors (MRs), which upon GC binding can regulate
transcription of target genes (Timmermans et al., 2019; Mifsud
and Reul, 2018). In addition, rapid, non-genomic effects of
membrane-bound GR and MRs have been reported (Groeneweg
et al., 2012). Whilst GCs can bind both GR and MRs in the brain,
where many cells express both types of receptors, GC has a high
affinity for MRs. MR binding typically occurs at low levels of GC
concentration, such as during resting state, whilst the lower affinity
GR is typically occupied only under high GC concentration, such as
under stress or at circadian peak (Reul et al., 1987). Whilst GR is
expressed ubiquitously throughout the brain, MR expression is more
restricted to limbic regions (Reul and de Kloet, 1985). In addition to
GR and MRs, the role of other membrane receptors for GC that can
mediate fast non-genomic effects of GC have been widely discussed
(Panettieri et al., 2019). GC-induced adaptive plasticity has been
studied in the context of the adult brain. For example, fear-
conditioning-induced suppression of long-term potentiation (LTP)
in the amygdala requires the GR and is thought to protect against
excessive fear memory (Inoue et al., 2018). However, the role of
GCs in adaptive developmental plasticity of the brain has not been
widely studied. One example of structural plasticity that has been
studied in the developing brain is dendritic spine remodelling
(McEwen and Liston, 2017). New spines are formed in an ongoing
process, and are mostly eliminated in a matter of days, whilst a
subset will persist and form stable synapses. Although this process
also occurs in the adult brain, levels of spine turnover are much
higher in the developing brain, which undergoes rapid spinogenesis
followed by protracted spine pruning (Liston and Gan, 2011). Spine
remodelling is thought to be a critical mediator of learning and
memory, because learning a motor skill induces brain-region-
specific spine formation (Liston et al., 2013; Hayashi-Takagi et al.,
2015), and spine shrinkage disrupts acquired motor learning
(Hayashi-Takagi et al., 2015).

Work using transcranial time-lapse two-photon microscopy has
shown that endogenous GC signalling is required for spine
remodelling in the developing barrel cortex of adolescent mice
and this can be enhanced by a single dose of GC treatment (Liston
and Gan, 2011). In this context, developmental spine remodelling is
primarily dependent on MR signalling (Liston and Gan, 2011).
Further work has shown that learning-induced remodelling is
mediated by circadian GC oscillations, whereby GC peaks facilitate
formation of new spines and GC troughs stabilise the new spines,
which enhances long-term memory retention (Liston et al., 2013).
Here, spine formation was mediated at least in part by non-genomic
activity of GR involving LIMKinase 1 signalling; meanwhile, spine
pruning was modulated by transcription-dependent signalling via
MR activation. Together, these results support a role of GC-
mediated spine remodelling involved in learning and memory
during development.

Another example of GC-induced adaptive developmental
plasticity is acceleration of brain maturation, including the effects
of GC on neurogenesis and cell proliferation. Although GC
exposure is known to accelerate lung maturation in the foetus,
effects on other organs have been less well studied. In a mouse
model, ELS accelerated neuronal maturation in the postnatal
hippocampus (Bath et al., 2016). In ELS-exposed mice, the
authors observed a precocious arrival of parvalbumin-expressing
neurons, a cell cluster that typically develops late in postnatal
hippocampal development. Parvalbumin-expressing hippocampal
interneurons are essential for memory formation during early life
(Miranda et al., 2022) and ELS accelerated the timed developmental
suppression of contextual fear conditioning (Bath et al., 2016).

List of abbreviations

AHN adult hippocampal neurogenesis
DEG differentially expressed gene
DG dentate gyrus of the hippocampus
DMR differentially methylated region
DNMT DNA methyltransferase
ELS early life stress
EMAL energetic model of allostatic load
GC glucocorticoid
GR glucocorticoid receptor
GRE glucocorticoid response element
HPA hypothalamo–pituitary–adrenal axis
LTP long-term potentiation
mPFC medial prefrontal cortex
MR mineralocorticoid receptor
NSPC neural stem/progenitor cell

Increased growth

Accelerated maturation

Enhanced behavioural
performance

Reduced longevity

Accelerated aging

Behavioural disorders

Long term
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Fig. 1. Model proposing that elevated glucocorticoid (GC) mediates
adaptive plasticity during development leading to allostatic overload in
later life. We suggest that in the short term, exposure to high levels of GCs
can drive adaptive developmental plasticity, such as increased growth,
accelerated maturation and enhanced behavioural performance. However,
over time, chronic GC exposure leads to an accumulation of allostatic load,
ultimately leading to a maladaptive state of allostatic overload. Allostatic
overload may manifest via accelerated aging, reduced longevity and
behavioural disorders in later life. Figure adapted from Eachus et al. (2023a
preprint).
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There was also an earlier developmental switch in the expression
ratio of N-methyl-D-aspartate (NMDA) receptor subunits, a marker
of synaptic maturity, and an earlier rise in myelin basic protein
(MBP) levels in the postnatal hippocampus (Bath et al., 2016),
suggesting that ELS may promote an earlier neurodevelopmental
switch from growth to maturation. A further study reported a
GC-mediated acceleration of development in the cerebellum,
whereby GC exposure was found to reduce cell proliferation but
increase numbers of mature neurons in embryonic chicken granule
neurons (Aden et al., 2011). Meanwhile, other studies have reported
a GC-induced increase in cell proliferation. In a zebrafish model,
maternal GC was found to increase cell proliferation in the pallium
and the preoptic region and to upregulate expression of proneural
gene neurod4 in the embryonic brain (Best et al., 2017). Although
the reported effects of developmental GC exposure on neurogenesis
in the brain are mixed, with some reporting GC-induced reduction
(Kanagawa et al., 2006), the studies discussed above support that
exposure to elevated GC during development might, in some
contexts, facilitate maturation and development of brain regions via
altered neurogenesis.
It is proposed that accelerated neural maturation is part of a faster

developmental strategy that would be advantageous in a high stress
environment whereby an organism strives for earlier reproduction,
as long-term survival may be uncertain (Callaghan and Tottenham,
2016). This is known as the stress acceleration hypothesis. However,
over the long term, this developmental strategy is thought to impair
plasticity, and in humans, ultimately increase vulnerability to
psychiatric disorders in later life (Callaghan and Tottenham, 2016;
Tooley et al., 2021). Because brain plasticity is known to reduce
with age, it is thought that by accelerating maturation during early
development, the window of heightened plasticity may close earlier
(Tooley et al., 2021).

GC-induced allostatic overload
In rodent models, one of the most consistent long-term effects of
ELS on the brain is reduced adult hippocampal neurogenesis
(AHN), which persists long after exposure to the stressor has ceased
(Mirescu et al., 2004; Belnoue et al., 2013). The ELS-induced
reduction in AHN includes a reduction in proliferation of progenitor
cells and reduced production of new-born neurons (Mirescu et al.,
2004; Aisa et al., 2009; Belnoue et al., 2013). Neurogenesis is a key
mediator of brain plasticity, and the generation of new brain cells
can provide an animal with adaptive capacity. Reduced AHN is
often associated with defects in cognitive functions such as learning
and memory in rodents (Lupien et al., 2009; Korosi et al., 2012). A
loss of neurogenesis or depletion of the stem cell niche reduces the
adaptive capacity of the brain (Bornstein et al., 2019; Surget and
Belzung, 2022; Konefal et al., 2013). Indeed, an inability to respond
adequately to a changing environment is a hallmark of aging
(Matamales et al., 2016; Pettigrew and Martin, 2014; Rahner-
Welsch et al., 1995). In adult mice, adrenalectomy can reduce the
stress-induced reduction in AHN (Lehmann et al., 2013), and the
reduction in cell proliferation in the hippocampus of ELS-exposed
rats can be reversed by decreasing their cortisol level in adulthood
(Mirescu et al., 2004). These studies support a role for GCs in
modulating AHN during adulthood; however, despite the breadth of
studies focusing on stress-induced effects on AHN in rodents, some
of which are mentioned above, the effects of ELS or GC exposure
on developmental neurogenesis or on the whole brain are relatively
unknown. Also, evidence for a direct link between elevation of
GC during early development and later life alteration of
neurogenesis is lacking.

In addition to AHN, exposure to elevated GC is associated with
structural and functional changes in the brain in human patients.
This includes reduced white matter integrity of the whole brain (van
der Meulen et al., 2022), global cerebral atrophy (Chen et al., 2020),
and reduced grey matter volume of specific brain regions (Starkman
et al., 1999). However, although most studies have focused on
chronic or acute adult exposure to GC, rather than long-term effects
of developmental GC, a report in humans found that foetal GC
exposure was associated with cortical thinning in children (Davis
et al., 2013), suggesting that exposure to elevated GC even for a
short duration during development might have long-lasting impacts
on brain structure. Further, a study of adolescents whowere exposed
to antenatal GC treatment found reduced functional connectivity in
a brain network involving sub-cortical, cerebellar and frontal nodes
(Magalhães et al., 2023 preprint). Meanwhile, in guinea pigs, LTP
was depressed in the juvenile hippocampus following acute GC
treatment, but acute GC treatment had no effect on females that were
previously exposed to prenatal GCs, suggesting that prenatal GC
can lead to long-term alteration of brain function under stress
(Setiawan et al., 2007). These studies support a role of GCs in
mediating long-term or delayed effects on structure and function of
the brain in vivo.

Where is the tipping point?
Although some evidence can be found for a role of GCs in
mediating both short-term adaptive plasticity during brain
development and long-term or delayed effects reminiscent of a
maladaptive state of allostatic overload in the brain, there is a lack
of connection between these two processes (Fig. 1). Concepts
including the growth rate–lifespan trade-off and early life
programming of adult disease make connections between early
life and later life phenotypes; however, empirical support for such
theories requires long-term studies that analyse the trajectory of
brain development across the life course.

A small number of studies have analysed hippocampal
neurogenesis across the life course, following developmental
exposure to GC. In one study, pregnant mice were exposed to a
single dose of GC, and hippocampal neurogenesis and volume
were monitored in the offspring across embryogenesis, postnatal
development and into adulthood (Noorlander et al., 2014). The
authors observed some temporary effects, including a temporary
increase in embryonic apoptosis, increased number of dentate
gyrus (DG) neurons during the postnatal period, and reduced
body mass and total hippocampal volume within the postnatal
period. Meanwhile, cell proliferation was initially reduced in the
embryonic DG, followed by an increase during the postnatal
period and a subsequent reduction during adulthood (Noorlander
et al., 2014), suggesting life-long and temporally dynamic
effects of GC on neurogenesis, with potential implication for
hippocampal-related cognitive functions. Further studies using
a variety of animal models are required to identify the
developmental dynamics of neurogenesis across the life course
following GC exposure.

Our recent work analysed the effects of developmental GC
exposure on neurogenesis in an optogenetic zebrafish model
(Eachus et al., 2023a preprint). We observed a striking brain-
region-specific effect of GC on cell proliferation that was restricted
to the developing hypothalamus. In GC-exposed fish, hypothalamic
cell proliferation was initially increased, and was primarily
restricted to a population of rx3-expressing radial glia that reside
within the proliferative ventricular region. The mammalian
orthologue of rx3, Rax, is expressed in hypothalamic tanycytes,
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an intriguing cell population that undergoes adult neurogenesis
(Goodman and Hajihosseini, 2015) and is known to be diet (Lee
et al., 2012) and stress responsive (Bielefeld et al., 2021). rx3/Rax
plays a role in hypothalamic development in fish and rodents
(Muthu et al., 2016; De Souza and Placzek, 2021); however,
whether the broader properties of hypothalamic tanycytes are
conserved in fish is currently unknown. GC appears to directly
regulate rx3 gene expression, as we could show that GR binds to
glucocorticoid responsive elements (GRE) within the promotor of
rx3 (Eachus et al., 2023a preprint). In GC-exposed animals, excess
proliferation coincided with an increase in neuronal precursor cells,
an overall increase in hypothalamic volume, and early emergence of
feeding, a hypothalamus-associated behaviour. Interestingly, this
GC-induced precocious hypothalamic development could not be
sustained, and in later development we observed a rapid decline in
hypothalamic neurogenesis (Eachus et al., 2023a preprint). Under
chronic high GC, growth of the hypothalamus slowed down,
proliferative radial glia were lost, and differentiated hypothalamic
neurons known to regulate feeding were reduced in number,
correlating with a reduction in feeding. Ultimately, we observed
general physical decline in fish exposed to developmental GC,
including impaired growth and fertility, and reduced longevity
(Eachus et al., 2023a preprint). These data provide cellular and
molecular level insight that supports a model in which
developmental GC exposure drives short-term adaptive plasticity
but ultimately leads to allostatic overload in a developing
brain and identifies a developmental time window that serves as a
tipping point.

Mechanisms underlying GC-mediated plasticity leading to
allostatic overload
Energetic cost of allostasis
One of the well-known roles of GCs in the body is mobilisation of
energy resources and GC is known to positively correlate with
organismal energy expenditure (Haase et al., 2016). Chronic GC
exposure can trigger a state of cellular hypermetabolism (Bobba-
Alves et al., 2023). Indeed, the allostatic process of GC-induced
adaptive plasticity likely generates additional energetic burden,
known as the energetic model of allostatic load (EMAL) (Bobba-
Alves et al., 2022). This model proposes that a transition from
adaptive plasticity to allostatic overload may occur when the added
energetic cost of allostasis competes with longevity-promoting
growth, maintenance and repair, leading to progressive wear-and-
tear on the body (Bobba-Alves et al., 2022). Further, the model
supports that systems that require continuous renewal to maintain
function, such as brain regions with high levels of neurogenesis
(e.g. the hippocampus and hypothalamus), are especially vulnerable
to the above-mentioned trade-off. This vulnerability is likely
exacerbated during early development, when energy costs and
rates of neurogenesis are highest.
Empirical support for the EMAL model includes longitudinal

studies of the effect of chronic GC exposure on human fibroblast
cells (e.g. Bobba-Alves et al., 2023). In this study, chronic GC
caused persistent hypermetabolism across the treatment duration,
and led to a progressive increase in cell death and reduction in cell
volume. Further, chronic GC accelerated the rate of telomere
shortening and the rate of epigenetic aging across the cellular
lifespan, linking GC-induced energetic demand with accelerated
aging phenotypes. Interestingly, although chronic GC slowed down
the rate of cell division, it also increased the energetic cost per round
of cell division. Indeed, cell division is an energetically costly
process (Salazar-Roa and Malumbres, 2017).

As such, it is plausible that in our aforementioned zebrafish
model of adaptive plasticity leading to allostatic overload, the initial
increase in cell proliferation induced by GC generates a significant
energic burden, which cannot be maintained and potentially comes
at a cost to energetic investment in growth, maintenance, and repair
over the long term.

Dose- and context-dependent effects of GC signalling factors
One of the well-documented aspects of GC-induced effects on the
brain is the inverted U-shaped dose–response relationship (Joëls,
2006). This relationship, which is known to be brain-region-
specific, describes how lower or higher doses of GC might have
opposite effects to each other on various aspects of brain structure
and function. In many cases, low doses of GC typically lead to
positive outcomes, whereas high doses appear to produce
detrimental effects on the brain. The inverted U-shaped response
pattern has been related to effects of GC on many different aspects
of brain structure and function, including neurogenesis and
behaviour. Spatial learning and memory in rodents (Quirarte
et al., 1997), innate behaviours in zebrafish (Ryu and De Marco,
2017), long-term potentiation (Diamond et al., 1992) as well as
mitochondrial functions (Du et al., 2009) are only some of the
examples that have been shown to exhibit inverted U-shaped
responses correlated with dose of GC exposure. In the brain, it is
thought that the U-shaped response to GCs is mediated at least is
part by the dual action of the GR and MR receptor systems, which
act in opposing directions, as well as by the expression of receptor
variants in specific cell types (Joëls, 2006). In human hippocampal
progenitor cells, exposure to a low concentration of GC led to
increased cell proliferation, but decreased neurogenesis and
increased astrogliogenesis (Anacker et al., 2013). Meanwhile, a
higher concentration of GC decreased cell proliferation and
neuronal differentiation, without affecting astrogliogenesis. These
effects were dependent on MR and GR activation, respectively.
Recent papers highlight that the role of GR and MR in the stress
response can be complex and context-dependent (Koning et al.,
2019; Daskalakis et al., 2022). Indeed, MR and GR bind at
overlapping and distinct loci in the rodent hippocampus and
are associated with distinct transcription factor binding motif
landscapes (Mifsud et al., 2021).

Further, acute and chronic exposure to GC is known to produce
contrasting effects on the brain. Although in the short term, GC
signalling via GR produces adaptive homeostatic responses in the
brain and body, chronic exposure to GC can lead to so-called GC
resistance. GC resistance can occur when expression of GR is
reduced, typically via altered methylation of the promotor region of
the GR encoding gene NR3C1 (nuclear receptor subfamily 3 group
C member 1), leading to reduced GR protein availability and
subsequent impaired GR signalling and lack of negative feedback to
the HPA axis (Liu and Nusslock, 2018b; Eachus and Cunliffe,
2018). Early life exposure to GC is known to reduce GR levels in the
hippocampus, hypothalamus and prefrontal cortex in adult rats
(Bingham et al., 2013). Indeed, signalling via GR, rather than
MR, is thought to be responsible for GC-induced reductions in
neurogenesis, and it has been proposed that the level of GR
activation exhibits a U-shaped relationship relative to neurogenesis
(Saaltink and Vreugdenhil, 2014). In this model, acute or
controllable stress, such as physical activity and environmental
enrichment, drive ‘proper’ activation of GR, leading to increased
neurogenesis, whereas chronic or uncontrollable stress might lead to
high GR activity, inhibiting neurogenesis. In support of the latter, in
cultured rat embryonic neural stem/progenitor cells (NSPCs), GC
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exposure induced a reduction of cell proliferation by inhibiting cell
cycle progression via reduced expression of cyclin D1, and these
effects were blocked by administration of a GR antagonist
(Sundberg et al., 2006). However, direct evidence for how GR
mediates contrasting context-dependent effects on neurogenesis is
lacking. Interestingly, work on meta-plasticity in the amygdala also
identifies different roles for the GC receptor in mediating brain
function over different durations. In vitro slices of mouse amygdala
exhibit a rapid enhancement of glutamatergic transmission in
response to acute GC exposure, which was mediated by MR (Karst
et al., 2010). Interestingly, this effect is long-lasting, and affects the
response to a second hit of GC, which inhibits glutamatergic
transmission, and is mediated by GR. In this context, the amygdala
exhibited a switch in neurotransmission following repeated
exposure to GC via differential activity of GC receptors.
The role of GCs in mediating AHN is complex. Although

exposure to ELS or GC is robustly linked with reduced AHN in
rodents, factors that may increase endogenous GC levels, such as
environmental enrichment and exercise, can actually increase rates
of AHN (Saaltink and Vreugdenhil, 2014). This seemingly
conflicting phenomenon may be linked with the exact GC level
induced by the treatment, as well as receptor activity. Exercise has
been shown to stimulate adult neurogenesis in a variety of contexts
in rodents (Trinchero et al., 2019; Liu and Nusslock, 2018a);
however, exercise may also elevate endogenous cortisol levels (Hill
et al., 2008). In a mouse study, animals that were subjected to
chronic moderate exercise exhibited increased basal cortisol levels,
and increased cell proliferation, differentiation, neuronal survival
and migration, whilst also exhibiting an improvement in spatial
pattern separation (So et al., 2017). However, animals subjected to
chronic intense exercise had higher GC levels relative to controls,
and although they did have increased neuronal differentiation
and migration, no differences were observed in proliferation,
survival or learning behaviour (So et al., 2017). Interestingly,
these effects correlated with an increase in BDNF level in modest
exercisers, but not in intense exercisers. These results suggest an
intensity-dependent effect of exercise on neurogenesis, and suggest
that moderate exercise, inducing a moderate increase in cortisol
level, may represent a ‘sweet spot’. Saaltink and Vreugdenhil
(2014) proposed a model in which exercise represents a form of
controllable stress, promoting ‘proper’ GR activity and stimulating
neurogenesis via factors such as BDNF. The authors argue that the
exact GR expression level directly regulates the excitation–
inhibition balance, which is critical for normal neurogenesis
(Saaltink and Vreugdenhil, 2014).
Another player involved in GC signalling in the developing brain

is 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2), which
catalyses the conversion of cortisol and corticosterone into inert
cortisone and 11-dehydrocorticosterone (Chapman et al., 2013). In
mammals, the 11β-HSD2 gene is expressed at high levels in the
placenta and the foetal brain (Brown et al., 1996; Chapman et al.,
2013), where it is thought that 11β-HSD2 functions to protect the
developing animal from potentially deleterious effects of exposure
to high GC. In contrast, in the adult brain, expression of 11β-HSD2
is very low and is expressed in a few brain regions including the
nucleus tractus solitarus, where it is thought to confer aldosterone
specificity to the MR by inactivating GCs (Wyrwoll et al., 2011). In
support of the role of 11β-HSD2 in protecting against early life
programming of adult disease by GCs, deletion of 11β-HSD2 in the
foetal brain leads to depression-like behaviours and cognitive
dysfunction in adult mice (Wyrwoll et al., 2015). Further, in the
developing mouse brain, loss of 11β-HSD2 leads to reduced growth

of the cerebellum and delay of neurodevelopmental landmarks such
as negative geotaxis and eye opening (Holmes et al., 2006).

GC-inducible stem cells
Recently, the concept of GC-inducible stem cells proposed that
effects of stress or GC on NSPCs in young individuals may affect
their renewal potential in the long-term, predisposing to adult
disease (Bornstein et al., 2019). This concept is fitting with the idea
discussed here, in that developmental GC exposure may alter
neurogenesis or cell fate during early life, thus altering the
developmental trajectory of the brain, ultimately leading to a
pathological state reminiscent of allostatic overload. Previous
work has indicated that proliferation of NSPCs may be limited
to a finite number of cell division cycles before they differentiate
into astrocytes, ultimately leading to a depletion of the NSPC pool
(Encinas et al., 2011). In support of this, a previous study
demonstrated that in the mouse, ELS led to an initial increase in
hippocampal cell proliferation during early postnatal life, which was
followed by a reduction in hippocampal NSPCs in adulthood
(Youssef et al., 2019), where the authors reasoned that enhanced cell
proliferation in early life had likely depleted the stem cell pool over
time. Another study observed premature differentiation of medial
prefrontal cortex (mPFC) oligodendrocytes following ELS in mice,
leading to depletion of the oligodendrocyte progenitor cell pool
(Teissier et al., 2020).

It is likely that to some extent NSPCs are regulated directly by GC
via GR. The majority of quiescent and proliferating NSPCs express
GR, as do mature neurons; meanwhile, GR is downregulated during
differentiation, suggesting that GC likely has dynamic effects on
different stages of neurogenesis and different cell types (Egeland
et al., 2015). Further, the circadian and ultradian rhythmicity of
GC oscillations is known to influence GC effects on NSPCs and
neurogenesis (Fitzsimons et al., 2016). A recent study demonstrated
a role for GCs in NSPC activation (Schouten et al., 2020). Circadian
GC oscillations were shown to control cell cycle progression in vitro
and in vivo in the mouse brain and to induce specific DNA
methylation profiles in vitro, some of which were long lasting and
related to WNT signalling. In the aging mouse brain, it was found
that endogenous GC oscillations maintain hippocampal NSPCs in a
quiescent state, and this was mediated by GR. Indeed, the
proportion of this population of hippocampal NSPCs that express
GR was found to increase with age, when GC oscillations also
have increased magnitude, suggesting that NSPCs in the aging
hippocampus may be especially sensitive to GC and stress. In
addition to direct activation of NSPCs via GR, GC might also
cause indirect activation. In rats, acute stress induced proliferation
of NSPCs in the adult hippocampus, and this was mediated
by GC effects on astrocytes that secreted FGF2 (Kirby et al.,
2013). Further, ELS-induced effects on mPFC oligodendrocyte
differentiation were found to be mediated by neuronal activity
(Teissier et al., 2020).

GC-induced senescence and stemness exhaustion
In the context of neurogenesis, a potential mediator of a transition
from a GC-induced increase in cell proliferation to a subsequent
reduction of cell proliferation is replicative senescence. Replicative
senescence can occur following excess cell proliferation, where
telomere length has reached a critical lower limit following a certain
number of cell divisions, imposing a functional limit of cell
replication. Cells in a senescent state incur an irreversible cell cycle
arrest, yet remain viable, have alterations in metabolic activity and
undergo dramatic changes in gene expression (Kumari and Jat,

5

REVIEW Journal of Experimental Biology (2024) 227, jeb246128. doi:10.1242/jeb.246128

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



2021). Exposure to GC is known to induce senescence in vitro. In
liver progenitor cells, GC exposure induced cell proliferation in a
subset of formerly quiescent progenitors via upregulation of
galectin-3 (Yang et al., 2020). This GC-induced proliferation
ultimately led to long-term replicative senescence and so-called
stemness exhaustion. Meanwhile, GC exposure can induce a
reversible cell dormancy state in a lung cancer model, mediated
by the known GR target gene CDNK1C (cyclin-dependent kinase
inhibitor 1C) (Prekovic et al., 2021), suggesting that GC exposure
can regulate cell proliferation and cell state via GR-mediated
regulation of the cell cycle. In this pathological context, the GC-
induced reduction in proliferation likely represents an adaptive and/
or protective mechanism. Further, it was recently demonstrated that
circadian GC signalling in the hippocampus maintains NSPC
quiescence in the context of the aging brain (Schouten et al., 2020).
These studies demonstrate a role for GCs in mediating cell
dormancy, a state that is likely required for health in some
contexts and may be lost with aging or in disease. However, the role
of GCs in mediating cell state during brain development may differ
and is currently unclear.
In addition to senescence, GC exposure may lead to other features

associated with cellular aging, reminiscent of allostatic overload. In
human fibroblast cells, chronic GC exposure led to altered
extracellular cytokines and cell-free DNA, increased mitochondrial
DNA instability, telomere shortening and reduced cellular lifespan
(Bobba-Alves et al., 2023). Interestingly, in that study, replicative
senescence was reached earlier following GC treatment, but this did
not result from an increase in the number of cell divisions. In fact, GC
slowed down the rate of population doubling. Thus, the GC-induced
telomere shortening observed was not a result of increased cell
proliferation. Other studies have also reported an increase in cellular
senescence, alongside a long-lasting reduction of cell proliferation
(Bose et al., 2010). An alternative mediator of the GC-induced
senescence is an increase in reactive oxygen species, leading to
telomere attrition. Exposure to developmental GC is known to
generate oxidative stress (Haussmann et al., 2012), and the brain is
especially susceptible to this (Costantini et al., 2011), whilst oxidative
stress is a well-known cause of DNA damage and telomere attrition
(Metcalfe and Olsson, 2022).

GC-induced epigenetic mechanisms affecting the developmental
trajectory
The epigenome is a potential direct mechanistic link between early
life experience and later life outcomes. Indeed, studies in humans
and animal models support that ELS can drive stable changes to
the epigenome, often linked with altered gene expression and
adverse behavioural outcomes in later life (Jawahar et al., 2015;
Provençal and Binder, 2015; Torres-Berrío et al., 2019). Many
studies have demonstrated that GCs can shape the epigenome
through mechanisms including demethylation at or near GREs
(Wiechmann et al., 2019), histone modifications (Ito et al., 2000),
regulation of miRNAs (Dwivedi et al., 2015), and chromatin
remodelling (Vockley et al., 2016). The large amount of literature on
epigenetic changes induced by GCs is covered by recent reviews
(Mourtzi et al., 2021; Zannas and Chrousos, 2017; Gray et al., 2017)
and is beyond the scope of this Review. Instead, below we discuss a
few exemplary studies of GC-induced epigenetic mechanisms
identified in the developing brain with long-lasting effects.
Studies have analysed the effects of GC exposure on genome-

wide DNA methylation patterns, observing profound changes both
in vitro and in vivo in the rodent brain (e.g. Bose et al., 2015);
however, the function of these changes is often unclear. It is known

that there are organ-specific developmental trajectories of DNA
methylation, and prenatal exposure of guinea pigs to synthetic GC
was shown to substantially modify these trajectories, including
long-lasting changes to global DNA methylation levels in various
organs that persist until adulthood or even the next generation
(Crudo et al., 2012). Comparative analysis of GC-induced changes
to DNA methylation patterns in the hippocampus and peripheral
blood samples supports the incidence of both tissue-specific and
common methylation signatures of GC exposure across the genome
in rodents (Sasaki et al., 2021; Seifuddin et al., 2017).

One of the classic examples of epigenetic programming of early
life experience is altered methylation of the GR-encoding gene
NR3C1, whereby ELS drives hypermethylation of the regulatory
region, attenuating GR expression and subsequent function (Liu and
Nusslock, 2018b). In the guinea pig hippocampus, prenatal
exposure to GC was shown to have contrasting short- and long-
term effects on gene expression, GR–DNA binding and DNA
methylation (Crudo et al., 2013). GC is also implicated in altered
methylation of the FKBP5 (FK506 binding protein 5) gene. FKBP5
is a co-chaperone of GR and its binding to the GR complex reduces
the affinity of GCs to GR and delays translocation of GR into
the nucleus (Zannas et al., 2016). Importantly, in humans,
demethylation at specific GREs within the FKBP5 gene is
associated with long-term dysregulation of the stress hormone
system and increased risk of developing stress-related psychiatric
disorders in adulthood (Klengel et al., 2013). In the amygdala of
GC-treated mice, methylation at a GRE within the FKBP5 gene and
subsequent expression of FKBP5 were altered in a dose- and time-
dependent manner and correlated with altered fear extinction
behaviour (Sawamura et al., 2016). In that study, a lower dose of GC
led to a reduction in FKBP5 expression and a trend towards an
increase in methylation, meanwhile a higher GC dose led to a
reduction in methylation and an increase in FKBP5 expression in
the amygdala, 2 h after fear extinction learning (Sawamura et al.,
2016). Meanwhile in the mouse, chronic GC exposure led to
decreased DNA methylation at specific CpGs and increased
expression of FKBP5 in the hippocampus and hypothalamus (Lee
et al., 2010). These effects correlated with altered expression of
HPA axis genes, including reduced expression of NR3C1, and with
anxiety-like behaviour in GC-exposed mice. These studies support
that developmental exposure to GC might exert changes to
brain development and function via altered methylation of NR3C1
and FKBP5.

In the zebrafish, loss of GR function leads to widespread
alterations to the adult brain methylome and transcriptome (Eachus
et al., 2023b). This includes a DMR within the fkbp5 gene, which
exhibits hypermethylation and reduced expression in brains of GR
mutants. Genes associated with GR-sensitive DMRs were linked to
biological processes including GC response and neurogenesis;
meanwhile, GR-sensitive DEGs were strongly associated with
chaperone-mediated protein folding, the regulation of circadian
rhythm, and the regulation of metabolism. GR mutant zebrafish
exhibit striking behavioural abnormalities, including anxiety-like
behaviours (Eachus et al., 2023b; Ziv et al., 2013). Interestingly, a
subset of GR-sensitive DEGs in the zebrafish brain, including bdnf,
are associated with behaviour, and some are implicated in
depression and anxiety in humans (Eachus et al., 2023b). These
data identify novel molecular mechanisms through which GRmight
modulate behaviour and GC signalling in the brain.

Prenatal exposure to GC in guinea pigs was shown to alter
methylation of genes associated with brain development in the
hippocampus of juveniles (Sasaki et al., 2021), indicating that early
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life exposure to GC might lead to long lasting effects on the brain
developmental trajectory via the methylome. Similarly, our results
in zebrafish indicate that developmental GC exposure leads to long-
lasting changes in the level of some epigenetic modulators in the
brain (Choi et al., 2023 preprint). In GC-exposed zebrafish, the
expression level of several DNA methyltransferases (DNMTs) are
altered, including dnmt3aa and dnmt3bb.3 (orthologous to
DNMT3a and −3b) (Okano et al., 1999), which can alter the
global DNA methylation landscape across the life course (Choi
et al., 2023 preprint). Although dnmt3bb.3 exhibited a transient
upregulation in GC-exposed fish during early life, dnmt3aa
exhibited long-lasting changes in expression level in adulthood,
long after GC exposure had ceased.
Altered methylation of specific genes involved in brain

development has been analysed in response to ELS or GC, such
as BDNF, which plays multiple roles in neurodevelopment and is
implicated in psychiatric disorders (Boulle et al., 2012). In mice
exposed to prenatal stress, epigenetic regulation of BDNF was
implicated in the development of depressive- and anxiety-like
behavioural phenotypes (Zheng et al., 2016). Methylation at
specific promotors on BDNF were increased following prenatal
stress and associated with reduced BDNF expression in the
hippocampus.
A recent study investigated the role of GCs in modulating DNA

methylation in the context of neurogenesis. GC treatment of a
hippocampal progenitor cell line during proliferation and
differentiation identified both short-term and long-term effects on
the transcriptome and methylome (Provençal et al., 2020). The
differentially expressed genes (DEGs) and differentially methylated
regions (DMRs) identified after GC treatment during the cell
proliferation phase treatment were mostly short-term, whilst only
some were long-lasting. Interestingly, more of the methylation
changes were long-lasting than expression changes. Meanwhile,
some DMRs had methylation trajectories which changed across the
differentiation time window, suggesting a mechanism by which GC
might exert dynamic effects on neurogenesis across development.
Interestingly, a subset of DMRs was responsive to a subsequent
acute GC challenge, indicating that early GC exposure has changed
the setpoint for subsequent stress responses. Across neurogenesis,
the DEGs and DMRs were enriched in pathways associated with
neurogenesis and regulation of transcription, but interestingly, long-
lasting DMRs were associated with a specific group of pathways
including axon development, actin filament organisation and small
guanosine triphosphate phosphohydrolase (GTPase)-mediated
signal transduction (Provençal et al., 2020).
The epigenome may also play a role in GC-mediated accelerated

aging, with epigenetic effects of GC exposure accumulating across
the lifespan that are linked with age-related disease (Zannas and
Chrousos, 2017). In a human cohort study, cumulative lifetime
stress was found to predict DNA methylation patterns at so-called
epigenetic clock genes (Zannas et al., 2015), where methylation
patterns are able to predict chronological age (Horvath, 2013).
Interestingly, an acute exposure to GC was sufficient to induce
altered methylation and transcription of a significant number of
these genes, and these genes showed an enriched association with
age-related diseases (Zannas et al., 2015). Methylation of FKBP5 is
also known to decrease with aging in humans, and in a model of
replicative senescence, the in vitro aging-induced decline in FKBP5
methylation was exacerbated by GC exposure and the subsequently
increased FKBP5 expression was associated with inflammation and
myocardial infarction (Zannas et al., 2019). These studies implicate
GC in mediating age-related diseases via epigenetic mechanisms.

Outlook and future perspectives
This Review discussed the growing body of evidence that links GC-
mediated adaptive plasticity during development with allostatic
overload in later life. The developmental origin of adult disease is a
well-established phenomenon in humans, and as a main stress
hormone shaping an organism’s allostasis, GC is likely to be a key
player in defining adult fitness as well as dysfunction. Although
molecular- and cellular-level understanding of how GC-induced
adaptive plasticity during development is rapidly emerging, we
currently lack both conceptual and experimental insights into how
this process becomes maladaptive. Some of the key basic questions
regarding this process are currently unanswered. When does the
GC-mediated accelerated growth stop and what triggers it? How do
cells determine the tipping point between accelerated growth and
stalled development? What are the differences among distinct cell
types and brain regions in response to GC and how are these
different responses coordinated to produce adaptive fitness in an
organism?

A key strategy in answering these questions, we argue, is the need
for longitudinal studies that examine the effect of GC across the life
course of an animal. Experimental animal models such as our
optogenetic transgenic zebrafish model, which allows elevation of
endogenous GC levels at will, is ideally suited to serve this purpose.
As zebrafish develop externally and are easy to raise in large
numbers, long-term longitudinal studies are feasible. As a function
of specific GC exposure, changes in the brain across the life course
can be studied comprehensively at the molecular and cellular level
using rapidly advancing multiomic and high-resolution imaging
techniques, and linked to behavioural and functional consequences
in adulthood.

A particularly fruitful area for near-term advance is determining
how GC affects the development of stem cells and progenitor cells.
Determining how GC exposure alters the molecular and cellular
developmental trajectory of these cells using single cell techniques
including lineage tracing and sequencing will reveal the underlying
mechanism by which GC changes cell fate across the life course.
Identified molecular changes can be manipulated in experimental
animal models to ameliorate the effects of GC-induced allostatic
overload.

Although most studies to date have used heterogeneous brain
tissues to reveal GC-induced epigenetic changes, cell-type-specific
epigenetic modifications will be most informative in linking GC
exposure with specific phenotypic alterations (Rahman and
McGowan, 2022). The advances in single cell sequencing
technologies offer enormous opportunity to achieve this. Future
studies that combine the study of cell-type-specific epigenetic
modifications with temporal analysis will be key to revealing how
and whether epigenetic modifications in specific cell populations
mediate GC-induced alterations in gene expression and behaviour
that manifest across different time scales.

The enormous impact of sex differences is becoming more and
more apparent. It is known that there are sex differences in
susceptibility to stress-related disorders and GC programming
(Carpenter et al., 2017), as well as in stress-induced structural
remodelling in the brain (Gray et al., 2017) and genome-wide
transcriptional and epigenetic signatures of ELS (Parel and Peña,
2022). Further, sex differences in stress regulation are also linked
with the hypothalamo–pituitary–gonadal axis, and thus differences
may emerge during periods of dynamic hormonal fluctuations, such
as during adolescence, as well as in aging (Bale and Epperson,
2015). As such, analysis of sex as a factor in determining the effects
of GCs on the brain and behaviour in both human studies and animal
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models, especially longitudinal studies, will add value to this
research field and may aid the development of more targeted
therapeutics for stress-related disorders.
In conclusion, recent cellular and molecular advances offer

important clues about the mechanisms underlying GC-induced
adaptive plasticity leading to allostatic overload. Time is ripe for
comprehensive longitudinal life course studies in experimental
animals to identify and validate causal mechanisms underlying GC-
induced allostatic overload. Such knowledge holds great promise
for improving understanding of a variety of human diseases with
developmental origin.
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