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Abstract

Threat processing is central to understanding debilitating fear- and trauma-related disorders such
as Posttraumatic Stress Disorder (PTSD). Progress has been made in understanding the neural
circuits underlying the ‘engram’ of threat- or fear-memory formation that complements a decades-
old appreciation of the neurobiology of fear and threat involving hub structures such as the
amygdala. In this review, we examine key recent findings as well as integrate the importance of
hormonal and physiological approaches to provide a broader perspective of how bodily systems
engaged in threat responses may interact with amygdala-based circuits in the encoding and
updating of threat-related memory. Understanding how trauma-related memories are encoded and
updated throughout the brain and the body will ultimately lead to novel biologically-driven
approaches for treatment and prevention.
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Introduction

Fear is an emotional experience deeply rooted in evolution to facilitate survival and to aid in
the avoidance or escape from potentially harmful situations. However, unlike our
evolutionary ancestors, the contexts, circumstances and stimuli which have come to engage
evolutionarily-based fear circuitry have expanded well beyond avoidance of potential
predators to promote survival (LeDoux, 1993). This involvement of evolutionarily-based
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fear circuitry is largely attributed to the expanding types of stressors, including increased
rates of trauma, violence, emotional, physical and sexual abuse that, unfortunately, have
become more pervasive and common place. As a result of the brain’s plasticity, or
adaptability, prior exposure to traumatic and threatening experiences enables more rapid
responses to threats in the future. Such threat-related responses may become intrusive and
maladaptive, and these maladaptive responses to threat are central to anxiety and trauma-
related ailments such as Posttraumatic Stress Disorder (PTSD). PTSD and other trauma and
stressor related disorders have been distinguished from anxiety disorders in the recent
iteration of the Diagnostic and Statistical Manual of Mental Disorders because there is often
a singular event, or limited number of events, that are foundational to the development of
PTSD (American Psychiatric Association and American Psychiatric Association DSM-5
Task Force., 2013).

The truly subjective and phenomenological nature of the fear experience in humans is not
one that easily avails itself to direct study using laboratory animals (LeDoux, 2014), but the
use of more precise terminology such as ‘threat-related’ or ‘trauma-related” behaviors is
particularly important in translational work. In fact, the circumstances and frameworks that
do mediate physiological and physical responses, largely mediated by activation of the
autonomic nervous system to threatening stimuli, can be thought of as integrated and are
tractable from an evolutionary perspective. Studying model organisms greatly aides our
progress towards uncovering the mechanisms that are necessary for the persistence of threat
and trauma-relevant memories (Fanselow and Pennington, 2018).

Pavlovian threat conditioning involves the introduction of a rodent to a behavioral testing
chamber (context) and the subsequent presentation of novel cues to serve as conditioned
stimuli (CSs) that are presented contingent with an unconditioned stimulus (US) such as a
brief electric footshock. The use of Pavlovian (or Classical) conditioning has enabled
incredible progress in uncovering the conserved neuroanatomical and molecular substrates
that are required for long-lasting behavioral alterations due to threat and trauma exposure in
mammals (Davis, 1992; Fanselow, 1980). Threat encoding is the initiation of cellular and
molecular processes within neuronal synapses which occur in response to stimuli present at
the time of threat exposure, resulting in alterations in synaptic plasticity within and across
relevant neural circuits. The subsequent stabilization of these changes in synaptic plasticity
at the neuronal and circuit level following memory encoding is referred to as the “engram”
and incorporates aspects that can be distinguished as discreet temporal, molecular, and
neural circuit events which support the persistence of memory evident by the emergent
behavioral, molecular, and physiological manifestations that result from threat and traumatic
experiences (Figure 1; Fanselow and LeDoux, 1999; Schafe et al., 2005).

Decades’ old work has revealed that the amygdala, and its now increasingly better
understood subnuclei, is a master coordinator of threat-response and trauma-related
behavioral alterations (Fox et al., 2015; Liberzon et al., 2003; Morris et al., 1998; Phelps and
Anderson, 1997; Vuilleumier et al., 2001). Furthermore, work in recent years suggests that a
much wider pool of brain regions and circuits also participate in threat- and trauma-relevant
encoding. This circuitry now includes the amygdala, hippocampus, cortical and thalamic
regions, and downstream regions in the brainstem, to regulate the constellation of behavioral
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and physiological consequences resulting from exposure to traumatic or threatening
circumstances and later encounters with cues associated with the treat or trauma (Figure 2).

While we have gained immense insight into the underpinnings of most elementary emotional
memory processes by examining the mechanisms that mediate encoding of CS-US
associations, threat-related freezing is just one outcome of the many associations that is
acquired and encoded at the time of threat and trauma exposure. Attention paid to other
variables and associations that alter the entraining of emotional memories, or are themselves
encoded into their own distinct or over-lapping engrams at the time of threat or trauma, is
critical. Understanding these variables will help to prevent the initial encoding or alleviate
the persistence of previously encoded trauma-related memories, such as those seen in PTSD.
Therefore, this review aims to address how many of the neurobiological underpinnings,
stimulus and contextual factors that are critical for the formation of enduring trauma-relevant
memory engrams is relevant to the shortcomings of current therapeutic interventions for
trauma-relevant memories (Figure 3).

Forming the Engram: What is encoded into an engram?

Studies employing rodent models of threat learning have often examined the cellular and
molecular mechanisms that underlie the initial associations of discrete sensory cues, such as
an auditory tone or olfactory cue, paired with a noxious unconditioned stimulus such as a
brief electric footshock. It is now well known that principal neurons within the lateral
nucleus of the amygdala (LA) receive projections directly from the sensory thalamus,
positioning it to receive stimulus information at the time of threat conditioning (LeDoux et
al., 1990; Romanski et al., 1993). Simultaneously, the LA receives synaptic input concerning
the unconditioned stimulus from somatosensory cortex and much work has revealed that as a
direct consequence of these co-occurring inputs onto LA neurons, plasticity occurs at
synapses following CS-US pairings within the LA and can thus be considered the most
elementary memory engram for CS-US associations. (Romanski et al., 1993). Studies - now
considered classic in the field - utilized field potential recordings in the LA to examine the
existence of stimulus-preference for LA neurons in response to auditory tone-CS
presentations and shock-US presentations (Rogan and LeDoux, 1995; Rogan et al., 1997).
This early work revealed cell populations that were preferentially active in response to
auditory information alone vs. those responding to US information alone, and a final
population that responded to both CS and US information. This work revealed for the first
time the cells poised for undergoing robust plasticity following CS-US pairings, and thus
able to be encoded into the engram supporting this CS-US association. More recent work
utilizing optogenetics has suggested that a combination of Hebbian plasticity and
modulation by neurotransmitter systems, such as adrenergic signaling, must occur
synergistically to support plasticity and encoding of CS-US associations within the LA
(Johansen et al., 2014), thus the engram must encode both fast neuronal input and slower
physiologic contextual information.
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Stimulus specificity of the engram

The mechanisms which regulate the encoding of discrete sensory stimulus memories to
permit discrimination and prevent generalization have yet to be fully established, however a
number of interesting hypotheses have emerged. These include methods for increasing
signal to noise processing within the amygdala, hippocampus, and insula, in addition to
much plasticity that occurs in sensory thalamic and cortical areas, potentially shaping the
sensitivity to sensory information prior to its processing in limbic structures (Banerjee et al.,
2017; Jones et al., 2008; Morrison et al., 2015; Weinberger, 2011). Successful discrimination
of sensory cues that are relevant to emotionally salient events, such as threat conditioning,
requires reciprocal changes in LA principal neurons and in sensory systems projecting there.
Thus, while there is a strengthening of synapses relevant to the US, there is a depotentiation
of those that are irrelevant (Collins and Pare, 2000).

The concept of stimulus-specific plasticity in memory encoding has also recently been
supported with a study revealing a selective increase in AMPA/NMDA ratios for auditory
CS cues associated with a US, but no change in familiar auditory cues which remained
unassociated with a US (Kim and Cho, 2017). These data suggest that the use of discrete and
discriminative cues alters synaptic plasticity to support encoding of engrams that are
restricted to threat-related cues and suggest that distinct subsets of heterogeneous cells
encode different aspects of information within the threat-related neuronal ensemble, or
engram.

The molecular state of a neuron at the time of conditioning impacts the likelihood that it will
participate in the encoding of a subsequent memory engram (Josselyn et al., 2001). Studies
examining the activity of the transcription factor cyclic-AMP response element binding
protein (CREB) have established that neurons that have high CREB activation states, either
naturalistically or experimentally manipulated, are more likely to be recruited into a
conditioning-related engram (Han et al., 2007). More recently, it has been shown that the
state of neuronal excitability, related to neuronal or hormonal signal at the time of
conditioning, impacts neurons which are most likely to be allocated into the engram. In
addition, principal neurons in the LA are poised to encode stimulus memories that closely
occur in time into overlapping neuronal ensembles, while those stimulus presentations
occurring at more distal times are more likely to be encoded into distinct non-overlapping
neuronal ensembles, which may involve gating of newly engram-allocated LA principal
neurons by GABA-ergic parvalbumin interneurons (Morrison et al., 2016).

The above studies suggest that the stimulus specificity of individual cell types will be critical
to understand encoding and the engram. While much current work aims to identify cell-
types based on molecular identity which then may play differential roles in threat learning
and memory encoding, understanding cell’s individual synaptic connectivity, and thus
stimulus preference, will be another important molecular indicator of function that may not
be directly encoded in the transcriptome.
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Cell-type and circuit-specific encoding of threat memory engrams

Recent approaches in neurobiology have similarly aimed to identify discrete cell populations
and their respective circuits, which may be relevant for the encoding of specific aspects of
threat-relevant memories (e.g. Haubensak et al., 2010). For example, cell-type specific
excitatory and inhibitory optogenetic and chemogenic approaches have revealed a subset of
pyramidal neurons within the BLA that preferentially projects to nucleus accumbens (NAc)
over central amygdala (CeA). These cells are marked by Dkk3and other cell-type specific
gene expression, and appear to support the inAibition of threat memories (Jasnow et al.,
2013; McCullough et al., 2016). Separately, a set of neurons within the CeA marked by the
Tachykinin 2 gene ( 7ac2) projects preferentially to distinct brainstem regions and supports
threat encoding and expression over threat inhibition (Andero et al., 2014).

Another recent approach utilized a genetic strategy to identify the representations of
rewarding and aversive USs in the BLA, demonstrating that activation of an ensemble of
US-responsive BLA cells elicits innate physiological and behavioral responses of different
valence (Gore et al., 2015). Additionally, they found that US-responsive BLA cells are
necessary for the expression of a conditioned response. Such data suggest that neural
representations of US and CS connect to US-responsive cells in the BLA to elicit both
unconditioned and learned responses. Together these and other recent papers utilizing
optogenetic and chemogenetic causal “circuit-busting” approaches to understanding
genetically defined amygdala populations offer great promise to better understand the
cellular specificity of threat and trauma-related memory encoding.

Although much focus has been spent on the discrete sensory cues which mediate the
behavioral concomitants of encoded threat and trauma-relevant memories, the emergence of
behavioral and autonomic consequences following conditioning suggests enduring plasticity
and the establishment of engrams within individual circuits mediating each outcome. For
example, the emergence of conditioned freezing responses is known to be mediated by the
induction of AMPA and NMDA receptor mechanisms within the periaqueductal gray (PAG;
Kim et al., 2013; Reimer et al., 2012). Conversely, while neurons within the lateral
hypothalamus have been identified to have no direct impact on the emergence of freezing
behaviors but are vital for conditioned changes in arterial pressure (Iwata et al., 1986), more
recent studies have suggested that intermingled cell types within the hypothalamus
differentially regulate different threat-response behaviors (Santos et al., 2008). These studies
reveal some progress in understanding circuit-based alterations of conditioned response
components, and multiple circuit-based engrams may interact to form the complete threat
response, with its multiple concomitants. With relevance to the observation of cellular
heterogeneity in the hypothalamus mediating discrete physiological outcomes to threat, and
studies identifying amygdala cell-type preference in the behavioral responses to threat, more
concerted efforts aimed at delineating the cell-type makeup and specificity of trauma-
relevant engram formation will be vital towards progress in understanding the
neuroanatomical basis of threat and trauma-relevant memory.
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Encoding of Interoceptive & Physiologic Information

While much work has aimed to examine the mechanisms which underlie engram formation
for elementary trauma-relevant CS-US associations, it has long been appreciated that
physiologic state and hormonal processes present at the time of traumatic memory
acquisition, as well as those altered as a result of exposure to stressor and threat, also impact
the encoding and later expression of memory. The late 19t century James-Lange theory of
emotion emphasized physiological state in determining the immediate consequences, both
physically and physiologically, to emotional stimuli as antecedents to conscious appraisal, or
subjective perceptual labelling, of stimuli as emotionally arousing. While the specifics of
this model have largely been set aside, as no concrete evidence has emerged for the
existence of specific autonomic indices that are relevant for discrete emotional states
(Friedman, 2010), the theory did nonetheless garner an appreciation for nonconscious and
interoceptive processes in emotional learning and memory. Given the widespread impacts
that hormonal and physiological processes can exert throughout the central and peripheral
nervous systems, coupled with the known physiological manifestations of threat and trauma-
relevant memories, the logical next step is to consider the mechanisms through which
physiological response to trauma affects threat encoding to establish one or more engrams.
Additionally, the physiological response itself may be altered in response to trauma, serving
as a powerful interoceptive trauma-related cue impacting expression of threat-relevant
memories. While a full review of all potential interoceptive cues and physiological factors
that may influence the encoding of trauma and threat-relevant memories is outside of the
scope of this review, we highlight a few examples of hormones and neurochemicals to
demonstrate the idea that attention to these interoceptive cues, is vital towards uncovering
the mechanisms underlying initial engram encoding and later alleviating trauma memories.

Hormonal and Neurochemical Contributions to Memory Encoding

Glucocorticoids, the classic steroid stress hormones that include cortisol and corticosterone,
have long been appreciated to regulate stress response through feedback mechanisms
modulating the release of corticotropin-releasing hormone (CRH). This occurs in brain
regions known to mediate anxiety and stress- related behaviors including the hypothalamus,
amygdala, cortex and the bed nucleus of the stria terminalis (BNST; McEwen et al., 2015).
In the setting of an acute stressor in a naive animal, brief elevation in glucocorticoid signal
results in stress-related neuronal and behavioral alterations which are largely associated with
the co-engagement of noradrenergic signaling to facilitate memory consolidation for both
hippocampal-dependent contextual and amygdala-mediated auditory memory (Roozendaal
et al., 2006). However, the role of glucocorticoid signaling in trauma-relevant memory
processes following periods of chronic stress exposure is less conclusive. It is well
established that chronic exposure to stress hormones such as glucocorticoids results in
reduced dendritic complexity in both cortical regions and hippocampus (Conrad et al., 1999;
Liston et al., 2006; Vyas et al., 2002). However, studies suggest that two distinct sites of
glucocorticoid-modulating CRH pathways may exist, one constrained through negative
feedback to the hypothalamic system, and one non-constrained system, which includes the
CeA and BNST, and may be relevant to the reported dendritic hypertrophy observed in these
regions with chronic exposure (Schulkin et al., 1998).
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Work in rats using pharmacological targeting of amygdala nuclei has revealed that pre- and
immediate post-training infusions of CRH in the LA resulted in reduced threat memory,
while infusions prior to testing enhanced the expression of threat memory, and CRH
infusions in CeA before or after training or testing had no effect on memory (Isogawa et al.,
2013). In contrast, CeA-specific knockout of glucocorticoid receptors (GRs), the major
receptor for corticosterone, results in impaired threat learning in mice, which can be
overcome with replacement of CRH in the CeA (Kolber et al., 2008). Importantly, additional
studies utilizing transgenic mouse approaches have supported the existence of heterogeneous
CRH-expressing neurons contributing to divergent effects in response to CRH depending on
the co-expression of other receptors. Deletion of GABA(A)al and Grinl in CeACRH neurons
impaired threat extinction thereby enhancing threat memory, but likely throug distinct
mechanisms (Gafford et al., 2014; Gafford et al., 2012). Furthermore, deletion of GRs from
LAGUt appear to attenuate threat-related behaviors (Hartmann et al., 2017). In line with
these findings, further work to subdivide CRH expressing cells into more discrete neuronal
populations based on co-expression of other receptors subtypes and/or projection specificity
will lead to a more precise understanding of the potential acute role for CRH in the initial
encoding of trauma-relevant memories as well as the role of this neuropeptide in the later
expression of memories.

Sex hormones are also thought to bias response to threat, as women are at greater risk for
developing PTSD following trauma exposure (Breslau et al., 1999; McLean et al., 2011).
Given the cyclic nature of sex steroid hormones including estradiol and progesterone and
periods of dramatic hormone change including puberty and menopause, their relationship to
trauma and anxiety-related conditions is not as straight-forward or as well-understood as that
of the glucocorticoid hormone system. Recent work from rodent studies has suggested that
estrus status, the murine corollary to the human female menstrual cycle, directly impacts the
strength of memory for traumatic events. Studies examining the acquisition of threat
conditioning have revealed that naturally cycling rodents in low-estradiol phases and
ovariectomized females have enhanced encoding of threat memories, which can be
normalized upon estradiol replacement in ovariectomized rodents (Frye and Walf, 2004;
Hiroi and Neumaier, 2006). These findings largely suggest the existence of a dynamic and
phasic impact of estrogen on encoding of emotionally-salient memories, where low estrogen
states are permissive for encoding and high estrogen states are protective against the
encoding of these memories.

Studies using startle behavior paradigms have noted that elevated estrogen can impact
sensorimotor gating, such that it reduces the emergence of prepulse inhibition (PPI) of the
acoustic startle response. PPI is a behavior that is known to require the integration of both
attentional and emotive processes and thus rely on amygdala and limbic circuitry (Koch,
1998; Swerdlow et al., 1999). High levels of estrogen have been found to promote a shift in
the balance of excitation and inhibition in the amygdala towards greater inhibition, while
low levels of estrogen have been found to result in dysregulation of GABAergic inhibition in
the amygdala, suggesting a potential mechanism at the level of electrophysiology and
neuronal excitability that is relevant to the cyclic nature of estrogen’s proposed protection
against the effects of trauma (Blume et al., 2017; Yang et al., 2017). In the hippocampus,
estrogen’s phasic effects impact known activity-dependent signaling cascades (Srivastava et
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al., 2013), but it is unknown if this is also the case in the amygdala, or if there is cell-type
specificity as well.

Translation of these preclinical findings into human studies have replicated the same general
rule for estrogen status in modulating threat and trauma memory, where low-levels of
circulating estrogens are associated with enhanced encoding of trauma-relevant memories
(Glover et al., 2012; Glover et al., 2013). Lower estrogen status has also been associated
with other indices of traumatic memory encoding, including enhanced skin conductance
responding to conditioned stimuli and increased rate of traumatic memory intrusions in daily
life (Glover et al., 2012). Higher levels of estrogen have also been found to result in less
distress in response to a psychosocial stressor, reduced activation of negative mood states
and reduced limbic system activation (Albert et al., 2015). Neuroimaging studies have
shown reduced activity in the amygdala during high estrogen states and increased activity
during low estrogen states, suggesting a potential modulatory effect of estrogen on amygdala
activity that may account for the differential effects on trauma memory (Goldstein et al.,
2010). Intriguingly, one study has suggested that administration of Ogestral (combined
ethinyl estradiol/norgestrel) or the emergency hormonal contraceptive Plan B
(levonorgestrel) shortly following forensic examination within 48 hr following sexual assault
was associated with reduced rates of PTSD symptoms during the follow-up assessment 6
months later (Ferree et al., 2012). These findings, in concert with preclinical rodent work
revealing impaired encoding of threat memory during high estradiol states, suggest the
potential utility of exploring estrogen-related pharmacological targets in the early hours
following trauma as potential efficacious therapeutics in impairing deleterious effects of
trauma via restraint on trauma-engram formation.

Arousal and Cardiovascular Signals as Interoceptive Stimuli

Exposure to noxious stimuli, such as those central to threat and trauma, is known to result in
arousal via the release of norepinephrine (NE) from the locus coeruleus. This serves as a
critical neuromodulator of trauma-relevant plasticity such that its inhibition results in the
impairment of trauma-relevant encoding (Bush et al., 2010; McGaugh et al., 2002). Just as
central nervous release of NE is vital for modulating threat and trauma-relevant plasticity,
systemic release is similarly critical in establishing sympathetic nervous system
concomitants including alterations in cardiovascular tone and increases in blood pressure. As
such, NE plays a vital role not only in modulating the initial encoding of trauma-relevant
plasticity but is also a critical interoceptive cue. Thus, this system may form its own engram
which includes trauma-relevant associations; such that elevations of NE activate this engram
modulating threat and trauma-relevant memory (see Rodrigues et al., 2009 for full review).

Likewise, much work has also revealed a role for cholinergic signaling in trauma-relevant
plasticity as it is known to enhance threat memory encoding in the LA via acetylcholine
receptors that not only enhance the firing rate of LA principle neurons but also enhance
glutamatergic transmission. Furthermore, while reducing cholinergic input to LA principle
neurons does not completely abolish threat encoding, it does reduce the later behavioral
expression of cue-related freezing, suggesting that cholinergic tone at the time of
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conditioning can modulate the strength of initial memory encoding, and that other
neurotransmitters and hormone systems are also involved (Jiang et al., 2016).

While a complete discussion of all potential interoceptive cues and stimuli that may
participate and influence the formation of traumatic memory relevant engrams would be
outside of the scope of this manuscript, there has been a steadily developing literature
concerning the influence of heart rate on emotion perception. Changes in sympathetic and
parasympathetic nervous system activity has long been appreciated in studies of classical
conditioning, including rabbit studies noting the emergence of bradycardia alongside the
conditioned eyeblink response (Powell et al., 2002). Similarly, studies of auditory threat
conditioning have noted increases in arterial pressure directly attributable to classical
conditioning processes, suggesting that autonomic processes can come under control of
conditioned stimuli, thereby creating a separate yet integrated whole-body threat-encoded
engram (lwata and LeDoux, 1988; lwata et al., 1986; Zhang et al., 2004).

As in preclinical studies, experiments using conditioned startle paradigms in humans have
noted alterations in heart rate that emerge concomitantly with behavioral measures of startle,
such that reinforced stimuli (CS+) are associated with the emergence of conditioned
bradycardia not seen for non-reinforced (CS-) stimuli (Castegnetti et al., 2016). Additional
indices of cardiovascular function, such as resting heart rate variability (HRV), considered a
proxy for vagal tone, have been found to impact the extent of acquisition in acoustic startle
tasks. In these studies, higher resting HRV was associated with impaired acquisition of
conditioned startle (Pappens et al., 2014; Park et al., 2013), suggesting that arousal state via
sympathetic and parasympathetic balance can impact reactivity to startle and ultimately bias
conditioned behaviors.

Cardiac cycle is defined by two phases, systole - associated with baroreceptor signaling of
the strength and timing of cardiac compression, and diastole - where baroreceptors are idle
between heartbeats. Ratings of fearful faces presented during the systole phase were
significantly higher than neutral faces or fearful faces presented during diastole.
Furthermore, amygdala responses, as measured by evoked response obtained during fMRI
task engagement, were higher for fearful faces presented at systole (Garfinkel et al., 2014;
Pfeifer et al., 2017). These clinical behavioral and imaging studies suggest that while
accurate classification of emotion does involve an interaction between the central and
peripheral sympathetic nervous systems, cardiac signals can augment the perception of
emotion, especially in the case of processing fear and threat-related information. While a
complete understanding is needed of how even short-term fluctuations in interoceptive cues
such as cardiac phase can impact the processing of emaotional information, this intriguing
hypothesis provides a tractable mechanism for intervention (Critchley and Garfinkel, 2016;
Mather et al., 20164, b). Further, an intriguing hypothesis extending from this work suggests
that bodily arousal through NE impacts stimulus processing to enhance the saliency of
stimulus perception (Mather et al., 2016b). While it is yet unclear whether this model,
largely established from human neuroimaging studies, will hold up once tested
mechanistically in preclinical animal models, it presents a novel and potentially plausible
mechanism through which peripheral interoceptive cues can modulate sensory processing in
a manner that can bias attention.
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Manipulating the Established Engram

The most well-established approaches for interfering with a persistent emotionally salient
memory engram, in both appetitive (e.g. addiction cues) and aversive (e.g. trauma cues)
domains, includes repeated exposure to emotional cue reminders - clinically defined as
exposure therapy. The underlying therapeutic mechanisms of exposure therapy are
experimentally defined most often as extinction. However, more recently it is thought that
interfering with the “reconsolidation” or re-storage and re-solidification of a memory’s
engram following its brief retrieval may also underlie some of the important therapeutic
mechanisms or clinical exposure.

Impairing Initial Consolidation of the Engram

Decades of work from preclinical rodent studies have suggested that there is a temporal
gradient through which the encoding and subsequent stabilization of synaptic plasticity
occurs in threat-related neuronal circuits following threat conditioning (Dudai, 2004;
McGaugh, 2000; Rodrigues et al., 2004). A precise estimation of the width of this
consolidation-mediated temporal gradient is not yet possible due to the numerous factors
that appear to expedite this process, including hormonal state and the strength or severity of
the threat. Nonetheless, the existence of such a temporal window of synaptic lability
following threat and before stabilization of the engram has raised interest in developing
methods to intervene with engram consolidation (Kearns et al., 2012).

Unfortunately, current therapeutic approaches which apply early post-trauma psychotherapy
have yielded mixed results depending on the type of intervention. Cognitive behavioral
therapy following trauma has been found to delay the onset of PTSD symptoms, but does
not inhibit its development (Sijbrandij et al., 2007). Conversely, a modified prolonged-
exposure intervention consisting of three sessions beginning in the emergency department an
average of 12 hours following trauma yielded reductions in both PTSD and depression
symptoms at both one and three-month post-trauma time points (Rothbaum et al., 2012).
Interestingly, this same modified prolonged-exposure intervention, administered in an
emergency department pilot study, has been suggested to also mitigate the presence of
genetic risk which is associated with likelihood of PTSD diagnosis (Rothbaum et al., 2014).
A full explanation for the discrepancy of these findings concerning the outcomes of early-
psychotherapeutic interventions for trauma is not possible given the few studies with
relatively small sample sizes that have been conducted in this area. However, it is likely that
the psychotherapeutic modality employed is the largest contributor to therapeutic and
preventative outcome. As the modified prolonged exposure therapy procedure involves a
combination of imaginal exposure and processing of traumatic material, it is likely that these
approaches yield activation and arousal of the nervous system. Thus, there may be a closer
approximation of the interoceptive state present at the time of trauma to engage a bottom-up
inhibitory process capable of desensitizing arousal systems, contributing to the noted
efficacy using this approach. These results clearly suggest that further work examining early
psychotherapeutic approaches, proximal to the time of trauma, is warranted (McNally et al.,
2003).
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Importantly, a large proportion of individuals fail to seek treatment for trauma until well
after the initial encoding and memory stabilization has occurred. Therefore, extinction of
traumatic memories with clinically administered exposure therapy and, possibly, interfering
with the post-retrieval reconsolidation of traumatic memories are more relevant for
therapeutic intervention in already established PTSD.

Extinguishing the Engram

The repeated exposure to a stimulus that was previously associated with an unconditioned
stimulus is well known to induce a reduction in the behavioral response to that stimulus, a
phenomenon known as extinction. The process of extinction is an active learning process
known to result in the formation of a new memory engram, largely consisting of projections
from the prefrontal cortex to the amygdala which come to inhibit the expression of the
trauma-related memory (Myers and Davis, 2007). This new engram exists alongside, rather
than overwriting, the previously formed engram(s) that were encoded at the time of trauma.
It is suggested that this co-existence interferes with extinction-based interventions,
preventing optimal long-lasting and complete inhibition or disruption of the threat memory
(Figure 4). This top-down approach, which is thought to involve the application of cortical
control to contextualize bottom-up processing, concerns the flow of information from
sensory receptor to sensory perception. This leads, ultimately, to the expression of behaviors
or memories relevant to those perceptions, and it is the current best practice for therapeutic
intervention, and yet is limited in its success (Sussman et al., 2016). While many previous
reviews have thoroughly discussed the short-comings of extinction in impairing trauma-
relevant memories, we think it is important to briefly discuss these short-comings in
relevance to inattention to the multiple discrete and overlapping engrams which may exist
following a traumatic experience that might underlie the potential for reinstatement of the
threat response.

First, memories subjected to extinction can undergo spontaneous recovery over time (Quirk,
2002). Despite a long-standing appreciation for spontaneous recovery as a shortcoming of
extinction, the conditions that mediate the emergence of spontaneous recovery largely
remain unknown. In fact, some researchers speculate that spontaneous recovery supports the
existence of co-existing threat and extinction, or safety memory engrams, such that it
represents a failure to successfully retrieve an extinction memory rather than a loss of
extinction memory itself and thus results from the presistence of threat-relevant engrams.

Second, memories subjected to extinction are may undergo reinstatement under
circumstances where exposure to the unconditioned stimulus, or similarly noxious stimulus,
result in the return of the threat memory (Bouton and Bolles, 1979; Harris and Westbrook,
1998a). While studies have revealed amygdala-mediated encoding of US (Debiec et al.,
2010; Gore et al., 2015), and thus engram formation, other work has suggested that
presentation of an entirely different noxious stimulus can result in expression of the
originally conditioned response (Harris and Westbrook, 1998a). The mechanisms for a novel
US resulting in reinstatement remain unknown, however it remains possible that engagement
of the NE system either through re-exposure to the same US or one of enough saliency to
engage adrenergic arousal may underlie reinstatement through mechanisms akin to state-
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dependent activation of arousal circuitry (Morris et al., 2005). If true, exposure to a US or
stressor capable of engaging circuitry which would overlap with or recapitulate the initial
threat memory engram will result in a resurgence of trauma-relevant memories. This
phenomenon underscores the necessity of uncovering these mechanisms to allow for
extension of extinction’s therapeutic value into real-world settings where stressors are not
under experimental control.

Third, memories subjected to extinction frequently undergo renewal, whereby presentation
of stimuli associated with the trauma in a context distinct from the one where extinction or
exposure has occurred results in a return of threat expression. Some evidence suggests that
the entorhinal cortex and fornix, both major interfaces of information integration in the
hippocampus, likely contribute to renewal of threat behaviors under circumstances where
integration of information fails to discriminate and differentiate between cues presented in
non-extinction contexts which have no direct association with the US (Ji and Maren, 2008).
Further, there is evidence to suggest that extinction learning results in the formation of
neuronal ensembles within the LA that uniquely represent threat memories following
extinction, and thus supports the notion of the coexistence of multiple and competing
engrams within the LA, such that successful extinction requires appropriate pattern
separation, or activation of relevant engrams vs irrelevant or less relevant ones (Orsini et al.,
2013). Studies employing reversible inactivation of the dorsal hippocampus have revealed
that this region is critical in successful pattern separation of contexts in which CS-US
associations are likely versus those where CS-no-US are likely (Ji and Maren, 2005).
Importantly, contexts in which the CS is presented come to acquire an association with the
CS and in turn serve to provide predictive information about the likelihood of exposure to a
reinforced or non-reinforced CS, to influence either existing engrams or create new yet-
linked engrams due to a shared CS-association node. This is the main shortcoming of
exposure-based therapies, as aversive stimuli outside of the therapeutic space re-enlisting
renewal responses may interfere with the strength of a co-existing nascent engram. As many
of the failures and short-comings of extinction-based interventions are a consequence of the
co-existence of multiple memory engrams, identifying mechanisms through which potential
integration of both engrams at the time of extinction learning or exposure therapy may be a
powerful path forward. This idea is further conceptualized below as an integration of top-
down and bottom-up processes for more efficacious therapeutic interventions.

Hormonal regulation of extinction

As discussed, the role of sex-hormone specific contributions to trauma-relevant disorders is
an evolving area of investigation. Emerging evidence underscores a dynamic modulation of
extinction processes by estrogen status, just as in the initial encoding of trauma-relevant
memory. High-estrogen status has been repeatedly associated with enhanced extinction
learning and thus greater success in adaptive threat inhibition processes (Glover et al., 2012;
Glover et al., 2013; Hwang et al., 2015). Studies employing preclinical models suggest that
high estrogen states are associated with enhanced cortical activity, specifically increased
activity in the mPFC, and increased dendritic spine density of mPFC projections to the
amygdala; suggesting enhancement of extinction via increased cortical inhibition of
amygdala activity - a hypothesis which has not yet directly been tested (Maeng et al., 2017;
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Shansky et al., 2010; Zeidan et al., 2011). Therefore, attention to the status of individual
hormonal state at the time of exposure-based approaches might allow therapeutic advantage
on the beneficial modulation of extinction relevant PFC circuitry during high-estrogen
phases (Antov and Stockhorst, 2014; Glover et al., 2015; Pineles et al., 2016).

Extinction and interoceptive states

As mentioned previously, the encoding and therefore contribution of interoceptive state at
the time of trauma or threat can impact the initial consolidation and subsequent retrieval of
memory. Studies have revealed that arousal state, largely mediated by beta-adrenergic
receptor activation and impaired GABAergic inhibition, is likely responsible for much of the
renewal observed in non-extinction contexts, suggesting that this mechanism which is shared
with reinstatement of traumatic memories following extinction may warrant further
exploration through which to overcome these shortcomings of extinction-mediated threat
inhibition (Morris et al., 2005). In addition, studies showing impaired extinction learning
and increased renewal suggest that GABAergic signaling may be critical for proper pattern
separation, or engram activation and the successful learning of safety signals in novel, non-
threatening contexts to allow for inhibition of the expression of competing CS-associated
contextual memories (Chhatwal et al., 2005; Harris and Westbrook, 1998b; Heldt and
Ressler, 2007). Temporary pharmacologic modulation, using beta-adrenergic antagonists
(e.g. propranolol), or GABA-agonists (benzodiazepines) have been used in conjunction with
extinction to boost context-independent extinction learning for this purpose, but these have
undesirable side effects, and may also reduce new engram consolidation.

Extinction and exposure-based methods of impairing the expression of threat and trauma-
relevant memories rely on cortical processing and the strengthening of cortical circuits
which can in turn inhibit the expression of the coexisting trauma memories (Milad and
Quirk, 2002; Sotres-Bayon et al., 2004). The involvement of cortical control over largely
subcortical, amygdala-driven expression of traumatic memory is considered a top-down
approach, whereby cortical control serves to inhibit and direct attentional processes away
from amygdala response to the perception of stimuli or expression of sensory memories
driven by presentation of threat-related cues (Quirk and Beer, 2006; Sotres-Bayon et al.,
2004). Recall that chronic exposure to stress hormones results in reduced dendritic
complexity within the cortex. Since extinction and exposure-based interventions rely on
plasticity of cortical circuits, the impairments of plasticity suggest a potential mechanism
which may explain the limited efficacy of exposure-based treatment in the clinic. Given
these limitations, future work should examine the potential therapeutic approaches which
target bottom-up mechanisms alone, or in concert with traditional top-down approaches, to
account for subconscious experience (Capron et al., 2017; Grupe & Nitschke, 2013;
Sussman et al., 2016).

Interestingly, studies of Patient SM, an informative neurological case in which bilateral
calcification of the amygdala has occurred as a result of the rare genetic condition Urbach-
Wiethe disease, have noted her inability to spontaneously direct her visual attention to the
eyes of others. These data suggest that this may be the result of impaired amygdala-
dependent bottom-up control of attentional processes which alters the balance of attention
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largely in favor of top-down processes (Adolphs et al., 2005; Kennedy and Adolphs, 2010).
Other studies in amydgala-damaged humans note the dynamic interaction of top-down and
bottom-up processes in emotional processing, and suggest that subjective ratings of
emotional events via top-down processing impacts amygdala activity (Hsu and Pessoa, 2007;
Pessoa, 2010; Taylor et al., 2003). Importantly, this line of investigation has highlighted top-
down and bottom-up modulation of trauma-associated emotion and memory processes are
not identical across anxiety and trauma disorder subtypes, indicating various engram inputs
may lead to different expressions of disease that the field has yet to fully characterize
(Nicholson et al., 2017).

Extinction and sensory representation of cues

Chronic stress has been found to impair hippocampal and cortical function and
simultaneously enhance amygdala responsivity to sensory information, so interventions
targeting sensory processing, relevant to both enduring trauma and threat-related memories
may provide effective strategies for reducing the insult of these enduring memories (Vyas et
al., 2002). Indeed, recent preclinical work demonstrates that acquisition of an odor-shock
pairing is associated with an increase in the size of olfactory glomeruli specific for this
odorant, while extinction training consisting of the repeated exposure to this odorant was
associated with corresponding reductions in the size of these glomeruli. This suggests that
exposure to discrete sensory stimuli may serve as a powerful bottom-up approach alteration
at the level of the sensory receptor (Jones et al., 2008; Morrison et al., 2015). It is worth
noting that the olfactory system is special in that it is the only sensory system that does not
directly interface with the thalamus and instead sends axonal projections directly to the
amygdala, so this bottom up approach may have utility to this sensory system only.
Nonetheless, the demonstration of extinction reversing trauma-relevant increases in sensory
receptor expression is encouraging, suggesting that there may be promise in targeting
sensory-specific memory engrams for trauma memory interventions.

Similarly, clinical studies that combine bottom up with top down approaches also show
improved efficacy and duration of effect. A recent clinical study using the combination of
psychoeducation and interpretation bias modification suggested improved efficacy in
reducing anxiety sensitivity over psychoeducation alone (Sussman et al., 2016). Similarly,
vagus nerve stimulation (VNS), an FDA approved bottom-up intervention for the treatment
of depression and seizure disorders, conducted in conjunction with extinction procedures
enhances the acquisition of extinction (Burger et al., 2016). While a complete understanding
of the mechanism through which VNS can enhance and expedite extinction processes has
yet to emerge, one study has demonstrated that VNS is associated with an increase in
plasticity of infralimbic cortex (IL) such that brief burst stimulation of IL was observed to
result in a long-term depression-like phenomenon in the LA. This indicates VNS could
induce greater cortical inhibition of the expression of threat-relevant behaviors mediated by
LA (Pena et al., 2014), supporting a role for top-down within this bottom-up intervention.
Additionally, extinction of threat memory has been found to result in reduction or reversal of
conditioned increased mean arterial pressure and bradycardia, suggesting that attention paid
to these interoceptive events as they are associated with traumatic memory, with partially
overlapping circuitry or engrams with those others formed simultaneously at the time of
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trauma, may provide important readouts concerning the efficacy of extinction-based
interventions in reversing physiological consequences that are associated with debilitating
traumatic memory (Swiercz et al., 2018).

Destabilizing the Engram with Reconsolidation

Unlike extinction processes which are defined by repeated exposure to the same CS,
retrieval of a memory via a single CS presentation has been found to allow for memory
manipulations which can strengthen or weaken the memory prior to the restabilization or
restorage of the memory engram through the process known as reconsolidation. As the
strengthening of threat-relevant memory engrams via reconsolidation processes is not
generally considered therapeutic we focus our discussion on engram destabilization.
Presentation of a single CS to retrieve the memory results in a temporarily graded period of
lability within the synapses which support the engram. Interference with any number of
cellular and molecular processes required for the restabilization of those synapses can result
in impairment of the memory upon subsequent retrieval trials (Nader et al., 2000). Work
examining the effect of extinction upon opening of the window of post-retrieval lability is
complicated, though some suggest that attention to the nature of stimulus contingencies at
the time of initial encoding may provide important insights (Debiec et al., 2013). These
include stimuli which co-occur and could reasonably be defined as compound stimuli, given
their co-occurrence in time and space as discrete cues. While previous studies of
reconsolidation have noted that there is specificity for reconsolidation-based destabilization
of actively retrieved or reactivated sensory memories (Debiec et al., 2006; Diaz-Mataix et
al., 2011; Doyere et al., 2007), recent work has suggested that the retrieval of one portion of
a compound stimulus, such as a tone presented concurrently with a light cue, renders both
memories susceptible to reconsolidation interference (Debiec et al., 2013). Thus, while this
study demonstrated the impact of retrieval of one half of a compound association, and thus a
portion of the engram, the retrieval of any portion of a compound cue that co-occurred
within a shared time and space as another cue would likely also be subject to reconsolidation
interference. Given the complexity of human memory and attention, there are many
potentially salient compound associations and resulting engrams that may occur. Thus,
collateral information of the contextual cues and factors from the time and relative space of a
given trauma may reveal opportunities for implementing reconsolidation-based
interventions.

Preclinical studies examining the specificity of reconsolidation-based interventions have
revealed that re-exposure to discrete CS or US cues which were previously conditioned,
combined with an intervention to interfere with the reconsolidation of the memory, such as
application of the beta-adrenergic antagonist, propranolol, induce synapse lability and thus
mediate the observed memory deficits, via engram destabilization. These are constrained by
the cue used to retrieve the memory and also by the sensory cues which define the initial
association (Debiec et al., 2010; Doyere et al., 2007). Given the role of NE as a strong
interoceptive cue and in the regulation of sympathetic alterations that accompany trauma,
such as changes in arousal and cardiac responses, the success of propranolol-assisted
reconsolidation blockade may lay in the quieting of these interoceptive cues which provide
bottom-up mediated direction of attention via sensory input into the amygdala. While the
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true complexity of associative memory engrams that exist in the human brain may be years
from full comprehension, the demonstration of specificity for reconsolidation-based
interventions provides some promise for future use in the treatment of discrete traumatic
associations.

Reconsolidation disruption in humans

The first compelling translation of reconsolidation-based interventions into the clinical
domain was informed by rodent studies demonstrating that infusions of the beta-adrenergic
receptor antagonist propranolol following CS reactivation resulted in later memory
impairment (Przybyslawski et al., 1999; Debiec and Ledoux, 2004). This work additionally
revealed that propranolol administration following retrieval was effective in impairing the
reconsolidation of longer-lasting memories and resulted in memory impairments that were
also not susceptible to reinstatement or spontaneous recovery (Debiec and Ledoux, 2004).
Propranolol-mediated reconsolidation impairments have now been replicated in human
clinical studies several times (Brunet et al., 2018; Kindt et al., 2014; Schwabe et al., 2012).
Impressively, these studies have noted the efficacy of propranolol in impairing the
reconsolidation of trauma-relevant memories and noted reductions in PTSD
symptomatology, reductions in activation of amygdala and thalamus to fearful faces, and
reduction in skin conductance responses. However, there is also evidence that declarative
memory for the traumatic event most associated with their clinical PTSD diagnosis has
remained intact (Brunet et al., 2008; Brunet et al., 2014; Schiller et al., 2010). These findings
suggest that the multiple imprints of a trauma, as left by the establishment of multiple
engrams that support neurological, physiological and interoceptive alterations, may in fact
become disentangled in the case of reconsolidation-based interventions. As such, the
declarative memory of the traumatic event may be sustained, but its engagement of arousal
and aversive emotional indices is impaired.

Interestingly, a series of studies has suggested that reactivating a threat engram and
proceeding to administer extinction can result in long-lasting deficits in the later retrieval of
that cued threat memory that may also be resistant to renewal or reinstatement, the classic
shortcomings of extinction processes (Monfils et al., 2009; but see Luyten and Beckers,
2017). The biological underpinnings of the retrieval-extinction procedure remain largely
unexplored, however a recent set of studies has suggested a stronger engagement of the
amygdala and a different pattern of mPFC activity than what is typical from extinction
alone, as revealed using immunohistochemistry and /n situ hybridization methods to
examine engagement of immediate early genes (Lee et al., 2015a; Tedesco et al., 2014).
These preliminary observations suggest that retrieval-extinction may rely on combined
bottom-up and top-down processes which converge within the amygdala to result in what
appears to be an impairment or reversal of plasticity supporting the initial memory engram.
These data also suggest that nonpharmacological approaches to engage reconsolidation-
based impairment of emotional memory may be possible, additionally, given the role of
memory retrieval as a putative memory updating mechanism which facilitates the
modification of memories so that they remain relevant. Thus, clinical approaches utilizing
retrieval-extinction procedures may serve to assist with directed updating of trauma-relevant
memory. While there has been some encouraging success in translating the retrieval-
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extinction procedure into the clinical setting, there have been mixed results suggesting the
existence of additional factors yet unknown that are critical for successful and reliable
memory impairment using this procedure (Kindt and Soeter, 2013; Klucken et al., 2016;
Schiller et al., 2010).

Engram(s) with Virtual Reality

In a strategy to activate as many aspects of the memory that were individually encoded at the
time of the trauma, recent studies have begun to investigate the utility of virtual reality (VR)-
based exposure interventions to impair the persistence and reduce the intensity and
debilitating nature of these memaories (Maples-Keller et al., 2017). VR integrated approaches
may serve as a powerful option for integrating top-down and bottom-up information in the
context of exposure therapy and thus can incorporate many more interoceptive cues from
simulated environments than traditional psychotherapeutic approaches such as prolonged
exposure. Still, there have been varied reports regarding the potential superiority of VR (Carl
et al., 2018; Diemer et al., 2015). In line with the goals of VR allowing for greater
integration of top-down and bottom-up processes, a recent study has revealed an association
of NE during VR exposure and responses to combat-relevant stimulus presentations
(Highland et al., 2015). Given the popularity of VR technology and the promise of these
early data regarding efficacy of VR therapeutic approaches, the future of clinical
interventions as an individualized immersive experience capable of seamlessly integrating
numerous aspects of traumatic memory associated engrams may not be too far off.

Rewriting the Engram(s) with EMDR

Though pharmacologic treatment remains elusive, one therapy for PTSD, Eye movement
desensitization and reprocessing (EMDR), seems to have clinically robust, evidence-based
positive outcomes. First developed in the late 1990’s, it is to date the only therapy that has
withstood randomized controlled trials (albeit with small n) to show an evidence-base for
decreased traumatic memories and associated anxiety feelings (Bradley et al., 2005; Shapiro,
1989). Briefly, it involves a structured approach using standardized procedures including
visualization of components of the trauma-associated memory which are rapidly associated
with forced saccadic eye movements. (Shapiro, 2001). This is incrementally repeated to
address past, present, and future aspects of a traumatic memory, as well as resulting physical
and mental experiences. In general, a single memory is meant to be processed over one to
three sessions, each lasting an hour. Disregarding the controversy surrounding this treatment
or its theoretical utility, EMDR may, by associating a controlled physical act that engages
multiple brain regions (Amano and Toichi, 2016; Levin et al., 1999) with re-processing of
cognitive and emotional engrams, enforce the rewriting of multiple trauma-related engrams
simultaneously. In fact, this eye-movement related circuit influence on fear extinction has
been recently recapitulated through manipulation of a superior colliculus — mediodorsal
thalamus circuit in mice, providing further opportunity for translation of this sensory-
directed engram treatment (Baek et al., 2019).
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Conclusions and Future Directions

Encoding of aversive memory is central to understanding debilitating threat- and trauma-
related disorders such as PTSD. Here we have attempted a broad review of recent progress
in understanding engrams underlying threat- and trauma-relevant memory formation. In
addition to rapid and extremely exciting progress in understanding relevant neural circuits
there is much work that remains to be done.

Ultimately, unique challenges to consider include: consideration of threat-memory encoding
at synaptic and circuit levels, the simultaneous encoding of various aspects of the “fear”
(stimuli, contexts, etc.), hormonal state of the animal at the time of threat/trauma, circadian
status at the time of the trauma, and integration of these various interoceptive, physiological,
and other stimuli into the “classic’ threat-circuit diagram. While it would be impossible to
suggest that one could fully recapitulate the precise characteristics and circumstances that
were present at the time of memory formation, fully targeting the trauma-related engram for
clinical intervention likely depends on best approximating the ‘gestalt’ of the initial memory.
Indeed, retrieving aspects of the memory at a later time and in a place distinct from where
the memory was formed already imposes changes in the activation of the engram and may
even support threat generalization in contrast to memory extinction. Given the wide-variety
of cognitive, behavioral, and physiological alterations that follow trauma exposure, each
with their own unique engram and circuitry, and the present short-comings of exposure-
based approaches we propose that integration of current top-down, exposure-based
approaches with bottom-up, sensory-experience based methods may extend the efficacy of
current exposure therapies.

Recent work examining the role of distinct cell types and their contributions to emotional
learning and memory will provide an important foundation for better understanding the
mechanisms that underlie the discrete aspects of memory formation. Additional studies
aimed at further classifying the interaction of interneurons and principal neurons that shape
and support the memory engram will be critical to targeting generalization, sensitization,
stabilization, and disruption of specific memory processes. Furthermore, circuit and
molecular approaches to targeting synaptic plasticity and disruption of threat- and trauma-
related memories will depend on a more complete basic understanding of the underlying
neural circuitry and molecular specificity of these pathways.

More work also needs to examine how hormonal and neuromodulatory processes alter
transcriptional and epigenetic processes within specific cell types and circuits to impact the
subsequent encoding of a trauma experience. For example, it has been recently established,
contrary to popular belief, that the impact of adrenergic tone has a dose-dependent
differential impact on the subsequent encoding of threat-related memories — with lower
levels enhancing neuronal activation to promote and enhance encoding processes, while
higher levels on the other side of the ‘inverse U-curve’ serve to impair the encoding of
information.

In summary, numerous spatial, contextual, discrete and interoceptive cues are all bound
together to support the encoding of a threat-relevant memory, with each aspect of the
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encoded memory regulated by its own specific neuronal subtypes and circuitry. This “gestalt’
memory is critical to the development of threat and trauma-related disorders, and ineffective
treatment is often the result of targeting only one aspect of the complex trauma engram. In
the laboratory, even with immense control over the factors and stimuli present at the time of
threat conditioning, it is extremely difficult to experimentally regulate all aspects of this
gestalt. Nonetheless, despite the field’s rapid progress, an important frontier in the
neuroscience of threat and trauma is to expand our understanding from the powerful
reductionistic approaches in amygdala circuit biology to a broader systems biology encoding
the full engram initiated by the traumatic experience.
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Figure 1. Schematic illustration of the main stages of memory encoding following a traumatic
event consisting of consolidation, reconsolidation, and extinction.

Soon after experiencing trauma, the memory is in an active state in short-term memory until
it gets consolidated and stabilized into long-term memory. Since short-term memories are
instantly available to conscious awareness, they are also temporarily available to working
memory while being consolidated. The retrieval of a consolidated memory at later time
points returns the memory from an inactive state in long-term memory to an active state in
working memory. From there, the reactivated memories are stabilized again during a process
called reconsolidation. Reconsolidation most readily takes place after brief reactivation,
thereby strengthening the long-term memory. During reconsolidation events, the active
memory traces are potentially susceptible to modification. Extinction (safety memory which
inhibits the original threat memory) is induced upon recurrent reactivation of a memory
without adverse consequences. Reconsolidation and extinction represent contrasting
processes that work in concert to either strengthen or inhibit threat memory expression over
time.

Neuron. Author manuscript; available in PMC 2020 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 28

@sory‘cortices J

Figure 2. A simplified schematic of the neural threat circuitry.
The amygdala and its subnuclei are key nodes of threat and trauma-relevant encoding. The

lateral amygdala (LA) and the lateral central amygdala (CEA-I) receive input from sensory
cortices and thalamic structures (Thal) and represent a major site of threat-related neuronal
plasticity. This plasticity is controlled by reciprocal connections between the basal amygdala
(BA) and the prelimbic cortex (PL) as well as between the BA and the ventral hippocampus
(VHC). Subsequently, the medial part of the central amygdala (CEA-m) projects to the
hypothalamus (HYP) and other subcortical and brainstem regions to promote threat. Threat
extinction is controlled by different circuits within the same structures. Input from the
infralimbic cortex (IL) to the BA and to the intercalated (ITC) cells of the amygdala is
crucial in reducing threat output from central amygdala nuclei (CE) to the hypothalamus
(HYP) and the periaqueductal grey (PAG).
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Figure 3. Factors that can influence threat memories.
A broad spectrum of factors can have a crucial impact on the encoding of features of

enduring trauma and threat-relevant memories. Amongst others these are: environmental
factors (e.g. early life adversity, diet), neurocircuitry (e.g. alterations within GABAergic,
glutamatergic, serotonergic or dopaminergic circuits), cell-type specificity (e.g. Dkk3, Tac2
in BLA/CeA), hormonal state (.e.g. CRH, glucocorticoid and estrogen levels) and
cardiovascular signals (e.g. heart rate). Most often it is an interaction of several of these
factors that influence threat memories.
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Figure 4. Failures of extinction conceptualized within an engram framework.
A) Encoding of threat-relevant engram and threat memory extinction in rodents. During

extinction, repeated exposure to a CS loses its ability to evoke a conditioned response and
weakens the CS engram, generally through context-dependent inhibition. (Notably,
Impairment of reconsolidation may directly weaken the CS engram trace). B) Spontaneous
recovery can occur when there is a long retention period between extinction and the
exposure to a CS resulting in context-independent re-activation of a threat-relevant engram.
C) Reinstatement occurs if the US is re-presented without the CS resulting in activation of
the previously inhibited threat-relevant engram.
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