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a  b  s  t  r  a  c  t

The  ability  to differentiate  danger  and  safety  through  associative  processes  emerges  early  in  life.  Under-
standing  the  mechanisms  underlying  associative  learning  of  threat  and safety  can  clarify  the  processes
that  shape  development  of normative  fears  and  pathological  anxiety.  Considerable  research  has  used
fear  conditioning  and  extinction  paradigms  to  delineate  underlying  mechanisms  in  animals  and  human
adults;  however,  little  is  known  about  these  mechanisms  in  children  and  adolescents.  The  current  paper
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summarizes  the empirical  data  on the development  of  fear  conditioning  and  extinction.  It  reviews
methodological  considerations  and  future  directions  for  research  on  fear  conditioning  and  extinction
in  pediatric  populations.
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. Introduction

The ability to identify danger emerges early in life and devel-
ps in a similar way across cultures. Young children tend to fear
trangers or separation. When these fears diminish during school-
ge, they typically are replaced by fears of animals or other natural
angers. In adolescence, fears arise of social circumstances and
bstract dangers, such as the fear of humiliation. While extensive
esearch charts developmental patterns of human fear in response
o such intrinsically threatening events, far less research exam-
nes developmental aspects of learned fears. Because considerable
asic research examines fear conditioning and extinction, particu-

ar interest has arisen in the development of these forms of learning.
This paper summarizes findings from developmental research

n fear conditioning and extinction. It unfolds in four stages. Section
 defines major concepts relevant to fear conditioning and extinc-
ion. Because few studies examine fear conditioning and extinction
n children, Section 3 attempts to extrapolate to children and ado-
escents from data in animals and human adults. Section 4 details
ndings from the few available conditioning and extinction stud-

es in children and adolescents, emphasizing the unique ethical
nd methodological considerations that complicate such work. The
aper concludes by summarizing directions for future studies.

. Studying fear conditioning and extinction
evelopmentally

Fear conditioning, a form of associative learning, is a widely used
xperimental paradigm for investigating the psychophysiologi-
al processes and neural mechanisms sub-serving learning about
anger cues in a range of mammalian species. In classical fear condi-
ioning, a neutral conditioned stimulus (CS, e.g., tone) is repeatedly
aired with an aversive stimulus (UCS, e.g., shock), yielding a CS-
CS association. Discrimination conditioning uses two CSs, one that

s paired with the UCS (CS+) and another that is not (CS−). A condi-
ioned response (CR, e.g., freezing behavior) is produced in response
o the CS+, thus enhancing the organism’s ability to respond to simi-
ar events in the future. This paradigm allows for the rapid induction
f a learned fear state and the expression of learned fear-related
ehaviors. Conditioned fear responses have been found across
ultiple species and include various responses such as changes

n autonomic activity (e.g., heart rate, blood pressure, skin con-
uctance), defensive behaviors (e.g., freezing), endocrine response
e.g., hormone release), pain sensitivity (e.g., analgesia), and mod-
lation of reflex expressions, like fear potentiated startle and eye
link response (LeDoux, 2000).

Extinction is a process during which the CS+ is presented in
he absence of the UCS, leading the conditioned response (CR) to
ecline across repeated presentations. Based on numerous stud-

es, extinction does not eradicate the initial CS+-UCS association
ut rather creates new learning, where the CS+ is associated with
he absence of the UCS (for review see Bouton, 2002, 2004; Quirk

 Mueller, 2008). Following successful extinction, the initial CS+-
CS association competes with the newer CS+-no-UCS association.
hen presentation of the extinguished CS triggers the no-UCS
emory, it inhibits the original CR. Retrieval of extinction, also

nown as extinction recall, occurs when the extinguished CS+ is
e-presented at a later time. Low levels of the fear expression (i.e.,
R) indicate successful extinction recall, whereas high levels of fear
xpression indicate poor extinction recall (Quirk & Mueller, 2008).

ear responses may  also reappear spontaneously with passage of
ime (i.e., spontaneous recovery), following contextual manipula-
ions (i.e., renewal) or presentation of the UCS even in the absence
f the CS+ (i.e., reinstatement) (Bouton, 2002).
chology 100 (2014) 1–12

Interactions between fear conditioning and extinction shape
behavior, mainly during development, when the effects of learning
can be particularly profound. Hence, understanding the devel-
opmental changes of these processes and the underlying neural
correlates that support them informs a mechanistic understanding
of fear and safety learning. In rodents, fear conditioning emerges
early in life and involves subcortical areas, predominantly the
amygdala; whereas the maintenance of extinction, as expressed
in extinction recall, appears to emerge later in development and
involves the prefrontal cortex and hippocampus (Kim & Richardson,
2010). Thus, when studying these learning-related processes, a
developmental perspective examining maturation of brain regions
supporting fear conditioning and fear extinction may  explain the
emergence of individual differences in fear and anxiety.

3. The neural circuitry underpinning fear conditioning and
extinction

Most neuroscience research on fear conditioning uses animal
models. Nonetheless, translating these findings to human stud-
ies is feasible due to the strong cross-species similarities in the
physiology of fear (LeDoux, 2000). Animal models are particularly
important for studying the emergence of fear conditioning across
development as some of the procedures are less feasible in humans
and particularly in children and adolescents. Therefore, findings
from animal models can be translated to research in human adults,
which in turn can be applied to pediatric populations.

3.1. Animal models

3.1.1. Fear conditioning
Fear conditioning involves processing sensory information

about the CS and the UCS. Typically, the CS and UCS are presented in
different sensory modalities (e.g., auditory tone and tactile shock)
and thereby activate different sensory cortices as well as the tha-
lamus and hypothalamus and the brainstem periaqueductal gray
region. Ultimately, information about the CS and the paired UCS is
thought to first converge in the basolateral nucleus of the amygdala.
Initially, the neutral CS will produce weaker amygdala stimulation
than produced by the UCS. Following CS-UCS pairings, the initially
weak amygdala stimulation produced by the CS becomes stronger,
reflecting a CS-UCS association. After this association is formed,
the weak stimulus, presented on its own without the UCS, has the
capacity to elicit a stronger amygdala response, thus influencing
behavior and physiology through efferent projections from the cen-
tral nucleus of the amygdala. This region of the amygdala sends
projections to brainstem and motor areas that control the expres-
sion of fear responses across a variety of domains expressed via
behavioral, autonomic nervous system, and endocrine responses
(LeDoux, 2000).

The amygdala appears to mediate learning by influencing cor-
tical plasticity via changes in synaptic connection. Once a CS-UCS
association has been acquired, a decline in amygdala activation may
occur (Buchel & Dolan, 2000), unless later-appearing changes in
the CS-UCS association take place. For example, mounting evidence
implicates a portion of the medial prefrontal region (mPFC), the so-
called “pre-limbic” cortex, in enhancement of amygdala activity
and its importance for expression of conditioned fear. Specifi-
cally, it is proposed that this region integrates input from other
brain structures to enhance the expression of fear conditioning via
excitatory projections to the amygdala (Corcoran & Quirk, 2007;

Sierra-Mercado, Padilla-Coreano, & Quirk, 2011; Sotres-Bayon &
Quirk, 2010).

Relative to the considerable work on fear conditioning in mature
rodents and primates, far less work examines developmental
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spects of fear conditioning using animal models (Kim &
ichardson, 2010). Research investigating the emergence of fear
onditioning in infant rats has identified a sensitive period in which
mygdala activation to aversive stimuli is inhibited. During early
tages of postnatal development, newborns are equipped with
nnate abilities for appetitive learning (Landers & Sullivan, 2012).
or instance, infant rats acquire the ability to orient toward their
other’s odor to facilitate mother-infant attachment. In contrast,

uring the first 10 days, amygdala activation in response to threats
s attenuated due to low neonatal cortisol levels, resulting in an
pproach response to the aversive stimuli (Moriceau & Sullivan,
004). At postnatal day 10, stress-induced cortisol in young rats

ncreases to adult-like levels, which in turn facilitates amygdala
ctivation allowing fear conditioning to emerge. This plasticity in
ats continues to develop into adolescence (for review see Landers

 Sullivan, 2012).
The ability to learn CS-UCS associations may  change during

evelopment, as the organism acquires new capacities to encode
etails of stimuli in particular sensory modalities. For example,
ssociative learning of olfactory and gustatory CS occurs earlier
han auditory and visual CS in the rodent as these modalities mature
ifferentially with development (for review see Richardson & Hunt,
010). Additionally, the expressions of learned associations may
ontinue to change as further development supplies the matur-
ng organism with an increasingly complex behavioral repertoire.
or instance, rats as young as 16 days can express learned associa-
ions between olfactory or visual CSs and a shock-UCS via freezing
ehavior and heart rate; however, the presence of such associa-
ions are not expressed at this age using fear potentiated startle,
ut do manifest at 23 days of age (for review see Richardson &
unt, 2010). These complex processes influence the inferences

hat can be drawn about development and fear conditioning. The
egree to which fear conditioning might appear mature or imma-
ure may  depend on the particular stimuli used during learning and
he behavioral modality through which learning is probed.

.1.2. Extinction
Animal research on the neural mechanisms underpinning

xtinction learning and extinction recall highlight the importance
f three neural structures: the amygdala, the ventromedial pre-
rontal cortex (vmPFC), and the hippocampus. All three structures
lay a major role in extinction learning with differential involve-
ent over time and across contexts. Inhibitory circuits comprised

f intercalated neurons in the amygdala, relay inhibitory outputs
o the central nucleus in the amygdala preventing neuronal excita-
ion to the same brain regions that control fear (Royer & Pare, 2002).
dditionally, “infra-limbic” cortex, which lies ventral to the prelim-
ic cortex in the rodent, appears to attenuate the expression of fear
esponses through connections with these so-called intercalated
nhibitory cells within the amygdala (Quirk & Mueller, 2008). Lastly,
ndings also suggest that the hippocampus plays a role in mediat-

ng context-specific learning and recall of fear extinction (Corcoran
 Maren, 2001, 2004).

The amygdala plays a role in fear extinction processes across
evelopment. In adult rats undergoing extinction, the amygdala
upports forming of the initial CS-no-UCS association. How-
ver, once this association is formed, the amygdala is no longer
eeded for subsequent extinction processes (Laurent, Marchand, &
estbrook, 2008). Unlike at older ages (24-day-old rats), these re-

xtinction processes continue to be dependent on the amygdala in
ounger animals (i.e., 17-day-old rats) (Kim & Richardson, 2008).
hus, development results in a shift from amygdala-dependent to

mygdala-independent extinction.

Likewise, developmental findings emerge for the involvement
f vmPFC in extinction recall. In adult rats, vmPFC damage does
ot affect within-session extinction, but impacts extinction recall
chology 100 (2014) 1–12 3

24 h after extinction (Lebron, Milad, & Quirk, 2004; Quirk, Russo,
Barron, & Lebron, 2000). These results further emphasize the dif-
ference between the process of extinction learning and extinction
recall in both the neural and the behavioral levels. Similarly, no
developmental differences emerge in extinction learning between
23-day-old (preadolescent), 35-day-old (adolescent) and 70-day-
old (adult) rats. However, adolescent rats elicited greater freezing
behavior compared to their younger and older counterparts when
tested 24 h following extinction, indicating that adolescents failed
to retrieve the extinction memory of the CS (Kim, Li, & Richardson,
2011; McCallum, Kim, & Richardson, 2010). These findings may
reflect a non-linear developmental trajectory of the PFC function
during extinction recall. Some controversy exists concerning the
presence of such non-linearity, which may  also manifest in changes
in PFC volume during adolescence, in both rats and humans (Casey
& Durston, 2006; Pattwell, Casey, & Lee, 2013; Shaw et al., 2008).
Other work more consistently finds linear changes in brain volume
and behavior during adolescence, without clear evidence of non-
linear discontinuities (Steinberg, 2005). Regardless, development
influences extinction recall within the infralimic cortex.

Finally, developmental differences also emerge for the hip-
pocampus, a region involved in context learning and context
modulation of extinction (Corcoran, Desmond, Frey, & Maren,
2005). During fear conditioning and extinction, spatial aspects of
the surroundings are also integrated in the learning processes to
form a long-term contextual memory (Maren, 2011). Although
evidence of long-term contextual memories emerges in preado-
lescent rats between 18 and 23 days after birth, young rats are
impaired in forming these long term contextual memories (Rudy
& Morledge, 1994). Extinction learning in the younger rats might
be context-independent (Gogolla, Caroni, Luthi, & Herry, 2009;
Kim & Richardson, 2007a, 2007b; Storsve & Richardson, 2009). For
example, 24-day-old rats show renewal and reinstatement effects
following extinction; whereas, 17-day-old rats do not. If extinction
learning in young rats is indeed context-independent, they may  fail
to express successful extinction recall even if within-session extinc-
tion was observed because retrieving context information may be
necessary for extinction recall (Delamater, 2004). Alternatively, the
hippocampus could mediate within-session extinction even before
it reaches full maturation, but is not involved in retrieving extinc-
tion memory at later assessments (Corcoran et al., 2005; Delamater,
2004; Kim & Richardson, 2010).

Taken together, the available developmental data from research
in animal models suggest an essential difference in the neural
architecture underlying fear extinction across development. More
specifically, fear extinction during early development may  depend
primarily on the amygdala, whereas joint roles for the amygdala,
vmPFC and the hippocampus may  occur at later ages. These find-
ings may  reflect neural processes that are undergoing maturation
(amygdala and hippocampus) as well as structural changes (PFC)
across the developing rodent.

Developmental differences in rat models have also emerged
from pharmacological studies. Studies using adult rats examining
the formation of long-term extinction memory have implicated
N-methyl-d-asparate (NMDA) involvement in fear conditioning
and extinction (Lattal, Radulovic, & Lukowiak, 2006; Miserendino,
Sananes, Melia, & Davis, 1990). Interestingly, a strong NMDA antag-
onist (MK-801) impairs long-term extinction in pre-adolescent
(23-day-old), as indicated by higher freezing behavior (CR) dur-
ing extinction retention, but not in younger (16-day-old) rats
(Langton, Kim, Nicholas, & Richardson, 2007). Moreover, differ-
ential alterations of inhibitory neurotransmission mechanisms

involved in fear extinction have been associated with increased
�-aminobutyric acid (GABA) binding in the amygdala (Chhatwal,
Myers, Ressler, & Davis, 2005). Similar to NMDA results, GABA
antagonist (FG7142) has been shown to attenuate extinction in
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dult rats (Harris & Westbrook, 1998), and in pre-adolescent rats
23-day-old) as indicated by higher levels of freezing when exposed
o the extinguished CS in the same context, but not in younger
ats (16-day-old) (Kim & Richardson, 2007b). These pharmacolog-
cal findings further support the differences in extinction learning
rocesses and the underpinning mechanisms across development.

.2. Human studies

Functional magnetic resonance imaging (fMRI) studies in
uman adults have used classical fear conditioning paradigms
o examine fear responses to discrete CSs (LaBar, Gatenby, Gore,
eDoux, & Phelps, 1998), extinction learning (Milad et al., 2007;
helps, Delgado, Nearing, & LeDoux, 2004), and context condition-
ng (Alvarez, Biggs, Chen, Pine, & Grillon, 2008; Lang et al., 2009). In
ddition, data from lesions studies on patients complement imag-
ng data (LaBar, LeDoux, Spencer, & Phelps, 1995; Weike et al.,
005). Consistent with animal models, this literature highlights the

mportance of the amygdala, vmPFC, and hippocampus as the pri-
ary brain regions involved in fear conditioning and extinction in

umans.

.2.1. Fear conditioning
Similar to findings in animal models, the amygdala has also

een implicated in fear conditioning in human adults (Costafreda,
rammer, David, & Fu, 2008; Delgado, Olsson, & Phelps, 2006;
ehlmeyer et al., 2009; Sergerie, Chochol, & Armony, 2008). Lesion
tudies in humans support the central role of the amygdala in fear
onditioning and extinction. This line of research could potentially
lucidate the causal contribution of the amygdala and other rel-
vant brain structures by determining if damage to these brain
reas affects fear conditioning. Studies conducted on patients with
mygdala lesions report impairments in fear conditioning (LaBar
t al., 1995; Weike et al., 2005). For instance, amnestic patients
ith damage to the hippocampus, but an intact amygdala, show

ncreased skin conductance response (SCR) during fear condition-
ng paradigms despite their inability to explicitly report the CS-UCS
ontingency (Fried, MacDonald, & Wilson, 1997). In contrast,
atients with damage to the amygdala demonstrate awareness
f the CS+-UCS contingencies but fail to show elevated physio-
ogical arousal when presented only with the CS+ (Phelps, 2006).
inally, a study in war veterans found that damaged amygdala was
ssociated with reduced levels of fear symptoms manifested in
ost-traumatic stress disorders (Koenigs et al., 2008). fMRI studies
xamining amygdala activation during fear conditioning paradigms
ave found increased amygdala activation to CS+ relative to the CS−
uring fear acquisition (Buchel, Dolan, Armony, & Friston, 1999;
aBar et al., 1998; Sehlmeyer et al., 2009). Taken together, lesion
tudies and brain imaging studies in humans converge with data
rom animal models demonstrating the conserved functionality of
he amygdala in fear conditioning across species.

Some have suggested that early in life, the amygdala plays an
ven stronger role in fear learning (LaBar et al., 1998). For example,
uman amygdala lesions early in life impair the processing of fear-

ul facial expression (Adolphs, Tranel, Damasio, & Damasio, 1994;
haw et al., 2005) more strongly than similar lesions occurring later
n life (Hamann & Adolphs, 1999; Shaw et al., 2005). These findings

ay  allude to the role of the amygdala in learning during devel-
pment, a role that diminishes once these associations have been
reated (Tottenham, Hare, & Casey, 2009).

To date, only one fMRI study has been published examin-
ng adolescent fear circuitry during fear conditioning (Lau et al.,

011; see Table 1). This study found that adolescents were more

ikely than adults to recruit early-maturing subcortical regions (i.e.,
mygdala and hippocampus) when discriminating CS+ and CS−.
n addition, only adults’ engagement of late-maturing prefrontal
chology 100 (2014) 1–12

cortex regions (i.e., dorsolateral prefrontal cortex) correlated pos-
itively with fear ratings during the task. These findings may imply
that shifts between the development of subcortical and prefrontal
regions may  account for age-related differences in CS+/CS− dis-
crimination.

In addition to the amygdala, a recent review of fMRI and PET
imaging studies on human fear conditioning suggests that the
insula and the anterior cingulate (ACC) are implicated in fear con-
ditioning independent of the specific fear conditioning paradigm
used (Sehlmeyer et al., 2009). The hippocampus, cerebellum, thala-
mus, striatum, and sensory cortices have also been associated with
fear conditioning. Heterogeneity in neuroimaging results across
studies is not surprising given the vast methodological differences
in conditioning paradigms, contingency rate, the type of CS and
UCS used, and the outcome measures indicating successful fear
conditioning (for review see Sehlmeyer et al., 2009).

3.2.2. Extinction
Although the amygdala is most know for its role in fear condi-

tioning, several studies examining extinction have demonstrated
increased amygdala activation to CS-no UCS association (Knight,
Smith, Cheng, Stein, & Helmstetter, 2004; LaBar et al., 1998; Milad
et al., 2007). For instance, successful fear extinction has been found
to be correlated with increased amygdala activation (Phelps et al.,
2004). Additionally, other data suggest that specific activation of
the lateral amygdala and the orbitofrontal cortex during extinction
may  be subserved by the modulation of the amygdala-orbitofrontal
circuitry in the expression of fear responses (Gottfried & Dolan,
2004). A large body of human studies has implicated the medial
prefrontal cortex (mPFC) including the anterior cingulate cortex
(ACC) in extinction learning (Gottfried & Dolan, 2004; Phelps et al.,
2004). Similarly, findings from neuroimaging studies have shown
a significant increase in vmPFC activation during extinction recall
(Kalisch et al., 2006), as well as a positive correlation between
signal change in vmPFC activation and degree of extinction reten-
tion (Milad et al., 2007). Further evidence from structural imaging
indicates that vmPFC thickness is correlated with extinction recall
(Hartley, Fischl, & Phelps, 2011; Milad et al., 2005). These data
allude to the similar function of the human vmPFC and the rodent
infra-limbic cortex in fear extinction (Milad & Quirk, 2012).

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

4. Fear conditioning and extinction studies in children and
adolescents

One of the first documented classical conditioning studies in
infants was  conducted by Watson and Rayner (1920). In their early
studies, they demonstrated that fear can be learned through condi-
tioning presented through repeated pairings of a neutral stimulus
(e.g., white rat) with a loud noise (Watson & Rayner, 1920). In
another study, 12 full-term infants as young as 3 months of age
showed greater response magnitude to the CS+ compared to the
CS− as indexed by skin conductance response (SCR) (Ingram &
Fitzgerald, 1974). Results from these studies were among the first
to demonstrate the effects of simple fear conditioning in infants at

early stages of development.

While in the past decade there has been a rekindling of interest
in research examining the emergence of fear conditioning in chil-
dren, there are still relatively few fear conditioning studies in child



T.
 Shechner

 et
 al.

 /
 Biological

 Psychology
 100

 (2014)
 1–12

 
5

Table 1
Summary of developmental fear conditioning and extinction studies in healthy and anxious youth. The first part of the table reviews studies on healthy youth followed by studies examining anxious youth.

Authors Dx N Age (years) CS UCS DV Pre-exposure # of Trials Main results

CS UCS  ACQ EXT ER

Healthy youth
Block et al. (1970) Hv 77 2–11 400 Hz tone or

1000 Hz tone for 5 s
(55 dB)

Loud sound for 1 s:
auto horn (95 dB)

EKG 0 0 CS+:10
CS−:10

NA NA Two-to-4 year olds failed to
display cardiac discrimination
(i.e., lack of conditioning).
Four-to-6 year olds showed
partial evidence for
conditioning.
Six-to-11 year olds showed
evidence for conditioning.

Gao et al. (2010) Hv 200 3, 4, 5, 6, 8 1000 Hz or 500 Hz
for 12.5 s (60 dB)

Loud sound for
4.5 s: white noise
in tin can with
metal jangling
objects (95 dB)

SCR Neutral
tones: 6

0 CS+:9
CS−:3

NA NA Children as young as 3years old
showed fear conditioning
(CS+ > CS−).
Differential SCR responses
increased with age, particularly
in  5–6 year olds.

Glenn, Klein, et al.
(2012)

Hv 40 8–13 2 neutral female
faces for 6 s

Fearful face
(3 s) + scream for
1  s (80 dB)

FPS S.R. CS+:4
CS−:4

0 CS+:8
CS−:8

0  CS+:8
CSCS−:8
GS:8

Self-report ratings revealed
marginally significant
differences from pre- to
post-task (increase in CS+ and
decrease in CS−).
During acquisition, FPS results
revealed larger startle
magnitudes (CS+ > CS−).
Older children were better able
at discriminating threat from
safety cues.

Haddad et al.
(2011)

Hv 42 12–15 3 neutral faces for
3 s

CSnegative: angry
face + criticism
CSpositive:
happy
face + compliment
CSneutral: neutral
face + neutral
comment for 2 s

S.R. CSnegative:2
CSposi-
tive:2
CSneutral:2

0 CS+:9
CS−:9
CS−:9

CS+:8
CS−:8
CS−:8

NA  Adolescents reported greater
subjective fear to the
CSnegative compared to
CSpositive and CSneutral
post-acquisition.
After extinction, differences
across CSs persisted with
subjects reporting less
pleasantness to CSnegative
compared to CSpositive and
CSneutral.

Lau
et al.
(2011)

Hv Total:42
21 adolescents
and 21 adults

Madolescents = 13.09
Madults = 27.10

2 neutral female
faces for 5 s

Fearful face for
3 s + scream for 1 s
(90 dB)

SCR
S.R.

CS+:8
CS−:8

0 CS+:10
CS−:10

NA NA During fear acquisition, all
subjects showed greater SCR to
the CS+ than CS−;  adolescents
showed greater overall SCR
than adults.
All subjects reported greater
subjective fear to the CS+ than
CS−.
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Table 1 (Continued)

Authors Dx N Age (years) CS UCS DV Pre-exposure # of Trials Main results

CS UCS  ACQ EXT ER

Hv Total:35
15 adolescents
and 20 adults

10–17;
18–50

2 neutral female
faces for 6 s

Fearful
face + scream for
1.1 s (90 dB)

S.R. fMRI CS+:3
CS−:3

0  CS+:60
CS−:60

NA NA Both groups showed
differential learning
(CS+ > CS−), but adolescents
reported 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 than adults.
Age differences were also
found in subjective fear ratings
of the CS−  and dorsolateral
prefrontal cortex (dlPFC)
activation.

Morrow et al.
(1969)

Hv 42 10–12;
19–21;
62–75

3 horizontally or 3
vertically arranged
white lights for
5.1 s

Electric shock for
100 ms

SCR CS+:4
CS−:4

3  CS+:20
CS−:20

NA NA Children and young adults
showed increased SCR to the
CS+ and overall decline to the
CS−  during conditioning.
No learning differences were
found between the age groups.

Neumann et al.
(2008a)

Hv 15 13–17 2 geometric shapes
for 8 s: diamond or
triangle

Loud sound for 3 s:
three-pronged
garden fork
scrapping slate
(83 dB)

FPS SCR S.R. 0 0 CS+:8
CS−:8

CS+:8
CS−:8

NA  Adolescents showed fear
conditioning (CS+ > CS−) and
extinction across all three DVs.

Neumann et al.
(2008b)

Hv 16 8–11 Two geometric
shapes for 8 s:
white 10-cm
square or black
30-cm
square

Loud sound for 3 s:
metal scrapping
slate (83 dB)

SCR S.R. CS+:2
CS−:2

0  CS+:12
CS−:12

CS+:12
CS−:12

NA  Eight-to-11 year olds showed
fear acquisition (CS+ > CS−)
and  extinction as evidenced by
SCR and self-report of arousal
and unpleasantness.

Pattwell et al.
(2012)

Hv 83 5–11;
12–17;
18–28

2 colored squares:
blue or yellow
presented for 3 s

White noise
combined with
1000 Hz
(85–107 dB) for 1 s

SCR 0 0 CS+:24
CS−:24

CS+:24
CS−:24

NA  Participants across all age
groups showed differential fear
learning (CS+ > CS−)  during
fear acquisition. Age
differences emerged during
extinction with adolescents
showing dampened extinction
compared to children and
adults.
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Anxious youth
Britton et al. (2013) Hv,

GAD,
SOC,
SAD

Total:65
Hv:42
ANX:23

8–19 2 neutral female
faces for 7–8 s

Fearful
face + Scream for
1 s (95 dB)

FPS
SCR
S.R.
fMRI

CS+:4
CS−:4

0 CS+:10
CS−:10

CS+:8
CS−:8

M  = 20
days
CS+:1
CS−:1
GS:9

During acquisition and
extinction, relative to healthy
youth, anxious youth 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
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 geometric shapes
for 8 s: trapezoid
(CS+), triangle
(CS−),  circle,
rectangle

1000 Hz pure tone
for 1 s (107 dB)

SCR S.R. CS+:1
CS−:1
Circle:1
Triangle: 1

0 CS+:8
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 to within-session
extinction and extinction
retest at 2-week follow-up.

Lau et al. (2008) Hv
GAD,
SOC,
SAD

Total:54 Hv:38
ANX:16

M = 13.64 2 neutral female
faces for 8 s

Fearful
face + scream for 3 s
(95 dB)

S.R. CS+:4
CS−:4

0 CS+:16
CS−:16

CS+:3
CS−:3

M  = 16
days
CS+:12
CS−:12

During acquisition, all subjects
rated the CS+ as more fearful
than CS−,  however anxious
adolescents’ ratings to the CS+
were greater compared to
healthy subjects.
During extinction, both groups
rated the CS+ as more aversive
compare to the CS−,  indicating
stability even post-extinction.
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Table 1 (Continued)

Authors Dx N Age (years) CS UCS DV Pre-exposure # of Trials Main results

CS UCS  ACQ EXT ER

Liberman et al.
(2006)

Hv,
SOC,
GAD,
SAD,
SP

Total:83
Hv:30 ANX:53

7–14 4 neutral cartoons
for 5 s: 4 cartoons
during
pre-exposure and 2
cartoons during
acquisition
(CS+ = 1; CS− = 1)

1000 Hz Pure tone
for 500 ms (105 dB)

FPS SCR S.R. CS+: 1
CS−:  1
Cartoons:2

0 CS+:6
CS−:6

CS+:8
CS−:8

NA  During acquisition, healthy
children rated the CS+ as more
arousing than CS−,  but no
differences were found in
anxious children.
After extinction, healthy
children showed no differences
in fear ratings between CS+
and CS−  whereas anxious
children rated the CS+ as more
fearful than the CS−.
During acquisition, SCR and
FPS did not 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 et al. (1993) Hv,
ANX,
ADHD

Total:56 Hv:22
ANX:11
ADHD:23

6–12 2 geometric
shapes + tone for
4 s: red
square + 1000 Hz
tone or blue
square + 500 Hz
tone

White noise for
200 ms (110 dB)

SCR EKG 0 0 CS+:8
CS−:8

CS+:4
CS−:4

NA  During acquisition, subjects
showed differential
conditioning (CS+ > CS−) in
both SCR and EKG, with no
group differences.
Extinction was observed only
in EKG but not it SCR.

Waters et al. (2009) Hv,
SOC,
GAD,
SP

Total:35 Hv:18
ANX:17

8–12 4 geometric shapes
for 8 s: CSs were
trapezoid or
triangle and two
additional shapes
of a circle and a
rectangle

1000 Hz Pure tone
for 1 s (107 dB)

SCR S.R. CS+:1
CS−:1
Circle:1
rectangle:1

0 CS+:8
CS−:8

CS+:4
CS−:4

NA  Compared to healthy subjects,
anxious children showed
increased SCR to both CSs and
reported the CS+ to be more
arousing compared to the CS−
during acquisition.
At the extinction phase,
anxious children showed
increased SCR to the CS+ but no
differences in their subjective
ratings between stimuli.

Note: All reported studies used a discrimination fear conditioning paradigm. Dx, disorder; Hv, healthy volunteers; ANX, anxiety disorder; ADHD, attention deficit hyperactivity disorder; SOC, social anxiety disorder; GAD,
generalized anxiety disorder; SAD, separation anxiety disorder; SP, specific phobia; PD, panic disorder; N, number of subjects; CS, conditioned stimuli; UCS, unconditioned stimulus; GS, generalization stimuli; DV, dependent
variable;  EKG, electrocardiogram; SCR, skin conductance response; S.R., self-report; FPS, fear potentiated startle; fMRI, functional magnetic resonance imaging; ACQ, acquisition phase; EXT, extinction phase; ER, extinction
re-recall/test; NA, not applicable.
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nd adolescent populations. Following these early studies on fear
onditioning in children, research in this field has been hindered by
thical and methodological considerations. Questions in regard to
he aversive nature of the UCS required to produce fear responses
n developmental populations or the appropriate measures of fear
onditioning and extinction, have always been an integral part in
he scientific effort to study fear conditioning developmentally. In
he following sections, we will review the most commonly used
CS and CR in these fear conditioning studies, after which we  will

ummarize the major findings for fear conditioning and extinction
n children and adolescents. A summary of sixteen fear condition-
ng studies conducted in normative and anxious samples of children
nd adolescents using a discrimination fear conditioning paradigm
s presented in Table 1.

.1. Unconditional stimuli (UCS)

Successful fear conditioning and fear extinction in humans and
odents is highly dependent on the selection of a strong, potent,
nd biologically relevant UCS, usually electric shock (Britton, Lissek,
rillon, Norcross, & Pine, 2011; Neumann & Waters, 2006). How-
ver, electrical shock presents the risk of causing pain or increased
evels of anxiety and generally cannot be used with child popu-
ations (Neumann, Waters, & Westbury, 2008; Neumann, Waters,

estbury, & Henry, 2008; Pine, Helfinstein, Bar-Haim, Nelson, &
ox, 2009). As a result, one of the major limitations in examining
ear conditioning in children is the selection of a developmentally
ppropriate UCS while still preserving its potency and novelty.

As described in Table 1, 6 out of the 16 studies used ecolog-
cally valid UCS such as loud car horns (Block, Sersen, & Wortis,
970), loud sounds of metal jangling objects (Gao, Raine, Venables,
awson, & Mednick, 2010), aversive noises (e.g., metal scrap-

ng on slate) (Neumann, Waters, & Westbury, 2008; Neumann,
aters, Westbury, et al., 2008), and negatively-associated com-
ents (Haddad, Lissek, Pine, & Lau, 2011). The use of one specific

cologically valid UCS (e.g., a 83 dB sound of a three-pronged garden
ool being scraped across slate) yielded reliable fear acquisition and
xtinction effects across 8–11 year old children (Neumann, Waters,
estbury, et al., 2008), 13–17 year old adolescents (Neumann,
aters, & Westbury, 2008), and adults (Neumann & Waters, 2006).

ive studies used stimuli such as pure tones (1000 Hz) or tones
ombined with white noise (105–110 dB), in various duration rang-
ng from 200 ms  to 4000 ms  (Craske et al., 2008; Liberman, Lipp,
pence, & March, 2006; Pliszka, Hatch, Borcherding, & Rogeness,
993; Waters, Henry, & Neumann, 2009). One potent fear condi-
ioning paradigm that was tested successfully with children and
dolescents used social stimuli (images of human faces) paired
ith an aversive scream (Britton et al., 2013; Glenn, Klein, et al.,

012; Lau et al., 2011, 2008). This UCS was found to be comparable
o an alarm, a loud tone, and white noise as measured by subjec-
ive self-report (Britton et al., 2011). Further, a recent study found
hat although subjects reported shock to be more aversive than the
screaming lady”, both paradigms yielded similar differential con-
itioning effects as evidenced by larger FPS magnitudes to the CS+
elative to the CS− (Glenn, Lieberman, & Hajcak, 2012).

.2. Conditioned response (CR)

Various methodologies have been used to measure CR in fear
onditioning paradigms. In human studies, fear acquisition is often
ndexed using implicit measures of physiological arousal, such
s skin conductance response (SCR) and fear potentiated startle

FPS). Additionally, most studies with human subjects use explicit
elf-reported measures of fear and anxiety levels. As shown in
able 1, SCR (n = 11) and self-report (n = 11) are used with similar
requency to measure CR, where the majority of studies use more
chology 100 (2014) 1–12 9

than one dependent variable. Studies in children show that both
SCR and self-report are reliable measures of fear conditioning dur-
ing fear acquisition (Britton et al., 2013; Gao et al., 2010; Lau et al.,
2011; Morrow, Boring, Keough, & Haesly, 1969; Neumann, Waters,
Westbury, et al., 2008).

Although self-reported measures are common in the adult liter-
ature, the use of self-report in younger children raises concerns
regarding whether children are able to provide reliable explicit
judgments concerning CS-UCS contingencies. Thus, the addition
of physiological measures may  provide converging information
regarding differences among autonomic and subjective measures
of learning. Nevertheless, it is important to highlight that the overall
physiological measures may  also reflect changes in both physiology
and brain regions as a function of age. For instance, one possi-
ble account for SCR differences in fear conditioning may result
from sweat physiology across various developmental periods (e.g.,
childhood vs. puberty); however, difference between CS+ and CS−
should not be affected.

To date, very few developmental studies have reported using FPS
(n = 4), EKG (n = 2), or fMRI (n = 2) in conjunction with either SCR or
self-report. In particular, the use of FPS as a measure of CR is advan-
tageous in that it is able to capture cross-species (e.g., human and
non-human animals) physiological responses to valence-specific
states (Grillon, Ameli, Woods, Merikangas, & Davis, 1991). While
the inclusion of multiple psychophysiological measures may  hin-
der the feasibility of fear conditioning studies in children, findings
from these studies can provide converging evidence on the inter-
play between different autonomic measures of fear conditioning.
In summary, SCR and self-report are the most widely used mea-
sures in fear conditioning studies with children. However, more
studies are needed to determine how these measures are related
to the developmental processes involved in the emergence of fear
conditioning in children.

4.3. Fear conditioning

Across all fear conditioning studies (see Table 1), pediatric
samples (healthy and anxious) show differential fear condition-
ing to the CS+ relative to the CS− (i.e., discrimination paradigm)
as indexed by psychophysiological measures and/or subjective rat-
ings. Results from these studies show that fear acquisition is present
in typically developing children as early as 2 years of age (Ingram
& Fitzgerald, 1974) with older children showing increased CR (e.g.,
CS+ > CS−)  compared to younger children (Gao et al., 2010; Glenn,
Klein, et al., 2012). More specifically, children between the ages of
5 and 6 years show 36% greater stimulus discrimination between
CS+ and CS− in a fear conditioning task compared to younger chil-
dren (2–4 year olds)(Block et al., 1970), as well as differences in
SCR, particularly in response to the onset and absence of CS+ (Gao
et al., 2010).

Differences in fear conditioning and associated behaviors may
be a function of changes in the brain networks subserving fear con-
ditioning that occur across development (Lau et al., 2011). In one
study, adolescents (10–17 year olds) subjectively reported less dif-
ferential fear, suggesting reduced discrimination between the CS+
and the CS− compared to adults (18–50 year olds)(Lau et al., 2011).
In addition, imaging data allude to neural differences underlying
the recruitment of brain regions in adolescents and adults. Lau
et al. (2011) propose that subcortical regions (e.g., amygdala and
hippocampus) play a large role in fear conditioning in adolescents;
however with cortical maturity, adults showed greater recruitment
of regions in the prefrontal cortex (e.g., dlPFC) during differential

learning.

The six studies comparing anxious and non-anxious children
have yielded mixed findings regarding differences in fear condi-
tioning. Results based on subjective ratings showed that anxious
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hildren rated the CS+ as more unpleasant than the CS−;  whereas,
on-anxious children did not report differences in CS ratings during

ear acquisition (Craske et al., 2008; Waters et al., 2009). How-
ver, in a different study, both anxious and non-anxious children
howed differential learning to the CS+ and CS−,  although anx-
ous children reported greater overall fear ratings to CS+ (Britton
t al., 2013; Lau et al., 2008). Yet in another study, anxious children
ailed to report differential learning to the CS-UCS contingency (i.e.,
o differences between CS+ and CS−)  while non-anxious children
eported expected learning effects (Liberman et al., 2006).

Given the variability in the selection of UCS across studies, it
ay  be possible that these methodological differences produced

nconsistencies in CR magnitudes rather than capture develop-
ental processes in fear conditioning. For example, it is unclear
hether disparities among adolescents and adults in fear condi-

ioning (Pattwell et al., 2012) result from cortical maturation or, if
hese differences stem from variability in the aversive properties
f the UCS (e.g., loud sounds vs. shock) (Pine et al., 2001). The UCS
otency (e.g., weak vs. strong UCS) may  also explain variability in
ear conditioning studies (Britton et al., 2011). While some studies
se loud sounds as the UCS, the potency of the stimulus (i.e., sound
ressure levels) varies across paradigms. For instance, two  sepa-
ate studies used a 1000 Hz pure tone as the UCS but in one study
t was administered at 107 dB for 1 s (Craske et al., 2008) while
n another study it was presented at 105 dB for 500 ms  (Liberman
t al., 2006). Another example of this issue can be exemplified in
tudies using the fearful face and scream as the UCS where audio
timuli have been presented at 80 dB (Glenn, Klein, et al., 2012),
0 dB (Lau et al., 2011), and 95 dB (Lau et al., 2008; Britton et al.,
013). Therefore, the aversive properties of the UCS can ultimately

mpact the magnitude of the CR and the degree of fear conditioning
cross paradigms using different UCS.

Despite the differences in UCS, the aforementioned studies
emonstrate that children are generally capable of fear condition-

ng from an early age. Nevertheless, some debate in the literature
xists in regard to the comparability of evaluative measures of the
Ss, expectancy learning, contingency awareness, and subjective

ear ratings (For review based on human adult literature see Lissek
t al., 2005). Finally, it is still unclear how these processes may  be
elated to the vast neural changes associated with this period of
evelopment and whether differences in fear conditioning would
merge by using longitudinal designs.

.4. Extinction

Numerous studies using self-report indicate that normative
ears generally subside with age (Field & Davey, 2001). One pos-
ibility is that as children mature they are better able to extinguish
reviously learned associations thus resulting in more effective reg-
lation of their emotions. As a result, developmental differences in
he ability to extinguish fear may  be more pronounced throughout
hildhood and adolescence (Pattwell et al., 2012). However, few
tudies examine the differences in extinction of learned fear behav-
ors in typically developing children. Four studies that examined
ear extinction found expected patterns of extinction in paradigms
hat utilized geometric shapes (CS) and aversive tones (UCS) in
oth SCR and self-reported ratings (Neumann, Waters, & Westbury,
008; Neumann, Waters, Westbury, et al., 2008). Extinction learn-

ng was less strong in paradigms that have used social stimuli such
s affective faces (Haddad et al., 2011). In one study, adolescents
ere presented with gender and age matched photographs of neu-

ral expressions (CS) that were followed by three socially-valenced

CS (e.g., happy face with auditory “you are nice”, angry face with
uditory “I don’t like you”, and neutral face with auditory “I live in
ristol”) (Haddad et al., 2011). Extinction results showed less self-
eported fear to negative CS+ relative to the neutral and positive
chology 100 (2014) 1–12

CS+, although results did not return to pre-acquisition baseline lev-
els. As evidenced in these findings, poor extinction of CR may  be
associated with social stimuli such as affective faces that unlike
other stimuli used in fear conditioning paradigms could not be
considered neutral (Britton et al., 2011, 2013; Pine et al., 2009).

Six studies compared anxious and non-anxious children in
extinction. In 4 studies, anxious children showed resistance to
within-session extinction as indicated by higher levels of CR to the
CS+ than the CS− (Craske et al., 2008; Liberman et al., 2006; Pliszka
et al., 1993; Waters et al., 2009). In another study both anxious and
non-anxious children showed extinction (Britton et al., 2013), how-
ever in yet a different study both groups failed to show extinction
(Lau et al., 2008). In addition, anxious children showed higher lev-
els of fear to both CS+ and CS− relative to non-anxious children, as
indicated by self-report (Britton et al., 2013) and SCR (Craske et al.,
2008). Finally, some differences in brain activation were reported,
with anxious children showing lower sub-genual anterior cingu-
late (sgACC) activation compare to their healthy counterpart while
performing an extinction recall task (Britton et al., 2013).

Some studies have found inconsistencies between physiologi-
cal results and subjective verbal ratings, primarily within anxious
pediatric samples. For instance, one study reported discrepancies
during initial phases of extinction between self-reported measures
of UCS expectancies and physiological measures of SCR and FPS
(Neumann, Waters, Westbury, et al., 2008). Findings have also
revealed that anxious children show resistance to extinction, as
measured by SCR, and no differences on self-reported measures of
arousal relative to controls (Waters et al., 2009). Finally, Britton
et al. (2013) found anxious adolescents report more fear to the CS+
and CS− during conditioning and extinction phases while no dif-
ferences emerged in SCR or FPS when compared to non-anxious
adolescents.

5. Insights for future developmental research on fear
conditioning

There is a need for research on fear conditioning and extinction
processes in children to gain additional understanding of the under-
lying behavioral, physiological, and neural mechanisms associated
with normative and pathological fear learning across development.
The majority of studies conducted on this topic have primarily
focused on fear conditioning and extinction during late childhood
and adolescence but rarely have they focused on infancy or early
childhood. Given the developmental changes children undergo
throughout these crucial periods, behavioral and neural differ-
ences in fear conditioning and extinction are expected to emerge
as a function of age. A translational developmental neuroscience
approach is particularly advantageous given the strong behavioral
and neurological conservation of underlying fear circuits and learn-
ing processes across human and nonhuman species. The use of
well-controlled fear conditioning paradigms may  offer insights into
these developmental trajectories by enabling a systematic exam-
ination of basic fear related mechanisms and associative learning
processes.

Research in animal models conducted in parallel with human
studies has identified developmental differences among cortical
and subcortical brain regions at certain ages. Findings from these
studies indicate that the neural circuits underlying fear condition-
ing and fear extinction are mediated by different brain regions.
In addition, changes in functional connectivity among different
brain regions are also expected to change with age and thereby
to affect behavior (Gee et al., 2013; Guyer et al., 2008; Kim, Hamlin,

& Richardson, 2009). And indeed, fear conditioning emerges early
in development but extinction, in particular the ability to retrieve
extinction memory, emerges later in development. These results
highlight the need for further translational work that will examine
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he emergence of these learning processes in human children, ado-
escents, and adults via cross-sectional and longitudinal designs.

Fear conditioning can be an adaptive and beneficial form of asso-
iative learning that aids in signaling the presence of a danger.
owever, this form of learning can become a source of pathology
hen fear becomes pervasive and interferes with normal function-

ng. In particular, perturbations in fear learning can occur when
ear conditioned responses are triggered in the absence of the
S-UCS contingency (Lissek et al., 2005). In recent years research
n information processing in anxiety shifted its focus from fear
onditioning to fear extinction processes. Specifically, pathological
nxiety involves deficient capacity to recognize safe cues, partic-
larly ones that closely resemble threat cues (Lissek, 2012; Lissek
t al., 2005).

Anxiety disorders are among the most prevalent forms of
hildhood psychopathology (Verhulst, van der Ende, Ferdinand, &
asius, 1997). While some anxiety disorders are transient through-
ut development, recent studies suggest that pediatric anxiety
isorders commonly persist into adulthood (Bruce et al., 2005;
asler et al., 2005; Perkonigg et al., 2005). Because anxiety dis-
rders are costly and debilitating conditions that are very often
ssociated with other severe psychopathology (Achenbach, 1995;
ine, Cohen, Gurley, Brook, & Ma,  1998), there is an imperative need
o identify early risk and resilience factors that moderate pediatric
nxiety to chronic illness. For example, exposure therapy which is
ne of the most effective treatment for pediatric and adults anxiety
isorders relies heavily on extinction learning processes mediated
y the vmPFC. Based on the available data reviewed in the paper,
uture research should focus primarily on differences in extinction,
xtinction recall, and children’s ability to differentiate between
hreatening and non-threatening stimuli (i.e., danger vs. safety)
s potential targets for prevention and treatment strategies. The
ncreasing learning capabilities along with the brain plasticity that
ccurs throughout early development provide a unique opportu-
ity to alter anxiety trajectories and prevent long-term psychiatric
orbidity.
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