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Abstract
We address some of the current limitations of translational research in fear memory and suggest alternatives that might help
to overcome them. Appropriate fear responses are adaptive, but disruption of healthy fear memory circuits can lead to
anxiety and fear-based disorders. Stress is one of the main environmental factors that can disrupt memory circuits and
constitutes as a key factor in the etiopathology of these psychiatric conditions. Current therapies for anxiety and fear-based
disorders have limited success rate, revealing a clear need for an improved understanding of their neurobiological basis.
Although animal models are excellent for dissecting fear memory circuits and have driven tremendous advances in the ﬁeld,
translation of these ﬁndings into the clinic has been limited so far. Animal models of stress-induced pathological fear
combined with powerful cutting-edge techniques would help to improve the translational value of preclinical studies. We
also encourage combining animal and human research, including psychiatric patients in order to ﬁnd new pharmacological
targets with real therapeutic potential that will improve the extrapolation of the ﬁndings. Finally, we highlight novel
neuroimaging approaches that improve our understanding of anxiety and fear-based disorders.

Introduction
Among all psychiatric pathologies, anxiety and fear-based
disorders are the most prevalent in developed countries,
affecting up to 30% of the population during their lifetime
[1] and around 12% every year [2]. Such disorders are
associated with a threefold increase rate of suicides [3] and
represent a huge economic responsibility for society [4, 5].
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So far the most effective treatments for anxiety and fearbased disorders include serotonin reuptake inhibitors and/or
exposure-based psychotherapy. However, a signiﬁcant
proportion of patients does not respond to such treatments
or relapse after treatment remission [6, 7], revealing a critical and urgent need to develop novel therapeutic approaches. We believe that a better understanding of the
mechanisms in anxiety and fear-based disorders will help to
improve therapeutic approaches.
Anxiety and fear-based disorders include a broad range
of recognized clinical conditions, such as post-traumatic
stress disorder (PTSD), panic disorder, or speciﬁc phobias,
characterized by excessive anxiety and altered fear learning.
Each of these conditions is unique with respect to the features of the fear or anxiety experienced as well as the type
of stimuli that can induce it. Thus, patients with PTSD
exhibit persistent recurring memories of traumatic events
through intrusive thoughts, ﬂashbacks, and nightmares,
which the individual is unable to extinguish. In panic disorder, the subject experiences recurrent panic attacks
(abrupt surges of intense fear accompanied by somatic
symptoms) that are usually unexpected and uncued since
they occur in the absence of any identiﬁable source of
danger. Conversely, phobias are featured by cued panic
attacks in which the sufferer experiences persistent and
excessive fear in response to the presence of a clearly
deﬁned object, person, or situation. An important common
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Fig. 1 Stress can contribute to the transition from healthy to pathological fear processing at multiple levels in the brain. Fear is a physiological response that enables the subject to cope with threatening
events. However, this healthy fear response can become pathologically
persistent or intense, as in fear and anxiety disorders. Stress can affect

fear processing by altering brain function at different levels. After
stress exposure, some individuals will suffer from pathological fear,
whereas others will remain unaffected, due to poorly understood
mechanisms

characteristic of these disorders are that they present
alterations in fear processing [6]. Whereas transient and
appropriate fear responses allow the individual to cope with
dangerous or stressful situations, anxiety and fear disorders
present exaggerated fear responses that persist beyond the
adaptive level [8]. The nature of these responses and their
processing by fear memory circuits are crucial factors for
the initiation and maintenance of the disorder [7].
Genetic and environmental factors strongly inﬂuence
resilience and susceptibility to anxiety and fear-based disorders, being stress exposure among their most important
modulators [9]. Exposure to certain forms of mild stress
may act as a resilience factor by improving coping strategies
in future stressful events [10]. However, chronic stress and
acute trauma exposure can act as key factors in the initiation
and maintenance of anxiety and fear-based disorders [11].
Thus, sustained moderate stressors (e.g., major changes at
workplace, ﬁnancial problems, health issues) as well as
acute traumas (e.g., natural disasters, accidents, physical, or
sexual assault) are able to alter memory circuits and brain
plasticity at different levels [12, 13] (Fig. 1), and operate as
vulnerability factors in certain subjects. We will be able to
develop better treatments by understanding more about how
stress interacts with other factors to cause these deleterious
effects [14, 15].
Studying memory in both humans and laboratory animals has important limitations since the brains of these
species process some forms of information quite differently
[16], making it complicated to establish comparisons
between them. An advantage when studying the neural
circuitry underlying fear memory is the fact that some brain
regions are involved in aversive processing across many
mammalian species [17] (see Fig. 2 showing several key

fear processing areas in rodents and humans), and its
behavioral readout is both quick and robust, making it
especially adequate for translational studies [18]. The formation of memory following laboratory fear tasks has been
studied according to the Pavlovian learning paradigm both
in animals and humans. This associative learning process
consists of pairing a neutral conditioned stimulus (CS) with
an aversive unconditioned stimulus (US) that elicits a
conditioned fear response (e.g., freezing in rodents, skin
conductance response in humans, among others). The CS
can be a cue (e.g., a tone, auditory fear conditioning (FC))
or a context (e.g., a room, contextual FC). Also, a good fear
measure in humans and rodents is fear-potentiated startle,
consisting on the increase of the startle reﬂex elicited by a
sudden noise in the presence of the CS (without US).
Unraveling the mechanisms of how stress alters fear
memory circuitry may have implications for all anxiety and
fear-based disorders. In fact, according to the new mainstream frameworks of brain disorders, Research Domain
Criteria (RDoC, National Institute of Health, USA) and
ROAMER (Horizon 2020, Europe), fear circuitry alterations in all anxiety and fear-based disorders should have a
common core. Thus, ﬁnding treatments for pathological fear
would potentially be beneﬁcial to treat the fear component
of all fear-related disorders. Insufﬁcient knowledge of
underlying mechanisms mediating fear processing limits the
speciﬁcity and effectiveness of further therapeutic breakthroughs. Therefore, a greater understanding of the neural
circuitry mediating altered fear processing will precipitate
further progress in the development of more selective
treatments for anxiety and fear-based disorders [6, 7].
In brief, the underlying mechanisms of anxiety and fearbased disorders might include aberrant functions and
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Fig. 2 Key regions in the human and mouse brains involved in fear
memory. Some of the main brain regions involved in fear memory
processing display similar functions in rodents and humans, including
the hippocampal formation, the amygdala, the bed nucleus of stria

terminalis (BNST) and the thalamus. Some functions of the medial
prefrontal cortex in mice and humans are equivalent. Certain functions
of the anterior cingulate cortex (ACC; dashed line) in humans are
located in the medial PFC in rodents

remodeling of neural circuitry caused, in part, by stress [19].
Although the neurocircuitry of stress and fear learning are
well-characterized, the development of treatments resulting
from this knowledge remains unsatisfactory. This reﬂects
that the way in which animal models have been employed,
despite providing tremendous advances in the ﬁeld so far,
has achieved limited translation of ﬁndings from the bench
to the bedside. We believe that it is crucial to understand the
molecular mechanisms of such malfunctioning in both
animal models and humans concurrently so we can ﬁnd
better pharmacological treatments for anxiety and fearbased disorders (Fig. 2). Also, it is essential to include
female subjects in both human and animal studies, since
women are at a twofold higher risk for any anxiety-related
disorder compared to men [20]. Considerable evidence [20,
21] indicates that sex differences in fear processing should
be investigated more thoroughly, but how to address this
factor is beyond the scope of this Perspective. See below
our proposals on how to overcome some of the aforementioned limitations in order to achieve a more successful
translation of studies focused on fear memory.

Additionally, their combination with powerful emerging
techniques would enhance our understanding of the molecular mechanisms of such malfunctioning in animals. Also
combining animal and human research may help us ﬁnd
new targets with real therapeutic potential. Unifying methodological approaches in both animal and human studies
would be highly beneﬁcial in this regard. Finally, we
highlight the contribution of theoretical frameworks that
enable a better comprehension of anxiety and fear-based
disorders.

How to improve translational research in
fear memory
In this section, we argue that animal models of pathological
fear learning are essential to ﬁnd more effective treatments
for anxiety and fear-based disorders, since neurobiological
alterations present in these models might maintain a
greater resemblance with these psychiatric conditions.

Using pathological—instead of healthy—fear
models
The neurocircuitry of fear has been mostly studied in
laboratory animals that present normal fear processing
(similar to healthy individuals) [19]. Although these models
provide invaluable information about fear circuits in the
brain, they do not fully explain the mechanisms of pathological fear processing (as seen in diseased individuals)
[19]. There are several animal models presenting altered
fear processing that constitute suitable tools for modeling
anxiety disorders. Certain anatomical manipulations,
including chemical stimulation of the dorsomedial hypothalamus [22] or electrical stimulation of the dorsal periaqueductal gray [23], are used for modeling panic disorder.
Speciﬁc transgenic mice and selected mouse strains
(TgNTRK3 mice [24] and 129S1 mouse strain [25] as
models of impaired fear learning and extinction) are useful
for exploring the genetic basis of anxiety and fear-based
disorders [26]. Also, those paradigms based on
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environmental manipulations (i.e., stress models) that alter
fear processing are particularly useful to model some fearbased disorders like PTSD. Notably, although these paradigms are only modeling the environmental component,
they may represent in some cases a more translational way
to mimic the human situation because they elicit a myriad of
genetic and epigenetic changes similar to those occurring in
humans. One of these stress-based robust models of
pathological fear is acute stress immobilization followed by
auditory FC after 6 days [27, 28]. This procedure results in
stressed mice presenting impaired fear extinction. Other
models of acute stress also result in altered auditory fear
extinction and morphological changes in the mPFC. Thus, a
single 10 min of forced swimming in mice causes retraction
of apical dendrites in infralimbic (but not prelimbic) cortex
pyramidal neurons as evaluated 24 h after stress [29].
Interestingly, rats exposed to single prolonged stress
(exposure to 2 h restraint followed by 20 min forced
swimming and ﬁnally anesthesia with isoﬂurane) present
enhanced contextual FC 14 days later [30]. Also in rats,
inescapable tail-shock potentiates fear memory consolidation in footshock-induced FC both to a tone and to the
context 7 days later in a differentiated environment [31].
All these models reﬂect many available procedures to
induce pathological fear processing in rats and mice. Surprisingly, these models have not yet been combined with
cutting-edge techniques such as in vivo calcium imaging,
gene editing with CRISPR or powerful techniques to
study neuronal projections including optogenetics and
DREADDs (designer receptors exclusively activated by
designer drugs) when studying fear memory. Also,
surprisingly there are very few studies combining
human data in anxiety and fear-based disorders with the
interaction of stress and fear models. The question remains
how can we ﬁnd better treatments in anxiety and fear-based
disorders if the animal models present normal fear
processing and the data is often not directly associated
with humans?

Taking advantage of the new techniques in relevant
models of pathological fear
A broad assortment of traditional techniques, including
neuronal tracing, local lesions, pharmacological treatments,
and electrophysiology, have been extremely useful to outline an elementary description of the normal and pathological fear circuitry so far [32–34]. Recent technical progress
has provided us with a new repertoire of sophisticated tools
(Table 1) that enable more direct and efﬁcient monitoring of
neural activity, as well as more speciﬁc and controllable
manipulations of adaptive/maladaptive behaviors and their
neural substrates. Unfortunately, although some of these
techniques (mainly optogenetics) have already widely been

used to study the fear circuit under physiological conditions
[35, 36], there are seldom precedents using these cuttingedge procedures in rodent models presenting pathological
fear learning.
Stimulating/inhibiting neurological pathways in animal
behavior is key to establish causal links between the activity
of speciﬁc brain circuits and particular behavioral and
physiological outcomes. The emergence of optogenetics
and chemogenetics (DREADDs) has allowed this manipulation to be region and cell-type speciﬁc, temporally precise and reversible [28, 37, 38]. This cell-type speciﬁcity is
particularly useful to overcome the challenge of studying
brain structures constituted by diverse subnuclei and cellular types (e.g., the amygdala [39, 40] or the BNST [41])
recruited during exposure to stressful life events and in
anxiety and fear-based disorders. Additionally, this
neuronal-type manipulation can be circumscribed to speciﬁc
projections (by applying the laser or the inert ligand to an
area different from that where the virus –either retrograde or
anterograde– was injected), which reﬁnes possible conclusions to speciﬁc pathways. Pharmacological and gene
inactivation approaches may achieve considerable spatial
resolution as well, but their kinetics and reversibility are
slow. Optogenetics allows millisecond-scale manipulation
of neuronal activity, making it possible to drive brain circuits at speciﬁc frequencies of interest and precise timepoints within the learning process. This enables to detect,
for instance, that cell-type-speciﬁc plasticity of phasic and
tonic activity within the central amygdala gates fear
expression and regulates fear generalization [42].
DREADDs otherwise is a more helpful tool when manipulating circuits in a sustained manner [43] (e.g., few hours,
or weeks via minipumps). This permitted, for example, the
identiﬁcation of Thy-1 neurons of the basolateral amygdala
as “fear-off” neurons through their tonic enhanced excitability during fear extinction [44]. A key advantage of
optogenetics and DREADDs is their functional bidirectionality. This not only permits the stimulation but also
the inhibition of neuronal activity, which allows us to assess
both sufﬁciency and necessity of the tested pathway.
Importantly, DREADDs act through G-proteins similarly to
G-protein coupled receptors, and these are the most common targets of current therapeutic drugs in humans [45]. As
a result, ﬁndings from animal studies using DREADDs
might have translational implications [46], since DREADDs
may control a portion of downstream signals targeted by
known therapeutic drugs. However, translating DREADDs
studies to humans is not direct due to the complexity of
GPCR signaling among other issues. A recent work has
highlighted the relevance of combining optogenetics with
pathological models of fear [47]. This study reports that the
vulnerability to heightened fear learning produced by
repeated immobilization stress exposure emerges from a
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serotonin-dependent fear memory consolidation process
that is not present in unstressed mice [48]. Thus, optogenetic inhibition of the serotonergic dorsal raphe during
conditioning is sufﬁcient to prevent stress-induced
enhancement of fear [47]. More studies following this or
similar approaches are necessary in order to advance the use
of animal psychiatric models presenting pathological fear
processing.
Anxiety and fear-based disorders are considered multifactorial conditions involving complex gene-environment
interactions [49, 50]. Thus, relying on technology that is
able to ﬁnely manipulate gene expression is crucial to
unravel key genes modiﬁed by exposure to stressful stimuli.
The CRISPR/Cas system is among the most valuable genome editing tools developed during the last years, allowing
for the introduction of double-stranded DNA breaks at
nearly any speciﬁed sequence within the genome with
nucleotide resolution in order to generate gene knock-outs
or knock-ins on demand [51, 52]. The utilization is more
user-friendly and affordable than other strategies to regulate
gene expression (i.e., RNA interference), and presents
higher efﬁciency and reduced off-target effects, even when
simultaneously targeting multiple loci in the genome [53,
54]. Molecular genetic approaches, including genome-wide
studies of genetic variation have identiﬁed a considerable
number of genes associated to vulnerability/resilience to
diverse anxiety and fear-based disorders [55, 56]. Using the
CRISPR/Cas technology in rodent models of pathological
fear might help to unravel which of these genes are indeed
primary involved in aberrant fear memory processing, and
more importantly, if their suppression/restriction could
alleviate anxiety-related symptoms.
Another cutting-edge technique to take advantage of is
optical imaging of neural activity. This technique has
emerged to signiﬁcantly improve cellular level recordings in
behaving animals. Optical imaging methods overcome
some of the limitations presented by extracellular electrophysiological methods, allowing genetic cell-type and
connectivity speciﬁcity, stable long-term recordings, and
simultaneous tracking of hundreds of cells in a single animal [57]. These features are particularly desirable when
studying fear memory processing because of the large
dynamics in neuronal ensembles that encode associative
memories involved in FC and extinction [58, 59]. In fact, a
recent work employing an intracellular calcium indicator to
characterize the dynamics of amygdalar ensembles during
FC and extinction has revealed a learning model that
may have been unapparent in smaller recordings [60].
This model shows that the neuronal activation patterns
representing the CS and the US become more similar
throughout fear learning and return to be distinguishable
again during fear extinction. However, the CS representation after fear extinction does not revert to its initial form. In

addition, some studies using in vivo calcium imaging
have already detected network disturbances in rodent
models of brain diseases such as Alzheimer disease and
synucleinopathies [61, 62]. This indicates that these
tools may be helpful to uncover altered neuronal dynamics
that orchestrate the transition to pathological disease
states, as those produced by stress exposure in models of
pathological fear.

Combining animal and human data
Most research in anxiety and fear-based disorders is focused
either on humans or on animal models [18]. This means that
there is a clear lack of translational studies using both animals and humans in the same study, missing out on the
advantages of this synergic combination. Of note, translational studies involving two or more species are not strictly
necessary to advance research of new treatments for anxiety
and fear-based disorders. In fact, there are many cases of
promising new pharmacological approaches in fear-related
disorders that emerged from only the human or the
animal side. One example is the antibiotic and partial Nmethyl-D-aspartate (NMDA) agonist D-cycloserine that was
found to enhance fear extinction in rats that present either
physiological or pathological fear processing induced by
single prolonged stress [63, 64]. Later, some studies in
humans have shown that D-cycloserine could also be
effective in enhancing some exposure-based therapies in
humans with a fear-related disorder (e.g., PTSD [65, 66],
phobia [67]). Of note, a recent meta-analysis indicates that
the clinical beneﬁts of adding D-cycloserine to exposurebased therapies are relatively small and may easily dissipate
over time [68].
Human research is often limited to observational and
correlational studies for obvious ethical reasons. This results
in being unable to establish causal effects and prove limited
information about the cellular and molecular substrates
underlying behavioral data. On its behalf, animal research
overcomes these limitations, but is not always a good predictor of the human condition and most psychiatric symptoms can only be partially inferred in animal models. For
this reason, its combination with human data magniﬁes the
robustness, applicability and potential therapeutic relevance
of ﬁndings from animal studies. Several publications have
proven that mice are an optimal species for translational
studies, and the comparison of both human and mouse
pathological fear has resulted in the identiﬁcation of common pathways that can be pharmacologically successfully
targeted [69, 70]. For example, both transgenic mice and
humans presenting a particular genetic variant BDNF
polymorphism show impaired fear extinction [71]. Studies
including psychiatric patients have shown that the opioidreceptor-like 1 has been associated with fear learning in
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both mice and humans with PTSD [69]. Also, a study in
humans has conﬁrmed that extracellular signaling pathways
involving matrix metalloproteinases are crucially required
for fear learning [72], a role previously reported in rodents
[73]. Of note, in some cases these common pathways might
be detected only as a response to a challenge and not under
basal conditions. This has been shown in a recent study
identifying genetic variants associated with increased risk of
psychiatric disorders, where an acute stress challenge
unmasks an overlapping transcriptional proﬁle in humans
and mice [74]. Similarly, fear exposure may engage a
speciﬁc transcriptional response (maybe not detectable
in baseline conditions) that will be overlapping in human
and mice [69, 74]. Thus, a critical point in future
translational studies is to unify the fear procedures across
species which would be helpful to obtain more relevant
data.

Unifying methodological approaches in animal and
human research
The studies discussed in the paragraph above show the
outstanding promises of translational models of fear learning that help us understand pathological fear, despite
methods used to study fear learning in humans can be
markedly different from those used in rodents. For example,
most human studies use differential-cue paradigms where a
CS is followed by the US (CS + ) and another CS is not
followed by the US (CS-). In contrast, rodent single-cue
paradigms (where only one CS is conditioned) are most
often used. The reinforcement ratios during initial conditioning might differ between rodent and human studies as
well and are often lower in humans. Also, fear extinction
(and the return of fear) is often investigated within the same
session (or after a very short time delay after conditioning)
in human studies, mainly for practical reasons, whereas
longer delays are often used in rodents. Moreover, although
similar USs (e.g., electric shocks) can be employed in both
humans and rodents, the intensity of such USs is typically
much lower in humans for ethical reasons. In addition, some
readout measures of fear learning can be used (i.e., easily
“translated”) in both humans and rodents (namely, the
fear-potentiated startle), but some others cannot (e.g.,
skin conductance response in humans versus freezing in
rodents) [75].
These differences between the methods used for evaluating fear learning in rodents and humans are likely masking conserved similarities across species. To uncover shared
mechanisms of fear learning in different species it is
necessary to use tests as similar as possible tackling the
issues discussed in the paragraph above. Additionally, the
translational value of new fear measures is also awaiting
further research. In this regard, pupil dilation has been

recently shown in humans to be a robust marker of fear
learning that activates emotional areas in the brain [76, 77].
Studying pupil dilation in rodents is feasible [78], but it has
not been tested yet in conjunction with fear learning paradigms. Thus, it is possible that recording the same psychophysiological measures in both rodents and humans may
help to reduce the methodological gaps in fear paradigms
across species.
Recent evidences indicate that it is also relevant to preserve certain conditions inherent to natural settings when
translated to the laboratory. One of these factors present in
most real fearful experiences is temporal unpredictability,
generally omitted in both animal and human FC paradigms.
Animal studies indicate that temporal ambiguity of aversive
events greatly enhances fear [79], and certain neurons
within the fear network show greater ﬁring and activation in
response to unpredictable stimuli than to predictable stimuli
[80, 81]. This event results clinically relevant as well, since
patients with fear and anxiety disorders have been reported
to be highly affected by unpredictable aversive stimuli [82,
83] and more likely to interpret ambiguous stimuli as
threatening [84]. Hence, employing more naturalistic conditions during FC might increase our chances to detect
alterations in the fear circuitry involved with fear and
anxiety disorders.
Finally, our ability to perform translational research is
also constrained by methodological issues concerning neuroimaging studies in humans. In accordance with evidence
from animal studies, it has been inferred from fMRI and
PET studies that human FC and extinction involves the
activation of a common core fear network including the
amygdalar complex and regions of the cingulofrontal cortex
among others [85, 86]. This view was further supported by
studies in patients suffering from a rare genetic disorder, the
Urbach-Wiethe disease, who present selective calciﬁcation
of amygdalar tissue [87] correlating with impaired conditioning to a variety of fear-evoking stimuli [88, 89].
However, some neuroimaging studies report divergent
ﬁndings with this regard. Indeed, recent meta-analyses of
human fMRI studies could not conﬁrm the well-established
role of the amygdala on fear acquisition and extinction
learning [90, 91]. The observed variance between these
functional imaging studies may arise from the considerable
methodological differences between them (e.g., contingency
and timing parameters, modality of CS/US) [86, 90]. It may
reﬂect as well technical (e.g., insufﬁcient resolution, low
signal-to-noise-ratio) or analytical limitations (e.g., massunivariate approaches when analyzing the activity of sparse
distributed neurons) in the assessment of brain function in
humans in comparison to rodents [92, 93]. Thus, improving
these methods and technology in human research will help
to compare more accurately the results with animal data and
improve translational research.

África Flores et al.

Using theoretical frameworks: from humans to
animals and back
Assessment of the neurobiological correlates of anxiety and
fear-based disorders in humans has expanded beyond the
mere translation of animal models to the human domain.
Thus, concepts such as “emotional regulation” or “cognitive
reappraisal” have burst into clinical psychology literature
proposing novel research approaches that have been incorporated into neurobiological models of anxiety and fearbased disorders. These collection of concepts and ideas are
aligned with cognitive formulations (which are difﬁcult to
model in animals) and refer to the downregulation of limbic
activity by the cognitive processes dependent on the coordinated action of different parts of the prefrontal cortex [94].
In general, it is considered that emotional regulation is
successful when engaged before emotional responses have
been completely generated, rather than after the full
development of the emotion [95]. Critically, patients with
anxiety and fear-based disorders typically deploy maladaptive strategies to regulate or cope with their emotions,
such as expressive suppression, or present less awareness of
their emotions [96]. Likewise, neuroimaging studies have
shown that in these patients prefrontal cortex circuits exert
an ineffective top–down inhibitory control of limbic structures, which are characteristically hyperreactive [97, 98].
Importantly, such inefﬁcient use of cognitive resources also
has consequences for treatment response, since successful
cognitive behavioral therapy (CBT) has been shown to
associate with improvements in cognitive reappraisal abilities [99, 100]. The development of robust and ﬁne-grained
neuroimaging biomarkers [101] (i.e., based on the use of
high-resolution functional magnetic resonance imaging and
multivariate pattern-recognition techniques) may ultimately
lead to the identiﬁcation of the neural circuitry involved in
successful emotion regulation and, therefore, provide a
novel perspective of what is wrong in anxiety and fearbased disorders. Moreover, such neuroimaging biomarkers
may provide the opportunity to develop novel therapeutic
approaches, as can be inferred from emerging studies
focused on reducing a certain aversive memory without
explicit presentation of the fear-associated stimulus [102].
This strategy would avoid the unpleasant experience of
repeated exposure to fear-evoking stimuli during CBT.
Real-time decoding of multivariate fMRI signals has been
recently employed to reduce fear memories by pairing
rewards with the occurrences of induced activity patterns
matching the fear-evoking stimulus in the absence of the
stimulus itself [102]. Such network-level biomarkers could
then be translated back to animal models where invasive
research strategies aimed at the modulation of such circuits
at the molecular or cellular level can potentially be developed. An elegant example of human-to-mouse translation in

fear research can be found in a study in mice revealing how
successful reduction of fear is achieved when the counterconditioning reward is paired with the reactivation of a fear
memory engram located in the dentate gyrus of the hippocampus, but not the one located in the amygdala [103]. This
circuit dissection could not have been performed in humans,
since speciﬁc manipulation of memory engram neurons was
possible through optogenetic approaches. Furthermore,
behavioral counterconditioning effectively reduces fear in
both humans [104] and rodents [105], and, therefore,
understanding the mechanisms behind counterconditioning
could be particularly important.

Conclusions
The focus of translational neuroscience in fear models can
help us to further understand our brain in health and disease.
Our view proposes that future studies need to unify methodologies in both animal and human research, and include
novel technologies in animal models of pathological fear in
combination with human data in anxiety and fear-based
disorders. We also argue that the development of new
technology will help us to test theoretical frameworks in
both animals and humans. We predict that the results will be
outstanding and contribute to the understanding of not only
anxiety and fear-based disorders but also the brain.
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