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Abstract

Memory consolidation typically occurs slowly during periods of rest or sleep fol-
lowing memory encoding. However, under stressful conditions, memories may
be rapidly consolidated. Given the long-standing lack of quantitative methods
for neural activity during human memory consolidation, the mechanisms under-
lying rapid memory consolidation under stress remain unclear. This study pro-
poses to employ computational neuroscience approaches to characterize in detail
the neural replay process during human episodic memory consolidation under
stress. Furthermore, we will integrate interdisciplinary methods including cog-
nitive psychology, brain imaging techniques, machine learning, neuroendocrine
regulation, stress induction, and physiological and biochemical detection to test
the “double-edged sword” hypothesis of stress on neural replay: although stress
may accelerate the speed of neural replay and promote memory consolidation, it
may simultaneously reduce the accuracy of neural replay and disrupt its sequen-
tial order. This study will: (1) compare multidimensional feature differences in
neural replay between stress and non-stress states; (2) explore the interactive
effects between neural replay and memory retrieval and encoding under stress;
(3) attempt to regulate human stress responses using neuroendocrine and envi-
ronmental strategies, thereby influencing neural replay. This research can help
identify ideal brain states that promote memory consolidation and integrate
neural replay studies across humans and animals. Simultaneously, this study
may also provide novel strategies for protecting episodic memory function under
stress and for intervening in memory impairments in stress-related psychiatric
disorders.
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Abstract

Memory consolidation typically occurs slowly during rest or sleep periods fol-
lowing memory encoding. Under stress, however, memory consolidation may
accelerate considerably. The mechanisms underlying this rapid consolidation
in stressful circumstances remain unclear, primarily due to the longstanding
absence of quantitative methodologies for investigating neural activity during
human memory consolidation. This research aims to employ computational
neuroscience techniques to meticulously characterize neural replay during the
consolidation of episodic memory under stress. Specifically, we propose an inte-
grated approach involving cognitive psychology, neuroimaging, machine learn-
ing, neuroendocrine regulation, stress induction, and physiological and biochem-
ical assessments to examine the “double-edged sword” hypothesis related to
stress and neural replay. Although stress might hasten the rate of neural replay,
thereby facilitating memory consolidation, it could simultaneously compromise
the accuracy of neural replay and disrupt its sequentiality. Our study will: (1)
juxtapose the multi-dimensional characteristics of neural replay under stress
and non-stress conditions; (2) probe the interplay between neural replay and
memory retrieval and encoding in stressful conditions; and (3) strive to employ
neuroendocrine and environmental tactics to modulate human stress responses,
which in turn could influence neural replay during consolidation. The impli-
cations of this research are twofold: it could help identify the optimal brain
state to enhance memory consolidation and bridge the gap between human and
animal studies on neural replay. At the same time, it could illuminate new
strategies for preserving episodic memory function under stress and intervening
in memory deficits seen in stress-associated psychiatric disorders.

Keywords: memory consolidation; memory retrieval; acute stress; neural re-
play; episodic memory

1. Problem Statement

In modern society, overwhelming stress and mental pressure have quietly be-
come significant factors threatening the quality of life and mental health of
Chinese citizens. Scientific research indicates that stress not only impairs cog-
nitive function in the short term but may also transform into chronic pressure,
becoming a key risk factor for a range of psychiatric disorders such as depression,
anxiety, and post-traumatic stress disorder (de Kloet et al., 2005). Therefore,
strengthening stress-related scientific research, deeply exploring its potential
negative impacts and underlying mechanisms, and developing effective regula-
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tory approaches represent an important scientific innovation priority oriented
toward public health and well-being.

Mental pressure (or stress in the broad sense) encompasses both acute stress and
chronic stress. Unmitigated acute stress has a certain probability of converting
into chronic stress. In this study, “stress” refers specifically to acute stress,
emphasizing physiological-psychological reactions within a particular time win-
dow, such as various highly threatening emergencies that cause intense mental
tension. These range from sudden injuries, accidents, important examinations,
school admissions, and job interviews to personally experiencing or witnessing
serious accidents or natural disasters like the MH370 disappearance, the May
12 Wenchuan earthquake, or the September 11 plane crashes. From an exper-
imental /physiological psychology perspective, acute stress has clear physiologi-
cal indicators and can be induced in the laboratory under procedures compliant
with human experimental ethics, making it suitable for neuroimaging research.

How stress affects memory constitutes a core question in stress research
(Schwabe et al., 2022). As early as the scientifically underdeveloped Middle
Ages, people already had intuitive understanding of the relationship between
stress and memory. Some medieval tribal communities practiced a custom
where, after children participated in historically significant ceremonies, they
would immediately be thrown into water so that the adults believed this would
leave lifelong, unforgettable memories of the ceremony in the children’ s minds
(McGaugh, 2003).

This folk custom demonstrates that people have long recognized the potential
role of stress in promoting memory consolidation and forming durable memory
traces. To date, our understanding of memory consolidation mechanisms has
primarily derived from molecular neuroscience research in animal models (Am-
brose et al., 2016; Carr et al., 2011; Karlsson & Frank, 2009). Although animal
studies can deeply dissect the neural circuits underlying memory consolidation,
they are limited by the types of memory tasks animals can perform, making it
difficult to correlate consolidation-period neural activities with specific memory
performance. Human non-invasive neuroimaging has attempted to explain the
association between consolidation-period neural activity and subsequent mem-
ory performance, but due to the long-term lack of precise quantification methods
for consolidation-period neural activity, such research has often been limited
to coarse descriptions using brain activity intensity, patterns, and functional
connectivity, without characterizing the dynamic neural processes of memory
replay during consolidation (Tambini et al., 2010; Tambini & Davachi, 2013,
2019). However, recent years have witnessed the integration of high-temporal-
resolution non-invasive brain imaging with machine learning and computational
modeling, making it possible to describe human neural replay during memory
consolidation (Y. Liu et al., 2019; Y. Liu, Dolan, et al., 2021; Schuck & Niv,
2019a; Wittkuhn & Schuck, 2021). Previous studies have focused on neural
replay under normal conditions and examined its relationship with higher-order
intelligence such as decision-making (Kurth-Nelson et al., 2023; Y. Liu, Mat-
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tar, et al.,, 2021), leaving the scientific question of how stress affects human
neural replay during memory consolidation largely unexplored. Through litera-
ture review, we have summarized previous studies on stress effects on memory
consolidation and compiled them into Table 1. As shown in Table 1, without con-
sidering memory accuracy and sequentiality, most previous studies found that
stress enhances memory consolidation. No study has yet probed the double-
edged sword effect of stress on memory consolidation using multiple memory
retrieval paradigms.

This research aims to integrate interdisciplinary methods including cognitive
psychology, brain imaging, machine learning, computational modeling, neuroen-
docrine regulation, and physiological-biochemical detection of stress to reveal
the cognitive neural mechanisms of rapid memory consolidation under stress
using computational neuroscience approaches. We will also examine how neural
replay features under stress relate to memory retrieval and encoding and how
they are modulated by neuroendocrine and environmental factors. This study
holds theoretical significance for seeking the optimal brain state for memory
consolidation and integrating human and animal research on stress and neural
replay. Practically, it can also provide references and guidance for protecting
memory function under stress and understanding and intervening in memory
impairments in stress-related psychiatric disorders.

2. Research Status and Developmental Trends

2.1 Psychophysiological Effects of Stress and Their Impact on Mem-
ory Function

Stress is a double-edged sword: on one hand, it enables rapid detection of dan-
ger and prepares us for future challenges; on the other hand, it makes it difficult
to concentrate attention and make rational decisions in complex environments
(de Kloet et al., 2005). Stress triggers complex neuroendocrine-brain-cognitive
changes (Figure 1). While neuroendocrine responses to stress can be quantified
in animal models (Armario et al., 2008; Rao et al., 2012; Yuen et al., 2009),
ethical and technical limitations prevent real-time description of dynamic neu-
roendocrine changes in the human brain. In contrast, human stress research has
primarily focused on using non-invasive brain imaging techniques (such as fMRI,
EEG, and MEG) to explore associations between altered neural activity under
stress and cognitive function. For instance, domestic scholars have investigated
changes in working memory and attention to threat stimuli (Luo et al., 2018),
creativity (Duan et al., 2019, 2020), and inhibitory control under stress (Chang
et al., 2020; Chang & Yu, 2019).

This study focuses on how stress affects human memory consolidation. Previ-
ous research has found that stress impacts different memory stages (encoding,
consolidation, and retrieval) differently. Specifically, stress effects on memory
encoding vary depending on the valence of memory material: stress enhances
encoding of emotional information while weakening encoding of neutral informa-
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tion (Buchanan & Lovallo, 2001). The relationship between stress and memory
retrieval appears more direct (i.e., stress impairs memory retrieval), with rel-
atively clear underlying mechanisms (Gagnon et al., 2019; Wolf, 2017). The
relationship between stress and memory consolidation has been studied but
lacks a simple conclusion: while stress is generally believed to enhance consoli-
dation, some studies have found an inverted U-shaped curve, where moderate
stress enhances consolidation while excessive stress impairs it (Cahill et al., 2003;
McCullough et al., 2015).

Human non-invasive neuroimaging has revealed how stress influences memory
encoding and retrieval by modulating the hippocampus-prefrontal cortex-
amygdala circuit. (A) Glucocorticoids secreted during stress primarily act on
the hippocampus, one of the brain regions most critical for memory. In both
rodent and human studies, researchers have indeed found that elevated gluco-
corticoid levels during stress are associated with impaired hippocampus-related
memory retrieval performance (de Quervain et al., 1998; Lindauer et al., 2006;
Newcomer et al., 1999; Roozendaal et al., 2006). Human fMRI experiments
directly comparing memory-related neural activity under stress and non-stress
conditions have found that stress reduces hippocampal activation during mem-
ory retrieval (Gagnon et al., 2019). (B) Additionally, stress-induced memory
impairment may also be related to prefrontal cortex dysfunction (Arnsten,
2009). For example, research shows that stress reduces dorsolateral prefrontal
neural activity intensity (Qin et al., 2009) and neural oscillations during work-
ing memory (Gértner et al., 2014). Pharmacologically induced glucocorticoid
secretion (the primary physiological-biochemical response triggered by stress)
impairs prefrontal activity intensity during memory retrieval tasks (Oei et
al., 2007). (C) Professor Guillén Fernandez' s team at the Donders Institute
for Brain Research in the Netherlands has used non-invasive neuroimaging to
explore amygdala activity characteristics under stress. Overall, stress enhances
amygdala responses to emotional faces (van Marle et al., 2009), but the degree
of enhancement is modulated by individual genetic phenotypes (Cousijn et al.,
2010). Enhanced amygdala neural activity under emotional stress forms the
basis for its influence on memory processes (Cahill et al., 1995, 1996; Dolcos
et al.,, 2004; LaBar & Cabeza, 2006). Direct brain stimulation studies in
humans have found that electrical stimulation of the amygdala can enhance
episodic memory encoding (Inman et al., 2018). Therefore, stress-induced
enhancement of amygdala activity will have profound effects on memory
function. Notably, most previous research on stress-memory interactions has
observed hippocampus-amygdala-prefrontal activity characteristics separately,
with only a few studies taking a large-scale brain network perspective. The
Guillén Fernidndez team integrated psychological experimental paradigms, non-
invasive neuroimaging, neuroendocrine manipulation, physiological-biochemical
detection, and pupillometry to reveal how stress affects large-scale human brain
networks, with results published in Science (Hermans et al., 2011). This study
found that stress alters the dynamic balance and resource allocation between
brain networks, exhibiting a “double-edged sword” effect: stress concentrates
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cognitive resources on the salience network (also called the emotional stress
network) centered on the amygdala, making individuals sensitive to fear and
vigilance stimuli, while simultaneously reducing resources available to the
executive control network centered on the prefrontal cortex, thereby impairing
performance on high cognitive load tasks such as memory and decision-making.
Based on this, the team proposed a large-scale brain network dynamic adapta-
tion model for human stress response (Hermans et al., 2014), which has exerted
broad influence on subsequent human stress neuroimaging research.

Despite these advances, our understanding of how stress affects memory con-
solidation remains limited, possibly because memory encoding and retrieval
research better fits standard cognitive neuroscience paradigms. Such studies
typically reveal the neural basis of successful memory processes by correlating
recorded neural signals with successful versus failed memory encoding or re-
trieval events (Ferndndez et al., 1999; Frankland et al., 2019; W. Liu et al.,
2022). However, the challenge in memory consolidation research lies in the
need for precise quantification of cognitive information contained in sponta-
neous neural activity (Fox & Raichle, 2007). Although we can record neural
activity during memory consolidation, it is difficult to directly know the under-
lying cognitive processes behind this activity and their onset and offset times.
Therefore, to understand memory consolidation under stress, we must first iden-
tify quantifiable neural metrics to describe the dynamic neural processes during
consolidation.

2.2 Neural Replay as the Neural Basis of Memory Consolidation

Scientists have long searched for the neural basis of memory consolidation and
have established a considerable understanding framework (Squire et al., 2015).
Memory consolidation can occur both during wakefulness (awake consolidation)
and during sleep (sleep consolidation) (Klinzing et al., 2019; Wamsley, 2022).
Two important concepts related to memory consolidation are memory reacti-
vation and memory replay. Memory reactivation refers to the re-emergence
of neural patterns similar to those during perception when a specific (single)
memory is evoked. Memory replay emphasizes that multiple memory traces
are reactivated in the brain in a certain sequence. Neural replay is considered
the underlying neural mechanism of memory replay, and this project focuses on
neural replay processes during wakefulness.

As the neural basis of memory consolidation, neural replay must satisfy three
characteristics: (1) In the absence of external sensory input, neural representa-
tions corresponding to memories repeatedly appear; (2) It occurs post-encoding
and can persist for some time; (3) It coordinates with neural activity in
widespread cortical regions, transferring memory representations that originally
depend on the hippocampus to extensive cortical areas (Carr et al., 2011). The
phenomenon of spatial memory replay during subsequent wakefulness or sleep
discovered in rodents satisfies all these features (Davidson et al., 2009; Foster &
Wilson, 2006; Ji & Wilson, 2007). Due to technical limitations, human neural
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replay research relies on indirect methods, such as inferring the neural basis of
memory consolidation by comparing neural activity during memory retrieval
before and after consolidation (Takashima et al., 2006, 2009). However, with
the development of human resting-state fMRI technology, direct investigation
of human memory consolidation has become possible (Guerra-Carrillo et al.,
2014). Tambini and Davachi’ s research team used pairwise multi-voxel cor-
relation analysis and inter-region functional connectivity methods to compare
neural activity patterns during memory encoding and consolidation, finding
that local and global activity patterns centered on the hippocampus during
consolidation closely resembled those during encoding, differing from the pure
rest period before task onset (Tambini et al., 2010; Tambini & Davachi, 2013,
2019). However, considering the temporal characteristics of memory replay
and the temporal resolution of fMRI, it is generally believed that the memory
consolidation process observed with fMRI is more likely the superimposed result
of multiple memory information reactivations. Nevertheless, some studies have
reported that using functional MRI neural decoding can also detect sequential
information in neural replay (Schuck & Niv, 2019b; Wittkuhn & Schuck,
2021). In summary, human fMRI-based neural replay research has extended
animal neural replay studies in memory types, confirming that not only spatial
information but also non-spatial abstract memory information can be replayed
during human consolidation. Liu Yunzhe and colleagues used machine learning
and computational modeling on MEG data to precisely quantify neural replay
processes contained in spontaneous neural activity during rest. With the
millisecond-level temporal resolution of MEG and advances in regression factor
control and permutation-based statistical approaches, neuroscientists can quan-
tify the timing and specific sequence of different memory information during
consolidation, thereby achieving multi-dimensional precise characterization of
human neural replay in mathematical terms (Y. Liu, Dolan, et al., 2021; Y. Liu
et al., 2019; Y. Liu, Mattar, et al., 2021; Nour et al., 2021).

A critical step in establishing neural replay as the neural basis of memory con-
solidation is linking consolidation-period neural activity to subsequent memory
retrieval performance. Animal studies have found that the intensity of awake
neural replay can predict subsequent memory performance (Dupret et al., 2010),
and human resting-state functional connectivity studies have also found that
hippocampal functional connectivity patterns during consolidation can predict
individual differences in associative memory (Tambini et al., 2010; Tambini &
Davachi, 2013). However, the associative memory paradigm is not an ideal mea-
surement for neural replay behavior management because it only reflects local
features of neural replay. For example, neural replay emphasizes the sequential
order of multiple pieces of information, yet no human memory consolidation
study has incorporated memory sequence property measurements in the subse-
quent memory retrieval phase. Therefore, despite new quantification methods
for human neural replay, we still know little about the relationship between dif-
ferent features of neural replay and different characteristics of episodic memory
(such as persistence, specificity, and sequentiality). To address this, we need to
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design different memory task paradigms after consolidation to measure different
aspects of memory performance.

2.3 Seeking the Optimal Brain State for Memory Consolidation

The aforementioned research has confirmed that non-invasive brain imaging
can capture neural replay in the human brain, so we can seek the optimal brain
state for memory consolidation by observing changes in neural replay. Previous
studies have primarily focused on how memory material characteristics affect re-
activation during consolidation, such as reward (Murayama & Kitagami, 2014;
Murayama & Kuhbandner, 2011), emotional valence (Sharot & Phelps, 2004),
relationship with future behavior (Wilhelm et al., 2011), and association with
prior knowledge (Tse et al., 2007; van Kesteren et al., 2010). No study has yet
explored what characteristics consolidated memories exhibit during the consol-
idation period. Traditional system consolidation theory posits that after mem-
ory formation, a slow and natural consolidation process occurs over time, with
memory representations shifting from the hippocampus to widespread cortical
regions (Frankland & Bontempi, 2005). However, recent research has found that
enhancing encoding efficiency through retrieval practice can produce a “fast”
memory consolidation effect (Fast Consolidation Hypothesis) (Antony et al.,
2017). Researchers using multivariate pattern analysis techniques (Cohen et
al., 2017) have preliminarily confirmed that the memory enhancement effect of
retrieval practice is related to rapid memory consolidation (Ferreira et al., 2019;
W. Liu et al., 2019; Ye et al., 2020; Zhuang et al., 2021). From a neural mecha-
nism perspective, retrieval practice enhances representational distinctiveness in
the posterior parietal cortex (PPC) and visual cortex.

In addition to memory characteristics themselves, the brain’ s global state also
influences neural replay during consolidation. Both animal models and human
memory decoding studies have found abnormal neural replay in schizophrenia
(Nour et al., 2021; Suh et al., 2013). Considering that hallucinations and delu-
sions are core symptoms of schizophrenia (McCutcheon et al., 2020), we can
speculate that abnormal neural replay may be the neural mechanism underly-
ing hallucinations and delusions. Beyond pathological brain states, due to the
continuity of brain states, the brain state prior to memory consolidation sys-
tematically influences neural activity during consolidation. Evidence for brain
state continuity exists in memory encoding and retrieval domains: Tambini
et al. found that brain states triggered by prior emotional memory encoding
persisted into subsequent neutral memory encoding, accompanied by sustained
brain activity and functional connectivity patterns corresponding to emotional
stimuli, which enhanced neutral memory encoding (Tambini et al., 2017). Mem-
ory control after memory retrieval is more difficult because the brain network
adapted for memory retrieval needs rapid reconfiguration to meet the demands
of subsequent memory control tasks. If rapid reconfiguration fails and the brain
state from memory retrieval persists into memory control, memory control faces
failure risk (W. Liu, Kohn, et al., 2021). Similarly, we speculate that inducing
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stress in participants before memory consolidation will affect the subsequent
consolidation process.

In animal models, scientists have found that using electric shocks or drugs to
induce stress responses can enhance memory consolidation (Zinkin & Miller,
1967). Since then, a series of studies have revealed the neuroendocrine mecha-
nisms through which stress hormones enhance memory consolidation (McGaugh,
2018), specifically the interaction between rapid noradrenergic responses and
slow glucocorticoid responses following stress (Roozendaal et al., 2006). How-
ever, these neuroendocrine changes do not directly affect cognitive function
but exert indirect effects by influencing neural activity in corresponding brain
regions. Currently, no human study has used non-invasive brain imaging to
reveal dynamic changes in memory consolidation under stress. Based on the
aforementioned “double-edged sword” effect of stress on large-scale networks
(Hermans et al., 2014), we hypothesize that stress also has a “double-edged
sword effect” on neural replay during consolidation, meaning that stress does
not simply enhance memory consolidation but simultaneously enhances and im-
pairs different features of neural replay (although stress may accelerate neural
replay speed, it reduces the accuracy of memory representations during replay
and disrupts the sequence of neural replay).

2.4 Modulation Methods for Neural Replay and Their Neural Mech-
anisms

In animal models, neural replay can be precisely modulated through optoge-
netics (Deisseroth, 2011): by establishing a real-time neural replay monitoring
system, scientists can extend or shorten the duration of neural replay during
the consolidation period in rodents and affect subsequent memory retrieval per-
formance (Ego-Stengel & Wilson, 2009; Fernandez-Ruiz et al., 2019). In human
research, one possible method is targeted memory reactivation (TMR), which
presents participants with sensory stimuli (such as sounds or odors) paired with
encoded information during consolidation (usually during sleep) to reactivate en-
coded memories and observe corresponding cognitive and brain changes (Hu et
al., 2020; Rasch et al., 2007). However, whether TMR effectively modulates neu-
ral replay remains controversial: first, some argue that presenting specific sen-
sory stimuli during consolidation actually triggers memory retrieval processes,
thereby disrupting the spontaneity of consolidation. Second, TMR typically can
only reactivate single pieces of information, whereas neural replay emphasizes
the dynamic reactivation of multiple memory information. Whether TMR can
induce replay of a series of memories remains to be studied. Another possible
modulation method for memory consolidation is non-invasive brain stimulation
(NIBS). Tambini et al. used non-invasive brain stimulation to modulate memory
consolidation: stimulating the visual cortex during consolidation could hinder
memory reactivation and hippocampal-cortical interaction, with memory be-
havioral performance declining in retrieval tasks (Tambini & D’ Esposito, 2020).
However, human non-invasive brain stimulation can only stimulate a single cor-
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tical region and cannot reach the deep hippocampal structure, thus it should
be considered as having indirect effects on neural replay. In summary, existing
human neural replay modulation methods can only affect memory consolidation
at the level of single stimulation or single brain region, still far from ideal mod-
ulation methods for memory consolidation. Since neural replay is difficult to
precisely modulate in humans, perhaps we can indirectly modulate neural replay
under stress by modulating stress responses. Previous studies have attempted
to modulate human memory function under stress from two pathways: neuroen-
docrine and brain science. From a neuroendocrine perspective, the impairing ef-
fect of stress on memory retrieval disappears in healthy participants after taking
propranolol (a non-selective -receptor blocker, also known as Inderal) (de Quer-
vain et al., 2007; Schwabe et al., 2009), while the enhancing effect of emotional
arousal on memory encoding disappears (Cahill et al., 1994). From a brain sci-
ence perspective, researchers have achieved good results in modulating working
memory under stress by stimulating specific brain regions (such as dorsolateral
prefrontal cortex) (Bogdanov & Schwabe, 2016). Environmental neuroscience
is an emerging approach for stress modulation. Environmental neuroscience
has found that human stress is largely influenced by living environments and
has begun to reveal its neural mechanisms (Berman et al., 2019; F. Liu et al.,
2023; Tost et al., 2015). One important influencing factor is urbanization: the
team of Yu Chunshui at Tianjin Medical University found that regional urban-
ization levels have significant effects on brain structure and cognitive function
in young populations (Xu et al., 2021). Stress neuroimaging research has also
found that people living in cities show stronger amygdala activity when facing
social stress (Lederbogen et al., 2011). Urbanization can affect human stress
and brain through multiple factors, one relatively clear mechanism being that ur-
banization leads to reduced green environments, which can serve as protective
factors against stress (Berto, 2014). Big data analysis during the COVID-19
pandemic found that people who had more contact with green environments
during the pandemic could better maintain mental health (Lee et al., 2023).
The Kiihn team at the Max Planck Institute in Germany found through inter-
vention studies that one hour of natural green environment exposure, compared
to urban environment exposure, can effectively enhance human stress resistance,
reducing amygdala activity when facing stress (Sudimac et al., 2022). Although
research on using green environments to combat stress is still in its infancy, it
has unique advantages: compared to neuroendocrine or brain stimulation re-
search, green environment contact is not only low-cost and applicable in wide
scenarios but can also be safely applied to children, adolescents, and elderly
populations. Theoretical speculation suggests that the stress-resistance effect
of green environments should differ from drugs or brain stimulation, but this
lacks experimental verification. This study plans to use natural environment
strategies as an emerging approach to modulate neural replay under stress by
reducing stress responses. Natural environment contact can serve not only as
an experimental manipulation method for externally regulating stress responses
but also enable further comparison of the efficiency and mechanistic differences
between environmental and neuroendocrine regulation.
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3. Research Proposal

This study proposes to reveal the neural replay mechanisms of rapid memory
consolidation under stress through four studies (Figure 2). Study 1 will examine
how stress states affect neural replay phenomena during memory consolidation.
Study 2 will simultaneously focus on consolidation and retrieval periods, explor-
ing how stress-induced neural replay abnormalities affect subsequent memory
retrieval. Study 3 will simultaneously examine encoding and consolidation peri-
ods, investigating how memory encoding efficiency affects neural replay under
stress. Based on the neural mechanisms revealed in Studies 1-3, Study 4 will
introduce external modulation strategies (neuroendocrine and environmental)
to regulate neural replay under stress by reducing individual stress responses.

Figure 2. Research Framework

3.1 Study 1: How Does Stress Affect Neural Replay Features During
Memory Consolidation?

Study 1 aims to investigate how stress affects neural replay features during
memory consolidation. Using a single-factor (stress/non-stress) within-subjects
design, we will recruit healthy university students for EEG experiments under
stress and non-stress conditions. The experiment FE&#E three main phases:
memory encoding-testing, stress induction, and neural replay capture. Specif-
ically, participants will learn picture sequences during the memory encoding
phase and immediately undergo memory testing to assess learning effectiveness.
The Trier Social Stress Test (T'SST) and math calculation tasks will be used
to induce stress. Saliva samples will be collected five times throughout the
experiment (before the experiment, after baseline memory testing, after stress
induction, mid-EEG recording, and end of EEG recording) for cortisol quantifi-
cation to confirm stress induction effectiveness and state maintenance duration.
Immediately after stress induction, EEG will record participants’ neural activity
during the 5-minute memory consolidation period. Building on existing compu-
tational neuroscience methods that can quantify neural replay during consolida-
tion (Y. Liu et al., 2019; Y. Liu, Dolan, et al., 2021), this study will quantify
neural replay speed, accuracy, and sequentiality, and compare differences be-
tween stress and non-stress conditions. The key hypothesis is that although
stress accelerates neural replay speed, it reduces the accuracy of memory rep-
resentations during replay and disrupts neural replay sequence. This means
that while stress can promote rapid information replay in the brain, this speed
may come at the cost of memory quality, leading to decreased precision and
organization of memory representations.

Figure 3. Characterizing Human Neural Replay During Memory
Consolidation Using Neural Decoding and Computational Modeling.
(A) After memory encoding, multiple memory information enters
the consolidation phase. During this period, the hippocampus and
widespread cortical regions interact, and memory information reap-
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pears in the brain in a certain order (forward or reverse). This phe-
nomenon is called neural replay, considered a key neural process for
memory consolidation. (B) To capture human neural replay in exper-
imental data, we first need to establish associations between neural
patterns and external stimuli (usually visual, such as locations, ob-
jects, faces), i.e., train machine learning algorithms to decode memory
content. Then, by applying the machine learning algorithm to sponta-
neous neural activity during consolidation, we can obtain probability
information about how various external stimuli are represented in the
brain at specific time points. Finally, by further establishing sequen-
tial models of when different memories appear (Y. Liu, Dolan, et al.,
2021; Y. Liu et al., 2022), we can quantify neural replay.

3.2 Study 2: How Do Altered Neural Replay Features Under Stress
Relate to Different Memory Retrieval Tasks?

Study 2 examines how altered neural replay features under stress relate to
performance on different memory retrieval tasks, using a 2 (stress condi-
tion: stress/mon-stress) x 3 (memory retrieval task: recognition/selection
retrieval/memory inference) within-subjects design. Building on Study 1,
Study 2 adds a memory retrieval phase. Three memory retrieval paradigms
(recognition, selection, and memory inference) will be used to quantify the for-
mation/persistence, specificity, and flexibility of episodic memory, respectively.
The specific testing order of the three paradigms will be balanced across partic-
ipants to ensure equal probability of appearing at the beginning of the retrieval
phase. In the recognition task (measuring memory formation/persistence),
participants make old/new judgments on pictures, half of which did not appear
during encoding. In the selection retrieval task (measuring memory specificity),
participants are asked to select the previously learned picture from three similar
pictures, with the other two serving as similar lure pictures. In the memory
inference task (measuring memory flexibility /sequentiality), participants must
flexibly retrieve information in sequence based on the encoded picture order.
The research hypotheses are: (1) accelerated neural replay speed facilitates
memory formation and persistence (using single-picture old/new recognition
test performance as the memory index); (2) reduced neural replay accuracy
impairs memory specificity (using multiple similar picture selection perfor-
mance as the memory index); (3) disrupted neural replay sequentiality weakens
memory flexibility (using sequence-based memory retrieval performance as the
memory index).

3.3 Study 3: How Does Enhanced Memory Encoding Efficiency Before
Stress Induction Affect Neural Replay Under Stress?

Study 3 investigates how enhancing memory encoding efficiency before stress
induction affects neural replay under stress, using a 2 (encoding modulation
strategy: retrieval practice/repeated study) x 2 (stress condition: stress/non-
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stress) mixed design, with encoding modulation strategy as a between-subjects
variable. Building on Study 2, Study 3 incorporates manipulation of memory
encoding efficiency before stress induction. Study 3 will explore how retrieval
practice after encoding but before stress induction affects neural replay under
stress. After memory encoding, participants will be randomly assigned to re-
trieval practice or repeated study groups. During the subsequent consolidation
period, neural replay features will be quantified using EEG-recorded neural sig-
nals (same as Studies 1 and 2). In the final memory retrieval phase, IMRI will
record prefrontal-hippocampal-amygdala activity and large-scale network inter-
actions during memory retrieval. The key hypothesis is that retrieval practice
can promote online memory consolidation, thereby completing consolidation be-
fore stress induction. Consolidated memories will be less affected by stress dur-
ing the consolidation period and will perform similarly to non-stress conditions
during retrieval.

3.4 Study 4: How Can Neural Replay Under Stress Be Modulated by
Neuroendocrine and Environmental Strategies?

Study 4 aims to examine whether and how neural replay under stress can be mod-
ulated by external (neuroendocrine and environmental) strategies. On one hand,
this provides causal evidence for altered neural replay features under stress; on
the other hand, it lays the foundation for developing potential protective mea-
sures for memory function under stress. It includes two sub-experiments.

Experiment 4 uses a 2 (neuroendocrine modulation: propranolol/placebo) x
2 (stress condition: stress/non-stress) mixed design, with neuroendocrine mod-
ulation as a between-subjects variable and stress condition as a within-subjects
variable. It aims to explore how oral administration of -adrenergic receptor
blocker (propranolol, also known as Inderal) one hour after encoding but be-
fore stress induction affects neural replay under stress. Similar to Study 3,
after memory encoding, participants will be randomly assigned to drug inter-
vention or placebo groups. The hypothesis is that neuroendocrine intervention
can reduce cortisol levels in participants under stress, thereby protecting neural
replay under stress and optimizing subsequent memory retrieval performance.
From a brain network mechanism perspective, neuroendocrine strategies pri-
marily restore normal function of the prefrontal-hippocampal memory circuit
by inhibiting amygdala activity (Figure 4B).

Experiment 5 uses a 2 (environmental strategy: natural environment
walk/urban environment walk) x 2 (stress condition: stress/non-stress) mixed
design, with environmental strategy as a between-subjects variable and stress
condition as a within-subjects variable. It explores how natural environment
walking after encoding but before consolidation affects neural replay under
stress.  Participant recruitment, experimental procedures, stress induction
and monitoring, and experimental tasks are identical to Experiment 4, with
the only difference being that natural environment walking (environmental
strategy) replaces neuroendocrine strategy. The core hypothesis is that natural
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environment walking before stress can enhance individual stress resistance,
thereby reducing physiological responses under stress and achieving the goal of
protecting neural replay under stress and optimizing memory retrieval. From
a brain network mechanism perspective, we hypothesize that environmental
strategies primarily restore normal activity of the prefrontal-hippocampal
memory circuit by enhancing top-down prefrontal control over the amygdala
(Figure 4C).

Figure 4. Brain Network Interaction Patterns Under Stress and Their
Modulation Mechanisms. (A) Memory function under stress mainly
involves three networks: the memory network centered on the hip-
pocampus, the emotional network centered on the amygdala, and the
control network centered on the prefrontal cortex. (B) The possible
neural mechanism of neuroendocrine strategy modulation of stress
response: reducing amygdala activity to restore normal information
interaction in the prefrontal-hippocampal circuit. (C) The possible
mechanism of environmental strategy modulation of stress response:
enhancing prefrontal activity and prefrontal control over the amyg-
dala to restore normal activity in the prefrontal-hippocampal circuit.

4. Theoretical Framework

Previous animal experiments and some human studies suggest that stress may
enhance memory consolidation. This study proposes a “double-edged sword”
theoretical model (Figure 5), positing that stress has both enhancing and im-
pairing effects on human memory consolidation, and designs corresponding em-
pirical research for verification. Specifically, stress does not simply enhance (or
impair) memory consolidation but can accelerate memory replay speed while po-
tentially distorting memory content, including reduced memory accuracy and
sequentiality. To experimentally verify this theory, the research design includes
the following key points: (1) Exploration of neural replay metrics. The study
will monitor and quantify neural replay features in participants under stress
using neuroimaging techniques such as EEG, including replay speed, accuracy,
and sequentiality. (2) Enriched memory retrieval paradigms. The experimen-
tal paradigm allows assessment of memory quality from multiple dimensions
(persistence, specificity, and flexibility). Persistence tests evaluate whether par-
ticipants can maintain memories long-term; specificity tests assess whether par-
ticipants can accurately recall specific memory details rather than generalized
or incorrect information; flexibility tests evaluate whether participants can flex-
ibly use memory information for problem-solving or adapting to new situations.
(3) Brain-behavior correlation analysis. Through analysis of memory retrieval
test results, the study will identify specific behavioral consequences of altered
neural replay features under stress. If neural replay speed indeed increases,
memory retrieval persistence should be enhanced. Meanwhile, if neural replay
accuracy and sequentiality decrease, specificity and flexibility should correspond-
ingly weaken during retrieval.
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Figure 5. The “Double-Edged Sword” Hypothesis of Stress Effects
on Human Memory Consolidation. By collecting high-temporal-
resolution EEG or MEG signals during memory consolidation, the
project will use computational neuroscience tools to quantify neural
replay speed, accuracy, and sequentiality. The theoretical hypothesis
is that stress does not simply enhance (or impair) memory consol-
idation but accelerates neural replay speed while simultaneously
disrupting its accuracy and sequentiality. To explore the behavioral
consequences of altered neural replay metrics under stress, the
project will use different paradigms during memory retrieval to test
memory persistence, specificity, and flexibility.

The theoretical construction of this study has the following innovative aspects:

(1) Deepening understanding of human memory consolidation dur-
ing wakefulness. This study will build upon the foundation of sleep memory
consolidation research (Klinzing et al., 2019; Rasch et al., 2007), focusing on
human memory consolidation processes during wakefulness and how these pro-
cesses are affected by stress. Previous research has concentrated on memory
consolidation mechanisms during sleep. Sleep is widely considered a critical
period for memory consolidation, with neural replay activities occurring during
sleep being essential for long-term memory storage (Wilhelm et al., 2011). How-
ever, falling asleep under stress is clearly not feasible for exploring stress effects
on memory consolidation, making awake memory consolidation a more appro-
priate research window. This perspective broadens theoretical understanding
of memory consolidation and has high practical significance for understanding
memory mechanisms, considering that people frequently encounter stressful sit-
uations while awake in real life.

(2) Proposing multi-dimensional quantification methods for human
memory consolidation and integrating animal and human memory
replay research. Neural replay after memory encoding may be the neural ba-
sis of memory consolidation, but studying neural replay in humans has been ex-
tremely difficult. Early human memory consolidation research used resting-state
fMRI to compare neural activity similarity between consolidation and encoding
phases to describe consolidation processes (Tambini et al., 2010). In recent
years, Liu et al. used machine learning and computational modeling to precisely
quantify spontaneous neural activity during rest, characterizing the timing and
specific sequence of neural replay (Y. Liu et al., 2019; Y. Liu, Dolan, et al., 2021;
Y. Liu et al., 2022; Nour et al., 2021). These findings are similar to discover-
ies in rodent spatial memory replay (Carr et al., 2011; Davidson et al., 2009;
Ji & Wilson, 2007; Karlsson & Frank, 2009). However, Liu et al.” s research
primarily focused on whether neural replay exists, while this study proposes
multi-dimensional quantification methods for neural replay signals to verify the
“double-edged sword” hypothesis of stress effects on memory consolidation, si-
multaneously quantifying neural replay speed, accuracy, and sequentiality. The
multi-dimensional quantification method for neural replay can integrate animal
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and human neural replay research because: on one hand, the proposed method
can be transferred from human episodic memory research to quantifying animal
spatial memory neural replay. Specifically, neural replay speed in animal elec-
trophysiological data can be quantified using compression rate, neural replay
accuracy can be quantified based on firing of irrelevant place cells when specific
place cells fire, and neural replay sequentiality can be quantified based on simi-
larity between place cell firing order during replay and spatial memory encoding.
On the other hand, technological advances enable head-fixed mice to view differ-
ent types of visual stimuli to simulate human episodic memory, making it easier
to study visual-based episodic memory in animal models (Nguyen et al., 2023).
For example, Nguyen observed stimulus-specific reactivations corresponding to
specific visual stimuli during memory consolidation in animal models.

(3) Exploring novel stress modulation methods and their effects on
human memory consolidation under stress. Memory consolidation can be
modulated through optogenetics (Ego-Stengel & Wilson, 2009; Fernandez-Ruiz
et al., 2019), targeted memory reactivation (Hu et al., 2020), and non-invasive
brain stimulation (Tambini & D’ Esposito, 2020). This study focuses on how
this special physiological-psychological state of stress affects memory consoli-
dation. Additionally, this study will use neuroendocrine and environmental
approaches to indirectly modulate memory consolidation by affecting stress re-
sponses, thereby addressing the increasingly severe stress and mental pressure
that have become major factors threatening Chinese people’ s quality of life and
mental health. This work promotes the development and practical application
of novel stress modulation strategies, facilitating the translation of basic brain
science research findings into the mental health domain.

Typically, memory consolidation is considered a lengthy process taking hours
or even days. However, research shows that under specific conditions, such as
stress states, memory can consolidate rapidly within minutes to hours. This
project focuses on the neural mechanisms of rapid memory consolidation un-
der stress conditions, integrating multidisciplinary methods including compu-
tational neuroscience, cognitive psychology, brain imaging, machine learning,
neuroendocrine regulation, stress induction, and physiological-biochemical de-
tection to examine how stress produces the “double-edged sword” effect that is
both beneficial and detrimental to neural replay. This research is expected to
provide new insights and strategies for protecting individual memory function
in stressful environments and bring new concepts for memory rehabilitation in
patients with stress-related psychiatric disorders. Simultaneously, it will help
us more comprehensively understand neural replay phenomena in the brain and
explore optimal brain states for promoting human memory function.
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