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ARTICLE INFO ABSTRACT

Keywords: Stress is often described as a fleeting feeling, a momentary surge of tension or anxiety, but in my work as a

Early-life adversity neurobiologist, I have come to understand it as something far more enduring and complex. It is not merely a
[SKESIIIen":]' reaction to external pressure, it is a biological echo that resonates through our cells, brain circuits, and peripheral
usceptibility

systems, ultimately shaping behavior and health. These echoes begin as molecular whispers, subtle shifts in
hormonal regulation, gene expression, epigenetic marks, and synaptic plasticity, but over time, they can build
into thunderstorms, manifesting as psychiatric and other stress-related disorders. My research has focused on
detecting and translating these echoes into meaningful biological insight. Through this perspective article, I
describe how early-life adversity, sex differences, and individual variability shape susceptibility and resilience. It
highlights the promise of precision tools, from single-cell technologies to Al-driven behavioral tracking, to
decode stress in motion and across systems. Through studies spanning human molecular genetics, animal models,
and systems neuroscience, I envision a future of stress research that embraces biological complexity, prioritizes
translational relevance, and aspires to personalize mental health care by decoding the molecular and circuit-level
biology of lived experience.

Sex differences
Treatment resistance
Translational neuroscience

1. Early whispers, lifelong storms: the imprint of childhood
adversity

One of the most formative insights in my career has been under-
standing how early-life adversity (ELA), particularly during critical
developmental windows, can program long-lasting changes in the brain
(Birnie and Baram, 2025). Experiencing significant adversity in early life
does not just disrupt development, it actively reshapes it. For example,
we have shown how ELA can shape social subordination later in life and
drive cell type-specific transcriptomic changes in the brains of mice (Kos
et al., 2023; van et al., 2025). These findings reinforce our under-
standing that the brain, particularly during childhood and adolescence,
is highly plastic and sensitive to environmental input. Stress during
these periods can recalibrate core stress-regulatory systems, such as the
hypothalamic-pituitary-adrenal (HPA) axis, and leave enduring molec-
ular marks on stress-related genes and neural circuits (Kos et al., 2023).
These neurobiological scars, lasting molecular and circuit-level imprints
left by early adversity, can influence how individuals respond to stress
later in life. Much like physical scars, they may serve as reminders of
past challenges while also reflecting the brain’s capacity to heal and
adapt. In some cases, these biological scars may increase vulnerability to
psychiatric disorders. In others, they may foster resilience by encoding
adaptive recalibration and recovery mechanisms (Torres-et al., 2025). I
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see our early life experiences, not as a fixed determinant of fate, but as a
dynamic process shaped by the interplay of developmental timing, ge-
netic predisposition, and environmental context. Looking ahead, I
believe the field of stress neurobiology must prioritize longitudinal,
multimodal research that captures how stress-sensitive circuits adapt
and evolve over time. This includes mapping trajectories at both the
micro level (e.g., gene expression and epigenetic states) and the macro
level (e.g., complex social behavior and cognitive outcomes) (Miranda
et al., 2023; Gururajan et al., 2018). By identifying the molecular
“switches” that regulate adaptive versus maladaptive responses, we can
develop targeted interventions (e.g., behavioral, pharmacological, or
neuromodulatory) that buffer or even reverse the long-term effects of
early-life adversity and trauma. The implications are profound. If we can
detect the molecular fingerprints of early life adversity, we can create
age-specific diagnostics and interventions aligned with the brain’s
developmental trajectory. This opens the door to early screening tools
capable of identifying children at heightened risk, enabling timely and
personalized support before symptoms emerge. It is a paradigm shift:
from reactive to preventive psychiatry, catching the echoes of stress
before they escalate into storms.
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2. Two pathways through the same storm: sex differences in
stress neurobiology

A key realization in my work has been that stress is processed and
expressed differently across sexes, with distinct biological consequences
at the molecular and behavioral levels. While foundational research over
the past few decades has firmly established sex differences in stress
systems, recent advances in transcriptomics and circuit-level analyses
are revealing new, cell-type-specific mechanisms that deepen our un-
derstanding of these differences. This evolving molecular resolution
challenges the long-standing assumption that stress mechanisms are
largely universal and underscores the need for a sex-aware neurobiology
field (Bale and Epperson, 2015). We now know that the molecular sig-
natures of stress can be sex-specific and translate into distinct behavioral
outcomes (Brivio et al., 2020). In line with emerging research, our recent
studies show that sex influences the brain’s transcriptional response to
stress, with females displaying distinct regulation of genes related to
stress reactivity, neuroinflammation, and hormonal signaling, pathways
that are either absent or differently regulated in males (Kos et al., 2023;
van et al., 2025; Brivio et al., 2023; van et al., 2023). These differences
appear as cell-type-specific molecular signatures across key
stress-regulatory regions, with oligodendrocytes and certain neuronal
subtypes emerging as critical mediators. These findings underscore the
need for a sex-aware neurobiology field, one that treats sex not as a
statistical nuisance, but as a fundamental biological variable. Looking
forward, we must build comprehensive, sex-specific atlases of
stress-related gene expression across brain regions and developmental
stages. We need to understand how hormonal cycles interact with stress
circuits and how these interactions influence susceptibility to disorders
like anxiety, depression, and other stress-related disorders. These in-
sights are not only scientifically urgent, but they are also clinically
essential. Many psychiatric medications have been developed and tested
predominantly in male animals and patients, leading to treatments that
may be less effective, or even harmful, for women (Keers and Aitchison,
2010; LeGates et al., 2019). By identifying sex-specific molecular tar-
gets, we can design therapies that are more precise, more effective, and
more equitable. Ultimately, I envision a future where diagnostics and
treatments are tailored to the individual, their biological sex, and
developmental history. In the broader narrative of stress, acknowledging
and addressing sex differences is a crucial step toward transforming
echoes of susceptibility into pathways of resilience.

3. A molecular compass to navigate stress adaptation: resilience
and susceptibility

As we deepen our understanding of stress neurobiology, the di-
chotomy between susceptibility and resilience emerges as a central axis
for future research (Nestler and Russo, 2024). Advances in decoding the
molecular signatures of stress, particularly those involving circuit-level
plasticity, epigenetic modifications, and neuroimmune interactions,
reveal how stress embeds itself on the brain (Akil and Nestler, 2023).
Resilience is not a static trait but a process of adaptive recalibration,
involving protective mechanisms such as neurotrophic support, efficient
stress hormone regulation, and social buffering (Franklin et al., 2012).
Susceptibility, while also dynamic, reflects a trajectory shaped by
early-life experiences, genetic predispositions, and environmental ex-
posures that may lead to maladaptive outcomes. Both processes are
context-dependent and reflect the brain’s capacity to respond to stress in
divergent ways, toward recovery or vulnerability. Alongside other
studies, our work has shown that different animal models, develop-
mental timepoints, and biological variables such as sex can shape the
molecular signatures of resilience and susceptibility to stress through
distinct, cell-type-specific pathways (van et al., 2023; Lopez et al.,
2021). These molecular whispers, subtle shifts in gene expression, and
synaptic remodeling, can predispose individuals to maladaptive out-
comes. To truly understand how stress shapes behavior and health, we
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must adopt a systems-level approach, one that integrates circuit-level
functional manipulations with single-cell technologies (e.g., tran-
scriptomics, epigenomics, proteomics), and high-resolution behavioral
phenotyping (Gururajan et al., 2018). We need more advanced
computational models capable of predicting how molecular-level
changes cascade into circuit dynamics and behavioral outcomes. Most
importantly, these models must be rigorously validated across species,
from animal models to human datasets. This framework invites us to
rethink treatment. Rather than merely dampening symptoms, we could
aim to rewire the brain’s response to stress, rewriting the molecular
narrative left by past experiences. This could revolutionize how we
approach chronic stress, trauma, and treatment-resistant depression.
The future of stress neurobiology lies in bridging molecular, behavioral,
and societal domains. We must invest in longitudinal, cross-cultural
studies that capture the full spectrum of stress experiences. Precision
psychiatry, informed by biomarkers of susceptibility and resilience,
could transform how we predict and prevent stress-related disorders. In
this unfolding narrative, stress is both a whisper and a storm. Our task is
not only to decode its signals, but to amplify the voices of resilience.

4. Harnessing the storm: toward precision and treatment
response

Optimizing antidepressant treatment remains one of the most urgent
challenges in neuropsychiatric research today (Howes et al., 2022).
Despite decades of pharmacological development, many individuals
with stress-related disorders fail to respond to first-line treatments (Paul
and Potter, 2024). This therapeutic gap reflects our incomplete under-
standing of how stress and trauma reshape the brain, from molecular
whispers to behavioral storms. Stress leaves behind molecular echoes,
imprints on gene expression, synaptic plasticity, and neuroimmune
signaling, that influence how individuals respond to treatment (Willner
etal., 2013). These echoes are shaped by developmental history, genetic
background, and environmental exposures. For example, in my early
work, I demonstrated that specific biological markers, such as micro-
RNAs and epigenetic modifications, hold promise as predictive in-
dicators of individual variability in antidepressant treatment response
(Lopezetal., 2013, 2014, 2017, 2018; Cruceanu et al., 2017). [am a firm
believer that variability in treatment response is not noise, it is signal. It
tells us we must move beyond one-size-fits-all approaches and toward
precision strategies that account for individual stress histories and
backgrounds. Future research must prioritize identifying biomarkers
that predict antidepressant response (Kennis et al., 2020). This includes
integrating multi-omics data with neuroimaging and behavioral phe-
notyping (Miranda et al., 2023). The goal is not just to know who will
respond, but why. What molecular scars has stress left behind? Which
brain circuits have been sensitized or silenced? And how can we target
these changes to restore adaptive function? We must also redefine
treatment success. Rather than simply alleviating symptoms, we should
aim to recalibrate the body’s stress response systems. Embracing novel
approaches, such as rapid-acting antidepressants and neuromodulation
offer promise, but their clinical integration must be guided by mecha-
nistic insight (Liao et al., 2025; Krystal et al., 2024). The echoes of stress
extend beyond the brain. They resonate through the body, the immune
system, and the social world. Optimizing treatment requires a broader
lens, one that considers social determinants of stress and systemic bar-
riers to care. Community-based interventions, digital therapeutics, and
culturally sensitive models must be part of the solution.

5. Decoding the language of stress in motion: precision tracking
in behavioral neuroscience

In neuropsychiatry, we are moving beyond reductionist models to
embrace the full complexity of behavior in its natural context (Shemesh
and Chen, 2023). A holistic understanding of stress neurobiology de-
mands ecologically valid and technologically advanced approaches to
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behavioral genotyping (Bordes et al., 2023). Stress is not a static event
but a dynamic, multilayered process across molecular, neural, behav-
ioral, and social domains (von Mucke et al., 2023). Traditional para-
digms have often examined these layers in isolation, limiting our grasp
of stress manifestations. Today, high-throughput behavioral tracking,
machine learning-based ethology, and integrative neurotechnologies
allow us to capture the “behavioral whispers” of stress as they ripple into
complex behavioral and social storms (Miranda et al., 2023). A partic-
ularly exciting frontier is the rise of precision tracking systems to decode
the behavioral language of individuals with unprecedented resolution.
Thanks to recent innovations and implementation of modern tools like
DeepLabCut (Mathis et al., 2018) and SLEAP (Pereira et al., 2022), we
can now track multiple animals in social environments, identify in-
dividuals without invasive markers, and extract rich behavioral motifs
using supervised and unsupervised methods. Using the Social Box sys-
tem developed by Prof. Alon Chen, now implemented in my lab, we have
demonstrated how these tools enable in-depth investigations of phar-
macological and genetic interventions by allowing both short- and
long-term, continuous tracking of socially relevant behaviors with
minimal experimental interference (Kos et al., 2023; Shemesh and Chen,
2023; Lopez et al., 2022; Shemesh et al., 2013; Anpilov et al., 2025;
Forkosh et al., 2019). These technologies reduce labor intensity, mini-
mize experimental bias, enhance standardization, and allow animals to
be studied in naturalistic environments, capturing complex group dy-
namics and long-term behavioral patterns across circadian cycles. They
detect subtle, stress-relevant behaviors, from antagonistic actions to
pro-social behaviors and interactions with an enriched environment.
Looking ahead, the field must prioritize context-aware behavioral gen-
otyping frameworks that reflect naturalistic behavior. Integrating
wearable biosensors, closed-loop neural modulation, and Al-driven
behavioral prediction models is crucial. These innovations must be
guided by ethical foresight to ensure precision aligns with compassion,
ethical integrity, and a commitment to animal welfare. Ultimately, these
methods are a gateway to deeper understanding. Aligning
high-resolution behavioral phenotyping with state-of the-art molecular
and circuit-level analyses brings us closer to identifying the precise
neurobiological mechanisms governing stress responses (Miranda et al.,
2023). This is at the core of our research: uncovering the molecular
underpinnings of stress to better predict, prevent, and treat neuropsy-
chiatric disorders. In listening to the full echo of stress, from its quietest
behavioral signals to its loudest social aftershocks, we carve a path to-
ward a more integrated, precise, and impactful science of the mind.

6. Listening to the Brain’s smallest voices: from single cells to
whole systems

In stress neurobiology, we are entering an era where the once faint
molecular whispers of stress can now be heard with remarkable clarity.
Advances in molecular technologies allow us to resolve the stress
response at the level of individual cells, circuits, and systems (Miranda
et al., 2023; Gururajan et al., 2018). This shift from broad strokes to
fine-grained resolution is transforming our understanding and inter-
vention in stress-related disorders. Single-cell technologies like RNA
sequencing (Aldridge and Teichmann, 2020), spatial transcriptomics
(Lein et al., 2017), and emerging epigenomics (Lu et al., 2023) and
proteomics (Bennett et al., 2023) can help pinpoint how neurons, glial,
and vascular cells react to stressors, uncovering cell-type-specific vul-
nerabilities and adaptive responses (Miranda et al., 2023). For example,
we have applied some of these methods to identify the molecular sig-
natures of stress- and treatment-responsive cells, and to track how these
responses evolve over time and across distinct brain regions (Kos et al.,
2023; Brivio et al., 2020; Lopez et al., 2021). In addition, activity sensors
and genetically encoded indicators enable real-time monitoring of spe-
cific brain cells and circuits during stress exposure (Kawashima et al.,
2014; Wu et al., 2022). They offer a dynamic view of how stress is
processed and regulated within the brain, revealing the functional
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contributions of distinct neuronal populations (Miranda et al., 2023;
Gururajan et al., 2018). This integration of structure and function builds
a mechanistic understanding of how stress alters brain circuitry.
Expanding this view, stress is a whole-body phenomenon involving in-
teractions between the central nervous system, peripheral organs, and
the immune and endocrine systems (Miranda et al., 2023). Future di-
rections must embrace this systems-level perspective. Technologies that
integrate brain and body signals will capture the full physiological
landscape of the stress response. Our goal is to understand stress more
deeply. By increasing molecular resolution across scales, we identify the
precise biological mechanisms underlying susceptibility and resilience.
This transforms our understanding of stress from a fragmented puzzle
into a coherent narrative. The future of stress neurobiology lies in
distilling the echoes of stress into knowledge and meaningful action.

7. When the brain whispers, the body listens: the neurobiology
of stress across systems

In stress neurobiology, we now understand much better how chronic
stress affects far more than our brains and mental health, it disrupts the
entire body and is a risk factor for a wide range of diseases and medical
conditions (Miranda et al., 2023). The brain does not suffer in isolation;
it communicates with the body through molecular signals, hormones,
and immune responses (McEwen, 2017). Once seen as a psychological
burden, chronic stress is now understood as a systemic disruptor,
capable of altering physiology from cells to organ systems. Recent ad-
vances reveal how stress-induced brain changes reverberate throughout
the body (Roberts and Karatsoreos, 2021). Glucocorticoids, inflamma-
tory cytokines, and autonomic signals translate psychological strain into
physical consequences, increasing the risk for cardiovascular disease,
metabolic disorders, immune dysfunction, and even accelerated aging
(Godoy et al., 2018). In addition, emerging research on the gut-brain
axis further underscores how microbial communities in the gastroin-
testinal tract can influence stress reactivity, neuroinflammation, and
even behavior, adding a new layer of complexity to the systemic nature
of stress (Cryan et al., 2019; Sanz et al., 2025). Based on all this, we now
understand better that stress is not just a mental state, it is a full-body
experience with profound health implications. This broader view de-
mands integrative, cross-disciplinary approaches that unite neurobi-
ology, immunology, endocrinology, and systems biology (Miranda et al.,
2023). Tools like multi-omics profiling, biomarker tracking, and
brain-body imaging are essential for mapping the bidirectional path-
ways linking stress to disease. Understanding why some individuals are
more resilient than others will require personalized models that consider
genetic, environmental, and psychosocial factors. As someone deeply
engaged in this field, I believe the future of stress research lies in
decoding these complex interactions with both precision and compas-
sion. We must listen not only to the brain’s molecular whispers but also
to the physiological echoes that ripple through the body. Only then can
we design interventions as interconnected as the systems they aim to
heal.

8. Conclusion: riding the storm

One of the guiding principles of my lab is that basic science should
inform clinical practice, and vice versa. That is why we have built a
multidisciplinary framework that integrates molecular biology, behav-
ioral neuroscience, and computational modeling. We collaborate closely
with clinicians and data scientists to ensure that our findings are not
only scientifically rigorous, but also actionable in real-world settings.
Looking ahead, I see several key priorities for the field of stress neuro-
biology. First, we must move beyond static models and embrace the
temporal dimension of stress. Stress is not a snapshot, it’s a process. To
truly understand it, we need to study how stress responses unfold over
time, how they interact with developmental milestones, and how they
are shaped by prior experiences. This calls for longitudinal studies, time-
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sensitive biomarkers, and interventions tailored to specific develop-
mental windows. Second, we must prioritize diversity in our models, our
methods, and our populations. This includes accounting for sex differ-
ences, genetic variability, environmental context, and cultural back-
ground. Psychiatric disorders are heterogeneous, and our research must
reflect that complexity. By embracing diversity, we can develop more
inclusive and effective treatments. Third, we need to shift our focus from
vulnerability to resilience. Much of stress research has understandably
centered on what goes wrong, but we also need to understand what goes
right. Why do some individuals thrive despite adversity? What molec-
ular mechanisms underlie resilience? And how can we harness these
mechanisms to promote mental health? I believe resilience is not merely
the absence of pathology, but the presence of adaptive plasticity, and
that it can be cultivated through targeted interventions. As we move
forward, the next generation of researchers must prioritize integrative
and longitudinal approaches that bridge molecular insights with com-
plex social dynamics, ensuring that our science not only decodes stress,
but also transforms lives.

The title of this perspective article “Echoes of Stress: From Molecular
Whispers to Social Thunderstorms” captures the arc of my young scientific
journey. I have spent my career listening to the brain’s whispers: the
subtle changes in gene expression, the quiet shifts in cell activity, the
faint traces of past experiences embedded into the epigenome. But I have
also witnessed how these whispers can grow louder, how they accu-
mulate, amplify, and erupt into the storms we recognize as psychiatric
illness, that if left unaddressed, can lead to devastating consequences,
including loss of life. My goal is to interrupt that process, to catch the
echoes before they become storms. To understand the biology of stress
not just to treat disease, but to promote health. And yet, it is important to
remember that stress is not inherently harmful. In its acute form, stress is
a vital biological signal, mobilizing energy, sharpening focus, and
enhancing adaptation. The challenge for the future is not to eliminate
stress, but to understand its dual nature: to distinguish the whispers that
foster ease and resilience from those that strengthen the storms that
harm. To find a balance between harm and ease. This is the future I'm
working toward, a future where neurobiology is preventive, personal-
ized, and profoundly human. Stress is not just a challenge, but it is an
opportunity. An opportunity to understand the brain in motion, to
intervene before pathology takes hold, and to promote mental health in
a way that is grounded in biology and responsive to experience. That is
the future I'm committed to building, one molecular whisper at a time.

Funding

JPL receives research funding from the Swedish Society for Medical
Research (SSMF), the Swedish Research Council (VR), the Swedish Brain
Foundation (Hjarnfonden), the Strategic Research Area Neuroscience
(StratNeuro), and the European Research Council (ERC) through a
Starting Grant.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Neurobiology of Stress 39 (2025) 100766

Acknowledgments

I would like to express my deepest gratitude to my academic mentors
who have profoundly shaped my scientific journey: Professors Robert
Lickliter, Margaret Fahnestock, Gustavo Turecki, and Alon Chen. Your
mentorship, unwavering commitment to scientific excellence, and
visionary leadership have laid the foundation for my research and
continue to inspire and guide my thinking to this day.

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

References

AKkil, H., Nestler, E.J., 2023. The neurobiology of stress: vulnerability, resilience, and
major depression. Proc. Natl. Acad. Sci. U. S. A. 120, e2312662120. https://doi.org/
10.1073/pnas.2312662120.

Aldridge, S., Teichmann, S.A., 2020. Single cell transcriptomics comes of age. Nat.
Commun. 11, 4307. https://doi.org/10.1038/541467-020-18158-5.

Anpilov, S., et al., 2025. Group social dynamics in a seminatural setup reflect the
adaptive value of aggression in Male mice. Biol. Psychiatr. Glob. Open Sci. 5,
100399. https://doi.org/10.1016/j.bpsgos.2024.100399.

Bale, T.L., Epperson, C.N., 2015. Sex differences and stress across the lifespan. Nat.
Neurosci. 18, 1413-1420. https://doi.org/10.1038/nn.4112.

Bennett, H.M., Stephenson, W., Rose, C.M., Darmanis, S., 2023. Single-cell proteomics
enabled by next-generation sequencing or mass spectrometry. Nat. Methods 20,
363-374. https://doi.org/10.1038/541592-023-01791-5.

Birnie, M.T., Baram, T.Z., 2025. The evolving neurobiology of early-life stress. Neuron
113, 1474-1490. https://doi.org/10.1016/j.neuron.2025.02.016.

Bordes, J., Miranda, L., Muller-Myhsok, B., Schmidt, M.V., 2023. Advancing social
behavioral neuroscience by integrating ethology and comparative psychology
methods through machine learning. Neurosci. Biobehav. Rev. 151, 105243. https://
doi.org/10.1016/j.neubiorev.2023.105243.

Brivio, E., Lopez, J.P., Chen, A., 2020. Sex differences: transcriptional signatures of stress
exposure in male and female brains. Gene Brain Behav. 19, e12643. https://doi.org/
10.1111/gbb.12643.

Brivio, E., et al., 2023. Sex shapes cell-type-specific transcriptional signatures of stress
exposure in the mouse hypothalamus. Cell Rep. 42, 112874. https://doi.org/
10.1016/j.celrep.2023.112874.

Cruceanu, C., Lopez, J.P., Tsai, W.T., Turecki, G., 2017. Dysregulation of the
glutamatergic receptors after antidepressant treatment in human neural progenitor
cells. Mol. Psychiatr. 22, 1228-1229. https://doi.org/10.1038/mp.2016.138.

Cryan, J.F., et al., 2019. The microbiota-gut-brain axis. Physiol. Rev. 99, 1877-2013.
https://doi.org/10.1152/physrev.00018.2018.

Forkosh, O., et al., 2019. Identity domains capture individual differences from across the
behavioral repertoire. Nat. Neurosci. 22, 2023-2028. https://doi.org/10.1038/
s41593-019-0516-y.

Franklin, T.B., Saab, B.J., Mansuy, .M., 2012. Neural mechanisms of stress resilience and
vulnerability. Neuron 75, 747-761. https://doi.org/10.1016/j.neuron.2012.08.016.

Godoy, L.D., Rossignoli, M.T., Delfino-Pereira, P., Garcia-Cairasco, N., de Lima
Umeoka, E.H., 2018. A comprehensive overview on stress neurobiology: basic
concepts and clinical implications. Front. Behav. Neurosci. 12, 127. https://doi.org/
10.3389/fnbeh.2018.00127.

Gururajan, A., Kos, A., Lopez, J.P., 2018. Preclinical stress research: where are we
headed? An early career investigator’s perspective. Stress 21, 384-388. https://doi.
org/10.1080/10253890.2018.1446519.

Howes, O.D., Thase, M.E., Pillinger, T., 2022. Treatment resistance in psychiatry: state of
the art and new directions. Mol. Psychiatr. 27, 58-72. https://doi.org/10.1038/
s41380-021-01200-3.

Kawashima, T., Okuno, H., Bito, H., 2014. A new era for functional labeling of neurons:
activity-dependent promoters have come of age. Front. Neural Circ. 8, 37. https://
doi.org/10.3389/fncir.2014.00037.

Keers, R., Aitchison, K.J., 2010. Gender differences in antidepressant drug response. Int.
Rev. Psychiatr. 22, 485-500. https://doi.org/10.3109/09540261.2010.496448.


https://doi.org/10.1073/pnas.2312662120
https://doi.org/10.1073/pnas.2312662120
https://doi.org/10.1038/s41467-020-18158-5
https://doi.org/10.1016/j.bpsgos.2024.100399
https://doi.org/10.1038/nn.4112
https://doi.org/10.1038/s41592-023-01791-5
https://doi.org/10.1016/j.neuron.2025.02.016
https://doi.org/10.1016/j.neubiorev.2023.105243
https://doi.org/10.1016/j.neubiorev.2023.105243
https://doi.org/10.1111/gbb.12643
https://doi.org/10.1111/gbb.12643
https://doi.org/10.1016/j.celrep.2023.112874
https://doi.org/10.1016/j.celrep.2023.112874
https://doi.org/10.1038/mp.2016.138
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1038/s41593-019-0516-y
https://doi.org/10.1038/s41593-019-0516-y
https://doi.org/10.1016/j.neuron.2012.08.016
https://doi.org/10.3389/fnbeh.2018.00127
https://doi.org/10.3389/fnbeh.2018.00127
https://doi.org/10.1080/10253890.2018.1446519
https://doi.org/10.1080/10253890.2018.1446519
https://doi.org/10.1038/s41380-021-01200-3
https://doi.org/10.1038/s41380-021-01200-3
https://doi.org/10.3389/fncir.2014.00037
https://doi.org/10.3389/fncir.2014.00037
https://doi.org/10.3109/09540261.2010.496448

J.P. Lopez

Kennis, M., et al., 2020. Prospective biomarkers of major depressive disorder: a
systematic review and meta-analysis. Mol. Psychiatr. 25, 321-338. https://doi.org/
10.1038/541380-019-0585-z.

Kos, A., et al., 2023. Early life adversity shapes social subordination and cell type-specific
transcriptomic patterning in the ventral hippocampus. Sci. Adv. 9, eadj3793.
https://doi.org/10.1126/sciadv.adj3793.

Krystal, J.H., Kavalali, E.T., Monteggia, L.M., 2024. Ketamine and rapid antidepressant
action: new treatments and novel synaptic signaling mechanisms.
Neuropsychopharmacology 49, 41-50. https://doi.org/10.1038/541386-023-01629-
w.

LeGates, T.A., Kvarta, M.D., Thompson, S.M., 2019. Sex differences in antidepressant
efficacy. Neuropsychopharmacology 44, 140-154. https://doi.org/10.1038/541386-
018-0156-z.

Lein, E., Borm, L.E., Linnarsson, S., 2017. The promise of spatial transcriptomics for
neuroscience in the era of molecular cell typing. Science 358, 64-69. https://doi.
org/10.1126/science.aan6827.

Liao, C., Dua, A.N., Wojtasiewicz, C., Liston, C., Kwan, A.C., 2025. Structural neural
plasticity evoked by rapid-acting antidepressant interventions. Nat. Rev. Neurosci.
26, 101-114. https://doi.org/10.1038/541583-024-00876-0.

Lopez, J.P., et al., 2013. Epigenetic regulation of BDNF expression according to
antidepressant response. Mol. Psychiatr. 18, 398-399. https://doi.org/10.1038/
mp.2012.38.

Lopez, J.P., et al., 2014. miR-1202 is a primate-specific and brain-enriched microRNA
involved in major depression and antidepressant treatment. Nat. Med. 20, 764-768.
https://doi.org/10.1038/nm.3582.

Lopez, J.P., et al., 2017. MicroRNAs 146a/b-5 and 425-3p and 24-3p are markers of
antidepressant response and regulate MAPK/Wnt-system genes. Nat. Commun. 8,
15497. https://doi.org/10.1038/ncomms15497.

Lopez, J.P., Kos, A., Turecki, G., 2018. Major depression and its treatment: microRNAs as
peripheral biomarkers of diagnosis and treatment response. Curr. Opin. Psychiatr.
31, 7-16. https://doi.org/10.1097/YC0O.0000000000000379.

Lopez, J.P,, et al., 2021. Single-cell molecular profiling of all three components of the
HPA axis reveals adrenal ABCB1 as a regulator of stress adaptation. Sci. Adv. 7.
https://doi.org/10.1126/sciadv.abe4497.

Lopez, J.P., et al., 2022. Ketamine exerts its sustained antidepressant effects via cell-type-
specific regulation of Kenq2. Neuron 110, 2283-2298 €2289. https://doi.org/
10.1016/j.neuron.2022.05.001.

Lu, T., Ang, C.E., Zhuang, X., 2023. Spatially resolved epigenomic profiling of single cells
in complex tissues. Cell 186, 2275-2279. https://doi.org/10.1016/j.
cell.2023.04.006.

Mathis, A., et al., 2018. DeepLabCut: markerless pose estimation of user-defined body
parts with deep learning. Nat. Neurosci. 21, 1281-1289. https://doi.org/10.1038/
$41593-018-0209-y.

Neurobiology of Stress 39 (2025) 100766

McEwen, B.S., 2017. Neurobiological and systemic effects of chronic stress. Chronic
Stress 1. https://doi.org/10.1177/2470547017692328.

Miranda, L., Bordes, J., Gasperoni, S., Lopez, J.P., 2023. Increasing resolution in stress
neurobiology: from single cells to complex group behaviors. Stress 26, 2186141.
https://doi.org/10.1080/10253890.2023.2186141.

Nestler, E.J., Russo, S.J., 2024. Neurobiological basis of stress resilience. Neuron 112,
1911-1929. https://doi.org/10.1016/j.neuron.2024.05.001.

Paul, S.M., Potter, W.Z., 2024. Finding new and better treatments for psychiatric
disorders. Neuropsychopharmacology 49, 3-9. https://doi.org/10.1038/541386-
023-01690-5.

Pereira, T.D., et al., 2022. SLEAP: a deep learning system for multi-animal pose tracking.
Nat. Methods 19, 486-495. https://doi.org/10.1038/541592-022-01426-1.

Roberts, B.L., Karatsoreos, I.N., 2021. Brain-body responses to chronic stress: a brief
review. Fac Rev. 10, 83. https://doi.org/10.12703/r/10-83.

Sanz, Y., et al., 2025. The gut microbiome connects nutrition and human health. Nat.
Rev. Gastroenterol. Hepatol. https://doi.org/10.1038/541575-025-01077-5.

Shemesh, Y., Chen, A., 2023. A paradigm shift in translational psychiatry through rodent
neuroethology. Mol. Psychiatr. 28, 993-1003. https://doi.org/10.1038/541380-02.2-
01913-z.

Shemesh, Y., et al., 2013. High-order social interactions in groups of mice. eLife 2,
e00759. https://doi.org/10.7554/eLife.00759.

Torres-Berrio, A., Bortolami, A., Pena, C.J., Nestler, E.J., 2025. Neurobiology of
resilience to early life stress. Neuropsychopharmacology. https://doi.org/10.1038/
541386-025-02158-4.

van Doeselaar, L., et al., 2023. Sex-specific and opposed effects of FKBP51 in
glutamatergic and GABAergic neurons: implications for stress susceptibility and
resilience. Proc. Natl. Acad. Sci. U. S. A. 120, €2300722120. https://doi.org/
10.1073/pnas.2300722120.

van Doeselaar, L., et al., 2025. FKBP51 in glutamatergic forebrain neurons promotes
early life stress inoculation in female mice. Nat. Commun. 16, 2529. https://doi.org/
10.1038/541467-025-57952-x.

von Mucke-Heim, L.A., et al., 2023. Introducing a depression-like syndrome for
translational neuropsychiatry: a plea for taxonomical validity and improved
comparability between humans and mice. Mol. Psychiatr. 28, 329-340. https://doi.
org/10.1038/541380-022-01762-w.

Willner, P., Scheel-Kruger, J., Belzung, C., 2013. The neurobiology of depression and
antidepressant action. Neurosci. Biobehav. Rev. 37, 2331-2371. https://doi.org/
10.1016/j.neubiorev.2012.12.007.

Wu, Z., Lin, D., Li, Y., 2022. Pushing the frontiers: tools for monitoring neurotransmitters
and neuromodulators. Nat. Rev. Neurosci. 23, 257-274. https://doi.org/10.1038/
s41583-022-00577-6.


https://doi.org/10.1038/s41380-019-0585-z
https://doi.org/10.1038/s41380-019-0585-z
https://doi.org/10.1126/sciadv.adj3793
https://doi.org/10.1038/s41386-023-01629-w
https://doi.org/10.1038/s41386-023-01629-w
https://doi.org/10.1038/s41386-018-0156-z
https://doi.org/10.1038/s41386-018-0156-z
https://doi.org/10.1126/science.aan6827
https://doi.org/10.1126/science.aan6827
https://doi.org/10.1038/s41583-024-00876-0
https://doi.org/10.1038/mp.2012.38
https://doi.org/10.1038/mp.2012.38
https://doi.org/10.1038/nm.3582
https://doi.org/10.1038/ncomms15497
https://doi.org/10.1097/YCO.0000000000000379
https://doi.org/10.1126/sciadv.abe4497
https://doi.org/10.1016/j.neuron.2022.05.001
https://doi.org/10.1016/j.neuron.2022.05.001
https://doi.org/10.1016/j.cell.2023.04.006
https://doi.org/10.1016/j.cell.2023.04.006
https://doi.org/10.1038/s41593-018-0209-y
https://doi.org/10.1038/s41593-018-0209-y
https://doi.org/10.1177/2470547017692328
https://doi.org/10.1080/10253890.2023.2186141
https://doi.org/10.1016/j.neuron.2024.05.001
https://doi.org/10.1038/s41386-023-01690-5
https://doi.org/10.1038/s41386-023-01690-5
https://doi.org/10.1038/s41592-022-01426-1
https://doi.org/10.12703/r/10-83
https://doi.org/10.1038/s41575-025-01077-5
https://doi.org/10.1038/s41380-022-01913-z
https://doi.org/10.1038/s41380-022-01913-z
https://doi.org/10.7554/eLife.00759
https://doi.org/10.1038/s41386-025-02158-4
https://doi.org/10.1038/s41386-025-02158-4
https://doi.org/10.1073/pnas.2300722120
https://doi.org/10.1073/pnas.2300722120
https://doi.org/10.1038/s41467-025-57952-x
https://doi.org/10.1038/s41467-025-57952-x
https://doi.org/10.1038/s41380-022-01762-w
https://doi.org/10.1038/s41380-022-01762-w
https://doi.org/10.1016/j.neubiorev.2012.12.007
https://doi.org/10.1016/j.neubiorev.2012.12.007
https://doi.org/10.1038/s41583-022-00577-6
https://doi.org/10.1038/s41583-022-00577-6

	Echoes of stress: From molecular whispers to social thunderstorms
	1 Early whispers, lifelong storms: the imprint of childhood adversity
	2 Two pathways through the same storm: sex differences in stress neurobiology
	3 A molecular compass to navigate stress adaptation: resilience and susceptibility
	4 Harnessing the storm: toward precision and treatment response
	5 Decoding the language of stress in motion: precision tracking in behavioral neuroscience
	6 Listening to the Brain’s smallest voices: from single cells to whole systems
	7 When the brain whispers, the body listens: the neurobiology of stress across systems
	8 Conclusion: riding the storm
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


