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Stress resilience, defined as the capacity to adaptively withstand and
recover from adverse experiences without developing psychopathology,
has become a central focus in behavioral neuroscience due to its
profound implications for mental health and disease prevention. While
traditional research has primarily examined vulnerability to stress,
emerging work underscores resilience as an active and dynamic process
shaped by complex interactions among neural circuits, molecular
pathways, and behavioral strategies. Animal models have proven
indispensable in this field, offering controlled environments to
systematically dissect genetic, environmental, and neurobiological
variables that contribute to adaptive outcomes. Rodent paradigms such
as chronic social defeat stress (CSDS) and chronic unpredictable mild
stress (CUMS), along with primate and zebrafish models, provide
valuable platforms for studying individual differences in coping
strategies, neuroplasticity, and physiological responses. Evidence
consistently highlights the pivotal role of the prefrontal cortex-
amygdala-hippocampus network in regulating emotional and cognitive
responses, with resilient phenotypes characterized by enhanced top-
down control, hippocampal neurogenesis, and reduced maladaptive fear
generalization. On a molecular level, resilience is associated with
adaptive modulation of monoaminergicsignaling, upregulation of brain-
derived neurotrophic factor (BDNF), balanced glucocorticoid receptor
activity, and protective epigenetic modifications that buffer against
stress-induced maladaptations. In parallel, immune and neuroendocrine
systems interact with neural circuits to influence resilience, with
reduced pro-inflammatory cytokine activity and regulated
hypothalamic-pituitary-adrenal (HPA) axis reactivity emerging as
critical determinants. Importantly, these mechanistic insights have
translational significance, informing biomarker discovery and guiding
the development of interventions such as exercise, enriched
environments, pharmacological agents, and neurostimulation strategies
aimed at enhancing resilience in at-risk populations. Looking forward,
the integration of multimodal approaches—including genomics,
connectomics, and systems neuroscience, and artificial intelligence
modeling—  holds  promise for advancing  personalized
neurotherapeutics. Collectively, insights from animal models provide a
robust framework for understanding stress resilience and lay the
groundwork for innovative strategies to mitigate the global burden of
stress-related disorders.

1. INTRODUCTION

leads to maladaptive outcomes, including

Concept of Stress and Resilience

Stress is a fundamental aspect of life, serving both
adaptive and maladaptive functions depending on
the context and duration of exposure. Acute stress
responses can enhance survival by mobilizing
energy and sharpening cognitive processes;
however, chronic or overwhelming stress often
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psychiatric disorders such as depression, anxiety,
and post-traumatic stress disorder (PTSD). Not all
individuals exposed to similar stressors develop
these conditions, highlighting the phenomenon of
stress resilience, which is increasingly recognized
as an active, adaptive process rather than a passive
absence of vulnerability. Understanding the factors
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that promote resilience is therefore central to
behavioral neuroscience, psychiatry, and
preventive medicine.

Role of Behavioral Neuroscience and Animal
Models

Behavioral neuroscience offers a framework for
investigating the complex interplay of genes,
neural circuits, and behavior underlying resilience.
Human studies, while essential, are constrained by
ethical and methodological limitations that restrict
the ability to experimentally manipulate stress

exposure or neural systems. Animal models
provide a solution by allowing controlled
investigations  into resilience mechanisms,

enabling researchers to identify causal links
between stress, brain function, and adaptive
behaviors. Paradigms such as chronic social defeat
stress (CSDS), chronic unpredictable mild stress
(CUMS), maternal separation, and predator odor
exposure reliably differentiate susceptible versus
resilient phenotypes, making them indispensable
for resilience research.

Neurobiological Basis of Resilience

Insights from these models reveal that resilience is
supported by dynamic changes in brain networks
and molecular pathways. Key circuits include the
prefrontal cortex-amygdala-hippocampus
network, which orchestrates cognitive control,
emotional regulation, and memory processing. At
the molecular level, resilience correlates with
adaptive modulation of monoaminergic
neurotransmission, elevated brain-derived
neurotrophic factor (BDNF) expression, balanced
hypothalamic-pituitary-adrenal (HPA) axis
activity, and  anti-inflammatory  signaling.
Furthermore, epigenetic modifications—such as
histone acetylation, DNA methylation, and
microRNA  regulation—act as  long-lasting
regulators of stress adaptation, highlighting
resilience as a plastic, experience-dependent
construct.

Translational Relevance and Study Aim

Beyond the laboratory, resilience is influenced by
environmental and psychosocial factors including
exercise, social support, enriched environments,
and early-life stress inoculation, all of which
modulate brain plasticity and coping capacity. The
translational value of resilience research lies in its
potential to identify biomarkers and therapeutic
targets that promote adaptive responses in at-risk
individuals. By shifting emphasis from disease
vulnerability to protective adaptation, resilience
research reframes the clinical approach to stress-
related disorders. This paper therefore synthesizes
advances in animal models of resilience,
emphasizing behavioral phenotyping, neurocircuit
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mechanisms, and molecular pathways, while
exploring their implications for precision medicine
and personalized neurotherapeutics Figure 1.

STRESS AND NEUROBIOLOGICAL
RESILIENCE BASIS OF RESILIENCE

31 @

TRANSLATIONAL
RELEVANCE AND

BEHAVIORALL
NEUROSCIENCEA
ANIAMIAL MODELS STUDY AIM

Fig. 1. Conceptual framework of stress resilience
in behavioral neuroscience, highlighting the core
domains of stress and resilience, animal models,

neurobiological mechanisms, and translational
relevance.

2. LITERATURE REVIEW

2.1 Stress Resilience vs. Vulnerability

For decades, stress research emphasized
pathology, focusing on mechanisms by which acute
or chronic stressors precipitate psychiatric
conditions such as depression, anxiety, and post-
traumatic stress disorder (PTSD). Contemporary
perspectives highlight that resilience is not merely
the absence of pathology but an active, adaptive
process involving dynamic biological and
behavioral changes. Resilient individuals exhibit
enhanced neuroplasticity, rapid recovery of
homeostasis, and adoption of adaptive coping
strategies such as social engagement and active
problem-solving [1], [2]. Comparative studies
across neuroscience and computational systems
have also drawn on principles from adaptive VLSI
system design and optimized control mechanisms
to model how biological systems maintain stability
under adverse inputs [3].

2.2 Animal Models of Stress

Animal models provide unique insights into the
neurobiology of resilience by enabling controlled
manipulations of stressors and circuits. In rodents,
chronic social defeat stress (CSDS) and chronic
unpredictable mild stress (CUMS) paradigms
reliably distinguish between resilient and
susceptible phenotypes, offering mechanistic
insights into individual variability [4], [5].
Nonhuman primates provide higher translational
value due to their complex social hierarchies and
neuroendocrine stress responses [6]. Zebrafish
models are increasingly employed for high-
throughput behavioral and pharmacological
assays, facilitating molecular dissection of
resilience pathways [7]. Beyond neuroscience,
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modeling approaches from fields such as wireless
sensor networks and low-latency system
optimization contribute theoretical parallels for
resilience frameworks, particularly in terms of
efficiency and adaptive signaling [8].

2.3 Neural and Molecular Pathways

Resilience is mediated by an intricate network of
brain circuits and molecular processes. The
prefrontal cortex (PFC), amygdala, and
hippocampus are central hubs for regulating
emotional control, fear extinction, and contextual
memory. Enhanced PFC-amygdala connectivity
and increased hippocampal neurogenesis
consistently characterize resilient phenotypes [9].
Neurotransmitter systems such as dopamine,
serotonin, and noradrenaline modulate reward,
mood, and stress coping behaviors [10]. At the
molecular level, brain-derived neurotrophic factor
(BDNF) supports synaptic plasticity, while
glucocorticoid receptor sensitivity and adaptive
hypothalamic-pituitary-adrenal (HPA) axis
reactivity provide endocrine resilience [11].
Furthermore, epigenetic regulators—DNA
methylation, histone acetylation, and noncoding
RNAs—offer long-term “reprogramming” of stress
responses. Recent findings also highlight the role
of immune modulation, with reduced pro-
inflammatory cytokines and microglial regulation
contributing to adaptive outcomes [12], [13].
Advanced feature learning frameworks and deep
neural architectures for real-time signal
processing parallel resilience at the computational
level, demonstrating how systems adaptively
enhance input processing under noisy or adverse
conditions [14], [15].

3. METHODOLOGY

3.1 Experimental Models

Chronic Social Defeat Stress (CSDS)

The CSDS paradigm is one of the most widely used
and validated approaches for investigating
resilience and susceptibility in rodents. In this
model, an experimental mouse is repeatedly
exposed to a larger, aggressive conspecific over
several days, resulting in a social defeat
experience. Following the defeat sessions, animals
are evaluated using a social interaction test, which
distinguishes between resilient phenotypes (those
that continue to engage with social partners) and
susceptible phenotypes (those that avoid
interaction). This paradigm closely mimics aspects
of human social stressors such as bullying,
rejection, or chronic interpersonal conflict.
Importantly, CSDS provides robust behavioral
stratification and has been instrumental in
uncovering resilience-associated mechanisms,
including enhanced prefrontal control of amygdala
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activity, dopaminergic reward signaling, and

synaptic plasticity in mesolimbic pathways.

Chronic Unpredictable Mild Stress (CUMS)

The CUMS paradigm is designed to replicate the
unpredictability and variability of everyday life
stressors. Animals are exposed to a series of mild,
randomly scheduled stressors—such as cage
tilting, light/dark cycle changes, damp bedding, or
mild restraint—over a period of several weeks.
Unlike CSDS, which models social stress, CUMS
captures the impact of persistent environmental
challenges on emotional and motivational systems.
Behavioral outcomes are often assessed using the
sucrose preference test to measure anhedonia, a
core feature of depression, alongside other assays
of anxiety and activity. Resilient animals typically
maintain sucrose preference and behavioral
flexibility despite prolonged exposure to stress,
whereas susceptible ones show reduced reward
sensitivity and impaired adaptability. CUMS has
been particularly valuable for identifying resilience
mechanisms related to hedonic capacity,
dopaminergic tone, and HPA axis regulation.

Early Life Stress Models

Early developmental periods are critical windows
for shaping lifelong stress responsivity and
resilience. =~ Maternal separation paradigms
represent one of the most commonly employed
early life stress models. In these studies, pups are
separated from their dam for varying durations
during the first weeks of life, which induces long-
lasting changes in emotional regulation,
neuroendocrine reactivity, and cognitive
functioning. Interestingly, the outcomes of early
life stress are not universally detrimental: while
prolonged or unpredictable separations often
increase vulnerability, moderate and controlled
stress exposures (stress inoculation) can enhance
adaptive coping strategies in adulthood, promoting
resilience. These models provide insight into how
early experiences program neurodevelopmental
trajectories, particularly through epigenetic
regulation, synaptic remodeling, and alterations in
HPA axis sensitivity Figure 2.

[ STRESS PARADIGMS ]
! i I
CHRONIC CHRONIC EARLY LIFE
STRESS (CSD%) UMILD STRESS STRESS
(CumMs)

RESILIENT SUSCEPTIBLE
Fig. 2. Experimental stress paradigms and their
behavioral outcomes, illustrating resilient versus
susceptible phenotypes.
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3.2 Behavioral Assays

Social Interaction Tests

Social interaction paradigms are commonly
employed following stress exposure, particularly
in models such as chronic social defeat stress
(CSDS). In these tests, an experimental animal is
introduced into an arena containing a social target
(usually a conspecific). Animals classified as
resilient display normal or increased engagement
with the social target, while susceptible animals
show marked avoidance or withdrawal. This assay
provides a direct behavioral measure of social
motivation and affiliation, which are critical
dimensions of adaptive stress coping.

Sucrose Preference Test

The sucrose preference test is widely used as an
index of anhedonia, or loss of interest in rewarding
stimuli, which is a hallmark of depressive-like
behavior. Animals are given the choice between
plain water and a sucrose solution, and the relative
intake is measured. Resilient animals typically
maintain sucrose consumption despite prolonged
stress exposure, reflecting preserved hedonic
capacity and reward sensitivity, while susceptible
animals show reduced sucrose preference. This
test is especially relevant for assessing the
motivational dimension of resilience in paradigms
such as chronic unpredictable mild stress (CUMS).

Forced Swim Test (FST)

The forced swim test is a classical measure of
behavioral despair and coping strategy. In this
paradigm, animals are placed in a water-filled
cylinder from which there is no escape. Their
behavior is recorded, with active coping (e.g,
swimming, climbing) contrasted against passive
coping (e.g, immobility). Resilient animals
generally sustain higher levels of active behavior,
indicating persistence in coping strategies,
whereas susceptible animals adopt passive
immobility more quickly. While the FST is
sometimes criticized for oversimplification, it
remains a robust tool for quantifying stress
responsiveness and  evaluating resilience-
promoting interventions.

Elevated Plus Maze (EPM)

The elevated plus maze assesses anxiety-related
behavior by measuring an animal’s willingness to
explore open, elevated arms versus enclosed arms.
Resilient animals exhibit balanced exploration,
entering open arms without excessive avoidance,
reflecting adaptive regulation of anxiety. In
contrast, susceptible animals demonstrate
heightened avoidance of open arms, indicating
increased anxiety-like states. The EPM provides
complementary data to social and hedonic
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measures, allowing a broader behavioral

characterization of resilience.

Cognitive Flexibility Tasks

Beyond emotional and motivational measures,
resilience also encompasses cognitive adaptability.
Tasks such as set-shifting (requiring animals to
switch between different learned rules) and
attentional bias paradigms (assessing selective
focus under competing stimuli) provide higher-
order readouts of executive control. Resilient
phenotypes are marked by improved flexibility
and adaptability in these tasks, mediated by
prefrontal cortical function. These measures
highlight the role of cognition in resilience,
bridging basic behavioral assays with more
complex neurocognitive models relevant to human
stress responses Figure 3.

Forced

Swim
+ Active Coping
Social + Passive Coping Elevated
Interaction Plus Maze
t Engagement t+ Exploration
+ Withdrawal + Avoidance
Behavioral
Assays for
Stress Resilience
Sucrose Cognitive
Preference Flextbility
+ Hedonic + Adaptability
Capacity sed s
Preserved Cognitive + Impairment

Flexibility

+ Adaptability
+ Impairment

Fig. 3. Behavioral assays for stress resilience,
illustrating key tests (social interaction, sucrose
preference, forced swim, elevated plus maze, and
cognitive flexibility) and their resilient versus
susceptible outcomes.

3.3 Neurobiological Analysis

In vivo Electrophysiology and Optogenetics
Electrophysiological recordings in freely behaving
animals provide real-time insights into neural
activity patterns associated with stress resilience.
For example, single-unit recordings in the
prefrontal cortex-amygdala-hippocampus
network have shown that resilient animals
maintain greater prefrontal control over amygdala
excitability, = preventing  maladaptive fear
generalization. Complementing this, optogenetics
enables precise manipulation of specific cell
populations and pathways. By selectively
activating or silencing neuronal ensembles during
stress exposure, researchers can causally
demonstrate whether certain circuit dynamics
promote resilience or vulnerability. For instance,
stimulating dopaminergic projections from the
ventral tegmental area (VTA) to the nucleus
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accumbens has been shown to mimic resilience-
like behaviors in rodent stress models.

Molecular Assays

At the cellular and molecular level, techniques
such as RNA sequencing (RNA-seq), proteomics,
and epigenetic profiling uncover the
transcriptional, protein-level, and regulatory
signatures of resilience. RNA-seq identifies gene
expression patterns that distinguish resilient from
susceptible  phenotypes, often implicating
neurotrophic, serotonergic, and immune-related
pathways. Proteomic studies extend this by
highlighting changes in synaptic proteins and
stress-response regulators. Epigenetic profiling,
including DNA methylation mapping, histone
modification analysis, and microRNA sequencing,
reveals long-term molecular “reprogramming” that
underlies adaptive coping. These molecular assays
provide a systems-level perspective on resilience
and  highlight potential biomarkers for
translational application.

Neuroimaging in Animals

Non-invasive imaging tools have advanced our
understanding of resilience-related network
dynamics. Functional magnetic resonance imaging
(fMRI) in rodents and nonhuman primates allows
mapping of whole-brain connectivity changes
under stress, with resilient phenotypes displaying
stronger functional coupling between prefrontal
and limbic regions. Calcium imaging, using
genetically encoded calcium indicators (e.g,
GCaMP), provides high temporal resolution of
neuronal population activity, enabling the
visualization of resilience-linked firing patterns
during stress exposure. Together, these imaging
modalities capture both large-scale brain network
reorganization and local circuit adaptations,
bridging cellular mechanisms with whole-brain
function Figure 4.

WHOLE-BRAIN
IMAGING In vivo electrophysiology
& optogenetics
MOLECULAR
SIGNATURES
RNA-seq, proteomics,
epigenetics
CIRCUIT
DYNAMICS

MR, calcium imaging

Fig. 4. Multilevel neurobiological analysis of stress
resilience, integrating circuit dynamics, molecular
signatures, and whole-brain imaging approaches.
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4. RESULTS AND DISCUSSION

4.1 Neural and Molecular Mechanisms

Findings from animal studies consistently
demonstrate that resilience is mediated by
dynamic adaptations across neural circuits and
molecular pathways. At the circuit level, resilient
rodents display enhanced excitatory control within
prefrontal cortex (PFC) projections to the
amygdala, which mitigates maladaptive fear
responses and facilitates emotional regulation.
Simultaneously, hippocampal neurogenesis
remains elevated in resilient animals, supporting
contextual memory processing and cognitive
flexibility, both of which are crucial for adaptive
coping. On the molecular front, resilience
correlates with upregulation of brain-derived
neurotrophic factor (BDNF), improved
glucocorticoid receptor sensitivity, and protective
epigenetic modifications such as histone
acetylation and DNA methylation balance.
Furthermore, immune regulation emerges as a
critical resilience pathway, with reduced pro-
inflammatory cytokine activity and adaptive
microglial signaling buffering neural circuits
against chronic stress-induced dysfunction.

4.2 Behavioral and Developmental Strategies
Behavioral assays highlight distinct strategies that
differentiate resilient from vulnerable phenotypes.
Resilient animals demonstrate active coping
behaviors, exploratory responses to novelty, and
sustained social engagement, whereas susceptible
animals show avoidance, passivity, and social
withdrawal. Importantly, developmental factors
strongly influence resilience capacity. Stress
inoculation models in juvenile animals indicate
that controlled early-life stress exposure can
enhance adaptive responses later in life,
suggesting critical developmental windows during
which resilience can be “programmed.” These
findings align with human data showing that
structured challenges, such as moderate adversity
in childhood, may fortify psychological resilience
through  enhanced  problem-solving  skills,
emotional regulation, and neural plasticity.

4.3 Translational Implications

Insights from animal models carry significant
translational value for human studies. Resilience-
associated biomarkers—such as cortisol reactivity,
PFC activation patterns, and peripheral
inflammatory = markers—mirror findings in
rodents, underscoring the cross-species validity of
these mechanisms. Interventions that mimic
resilience-promoting factors in animals have
shown promise in humans, including physical
exercise, enriched environments, social support,
and dietary  modulation. = Pharmacological
approaches, such as ketamine, selective serotonin
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reuptake inhibitors (SSRIs), and BDNF mimetics,
further highlight the therapeutic potential of
targeting resilience pathwaysTable 1. Collectively,
these results emphasize that resilience is not a
fixed trait but a modifiable process shaped by
neural plasticity, molecular adaptations, and
behavioral strategies, offering a foundation for
precision medicine approaches to reduce
vulnerability and enhance adaptive outcomes in
stress-related disordersFigure 5.

Therapeutic Interventians .
Translational Biomarkers .
Developmental Programming .
Behavioral Strategies. *
Molecular Adaptatians °

Neural Circuit Mechanisms L ]

0 20 a0 50 a0 100
Relative Contrioution to Stress Resilience (Score 3%

Fig. 5. Relative contributions of neural, molecular,
behavioral, developmental, and translational
factors to stress resilience.

Table 1. Key mechanisms, strategies, and translational implications of stress resilience

Category Key Insights

Neural Circuit | Enhanced prefrontal cortex (PFC) control over amygdala excitability; increased

Mechanisms hippocampal neurogenesis supporting emotional regulation and cognitive
flexibility.

Molecular Upregulation of brain-derived neurotrophic factor (BDNF); improved

Adaptations glucocorticoid receptor sensitivity; protective epigenetic modifications; reduced
pro-inflammatory cytokines.

Behavioral Active coping behaviors, novelty exploration, and sustained social engagement

Strategies distinguish resilient from vulnerable phenotypes.

Developmental Early-life stress inoculation enhances adaptive responses later in life, suggesting

Programming critical developmental windows for resilience programming.

Translational Cortisol reactivity, prefrontal cortex activation patterns, and peripheral

Biomarkers inflammatory markers mirror resilience-associated mechanisms in humans.

Therapeutic Interventions include physical exercise, enriched environments, social support,

Interventions dietary modulation, ketamine, selective serotonin reuptake inhibitors (SSRIs), and
BDNF mimetics.

5. CONCLUSION

Animal models have provided critical insights into
the neurobiological foundations of stress
resilience, demonstrating that it is not a passive
resistance to adversity but rather an active,
adaptive process shaped by the interplay of neural
circuits, molecular pathways, and behavioral
strategies. Resilient phenotypes consistently reveal
enhanced prefrontal control of limbic activity,
increased hippocampal neurogenesis, balanced
neuroendocrine  regulation, and protective
immune responses, highlighting resilience as a

multidimensional  construct. Despite these
advances, significant challenges remain in
translating preclinical findings into effective

clinical strategies, owing to the complexity of
human stress experiences, inter-individual
variability, and developmental influences. Future
research must therefore adopt multimodal
approaches that integrate genomics, connectomics,
proteomics, and Al-driven analytics to generate
holistic models of resilience. In addition, cross-
species comparisons—Ilinking rodent, primate, and
human data—are essential for bridging
mechanistic discoveries with clinical applications,
while precision interventions should focus on
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critical developmental windows and individual
variability to optimize outcomes. Ultimately,
advancing the science of resilience offers a
transformative pathway for psychiatry and
neuroscience, enabling the development of novel
therapeutic strategies, predictive biomarkers, and
preventive frameworks that reduce the burden of
stress-related disorders and promote adaptive
functioning across the lifespan.
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