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Anxiety disorders pose one of the biggest threats to mental health in the world, and they predominantly emerge early in life.
However, research of anxiety disorders and fear-related memories during development has been largely neglected, and
existing treatments have been developed based on adult models of anxiety. The present review describes animal models of
anxiety disorders across development and what is currently known of their pharmacology. To summarize, the underlying
mechanisms of intrinsic ‘unlearned’ fear are poorly understood, especially beyond the period of infancy. Models using
‘learned’ fear reveal that through development, rats exhibit a stress hyporesponsive period before postnatal day 10, where
they paradoxically form odour-shock preferences, and then switch to more adult-like conditioned fear responses. Juvenile rats
appear to forget these aversive associations more easily, as is observed with the phenomenon of infantile amnesia. Juvenile
rats also undergo more robust extinction, until adolescence where they display increased resistance to extinction. Maturation
of brain structures, such as the amygdala, prefrontal cortex and hippocampus, along with the different temporal recruitment
and involvement of various neurotransmitter systems (including NMDA, GABA, corticosterone and opioids) are responsible for
these developmental changes. Taken together, the studies described in this review highlight that there is a period early in
development where rats appear to be more robust in overcoming adverse early life experience. We need to understand the
fundamental pharmacological processes underlying anxiety early in life in order to take advantage of this period for the
treatment of anxiety disorders.

LINKED ARTICLES
This article is part of a themed section on Animal Models in Psychiatry Research. To view the other articles in this section visit
http://dx.doi.org/10.1111/bph.2014.171..issue-20

Abbreviations

CS, conditioned stimulus; CPP, D(-)-3-(2-carboxy-piperazine-4-yl)-propyl-1-phosphonic acid; CR, conditioned response;
FG7142, B-carboline-3-carboxylic acid N-methylamide; GAD, generalized anxiety disorder; IL, infralimbic cortex; mPFC,
medial prefrontal cortex; P, postnatal day; PrL, prelimbic; SSRI, selective serotonin reuptake inhibitor; US,
unconditioned stimulus; USV, ultrasonic vocalizations

Introduction

Fear and anxiety have a primal role in ensuring survival;
however, persistent fear can interfere with daily functioning
and manifest as anxiety disorders. Anxiety disorders pose one
of the biggest threats to mental health in the world (WHO,
2001). Although the causes of most anxiety disorders are
unknown, data show that most adults with anxiety disorders
manifest anxiety early in life (Pine, 2007). In fact, the median
age of onset of anxiety disorders as revealed by the World

Health Organization’s World Mental Health Survey is 7-14
years of age (Kessler et al., 2007). Furthermore, an epidemio-
logical study showed that among adolescents with an anxiety
disorder, ~ 50% experienced onset by age 6 (Merikangas et al.,
2010).

It is widely believed that childhood/adolescence onset of
anxiety leads to an increased likelihood of anxiety disorders
with more severe symptoms later in life, compared with if
onset occurs during adulthood (Newman et al., 1996), thus
posing major issues associated with lifetime prevalence and
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anxiety as an ongoing societal issue. Hence, early diagnosis,
intervention and treatment of anxiety disorders may help to
reduce the severity and persistence later in life and poten-
tially prevent subsequent onset of secondary disorders asso-
ciated with anxiety. Despite this body of evidence, existing
behavioural and pharmacological therapies are largely devel-
oped to offer benefits to adult patients, and the study of
anxiety disorders and fear-related memories during develop-
ment has been largely neglected and is proposed as one of the
important reasons for the lack of progress in identifying effec-
tive treatments (Insel, 2009).

The safety and ethical concerns make developmental
studies of novel therapeutic agents difficult in humans (Fost,
2001), whereas preclinical animal studies provide great
opportunities to develop potential treatments for paediatric
anxiety (Gross and Hen, 2004; Pine, 2007; Pine et al., 2009;
Pattwell et al., 2013). A large body of work has investigated
anxiety and potential therapeutic treatments in adult rodent
models, which have provided important preclinical informa-
tion to guide treatment in adults (e.g. Rodgers, 2010; Cryan
and Sweeney, 2011). Basic neuroscience research using
animal models is especially informative because of the
cross-species parallels in brain circuitry underlying anxiety
and fear (Davis, 2000; LeDoux, 2000). Indeed, it has been
noted that ‘cross-species preservation of neural circuitry in
fear provides translational credibility for studying rodent
models’ (Gottfried and Dolan, 2004). Also, many of the devel-
opmental milestones in human and rodent brain develop-
ment have been conserved, so while the complexity of the
developing human brain cannot be mimicked, rodents of
different age groups can be used to represent these develop-
mental periods in humans (see Semple et al., 2013 for review).
Therefore, the purpose of the present article is to review and
discuss animal models of anxiety disorders across develop-
ment and what we currently understand of their underlying
pharmacological mechanisms. The animal models generally
belong to one of two categories: one category examining
intrinsic, or ‘unlearned’ fear, and the second category study-
ing acquired, or ‘learned’ fear. Both types of animal models
have been instrumental in unravelling the mechanisms that
underpin this primal behaviour, therefore, both will be dis-
cussed in detail in the present review.

Unlearned fear

The most influential theory behind the development of pae-
diatric anxiety states that chronic anxiety critically depends
on the intrinsic individual differences in threat perception
(Pine et al., 2009). These intrinsic fear responses can be mod-
elled in the laboratory using ‘unlearned’ fear, which refers to
the innate fear that animals have to various stimuli without
any previous learning experiences with these stimuli (see.
Boulis and Davis, 1989; Walker and Davis, 1997a). Unlearned
fear can be used to model some human psychiatric disorders
including generalized anxiety disorder (GAD), separation
anxiety disorder and many phobias, where there is no known
‘learned’ fear association precipitating the condition. These
fear behaviours can become pathological when response to a
potential threat is exaggerated and anxiety becomes abnor-
mal (Lima, 1998; Nesse, 1999; Ohman and Mineka, 2001).

Pharmacological studies in developmental anxiety

Ultrasonic vocalizations (USVs)
induced by maternal separation

One of the major models of testing unlearned fear in devel-
oping rodents utilize USVs induced by maternal separation,
this can be likened to a form of separation anxiety observed
in children. Rodent pups produce vocalizations in the ultra-
sonic range when separated from their mother and litter-
mates or when they are deprived of food or heat. The cries
call the attention of the mother and have a characteristic
developmental profile whereby, USV production in rat pups is
low at birth, reaches a maximum at postnatal days (P) 6-8
and then progressively declines to low levels by P18 (Allin
and Banks, 1971). Allin ef al. assessed the functional impor-
tance of USVs and found that while adult male and virgin
female rats oriented towards the general directions of the
USVs, ~ 50% of lactating female rats engaged in searching
behaviour and left their nests at least once in response to
these calls (Allin and Banks, 1972). Lactating female rats were
also more accurate in localizing the sound source of the USVs,
confirming that they are a unique anxiety response designed
specifically to elicit the engagement of a lactating female rat
which can provide what is necessary for the survival of the
animal early in life (Allin and Banks, 1972).

These USVs, or ‘distress calls’, can be recorded and ana-
lysed both quantitatively and qualitatively in order to
measure levels of anxiety-like behaviour in infant rodents
(Groenink et al., 2008; Scattoni et al., 2009). Suppression of
USV emission is believed to be an ethologically valid marker
of anxiolytic drug efficacy (Gardner, 1985; Winslow and
Insel, 1990; Kehne et al., 1991; Olivier et al., 1998; lijima and
Chaki, 2005). For example, the corticotropin-releasing factor
receptor 1 antagonist CP 154 526 dose-dependently reduced
separation-induced USVs in P9-11 pups (Kehne et al., 2000).
The benzodiazepine diazepam, which increases GABA recep-
tor signalling had a similar profile (Kehne et al., 2000). Anti-
depressant and antipsychotic therapeutics were also tested.
Haloperidol had no effect on USV, which supports the con-
clusion that dopamine receptor antagonism does not affect
this anxiolytic measure (Kehne etal.,, 2000). Clozapine
(which binds to a number of receptors, including dopamine),
decreased USVs, but impaired geotaxis which may be reflec-
tive of its sedative effects (Kehne et al., 2000). Separation-
induced USVs were suppressed in rat pups by NMDA receptor
antagonists (receptor nomenclature follows Alexander et al.,
2013a) including those acting at the glutamate recognition
site (D, L-amino-phosphonovaleric acid and MDL 100 453) or
at the ion channel, MK-801 (Kehne et al., 1991). The tricyclic
antidepressant, desipramine, which is a noradrenaline reup-
take inhibitor, actually appeared anxiogenic in that it
increased USVs, which is consistent with previous reports
using catecholamine reuptake inhibitors (Winslow and Insel,
1990).

Additionally, there is strong evidence for an involvement
of the serotonergic system in USV in rats (Winslow and Insel,
1991). For example, the 5-HT,, receptor agonist 8-OH-DPAT
dose-dependently reduced the amount of USVs in maternally
separated P10 rats (Hard and Engel, 1988; receptor nomen-
clature follows Alexander et al., 2013b). The selective seroto-
nin reuptake inhibitor (SSRI; nomenclature follows Alexander

British Journal of Pharmacology (2014) 171 4556-4574 4557




D E Ganella and | H Kim

etal., 2013c) zimelidine reduced USVs which is consistent
with previous observations that other SSRIs (fluoxetine, cit-
alopram and sertraline) also reduce USVs (Winslow and Insel,
1990). Further, buspirone (5-HT;, receptor partial agonist)
also dose-dependently reduces USV in P9-11 rats (Kehne
et al., 2000). Taken together, innate anxiety prompted by
acute maternal separation appears to involve a variety of
neurotransmitters such as GABA, glutamate, corticotropin
and 5-HT. However, using USV as a model of unlearned fear
across development is somewhat limited because the fre-
quency of emitted USV is drastically reduced by P18 when
rodents reach the late juvenile stage.

Predator/prey interactions

Predator/prey interactions model fear and anxiety depending
on whether or not a threat is immediate or anticipated, and
this threat level can be manipulated by changing the type of
stimulus used (Blanchard and Blanchard, 1969). In humans,
while we do not fear ‘predators’ per se, this rodent model is
thought to be equivalent to the urgent desire to escape or flee
a situation or place where extreme anxiety or panic occurs,
which when maladaptive or excessive becomes panic disorder
(Hohoff, 2009). Freezing, which is operationally defined as
the absence of movement other than breathing is typically
used as the measure of anxiety response to predator odours.
Importantly, freezing is a species-specific defence response
exhibited by rodents and is arguably the most widely used
measure of fear in rodent research.

Fear to natural predator odours emerges around P10,
which coincides with the functional emergence of the amyg-
dala (Moriceau et al., 2004). This is consistent with how che-
mosensory information is relayed to the amygdala, which is
critically involved in the detection and assessment of threat-
ening stimuli in rats and humans (Davis, 2000; LeDoux,
2000; Fanselow and Gale, 2003). P10 is also the developmen-
tal stage where increasing corticosterone levels are observed
and injection of corticosterone precipitates earlier expression
of freezing to a predator odour to P8, as well as prematurely
evoking amygdala activation, measured by immunostaining
the immediate-early gene c-Fos (Moriceau et al., 2004). Con-
versely, adrenalectomy at P12 prevented both freezing behav-
iour and amygdala activation to a predator odour, which
suggest that low neonatal corticosterone is protective against
responding to naturally fearful stimuli (Moriceau et al., 2004).

Compared with maternal separation-induced USV, preda-
tor odours can induce fear responses in animals at various
ages across development and well into adulthood. For
example, in Kabitzke and Wiedenmayer (2011), P14 (juve-
nile), P26 (preadolescent), P35-45 (adolescent) and P90-100
(adult) rats were exposed to one of three odour stimuli;
control odour, cat urine or cat fur, the cat urine being repre-
sentative of the predator having been there and the fur rep-
resentative of the more imminent threat of the presence of
the cat (Kabitzke and Wiedenmayer, 2011). It was found that
innate fear to predator odours was developmentally regu-
lated. Specifically, while rats of all ages displayed significant
freezing to cat urine and fur, juvenile and preadolescent rats
froze significantly more to cat odour than the older rats, and
freezing to cat fur decreased with increasing age (Kabitzke
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and Wiedenmayer, 2011). The reduction of freezing to cat fur
with increasing age was explained to represent the vulner-
ability of the rats at each stage of development to predators.
One study suggests that pharmacological mechanisms under-
lying fear to predator odours might be similar in preadoles-
cent and adult rats. Specifically, a non-sedating dose of
the benzodiazepine chlordiazepoxide injected in P25 rats
decreased hiding and increased approach to the cat odour
(Siviy et al., 2010), which is consistent with the anxiolytic
effects of chlordiazepoxide observed in adult rats exposed to
a cat odour (Zangrossi and File, 1992).

Although rats P10 and older exhibit fear responses to
predator odours, the neural circuitry appears different across
development. Chan etal. (2011) assessed the role of the
medial prefrontal cortex (mPFC) in predator odour-induced
freezing by temporarily inactivating either the infralimbic
(IL) or prelimbic (PrL) subdivisions of the mPFC using the
GABA receptor agonist, muscimol, prior to the odour expo-
sure. Inactivation of the IL or PrL had no effects in P14 and
P26 rats, indicating that the mPFC is not necessary for
showing innate fear to predator odours in juvenile and pre-
adolescent rats. While P14 rats also failed to show any c-Fos
immunoreactivity in the mPFC, P26 rats did show c-Fos in
the PrL, which suggest that while not necessary for the behav-
iour, it may still play a role in predator odour-induced freez-
ing. Inactivation of the PrL significantly attenuated freezing
in P38-42 rats (Chan et al., 2011). These findings are largely
consistent with the emerging idea that the role of the
mPFC in fear regulation changes across development
(Bronson, 1968; Curio, 1993; Kim and Richardson, 2009a;
Wiedenmayer, 2009; Li et al., 2012a). However, more studies
are required to understand this neural circuitry because the
PrL has been shown to be unnecessary for cat odour-induced
freezing in adult rats (Corcoran and Quirk, 2007).

Unconditioned startle responses

Another measure of unlearned fear is the startle response,
which is elicited by the presentation of an intense, unex-
pected stimulus (usually a noise, or flash of light or tactile
stimulus), and it is a response conserved across many species
(Davis, 2000). In humans, eyeblink is taken as the index of
the startle response and is used as an indication of GAD,
while in rodents the whole body jump is usually taken as the
magnitude of startle (Davis et al., 1993). The startle reflex is
increased by fear and aversive states in animals and humans
(Davis, 1992; Grillon et al., 1993). Therefore, rats are noctur-
nal and they exhibit a potentiated acoustic startle response to
a sharp noise when tested in a brightly illuminated environ-
ment compared with a dark or dim environment. The oppo-
site is true for humans, who exhibit a larger startle response
when tested in the dark (Grillon et al., 1997; 1999), reflecting
species-specific differences in evolutionary history of poten-
tial danger.

P18 rats, but not P14 rats, show an elevated acoustic
startle response when merely exposed to a bright light
compared with when the light is absent, indicating that rats
are capable of showing the startle response to unconditioned
light by that age (Weber efal.,, 2003). Further, peripheral
injection of the glycine receptor antagonist, strychnine



hydrochloride, and intracerebroventricular infusions of
corticotropin-releasing hormone both potentiated the acous-
tic startle response in P16-18 rats (Weber and Richardson,
2001). Light-potentiated startle appears to involve the sero-
tonergic and the glutamatergic system in the bed nucleus of
the stria terminalis in adult rats (Davis and Shi, 1999).
However, none of those mechanisms have been assessed in
developing rats, although such assessment would provide an
important insight as to whether the neural and pharmaco-
logical basis of unlearned fear was maintained throughout
development.

Approach-avoidance conflict

Lastly, behavioural paradigms based on the approach-
avoidance conflict, where avoidance of exposed, brightly lit
or elevated areas is measured, can be used to quantify trait
anxiety. To our knowledge, little pharmacology has been
assessed in rodents of various ages throughout development,
however, the response of adolescent (P28-39), late adolescent
(P51-55) and adult (P65-109) rodents for anxiety-like behav-
iour in the emergence test, large open field and elevated
plus-maze has been examined in the past. Unfortunately, the
results are largely inconsistent with studies reporting that
adolescent animals are more anxious than older animals (e.g.
Doremus et al., 2003; 2006; Lynn and Brown, 2010), whereas
others have reported the opposite (e.g. Imhof et al., 1993;
Macri et al., 2002; Andrade et al., 2003), or no age differences
(e.g. Walker et al., 2004; Hefner and Holmes, 2007). There-
fore, it has been suggested that trait anxiety measures are too
sensitive to acute factors on the test day and the results need
to be interpreted with caution (Doremus-Fitzwater et al.,
2009).

It is clear that our understanding of the pharmacology
involved in animal models of unlearned fear across develop-
ment is still poor (Figure 1). It appears that while a substantial
amount of pharmacological information is available on
the maternal separation-induced USV, the developmental
window during which USV is observed limits the ability to
extend the pharmacological findings in the post-juvenile
period. On the other hand, predator odour-induced freezing
or startle behaviour appear more suitable for characterizing
the pharmacological mechanisms underlying unlearned fear
across development, and future studies will greatly benefit
from using those animal models to understand anxiety early
in life. For example, the unconditioned startle response is
easily observed in both juvenile rats and humans — delineat-
ing the pharmacology and the neural circuitry behind such
behaviour using rodent models will be directly translatable to
the human population.

Finally, it should be noted that vocalization as a measure
of anxiety appears to lack both face and construct validity in
comparison with approach-avoidance conflict tests (Geyer
and Markou, 2002; Cryan and Holmes, 2005; Markou
et al., 2008), startle (Grillon et al., 1997; 1999) or responses
to predator threat (Goswami etal.,, 2013). Furthermore,
although all the mentioned models of unlearned fear do have
a degree of predictive validity in terms of anxiolytic drug
responses (Geyer and Markou, 2002; Cryan and Holmes,
2005; Markou et al., 2008), paediatric anxiety and fear in
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Developmental time course of different forms of unlearned fear and
the neurotransmitter systems known to be involved. Maternal sepa-
ration induced ultrasonic vocalizations (USVs; orange line) rise gradu-
ally from birth and peak between postnatal days (P) 6-8 then
gradually declines, and are modulated by a number of neurotrans-
mitters including NMDA, GABA, corticotropin and serotonin.
Predator odour-induced freezing (green line) is developmentally
regulated, with a reduction in freezing with increasing age. Increase
in GABA receptor or reduction of corticotropin receptor signalling
have been shown to reduce this type of unlearned fear. The emer-
gence of light-potentiated startle occurs at P17 and is observed
throughout life, although its intensity across development has not
yet been characterized. Antagonism of the glycine receptor or the
injection of corticotropin-releasing hormone can also potentiate
startle at this age.

humans rarely prescribe anxiolytic drugs as a first-line treat-
ment compared with cognitive-behavioural therapy. There-
fore, it may be argued that while such models are useful to
assess the neurobiological and pharmacological basis of
anxiety symptoms early in life, it may not predict treatment
success for paediatric anxiety disorders that do not necessar-
ily rely on pharmacological interventions. It appears that
rodent models in which behavioural reduction of fear can be
examined may be more suitable in examining anxiety early
in life.

Learned fear

One of the oldest ideas on the aetiology of anxiety disorders
posits that memories, especially those that were formed early
in life, are critically involved in the onset of anxiety. Specifi-
cally, Freud and Breuer (1893) suggested that ‘hysteria’ (the
term they used to refer to an anxiety disorder) is a previously
experienced fearful event that remains in memory and trig-
gers anxious thoughts and maladaptive behaviours (Freud
and Breuer, 1893). This general idea, that memories formed
early in life are important in anxiety disorders, is still widely
held (Jacobs and Nadel, 1985; 1999; Mineka and Zinbarg,
2006; Britton et al., 2011; Glenn et al., 2011). Consistent with
this idea, alterations in fear learning and cognitive defects
form an important facet of the clinical manifestation of
anxiety disorders (American Psychiatric Association, 2000),
including inappropriate processing of potentially threatening
stimuli in GAD, panic disorder and phobias, as well as the
long-term salience of traumatic memories seen in post-
traumatic stress disorder and social anxiety disorder.
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Phases of fear conditioning and extinction. (A) Acquisition of condi-
tioned fear is the increase in fear-conditioned response (CR) at each
conditioned stimulus (CS) — unconditioned stimulus (US) trial during
the conditioning session. This learning is consolidated to form a
CS-US association. Well-consolidated conditioning memory is
expressed as high levels of CR to the CS when tested at least 1 day
after acquisition. Poor acquisition, a failure in consolidation, or spon-
taneous forgetting will lead to low levels of expression of CR to the
CS at test. (B) Acquisition of extinction is the decrease in fear CR at
each CS-alone trial during the extinction session. This learning con-
solidates to form an extinction memory. Good extinction expression
is the low levels of fear to the extinguished CS when tested later. Poor
extinction expression (because of changes in the external, internal,
or temporal context or a failure in consolidation) will lead to high
levels of CS-elicited fear at test.

The development of fear memories can be modelled in
rats using the processes of Pavlovian fear conditioning. Pav-
lovian fear conditioning involves pairings of a discrete con-
ditioned stimulus (CS), such as a tone, with a biologically
significant unconditioned stimulus (US), such as an electric
foot shock. Initially, the CS is a neutral stimulus but when it
is paired with the US, the CS starts to elicit autonomic and
behavioural fear-conditioned responses (CR) on its own, such
as freezing discussed earlier. Fear-potentiated startle is
another commonly used index of fear, and is the increase in
startle response when the fear-associated stimulus (e.g. CS
associated with shock) is present compared with when it is
absent. Other widely used measures include avoidance behav-
iour and changes in heart rate or arterial pressure.

Pharmacological studies of conditioned fear typically
involve three distinctive phases (Figure 2A). Namely, the
‘acquisition’ phase refers to the actual associative phase
during which paired presentations of the CS and the US are
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given to the animal. ‘Consolidation” phase follows immedi-
ately after the acquisition phase and it is the time-window
required for the working/short-term memory to become a
stable, long-term memory. ‘Expression phase’ is when the
animal is tested with CS-alone trials to examine whether the
CS can elicit CR, which would indicate that CS-related
memory is being retrieved.

In adult animals, the amygdala is a central neural struc-
ture in which these different phases undergo pharmacologi-
cally dissociable processes. It is well established that the
amygdala plays a critical role in fear conditioning, and syn-
aptic plasticity of cortical and thalamic inputs to the basolat-
eral nucleus of the amygdala appears necessary for normal
fear conditioning (Blair et al., 2001; Maren, 2005). NMDA
receptor signalling in the amygdala is particularly important,
and it appears to be involved in all three phases (Fanselow
and LeDoux, 1999; Maren, 2001; Johansen etal., 2011).
Inhibitory GABA receptor neurotransmission in the amyg-
dala also has a role in fear conditioning (see Paré et al., 2003;
Ehrlich et al., 2009 for reviews), and its increase can impair
whereas its decrease can facilitate acquisition and expression
of conditioned fear (Guarraci etal., 1999; Bergado-Acosta
et al., 2008; Wiltgen et al., 2009).

Central opioid receptors also play an important role in
the acquisition and the consolidation of Pavlovian fear con-
ditioning in the adult rodent (Fanselow and Bolles, 1979;
Young and Fanselow, 1992; McNally et al., 2004a), and its
increase can impair whereas its decrease can facilitate acqui-
sition and consolidation of conditioned fear. Many other
neurotransmitter systems such as dopamine, endocannabi-
noids and metabotropic glutamate receptors are also involved
in conditioned fear (see Johansen et al., 2011), however, most
of those have never been assessed in the context of develop-
mental learning and will not be discussed in detail in the
present review.

Paradoxical fear learning
during infancy

The very early period of postnatal development is character-
ized by impaired aversion learning compared with their adult
counterparts. A classic experiment by Hess (1962) demon-
strated that when chicks were shocked in the presence of a
surrogate mother, they showed a stronger following response
to the surrogate mother than chicks that were not shocked;
however, in chicks a few hours older, similar pairings resulted
in an aversion to the surrogate. Harlow showed a similar
phenomenon in baby monkeys (Harlow and Harlow, 1965)
and this may also be the case for humans (Helfer et al., 1999).
This ‘paradoxical learning’ is thought to be important in
survival of the infant, as it promotes maintaining a mother-
infant attachment necessary for survival despite potential
adverse consequences during a critical developmental period.

Sullivan et al. are pioneers in studying the neural mecha-
nisms underlying this paradoxical learning in the neonatal
rat. Specifically, rat pups younger than P10 are said to be in a
sensitive period where shock paired with an odour results in
odour preference as measured by an approach behaviour,
whereas rats older than P10 form an odour avoidance



(Emerich etal., 1985; Barr, 1995; Sullivan etal., 2000;
Fitzgerald and Beggs, 2001). This odour-preference learning
in infant rats is characterized by the failure to engage the
amygdala during conditioning (Moriceau et al., 2006). When
the potential for synaptic plasticity of these amygdaloid
neurons was assessed in vitro during the pre- and post-
sensitive periods, distinct properties were observed between
the two age groups. Tetanic stimulation of post-sensitive
period (P12) brain slices containing the basolateral amygdala
induced significant synaptic plasticity in vitro, but this did not
occur in brain slices from P8 rats (Thompson et al., 2008).
Interestingly, GABA, receptor blockade with rotoxin (10 uM)
in post-sensitive period brain slices containing the amygdala
reverts synaptic plasticity to sensitive period characteristics
(Thompson et al., 2008). This may be indicative of a link
between the developmental emergence of more ‘adult-like’
fear learning with GABAergic function and modulation of
amygdala synaptic plasticity. It appears that the immature
state of GABAergic inhibition and/or modulation in the neo-
natal amygdala may be responsible for the deficits in fear
learning prior to P10 (Thompson et al., 2008). Interestingly,
GABA, receptor function is excitatory at birth, because of
high intracellular concentrations of chloride ions, until a
developmental change to the chloride concentration gradi-
ent occurs to switch GABA, receptor function to inhibitory at
approximately P10 (see Ben-Ari, 2002 for review). Such
normal developmental change may be critical for the devel-
opment of the ability to form CS-shock associations.
Shock-induced odour-preference learning during the sen-
sitive period (<P10) in rat pups appears to also be facilitated
by the endogenous opioid system. The opioid receptor
antagonist naltrexone was delivered subcutaneously in rats
either during (P8), or after (P12), the sensitive period to assess
the three major phases of fear learning, acquisition, consoli-
dation and expression/retrieval (Roth and Sullivan, 2001;
2003). Interestingly, naltrexone was found to disrupt all three
phases of odour-preference learning following odour-shock
training in P8 rats, whereas odour-aversion learning in P12
rats remained intact regardless of the timing of naltrexone
injection (Roth and Sullivan, 2001; 2003). These results indi-
cate that the endogenous opioid system appears necessary to
acquire, consolidate and express odour-preference learning
following a foot shock in P8 rats (Roth and Sullivan, 2003).
Opioids can modulate memory consolidation through modu-
latory noradrenaline released from the locus coeruleus, which
activate B-adrenoceptors in the amygdala (Gallagher and
Kapp, 1978; McGaugh et al., 1988; Introini-Collison et al.,
1989). Interestingly, B-adrenoceptor activation in the olfac-
tory bulb and locus coeruleus are both necessary and suffi-
cient for rat pup odour-preference learning (Langdon et al.,
1997; Sullivan, 2001), which further support the opioid
hypothesis of paradoxical learning early in life.
Additionally, the natural developmental profile of corti-
costerone is critically involved in the switch between attrac-
tion and fear via activity in the amygdala (Moriceau et al.,
2006). Endogenous corticosterone release is attenuated and
begins to increase in the rat at P10, which coincides with the
time at which odour-shock preference turns to more ‘adult-
like’ aversion (Rosenfeld etal., 1992; Grino etal., 1994,
Sullivan etal.,, 2000; Levine, 2001). Systemic or intra-
amygdala corticosterone administered either 24 h or 30 min
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before P8 rats received odour-shock conditioning, led to these
rats exhibiting adult-like odour-avoidance at test (Moriceau
et al., 2006). Interestingly, those rats that received corticos-
terone showed amygdala neural activity characteristic of that
seen in older rats during conditioning (Moriceau et al., 2006).
Conversely, when P12 rats receive intra-amygdala infusion of
a corticosterone receptor antagonist (or corticosterone deple-
tion via adrenalectomy), they exhibit odour-preference learn-
ing instead of an odour-aversion (Moriceau et al., 2006).
Corticosterone appears to be important in the emergence of
olfactory fear conditioning, acting via the amygdala as a
switch between fear and attraction.

Taken together, it appears that rats are in a ‘stress hypore-
sponsive’ period prior to P10 where corticosterone levels are
low but endogenous opioid signalling is high. During this
time, fear learning in infants appears to be fundamentally
different to adults with different neural circuitry underlying
CS-shock learning (Figure 3). This may be a time during
which infants are protected against the formation of perva-
sive negative learned associations; however, we still do not
have a comprehensive understanding of what other neuro-
transmitters may be involved.

Learned fear to a discrete cue

As rodents continue to develop, learned behaviours become
more complex as the infant’s behavioural repertoire incorpo-
rates more adult-like patterns of fear expression (Hunt and
Campbell, 1997). The findings on the ontogeny of more
adult-like conditioned fear in the rat clearly illustrate how the
growth of the rat’s brain affects learning and memory. Spe-
cifically, fear conditioning to CS of different sensory modali-
ties emerge in a similar sequence of basic sensory
development. In basic sensory development, the functional
onset of the tactile and chemical (e.g. olfactory) senses pre-
cedes that of the auditory system in the rat (see Alberts and
Gubernick, 1984 for review). Further, the functional onset of
the auditory system precedes that of the visual system across
a wide range of species (Gottlieb and Klopfer, 1962; Hyson
and Rudy, 1984; Hunt et al., 1998). Indeed, rats express a
learned fear response to an odour CS as early as P12 before
they express the same learned response to an auditory CS
(Kucharski and Spear, 1984; Campbell and Ampuero, 1985),
and express a learned fear response to an auditory CS before
they express the same learned response to a visual CS (Hunt
and Campbell, 1997). Similar to the sensory-specific emer-
gence of associative learning, CR following fear conditioning
also emerges in a response-specific sequence. For example, an
auditory CS paired with an aversive US elicits freezing at P16,
whereas it alters heart rate at P21; and it potentiates the
startle response at P23 (see Hunt and Campbell, 1997 for
review).

These studies on the ontogeny of conditioned fear
provide converging evidence for the view that different
neural structures mediate the different sensory modalities
and responses involved in learned fear (Davis, 2000; LeDoux,
2000). The finding that these different fear responses emerge
at different ages is usually interpreted as a result of the
delayed development of the projections from the amygdala
to the relevant downstream structures. Once these projec-
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Developmental time course of fear learning and extinction, and the known brain regions involved. Prior to postnatal day (P) 10, odour-shock
pairings induce an odour-preference learning in rodents. This paradoxical odour-shock learning depends on the olfactory bulb and the locus
coeruleus. Rodents older than P10 can learn conditioned fear to a discrete cue, with amygdala being a critical structure for life. However, fear
expression or extinction do not require the medial prefrontal cortex (mPFC) until after 3 weeks of age. Following 3 weeks of life, the hippocampus
is also involved and rats can learn context-fear associations, and fear extinction becomes context- and mPFC-dependent. Early adolescence (4-6
weeks of age) appears to be a unique maturation period during which fear expression and extinction are both temporarily impaired before

recovery during adulthood.

tions are developed, however, it appears that juvenile rats can
acquire, consolidate and express learned fear.

The role of neurotransmitter systems important for con-
ditioned fear in adulthood need to be tested during develop-
ment to directly address such a hypothesis. For example, we
have shown that NMDA receptor signalling is critical for
conditioned fear learning to an auditory CS in juvenile and
preadolescent rats (Langton et al., 2007). In that study, P17
and P24 rats were subcutaneously injected with the NMDA
receptor antagonist MK-801 or saline, 10 min prior to fear
conditioning. When rats were tested for CS-elicited freezing
the next day, rats injected with MK-801 showed significantly
lower levels of freezing than saline controls in both age
groups, demonstrating that, as in adult rats (Rodrigues et al.,
2001), acquisition and/or consolidation of learned fear is
NDMA dependent in developing rats (Langton et al., 2007).

Although thus far it has been reviewed that fear to a
discrete cue can be conditioned and expressed in rats older
than P12, recent studies show that the neural circuitry under-
lying expression of CS-elicited freezing is still developmen-
tally dissociated. Specifically, inactivation of the PrL using the
GABA receptor agonist muscimol prior to test does not
disrupt conditioned fear expression in P18 rats, whereas rats
P25 and older show significant impairment (Corcoran and
Quirk, 2007; Li et al., 2012a,b). That finding is suggestive of a
simplified conditioned fear circuitry during the juvenile
period of rodent development.

Learned fear to a context

An important trigger for fear not only includes discrete cues
but also various different environments. These environments
can alert animals to impending danger but provide imprecise
information about timing compared with discrete cues.
Context fear conditioning is modelled to such type of fear
and it refers to learning that occurs when the US is presented
in a distinctive environment without being signalled by a
discrete cue. It is asserted that discrete cue conditioning
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might index fear/panic, whereas context conditioning might
index anxiety (Walker and Davis, 1997b). For example,
Grillon et al. propose that some anxiety disorders are caused
by unpredictable aversive events that lead to hyperactive fear
responses that are generalized across different situations and
environments (Grillon ef al., 2004). Specifically, if an aversive
US (e.g. shock) is not signalled reliably by a CS (e.g. coloured
shape), subjects show more fear to the training context com-
pared with subjects that received the US signalled reliably by
a CS (Grillon et al., 2004). Grillon et al. concluded that the
elevated fear to the context exhibited by the unsignalled
group represents generalized anxiety and related disorders.
Compared with cue conditioning, context conditioning
involves different neural circuitry and requires the hippocam-
pus as well as the amygdala (Kim and Fanselow, 1992; Phillips
and LeDoux, 1992; but see Gewirtz et al., 2000). The hip-
pocampus has long been known to be a late-maturing neural
structure that undergoes major anatomical and physiological
changes after birth in both rats and humans (Rudy, 1991;
Bachevalier and Beauregard, 1993; Giedd et al., 1996). In rats,
almost all the granule cells in the dentate gyrus are generated
postnatally (Schlessinger et al., 1975). In addition, synap-
togenesis, hormone and neurotransmitter receptor site devel-
opment, and myelination continue throughout the
hippocampal formation into the fourth postnatal week
(Jacobson, 1963; Crain et al., 1973; Baudry et al., 1981).
Consistent with these findings on hippocampus immatu-
rity, it has been observed that young rats are impaired in
hippocampus-dependent tasks such as contextual condition-
ing (Rudy, 1993; Rudy and Morledge, 1994; Pugh and Rudy,
1996). Rudy (1993) was the first to examine conditioned fear
to both a context and an auditory CS in P18 and P23 rats,
using a clicker CS-foot shock US pairing. It was observed that
both P23 and P18 rats exhibited robust freezing to the clicker
CS, however, only the P23 rats displayed context-elicited
freezing. That is, P18 rats failed to show any conditioning to
the context. In a follow-up study, Rudy and Morledge (1994)
demonstrated that P18 rats could show freezing to the con-
ditioned context immediately after the conditioning episode



but failed to show any freezing to the conditioned context
when tested after a 24 h retention interval. They concluded
that P18 rats may learn about the context but cannot con-
solidate a long-term contextual representation. The context
fear learning failure in juvenile rats is also shown when a cat
odour was used as a US (Kabitzke ef al., 2011).

Interestingly, acute injection of the fibroblast growth
factor 2 prior to fear conditioning can potentiate contextual
fear learning in P16 rats (Graham and Richardson, 2009),
which suggests that the consolidation failure proposed by
Rudy and Morledge (1994) may be a quantitative impairment
that may be overcome with a pharmacological treatment.

Additionally, post-training injection of the p-adrenocep-
tor antagonist propranolol inhibited contextual fear learning
in P26 rats, which suggest that once contextual learning is
possible, it may be subserved by similar pharmacological
mechanisms as adult rats (Kabitzke et al., 2011). The expres-
sion of conditioned fear to a context, on the other hand,
appears to change during early adolescence. Lee and Kim
(1998) observed that P27 mice given three shocks in a dis-
tinctive context show high levels of context-elicited freezing
when tested at next day and in adulthood, but significantly
low levels of freezing when tested P28-P35 (Pattwell et al.,
2011).

Taken together, research in learned fear to both discrete
cues and contexts show that fear learning, consolidation and
expression is a dynamic process that changes as a function of
age. The recruitment of different neurotransmitter systems
and the maturation of neural structures, such as the amyg-
dala, begin to influence fear learning and the form of expres-
sion of those fears. This is most striking in the transition
between the paradoxical aversive odour-preference learning
that occurs very early in life, before the switch to the more
adult-like CS-US association, with contextual learning occur-
ring as the hippocampus matures (Figure 3). Pharmacological
interventions targeting neurotransmitter systems involved in
fear learning reveal that there can be a profound effect on
acquisition, consolidation and expression of learned fear, but
it is dependent on the stage of development of the rat.

Reducing learned fear by extinction

The current cognitive-behavioural treatments for anxiety dis-
orders in humans largely involve some type of exposure
therapies that rely on the process of ‘extinction’ (Hofmann,
2008). Extinction of fear is the decrease in fear responses
expressed to a fearful stimulus because of the repeated expo-
sure to the stimulus in a safe environment without any aver-
sive outcome. Extinction has received considerable attention
over the past decade because of its theoretical importance
and its obvious clinical implications for the treatment of
various anxiety disorders (Davis and Myers, 2002). Addition-
ally, conditioned fear and extinction models are believed to
have substantial face, construct and predictive validity
(Hofmann, 2008; Goswami et al., 2013).

Early theoretical models of Pavlovian conditioning sug-
gested that this decreased response to the CS after extinction
was due to the ‘unlearning’ or ‘erasure’ of the original CS-US
association (e.g. Rescorla and Wagner, 1972). That is, the
association between the CS and US becomes broken so that
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the CS becomes neutral again. However, it is now widely
believed that the decrease in CR after extinction is mainly
due to new inhibitory learning (CS-no US association; or
‘safety’) (Bouton, 2002; Phelps et al., 2004). The evidence for
this view comes from studies that show fear to an extin-
guished CS can relapse without retraining of the CS-US asso-
ciation, in reinstatement, renewal and spontaneous recovery.
Reinstatement is the return of an extinguished CR following
a pretest ‘reminder’ cue, such as a milder version of the shock
used initially for conditioning (Rescorla and Heth, 1975).
Renewal refers to the return of CR when tested in a different
environment/context to where extinction occurred (Bouton
and King, 1983). Spontaneous recovery is the return of CR
simply because of time elapsing after extinction (Gogolla
et al., 2009). These phenomena have been robustly observed
in humans and animals. For example in humans, when expo-
sure therapy is conducted in a safe environment such as a
therapists’ office, patients may feel that their fear has sub-
sided, however, the treated anxiety disorder can suddenly
return when they return to an environment that is different
from where therapy occurred, or after time passes, or when
faced with an unrelated anxious situation. It appears that
extinction training results in inhibition of fear that is fragile
and easily reversed in adults.

Similar to fear conditioning, extinction appears to have
three distinct phases of acquisition, consolidation and
expression (Figure 1B). In fact, pharmacological studies indi-
cate that extinction shares similar neural mechanisms with
fear acquisition, further highlighting that extinction involves
new learning rather than unlearning in adults. Indeed, block-
ing NMDA receptors systemically prevents the formation of
long-term memory for extinction (e.g. Baker and Azorlosa,
1996; Santini et al., 2001). For example, it was found that
systemic injection of the NMDA antagonist CPP (D(-)-3-(2-
carboxy-piperazine-4-yl)-propyl-1-phosphonic acid) prior to
extinction training impaired extinction expression at test the
next day (Santini et al., 2001).

On the other hand, there are studies that show extinction
encompasses mechanisms that are distinct from fear acquisi-
tion. As extinction leads to a decrease in fear, it is believed
that extinction is likely to involve inhibitory mechanisms.
Hence, GABA receptor signalling has been studied as the
candidate underlying inhibition of fear following extinc-
tion. Indeed, pretest injections of the GABA receptor in-
verse agonist B-carboline-3-carboxylic acid N-methylamide
(FG7142) have been shown to attenuate extinction (Harris
and Westbrook, 1998). Harris and Westbrook (1998) con-
cluded that FG7142 reduced the inhibitory activity of GABA,
which led to the retrieval of the original fear memory. This
result shows that extinction relies on inhibitory mechanisms
that are distinct from acquisition of fear. Additionally,
antagonism of the opioid receptor disrupts fear extinction,
whereas fear learning is facilitated (Fanselow and Bolles,
1979; Young and Fanselow, 1992; McNally and Westbrook,
2003; McNally et al., 2004a,b; 2005). As with conditioned
fear, many other receptor systems are involved in extinction
of fear during adulthood (see Myers and Davis, 2006),
however, most of them have not been assessed in the devel-
opmental framework.

The pharmacological and behavioural findings suggest
the following three characteristics of extinction in adult-
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hood. First, extinction largely reflects a formation of a new
and separate memory from the initial fear acquisition
memory. Second, extinction memory appears to be inhibi-
tory. Third, extinction expression is contextually bound.
Taken together, fear extinction appears to be a context-
specific inhibitory learning that competes with the original
fear memory expression.

There is now a powerful body of evidence that suggests
extinction mechanisms are dynamic at different ages and has
revealed that juvenile rats do not show renewal, reinstate-
ment or spontaneous recovery of extinguished fear. That is,
extinction early in life does not appear to involve new learn-
ing and may even be ‘erasure’ of the original CS-US associa-
tion (Kim and Richardson, 2007a; Gogolla et al., 2009; see
Kim and Richardson, 2010a for review). This means that
extinction is more effective early in life and exposure therapy
is likely to be most effective in children after the initial onset
of the anxiety disorder compared with later in life. This
research supports the idea that although fear is readily
acquired early in development, fear may also be easily treated
during this period, and a better understanding of the mecha-
nisms underlying anxiety early in life is critical for the devel-
opment of targeted treatments.

Neurotransmitter systems involved in
extinction across development

NMDA receptor signalling is indicative of new learning and is
a trademark of extinction in the adult rat; however, its role in
extinction appears to be age-dependent. Pre-extinction injec-
tion of the NMDA receptor antagonist MK-801 has no effect
on extinction of conditioned fear to an auditory CS in P17
rats, whereas it impairs long-term extinction in P24 rats
(Langton et al., 2007; Kim and Richardson, 2010b). Regardless
of age, all rats showed within-session extinction. Addition-
ally, MK-801 has been observed to have an effect on condi-
tioning in both age groups, so these behavioural differences
are not due to differential activity of the drug between ages
(Langton et al., 2007). Impaired retention of extinction in
P24 rats and not juvenile rats (P17) suggests that extinction in
juveniles is independent of NMDA receptors and new learn-
ing is not the dominant process.

The role of inhibitory GABAergic transmission in extinc-
tion also appears to be age-dependent. Pretest subcutaneous
injection of FG7142, a partial inverse agonist of the GABA,
receptor, causes a return of extinguished fear in P24 rats but
not P17 rats (Kim and Richardson, 2007b). That is, reduction
of GABAergic transmission facilitates retrieval of the original
fear memory in P24 and older rats but not in P17 rats. Con-
sequently, it does not appear that GABA is involved in expres-
sion of extinction in P17 rats, in the same way that it is for
P24 and older rats.

The lack of GABA or NMDA receptor involvement in
extinction in P17 rats suggest an interesting hypothesis — that
extinction at this age may not involve the consolidation or
expression of an extinction memory, and the decrease in fear
during extinction may in fact reflect the erasure of the origi-
nal CS-US association. In order to test this idea, we con-
ducted an experiment to see whether an ‘extinction memory’
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exists when extinction occurs at P17. While initial acquisi-
tion of memory is NMDA receptor-dependent, relearning
of the same, or a related experience is NMDA receptor-
independent (Bannerman etal.,, 1995; Saucier and Cain,
1995; Roesler et al., 1998; Sanders and Fanselow, 2003; Tayler
et al., 2011; Wiltgen et al., 2011; but see Lee and Kim, 1998).
This transition from NMDA receptor-dependence to inde-
pendence has been largely viewed as evidence for the exist-
ence of the original memory. Therefore, one can test whether
the original extinction memory is still retained following
extinction by determining whether re-extinction requires
NMDA receptor signalling. If extinction memory still exists,
re-extinction should not require NMDA receptor signalling.
In Kim and Richardson (2010a), we first conditioned all rats
at P16. CS extinction was then given at either P17 or P24, and
then all rats received reconditioning to the same CS at P25,
and received re-extinction at P26. Prior to re-extinction, rats
received systemic injection of saline or MK-801, and then
were all tested for their re-extinction memory the next day.
When rats received initial extinction at P24, re-extinction
was not affected by MK-801, which suggests that the original
extinction memory acquired at P24 exists. However, when
rats received initial extinction at P17, re-extinction was dis-
rupted by MK-801 and was NMDA receptor-dependent,
which suggests that there is no original extinction memory at
P17.

This finding was replicated using temporary inactivation
of the amygdala. Similar to NMDA receptor signalling, the
amygdala appears to be necessary when extinction happens
for the first time, but not the second time in adult rats
(Laurent et al., 2008). From this, it appears that the amygdala
is involved in the initial learning of the CS-no US memory
acquired in extinction training, but once that memory has
been acquired, then the amygdala is no longer needed for
subsequent extinction. We showed that the involvement
of the amygdala in re-extinction was determined by the
animal’s age at initial extinction. That is, when age was
kept constant across these other stages, re-extinction was
amygdala-independent if initial extinction occurred at P24
but amygdala-dependent if initial extinction occurred at P17
(Kim and Richardson, 2008).

The requirement of NMDA receptor signalling and the
amygdala for re-extinction when extinction occurs at P17
strongly suggest that extinction at P17 may not exist as a new
memory. Additionally, the neural circuitry underlying extinc-
tion is different at P17 compared with P24 and older rats, in
that it does not require the mPFC (Kim et al., 2009). Specifi-
cally, dominant neural models propose that in adult rats
extinction is expressed (i.e. fear is reduced) when the IL of the
mPFC activates the inhibitory GABAergic interneurons
and/or intercalated neurons in the amygdala, which then
inhibit the output of the amygdala, thereby reducing the CR
(Milad and Quirk, 2002; Likhtik et al., 2005; 2008; Milad
et al., 2006; Quirk and Mueller, 2007; Peters et al., 2010). In a
context that is different from where extinction had occurred,
however, the hippocampus can excite the PrL or the amyg-
dala, resulting in the expression of fear (Orsini ef al., 2011;
Orsini and Maren, 2012). Therefore, having the mPFC, amyg-
dala and hippocampus involved in fear extinction allows the
adult rat to flexibly express the CS-no US or the CS-US
memory depending on its environment. However, the



mechanisms underlying extinction in P17 rats are very dif-
ferent from those mediating extinction in P24 and older rats,
with limited neural structures and receptors involved, which
may lead to an inflexible learning system, during which
extinction may lead to a permanent reduction of the condi-
tioned fear memory.

Despite these studies demonstrating that extinction
mechanisms changing across P17 to P24 is not due to the
differences in the acquisition of conditioned fear, it has been
demonstrated that conditioned fear in P16 mice may be more
labile to change compared with older mice, because of the
undeveloped perineuronal nets in the amygdala at P16
(Gogolla etal., 2009). Perineuronal nets are extracellular
matrix structures surrounding neuronal cell bodies that can
interfere with neuronal plasticity, and P16 rats show mark-
edly less perineuronal nets compared with P23 and older rats.
Degradation of these nets in the amygdala using chondroi-
tinase ABC infusion prior to fear conditioning leads to
erasure-prone extinction in adult rats (Gogolla et al., 2009).

It should be noted that as with adult rats, opioids are
important for acquisition of extinction in P17 rats. Specifi-
cally, injection of naloxone before extinction training dis-
rupts acquisition of extinction in both P17 and P24 rats (Kim
and Richardson, 2009a). Additionally, neither pretest nor
post-extinction injection of naloxone had any effects on
extinction in either age group, suggesting opioids are not
critically involved in retrieval or consolidation of the extinc-
tion memory (Kim and Richardson, 2009a), which is also the
case in adult rats (McNally and Westbrook, 2003). Interest-
ingly, a contemporary view of opioid signalling states that it
is the neurochemical mechanism underlying ‘prediction
error’ (McNally et al., 2004b; McNally, 2005; McNally and
Cole, 2006; McNally and Westbrook, 2006), which is neces-
sary for the erasure of the original CS-US association
(Rescorla and Wagner, 1972). Consequently, opioid signalling
during extinction at P17 may be indicative of an erasure
mechanism. In contrast, extinction at P24 appears very
similar to extinction during adulthood, relying on NMDA
receptors, GABA receptors and opioids, as well as displaying a
range of other pharmacology and behaviours similar to adult
rats (Kim and Richardson, 2009b; Graham and Richardson,
2010; 2011a,b).

Consistent with the role of the mPFC as an important
neural structure in extinction retention, recent studies have
identified adolescence as a vulnerable period during which
maintenance of extinction is impaired alongside disrupted
plasticity in the mPFC (Kim et al., 2011; Pattwell et al., 2013).
The developmental trajectory of the prefrontal cortex in both
rats and humans is largely non-linear with a decline in
volume during adolescence (Giedd, 2004; Steinberg, 2005;
Paus et al., 2008; Shaw et al., 2008). Adolescent rats exhibit
poorer extinction retention (greater fear relapse) when tested
24 h after extinction training compared with both younger
and older rats (McCallum et al., 2010; Kim et al., 2011). This
effect has been recently replicated in humans (Pattwell et al.,
2012). However, adolescent rats can express facilitated extinc-
tion at test (to the level of P24 and adult rats) with immediate
post-extinction administration of the partial NMDA receptor
agonist, D-cycloserine, or by providing additional extinction
training (McCallum et al., 2010). This blunted fear extinction
during adolescence is associated with a lack of activity in the
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IL in rats (Kim et al., 2011) and this has also been observed in
mice (Pattwell et al., 2012).

Spontaneous forgetting of
learned fear

Fortunately, anxiety early in life is not necessarily chronic,
and many children with anxiety will not manifest clinical
conditions later in life (Pine et al., 2009). Neural processes
that may be responsible for such a transition during develop-
ment are poorly understood, however, it is hypothesized that
a combination of brain maturation and changing cognitive
processes play an important part (Campbell and Spear,
1972; Thomas et al., 2001; Craske et al., 2008; Mineka and
Oechlberg, 2008). Understanding how memories are naturally
forgotten, in particular, may provide clues as to how anxiety
or fearful memories early in life can spontaneously disappear.
Importantly, observing individual differences in fear and
anxiety using the spontaneous forgetting model may have
better face, construct and predictive validity in identifying
vulnerability in humans that develop anxiety following
stressful or traumatic events.

In fact, infant animals display a very rapid rate of spon-
taneous forgetting. This reduced ability to remember experi-
ences that happened early in development is referred to
as ‘infantile amnesia’. For example, a 20-year-old cannot
remember events that occurred at 5 years of age as accurately
as a 30-year-old can remember events that occurred at 15
years of age. This phenomenon received attention from sci-
entists as early as 1895, as an important part of normal
cognitive development (Henri and Henri, 1895). Interest-
ingly, infantile amnesia is not a uniquely human phenom-
enon — most altricial animals demonstrate poor long-term
retention early in development (for a review, see Campbell
and Spear, 1972). Altricial animals are animals in which
development occurs mostly after birth (e.g. humans), as
opposed to precocial species in which development is virtu-
ally complete before birth (e.g. guinea pigs).

The rat was first used to study infantile amnesia in 1962,
when Campbell and Campbell (1962) trained rats aged P18 to
P100 on a passive avoidance procedure, in which rats were
shocked while being confined in the black compartment of a
black/white shuttle box. No shocks were given in the other,
white compartment. Rats were then tested for retention of
fear either immediately, or after a delay of 7, 21 or 42 days.
Retention was measured by the avoidance of the black com-
partment, indicated by a longer latency to enter the normally
preferred black side. There were no differences between the
groups when tested immediately after training, with all age
groups avoiding the black compartment. This finding indi-
cates that animals of all ages were able to learn and express
fear. However, when tested after a delay, retention increased
dramatically with age. Eighteen-day-olds showed only mod-
erate retention when tested after 7 days, which declined even
more after 42 days. In contrast, 100-day-old rats showed
nearly complete avoidance even at the 42-day interval.

Feigley and Spear (1970) also found that although the rate
of acquisition of avoidance learning was similar across the
different ages (as measured by the number of shock trials to
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express avoidance learning), infant rats showed a significant
retention deficit compared with adult rats (Feigley and Spear,
1970). Furthermore, deliberately overtrained infant rats still
exhibited markedly inferior memory retention to that of
adult rats (Schulenburg et al., 1971). Schulenburg et al. (1971)
concluded that the accelerated rate of forgetting by infant
rats compared with adult rats is not a consequence of the
degree of original learning.

Pharmacological studies further suggest that passive
avoidance learning is acquired similarly across development.
This learning depends upon normal cholinergic transmission
in the limbic system in adults (Dumery and Blozovski, 1987).
Its ontogenic development appears to parallel the maturation
of muscarinic cholinergic synaptic elements located in the
posteroventral hippocampo-subiculo-entorhinal area and in
the basal lateral part of the posterior amygdala (Blozovski and
Dumery, 1984). Microinjections of the muscarinic receptor
antagonist atropine into the basal lateral part of the posterior
amygdala induced dose-dependent deficits in acquisition
from P13 to P20 in a passive avoidance task, although the
sensitivity to atropine decreases at P17 and thereafter
(Blozovski and Dumery, 1984).

Furthermore, infantile amnesia can at least be partly
reversed by strengthening the consolidation phase following
learning. For example, P16 rats that exhibit excellent reten-
tion in a passive avoidance task at 1 h but not at 24 h follow-
ing training, display significantly improved performance at
24 h when given a post-training injection of adrenaline or
noradrenaline, agents known to facilitate memory consolida-
tion in adult rats (Gold et al., 1982). Glucose, which is an
important memory modulator in adult mammals (Gold,
1986), can also improve memory retention in P18 rats when
given immediately after passive avoidance training (Flint and
Riccio, 1999). However, systemic injection of the p-opioid
receptor antagonist naloxone immediately after training does
not alleviate infantile amnesia (Weber et al., 2006).

Because passive avoidance learning is a form of contextual
learned fear in which a distinctive context (typically a black
box) is associated with an aversive US (typically as a shock), it
may not be surprising that juvenile rats show poor expression
of avoidance behaviour compared with adults despite having
comparable acquisition. However, that explanation alone is
insufficient to explain why memory retention increases with
age, because infantile amnesia has also been observed in
hippocampus-independent tasks across a wide range of
species (Campbell and Spear, 1972). For example, infant and
juvenile rats show accelerated forgetting compared with older
rats even following conditioned fear to a discrete auditory cue
(Kim etal., 2006; Kim and Richardson, 2007c; Li and
Richardson, 2013). Therefore, infantile amnesia appears to be
an exaggerated version of natural forgetting, and any differ-
ences in consolidation appear to be quantitative rather than
qualitative.

Further evidence against the argument that infantile
amnesia is due to failure in consolidation comes from phar-
macological studies that observed forgotten fear is retrieved
through various pretest manipulations. That is, a memory
that is consolidated well but not expressed should be acces-
sible if given the correct treatment. For example, systemic
injection of adrenaline in juvenile rats at test can reinstate
the expression of passive avoidance memory compared with
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saline injection, without causing passive avoidance in non-
trained rats (Haroutunian and Riccio, 1977; Flint et al., 2007).
It was argued that adrenaline induces physiological arousal
and thus may provide an internal cue that reminds the rat of
the initial training episode. In any case, the recovery of the
avoidance memory by adrenaline indicates that infantile
amnesia involves a failure to retrieve the stored fear memory
(Haroutunian and Riccio, 1977; Richardson et al., 1983).

The endogenous opioid system appears to be critical for
such retrieval failure early in life. Systemic injection of the
opioid antagonist naloxone prior to test alleviates forgotten
fear to a discrete cue, an effect that was shown to be central
not peripheral (Weber et al., 2006). GABA is also involved in
the rapid forgetting shown in juvenile rats (Kim et al., 2006).
We have shown that when P18 rats were conditioned to fear
a white-noise CS, CS-elicited freezing that was very high 1
day after conditioning significantly decreased by 10 days
(Kim et al., 2006). Pretest injection with FG7142, a GABA,
receptor partial inverse agonist that reduces GABAergic trans-
mission, however, restored CS-elicited freezing in those rats.
Interestingly, GABA receptor signalling also plays an impor-
tant role in behavioural manipulation to recover a forgotten
fear. It has long been known that a pretest US reminder (at a
low level that does not elicit the CR on its own) can retrieve
a forgotten fear memory (Campbell and Jaynes, 1966; Spear
and Parsons, 1976; Richardson efal.,, 1986; Kim and
Richardson, 2007a). However, administration of the GABA
receptor agonist midazolam immediately following a US
reminder impaired the retrieval of a forgotten fear in the
infant rat (Kim and Richardson, 2007c). It appears that
behavioural reminder treatments that result in recovery of
a forgotten memory, may work via alterations in GABA
activity.

A recent study used a novel approach to examine whether
the original conditioned fear memory was indeed intact in
juvenile rats, despite the failure in expression (Li and
Richardson, 2013). As mentioned previously, while initial
acquisition of memory is NMDA receptor-dependent, relearn-
ing of the same, or a related experience is NMDA receptor-
independent (Sanders and Fanselow, 2003; Tayler et al., 2011;
Wiltgen et al., 2011). This transition from NMDA receptor-
dependence to independence has been largely viewed as evi-
dence for the existence of the original fear memory.
Therefore, one can test whether the original fear memory is
still retained following infantile amnesia by determining
whether retraining the rat at the time of forgetting requires
NMDA receptor signalling. Li and Richardson (2013) first
gave P17 rats six CS-US pairings. These rats showed high
levels of CS-elicited freezing when tested 1 day after training,
but exhibited complete forgetting 14 days after training. Rats
then received a systemic injection of the NMDA receptor
antagonist MK-801 followed by a retraining of three CS-US
pairings, and then were tested the next day. Rats that received
MK-801 did not show any impairment in CS-elicited freezing
compared with saline, which indicates that relearning is
NMDA receptor-independent even after forgetting of the fear
memory (Li and Richardson, 2013). This result is consistent
with the finding that showed persistence of neural activity in
the amygdala in infant rats that received CS-US pairings but
did not show any CS-elicited freezing due to forgetting (Kim
etal., 2012).



It is important to note that in Li and Richardson (2013),
re-acquisition of forgotten fear remained NMDA receptor-
independent even when rats were retrained 50 days following
the initial fear conditioning at P17. This finding implies that
the original fear memory is forgotten but not gone even in
adulthood. In another study, however, it was demonstrated
that when rats were initially fear-conditioned at P18, the
forgotten fear was irretrievable via an injection of FG7142 at
P78 (Kim et al., 2006). Such seemingly contradictory findings
can be explained when the strength of original learning is
considered. That is, the former study used six, whereas the
latter study used three CS-US pairings during the initial learn-
ing. Therefore, the failure to recover a forgotten memory by
a GABAergic manipulation at P78 is a possible, irrecoverable,
memory decay of a weaker CS-US association.

Development of brain regions
underlying rodent models of fear
and anxiety

Surprisingly, little is known about the development and
maturation of the brain regions associated with the rodent
models discussed. Unlearned fear in adults is associated with
the extended amygdala (Davis, 2000), while conditioned fear
and extinction is dependent on communication between the
amygdala, hippocampus and mPFC (Quirk and Mueller,
2007). Unfortunately, how the extended amygdala develops
during the first few weeks of postnatal life is poorly under-
stood. As mentioned previously, the hippocampus does not
reach maturity until the end of the fourth postnatal week
(Jacobson, 1963; Crain et al., 1973; Baudry et al., 1981). In
other brain regions, such as the mPFC and amygdala, axons
and synapses are overproduced during early puberty, fol-
lowed by rapid pruning in later adolescence (Crews et al.,
2007). Specifically, there is dendritic pruning in the amyg-
dala, and basolateral amygdala volume increases between P20
and P35 and then decreases between P35 and P90 (Zehr et al.,
2006; Pan et al., 2009; Rubinow and Juraska, 2009), with
continual growth in the density of the fibres connecting the
amygdala and the mPFC into early adulthood (Cunningham
et al., 2002). The cortical layers of the mPFC are immature at
P18, but attain their adult proportional width by P24 (Van
Eden and Uylings, 1985). However, rapid changes occur in
the mPFC during adolescence, which involve rapid myelini-
zation, decreases in prefrontal gray matter, growth of afferent
efferent axons and dendrites, maturation and reorganization
of synapses (Casey et al., 2008; see review by Andersen, 2003).
It is proposed that late maturation of amygdalo-cortical con-
nectivity may provide an anatomical basis for the develop-
ment and integration of normal and possibly abnormal
emotional behaviour during periods of rapid growth. Not
much is known about the growth of connectivity between
the amygdala and the hippocampus between 1 and 5 weeks
of postnatal rodent life. It has been shown that early maternal
stress and juvenile emotional experiences produce enduring
morphological changes in the hippocampus, including
attenuation of synaptic development (Poeggel et al., 2003;
Andersen and Teicher, 2004), which may affect connectivity
between the amygdala and hippocampus.

Pharmacological studies in developmental anxiety

Conclusions

Overall, studies on learned fear show that animals are par-
ticularly resilient against prolonged effects of fearful events
early in life, an observation that is greatly associated with
normal brain development (Figure 3). Initially, the amygdala
is uninvolved in cue-shock learning, which leads to infant
rats expressing preference to the cue. Once the amygdala is
critically involved in conditioned fear, rodents do learn and
express aversion, however, these young rodents forget such
fear learning very rapidly compared with older rats. Also,
prior to 3 weeks of postnatal life, rodents are impaired in
contextual learning and exhibit relapse-resistant extinction
that is expressed regardless of the context of test. In fact,
extinction early in life may even erase the original fear asso-
ciation. However, it should be noted that our understanding
is still poor and many open-ended questions remain. For
example, rodent models with increasing face and construct
validity are being developed in adult rodents (e.g. Siegmund
and Wotjak, 2007; Goswami etal., 2013). Utilizing those
models in developing rodents in future studies would be
crucial to the advancement of this field.

Taken together, 3 weeks of life may represent the closing
of a developmental window where extinction is more effec-
tive in rodents. It is difficult to pinpoint the human correlate
of an equivalent age group, however, an influential study
suggested that past 7 years of age is when children can
acquire contextual/spatial memories reliably and may corre-
spond to 3 weeks of age in rodents in terms of cognitive
abilities (Overman et al., 1996). In any case, such a resilient
period early in life may explain how some anxiety can disap-
pear as children develop.

Regardless, the prevalence of anxiety disorders remains
very high, emphasizing the importance of understanding
forgetting and erasure in order to try and facilitate those
processes. Recent animal studies strongly suggest that adverse
early life stress can have such an effect on some individuals
and may explain how anxiety disorders become chronic (see
Callaghan and Richardson, 2013). For example, repeated
maternal separation in infant rats (P2-P14) can lead to
relapse-prone extinction as well as impaired infantile amnesia
of fearful memories later in life (Callaghan and Richardson,
2011; 2012a,b). These observations have significant implica-
tions, especially considering the evidence that show stress
early in life can cause epigenetic mechanisms that persist
through adulthood and across generations (Gross and Hen,
2004; Franklin et al., 2010; Zhang et al., 2013). Importantly,
future studies should address whether pharmacological inter-
ventions to treat anxiety early in life also cause positive or
negative epigenetic changes.

Finally, it may also be the case that extinction (whether
natural or in a clinic) of fearful associations does not actually
occur in children. In fact, there are limited specialized thera-
peutics targeting children or adolescents with anxiety disor-
ders, with cognitive-behavioural therapy and SSRIs being the
two current treatments implemented for treating anxious
children (Rapee et al., 2005; Bridge et al., 2007; Pine et al.,
2009). It is also observed that fewer than one in five anxious
children or adolescents are expected to receive treatment for
their disorders (Merikangas et al., 2010). Cognitive therapies
such as the FRIENDS programme are proving to be effective in
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early detection and treatment of childhood anxiety (Barrett
et al., 2006), nevertheless, it is bleak that even developed
countries such as the United Kingdom, United States and
Australia have fewer than one counsellor per 1500 school
children, with some countries such as South Korea reporting
one counsellor per 138 183 school children (Jimerson et al.,
2009), indicating that many schools do not have access to
even one mental health specialist. Evolution may have given
us a robust brain against anxiety early in life, but without
changes in the present environment, anxiety disorders will
remain a huge health issue.
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