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ABSTRACT

Both clinicians and neuroscientists have been Iotegested in the topic of fear conditioning,
with recent advances in neuroscience, in particigaiting a shared interest in further
translation between these domains. Here, we res@me historical aspects of this
relationship and the progress that has been mauanisiating the neuroscientific study of
fear conditioning to the conceptualization andttreant of mental disorders, especially
anxiety-related disorders. We also address someeptumal and methodological challenges

faced by this research, and offer some suggesiosispport future progress in the field.
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INTRODUCTION

When in 1920, John B. Watson and Rosalie Raynettitoned a young child who would
become known as “Little Albert”, they could not leawmagined the extraordinary impact that
their experiment would have in our current concalitation of anxiety-related disorders,
almost a century later. Over the past two decadgsrticular, this legacy has been
strengthened by the *happy marriage’ between neigntsts and clinicians interested in the
topic of fear conditioning phenomena, although utstrbe said, love took a while to emerge.
In this review, we will briefly reflect on some tife history of this relationship and the
specific progress that has been made in transl#tmgeuroscientific study of human fear
conditioning models to the management and treatofesmxiety-related disorders (including
panic disorder/agoraphobia; specific phobia; scmiiety disorder, SAD; generalized
anxiety disorder, GAD; obsessive-compulsive disgr@€D; and post-traumatic stress
disorder, PTSD). We will also address some of tineeptual and practical challenges that
have been faced during this process and will aftene suggestions for future research in the

field.

HOW DID WE GET HERE? FROM WATSON TO FMRI.

Watson is considered one of the founding fathetsebfiviorism as a scientific movement or
paradigm. Besides introducing behaviorism, Watseniphasis on environmental influences
sharpened the focus of experimental psychologyhertonstruct of ‘learning’ and on the
formulation of ‘laws of behavior’, a focus whichdured for at least three decades. During
that period, experimental psychology was also hgaviluenced by research in laboratory
animals (Kazdin, 1978; Krasner, 1990). Researahdlassical (Pavlovian) conditioning

processes, in particular, shaped the developmédmladvior modification approaches,



including early forms of behavior therapy, untiétimid-twentieth century. The initial focus
of behavior therapy was in the treatment of feas anxiety (or “neuroses”), which can be
traced back to the original Pavlovian conditionexgperiment on "Little Albert”. In this
famous experiment, the infant Albert — who inityadlisplayed no signs of fear to a white rat,
was made to fear the rat when associated withseradia hammer strike on a steel bar. The
fear of the rat then generalized to other percdigtaemilar objects, such as a fluffy white
beard. Although the “Little Albert” study does raminform to the ethical standards of modern
behavioral research, it is considered the firsbtatory demonstration of fear conditioning in
a human. It also inspired an important follow-upexment by Mary Cover Jones
demonstrating effective behavior modification basadhe principles of fear conditioning
(Jones, 1924). In the “Little Peter” experimeng thild — who displayed signs of fear to
rabbits before the experiment — learned to overciiseear by associating the presence of
rabbits with a pleasurable activity (eating canidfyhile Peter ate candy, the rabbit was
placed closer and closer until the rabbit was exadht close enough to nibble on Peter’s
fingers. Considered the first controlled demongirabf counterconditioning in humans, the
“Little Peter” experiment influenced the work of We and the development of behavior

modification techniques, like systematic desenrditim (\Wolpe, 1961).

The application of learning models, including feanditioning models, to clinical
psychology, especially with application to anxie#jated disorders, thrived during a ‘golden
age’ that lasted approximately 30 years. In theD$9Rowever, the ‘cognitive revolution’ had
come to dominate the clinical field (see Greenwd®@$9), and although fear conditioning
models were developed to incorporate cognitivealdes (see Mackintosh, 1974), for a

number of reasons the focus on fear conditioningémtal health research declined.

In contrast, interest in fear conditioning remaiséable in neuroscience and become

particularly prominent in the 1980s. Although irstrin the biological basis of classical



conditioning dates back to at least Pavlov (enthefl9th century), the impetus for
biological research was primarily stimulated 50rgdater with Mowrer’s “two-factor”
theory, which merged Pavlovian and instrumental@gghes. According to Mowrer,
conditioned fear reduction was the main reinfoafesvoidance conditioning. By the 1950s,
avoidance conditioning had become the dominantdogmathrough which to examine the
brain basis of fear learning. The influence of Mexig work, and that of his colleague Neal
Miller, remained prominent until the 1980s (LeDoMagscarello, Sears, & Campese, 2017).
However, by this time, due to unresolved concepisales and inconclusive results
regarding the brain basis of avoidance, most rebess interested in learning had shifted

their focus to ‘simpler’ Pavlovian conditioning appches.

The characterization of specific neural mechanishf®avlovian conditioning
throughout the 1980s significantly raised the peodif conditioning research in the
neuroscience realm. As a consequence of thesevdises: “fear conditioning thus became a
process that is carried out by cells, synapsespnasidcules in specific circuits of the nervous
system” (LeDoux, 2014, p. 2873). Indeed, throughloat1l980s and 90s, rapid gains were
made in mapping the neural circuits involved inimas fear conditioning processes,
including acquisition, extinction, generalizati@ue competition effects, and contextual
processes. Most notably, this research highligtitecamygdala as a primary hub in the
brain’s fear circuity involved in the learning aexipression of conditioned defensive

behavior.

By the early 1990s, the availability of functiomeuroimaging techniques, including
positron emission tomography (PET) and functionagnetic resonance imaging (fMRI) had
begun to transform research in the fields of huewgnitive and clinical neuroscience. In
particular, the development of fMRI, which offerseaberior temporal resolution to PET, was

especially relevant to expanding fear conditiom@ggearch in humans (Biichel, Morris,



Dolan, & Friston, 1998; Kevin S LaBar, Gatenby, &dreDoux, & Phelps, 1998). The
development of this line of research, which hasaieed strongly influenced by animal fear
conditioning models, has broadly reinforced thaarothat Pavlovian conditioning processes

are suited to cross-species translational research.

The Brain’s Extended ‘Fear Circuit’

Given the widespread interest in the neurobioldgfgar conditioning, there are a number of
remarkable in-depth reviews on this topic (e.grrid& Johansen, 2014; LeDoux, 2000;
Tovote, Fadok, & Luthi, 2015). Thus, we providetjasrief overview of the major
neurocircuitry that is thought to be conserved s€mammalian species and that has an

important role in governing emotional learning msses in fear conditioning.

The predominant neurocircuitry centers on connastigithin and between the
amygdala, hippocampus and extended areas of theurpeefrontal cortex. The amygdala is
crucial for the acquisition, storage, and exprassioearned fear associations through
widespread connections with sensory regions, atlibgonnections with areas involved in
defensive behavior (LeDoux, 2000). The anteriogalate cortex (prelimbic cortex in
rodents), in particular has been associated wéteipression of conditioned fear responses,
whereas the ventromedial prefrontal cortex (infnddlic cortex in rodents) is important for
inhibiting threat expression by downregulating adslg activity. In the context of
conditioning research, the ventromedial prefrontatex has been predominately
investigated for its role in the learning, storaged retrieval of extinction (‘safety’)
memories (Milad & Quirk, 2012). The hippocampusgngortant for forming contextual fear
associations, and in contextually gating the re#di®f extinction memories (Maren, Phan, &

Liberzon, 2013). Emerging neuroscience researatgysoneering fine-scale molecular



imaging and activity-dependent neural tagging tegnes is now beginning to reveal how
distinct neural populations and synaptic connestiwithin and between these regions
orchestrate the balance between the expressidmeztt and safety-related behaviors

(Krabbe, Griindemann, & Lithi, 2018).

Human fMRI studies of conditioning processes haest consistently emphasized
the involvement of extended medial prefrontal codeeas in responding to conditioned
fear/threat and safety signals. The anterior ciatgutortex, together with anterior insular
cortex, are among the brain regions most reliaibplved in human conditioned fear/threat
processing, whereas the ventromedial prefrontaégas consistently more responsive to
conditioned safety signals (Fullana et al., 20I@nslating the role of the amygdala, clearly
demonstrated in rodents (LeDoux, 2000), to humaRIfkBas turned out to be more
complicated. In the recent meta-analysis of feaddmning fMRI studies by Fullana et al
(2016), the amygdala was not identified as consilstshowing tissue activity. In contrast, in
patients with amygdala lesions, impaired condittbfear acquisition has been demonstrated

(Bechara et al., 1995; Klumpers et al., 2014; KaBar, LeDoux, Spencer, & Phelps, 1995).

Inconsistent translation of the animal neuroscigndeuman neuroimaging could of
course be due to a number of methodological fatchatsdo not necessarily call into question
the role of these regions in fear conditioning umans. For instance, failure to detect
amygdala activity in fMRI could be due to well-knowlifficulties in signal detection from
this region (e.g. Weiskopf, Hutton, Josephs, & Baiann, 2006). Another potential
explanation comes from animal neuroscience, whichvs that a relatively small number of
sparsely distributed neurons respond to a fearitondd stimulus (CS+)(Reijmers, Perkins,
Matsuo, & Mayford, 2007), which could be below wisatequired for detecting regional
activity with fMRI. Furthermore, in addition to neans responding to th@esence of a CS+,

a roughly equal number respond to #eence of a CS+ (Haubensak et al., 2010). Because



conventional fMRI applies spatial filtering (‘'smdatg’) at a multi-voxel level, observed
fMRI responses to a threat and control conditiosteduli within the amygdala in humans
might be similar. Indeed, three fMRI studies of lamfear conditioning using different
(multivariate) approaches and focusing on trialttgt activationpatterns have illustrated

that amygdala activity can differ between a CS+ @gd (safety conditioned stimulus) during
fear conditioning (Bach, Weiskopf, & Dolan, 2011ai6 & Bach, 2018; Visser, Scholte,

Beemsterboer, & Kindt, 2013).

Despite these caveats, animal and human expeaistatlies remain focused on
understanding the contribution of this extendedaeeircuitry to distinct fear conditioning
processes, including their clinical translatiorsindies of patients with anxiety-related
disorders. Regarding the latter, a common obsemvai fMRI studies of such patient groups
is that they demonstrate heightened activatioh@finterior cingulate, insula, and less
consistently the amygdala, in response to conditighreats, when compared to healthy or
trauma exposed control participants (Milad et2009; Rougemont-Biicking et al., 2011;

Suarez-Jimenez et al., 2019; Veit et al., 2002).

In fMRI studies of differential fear conditioningatient groups have also shown
reduced activity in the ventromedial prefrontalte&rto cues that signal safety. Such
reductions in vmPFC activity to cues signallingetsahave been observed in PTSD
(Jovanovic, Kazama, Bachevalier, & Davis, 2012;ddiet al., 2009; Rougemont-Biicking et
al., 2011; Suarez-Jimenez et al., 2019), GAD (Gla. £2014; Via et al., 2018); and OCD
(Apergis-Schoute et al., 2017; Milad et al., 20Bduced activation of the vmPFC during
fear extinction learning was also shown to pregdadrer response to exposure therapy in
patients with SAD (Ball, Knapp, Paulus, & Stein1Z]. Thus, while altered fear

conditioning has long been suggested in the patsplogy of anxiety-related disorders



(Eysenck, 1979), it is only more recently thatr@teprocessing of conditioned safety signals
has received empirical attention, especially intberoscientific study of such disorders

(Milad & Quirk, 2012).

Its is important to note that the (renewed) irgene translational fear conditioning
models aligns well with new approaches in mentaltheesearch that aim to develop
nosological classifications that focus on neurgkjtlnction rather than on symptoms alone,
and which can be eventually linked with personaiggerventions ("precision medicine"),
such as the ROAMER (Roadmap for mental healtrareben Europe; Haro et al., 2014) or
the RDoC (Research Domain Criteria; Insel, 2014; se
https://www.nimh.nih.gov/research/research-fundgarinh/rdoc/constructs/rdoc-
matrix.shtml) initiatives. In fact, some authoryv@aoted that fear-conditioning models
could be one of the best candidates for translatewgoscientific discoveries into clinical

applications (Anderson & Insel, 2006).

TRANSLATING NEUROSCIENCE TO THE CLINIC

There continue to be pioneering advances in theoseience of learning and memory using
fear conditioning models, especially in rodentsdAwith technological developments—such
as the use of activity-dependent neural taggingogmogenetics—the fine-scale
microcircuitry within and between the amygdala,dupampus, and medial prefrontal cortex
is coming into view (Janak & Tye, 2015; Krabbelet2018; Tovote et al., 2015). But an
important and highly interesting question goingafard is whether and how breakthroughs in
the neuroscience of fear learning ultimately cdniie to our understanding of, and treatment
for, mental health disorders in humans. For exanies does an understanding of the

molecular underpinnings of associative fear legymmthe amygdala help patients suffering



with PTSD? To date, much of the translation frorhaxoral neuroscience in rodents to
treatment of humans with mental health disordeexperimental or preclinical. Like much
clinical translational research, there have beei@e of early excitement and promise

followed by periods of disappointment.

Disrupting fear memories

One route of translation concerns adapting modetsemory consolidation and
reconsolidation to treat mental health disordetbiwia critical time window, using both
pharmacological and non-pharmacological approa@lesfils & Holmes, 2018; Schwabe,
Nader, & Pruessner, 2014). One approach is tapglishe formation of a memory by
interfering with the memory consolidation processesn after learning (McGaugh, 2015).
For example, direct injections of a protein synihashibitor into the lateral amygdala can
abolish the long-term expression of a conditiorest fnemory in rodents (Johansen, Cain,
Ostroff, & LeDoux, 2011). But attempts to disrugaining with less toxic drugs, like the
beta-blocker propranolol, are extremely sensitovéhe timing between learning and drug
administration. Specifically, injection of the bdicker propranolol into the lateral
amygdala before fear conditioning disrupts formmatd a conditioned fear memory (Bush,
Caparosa, Gekker, & Ledoux, 2010), but injectiomiadiately after conditioning does not
stop the formation of a long-term fear memory (8a#tial., 2017). This temporal regulation
is important, because it suggests that attempma negative emotional memory from
being formed will be thwarted if the drug is natealdy onboard when the experience occurs.
This sensitive time window for disrupting emotionamory formation might explain why
attempts to interfere with memory formation soaeraé trauma have met with limited or no

success (Pitman et al., 2002; Sharp, Thomas, ResgriRosenberg, & Meyer, 2010; see also

10



Phelps & Hofman, 2019). From an adaptive memoméwaork, the propensity to retain fear
associations is paramount to evolutionary survigatl hence these emotional experiences
may be fiercely resistant to interference and ftingg (see Dunsmoor et al., 2018). But from
a clinical perspective, the inability to preverg flormation of emotional memories after a

negative experience renders memory modificationadl@nging treatment strategy.

Because blocking the formation of an emotional mgnmay be challenging without
the use of invasive and unsafe protein synthekibilors, and due to the fact that most
individuals seek treatment well after negative éfents or traumas, another approach is to
disrupt memories after they are already formedcResting an old memory can, under
certain circumstances, lend the memory to becomainite and susceptible to interference
during a process known as memory reconsolidatioradive injections of protein synthesis
inhibitors into the lateral amygdala, after memagctivation, can effectively block the
reconsolidation of a fear conditioning memory (Nad&ehafe, & LeDoux, 2000), and this
has been translated to humans with oral administratf propronolol (Kindt, Soeter, &
Vervliet, 2009.) Limited clinical work has trig¢d interfere with memory reconsolidation in
PTSD by administering the beta-blocker propranshartly before memory reactivation, so
that the drug is onboard at the time of memorymeobdation. But results on improving
PTSD symptoms have been mixed with some succeBaaset et al., 2008, 2018) and some
negative findings (Wood et al., 2015). A dominataumcern in the memory reconsolidation
literature is the tenuous effects observed withloatuse of invasive protein synthesis
inhibitors. For instance, research using safe phaatogical approaches, like propranolol, or
non-pharmacological techniques, like extinctiomnderference training following memory
reactivation, have been inconsistent across spézigsLuyten & Beckers, 2017).
Furthermore, whether a consolidated fear memaosysseptible to permanent disruption (or

“erasure”) remains controversial (Gisquet-VerrieR&cio, 2018), and the conditions by

11



which a memory is most susceptible to interferanaeeconsolidation updating will be
challenging to control in a clinical setting (TreanBrown, Rissman, & Craske, 2017).
Moreover, even memories for single events can peessed in different ways (subjective,
physiological, etc) and each way may be linkediti@iebnt neural representations, i.e., may
involve a different brain system for storage angression (Phelps & Hofmann, 2019).
However, the molecular pathways involved in cortadlon and re-consolidation, spanning
from neurotransmitters, intra-synaptic signalingg &ranslational/transcriptional mechanisms
to structural changes in the extracellular mat8adh, Tzovara, & Vunder, 2018; Bach et al.,
2019a; Bach et al., 2019b), are under active inyasdn. This may provide potential for the
development of new drug targets, including repurmpsf human-approved compounds
(Bach et al., 2019a, 2019b; Ross et al., 2017p8&tSingewald, 2019). Note that we have
focused here on the applications to interferingnaiersive memory in anxiety-related
disorders, but memory interference approaches algeebeen used in substance use
disorders on the basis that these involve pathcédgeward memory (Treanor et al., 2017;

Paulus et al., 2019).

Strengthening extinction memories

Because extinction is considered new learning ératian erasure of the old
memory), techniques to generally strengthen legramd memory could be levied to
improve extinction-based therapies, like expostinels, another method informed by the
neuroscience of fear conditioning are drugs thaagutative cognitive enhancers to
improve learning and memory during fear extincti@ining (Singewald, Schmuckermair,
Whittle, Holmes, & Ressler, 2015). One drug is dlagerine, a partial N-methyl-D-aspartate

receptor agonist, shown in rodent studies to imp@xtinction memory (Davis, Ressler,

12



Rothbaum, & Richardson, 2006; Ledgerwood, Richard&Cranney, 2005), probably
through enhanced extinction memory consolidatiog. ([eedgerwood, Richardson &
Cranney, 2003, Parnas, Weber & Richardson, 200&niAistering this drug in combination
with extinction training has shown some promisa@ll-controlled laboratory fear
conditioning experiments, and there is evidenceitrligments treatment for anxiety-related
disorders (Hofmann, Sawyer, & Asnaani, 2012; Ratinb@t al., 2014). However, a recent
individual patient data meta-analysis concluded dheycloserine indeed enhances the effect
of exposure-based therapy, but the effect sizemadest (Mataix-Cols et al., 2017).
Important to note is that none of the studies distadxd beforehand if their participants
indeed suffered from extinction (consolidation)idig$, and it might well be that this process
is only hampered in a subset of patients suffefioign anxiety-related disorders.
Neuroscientific methods that could reliably ideptiidividuals with such deficits would have

important clinical implications and contribute tawsa "precision medicine" approaches.

One pitfall of the use of a putative cognitive emter is that a treatment session that
results in heightened (rather than reduced) fedraaxiety within-session may be
preferentially remembered under a drug that entsleegning and memory, thus rendering
treatment counterproductive (Litz et al., 2012; St al., 2013). Thus, caution should be
exercised when administering techniques that sthemgearning and memory to prevent
“good” exposure therapy from going “bad” (Hofma@tto, Pollack, & Smits, 2014).

Further knowledge on appropriate dosages, timind edfects of repeated administration
(e.g., tolerance) are also in need of more catehdratory study before cognitive enhancers

should be widely used in combination with behauitneatment.

There is now emerging research using non-pharmgic@loneurostimulation to
enhance learning and memory in the context of payeh treatment. A treatment form that

is based on knowledge of the macroscopic functinoeatoanatomy of psychopathological
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phenomena is repetitive transcranial magnetic satimn (rTMS). This involves placing a
strong, focal magnetic field above a certain laratn the skull and thus causing an electric
field in the brain tissue below. The action rachnsl effect of this electrical current depend
on a number of factors, including the type andraagon of the coil, distance between coil

and brain and the intensity, frequency and patiéthe magnetic pulse.

rTMS is now an established treatment for depresdiefaucheur et al., 2014) and
applications in anxiety-related disorders are baivgstigated. Mostly, rTMS is offered as a
stand-alone treatment but increasingly also contioing with psychotherapy are being
explored. These combinations can take various foBeges of rTMS sessions can be offered
“in parallel” over the same time period (usuallguamber of weeks) in which also some form
of psychotherapy takes place, or both types ofrireat can be offered consecutively. The
most attractive option, however, is the use of rTdlEng psychotherapy sessions.
Particularly exposure therapy lends itself for thygion because of its proven efficacy, its
highly formalized application and available knowdedn the underlying mechanisms.
Several of such (relatively small) studies havenh@®dertaken in anxiety-related disorders,
with mixed results however (Chalah & Ayache, 2019%)is unclear picture is likely due to
the large variation in methods between those stugigarding the type and intensity of the
rTMS applied, comorbidity, medication use and thespnce and type of sham condition. A
way forward here could lie in making use of therent insights in the mechanisms of
therapy. Exposure therapy may rely on extinctioseldlamemories and success of fear
extinction seems important for its short and logrgnt outcome (Lange et al. 2016, 2019).
Moreover, it is possible that the therapy effedubserved by an inhibiting effect of the
vmPFC on the amygdala, as suggested in a recelht istinealthy volunteers, were the
expression of conditioned fear responses was redugceapplying rTMS to the vmPFC (Raij

et al.,2018). This study may guide future studiesaveral ways: The expression of
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conditioned fear responses was achieved by appiyiltH during extinction learning. This
suggests that studies in patients may benefit &iahasign in which rTMS is applied

“online”, during an exposure therapy session rathan “offline”. Further, target selection
for rTMS placement was based on functional conuggtanalyses. Clinical studies may also
benefit from a more individual and/or disorder tethtarget selection, based on prior

connectivity analyses.

“Novelty-based” approaches

Another strategy to improve memory for extinctiomer memory of the fearful
experience, is to selectively enhance the condaaf the extinction memory. One
potential approach from the animal behavioral nseciemce literature involves exposing
animals to novelty in limited temporal window aftearning to enhance consolidation of
weak memories stored in the hippocampus, a tecknigline with the synaptic-tag-and-
capture hypothesis (Frey & Morris, 1997). For ins& in what is referred to as “behavioral
tagging” (Moncada & Viola, 2007), animals who urgiela poor context fear extinction
session (limited time in the cage without shocks3 expressed a strong extinction memory
(diminished freezing in the feared environmengxftinction was shortly followed by
exposure to a novel open field (de Carvalho MysiBenetti, & 1zquierdo, 2013; Menezes et
al., 2015). This model has been extended to expkdective retroactive enhancement of
episodic memory in humans (Dunsmoor, Murty, Davaghhelps, 2015). Whether novelty
exposure improves human fear extinction memory nesnta be shown, and there has been
surprisingly little research attempting to translaehavioral tagging to human fear

conditioning and extinction.
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Importantly, animal studies show that behaviorggtag effects depend on dopamine
inputs into the hippocampus (Menezes et al., 200&)s, behavioral tagging effects might
be indirectly inferred from research using posiretion administration of L-Dopa. That is,
L-Dopa administration after extinction diminishég renewal of fear in rats and humans
(Haaker et al., 2013). To date, these approacheasreaeived fairly limited attention, and
much more work is needed to evaluate how they coelddapted to the clinic for treatment
of anxiety-related disorders. It is also importemtonsider whether incorporating novelty or
L-Dopa as an adjunct to improve extinction memorghhinadvertently strengthen fear
memory, similar to inadvertent effects seen inube of d-cycloserine (Hofmann, Otto,
Pollack, & Smits, 2014). For this reason, the Us8TC based approaches to putatively
strengthen extinction memory warrants caution gleggl in a clinical context. For a recent
review on these and other approaches for “editfagt memories, we refer the reader to the

recent review by Phelps & Hofmann (2019).

CHALLENGES IN TRANSLATION

Conceptual challenges

The beauty of human fear conditioning paradignties simplicity and possibility to
translate across various mammal and non-mammaiespecich that molecular and cellular
knowledge garnered in other species can be leverfageleveloping treatments.
Nevertheless, the paradigm models only some aspedtsymptoms of anxiety-related

disorders.

For example, for many specific phobias, there isosistent evidence that they

emerge in the way that Watson proposed: an ealyrtatic experience with the to-be-feared

16



stimulus, including actually aversive consequenodke patient. This is particularly obvious
for spider phobia in north-central Europe wherespoous spiders do not exist or are rare. It
is unclear what the aversive or traumatic consecpiehan early spider encounter should
have been for the patient. Although observing opa‘snt run away from a spider and shout
in panic could possibly explain generation of spileobia, this is not the mechanism
proposed by Watson, and is modeled in the labgratot by fear conditioning but by
observational learning paradigms. Despite thig, deaditioning paradigms may still serve to
create aversive associations in the laboratoryirarestigate the success of various extinction

techniques for specific phobias.

Furthermore, specific phobias involve symptoms lagltivioural phenomena
unobserved in fear conditioning paradigms. Amorgg¢hare the subjective feeling of anxiety
but also of other emotional qualities such as dis¢@latunji, Armstrong, & Elwood, 2017),
simple passive and active avoidance of a fearegcofiBeckers, Krypotos, Boddez, Effting,
& Kindt, 2013), and the heterogeneous and sometsuophkisticated safety behaviors
exhibited by patients in the presence of a fealgelad (see Blakey et al. (2019) for an
example). A crucial challenge for fear conditionnegearch will therefore be to model the
emergence of behavioral tendencies (Krypotos, 284%)ell as of behaviors that are
gualitatively different from what healthy people: dor example, patients with spider phobia
tend to avoid looking at a (harmless) spider, huhe presence of a poisonous spider this
behavior would be a rather dangerous strategy.amamportant example is the presence of
intrusive memories in PTSD. These are not usueliprted in human fear conditioning
(although they are also rarely investigated). Mmaturalistic setups such as the trauma film
paradigm (see Holmes & Bourne (2008) for a revied Borcheret, Holmes, Goodwin,
Foster, & Wulff (2015) for a contemporary examp@&perimentally elicit these symptoms.

Developing behavioral or neural markers for intvesnemory in these paradigms could help

17



develop more controlled setups that may eventesign be back-translated to non-human
species. As for specific phobias, it must be emigkdshat fear conditioning models cannot
(and do not claim) to modall processes or mechanisms involved in complex desersiuch

as PTSD (see Briscione, Jovanovic, & Norrholm, 2014

Methodological challenges

Despite apparent similarities in how fear learnsgivestigated in the laboratory in different
species, it is also clear that the translatioreaf tonditioning findings from other animals to
humans faces multiple methodological challengesekample, rodent and human fear
conditioning experiments typically differ in thepigs of conditioned stimuli (auditory versus
mostly visual); the intensity of unconditioned stilir(typically much lower in human
experiments due to ethical constraints); the fafumutcome measures (fear behavior -
mostly freezing - versus psychophysiological/neveaponses/subjective reports); etc.
Furthermore, rodent experiments typically use srale protocols across multiple days,
whereas human experiments mostly use differentialprotocols conducted in a single day
(see Lonsdorf et al., 2017, for a comprehensiveevgyv In addition, data reporting practices
and analysis approaches vary considerably acrasgbWotjak, 2019) and human
(Lonsdorf et al., 2017) fear conditioning studiebjch impacts replicability and
generalizablity (see Lonsdorf, Merz, & Fullana, 2D1As in many fields of clinical
neuroscience, a generally accepted measuremenetizegpproach to fear conditioning
read-outs is lacking, although initial steps hagerbtaken towards calibrating and optimizing
learning measures (Bach et al., 2018b). Addredbiese factors will therefore be critical in

optimizing the future value of translational res#ain fear conditioning.
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Last but not least, the translation "to the clirot'fear conditioning models (or
treatment techniques based on such models) is ofteplicated because variables
potentially affecting fear-learning processes gpgcally present in clinical samples. For
example, many studies on fear learning in patiefitts anxiety-related disorders have
included patients on medication, but the effectsietlication on fear learning processes are
still not well understood (Singewald et al., 201Similarly, most of these studies include
patients with comorbid anxiety or depressive disosgdwhere the effects of comorbidity on

fear-learning processes are still also unclear Tss@co-Gonzalez et al., 2015).

The need for a “common language”

Neuroscientists and mental health clinicians hafferdnt theoretical approaches, use
different methods and, overall, talk different laages. As noted above, fear conditioning
models seem to be in an ideal position to bridgegip (i.e., foster translation) between
neuroscience and the clinic. However, for thesertsffto be fruitful, a better interdisciplinary
communication is needed and efforts need to be noadeate or strengthen the links
between professionals from both fields. As notegméy, there is a need “to galvanize the
next generation of clinical scientists and neumsitsts to interact by creating career
opportunities that enable them to experience adaneethods in both” (Holmes, Craske, &

Graybiel, 2014, p. 289).

FUTURE PERSPECTIVES

Computational approaches
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The idea that alterations in basic fear conditigrand/or extinction contribute to etiology or
maintenance of anxiety-related disorders is appgalind has high face validity for

clinicians. Nevertheless, studies in controlledlalory circumstances have so far not been
able to identify reproducible characteristic altenas in patient groups. A meta-analysis
including over 900 anxiety patients and over 1200toIs has revealed an inconsistent
pattern despite the very large sample size (Dtiigd. £2015): increased autonomic CS-
responses in patients during acquisition, but eeitincreased CS+ responses nor reduced
CS+/CS- differences. During extinction, they obserincreased CS+ but not CS- responses,
and a non-significantly larger CS+/CS- differenCHsere are certainly many possible
reasons for this inconsistency, including publmatbias, inadequate laboratory models,
measurement problems, and heterogeneous patientatiops with insufficient sample sizes
in individual studies. One distinct possibilitytisat a subtly altered fear learning mechanisms
can cope well with everyday threats, includingahwaost trivial punishments used in
laboratory research, such that patient/controkdffices in laboratory research are weak and
inconsistent. However, the system may neverthddessk down when pushed to its dynamic

limits, leading to the drastic consequences thaips experience.

Indeed, previous studies have mostly investigasgekpt-control differences in
conditioning or extinction over many trials, or éx@d patient-control differences in linear
changes over trials. However, this analysis approaay not reveal subtle alterations in
underlying learning mechanisms. For example, asdaklearning theory (Rescorla &
Wagner, 1972) would predict that under continuaiisforcement, the trial-by-trial trajectory
of learning indices takes an exponential form, \ehdifferences in learning rates change the
argument of the function. Under partial reinforceta learning index would increase by a
small amount after reinforcement and decreasedmgadl amount after non-reinforcement.

The magnitude of change after each trial would ddpm learning rates and could be
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different between patients and controls. Takenttegeaccording to this classical view (and
other learning theories), altered learning ratesld/aot necessarily lead to pronounced

average differences, or different linear change tnas, between patients and controls.

Notably, different learning theories diverge inithgredictions on how alterations in
learning rates play out in the trial-by-trial dynamof learning indices. However, even in
healthy humans or animals, these dynamics remasivel as well. Computational
psychology research has only recently begun tdistza aversive learning mechanisms.
This has revealed that traditional associativeniegrmodels (such as the seminal Rescorla-
Wagner (Rescorla & Wagner, 1972) and Pearce-Hia riPearce & Hall, 1980)) cannot
account for fear conditioning and extinction. Taeal this, at least two approaches are used
in the field. First, certain qualitative phenomésach as backward blocking, latent
inhibition, or second-order conditioning) are notipatible with traditional learning models
(Gershman, 2015). Notably, it is not fully cleariethof these qualitative phenomena can be
observed in humans, and by which learning indea [8aes et al., 2016 for failures to
observe blocking). The latter point is importantdngse not all learning measures index the
same neural learning mechanism. For example, aaunscecollection of threat expectation is
suggested to index hippocampus-dependent declaragnory rather than amygdala-
dependent threat memory (Bechara et al., 1995)s&bend approach is to compare trial-by-
trial trajectories of learning to predictions of/eeal learning models, in order to reveal which
learning model best explains the data. Again, tit@ae of learning index plays a crucial role:
it is not obvious that all learning indices - evkrelated to the same learning mechanism -
relate to the same quantity in the mechanism. Kamele, skin conductance responses,
arguably among the most frequently used humanciaaditioning measure, do not appear to

relate to US prediction, but rather to some fornuméertainty about this prediction (Li,
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Schiller, Schoenbaum, Phelps, & Daw, 2011; Tzouaaan, & Bach, 2018; Zhang, Mano,

Ganesh, Robbins, & Seymour, 2016).

This line of research has demonstrated that thardies of conditioned skin
conductance responses are not explained by traditassociative learning models and better
explained by a hybrid model combining these tworgey models (Li et al., 2011; Tzovara
et al., 2018; Zhang et al., 2016). Next, it wasgasged that the dynamics of conditioned skin
conductance and pupil size responses are evem brpi@ined by a probabilistic model in
which learning decays over time (Tzovara et al1L80A probabilistic model can also
explain backward blocking and latent inhibition (&@mnan, 2015). However, the formulation
of the model in Tzovara et al.(2018) does not allomextinction, and this will require
further research. A class of models that can theaitly capture various learning phenomena
including extinction and return-of-fear has beeggasted under the heading of "latent cause
models" (Gershman, Blei, & Niv, 2010). These lestmucture of the environment and its
numerical parameters somewhat independently. lamesto be shown under which range of
experimental circumstances these models can exphapirical data. The next step will then

be to investigate these models in data from patiesth anxiety-related disorders.

A century after John Watson and Rosalie Rayner ucted their seminal study,
interest in human fear conditioning models remainge and well among both
neuroscientists and clinicians. Although many @rales lay ahead in the translation of
conditioning models for the genuine benefit of @atipopulations, there are many reasons to
be optimistic that this research will continue taically inform the future optimized

treatment of anxiety-related disorders.
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