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Abstract Fear extinction is a biological process in which
learned fear behavior diminishes without anticipated
reinforcement, allowing the organism to re-adapt to ever-
changing situations. Based on the behavioral hypothesis that
extinction is new learning and forms an extinction memory,
this new memory is more readily forgettable than the origi-
nal fear memory. The brain’s cellular and synaptic traces
underpinning this inherently fragile yet reinforceable extinc-
tion memory remain unclear. Intriguing questions are about
the whereabouts of the engram neurons that emerged during
extinction learning and how they constitute a dynamically
evolving functional construct that works in concert to store
and express the extinction memory. In this review, we dis-
cuss recent advances in the engram circuits and their neural
connectivity plasticity for fear extinction, aiming to establish
a conceptual framework for understanding the dynamic com-
petition between fear and extinction memories in adaptive
control of conditioned fear responses.
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Introduction

Extinction in neuroscience describes a fundamental physi-
ological phenomenon in which the absence of reinforce-
ment leads to the weakening or disappearance of learned
behaviors [1-3]. Extinction serves as an inhibitory learning
and memory in which organisms adapt flexibly to constantly
changing environments. Extinction has also been identified
as a process that underlies the induced behavior changes by
psychotherapies for many mental disorders, such as anxi-
ety disorders, post-traumatic stress disorder (PTSD), and
drug cravings [4, 5]. Anxiety and other related disorders
evoked by trigger cues associated with emotional trauma
are typically characterized by the persistence of learned
fear. However, fear is not all bad; fear at the physiological
level, as a fundamental, cross-species conservative emotion,
represents a collection of defensive behavioral responses of
an organism when encountering an immediate, imminent,
or predictable danger or threat, and is therefore essential
for survival in challenging environments [6, 7]. In order to
achieve appropriate levels of learned fear, advances in the
understanding of fear extinction will hopefully provide ben-
efits for effective treatments of psychiatric disorders char-
acterized by the inability to regulate pathological fear or
anxiety [4, 8, 9].

In the laboratory, fear conditioning, which originates
from the experience of fear emotion, is the most thoroughly
studied memory paradigm [6, 10, 11]. Behaviorally, classical
conditioning and operant conditioning have been extensively
studied for >100 years. While classical conditioning utilizes
instinctive behaviors and can be divided into contextual fear
conditioning (CFC) and cued fear conditioning according
to different conditioned stimuli (CS) such as context, tone,
and aroma, operant conditioning manipulates conscious
behavioral tendency by endowing rewards or punishment
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[7]. Typically, in classical fear conditioning, a CS (like an
auditory tone) is paired with an aversive incentive (usually
a mild foot electric shock, unconditioned stimulus, US).
After fear learning, the presentation of the CS alone gener-
ates various conditioned fear responses, such as freezing
[12]. However, in the absence of the footshock as a negative
reinforcer, repeating exposure to CS alone attenuates the
conditioned fear responses, a process termed fear extinc-
tion. The efficacy of fear extinction for suppressing learned
fear behaviors is encouraging, but it is at least as important
to keep in mind the fragile nature of fear extinction. Fear
extinction is highly context-dependent, as extinguished
fear memory may return in a new, non-extinguished con-
text, a process known as fear renewal [13—16]. Moreover,
extinguished fear may re-emerge over time or following an
aversive event, processes termed spontaneous recovery and
fear reinstatement [16—18], respectively. Thus, extinction is
generally thought to result from a new inhibitory learning
rather than an erasure of the original fear memory. To fully
understand the behavioral features and biological bases of
fear extinction, mapping the enduring but dynamic physical
changes—memory traces for fear extinction—at multiple
levels distributed across whole-brain regions is an inevita-
ble way to go.

Memory trace, also a specific term “engram”, is desig-
nated as neural substrates in the brain for storing and recall-
ing memories. In essence, a behavioral experience activates
a sparsely distributed population of neurons that undergo
persistent changes to become the cellular representations of
memory traces, i.e., engram neurons, which are subsequently
reactivated by natural cues available at the time of the expe-
rience or by artificial manipulation, leading to memory
retrieval [19, 20]. Based on these criteria described above
for a cell to be the memory engram cell, the memory engram
neurons have been defined and identified by using diverse
memory paradigms in multiple brain regions [19, 20]. Not
only the cellular representations of memory traces but also
the dynamic synaptic connectivity between engram neu-
rons as neural correlates dictate the expression of memory.
Research on memory traces of fear extinction pale in com-
parison to studies on the acquisition process of original fear
memory, but it indeed began to emerge until very recently. In
this review, we discuss manifestations of memory trace for
fear extinction, mainly located in a tripartite neural circuit
[2] involving the amygdala, prefrontal cortex, and hippocam-
pus, in addition to emerging new circuits engaged in fear
extinction [21-26]. In particular, we survey recent advances
to address the typically fragile nature of memory traces for
fear extinction [16], aiming to conceptualize the trade-off
between new learning and original fear memory modifica-
tion [27]. Finally, we discuss novel reinforceable strategies
to enhance the effects of extinction, aiming to understand the
success of these approaches with respect to memory traces.
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Fear Extinction as a Dynamic Modification of Fear
Memory Trace

Fear Extinction Reverses Fear-conditioning-activated
Excitatory Synaptic Traces

Fear memory-based adaptive behaviors depend on the modi-
fication of synaptic strengths onto lateral amygdala (LA)
neurons through cellular mechanisms such as long-term
potentiation (LTP). Here synaptic plasticity allows subsets of
neurons to be recruited as engram neurons during fear learn-
ing and is critical for memory retrieval [28]. As a behavioral
counteraction to fear memory retrieval, fear extinction is
considered a macroscopic manifestation of synaptic plas-
ticity in contrast to LTP, i.e., long-term depression (LTD).
More specifically, depotentiation, the reversal of fear con-
ditioning-induced synaptic potentiation, has been proposed
as a cellular mechanism for fear extinction [29, 30]. As sup-
portive ex vivo evidence, excitatory synapses to LA from
thalamic [29] and cortical [30] pathways both underwent
a net depression of fear conditioning-induced potentiation.
Moreover, extinction training returned the enhanced efficacy
of synapse onto LA in fear-conditioned rats to baseline and
occluded further induction of depotentiation. Mechanisti-
cally, depotentiation of the thalamic pathway is expressed
in a postsynaptic manner, requiring group I metabotropic
glutamate receptor (mGluR) activity and AMPA receptor
(AMPAR) internalization [29], whereas depotentiation of
the cortical pathway is expressed in a presynaptic manner,
requiring NMDA receptor (NMDAR) and group II mGIuR
activity [30]. These results suggest that fear extinction
involves different forms of depotentiation at LA synapses
(Fig. 1A) to tune the synaptic traces of fear memory for the
expression of cue-induced non-fear behaviors.

To demonstrate the causal link between synaptic poten-
tiation or depression and memory expression, Nabavi et al.
took advantage of optogenetic engineering approaches to
show that fear memory can be inactivated and reactivated
by LTD and LTP of auditory inputs targeting LA [31]. Con-
ditioning animals to associate foot shocks with optogenetic
stimulation of auditory inputs originating from both the
auditory thalamus and auditory cortex resulted in an LTP
of optically driven synaptic response in LA and optogeneti-
cally driven conditioned responses indicative of memory for
aversive stimuli. Subsequent optogenetic delivery of LTD
protocol to the auditory input inactivated memory of the
shock, whereas subsequent optogenetic delivery of LTP
protocol to the auditory input reactivated memory of the
shock. Although conditioned responses can be extinguished
by repeated exposure to optical CS, the failure of the opti-
cal LTP protocol to restore conditioned responses argues
against the notion that extinction is a merely weakening
of synapses potentiated during paired conditioning. These
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Fig. 1 Schematic illustrating fear extinction as a dynamic modifica-
tion of the fear memory trace. A Fear extinction reverses fear-con-
ditioning-activated excitatory synaptic traces. Based on the findings
shown in [29, 30], fear extinction involves different forms of depo-
tentiation at LA synapses to tune the synaptic traces of fear memory
for the expression of cue-induced non-fear behaviors. B Fear extinc-
tion remodels fear-conditioning-associated inhibitory synaptic traces.
Based on the finding shown in [39], fear conditioning and extinc-
tion sculpt inhibitory synapses to regulate the inhibition of active
neuronal networks to tune the amygdala circuit responses to threats.
C Fear extinction enhances inhibitory synaptic control of cellu-

results support a causal relationship between synaptic traces
and conditioned fear behaviors, but fear extinction cannot
simply be attributed to the reversal of synaptic traces acti-
vated by fear conditioning.

Using a discriminative fear learning paradigm and a
behavioral activity-dependent neuronal labeling approach,

D Requires inhibitory control of
fear output neurons
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lar traces of fear memory. Based on the finding shown in [40], fear
extinction entails target-specific alterations in perisomatic inhibitory
synapses to sculpt activation patterns in fear circuits through which
conditioned fear responses can be reduced. D Fear extinction requires
inhibitory control of fear output neurons. ACx, auditory cortex; BA,
basal amygdala; BLA, basolateral amygdala; CeA, central amygdala;
CeL, lateral division of central amygdala; DA, dopamine; GABA,
y-aminobutyric acid; GABA,R, type A GABA receptor; Glu, glu-
tamate; LA, lateral amygdala; ITC, intercalated; mPFC, medial pre-
frontal cortex. Please see the text for more details

it was further shown that LTP is expressed selectively in
the CS-specific auditory pathways to the LA [32, 33]. Con-
sistent with the observation in the non-discriminative fear
conditioning protocol discussed before [31], optogenetically
induced depotentiation of the CS-specific auditory pathways
to the LA suppressed conditioned fear responses to the CS
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in the discriminative fear learning paradigm [32, 33]. By
contrast, synapses in the CS-specific auditory pathways
remained potentiated after fear extinction [32], again sug-
gesting that extinction is a distinct process from the depo-
tentiation-induced reduction of conditioned fear responses.
Thus, input-specific synaptic potentiation or depotentia-
tion of LA is sufficient to determine the expression of fear
memory or not in a sensory cue-specific manner; however,
reversal of synaptic traces of fear memory in the LA is not
necessary for fear extinction to allow similar control of adap-
tive fear responses.

However, utilizing an input-specific and activity-depend-
ent spine labeling technique called dual-eGRASP (enhanced
green fluorescent protein reconstitution across synaptic
partners) [34], researchers have reported that specific syn-
apses originating from auditory fear conditioning-activated
neuronal ensembles in the auditory cortex (ACx) exhibited
enhanced and reduced spine morphology after fear condi-
tioning and fear extinction, respectively (Fig. 2A) [27]. Nota-
bly, when re-conditioning with the same tone and shock was
performed, the fear-extinction-induced reduction in synaptic
ensembles was restored, indicating a correlation between
the spine morphology of activated synaptic ensembles and

the fear memory state [27]. Moreover, employing the dual-
eGRASP strategy in combination with in vivo two-photon
microscopy, the same group of researchers observed that
while synaptic connections between engram populations
were enhanced alongside synaptogenesis within the hip-
pocampal network, extinction learning specifically corre-
lated with the disappearance of synapses from hippocampal
CA3 to CA1l engrams [35].

Another study using a contextual fear conditioning
paradigm demonstrated that the consolidation of remote
memories in mice was associated with the progressive
strengthening of excitatory connections between the
medial prefrontal cortex (mPFC) engram neurons acti-
vated during learning and reactivated during remote
memory retrieval. In contrast, the extinction of remote
memories weakened these synapses [36]. These findings
suggest that fear extinction, although not always consist-
ent, does result in the reversal of fear-conditioning-acti-
vated excitatory synaptic traces, emphasizing the impor-
tance of precise mapping techniques to accurately identify
the relevant subset of synaptic structure and function. It
is worth noting that fear extinction involves two opposing
and complementary mechanisms known as “unlearning”
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Fig. 2 Schematic representation of fear extinction as the reversal of
the synaptic trace for fear memory or competition with cellular trace
for fear memory. A Fear extinction reverses the synaptic trace for fear
memory. Based on the finding shown in [27], the synaptic trace, rep-
resented by activated spines, is enhanced by fear conditioning and
subsequently decreased by extinction. B Schematic representation of
the independent extinction engram construct, which consists of mul-
tiple synaptic traces generated by extinction learning and designed
to compete with fear memory traces. Based on the finding shown in
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[16], the unidirectional connectivity of new memory engram neurons
from BLA and vHPC to mPFC is established during the formation
of extinction memory, providing a tripartite construct of circuitry for
the extinction memory encoding and storage. Dynamic remodeling of
specific engram connectivity dictates both the validity and instability
of fear extinction memory, allowing for a longitudinal transformation
of memory fate from fear to extinction, relapse, and re-extinction.
ACx, auditory cortex; BLA, basolateral amygdala; mPFC, medial
prefrontal cortex
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and “new learning” [3, 37, 38]. Therefore, it is likely that
some synapses undergo de-potentiated during fear extinc-
tion, as discussed above, while others may be involved in
new forms of learning that suppress the originally formed
fear memory, as discussed below.

Fear Extinction Remodels
Fear-Conditioning-Associated Inhibitory Synaptic
Traces

In addition to excitatory glutamatergic synapses in the
amygdala, which represent different fear memory states, fear
conditioning also entails long-lasting plasticity of GABAe-
rgic synapses onto pyramidal neurons [39]. Auditory fear
conditioning induces structural and functional plasticity of
GABAergic synapses in the basal amygdala (BA), which
is associated with an increase in the fraction of synaptic
GABA , receptors containing the a2 subunit [39]. These
learning-induced inhibitory synaptic changes were also
partially reversed by fear extinction (Fig. 1B) [39], which
implies that fear conditioning and extinction sculpt inhibi-
tory synapses to regulate the inhibition of active neuronal
networks to tune the amygdala circuit responses to threats.

Fear Extinction Enhances Inhibitory Synaptic Control
of Cellular Traces of Fear Memory

As an alternative plasticity to counteract learning-induced
changes in neuronal activity and connectivity within fear
circuits, fear extinction typically enhances inhibitory syn-
aptic control of the cellular traces of fear memory. Using
a Fos-based transgenic mouse, contextual fear extinction
was found to specifically silence a subset of BA excitatory
neurons that were previously activated during fear condi-
tioning (i.e., cellular traces of fear memory) [40]. Silencing
of cellular traces of fear memory is achieved by extinction-
induced target-specific remodeling of perisomatic inhibitory
synapses originating from parvalbumin (PV)- and chole-
cystokinin-positive interneurons [40]. Thus, fear extinc-
tion entails target-specific alterations in perisomatic inhibi-
tory synapses to sculpt activation patterns in fear circuits
through which conditioned fear responses can be reduced.
Interestingly, homeostatic adaptations of cellular traces for
contextual fear memory in hippocampal granule cells can
be triggered by sustained neural activity, as evidenced by a
decrease in excitatory synapses and an increase in inhibitory
synapses, which can facilitate fear extinction [41]. Together,
these results suggest that fear extinction alters the balance
between inhibitory and excitatory synaptic inputs to the cel-
lular traces of fear memory (Fig. 1C) to allow for adaptive
control of conditioned fear behaviors.

Fear Extinction Depends on Inhibitory Control of Fear
Output Neurons

Fear extinction is associated with altered levels of synap-
tic inhibition of fear output neurons in the central amyg-
dala (CeA). CeA contains lateral (CeL) and medial (CeM)
subregions, in addition to multiple functionally and geneti-
cally defined cell types that interact to calibrate the level
of fear response, thus CeA inhibitory microcircuits serve
as a crucial element in mediating fear extinction [23, 42].
Besides, the increased inhibition of CeA fear output neu-
rons results from the potentiation of fear input synapses to
intercalated (ITC) amygdala neurons that project to the CeA
[43]. Paracapsular ITC cells act as a subset of GABAer-
gic interneurons forming a network around the basolateral
amygdala (BLA) and provide feedforward inhibition to BLA
and CeA [44], and are therefore necessary for fear extinc-
tion [45]. ITC neurons exert control over the acquired fear
behaviors relying on their cognitive, sensory, and emotional
inputs from the prefrontal cortex, auditory cortex and thala-
mus, and mesolimbic dopaminergic afferents, respectively
[46—48]. Distinct inhibitory clusters of ITCs play contrasting
roles in the acquisition and retrieval of fear extinction [49].
These ITC clusters antagonize one another through mutual
synaptic inhibition and differentially access functionally
distinct cortical- and midbrain-projecting amygdala output
pathways [49]. Overall, inhibitory control in the amygdala
represents a substrate during fear extinction (Fig. 1D) for
achieving an appropriate balance between avoiding threaten-
ing predictive stimuli and suppressing excessive defensive
behavior following uneventful encounters.

The mPFC exerts a top-down control of fear and extinc-
tion behaviors [21, 50]. Of these, the infralimbic subdivision
of mPFC (IL/mPFC) sends a monosynaptic glutamatergic
pathway to BLA, which in turn drives the activity of ITC
amygdala neurons to inhibit the CeA fear output neurons
[43, 48]. As a result, selective stimulation of the IL-BLA
pathway facilitated fear extinction but not retrieval [51].
Conversely, silencing the IL-BLA pathway impaired fear
extinction and reduced extinction-associated amygdala activ-
ity [51]. Thus, mPFC inputs to BLA instruct fear extinction.
Outside the classical IL-amygdala circuit, IL projections to
the paraventricular thalamus (PVT) also mediate retrieval
of fear extinction [52]. The thalamic nucleus reuniens (RE)
is another crucial structure mediating prefrontal top-down
inhibitory control for fear extinction [21, 53, 54]. Extinction
training or retrieval testing increases the activity of RE neu-
rons, while inactivation of either RE or its inputs from the
mPFC impairs encoding and retrieval of fear extinction [21].
In addition, different IL projections exert opposing effects
in modulating fear extinction, with IL to the lateral septum
(LS) and IL-CeA projections suppressing and promoting
fear extinction, respectively [55]. Together, the mPFC inputs
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to different target regions regulate specific aspects of fear
and extinction through top-down control mechanisms.

To unravel the synaptic encoding mechanisms of fear
extinction retrieval, Cho et al. showed that fear extinction
reduced the efficacy of excitatory glutamatergic synaptic
transmission in projections from mPFC to BLA without
altering that of the feedforward inhibitory responses, thereby
shifting the excitation/inhibition balance in these projections
towards more inhibition. Moreover, priming stimulation of
mPFC projections induced heterosynaptic inhibition in audi-
tory cortical inputs to the BLA. These synaptic mechanisms
diminish the ability of projections from the mPFC to drive
BLA activity while retaining the ability of ITC neurons to
inhibit the CeA fear output neurons [56], which could con-
tribute to the encoding of fear extinction retrieval.

Memory Traces Emerging from Extinction
Learning

Extinction Activates a Distinct Set of Neurons
from the Fear Memory Cellular Traces

In addition to being a dynamic modification of fear memory
traces, fear extinction is also thought to be a switch off of
conditioned fear by distinct neuronal circuits. Herry et al.
used the opposite behavioral states of fear extinction and
its context-dependent renewal to electrophysiologically
identify “fear neurons” and “extinction neurons” in BA
that exhibit selective increases in CS*-evoked spike firing
associated with fear conditioning and extinction training,
respectively [57]. Bidirectional transitions between high and
low fear states are triggered by a rapid switch in the bal-
ance of activity between these two distinct neuronal popula-
tions [57]. According to the long-range connectivity, Senn
et al. further defined subpopulations of BA neurons as fear
neurons and extinction neurons, respectively [58]. The BA
projection neurons targeting the prelimbic subdivision of
mPFC (PL/mPFC) are active during the states of high fear,
whereas BA neurons targeting the IL/mPFC are recruited
and exhibit cell-type-specific plasticity during fear extinc-
tion [58], suggesting one group of BLA neurons signals fear
conditioning and expression (‘“fear neurons”) and the other
signals extinction (“extinction neurons”). Moreover, a set
of molecular-defined neurons expressing neurotensin recep-
tor 2 (NTSR2) within BA has been identified as a putative
population of “extinction neurons” [59]. These results sug-
gest that extinction activates a distinct set of neurons from
the fear memory cellular traces to specifically execute the
“fear-off”” behaviors.

Historically, Richard Semon proposed that an experience
activates a subset of cells that undergo offline, persistent
chemical and/or physical changes to become an “engram”.
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Through activity-dependent genetic tagging, such as the
approach termed targeted recombination in active popula-
tions (TRAP) [60, 61], to gain genetic access to neurons acti-
vated by defined stimuli, researchers have begun to define
the engram as the basic unit of memory [20, 62]. To investi-
gate the cellular representations of fear extinction memory,
Lacagnina et al. utilized activity-dependent neuronal tagging
to demonstrate that extinction training suppresses the reacti-
vation of contextual fear engram neurons while activating a
second engram cell ensemble, a putative extinction engram
in the hippocampal dentate gyrus (DG) [63]. Optogenetic
inhibition of neurons active during extinction training (i.e.,
extinction engram neurons) increased fear after extinction
training, whereas stimulation of extinction engram neurons
suppressed fear and prevented spontaneous recovery. In stark
contrast, silencing neurons active during fear conditioning
(i.e., fear engram neurons) reduced spontaneous recovery
of fear, whereas optogenetic stimulation of fear engram
neurons increased conditioned fear behaviors. In addition,
contextual fear extinction training also elicits functional
engram cell ensembles in the retrosplenial cortex (RSC), the
generation of which requires adult hippocampal neurogen-
esis [64]. These results indicate that the hippocampus and
related brain structures generate a fear extinction engram
and that interactions between fear and extinction engrams
govern suppression and relapse of fear after extinction [63].
To further map the location and nature of the newly
formed extinction memory, Zhang et al. showed that a
contextual fear extinction memory engram is formed and
stored in a genetically distinct BLA neuronal population
[65] thought to be associated with positive valence [66, 67].
Activation of fear extinction engram neurons and natural
reward-responsive neurons overlap significantly in the BLA
[65]. Furthermore, these two neuronal subsets are mutually
interchangeable in driving reward behaviors and fear extinc-
tion behaviors [65]. Thus, fear extinction memory is a newly
formed reward memory [68] by recruiting amygdala reward
neurons as engram neurons for fear extinction memory.

Reciprocal Inhibition Between Fear and Extinction
Memory Cellular Traces

Conceptually, fear and extinction memories are acquired,
stored, and modulated by engram cell ensembles distrib-
uted throughout the brain. A fundamental question in fear
and extinction memory processing is whether and how these
two memories, which lead to opposite behaviors and are
thought to be encoded by different engram cell ensembles
as cellular traces, compete. Beyond the classical regions
involved in fear and extinction memories, such as the
mPFC, BLA, and ventral hippocampus (VHPC), we recently
found that fear and extinction memories are processed by
two distinct subpopulations of projection neurons in close
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proximity within the insular cortex (IC), targeting the CeA
and nucleus accumbens (NAc), termed as IC-CeA and IC-
NAc projectors, respectively [22]. Of note, IC-CeA and
IC-NAc projectors mutually inhibit each other by recruiting
local intracortical interneurons [22]. Fear- and extinction-
learning oppositely modulate such reciprocal inhibition:
fear conditioning enhances inhibitory inputs from fear cell
engram ensembles (i.e., [C-CeA projectors) to extinction cell
engram ensembles (i.e., IC-NAc projectors), whereas extinc-
tion enhances inhibitory inputs of opposite routes [22]. The
mutually inhibitory motif has also been identified between
different ITC amygdala clusters [49], in addition to fear and
extinction engram cell ensembles in other brain regions [65],
to orchestrate a distributed neural circuitry that regulates
the switch between high- and low-fear states in turn. Such
a circuit motif could amplify small differences in input to
an all-or-none output pattern, providing a “winner-take-all”
mechanism that could increase signal-to-noise to generate
robust circuit outputs and associated behavioral states [69,
70]. Overall, competition between fear and extinction memo-
ries can be achieved by mutual inhibitory circuitry between
their corresponding engram cell ensembles (Fig. 3) to ensure

Prefrontal
control of fear
and extinction

Extinction
memory . s

proper expression of the dominant memory trace and inhibi-
tion of the other.

Extinction Establishes Ascending Plasticity
for Top-Down Control of Fear Memory

According to the “new learning” hypothesis, fear extinc-
tion requires multiplex plasticity of synaptic connections
in the tripartite neuronal circuit consisting of mPFC, BLA,
and vHPC. As discussed above, the mPFC exerts top-down
control over fear and extinction memories [21, 50]. The IL/
mPFC plays a central role in the acquisition of fear extinc-
tion memories [71], where the adaptive changes associated
with extinction learning, such as NMDAR-dependent burst-
ing [72], are required for the consolidation of fear extinction
memory. In contrast, the adjacent PL/mPFC is essential for
sustained fear expression and resistance to extinction [73,
74], although a direct synaptic connection from PL/mPFC to
IL/mPFC has also been identified to promote fear extinction
[75]. The mPFC is extensively modulated by the ascend-
ing bottom-up systems associated with fear extinction. As
one of the major inputs to the mPFC, the vHPC promotes
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Fig. 3 Comparison between prefrontal and insular control of fear
and extinction memories. Upper Connections between the mPFC
and amygdala encode fear and extinction memories. The PL/mPFC is
thought to mediate fear responses (blue), whereas the IL/mPFC medi-
ates extinction (green). For the expression of fear memory, PL inputs
to the BLA drive glutamatergic neurons that project to the CeA, and
outputs from the CeA drive the fear response. For the expression of
extinction memory, IL inputs to the BLA drive glutamatergic neu-
rons that project to the ITC, which mediates feedforward inhibition
of neurons in the CeA. Lower IC circuits as an executive gateway to
decipher fear or extinction memory via distinct subcortical pathways.
Based on the finding shown in [22], there are two distinct popula-
tions of IC neurons, defined by their differential long-range connec-
tivities, coordinate respective fear and extinction memories. IC-CeA
and IC-NAc projectors encode fear and extinction memories, respec-
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tively. The reciprocal inhibitions of IC-CeA and IC-NAc projectors
via local interneurons drive memory-guided behaviors in opposite
directions, and their activities undertake distinct modifications dur-
ing threat and extinction learning. Moreover, the orbitofrontal cortex
(OFC)—IC—NAC circuit selectively engages extinction memory and
thereby strengthens the specificity of distinct populations of IC neu-
rons defined by their long-range connectivity. Based on the findings
shown in [136, 138], the IC integrates predictive sensory and intero-
ceptive signals to provide graded and bidirectional teaching signals
that gate fear extinction and tune emotional or affective states. BLA,
basolateral amygdala; CeA, central amygdala; IC, insular cortex; IL,
infralimbic subdivision; ITC, intercalated; mPFC, medial prefrontal
cortex; NAc, nucleus accumbens; NTS, nucleus tractus solitarius;
OFC, orbitofrontal cortex; PL, prelimbic subdivision
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fear extinction through brain-derived neurotrophic factor
(BDNF), which is thought to be released from vHPC pro-
jections and acts at IL/mPFC neurons [76, 77]. Specifically,
fear extinction learning leads to increased expression of
BDNF in the hippocampus, with an emphasis on its ventral
part. Furthermore, BDNF infusion in the hippocampus suf-
ficiently induces the extinction of conditioned fear, which
is prevented by the coadministration of BDNF-inactivating
antibodies in the IL/mPFC [76]. Thus, hippocampal-prefron-
tal BDNF signaling is a key molecular substrate for fear
extinction.

To further unravel the underlying molecular substrates
that coordinate the dynamics of synaptic connections associ-
ated with fear extinction, we recently identified an involve-
ment of acid-sensing ion channel 1a (ASIC1a) specifically
in vHPC, but not BLA or mPFC, in regulating fear extinc-
tion behavior and extinction learning-induced hippocampal-
prefrontal synaptic plasticity [78]. ASICla serves as the
major H* receptor in the central nervous system, sensing
extracellular pH fluctuations and mediating cation influx.
In addition, ASIC1a has been proposed to be a protoner-
gic synaptic receptor that senses protons released from
presynaptic vesicles during synaptic transmission, thereby
contributing to synaptic plasticity [79-81]. Under the sce-
nario with fear extinction, ASIC1a in vHPC neurons drives
BDNF expression and mediates antegrade BDNF signaling
at the vVHPC—IL/mPFC projections, which enhances the
postsynaptic NMDAR function. Electrophysiologically, a
number of extinction-related plasticity features in hippocam-
pal-prefrontal correlates, including changes in transmitter
release probability and postsynaptic NMDAR activity [82],
are opposite in VHPC—IL/mPFC versus vHPC—PL/mPFC
synapses, but are consistently abolished in ASIC1a-deficient
animals [78]. Therefore, the ASIC1a-BDNF signaling cas-
cade in VHPC contributes to fear extinction in a manner
dependent on the fine-tuning of hippocampal-prefrontal
connections.

The mPFC and amygdala form a critical bidirectional
highway for processing complex emotional information. As
discussed above, the mPFC recruits not only excitation but
also inhibition in the amygdala to encode fear extinction
in a top-down manner [56]. The mPFC, in turn, also inte-
grates the message from the amygdala to signal emotional
valence across a range of behaviors and motivational drives
in a bottom-up manner [83-85]. Klavir et al. showed that
amygdala inputs to both PL/mPFC and IL/mPFC convey
the association between a stimulus and aversion [84]. They
developed an optogenetic protocol with high-frequency stim-
ulation (HFS) to reversibly depress BLA input to the mPFC
in mice, allowing temporally specific down-regulation in the
BLA drive of mPFC. Suppression of BLA input to either
the PL/mPFC or IL/mPFC, prior to either fear learning or
fear extinction, reduces fear associations by attenuating
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consolidation of subsequent defensive behavior to the aver-
sive stimulus or by promoting the extinction of defensive
behavior, receptively [84]. Thus, amygdalar inputs to both
the PL/mPFC and IL/mPFC convey aversive information
that is then likely further processed in the mPFC to either
enhance [86, 87] or extinguish [56] fear associations back
in the amygdala.

Multiple Synaptic Traces Form an Engram Construct
for Extinction

Similar to fear memory [20, 88], fear extinction memory is
believed to rely on an engram complex, which comprises
functionally connected engram cell ensembles distributed
across multiple brain regions, with each ensemble represent-
ing a specific aspect of the memory. In the auditory extinc-
tion paradigm, our research employed an activity-dependent
neuronal labeling strategy to uncover the presence of extinc-
tion engram neurons in different anatomical locations [16].
Notably, these engram neurons form a tripartite neuronal
circuit involving the mPFC, BLA, and vHPC. Within this
circuit, there are directional synaptic engram connections
from the BLA and vHPC to the mPFC that contribute to the
establishment of interregional engram circuits specifically
involved in extinction memory (Fig. 2B). Furthermore, it is
noteworthy that the mPFC extinction engram neurons also
receive synaptic inputs from the mediodorsal nucleus of the
thalamus (MD) and the ventral tegmental area (VTA). The
MD is considered to play a regulatory role in fear extinc-
tion [89], while the VTA is implicated in the generation of
bottom-up prediction error signals [90, 91]. These inputs
suggest that the formation of extinction memory engrams
may involve the integration of multiple bottom-up signals by
the mPFC engram neurons. Thus, it is plausible that mPFC
engram neurons receive different synaptic traces to consoli-
date various bottom-up signals and construct the complex
engram network underlying fear extinction memory.

Based on the above findings, we propose a working model
that illustrates the directional engram connectivity within
the engram complex involved in extinction memory. In this
model, mPFC engram neurons are postulated to act as a cru-
cial convergence locus for at least two types of information:
safety context information carried by vHPC engram neu-
rons and positive emotional valence information carried by
BLA engram neurons [16]. Subsequently, this information
is likely subjected to further processing through a top-down
inhibitory signal from “extinction” engram neurons in the
mPFC, which targets “fear” neurons in the amygdala [50,
56]. Additionally, another top-down signal from the mPFC
to the RE may mediate the suppression of conditioned fear
responses towards an extinguished CS within the extinction
context [21].
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Forgetting of Extinction Memory: Vulnerable
Engram Construct

Inaccessible State of Extinction Engram Construct
Underlies Return of Extinguished Fear

Compared to the original fear memory, the fear extinction
memory is more prone to forgetting and rapidly loses its
control over behavior, rendering it inaccessible. Typically,
extinguished fear tends to return [2, 17] through phenom-
ena known as fear renewal, spontaneous recovery, or fear
reinstatement, which occur in a contextual, temporal, or
aversive-dependent manner, respectively. However, the
cellular mechanisms underlying the inherent forgetting
[92] of extinction memory remain unclear. In conjunction
with the dynamic and unstable nature of fear extinction
memory, the engram construct involved in extinction,
specifically the directional synaptic engram connectivity
from the BLA to mPFC or vHPC to mPFC [16], under-
goes dynamic changes in synaptic strength.

Unlike the temporal evolution of memory ensembles
and circuit reorganization that facilitate the retrieval of
recent to remote fear memories [61, 93, 94], the mPFC
extinction memory engram neurons progressively become
silent over time, contributing to the spontaneous recovery
of extinguished fear [16]. However, additional extinction
training facilitates the retrieval of extinction memory
through natural cues and results in an electrophysiologi-
cal enhancement of presynaptic transmitter release prob-
ability and postsynaptic AMPAR/NMDAR ratio specifi-
cally in mPFC engram neurons, compared to non-engram
neurons [16]. This indicates that there is selective syn-
aptic potentiation from BLA or vHPC engram neurons to
mPFC engram neurons, enabling the establishment of the
fear-extinguished state. Notably, optogenetic induction
of LTP in the BLA—mPFC and vHPC—mPFC engram
connectivity restores the retrieval of extinction memory
when presented with natural cues that would otherwise
trigger the spontaneous recovery of extinguished fear
[16]. These findings align with recent research suggesting
that NMDAR-dependent synaptic potentiation in mPFC
engram neurons [95] represents mnemonic information
associated with extinction.

In summary, spontaneous recovery shifts the extinction
engram construct from an accessible state to an inacces-
sible state, while additional extinction training or optoge-
netic induction of LTP restores the directional engram
connectivity and prevents the return of fear. Thus, the
dynamic remodeling of the engram construct underlies
the forgetting of extinction memory.

Re-emerging Fear Memory Engrams Underlie Fear
Relapse After Extinction

Based on the competition between fear and extinction mem-
ories discussed above, it remains an open question whether
and how fear memory engram neurons contribute to fear
relapse. More specifically, analogous to fear conditioning,
it is also unclear how synaptic plasticity is implemented into
fear relapse after extinction. For auditory fear condition-
ing, the LA is a locus of convergence for auditory (i.e., CS)
and somatosensory (i.e., US) information and is a plausible
site for CS-US association by recruiting distinct synaptic
projections [6]. Consistent with this idea, we identified the
synaptic mechanisms underlying context-dependent relapse
of extinguished auditory fear memory (i.e., fear renewal), in
which fear renewal exploits the associativity rule of Hebbian
learning and memory [96] by linking presynaptic plasticity
of two independent inputs in the LA [15]. This presynaptic
associativity of convergent inputs from the ACx and vHPC,
namely the coincident detection of auditory tone-related
ACx—LA and context-dependent vVHPC—LA pathways,
respectively, underlies the reactivation of LA engram neu-
rons active in fear learning to allow fear renewal [15]. Thus,
fear renewal represents a particular “learning” process rely-
ing on the synaptic associativity of auditory and contextual
pathways into LA.

Regarding the involvement of the vHPC in fear renewal
and its broader neural projections, studies have indicated
that the vHPC sends monosynaptic projections to the CeA
[14] and establishes a strong feedforward inhibitory circuit
to the IL/mPFC [97], both of which are necessary for fear
renewal. Furthermore, animals that undergo fear renewal
exhibit preferential activation of vHPC neurons that pro-
ject simultaneously to both the BA and the PL/mPFC, com-
pared to those subjected to an extinction test [98]. In the
vHPC—LA pathway, although it plays a selective role in
fear renewal, it does not encode the cued fear memory in a
particular context [15]. This suggests that fear renewal is not
simply a reactivation of the same pathway associated with
the initial fear response.

In a study investigating fear reinstatement, a type of fear
relapse in which the extinguished fear response to the CS
returns after re-exposure to the US alone, Zaki et al provided
evidence suggesting that fear relapse triggers a partial reacti-
vation of the original fear memory engram [99]. Specifically,
they observed that the engram neurons active during con-
textual fear conditioning in the hippocampal DG exhibited
decreased activity during extinction but were reactivated fol-
lowing the reinstatement of contextual fear [99]. This finding
in fear reinstatement aligns with the research on spontane-
ous recovery, another form of relapse, which demonstrated
that extinction suppresses fear-related activity in the DG,
but these activity patterns are reinstated during spontaneous
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recovery [63]. Behaviorally, optogenetic inactivation of the
neuronal ensembles active during fear conditioning in the
DG was sufficient to disrupt fear expression during both fear
reinstatement [99] and spontaneous recovery [63]. These
findings collectively suggest that fear relapse relies on the
partial reactivation of the cellular engram associated with
the original fear memory, although the specific synaptic
mechanisms underlying engram reactivation still need to be
further elucidated.

Experience-dependent Interregional Resonance
Dictates the Retrieval of Fear and Extinction Memories
Following Fear Extinction

Circuit oscillations, which arise from and regulate cellular
and synaptic behaviors, enable rapid and flexible transitions
between large-scale network states [100]. Fear memory and
extinction memory, representing learned threat and safety,
respectively, are associated with distinct oscillatory states
in the BLA and mPFC [28]. Through fear extinction learn-
ing, the network of PV-expressing interneurons undergoes
remodeling, allowing for competition between the extinc-
tion memory circuit and the fear memory circuit [40, 101].
This competition is reflected in the contrasting behaviors
of fear and extinction memory engram neurons within the
BLA and the negative correlation between the oscillations in
the 3-6 Hz and 6-12 Hz frequency ranges [101]. Following
extinction, this competition leads to the suppression of fear
engram neurons and a fear-associated 3—6 Hz oscillation
in the BLA [101]. In the absence of such competition, fear
engram neurons become activated, fear-associated 3—6 Hz
oscillations in the BLA increase, and the coherence between
the BLA and mPFC shifts toward the 3—6 Hz range, indicat-
ing the recurrence of fear expression [101]. Overall, the 3-6
Hz oscillatory activity in the BLA and the engagement of
the BLA—mPFC circuit serve as interregional mechanisms
that inform the return of fear following extinction learning.

To investigate how interregional oscillatory activity
influences the retrieval of competing fear and extinction
memories, Ozawa et al. employed optogenetic techniques
to induce endogenous oscillatory activity by stimulating
PV interneurons in the BLA during the retrieval of contex-
tual fear and extinction memories [102]. The exogenously
induced 4 Hz oscillations (falling within the 3—6 Hz range)
and 8 Hz oscillations (falling within the 6-12 Hz range) in
the BLA enhance and suppress conditioned freezing behav-
ior, respectively, in an experience- and context-specific man-
ner [102]. Furthermore, these oscillations recruit distinct
functional neuronal ensembles within the BLA [102]. Simul-
taneous manipulation of the BLA and mPFC with experi-
ence-dependent 4 Hz resonance across the BLA-mPFC
circuit at the network level supports fear memory retrieval
after extinction training [102]. Thus, local and interregional
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experience-dependent resonance plays a critical role in facil-
itating the retrieval of fear memory following extinction.

Reinforcing Extinction Memory: Deconstruction
of Fear Memory Trace vs Reconstruction
of Extinction Memory Trace

Boundary Conditions for Fear Extinction: Implications
for PTSD Pathophysiology

Anxiety disorders and PTSD are characterized by the per-
sistence of learned fear and are closely associated with
deficits in fear extinction [8]. It is worth noting that the
susceptibility of normal fear conditioning to a rapid extinc-
tion process in laboratory rodents contradicts the duration
of PTSD in its delayed and chronic forms, calling for the
existence of boundary conditions of resistance to extinction
in PTSD patients [103]. These boundary conditions refer to
the circumstances under which extinction fails to attenuate
fear memory. Further exploration and research into these
boundary conditions will provide valuable insights into the
mechanisms of pathological extinction and the development
of therapeutics for individuals with PTSD.

Pitman proposed the concept of superconditioning,
suggesting that the strength of the initially conditioned
memory serves as a boundary condition for fear extinc-
tion. According to this theory, stress hormones released in
response to particularly traumatic events enhance memory
consolidation, leading to overconsolidation and resistance
to extinction [104]. Additionally, animal models of PTSD
have utilized fear conditioning following stress induction to
mimic the disorder [105]. For example, subjecting animals
to a single prolonged stress prior to contextual fear con-
ditioning has been shown to impair fear extinction [106],
resembling the characteristics of PTSD. In a study exploring
the biological connection between stress and PTSD, highly
traumatized women exhibited elevated blood levels of pitui-
tary adenylate cyclase-activating polypeptide (PACAP) and
single-nucleotide polymorphisms in its receptor (PACIR)
gene, which were associated with a diagnosis of PTSD and
with the extent of fear conditioning responses [107]. Female
mice subjected to acute stress consistently displayed impair-
ments in fear extinction due to dysregulation of PACAP-
PACIR signaling in the ventromedial hypothalamus [108].
In summary, the chronicity and severity of PTSD symptoms
compared to normal fear conditioning can be attributed to
the interplay between extinction deficits, likely influenced
by stress as a major factor and enduring memory traces of
the trauma event. Therefore, it is crucial to conduct in-depth
neurobiological investigations [9, 109] to unravel the bound-
ary conditions of fear extinction.
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Retrieval-extinction Procedure to Destruct the Original
Fear Memory Trace

One can destroy the original fear memory trace to attenu-
ate conditioned fear behaviors by targeting a process
termed reconsolidation [110]. A previously consolidated
memory becomes labile and prone to disruption or is mod-
ified after retrieval, requiring reconsolidation to restabi-
lize the reactivated/destabilized memory [111, 112]. As a
result, the reconsolidation process allows memories to be
updated with new information available during retrieval
[110, 112, 113]. In the auditory fear memory paradigm,
Monlfils er al developed a behavioral procedure in which
an isolated retrieval trial is presented to induce lability
of the original fear memory prior to extinction training,
resulting in a permanent attenuation of the fear memory
without return of learned defensive responses [114], sug-
gesting that the original fear memory has been modified.
This retrieval-extinction procedure (Fig. 4) in rodents to
alter fear memory was quickly translated to humans, as
extinction training during reconsolidation prevented the
return of defensive responses for at least one year, con-
sistent with permanent changes in fear memory [115].
Notably, neuroimaging studies of the retrieval-extinction
paradigm showed less prefrontal cortical involvement
compared to typical extinction [116], in accordance with
the hypothesis that the amygdala-dependent fear memory

Fig. 4 Schematic representa-
tion of behavioral strategies

for reinforcing fear extinction
memory. (1) Retrieval-extinc-
tion procedure to destroy the
original fear memory trace. (2)
Regular sensory stimulation
for enhancing fear extinc-

tion. EMDR, eye movement
desensitization and reprocess-
ing; ABS, alternating bilateral
sensory stimulation. (3) Body
signals to the brain contribute
to fear extinction. VNS, vagus
nerve stimulation. (4) Rewarded
extinction stabilizes the long-
term extinction memory trace.
MDMA, 3,4-methylenedioxym-
ethamphetamine; PTSD, post-
traumatic stress disorder; SSRI,
serotonin selective reuptake
inhibitor. Please see the text for
more details

Regular Sensory

Stimulatjy

& -

Retrieval-extinction

was edited and, therefore, prefrontal inhibition was unnec-
essary. In the engram view, such fear attenuation caused by
the retrieval-extinction procedure occurs through updating
the original fear trace toward safety by increasing overlap
between fear and extinction engram neurons, ultimately
erasing fear memory [117]. This fear attenuation can also
be observed in the remote fear memory scenario [118],
but the attenuation of remote fear memory depends on a
specific thalamo-amygdalar circuit [119, 120].

In order to expand the application of trauma cues in the
clinical setting, with the aim of targeting and modifying
maladaptive memories associated with PTSD, Ressler et
al developed a novel procedure known as backward fear
conditioning [121]. This procedure allowed for the indirect
retrieval and manipulation of a contextual fear memory
engram in rats, which is dependent on the hippocampus
[121]. Through this approach, the researchers discovered
that conditioned freezing in response to a backward CS
was mediated by fear of the conditioning context [121].
This fear response activated specific ensembles within the
hippocampus, which could be covertly captured and chem-
ogenetically activated to elicit fear [121]. These findings
support that in a clinical context, interventions targeting
traumatic memories may benefit from indirect retrieval
methods, such as imaginal exposure, to create an opportu-
nity for modifying or even erasing neural representations
associated with pathological fear.

HOW to reinforce
extinction memory?

Anxiety
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Regular Sensory Stimulation for Enhancing Fear
Extinction

Translating from psychotherapeutic methods that use visual
stimulation, eye movements, or attentional control of cog-
nitive processes to produce long-lasting fear attenuation,
researchers sought to uncover the role of regular sensory
stimulation in enhancing fear extinction. For example, in a
psychotherapeutic regimen termed eye movement desensi-
tization and reprocessing (EMDR), patients are instructed
to recall a traumatic memory while orienting to alternating
bilateral sensory stimulation (ABS) [122]. To elucidate the
neural basis of ABS, Baek et al. induced a lasting reduc-
tion in fear in mice by pairing visual ABS with CS during
fear extinction and identified a neural pathway driven by
the superior colliculus (SC)—which has been involved in
visual-attentional processing [123, 124]—that mediates per-
sistent attenuation of fear [125]. ABS produced the strongest
fear-reducing effect, resulting in a sustained increase in SC
and mediodorsal thalamus (MD) activity, with the SC-MD
circuit being critical in preventing the return of fear. ABS
stabilized inhibitory neurotransmission in the BLA through
a feedforward inhibitory circuit from the MD, thereby inhib-
iting the activity of fear-encoding cells. Taken together,
these findings suggest an interaction between sensory and
fear memory circuits to mediate regular sensory stimulation
for sustainable attenuation of traumatic memories (Fig. 4).

Body Signals to the Brain Contribute to Fear Extinction

A novel approach to balancing fear and extinction of memo-
ries involves the integration of peripheral afferent informa-
tion into the brain through body-brain interaction. While fear
triggers strong bodily responses, such as changes in heart
and breathing rates [126—129], these bodily feedback signals
also play a crucial role in emotion regulation [130-133],
including responsiveness to extinction training. The insular
cortex (IC) serves as a core region involved in processing
bodily signals and receives inputs from distinct thalamic
and brainstem nuclei, which transmit visceral and cardio-
vascular signals from the periphery to the brain [134, 135].
A study by Alexandra et al. demonstrated that the IC inte-
grates predictive sensory and interoceptive signals to pro-
vide graded and bidirectional teaching signals that control
fear extinction, highlighting how bodily feedback signals are
utilized to maintain fear within a functional balance [136].
Disrupting this balance between fear extinction and mainte-
nance, similar to inhibiting the IC, can be achieved through
vagus nerve stimulation (VNS), revealing the importance of
body-brain communication [136]. VNS, as a neuromodula-
tion therapy strategy, has also been shown to enhance motor
learning through cholinergic signaling [137], indicating the
presence of unidentified circuit modulation underlying its

@ Springer

potential effects on fear extinction. Furthermore, a noninva-
sive optogenetic pacemaker has been developed to precisely
control heart rhythm, resulting in optically induced tachy-
cardia, which increases anxiety-like behavior specifically
in risky contexts [138]. The posterior IC may serve as a
potential mediator of bottom-up cardiac interoceptive pro-
cessing, suggesting that both central (brain) and peripheral
(body) processes together are required for the development
of emotional or affective states [138].

Regarding the central cellular mechanisms responsible
for body-brain communication, our research identified two
distinct subpopulations of projection neurons located in
close proximity within the IC. These subpopulations tar-
get the CeA and nucleus accumbens (NAc), respectively,
and encode fear and extinction memories [22]. However, it
remains to be determined whether and how the IC-CeA and
IC-NAc projectors, along with other unidentified ensemble
populations, differentially contribute to the balanced control
of extinction and maintenance of fear memory through bod-
ily feedback.

In addition, it has been observed that engaging in acute
mild exercise prior to extinction training can improve recent
and remote retention of fear extinction [139]. Furthermore,
a study has indicated that alterations in microbiota com-
position have a significant impact on fear extinction learn-
ing [140]. This suggests that peripheral information, such
as diet, infection, and lifestyle, play a role in shaping brain
health and determining susceptibility to neuropsychiatric
disorders (Fig. 4). Overall, various internal physiological
states [141, 142], which are bottom-up manifestations of
homeostatic processes and have widespread effects on the
organism’s body, including metabolic factors (hunger, sati-
ety), arousal-related factors, and immunological states, can
induce a specific brain state that inevitably influences future
physiology and/or behavior, such as fear extinction. Further
extensive research is needed to explore the mechanisms of
fear extinction regulated by signals from the body to the
brain.

Rewarded Extinction Stabilizes the Long-term
Extinction Memory Trace

As discussed above, fear extinction involves reward circuitry
[65, 68, 91, 143], so incorporating reward associations with
a fear extinction memory is likely to be an effective strat-
egy for persistently attenuating fear responses. Indeed,
rewarded extinction, exemplified as counterconditioning in
rats enhanced recruitment of an amygdala-striatal pathway
and led to reduced fear relapse in the spontaneous recov-
ery test [144], but exhibited greater levels of fear renewal
[145]. Consistent with these observations in rodents,
replacing shock with reward, rather than merely omitting
it, generated a more stable and enduring memory trace of
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extinguished fear in humans [146]. As a promising phar-
macological approach to enhance reward processing [147],
3,4-methylenedioxymethamphetamine (MDMA )-assisted
psychotherapy has long-lasting therapeutic effects on trau-
matic memories for PTSD [148]. MDMA has also been
shown to enhance fear extinction [149] and modulate fear
memory reconsolidation [150]. Similar to MDMA, which
acts as a serotonin transporter inhibitor to induce serotonin
release [151, 152], fluoxetine, a serotonin selective reuptake
inhibitor (SSRI) antidepressant, along with extinction train-
ing, also promotes fear extinction to a state of fear erasure
in mice, likely by converting the fear memory circuitry to
a more immature state via local BDNF [153]. These find-
ings suggest that incorporating reward either behaviorally or
pharmacologically enhances fear extinction and that reward
may be a valuable adjunct to exposure-based therapies for
PTSD and other anxiety disorders characterized by altered
fear learning (Fig. 4).

Conclusion and Perspectives

Fear extinction is not only a typical form of inhibitory learn-
ing but also a translational model for psychological exposure
therapy for many emotional disorders, such as PTSD and
anxiety disorders. Inherently, extinction training modifies
the original fear memory trace and creates a new memory
trace to control conditioned fear behaviors. Here, we have
reviewed the memory trace at different levels for fear extinc-
tion that underlies the dynamic competition between fear
and extinction memories in adaptive control of conditioned
fear responses. The configuration of multilevel neural circuit
plasticity conferring memory trace for fear extinction, which
is centered around the tripartite engram construct consist-
ing of the amygdala, mPFC, and vHPC, deserves further
investigation, along with its projection to other brain regions
such as thalamic regions, IC, NAc, and other emerging brain
regions. Although inevitably fragile, the new memory trace
established during fear extinction can be strengthened by
appropriate stimulation and manipulation, facilitating the
development of therapies for PTSD and anxiety disorders.
A number of questions concerning this fragile yet rein-
forceable memory trace for fear extinction warrant further
investigation. First, the dynamic nature of the memory trace
in the longitudinal transformation of fear extinction memory
remains to be further elucidated. In contrast to the original
fear memory, fear extinction memory is more readily forget-
table than the original fear memory. Based on the modern
notion [92] that forgetting is a form of neuroplasticity that
alters the accessibility of engram cells in a manner that is
sensitive to mismatches between expectations and the envi-
ronment, how can the failure of fear extinction memory
retrieval be explained on a case-by-case basis? Regarding

the spontaneous recovery of the extinguished fear, there is
an urgent need to comprehensively study the dynamic evolu-
tion of fear and extinction memories, as a single fear mem-
ory undergoes extensive circuit reorganization for memory
retrieval. As Caroni suggested for the next generation of neu-
roscience for the neuronal assemblies and memory, there are
currently two approaches by which to study learning-related
neuronal assemblies [154]. One type addresses the dynam-
ics of activity in large sets of neurons with, for example,
repeated calcium imaging experiments in behaving animals.
The other type addresses the functional roles of “memory
neuron” assemblies using genetic tagging and/or manipu-
lation experiments of learning-related “memory neurons”
based on the expression of activity-regulated genes (Fos,
Arc). What remains to be done in the future is to develop
conceptual frameworks to relate the resulting findings to
each other in the context of fear extinction.

Second, like other forms of memory, cellular composi-
tions of engram complexes for fear extinction need to be
continually updated. On one hand, the functional heteroge-
neity within the individual fear extinction memory engram
needs to be clarified. It has been suggested that contextual
fear memory engrams in the mouse dentate gyrus contain
functionally distinct neuronal ensembles, genetically defined
by the Fos- or Npas4-dependent transcriptional pathways,
that promote memory generalization and discrimination,
respectively [155]. It is known that omission of punishment,
switching from negative to positive emotional valence, and
contextual processing are necessary components of fear
extinction, but the neuronal ensembles responsible for each
component remain to be identified in the future. On the other
hand, in addition to engram neurons, various types of glial
cells are also likely to contribute to fear extinction engram
complexes. In another phase of fear memory, microglia have
been shown to mediate forgetting via complement-depend-
ent synaptic elimination [156]. Pathologically, modulation
of oligodendrocyte myelination can affect cognition in the
mouse model of Alzheimer’s disease [157]. The tetrapartite
synapse model, which includes neuronal pre- and post-syn-
aptic terminals, the extracellular structural scaffold together
with the cellular glue (i.e., glia), neurovascular unit (NVU),
and immune systems, is thought to play a role in long-term
plasticity and circuit maintenance [158]. The cellular and
molecular aspects of neuron-glia crosstalk in the scenario of
fear extinction need to be identified, in particular the inter-
actions between different types of glial cells and engram
neurons to regulate synaptic communication [159].

Third, how to understand fear extinction in terms of the
organization of different memories [160], or the mecha-
nisms underlying the dynamic nature of fear extinction
influenced by other cognitive experiences. It has been pro-
posed that memories sharing certain attributes are known
to interact so that retrieval of one increases the likelihood
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of retrieving the other, raising the possibility that related
memories are organized into associative mnemonic struc-
tures of interconnected representations [161-163]. Fear
extinction is a potential model for investigating the neu-
ral mechanisms that organize and link related memories,
including the original fear memory and related contextual
memories. A deep understanding of the molecular, cel-
lular, and systems mechanisms that support the organiza-
tion of memories along dimensions of time, space, and
perceptual/conceptual similarities [160] will undoubtedly
help understand and manipulate the complex and intricate
factors for the expression of fear extinction. In addition, by
linking mnemonic structures and the integration of previ-
ous and current memories, the experience of successful
fear extinction can be extended to more general emotional
resilience, the ability to overcome the negative experience,
which may help to ameliorate emotional disorders.

Finally, from a translational perspective, the effective
strategies for reinforcing memory traces of fear extinc-
tion are far from being satisfactory for clinical needs. By
targeting specific circuits for fear extinction, nerve stimu-
lation approaches including VNS, repetitive transcranial
magnetic stimulation (rTMS), and deep brain stimula-
tion (DBS) exhibit promising but not reliable therapeutic
effects in both animal models and clinical patients like
PTSD [164, 165]. The specific neural mechanisms behind
these neural stimulation approaches merit further inves-
tigation to optimize more specific treatment regimens. In
addition, the identification of molecularly defined extinc-
tion-specific cellular ensembles and molecular substrates
that orchestrate valence assignment [166] should inform
new strategies for the development of pharmacological
therapies that target extinction-related symptomatology
associated with numerous neuropsychiatric disorders,
including PTSD and anxiety disorders.

Acknowledgements This review was supported by grants from the
STI2030-Major Projects (2021Z2D0202800), the National Natural Sci-
ence Foundation of China (32071023 and 32371078), the Program of
Shanghai Academic/Technology Research Leader (22XD1420700), the
Shanghai Municipal Health Commission (2022XD046), and Innovative
Research Team of High-Level Local Universities in Shanghai.

Conflict of interest The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

@ Springer

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Dunsmoor JE, Niv Y, Daw N, Phelps EA. Rethinking extinction.
Neuron 2015, 88: 47-63.

2. Bouton ME, Maren S, McNally GP. Behavioral and neurobiologi-
cal mechanisms of Pavlovian and instrumental extinction learn-
ing. Physiol Rev 2021, 101: 611-681.

3. Myers KM, Davis M. Mechanisms of fear extinction. Mol Psy-
chiatry 2007, 12: 120-150.

4. Lebois LAM, Seligowski AV, Wolft JD, Hill SB, Ressler KJ.
Augmentation of extinction and inhibitory learning in anxiety
and trauma-related disorders. Annu Rev Clin Psychol 2019, 15:
257-284.

5. Beckers T, Hermans D, Lange I, Luyten L, Scheveneels S, Verv-
liet B. Understanding clinical fear and anxiety through the lens
of human fear conditioning. Nat Rev Psychol 2023, 2: 233-245.

6. Maren S. Neurobiology of Pavlovian fear conditioning. Annu
Rev Neurosci 2001, 24: 897-931.

7. Izquierdo I, Furini CRG, Myskiw JC. Fear memory. Physiol Rev
2016, 96: 695-750.

8. Milad MR, Quirk GJ. Fear extinction as a model for translational
neuroscience: ten years of progress. Annu Rev Psychol 2012, 63:
129-151.

9. Ressler KJ, Berretta S, Bolshakov VY, Rosso IM, Meloni EG,
Rauch SL. Post-traumatic stress disorder: clinical and transla-
tional neuroscience from cells to circuits. Nat Rev Neurol 2022,
18: 273-288.

10. Fanselow MS, Poulos AM. The neuroscience of mammalian
associative learning. Annu Rev Psychol 2005, 56: 207-234.

11. Herry C, Johansen JP. Encoding of fear learning and memory in
distributed neuronal circuits. Nat Neurosci 2014, 17: 1644—-1654.

12. Tovote P, Fadok JP, Liithi A. Neuronal circuits for fear and anxi-
ety. Nat Rev Neurosci 2015, 16: 317-331.

13. Maren S, Phan KL, Liberzon I. The contextual brain: implica-
tions for fear conditioning, extinction and psychopathology. Nat
Rev Neurosci 2013, 14: 417-428.

14. Xu C, Krabbe S, Griindemann J, Botta P, Fadok JP, Osakada F,
et al. Distinct hippocampal pathways mediate dissociable roles
of context in memory retrieval. Cell 2016, 167: 961-972.¢e16.

15. Li WG, Wu YJ, Gu X, Fan HR, Wang Q, Zhu JJ, et al. Input
associativity underlies fear memory renewal. Natl Sci Rev 2021,
8: nwab004.

16. Gu X, Wu YJ, Zhang Z, Zhu JJ, Wu XR, Wang Q, et al. Dynamic
tripartite construct of interregional engram circuits underlies
forgetting of extinction memory. Mol Psychiatry 2022, 27:
4077-4091.

17. Vervliet B, Craske MG, Hermans D. Fear extinction and relapse:
State of the art. Annu Rev Clin Psychol 2013, 9: 215-248.

18. Bouton ME, Westbrook RF, Corcoran KA, Maren S. Contextual
and temporal modulation of extinction: Behavioral and biological
mechanisms. Biol Psychiatry 2006, 60: 352-360.

19. Tonegawa S, Liu X, Ramirez S, Redondo R. Memory engram
cells have come of age. Neuron 2015, 87: 918-931.

20. Josselyn SA, Tonegawa S. Memory engrams: Recalling the past
and imagining the future. Science 2020, 367: eaaw4325.

21. Ramanathan KR, Jin J, Giustino TF, Payne MR, Maren S. Pre-
frontal projections to the thalamic nucleus reuniens mediate fear
extinction. Nat Commun 2018, 9: 4527.


http://creativecommons.org/licenses/by/4.0/

Y. Liu et al.: Memory Trace for Fear Extinction

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang Q, Zhu JJ, Wang L, Kan YP, Liu YM, Wu YJ, et al.
Insular cortical circuits as an executive gateway to decipher
threat or extinction memory via distinct subcortical pathways.
Nat Commun 2022, 13: 5540.

Yu Z, Kisner A, Bhatt A, Polter AM, Marvar PJ. Central amyg-
dala angiotensin type 1 receptor (Agtrl) expressing neurons
contribute to fear extinction. Neuropharmacology 2023, 229:
109460.

Shin A, Ryoo J, Shin K, Lee J, Bae S, Kim DG, et al. Explora-
tion driven by a medial preoptic circuit facilitates fear extinc-
tion in mice. Commun Biol 2023, 6: 106.

Frontera JL, Sala RW, Georgescu IA, Baba Aissa H, D’Almeida
MN, Popa D, et al. The cerebellum regulates fear extinction
through thalamo-prefrontal cortex interactions in male mice.
Nat Commun 2023, 14: 1508.

Doubliez A, Nio E, Senovilla-Sanz F, Spatharioti V, Apps R,
Timmann D, et al. The cerebellum and fear extinction: evi-
dence from rodent and human studies. Front Syst Neurosci
2023, 17: 1166166.

Choi DI, Kim J, Lee H, Kim JI, Sung Y, Choi JE, ef al. Synap-
tic correlates of associative fear memory in the lateral amyg-
dala. Neuron 2021, 109: 2717-2726.€3.

Bocchio M, Nabavi S, Capogna M. Synaptic plasticity,
engrams, and network oscillations in amygdala circuits for
storage and retrieval of emotional memories. Neuron 2017,
94:731-743.

KimJ, Lee S, Park K, Hong I, Song B, Son G, ef al. Amygdala
depotentiation and fear extinction. Proc Natl Acad Sci U S A
2007, 104: 20955-20960.

Hong I, Song B, Lee S, Kim J, Kim J, Choi S. Extinction of
cued fear memory involves a distinct form of depotentiation at
cortical input synapses onto the lateral amygdala. Eur J Neu-
rosci 2009, 30: 2089-2099.

Nabavi S, Fox R, Proulx CD, Lin JY, Tsien RY, Malinow R.
Engineering a memory with LTD and LTP. Nature 2014, 511:
348-352.

Kim WB, Cho JH. Encoding of discriminative fear memory by
input-specific LTP in the amygdala. Neuron 2017, 95: 1129-
1146.e5.

Abdou K, Shehata M, Choko K, Nishizono H, Matsuo M,
Muramatsu SI, et al. Synapse-specific representation of the
identity of overlapping memory engrams. Science 2018, 360:
1227-1231.

Choi JH, Sim SE, Kim JI, Choi DI, OhJ, Ye S, et al. Interregional
synaptic maps among engram cells underlie memory formation.
Science 2018, 360: 430—-435.

Lee C, Lee BH, Jung H, Lee C, Sung Y, Kim H, e7 al. Hippocam-
pal engram networks for fear memory recruit new synapses and
modify pre-existing synapses in vivo. Curr Biol 2023, 33: 507-
516.e3.

Lee JH, Kim WB, Park EH, Cho JH. Neocortical synaptic
engrams for remote contextual memories. Nat Neurosci 2023,
26: 259-273.

Clem RL, Schiller D. New learning and unlearning: Strangers
or accomplices in threat memory attenuation? Trends Neurosci
2016, 39: 340-351.

Lee H, Kaang BK. How engram mediates learning, extinction,
and relapse. Curr Opin Neurobiol 2023, 81: 102723.

Kasugai Y, Vogel E, Hortnagl H, Schonherr S, Paradiso E, Haus-
child M, et al. Structural and functional remodeling of amygdala
GABAergic synapses in associative fear learning. Neuron 2019,
104: 781-794.e4.

Trouche S, Sasaki JM, Tu T, Reijmers LG. Fear extinction causes
target-specific remodeling of perisomatic inhibitory synapses.
Neuron 2013, 80: 1054-1065.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Mendez P, Stefanelli T, Flores CE, Muller D, Liischer C. Homeo-
static plasticity in the hippocampus facilitates memory extinc-
tion. Cell Rep 2018, 22: 1451-1461.

Whittle N, Fadok J, MacPherson KP, Nguyen R, Botta P, Wolff
SBE, et al. Central amygdala micro-circuits mediate fear extinc-
tion. Nat Commun 2021, 12: 4156.

Amano T, Unal CT, Paré D. Synaptic correlates of fear extinction
in the amygdala. Nat Neurosci 2010, 13: 489-494.

Marowsky A, Yanagawa Y, Obata K, Vogt KE. A specialized
subclass of interneurons mediates dopaminergic facilitation of
amygdala function. Neuron 2005, 48: 1025-1037.

Likhtik E, Popa D, Apergis-Schoute J, Fidacaro GA, Paré D.
Amygdala intercalated neurons are required for expression of
fear extinction. Nature 2008, 454: 642-645.

Asede D, Bosch D, Liithi A, Ferraguti F, Ehrlich 1. Sensory
inputs to intercalated cells provide fear-learning modulated inhi-
bition to the basolateral amygdala. Neuron 2015, 86: 541-554.
Kwon OB, Lee JH, Kim HJ, Lee S, Lee S, Jeong MJ, et al. Dopa-
mine regulation of amygdala inhibitory circuits for expression of
learned fear. Neuron 2015, 88: 378-389.

Strobel C, Marek R, Gooch HM, Sullivan RKP, Sah P. Prefrontal
and auditory input to intercalated neurons of the amygdala. Cell
Rep 2015, 10: 1435-1442.

Hagihara KM, Bukalo O, Zeller M, Aksoy-Aksel A, Karalis N,
Limoges A, et al. Intercalated amygdala clusters orchestrate a
switch in fear state. Nature 2021, 594: 403—407.

Marek R, Sun Y, Sah P. Neural circuits for a top-down control of
fear and extinction. Psychopharmacology 2019, 236: 313-320.
Bukalo O, Pinard CR, Silverstein S, Brehm C, Hartley ND, Whit-
tle N, et al. Prefrontal inputs to the amygdala instruct fear extinc-
tion memory formation. Sci Adv 2015, 1: e1500251.

Tao Y, Cai CY, Xian JY, Kou XL, Lin YH, Qin C, et al. Projec-
tions from infralimbic cortex to paraventricular thalamus mediate
fear extinction retrieval. Neurosci Bull 2021, 37: 229-241.
Ramanathan KR, Maren S. Nucleus reuniens mediates the extinc-
tion of contextual fear conditioning. Behav Brain Res 2019, 374:
112114.

Lee JH, Latchoumane CV, Park J, Kim J, Jeong J, Lee KH, et al.
The rostroventral part of the thalamic reticular nucleus modulates
fear extinction. Nat Commun 2019, 10: 4637.

Chen YH, Wu JL, Hu NY, Zhuang JP, Li WP, Zhang SR, et al.
Distinct projections from the infralimbic cortex exert opposing
effects in modulating anxiety and fear. J Clin Invest 2021, 131:
e145692.

Cho JH, Deisseroth K, Bolshakov VY. Synaptic encoding of
fear extinction in mPFC-amygdala circuits. Neuron 2013, 80:
1491-1507.

Herry C, Ciocchi S, Senn V, Demmou L, Miiller C, Liithi A.
Switching on and off fear by distinct neuronal circuits. Nature
2008, 454: 600-606.

Senn V, Wolff SB, Herry C, Grenier F, Ehrlich I, Griindemann J,
et al. Long-range connectivity defines behavioral specificity of
amygdala neurons. Neuron 2014, 81: 428-437.

McCullough KM, Choi D, Guo J, Zimmerman K, Walton J,
Rainnie DG, et al. Molecular characterization of Thyl express-
ing fear-inhibiting neurons within the basolateral amygdala. Nat
Commun 2016, 7: 13149.

Guenthner CJ, Miyamichi K, Yang HH, Heller HC, Luo L. Per-
manent genetic access to transiently active neurons via TRAP:
targeted recombination in active populations. Neuron 2013, 78:
773-784.

DeNardo LA, Liu CD, Allen WE, Adams EL, Friedmann D, Fu
L, et al. Temporal evolution of cortical ensembles promoting
remote memory retrieval. Nat Neurosci 2019, 22: 460-469.

@ Springer



Neurosci. Bull.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Nambu MF, Lin YJ, Reuschenbach J, Tanaka KZ. What does
engram encode? : Heterogeneous memory engrams for different
aspects of experience. Curr Opin Neurobiol 2022, 75: 102568.
Lacagnina AF, Brockway ET, Crovetti CR, Shue F, McCarty
M]J, Sattler KP, et al. Distinct hippocampal engrams control
extinction and relapse of fear memory. Nat Neurosci 2019, 22:
753-761.

Wang G, Xie H, Wang L, Luo W, Wang Y, Jiang J, et al. Switch-
ing from fear to No fear by different neural ensembles in mouse
retrosplenial cortex. Cereb Cortex 2019, 29: 5085-5097.
Zhang X, Kim J, Tonegawa S. Amygdala reward neurons form
and store fear extinction memory. Neuron 2020, 105: 1077-1093.
e7.

Kim J, Pignatelli M, Xu S, Itohara S, Tonegawa S. Antagonistic
negative and positive neurons of the basolateral amygdala. Nat
Neurosci 2016, 19: 1636—-1646.

Kim J, Zhang X, Muralidhar S, LeBlanc SA, Tonegawa S. Baso-
lateral to central amygdala neural circuits for appetitive behav-
iors. Neuron 2017, 93: 1464-1479.e5.

Felsenberg J, Jacob PF, Walker T, Barnstedt O, Edmondson-Stait
Al, Pleijzier MW, et al. Integration of parallel opposing memo-
ries underlies memory extinction. Cell 2018, 175: 709-722.el5.
Machens CK, Romo R, Brody CD. Flexible control of mutual
inhibition: A neural model of two-interval discrimination. Sci-
ence 2005, 307: 1121-1124.

Koyama M, Pujala A. Mutual inhibition of lateral inhibition: A
network motif for an elementary computation in the brain. Curr
Opin Neurobiol 2018, 49: 69-74.

Milad MR, Quirk GJ. Neurons in medial prefrontal cortex signal
memory for fear extinction. Nature 2002, 420: 70-74.
Burgos-Robles A, Vidal-Gonzalez I, Santini E, Quirk GJ. Con-
solidation of fear extinction requires NMDA receptor-dependent
bursting in the ventromedial prefrontal cortex. Neuron 2007, 53:
871-880.

Burgos-Robles A, Vidal-Gonzalez I, Quirk GJ. Sustained condi-
tioned responses in prelimbic prefrontal neurons are correlated
with fear expression and extinction failure. J Neurosci 2009, 29:
8474-8482.

Sotres-Bayon F, Sierra-Mercado D, Pardilla-Delgado E, Quirk
GJ. Gating of fear in prelimbic cortex by hippocampal and amyg-
dala inputs. Neuron 2012, 76: 804-812.

Marek R, Xu L, Sullivan RKP, Sah P. Excitatory connections
between the prelimbic and infralimbic medial prefrontal cortex
show a role for the prelimbic cortex in fear extinction. Nat Neu-
rosci 2018, 21: 654-658.

Peters J, Dieppa-Perea LM, Melendez LM, Quirk GJ. Induction
of fear extinction with hippocampal-infralimbic BDNF. Science
2010, 328: 1288-1290.

Rosas-Vidal LE, Do-Monte FH, Sotres-Bayon F, Quirk GJ. Hip-
pocampal—prefrontal BDNF and memory for fear extinction.
Neuropsychopharmacology 2014, 39: 2161-2169.

Wang Q, Wang Q, Song XL, Jiang Q, Wu YJ, Li Y, et al. Fear
extinction requires ASICla-dependent regulation of hippocam-
pal-prefrontal correlates. Sci Adv 2018, 4: eaau3075.

Du J, Reznikov LR, Price MP, Zha XM, Lu Y, Moninger TO, et
al. Protons are a neurotransmitter that regulates synaptic plastic-
ity in the lateral amygdala. Proc Natl Acad Sci U S A 2014, 111:
8961-8966.

Yu Z, Wu YJ, Wang YZ, Liu DS, Song XL, Jiang Q, et al. The
acid-sensing ion channel ASICla mediates striatal synapse
remodeling and procedural motor learning. Sci Signal 2018, 11:
eaar4481.

Song XL, Liu DS, Qiang M, Li Q, Liu MG, Li WG, et al. Post-
synaptic targeting and mobility of membrane surface-localized
hASICla. Neurosci Bull 2021, 37: 145-165.

@ Springer

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Soler-Cedefio O, Torres-Rodriguez O, Bernard F, Maldonado L,
Hernandez A, Porter JT. Plasticity of NMDA receptors at ventral
hippocampal synapses in the infralimbic cortex regulates cued
fear. eNeuro 2019, 6: ENEURO.0354-18.2019.

Burgos-Robles A, Kimchi EY, Izadmehr EM, Porzenheim MJ,
Ramos-Guasp WA, Nieh EH, ef al. Amygdala inputs to pre-
frontal cortex guide behavior amid conflicting cues of reward
and punishment. Nat Neurosci 2017, 20: 824-835.

Klavir O, Prigge M, Sarel A, Paz R, Yizhar O. Manipulat-
ing fear associations via optogenetic modulation of amygdala
inputs to prefrontal cortex. Nat Neurosci 2017, 20: 836-844.
Stujenske JM, Likhtik E. Fear from the bottom up. Nat Neuro-
sci 2017, 20: 765-767.

Likhtik E, Stujenske JM, Topiwala MA, Harris AZ, Gordon
JA. Prefrontal entrainment of amygdala activity signals safety
in learned fear and innate anxiety. Nat Neurosci 2014, 17:
106-113.

Karalis N, Dejean C, Chaudun F, Khoder S, Rozeske RR, Wurtz
H, et al. 4-Hz oscillations synchronize prefrontal-amygdala cir-
cuits during fear behavior. Nat Neurosci 2016, 19: 605-612.
Roy DS, Park YG, Kim ME, Zhang Y, Ogawa SK, DiNapoli N, et
al. Brain-wide mapping reveals that engrams for a single memory
are distributed across multiple brain regions. Nat Commun 2022,
13:1799.

Lee S, Ahmed T, Lee S, Kim H, Choi S, Kim DS, et al. Bidi-
rectional modulation of fear extinction by mediodorsal thalamic
firing in mice. Nat Neurosci 2011, 15: 308-314.
Salinas-Hernandez XI, Vogel P, Betz S, Kalisch R, Sigurdsson
T, Duvarci S. Dopamine neurons drive fear extinction learning
by signaling the omission of expected aversive outcomes. Elife
2018, 7: e38818.

Luo R, Uematsu A, Weitemier A, Aquili L, Koivumaa J, McHugh
TJ, et al. A dopaminergic switch for fear to safety transitions. Nat
Commun 2018, 9: 2483.

Ryan TJ, Frankland PW. Forgetting as a form of adaptive engram
cell plasticity. Nat Rev Neurosci 2022, 23: 173-186.

Do-Monte FH, Quifiones-Laracuente K, Quirk GJ. A temporal
shift in the circuits mediating retrieval of fear memory. Nature
2015, 519: 460-463.

Kitamura T, Ogawa SK, Roy DS, Okuyama T, Morrissey MD,
Smith LM, et al. Engrams and circuits crucial for systems con-
solidation of a memory. Science 2017, 356: 73-78.

Hua SS, Ding JJ, Sun TC, Guo C, Zhang Y, Yu ZH, et al. NMDA
receptor-dependent synaptic potentiation via APPL1 signaling is
required for the accessibility of a prefrontal neuronal assembly
in retrieving fear extinction. Biol Psychiatry 2023, 94: 262-277.
Bliss TV, Collingridge GL. A synaptic model of memory: long-
term potentiation in the hippocampus. Nature 1993, 361: 31-39.
Marek R, Jin J, Goode TD, Giustino TF, Wang Q, Acca GM, et
al. Hippocampus-driven feed-forward inhibition of the prefrontal
cortex mediates relapse of extinguished fear. Nat Neurosci 2018,
21:384-392.

Jin J, Maren S. Fear renewal preferentially activates ventral hip-
pocampal neurons projecting to both amygdala and prefrontal
cortex in rats. Sci Rep 2015, 5: 8388.

Zaki Y, Mau W, Cincotta C, Monasterio A, Odom E, Doucette
E, et al. Hippocampus and amygdala fear memory engrams re-
emerge after contextual fear relapse. Neuropsychopharmacology
2022, 47: 1992-2001.

Buzsaki G. Neural syntax: cell assemblies, synapsembles, and
readers. Neuron 2010, 68: 362-385.

Davis P, Zaki Y, Maguire J, Reijmers LG. Cellular and oscilla-
tory substrates of fear extinction learning. Nat Neurosci 2017,
20: 1624-1633.

Ozawa M, Davis P, Ni J, Maguire J, Papouin T, Reijmers L.
Experience-dependent resonance in amygdalo-cortical circuits



Y. Liu et al.: Memory Trace for Fear Extinction

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

supports fear memory retrieval following extinction. Nat Com-
mun 2020, 11: 4358.

Bienvenu TCM, Dejean C, Jercog D, Aouizerate B, Lemoine M,
Herry C. The advent of fear conditioning as an animal model of
post-traumatic stress disorder: learning from the past to shape the
future of PTSD research. Neuron 2021, 109: 2380-2397.
Pitman RK. Post-traumatic stress disorder, hormones, and
memory. Biol Psychiatry 1989, 26: 221-223.

Deslauriers J, Toth M, Der-Avakian A, Risbrough VB. Cur-
rent status of animal models of posttraumatic stress disorder:
behavioral and biological phenotypes, and future challenges in
improving translation. Biol Psychiatry 2018, 83: 895-907.
Yamamoto S, Morinobu S, Fuchikami M, Kurata A, Kozuru T,
Yamawaki S. Effects of single prolonged stress and D-cyclo-
serine on contextual fear extinction and hippocampal NMDA
receptor expression in a rat model of PTSD. Neuropsychop-
harmacology 2008, 33: 2108-2116.

Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan
A, Kerley K, et al. Post-traumatic stress disorder is associ-
ated with PACAP and the PAC1 receptor. Nature 2011, 470:
492-497.

Velasco ER, Florido A, Flores A, Senabre E, Gomez-Gomez
A, Torres A, et al. PACAP-PACIR modulates fear extinction
via the ventromedial hypothalamus. Nat Commun 2022, 13:
4374.

Fenster RJ, Lebois LAM, Ressler KJ, Suh J. Brain circuit dys-
function in post-traumatic stress disorder: From mouse to man.
Nat Rev Neurosci 2018, 19: 535-551.

Phelps EA, Hofmann SG. Memory editing from science fiction
to clinical practice. Nature 2019, 572: 43-50.

Nader K, Schafe GE, Le Doux JE. Fear memories require pro-
tein synthesis in the amygdala for reconsolidation after retrieval.
Nature 2000, 406: 722-726.

Lee JLC, Nader K, Schiller D. An update on memory reconsoli-
dation updating. Trends Cogn Sci 2017, 21: 531-545.

Lee JLC. Memory reconsolidation mediates the strengthening
of memories by additional learning. Nat Neurosci 2008, 11:
1264-1266.

Monfils MH, Cowansage KK, Klann E, LeDoux JE. Extinction-
reconsolidation boundaries: key to persistent attenuation of fear
memories. Science 2009, 324: 951-955.

Schiller D, Monfils MH, Raio CM, Johnson DC, Ledoux JE,
Phelps EA. Preventing the return of fear in humans using recon-
solidation update mechanisms. Nature 2010, 463: 49-53.
Schiller D, Kanen JW, LeDoux JE, Monfils MH, Phelps EA.
Extinction during reconsolidation of threat memory diminishes
prefrontal cortex involvement. Proc Natl Acad Sci U S A 2013,
110: 20040-20045.

Teng SW, Wang XR, Du BW, Chen XL, Fu GZ, Liu YF, et al.
Altered fear engram encoding underlying conditioned versus
unconditioned stimulus-initiated memory updating. Sci Adv
2023, 9: eadf0284.

Khalaf O, Resch S, Dixsaut L, Gorden V, Glauser L, Griff J.
Reactivation of recall-induced neurons contributes to remote fear
memory attenuation. Science 2018, 360: 1239-1242.

Silva BA, Astori S, Burns AM, Heiser H, van den Heuvel L, San-
toni G, et al. A thalamo-amygdalar circuit underlying the extinc-
tion of remote fear memories. Nat Neurosci 2021, 24: 964-974.
Silva BA, Griff J. Face your fears: attenuating remote fear mem-
ories by reconsolidation-updating. Trends Cogn Sci 2023, 27:
404-416.

Ressler RL, Goode TD, Kim S, Ramanathan KR, Maren S. Cov-
ert capture and attenuation of a hippocampus-dependent fear
memory. Nat Neurosci 2021, 24: 677-684.

Wurtz H, El-Khoury-Malhame M, Wilhelm FH, Michael T,
Beetz EM, Roques J, et al. Preventing long-lasting fear recovery

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

using bilateral alternating sensory stimulation: a translational
study. Neuroscience 2016, 321: 222-235.

Sommer MA, Wurtz RH. Brain circuits for the internal monitor-
ing of movements. Annu Rev Neurosci 2008, 31: 317-338.
Krauzlis RJ, Lovejoy LP, Zénon A. Superior colliculus and visual
spatial attention. Annu Rev Neurosci 2013, 36: 165-182.

Baek J, Lee S, Cho T, Kim SW, Kim M, Yoon Y, et al. Neural
circuits underlying a psychotherapeutic regimen for fear dis-
orders. Nature 2019, 566: 339-343.

Stiedl O, Spiess J. Effect of tone-dependent fear conditioning
on heart rate and behavior of C57BL/6N mice. Behav Neurosci
1997, 111: 703-711.

Maschke M, Schugens M, Kindsvater K, Drepper J, Kolb FP,
Diener HC, et al. Fear conditioned changes of heart rate in
patients with medial cerebellar lesions. J Neurol Neurosurg
Psychiatry 2002, 72: 116-118.

Van Diest I, Bradley MM, Guerra P, Van den Bergh O, Lang
PJ. Fear-conditioned respiration and its association to cardiac
reactivity. Biol Psychol 2009, 80: 212-217.

Bagur S, Lefort JM, Lacroix MM, de Lavilléon G, Herry C,
Chouvaeff M, et al. Breathing-driven prefrontal oscillations
regulate maintenance of conditioned-fear evoked freezing inde-
pendently of initiation. Nat Commun 2021, 12: 2605.

Willem Van der Does AJ, Antony MM, Ehlers A, Barsky Al.
Heartbeat perception in panic disorder: a reanalysis. Behav Res
Ther 2000, 38: 47-62.

Paulus MP, Stein MB. An insular view of anxiety. Biol Psy-
chiatry 2006, 60: 383-387.

Garfinkel SN, Critchley HD. Threat and the body: How the
heart supports fear processing. Trends Cogn Sci 2016, 20:
34-46.

Quadt L, Critchley HD, Garfinkel SN. The neurobiology of inter-
oception in health and disease. Ann N 'Y Acad Sci 2018, 1428:
112-128.

Gogolla N. The insular cortex. Curr Biol 2017, 27: R580-R586.
Craig AD. How do you feel—now? The anterior insula and
human awareness. Nat Rev Neurosci 2009, 10: 59-70.

Klein AS, Dolensek N, Weiand C, Gogolla N. Fear balance is
maintained by bodily feedback to the insular cortex in mice. Sci-
ence 2021, 374: 1010-1015.

Bowles S, Hickman J, Peng X, Huang R, Washington K, et al.
Vagus nerve stimulation drives selective circuit modulation
through cholinergic reinforcement. Neuron 2022, 110: 2867-
2885.e7.

Hsueh B, Chen R, Jo Y, Tang D, Raffiee M, Kim YS, et al. Car-
diogenic control of affective behavioural state. Nature 2023, 615:
292-299.

Li SJ, Zhang LX, Zou GJ, Ma MH, Zhou SF, Lu XY, et al. Infral-
imbic YTHDF1 is necessary for the beneficial effects of acute
mild exercise on auditory fear extinction retention. Cereb Cortex
2023, 33: 1814-1825.

Chu C, Murdock MH, Jing D, Won TH, Chung H, Kressel AM, et
al. The microbiota regulate neuronal function and fear extinction
learning. Nature 2019, 574: 543-548.

Flavell SW, Gogolla N, Lovett-Barron M, Zelikowsky M. The
emergence and influence of internal states. Neuron 2022, 110:
2545-2570.

Greene AS, Horien C, Barson D, Scheinost D, Constable RT.
Why is everyone talking about brain state? Trends Neurosci
2023, 46: 508-524.

Cai LX, Pizano K, Gundersen GW, Hayes CL, Fleming WT, Holt
S, et al. Distinct signals in medial and lateral VTA dopamine
neurons modulate fear extinction at different times. Elife 2020,
9: €54936.

@ Springer



Neurosci. Bull.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Correia SS, McGrath AG, Lee A, Graybiel AM, Goosens KA.
Amygdala-ventral striatum circuit activation decreases long-term
fear. Elife 2016, 5: €12669.

Holmes NM, Leung HT, Westbrook RF. Counterconditioned
fear responses exhibit greater renewal than extinguished fear
responses. Learn Mem 2016, 23: 141-150.

Keller NE, Hennings AC, Leiker EK, Lewis-Peacock JA, Dun-
smoor JE. Rewarded extinction increases amygdalar connectivity
and stabilizes long-term memory traces in the vmPFC. J Neuro-
sci 2022, 42: 5717-5729.

Nardou R, Lewis EM, Rothhaas R, Xu R, Yang A, Boyden E,
et al. Oxytocin-dependent reopening of a social reward learning
critical period with MDMA. Nature 2019, 569: 116-120.
Mitchell JM, Bogenschutz M, Lilienstein A, Harrison C, Kleiman
S, Parker-Guilbert K, et al. MDMA-assisted therapy for severe
PTSD: a randomized, double-blind, placebo-controlled phase 3
study. Nat Med 2021, 27: 1025-1033.

Young MB, Andero R, Ressler KJ, Howell LL. 3, 4-Methylenedi-
oxymethamphetamine facilitates fear extinction learning. Transl
Psychiatry 2015, 5: e634.

Hake HS, Davis JKP, Wood RR, Tanner MK, Loetz EC, Sanchez
A, et al. 3, 4-methylenedioxymethamphetamine (MDMA)
impairs the extinction and reconsolidation of fear memory in
rats. Physiol Behav 2019, 199: 343-350.

Rudnick G, Wall SC. The molecular mechanism of “ecstasy”
[3,4-methylenedioxy-methamphetamine (MDMA)]: serotonin
transporters are targets for MDMA-induced serotonin release.
Proc Natl Acad Sci U S A 1992, 89: 1817-1821.

Green AR, Mechan AO, Elliott JM, O’Shea E, Colado MI. The
pharmacology and clinical pharmacology of 3, 4-methylenediox-
ymethamphetamine (MDMA, “ecstasy”’). Pharmacol Rev 2003,
55:463-508.

Karpova NN, Pickenhagen A, Lindholm J, Tiraboschi E, Kuless-
kaya N, Agustsdottir A, et al. Fear erasure in mice requires syn-
ergy between antidepressant drugs and extinction training. Sci-
ence 2011, 334: 1731-1734.

Hong W, Brose N, Cohen JY, Caroni P, Hsiao EY, Kaeser PS.
Setting the stage for the next generation of neuroscience. Neuron
2018, 99: 11-12.

Sun X, Bernstein MJ, Meng M, Rao S, Sgrensen AT, Yao L, et
al. Functionally distinct neuronal ensembles within the memory
engram. Cell 2020, 181: 410-423.e17.

@ Springer

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Wang C, Yue H, Hu Z, Shen Y, MaJ, LiJ, ef al. Microglia medi-
ate forgetting via complement-dependent synaptic elimination.
Science 2020, 367: 688—694.

Chen JF, Liu K, Hu B, Li RR, Xin W, Chen H, et al. Enhancing
myelin renewal reverses cognitive dysfunction in a murine model
of Alzheimer’s disease. Neuron 2021, 109: 2292-2307.¢e5.

de Luca C, Colangelo AM, Virtuoso A, Alberghina L, Papa M.
Neurons, Glia, extracellular matrix and neurovascular unit: a sys-
tems biology approach to the complexity of synaptic plasticity in
health and disease. Int J Mol Sci 2020, 21: 1539.

Liu Y, Shen X, Zhang Y, Zheng X, Cepeda C, Wang Y, et al.
Interactions of glial cells with neuronal synapses, from astrocytes
to microglia and oligodendrocyte lineage cells. Glia 2023, 71:
1383-1401.

de Sousa AF, Chowdhury A, Silva AJ. Dimensions and mecha-
nisms of memory organization. Neuron 2021, 109: 2649-2662.
Cai DJ, Aharoni D, Shuman T, Shobe J, Biane J, Song W, et al.
A shared neural ensemble links distinct contextual memories
encoded close in time. Nature 2016, 534: 115-118.

Shen Y, Zhou M, Cai D, Filho DA, Fernandes G, Cai Y, et al.
CCRS closes the temporal window for memory linking. Nature
2022, 606: 146-152.

Liu Y, Xu M, Li WG. Segregating memories: targeting microen-
vironment of neuronal ensembles. Signal Transduct Target Ther
2022, 7: 363.

Cohen H, Kaplan Z, Kotler M, Kouperman I, Moisa R, Grisaru
N. Repetitive transcranial magnetic stimulation of the right dor-
solateral prefrontal cortex in posttraumatic stress disorder: a
double-blind, placebo-controlled study. Am J Psychiatry 2004,
161: 515-524.

Gurel NZ, Wittbrodt MT, Jung H, Shandhi MMH, Driggers EG,
Ladd SL, et al. Transcutaneous cervical vagal nerve stimulation
reduces sympathetic responses to stress in posttraumatic stress
disorder: a double-blind, randomized, sham controlled trial. Neu-
robiol Stress 2020, 13: 100264.

Li H, Namburi P, Olson JM, Borio M, Lemieux ME, Beyeler A,
et al. Neurotensin orchestrates valence assignment in the amyg-
dala. Nature 2022, 608: 586-592.



	Memory Trace for Fear Extinction: Fragile yet Reinforceable
	Abstract 
	Introduction
	Fear Extinction as a Dynamic Modification of Fear Memory Trace
	Fear Extinction Reverses Fear-conditioning-activated Excitatory Synaptic Traces
	Fear Extinction Remodels Fear-Conditioning-Associated Inhibitory Synaptic Traces
	Fear Extinction Enhances Inhibitory Synaptic Control of Cellular Traces of Fear Memory
	Fear Extinction Depends on Inhibitory Control of Fear Output Neurons

	Memory Traces Emerging from Extinction Learning
	Extinction Activates a Distinct Set of Neurons from the Fear Memory Cellular Traces
	Reciprocal Inhibition Between Fear and Extinction Memory Cellular Traces
	Extinction Establishes Ascending Plasticity for Top-Down Control of Fear Memory
	Multiple Synaptic Traces Form an Engram Construct for Extinction

	Forgetting of Extinction Memory: Vulnerable Engram Construct
	Inaccessible State of Extinction Engram Construct Underlies Return of Extinguished Fear
	Re-emerging Fear Memory Engrams Underlie Fear Relapse After Extinction
	Experience-dependent Interregional Resonance Dictates the Retrieval of Fear and Extinction Memories Following Fear Extinction

	Reinforcing Extinction Memory: Deconstruction of Fear Memory Trace vs Reconstruction of Extinction Memory Trace
	Boundary Conditions for Fear Extinction: Implications for PTSD Pathophysiology
	Retrieval-extinction Procedure to Destruct the Original Fear Memory Trace
	Regular Sensory Stimulation for Enhancing Fear Extinction
	Body Signals to the Brain Contribute to Fear Extinction
	Rewarded Extinction Stabilizes the Long-term Extinction Memory Trace

	Conclusion and Perspectives
	Acknowledgements 
	References


