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CHAPTER 1
Introduction

Learning to recognize danger facilitates surviaall individual differences in the
capacity for such learning may be one source ®eethergence of anxiety disorders.
Therefore, understanding the mechanisms underfgiagconditioning may shed light on
normative and pathological fear respon$esar responses emerge early in development,
and perturbed fear learning may contribute to gadianxiety. Hence, a developmental
framework may inform understandings of individudfetences in fear learning.

The aim of this paper is to review studies of teeedopment of fear conditioning
with an emphasis on pediatric populations. Becandga few studies on fear
conditioning and extinction in children are avaiiglihe current review attempts to
extrapolate from animal models and data from huathuits. Another important aim is to
discuss the methodological and ethical consideratio conducting fear conditioning
studies in children and to suggest appropriate oustifior future research. This review
unfolds in four stages. The first defines the majmcepts relevant to fear conditioning
and extinction while emphasizing the importancstatlying them developmentally. The
second reviews the neurobiology of fear conditigrand extinction derived from work
in animal models and humans. The third detailsifigsl from fear conditioning and
extinction studies conducted in children and admats. And finally, the fourth reviews
common methodology used to encourage improved nl¢gsigtudy these processes in

children and adolescents and review possible dmedor future studies.



Studying fear conditioning and extinction developmentally

Fear conditioning, a form of associative learning, is a widely usggderimental
paradigm for investigating the psychophysiologmaicesses and neural mechanisms
sub-serving learning about danger cues in a rahgemmalian species. In classical fear
conditioning, a neutral conditioned stimulus (CS$, gone) is repeatedly paired with an
aversive stimulus (UCS, e.g., shock), yielding allisS association. Discrimination
conditioning uses two CSs, one that is paired wighUCS (CS+) and another that is not
(CS-). A conditioned response (CR, e.q., freezigtgglvior) is produced in response to
the CS+, thus enhancing the organism’s abilityeBpond to similar events in the future.
This paradigm allows for the rapid induction okarned fear state and the expression of
learned fear-related behaviors. Conditioned fesppaases have been found across
multiple species and include various responses asicinanges in autonomic activity
(e.g. heart rate, blood pressure, skin conductadeé&nsive behaviors (e.g., freezing),
endocrine response (e.g., hormone release), pasitiséy (e.g., analgesia), and
modulation of reflex expressions, like fear potatatil startle and eye blink response
(LeDoux, 2000).

Extinction, a process that is complementary to fear learnimglves three main
phases: acquisition of extinction, consolidatiang aetrieval (Quirk & Mueller, 2008).
During extinction, the CS+ is presented in the absef the UCS, leading the
conditioned response (CR) to decline across reggaigsentations. There is now a
growing consensus that extinction does not eraglited initial CS+-UCS association but
rather creates new learning, where the CS+ is edsdawith the absence of the UCS (for

review see (Schiller et al., 2010)). Subsequertgcades of neural and molecular



processes interact to consolidate a long-term etim memory. Following successful
extinction, the initial CS+-UCS association competéth the newer CS+-no-UCS
association. When presentation of the extinguisb®driggers the no-UCS memory, it
inhibits the original CR. Nevertheless, evidenceahpetition of the two memories
manifests when conditioned fear responses reapplé@aring contextual manipulations
(i.e., renewal) or presentation of the UCS evethénabsence of the CS+ (i.e.,
reinstatement) (Bouton, 2002).

Interactions between fear conditioning and extorcBhape behavior, particularly
during development, when the effects of learning loa particularly profound. Hence,
understanding the developmental trajectories ofwlueprocesses and the neural
circuitries that support them informs a mechanigtiderstanding of fear. Fear
conditioning emerges early in life, involving subtocal areas predominantly the
amygdala, whereas extinction appears to emergeitatievelopment and involve the
prefrontal cortex (Kim & Richardson, 2010). Thus)em studying these two learning-
related processes, a developmental perspectiveiexgnmaturation of brain regions
supporting fear learning and fear extinction maglaix the emergence of individual
differences in fear and anxiety.

The Neural Circuitry Underpinning Fear Conditioning and extinction

Most neuroscience research on fear conditioning aseanal models.
Nonetheless, translating these findings to humaaies is feasible due to the strong
cross-species similarities in the physiology of fi@@Doux, 2000). Animal models are
particularly important for studying the emergentéear conditioning across

development as some of the procedures are lesbleeashumans and particularly in



children and adolescents. Therefore, findings fesnmal models can be translated to
research in human adults, which in turn can bei@ppd pediatric populations.
Animal models
Fear conditioning

Fear conditioning involves the processing of sepgdbrmation about the CS
and the UCS, which occurs in relevant sensoryaestas well as the thalamus and
hypothalamus and the brainstem periacqueductalrgiagn. Typically, the CS and
UCS are presented in different sensory modaliges. (auditory tone and tactile shock).
Ultimately, information about the CS and the paitgiS is thought to first converge in
the baso-lateral nucleus of the amygdala. Initjahe neutral CS will produce weaker
amygdala stimulation than produced by the UCSlokahg CS-UCS pairings, the
initially weak amygdala stimulation produced by (8 becomes stronger, reflecting a
CS-UCS association. After this association is fafptee weak stimulus, presented on its
own without the UCS, has the capacity to elicitrarsger amygdala response, thus
influencing behavior and physiology through effénerojections from the central
nucleus of the amygdala. This region of the amygdahds projections to brainstem and
motor areas that control the expression of fegramses across a variety of domains
expressed via behavioral, autonomic nervous systathendocrine responses (LeDoux,
2000).

The amygdala appears to enhance learning by irdfingrcortical plasticity
reflecting changes in synaptic connection, paradylduring learning. Once a CS-UCS
association has been acquired, a decline in amgguatsivation may occur (Buchel &

Dolan, 2000). However, later-appearing changekarCS-UCS association may occur



through further changes in amygdala. For exammptajnting evidence implicates a
portion of the medial prefrontal region (mPFC), slwecalled “pre-limbic” cortex, in
enhancement of amygdala activity and its importdacexpression of conditioned fear.
Specifically, it is proposed that this region int&gs input from other brain structures to
enhance the expression of fear conditioning viatatary projections to the amygdala
(Corcoran & Quirk, 2007; Sierra-Mercado, Padillar€amo, & Quirk, 2011; Sotres-
Bayon & Quirk, 2010).

Relative to the considerable work on fear conditigrin mature rodents and
primates, far less work examines developmentalcsé fear conditioning using
developmental animal models (Kim & Richardson, 20R&search investigating the
emergence of fear conditioning in infant rats ltesntified a sensitive period in which
amygdala activation to aversive stimuli is inhidit®uring early stages of postnatal
development, newborns are equipped with innatatiasifor appetitive learning
(Landers & Sullivan, 2012). For instance, infartsracquire the ability to orient toward
their mother’s odor to facilitate mother-infantaatthment. In contrast, during the first 10
days, amygdala activation in response to threatiesiuated due to low neonatal cortisol
levels, resulting in an approach response to tleesare stimuli (Moriceau & Sullivan,
2004). At postnatal day 10, stress-induced cortisgbung rats increases to adult-like
levels, which in turn facilitates amygdala actieatiallowing fear conditioning to emerge.
This plasticity in rats continues to develop intimiescence (for review see (Landers &
Sullivan, 2012).

The ability of rodents to learn CS-UCS associatimasifests in a way that

reflects important developmental differences acsessory modalities. The ability to



learn associations may change during developmsnieaorganism acquires new
capacities to encode details of stimuli in partacidensory modalities. For example,
associative learning of olfactory and gustatorydC8urs earlier than auditory and visual
CS in the rodent as these modalities mature diftextty with development (for review
see (Richardson & Hunt, 2010)). Additionally, th@eessions of learned associations
may continue to change as further development sgpfle maturing organism with an
increasingly complex behavioral repertoire. Fatamce, rats as young as 16 days can
express learned associations between olfactorisaaMCSs and a shock-UCS, as
measured by freezing behavior and heart rate; hexyévwe presence of such associations
are not expressed in measures of fear potentitdettes which do not manifest until 23
days of age (for review see (Richardson & Hunt,®BR1Irhese complex processes
influence the inferences that can be drawn abotgldpment and fear learning. The
degree to which fear learning might appear matursnmature will depend on the
particular stimuli used during learning and thedabral modality through which
learning is probed.
Extinction

Research on the neural mechanisms underpinningcgigtn learning highlight
the importance of three neural structures: the aalgg the ventromedial prefrontal
cortex (vmPFC), and the hippocampus. All threecstmes play a major role in extinction
learning with differential involvement over timedaacross contexts. Inhibitory circuits
comprised of intercalated neurons in the amygaalay inhibitory outputs to the central
nucleus in the amygdala preventing neuronal excitdb the same brain regions that

control fear (Royer & Pare, 2002). Additionallypfra-limbic” cortex, which lies ventral



to the prelimbic cortex in the rodent, appearstteraate the expression of fear responses
through connections with these so-called interedlathibitory cells within the amygdala
(Quirk & Mueller, 2008). Lastly, findings also suggl that the hippocampus plays a role
in mediating context-specific retrieval of feariextion (Corcoran & Maren, 2001,

2004).

The amygdala plays a role in fear extinction preessacross development. In
adult rats undergoing extinction, the amygdala suigdorming of the initial CS-no-UCS
association. However, once this association iméat, the amygdala is no longer needed
for subsequent extinction processes (Laurent, Meard¢h& Westbrook, 2008). Similar
findings occur in 24-day-old rats, but unlike ade ages, these re-extinction processes
continue to be dependent on the amygdala in youpgerl7-day-old rats) (Kim &
Richardson, 2008). Thus, development results imfafsom amygdala-dependent to
amygdala-independent extinction.

Likewise, developmental findings emerge for the WGP In adult rats, vmPFC
damage impacts extinction retrieval 24 hours ateinction but not within-session
extinction (Lebron, Milad, & Quirk, 2004; Quirk, BRsio, Barron, & Lebron, 2000). These
results emphasize the difference between acquisafi@xtinction and its subsequent
retrieval (i.e. extinction recall) in both the nabiand the behavioral levels. Similar results
were found for 23-day-old (preadolescent) and 3p-ald (adolescent) rats, with greater
impairment in extinction retention in adolescens$ @ompare to their younger and older
counterparts (Kim, Li, & Richardson, 2011; McCallukim, & Richardson, 2010).

Unlike PFC involvement during extinction which sheow linear relationship across

developmental stages, these findings may reflecnalinear developmental trajectory of



the PFC function during extinction retention. Saronatroversy exists concerning the
presence of such non-linearity, which may also feahin changes in PFC volume
during adolescence, in both rats and humans (Gagayrston, 2006; Siobhan S.
Pattwell, Casey, & Lee, 2013; Shaw et al., 2008nhe®work more consistently finds
linear changes in brain volume and behavior dusithglescence, without clear evidence
of non-linear discontinuities (Steinberg, 2005)gRelless, development influences
extinction within the infralimic cortex.

Finally, developmental differences also emergdHherhippocampus (Corcoran,
Desmond, Frey, & Maren, 2005). During fear condiiingg and extinction, spatial aspects
of the surroundings are also integrated in thenlegrprocesses (Maren, 2011). Although
evidence of long-term contextual memories emenggsaeadolescent rats between 18
and 23 days after birth (Rudy & Morledge, 1994)yd#-day-old and not 17-day-old
rats show renewal and reinstatement effects (GagGkroni, Luthi, & Herry, 2009; Kim
& Richardson, 2007a, 2007b; Storsve & Richards@092. These findings suggest that
during early stages of development, the hippocanspukl mediate within-session
extinction even before it reaches full maturatiount, is not involved in retrieving
extinction memory at later assessments (Corcotaal,,005; Delamater, 2004; Kim &
Richardson, 2010).

Taken together, the available developmental data fiesearch in animal models
suggest an essential difference in the neural t&atire underlying fear extinction across
development. More specifically, fear extinctionidgrearly development may depend
primarily on the amygdala, whereas joint rolestfe amygdala, vmPFC and the

hippocampus may occur at later ages. These findiregsreflect neural processes that



are undergoing maturation (amygdala and hippocajrgsus/ell as structural changes
(PFC) across the developing rodent.

Developmental differences in rat models have aiserged from
pharmacological studies. Studies using adult reisnéning the formation of long-term
extinction memory have implicated N-methyl-D-aspar@MDA) involvement in fear
conditioning and extinction (Lattal, Radulovic, &kowiak, 2006; Miserendino,
Sananes, Melia, & Davis, 1990). Interestingly,rarsy NMDA antagonist (MK-801)
impairs long-term extinction in pre-adolescent bot in younger rats (Langton, Kim,
Nicholas, & Richardson, 2007). Moreover, inhibitemgchanisms involved in fear
extinction have been associated with incregsachinobutyric acid (GABA) binding in
the amygdala (Chhatwal, Myers, Ressler, & Davi€5)0Similar to NMDA results,
GABA antagonist (FG7142) has been shown to atteneinction in adult rats (Harris
& Westbrook, 1998), and in pre-adolescent ratsiotiin younger rats (Kim &
Richardson, 2007b).

Human Studies

Functional magnetic resonance imaging (fMRIYsta have used classical fear
conditioning paradigms to examine fear responseéstoete CSs (LaBar, Gatenby,
Gore, LeDoux, & Phelps, 1998), extinction learnfMjlad et al., 2007; Phelps, Delgado,
Nearing, & LeDoux, 2004), and context condition{dvarez, Biggs, Chen, Pine, &
Grillon, 2008; Lang et al., 2009). In additiontalérom lesions studies on patients
complement these data from imaging studies (LaBzDoux, Spencer, & Phelps, 1995;

Weike et al., 2005). Consistent with animal mod#ls literature highlights the



importance of the amygdala, vmPFC, and hippocamapuke primary brain regions
involved in fear and extinction learning in humans.
Fear conditioning

Similar to findings in animal models, the amygdads also been implicated in
fear learning in humans (Costafreda, Brammer, DaiBu, 2008; Delgado, Olsson, &
Phelps, 2006; Sehlmeyer et al., 2009; Sergerieck@iip& Armony, 2008). fMRI studies
examining amygdala activation during fear conditignparadigms have found increased
amygdala activation to CS+ during fear acquisi{iBachel, Dolan, Armony, & Friston,
1999; LaBar, et al., 1998; Sehlmeyer, et al., 20083%ion studies in humans support the
central role of the amygdala in learning abouttyed@d danger cues. This line of
research could potentially elucidate the casualritmrtion of the amygdala and other
relevant brain structures by determining if damigehese brain areas affects fear
learning and extinctiorStudies conducted on patients with amygdala lesiepsrt
impairments in fear conditionin@aBar, et al., 1995; Weike, et al., 2005). Fotanse,
amnestic patients with damage to the hippocampusntact amygdala, show increased
skin conductance response (SCR) during fear camdtaradigms despite their inability
to explicitly report the CS-UCS contingency (FridthcDonald, & Wilson, 1997). In
contrast, patients with damage to the amygdala dsetrate awareness to the CS+-UCS
contingencies but fail to show elevated physiolagarousal when presented only with
the CS+ (Phelps, 2006). Finally, a study in waexes found that damaged amygdala
was associated with reduced levels of fear symptoarsfested in post-traumatic stress

disorders (Koenigs et al., 2008). Taken togeth@indmaging and lesion studies in
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humans converge with data from animal models detraingy the conserved
functionality of the amygdala in fear conditioniagross species.

Some have suggested that early in life, the amyggolalys an even stronger role
in fear learning (LaBar, et al., 1998). For exampleman amygdala lesions early in life
more strongly impair the processing of fearful &expression (Adolphs, Tranel,
Damasio, & Damasio, 1994; Shaw et al., 2005), ghamlar lesions occurring later in life
(Hamann & Adolphs, 1999; Shaw, et al., 2005). THeskngs may allude to the role of
the amygdala in learning during development, a tfodé diminishes once these
associations have been created (Tottenham, Ha@gs®y, 2009).

To date, only one fMRI study has been publishedreximg adolescent fear
circuitry during fear conditioning ((Lau et al., 20); see Table 1). This study found that
adolescents were more likely than adults to re@aity-maturing subcortical regions
(i.e., amygdala and hippocampus) during threatfgaliscrimination learning. In
addition, only adults’ but not adolescents’ engagenhof late-maturing prefrontal cortex
regions (i.e., dorsolateral prefrontal cortex) etated positively with fear ratings during
threat/safety discrimination learning. These figdimmply that differences in the
development of subcortical and prefrontal regiomy mccount for age-related
differences in threat/safety discrimination.

A recent review of fMRI and PET imaging studieshaman fear conditioning
suggests that in addition to amygdala, the insaththe anterior cingulate (ACC) are
implicated in fear conditioning independent of fpecific fear conditioning paradigm
used (Sehlmeyer, et al., 2009). Other brain regtbat have been implicated in fear

conditioning include the hippocampus, cerebelluralamus, striatum, and sensory
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cortices. Heterogeneity in neuroimaging result®sgistudies is not surprising given the
vast methodological differences in condition pagaas, contingency rate, the type of CS
and UCS used, and the outcome measures indicatoegssful fear conditioning (For
review see Sehlmeyer et al., 2009).

Extinction

Similar to findings in animal models, neuroimagstgdies in humans implicate
the pivotal role of amygdala, PFC and hippocampuextinction learning. Heterogeneity
in brain activation across fear extinction studigsts, with some reporting activation in
ACC and insula (for review see (Milad & Quirk, 20Behimeyer, et al., 2009)).

In addition to the amygdala’s role in fear condititg, several studies examining
extinction have demonstrated increased amygdallation to CS-no UCS association
(Knight, Smith, Cheng, Stein, & Helmstetter, 2004Bar, et al., 1998; Milad, et al.,
2007). For instance, successful fear extinctiondsesn found to be correlated with
increased amygdala activation (Phelps, et al., ROditionally, other data suggest that
specific activation of the lateral amygdala anddhatofrontal cortex during extinction
may be subserved by the modulation of the amygadddefrontal circuitry in the
expression of fear responses (Gottfried & Dolaf940

Parallel to findings in the animal literature aage body of human studies has
implicated the role of the medial prefrontal cor(e?FC) including the anterior
cingulate cortex (ACC) in extinction learning (Ga#d & Dolan, 2004; Phelps, et al.,
2004). Similarly, findings from neuroimaging stusligave shown a significant increase
in vmPFC activation during extinction recall (Kalmset al., 2006), as well as a positive

correlation between signal change in vmPFC actiwadind degree of extinction retention
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(Milad, et al., 2007). Further evidence from sturat imaging indicates that vmPFC
thickness is correlated with extinction recall (thay, Fischl, & Phelps, 2011; Milad et
al., 2005). These data allude to the similar furcof the human vmPFC and the rodent
infra-limbic cortex in fear extinction (Milad & Qtk, 2012).

Finally, these studies have also implicated the ablthe hippocampus in
contextual extinction learning in humans (Kalisehal., 2006; Milad, et al., 2007). More
recently, connectivity between dorsal anterior alate cortex (dACC), left posterior
hippocampus, and right amygdala was exhibited dueitinction (Lang, et al., 2009). As
a result, the interaction between the mPFC antiippgocampus may reflect context-
specificity of extinction learning.

Fear Conditioning and Extinction Studiesin Children and Adolescents

Fear conditioning can be thought of as a basicgg®that adds and magnifies
what some would identify as unlearned or normaiaes that occur across early
childhood (fear of separation, fear of novelty).ddindeed, from early on, children learn
to identify potential threats, as well as safetggun the environment. Expressions of
fear in humans to environmental stimuli follow &gictable developmental pattern in
which certain fears increase and subside througtexeglopment (for review see (Field
& Davey, 2001). The replicable pattern expressedss cultures and even in some non-
human primates suggests that these developmemiasstons reflect significant
common aspects of perception of novelty and fanityjiand of corresponding
motivations to approach or withdraw across spe@esing infancy, children tend to
display greater fear toward stimuli found in theimediate environment, such as

separation from a caregiver or loud noises. Agdcéil mature, anticipatory events and
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abstract stimuli are integrated into fear learrbedaviors. For example, children’s self-
report of normative fears have been found to rdraga small animals, physical injuries,
medical fears, environmental events (e.g., thusttgms) to more supernatural
phenomena (Gullone, 2000; Muris, Merckelbach, Massi& Van Lier, 1997; ten Berge,
Veerkamp, Hoogstraten, & Prins, 2002), whereaslolesscence, individuals report
greater fears associated to social contexts sufdaasf failure and social rejection
(Gullone & King, 1997). (Lau, et al., 2011)

Fear learning can be an adaptive and beneficial fifrassociative learning that
aids in signaling the presence of a danger. Howehiesrform of learning can become a
source of pathology when fear becomes pervasiverdederes with normal functioning.
In particular, perturbations in fear learning cacwr when fear conditioned responses are
triggered in the absence of the CS-UCS contingélnisgek et al., 2005). In recent years
research on information processing in anxiety stifts focus from fear learning to fear
extinction processes. Specifically, pathologicatiaty involves deficient capacity to
recognize safe cues, particularly ones that clogslgmble threat cues (Lissek, 2012;
Lissek, et al., 2005).

One of the first documented classical conditiorstglies in infants was
conducted by Watson and Rayner (1920). In thely sandies, they demonstrated that
fear can be learned through conditioning presetitexigh repeated pairings of varied
neutral stimuli (e.g., white rat, rabbit, or dog}wa loud noise (Watson & Rayner,
1920).In another study, 12 full-term infants as young@amsonths of age showed greater
response magnitude to the CS+ compared to the £i8dexed by skin conductance

response (SCR)ngram & Fitzgerald, 1974). Results from thesealgs were among the
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first to demonstrate the effects of simple fearre®y in infants at early stages of
developmentFollowing these early studies on fear conditiorimghildren, research in
this field have been hindered by ethical considenatin regard to the aversive nature of
the UCS required to produce fear responses in dprredntal populationdVhile in the
past decade there has been a rekindling of interessearch examining the emergence
of fear learning in children, there are still relaty few developmental fear conditioning
studies due to both ethical considerations as asethethodological limitations in finding
an age appropriate and potent UCS. Studies exagniear learning differences across
ages have sought to determine the developmentarpsiassociated to fear acquisition in
children. A summary of sixteen fear conditioningdsés conducted in normative and
anxious samples of children and adolescents usthgcamination fear conditioning
paradigm is presented in Table 1. The first patheftable reviews studies with healthy
youth whereas the second part includes studies aongphealthy and anxious children
and adolescents.
Fear Conditioning

Few studies have examined developmental differeoicisar conditioning in
children and adolescents. Across all studies (sd¢eTl), pediatric samples (healthy and
anxious) show differential fear learning to the G8lative to the CS- (i.e., discrimination
paradigm) as indexed by psychophysiological measamé/or subjective ratings.
Results from these studies show that fear acquisii present in typically developing
children as early as 2 years of age (Ingram & [eitalgl, 1974) with older children
showing increased CR (e.g., CS+ > CS-) compargduager children (Gao et al., 2010;

Glenn et al., 2012). More specifically, childrernveen the ages of 5 and 6 years show
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36% greater stimulus discrimination compared tongmr children (2-to-4 year
olds)(Block, Sersen, & Wortis, 1970), as well aetlences in SCR, particularly in
response to the onset and absence of CS+, andt@negpectancies to the CS+(Gao,
Raine, Venables, Dawson, & Mednick, 2010). Oveth#se studies document that
children are capable of relatively simple formde#r learning at early stages of
childhood with subsequent age differences emergsngore complex forms of fear
learning continue to develop into adulthood.

Differences in fear learning and associated behaviay be a function of
changes in the brain networks subserving fear timmitig that occur across
development (Lau, et al., 2011).

In one study, adolescents (10-to-17 year olds)estibely reported less differential fear,
suggesting reduced discrimination between the Cfshtlee CS- compared to adults (18-
to-50 year olds)(Lau, et al., 2011). In additianaging data allude to neural differences
underlying the recruitment of brain regions in &ckents and adults. Lau et al. (2011)
propose that subcortical regions (e.g., amygdadahgmpocampus) play a large role in
fear learning in adolescents; however with cortroaturity, adults showed greater
recruitment of regions in the prefrontal cortexg(edIPFC) during differential learning.

The six studies comparing anxious and non-anxibudren have yielded mixed
findings regarding differences in fear conditioniRgsults based on subjective ratings
showed that anxious children rated the CS+ as nmmgpéeasant than the CS-; whereas,
non-anxious children did not report difference€ia ratings during fear acquisition
(Craske et al., 2008; Waters, Henry, & Neumann920@owever, in a different study,

both anxious and non-anxious children showed diffgal learning to the CS+ and CS-,
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although anxious children reported greater ovéealt ratings to CS+ (Britton et al.,
2013; Lau et al., 2008). Yet in another study, angichildren failed to report differential
learning to the CS-UCS contingency (i.e., no déferes between CS+ and CS-) while
non-anxious children reported expected learningotdf(Liberman, Lipp, Spence, &
March, 2006).

The aforementioned studies demonstrate that chilare generally capable of
fear conditioning from an early age. Nevertheléss,still unclear how these processes
may be related to the vast neural changes assoedtte this period of development and
whether differences in fear learning would emergeding longitudinal designs.
Extinction

Numerous studies using self-report of normatived@adicate that fearfulness
generally subsides with age (Field & Davey, 20@)e possibility is that as children
mature they are better able to extinguish previoleslrned associations thus resulting in
more effective regulation of their emotions. Agault, developmental differences in the
ability to extinguish fear may be more pronoundadughout childhood and adolescence
(S. S. Pattwell et al., 201Z)here are, however, few studies examining the miffees in
extinction of learned fear behaviors in typicalgveloping children. Four studies that
examined fear extinction found expected patterrextihction in paradigms that utilized
geometric shapes (CS) and aversive tones (UCHIMBCR and self-reported ratings
(Neumann, Waters, & Westbury, 2008; Neumann, Waestbury, & Henry, 2008).
Extinction learning was less strong in paradignad ttave used social stimuli such as
affective faces (Haddad, Lissek, Pine, & Lau, 201Iipne study, adolescents were

presented with gender and age matched photogrdpiesival expressions (CS) that
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were followed by three socially-valenced UCS (engppy face with auditory “you are
nice”, angry face with auditory “I don't like yougnd neutral face with auditory “I live
in Bristol”) (Haddad, et al., 2011). Extinction tds showed less self-reported fear to
negative CS+ relative to the neutral and positi$s-Calthough results did not return to
pre-acquisition baseline levels. As evidenced @séfindings, poor extinction of CR
may be associated with prior experiences with timeudi (Britton, et al., 2013; Britton,
Lissek, Grillon, Norcross, & Pine, 2011; Pine, Hedtein, Bar-Haim, Nelson, & Fox,

2009).

Methodological and Ethical Considerationsfor Conducting Fear

Conditioning Studiesin Youth

In the following section, we will address methaafptal and ethical issues from
the aforementioned studies conducted in childrehaalvlescents. Specifically, we will
review the most commonly used UCS, ITI, and CR.

Unconditional Stimuli (UCS)

Successful fear conditioning and fear extinctiohumans and rodents is highly
dependent on the selection of a strong, potentpaidgically relevant UCS, usually
electric shock (Britton, et al., 2011; Neumann &téra, 2006). However, electrical
shock presents the risk of causing pain or incibésesls of anxiety and generally cannot
be used with child populations (Neumann, Water8yé&stbury, 2008; Neumann, Waters,
Westbury, et al., 2008; Pine, et al., 2009). Assult, one of the major limitations in
examining fear learning in children is the selectod a developmentally appropriate UCS

while still preserving its potency and novelty.
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As described in Table 1, 6 out of the 16 studieiiexologically valid UCS such
as loud car horns (Block, et al., 1970); loud saunidmetal jangling objects (Gao, et al.,
2010), aversive noises (e.g. metal scraping or)s{Bteumann, Waters, & Westbury,
2008; Neumann, Waters, Westbury, et al., 2008) nmgatively-associated comments
(Haddad, et al., 2011). The use of one specifitogically valid UCS (e.g., a 83 dB
sound of a three-pronged garden tool being scrapexts slate) yielded reliable fear
acquisition and extinction effects across 8-to-géanold children (Neumann, Waters,
Westbury, et al., 2008), 13-to-17 year old adolescéNeumann, Waters, & Westbury,
2008), and adults (Neumann & Waters, 2006). Fiudiss used stimuli such as pure
tones (1000 Hz) or tones combined with white n¢l€¥b-110 dB), in various duration
ranging from 200 ms to 4000 ms (Craske, et aD82Qiberman, et al., 2006; Pliszka,
Hatch, Borcherding, & Rogeness, 1993; Waters,.eP809). One potent fear
conditioning paradigm that was tested successtully children and adolescents used
social stimuli (images of human faces) paired \athaversive scream (Britton, et al.,
2013; Glenn et al., 2012; Lau, et al., 2011; Lawle 2008). This UCS was found to be
comparable to an alarm, a loud tone, and whiteenamésmeasured by subjective self-
report (Britton, et al., 2011). Further, a recdntly found that although subjects reported
shock to be more aversive than the “screaming ldahyth paradigms yielded similar
differential conditioning effects as evidenced asger FPS magnitudes to the CS+
relative to the CS{Glenn, Lieberman, & Hajcak, 2012).

Given the variability in the selection of UCS a@@sudies, it may be possible
that these methodological differences producednsistencies in CR magnitudes rather

than capture developmental processes in fear leafor example, it is unclear whether

19



disparities among adolescents and adults in thsistance to extinction (Pratwell et al.,
2012) result from cortical maturation or, if thefferences stem from variability in the
aversive properties of the UCS (e.g., loud soursdsiock) (Pine et al., 200The UCS
potency (e.g., weak vs. strong UCS) may also emxplariability in fear conditioning
studies (Britton et al., 2010)Vhile some studies use loud sounds as the UCS, the
potency of the stimulus (i.e., sound pressure gwealries across paradigms. For
instance, two separate studies used a 1000Hz @ueeats the UCS but in one study it
was administered at 107dB for 1s (Craske et ab8RWhile in another study it was
presented at 105dB for 500ms (Liberman, Lipp, Spe&dviarch, 2006). Another
example of this issue can be exemplified in studssg the fearful face and scream as
the UCS where audio stimuli have been present8@dB (Glenn et al., 2012), 90dB
(Lau et al., 2011), and 95 dB (Lau et al., 2008tt&n et al., in press). Therefore, the
aversive properties of the UCS can ultimately imjplae magnitude of the CR and the
degree of fear learning across paradigms.

Inter-trial Intervals (ITI)

Another methodological issue concerns the duraidfanter-trial intervals (ITI)
selected for fear conditioning paradigms in pedigiopulations. The selection of the ITI
is crucial in maximizing fear conditioning effe@s it allows both physiological
reactivity and behavioral responses to return seli@e activity. Given that IT| selection
is a function of the task paradigm coupled withmoeiblogical requirements of the
dependent variable, researchers are presentedhaitthallenge of findings a balance
between task reliability and participant compliar@eme data from animal and human

studies suggest enhanced conditioning effects whkatting longer ITI periods (Barela,
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1999; Prokasy & Ebel, 1964). The implementatiotoafy ITI periods extend the total
duration of the task, resulting in increased bomed@stlessness, and fatigue effects.
These effects are particularly relevant to stugieshildren. The duration of ITI in child
fear conditioning paradigms have commonly variednfrl3-16s to 20-30s (see Table 1).
To date, there have not been any empirical stutassystematically examined the
effects of ITI durations on fear conditioning inildnstudies. This issue is further
complicated with fear conditioning paradigms usethe context of neuroimaging
studies where some studies typically use ITIstleas 10s (Lau, et al., 2011) while
others use ITIs ranging between 12-18s (Milad].e2807). Specifically, the use of
longer ITIs in imaging studies may be impracticakeg the tradeoff between task
duration and number of trial presentations in &,tas well as an increase in the
probability of movement artifacts.

Conditioned Response (CR)

Various methodologies have been used to measuia @&r conditioning
paradigms. In human studies, fear acquisitiontsmoindexed using implicit measures of
physiological arousal, such as skin conductangeorese (SCR) and fear potentiated
startle (FPS). Additionally, most studies with lamsubjects use explicit self-reported
measures of fear and anxiety levels. As shown biel'd, SCR1§ = 11) and self-report(
=11) are used with similar frequency to measure Wifiere the majority of studies use
more than one dependent variable. Studies in @mldhow that both SCR and self-report
are reliable measures of fear learning during &quisition (Britton, et al., 2013; Gao, et
al., 2010; Lau, et al., 2011; Morrow, Boring, Kebug& Haesly, 1969; Neumann,

Waters, Westbury, et al., 2008).
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Some studies have found inconsistencies betweesigdbgical results and
subjective verbal ratings, primarily within anxiopediatric samples. For instance, in one
study, anxious and non-anxious children did ndedih verbal self-report of arousal
although differences in SCR were observed (Crastkal,, 2008). Another study reported
discrepancies during initial phases of extinctietween self-reported measures of UCS
expectancies and physiological measures of SCRER&I(Neumann, Waters, Westbury,
et al., 2008). Findings have also revealed thatoarsxchildren show resistance to
extinction, as measured by SCR, and no differenneself-reported measures of arousal
relative to controls (Waters, et al., 2009). FipaBritton et al., (2013) found anxious
adolescents report more fear to the CS+ and C$glaonditioning and extinction
phases while no differences emerged in SCR or ARS$iwompared to hon-anxious
adolescents.

Although self-reported measures are common in dlodt &terature, the use of
self-report in younger children raises concernsur@igg whether children are able to
provide reliable explicit judgments concerning C&&Jcontingencies. Thus, the addition
of physiological measures may provide convergirigrmation regarding differences
among autonomic and subjective measures of learNiegertheless, it is important to
highlight that the overall physiological measuresmyralso reflect changes in both
physiology and brain regions as a function of &ge.instance, one possible account for
SCR differences in fear conditioning may resultirsweat physiology across various
developmental periods (e.g., childhood vs. pubghgyvever, difference between CS+

and CS- should not be affected.
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To date, very few developmental studies have tedarsing FPShE 4), EKG
(n= 2), or fMRI (= 2) in conjunction with either SCR or self-report.darticular, the
use of FPS as a measure of CR is advantageouatir ifable to capture cross-species
(e.g., human and non-human animals) physiologasponses to valence-specific states
(Grillon, Ameli, Woods, Merikangas, & Davis, 199While the inclusion of multiple
psychophysiological measures may hinder the fdagibf fear conditioning studies in
children, findings from these studies can provideverging evidence on the interplay
between different autonomic measures of fear legrrin summary, SCR and self-report
are the most widely used measures in fear condigostudies with children. However,
more studies are needed to determine how thesaumsaae related to the

developmental processes involved in the emergehiganlearning in children.

Conclusion and insightsfor future developmental resear ch on fear conditioning
There is a need for research on fear conditionmggsses in children in order to
understand the underlying behavioral, physiologiaatl neural mechanisms associated
with normative and pathological fear learning asrdsvelopment. The majority of
studies conducted on this topic have primarily Bsmlion fear acquisition and extinction
during late childhood and adolescence but rarel ltlaey focused on infancy or early
childhood. Given the developmental changes childresergo throughout these crucial
periods, behavioral and neurological differencefear learning are expected to emerge
as a function of age. A translational developmeméalroscience approach is particularly
advantageous given the strong behavioral and regiocall conservation of underlying

fear circuitries and learning processes across huand nonhuman species. The use of
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well-controlled fear conditioning paradigms mayesfinsights into these developmental
trajectories by enabling a systematic examinatidvesic fear related mechanisms and
associative learning processes. Given the suggespi@vided in this review, we hope to
have mitigated some of the ethical and methododgiitficulties that have hindered this
line of research.

Research in animal models conducted in parallél witman studies has
identified developmental differences among cortazad subcortical brain regions at
certain ages. In particular, findings from theselss indicate that the neural circuitries
underpinning fear learning and fear extinctionraediated by different brain regions
which are subsequently evidenced by differencdghravioral outcomes. In addition,
changes in functional connectivity among differlerdin regions are also expected to
evolve with age and thereby to affect behavior (€tea., 2013; Guyer et al., 2008; Kim,
Hamlin, & Richardson, 2009). And indeed, fear cdioding emerges early in
development but extinction, in particular the dpito retrieve extinction memory,
emerges later in development. These results hightige need for further translational
work that will examine the emergence of these legrprocesses in human children,
adolescents, and adults via cross-sectional argiti@hnal designs.

In addition to focusing on typical developmentsthine of research impacts the
understanding the etiology and treatment of padiatixiety. Anxiety disorders are
among the most prevalent forms of childhood psyatogogy (Verhulst, van der Ende,
Ferdinand, & Kasius, 1997). While some anxiety disos are transient throughout
development, recent studies suggest that pedatxiety disorders commonly persist

into adulthood (Bruce et al., 2005; Hasler et2005; Perkonigg et al., 2005). Because
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anxiety disorders are costly and debilitating ctinds that are very often associated with
other severe psychopathology (Achenbach, 1995; Eiaken, Gurley, Brook, & Ma,
1998), there is an imperative need to identifyyeask and resilience factors that
moderate pediatric anxiety to chronic illness. Res® examining fear extinction in
pediatric populations has great relevance for wtdeding of learning processes that
facilitate effective exposure therapy for anxietyodders. For example, exposure therapy
which is one of the most effective treatment fodip&ic and adults anxiety disorders
relies heavily on extinction learning processesiated by the vmPFC. Based on the
available data reviewed in the paper, future resesinould focus primarily on
differences in extinction, extinction retentiondashildren’s ability to differentiate
between threatening and non-threatening stimeli, (@anger vs. safety) as potential
targets for prevention and treatment strategies.ifitreasing learning capabilities along
with the brain plasticity that occur throughout dipment provide a unique opportunity

to alter anxiety trajectories and prevent long-t@sychiatric morbidity.
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Table 1. Summary of developmental fear conditiorstuglies in healthy and anxious youth. The first phthe table reviews studies

on healthy youth followed by studies examining ansi youth

Pre-exposure #of Trials
Authors Dx N Age CS UCS DV CS UCS | ACQ | EXT ER | Main Results
(years)
HEALTHY YOUTH
Block, Hv 77 2-11 400 Hz Loud EKG 0 0 CS+:1] NA NA | Two-to-4 year olds
Sersen, & toneor sound 0CS- failed to display
Wortis 1000 Hz | for 1s: 110 cardiac
(1970) tone for 5s| auto discrimination (i.e.,
(55dB) horn lack of conditioning).
(95dB) Four-to-6 year olds
showed patrtial
evidence for
conditioning.
Six-to-11 year olds
showed evidence for
conditioning.
Gao, Raine,| Hv 200 3,4,5,| 1000 Hz Loud SCR | Neutra| O CS+9| NA NA | Children as young as
Venables, 6,8 or sound tones:6 CS-3 3years old showed
Dawson, & 500 Hz for | for 4.5s: fear conditioning
Mednick 12.5s white (CS+>CS-).
(2010) (60 dB) no ise in Differential SCR
tin can responses increased
with with age, particularly
. met.al in 5-to-6 year olds.
jangling
objects
(95 dB)
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Glenn, Hv 40 8-13 2 neutral | Fearful | FPS | CS+:4 CS+:8 0 CS+:8 Self-report ratings
Klein, female | face (3s)] S.R. Cs-4 Cs-8 CS-8 | revealed marginally
Lissek, faces for 6s + GS:8 | significant
Britton, scream differences from pre-
Pine, & for 1s to post-task (increase
Hajcak (80dB) in CS+ and decrease
(2012) in CS-).
During acquisition,
FPS results revealed
larger startle
magnitudes
(CS+>CS-).
Older children were
better able at
discriminating threat
from safety cues.
Haddad, Hv 42 12-15 3 neutral| CSnegat| S.R. | CSnegat CS+:9| CS+:8| NA | Adolescents reported
Lissek, Pine, faces for 35 ive: ive:2 CS-9 | CS-8 greater subjective
& Lau angry CSpositi CS-9 | Cs-8 fear to the
(2011) face + ve:2 CSnegative compare
criticism CSneutr to CSpositive and
CSpositi al:2 CSneutral post-
ve: acquisition.
happy After extinction,
face * differences across
complim CSs persisted with
ent subjects reporting
CSneutr less pleasantness to
al: CSnegative compare
neutral to CSpositive and
face + CSneutral.
neutral
commen
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t for 2s
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Lau et al.
(2011)

Hv Total:42 M 2 neutral | Fearful | SCR | CS+:8 CS+:1| NA NA | During fear
21 adoles| female face for | S.R. CS-:8 0CSs- acquisition, all
adolescent cents=| faces for 55 3s + 10 subjects showed
sand 21| 13.09 scream greater SCR to the
adults M for 1s CS+ than CS-;
adults (90dB) adolescents showed
= greater overall SCR
27.10 than adults.
All subjects reported
greater subjective
fear to the CS+ than
CS-.

Hv Total:35 | 10-17; | 2 neutral Fearful | S.R. CS+:3 CS+:6 | NA NA Both groups showed
15 18-50 | female face+ |fMRI | CS-:3 0CS- differential learning
adolescent faces for 6s| scream :60 (CS+>CS-), but
s and 20 for 1.1s adolescents reported
adults (90dB) greater fear to the

CS+ and less
discrimination
between CSs
compared to adults.

Adolescents showed
increased amygdala
and hippocampal
activation to the CS+
versus CS- trials thar
adults.

Age differences were
also found in
subjective fear rating
of the CS- and
dorsolateral

N

U

prefrontal cortex
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(dIPFC) activation.
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Morrow, Hv 42 10-12; 3 Electric | SCR | CS+:4 CS+:2| NA NA | Children and young
Boring, & 19-21; | horizontall | shock CS-:4 0CSs- adults showed
Keough 62-75 yor3 for 100 :20 increased SCR to thg
(1969) vertically ms CS+ and overall
arranged decline to the CS-
white lights during conditioning.
for 5.1s No learning
differences were
found between the
age groups.
Neumann, Hv 15 13-17 | 2 geometric Loud FPS 0 CS+:8| CS+:8| NA | Adolescents showed
Waters, & shapes for| sound | SCR CS-:8 | CS-:8 fear conditioning
Westbury 8s: for 3s: S.R. (CS+>CS-) and
(2008) diamond or| three- extinction across all
triangle | pronged three DVs.
garden
fork
scrappin
g slate
(83 dB)
Neumann, Hv 16 8-11 Two Loud SCR | CS+:2 CS+:1| CS+:1| NA | Eight-to-11 year olds
Waters, geometric | sound | S.R. CS-:2 2CS- 2 showed fear
Westbury, & shapes for| for 3s: 12 | CS-:12 acquisition
Henry 8s: white metal (CS+>CS-) and
(2008) 10-cm scrappin extinction as
square or | g slate evidenced by SCR
black 30- | (83 dB) and self-report of
cm arousal and
square unpleasantness.
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Pattwe” et Hv 83 5'11, 2 CO|OI’ed Wh|te SCR CS+:2 CS+:2 NA Participants across ah
al. (2012) 12-17;| squares: noise 4 4 age groups showed
18-28 blue or combine CS- CS-:24 differential fear
ye”OW d with 24 |earning (CS+>CS_)
presented 1000Hz during fear
for 3s (85- acquisition. Age
107dB) differences emerged
for 1s during extinction
with adolescents
showing dampened
extinction compared
to children and
adults.
ANXIOUS YOUTH
Britton et al.| Hy, Total:65 | 8-19 2 neutral | Fearful | FPS | CS+:4 CS+:1| CS+:8| M=20 | During acquisition
(2013) GAD, Hv:42 female face+ | SCR | CS-4 0 CS-:8 | days | and extinction,
SOC, | ANX:23 faces for 7-| Scream| S.R. CS- CS+:1 | relative to healthy
SAD 8s forls | fMRI :10 CS-1 | youth, anxious youth
(95dB) GS:9 | reported greater fear

to both CSs.

All groups showed
similar fear
conditioning
(CS+>CS-) and
extinction across all
three DVs.

During extinction
recall, anxious
adolescents exhibited
lower sub-genual
anterior cingulate
(sgACC) activation
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compared to their
healthy peers when
appraising threat.

In ventromedial
prefrontal cortex
(vmPFC),

anxious adolescents
showed greater

activation to the most

extreme CS+ and CS
displaying a U-
shaped pattern of
activation.

Craske et al|
(2008)

Hv,
SAD,
PD,
GAD,
SOC

Total:49
Hv:11
ANX:23
At risk:15

7-12

4 geometrig
shapes for
8s:
trapezoid
(CS+),
triangle
(CS-),
circle,
rectangle

t 1000Hz
pure
tone for
1s (107
dB)

SCR
S.R.

CS+:1
CSs-1
Circle:1
Triangle
01

CS+38
CS-:8

CS+4
CS-4

M=12
days
CS+4
CS-4

All groups showed
conditioning effects
(CS+>CS-) reflected
in SCR.

During extinction and
extinction recall,
anxious children
showed elevated
levels of SCR to CS+
and CS- compared
with non-anxious
children.

Anxious children
showed resistance tq
within-session
extinction and
extinction retest at 2-
week follow-up.

33



Lau et al. Hv Total:54 = 2 neutral | Fearful | S.R. | CS+4 CS+:1| CS+:3| M=16 | During acquisition,
(2008) GAD, Hv:38 13.64 female face + CS-:4 6 CS-:3 | days | all subjects rated the
SOC, | ANX:16 faces for 8s scream CS- CS+:1| CS+ as more fearful
SAD for 3s 16 2 than CS-, however
(95 dB) CS-:12| anxious adolescents’
ratings to the CS+
were greater
compared to healthy
subjects.
During extinction,
both groups rated the
CS+ as more aversiv
compare to the CS-,
indicating stability
even post- extinction
Liberman, Hv, Total:83 | 7-14 4 neutral | 1000Hz | FPS | CS+:1 CS+:6| CS+:8| NA | During acquisition,
Lipp, SOC, Hv:30 cartoons Pure SCR | CS-:1 CS-6 | CS-:8 healthy children rateq
Spence, & | GAD, | ANX:53 for5s:4 | tone for| S.R. | Cartoon the CS+ as more
March SAD, cartoons | 500 ms s:2 arousing than CS-,
(2006) SP during pre-| (105 dB) but no differences
exposure were found in
and 2 anxious children.
cartoons After extinction,
during healthy children
ach|S|t|On showed no
(CS+=1; differences in fear
CS-=1) ratings between CS+

and CS- whereas
anxious children
rated the CS+ as
more fearful than the
CS-.

)

During acquisition,
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=

SCR and FPS did no
reveal conditioning
effects in both
groups.

However, anxious
children showed
increased FPS during
extinction to the CS+
compare to the CS-,
whereas healthy
children showed no
difference.

Pliszka, Hv, Total:56 | 6-12 | 2 geometric White SCR 0 CS+:8| CS+:4| NA | During acquisition,
Hatch, ANX, Hv:22 shapes + | noise for| EKG CS-:8 | CS-4 subjects showed
Borcherding] ADH | ANX:11 tone for 4s:| 200 ms differential
& Rogeness| D ADHD:23 red square| (110 dB) conditioning
(1993) + 10 Hz (CS+>CS-) in both
tone or SCR and EKG, with
blue square no group differences
+ 500Hz Extinction was
tone observed only in
EKG but not it SCR.
Waters, Hv, Total:35 | 8-12 | 4 geometri¢c 1000Hz | SCR | CS+:1 CS+:8| CS+:4| NA | Compared to healthy
Henry, & | SOC, Hv:18 shapes for| Pure S.R. Cs-1 CS-:8 | CS-4 subjects, anxious
Neumann | GAD, | ANX:17 8s: CSs | tone for Circle:1 children showed
(2009) SP were 1s (107 rectangl increased SCR to
trapezoid dB) el both CSs and
or triangle reported the CS+ to
and two be more arousing
additional compared to the CS-
shapes of g during acquisition.
circle and & At the extinction
rectangle phase, anxious
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children showed
increased SCR to the
CS+ but no
differences in their
subjective ratings
between stimuli.

Note: All reported studies used a discrimination feamditioning paradigm. Dx = disorder; Hv = healtlgtunteers; ANX = anxiety
disorder; ADHD = attention deficit hyperactivitystirder; SOC = social anxiety disorder; GAD = gelmezd anxiety disorder; SAD
= separation anxiety disorder; SP = specific phdbia = panic disorder; N = number of subjects; G®rditioned stimuli; UCS =
unconditioned stimulus; GS = generalization stidV = dependent variable; EKG = electrocardiogr&8R = skin conductance
response; S.R. = self-report; FPS = fear potemutist@rtle; fMRI = functional magnetic resonancegmg; ACQ = acquisition phase;

EXT = extinction phase; ER = extinction re-recalift NA= not applicable.
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CHAPTER 2
Introduction

Children learn to adjust their behavioral resportees/ents and cues in their
surroundings at an early age. This cognitive pre@cesrucial in helping individuals identify
potential threats and safety cues from the envieminin humans, fear reactions to
environmental threats have been found to followealigtable pattern with certain fears
increasing and subsiding (e.qg., fear of separatear,of novelty) across development (for
review see Field & Davey, 2001).Differences in fiearning and associated behaviors may
result from maturational changes in brain netwankderlying fear conditioning (Hare,
Tottenham, Galvan, Voss, Glover, & Casey, 2008;, [Baiiton, Nelson, Angold, Ernst, Goldwin
et al., 2011; Gee et al., 2013a). However, thetedawelopmental patterns of learning-related
processes, such as fear conditioning, extinctiod,generalization of acquired fears, in humans
remains unclear.

Fear conditioning is the most commonly used expemiiad paradigm for investigating
the neural mechanisms and psychophysiological peeseunderlying learning about threat cues
in animals and humans (LeDoux, 2000). A form obassive learning, classical fear
conditioning involves the presentation of a simpkal or auditory stimulus (neutral stimulus;
NS) followed by the pairing of an aversive stimu{uaconditioned stimulus; US). Through
repeated presentations of the pairing, a fear tionéid response (CR) is produced indicative
fear learning. Extinction learning refers to whba CS is presented in the absence of the
aversive US (CS-no US); resulting in a gradual veeakg in the CR (Bouton, Westbrook,
Corcoran, & Maren, 2006; Sotres-Bayon, Cain, & Lakd006). Studies support that the initial

CS-US association remains intact and a new assatigt., CS-no US) is formed during fear
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extinction (Quirk & Mueller, 2008). To examineethcquisition of fear established through the
relationship between the CS and US, many studieslissrimination conditioning paradigms
which are characterized by the presentation of@8owvhere one stimulus (CS+) is paired with
the US while a different neutral stimulus is prasdrin the absence of the US (CS-) (Delgado,
Olsson, & Phelps, 2006; Vansteenwegen, Ibericoyhétr Marescau, & Hermans, 2008). Fear
learning, as measured with FC paradigms, is oftdaxed in adults by autonomic responses,
such as sweat (e.g., skin conductance responaepdéentiated startle, heart rate, and subjective
fear ratings (LeDoux, 2000).

While fear learning can be an adaptive and beneficiah fofr learning that aids in
signaling the presence of danger, this type of@aswe learning can become a source of
pathology when CRs are triggered in the absentleeo€S-UCS contingency (Davis, Falls, &
Gerwirtz, 2000; see Lissek et al., 2005). Impairtaem fear response inhibition to safety cues
have been implicated in the etiology and treatneéainxiety disorders (Field, 2006; Mineka &
Oehlberg, 2008). Anxiety disorders are among thetroommon psychiatric disorders with
prevalence rates averaging between 10-20% of pylesaknt children (Cartwright-Hatton,
McNicol, & Doubleday, 2006) and are predictive tiier forms of internalizing disorders in
adolescence and adulthood (Perez-Edgar & Fox, 20@8; 2007). Associative learning theories
posit that deficits underlying mechanisms are egldb threat and safety discriminations, a
process referred to as fear generalization (Lis3@k?2). It is hypothesized that anxious
individuals display elevated stimulus generalizaffioce., overgeneralize) to perceptually similar
stimuli to the threat cue (CS+) which elicits a @©Ra certain degree (LeDoux, 1998). By
systematically varying the phenotypic similaritteghe threat stimuli, an individual assesses

their CR response to conditioned stimuli and gdreat@on-stimuli (Lissek et al., 2008). Thus,
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identifying developmental patterns of normativer fiearning processes (e.g., fear acquisition,
extinction, fear generalization) from childhoodaidolescence may enhance our understanding of
the etiology of anxiety disorders and inform newmaches to early detection and treatment.

Considerable research on fear learning has beeatucted in adults and rodent models,
however less is understood about developmentapatassociated to fear learning in healthy
children from early childhood to adolescence. Wiatsod Rayner (1920) conducted one of the
first classical conditioning studies examined ifamts. In their early studies, they demonstrated
that fear can be learned through conditioning prieserepeated pairings of varied neutral
stimuli (e.g., white rat, rabbit, or dog) with autbnoiseln another study, 12 full-term infants as
young as 3 months of age showed greater respongaitode to the CS+ compared to the CS- as
indexed by skin conductance response (SGRjram & Fitzgerald, 1974). Results from these
studies were among the first to demonstrate trextsffof simple fear learning in infants even at
early stages of development. However, more comiglaxlearning abilities (e.g., fear extinction,
generalization of fears) may continue to developeagal changes in cortical maturation as well
as structural changes emerge across childhooddotesaence (Kim & Richardson, 2010; Lau
et al., 2011, Glenn, Klein, Lissek, Britton, PigeHajcak, 2012).

Recent studies on fear conditioning in childrenehbgen limited due to ethical
considerations regarding the aversive nature o8 used to elicit fear responses in child
populations. Traditional fear conditioning paradggadministered in adult and animal studies
involve the use of aversive stimuli, such as shadkch is unfeasible with children (Neumann,
Waters, &Westbury, 2008; Pine, Helfinstein, Bar#daNelson, & Fox, 2009). As a result, the

selection of an age appropriate, evolutionary @hyvand potent UCS has been a challenge to
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the field as these factors influence the degreel@ble fear conditioning levels (Britton, Lissek,
Grillon, Norcross, & Pine, 2011; Neumann & Wat&806).

To address this issue, a number of studies havkac®ogically significant stimuli
where children are presented with UCS such asdaunthorns (Block, Sersen, & Wortis, 1970);
loud sounds of metal jangling objects (Gao, Rauenables, Dawson, & Mednick, 2010), metal
scrapping on slate (Neumann, Waters, Westbury, 8r{4€008; Neumann, Waters, &
Westbury, 2008), negatively associated objectddF&000b) and social stimuli such as negative
criticisms (Haddad, Lissek, Pine, & Lau, 2011) earful face paired with a scream (Lau et al.,
2008; Lau et al., 2011; Glenn et al., 2012; Britadal., 2013). Other studies have used non-
social cues like pure tones (1000 Hz) or tones ¢oeabwith white noise presented between
105-110 dB to elicit CR in children (Pliszka, Hat&orcherding, & Rogeness, 1993; Liberman,
Lipp, Spence, & March, 2006; Craske, Waters, Bergmialiboff, Lipp, Negoro et al., 2008;
Waters, Henry, & Neumann, 2009; Pattwell et al1200ne potent fear conditioning paradigm
tested successfully with children and adolescesgsl @ social stimuli (e.g., female face) paired
with an aversive sound (e.g., scream) (Britton.e2813; Glenn et al., 2012; Lau, et al., 2011;
Lau et al., 2008). This UCS was found to be comgarto an alarm, a loud tone, and white
noise as measured by subjective self-report (Brjted al., 2011).

To date, only one longitudinal study has assessedldpmental trajectories of fear
conditioning in children at ages 3, 4, 5, 6, ang8rs (Gao et al., 2010). Findings from this study
revealed fear conditioning was present in childasryoung as 3 years of age with significant CR
increasing from ages 5-t0-6 years evidenced via.SRilarly, Newmann, Waters, Westbury,
and Henry (2008) found robust fear conditioning {CSCS-) and extinction learning in a group

of typically developing 8-to-11 year olds usingfseported measures of UCS expectancy and
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SCR. These findings were replicated in anotherystuith 13- to 17-year-old adolescents as
measured by fear potentiated startle and SCR (NeaVdaters, & Westbury, 2008) and adults
(Neumann & Waters, 2006).

Cross-sectional studies have found significantdifferences in fear learning, extinction,
and fear generalization (Lau et al., 2011; Glenal.e2012; Pattwell et al., 2012). In a study by
Pattwell et al. (2012), researchers found succkdgfarential fear conditioning (e.g., greater
SCR to CS+ relative to CS-) among 5-to-11 yearcbittren, 12-to-17 year old adolescents, and
18-t0-28 year adults during fear acquisition. Mon@ortantly, differences among age groups
emerged during fear extinction with adolescentsaig dampened extinction rates when
compared to children and adults. Given that adelsse is characterized by neurodevelopmental
changes in prefrontal regions (Casey et al., 20&8garchers postulate that this developmental
time period may reflect a qualitative differentipérin which extinction learning is reduced.

Using an adapted version of the Lau et al. (20@8xgigm, another study showed
discriminative fear conditioning across 8-to-13ryelas children (Glenn et al., 2012).Further
examination between 8-10 and 11-13 year olds redesge differences in fear conditioning such
that FPS in older children who reported contingesaareness were associated with larger
startle magnitudes to the CS+ relative to youngddien. Additionally, older children were
better at discriminating threat from safety cuesrduin a fear generalization condition.
Similarly, converging findings from Lau and colless (2011) demonstrated that adolescents
show reduced discrimination to threat and safegsdn comparison to adults during a
differential conditioning paradigm. Based on thiése studies, findings support that children are
generally capable of fear learning processes (ea.,conditioning and extinction), threat and

safety cue discrimination improves with age, andlegtents show attenuated extinction learning
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when compared to adults. Taken together, age dethtierences in fear learning seem to emerge
as more complex forms of learning continue to neatund interact with developmental processes
and changes in neural circuitry.

The main goal of the study was to examine how lning, extinction, and fear
generalization emerge in a sample of typically dtgpieg 5-to-10 year old children. To do this,
the present study used a modified version of aipusly used fear conditioning paradigm
(Britton et al., 2013). During the task, coloredtoan bells served as the CS and a loud alarm
sound served as the UCS. These stimuli were sdlbéetsed on its ecological relevance and non-
facial properties (e.g., fearful face and screaseduo increase child compliance and ensure
developmental appropriateness of the task paraditpgiwo main goals of the study were: a) to
test the feasibility of a novel fear conditioningradigm in 5-to-10 year old children; b) to
examine developmental differences in discriminafear conditioning, extinction learning, and
fear generalization among three developing agepy.ca+6 year olds, 7-8 year olds, and 9-10
year olds. First, we hypothesized that childremssmll age groups will show expected
behavioral and physiological patterns of discrimimafear conditioning and extinction. Second,
based on previous studies, we hypothesized thatéealitioning, extinction learning, and fear
generalization will improve with age such that eldkildren (9-to-10 year olds) will show more
robust fear learning and generalization ratesiveadb younger children (e.g., 5-to-6 and 7-to-8
year olds). Skin conductance response and subge@tiings of fear to the UCS were used to

index fear learning levels.
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M ethod

Laboratory Visit 1

Participants

Participants were 64 typically developing childrbatween the ages of 5 and 10,
recruited through mailings and advertisements énvifashington, DC metropolitan area. Of the
children, 50 (78.1%) were Caucasian, 4 (6.3%) wdnean-American, 2 (3.1%) were Hispanic,
1 (1.6%) was Asian, and 7 (10.9%) were identifigdHzir parent as “Other” ethnicities. There
were 19 5-t0-6 year olds (10 femal®kige= 5.90;SD = .58), 17 7-to-8 year olds (10 females;
Mage= 8.10;SD = .57), and 18 9-t0-10 year olds (10 femaMgze= 10.07;SD = .51).

A total of four children discontinued participatisrimnen they became anxious or were
non-compliant. Skin conductance response (SCR)fdatasix participants in the final sample

were excluded from data analyses due to non-regpsrachd equipment failure.

Procedure

After initial contact, 5-to-10 year old childrendatheir primary caregiver were invited to
visit the university laboratory to participate hetfirst assessment of the study. The current study
involved data collection at two different time p@inStudy procedures were approved by the
University of Maryland institutional review boardpon arrival to the university laboratory,
informed consent was obtained by the parent arldrehni were briefed on the procedures and
assent was obtained. For each laboratory visitiliesrwere compensated for their time with
developmentally appropriate toys totaling a valti§2® (i.e., one large toy and two small toys).

During the first laboratory visit, participants cplated the pre-acquisition, fear

acquisition, and extinction phase of the studyti€ipants’ subjective responses of their current
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levels of positive and negative affect to the C8d &S- were collected at set times throughout

the first laboratory visit.

The Bell Conditioning Task

The current fear conditioning paradigm is similathat previously described by Britton
et al. {npress). In the current study, instructions and task vwaightly adapted (e.g., non-social
stimuli) to increase child compliance and developtakappropriateness. Before the start of data
collection, children were fitted with two Ag/AgCleztrodes that were attached to two of their
fingers on the left hand and two EAR-3A earplugBIMs Stimulus Presentation System (Version
8.464, James Long Company; Caroga Lake, NY) wad tasprogram and present the bell
conditioning task. All stimuli were presented odesktop computer and 15” monitor. Children
were seated approximately 75 cm from the computaritor during the bell conditioning task.

Participants were informed that they could learpreedict when the UCS would occur
but were not explicitly informed of the CS/UCS aagency. Throughout the task, participants
passively viewed blue and yellow cartoon figurebelfs selected as the conditioned stimuli
(CS+, CS-). The bell selected as the CS+ was crhaltnced across participants. A differential
conditioning procedure was used (Ohman, Hamm, &ddhty 2000).

The Bell Conditioning task included three phasggrra-acquisition; b) fear acquisition;
and c) extinction. The CS+ and CS- were preserttied-B seconds followed by a gray screen
presented for 8-21secondd=£ 159. The UCS consisted of a mildly unpleasant noisg ,(eoud
alarm noise) presented at 95dB for 1 second coewtlyrwith a red bell figure. The inter-trial
interval (ITl) ranged from 11-15seconds. During thar acquisition phase, the CS+ was

followed by a UCS with an 80% reinforcement schedske Figure 1). The pre-acquisition and
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extinction phase consisted of the CS+ and CS- pteden the absence of the UCS. SCR and

subjective ratings of fear were used to index &gyuisition and extinction rates.

Skin Conductance Response (SCR) Recording

SCR was recorded from two Ag/AgCI electrodes attddio the medial phalanx of the
middle and the ring fingers of the left hand. SGRadecorded with an EDA bioamplifier (SA
Instruments, San Diego, CA) with a gain ofl® per volt. The amplified signal was digitized at
a sampling rate of 200 Hz and Snap-Master dataisitiqn software (HEM Data Corporation.
Southfield, MI).

All subsequent processing and analysis of the r@R 8ata was conducted using Phy
General Physiology Analysis System (Version 8.4@4nes Long Company; Caroga Lake, NY).
SCR data to the CS+ and CS- trials were quant#gethe peak difference between amplitudes
(within 1-7 seconds following stimulus onset) araséline activity. SCR data were square-root
transformed for each participant and were rangeected (SCR/SCRmax). Transformed data
were averaged across all trials and analyZed square-root transformed SCR data to the UCS

were analyzed for group effects using repeated uneasANOVA.

Subjective Ratings of Fear and Anxiety

Participants completed subjective ratings of fewt anxiety levels to the CS+ and CS-
using a ten-point Likert scale (1= none, 10= ext&gnihis form was administered prior to pre-
acquisition, after fear acquisition, and after estion. ltems were comprised of questions such
as “how scared are you of this blue bell?” and “fewious were you when you saw the blue

bell?”
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Data Analysis

To examine fear learning across phases, a repesasures ANOVA was used to test
main effects and interaction effects using age-gi&46 year olds, 7-8 year olds, and 9-10 year
olds) as between-subject factors and phase (praéisaiton, fear acquisition, and extinction) and
stimulus type (CS+, CS-) as within-subject facforsSCR data and subjective ratings. Repeated
measures ANOVAs were also conducted to examinddaaning rates by dividing trials into
early and late blocks for each phase (6 Early/Pdtases: early/late pre-acquisition, early/late
fear acquisition, early/late extinction x 2 Stimallliype: CS+, CS-). Lastly, learning rates were
explored by analyzing two trial bins across eachseh(11 Trial Bins: pre-acquisition 1-2, 3-4;
fear acquisition 2, 3-4, 5-6, 7-8, 9-10; extincti@n3-4, 5-6, 7-8 x 2 Stimulus Type: CS+, CS-).
Follow-upt-tests were performed following significant interanteffects.

All statistical analyses were conducted using PAGMWfsion 20.0). Significant effects
were detected @t = 0.05 level. Post-hoc analyses were conductedyuonferroni correction.
Pearson correlations were used to examine reldtipaamong age, SCR data, and subjective

ratings across all participants. Significant effewere detected at= 0.05 level.

Laboratory Visit 2

Participants

Following the first laboratory visit, 48 typicaljeveloping children and their parents
returned to complete the extinction recall phasthefstudy. Of the original sample, 42 (87.5%)
were Caucasian, 3 (6.3%) were African-Americar2.1%) was Asian, and 2 (4.2%) were

identified by their parent as “Other” ethniciti@here were 15 5-to-6 year olds (8 femaMgye
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=5.92;8D = .56), 15 7-t0-8 year olds (9 femaldsage= 8.03;SD = .64), and 18 9-to-10 year

olds (10 femaledylage= 10.07;SD = .51).

Procedure

Following the completion of the first laboratorysitj participants were invited to return
to the laboratory to complete the extinction-repailhse. The time between the first and second
laboratory visit was approximately three wedks-(19.77;3D= 8.20 days). Participants’
subjective responses of their current levels oftpaesand negative affect to the CS+ and CS-

were collected at set times throughout the secalnoratory visit.

The Extinction Recall Task

Stimuli included the blue and yellow cartoon bélls., CS+, CS-) used in the fear
acquisition and extinction phases. Additionallyilaten were randomly presented with cartoon
bell sequences of 11 different colored gradientgirag between blue and yellow (see Figure 2).
Specifically, each stimuli corresponded to coladients of 0% (CS-), 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 100% (CS+). Each “morpas wvandomly presented for 3000ms
for a total of 8 trials with an inter-trial intevaf 500ms. Following each stimulus presentation,
participants were instructed to use a mouse torespither “yes” or “no” to one of three
guestions: a) are you afraid of this bell? (ilereat appraisal); b) did the bell make a sound@?, (i.
explicit memory); and c) is the bell yellow? (i.perceptual discrimination). Participants were
instructed to answer each question based on thtifeeling’ and to respond as quickly as

possible. All responses and reaction times wererdecl. The task was presented via E-Prime
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computer software (PST Inc., Pittsburgh, PA). Ailinsili were presented using a 17” IBM

computer laptop with children seated 65 cm fromdt@puter monitor during the task.

Subjective Ratings of Anxiety

Participants completed subjective fear ratingsamdety levels when viewing the CS+
and CS- using a ten-point Likert scale (1= none; &reme). Similar to the first laboratory
visit, this form was administered following the cpletion of the extinction recall phase and
were comprised of questions such as “how scaregaar®f this blue bell?” and “how anxious

were you when you saw the blue bell?”

Data Analysis

Generalization effects for threat appraisal andiexpemory were analyzed using a 11
(morph type: 0% (CS-), 10%, 20%, 30%, 40%, 50%, 60080, 80%, 90%, 100% (CS+) x 3
(age group: 5-6 year olds, 7-8 year olds, 9-10 p&is) repeated measures ANOVA. Subjective
ratings and reaction times were analyzed using PA®&sion 20.0). Significant effects were

detected atx = 0.05 level. Post-hoc analyses were conductetyuonferroni correction.

Results
Fear Acquisition and Extinction across all Age Groups
To test the validity of the Bell Conditioning taske first analyzed children’s
contingency awareness during the 3 phases. A & pae-acquisition, fear acquisition,
extinction) x 2 (Stimulus type: CS+, CS-) analysivariance across all age groups revealed a

significant interactionk-(2, 106) = 5.61p = .00 (see Figure 3). Follow-ugests showed greater
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SCR (CS+>CS-) during fear acquisitia(b@) = 2.20p = .03) compared to pre-acquisitiab@)
=-.71,p > .05) and extinctiont(53) =.22,p > .05). Similar analysis of variance for subjeetiv
fear ratings yielded a significant interaction sihmywobust fear acquisitior-(1.69, 89.54) =
11.08,p = .00; see Figure 4). Follow-ugests revealed no effects during pre-acquisiti(B8] =
-.83,p > .05) compared to fear acquisitid(b@) = 4.47p = .00) and extinctiont(53) = 3.30p =
.00).

To further explore contingency awareness, as meddwy SCR, trials were divided into
early and late blocks for each phase. A 6 (Phas®/late pre-acquisition, early/late fear
acquisition, early/late extinction) x 2 (Stimulypé: CS+, CS-) revealed a significant interaction
effect,F(5, 260) = 2.47p = .03. Specifically, the second half of SCR tridsing the fear
acquisition block were significantly largef33) = 3.92p = .00) than the remaining blocks with
as evidenced by no CS differences.

Next, to examine SCR over time, analysis for 14! tsins x 2 stimulus type showed a
significant interaction effecg(6.88, 358.07) = 2.0y = .03. In particular, children across all
age groups showed greater SCR during trials 5 qt{@%) = 2.03p = .04) as wellas 7 and 8
(t(53) = 4.20p = .00) during the fear acquisition phase. The adowdings suggest the Bell
Conditioning task was successful in eliciting cdiaied fear responses, as evidenced by both

SCR and subijective ratings of fear, across 5-tgeld old children.

Developmental Differencesin Fear Acquisition and Extinction
Next, we tested developmental differences in feguesition and extinction as a function
of age. The repeated measures ANOVA with age gasuppe between-subjects factor and phase

and stimulus type as the within-subjects factoeaded a significant main effect of phas€2
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4) = 3.11p =.04) for SCR. No other significant main or istetion effectsg(4, 102) = .45p >

.05) for age-group differences in SCR levels wertected across the three phases (see Figure 5).
Analyses of subjective fear ratings revealed namaiinteraction effectq (4, 102) = .220p >

.05).

In order to assess potential age differences inléaaning and extinction, each age group
was examined separately for SCR and subjectivega(i3 Phase: pre-acquisition, fear
acquisition, extinction) x 2 (Stimulus type: CS45-¢. SCR in 5-to-6 year old children (n=19)
showed a main effect of phase that was signifiaaiend level (2, 36) = 2.87p = .06)
suggesting increased SCR during fear acquisitiambulifferences in contingency awareness of
CS. Similarly, subjective ratings for this age gr@howed a significant main effect of phdse,

(2, 36) = 4.74p = .01. No significant interaction effects emergaaygesting that 5-to-6 year
children’s SCR and subjective ratings of fear ditl change as a result of the CS+ and CS-
during fear acquisition (see Figure 6).

Seven-to-eight year old children (n = 17) revealedignificant main effects or
interactions E (2, 32) = .41p > .05) in SCR across the three phases (see Figuhe contrast,
subjective ratings showed a significant interactbbphase x stimulus typg, (2, 32) = 3.43p =
.04, with children reporting greater subjectiverfdaring fear acquisitiont(l6) = 2.35p = .03)
compared to pre-acquisitiot(16) = -1.00p > .05) and extinctiont(16) = 1.69p > .05).

Findings in this age range indicate that participamcreased in their subjective fear ratings but
SCR did not show expected conditioned fear respotasthe CS across the three phases.

Lastly, examination of SCR in 9-to-10 year old dhein (n = 18) showed a significant

phase x stimulus type interactidh(2, 34) = 5.82p = .00 (see Figure 8). Participants showed

greater SCR during fear acquisitid(iL7) = 3.70p = .00) versus pre-acquisitiot{7) -.06,p >
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.05) and extinctiont(17) = .57,p > .05). Early and late analyses of phases shovsggh#icant
interaction effectF (5, 85) = 2.71p = .02, during the second half of trials in therfaequisition
phase((17) = 4.42p = .00) while no other effects were significant.ditcbnally, individual

SCR for each trial yielded a significant interanteffect of 11 trial bins x 2 stimulus type (10,
170) = 1.86p = .05. Findings showed increased SCR during tasd 6 {(17) = 3.17p = .00)

as well as 7 and &(L7) = 2.43p = .02) during the fear acquisition phase. Subjeatatings also
revealed a significant interactiof,(2, 34) = 7.80p = .00, in which 9-to-10 year old children
reported greater fear during fear acquisitit§hq) = 3.54p = .00) and extinctiont(17) = 2.20p

= .03) compared to pre-acquisitiafl(7) =1.00p > .05). No other significant main or interaction

effects for SCR and subjective ratings were obthine

Extinction Recall Task: Subjective Threat Appraisal

To examine participants’ subjective threat apadas significant main effect of morph
type,F(10) = 7.71p = .00, was found (see Figure 9). The main effécharph type yielded
both linearF(1, 45) = 8.07p = .00, and quadratic gradienk1, 45) = 16.09p = .00. In
addition, there was an interaction effect of maygde x age group that was significant at trend
level (F(20, 450) = 1.50p = .07). Reaction times to threat appraisal resp®asross morph

types showed no significant main or interactioreets.

Extinction Recall Task: Explicit Memory
Responses to explicit memory instruction for maotygde revealed a significant main
effect,F(10) = 51.22p = .00, with linear F(1, 45) = 63.488p = .00] and quadratid=(1, 45) =

107.44,p = .00) components (see Figure 9). A significantphdype x age group interaction
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effect for explicit memoryf-(10) = 51.22p = .00, was found consisting of a linear slop&|
45) = 3.78p = .03]. Follow-upt-tests revealed significantly greater explicit meynfor 9-to-10
year old {(14.84) =-2.22p = .04] and 7-to-8 at a trend lev#{1[7.57) =-1.83p = .08] compared
to 5-to-6 year old children. No significant mainioteraction effects were found in explicit

memory reaction times as a function of morph types.

Discussion

The overall goal of the current study was to exanwhether typically developing 5-to-
10 year old children show differences in fear ctinding, extinction learning, and fear
generalization as a function of age. First, we bbtig test the feasibility of using a novel fear
conditioning paradigm (e.g., cartoon bell pairethvihe loud alarm sound) to support fear
conditioning among 5-to-10 year old children. SGR aubjective rating data revealed that all
children showed robust differential fear conditimyito the CS+ compared to the CS- as well as
successful extinction learning. These results apioelae consistent with previous research
showing evidence of successful acquisition andchektin of CR among typically developing
children within this age range (Neuman, Waters, Mey, & Henry, 2008; Gao et al., 2010;
Pattwell et al., 2012). Importantly, findings frahis study highlight the potential utility of using
this novel fear conditioning paradigm in the stadyear learning processes and extend the
existing literature of fear learning in typicallgwkloping children.

While the current study did not reveal developmiediféerences at the group level,
differences across the three phases of the studygeh when each age group was examined
separately. Specifically, 5-to-6 year old childfailed to show SCR or behavioral evidence of

discrimination fear learning suggesting increasedisal levels to both CSs during fear
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conditioning compared to pre-conditioning and ection. Seven-to-eight year old children did
not show differential SCR to the CSs across comustibut reported increased subjective fear
during fear conditioning to the CS+ versus the @Somparison to pre-conditioning and
extinction phases. Physiological and subjectivesuess of fear in 9-to-10 year olds
demonstrated discriminative fear conditioning (CS&€S-) during fear conditioning. Following
extinction, SCR showed no differences in CR whilbjsctive measures of fear remained high to
both CSs. Consistent with prior findings (Glenrakt2012), 9-to-10 year old children showed a
linear fear generalization pattern in threat agalasuggesting a greater ability to discriminate
between gradations of the CS+ and CS- in oldedddmil. Even though fear learning was
evidenced across all participants, contingency amess (CS-UCS) and generalization effects
significantly increased with age. One interpretatid these findings is that more complex forms
of fear learning emerge and continue to develoghddren approach adulthood (Britton, Lissek,
Grillon, Norcross, & Pine, 2011; Glenn et al., 20P2attwell et al., 2012). Findings from the
youngest age group may reflect early cortical dgwelent in brain regions associated to learning
processes in children. Studies in fear conditiomisigig animal models have shown that early
learning experiences and age significantly infleefear conditioning (Sevelinges, Sullivan,
Messaoudi, & Mouly, 2007). While mature rats letrmvoid odors previously paired with
shock, young infant rats at postnatal day 10 disulaapproach behaviors to threat conditioned
odors which allow infant rats to orient toward th@iother’'s odor and subsequently facilitating
mother-infant attachment (Sullivan, Landers, YeangaWilson, 2000). Additionally, extinction
learning in infant rats has been found to involue/gdala activation whereas older rats involve

activation in both amygdala and ventromedial pretbcortex regions (Kim & Richardson,
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2010). This plasticity in young rodents suggestsrasitive period in which fear learning is
suppressed and amygdala activation is reducedgfoew see Landers & Sullivan, 2012).

While the mechanisms underlying fear learning psses in children are still unclear, it
is possible that developmental differences resathfchanges in cortical maturation as well as
structural connectivity across childhood. For ins® in a recent study researchers found a
positive shift in amygdala and medial prefrontatten (mMPFC) functional connectivity in young
participants suggesting greater bottom-up amygaletiaity to the mPFC during childhood while
the inverse relation was found in older particigagignaling a transition to top-down activity
among these regions (Gee et al., 2013a). More iapidy, the developmental switch from
positive to negative functional connectivity wakated to less amygdala reactivity and a decline
in developmentally normative anxiety. Thus, rattien a failure to display discrimination
learning, findings from the current study may reffla possible developmental pattern resulting
from changes in amygdala-prefrontal connectivityimch younger children show a general
increase in arousal levels to emotionally saliafdgrmation, irrespective of its contingency to the
UCS.

To explore the malleability of sensitive perioddear learning, researchers have also
examined amygdala activation in response to thasatsfunction of corticosterone levels
(CORT) and stress (Moriceau & Sullivan, 2004). kngd showed that low levels of endogenous
CORT in young rats at PND 8 resulted in the in&pth form learning associations related to
aversive olfactory stimuli whereas stress-induc@RC at PND 12 resulted in expected
amygdala activation and subsequent fear learnihg\bers to aversive odors. Similar findings
were observed with previously institutionalizedldren who had experienced early

environmental stress as evidenced by maternalwdgjonn (Gee et al., 2013b). Results revealed a
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negative shift in amygdala and mPFC structural ectivity among PI children suggesting
amygdala hyperactivity and neural patterns indveatif a mature connectivity found typically
among older subjects. Similar to the rodent stidigriceau & Sullivan, 2004), these findings
suggest that high levels of stress can triggely earlygdala maturation and fear learning
behaviors. Taken together, studies examining yoadgnts and humans reveal that fear learning
circuits may be particularly plastic during eargvelopment given that hypo-reactivity in
amygdala activation may result in reduced discration to threatening stimuli.

Given that fear learning deficits characterize atydisorders in adults and children, it is
unclear whether at-risk samples may exhibit sinbktnavioral and psychophysiology of fear
learning compared to anxious populations. Sevéudies have begun to examine individual
differences in psychophysiological responses te aafl threat cues in at-risk pediatric samples.
For instance, 7-to-12 year old children with a pg&akhistory of diagnosed anxiety disorders
showed enhanced startle reactivity to threat coegpare to controls and children diagnosed
with anxiety (Waters, Craske, Bergman, Naliboffghe, & Ornitz, 2008). Alternatively,
enhanced startle magnitudes to safe cues havefduaathin 7-year-old children (Barker, Reeb-
Sutherland, & Fox, 2012) and adolescents (Reebe8atid et al., 2009) characterized with
temperamental behavioral inhibition, a fearful eio@dl and physiological reactivity to novelty
empirically linked to the development of anxietgaliders (see Degnan & Fox, 2007; Pérez-
Edgar & Fox, 2005). Specifically, these findingggest potential disruptions in fear
generalization to safety cues in at-risk sampleshtave important implications for identifying
potential psychophysiological processes that charmaze childhood anxiety disorders. One
possible moderator to play a role in the link betwat-risk samples and later anxiety is fear

learning processes. Coupled with the above disoasthe current study highlights the
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importance of age related changes in fear leanpiogesses particularly for when perturbations
may confer risk for later anxiety disorders. Thapromising avenue for future research in fear
learning may be to examine at-risk children.

Findings from the present study should be integaor@t the context of some study
limitations. The lack of support for conditioningfdrences at the group level could reflect
sample size limitations within each age group. Addally, participants were almost exclusively
normatively developing Caucasian children, redugegeralizability of findings to more diverse
or clinical populations. Second, data from thigigttelied on a cross-sectional design which
limits our ability to make inferences about deveh@mtal trajectories of fear learning. Thus,
future longitudinal studies in fear learning, extion, and fear generalization will be necessary.
Third, SCR was used to index fear conditioning exiihction in the study. This measure is a
non-invasive method used to measure autonomicd@fedrousal and has been shown to
successfully capture CR in adults and childrenit®&anh et al., 2010; Waters et al., 2008). While
this measure captures subtle changes in physialogiousal, it does not differentiate between
positive and negative valence of emotional stdtesontrast, fear potentiated startle measures
increased startle reflexes during affective statdear to an aversive stimulus, an index of
individual differences in negative emotional reaityi and has been postulated as a possible
physiological biomarker for an anxiety endophenet{@rillon et al., 1994; Morgan et al., 1995;
Merikangas, Avenevoli, Dierker, Grillon, 1999; Barket al., 2012). As physiological data was
collected only during the first visit (i.e., feavraitioning, extinction) and not the second visit
(i.e., fear generalization) of the study, futursee@ch would benefit from collecting continuous

physiological measures across both visits. Thusatidition of multiple psychophysiological

68



measures in fear learning studies may provide mm@@ningful information regarding
autonomic measures of fear learning in developoufations.

This study was among the few to examine physioklgod behavioral measures to
capture fear learning, extinction, and fear gemeabn patterns in a sample of 5-6, 7-8, and 9-
10 year old children. Additionally, the use of arabfear conditioning paradigm proved to be
feasible across a wide age range. The presentigariportant for laying the groundwork on
empirical and theoretical questions about how ceildearn and adjust their behavioral
responses to their environment and could greatiyritute to the understanding of the etiology

of pediatric anxiety disorders as well as informwvragproaches to early detection.
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Figure 1. Diagram of the experimental task during three pfiggee-acquisition, fear acquisition,

and extinction.

Bell Conditioning Task
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Figure 2. Example of generalization stimuli during extincticatall task.

0 % 10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 %
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Threat Appraisal: Are you afraid of this bell?

Explicit Memory: Did this bell make a sound?
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Figure 3. SCR measures of fear acquisition and extinctioosscage groups.
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Figure 4. Subjective ratings of fear acquisition and eximeiacross age groups.
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Figure 5. SCR measures and subjective ratings of fear atipmgind extinction as a function of
age.
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Figure 6. SCR measures and subjective ratings of fear atquisind extinction among 5-to-6

year old children.
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Figure 7. SCR measures and subjective ratings of fear atigmisind extinction among 7-to-8

year old children.
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Figure 8. SCR measures and subjective ratings of fear atgugind extinction among 9-to-10

year old children.
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Figure 9. Responses for threat appraisal and explicit memesponses across all age groups
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