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ARTICLE INFO ABSTRACT

Keywords: Flexible calibration of threat responding in accordance with the environment is an adaptive process that allows
Threat an animal to avoid harm while also maintaining engagement of other goal-directed actions. This calibration
Safety process, referred to as threat response regulation, requires an animal to calculate the probability that a given
ISJtrreZsisctability encounter will result in a threat so they can respond accordingly. Here we review the neural correlates of two
Controllability highly studied forms of threat response suppression: extinction and safety conditioning. We focus on how relative

levels of certainty or uncertainty in the surrounding environment alter the acquisition and application of these
processes. We also discuss evidence indicating altered threat response regulation following stress exposure,
including enhanced fear conditioning, and disrupted extinction and safety conditioning. To conclude, we discuss
research using an animal model of coping that examines the impact of stressor controllability on threat
responding, highlighting the potential for previous experiences with control, or other forms of coping, to protect

Neural circuits

against the effects of future adversity.

1. Introduction

Appropriate responding to threats is critical for adaptive behavior.
This process involves two distinct, yet highly interrelated processes:
identifying sources of danger and identifying the absence of danger (i.e.,
safety). The key to generating an appropriate response lies in estimating
the likelihood that a certain stimulus or environment predicts a threat
along with a scalable estimation of how harmful the outcome may be if
the threat is faced. Based on these estimations, an individual can engage
a behavioral response that will minimize the likelihood of interacting
with a threat while also maintaining other goal-directed behaviors (e.g.,
exploring the environment, collecting resources, or interacting with
social partners). Importantly, these estimations must also be flexible, as
the likelihood of encountering a threat readily fluctuates alongside
changes in the surrounding environment. This process, which we refer to
here as ‘threat response regulation’ (Box 1), is accomplished through a
variety of strategies, relying on distinct, but overlapping, neural
circuitry.

A critical factor in determining circuit recruitment in response to a
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potential threat is the “predictability” of danger, which refers to the
strength of the relationship between a stimulus and a threat (i.e. an
aversive outcome). For example, during extinction, a stimulus previ-
ously predictive of threat (strong stimulus-threat association) comes to
be associated with relative safety after repeated presentations in the
absence of threat (weak stimulus-threat association). Because of the
history of the same stimulus to have both strong and weak associations
with threat, the meaning of the extinguished threat stimulus with regard
to how safe the animal is can be ambiguous, or unpredictable, particu-
larly in certain settings including a change in context, the passage of
time, or re-exposure to the initial aversive outcome (Bouton, 1993;
Konorski, 1967; Pavlov, 1927). In contrast, a discriminated safety cue is
a stimulus separate from a threat-associated cue that has never been
paired with an aversive outcome. As a result, such a cue has high pre-
dictability for safety.

The degree of predictability of a threat influences which neural cir-
cuits are recruited for determining the most appropriate behavioral
response to the challenge at hand. When a threat is encountered, animals
(human and non-human alike) can exhibit a broad repertoire of active
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and passive behaviors. Each type of response involves distinct neuro-
biological processes, and importantly, influences future responses to the
same or similar threats and threat-associated cues. For instance, studies
have found that permitting the animal to predict or control elements
related to receipt of an aversive stimulus alters subsequent physiolog-
ical, hormonal and behavioral responses (Abelson et al., 2008; Levine,
2000; Maier and Seligman, 2016; Weiss, 1972). Moreover, recent evi-
dence indicates that engagement in active or passive threat responses
differentially affects the long-term ability to regulate fear (e.g., Gruene
et al., 2015).

In this review, we discuss the neural systems that mediate how or-
ganisms respond to threats in the framework of how the predictability of
danger recruits differential circuitry, thus producing distinct behavioral
responses. We also discuss how experiential factors, specifically stress
exposure, alters threat response regulation to the point that it over-
predicts threat. Finally, we extend the concept of predictability in the
domain of stress exposure to include controllable versus uncontrollable
stressors, noting that previous experiences with control or other forms of
coping promotes a broad protection against the effects of future adver-
sity (Fig. 1).

2. Neural systems of threat response regulation

Given that a fast and accurate threat response regulation system is
essential for survival, it should not be surprising that a conserved neural
system that is both integrative and swift has evolved within mammals.
Unique roles in generating and regulating threat responses have been
attributed to areas such as the thalamus, hypothalamus, periaqueductal
gray (PAG), amygdala, hippocampus, and prefrontal cortex (PFC). For
an extensive review of how these regions are connected to orchestrate a
threat response we direct readers elsewhere (e.g., Janak and Tye, 2015;
Pape and Pare, 2010; Sotres-Bayon and Quirk, 2010). Here, we briefly
overview the neural circuitry underlying the generation and suppression
of responses to learned threat cues. The recruitment of this circuitry
relies in great part on the external environment of the animal. Thus,
embedded into the review of literature detailing the neural circuitry is a
discussion of environmental factors that mediate neural circuit
engagement and resultant threat responding. In particular, we empha-
size how variability in the predictability of threat plays into specific
circuit recruitment. Our review focuses on findings that have examined
the cessation of overt behavior in the presence of a threat-associated cue
(e.g., freezing or conditioned suppression in response to conditional
stimuli (CSs) associated with a threat (unconditional stimulus, US)).
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Nonetheless, as discussed elsewhere (Diehl et al., 2019; Rodriguez-Ro-
maguera and Quirk, 2017; Sangha et al., 2020), threat response regu-
lation can also engage active avoidance behaviors in response to
threat-associated cues (i.e. CS-US association).

The ability to predict threat in response to a sensory cue relies on
associative learning processes. Briefly, sensory information from these
cues is relayed to the thalamus, which then projects to the lateral nu-
cleus of the amygdala (LA). The dorsal midline thalamus (Li et al., 2004;
Padilla-Coreano et al., 2012) and particularly the paraventricular nu-
cleus of the thalamus (PVT) (Li et al., 2014) are highly interconnected
with the basal (BA) and central (CeA) nuclei of the amygdala as well as
the PFC and have been emphasized for playing a role in regulating
conditioned fear. The LA also receives somatosensory information
regarding stimuli such as footshocks, thus contributing to learning the
association between cue and threat. The LA projects to the BA, an
amygdala region particularly rich in projections to and from several
other corticolimbic regions involved in valence encoding and which is
often described as an integration hub within the amygdala (reviewed in
Janak and Tye, 2015). In turn, BA projects to both the lateral and medial
portions of the CeA (Pape and Pare, 2010). Additionally, both the LA and
BA, as well as the PFC, have projections to the GABAergic intercalated
cells (ITCs) of the amygdala (Pape and Pare, 2010). These cells send
projections to the CeA and can regulate its output, which is primarily
served by the medial CeA.

Whereas many studies have focused on the role of the basolateral
amygdala (BLA) in the acquisition of stimulus-threat associations (CS-US
association), commonly using the laboratory paradigm “fear condi-
tioning”, more recent work suggests that the CeA is also important in this
regard. Interestingly, a subpopulation of GABAergic cells in the lateral
CeA shows inhibition to a threat-associated stimulus while another
subpopulation shows excitation (Ciocchi et al., 2010), a distinction that
appears to correspond to the presence or absence of protein kinase C
(PKC) delta, respectively (Haubensak et al., 2010). These PKC delta
neurons provide tonic inhibition over medial CeA output, and this in-
hibition is removed during threat cue presentations. In contrast, cells
lacking PKC delta (CeA somatostatin-expressing neurons) are excited by
threat-associated cues and subsequently drive the medial CeA output
that supports threat responding. Together, these findings indicate that
valence-defined subpopulations of neurons within the lateral CeA may
regulate the excitability of the medial CeA, influencing responding to
threat-associated cues. As the next step in the circuit, projections from
the medial CeA to the hypothalamus contribute to the integration of
innate and learned fear while projections to the PAG contribute to
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Fig. 1. The flexible calibration of threat responding in accordance with the surrounding environment is a critical feature of adaptive behavior. Integral to this process
is a determination of the “predictability” of threat (i.e., the strength of the relationship between a threat-predictive stimulus and an aversive outcome). Similarly, in
the domain of stress, experience with controllable or uncontrollable stressors can impact the later resilience or susceptibility (respectively) to adversity.
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expression of freezing and suppression of ongoing motivated behaviors
(Gross and Canteras, 2012). The extent to which predictability con-
tributes to CeA output is yet to be established. Additional research is
necessary to examine whether an absence of neuronal inhibition by the
lateral CeA is sufficient to trigger threat response regulation, or if instead
CeA neurons actively engage circuitry related to explicit safety.

The primary objective of the threat response system is survival and
harm reduction, and the system is highly effective in generating a fast
response to reflexively eliminate exposure to threat. Following the
initial associative learning process, the threat response system is biased
towards generalization of responses to stimuli similar to the original,
threatening stimulus. Deploying attentional resources and engaging in
threat responding can be adaptive as it allows an animal to avoid harm
during encounters that parallel those that have had negative outcomes
in the past. However, a balance must be struck between generalization
and discrimination of features in the environment that indicate that the
anticipated threat will not be encountered. This discrimination is highly
influenced by experience, context, and the passage of time since initial
associative threat learning took place. Each of these factors greatly im-
pacts how predictable an outcome of threat is, and thus, influences
threat responding.

2.1. Extinction and safety conditioning

Two types of responses that involve discrimination that we will
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consider below are extinction and safety conditioning. Although both
methods serve to effectively reduce learned threat responding, they do
not necessarily entirely overlap in their mechanisms (Fig. 2).
Extinction is the most common method in both the laboratory and
clinic to address inappropriate threat responding. CSs are presented
without an aversive outcome (i.e., US) and the goal is that, over repeated
trials of CS-noUS exposures, threat responding to the CS will decline
(Fig. 2). During extinction learning, the potential for threat is highly
unpredictable due to the conflict between expectation (US) and actual
experience (no US). This could result in a negative prediction error being
created to support learning the CS-noUS association (reviewed in
McNally et al., 2011). As training progresses, two additional things
occur that impact predictability in favor of threat response suppression.
First, the animal likely experiences a greater number of trials where the
US does not occur (extinction) than trials where the US occurs (fear
conditioning). Second, the more recent experience is with trials where
the US does not occur. Both factors seem to be limited to reducing threat
responding during extinction learning because with the passage of time,
the initial threat association often re-emerges as behaviorally prepotent
(Bouton, 1993; Goode and Maren, 2014). In addition, threat responding
measured subsequent to extinction is highly contingent upon the simi-
larity between the present context and the context in which extinction
took place (Bouton, 1993; Bouton et al., 2021; Goode and Maren, 2014).
Testing in the context where the threat was originally encountered, or a
novel context distinct from the extinction context, often results in

Safety Conditioning

Discriminative Conditioning
Threat, CS+ Sa(ety,/ CS+
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CS+/CS- -
N -
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Orbitofrontal Cortex
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Threat
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Fig. 2. Extinction and safety conditioning are two methods that effectively serve to reduce learned threat responding. During extinction (left), cues associated with
threat (i.e., conditional stimuli, CSs) are presented without an aversive outcome (i.e., unconditional stimulus, US). Threat responding to the CS declines over repeated
CS-noUS trials. However, an extinguished CS maintains the initial aversive CS-US association and the recall of the CS-noUS or the CS-US memory is highly dependent
on contextual cues and the passage of time since extinction training. Safety conditioning (right) occurs when independent threat (CS+) and safety (CS-) cues are
presented at the same time and threat responding is reduced in the presence of the safety cue compared to the threat cue alone. A safety cue trained in this manner
provides a highly predictable outcome that the threat is absent. Extinction and safety conditioning recruit both overlapping and distinct neural circuitry, indicating
that while some regions may play a general role in threat response suppression, others may respond specific to the associative structure under which threat response

regulation is learned.
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increased threat responding relative to the extinction context.

In contrast, inhibition of threat responding during safety condition-
ing occurs when a safety cue is explicitly unpaired to an aversive
outcome (CS-), while a threat cue is paired to an aversive outcome
(CS+). Some studies use separate groups of subjects that learn either the
CS- or CS + association, while others examine both CS- and CS + asso-
ciations within the same subjects (reviewed in Sangha et al., 2020).
Within studies that investigate discrimination between the CS + and CS-,
a subset of them also present the threat-associated and safety-associated
cues at the same time as a compound cue to examine how threat
responding is reduced in the presence of the safety cue compared to the
threat cue alone (e.g. Greiner et al., 2019; Meyer et al., 2019, 2021)
(Fig. 2). A subset of these safety conditioning paradigms qualify as
paradigms producing conditioned inhibition if they can show the CS-
can pass both summation and retardation tests as outlined by Rescorla
(1969) (e.g. Foilb et al., 2016; Meyer et al., 2021). In each case, though,
the intent is to produce inhibition of threat responding to a learned
safety cue. Similar to extinction, it is possible a negative prediction error
could be elicited early in safety conditioning, facilitating the association
of safety with the cue. Ultimately, a successfully extinguished cue and a
learned safety cue would produce a negative prediction between cue and
threat (US). However, in contrast to extinction learning, where the same
stimulus acquires threat and safety meanings, a safety cue has meaning
solely related to safety (including the high probability that threat is
absent and the affective experience of safety). Thus, the safety cue
provides a highly predictable outcome that the individual is safe.

2.2. Neural systems underlying extinction and safety conditioning

Past research on the neural basis for threat response regulation has
emphasized the importance of a reciprocally connected tripartite circuit
comprising the amygdala, PFC and hippocampus, largely in the context
of extinction (for review, see Bouton et al., 2021; Morrison and Ressler,
2014; Myers and Davis, 2002; Orsini and Maren, 2012; Sangha et al.,
2020; Sotres-Bayon and Quirk, 2010; Yousuf et al., 2020). More recently
though, investigation into other aspects of threat response regulation,
such as safety conditioning and threat unpredictability, has revealed the
involvement of other contributors, such as the striatum (Ray et al., 2020;
Rogan et al., 2005), PAG (particularly the ventral columns; Arico et al.,
2017; Assareh et al., 2017; Carrive et al., 1997; Fanselow, 1994; McNally
et al., 2011; Vianna et al., 2001; Walker et al., 2020; Wright and
McDannald, 2019), the paraventricular nucleus of the thalamus, and the
bed nucleus of the stria terminalis (BNST) (Goode et al., 2019, 2020;
Ressler et al., 2020). Below, we highlight both overlapping and distinct
neural circuits with notable roles in extinction and safety conditioning.

The PFC has by far received the most attention with regard to a
facilitatory role in threat response regulation. In particular, the infra-
limbic (IL) region of the medial PFC (mPFC) has been highlighted as
having a role in suppressing threat responding (Sotres-Bayon and Quirk,
2010). Optogenetic activation of IL reduces freezing during extinction
(Do-Monte et al., 2015) and electrical stimulation of IL during a CS re-
duces freezing in non-extinguished rats (Milad et al., 2004; Milad and
Quirk, 2002). In a thorough examination of regional contributions to
extinction learning, Sierra-Mercado et al. (2011) found that IL inacti-
vation disrupted within-session extinction learning (Sierra-Mercado
et al., 2011). Disrupting IL activity prior to extinction also results in
higher levels of freezing during an extinction retention test, suggesting
that an intact IL is necessary to form an extinction memory (Morgan and
LeDoux, 1995; Quirk et al., 2000; Sierra-Mercado et al., 2006, 2011). IL
sends glutamatergic projections to a number of regions within the
amygdaloid complex and is thought to mediate the suppression of
conditioned threat responding by targeting the inhibitory ITC masses
and/or the basomedial region (BMA; see discussion by Giustino and
Maren, 2015). IL activation (e.g., pharmacological, optogenetic) acti-
vates these downstream targets, and IL stimulation inhibits CeA output
neurons and reduces threat responding (Adhikari et al., 2015; Berretta
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et al., 2005).

On the other hand, evidence suggests that inactivation of the pre-
limbic (PL) region of the mPFC, the dorsal neighbor of IL, disrupts threat
responding in the form of freezing, though such inactivation does not
disrupt the formation of an extinction memory (Sierra-Mercado et al.,
2011). Further supporting the opposing nature of the IL and PL in threat
response regulation, Giustino et al. (2016) found that differential firing
in PL versus IL predicts freezing behavior such that greater PL activity
relative to IL activity correlates with higher freezing (Giustino et al.,
2016). Moreover, IL neurons projecting to the BLA (Bloodgood et al.,
2018; Bukalo et al., 2015; Knapska et al., 2012) and BMA (Adhikari
et al., 2015) support extinction processes, whereas PL (Dejean et al.,
2016; Fitzgerald et al., 2014) and reciprocal connectivity between PL
and BLA (Burgos-Robles et al., 2009; Karalis et al., 2016; Senn et al.,
2014) have been implicated in threat responding to the detriment of
extinction.

Interestingly, changes in prefrontal intrinsic excitability occur
following extinction. For example, evidence suggests that excitability of
BLA-projecting IL neurons increases following extinction in mice
(Bloodgood et al., 2018). In contrast, other work found that extinction
does not increase IL excitability relative to baseline but reverses the
diminished IL excitability observed following fear conditioning (Santini
et al., 2008). Furthermore, Santini et al. also found that extinction recall
correlates with burst spiking in IL neurons. The observed changes in IL
excitability are often interpreted with regard to the important role that
IL plays in extinction learning and memory. Thus, an intriguing possi-
bility is that the ramping of activity in this circuit may scale with the
increased predictability that threat will not occur.

Limitations in threat response regulation have been linked to lower
markers of activity in IL. Indeed, reduced immediate early gene
expression in IL has been observed alongside disrupted extinction
learning in a line of rats bred for high anxiety (Muigg et al., 2008).
Following extinction training, failure to retrieve an extinction memory
in the form of spontaneous recovery is associated with depressed
intrinsic IL excitability relative to elevated post-extinction levels (Cruz
et al., 2014). Evidence also suggests that a strain of mouse with poor
extinction learning and retention (129S1) has reduced immediate early
gene (c-Fos and Zif268) expression in IL and BLA following extinction
recall relative to canonical wild type (C57BL/6 J) mice (Hefner et al.,
2008), supporting the link between IL-BLA functional activity and threat
response regulation. Similarly, prior work found that chemogenetic in-
hibition of IL-BLA neurons during extinction training impairs subse-
quent extinction retrieval (Bloodgood et al., 2018).

Evidence also suggests that the BLA plays a key role in extinction.
Indeed, although BLA inactivation reduces freezing during extinction,
such inactivation leads to higher freezing on a subsequent extinction
retention test, indicating disruptions to extinction learning (Sierra--
Mercado et al., 2011). NMDAR-mediated plasticity in the amygdala
appears to be especially important for extinction learning (Walker and
Davis, 2002). Intra-amygdala infusion of d-cycloserine, a partial
NMDAR agonist, improves extinction learning (Falls et al., 1992),
whereas intra-amygdala infusion of the NMDAR antagonists 2-amino-5--
phosphonovaleric acid (AP5) (Falls et al., 1992) or phosphatidylinositol
3-kinase (PI3K) (Lin et al., 2003) disrupts extinction learning. Similarly,
intra-amygdala infusion of ifenprodil, which selectively blocks the
NMDAR subunit NR2B, also impairs extinction learning as well as
extinction recall (Sotres-Bayon et al., 2007). In addition, following
fear conditioning, calcium-permeable a-amino-3-hydroxyl-5-methyl-
4-isoxazole-propionate receptors (AMPARs) increase at thalamic syn-
apses in LA (Clem and Huganir, 2010). Subsequently, removal of
calcium-permeable AMPARs has been shown to mediate the strong
extinction learning (akin to erasure) that occurs in a reconsolidation
update protocol, when one threat stimulus is presented shortly (10 min
to 6 h) before extinction training (Clem and Huganir, 2010). This mo-
lecular mechanism is believed to reflect a means to reduce threat
responding in the absence of cortical regulation. Thus, though evidence
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suggests an important role for the BLA in promoting fear conditioning
and its expression, it is clear that plasticity within the BLA also supports
the extinction of such conditioning.

Adjacent to the BLA, recent evidence has highlighted ITC neurons of
the amygdala for their role in balancing threat responding and its in-
hibition, through opposing contributions of dorsal and ventral ITC
clusters (Hagihara et al., 2021). Hagihara et al. found that ventral ITC
neurons increase responsivity as extinction progresses and their sup-
pression disrupts both extinction learning and extinction retrieval, while
activation facilitates extinction retrieval. The opposite effects were seen
following manipulation of activity in dorsal ITC neurons. Notably, a
bidirectional, inhibitory relationship is seen between the two clusters,
supporting the theory that these neurons contribute to the interplay of
calibrating threat responding. Dorsal and ventral ITC clusters also
differentially modulate activity in other fear circuitry components,
consistent with their opposing roles in threat responding. In particular,
ventral clusters provide inhibitory regulation over PL-projecting BLA
neurons and ventrolateral PAG (VIPAG)-projecting CeA neurons, while
dorsal clusters target IL-projecting BLA neurons.

Pathways from the PFC to the amygdala via thalamic nuclei have also
been identified as playing a role in fear extinction learning and retrieval
(Ferrara et al., 2021; Ramanathan et al., 2018; Tao et al., 2021). One
study using c-FOS analyses and bi-directional chemogenetic manipula-
tions found that an IL-PVT-amygdala circuit positively mediated
extinction retrieval (Tao et al., 2021). Another study found that opto-
genetic suppression of projections from the medial geniculate nucleus to
the BLA decreased fear during extinction learning, an effect that per-
sisted during a later retrieval test in the extinction context, though fear
returned in both the conditioning context and a novel context (Ferrara
et al., 2021). Finally, chemogenetic suppression of projections from the
mPFC to the thalamic nucleus reuniens disrupted extinction learning
and retrieval in the extinction context (Ramanathan et al., 2018). These
studies suggest a strong and complementary role of thalamic nuclei to
reinforce and possibly fine-tune prefrontal and amygdala based mech-
anisms for responding to threat.

Following extinction, there are “threat” and “safety” neurons coex-
isting within the same regions. For example, within the BLA, “extinc-
tion” neurons have been reported (Herry et al., 2008). These neurons are
unresponsive to a threat-associated cue before extinction, but with
extinction training, and as fear subsides, these neurons become
increasingly responsive to the extinguished threat cue. Moreover, during
an extinction retention test, silencing “extinction” neurons (those active
during extinction learning) promotes the spontaneous recovery of threat
responding, whereas silencing “threat” neurons (those active during
initial CS-US conditioning) decreases threat responding (Lacagnina
et al., 2019). The authors also found that stimulation of the same pop-
ulations produces the opposite effect. Additional work is necessary to
establish which environmental and neurobiological factors determine
which populations of neurons will be called to action. It may be the case
that valence-differentiated populations of neurons in the same region
exhibit differential connectivity (Beyeler et al., 2016; Meyer et al., 2019;
Senn et al., 2014; Shpokayte et al., 2020). For example, previous work
has linked projection-defined sub-populations of neurons in the basal
amygdala to threat responding (PL-projecting) or extinction (IL-pro-
jecting) processes (Senn et al., 2014). Similarly, evidence suggests
differentiable roles for ventral hippocampal neurons, with those pro-
jecting to PL, but not those projecting to IL or BLA, correlating with
safety conditioning (Meyer et al., 2019).

Context is another factor that plays an integral role in mediating
threat responding, particularly in terms of determining extinction recall.
Context appears to gate threat or safety responding by acting as an
“occasion setter” for CS-US relationships (Bouton, 1993). As a conse-
quence, after extinction training, the predictability of threat will be
weak in the extinction context, but strong in the fear conditioning
context or a novel context. Maren et al. reported that specific neuronal
populations in the amygdala exhibit increased activation to the fear
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conditioning context, whereas IL neurons are more responsive to the
extinction context (Knapska and Maren, 2009; Orsini et al., 2013).
Notably, this effect appears to be specific to rats that have undergone
extinction, as rats that did not undergo extinction training exhibited
greater amounts of overlapping cells reactive to both contexts (Orsini
et al., 2013). Although the authors did not observe differences in the
hippocampus in these studies, previous work from the same laboratory
suggests that amygdala-projecting hippocampal neurons are preferen-
tially activated in the fear conditioning context (Orsini et al., 2011). This
is in line with much other work highlighting context-dependent
recruitment of hippocampal circuitry following extinction (Maren
et al., 2013). Indeed, hippocampal inactivation disrupts the return of
fear that commonly occurs when an animal is exposed to the original
fear conditioning context (i.e., renewal) (Hobin et al., 2006; Maren
et al., 2013; Maren and Holt, 2000; Preston and Eichenbaum, 2013).
Additional work indicates that this role of the hippocampus involves
communication with the amygdala and PFC (Knapska and Maren, 2009;
Orsini et al., 2011; Wang et al., 2016), in some cases with the same
hippocampal neurons projecting to both regions (Jin and Maren, 2015).
A recent study by Marek et al. (2018) provided a mechanism for this
effect, indicating that fear renewal is mediated by ventral hippocampal
inhibition of amygdala-projecting neurons in the IL (Marek et al., 2018).
They further found that the ventral hippocampus inhibits IL neurons
through a specific class of parvalbumin-positive interneurons.

A growing literature in rodents has begun to delineate the neural
correlates of safety conditioning (Foilb and Christianson, 2018; Kong
et al., 2014; Krueger and Sangha, 2021; Sangha et al., 2020). Similar to
extinction, safety cues have been associated with reduced activity in the
amygdala (Genud-Gabai et al., 2013; Kazama et al., 2012; Ng et al.,
2018; Ostroff et al., 2010). Reports of convergence of circuitry between
safety conditioning and extinction have found that a subset of BLA
neurons that were responsive to explicit safety cues also developed a
similar response to an extinguished threat cue as extinction progressed,
highlighting overlapping neuronal ensembles for safety conditioning
and extinction within the amygdala (Sangha, 2015; Sangha et al., 2013).
However, the circuitry involved in safety cue learning also diverges
markedly from that necessary for extinction. For example, unique con-
tributions of the striatum to the modulation of amygdalar responses to a
threat context have been observed during safety cue presentations
(Rogan et al., 2005). In addition, the posterior insular cortex is necessary
for the development of a safety cue (Christianson et al., 2008a, 2011;
Foilb et al., 2016). Subsequently, when threat and safety cues are pre-
sented together, a key role has been identified for the ventral hippo-
campus and its communication with the PL for the implementation of
safety conditioning, a finding detailed in neural circuitry in the mouse
brain and paralleled by functional neuroimaging in humans (Meyer
et al., 2019).

At a larger level, whereas safety conditioning involves a strong
negative association that a safety cue predicts the absence of threat (i.e.,
a highly predictable CS-no US outcome), this predictability is typically
attained following substantial training in which a safety cue is presented
in the explicit absence of a US. For example, explicit unpairing may be
accomplished by contrasting the safety cue with either a threat cue (i.e.,
a cue that is paired with an aversive US) or a threatening context (i.e., a
context in which the animal has experienced US exposures but with
ample temporal separation between presentations of the US and pre-
sentations of the safety cue) (Foilb and Christianson, 2018; Wagner and
Rescorla, 1972). Because of this contrast, safety training is often referred
to as discriminative conditioning. Only when a strong predictive rela-
tionship between the CS- and the absence of threat has been established
can the CS- serve as an effective safety cue. After safety training, the IL,
but not the PL, is important for discriminating between cues signaling
threat versus safety during recall (Sangha et al., 2014). The ventrolateral
orbitofrontal cortex has also been implicated in recalling the meaning of
the safety cue, with damage to this structure resulting in reduced
discrimination between threat and safety cues (Sarlitto et al., 2018).
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In concert with the tripartite system of the PFC, amygdala, and
hippocampus, contributions from several other brain regions are
necessary to tailor threat responding based on dynamic environmental
information. The nucleus accumbens has recently emerged as having an
important role in the scaling of threat responding as a result of threat
predictability (Ray et al., 2020). Ray et al. found that nucleus accumbens
core lesions reduce discrimination between distinct auditory cues that
predict footshocks at probabilities of 1, 0.25, or 0 in rats. Optogenetic
inhibition of the nucleus accumbens core subsequent to discrimination
training abolishes the ability to discriminate uncertain threat (footshock
probability of 0.25) from safety (footshock probability of 0) (Ray et al.,
2020).

PAG has been shown to play a role in threat and safety prediction
(Arico et al., 2017; Assareh et al., 2017; Carrive et al., 1997; Fanselow,
1994; Vianna et al., 2001; Walker et al., 2020; Wright and McDannald,
2019), perhaps facilitated by inputs from the amygdala (Dejean et al.,
2015; Fanselow, 1994; Tovote et al., 2015; Walker et al., 1997). In a
recent study performing single unit recordings from vIPAG, Wright and
McDannald (2020) found neural responding scaled to the degree of
threat. Neurons were most responsive during presentations of a
threat-associated stimulus (always followed by a footshock), least
responsive to a safety stimulus (never followed by a footshock), and
showed intermediate responsiveness to an uncertain stimulus (followed
by a footshock 37.5 % of the time). Notably, neural activity was more
directly linked to threat probability than the overt expression of fear
(conditioned suppression). Other work has suggested that vIPAG may
play a role in signaling the temporal proximity of danger. Indeed, one
sub-population of VIPAG neurons shows a strong onset-locked respon-
sivity to threat-associated stimuli (Ozawa et al., 2017; Tovote et al.,
2016; Watson et al., 2016; Wright and McDannald, 2019), while a
distinct subpopulation ramps activity leading up to shock delivery
(Wright and McDannald, 2019).

Neural activity in vIPAG has also been linked to prediction error
signaling (Cole and McNally, 2009; Johansen et al., 2010; McNally et al.,
2011; McNally and Cole, 2006; McNally and Westbrook, 2006; Ozawa
et al., 2017; Walker et al., 2020). Walker et al. (2020) found that vIPAG
activity related to shock delivery was elevated to uncertain stimuli
relative to threat-associated stimuli, despite the physical experience of
the shock delivery being identical. Moreover, the authors found that
optogenetic inhibition of VIPAG around the shock delivery following
uncertain stimuli diminishes later threat responding to these stimuli.
Together, the authors make a strong case for the role of VIPAG in
updating threat predictability via prediction error signaling.

2.3. Sex as a biological variable impacting extinction and safety
conditioning

Recent research on the neural mechanisms of threat response regu-
lation has disproportionately focused on male subjects (Shansky, 2015),
making it difficult to conclude whether and to what degree the above
circuitry and behavioral observations apply to females. We do know that
female mice display greater fear generalization to novel and safe con-
texts compared to males, which correlates with increased activity within
the BLA (Keiser et al., 2017). In cued paradigms, it appears, overall, that
females and males perform similarly in discriminating threat from
safety, though females seem to show consistent deficits in suppressing
fear when threat and safety cues are presented together compared to
males (reviewed in Krueger and Sangha, 2021). However, it is important
to point out that it is too early to make broad generalizations given the
general lack of inclusion of female subjects in studies of threat response
regulation. For example, Foilb et al. have shown that females show
greater threat versus safety cue discrimination than males and this
behavioral difference may be correlated with differences in activity
within the CeA and BNST (Foilb et al., 2018, 2021). In addition, neither
males nor female mice bred for high alcohol preference showed signif-
icant safety conditioning unless subjected to a juvenile stressor (Miiller
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et al., 2021). It is possible that males and females may have different
thresholds for generalizing and estimating, or scaling, threat, with fe-
males more likely to have a lower threshold for threat responding. From
an evolutionary perspective, this may be adaptive for sexually differ-
entiated reproductive, gestational, and/or maternal behavior (Carter
etal., 2001). Notably, estradiol levels markedly affect threat responding
in females. Studies in female rats, and parallel studies conducted in
humans, found that states of high estrogen are associated with facili-
tated extinction (Zeidan et al., 2011). Estradiol fluctuations also corre-
spond to altered cortico-amygdala functional activity. In female rats,
estradiol administration immediately following extinction learning in-
creases functional activity in IL and decreases functional activity in the
amygdala, an effect linked to facilitated consolidation of the extinction
memory (Zeidan et al., 2011). Interestingly, inhibiting estrogen pro-
duction by using hormonal contraceptives in both healthy women and
female rats resulted in poor extinction recall (Graham and Milad, 2013).
Moreover, inhibiting estradiol synthesis in male rats also impaired
extinction recall (Graham and Milad, 2014). There is evidence to suggest
that sex differences also emerge when considering the impacts of stress
on threat response regulation (e.g., Baran et al., 2009; Schroeder et al.,
2018), though substantial further research in this area is necessary,
including validation of stress paradigms for use in female subjects
(Lopez and Bagot, 2021).

The lifetime prevalence of anxiety disorders is markedly higher for
women, and women often experience an increased intensity of symp-
toms (Kessler et al., 2005). A crucial caveat to note is that investigations
of the impact of sex on psychiatric disease progression in non-human
animal models are limited to biological sex, leaving a need to consider
the influences of gender in human work that go beyond purely biological
influences (e.g., Eliot et al., 2021; Polderman et al., 2018). Thus, in
addition to being a critical area of additional research for basic science
advancements, consideration of sex as a biological variable, and gender
identity, in the invesitgation of threat response regulation has important
implications for understanding and treating psychiatric disease.

3. The impacts of stress on threat response regulation

In this section we discuss evidence showing that exposure to stress
can enhance fear conditioning and interfere with processes that support
threat response regulation, such as extinction and safety conditioning.
Also apparent following stress exposure are dramatic changes in the
circuitry outlined above, particularly PFC and amygdala (for additional
details, see (Deslauriers et al., 2018; Maren and Holmes, 2016; McEwen
and Morrison, 2013; Stockhorst and Antov, 2016; Wellman and Moench,
2019). Structural changes at circuit and synaptic levels can alter how
threat stimuli are processed and how responses are regulated. It may be
that stress inflates the calculation of threat probability, leading to
generalized fear and susceptibility to stress disorders (Fig. 1). At the
level of discussion here, studies using stress exposure typically assess the
effects of unpredictable and uncontrollable stressors on subsequent fear
conditioning. A more detailed discussion of predictability and control-
lability of stressors is included in Section 4.

3.1. Stress and glucocorticoids prime neural circuits for threat responding

The effects of stress on threat responding have in many cases been
linked to altered signaling in prefrontal regions in both rodents and
humans, largely supporting the role of IL in extinction efficacy discussed
in the rodent studies above. Recordings from the PFC have shown that
while control mice exhibit decreased PL and increased IL activity
following extinction, stressed counterparts show neither of these effects
(Wilber et al., 2011). Other studies have also shown prefrontal dendritic
remodeling in pyramidal neurons in rats following both one week
(Brown et al., 2005) and three weeks (Cook and Wellman, 2004; Liston
et al., 2006; Radley et al., 2004) of restraint stress. Repeated stress also
decreases dendritic spine density and volume of individual spines
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(Radley et al., 2008), likely through non-transcriptional and canonical
signaling pathways involving activation of glucocorticoid receptor/LIM
kinase-cofilin pathway and mineralocorticoid receptor, respectively
(Liston et al., 2013). The PFC appears to be highly susceptible to even
brief stress exposure. Application of single prolonged stress diminished
prefrontal excitatory tone in rats (i.e., glutamatergic and glutaminergic
signaling; Knox et al., 2010), whereas just one episode of swim stress
induced retraction of dendrites on IL neurons in mice (Izquierdo et al.,
2006). Notably, reductions in prefrontal activity occurred alongside
increased sensitivity in the amygdala, reflected in spinogenesis (Maroun
et al.,, 2013; Mitra et al.,, 2005) and elevated immediate early gene
response (Hoffman et al., 2014; Toledo-Rodriguez et al., 2012). In
addition, exposure to elevated platform stress has been shown to cause a
shift in cortico-amygdala plasticity, such that activation of IL induces
long term potentiation, but not long term depression, in downstream
BLA neurons (Maroun, 2006). The result appears to be a compounded
disruption to dynamics of cortico-amygdala circuitry that facilitate
threat response regulation in non-stressed mice.

Additional evidence suggests that glucocorticoids are capable of
recapitulating many of the impacts of stress exposure on brain and
behavioral function. Similar effects on this circuitry, as well as disrup-
tions to extinction, are observed following enhancements in basal
corticosterone levels (e.g., after administration of high levels in the
drinking water) (Gourley et al., 2009, 2013). Three weeks of cortico-
sterone administration produced dendritic remodeling (Wellman,
2001), and long-lasting dendritic spine morphological changes (Ander-
son et al., 2016), similar to that seen following repeated stress exposure.
Time lapse imaging studies have further revealed that long-term expo-
sure to glucocorticoids leads to increased dendritic spine elimination,
rather than diminished formation (Liston et al., 2013; Liston and Gan,
2011).

Glucocorticoid activity seems to prime brain regions to respond to
salient features of their environment allowing both threat responding
and threat response regulation to take place (de Quervain et al., 2017).
Much of this work has focused on the role of glucocorticoids in memory
enhancement during the post-training phase after initial acquisition (e.
g., McGaugh, 2000; McGaugh and Roozendaal, 2002; Roozendaal et al.,
1996) or extinction training (Berlau and McGaugh, 2006), given the
expected time course of endogenous increases in glucocorticoid levels in
the aftermath of a threat exposure (Cordero et al., 1998). Nevertheless,
exposure to acute stress, or administration of corticosterone (and other
glucocorticoid receptor agonists) may also facilitate the extinction of
threat responding (Barrett and Gonzalez-Lima, 2004; Cai et al., 2006).
For example, extinction learning was disrupted in mice receiving sys-
temic injections of metyrapone, a corticosteroid synthesis inhibitor, yet
this disruption was rescued by administering corticosterone immedi-
ately following extinction (Clay et al., 2011). In addition, extinction was
facilitated in rats receiving either systemic or intra-amygdala injections
of glucocorticoid receptor agonists dexamethasone and RU28362,
respectively (Yang et al., 2006). Interestingly, the effect appeared to be
bidirectional - blocking glucocorticoid function entirely also produced
disruptions in extinction. Indeed, systemic administration of metyr-
apone, as well as intra-amygdala infusion of mifepristone, a glucocor-
ticoid receptor antagonist, disrupted extinction learning (Yang et al.,
2006). In slight contrast, another study found that systemic adminis-
tration of metyrapone did not impact extinction learning, though later
increases in spontaneous recovery and renewal were observed, sug-
gesting that blocking corticosterone synthesis disrupts extinction
memory consolidation (Barrett and Gonzalez-Lima, 2004). These and
further studies highlighted below, raise the interesting possibility that
endogenous glucocorticoid activity scales with threat predictability,
whereby a lack of glucocorticoids disrupts threat response regulation by
impairing learning processes about the actual likelihood of threat,
whereas elevated glucocorticoid levels lead to generalization of threat
assignment.

In some cases, stress exposure may disrupt threat response regulation
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by enhancing the original threat memory. For example, one week of
daily restraint stress led to elevated freezing during later fear condi-
tioning (Wilber et al., 2011). Implementation of even a single period of
stress has been shown to produce a sequelae of behavioral and endocrine
changes that resemble to what is observed in post-traumatic stress dis-
order (PTSD), such as the formation of strong and resistant threat re-
sponses (Knox et al., 2016; Liberzon et al., 1997; Long and Fanselow,
2012; Maras et al., 2014; Rau et al., 2005). One recent example is the
stress-enhanced fear learning (SEFL) model (Perusini et al., 2016),
which has been shown to enhance future fear conditioning (Rau and
Fanselow, 2009), be resistant to extinction learning (Rau et al., 2005),
result in increased voluntary alcohol consumption (Meyer et al., 2013),
and cause long-lasting changes in gene expression in relevant brain re-
gions like the amygdala (Ponomarev et al., 2010) that are consistent
with genes implicated in human PTSD (Ressler et al., 2011). Interest-
ingly when male and female mice receiving SEFL underwent extinction
training to reduce contextual fear to the same levels as control mice,
their activity in an open field returned to the same levels as control mice,
whereas unconditioned fear to a novel tone remained elevated (Hassien
et al., 2020). This highlights that even though some aspects of threat
responding can be ‘normalized’ with extinction, the beneficial effects of
extinction may not always transfer to other threat-associated situations.

Different studies have found impacts specific to extinction learning
(i.e., the reduction in threat responding across extinction training;
(Chauveau et al., 2012; Ganon-Elazar and Akirav, 2013; Green et al.,
2011; Izquierdo et al., 2006; Judo et al., 2010; Wilson et al., 2013;
Yamamoto et al., 2008) or extinction memory recall (Deschaux et al.,
2013; Garcia et al., 2008; Knox et al., 2012; Wilber et al., 2011; Zheng
etal., 2013), when tested subsequent to extinction training, while others
have observed effects in both (Saito et al., 2012; Skelly et al., 2015).
These apparent disparities are likely a result of methodological differ-
ences in stressor type, intensity, and frequency, as well as the ability of
the animal to predict or control stressor administration (discussed
further in Section 4). Nonetheless, the overarching picture suggests that
stress exposure has detrimental effects on threat response regulation
through extinction (for review, see (Maren and Holmes, 2016). Findings
in rodents are largely consistent with what is observed in humans.
Indeed, humans with a history of stress exposure or trauma commonly
exhibit impaired extinction, alongside disruptions in the inhibitory ca-
pacity of the PFC and alterations in corticolimbic signaling (Maren and
Holmes, 2016; Raio and Phelps, 2015). Likely related to changes in how
threats are processed and responded to, exposure to stress can also
dramatically increase the risk for psychiatric disease, particularly anx-
iety disorders or PTSD (Charney et al., 1993; Karstoft et al., 2015; Radley
et al., 2011; Zlotnick et al., 2008). The result is a double-hit, as in-
dividuals with a history of significant stress or trauma will be more likely
to develop psychopathology and less likely to respond to methods of
treatment that engage neural circuitry mediating processes of affective
regulation.

Despite substantial research considering the impacts of stress on
extinction learning and recall, fewer studies have examined safety
conditioning following stress exposure. Safety cues have been examined
for their ability to reduce stress responding (Christianson et al., 2008a,
2011; Pollak et al., 2008), though these studies did not include a
stress-free condition and thus it is not possible to determine the relative
efficacy of safety conditioning in stressed and non-stressed animals.
From those papers directly examining the impacts of stress exposure on
safety conditioning, it appears that different forms of threat response
regulation (i.e., extinction or safety conditioning) may be differentially
impacted by duration of stress exposure. Indeed, in one study using adult
male rats, acute stress (SEFL) surprisingly had no observable impact on
safety conditioning, however the same subjects showed no evidence of
extinction to the threat cue in a subsequent extinction session (Woon
et al., 2020). The authors concluded that since the explicit safety cue had
always been tied to safety it was not disrupted by prior stress, while, in
order to observe extinction, the subject needed to update expectancies



H.C. Meyer et al.

regarding potential for threat to the threat cue and this was negatively
impacted by the prior stress.

3.2. Neurodevelopmental considerations

Though not the focus of this review, the interaction between
neurobiological development and exposure to stress for determining
patterns of future threat responding is an area of important focus (for
review, see (Callaghan and Tottenham, 2016; Gee et al., 2018; Gerhard
et al., 2020; Meyer and Lee, 2019; Pattwell and Bath, 2017; Schroeder
et al., 2018). Briefly, the impacts of stress exposure on brain and
behavioral functioning appear to be greater during development than
when the same stress occurs during adulthood. This evidence has been
taken to support the idea of “sensitive windows” wherein the heightened
plasticity that sets the foundation for rapid neural change during
development also leaves developing circuits susceptible to environ-
mental impacts that can permanently alter circuit structure and
function.

The precise age at the time of stress exposure(s) is a major mediator
of the impact of stress on threat response regulation systems. From other
reviews considering the impact of stress during infancy on developing
threat processing systems (Callaghan et al., 2019; Chen and Baram,
2016; Opendak and Sullivan, 2019; Walker et al., 2017) it has been
delineated that from early infancy in rodents (postnatal day, PND,
0 through 21), the mother serves as a source of safety and her presence
buffers the infant from the impacts of stress. Seminal studies in this area
have shown that the presence of an anesthetized adult conspecific at-
tenuates heart rate and vocalizations increases otherwise elicited by an
unfamiliar environment in young rats at PND16 (Hofer and Shair, 1987;
Richardson et al., 1989). Similar attenuating effects of an anesthetized
dam were seen on elevations in corticosterone levels apparent in unfa-
miliar environments across multiple ages (PND 12, 16, and 20) in rats
(Stanton et al., 1987). In addition, the wall climbing response to painful
aversive stimuli (shocks) rapidly habituates and remains blunted in the
presence of nest odors in PND10 rats (Barrett et al., 1982), as well as an
anesthetized dam in PND16 rats (Richardson et al., 1989). Notably, 16
day old rats maintain a blunted response to shock, including heart rate
and wall climbing, even following removal of anesthetized dam
(Richardson et al., 1989). Similar effects are not observed in rats older
than PND20 (Richardson et al., 1989).

This work has been extended in recent years to interrogate the
neurobiological underpinnings of buffering effects. The presence of the
mother during odor-shock conditioning prevents (prior to PND16;
Moriceau and Sullivan, 2006) or attenuates (after PND 16; Upton and
Sullivan, 2010) fear conditioning in rats, despite pups at both ages
acquiring the aversive association in the absence of the mother. This
effect has been linked to reduced corticosterone release (Moriceau and
Sullivan, 2006) and a blunting of learning-related plasticity in the
amygdala (Opendak et al., 2019) when the pup is conditioned in the
presence of the mother. Notably, if a pup has previous stress exposure (e.
g., adverse rearing conditions), the capacity of the mother to buffer the
stress response is greatly reduced (Opendak et al., 2019; Robinson--
Drummer et al., 2019).

Some studies have shown that threat responding profiles in infant
rats with previous early life stress exposure recapitulate what is seen in
adult animals, exhibiting a marked departure from the infantile amnesia
and ‘permanent’ (i.e., relapse-resistant) extinction that are commonly
observed in infant rodents reared under normal (non-stressed) condi-
tions (Cowan et al., 2013). Following daily maternal separation from
PND2-14, infant rats (PND17) retain threat associative memories for
substantially longer than non-stressed counterparts (30 days relative to
less than 10 days; (Callaghan and Richardson, 2012) and are much more
likely to exhibit relapse following extinction (Callaghan and Richardson,
2011). These findings have been taken to suggest that exposure to stress
during infancy can result in precocious development of
cortico-amygdala connectivity (Callaghan and Tottenham, 2016; Cowan
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et al., 2013). The altered timing of windows of increased neuroplasticity
can dramatically alter the later ability to regulate threat responding and
cope with stressful experiences, though whether it serves an adaptive or
maladaptive function is yet to be determined (Bath, 2020; Callaghan and
Tottenham, 2016).

A variety of stressful experiences (social isolation, footshock stress,
unpredictable mild stress) during the juvenile (PND21-28) and adoles-
cent (PND29-50) periods of development have been linked to altered
threat response regulation in adulthood, including disruptions to both
extinction (Ishikawa et al., 2012; Judo et al., 2010; Naert et al., 2011;
Novick et al., 2016; Skelly et al., 2015; Toledo-Rodriguez et al., 2012;
Zhang and Rosenkranz, 2013) and safety conditioning (Meyer et al.,
2021). For example, both chronic unpredictable stress during
pre-adolescence (PND22-28) in mice (Meyer et al., 2021), and exposure
to mild footshock stress through fear conditioning during adolescence
(PND30-32) in rats (Miiller et al., 2018), led to later impairments in
safety conditioning during adulthood. However, in a study of male and
female high-alcohol preferring mice, three days of variable stressors was
applied during the juvenile stage (PND25-27) before assessing for the
inhibition of fear-potentiated startle in the presence of a safety cue in
adulthood (Miiller et al., 2021). All mice, regardless of sex or stress
group, were able to discriminate between the threat and safety cues.
Interestingly though, it was only the previously stressed male and female
mice that were able to inhibit their threat responding when the threat
cue was co-presented with the safety cue. Some of these data are
consistent with mounting evidence that early life exposure to stress can
be particularly detrimental for adaptive responding in the face of threat.
However, prior stress can have variable effects on the effectiveness of
safety conditioning. It is clear that further research is needed to clarify
the parameters regarding stress that determine the ability to later learn
about and use safety cues effectively.

In sum, it seems that stress anytime during early development can
leave an indelible mark on maturing threat response systems. Additional
studies are needed to determine which aspects of neural circuit devel-
opment are most sensitive, how this changes with developmental stage,
and the implications for later affective functioning.

4. Stressor controllability and calibrating the response to threat

The research reviewed above has not only led to gains in under-
standing how stress exposure enhances fear conditioning, but also how it
interferes with processes that support threat response regulation,
including extinction and safety conditioning. The nature and magnitude
of the effects of stress on threat processing and responding can vary
widely, often depending on the characteristics of the stressor (its pre-
dictability, controllability, duration, modality; see (Anisman and
Matheson, 2005; Mcewen, 2004). Despite being a significant risk factor,
the development of anxiety-related disorders is not an inevitable sequela
to trauma. A majority of individuals “bounce back” or recover positive
functioning following extreme adversity (resilience) and/or show
resistance to its initial impact (Bonanno et al., 2011).

Genetic factors undoubtedly contribute to resilience/resistance,
however factors such as stressor predictability can potently impact an
organism’s response to repeated stress exposure. When an animal is
exposed to a repeated, homotypic stressor (e.g., noise, air puff, re-
straint), they can learn to predict the time course of the stressor,
resulting in a habituated or attenuated stress response (Bhatnagar et al.,
2002; Nyhuis et al., 2016; Viau and Sawchenko, 2002). For example, the
reactivity of the hypothalamic-pituitary—adrenal (HPA) axis can readily
decline during successive stimulus exposures to the same threat stim-
ulus. This response is thought to be adaptive, insofar as it would limit
exposure to circulating glucocorticoids, and this is not due to an
exhaustion of the response capacity of the HPA axis (see e.g., Dallman
et al.,, 1992). In contrast, following chronic unpredictable stress, rats
subsequently exposed to a novel challenge do not show habituation in
corticosterone output observed in counterparts repeatedly exposed to
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the same stimulus (Herman et al., 1995; Magarinos and McEwen, 1995;
Radley and Sawchenko, 2015). Furthermore, rodents subjected to
chronic, but predictable, stress has been shown to be accompanied by
less robust behavioral sequelae akin to depressive- and anxiety-like
phenotypes as compared to those following unpredictable stress
(Christoffel et al., 2011; Pollak et al., 2008; Willner, 2017; Zhu et al.,
2014).

In addition, human studies have identified appraisal and coping
processes as critical in determining individual outcomes to traumatic life
events (Agaibi and Wilson, 2005; Iacoviello and Charney, 2014). Coping
refers to an individual’s cognitive and behavioral efforts designed to
manage (master, reduce, or tolerate) adverse experiences. It has been
argued that coping strategies serve two major functions: managing the
problem that is the source of the distress (problem-focused coping) and
regulating the emotions associated with the problem (emotion-focused
coping) (Lazarus and Folkman, 1984). In animal research, coping stra-
tegies or styles are often defined by the subject’s behavioral, physio-
logical, and neuroendocrine characteristics in response to an
environmental challenge (Keay and Bandler, 2001; Koolhaas et al.,
1999, 2010). An animal is typically considered to be coping proactively
if it behaves in an active manner in response to a stressor, and tends to
involve elevations in sympathetic activity, whereas reactive coping in-
volves passivity (e.g., freezing, immobility, low level of aggression) and
elevated HPA activity. From a teleological standpoint, different coping
styles provide divergent means for successful adaptation to similar
environmental conditions (Bohus et al., 1987; Henry and Stephens,
1977; Walker et al., 2009). Nevertheless, there is evidence that each
coping style may confer differential susceptibility to disease, with pas-
sive coping more commonly associated with stress-related psychopa-
thologies (e.g., de Boer et al., 2017; Henry and Stephens, 1977; Wood,
2014).

An individual’s ability to perceive or exert actual control over some
aspect of an adverse event (its termination, onset/offset, temporal
pattern, intensity) is central to active coping. Indeed, the degree of
behavioral control that an organism has over an aversive experience can
profoundly alter the neurobiological and behavioral impact of that
experience (Maier and Seligman, 2016). Thus, the remainder of this
section will focus on stressor controllability, as this represents a key
aspect of active coping that can be experimentally manipulated in ani-
mal models in order to better understand how resilience is mediated at a
neural level.

4.1. Stressor controllability phenomena

There are several different paradigms that have been used to
compare subjects, typically rats, with or without control over some
dimension of an aversive stimulus (e.g., onset, duration, termination,
etc.). For the data discussed below, the experimental arrangement in-
volves placement of rats in a small wheel-turn apparatus where they
receive either escapable (ES) or yoked inescapable (IS) tailshocks
(Fig. 3). One group of subjects (ES) is exposed to a series of tailshocks in
which each shock is terminated when the subject performs a given
instrumental escape response (e.g., turning a wheel). A second group of
subjects (IS) is yoked to the first and is given a series of unpredictable
tailshocks that are physically identical (amount, duration, intensity,
pattern) to those received by the ES group, but these subjects have no
control over terminating the shock. A third group either remains in its
cage in the colony or is placed into the wheel-turn apparatus and does
not receive tailshock (No Stress). Any observed difference between
subjects with (ES) or without (yoked IS) control must be a result of the
impact of active coping, rather than stressor exposure per se, because the
shocks are physically equivalent for the two groups. Indeed, this is why
tailshock is employed in controllability studies. Other stressor modal-
ities (e.g., restraint, social defeat) can’t be manipulated in such a way
that subjects with or without control experience the identical physical
event.
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Fig. 3. Stressor controllability and resilience/vulnerability to stressor outcome.
Top: Schematic diagram of the wheel-turn escape/yoked inescapable tailshock
procedure. Subjects (typically rats) are assigned to either escapable stress (ES),
inescapable stress (IS), or no stress. Subjects receive a series (usually 80-100
trials) of tailshocks while restrained in a chamber with a wheel mounted in the
front and their tail secured to a rod extending from the back of the chamber. ES
subjects can perform an instrumental wheel-turn escape response to terminate
each of the shocks. IS subjects are “yoked” to ES subjects, such that shock is
simultaneously terminated for the IS subject when the ES subject achieves the
wheel-turn requirement. Importantly, each rat in the pair receives exactly equal
tailshock (same duration, onset/offset, intensity, number of shocks, etc.). Bot-
tom: Proposed model by which stressor controllability regulates the dorsal
raphe nucleus. Inescapable shock leads to intense activation of the serotonergic
(5-HT) dorsal raphe nucleus. In contrast, escapable shock leads to top—down
inhibition of dorsal raphe 5-HT neurons, thereby blunting the behavioral
impact of tailshock.

Numerous behavioral sequelae are produced in the group of subjects
that receive IS, but not in the group of subjects that are allowed to exert
behavioral control over stressor termination (ES). For example, IS, but
not ES, leads to social avoidance, neophobia towards different types of
novelty (such as objects and locations), increased submissive behaviors
following social defeat, enhanced morphine-conditioned place prefer-
ence, and profound impairment of shuttlebox escape behavior (Chris-
tianson et al., 2008b; Maier and Watkins, 2005; Minor, 1990; Rozeske
et al., 2009; Will et al., 1998). It should be noted that testing for
behavioral outcomes is typically carried out in an environment that is
very different from where the controllability procedure was adminis-
tered. Thus, it has been argued that IS produces behavioral changes that
are mediated by non-associative rather than associative processes
(Maier and Watkins, 1998). The distinction is important, as both the
time course and the circuits responsible for supporting stress-induced
outcomes differ if the testing environment is exactly the same or
shares common cues with the stress treatment environment (see dis-
cussion below).
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4.2. Neural mediation of controllability

Efforts directed at understanding the neural mechanisms underlying
the numerous behavioral changes observed following IS have focused on
several broad-projecting neural systems. Both the brainstem seroto-
nergic (5-HT) dorsal raphe nucleus (DRN) and noradrenergic locus
coeruleus impart broad modulatory influences over a range of stress-
induced behaviors through their innervation of limbic and cortical
structures (Lowry et al., 2005; Weiss, 1970; Weiss et al., 1975). Of note,
many of the behavioral consequences of IS are due to a selective acti-
vation of 5-HT neurons in the DRN, which does not occur with ES (Grahn
etal., 1999; Maswood et al., 1998). The large and prolonged elevation of
extracellular 5-HT within the DRN by IS results in a period of sensiti-
zation (lasting several days) during which inputs to the DRN produce an
exaggerated release of 5-HT both within the DRN and in DRN terminal
regions, thereby modifying the behavioral response (see reviews by
(Christianson and Greenwood, 2014; Hammack et al., 2012; Maier and
Watkins, 2005). The hyperexcitability of 5-HT neurons induced by IS is
argued to be dependent on functional desensitization of inhibitory
5-HTj 5 autoreceptors in the DRN (Rozeske et al., 2011).

With regard to fear conditioning, IS-exposed subjects display exag-
gerated freezing levels in response to two brief footshocks delivered the
following day in a novel context (shuttlebox apparatus). Similarly, IS,
but not ES, increases extracellular 5-HT in the amygdala (a projection
region of the DRN) in response to the same two brief footshocks (Amat
et al., 1998). Furthermore, lesions to the DRN or pharmacological in-
hibition of DRN 5-HT activity, at the time of IS or at the time of
behavioral testing, blocks the IS-induced potentiation of threat
responding (Maier et al., 1995b). Conversely, pharmacological activa-
tion of the DRN in the absence of tailshock produces the same exagger-
ated freezing upon subsequent footshock exposure, providing a
necessary and sufficient link between DRN 5-HT activation and behav-
ioral changes produced by IS (Maier et al., 1995a).

The contribution of DRN 5-HT to IS outcomes highlights one of the
key features of the stressor controllability paradigm in which the
experience of uncontrollable stress impacts how the subject responds in
novel unrelated circumstances (‘transsituational’). That is, in a typical
controllability experiment, behavioral testing is conducted in a context
that is distinct and removed from the original tailshock experience. This
is in direct contrast to other protocols in which uncontrollable shock
(stress treatment) and behavioral testing occur in the very same appa-
ratus. In both scenarios, the behavioral change may be the same (poor
shuttlebox escape learning, exaggerated freezing, social avoidance, etc.)
but the underlying neural processes are quite different. For example,
when IS and testing are carried out in the same environment, blockade of
DRN 5-HT activity either before IS or before testing is without effect. The
foregoing demonstrates that DRN 5-HT is critical for mediating the in-
duction and expression of a state change (non-associative process) that
transfers the effects of the IS experience to novel environments and
unrelated task demands. When the contextual relationship is similar, IS
outcomes are instead governed by an associative process (i.e., condi-
tional fear) that is dependent on amygdala but not DRN activity
(Greenwood et al., 2010; Greenwood and Fleshner, 2008; Maier and
Watkins, 2005).

Although the DRN is a key structure in the mediation of behavioral
changes following IS, the computation of controllability is a process
unlikely to be intrinsic to the DRN. Behavioral control over shock is
formally defined as a comparison between two conditional probabilities:
the probability of shock given that the instrumental response (e.g.,
wheel turn) has occurred and the probability of shock given that the
instrumental response has not occurred (Maier et al., 1969). When the
two probabilities are equal, behavioral control is absent — there is
nothing the subject can do to modify shock presentation. However, any
inequality between the two probabilities indicates that the subject has
some degree of control. The ability to detect causal relationships be-
tween actions and outcomes (instrumental contingency) is largely a
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corticostriatal function (Balleine and O’Doherty, 2010; Corbit and Bal-
leine, 2003) and recent data indicates that the instrumental wheel-turn
controlling response engages the dorsomedial striatum and that its
activation is necessary for control-induced protection (Amat et al.,
2014).

Activation of the mPFC is critical for the stress-buffering effects of
behavioral control as well. The DRN is one of the major brainstem tar-
gets of the mPFC, which provides robust top-down inhibition over DRN
5-HT activity (Hajos et al., 1998; Varga et al., 2001, 2003), presumably
through preferential targeting of DRN GABA interneurons (Jankowski
and Sesack, 2004). Converging evidence suggests that the presence of
control blunts the impact of tailshock through mPFC top-down inhibi-
tion over DRN 5-HT. Notably, (1) the presence of control selectively
activates mPFC neurons that project to the DRN (Baratta et al., 2009);
(2) pharmacological inactivation of the mPFC during control blocks the
behavioral and neurochemical protection afforded by ES, even though
ES subjects still perform the wheel-turn controlling response (Amat
et al., 2005, 2006); and (3) pharmacological activation of the mPFC
during IS protects against the aforementioned behavioral and neuro-
chemical consequences of tailshock (Amat et al., 2008). A striking
feature of behavioral control, and one of potential clinical importance, is
that a prior experience with ES blunts the typical neural and behavioral
impact of later exposure to uncontrollable adverse events that occur in
very different environments (transsituational) and do not necessarily
rely on shock (e.g., social defeat; transstimulus). In addition, the
stress-buffering effects of ES are long-lasting as the experience of ES
during adolescence (PND35) prevents the neurochemical and behavioral
outcomes of IS exposure during adulthood (PND70), an effect that relies
on mPFC activation (Kubala et al., 2012). Taken together, ES confers a
very generalized protection to the impact of subsequent adversity (Amat
et al.,, 2010). The enduring protection afforded by behavioral control
requires mPFC activity both at the time of the initial control experience
and at the time of the subsequent challenge (Amat et al., 2006). Thus, as
a result of ES exposure, the mPFC becomes activated upon exposure to
future adverse events that typically don’t activate the mPFC.

To date, several studies suggest that the mPFC is also a critical site of
plasticity for generalized stress resistance following ES. ES leads to the
production of plasticity-related proteins in the mPFC (Christianson
et al., 2014) and increases the intrinsic excitability of layer 5/6 pyra-
midal neurons in the mPFC as measured by whole-cell patch-clamp re-
cordings (Varela et al., 2012). In addition, intra-mPFC microinjection of
the protein synthesis inhibitor anisomycin immediately after the ES
experience blocks the ability of prior ES to prevent the neurochemical
and behavioral consequences of subsequent inescapable shock (Amat
et al., 2006). Other mPFC manipulations during ES, such as blockade of
NMDAR activity or inhibition of its downstream effector pathway
(ERK/MAPK), also prevent the enduring protection otherwise afforded
by control (Christianson et al., 2014). Although these pharmacological
manipulations were not conducted in a pathway-specific manner, a
recent study by Shansky et al. (2019) showed that ES, but not physically
identical IS, selectively increased structural changes to dendritic spines
on DRN-projecting pyramidal neurons in the mPFC (Baratta et al.,
2019). Increases in spine size have been associated with larger
post-synaptic densities and increased synaptic efficacy (Bourne and
Harris, 2007; Kasai et al., 2003; Matsuzaki et al., 2004). Thus, these
latter findings may implicate a mechanism whereby ES enhances
mPFC-DRN circuit function through structural modifications at axo-
spinous synapses afferent to this circuit that enable future increases in
activity to promote stress resistance. Nevertheless, it remains to be
determined whether dendritic prefrontal spine changes are causally
linked to the generalized resistance produced by control, and the
emergence of new genetic tools such as photoactivatable Racl may
allow for the direct testing of this idea (Hayashi-Takagi et al., 2015;
Moda-Sava et al., 2019).

While behavioral control leads to stress resistance/resilience by
engaging top-down mPFC inhibitory control over the DRN, not all stress-
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protective factors operate through a similar mechanism (Christianson
and Greenwood, 2014). For instance, the predictability of stressor
occurrence has been argued as key in modifying an organism’s response
to stressors (Minor, 1990; Weiss, 1970) and indeed, the provision of
safety cues that predict a shock-free period prevents a number of
IS-induced behaviors. That is, providing rats with a cessation signal at
the termination of each of a series of uncontrollable tailshocks re-
capitulates the acute protection afforded by ES (Christianson et al.,
2012; Jackson and Minor, 1988; Maier and Keith, 1987; Weiss, 1971).
As discussed above, mPFC activation is required for behavioral control
to prevent the exaggerated threat responding and social avoidance
produced by tailshock. It follows then that the threat-reducing effects of
a safety cue that signals the absence of the US (tailshock) might also
depend on the mPFC. Despite the similarity in behavioral outcomes,
inactivation of the mPFC does not alter the ability of safety cues to blunt
the impact of IS (Christianson et al., 2008a). Even more surprising,
safety cues do not inhibit IS-induced DRN 5-HT activity. Thus behavioral
control and safety cues involve separate distinct neural substrates for
buffering against IS-induced outcomes. Subsequent studies directed at
understanding safety cue operation have identified the posterior insula
and extended amygdala as critical (Christianson et al., 2008a, 2011). An
open question, and one of clinical significance, is whether safety
learning during inescapable stress produces plasticity within the
insula-extended amygdala circuit and whether an experience with safety
learning provides a similar long-term protection against future adverse
events (transsituational, transstimulus) that is observed with behavioral
control.

4.3. Behavioral control provides resistance against threat-related
processes

Another unresolved issue is identifying what, if any, functional di-
mensions tether the initial coping experience with future adversity. As
mentioned, behavioral control not only buffers against later inescapable
tailshock, but also against other stressors that don’t involve the use of
tailshock (e.g., social defeat). It may be the case that mPFC activity
during behavioral control becomes associated with something common
to adverse experiences, such that later exposure to adversity now biases
the mPFC towards activation. Situations that individuals appraise as
threatening are often accompanied by the emotions of fear and/or
anxiety. Thus, controllable stress may provide general protection
because it alters how the mPFC responds to circumstances that induce
these states. If this were true, then controllable stress should impact later
fear conditioning and/or extinction.

To examine the impact of stressor controllability, ES, yoked IS, and
No Stress control rats were exposed one week later to fear conditioning,
followed by testing 24 h later (Baratta et al., 2007). Freezing was
measured both to the conditioning context and to the tone (presented in
a novel context) that had been paired with shock. As expected, prior IS
potentiated fear conditioning to both the context and tone. This is
similar to prior reports in which stressor exposure (always uncontrol-
lable) before fear conditioning enhances the level of conditioning that
occurs (Baratta et al., 2016; Rau et al., 2005). However, the pattern of
freezing behavior was the opposite in ES subjects. Providing a control-
ling response over the stressor (ES) not only prevented the
stress-induced facilitation of fear conditioning, but rather it actually
reduced conditioned responding to both the context and the tone. That
is, ES freezing levels were significantly lower than No Stress controls,
suggesting an active process present in ES, but not IS or No Stress groups.
Moreover, in a subsequent study, ES accelerated the later extinction of
conditioned responding. In this case, stress treatment was given after
fear conditioning to ensure that the initial level of conditioning to a
given context was similar between all three groups (ES, IS, and No
Stress). Therefore, any group differences in the rate of between-session
extinction can only be attributed to a difference in extinction/ex-
pression and not the acquisition of the fear association. Dramatically,
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exposure to ES between fear conditioning and extinction also reduced
spontaneous recovery assessed two weeks after extinction (or 24 days
after the initial ES experience). A number of pharmacotherapies have
been developed with the goal of reducing fear learning or promoting
extinction (Davis, 2002; Mataix-Cols et al., 2017; Rodriguez-Romaguera
etal., 2009), but little effort has been directed at understanding whether
experiential factors might do this, and if so what their mechanisms of
operation would be. Thus, these findings are important, as they define
an adverse event, behavioral control over a potent stressor, which pro-
duces long-lasting acceleration and permanence of extinction.

Although ES reduced the number of sessions required to reach the
extinction criterion, this effect did not result from an acceleration of the
learning that occurs during the extinction process. Rather, freezing
levels of the ES group were already significantly reduced by the second
minute of the first extinction session, a time point that would be too soon
for the animal to learn that the context no longer predicted footshock.
One interpretation is that ES simply impacts the expression of the con-
ditional response instead of accelerating new inhibitory learning. Thus,
the strength of the context-footshock association may not differ in ES
subjects, rather the level of behavioral expression (freezing) that such an
association would normally produce is blunted.

Neurobiological evidence suggests that ES may alter future responses
to stimuli that elicit amygdala-dependent conditioned responses via
engagement of the IL (Baratta et al., 2008). This was tested by selective
pharmacological inactivation of the IL during each of the experimental
phases in which subjects first received ES, IS, or No Stress (Time A),
followed by contextual fear conditioning one week later (Time B), and
then tested for the level of conditioning to the context 24 h later (Time
C). Intra-IL muscimol (GABA4 agonist) prior to ES (Time A) blocked the
reduction of later conditional responding that is produced by an expe-
rience of ES. Interestingly, intra-IL muscimol administered before fear
conditioning (Time B) did not prevent the ES-induced reduction in
freezing, nor did it have an impact in IS or No Stress subjects. However,
IL inactivation during re-exposure to the conditioned context (Time C)
eliminated the reduction in freezing in ES subjects and now ES subjects
exhibited a level of responding similar to IS subjects. Together this
suggests that the experience of control reduces the expression of
conditioned fear rather than the development of the CS-US association.
Thus, it would appear that experiencing control over an aversive stim-
ulus alters the IL in such a way that it is later activated under conditions
that produce fear, leading to top-down inhibition of its expression. The
data also suggest that experiential factors may impact threat-related
processes through modulation of mechanisms central to the expression
rather than acquisition of fear associations.

In conclusion, the experience of control over tailshock produces a
type of stress resilience that generalizes beyond the ES context (trans-
situational) and beyond protection of outcomes that follow tailshock
(transstimulus). With regard to coping, behavioral control alters how the
mPFC responds to future threat, thus changing the behavioral response
of the organism to adversity, perhaps biasing engagement of more active
than passive behaviors. The experiments involving controllability sug-
gest resilience recruits unique mechanisms that are not simply the
opposite of the mechanisms that promote vulnerability (Box 1).

5. Conclusions and future directions

In this review we have provided an overview of the neural systems
regulating responses to threat and stress, through the lens of how pre-
dictability and controllability differentially recruit and modulate activ-
ity in these systems. Much of our review hones in on extinction and
safety conditioning, two strong processes for suppressing threat
responding that act through distinct (yet overlapping) mechanisms.
Notably, extinction and safety conditioning differ in the means by which
they come to predict the relative absence of threat. Extinction occurs
through repeated non-reinforced presentations of a previously condi-
tioned threat cue. As a result, a single CS can strongly predict both the
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Box 1
Key terms and abbreviations:

Threat: An aversive outcome.

present environment.

periaqueductal gray.

Threat-associated cue: A stimulus that has come to predict a threat through associative learning processes.
Threat responding: Behavior elicited in anticipation of encountering a threat. Often elicited in the presence of a threat-associated cue.

Threat response regulation: The process of calibrating a threat response based on calculations of the likelihood of encountering a threat in the

Predictability: The strength of the relationship between a stimulus and a threat (i.e. an aversive outcome).
Controllability: An individual’s ability to perceive or exert actual control over some aspect of an adverse event.

5-HT, serotonin; 5-HT1A, serotonin 1A receptor; AMPAR, a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors; AP5, 2-amino-5-
phosphonovaleric acid; BA, basal nucleus of the amygdala; BLA, basolateral nucleus of the amygdala; BMA, basomedial nucleus of the
amygdala; BNST, bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; CS, conditional stimulus; DRN, dorsal raphe nucleus;
ERK, extracellular signal-regulated kinase; ES, escapable tailshock; GABA, y-aminobutryic acid; HPA, hypothalamic—pituitary—adrenal; IL,
infralimbic cortex; IS, inescapable tailshock; ITC, intercalated cells of the amygdala; LA, lateral nucleus of the amygdala; MAPK, mitogen-
activated protein kinase; mPFC, medial prefrontal cortex; NMDAR, N-methyl-p-aspartate receptor; PAG, periaqueductal gray; PFC, prefrontal
cortex; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; PL, prelimbic cortex; PND, postnatal day; PTSD, post-traumatic stress dis-
order; PVT, paraventricular nucleus of the thalamus; SEFL, stress-enhanced fear learning; US, unconditional stimulus; vIPAG, ventrolateral

presence or absence of threat. Previous research has considered context
and time (Bouton, 1993; Goode and Maren, 2014) as two factors with
large roles in determining which predictive relationship will be at the
forefront. On the other hand, many instances of safety conditioning
occur when two distinct stimuli are encountered at the same time, one
strongly predicting threat, and the other strongly predicting the absence
of threat. The predictability of threat in this case comes from contrasting
the two cues during discriminative conditioning. As an important note,
safety conditioning can also occur following discriminative conditioning
between a safety cue and an aversive context rather than a cue. Unlike
an extinguished CS, the ability of a safety cue to suppress behavior
should not be influenced by context, and some researchers have seen an
extension of the response-suppressing properties to include a reduction
in depressive- and anxiety-like phenotypes (Pollak et al., 2008). How-
ever, few studies to date have directly investigated the impact of context
or the passage of time for safety conditioning in the realm of threat
response regulation.

A variety of factors in an organism’s experience, including context,
relative recency of the associative learning, and environmental points of
comparison (e.g., other conditioned stimuli) likely mediate when and to
what extent distinct neural circuits are engaged. Across our discussion of
threat response regulation in naive animals, as well as the impacts of
stress exposure and its controllability on threat responding, the mPFC
emerged as a key player in each area. It may be that recruitment of the
mPFC, and particularly the IL, requires a degree of certainty with regard
to the probability of encountering a threat. This is in line with findings
linking hypoactivity within the mPFC with emotion dysregulation in
both animal (reviewed in Gilmartin et al., 2014) and human (reviewed
in Mochcovitch et al., 2014) studies. More efforts are needed, though, to
tease apart the role of mPFC activity to various stages of threat response
regulation in both predictable and unpredictable conditions.

Individual variability in threat prediction and coping capacity are
common endophenotypes of psychopathologies including anxiety and
PTSD. Furthermore, training in threat response regulation is a key
feature of exposure therapy, a component of cognitive-behavioral
therapy commonly used for treating both anxiety and PTSD. Cognitive
therapy aims to provide the individual with tools to buffer against
negative thoughts and affect and to evaluate their accuracy. Thus, a
precise understanding of the mechanisms of cognitive therapy could
potentially guide treatment selection and lead to improved outcomes
and protection against relapse. In this review we discussed evidence that
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control over a stressful experience (escapable shock) may actually
confer resilience during later stressful experiences (e.g., Baratta et al.,
2007). Additional work of this kind will be critical to optimizing treat-
ments for psychiatric disease, particularly through behavioral
intervention.

Furthermore, understanding the circumstances under which extinc-
tion, safety conditioning, or other methods of threat response regulation
are most efficacious could inform different clinical situations in which
each may show the greatest benefit. Greater insight into this issue will be
gained from identifying the neural circuitry underlying extinction or
safety conditioning, as different individuals may exhibit elevated or
reduced baseline functional activity in some circuits relative to others.
Recent work has also considered development as a key determinant of
the relative efficacy of extinction or safety conditioning. For example,
whereas limitations with extinction learning and later recall have been
found during adolescence (Baker et al., 2014; Gerhard et al., 2020;
Pattwell et al., 2013), safety conditioning may provide an opportunity to
circumvent these limitations and provide an effective means of threat
response regulation (Odriozola and Gee, 2020). Work in this area has
highlighted the idea that neural systems contributing to safety condi-
tioning develop on a more rapid trajectory than systems contributing to
extinction (Odriozola and Gee, 2020). Moreover, there appear to be
potential sex differences between extinction and safety conditioning,
although substantial additional work is needed in this area (Shansky,
2015).

In sum, calibrating threat responding is adaptive. It allows an or-
ganism to walk the line between complete protection from harm and the
acceptance of a small amount of risk in the execution of goal-directed
behaviors. Any disruption to an organism’s ability to calibrate appro-
priately can have detrimental consequences. In line with this, the rela-
tionship between perturbations in threat and stress response regulation
and psychiatric disease is an area of immense focus. Understanding the
circuitry that mediates threat responding in different situations is crit-
ical to understanding the causes and course of psychiatric disease, as
well as developing circuit-informed treatments (e.g., Morrison and
Ressler, 2014).
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