ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202010.00008

Oxytocin Regulation of Psychological Resilience:
Mechanisms of Action in the Hippocampus

Authors: Jun Gao, Xue Bing, Wang Xuejiao, Ma Ning, Gao Jun
Date: 2020-10-17T00:00:00+00:00

Abstract

Psychological resilience refers to the ability of an individual to effectively and
flexibly adapt to stressful situations such as adversity, setbacks, or major threats,
thereby promoting the restoration of normal physiological and psychological
functions. Research indicates that the hippocampus is a crucial brain region
regulating psychological resilience, and oxytocin may enhance psychological re-
silience by acting on the hippocampus. The internal hippocampal circuit, the
entorhinal cortex-dentate gyrus-CA3 pathway, may regulate the generalization
and extinction of fear memories to enhance psychological resilience; the external
hippocampal circuits, including the dentate gyrus-amygdala-nucleus accumbens
and hippocampus-nucleus accumbens pathways, regulate emotion and may re-
spectively enhance or reduce psychological resilience by promoting reward or
inducing aversion. Possible pathways through which oxytocin acts on the hip-
pocampus to enhance psychological resilience include: oxytocin promotes hip-
pocampal neurogenesis, reduces the stress sensitivity of mature neurons in the
ventral hippocampus, enhances the “pattern separation” function of the hip-
pocampus, and decreases the generalization of stress memories; oxytocin restores
long-term potentiation at Schaffer collateral-CA1 synapses in the hippocampus,
promoting adaptation to stress; oxytocin reduces glucocorticoid receptor levels
in the hippocampus, re-establishing homeostasis.
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Abstract: Psychological resilience refers to the capacity for effective and flex-
ible adaptation in the face of adversity, trauma, tragedy, threats, and other
significant sources of stress, which helps restore normal physiological and psy-
chological functioning. Previous studies have shown that the hippocampus plays
a crucial role in psychological resilience, and oxytocin may enhance resilience
by modulating hippocampal function. Within the hippocampus, the entorhi-
nal cortex-dentate gyrus-CA3 circuit may regulate fear memory generalization
and extinction to enhance resilience. Externally, the dentate gyrus-amygdala-
nucleus accumbens and hippocampus-nucleus accumbens circuits regulate emo-
tion, potentially enhancing or reducing resilience by promoting reward or aver-
sion, respectively. Oxytocin may enhance psychological resilience through sev-
eral hippocampal mechanisms: (1) promoting hippocampal neurogenesis, reduc-
ing stress sensitivity of ventral hippocampal mature neurons, and enhancing
hippocampal “pattern separation” function to reduce stress memory generaliza-
tion; (2) restoring Schaffer collateral-CA1l synaptic long-term potentiation to
promote stress adaptation; and (3) reducing hippocampal glucocorticoid recep-
tor levels to re-establish homeostasis.

Keywords: psychological resilience; stress; stress adaptation; oxytocin; hip-
pocampus

Psychological resilience, also termed stress resilience, generally refers to the ca-
pacity for effective and flexible adaptation when individuals confront adversity,
setbacks, or major threats, thereby promoting recovery of normal physiologi-
cal and psychological function [1-4]. Research on psychological resilience spans
diverse domains, and due to varying emphases, it has also been translated as
psychological elasticity, recovery, resistance, toughness, and stress resilience
[1,5-7]. Resilience levels serve as a primary mediating factor in the development
of post-traumatic mental illness, can predict negative emotions following stress,
determine the degree of stress adaptation, and significantly impact physical and
mental health [8-9]. Clinically, scholars have proposed two subsets of psycho-
logical resilience—stress vulnerability and post-traumatic growth—using a Venn
diagram model and employing multi-factor assessment to measure resilience [9],
reflecting a developmental measurement approach. In animal research, tradi-
tional methods involve measuring molecular and behavioral changes in stress
response circuits following trauma [9]. From a physiological psychology perspec-
tive, resilience further depends on effective activation and termination of stress
responses, with buffering effects against stress and trauma manifested through
cognitive reappraisal and generation of positive emotions [3].

Commonly used animal models for studying psychological resilience include
chronic social defeat stress (CSDS), unpredictable chronic mild stress (UCMS),
early life stress, learned helplessness (LH), and acute stress [1]. Evaluation
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indices encompass post-stress anxiety states, learning, memory, and reward be-
haviors, with resilient animals demonstrating adaptation to stress and fewer
negative reactions [1]. Investigating the neural basis and mechanisms of psycho-
logical resilience facilitates deeper understanding of its functional mechanisms
and helps reduce the occurrence of post-traumatic mental illness. Both human
and animal studies indicate that hippocampal activity differences influence psy-
chological resilience, relating to hippocampal volume, projection connections,
receptor types, and neurogenesis [1,10-11]. These studies demonstrate close
relationships between hippocampal changes and resilience, but they only re-
flect correlations at the macro level, with micro-level regulatory mechanisms
remaining unclear. Given that stress can alter hippocampal structure and im-
pair hippocampus-dependent memory function [12], examining factors influenc-
ing stress-induced hippocampal structural and functional changes may reveal
micro-level factors and mechanisms through which the hippocampus regulates
resilience.

Oxytocin is a nine-amino-acid endogenous neurohormone synthesized in the hy-
pothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON) and
secreted into peripheral circulation by the posterior pituitary [13]. Oxytocin
has attracted widespread attention for modulating stress responses, promot-
ing positive social behaviors, and serving as a potential therapeutic agent for
stress-related disorders [14-19]. The hippocampus receives direct oxytociner-
gic input from the hypothalamus [20-21], and oxytocin treatment can protect
spatial memory and hippocampal synaptic plasticity in rats under uncontrol-
lable stress, attenuating the impact of stress on physiological and psychological
function [22-23], suggesting that oxytocin is one of the factors influencing stress-
induced hippocampal structural and functional changes. Human and animal
studies also indicate that oxytocin modulates psychological resilience [24-25].
In summary, the hippocampus is a critical brain region regulating psychologi-
cal resilience, oxytocin is a modulatory factor for resilience, and oxytocin may
regulate resilience through actions on the hippocampus. However, systematic re-
views of these specific regulatory mechanisms are lacking. This article integrates
existing data from animal and human studies, briefly elaborates on hippocam-
pal internal and external circuits regulating resilience, and focuses on the effects
and mechanisms of oxytocin acting on the hippocampus to modulate resilience.
This review clarifies research on oxytocin’ s hippocampal actions in regulating
resilience, elucidates its mechanisms and significance, provides references for
researchers, and offers important insights for the prevention and treatment of
posttraumatic stress disorder (PTSD), anxiety disorders, and depression.

1. Hippocampal Circuitry Mechanisms Underlying Psy-
chological Resilience
Mechanisms regulating psychological resilience with the hippocampus as the pri-

mary brain region involve both internal and external projection circuits. The
hippocampus comprises three main subfields—CA1, CA2, and CA3—along with
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other regions including the dentate gyrus (DG), hippocampal subicular complex,
and entorhinal cortex [26]. Major excitatory inputs from cortical and subcortical
areas converge on the entorhinal cortex, which projects to the DG as the primary
pathway for information entering the hippocampus [27]. Internal hippocampal
signaling pathways include: (1) entorhinal cortex layer II projections to DG
and CA3, with CA3 pyramidal neurons projecting to CA1 stratum radiatum
and dorsolateral septum; and (2) entorhinal cortex layer III projections to CA1,
with CA1 pyramidal neurons projecting to cortex and subiculum [28]. After
hippocampal processing, these two pathways transmit signals from dorsal and
ventral hippocampus to form external circuits [28]. The dorsal hippocampus pri-
marily projects to retrosplenial cortex, subiculum, and medial/lateral septum,
whereas the ventral hippocampus (vHIP) mainly projects to hypothalamus, nu-
cleus accumbens (NAc), amygdala, prefrontal cortex (PFC), bed nucleus of stria
terminalis, subiculum, and medial/lateral septum [28]. Stress affects memory,
emotion, and other cognitive functions regulated by these circuits [28].

Hippocampal internal circuits may regulate resilience by modulating mem-
ory function. The DG, a critical region influencing hippocampal pathway
excitability, is directly affected by stress hormones such as glucocorticoids
and corticotropin-releasing hormone (CRH), which disrupt DG-CA3 signal
transmission and cause behavioral abnormalities [29]. Elevated glucocorticoids
or systemic corticosterone administration reduce DG neurogenesis and increase
anxiety-related behaviors [30-31]. DG signal transmission and neurogenesis are
affected by stress, leading to stress responses, but the DG can also modulate its
own activity to attenuate stress effects and regulate resilience. Good resilience
requires avoiding excessive fear response generalization [10]. Mouse studies
show that dorsal DG participates in encoding stress-related memories and their
retrieval and extinction, with signal connections to entorhinal cortex, CA3, and
amygdala [32]. Inhibiting dorsal DG activity disrupts fear acquisition, increases
fear generalization, and impairs fear extinction [32]. Research suggests dorsal
DG reduces fear memory generalization by encoding fear context information
and forming precise memories. When encountering similar contexts, dorsal DG
reduces interference by discriminating contextual details, though the mecha-
nism for DG modulation of fear extinction remains unclear [32]. These findings
indicate that the entorhinal cortex-DG-CA3 internal circuit may enhance
resilience by reducing fear generalization and promoting fear extinction.

Hippocampal external circuits may regulate resilience by modulating emotional
function. First, the DG projection to basolateral amygdala (BLA)-NAc regu-
lates resilience by modulating reward seeking. Mouse studies show that acti-
vating DG cells encoding positive memories reduces depression-like behaviors
induced by chronic restraint stress [33]. The mechanism involves activating
hippocampal DG cells, which further activates BLA glutamatergic projections
to NAc, enhancing NAc-regulated reward-seeking behavior, weakening stress re-
sponses [34], and regulating resilience. This suggests that under stress, resilience
promotes stress adaptation possibly through activating the DG-BLA-NAc path-
way to enhance reward-seeking behavior, allowing organisms to adjust emotional
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and behavioral responses and reduce the impact of stress on physiological and
psychological function. Second, the hippocampal projection to NAc regulates
resilience by modulating psychological aversion. Optogenetic studies in CSDS
mice show that prolonged inhibition of the vHIP-NAc circuit enhances resilience,
whereas brief activation of vHIP glutamate neurons projecting to NAc reduces
resilience, while other circuits such as medial prefrontal cortex (mPFC)-NAc or
BLA-NAc do not participate in this function [35]. Rat studies further demon-
strate that aversive experiences from psychological stress can directly activate
the vHIP-NAc circuit via monosynaptic connections, with stressed groups show-
ing greater activation of medium spiny neurons in NAc and more depression-like
behaviors [35-36]. These studies indicate that stress activation of the vHIP-NAc
circuit reduces resilience and increases stress responses.

In summary, hippocampal involvement in resilience regulation includes internal
and external circuits: (1) hippocampal DG neurogenesis improves entorhinal
cortex-DG-CA3 signal transmission, modulates memory function, and reduces
fear memory generalization; and (2) glutamatergic activity in hippocampal DG-
BLA-NAc and hippocampus-NAc circuits regulates emotion, inhibiting or ac-
tivating stress responses. Further findings show that NAc receives direct or
indirect hippocampal projections with opposite effects, and BLA may play a
key role. Studies indicate that stress causes complex interactions among BLA,
hippocampus, and NAc [37-38], necessitating further research to better under-
stand the specific mechanisms.

2. Oxytocin Enhances Psychological Resilience by Promot-
ing Hippocampal Neurogenesis

Throughout life, hippocampal neurogenesis persists, primarily manifesting as
the addition of new functional neurons in the hippocampal DG [39]. Adult
hippocampal neurogenesis plays important roles in regulating learning, mem-
ory, negative emotions, and stress [40-42]. Stress activates the hypothalamic-
pituitary-adrenal (HPA) axis and increases stress hormone levels. Low and
high concentrations of glucocorticoids regulate signaling processes through hip-
pocampal mineralocorticoid and glucocorticoid receptors, respectively, to inhibit
hippocampal neurogenesis [43-44]. From the perspective of stress inhibiting
hippocampal neurogenesis, micro-level mechanisms of oxytocin acting on the
hippocampus to regulate resilience may be discovered.

2.1 Oxytocin Promotes Hippocampal Neurogenesis

Oxytocin promotes hippocampal neurogenesis under normal conditions. Sys-
temic administration studies show that acute oxytocin promotes cell prolifer-
ation in ventral DG, while chronic oxytocin increases the number of granule
neurons and glial cells in ventral DG, and central administration via hippocam-
pal microinjection similarly promotes neurogenesis [45], suggesting that oxytocin
regulates neurogenesis by acting on the hippocampus. PVN oxytocin signals can
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activate oxytocin receptors in hippocampal CA3 pyramidal neurons, thereby
promoting DG neurogenesis, which partially explains why long-term oxytocin
treatment promotes cell proliferation and dendritic maturation of new neurons
in adult rat hippocampus [46-47].

Oxytocin also promotes hippocampal neurogenesis under stress conditions. Oxy-
tocin can promote cell proliferation in the hippocampus even when glucocorti-
coids are elevated, preventing stress hormones from inhibiting neurogenesis [45].
Oxytocin can also increase hippocampal neurogenesis to promote stress adapta-
tion and improve stress symptoms. In rat studies, neonatal maternal deprivation
stress caused depression-like behaviors in adulthood, and long-term intranasal
oxytocin administration alleviated depressive behaviors behaviorally and im-
proved stress-reduced hippocampal neurogenesis mechanistically [48]. These
studies suggest that oxytocin may reduce stress-induced damage and increase
stress adaptability by increasing hippocampal neurogenesis, thereby enhancing
resilience. Specifically, oxytocin may regulate resilience through different ap-
proaches to promoting hippocampal neurogenesis.

2.2 Oxytocin Specifically Reduces Stress Sensitivity of Mature Neu-
rons in Ventral Hippocampus

Oxytocin receptor distribution in the hippocampus shows cell-type and regional
specificity. In most rodents, oxytocin receptor expression and binding can be
detected in all hippocampal subfields (CA1, CA2, CA3, DG, entorhinal cortex)
[14]. Studies show that oxytocin receptors in DG are more highly expressed in
interneurons, with granule cells expressing almost no oxytocin receptors, while
CA2/CA3 oxytocin receptors are more highly expressed in excitatory neurons
[20,49-50]. This distribution pattern suggests that oxytocin may influence hip-
pocampal function and regulate resilience through specific mechanisms.

Oxytocin modulates fast-spiking interneurons in the hippocampus, enhancing
CA1 spike transmission and improving brain information processing, which is
particularly important for regulating psychiatric or neurological disorders [51-
52]. Oxytocin, via Gq/11-coupled oxytocin receptors, reduces dendritic branch-
ing and function of hippocampal glutamatergic neurons [53], which may main-
tain the balance between excitation and inhibition to ensure normal neurobehav-
ioral development. These studies suggest that oxytocin may indirectly regulate
resilience by modulating the firing of different hippocampal neuron types and
regulating organism excitability.

Oxytocin can activate hippocampal pyramidal neuron excitation to promote
neurogenesis and enhance resilience. Since neural progenitor cells in the adult
DG subgranular zone or mature granule cells do not express oxytocin recep-
tors, and only a small portion of GABAergic neurons in the polymorphic cell
layer express oxytocin receptors, oxytocin is unlikely to directly act on DG
to promote neurogenesis [46]. Further research shows that oxytocin acts in a
non-cell-autonomous manner on oxytocin receptors in CA3 pyramidal neurons,
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activating these neurons and promoting excitatory transmission. These signals
project to DG, promoting neurogenesis in ventral DG [46]. Calcium imaging
reveals that these new neurons inhibit activity of mature cells in ventral DG,
reducing ventral DG stress sensitivity [54], promoting stress adaptation, and
thereby enhancing resilience.

2.3 Oxytocin Reduces Stress Memory Generalization by Enhancing
Hippocampal Pattern Separation Function

The hippocampus is a key brain region regulating learning and memory. When
encoding stimuli similar to original stimuli, the hippocampus can transform rep-
resentations or memories of similar stimuli into highly distinct, non-overlapping
representations—a process termed “pattern separation” that is crucial for stim-
ulus discrimination. The hippocampal DG-CA3 pathway plays an important
role in pattern separation during memory [55-56]. Hippocampal neurogenesis
participates in pattern separation, and increased neurogenesis can enhance this
function [57-59]. In studies investigating PTSD and anxiety mechanisms, fear
generalization—characterized by excessive fear responses to similar stress stimuli
—is associated with lower pattern separation function [28]. Research shows that
based on prior experience, hippocampal neurogenesis can regulate brain encod-
ing and response processes to two different or identical contexts via the DG-CA3
pathway [60]. Lower neurogenesis impedes encoding of new memories, increases
interference with original memories, and causes reallocation of encoding between
old and new memories, accelerating transfer of post-traumatic stress memory
elements and causing fear generalization. In contrast, high neurogenesis en-
codes old and new memories through different neuronal populations, reducing
interference between them [28], thereby reducing stress memory generalization
and promoting stress adaptation. Therefore, oxytocin may enhance resilience
by acting on the hippocampal DG-CA3 internal circuit to promote neurogene-
sis, reduce stress sensitivity, and improve pattern separation function for stress
stimuli.

3. Oxytocin Enhances Psychological Resilience by Restor-
ing Abnormal Hippocampal Synaptic Plasticity

With experience, neural activity changes nervous system and circuit function,
affecting synaptic transmission strength or efficacy of existing synapses. This
activity-dependent synaptic modifiability constitutes synaptic plasticity, which
is crucial for functional refinement of the nervous system and brain learning
and memory processes [49,61]. Stress disrupts normal hippocampal synaptic
plasticity [62]. Chronic stress reduces the number of apical dendritic terminals
in hippocampal CA3, decreases long-term potentiation (LTP) in CA1 synapses,
and increases anxiety-like behaviors and impairs working memory [63-64]. Acute
stress also inhibits LTP in CA1 [65-67] and CA1-CA3 regions [68-69], produc-
ing long-lasting effects. Thus, stress affects hippocampal synaptic plasticity and
causes behavioral changes, likely due to reduced resilience. From the perspec-
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tive of stress-induced hippocampal synaptic plasticity abnormalities, micro-level
mechanisms of oxytocin acting on the hippocampus to regulate resilience may
be identified.

3.1 Oxytocin Influences Hippocampal Synaptic Plasticity

Oxytocin promotes hippocampal synaptic plasticity. In hippocampal slices from
unmated female mice perfused with oxytocin, oxytocin induces persistent LTP
and CREB phosphorylation through the MAPK cascade, promoting Schaffer
collateral-CA1 synaptic LTP formation in the CA3-CA1 pathway [60,70]. In-
tracerebroventricular oxytocin injection promotes long-term spatial memory in
nulliparous female mice, while oxytocin receptor antagonist injection inhibits
these effects and disrupts spatial memory [70], indicating that oxytocin can regu-
late synaptic plasticity and improve hippocampus-dependent cognitive function
in female mice. Activation of oxytocin receptors on pyramidal layer interneurons
in hippocampal CA1 can regulate GABAergic activity of inhibitory interneurons,
increase inhibitory postsynaptic transmission, and modulate downstream pyra-
midal neurons to improve signal-to-noise ratio and promote plasticity [52,71],
which may be one mechanism by which oxytocin regulates hippocampal synaptic
plasticity. Additionally, since oxytocin receptors are predominantly expressed
in hippocampal CA2 and CA3 regions, studies using oxytocin receptor knockout
mice have investigated oxytocin’ s effects on CA2 and CA3 synaptic plasticity.
Related research has revealed the critical role of oxytocin signaling in inducing
LTP at synapses between entorhinal cortex and CA2 pyramidal neurons, and
shows that oxytocin receptors promote long-term social recognition memory
formation in hippocampal CA2/anterior CA3 (aCA3) by inducing LTP [49-50],
demonstrating the importance of oxytocin in regulating social behavior through
hippocampal synaptic LTP modulation.

3.2 Oxytocin Restores Stress-Suppressed Hippocampal Long-Term
Potentiation

Oxytocin can restore stress-induced abnormalities in hippocampal synaptic plas-
ticity. Under uncontrollable stress, rats without oxytocin treatment show im-
paired LTP, enhanced long-term depression (LTD), and poor spatial memory
in hippocampal Schaffer collateral-CA1 synapses, whereas oxytocin-treated rats
do not exhibit these changes. Oxytocin antagonist L-368899 inhibits oxytocin’
s protective effects on the hippocampus [22], confirming that oxytocin atten-
uates stress effects by protecting hippocampal synaptic plasticity, which may
represent a neural mechanism for oxytocin regulation of resilience. This study
also found that stress reduces phosphorylated extracellular signal-regulated ki-
nase (pERK) levels in the hippocampus, affecting synaptic plasticity. It is hy-
pothesized that oxytocin acts on oxytocin receptors on non-pyramidal neurons,
increasing their excitability and thereby inhibiting pyramidal neurons, which
attenuates stress-induced changes in pERK and regulates stress adaptation [22].
Further research demonstrates that oxytocin treatment after stress can also res-
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cue stress-induced impairments in hippocampal synaptic plasticity and recogni-
tion memory [23]. Although different oxytocin regulatory signaling mechanisms
may exist between these two stages, no clear evidence is yet available and re-
quires further investigation. Nevertheless, this demonstrates the possibility and
importance of oxytocin enhancing resilience by restoring abnormal hippocam-
pal synaptic plasticity. Oxytocin may promote stress adaptation and enhance
resilience by increasing kinase levels in Schaffer collateral-CA1l synapses of the
CA3-CA1l pathway, restoring abnormal LTP processes caused by stress. Re-
garding oxytocin restoring stress-suppressed hippocampal LTP to improve re-
silience, this may be achieved through the hippocampus-BLA circuit. Research
shows that BLA activation is one manifestation of acute stress response, which
is related to impaired DG synaptic LTP [37]. Therefore, oxytocin restoration
of hippocampal LTP abnormalities may reduce excessive amygdala activation,
thereby mitigating adverse effects of stress on cognition-related functions.

4. Oxytocin Enhances Psychological Resilience by Reduc-
ing Hippocampal Glucocorticoid Receptor Levels

Glucocorticoids are the most important regulatory hormones in the stress re-
sponse. Glucocorticoid receptors are highly expressed in the brain hippocam-
pus, primarily distributed in pyramidal cells of hippocampal CA1l, CA2, and
DG [72]. The high expression level of glucocorticoid receptors in the hippocam-
pus determines their impact on the hippocampus and the hippocampus’ s role
in stress response.

4.1 Stress Increases Hippocampal Glucocorticoid Receptor Expres-
sion

Stress affects hippocampal function through glucocorticoid receptors. Early
stress can increase glucocorticoid receptor expression in the hippocampus of
adult male and female mice and increase anxiety-like behaviors. Early gesta-
tional stress in rats not only increases glucocorticoid receptors but also affects
hippocampal neurogenesis [73-74]. Stress-induced glucocorticoids act on hip-
pocampal glucocorticoid receptors, affecting synaptic plasticity, reducing hip-
pocampal neurogenesis, and inducing PTSD-like memory impairments [12]. El-
evated corticosterone levels from stress, similar to acute systemic injection of
high-concentration corticosterone, reduce hippocampal synaptic plasticity by
activating glucocorticoid receptors, possibly by blocking N-methyl-D-aspartate
(NMDA) receptor-dependent synaptic plasticity [75-76]. Glucocorticoid dysreg-
ulation also inhibits adult hippocampal neurogenesis, increases depression-like
behaviors, and causes hippocampal neuronal apoptosis [42-43,77]. These studies
demonstrate that stress affects hippocampus and behavior through glucocorti-
coid receptors, and from this perspective, micro-level mechanisms of hippocam-
pal oxytocin regulation of resilience may be discovered.
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4.2 Oxytocin Reduces Stress-Elevated Hippocampal Glucocorticoid
Receptor Levels

Oxytocin affects hippocampal glucocorticoid receptor expression. Systemic oxy-
tocin administration reduces glucocorticoid receptor mRNA expression in rat
hippocampal CA1, CA2, and DG, while increasing mineralocorticoid receptor
mRNA expression in DG [78]. Oxytocin may regulate resilience by reducing
hippocampal glucocorticoid receptor expression and thereby attenuating stress
effects on the hippocampus.

Oxytocin modulates stress-induced glucocorticoid and hippocampal glucocorti-
coid receptor levels to regulate resilience. As a neuropeptide originating from
the hypothalamic-neurohypophyseal system, oxytocin participates in and mod-
ulates HPA axis activity under stress [79]. Human intranasal oxytocin treat-
ment can reduce stress-induced cortisol elevation, an effect more pronounced in
psychiatric patients [80-81]. PVN oxytocin treatment in rodents also reduces
post-stress corticosterone levels and buffers stress responses through promoting
social interaction, reducing anxiety-related behaviors [82]. This suggests that
oxytocin may enhance resilience by regulating positive social behaviors and so-
cial interaction. The hypothalamus and hippocampus play key roles in oxytocin
modulation of stress. Particularly, the hippocampus is important in regulating
emotion and anxiety. Under stress conditions, oxytocin regulates stress through
the hippocampus and protects the hippocampus from adverse stress effects [83].
Oxytocin also inhibits corticosterone-induced apoptosis in primary hippocampal
neurons [84]. Microinjection of oxytocin into the rat hippocampus one hour or
seven days after predator odor exposure stress reduces hippocampal glucocorti-
coid receptor expression and alleviates anxiety-related behaviors [85], which may
indicate oxytocin’ s role in stress memory formation. This study further found
that oxytocin interacts with corticosterone and norepinephrine (NE) in regulat-
ing this process—only combined corticosterone and NE can induce plasma and
hippocampal oxytocin release—demonstrating the complex relationship between
glucocorticoids, catecholamines, and oxytocin, and partially revealing mecha-
nisms by which oxytocin regulates stress-adaptive behavioral responses through
the hippocampus [86]. Research has found that glucocorticoids regulate hip-
pocampal oxytocin receptor binding, also demonstrating interactions between
glucocorticoid and oxytocin systems [87]. We therefore hypothesize that under
stress conditions, highly activated HPA axis increases corticosterone and NE
levels, and their combination increases hippocampal oxytocin release, which sub-
sequently inhibits HPA axis function and reduces hippocampal glucocorticoid
receptor levels. On one hand, this may reduce stress-induced structural and
functional hippocampal damage by affecting neurogenesis and synaptic plastic-
ity; on the other hand, it may regulate stress response and stress memory forma-
tion processes, enabling the organism to re-establish homeostasis, promote stress
adaptation, reduce anxiety-like behaviors, and weaken stress-related memories,
thereby enhancing resilience.
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5. Summary and Outlook

In summary, hippocampal circuits and oxytocin actions on the hippocampus
play important roles in regulating psychological resilience. First, the entorhi-
nal cortex-DG-CA3 internal circuit regulates fear memory generalization and
extinction to enhance resilience, while DG-BLA-NAc and hippocampus-NAc ex-
ternal circuits regulate emotion, enhancing or reducing resilience by promoting
reward or aversion, respectively. Second, oxytocin may: (1) act on oxytocin
receptors in hippocampal CA3 pyramidal neurons to promote neurogenesis in
ventral hippocampus and inhibit mature DG cell activity, thereby reducing
stress sensitivity and enhancing resilience; (2) promote hippocampal neurogene-
sis and enhance “pattern separation” function in the DG-CAZ3 circuit to reduce
stress memory generalization and promote stress adaptation; (3) increase kinase
levels in NMDA receptor-dependent Schaffer collateral-CA1l synaptic signaling
pathways in the CA3-CA1 circuit to restore abnormal synaptic LTP processes
caused by stress, thereby adapting to stress and enhancing resilience; and (4) in-
teract with glucocorticoid and catecholamine systems to increase release, inhibit
HPA axis function, reduce hippocampal glucocorticoid receptor levels, protect
hippocampal structure and function from glucocorticoid damage, re-establish
brain homeostasis, and adjust hippocampal stress-related memory to enhance
resilience.

Despite progress in understanding hippocampal and oxytocin regulation of re-
silience, several issues require attention and resolution. First, oxytocin’ s regula-
tion of resilience through hippocampal structure and function may differ across
sexes and individual experiences. Chronic systemic oxytocin administration re-
duces ventral hippocampal neurogenesis in both adult male and female rats but
only increases social interaction behavior in males [88]. This reduction in neuro-
genesis is inconsistent with most previous studies [45-46], and further investiga-
tion revealed that increased social behavior in males is associated with reduced
neurogenesis, while reduced neurogenesis in females is influenced by decreased
estradiol levels [88], demonstrating the complexity of oxytocin’ s hippocampal
effects and the need to consider sex differences in its behavioral regulation. Even
when oxytocin’ s hippocampal effects may be consistent, underlying mechanisms
and mediated behaviors may differ, requiring in-depth analysis. Additionally,
individual stress-related experiences affect oxytocin’ s regulatory effects. Hu-
man studies show that oxytocin treatment under stress can attenuate HPA axis
hormone responses in healthy individuals but produces opposite and harmful ef-
fects in those with abuse histories [89], indicating that individual diagnosis and
treatment must incorporate these factors for rational therapeutic approaches.

Second, oxytocin’ s regulation of resilience through the hippocampus must con-
sider gene-environment interactions. Some studies suggest that oxytocin’ s hip-
pocampal regulation of resilience involves a potential mechanism highlighting
the importance of gene-environment interactions. Reduced hippocampal vol-
ume is associated with high susceptibility to affective disorders, while larger
hippocampal volume is considered a marker of post-stress resilience [90]. Oxy-
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tocin gene polymorphisms affect hippocampal volume and resilience [91-93], sug-
gesting a possible role for oxytocin in regulating resilience through hippocampal
volume. However, this effect is also influenced by environment. For example,
when adolescent girls were divided into low and high emotional trauma expo-
sure groups, both carrying the oxytocin rs53576 AA allele associated with lower
resilience, the low-trauma group showed larger left hippocampal volume, which
positively correlated with perceived social support from friends [94]. This indi-
cates that oxytocin gene polymorphisms interact with individual psychological
environment and social support to jointly affect hippocampal volume and re-
silience. This genotype also interacts with family environment, with positive
family environments contributing to enhanced resilience [91]. Therefore, inves-
tigating oxytocin’ s hippocampal regulation of resilience must account for in-
dividual differences and external environmental factors. Treating stress-related
mental illness requires not only medication but also attention to individual
characteristics, interpersonal relationships, and emotional support to targetedly
enhance resilience.

Third, investigating resilience neural mechanisms must closely integrate human
and animal studies to compensate for respective limitations. Animal models
themselves may have potential factors affecting results. Different animal strains,
sexes, life experiences, genetic backgrounds, stress susceptibility, and variations
in stress intensity, duration, and testing environments can all affect resilience
measurement [95]. Therefore, studies may employ multiple models for replica-
tion or use the same models and procedures as previous research to obtain stable
results and increase comparability and integrability among conclusions. Human
studies lack depth in investigating resilience neural mechanisms and coordina-
tion with animal studies [96]. Future research should combine human brain
imaging with animal neural circuit techniques to identify precise brain struc-
tures and circuits regulating resilience. Achieving model integration requires
deeper understanding of genetic and epigenetic, neurobiological, and neuroen-
docrine foundations to better comprehend complex interactions between individ-
ual differences and environmental factors affecting resilience, providing effective
prevention and treatment approaches for human post-traumatic mental illness
susceptibility and pathogenesis.
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