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Abstract
Although exposure to major psychological trauma is unfortunately common, risk for related
neuropsychiatric conditions, such as post-traumatic stress disorder (PTSD), varies greatly among
individuals. Fear extinction offers a tractable and translatable behavioral readout of individual
differences in learned recovery from trauma. Studies in rodent substrains and subpopulations are
providing new insights into neural system dysfunctions associated with impaired fear extinction.
Rapid progress is also being made in identifying key molecular circuits, epigenetic mechanisms,
and gene variants associated with differences in fear extinction. Here, we discuss how this
research is informing understanding of the etiology and pathophysiology of individual differences
in risk for trauma-related anxiety disorders, and how future work can help identify novel
diagnostic biomarkers and pharmacotherapeutics for these disorders.
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Introduction
Exposure to severe psychological traumas can result in debilitating anxiety disorders, such
as PTSD [1]. However, although the proportion of the US population exposed to at least one
severe trauma might be as high as 75% [2], the lifetime prevalence of PTSD is only
approximately 7% [3]. Thus, population wide, the number of people exposed to trauma and
stress far exceeds the number developing a clinical condition such as PTSD (i.e., resilience
is the statistical norm in environments where major traumas are relatively rare).
Nonetheless, there is still a significant population of individuals who are susceptible and, for
groups exposed to severe traumatic events (e.g., military combat, terrorist acts, or severe
accidents), rates of PTSD are 20–30% [4].

A major step towards advancing the ability to screen and treat effectively individuals at
elevated risk for trauma-related anxiety disorders will be identifying key pathophysiological
factors that influence relative risk. In recent years, the field has seen rapid advances in
elucidating neural systems and circuits that are dysfunctional in patients with anxiety
disorders, including PTSD [5], and recruited in rodent and human subjects during impaired
processes, such as fear extinction. There have also been new insights into some of the
molecular and genetic factors that moderate PTSD risk via the formation and function of
these neural circuits. Here, we discuss how a growing body of evidence from studies in
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rodent and human subjects that utilize fear extinction as a readout of recovery from learned
trauma is rapidly informing understanding of the etiology and pathophysiology of individual
differences in risk for PTSD and other trauma-related conditions.

Fear extinction as a tractable, translational assay for modeling individual
differences in recovery from trauma

Most individuals exposed to trauma exhibit some of the symptoms of PTSD in the
immediate aftermath [6], but PTSD is distinguished from the normal reaction to trauma by
the persistence of these symptoms (defined by [1] as at least 1 month post-trauma) and can
therefore be conceptualized to some extent as a failure in the process of recovery [7].
Preclinical assays that measure the capacity to recover from some of the effects of a
traumatic exposure therefore have good face validity for modeling PTSD.

One assay that meets this criterion is fear extinction (for illustration, see Box 1). Extinction,
recognized by Pavlov almost 100 years ago [8], occurs when ‘a fear conditioned organism
exposed to a fear-eliciting cue in the absence of any aversive event. . .result[ing] in a decline
in conditioned fear responses’ [9]. Under most conditions (with exceptions, such as juvenile
rodents [10]), the behavioral manifestation of fear extinction likely reflects the emergence of
a new, inhibitory form of learning that successfully competes with the trauma memory to
reduce fear expression. Fear extinction is an evolutionarily conserved process that can be
readily measured across species, making it a tractable preclinical assay for modeling trauma
recovery in animals. Indeed, because patients with PTSD and certain other anxiety disorders
exhibit impaired fear extinction [11], probably as a result rather than an antecedent of the
trauma [12] (but see [13]), this measure has clear translational relevance to human
experimental studies and the clinical condition itself.

In humans, individual differences in fear extinction likely arise from a combination of life
history, prior exposure to stress and trauma, and predisposing genetic and biological factors.
The complexity of these differences makes the task of parsing the relative contribution of
specific influences challenging [14]. The experimental control afforded by rodent models,
combined with the greater capacity for making precise delineation of neural systems,
molecules, and genes in rodents compared with humans, makes them an essential
compliment to human studies. It also facilitates the study of how certain environmental risk
factors, including a prior history of stress or alcohol exposure, exert extinction-impairing
effects (Box 1).

Box 1

Population differences in fear extinction and environmental risk factors

Psychological traumas that lead to anxiety disorders, such as PTSD, are by definition
extreme stressors, but a history of stress before a trauma can act as an additional risk
factor. In rodents that exhibit good extinction under non-stressed conditions (Figure Ia),
stress before fear conditioning can impair the ability to extinguish fear subsequently
(Figure Ib). An early example in mice found a relatively modest regimen of three
exposures to forced swim stress, given before conditioning, impaired extinction learning
in the absence of any increases in fear [32]. In fact, as little as a single 30-min (elevated
platform) or 2-h restraint stressor, given either before or after conditioning or after partial
extinction learning, is sufficient to impair subsequent extinction learning in mice and rats
[46,74-76], and only 10 min of predator odor was enough to disrupt extinction in a subset
of the Lewis rat strain [77]. More prolonged stressors involving daily exposure to
restraint or corticosterone treatment for a week or more also impair extinction acquisition
or retrieval [34,78-82].
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Chronic exposure to alcohol also impairs extinction in rodents [48,83,84] (Figure Ib).
This is intriguing from a clinical perspective because alcoholism and anxiety disorders
frequently co-occur in the same individuals [85] and excessive drinking increases
exposure to traumas (e.g., automobile accidents or domestic violence; http://
www.who.int/violence_injury_prevention/violence/world_report/factsheets/
ft_intimate.pdf).

Stress and alcohol might impair fear extinction by impacting the same cortico-amygdala
circuits that are dysfunctional in extinction-impaired populations. Both stress- and
alcohol-induced extinction deficits are associated with dysmorphology in medial
prefrontal cortex (mPFC) pyramidal neurons [32,48], decreased mPFC NMDAR
expression [48,79], and a reduction in cue-evoked IL firing [34,48]. Stress also produces
sustained neuronal hyperexcitability and dendritic hypertrophy in BLA pyramidal
neurons [86,87]. Thus, it appears that exposure to stress and alcohol shifts the balance of
cortico-amygdala function to favor fear over extinction.

Exposure to these environmental risk factors in individuals already at risk (e.g., from
their genetic constitution) would be predicted to combine to impact deleteriously
extinction and associated risk for PTSD, as is the case in other affective disorders [14].
On a brighter note, recent studies demonstrate that stress- and alcohol-induced
impairments in fear extinction are reversible. For example, DCS [76] or a putative
BDNF-TrkB agonist [82] can reverse stress-induced extinction deficits. In addition, both
neuropeptide S infused into the LA around the time of stress [46] or systemically
administrated diazepam given before stress [74] prevent stress-impaired extinction and
some of the associated neural changes (e.g., amygdala hyperexcitability [46]).

One useful approach in rodent studies has been to divide, a posteriori, a sample of rats or
mice into subgroups exhibiting good versus poor extinction (for a pioneering example, see
[15]) and then to examine whether the groups differed in an extinction-related neural
phenotype [16]. Another valuable method is to selectively breed for fear [17] or anxiety-like
behavior [18] and then test for differences in fear extinction. A third approach utilizes inbred
strains of rats and mice. Within an inbred strain, each individual is essentially genetically
identical, which allows for the testing of an unlimited sample of clones within and across
experiments. Thus, because any given inbred strain differs genetically to other strains [19],
two inbred strains can be treated as two genetic populations each comprising genetically
homogeneous individuals. Where strains differ in a fear phenotype of interest, such as fear
extinction, associated neurobiological factors can be studied in genetically stable
populations that, unlike subdivided outbred or selectively bred lines, can be reproduced ad
infinitum. For example, using this approach, the C57BL/6J (‘B6’) and 129S1/SvImJ (‘S1’)
inbred mouse strains were identified as exhibiting reliably intact and impaired fear
extinction, respectively [20,21].

Cortico-amygdala circuitry associated with variation in extinction
The brain regions mediating fear extinction have been increasingly well mapped by studying
the impairing effects of permanently lesioning or temporarily inactivating specific brain
areas in rodent populations normally exhibiting good fear extinction. This work has centered
on the amygdala, mPFC, and hippocampus [16,22-26]. An important extension to this
approach has been to measure patterns of endogenous activation, simultaneously in multiple
brain regions, associated with population and/or strain differences in extinction. Neuronal
correlates of individual differences in extinction have been examined using imaging
techniques, including metabolic mapping (via 2-deoxyglucose uptake [27]) and, in
particular, quantification of immediate-early gene (IEG) expression, which is a marker of
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neuronal activation (reviewed in [28]). These studies reveal how impaired extinction is
associated with patterns of aberrant neuronal activation in relevant brain circuits.

One key regional node within the extinction circuitry is the infralimbic cortex (IL). Impaired
extinction has been associated with relatively low levels of IL IEG expression in various
models. These models include the aforementioned S1 mouse strain [20], a poor-extinction
subpopulation of B6 mice [29], B6 mice treated with a cannabinoid CB1 receptor antagonist
[30], and rats either extinguished immediately after conditioning [31] or bred for high
anxiety-like behavior [18]. This highly consistent observation of IL hypoactivity concurs
with other data, such as the finding that stress-induced extinction impairment is associated
with IL dendritic hypotrophy in mice [32] and the observation that low in vivo IL neuronal
activity predicts poor extinction in rats [16]. Importantly, it also extends to humans, in
whom functional magnetic resonance imaging (fMRI) studies indicate that hypoactivation
and lesser thickness of a functionally analogous ventromedial PFC (vmPFC) region
correlates with poor extinction in healthy humans and patients with PTSD (reviewed in
[16,33]).

Emerging evidence suggests that a region of the vmPFC neighboring the IL [the prelimbic
cortex (PL) in rodents and dorsal anterior cingulate (dACC) in humans] has an opposite role
to IL in regulating fear and extinction. Consistent with lesion and in vivo electrophysiology
data suggesting a fear-promoting role of PL [34-37], PL IEG activity is significantly
elevated in the extinction-deficient S1 mouse strain [38] and in rats showing high fear [39].
Furthermore, the dACC is hyperactive in patients with PTSD [16]. These various lines of
evidence suggest that variation in the relative recruitment of PL and IL is a significant
predictor of individual differences in the ability to extinguish a fear memory both in animals
and humans.

Another major hub of the extinction circuit is the amygdala [23,26]. IEG analysis of
extinction-impaired mice (S1 strain, B6 subpopulation, and protease nexin-1 knockout)
indicates reduced recruitment of the lateral (LA), basal (BA), and central lateral (CeL)
nuclei of the amygdala [20,29,38,40]. The medial (ventrally positioned) intercalated cell
mass (ITC), part of a GABAergic feedforward relay station interconnecting amygdala nuclei
[26,40,41], is also hypoactive [38,42]. To some degree, the attenuated extinction-related
activation of BA and CeL may reflect a failure to engage specialized extinction-encoding
neurons recently identified in both of these regions [43,44], but this remains to be
determined. It is currently unclear how these functional aberrations might be related to the
pyramidal dendritic hypertrophy found in amygdala neurons in some models of impaired
extinction [21], although it is interesting that stress produces a similar morphological effect
[45] in tandem with impaired extinction [32,34,46].

In contrast to the extinction impairment-associated attenuation of LA–BA–ITC–CeL
recruitment, impaired extinction is associated with elevated IEG activity in the central
medial nucleus (CeM) of the amygdala (and PL and insular cortex) [20,38]. The CeM is the
major output station of the amygdala that drives fear via its connections to the hypothalamus
and brainstem regions [44]. Although its small size and location deep in the brain hampers
the imaging of specific subregions of the amygdala in humans, the amygdala as a whole also
exhibits hyperactivation in patients with anxiety disorders (reviewed in [16,33]). These data
in rodents and humans are consistent with sustained amygdala fear drive in extinction-
impaired individuals, possibly resulting from a failure to engage proextinction circuits in
cortical and subregions of the amygdala (Figure 1).
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From variation in extinction systems to molecular mechanisms
Does IEG activation tell more about the extinction process than whether certain brain
regions are over or under recruited? It seems that it likely does because IEGs, such as c-Fos
and Zif268, are activated as part of a broader set of signaling pathways involved in
neuroplasticity [25]. Thus, aberrant IEG activity in extinction-impaired rodents may, at least
in part, reflect an inability to engage effectively mechanisms necessary for the long-term
changes in circuit functions that subserve extinction memory formation. The precise
molecular mechanisms regulating extinction-related synaptic plasticity are the subject of
intense investigation and the reader is referred to excellent comprehensive literature reviews
on the topic [9,25].

One key mechanism worth noting in the context of individual differences is glutamatergic
signaling and synaptic plasticity mediated through the NMDA receptor (NMDAR).
Pyramidal neurons in the vmPFC and BLA are glutamatergic and express NMDARs.
GABAergic interneurons in these regions also express NMDARs, but presynaptically. The
functional importance of NMDARs to extinction has been demonstrated in several ways.
First, IL neurons exhibit a pattern of burst firing during extinction that is NMDAR (GluN2B
subunit) dependent, and NMDAR antagonists infused into the vmPFC impair extinction
consolidation [47,48]. Second, NMDAR or GluN2B-specific antagonists injected into the
BLA impede extinction learning [49,50], whereas, conversely, either systemic or intra-BLA
administration of D-cycloserine (DCS; a drug that acts as a partial agonist at NMDARs at
low concentrations) facilitates extinction learning in rodents and human phobics [51].

Interestingly, however, the extinction-promoting effects of DCS appear to vary as a function
of the amount of extant extinction learning. A pro-extinction effect of DCS was only seen in
those rats that showed some evidence of extinction learning [52] or when a sufficient
number of trials were given to initiate extinction learning [53]. Similarly, although DCS
facilitates extinction in a mouse strain (B6) that exhibits extinction learning under untreated
conditions [54], the drug is ineffective in an extinction-deficient strain such as S1 [20])
unless some extinction learning is elicited (for example after weak conditioning) [54].

Box 2

Epigenetic changes associated with fear extinction

There is increasing evidence that epigenetic mechanisms, including histone modifications
and DNA methylation, contribute critically to the regulation of synaptic plasticity and
learning [90]. This extends to fear extinction, which is known to depend on coordinated
gene expression and protein synthesis that, in turn, is modulated by epigenetic
mechanisms [91]. Indeed, histone acetylation is dynamically regulated in the rodent brain
following successful extinction learning [92-97]. These changes are functionally relevant
because pharmacological or genetic silencing of specific HDAC isoenzymes facilitates
fear extinction [91,97-102]. Extending these data, it was recently found that treatment
with a HDAC1,2,3-selective inhibitor rescued impaired extinction in a mouse model (i.e.,
the S1 strain) by enabling consolidation of extinction learning [54]. Dietary zinc
deficiency, which among its various neural targets, inhibits zinc-dependent HDACs, also
rescues extinction in the same model [54].

It is not yet clear which specific HDAC isoform(s) mediate extinction. Pharmacological
or genetic silencing of HDAC1 or HDAC2 isoforms enhances fear or extinction
consolidation [100,103]. Valproic acid (VPA), an anticonvulsant that acts as a robust
pan-HDAC inhibitor (in addition to promoting GABA signaling), has been shown to
facilitate extinction learning in healthy humans [104]. VPA rescues extinction learning
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and retrieval in the S1 strain [105], which is a broader behavioral effect than the
consolidation-specific effect of HDAC1,2,3 inhibition [105]. Interestingly in this context,
the extinction-promoting effects of VPA have been attributed specifically to histone H4
acetylation, acting on the BDNF promoter to enhance BDNF gene expression in the
mPFC [91,98]. These preliminary findings raise the possibility that HDAC isoforms
differentially contribute to fear extinction by targeting specific regional nodes within the
neural circuitry.

Mechanistically, this suggests that NMDAR-mediated plasticity is necessary but not
sufficient for extinction memory formation, and that recruitment of other molecular
pathways is required to initiate extinction learning and gate the facilitatory action of DCS.
The requirement for extant extinction learning is not surprising given DCS likely promotes
extinction via enhancing consolidation [55], but it could have important implications for
how the drug is to be most effectively used in patients with PTSD. The preclinical data
predict that activating NMDARs would have relatively poor efficacy in individuals that are
severely extinction impaired or fail to respond to exposure therapy. There is some initial
support for this: randomized, placebo-controlled studies showed DCS to be ineffective in
combat-related PTSD [56] unless patients completed extensive exposure therapy [57].
Further studies along these lines would be valuable.

Future strategies for rescuing impaired extinction
A deeper understanding of the neural, molecular, and genetic basis of impaired extinction
opens up novel, mechanistically based avenues to potential therapies to reverse these
impairments. The plethora of extinction-related neurotransmitters, molecular signaling
pathways, and epigenetic mechanisms (Box 2) that are being revealed bodes well for the
identification of new, targetable mechanisms [9,25]. Excitingly, therapeutic mechanisms
may not be limited to the pharmacological, but extend to manipulations, including deep-
brain stimulation [54,58,59] and purely behavioral interventions that exploit recall-induced
memory lability and reconsolidation [60,61].

The aforementioned work on DCS provides an exemplar of how a pharmacological
approach developed from hypothesis-driven studies on rodent extinction has successfully
translated to therapeutic application in anxiety disorders, including phobia and PTSD
[51,62,63]. Pharmacotherapeutic intervention strategies such as this are built around the idea
that, by targeting known extinction-mediating mechanisms, extinction can be strengthened
by treatments given as adjuncts before, during, or just after exposure therapy [9,64]. In fact,
in some cases, the lasting fear-reducing effects of extinction training can be mimicked by
pharmacological treatments (e.g., brain-derived neurotrophic factor gene, BDNF) in the
absence of any training [65]. Given that extinction is context [66] and time [8] dependent,
the goal of therapy is to produce an extinction memory that is robust across environments
and the passage of time.

To date, several drugs have been shown to rescue deficient extinction in rodent models of
impaired extinction (Table 1). These include the metabotropic glutamate receptor subtype-7
agonist, AM082 [54], the α2-adrenoceptor antagonist, yohimbine [20], and the serotonin
reuptake inhibitor fluoxetine [21]. Fluoxetine is noteworthy among these examples by virtue
of being a first-line treatment for anxiety disorders (although its utility as an effective
adjunct has been questioned [67,68]. Two other examples from animal studies are
illustrative of some general issues. The first involves an experimental multi-target approach,
in the form of dietary zinc restriction. Depleting zinc fully rescued impaired extinction
behavior in the S1 mouse strain and further facilitated extinction over untreated baseline in
the B6 strain [38]. As in the case of fluoxetine [21], the effect was produced when animals
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were treated after conditioning, mimicking the clinical situation in which treatment typically
commences after trauma. However, perhaps the most interesting aspect of the zinc depletion
rescue was that it normalized cortico-amygdala activation abnormalities in parallel in
parallel with the rescue of extinction. As demonstrated by IEG mapping, depletion restored
activity in various pro-extinction brain regions (e.g., IL, BA, ITCv, and CeL) that were
under-recruited in the absence of treatment, and suppressed pro-fear regions (e.g., PL, CeM,
and insular cortex) [38] (illustrated in Figure 1d). The reduction in amygdala output (and
insular activity [69,70]) is reminiscent of the reversal of amygdala hyperactivity seen in
patients with anxiety after successful antidepressant [71] or exposure therapy [70]. These
findings suggest that clinically relevant neural correlates of treatment effects can be
identified in tandem with the rescue of extinction. These translatable neural ‘biomarkers’
could prove useful for tracking the efficacy of other treatments in rodent models and patient
populations.

Preclinical drug studies can also provide leads to genetic biomarkers for individual
differences in risk for trauma-related anxiety disorders. A recent illustration of this approach
stems from basic research implicating the endocannabinoid system in fear extinction [72].
Pharmacological inhibition of fatty acid amide hydrolase (FAAH), an enzyme controlling
levels of the endocannabinoid anandamide, was found to rescue impaired fear extinction in
the S1 mouse strain by augmenting endocannabinoid signaling and synaptic plasticity in the
amygdala [73]. This observation generated the hypothesis that variation in the gene
encoding FAAH in humans would associate with differences in anxiety-related behavior,
possibly via moderation of amygdala functions. In support of this hypothesis, a lesser-
functioning SNP in FAAH was associated with low scores on a trait (i.e., stress reactivity)
that predicts reduced risk for PTSD [73]. This trait was also associated with more rapid
habituation of amygdala responses to a threatening stimulus (i.e., fearful faces) [73]. This
work and others like it (see Box 3 for some excellent examples) provides proof-of-principle
of how rodents models of impaired extinction can scale up to predict individual differences
in human brain functions and behaviors, even beyond fear extinction.

Box 3

Gene variants moderating fear extinction, PTSD and cortico-amygdala
function

Studies in identical twins (the gold standard for gauging the genetic contribution to
disease) estimate the heritability component of PTSD to be 25–35% [108,109].
Experimentally induced learned fear also has a strong genetic contribution [110].
Although extinction is impaired in PTSD, what is less clear is whether deficient
extinction is an endophenotype for PTSD in the true genetic sense. This would be
demonstrated by evidence that poor fear extinction precedes exposure to a PTSD-causing
trauma, or if poor extinction was found to occur at higher than normal rates in unaffected
relatives of patients with PTSD.

The structure and function of cortico-amygdala circuits subserving fear regulation is
moderated by genetics in humans [111] and rodents [112]. Healthy identical twins of
patients with combat-related PTSD exhibit higher activation of the dACC, relative to
unrelated, combat-exposed, control subjects without PTSD [113]. Furthermore, smaller
hippocampal volumes have been reported in combat-PTSD and noncombat twins than in
combat-experienced non-PTSD non-relatives [114], although this may depend upon the
subjects’ co-morbid history of alcoholism (Box 1) [115]. These data suggest possible pre-
existing neural antecedents of PTSD. By contrast, combat-exposed PTSD individuals
have less gray matter in the pregenual ACC than do their combat-exposed twins without
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PTSD, which is more consistent with an effect resulting from, rather than being
antecedent to, PTSD [116].

There is intense interest in identifying specific gene variants underlying risk for PTSD
[117]. It is fair to say that, as with other neuropsychiatric conditions, research aimed at
identifying specific genes associated with PTSD has been inconclusive. Nevertheless,
several potential candidates have emerged. Some of the most compelling studies connect
a gene variant with differences in extinction or PTSD prevalence and provide parallel
evidence, from human or preclinical work, of the related neurobiological correlates. For
example, variation in the gene encoding the serotonin transporter, SLC6A4, is associated
with increased PTSD rates in high-trauma populations [118] and impaired extinction in
healthy volunteers [119]. Deleting the same gene in mice also impairs extinction and
causes dendritic dysmorphology in the vmPFC and amygdala [120], suggesting a
translationally relevant neural correlate of the behavioral effect. Along similar lines, a
‘val(66)met’ SNP in the BDNF gene [121] is associated with impaired extinction in
healthy subjects, in transgenic mice with a humanized version of the variant [122], and in
rats with low levels of endogenous hippocampal BDNF [65]. Likewise, a variant in the
gene encoding human prodynorphin, PDYN, predicts amygdala hyperactivity and
diminished vmPFC coupling during extinction, while dynorphin-knockout mice show
impaired extinction and aberrant vmPFC and/or amygdala activation [123]. In another
excellent example of cross-species translational evidence, variation in the genes encoding
the pituitary adenylate cyclase-activating polypeptide gene and its receptor (ADCYAP1
and ADCYAPR1, respectively) associates with fear learning and PTSD prevalence in
females and amygdala ADCYAPR1 mRNA expression increases with fear learning in
mice [124].

Concluding remarks
Our goal here was to further underscore the utility of considering individual differences in
risk for trauma-related disorders and, as a consequence, the potential for developing animal
models of a translatable, disorder-associated endophenotype, such as deficient Pavlovian
fear extinction. Basic research to date using rodent models of impaired extinction has
provided new insights into the cortico-amygdala systems and gene variants underlying
differences in fear extinction. In an important extension of this work, recent studies have
demonstrated how treatments that effectively rescue impaired extinction produce
concomitant functional normalization in aberrant cortico-amygdala recruitment. As we
schematize in Figure 2, the emerging preclinical research on individual differences in fear
extinction offers a tractable strategy for identifying novel therapeutic approaches and
diagnostic risk biomarkers for PTSD and other trauma-related anxiety disorders.
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Figure I.
Extinguishing and non-extinguishing populations, and effects of stress or chronic alcohol in
extinguishing populations. (a) A similarly conditioned fear response to a previously neutral
stimulus (e.g., tone) repeatedly paired with an inherently aversive stimulus (e.g., electric
shock) can be extinguished by repeated presentation of the stimulus in the absence of an
aversive outcome in some populations of humans and rodents, but not others. (b) Even in
populations that normally extinguish, impairments in either extinction learning and/or
retention can be produced by stress or chronic alcohol exposure.
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Figure 1.
Variation in cortico-amygdala function underlying individual differences in effective
extinction versus a bias towards sustained fear. (a) Effective extinction is associated with
recruitment of (i) a pathway from the infralimbic cortex (IL), via certain intercalated cell
masses (ITC) (and possibly an area known as the capsular IL target zone or intramedullary
gray [41,42], not shown), and including the medial central amygdala (CeM) [88]; (ii)
connections from a subpopulation of cells in the basal amygdala (BA) [43], some via ITC, to
the CeM; and (iii) an inhibitory drive from some cells in the lateral central amygdala (CeL)
to CeM [44,89]. (b) Poor extinction and persistent fear is associated with inadequate
engagement of extinction circuits and dominance of pro-fear pathways from the lateral
amygdala (LA) to BA to CeM [44], as well as reciprocal connections between prelimbic
cortex (PL) and BA [16,36]. Note: for simplicity, this model does not include all
connections or other brain regions (e.g., hippocampus or thalamus) that likely contribute to
individual differences in fear processing and extinction [16,22,23,25]. (c) The rescue of
impaired extinction has been tightly coupled to the normalization of many of the
corticolimbic abnormalities associated with sustained fear in extinction-impaired
populations. An illustrative example is provided by immediate-early gene analysis of
neuronal activation in the S1 mouse strain model given the multitarget extinction treatment
of dietary zinc restriction [38]. Under basal non-extinction (CS−) conditions, the good-
extinguishing B6 (black bars) and poor-extinguishing S1 (red bars) mouse strains do not
differ in the number of Zif268-positive cells, in any region, regardless of zinc restriction
(ZnR). Following extinction training (CS+), treatment increased activation in previously
hypoactive regions (green shading) in the S1 strain that subserve the formation of extinction
memories, including the IL, LA, BA, ITC, and CeL, to levels equivalent to baseline activity
seen in a good-extinguishing (B6) mouse strain. Conversely, neuronal activity in the
previously hyperactive (pink shading), pro-fear regions of the CeM and PL decreased after
treatment. This shows how neural abnormalities in extinction-deficient individuals are not
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permanent and can be effectively reversed by effective drug treatments. Note: for simplicity,
neither the insular cortex (hyperactivity in S1 normalized by treatment) nor regions showing
no differential activation are shown). Data in bar graphs are redrawn, with permission, from
[38].
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Figure 2.
A strategy for advancing the neurobiological understanding and future treatment of post-
traumatic stress disorder (PTSD) by screening for individual differences in fear extinction.
The ideal subject pool is a population of individuals with trauma-related anxiety disorders,
or fear-conditioned animals, ideally with detailed biographical and/or experimental
information on exposure to predisposing environmental risk factors, such as stressful life
events and alcohol abuse. Following screening for fear extinction, individuals are selected
on the basis of impaired versus intact extinction and compared for aberrant versus effective
neural circuit function, respectively. This provides a basis for identifying specific molecules
and gene variants underlying these circuit variations, which in turn can lead to pro-
extinction therapeutic target development to benefit existing patients, as well as novel
biomarkers for the future screening of individuals at elevated risk of trauma-related anxiety
disorders.
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Table 1

Examples of effect of extinction facilitating and/or rescuing treatments in animal models of impaired
extinction and human anxiety disordersa

Agent class Treatment Animal studiesb Human studies

FC Model Short-term
extinction

Extinction
retrieval

Efficacy as adjunct
to exposure therapy

Adrenergic α2 R
antagonist

Yohimbine Cue Genetic [20] Nd + + Claustrophobia [106]

NMDAR agonist DCS Context Stress [76] Nd + + Acrophobia, social phobia

DCS Cue Genetic [20] − − Panic disorder ([51,62,63])

DCS Cue Adolescent [107] Post + −/(+) PTSD

DCS Cue* Genetic [38] Post + PTSD, +/− OCD
([51,56,57,62,63])

AMPAR agonist PEPA Cue Genetic [38] − − Nd

mGLUR7 agonist AMN082 Cue Genetic [38] + + Nd

FAAH inhibitor AM3506 Cue Genetic [73] + + Nd

SSRI Fluoxetine Cue Genetic [54] − + + PTSD [68], − social
phobia [67]

HDAC inhibitor MS-275 Cue Genetic [54] − − Nd

Cue* Genetic [54] Post + Nd

Neurotrophic factors BDNF Cue Stress [82] + ? Nd

Neuropeptides NPS Cue Stress [46] + ? Nd

Multitarget (GABAergic,
GC, GLUergic, HDAC
inhibitor)

ZnR Cue Genetic [54] + + Nd

Multitarget (GABAeric,
HDAC inhibitor)

VPA Cue Genetic [54] + + Nd

Other approaches DBS Cue Genetic [54] − + Nd

a
DBS, accumbal deep brain stimulation; FC, fear conditioning; GC, glucocorticoid; GLU, glutamate; HDAC, histone deacetylase; Nd, not

determined; post, given post extinction training (all other treatments given before or during extinction training); R, receptor; SSRI, selective
serotonin reuptake inhibitor; VPA, valproic acid; ZnR, dietary zinc restriction.

b
+ effect, − no effect, +/− mixed results

*
weak fear conditioning.
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