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The ability to recognize and properly respond to instances of protection from impending danger is critical for preventing chronic stress and
anxiety—central symptoms of anxiety and affective disorders afflicting large populations of people. Leamed safety encompasses learming
processes, which lead to the identification of episodes of security and regulation of fear responses. On the basis of insights into the neural
circuitry and molecular mechanisms involved in leamed safety in mice and humans, we describe leamed safety as a tool for understanding
neural mechanisms involved in the pathomechanisms of specific affective disorders. This review summarizes our current knowledge on

INTRODUCTION

Awareness and appropriate response to imminent threats
are essential for one’s well-being and self-preservation. The
physical and emotional reactions initiated in response to
such menaces are commonly termed as fear. Complement-
ing instinctive (innate) and acquired (learned) fear, an
alternative set of physiological responses—innate and
learned safety, respectively—is triggered by the search for
and identification of circumstances that provide protection
from impending danger. The concept of learned behavioral
responses has evolved from the seminal studies of Ivan P
Pavlov in the 1920s, in which he discovered associative
learning, whereby an a priori neutral signal, the conditioned
stimulus (CS) such as a bell, becomes a predictor of an
inherently relevant stimulus, the unconditioned excitatory
stimulus (US) such as food. The associative learning process
is based on repetitions of combined presentations of the CS
and the US through which the CS develops the ability to
elicit the behavioral response that was originally induced
by the US, such as saliva secretion (excitation). Pavlov
described this association as ‘conditioned reflexes’ (Pavlov,
1927). Further, he described ‘conditioned inhibition’,
whereby a different stimulus (the CS—), which is never
accompanied by the US (food serving) in a series of training
trials, becomes an inhibitor of the excitatory behavioral
response (saliva secretion), previously elicited by the
excitatory CS (CS+).
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the neurobiological underpinnings of learned safety and discusses potential applications in basic and translational neurosciences.
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Robert Rescorla (1969, 1971) later defined Pavlovian’s
excitation and inhibition as opposite associative processes,
a view that quickly found wide acceptance (Williams et al,
1992). Most importantly, Rescorla set up two specific
behavioral tests, called summation and retardation tests,
to evaluate the status of a CS as inhibitory. In the
summation test, a CS — weakens the behavior evoked by
a CS+ when the two stimuli are jointly introduced to an
animal, whereas in the retardation test, a CS — acquires the
properties of an excitatory stimulus slower when coupled
with US rather than a neutral stimulus (Rescorla, 1971).

A special case of conditioned inhibition, which is capable
of reducing the behavioral responses evoked by conditioned
fear (also called learned fear), is conditioned safety (also
called learned safety) (Rogan et al, 2005). Learned safety
and learned fear are opposite associative processes that are
important for survival and well-being (Pollak et al, 2008,
2010b). In humans, pathological forms of learned fear are
hallmarks of severe psychopathologies, such as anxiety
disorders, post-traumatic stress disorders (PTSD), and
depression (Pollak et al, 2008). The potential therapeutic
application of learned safety in patients suffering from
fear-related emotional disturbances is notable, as it
modulates behavioral responses and neural circuitries
induced by learned fear in both mice and humans (Pollak
et al, 2008).

Acquired fear responses, which can be studied in
laboratory animals using the paradigm of fear conditioning,
have a prominent role in various psychiatric conditions.
Insights into these underlying neurobiological mechanisms
have been previously reviewed, and thus, will not be the
focus of this review. Advances in the development and in-
depth characterization of an animal model for inhibition of
fear responses may enhance our understanding of the
systemic, cellular, and molecular processes engaged during
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learned safety and may increase the translational potential
for the investigation of learned safety.

This review summarizes the latest developments in the
field of learned safety research by focusing on addressing
the following major points: How does learned safety
compare with learned fear and other related behavioral
paradigms? Which brain regions and neural circuits are
involved in this learning process? The cellular and
molecular mechanisms of safety learning, as well as its
translational potential, are also discussed.

HOW DOES LEARNED SAFETY RELATE TO LEARNED
FEAR AND OTHER BEHAVIORAL PARADIGMS OF
EMOTIONAL LEARNING?

Learned Safety and Learned Fear

Learned fear and learned safety are both associative
learning paradigms. Learned fear results from a positive
correlation of an intrinsically neutral CS and an intrinsically
aversive US, resulting in the ability of the neutral CS to
predict an aversive event. By contrast, learned safety results
from a negative correlation of a neutral CS and an aversive
US. In such circumstances, the neutral CS develops the
ability to predict protection from the aversive US, in the
event of a safe situation. Thus, the CS acts to inhibit learned
fear responses, a behavioral phenomenon called condi-
tioned inhibition (of learned fear) (Pollak et al, 2008)
(Figure 1). Different experimental approaches have been
used to induce learned safety in rodents and humans, with
successful safety learning being evaluated both at the
behavioral and neural activity level (see Table 1 for some
selected paradigms). In mice and rats, explicit unpaired
procedures, together with shock off-set pairings, condi-
tional discrimination paradigms, and active avoidance
procedures are mainly being used to study the behavioral,
cellular, and molecular correlates of learned safety
(Figure 2 and Table 1). In humans, conditional discrimina-
tion paradigms as well as protocols of explicit unpaired
presentations of US and CS are being used for studying the
behavioral and neural effects of learned safety as well as to
investigate differential responses in patients with psychia-
tric disorders (Figure 3 and Table 1).

The effect of learned safety is not limited to its effect on
conditioned fear, rather it has also been shown to
independently have rewarding properties and facilitating
effects on behavior (Ganguly and Kleinfeld, 2004; Masuda
et al, 1994; Rogan et al, 2005), indicating that learned safety
may be associated with positive affective brain states.
Indeed, learned safety can be thought of as a learning
process by which animals acquire the ability to take
advantage of sources of safety and security in the
environment (Pollak et al, 2008), escape from an aversive
or dangerous situation, and, therefore, to experience relief
from the ongoing stress of imminently threatening condi-
tions (Pollak et al, 2008). Hence, learned fear predicts an
upcoming dangerous situation and learned safety inhibits
the physiological responses evoked by learned fear and
presents an active mechanism for the identification of
protection, like the shelter of a nest, in the surrounding
environment (Rogan et al, 2005). Therefore, as numerous
different paradigms for the induction of learned fear and
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Figure | Fear conditioning and conditioned inhibition of fear are based
upon associative leaming process involving the conditioned stimulus (CS),
the unconditioned stimulus, and conditioning context. (a) Classical
conditioning paradigms based on associative leaming involve the
conditioning chamber where the training procedures are carried out which
constitutes the conditioning context. During training, the unconditioned
stimulus (US), which has an intrinsic valence (here, aversive such as a mild
electric footshock) becomes associated with the CS (such as an auditory
signal) that is a priori neutral. (b) During fear conditioning, the temporal
pairing of the US and the CS induces a transfer of the fear-inducing
properties from the US to the CS. Consecutively, the previously neutral
stimulus CS and the conditioning context elicit the physiological and
behavioral responses (such as freezing) inherent to the US. Conditioned
inhibition of fear (or leamed safety) is mediated by the temporal
dissociations of the US and the CS, in a way that the two stimuli never
coincide. Consequently, the presence of the conditioned inhibitor leads to
a reduction of the fear response induced by the conditioning context.

consequently several behavioral readouts exist, also learned
safety can be studied in experimental animal using
independent procedures and varying behavioral displays
for the valuation of its effects (see two exemplary
protocols depicted in Figure 2). Therefore, learned safety
and learned fear can be expected to be served by related,
but independent neural circuitries. This notion is also
supported by the observation that although learned safety
acts as a behavioral antidepressant reducing immobility, no
effect of the learned fear signal on depression-like behavior
in the forced-swim test has been described (Pollak et al,
2008). This finding presumably reflects, in an applied
sense, the early dictum that ‘Conditioned inhibition is
not the symmetrical opposite of conditioned excitation’
(Baker, 1974). As such, while the effects of a fear CS may,
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Table | Procedural Characteristics and Key Findings of Learned Safety Studies in Humans and Rodents

Paradigm Behavioral/ Subject/strain Key finding Refs
physiological tests
Human
Conditional Fear-potentiated Healthy volunteers Safety signal reduces anticipatory anxiety to Grillon et al (1994b)

discrimination startle

PD patients

PTSD and MDD
patients

Skin conductance Healthy volunteers

Explicit unpairing
CS-US

Pupillary diameter Healthy volunteers

Rodent

Explicit unpairing
CSs-Us

Fear-potentiated
startle

Summation and
retardation (freezing)

Summation and
retardation test
(freezing),

Open field, place
preference

C57BL/6) mice

Summation and C57BL/6N mice
retardation test

(freezing), FST, SPT

Summation and
retardation (freezing) (SI) mice
Inescapable shock
(off-set pairing)

Social exploration

Summation and Wistar rats
retardation test

(suppression of licking)
FST, SPT

Active avoidance

Infant odor—shock
pairing

Long—Evans rats

Sprague—Dawley rats

C57BL/6), 129S1/Svim)

Sprague—Dawley rats

threat stimulus

Deficient discriminative learning to leamed
safety and danger cues driven by enhanced
startle potentiation to the learned safety cue

Lissek et al (2009)

Absence of fear inhibition to safety cues Jovanovic et al (2010)

Dissociation within the ventromedial PFC
between a safe stimulus previously predicting
danger and a ‘naive’ safe stimulus

Schiller et al (2008)

Learned safety involves reduced amygdalar
and heightened dorsolateral PFC neural
activity

Pollak et al (2010b)

Neural dissociations between the processing
of appetitive and safety signals exist

Josselyn et al (2005)

Learned safety leads to a reduction in spine
size on synapses of the LA

Ostroff et al (2010)

Leamned safety reduces learned and instinctive
fear, as well as positive affective responses

Rogan and LeDoux
(1995)

Learned safety acts as a behavioral
antidepressant

Pollak et al(2008)

S| mice exhibit deficiencies in safety learning Ostroff et al (2010)

The sensory insula has a critical role in learned Christianson et al

safety (2008)
Safety signal-mediated reduction in neural fear Christianson et al
responses during uncontrollable stressors (2011)

involves the sensory insular cortex and BNST

Safety signal behaves as a conditioned
inhibitor after long avoidance procedure

Céndido et al (2004)

An odor, which acquired characteristics of the
maternal odor, serves as safety signal to revert
depressive-like behavior and amygdala activity
in adulthood, even when paired with shock
infancy

Sevelinges et al (201 1)

Abbreviations: BNST, bed nucleus stria terminalis; FST, forced-swim test; LA, lateral amygdala; MDD, major depressive disorder; PFC, prefrontal cortex; PD, panic

disorder; PTSD, post-traumatic stress disorder; SPT, sucrose preference test.

determined by its neurobiological underpinnings of how
and where negative emotional memories are formed and
stored in the brain, specifically relate to the induction of
a conditioned fear response, the neural circuitry and
molecular mechanisms subserving learned safety may allow
for more behavioral flexibility, leading to the applicability of
the safety signal independent of the specific conditions
under which the safety response had originally been
acquired. However, it is known that overtraining protocols
of fear learning also lead to a generalization of the fear
response, where a defensive response is elicited even in
environmental context or during exposure to cues distinct

to the conditioning setting (Laxmi et al, 2003). Interestingly,
enhanced generalization of fear conditioning has been
observed in juvenile mice as compared with adult mice (Ito
et al, 2009). This generalization, however, was significantly
reduced in the presence of the explicitly unpaired cue (ie, the
safety signal) in both juvenile and adult animals, suggesting
that the neurobiological mechanisms required for safety
learning are already functional during the adolescent period
and have adaptive relevance for overcoming augmented
juvenile fear generalization (Ito et al, 2009). In light of these
findings, it would be tempting to explore whether, because
of this heightened emotionality in adolescent animals, an
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Figure 2 Behavioral paradigms and readouts of learned safety in rodents. (a and b) Inescapable shock (off-set pairing) procedure to induce learned safety
in rats. (a) Schematic illustration of the different shock and safety signal conditions used. Red filled bars represent the occurrence of tail shock, and green filled
boxes indicate the occurrence of a safety CS (5's chamber blackout) over time. In the Safe group, the CS was presented with the termination of each shock
US. In the Random group, the CS was delivered independent of the shock schedule. In the variable group, shocks were delivered at the same schedule as in
the Random group, but lights remained on throughout the session. Animals in the Fixed group received 100, 5s shocks with the house light on throughout
the session. Rats in the home cage control group (HC) were left undisturbed in their home cages and animals in HC-Random group remained in the home
cage but were exposed to 100, 55 blackouts in a room adjacent to the stress room. (b). Mean (+ SEM) time spent exploring the juvenile conspecific in a
3min test given 24 h after 100 tail shocks (Christianson et al, 2008). Group designations indicate the conditions of previous tail shocks. Pairwise comparisons
identified significant differences between Safe and all other groups receiving shock. (c and d) Explicit unpairing procedure to induce learned safety in mice.
(c) Schematic illustration of safety and fear conditioning used. Safety conditioning (upper panel) consisted of a simple conditioned inhibition of learned fear
paradigm in which the delivery of four shock US is followed by the presentation of four tone CS. In the fear conditioning protocol (bottom panel), the
number of CS and US presentations was matched to the safety conditioning paradigm (ie four paired CS-US). Training was conducted over a period of 3
days, one session per day. A memory recall test, consisting of a single CS presentation, was carried out 24 h after the last training day. (d) Contextual freezing
in the presence of the CS in safety conditioned, fear conditioned, and tone alone control mice. *P <0.05, **P<0.01, ***P<0.001. Reproduced, with
permission, from Christianson et al (2008) and Pollak et al (2008, 2010a).

intense fear conditioning procedure could also lead to an
induction of immobility in the forced-swim test.

When contrasting learned safety and learned fear, several
important insights about the neurobiology of learned safety
can also be drawn from a host of studies in which explicitly
unpaired ‘control’ groups had been studied. Important
examples include the assessment of generalization de-
scribed above (Bang et al, 2008; Ito et al, 2009; Laxmi
et al, 2003), the effect on sleep (Jha et al, 2005; Madan et al,
2008), and investigations on the role of the amygdala (Choi
et al, 2001; Maren, 2000; Maren et al, 2001).

Learned Safety and Fear Extinction

Related to but distinct from learned safety is another
behavioral paradigm: fear extinction (ie, the extinction of
learned fear). Fear extinction is an active relearning process
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in which animals are first trained in a fear conditioning
protocol, and then with a series of unreinforced presenta-
tions of the CS alone (no longer paired with the aversive
event) that leads to a reduction of conditioned fear response
(Kaplan and Moore, 2011; Lattal and Maughan, 2012). New
learning involved in fear extinction is in fact proposed to be
a suppression of the expression of conditioned fear rather
than the removal of the original fear memory (Bouton et al,
2006; Jungling et al, 2008; Maren and Quirk, 2004; Myers
and Davis, 2007). Thus, both fear extinction and learned
safety lead to the inhibition of responses evoked by fear, yet
the approach and the involved behavioral repertoire may be
distinct. Fear extinction requires pretraining of fear
conditioning, whereas learned safety involves prior learning
that the CS never coincides with an aversive event by a
series of unpaired presentation of the two stimuli. More-
over, while the behavioral effects of fear extinction are
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Figure 3 Human paradigms and functional consequences of learned safety. (a) An explicit unpairing protocol: experimental paradigm and amygdala
responses to the aversive stimulus. training and test phase: The training phase (left) consisted of several explicitly unpaired (bottom row) or paired (top row)
presentations of the conditioned stimulus (CS) and the unconditioned stimulus (US) and was followed by a period of rest (middle) during which the
structural MRI (magnetic resonance imaging) images were acquired. The test phase (right) consisted of five presentations of the CS alone (Pollak et al,
2010b). (b) A conditional discrimination procedure: diagram of the trial design in the AX 4 /BX — human paradigm. The training phase (left) consisted of
four unpaired CS (B and X) alone (bottom row) and paired CS (A and X) presentations and the US (top row). The test phase (right) consisted of three
presentations of the CS (A and B) (Jovanovic et al, 2010). (c) A cluster of differential activation in the left amygdala between safety and fear trained subjects
in response to the CS is shown on a standard brain. Color codes indicate the t score = 3.56 days. Mean fear-potentiated startle on AX+, BX —, and AB
trials across diagnostic groups from three studies. Fear-potentiated startle in a traumatized civilian sample with post-traumatic stress disorders (PTSD)
(n=29) and without PTSD (n=61) (Jovanovic et al, 2010). Reproduced, with permission, from Jovanovic et al (2010) and Pollak et al (2010b) (b) and (d).

limited to the inhibition of the learned fear induced by a
specific CS, learned safety involves a wider spectrum of
behavioral responses, including the reduction of innate fear,
the potential of the stimulus to be transferred and to elicit
reward- and antidepressant-like effects (Pollak et al, 2008;
Rogan et al, 2005; Sevelinges et al, 2011). Interestingly,
however, both paradigms have an important role as animal
models of PTSD, by reproducing separate symptomatic
features forming part of the clinical diagnostic picture of the
disorder and presumably reflecting distinct endopheno-
types (see below for detailed discussion).

THE NEURAL CIRCUITRY OF LEARNED SAFETY

Safety learning and memory of learned safety most likely
involve the consorted action of a network of brain regions,
each of which is recruited to exert a particular functional
role determined by its neuronal integration and the specific
stage of safety learning (ie, acquisition during conditioning,

consolidation of the learned information, and stabilization
of the memory and recall together with the behavioral
expression of learned safety in response to the safety
signal). A simplified working model of the neural circuitry
proposed to be mediating learned safety is presented in a
schematic illustration in Figure 4.

The Role of the Amygdala and the Striatum

Considering the role of the amygdala as a site for
integration of the CS and the US during fear conditioning,
it appeared as obvious target for the first attempts to
delineate the neural circuitries underlying learned safety.
An electrophysiological approach demonstrated related but
contrasting neural signatures of learned safety in compar-
ison to learned fear in the lateral amygdala (LA) and the
caudoputamen (CP) (Rogan et al, 2005). Although learned
safety leads to a decrease in slope and amplitude of the
CS-evoked field potential in LA, learned fear induces an
increase in the CS-evoked field potential (Rogan et al, 1997).

Neuropsychopharmacology
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Figure 4 Model for the potential neural circuitry mediating leared
safety. In such a model, which is largely based on rodent studies, the
sensory insular (Si) and posterior intralaminar nucleus (PIN) work in
concert with the basolateral amygdala (BLA), leading to the inhibition of
bed nucleus of the striatum terminals (BNSTIv) and possibly also to other
output regions of amygdala (ie, the central gray (CG) and the lateral
hypothalamus (LH)) to mediate the behavioral effects of leamed safety.
The sensory input of the signal used to induce learned safety is received by
the thalamus and the sensory cortex, presumably also receiving direct
sensory inputs, which project to the PIN and the Si. The Si projects directly
to the BLA, which also receives input from the PIN and orchestrates the
behavioral output through communications with the central amygdala
(CeA). The PIN, furthermore, projects back to the thalamus and also
transmits signals to the part of the caudoputamen (CP) lying dorsal to BLA,
which may contribute to the emotional regulation of the behavioral output
through its connection to the basal ganglia (BG). Cortical control
mechanisms are thought to be mediated by the prefrontal cortex (PFC)
through direct inhibitory constraints on the BLA but also by its interaction
with the hippocampus (HIPP) required for gating the modulatory influences
of prefrontal regions, hereby leading to an inhibition of the emotional
response orchestrated by the amygdala during learned safety.

However, in the CP, learned safety markedly increases the
slope and amplitude of CS-evoked field potential, whereas
no effect of learned fear was observed (Rogan et al, 2005).
Moreover, a reduction of stressor-induced c-Fos-immuno-
reactive cells, indicating neural activity induced by safety
signals, was also observed in another study on basolateral
amygdala (BLA), which also reports a similar effect of
learned safety in the ventrolateral region of the bed nucleus
of stria terminalis (BNSTlv) (Christianson et al, 2008;
Christianson et al, 2011). Furthermore, deficient paired-
pulse inhibition in the amygdala and the piriform cortex
induced by infant odor-shock pairing is restored in the
presence of the infant odor functioning as a safety signal
(Sevelinges et al, 2011). Thus, the amygdala most likely
constitutes the prime site for both acquisition and
consolidation of learned safety subserved by specific
molecular events reflected in safety learning-induced gene
expression in the BLA (discussed below).

Neuropsychopharmacology

In a translational approach, the involvement of the
amygdala and the striatum in learned safety were confirmed
in a functional neuroimaging study in humans, where
exposure to the safety CS led to a reduction in blood
oxygenation level-dependent activity in the amygdala and
an increased activity in the striatum (Pollak et al, 2010b). A
potential direct regulatory effect of the dorsolateral
prefrontal cortex on amygdala activity had been suggested
based on diffusion-tensor imaging-based tractography
analysis that indicated direct connections (Pollak et al,
2010b). Similarly, another imaging study showed that
conditioned subjects, who had learned to associate one
cue with a mild shock and a second cue (safety) with no
shock, showed higher amygdala activation during the
presentation of the aversive cue, whereas greater striatal
activation was found in the presence of the safety cue. When
the reinforcement contingencies were reversed, the neural
activity pattern in response to the previous fear cue shifted
from the amygdala to areas of the ventral prefrontal cortices
and the striatum (Schiller et al, 2008). These results are
consistent with specific and distinctive neural circuitries
subserving learned safety, which involve at least the LA, the
striatum, and regions of the PFC (Figure 4).

A necessary requirement to conclude that these structures
are functionally connected to learned safety could come
from site-specific lesions, which could be complemented by
in vivo stimulation experiments demonstrating that the LA
and/or CP are not only required but also sufficient to induce
learned safety. Specific lesions in rats indicate that the
central nucleus of the amygdala, which is critical for the
acquisition and expression of initial fear-potentiated startle
(FPS), is not necessary for the expression of conditioned
inhibition (Falls and Davis, 1995; Jovanovic et al, 2012b;
Kazama et al, 2012). In macaques, lesions of the amygdala
in the neonatal brain has been shown to retard—but not
completely abolish—the acquisition of learned fear and
disrupt the processes of learned safety only in some of the
adult animals (Falls and Davis, 1995; Jovanovic et al, 2012b;
Kazama et al, 2012).

Other Brain Regions Potentially Involved in Learned
Safety

The posterior insula, termed sensory insula (Si), exhibits
convergent responses to simultaneous multisensory stimu-
lation (Rodgers et al, 2008) and has afferent intracortical
and thalamocortical as well as efferent amygdala connec-
tions (McDonald et al, 1999; Shi and Cassell, 1998). These
characteristics led to the speculation that Si might be
involved in safety learning. Indeed, inhibition evoked
neuronal activity of the Si by muscimol, which blocked
the safety effect only when applied during stressor
exposure, but not when the Si was inhibited during later
behavioral testing (Christianson et al, 2008; Christianson
et al, 2011). However, although results of this study clearly
suggest that Si is involved in the transmission or application
of learned safety, Si cannot be concluded to be also involved
in the acquisition of learned safety. To this end, the effects
of Si lesions or functional inhibition of Si activity need to be
determined in both pre- and postlearning paradigm. Thus, a
confirmed causal involvement of Si for safety learning
would be specifically interesting as lesions in rats suggested



that the insula is not necessary for fear learning (Romanski
and LeDoux, 1992; Shi and Davis, 1999). This would also
propose an exclusive involvement of this structure in
learned safety, independently of learned fear.

Another brain region potentially involved in learned safety
is the posterior intralaminar nucleus (PIN) of the thalamus.
Post-training lesions of this structure have been shown to
disrupt conditioned inhibition of learned fear (Waddell et al,
2003), implying that PIN is critically involved in the
expression of learned safety. However, pretraining lesions
of PIN are required to find out whether the PIN is also
important for the acquisition of safety learning. After
understanding that Si and PIN are important for safety
learning, the following question arises: How could neural
circuits in or between Si and/or PIN inhibit learned fear?
From one side, Si receives multimodal sensory inputs and
projects directly to the BLA complex (McDonald et al, 1999)
and cortical sensory information is conveyed to the amygdala
via insular cortex (Shi and Davis, 1999). On the other side,
PIN along with the overlaying medial division of the medial
geniculate, which is also the source of direct thalamo-LA
projection of auditory fear CS information (Romanski and
LeDoux, 1992), send monosynaptic projections to LA as well
as to the portion of dorsal striatum (CP in rodents) that lies
immediately dorsal to LA (Rogan and LeDoux, 1995). Thus, it
can be speculated that the insula, Si, and PIN work in concert
with BLA during safety learning, leading to the inhibition of
BLA to the BNSTIv circuit, a critical brain region for learned
fear (Davis, 1992; LeDoux, 2000; Shin et al, 2006) (Figure 4).
With regard to the cortical control mechanisms, which
appear as a prerequisite for the modulation of fear expression
in learned safety, a first human imaging study suggests an
involvement of the dorsolateral prefrontal cortex (Pollak
et al, 2010b), which recently also has been shown to be
activated during anticipation of the CS in a fear extinction
paradigm (Kattoor et al, 2013).

The specific role of the ventromedial prefrontal cortex,
central to the neural circuitry of fear extinction, in learned
safety is still not sufficiently investigated. The infralimbic
(IL) region of the medial prefrontal cortex (mPFC) has a
role in the inhibition of inappropriate responding (Quirk
et al, 2000); hence, it appears as a candidate brain region
that is also involved in the neuronal circuitries mediating
learned safety. Indeed, IL-lesioned animals have been
shown to fail in the retardation test after training in a
conditioned inhibition procedure, whereas IL lesions did
not affect their summation test performance (Rhodes and
Killcross, 2007). These data indicate that IL is not important
for the acquisition of inhibitory associations between a
stimulus and reward and the expression of the value of the
conditioned inhibitor when placed in competition with an
excitatory cue. However, a selective role for IL in the
competition for behavioral control between the inhibitory
and excitatory associations of a single stimulus is suggested.
Moreover, considering the pivotal role of the mPFC for fear
extinction and the fact that in animals only a single lesion
study of the mPFC to examine a requirement of this
important cortical control center for safety learning had
been carried out (Gewirtz et al, 1997), it is too premature to
exclude definitely an involvement of the mPFC in learned
safety. Even more, the particular study that failed to reveal
an effect of mPFC lesions on safety learning (Gewirtz et al,
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1997) also reported no impact of mPFC lesioning on fear
extinction, a finding that is in contrast to a host of other
reports that do document such effects (Lebron et al, 2004;
Morgan and LeDoux, 1995b; Morgan et al, 1993, 2003; Quirk
et al, 2000; Rhodes and Killcross, 2004, 2007). As such, it
can be speculated that the specific localization and/or
extension of the lesions in the work of Gewirtz et al (1997)
may account for the observed lack of an effect of mPFC
impairment on safety learning. Moreover, considering the
fact that several human imaging studies report activation of
the mPFC in response to a safety signal (Dolan, 2007; Milad
et al, 2006; Phelps and LeDoux, 2005) and that the mPFC
is also recruited in several other paradigms involving
emotional regulation (Etkin et al, 2006, 2011a; Etkin and
Schatzberg, 2011b; Roy et al, 2012) invites a reassessment of
the role of this prefrontal control center in learned safety.

Brain Regions Most Likely not Involved in Learned
Safety

Apart from the involvement of LA, CP, and PFC in learned
safety, the roles of other brain regions, including the nucleus
accumbens (Nac) (Josselyn et al, 2005) and the perirhinal
cortex (Prh) (Falls et al, 1997) have also been assessed.

It has been suggest that the Nac is not critically involved
in learned safety or learned fear because neither the
increasing dopaminergic nor the decreasing glutamatergic
function in Nac altered learned safety or learned fear in rats
(Josselyn et al, 2005). More critically, large pre- or post-
training electrolytic lesions of the Nac did not affect the
acquisition or expression of learned safety or learned fear
(Josselyn et al, 2005). However, an indirect role for the Nac
in fear extinction has recently been proposed based on the
observation that deep-brain stimulation of the Nac rescued
an impairment of deficient extinction retrieval in a genetic
mouse model and this effect has been attributed to an
interaction between the Nac and the corticolimbic extinc-
tion circuitry (Whittle et al, 2013). Similarly, deep brain
stimulation of specific zone dorsomedial of the ventral
striatum has been described to augment extinction of
conditioned fear in rats (Rodriguez-Romaguera et al, 2012).
It can be speculated that the involvement of the Nac
specifically relates to fear extinction rather than learned
safety, as its involvement appears to originate from an effect
on particular prefrontal areas, which could be selectively
recruited during fear extinction.

The Prh is located in a pivotal position to influence the
flow of information into and out of the hippocampus, and
hence, Prh is suggested to be associated with learned fear
(Kealy and Commins, 2011; Milad et al, 2006; Rosen and
Donley, 2006). Examining the function of the Prh in learned
safety, a single study reports that—whereas post-training
lesions suggest an involvement of Prh in learned fear—no
evidence for effect of lesion on conditioned inhibition was
obtained as Prh-lesioned animals retained the capability to
inhibit the startle response induced by fear conditioning
(Falls et al, 1997). However, a human imaging study
suggests an involvement of the Prh in the neural circuitries
of both fear extinction and latent inhibition and proposes
that the involvement of the Prh may relate to its influence
on the Nac (Puga et al, 2007).
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MODULATORY INFLUENCES ON LEARNED SAFETY

In the case of mood and anxiety disorders that are of
multifactorial etiology, only some but not all individuals
exposed to chronic stress or psychological trauma develop
the disease. Similarly, a variety of factors may contribute to
the acquisition and expression of emotional responses in the
corresponding animal paradigms. As is the case in the human
population, where genetic factors account for much of the
observed diversity, the genetic background of the model
studied may be one of the major influencing factors on safety
learning. Indeed, it has recently been shown that when 12981/
Svlmj (SI) and C57BL/6] (B6) inbred mice were compared,
mice of the SI strain exhibited overgeneralized fear to
conditioned stimuli and impaired ability to inhibit fear
responses when the safety cue was presented (impaired
safety learning), whereas the B6 strain behaved normally
(Ostroff et al, 2010). These results provide evidence of a
genetic contribution to the ability to identify and properly
respond to environmental cues, predicting protection from
danger.

In humans, twin studies have been used to estimate the
influence of genetics in predisposed individuals on stress-
related mood and anxiety disorders. Such studies have
shown that genetic risk factors increased the probability for
major depression and had a higher impact on females than
males (Kendler, 2001). Furthermore, specific gene variants
(eg serotonin transporter, pituitary adenylate cyclase-
activating polypeptide (PACAP), and PACI1 receptor) have
also found to influence the susceptibility as well as
resilience to develop mood disorders (Mahan and Ressler,
2012; Uher, 2008). However, whether and how these and
other genetic risk factors together with other factors, such
as age, sex, and environmental conditions, may also have a
role in regulating learned safety remain to be elucidated in
future studies.

THE CELLULAR AND MOLECULAR MECHANISM OF
LEARNED SAFETY

Although the original concept of learned safety—as a
special case of conditioned inhibition—dates back to
Pavlov, the underlying neurobiological mechanisms at the
systemic, cellular, and molecular level have only recently
begun to be elucidated.

Morphological Correlates of Learned Safety

In a previous study, opposing neural responses were
observed in the LA and CP of safety and fear conditioned
mice (Rogan et al, 2005). To examine the cellular morpho-
logical consequences in response to learned safety/fear in the
LA, serial electron microscopy has been used to reconstruct
dendrites after either fear or safety conditioning (Ostroff
et al, 2010). It was found that learned safety tended to result
in not only smaller spines synapses but also smaller spine
apparatus, a smooth endoplasmic reticulum, inside the spine
synapses, whereas learned fear led to larger spine apparatus
as well as larger spine synapses. The enlarged spine appa-
ratus and spine synapse after fear conditioning indicated an
enhancement of stable neural connectivity, whereas safety
learning may weaken synapses without destabilizing connec-
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tions because conditioned inhibition is less robust than fear
conditioning (Ostroff et al, 2010; Rescorla, 1969; Rogan et al,
2005). Structural changes in the amygdala have also been
reported as a result of fear extinction learning where
behavioral training induced clustering of GABA-A receptors
in the synaptic cleft, hereby favoring utmost inhibition
(Chhatwal et al, 2006). Moreover, enhanced expression of cell
adhesion molecules required for stabilization induced by
extinction learning have been observed in the BLA (Markram
et al, 2007), further supporting the amygdala as central
structure involved in the synaptic remodeling during both
extinction and safety learning.

The Amygdala Gene Expression Profile of Learned
Safety

A major advancement in the elucidation of the molecular
mechanism of learned safety has been achieved through a
study examining the gene expression profile in BLA of
learned safety-trained mice (Pollak et al, 2008). Interestingly,
it was found that although learned safety served as a
behavioral antidepressant in two animal tests for depression
(ie the forced-swim test and the sucrose preference test)
(Pollak et al, 2008; Sevelinges et al, 2011)—in a manner
comparable to the effect achieved by treatment with
pharmacological antidepressants (such as the selective
serotonin reuptake inhibitor fluoxetine)—alternative mole-
cular signal-transduction pathways seemed to be mediating
its antidepressant activity. Although most frequently de-
scribed antidepressant drugs act upon the monoaminergic
systems, specifically the serotonergic system (such as
fluoxetine), learned safety seems to involve modulation of
dopaminergic and neuropeptidergic signaling, specifically
dopamine type 2 receptors and substance P together with
other molecules previously implicated in stress response and
the pathogenesis of depression, including preproenekphalinl
and prodynorphin (Pollak et al, 2008). Future molecular
studies may address molecular signaling, providing the basis
for an involvement of proposed neurotransmitter systems
and examining the upstream events responsible for initiating
the observed gene expression changes.

The Role of Neurogenesis in Learned Safety

Hippocampal neurogenesis seems to be pivotal for learned
safety as mice with abolished hippocampal neurogenesis
displayed retardation in the acquisition of learned safety
(Pollak et al, 2008). Moreover, the antidepressant effect of
learned safety is hindered in x-irradiated mice in which the
ability to develop newborn cells in the hippocampal dentate
gyrus is ablated and learned safety itself leads to enhanced
survival of newborn cells in the dentate gyrus. These data
suggest an important role of hippocampal neurogenesis for
learned safety. Evidence for an enhancement of hippocam-
pal brain-derived neurotrophic factor (BDNF) in learned
safety (Pollak et al, 2008) proposes that this molecular
modification might contribute to the antidepressant-like
phenotype of learned safety by providing enhanced
neurotrophic support to newly generated cells in the
hippocampus. Within the neural network engaged in safety
learning, it can be proposed that, similarity to recent
observations for fear extinction (Sotres-Bayon et al, 2012),



the hippocampus might be required for gating the
modulatory influences of prefrontal regions, leading to an
inhibition of the emotional response orchestrated by the
amygdala during learned safety (Sotres-Bayon et al, 2012).
The deficiency in safety learning observed in animals with
ablated hippocampal neurogenesis (Pollak et al, 2008)
may therefore be based on an impairment of hippo-
campal inhibition of the prefrontal cortex and relate to
the morphological and volumetric hippocampal aberra-
tions reported in patients suffering from both, PTSD and
depression (Kitayama et al, 2005; Videbech and Ravnkilde,
2004).

Also, the fact that the recall of the safety signal can
undergo contextual modulation as it exerts its behavioral
effects also in a novel context distinct of the original
conditioning environment implies that hippocampal plas-
ticity might be the neural requirement for this particular
phase of safety learning. As is the case for other types of
learning, also safety learning, from acquisition over
consolidation to recall most likely involves various brain
structures. The amygdala most likely constitutes the
major site for acquisition and inhibition of the fear
response, whereas the hippocampus may be necessary for
the adjustment of the behavioral consequences of learned
safety in an independent context. As such, the observed
increased levels of hippocampal BDNF and augmented
hippocampal neurogenesis (Pollak et al, 2008) are very
probable candidate mechanisms mediating this contextual
flexibility at the molecular level. Interestingly, also during
fear extinction, specifically the extinction of contextual fear,
where the hippocampus is most importantly involved in the
retrieval of extinction memory (see for a review Quirk and
Mueller, 2008), both hippocampal neurogenesis (Cleva et al,
2011; Deng et al, 2009; Ko et al, 2009; Pan et al, 2012) and
BDNF expression (Andero and Ressler, 2012; Heldt et al,
2007; Liu et al, 2004) are required for its behavioral effects.
As for recall of fear extinction, a critical role for BDNF
expression has also been demonstrated in the rat BLA,
where fear extinction learning also induced upregulation of
its mRNA (Chhatwal et al, 2006), an intriguing observation
that has not yet been tested for learned safety.

RELEVANCE OF LEARNED SAFETY IN BASIC
NEUROSCIENCE

Conditioned fear is one of the most widely used animal
models for studying the neurobiological basis of fear and
anxiety disorders (Davis and Shi, 1999; LeDoux, 2000;
Phelps and LeDoux, 2005). Conditioned inhibition of fear
(or learned safety) is a relatively unexplored behavior
paradigm exhibiting two different aspects of fear regulation.
First, it represents an important modulatory system that
prevents exaggerated emotional responses that are dispro-
portional to the inducing stimulus or inappropriate at the
specific circumstance. Second, the identification of protec-
tion from danger: both aspects are critical for self-
preservation and well-being (Pollak et al, 2010a). Although
the behavioral outcome of learned fear in rodents, usually,
involves the display of freezing behavior as natural self-
defense response, learned safety represents a more active
approach to favoring survival in dangerous situations (ie,
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the identification of safe environments). Hence, the para-
digm of learned safety, which has been successfully
established in laboratory animals (Pollak et al, 2010a),
enables us to study the neurobiological basis of this
adaptive learning process. This helps to understand how
learned safety acts to inhibit the responses evoked by
learned fear at systemic, cellular, and molecular levels
(Rogan et al, 2005). Moreover, learned safety represents an
important extension of animal models for investigating not
only the control (inhibition) of emotions but also positively
affected emotional states.

The ability of the safety signal to induce an antidepres-
sant-like phenotype in behavioral paradigms independent
of the original conditioning procedure implies that the
effect of learned safety is not restricted to the reduction of
conditioned fear specific to the original learning context.
Supporting this idea is an early report on the transfer of
conditioned inhibition across different aversive reinforcers
in the rat (Nieto and Posadas-Andrews, 1984) as well as
description of the impact of a learned safety signal on innate
anxiety, exploratory activity in the open field and place
preference (Rogan et al, 2005). Consequently, learned safety
signals themselves can become positive reinforcers and
exert anxiolytic properties (Rogan et al, 2005), which, in
turn, enables individuals to learn and take advantage of
sources of safety and security in the environment.

TRANSLATIONAL ASPECTS AND
APPLICATIONS IN CLINICAL SCIENCES

POTENTIAL

As is the case for experimental research with animal models,
learned safety is only beginning to be explored in humans
(Grillon and Ameli, 2001; Grillon et al, 1994b; Jovanovic
et al, 2010, 2012b; Lissek et al, 2009; Pollak et al, 2010b;
Schiller et al, 2008). Already in the 1990s, pioneering work
by Christian Grillon and Michael Davis firstly described the
translational potential of learned safety by examining the
impact of safety signals on human anxiety and found that
safety signals were able to reduce anticipatory anxiety as
revealed by a FPS paradigm (Grillon et al, 1994b). This
seminal study is of great importance considering the
translational value of the FPS response, a most commonly
used parameter for fear in human fear-conditioning
paradigms. The startle reflex, a motor response elicited by
the presentation of an unexpected auditory stimulus, can be
induced in all mammals, enhanced by presentations of a
fear CS (FPS) and its relatively simple neural circuitry is
well understood. Davis and Grillon then went on to further
show that FPS is altered in several psychopathologies
related to aberrant anxiety states including panic disorder
(Grillon et al, 1994a), PTSD (Morgan et al, 1995a, 1996). An
important leap forward in the field of safety learning and
its translational aspects was therefore the description of
FPS as a measure of fear inhibition resulting from safety
learning in a human conditional discrimination paradigm
(Jovanovic et al, 2005). This study translates a discrimina-
tion procedure in rats based on earlier learning theory
experiments (Rescorla, 1971; Wagner et al, 1968) to humans
and sets the basis for examining the role and potential
alterations of learned safety in patients with affective
disorders using FPS as a tool for objective assessment of
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the safety response. As such, there are currently two
paradigms available, which allow direct translation of an
animal protocol of learned safety to people: the conditional
discrimination paradigm and the explicitly unpaired
procedure (Figure 3). Indeed as proof of principle,
subsequent studies provided evidence of dysfunctional
safety learning and neural processing specifically in patients
suffering from PTSD (Jovanovic et al, 2012a, b;Norrholm
et al, 2013) and even proposed impaired safety learning as a
biomarker for PTSD (Jovanovic et al, 2012b), allowing
differentiation of acute stress disorder from chronic post-
traumatic stress disorder (Jovanovic et al, 2013). Impor-
tantly, the ability to properly distinguish between signals
indicating danger and those predicting safety may act as an
intermediate phenotype for the basic research on patho-
mechanisms of PTSD, as it relates to both the neural
circuitry involved in the disease and the symptomatology
presented by patients suffering from the disorder
(Jovanovic et al, 2012b). Also, impaired fear extinction
has been related to the pathophysiology of PTSD (Orr and
Roth, 2000; Peri et al, 2000). As such, both processes, the
exaggerated and persistent fear responses to cues relating to
the traumatic event—reflected in deficiency to acquire
extinction learning—and the inability to reduce this fear
response, despite the presence of signals indicating a safe
environment—mirrored in an impairment of safety
learning—appear to relate to the different clinical features
forming part of the symptomatology associated with PTSD
and listed as the diagnostic criteria in the DSM-IV TR:
deficient fear extinction may relate to criterion B, intrusive
recollection (specifically point 5: ‘Physiologic reactivity
upon exposure to internal or external cues that symbolize or
resemble an aspect of the traumatic event.’).

By contrast, impaired safety learning presumably shares
aspects of the behavior described in criterion D, hyperar-
ousal (specifically point 4 ‘Hypervigilance’ and point 5
‘Exaggerated startle response’), as the inability to properly
respond to safety cues can lead to hypervigilance (Jovanovic
et al, 2009; Jovanovic et al, 2010) and learned safety acts to
reduce auditory FPS responses (see, eg, Jovanovic et al,
2005; Jovanovic et al, 2013). The fact that fear extinction
and safety learning seem to model different symptomato-
logical aspects of PTSD can be explained by their distinct
neurobiological features, including neural circuitry and
molecular signaling involved and suggests the two para-
digms as complementing animal models in PTSD basic and
translational research.

Although the response to learned safety signals had been
found not affected in individuals suffering from major
depressive disorders (MDD) in one study (Jovanovic et al,
2012a), the fact that learned safety induces neural activity
patterns opposite to those observed in MDD (Pollak et al,
2010b) and an antidepressant-like effect in mice (Pollak
et al, 2008), invites a more thorough assessment of learned
safety in the context of depression and its relevance
as a potential behavioral antidepressant. Exploring the
underlying neurobiological mechanisms might allow for
the discovery of novel therapeutic approaches or identifica-
tion of alternative drug targets combating depressive
disorders.

As is the case for fear extinction (see for a review Holmes
and Singewald, 2013), investigations on the neurobiological
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basis underlying individual differences in processing of
learned safety (Hartley et al, 2011) appears as a promising
approach for identifying personal risk factors potentially
contributing to the development of psychiatric disorders
and paving the way for the discovery of potential alternative
treatment approaches.

In summary, the analysis of learned safety in humans and
the examination of involved neural circuitries bear great
potential as a tool for enhancing our understanding of
aberrant neural processing in several psychiatric disorders
(including anxiety disorders and depression). Moreover, the
fact that learned safety can be induced in humans and
experimental animals by comparable protocols that allow
building a translational bridge between human and animal
studies provides the opportunity to relate directly findings
at the cellular and molecular levels obtained in experimental
animals to the results from human studies investigating
neural activity patterns and vice versa.

CONCLUDING REMARKS

The aim of this review article was to provide a comprehen-
sive overview of the emerging research on learned safety
from the molecular level in experimental animals, to its
translational aspect to human studies, and to highlight its
potential as animal model in neuropsychiatric research.

As we are in the initial stages of understanding the
behavioral states encompassing learned safety, our insight
into the underlying neurobiological pathways and the neural
circuitry involved is still limited. By contrasting with the
related but distinct paradigms of learned fear and fear
extinction as laid out in here, the specific characteristics of
learned safety and its relevance as translatable animal model
for a defined endophenotype of PTSD become evident.
Specifically, learned safety, respectively, deficiencies in
learned safety—reflected in the incapability to take
advantage of sources of security and protection offered in
the environment—is proposed as animal model to study
aspects of hyperarousal’ and ‘hypervigilance’ related to the
symptomatology of PTSD in a preclinical setting. An
expanded and further in-depth analysis of the neural
circuitry involved in learned safety (as proposed in the
model in Figure 4) may provide further insight into the
aberrant neural processes mediating this behavioral state
and identify potential points of contact to ameliorate the
associated symptoms.

Moreover, as opposed to fear extinction, the relevance of
learned safety as animal model additionally expands to its
potential role as behavioral antidepressant. Further inves-
tigations on these antidepressant effects of learned safety
and its neurobiological underpinnings may enhance our
understanding of the pathophysiology involved in depres-
sion and also offer alternative approaches for the identifica-
tion of novel pharmacological targets aimed at combating
some of the most debilitating mental diseases.
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