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A B S T R A C T

Early-life stress sensitizes individuals to additional stressors and increases lifetime risk for mood and anxiety 
disorders. Research in both human populations and rodent models of early-life stress have sought to determine 
how different types of stressors contribute to vulnerability, and whether there are developmental sensitive pe
riods for such effects. Although differences in the type and timing of rodent early-life stress paradigms have led to 
differences in specific behavioral outcomes, this complexity is present among humans as well. Robust rodent 
research now shows how early-life stress increases sensitivity to future stressors at behavioral, neural circuit, and 
molecular levels. These recent discoveries are laying the foundation for translation to more effective in
terventions relevant for those who experienced childhood stress and trauma.

Early-life stress (ELS) contributes to 30–40% of all adult-onset psy
chiatric disorders and suicide attempts worldwide (Green et al., 2010; 
Grummitt et al., 2024). In humans, ELS encompasses a wide variety of 
adverse experiences including: child maltreatment (i.e., neglect, phys
ical abuse, psychological abuse); systematic stressors (e.g., poverty and 
racism); loss of a parent due to death, divorce, or incarceration; wit
nessing domestic or community violence; and loss of one’s home (e.g., 
from family exclusion, poverty, natural disaster, or war-related 
displacement) (Cleary et al., 2018; Felitti et al., 1998; Luby, 2021; 
Masten and Narayan, 2012; Webb et al., 2024). There are numerous 
ways that investigators have attempted to understand the relationship 
between early experience and psychiatric disease risk based on number, 
type, or timing of experiences. There is robust evidence that simply 
experiencing more types of adverse childhood experiences (ACEs) leads 
to worse outcomes (“cumulative risk” hypothesis) (Felitti et al., 1998). 
Others have proposed that adverse experiences can be categorized along 
different dimensional gradients, such as threat, deprivation, or uncer
tainty (Brieant et al., 2023; McLaughlin and Sheridan, 2016). Studies 
have likewise sought to determine whether there are sensitive periods 
for experience of stress, or different sensitive periods for different types 
of stress (Dunn et al., 2013; Schaefer et al., 2022). Finally, research in 
humans and other animals shows that ELS sensitizes response to future 
stressors, leading to either a first appearance or synergistic worsening of 
psychiatric symptoms after additional stress (Hammen et al., 2000; 
Kendler et al., 2004; McGuigan and Middlemiss, 2005; McLaughlin 
et al., 2010; Peña et al., 2017, 2019a, 2019b; Saxton and Chyu, 2019). 

Recent research using rodent models of stress across the lifespan now 
provides the first mechanistic evidence for how ELS sensitizes response 
to future stressors at cellular and molecular levels.

1. Types and timing of stressors

1.1. Animal models of early-life stress

Animal models allow investigators to control variables related to 
type, timing, and accumulation of stressors, characterize the resultant 
molecular, cellular, and circuit-level changes in the brain, and func
tionally test the contributions of such changes to behavior. While early 
experimental research used non-human primate models of parental and 
social deprivation and demonstrated robust changes in neuroendocrine 
function and behavior akin to those observed among humans with mood 
and anxiety disorders (Ruppenthal et al., 1976; Sánchez et al., 2005; 
Young et al., 1973), rodent research has dominated the literature for the 
last several decades (Ader et al., 1960; Plotsky and Meaney, 1993) and 
has been the subject of thorough reviews (Murthy and Gould, 2018; 
Waters and Gould, 2022). In rodents, experience of reduced or disrupted 
maternal care (across a variety of rodent models) alters brain and 
behavioral outcomes consistent with ELS-attributable psychiatric dis
orders (Bolton et al., 2017; Duque-Quintero et al., 2022). Although 
differences in the type and timing of rodent ELS paradigms have led to 
differences in specific behavioral outcomes (Demaestri et al., 2020, 
2022), this complexity is present among humans as well (Brieant et al., 
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2023). Foundational research showed that separating rat pups from 
their dams for 3 h per day from postnatal day (P) 2–14 disrupted the 
hypothalamic pituitary adrenal (HPA) axis into adulthood (Ader et al., 
1960; Plotsky and Meaney, 1993). Studies of maternal separation or 
maternal deprivation (pups separated from their dams for a single 24-h 
bout) as a model of ELS dominated the literature until 2008, when a new 
model of limited bedding and nesting (LBN) emerged from the Baram 
lab (Ivy et al., 2008; Rice et al., 2008). Rather than deprive pups from 
their mother, this model of ELS allowed pups to stay with their dam but 
deprived them of resources in the home cage, which studies have shown 
to induce unpredictable maternal behavior (Demaestri et al., 2022). 
While it is difficult to map these rodent models of ELS onto the complex 
human experience, they likely disrupt normative rodent development in 
different ways.

Akin to the finding that multiple ACEs leads to worse outcomes, 
research has also combined maternal separation with limited nesting. 
C57Bl/6J mice exposed to this “multi-ACE” model from P10-20 (or P10- 
17) had relatively normal behavior in adulthood at baseline, but were 
hypersensitive to a second “hit” of stress and displayed exaggerated 
stress-related behavioral changes (Peña et al., 2017, 2019a, 2019b). This 
finding was in contrast to mice exposed to the same ten-day “multi-ACE” 
form of ELS from P2-12, whose response to adult stress was similar to 
control mice. The finding that late but not early postnatal stressors 
sensitized adult stress response was somewhat surprising given litera
ture demonstrating HPA-axis sensitivity to challenges in this early 
postnatal period (Meaney and Aitken, 1985; Rice et al., 2008; Walker 
et al., 1986), but is in line with early literature showing that neonates 
show reduced ACTH and corticosterone responses to stress from P2-14, 
termed the stress hyporesponsive period (Butte et al., 1973; Guillet 
et al., 1980; Landers and Sullivan, 2012; Meaney et al., 1985). In ro
dents, endogenous corticosterone levels only become high enough to 
enable amygdala-dependent fear/avoidance learning around P10 and 
continue to increase to mature levels until P21 (Horii-Hayashi et al., 
2013; Nishi et al., 2013; Rincón-Cortés and Sullivan, 2014). Interest
ingly, corticosterone response and amygdala-dependent fear learning 
are mediated by presence of the dam until P16 (and similarly in humans 
though adolescence: (Gee et al., 2014), such that the dam or even the 
dam’s odor is able to reduce stress response and mitigate fear learning 
(Moriceau and Sullivan, 2006; Moriceau et al., 2009; Raineki et al., 
2010, 2012). This finding also demonstrates the importance of maternal 
separation models in which pups are removed from the home cage away 
from comforting olfactory cues, rather than removing dams and leaving 
the pups in the home cage with comforting odors. Thus, because rodents 
(and indeed humans) are altricial and depend thoroughly on parental 
care for all aspects of survival in the first weeks (rodent) or years 
(human) of life, the early postnatal period can instead be thought of a 
period of attachment sensitivity during which survival is optimized if 
infants suppress stress response and attach to caregivers regardless of 
whether caregivers or the extended environment are adequate or 
stressful (Rincón-Cortés and Sullivan, 2014; Gee and Cohodes, 2021; 
Colombel et al., 2023).

1.2. Sensitive periods for the impact of early-life stress?

Stress is detrimental at any age and particularly so during develop
ment when stress can interact with development itself. While more 
challenging to delineate discreet periods of stress among humans, 
important work has attempted to determine whether there are sensitive 
periods for different kinds of stressors on different outcomes (Andersen 
et al., 2008; Dunn et al., 2018, 2019; Morrison et al., 2021; Zhu et al., 
2022). Unexpected death of a parent at any point in childhood increased 
risk of depression; however losing a parent in early childhood (ages 0–5) 
was associated with the highest risk (Berg et al., 2016). Biologically, 
adversity — especially neighborhood disadvantage — during very early 
childhood (ages 0–3) also led to greater DNA methylation changes in 
peripheral blood leukocytes at age 7 compared to adversity experienced 

from ages 3–5 or 6–7 (Dunn et al., 2019), although adversity at older 
ages was not assessed. It is also important to note that loss of a parent is 
not reversible and neighborhood disadvantage is typically an ongoing 
exposure, and it is therefore not clear whether the higher risks associ
ated with earlier loss and disadvantage are instead due to longer dura
tions of adversity. Contrary to these findings, a number of studies point 
to middle childhood as a period of increased vulnerability for a broad 
range of mental health disorders. While children exposed to trauma at 
any age had higher emotion dysregulation, those exposed during middle 
childhood (ages 6–10) had the greatest emotional dysregulation 
compared to those who experienced trauma in early childhood (ages 
0–5) or adolescence (ages 11–18) (Dunn et al., 2018). Similarly, neglect 
at age 10 was the most important predictor of later psychotic disorder 
(Schalinski et al., 2016, 2019), and physical abuse from 6 to 12 years old 
was associated with depression, anxiety, and PTSD, while abuse in early 
childhood or adolescence increased risk of PTSD but not depression or 
anxiety (Adams et al., 2018). However, a systematic review of the 
human literature did not converge on any single period of childhood 
most sensitive to childhood maltreatment (Schaefer et al., 2022). This 
may simply be due to the maturation of different systems being affected 
by stress at different ages, and the contributions of multiple brain sys
tems to different aspects of stress response and psychiatric disease (Beck 
et al., 2025; Larsen et al., 2023; Sydnor et al., 2021, 2023). Rodent 
research shows that early postnatal stressors interact with development 
of olfactory, hypothalamic, thalamic, locus coeruleus, serotoninergic, 
and somatosensory systems (Birnie and Baram, 2022; Colombel et al., 
2023; Kooiker et al., 2023; Packard and Opendak, 2022; Shionoya et al., 
2007; Sullivan, 2001; Suri et al., 2015), while stressors after P10 engage 
amygdala and interact with later maturing systems including limbic and 
reward circuitry (Birnie et al., 2020; Hanson et al., 2015, 2021; Klune 
et al., 2023; Moriceau et al., 2009; Peña et al., 2017, 2019a, 2019b, 
2025; Raineki et al., 2012; Rincón-Cortés and Sullivan, 2014; Waters 
and Gould, 2022; Yu et al., 2014).

An important and open question is then how developmental mile
stones in rodents map onto developmental milestones in humans. Some 
events, like the neonatal male testosterone surge, occur at birth in both 
rodents and humans (Gegenhuber and Tollkuhn, 2020). However, many 
other developmental milestones do not necessarily center around birth 
equally across species (Callaghan et al., 2019). This is observed most 
obviously for processes such as eye opening, which occurs in humans at 
birth but does not occur until P13-15 in mice (and which is slightly 
delayed with ELS; Demaestri et al., 2020). For cortical brain regions, 
research suggests that rodents are born relatively prematurely and the 
first week of a rodent’s life is most similar to the last week of human 
gestation based on timing of dendritic development, synaptogenesis, 
myelination, and apoptosis (Chini and Hanganu-Opatz, 2021). Howev
er, other processes such as synaptic pruning and input/output connec
tivity may be better aligned to birth. Much more work is needed to better 
align these neurodevelopmental trajectories in different brain regions, 
especially in subcortical regions which may mature at different relative 
rates across species. While all of these ages and neural processes are 
important for shaping proper development and are vulnerable to stress 
in distinct ways, preclinical stress research should at least carefully 
consider how the timing of rodent manipulations maps onto human 
development (Luby et al., 2020).

2. Stress sensitization

2.1. Behavioral evidence of stress sensitization

ELS sensitizes response to future stressors, leading to either a first 
appearance or synergistic worsening of psychiatric symptoms after 
additional stress (Hammen et al., 2000; Kendler et al., 2004; McGuigan 
and Middlemiss, 2005; McLaughlin et al., 2010; Peña et al., 2017, 
2019a, 2019b; Saxton and Chyu, 2019; Shapero et al., 2014; Sidamo
n-Eristoff et al., 2022; Starr et al., 2020; Wade et al., 2019). For example, 
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in a study of more than 34,000 adults, a history of ELS doubled the risk 
that stressors in the past year would lead to major depressive episodes 
(McLaughlin et al., 2010). This increased risk derives from increased 
sensitivity to (Kendler et al., 2004) and salience of stressful life events 
(Saxton and Chyu, 2019), such that exposure to at least one ACE lowers 
the threshold for additional stressful life events to lead to depression 
(Hammen et al., 2000). Experimental work in non-human primates 
confirms that maltreatment increases vigilance in both fear-evoking and 
neutral contexts (Howell et al., 2014), heightens emotional reactivity 
(McCormack et al., 2022), and augments behavioral and physiological 
responses to stress (Zhang et al., 2016).

In order to understand the neural correlates of hypersensitivity to 
future stressors, the impact of nine different early life manipulations 
spanning early postnatal through peri-adolescent periods was system
atically evaluated on a battery of behavioral tasks in adult male mice, 
both at baseline and after a second stressor in adulthood (Peña et al., 
2019a), namely chronic social defeat (Berton et al., 2006). Mice were 
tested for open field exploration, social interaction, and sucrose pref
erence — representing distinct stress-sensitive behaviors — and evalu
ated on three criteria to determine the impact of two hits of stress. This 
effort revealed that the combination of maternal separation and limited 
nesting ELS from postnatal day P10-17, but not earlier from P2-12, 
sensitized male mice to experience of adult social defeat (Fig. 1) (Peña 
et al., 2017, 2019a). Similarly in female mice, combined maternal sep
aration and limited nesting from P10-17, but not earlier, sensitized 
behavioral response to sub-threshold unpredictable variable stress in 
adulthood (Peña et al., 2019b). These results confirmed that ELS induces 
behavioral hypersensitivity to adult stress independent of the type of 
adult stressor, and that sensitive periods are similar for males and fe
males. Interestingly, ELS did not significantly alter baseline male and 
female behavior, indicating that the impact of ELS on behavior is latent 
and revealed by adult stress exposure. This mouse model of ELS-induced 
stress sensitization has been replicated across a number of studies 
(Balouek et al., 2023; Bennett et al., 2024; Kronman et al., 2021; Parel 
et al., 2023; Guayasamin et al., 2025). Importantly, ELS has also been 

shown to sensitize response to subsequent stress in adolescence (and not 
just adulthood) in both human studies (Wade et al., 2019) and animal 
models (Huang et al., 2021).

2.2. Sensitization of cells and circuits by early-life stress

To determine whether ELS primes response to stress at a cellular 
level, we sought to understand whether neurons initially activated in 
response to ELS were reactivated by adult stress. Advances in transgenic 
mouse technology in the last decade now enable permanent experience- 
dependent tagging of cellular activity, which in turn allows investigators 
to track, manipulate, and isolate cells activated by a prior experience, 
such as ELS (DeNardo and Luo, 2017). We used one such strain to tag 
neurons activated during maternal separation (or during exploration of 
a novel enrichment object, an opposite-valence experience that activates 
similar numbers of neurons across brain regions) and test two hypoth
eses: (1) that adult stress activates overall more neurons given a history 
of prior ELS, or (2) that ELS-activated cells are preferentially reactivated 
by adult stress. We found evidence for the second preferential reac
tivation hypothesis in nucleus accumbens (NAc) and prefrontal cortex 
(PFC), but no evidence for the first hypothesis (Balouek et al., 2023). 
Furthermore, chemogenetically inhibiting activity of ELS-responsive 
NAc neurons, but not a similar number of control-tagged neurons, 
during experience of adult stress ameliorated behavioral response to 
stress (Balouek et al., 2023). Similarly, ELS in rats increases both basal 
and adult restraint stress-induced cFOS in ventral tegmental area (VTA) 
dopamine neurons, but not non-dopamine neurons of the VTA (Gugula 
et al., 2022). Increased dopamine neuron activity following ELS was 
specifically associated with elevated release of dopamine into the 
basolateral amygdala (BLA), which was found to be both necessary and 
sufficient for altered social behaviors (Opendak et al., 2021). ELS also 
increases cFOS response to adult restraint stress in orexin neurons of the 
lateral hypothalamus (LH), another brain region implicated in reward 
and motivated behaviors (Gugula et al., 2022). This effect may be driven 
primarily by males who have increased spontaneous firing of LH orexin 

Fig. 1. Early-life stress sensitizes mice to stress in adulthood. 
A) Paradigm, with early life stress (ELS) from P10-17. B) During “multi-ACE” ELS, mice have reduced nesting material in the home cage compared to standard-reared 
(Std) cages, and pups are separated to a clean cage for 3–4 h per day before reunion with their dam. C) ELS increases the proportion of male and female mice that 
show altered behaviors (e.g., social avoidance) in response to adult stress, across 10 cohorts.
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neurons, while females have decreased spontaneous activity after ELS, 
although interestingly both of these changes are mediated by 
glucocorticoid-sensitive astrocytes (Depaauw-Holt et al., 2024). 
Together these studies provide evidence that ELS sensitizes neuronal 
response to adult stress across mesocorticolimbic circuitry.

Sensitized response to a second hit of stress is mediated by non- 
neuronal cells of the brain as well. ELS has been shown to have vari
able effects on astrocytes, which are the first cells to encounter signals 
from circulation (such as circulating glucocorticoid levels) and serve to 
regulate signaling of their neuronal neighbors (Abbink et al., 2019). 
Several studies show that ELS initially decreases astrocytes numbers in 
several brain regions, followed by a rebound and increase in astrocytes 
in adulthood (Abbink et al., 2020), although others report changes not in 
number of astrocytes but morphology such as decreased volume and 
processes following ELS, which are in turn associated with altered 
neuronal activity and ultimately behavior (Depaauw-Holt et al., 2024).

Microglia, the resident immune cells of the brain, are crucial to 
maintain proper synaptic balance among their neuronal neighbors and 
are likewise sensitive to ELS (Bolton et al., 2022). In both PFC and 
hippocampus, exposure to adult stress increased numbers of microglia 
only among mice previously exposed to ELS (Ferle et al., 2020). Cyto
kines, including PPARγ, were increased in the hippocampus following 
the combination of both ELS and adult stress (Ferle et al., 2020). How
ever, ELS alters microglia number, morphology, subtype, and gene 
expression profiles across bran regions even prior to a second hit of stress 
(Bolton et al., 2022; Gildawie et al., 2020; Reemst et al., 2022). These 
ELS-induced microglia changes are associated with altered response to 
immune challenge in adulthood, reduced phagocytosis of neighboring 
neuronal synapses, and increased excitatory neurotransmission (Bolton 
et al., 2022; Reemst et al., 2022). Indeed, chemogenetic modulation of 
microglial activity was found to mediate altered response to threat 
following ELS (Bolton et al., 2022).

2.3. Sensitization of molecular programs by early-life stress

ELS-induced sensitization of cells and circuits to additional stress is 
encoded and maintained at a molecular level (Parel and Peña, 2020). 
Bulk-tissue RNA-sequencing in VTA, NAc, PFC, and hippocampus 
revealed that ELS induces long-lasting changes in gene expression across 
the transcriptome (Kos et al., 2023; Peña et al., 2017, 2019b). These 
gene expression changes were enriched for genes governing aspects of 
nervous system development and axon guidance, indicating that ELS 
alters brain development itself (Peña et al., 2019b). Interestingly, the 
combination of ELS and adult stress induced unique gene expression 
changes relative to either stress alone in both male and female mice 
(Peña et al., 2017, 2019b). Indeed, ELS primes a subset of genes such 
that expression changes are latent and only revealed by a second hit of 
stress (Peña et al., 2019b). In VTA, molecular changes were downstream 
of the transcription factor Otx2 (orthodenticle homeobox 2), which is 
temporarily suppressed by ELS in mice (Peña et al., 2017). In humans, 
OTX2 is significantly associated with depression risk in genome-wide 
association studies (Als et al., 2023) and childhood maltreatment and 
OTX2 methylation is associated with altered functional connectivity 
within the brain and depression in children (Kaufman et al., 2018). 
Over-expression of Otx2 in mouse VTA was sufficient to restore resil
ience, while transient knockdown in juveniles, but not adults, increased 
sensitivity to later social defeat stress, demonstrating a causal and 
temporal role for Otx2 in VTA dopamine neurons to prime stress sensi
tivity (Peña et al., 2017). In hippocampus, single-cell RNA-sequencing 
similarly revealed that ELS primes transcriptional response to acute 
social defeat predominately in GABAergic cells and glutamatergic cells 
of the dentate gyrus, with less priming occurring in CA3 and CA1 neu
rons (Kos et al., 2023). Priming also appears to occur at the level of the 
hypothalamic-pituitary-adrenal axis, as hypothalamic FKBP51 protein 
(involved in sequestering glucocorticoid receptor and modulating 
cellular response to stress (Zannas et al., 2016); levels are significantly 

increased by the combination of ELS and chronic social defeat stress 
(Eskandari et al., 2023).

These long-lasting changes in gene expression and potential (“prim
ing”) are likely maintained at an epigenetic level, akin to a “molecular 
memory” of ELS. Epigenetic priming is a phenomenon through which an 
environmental cue alters the epigenome at enhancers (distal cis- 
regulatory regions of the genome) to facilitate a faster, stronger, or 
sensitized transcriptional response to subsequent exposures. Primed 
enhancers are in an open chromatin state more accessible to transcrip
tional machinery and marked by the post-translational chromatin 
modification histone-3 lysine-4 monomethylation (H3K4me1). En
hancers for genes being actively transcribed are distinguished by the 
additional chromatin modification histone-3 lysine-27 acetylation 
(H3K27Ac) (Bevington et al., 2016; Calo and Wysocka, 2013; D’Urso 
and Brickner, 2017; Lämke and Bäurle, 2017; Nguyen et al., 2015). Such 
stimulus-induced changes in enhancer state are argued to contribute to 
cell-wide “metaplasticity” — including both facilitated transcriptional 
response to subsequent stimuli and facilitated cellular activation 
(Griffith et al., 2024; Santoni et al., 2024). Indeed, ELS alters chromatin 
state via post-translational histone modifications in NAc (Kronman 
et al., 2021) and VTA (Geiger et al., 2024), and in both regions increases 
levels of H3K4me1 without altering H3K27Ac, supporting a role for 
epigenetic priming. Enriching for H3K4me1 by postnatal overexpression 
of the enzyme that “writes” this histone modification, Setd7, is sufficient 
to mimic ELS and sensitize transcriptional and behavioral response to 
mild adult social defeat stress (Geiger et al., 2024; Rashford et al., 2024). 
In VTA, epigenetic priming by Setd7 overexpression and H3K4me1 
enrichment sensitizes dopamine neuron firing after mild adult stress 
(Geiger et al., 2024), which is associated with stress susceptibility 
(Friedman et al., 2014), linking molecular and functional consequences 
of ELS. Whether enhancer priming following ELS leads to new or altered 
enhancer-promoter interactions during a second hit of stress is still 
under investigation. Together, these studies provide a mechanistic basis 
for how ELS sensitizes response to future stress at a molecular level.

3. Looking ahead: translating basic science

One goal of basic stress research is to inform potential medical in
terventions to either prevent disease onset in at-risk populations or most 
effectively treat disease after onset. While ELS heightens risk for mood, 
anxiety, substance-use, and other disorders, latent presentation of 
symptoms provides hope that intervention before onset is possible. Ev
idence that one main mechanism of increased risk is through increased 
stress sensitivity provides a focused and tractable target to reduce stress 
hypersensitivity to within normal range before mood and anxiety dis
orders take hold. There is some evidence from mouse models that even 
short-lasting interventions can be efficacious when done early. For 
example, transient viral overexpression of Otx2 in juvenile VTA 
ameliorated response to later adult stress in mice (Peña et al., 2017), 
although it is unlikely that preventative gene therapy will ever be a 
realistic treatment. However, thyroid hormone signaling links the mo
lecular cascade between ELS and suppressed Otx2 (Chen et al., 2015), 
and is a highly translational target. Indeed, ELS transiently impinges on 
thyroid hormone signaling in mice (Bennett et al., 2024) and thyroid 
impairment was found among adolescents that experienced physical 
abuse or poverty (Machado et al., 2015). Intriguingly, temporary treat
ment with synthetic thyroid hormone (levothyroxine) following ELS in 
mice restores levels of some genes altered directly by ELS, prevented 
ELS-priming of other genes to adult stress, and rescued behavioral hy
persensitivity to adult stress (Bennett et al., 2024). Additional basic 
research is needed to determine whether thyroid hormone treatment 
could be effective for preventing ELS-induced alterations in develop
ment and stress hypersensitivity in humans.

After onset, however, unique treatments may be needed for in
dividuals who suffered from childhood adversity relative to the broader 
population. For example, depressed patients with a history of childhood 

C.J. Peña                                                                                                                                                                                                                                         Neurobiology of Stress 35 (2025) 100716 

4 



adversity have earlier onset of depression, more frequent episodes, 
increased recurrence, and traditional antidepressant treatments fail 
more often (Bernet and Stein, 1999; Nanni et al., 2012), suggesting that 
life history may delineate a unique sub-group of patients. Recent 
cross-species transcriptomic analyses revealed that ELS alters molecular 
patterning of the brain (here, NAc) to be more like molecular patterns 
associated with antidepressant treatment failure (Parel et al., 2023). 
However, transcriptomic profiling may also offer a key to identifying 
novel treatments that most effectively reverse molecular patterns of 
susceptibility and promote molecular patterns associated with resilience 
and treatment efficacy (Bagot et al., 2016).

While non-human animal models will never perfectly reproduce the 
full range and consequences of human experience of childhood aversity, 
concurrence across species on a growing list of molecular mediators of 
mood and anxiety disorder risk (e.g., Otx2 and thyroid hormones dis
cussed here; Nr3c1 and Fkbp5 reviewed in Matosin et al., 2018) provides 
hope that findings from animal models and advances in high-resolution 
molecular and systems neuroscience together can be translated to 
effective therapies relevant for those who experienced childhood stress 
and trauma (Gordon et al., 2024).

Declaration of competing interest

The authors declare no competing financial or personal interests.

Acknowledgements

Thank you to current funding sources (CJP): Princeton University; 
NIH R01MH129643; New York Stem Cell Foundation. CJP is a New York 
Stem Cell Foundation Robertson Investigator. Thank you also to my 
many mentors and peer-mentors over the years.

Data availability

No data was used for the research described in the article.

References

Abbink, M.R., Kotah, J.M., Hoeijmakers, L., Mak, A., Yvon-Durocher, G., van der 
Gaag, B., Lucassen, P.J., Korosi, A., 2020. Characterization of astrocytes throughout 
life in wildtype and APP/PS1 mice after early-life stress exposure. 
J. Neuroinflammation 17, 91. https://doi.org/10.1186/s12974-020-01762-z.

Abbink, M.R., van Deijk, A.-L.F., Heine, V.M., Verheijen, M.H., Korosi, A., 2019. The 
involvement of astrocytes in early-life adversity induced programming of the brain. 
Glia 67, 1637–1653. https://doi.org/10.1002/glia.23625.

Adams, J., Mrug, S., Knight, D.C., 2018. Characteristics of child physical and sexual 
abuse as predictors of psychopathology. Child Abuse Neglect 86, 167–177. https:// 
doi.org/10.1016/j.chiabu.2018.09.019.

Ader, R., Tatum, R., Beels, C.C., 1960. Social factors affecting emotionality and resistance 
to disease in animals: I. Age of separation from the mother and susceptibility to 
gastric ulcers in the rat. J. Comp. Physiol. Psychol. 53, 446–454. https://doi.org/ 
10.1037/h0044570.

Als, T.D., Kurki, M.I., Grove, J., Voloudakis, G., Therrien, K., Tasanko, E., Nielsen, T.T., 
Naamanka, J., Veerapen, K., Levey, D.F., Bendl, J., Bybjerg-Grauholm, J., Zeng, B., 
Demontis, D., Rosengren, A., Athanasiadis, G., Bækved-Hansen, M., Qvist, P., Bragi 
Walters, G., Thorgeirsson, T., Stefánsson, H., Musliner, K.L., Rajagopal, V.M., 
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