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Abstract

Extreme stress can cause long-lasting changes in affective behavior manifesting in conditions such
as post-traumatic stress disorder (PTSD). Understanding the biological mechanisms that govern
trauma-induced behavioral dysregulation requires reliable and rigorous pre-clinical models that
recapitulate multiple facets of this complex disease. For decades, Pavlovian fear conditioning has
been a dominant paradigm for studying the effects of trauma through an associative learning
framework. However, severe stress also causes long-lasting nonassociative fear sensitization,
which is often overlooked in Pavlovian fear conditioning studies. This paper synthesizes recent
research on the stress-enhanced fear learning (SEFL) paradigm, a valuable rodent model that

can dissociate associative and nonassociative effects of stress. We discuss evidence that the
SEFL paradigm produces nonassociative fear sensitization that is distinguishable from Pavlovian
fear conditioning. We also discuss key biological variables, such as age and sex, neural circuit
mechanisms, and crucial gaps in knowledge. We argue that nonassociative fear sensitization
deserves more attention within current PTSD models and that SEFL provides a valuable
complement to Pavlovian conditioning research on trauma-related pathology.
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Introduction:

Stressful experiences are common in every daily life, and most people will undergo at least
one traumatic event throughout their lifetime (as defined by DSM-5 criteria) (Kilpatrick

et al., 2013). Although stress-associated fear responses are natural emotional reactions

that protect us from imminent danger, exposure to extreme stress sometimes leads to
pathological states where fear and anxiety are excessive and inappropriate to a given cue or
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reminder. PTSD patients, for instance, exhibit sustained (>30 days) multimodal dysfunctions
in cognition, attention, and information processing after exposure to extremely traumatic
experiences such as assault, accident, natural disaster, or combat, with core symptoms
including re-experiencing of trauma, avoidance, and hyperarousal. PTSD is highly prevalent
among American adults, with around 12 million cases per year, with women at two times
higher risk than men (National Institute of Health) and an estimated 20-30% prevalence
among returning war veterans (US Department of Veterans Affairs), with a substantial
economic burden associated with healthcare costs and lost wages. Although efforts to
uncover neurobiological mechanisms by which severe stress leads to debilitating symptoms
of PTSD have been ongoing for years, current treatments have limited effectiveness, and
there is a need for additional therapeutic strategies to address the full range of PTSD
symptoms.

Mechanisms and treatments of PTSD have commonly been investigated in rodents using
Pavlovian fear conditioning, in which animals receive pairings between a neutral cue or
context (Conditioned stimulus, CS) and a painful footshock (Unconditioned stimulus, US).
Upon re-exposure to the cue or context paired with the US, animals exhibit conditioned
fear responses, suggesting that they have formed an association between the CS and the
US. Studies employing Pavlovian fear conditioning have yielded many important insights
about the neural mechanisms of fear learning and psychological processes—such as fear
acquisition, generalization, and extinction—that are often perturbed in PTSD.

A central theme of the present review is that fear learning relevant to PTSD also occurs

via a second mechanism often overlooked in Pavlovian fear conditioning studies: fear
sensitization, which we define as a nonassociative enhancement of defensive responding.
Fear sensitization is nonassociative because it does not depend on a CS and US association.
A classic example of fear sensitization is provided in Kandel’s studies in an invertebrate, the
Aplysia (Pinsker et al., 1973). Kandel and colleagues observed that repeated shocks applied
to the siphon of Aplysia caused a long-term enhancement of the defensive gill withdrawal
response. Importantly, the enhancement did not require pairings between a CS and US;
repeated delivery of the US (shock) alone was sufficient to induce long-term sensitization.
Furthermore, the enhancement of the gill withdrawal response was general in the sense

that a variety of different stimuli could elicit it. While much is known about the neural
mechanisms of associative fear conditioning, the mechanisms of mammalian nonassociative
fear sensitization is just beginning to be unraveled.

This review will focus on a robust rodent model of fear sensitization that is beginning to
provide important insights into the mechanisms through which stress exposure can cause
long-lasting enhancements in defensive responding and fear learning. Originally developed
by Michael Fanselow and colleagues (Rau et al., 2005), stress-enhanced fear learning
(SEFL) was designed to examine fear sensitization and has now evolved to model aspects of
PTSD. SEFL procedures typically consist of 3 sessions (Fig 1). In the first session, rodents
are exposed to a stressor, usually a footshock, in a conditioning chamber, which we will

call Context A. In the second session, subjects receive mild contextual fear conditioning in
a different conditioning chamber (Context B) that typically consists of a single footshock
presentation. Finally, in the third session, freezing to Context B is tested. The typical
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effect is that stress exposure on the first day enhances subsequent fear conditioning to
Context B. As will be discussed below, available evidence suggests that this enhancement
of fear conditioning is nonassociative and does not require the formation nor retrieval of an
associative fear memory resulting from stress exposure.

The term “stress-enhanced fear learning” is now used in a variety of ways throughout the
literature to describe the original behavioral paradigm, its outcome, or any occurrence of
increased fear conditioning resulting from some form of stress. To avoid confusion, we will
use the term “SEFL procedure” to refer to the behavioral paradigm developed by Fanselow
and colleagues as summarized above. We will use the abbreviation “SEFL” to refer to the
behavioral outcome of enhanced fear learning. Other behavioral phenotypes induced by the
SEFL procedure will also be described.

Although there is extensive literature on stress effects on fear, anxiety and related behaviors,
this review will focus primarily on studies that employed the SEFL procedure. We focus

on this SEFL procedure because of our interest in addressing nonassociative mechanisms
and because of strong evidence (discussed in subsequent sections) that this procedure
differentiates associative and nonassociative consequences of stress. In contrast, these
processes are often challenging to dissociate in other stress paradigms. While we recognize
that other animal models of stress can enhance fear learning, it is often unknown whether
this enhancement is nonassociative in nature. Moreover, there exist excellent reviews
broadly examining the influence of stress on affective behavior and fear learning (Aubry

et al., 2016; Bangasser & Shors, 2010; Musazzi et al., 2018; Raio & Phelps, 2015).

The goal of this review is to highlight recent progress on the SEFL procedure and

address the following key questions: (1) What is the evidence that SEFL can be used to
distinguish the associative and nonassociative contributions of stress? (2) What are the
neural mechanisms through which footshock stress enhances future fear learning? And (3) to
what extent can SEFL be considered a model of PTSD symptoms?

The SEFL procedure

In SEFL, exposure to traumatic stress enhances future fear responses, as measured by
Pavlovian fear conditioning to a novel context. SEFL was first demonstrated in studies
showing that a history of prior footshocks in a novel context led to enhanced fear
conditioning in a different context (Fanselow & Bolles, 1979). The modern SEFL procedure
occurs in a fear conditioning apparatus, where mice or rats are given a series of footshocks
during a single session for stress induction or “trauma” in Context A (Rajbhandari et al.,
2018). This stress group is run alongside a non-stress control group that receives Context

A exposure alone. One day or more following the stress session, all groups are given a
single footshock in a novel context, termed Context B, where the layout, flooring, scent,
lighting, and transport are different from Context A. On the third day, rodents receive a

test of conditioned fear in Context B. Rodents that received prior footshock stress show
significantly higher levels of conditioned fear to Context B than the non-stress control group,
as measured by freezing response. This enhanced or sensitized fear learning is long-lasting:
The SEFL effect has been observed when the latency between Context A stress and Context
B conditioning is as long as 90 days. One of the advantages of SEFL over other stress
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procedures is that footshock provides a form of stress that is well-defined, temporally
discrete, and can be varied parametrically by the experimenter. In rat studies, using 15
footshocks produces robust SEFL, with almost 92% of rats showing subsequent fear learning
enhancement. When stress intensity is reduced by decreasing the number of footshocks to 4
or 5, SEFL exhibits a pronounced bimodal distribution, allowing stress susceptibility factors
to be investigated (Gonzalez et al., 2021).

Multifaceted Nature of SEFL

Exposure to stress is believed to induce both associative and nonassociative learning. For
instance, during stress exposure in Context A, rodents likely acquire associative fear of
Context A. At the same time, this initial stress exposure may alter defensive responses in a
nonassociative manner, thereby enhancing fear responses to cues or contexts not associated
with the original context A. In this section, we evaluate evidence that these enhanced fear
responses reflect nonassociative learning rather than associative.

Potential Associative Accounts of SEFL—Associative accounts of SEFL assume that
exposure to repeated footshock stress establishes an associative contextual fear memory
that may be partially retrieved during subsequent fear conditioning in a novel context.

There are two mechanisms through which this partial retrieval could enhance fear learning:
generalization between the stress and novel context or an update in the CS-US associative
value.

According to the generalization account, SEFL reflects the summation between associative
fear generalized from the stress context and de novo fear conditioning in the new

context. While multiple-shock fear conditioning like that used in SEFL produces significant
generalized fear (Poulos et al., 2016a), there are several reasons to discount the
generalization account. First, the extinction of context fear to the stress context does not
mitigate the sensitization of fear to a novel context (Hassien et al., 2020; Long & Fanselow,
2012; Rau et al., 2005). Moreover, the resulting associative memory of stress induction

is required for neither the induction nor maintenance of SEFL. Enhanced fear learning
persists even after pharmacological disruption of the original associative memory of the
stress context via NMDA antagonism or when stress occurs in early life and no associative
context fear memory is established (Poulos et al., 2014; Rau et al., 2005). Furthermore,

if SEFL resulted simply from the summation of total associative fear, then SEFL should

be observed even when the order of the SEFL procedure is reversed, such that 1-shock
conditioning (in Context B) precedes footshock stress (in Context A). However, the SEFL
effect is not observed under this condition (Rau et al., 2005), indicating that summation of
associative strengths between contexts A and B is not sufficient to generate a SEFL-like
effect.

Another potential interpretation of SEFL is that exposure to repeated footshock stress
could inflate the remembered value (intensity) of the shock US (Rescorla, 1974), thereby
enhancing the expression of fear in Context B. US inflation is observed when a CS is
paired with a weak footshock and followed (or preceded by) a series of strong unsignaled
footshocks, resulting now in the CS eliciting greater fear. If SEFL simply reflected US
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inflation, then SEFL should not be observed when the footshock stress and 1-shock
conditioning US are of the same intensity. However, the standard use of a single shock
intensity for stress induction in Context A and 1-shock conditioning in Context B produces
the hallmark SEFL effect (Rau et al., 2005). Collectively, this evidence diminishes the
potential role of generalization of “trauma” memory or revaluation of the US as mechanisms
explaining the SEFL effect.

A related interpretation is that SEFL reflects integration of the original stress context-shock
associative memory with a new context-shock association. This interpretation is supported
by evidence that even weak footshock can enhance the effects of prior context fear
conditioning (Ferrara et al., 2019; Poulos et al., 2015), perhaps through reconsolidation-
dependent modification of the original stress memory. In addition, Jarome et al. (2015)
showed that novel contexts have a greater ability than previously conditioned contexts to
drive the reconsolidation of memory for an auditory cue-footshock association, raising the
possibility that exposure to shock in Context B could reactivate the Context A memory
through a shared shock representation, leading to memory updating in the group that
received prior shock. However, this interpretation is unlikely, given that preventing the
formation of original associative memory fails to preclude the stress-enhancement of fear
learning (Rau et al. 2005).

Parallels between SEFL and other forms of sensitization—Groves and Thompson
characterized sensitization as part of a dual-process account of habituation, where repeated
presentations of a strong stimulus can promote a nonassociative short- (minutes-hours) and
long-term (weeks) increase in responding to the same or different stimulus modality when
applied to identical or distinct bodily locations (Groves & Thompson, 1970)(Groves &
Thompson, 1970). Kandel and associates, in several elegant studies in Aplysia, characterized
the parameters that promote the long-term sensitization of the gill-withdrawal reflex
(Kandel, 2001). When viewed through the lens of sensitization, two key predictions about
SEFL can be made: 1) the induction and persistence of stress-enhanced fear learning should
be shock intensity- and number-dependent (Dijken et al., 1992; Frost et al., 1985; Pinsker
etal., 1973); 2) stimuli different from those used in stress induction should be capable of
eliciting a sensitized reaction (Thompson & Spencer, 1966).

It is well-established in Aplysia that the number and intensity of tail shocks modulate

the induction of short- and long-term sensitization (Hawkins et al., 2006; Kandel, 2001;
Pinsker et al., 1973). For example, a single tail shock of intermediate or strong intensity
can induce short-term sensitization, which persists from minutes to an hour (Marcus et

al., 1988), while a single session of 4 tail shocks (intermediate intensity) can produce
sensitization that persists for 24 hrs. Conversely, four sessions of 4 tail shocks can result in
a long-term sensitization that can persist across several days (Frost et al., 1985). Consistent
with sensitization in Aplysia, early work on SEFL in rodents identified that a single session
of 4 or 15, but not one footshock, can promote a long-lasting enhancement of fear learning
when measured 3 days later (Rau & Fanselow, 2009). Furthermore, Rau and Fanselow
(2009), using a 15-footshock stress induction procedure with shocks set to ImA, found
SEFL to persist unabatedly across a 3-month interval. The use of a more intense footshock
(1.2 mA) has been reported to produce the SEFL effect with a single footshock, but
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this effect appears to weaken after 4 weeks (Poulos et al., 2016b). More recent work by
Gonzalez et al (2021) found that a 4-footshock stress induction procedure set at 1 mA in
rats led to patterns of fear learning that followed a bimodal distribution, where nearly half
of all subjects failed to exhibit SEFL. In this same study, nearly all subjects that underwent
a 15-footshock procedure exhibited SEFL. Further parametric analysis of footshock stress
intensity in both rats and mice is warranted and may extend our understanding of the
long-term nonassociative nature of SEFL.

A second feature of sensitization is that it is stimulus-general. Early work described
sensitization as the dishabituation of a previously habituated response, resulting from a
strong or distinct stimulus presentation (Thompson & Spencer, 1966). However, it is now
recognized that the dishabituation effect is simply an instance of sensitization elicited by a
distinct robust stimulus (Groves & Thompson, 1970). Pre-exposure to repeated footshock
sensitizes fear responding to future footshock and potentiates responding to other strong
stimuli. For example, footshock stress also potentiates freezing to high decibel tone and
white noise stimuli (Hassien et al., 2020; Perusini et al., 2016) and enhances reactivity to
white noise in the stress context (Hoffman et al., 2022).

The above findings support the conclusion that the enhancement of fear learning caused

by prior footshock stress reflects nonassociative sensitization. However, enhancing fear
learning is just one of numerous consequences of footshock stress exposure. Whether these
other related consequences of stress reflect associative or nonassociative learning remains

to be determined. For instance, the induction of SEFL with repeated footshocks, like other
stress procedures, can promote short- and long-term changes in anxiety- and depressive-like
phenotypes. Perusini and colleagues (2016) demonstrated that SEFL induction in rats could
produce an anxiety-like change in exploratory behaviors in a modified open field (Perusini et
al., 2016). Interestingly, Hassien et al (2020) showed in mice that SEFL induction decreased
locomotion in the open field, an effect that was abolished by the extinction of conditioned
fear to the stress induction context and suggested that this stress-enhanced anxiety-like
behavior is mediated by associative memory related to the stress context. However, while the
above results were obtained in adult stressed animals, infant stressed rats exhibit long-lasting
increases in the elevated plus maze as adults even in the absence of the stress induction
memory, suggesting nonassociative contributions (Poulos et al., 2014).

Further parametric analysis of the effects of footshock stress intensity in both rats and

mice is warranted and may extend the current understanding of the nonassociative nature of
SEFL. For instance, varying the intensity or number of footshocks during stress induction
could dissociate potential short-term versus long-term SEFL effects. Indeed, as briefly
mentioned above, a recent study showed that using 4 instead of 15 shocks reveals variations
in resiliency/susceptibility to the development of SEFL, anxiety-like behavior, and alcohol
intake (Gonzalez et al., 2021).

Sex differences and SEFL

As mentioned previously, stress- and trauma-related disorders like PTSD are more common
in women than men, yet most studies of SEFL have focused on adult male rats and mice.
This is particularly interesting because the initial evidence for SEFL was generated in adult
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female rats (Fanselow & Bolles, 1979). To date, only a few studies have compared SEFL
between adult male and female rodents. In one study, while no sex differences in fear
sensitization were evident, the study replicated well-established sex differences in context
fear conditioning, whereby males exhibit greater context fear learning than females (Hassien
et al., 2020). Subsequently, Gonzalez et al (2021) reported that male and female rats show
similar levels of stress susceptibility in SEFL. Hassien et al. (2020), in mice, failed to find
evidence of a sex difference in SEFL. Still, they identified in unstressed mice that females
exhibit greater nonassociative freezing to a novel robust tone than males (Hassien et al.,
2020). The absence of a sex difference in SEFL suggests the possibility that sex differences
in PTSD prevalence may be unrelated to nonassociative fear sensitization. However, it is
important to recognize that only a small portion of the SEFL parameter space has been
explored to date. Further parametric manipulation of features such as shock intensity,
shock number, predictability, and testing interval may yield additional information on sex
differences in the rodent models.

Developmental Aspects of SEFL

The developmental status of subjects may confer another biological variable of importance
in SEFL. The effects of early-life stress are well-documented and can produce life-long
alterations in PTSD-related behaviors (Binder et al., 2008; Pratchett & Yehuda, 2011). In
the rat, associative aversive memories between olfactory and shock stimuli emerge early

in infancy at approximately 10 days of age (Sullivan et al., 2000), while context fear
learning does not generally emerge until weaning or >21 days of age (Rudy & Morledge,
1994; Santarelli et al., 2018). Given the specific ontogenic timeline of fear conditioning,
important insights may be identified by determining the developmental emergence of SEFL.
To date, only a handful of studies have addressed how SEFL manifests in infant, juvenile,
and adolescent rodents (Poulos et al., 2014; Quinn et al., 2013). One study revealed that
footshock stress in infant male rats produces long-lasting fear sensitization, increased
anxiety-like behavior, and disruption of circadian-controlled corticosterone levels that
persist into adulthood (Poulos et al., 2014). Similarly, Quinn et. al. demonstrated that fear
sensitization that persists into adulthood emerges as early as infancy and pre-adolescence
(Quinn et al., 2013) Lastly, adult mice that develop fear sensitization following infantile
footshock stress do not exhibit alterations in object recognition, reversal, and discrimination
learning, suggesting that infantile trauma does not broadly influence hippocampal- and
striatal-dependent tasks but may be restricted to amygdala-related processes (Sneddon

et al., 2021). Collectively, these findings reveal that stress exposure during infancy can
promote long-lasting adult fear sensitization. Still, to what extent SEFL sensitivity varies
across developmental stages remains to be established. Future studies could shed light
upon potential sensitive periods for the induction and persistence of SEFL throughout
development.

Hormonal outcomes in SEFL

Exposure to a threat, such as during stress induction, can induce a cascade of highly
conserved biological processes that facilitate physiological and behavioral adaptation
to threat (Joéls & Baram, 2009). This process, referred to as the stress response, is
achieved through the coordinated actions of multiple physiological systems interacting
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with many bodily organs, including the brain (McEwen et al., 2015). Upon encountering

a physical stressor, such as footshock, or a psychological stressor, such as a Pavlovian

CS, can activate the adrenal glands and engage the autonomic and central nervous

system to support adaptive behavioral responses and mental states, such as defensive
behavior and cognitive arousal. Stress responses involve the sequential release of hormones
corticotrophin-releasing factor (CRF) and adrenocorticotrophic hormone (ACTH) and
parallel release of norepinephrine that in turn alter the sympathetic tone, arousal, and
peripheral release of other neuromodulators (Sapolsky et al., 2000).

In addition, stress exposure induces secretion of glucocorticoid (GC) stress hormones that
exert genomic and non-genomic influence on cellular homeostasis primarily through low
affinity glucocorticoid receptors (GR) and high affinity mineralocorticoid receptors (MR)
(Reul & Kloet, 1986). Within the brain, GRs are highly expressed in limbic regions. Their
activation supports a wide range of essential functions, including learning and memory,
emotional processing, neuronal recovery following injury, and termination of the HPA-axis
response via a negative feedback loop (Kloet & Reul, 1987; McEwen et al., 2015; Meaney et
al., 1985).

Perusini and colleagues examined the role of glucocorticoid stress hormones in SEFL
(Perusini et al., 2016). The authors systemically attenuated the endogenous synthesis

of corticosterone (CORT) via the administration of metyrapone in rats undergoing
footshock stress. Metyrapone dose-dependently reduced SEFL and associative fear memory
to the stress context. Thus, CORT synthesis is necessary for both the associative

and nonassociative consequences of stress evident in this model. Interestingly, the co-
administration of metyrapone and exogenous CORT prior to footshock stress restored SEFL
but failed to restore associative fear memory to the stress context. This dissociation suggests
that CORT influences associative and nonassociative fear through distinct neural pathways.
In addition, administration of CORT in the absence of footshock stress is not sufficient to
produce SEFL, indicating that additional mechanisms activated by stress interact with CORT
to induce sensitization.

A large body of evidence suggests that exposure to intense chronic or acute stressors causes
prolonged sensitization of HPA-axis responses to subsequent novel (heterotypic) threats
(Armario et al., 2009; Sabban & Serova, 2009). Given that adrenalectomy attenuates while
administration of CORT facilitates Pavlovian fear conditioning, one attractive possibility

is that SEFL is mediated by increased CORT secretion during post-stress induction
(Monsey et al., 2014; Pugh et al., 1997). However, Perusini and colleagues reported

that administration of metyrapone to stressed animals prior to conditioning in a novel
context or a context fear test session failed to attenuate SEFL (Perusini et al., 2016).

In addition, blood plasma CORT levels measured immediately after the context fear test
session in the single-shocked context yielded no significant differences between stressed
and unstressed animals, despite differences in freezing behavior. These results corroborate
previous reports showing that administration of metyrapone during fear conditioning fails to
prevent enhanced fear learning that is typically observed in chronically stressed rat (Kulp et
al., 2020). Furthermore, evidence suggests that stress-induced sensitization of the HPA-axis
progressively declines over 1 to 2 weeks and is an unlikely mediator of SEFL, which
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persists unabated for a minimum of 90 days (Belda et al., 2008). These findings suggest
that sensitization of CORT responses and enhanced fear learning following stress are likely
parallel but independent processes.

Toward a neural circuit understanding of SEFL

Given that maladaptive enhancement of fear learning is the primary behavioral phenotype
in the SEFL model and that a great deal is known about the neural circuits underlying
associative fear learning, it should not be surprising that studies on the neural mechanisms of
SEFL have focused largely on brain regions known to mediate associative fear conditioning
—namely the amygdala, hippocampus, and prefrontal cortex (PFC). Thus, we will use this
associative fear network as a framework to discuss and review brain mechanisms of fear
sensitization. While a comprehensive examination of the neurobiology of fear conditioning
is beyond the scope of this review, many excellent reviews are available (Fanselow &
Wassum, 2016; Krabbe et al., 2017; LeDoux, 2000; Maren, 2001). Here, we briefly review
the roles of amygdala, hippocampus, and PFC in associative fear learning and discuss how
these regions may contribute to SEFL.

Basolateral amygdala—The BLA is often considered to be where CS-US associations
are formed in Pavlovian fear conditioning (Romanski et al., 1993). This notion is supported
by evidence that lesion or reversible inactivation of BLA prior to conditioning impairs
contextual and cued fear learning (Maren, 1999b). Moreover, disruption of BLA plasticity
mechanisms (via administration of N-methyl D-aspartate (NMDA) receptor antagonist,
APV, or protein synthesis inhibitor, anisomycin) during fear conditioning prevents the
acquisition of CS-US fear associations (Goosens & Maren, 2004; Miserendino et al.,

1990; Nader et al., 2000). Based on these and other findings, the dominant framework for
associative fear learning asserts that synaptic connections between LA neurons and inputs
representing sensory stimuli are potentiated by pairings between a neutral CS and a strong
depolarizing US (Maren & Quirk, 2004). Because of these strengthened synapses, the CS,
which was previously neutral, acquires the ability to evoke LA neuronal depolarization and
conditioned fear responses (Maren, 1999a; Pape & Pare, 2010).

Although it is well established that the basolateral amygdala (BLA) is required for the
formation of associative fear memory, its role in the induction of nonassociative fear
sensitization by acute stress is less well-understood. Perusini and colleagues conducted a
series of experiments to evaluate the involvement of BLA circuitry in SEFL (Perusini et

al., 2016). The authors demonstrated that pharmacological inhibition of BLA during, but
not after, footshock stress prevented the induction of SEFL. Thus, BLA is essential for the
formation of both associative fear memory and nonassociative fear sensitization. Given that
long-term synaptic potentiation of the BLA is a model of associative fear memory and that
both are dependent on NMDA receptor function (Lee & Kim, 1998; Maren et al., 1996;
Pape & Pare, 2010), one prediction is that similar plasticity mechanisms are responsible for
the induction of nonassociative fear sensitization. However, systemic blockade of NMDA
receptors during footshock stress fails to prevent induction of SEFL (Rau et al., 2005),
whereas such blockade does impair associative fear conditioning (Maren et al., 1996).
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Additional experiments will be necessary to determine whether BLA or regions downstream
of BLA are the critical sites for induction and long-term maintenance of fear sensitization.

Having demonstrated that CORT and BLA activation during stress exposure are individually
necessary for SEFL induction (as discussed above), Perusini and colleagues next evaluated
the influence of stress hormones, specifically in BLA. They found that blockade of
amygdala glucocorticoid receptors during footshock stress prevented the induction of SEFL.
Glucocorticoids promote long-lasting changes in neurotransmission and plasticity via the
regulation of gene transcription (Gray et al., 2017; Weikum et al., 2017). To begin to probe
the structural mechanisms by which glucocorticoid actions in BLA facilitate induction of
fear sensitization, the authors examined glutamatergic receptor composition following SEFL
induction. Inhibition of CORT synthesis via administration of metyrapone prevented SEFL
and the upregulation of GIuA1 (AMPA) receptors in BLA. Interestingly, there were no
differences in the numbers of GluA2 (AMPA) or GIuN1 (NMDA) receptors. Based on the
findings, Perusini et al concluded that elevation of GIuAl in BLA is a candidate mechanism
by which glucocorticoids induce persistent states of fear sensitization as reflected in SEFL.
They further hypothesized that GIuA1 upregulation leads to increased BLA excitability that
primes synapses for enhanced plasticity in response to subsequent mild threats. However, the
causal significance of GIuA1 upregulation in SEFL has not been tested directly using gain-
or loss-of-function experiments. Furthermore, existing studies do not exclude the possibility
that GluA1 upregulation mediates associative fear learning rather than nonassociative
sensitization.

Indeed, multiple lines of evidence implicate GIuAL in amygdalar synaptic plasticity and
associative fear learning. Slice electrophysiology recordings from GluAl knockout mice
show that LTP is absent at thalamic and cortical inputs to the lateral (LA) and basal

(BA) subdivisions of BLA, suggesting that GIuA1 would be necessary for associative

fear learning, which involves these synapses (Humeau et al., 2007). Consistent with these
findings, genetic deletion of GIuAl causes fear memory deficits (Humeau et al., 2007), and
GluA1l gene expression and surface distribution are upregulated in the amygdala 24 hours
following fear conditioning (Mei et al., 2005; Yeh et al., 2006). Furthermore, Rumpel and
colleagues demonstrated that auditory fear conditioning mobilizes GluAl to LA neuronal
synapses and their incorporation into the membrane is necessary for fear conditioning to a
tone CS (Rumpel et al., 2005).

Although the precise role of GIuA1 and its upregulation in nonassociative fear sensitization
remains unclear, there is good evidence that hyperexcitability of BLA neurons mediates
stress-induced alterations in affective behavior and fear learning [for review see (Prager
et al., 2016; Sharp, 2017; X. Zhang et al., 2018)]. Excitation of BLA pyramidal neurons
drives the expression of defensive behavior, and this activity is regulated by a small
population of GABAergic interneurons that exert inhibitory control over these cells
(Ehrlich et al., 2009; Spampanato et al., 2011; Sun et al., 2020). The balance between
these excitatory and inhibitory populations is believed to modulate responses to threats.
Exposure to environmental stressors can induce long-term alterations in BLA circuitry
that alter the excitatory-inhibitory balance in favor of hyperexcitability (Kavushansky
& Richter-Levin, 2006; Rosenkranz et al., 2010; W. Zhang & Rosenkranz, 2012). For
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instance, acute immobilization stress leads to a progressive increase in BLA neuronal spine
density that positively correlates with the development of anxiety-like behavior (Mitra

et al., 2005). Furthermore, exposure to chronic stress enhances fear learning, impairs

fear extinction, increases glutamatergic, and reduces GABAergic transmission onto BLA
neurons (Chauveau et al., 2012; Kavushansky & Richter-Levin, 2006; Manzanares et al.,
2005). These findings have been thoroughly reviewed by Aubry and colleagues, who
outlined evidence for the role of GIuAL as a synaptic placeholder for GIuUA2 receptors

that are inserted during fear acquisition and are responsible for the long-term maintenance
of associative fear memory (Aubry et al., 2016) According to this model, the authors
hypothesize that stress-induced increases in GIuUA1 may facilitate the insertion of GIUA2,
and, in turn, enhance subsequent fear learning, consistent with the hypothesis of (Perusini et
al., 2016).

The findings above suggest changes in excitatory-inhibitory balance of the BLA as a
potential mechanism through which stress causes lasting enhancements in fear and other
threat responses. The extent to which such changes contribute to SEFL, and the mechanisms
of such changes, remain unclear. As hypothesized by Perusini et al, upregulation of GluAl
expression by stress could facilitate later fear learning. Still, the causal significance of
GIluA1l upregulation has not been directly tested in the context of SEFL. Future studies
might leverage viral-mediated overexpression or suppression to manipulate BLA GIuA1
levels.

Hippocampus—The hippocampal formation is responsible for the encoding,
consolidation, and retrieval of episodic, contextual, and spatial memories (Fanselow, 2010;
Gewirtz et al., 2000; Wiltgen, 2006). During Pavlovian fear conditioning, the hippocampus
is believed to generate multimodal contextual representations, which are signaled to BA via
ventral hippocampus (VHP) projections (Tovote et al., 2015). The integration of contextual
information and emotional valence that is required for contextual fear learning is thought to
occur downstream of the hippocampus in BLA (Fanselow, 2010). Accordingly, post-training
hippocampal lesions disrupt the expression of contextual but not auditory-cued fear memory
(J. J. Kimet al., 1993; J. J. Kim & Fanselow, 1992; Rudy & Morledge, 1994).

The hippocampus is particularly vulnerable to the effects of stress and is heavily

implicated in various stress-induced learning and behavioral changes. Numerous studies
have demonstrated that following stress, the hippocampus exhibits reduction in volume,
dendritic atrophy, pyramidal neuron spine loss, impaired LTP, and alterations in adult
neurogenesis (E. J. Kim et al., 2015; Krugers et al., 2010). These structural alterations have
been associated with functional impairments in hippocampal-dependent learning and spatial
navigation tasks (Conrad, 2010; Conrad et al., 2017). Interestingly, stress does not uniformly
disrupt all hippocampal-mediated functions. Select forms of aversive learning, including
contextual fear conditioning, are facilitated following exposure to stress (Conrad et al., 1999;
Hoffman et al., 2010; Sandi et al., 2001). Therefore, identifying the specific stress-induced
physiological alterations in the hippocampus that sensitize fear learning remains a central
question.
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A handful of studies have directly examined the role of the hippocampus in SEFL. Hersman
et al. demonstrated a role for stress-induced cholinergic activity in the induction of SEFL.
The authors report that dorsal hippocampus (dHP) infusion of muscarinic acetylcholine
(mAChR) receptor antagonist, scopolamine, prior to stress prevented the acquisition of
associative fear memory and sensitization of subsequent context fear learning (Hersman

et al., 2019). Notably, the same manipulation failed to block stress-enhanced fear learning
to tone, suggesting that dHP cholinergic signaling selectively modulates the contextual
component of SEFL. Based on previous findings from this group identifying BLA GIuAl
upregulation as a mechanism of fear sensitization, the authors propose that dHP mAChR
modulates context memory formation, whereas stress-induced alterations in BLA modulate
strength of the context-shock association. (J. J. Kim, 2005; J. J. Kim et al., 2001).

Additional evidence for the role of the hippocampus in SEFL is provided by experiments
implicating the pro-inflammatory cytokine interleukin-1R (IL-1) in the sensitizing effects

of footshock stress. Jones et al demonstrated that IL-18 is elevated in dHP 24-48 hours
following footshock stress, and pharmacological blockade of dHP IL-1 signaling 24 and
48 hours after stress attenuates sensitization of later context fear learning (Jones, Lebonville,
et al., 2018). Moreover, the authors identified astrocytes as the primary source of stress-
induced IL-1R signaling in dHP and found that chemogenetic inhibition of dHP astrocytes
during stress prevents the development of SEFL (Jones, Paniccia, et al., 2018). Based

on these studies, it cannot be determined whether stress-induced dHP IL-18 specifically
mediates enhanced contextual fear learning or is broadly involved in SEFL behavior because
cued fear conditioning was not assessed. Nonetheless, the findings suggest that interactions
between the immune system and hippocampus that occur during and after stress exposure
promote sensitization of contextual fear learning.

The studies reviewed in this section suggest that induction and maintenance of stress-
enhanced contextual fear learning depend on stress-induced dHP circuit alterations. An
alternative possibility is that the hippocampus directly mediates the sensitizing effects

of stress that extend beyond hippocampal-dependent learning and behavior. This idea is
consistent with the well-established role of the hippocampus in regulating the emotional and
physiological responses to stress. For example, acute stress has been shown to enhance
and impair cerebellar-dependent delay eyeblink conditioning in male and female rats
respectively, and this modulatory effect of stress on eyeblink conditioning is abolished by
hippocampal lesions (Bangasser & Shors, 2007). Importantly, learning was not affected
by hippocampal lesions, demonstrating that the hippocampus mediates stress-induced
alterations in this form of learning. Similarly, ablation of adult hippocampal neurogenesis
enhances anxiety-like behavior in stressed subjects but does not affect anxiety prior to
stress exposure (Seo et al., 2015). At present, the contribution of the hippocampus to other
nonassociative consequences of stress remains unclear.

Medial Prefrontal cortex—The medial prefrontal cortex (mPFC) is thought to exert top-
down control of subcortical regions to regulate emotional processing based on previously
learned and higher-order cognitive information (Giustino & Maren, 2015). Within the
mPFC, there is significant functional heterogeneity. The prelimbic (PL) subdivision of
mPFC is necessary for conditioned fear expression, and activity in this region positively
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correlates with freezing to an auditory CS+ (Burgos-Rables et al., 2009; Corcoran &
Quirk, 2007). In contrast, the infralimbic (IL) subdivision is involved in fear suppression
during extinction learning (Do-Monte et al., 2015; Sierra-Mercado et al., 2011). It has been
proposed that PL and IL exert opposing influence on fear behavior via output projections
to distinct neuronal populations in the amygdala. In particular, activation of IL decreases
the responsiveness of CeA output neurons, and this process is thought to underlie fear
suppression to an extinguished CS+ (Quirk et al., 2003). In addition, several lines of
evidence suggest that IL exerts broad inhibitory influence over fear behavior beyond fear
extinction. Both optogenetic (Do-Monte et al., 2015) and electrical stimulation (Milad

& Quirk, 2002; Vidal-Gonzalez et al., 2006) of IL paired with previously conditioned
tones attenuates fear expression in animals that have not undergone extinction training.
Inactivation of IL also disrupts fear discrimination between a CS+ and CS- safety cue
(Sangha et al., 2014).

Studies have repeatedly identified IL as a stress-susceptible region. Exposure to chronic
stress leads to IL dendritic retraction (Moench et al., 2015), increased synaptic inhibition
onto excitatory output neurons (McKlveen et al., 2016), and alterations in IL-BLA and
BLA-IL synaptic plasticity (Izquierdo, 2006; Maroun, 2006; Maroun & Richter-Levin,
2003). Based on these findings and the role of the IL in fear suppression, it is reasonable to
posit that stress-induced dysregulation of IL could produce fear sensitization. Accordingly,
Pennington et al evaluated the contribution of IL to SEFL (Pennington et al., 2017). The
authors found pre-stress lesions of ventromedial PFC (vmPFC) that primarily targeted IL
attenuated SEFL to contextual but not an auditory cue. Importantly, IL lesions did not
disrupt associative fear learning in naive animals. The results suggest that the intact IL
facilitates sensitization of contextual fear learning following stress. Considering the role of
IL in fear suppression, the findings were counter to the author’s prediction that IL lesions
would enhance SEFL. However, these findings are consistent with other reports that IL
lesions attenuate (Sullivan & Gratton, 2002) whereas pharmacological stimulation increases
anxiety-like behavior (Bi et al., 2013). Given the apparent heterogeneity of mPFC function
—which includes roles in fear suppression, fear expression, and anxiety-like behavior—
additional studies, including temporal- and subregion-specific inactivations, will be needed
to assess the role of mPFC in the induction and expression of SEFL.

Initial studies investigating the neural mechanisms of SEFL have begun to uncover unique
candidate mechanisms within the amygdala, hippocampus, and prefrontal cortex. These
studies have identified alterations in BLA GIuA1 receptor expression as a potential
mechanism by which traumatic stress exerts a lasting influence on subsequent fear learning.
However, studies have also shown that manipulations of the hippocampus and vmPFC

have distinct effects on cued and contextual SEFL, suggesting that SEFL is mediated

by distributed network mechanisms, with different brain regions contributing to specific
components of SEFL. Based on the reports discussed here, it is interesting to note that most
experimental manipulations that disrupt SEFL also prevent associative fear to the trauma
context. A deeper understanding of the various neuromodulators and stress-related peptides
involved in SEFL may help elucidate neural mechanisms that are dissociable between fear
sensitization and associative fear learning. In addition to clarifying the causal contributions
of stress-induced plasticity in the amygdala, hippocampus and PFC, future studies must look
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beyond these regions. In particular, brainstem regions such as the locus coeruleus (LC),
parabrachial nucleus, and periaqueductal gray deserve investigation. These three regions
exhibit stress-induced plasticity and modulate Pavlovian fear learning, but their roles in
SEFL remain unknown.

Clinical relevance of SEFL

Prior conditioning theories have conceptualized PTSD through an associative learning
framework, whereby excessive and inappropriate fear evoked by stimuli or contexts

related to the traumatic event underlies this disorder’s behavioral and emotional symptoms
(Eysenck, 1979; Mineka & Zinbarg, 2006). Based on this perspective, fear conditioning
procedures have emerged as a valuable translational tool for elucidating components of
PTSD that are a product of maladaptive outcomes of associative fear learning. Consistent
with this account, PTSD patients exhibit higher levels of generalization and greater
resistance to the extinction of conditioned fear (Blechert et al., 2007; Milad et al., 2008;
Wicking et al., 2016). The associative account of PTSD has primarily focused on treatments
designed to reduce conditioned fear responses to trauma-associated stimuli.

Exposure-based therapy is a common treatment for patients with PTSD that is modeled on
extinction. The primary goal of exposure therapy is to attenuate conditioned fear responses
evoked by stimuli associated with the trauma (Rauch et al., 2012). This is achieved through
repeated confrontations with the fear-inducing stimuli during which no aversive outcome

is experienced. Briefly, in vivo approaches involve real-life exposure to trauma-associated
stimuli in a safe setting and are typically performed gradually (McLean & Foa, 2013).

In the case of a patient who develops PTSD after being attacked by a dog, an example
treatment plan may involve first viewing pictures of a dog, then interacting with a stuffed
dog animal, and finally encountering a real-life dog. Since its early implementation in 1960
by Joseph Wolpe (Wolpe, 1961), several different variations of exposure therapy have been
developed, and their efficacy is strongly supported by research (McLean et al., 2021; Rauch
et al., 2012; Watkins et al., 2018). Yet, in a meta-analysis comparing studies across two
decades, approximately 52% of participants who started treatment and 68% who completed
treatment no longer met the criteria for PTSD (Bradley et al., 2005). While exposure therapy
is effective in aggregate, it is noteworthy that a meaningful proportion of individuals derive
little or no benefit from it, and trauma-focused therapies are associated with higher rates

of dropout (Lewis et al., 2020). Furthermore, even among those patients who benefit from
exposure therapy, symptoms often persist after therapy, indicating that symptoms are only
partially attenuated or that subsets of symptoms are resistant to exposure therapy (Bradley et
al., 2005).

One explanation for the limited effectiveness of exposure-based therapies is that subsets of
PTSD symptoms reflect nonassociative sensitized fear, independent of Pavlovian or episodic
traumatic memories. Indeed, PTSD includes symptoms that resemble fear sensitization.

For instance, an early report by Paige et al. showed that Vietham veterans diagnosed with
PTSD exhibited abnormal autonomic hyperactivity in response to novel tone stimuli (Paige
et al., 1990). The authors concluded that “PTSD represents a state of central nervous

system sensitivity.” In the years following, numerous studies have reported that patients
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with PTSD exhibit enhanced fear conditioning to novel stimuli, heightened auditory startle
responses, and exaggerated physiological and self-reported fear responses to threatening
images (Glover et al., 2011; Orr et al., 2000; Peri et al., 2000). Consistent with these
observations, the DSM-V criteria for PTSD include an arousal and reactivity category
characterized by symptoms of hypervigilance, exaggerated startle response, and irritable
behavior. These symptoms often occur in the absence of situational reminders of the trauma.
Two longitudinal studies show that hyperarousal strongly influences, but is not influenced
by, re-experiencing and avoidance symptom clusters (Marshall et al., 2006; Schell et al.,
2004). It is conceivable that these symptoms reflect nonassociative fear sensitization rather
than Pavlovian conditioned responses.

Perhaps the most significant advantage of the SEFL model is the ability to distinguish
between associative fear memory and nonassociative fear sensitization. We propose that the
underlying mechanisms of SEFL are dissociable from those of associative fear memory. This
is supported by findings previously discussed in this review demonstrating that in addition

to extinction, pharmacological or infantile amnesia-mediated disruption of associative fear
memory does not interfere with SEFL development. For this reason, SEFL represents a
valuable animal model for investigating the potential nonassociative components of trauma
resembling fear sensitization that is resistant to extinction-based therapies.

Conclusions and Future Directions

The studies reviewed above lead to 3 main conclusions: (1) fear sensitization is a

robust form of learning that is conserved across species; (2) fear sensitization is both
behavioral and biologically distinct from associative fear learning and recruits unique
neural mechanisms in regions including amygdala and hippocampus; and (3) SEFL models
endophenotypes relevant to stressor-related disorders such as PTSD and can be exploited

to better understand and identify treatments for these disorders. In this section, we discuss
limitations to the literature reviewed above and highlight relevant future research directions.

Throughout this review, we have argued that associative fear conditioning and
nonassociative fear sensitization are mechanistically distinct forms of learning. This
distinction is supported by evidence that fear sensitization persists even under conditions
that prevent the formation and maintenance of associative fear memory. For instance,
pharmacological blockade of NMDARs precludes the formation of an associative context
fear memory but fails to prevent induction of SEFL. In addition, extinction of the contextual
fear memory generated during stress exposure fails to attenuate SEFL. Still, these and

other manipulations designed to attenuate associative fear memories leave some vestige of
associative fear memories intact, and we cannot exclude the possibility that fear sensitization
depends on these vestiges. For instance, extinction of contextual fear may leave intact

other associative fear memories tied to handling cues or other features of the experimental
set-up, and these non-extinguished conditioned fear responses could summate to produce
an apparent SEFL effect. To firmly establish the independence of fear sensitization and
associative fear conditioning, it may be necessary to dig further into the biological
mechanisms and clarify whether the two behavioral processes recruit distinct anatomical,
molecular, or synaptic pathways.
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More research is also needed on how changes to the physiological stress response contribute
to SEFL. As discussed above, exposure to intense stressors can sensitize the HPA axis
response to stress. However, it remains unknown whether and how this sensitization
contributes to SEFL. In addition, little is known about how the autonomic nervous system
functions contribute to SEFL. The sympathetic and parasympathetic autonomic nervous
systems work in parallel to the HPA-axis in regulating the rapid bodily responses to

stressors (Blechert et al., 2007; Cannon, 1932; Fonkoue et al., 2018; Fu, 2022; Roelofs,
2017). Sympathetic-parasympathetic balance is altered in PTSD (Sammito et al., 2015); it is
unknown whether this endophenotype is recapitulated in the SEFL model. The LC is a major
driver of sympathetic functions in the brain and body and is known to be affected in PTSD
patients (Aston-Jones et al., 1994; Morris et al., 2020). Further analysis of the role of LC and
its regulation of sympathetic functions in the context of SEFL is warranted. Approaches that
increase parasympathetic tone, such as vagal nerve stimulation, can increase the efficacy of
extinction in reducing maladaptive fear memories. However, if this approach would reverse
nonassociative fear as observed in SEFL remains to be examined (Noble et al., 2019).

Empirical findings from rodent models such as Pavlovian fear conditioning continue to
develop and refine theoretical constructs, such as “fear.” With this progress, the field has
begun to tease apart the conditions and underlying processes that distinguish adaptive fear
responses from those that are maladaptive. SEFL represents an extension of this work and
may provide a useful conceptual framework. With mild stressors, learned fear will primarily
be of the associative Pavlovian in nature. As such, fear responses should be relatively well-
tied to situationally-relevant conditioned stimuli. As stress increases in severity, however,
nonassociative sensitization becomes relatively stronger and with this, fear and other threat
responses become more generalized.

While PTSD is a human disorder of great complexity, trauma and its persisting effects
are not only defining characteristics but also represent essential antecedents that can be
further tested using the procedures and variables inherent to SEFL. A detailed discussion
of the validity of SEFL as a model of PTSD is beyond the scope of this review. However,
as illustrated here, significant progress is being made toward building a rodent model
that captures the symptoms of PTSD and conditions and nonassociative mechanisms that
underlie stress- and trauma-related disorders. We believe that SEFL represents the best
approximation to date of a tractable model system in rodents for the analysis of behavior,
cognition, and nervous system mechanisms underlying PTSD.

In summary, the studies reviewed here provide insight into the circuit, hormonal, and
autonomic mechanisms of SEFL and illustrate those multiple biological systems acting

in coordination contribute to the underlying behavioral phenotype. Although studies to

date have identified what appear to be key neural mechanisms, additional research is

needed on epigenetic and transcriptomic mechanisms, genetic risk factors, and the role

of neuromodulatory systems. Lastly, although studies have not identified differences in
SEFL between male and female rodents, additional research is needed, given the sexual
dimorphism in the prevalence of disorders like PTSD. The SEFL model should remain a
valuable tool for addressing these and other questions about stress-related fear dysregulation.
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Figurel.
General procedures and outcomes for stress enhancement of fear learning (SEFL). Stress-

induction: mice or rats receive repeated or no footshocks in context A. Single-trial fear
conditioning. the next day (or weeks later) all subjects, receive a single footshock after a few
minutes in a novel context B, and 24 hrs later are returned to context B to assess freezing. As
depicted in the simulated bar graph, the group previously exposed to stress exhibits greater
freezing than the non-stressed group in context B.
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