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As altricial infants gradually transition to adults, their proximate environment changes. In three short weeks, pups transi-

tion from a small world with the caregiver and siblings to a complex milieu rich in dangers as their environment expands.

Such contrasting environments require different learning abilities and lead to distinct responses throughout development.

Here, we will review some of the learned fear conditioned responses to threats in rats during their ontogeny, including

behavioral and physiological measures that permit the assessment of learning and its supporting neurobiology from

infancy through adulthood. In adulthood, odor–shock conditioning produces robust fear learning to the odor that

depends upon the amygdala and related circuitry. Paradoxically, this conditioning in young pups fails to support fear learn-

ing and supports approach learning to the odor previously paired with shock. This approach learning is mediated by the

infant attachment network that does not include the amygdala. During the age range when pups transition from the infant

to the adult circuit (10–15 d old), pups have access to both networks: odor–shock conditioning in maternal presence uses

the attachment circuit but the adult amygdala-dependent circuit when alone. However, throughout development (as young

as 5 d old) the attachment associated learning can be overridden and amygdala-dependent fear learning supported, if the

mother expresses fear in the presence of the pup. This social modulation of the fear permits the expression of defense re-

actions in life threatening situations informed by the caregiver but prevents the learning of the caregiver itself as a threat.

What an animal needs to learn to survive changes based on the
phase of development. In altricial species for example, the prima-
ry focus of the newborn is to learn about the caregiver in a manner
that produces approach and prosocial behaviors, while adults
need to learn about food and danger that involve both approach
and avoidance behaviors. This specialized infant learning system
ensures attachment to the caregiver, including ensuring that the
pair maintains contact and the infant receives the nutrition and
nurturing required for normal neurobehavioral development.
Learning of this attachment begins in utero (Pedersen and Blass
1982; Schaal et al. 1998; Mennella et al. 2001) but continues after
birth and is supported by unique features of the neurobehavioral
conditioning system (Coureaud et al. 2006; Pattwell et al. 2013;
Callaghan et al. 2014; Perry and Sullivan 2014; Rincón-Cortés
and Sullivan 2014). Over the course of development, this condi-
tioning system gradually loses its unique infant characteristics
and transitions into the adult system. Here we review the develop-
ment of the attachment system and how it transitions to the
threat conditioning system as the infant transitions to indepen-
dence just a few weeks after birth.

Threat conditioning involves pairing an initially neutral con-
ditional stimulus (CS), such as an odor or tone, with a fear-
inducing stimulus, called the unconditioned stimulus (US), such
as a mild electric shock. After a few CS–US pairings, the animal
develops a conditioned threat or fear response to the CS cue
(Pavlov 1927; Davis 1989; Fanselow 1994; LeDoux 2000). This
Pavlovian learning is widely distributed in the animal kingdom,
ranging from worms (Rankin 2004), fish (Overnier and Curnow
1969; Drew et al. 2005), birds (Longo et al. 1962), rodents (Davis
1989), nonhuman primates (Kalin et al. 2004), and humans
(Delgado et al. 2006). While fear conditioning has been abundant-
ly used in the rodent literature to investigate the neurobiology of

learning and memory in adults, it also provides a useful template
to highlight developmental differences in learning. Since the au-
ditory and visual sensory system show delayed maturation in in-
fant rodents, early life learning studies must rely on the
olfactory system that is functional at birth (Alberts 1984).

It is not surprising that infant threat (odor–shock) condi-
tioning and expression differs from adults since many of the brain
areas considered critical in adult threat conditioning have delayed
functional development during infancy (Crain et al. 1973;
Rosselli-Austin and Altman 1979; Bayer 1980; McLean and Ship-
ley 1991; Berdel et al. 1997; Sullivan et al. 2000a; Moriceau et al.
2006; Thompson et al. 2008; Raineki et al. 2010a). Indeed, devel-
opmental research has documented that as the brain matures and
additional brain areas are incorporated into the learning circuit,
the features of adult learning emerge (Stanton 2000; Sullivan
et al. 2000a; Kim and Richardson 2010). But in this review, we
go beyond this by describing how some of these brain areas
show unique neurobehavioral functioning during development
to permit age-specific learning and the learning of age relevant be-
haviors, rather than immature versions of adult learned responses.

Ontogenetic development of defense responses

to natural threats: major transitions in expression

at PN10 with amygdala emergence
Predator pressure varies throughout the animal’s life and the abil-
ity to respond appropriately to each stage-specific threat is impor-
tant for survival. Therefore, as the threat changes throughout the
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animal’s life, related defense responses also change (Pongrácz
and Altbäcker 2000; Wiedenmayer 2009; Putman et al. 2015).
Responses to threat in infancy are thus elicited by distinct stimuli
and mediated by distinct neural circuits than in adults. While the
main topic of this review is not defense responses per se, we briefly
review these responses as they are used to study memory mecha-
nisms through ontogeny.

In older pups and adults, threat conditioning produces a cue
that has acquired threatening properties that are quite similar to
responses to naturally threatening stimuli, especially in early life
as the supporting neural networks and motor responses emerge.
When an organism is confronted with a threat, it produces innate-
ly determined defensive behaviors, which are species-specific
(Bolles 1970). In rats, the behavioral repertoire of defense reac-
tions in response to an environmental threat is complex and var-
ies with the animal’s age and context of the threat. In adult rats,
freezing is one of the most used behavioral measures of fear. It is
a well-investigated species-specific defense reaction marked by
an absence of all movement except for respiration (Blanchard
and Blanchard 1969a; Bolles and Collier 1976). It is a complex
behavior composed of many different behaviors, such as crouch-
ing, ears back, and piloerection, and has quickly become “the
golden standard for assessing fear” (Maren 2008), especially since
it allows computer-based scoring and automation of the measure
(Anagnostaras et al. 2000). In pups, the onset of freezing behavior
has been of interest as a way of understanding the ontogeny of de-
fensive responding. By postnatal day (PN) 23 (weaning age), many
of the components of the complex freezing response are present,
although how they are combined and the duration of the sub-
components still differ from adults (Bolles and Woods 1964).
Importantly pups do have a freezing response by PN10 as assessed
by presentation of learned or naturally threatening odors, al-
though the response is not as complex as adults and appears to
be primarily defined as immobility with some muscle tension
(Takahashi 1994a,b; Moriceau et al. 2004).

As we consider the development of threat behaviors, it
should also be noted that the complex behavioral response to
threat in adults depends on the level of fear and environmental
options for behaviors. Specifically, hiding, freezing, or attacking
is determined by whether or not an escape or hiding place is
known, but also the proximity of the threat as well as its level
and what the animal has learned about that threat. This is dis-
cussed in the literature as Predatory Imminence Continuum and
suggests that the defensive responses will change as the level
of threat changes (Blanchard and Blanchard 1969b, 1989; Bolles
and Fanselow 1980). The main assumption of the Predatory
Imminence Continuum is that as threat levels change, defensive
response strategies change. For example, if a predator or threat is
present and the animal is in a confined area without an escape
route, adult rats will freeze, while they will escape if given the op-
portunity or attack if the predator is engaged. This has not been
directly assessed in pups, although it appears that young pups
and young children typically approach their caregiver when
threatened (Rajecki et al. 1978), the option of attack does not
emerge until after weaning age (Collier and Bolles 1980) and freez-
ing to the predator odor has not yet developmentally emerged un-
til PN10 (Takahashi 1992; Wiedenmayer and Barr 1998; Moriceau
et al. 2004).

In the infant rodent research, because freezing does not
emerge until PN10, assessment of threat responding has also
relied on approach/avoidance tests to assess the functional emer-
gence of responses to threatening cues, such as a Y-maze or a
two-odor choice (Cornwell-Jones and Sobrian 1977; Haroutunian
and Campbell 1979; Johanson and Teicher 1980; Kleitman and
Satinoff 1982; Sullivan et al. 2000a). For example, newly born
pups can approach a maternal odor and will avoid an odor pre-

viously paired with malaise induced by high shock or LiCl
(Cornwell-Jones and Sobrian 1977; Rudy and Cheatle 1977; Har-
outunian and Campbell 1979; Johanson and Teicher 1980;
Kucharski and Spear 1984; Sullivan et al. 1986; Shionoya et al.
2006; Raineki et al. 2009).

Disruption of ongoing behaviors can also be used to measure
defense responses, such as exploration, eating, drinking, or
grooming. In adults, these behaviors have been shown to be
inhibited in the presence of a threatening stimulus (Blanchard
and Blanchard 1989; Blanchard et al. 1990). This inhibition of on-
going behavior in response to threat is also seen in pups as they
transition to independence around weaning (Bronstein and
Hirsch 1976), and includes reduced play (Siviy et al. 2006).

Ultrasonic vocalizations (USV) have also been used to assess
the developmental emergence of threat responses. In adults, these
vocalizations are emitted around 22 kHz in aversive contexts
such as predator encounter (Blanchard et al. 1991; Brudzynski
and Ociepa 1992), an agonistic situation (Lore et al. 1976; Van
Der Poel and Miczek 1991), or in response to noxious stimuli
(Kaltwasser 1990; Van Der Poel and Miczek 1991; Wöhr et al.
2005; Hegoburu et al. 2011). Newborn infant rats emit USVs
around 40 kHz in physiologically challenging situations, such as
cold distress or noxious stimulus such as shock (Allin and Banks
1971; Blumberg and Alberts 1990; Barr et al. 2015; Boulanger
Bertolus et al. 2015). This USV response also occurs to removal
of the mother within a temperature controlled environment
and is presumably used as a distress call based on the removal of
social stimuli and not the presentation of direct threat (Noirot
1968; Hofer and Shair 1978; Gandal et al. 2010; Bader et al.
2011; Shair 2014). Indeed, it is possible that removal of the care-
giver might be a threat signal unique to early life, although this
needs further exploration. Both adult and infant USVs are de-
creased by anxiolytic drugs and increased by anxiogenic drugs
(Gardner 1985; Insel et al. 1986; Cuomo et al. 1988; Branchi
et al. 2001; Jelen et al. 2003), suggesting that they reflect an aver-
sive emotional state of the animal, although the pharmacology
supporting infant and adult USV appears to diverge (Simola
2015). Moreover, at least in older pups with a functional amygdala
(.PN10), the presence of an imminent threat, such as predator
odor presentation, inhibits USV emission (Takahashi 1992; Shair
et al. 1998; Hofer et al. 2001; Wiedenmayer and Barr 2001;
Moriceau et al. 2004; Wiedenmayer et al. 2005). Therefore, USV
are increased at all ages as the level of anxiety increases (e.g., sus-
tained fear) and inhibited by phasic fear, reflecting a differential
USV modulation by anxiety and fear (Jelen et al. 2003).

When animals, including rodents, are confronted with a
threat, physiological changes also occur to prepare the organism
to cope with and respond to danger. In both adults and infants
older than PN10 these modifications of physiological parameters
include analgesia (Wiedenmayer and Barr 1998), modification of
heart rate, and respiratory rate that either increase or decrease de-
pending on the age of the animal and the threat (Graham and
Clifton 1966; Frysztak and Neafsey 1991; Stunden et al. 2001;
Fewell et al. 2007), and increase of stress hormone levels
(Wiedenmayer et al. 2003; Moriceau et al. 2004).

Ontogenetic development of learned defense responses:

emergence of learned fear at PN10
Adults learn about threat through pairings of a neutral stimulus
(such as odor or tone) with a noxious stimulus (US, such as shock),
which produces a learned threat signal, the CS. Specifically,
after conditioning, the CS elicits the same kind of behavioral
and physiological responses than those observed for the aversive
US, or preparatory responses for the predicted occurrence of the
threat (i.e., US shock). This threat learning is widely distributed
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in the animal kingdom, but how defensive behavior is measured
differs between species (Kalin et al. 2004; Rankin 2004;
Tottenham et al. 2011).

This fear learning is dependent upon the amygdala in adults
(Fanselow and LeDoux 1999; Phelps 2006; Johansen et al. 2011;
Hegoburu et al. 2014) and does not emerge in pups until PN10
(Haroutunian and Campbell 1979; Camp and Rudy 1988;
Sullivan et al. 2000a), with functional development of the amyg-
dala (Sullivan et al. 2000a; Raineki et al. 2009). However, the PN10
emergence of threat learning is confined to the olfactory and
somatosensory systems and further delayed until PN15-16 when
the CS is auditory, and PN17-18 when the CS is visual due to de-
layed maturation of these sensory systems (Moye and Rudy
1985; Hunt and Campbell 1997). Nevertheless, odor avoidance
has been shown in fetal and perinatal rats: these pups learn to
avoid an odor provided the learning involves malaise learning
induced by either LiCl or high (1.0 mA) shock sufficient to induce
internal malaise (Haroutunian and Campbell 1979; Smotherman
1982; Kucharski and Spear 1984; Raineki et al. 2009). Thus, odor
avoidance learning due to gastric malaise has been demonstrated
by using an avoidance task (or disruption of normal behavior) as
early as fetal pups (Haroutunian and Campbell 1979; Smother-
man 1982; Kucharski and Spear 1984; Raineki et al. 2009) while
odor aversion due to fear learning is shown using either avoidance
task or freezing in pups older than 9 d old (Sullivan et al. 2000a;
Raineki et al. 2009). The divergence in age of expression of malaise
and fear learning is due to dependence on different neural net-
works for learning: the olfactory bulb and piriform cortex are
used for malaise learning until pups approach weaning age, while
fear learning from PN10 depends upon the later developing amyg-
dala (Shionoya et al. 2006; Raineki et al. 2009). Thus, dependence
on the amygdala for two types of learning show divergent ages of
functional inclusion of the amygdala in learning.

Similarly to what is observed in response to a predator odor or
a shock, suppression of ongoing behavior and USV occurs in re-
sponse to the learned CS in adults (Jelen et al. 2003; Wöhr et al.
2005; Maren 2008; Shionoya et al. 2013) and allows refined assess-
ment of fear learning in pups at young ages (Pisano et al. 2012;
Revillo et al. 2014). In very young pups, with limited motoric abil-
ity, learned threat responses have been measured using increased
behavioral activity (Sullivan and Wilson 1993; Hunt 1997;
Moriceau and Sullivan 2004a; Boulanger Bertolus et al. 2014).
However, this behavioral activation reflects the infant’s learning
of the odor salience rather than its aversive value. Indeed, increas-
es in behavioral activation in response to a learned odor during
training are similarly observed whether the animal learns a prefer-
ence or an aversion to that odor (Moriceau and Sullivan 2004a).
Thus, an additional test that permits approach and avoidance be-
haviors is required to determine hedonic value.

Fear-potentiated startle is also a common measure of learned
fear. It uses the subject’s reflexive startle to a loud, unexpected
sudden noise: when the subject is exposed to a threatening stim-
ulus, the amplitude of the startle increases (Brown et al. 1951;
Davis 1979). In pups, the development of fear-potentiated
startle has been shown to be delayed compared with the develop-
ment of acoustic startle (around PN11) (Anderson and Patrick
1934): it emerges at PN23 for visual (Hunt 1999), auditory (Hunt
et al. 1994), and olfactory stimuli (Richardson et al. 2000). Thus,
fear-potentiated startle can be used in pups beginning around
weaning age.

Complementary to behavioral measures, physiological mea-
sures have also been widely used to assess learned responses to
threat. They have the advantage to be less limited by the motor
maturation of the pup and allow fine measure of the temporal re-
sponse to the threatening CS, although they do not inform about
its hedonic value and require the addition of a behavioral test.

Specifically, a change in heart rate in response to a CS can be re-
corded as a measure of learning (Hunt et al. 1997; Fletcher and
Wilson 2002), although based on our understanding of pups’ par-
adoxical responses to threat (i.e., odor preference learning) chang-
es in heart rate cannot distinguish between learned threat and
preferences in young pups (,PN10, Fletcher and Wilson 2002).
There are also developmental changes in the modulation (in-
crease or decrease) of the heart rate. For example, Hunt et al.
(1997) have shown that the presentation of an odor previously
paired with a shock triggers an increase in heart rate in 16-d-old
rats, while adult rats show a decrease in heart rate to the odor.
The developmental switch to adult-like responding appears to oc-
cur around weaning: 23-d-old rats showed a dichotomous pattern
of responding, while some pups showed infant-like conditioned
responses and some showed adult-like responses (Hunt et al.
1997).

In adults, the respiratory frequency has also been shown to
be affected by the rat’s emotional arousal (Homma and Masaoka
2008) and aversive conditioning leads to increased respiratory fre-
quency during the presentation of the conditioned stimulus in
rats (Frysztak and Neafsey 1991; Shionoya et al. 2013). Interesting-
ly, high temporal resolution analysis of the respiratory rate during
the fearful conditioned stimulus presentation revealed the emer-
gence of a temporal pattern linked to the duration of the interval
between the onset of the CS and the arrival of the US, suggesting
that the animals readily learn the temporal relationships between
the two events (Shionoya et al. 2013). Importantly in pups, the re-
spiratory response is also modulated by the duration of CS–US in-
terval, allowing to assert that pups as young as PN12 are able to
encode time (Boulanger Bertolus et al. 2014).

In conclusion, the repertoire of behavioral and physiological
defense responses, either natural or learned, varies throughout de-
velopment in relation to the maturation of the animal’s sensory
and motor abilities, but also on the maturity of the supporting
brain structures (Anderson and Patrick 1934; Bolles and Woods
1964; Altman and Sudarshan 1975; Alberts 1984; Hunt and
Campbell 1997; Stanton 2000; Pattwell et al. 2013; Perry and
Sullivan 2014; Rincón-Cortés and Sullivan 2014). Overall, the
measures used to assess threat responses must be adapted to the
age of interest. In addition the use of complementary behavioral
and physiological variables might be of great help for analyzing
the ontogeny of fear.

Neurobiology of threat learning during very

early development: Threats fail to engage the

amygdala-dependent learning system and instead

engage the attachment system
In the earliest days of life the amygdala is quite immature: neuro-
genesis is continuing (Bayer 1980), major nuclei subdivision are
first discernible around PN7 and stabilizing around PN14 (Bayer
1980; Berdel et al. 1997), synaptic development begins to appear
around PN5 and optimized between PN10-20 (Mizukawa et al.
1989; Ryan et al. 2014), and the amygdala undergoes remodeling
through adolescence (Koss et al. 2014). This delayed amygdala de-
velopment might account for the fact that pups younger than
PN10 do not learn to fear an odor through odor–shock pairings
when moderate shock levels are used (0.5 mA) and malaise is
not produced (Haroutunian and Campbell 1979; Sullivan et al.
1986, 2000a; Camp and Rudy 1988; Roth and Sullivan 2001,
2003, 2005; Moriceau and Sullivan 2004a; Moriceau et al. 2006;
Roth et al. 2006; Raineki et al. 2009, 2010b; Upton and Sullivan
2010). Indeed, this conditioning evokes approach responses in a
Y-maze and behavioral activation when tested in a small contain-
er. In other words, threat learning is not observed before PN10,
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which converges with the emergence of threat responses to natu-
ral threats discussed above (Moriceau et al. 2004). Specifically, the
odor–shock conditioning procedure produces odor preference
with behavioral expression similar to learning induced by pairing
the odor with milk, suckling, tactile stimulation (to mimic moth-
er grooming), or maternal care in the nest (Brake 1981; Alberts and
May 1984; Sullivan and Leon 1986; Weldon et al. 1991; Raineki
et al. 2010b; Roth et al. 2013). Learning to prefer an odor paired
with an aversive stimulus occurs in spite of a functional pain sys-
tem as assessed for instance, through shock induced vocalizations
and escape-like behaviors (Small 1899; Anderson and Patrick
1934; Stehouwer and Campbell 1978; Fitzgerald and Gibson
1984; Emerich et al. 1985; Sullivan et al. 2000a; Sevelinges et al.
2011). Importantly, upon further behavioral testing, it became
obvious that these myriad conditioning procedures (even those
with aversive stimuli) do more than produce an odor preference,
they support learning of a new maternal odor, and this odor takes
on the properties to support pups’ interaction with the mother
and are sufficient for enabling nipple attachment (Raineki et al.
2010b; Rincón-Cortés et al. 2015), as would odor pairings with
stroking (Pedersen et al. 1982; Raineki et al. 2010b).

We refer to this as the sensitive period for attachment learn-
ing and have suggested that this paradoxical preference learning
from odor-pain pairings may be designed to ensure the infant al-
ways learns to approach the mother (Sullivan et al. 2000a), regard-
less of the quality of the care. The nest is not a pain free setting for
pups: the mother steps on her pups during normal interactions,
particularly when entering and leaving the nest (Roth and
Sullivan 2005), and this infant learning system can ensure pups
will learn an approach response to the mother regardless of its as-
sociation with pain. Additionally, environmental stress and lack
of resources can be associated with poor maternal care and more
frequent mother–infant interactions associated with pain (Gilles
et al. 1996; Roth and Sullivan 2005; Raineki et al. 2010b; Blaze
et al. 2015). Thus, this system can also ensure that the infant learns
approach responses to the mother regardless of the quality of care
received (Roth and Sullivan 2005; Raineki et al. 2010b). As has
been discussed earlier as we consider the development of threat
conditioning, this neonatal learning system wanes as pups mature
and begin to venture outside the nest (Bolles and Woods 1964;
pups begin to walk between PN9 and PN11) and is replaced by
learning more characteristic of adults, i.e., the odor–moderate
shock pairings readily produces an odor aversion (Camp and
Rudy 1988; Sullivan and Wilson 1995; Sullivan et al. 2000a).

There seems to be considerable phylogenetic conservation of
this paradoxical pain associated attachment learning system
because it has been identified in other species. For example, dur-
ing imprinting in newly hatched chicks, shock associated with
the caregiver (or surrogate) still produces the classic imprinting
following behavior, although this learning only occurs during
the critical period for imprinting (Pitz and Ross 1961; James and
Binks 1963; Kovach and Hess 1963). A similar phenomenon has
been shown in nonhuman primates (Seay et al. 1964; Suomi
1978; McCormack et al. 2006; Sanchez 2006) and dogs (Fisher
1955, cited in Rajecki et al. 1978). Finally, attachment to abusive
caregivers also occurs in children suggesting that this phenome-
non may exist in humans (Morton and Browne 1998; Helfer
et al. 1999; Perry 2007).

This odor–shock olfactory classical conditioning, similar to
odor paired with other rewards, such as milk and tactile stimula-
tion, causes changes in the olfactory bulb as assessed by c-Fos,
2-DG, and pCreb (Sullivan and Leon 1986; Wilson et al. 1987;
Woo et al. 1987; Wilson and Leon 1988; Sullivan et al. 1990;
Wilson and Sullivan 1990; Sullivan and Wilson 1991; Johnson
et al. 1995; McLean et al. 1999; Yuan et al. 2002; Raineki et al.
2010b). During learning, the infant olfactory bulb principle out-

put neurons (mitral and tufted cells) fail to habituate to the
odor reward pairings, and continue to show robust responses
(Wilson and Sullivan 1992). Controls, such as odor only or ran-
dom odor–shock groups, fail to learn and habituate after a few
presentations. The mitral cell response to odors is maintained
by the reward induced norepinephrine (NE) release from the locus
coeruleus (LC) onto mitral cells (Sullivan et al. 1992; Wilson and
Sullivan 1992; Smith et al. 2009). Manipulation of NE within the
bulb using receptor agonists and antagonists or manipulation of
the NE source the LC (Shipley et al. 1985; McLean and Shipley
1991) show that NE is causal in supporting both learning induced
olfactory bulb changes and the behavior (Sullivan et al. 1989,
1991, 1992, 1994, 2000b; Langdon et al. 1997; Yuan et al. 2003;
Moriceau and Sullivan 2004a; Landers and Sullivan 2012;
Shakhawat et al. 2012).

High levels of infant NE required to support this learning are
available due to unique LC functioning during the neonatal sen-
sitive period, when the LC has a robust and prolonged (20–30 sec)
response to infant reward presentation (Nakamura et al. 1987). On
the contrary, adult LC responses are measured in milliseconds
(Nakamura et al. 1987). The age dependent difference in LC func-
tioning appears to be due to developmental changes in LC auto-
receptors with nonfunctional LC inhibitory a2 autoreceptors but
robustly functioning a1 excitatory LC autoreceptors during the
neonatal sensitive period (Nakamura et al. 1987; Nakamura and
Sakaguchi 1990; Sullivan et al. 2000b; Moriceau and Sullivan
2004b). Just as the sensitive period ends, the role of NE becomes
more adult-like and rather plays a modulatory role of enhancing
or attenuating learning (Selden et al. 1990; Harris and Fitzgerald
1991; Moffat et al. 1993; Sara et al. 1995; Quirarte et al. 1997;
Liang 1998; Roozendaal et al. 1999).

Beside the crucial role of the olfactory bulb and NE in the in-
fant learning, several studies have also highlighted the implica-
tion of the anterior piriform cortex. The olfactory bulb sends
dense projections to the anterior piriform cortex and to a lesser ex-
tent to posterior piriform cortex. In addition to the neural chang-
es in the olfactory bulb described above, changes in the anterior
piriform cortex are also necessary, and sufficient, for the expres-
sion of early odor preference learning (Morrison et al. 2013).
Roth and Sullivan (2005) have shown increased c-Fos activation
in both the olfactory bulb and the anterior piriform cortex, fol-
lowing odor preference training in rat pups. Similarly, Raineki
et al (2009) showed that odor–mild shock induced preference
was accompanied by selective 2-DG uptake in both the olfactory
bulb and anterior piriform cortex.

Therefore, the learned preference to the odor displayed by
pups in the sensitive period relies upon a specific network involv-
ing the olfactory bulb, and the anterior piriform cortex, with a
unique role of NE and locus coeruleus functioning (Fig. 1, green
circuit).

Emergence of amygdala-dependent fear learning
Fear learning emerges in rat pups around PN10 and is caused by
the recruitment of the amygdala during the odor–shock condi-
tioning (Sullivan et al. 2000a; Moriceau and Sullivan 2006;
Moriceau et al. 2006; Raineki et al. 2009). Moreover, suppression
of the amygdala using muscimol infusions blocks this threat
learning (Moriceau and Sullivan 2006), which is consistent with
the role of the adult amygdala in threat conditioning (for reviews,
see Davis 1992; Fanselow and LeDoux 1999; Cahill et al. 2001;
Maren 2001). In addition to amygdala, the posterior piriform cor-
tex also appears to engage in threat learning by the end of the sen-
sitive period (Moriceau et al. 2006; Roth et al. 2006; Raineki et al.
2009), which is also consistent with the adult literature (see
below).
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As the rat transitions to adulthood, an increasing number
of structures have been shown to take part in olfactory threat
learning. The involvement of the amygdala and posterior piriform
cortex in learning the association between the odor and the shock
has been confirmed at adulthood (Otto et al. 2000; Kilpatrick and
Cahill 2003; Hegoburu et al. 2009, 2014; Sacco and Sacchetti
2010; Li 2014): learning of the odor–shock association modifies
the response of the amygdala to natural and artificial odors
(Funk and Amir 2000; Rosenkranz and Grace 2002; Sevelinges
et al. 2004) and decreases its intrinsic excitability (Motanis et al.
2012), while suppressing amygdala functioning impairs olfactory
threat learning (Cousens and Otto 1998; Wallace and Rosen 2001;
Kilpatrick and Cahill 2003; Walker et al. 2005; Hegoburu et al.
2014). Moreover, learning-induced changes have been described
in posterior piriform cortex (Hegoburu et al. 2009; Sevelinges
et al. 2004) and lesion or inactivation of this structure was shown
to affect long-term memories (Sacco and Sacchetti 2010; Hego-
buru et al. 2014). The anterior piriform cortex also seems to be in-
volved in the learning (Barnes et al. 2011; Wilson and Sullivan
2011), as the post-training disruption of its functioning leads to
generalization of the learning. Indeed using a discriminative
odor fear conditioning paradigm, the authors showed that when
tested 24 h later, control rats presented a selective freezing re-
sponse to the odor associated with a shock during training, while
rats infused with baclofen in the anterior piriform cortex showed
freezing to both reinforced and nonreinforced odors (Barnes and
Wilson 2014).

In adults, beside the amygdalaand piriformcortex, numerous
other structures have been shown to exhibit changes following
olfactory fear conditioning, from the earliest stages of olfactory
processing (i.e., the olfactory receptors) (Jones et al. 2008; Kass
et al. 2013), to associative cortices such as the entorhinal and peri-
rhinal cortices (Herzog and Otto 1997; Funk and Amir 2000; Otto
et al. 2000; Jones et al. 2007), but also structures such as the basal
ganglia (Boulanger Bertolus et al. 2014) and medial prefrontal cor-
tex (Funk and Amir 2000; Kim and Richardson 2010; Sotres-Bayon
and Quirk 2010). The hippocampus and the prefrontal cortex
(PFC) have also been involved in olfactory fear conditioning, al-
though not in the learning of the odor–shock association per se.
For example, the hippocampus has been shown to be involved
both in the learning of an unimodal olfactory context in which
odors are used to differentiate otherwise identical conditioning
contexts (Otto and Poon 2006) and in learning the multimodal
context in an olfactory fear conditioning paradigm (Raineki
et al. 2010a).

In infancy, these structures slowly mature. Little is known
about the functional maturation of the entorhinal and perirhinal
cortices and of the basal ganglia, especially concerning their par-
ticipation in odor fear conditioning at early ages. In contrast, the
functional maturation of the hippocampus has been more inves-
tigated. For example the late developing hippocampus, with effer-
ent connectivity to other brain areas occurring in the second week
of life (Crain et al. 1973), does not support contextual learning un-
til after weaning (PN21-23; Rudy et al. 1987; Rudy 1993, 1994;
Rudy and Morledge 1994; Ivkovich et al. 2000), which has been
causally linked to the emergence of the hippocampus (Raineki
et al. 2010a). However, other forms of hippocampal-dependent
learning occur at an earlier age (for review, see Stanton 2000).
Furthermore, it is possible for this infant hippocampal-dependent
learning to occur and not be expressed until a later time in life
(Pattwell et al. 2011; Poulos et al. 2014).

To summarize, in infancy, olfactory threat learning depends
upon the amygdala and the posterior piriform cortex (Fig. 1, pur-
ple circuit). At adulthood, other structures get involved in the
conditioning, likely supporting the learning but also its modula-
tion and contextualization (Fig. 1, red circuit).

Corticosterone is critical in the developmental onset of

amygdala-dependent threat learning and social modulation

of its levels switches fear learning on and off
The transition from infant to adult-like neural network of ol-
factory threat conditioning initially seemed quite abrupt in its
emergence at PN10 (Sullivan et al. 2000a). While we originally
thought the amygdala’s lack of participation in younger pups’
odor–shock conditioning/preference learning was due to the
amygdala’s immaturity, this was not the case. More careful analy-
sis showed that the level of corticosterone (CORT) is critical in the
emergence of pups conditioning, not the maturity of the amygda-
la. Indeed, at PN10, the endogenous level of CORT is sufficient to
permit amygdala plasticity thus enabling pups’ amygdala to par-
ticipate in fear conditioning. Blood levels of pups’ CORT correlate
with whether or not pups learn threat, but more importantly, ma-
nipulation of CORT can switch fear leaning on or off (Moriceau
et al. 2006; Moriceau and Sullivan 2006; Shionoya et al. 2007).
Specifically, causation for the role of CORT in pup threat con-
ditioning was demonstrated by manipulation of CORT through
systemic injections or by intra-amygdala infusions during fear
conditioning: increasing CORT supported learning and amygdala
participation, while blocking CORT via system or intra-amygdala
infusion blocked fear learning (Moriceau et al. 2006). The ability
of CORT to control learning ends at PN15 (Upton and Sullivan
2010).

The ability of low CORT to block threat learning is unique to
infancy, although CORT does play a modulatory role in adult fear
and avoidance conditioning by increasing or decreasing learning
strength (Pugh et al. 1997; Ferry et al. 1999; Hui et al. 2004;
McGaugh 2004).

In pups, the mother controls pups’ CORT levels (Stanton
and Levine 1990; Suchecki et al. 1993), and through this mecha-
nism the mother can block pups’ amygdala-dependent fear learn-
ing (Wiedenmayer et al. 2003; Moriceau and Sullivan 2006).
Specifically, in pups, maternal presence or just sensory stimula-
tion from the mother (i.e., her odor, touch) maintains pups’ low
CORT levels and blocks CORT increase in response to shock (Levin
et al. 1976; Stanton et al. 1987; Moriceau and Sullivan 2006; Shio-
noya et al. 2007; Gunnar et al. 2015). Indeed, when the pups are
separated from the mother and lose this regulation, pups’ CORT
begins to rise in about an hour. This process of the mother block-
ing stress induced CORT release is called social buffering and

OB

late infancy and adult 
neuronal network

early infancy 
neuronal network

LC

aPC

pPC

PRH

Amy HPC

PFC

Str
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CORT levels

Figure 1. Neuronal networks underlying olfactory threat learning in the
early infancy (,PN10, green), later in infancy (.PN10, purple), and at
adulthood (red is added to purple). The transition from early infancy cir-
cuits to late infancy is mediated by the corticosterone (CORT) levels. (LC)
locus coeruleus, (OB) olfactory bulb, (aPC) anterior piriform, (pPC) poste-
rior piriform, (Amy) amygdala, (PRH) perirhinal cortex, (Str) striatum,
(PFC) prefrontal cortex, (EC) entorhinal cortex, (HPC) hippocampus.
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occurs in many species (Hennessy et al.
2009; Gee et al. 2014; Hostinar et al.
2014).

CORT control by the mother has
a direct impact on infant conditioning
by switching whether infants will learn
avoidance or attachment. One potential
mechanism for maternal modulation of
pup CORT levels and odor learning is
through its influence on the neural and
noradrenergic activity of the paraventric-
ular nucleus of the hypothalamus (PVN),
a brain area important for context-
specific responses to diverse stressors
and the site of CORT and NE interaction.
Maternal presence attenuates both PVN
neural activity and PVN NE levels dur-
ing odor–shock conditioning (Shionoya
et al. 2007). Furthermore, intra-PVN NE
microinfusions initiates fear learning
even in the presence of the mother, while blocking the NE recep-
tors overrides the maternal blockade of fear learning. Together
these data suggest that maternal control over pup learning acts
through attenuation of PVN NE to reduce the CORT required for
pup odor aversion learning. This dual learning of either approach
or avoidance controlled by the mother highlights pups’ contin-
ued maternal dependence for nursing, that requires approach,
while enabling aversion learning outside the nest to prepare for
pups’ future independent living.

While the buffering of infant responses by the mother is the
most robust and thoroughly investigated form of social buffering,
social buffering of fear is also observed at older ages and in adult
animals. As the animal matures, peers also become potent sources
of social buffering (Hennessy et al. 2009). For instance, Terranova
et al. (1999) reported that in periadolescent rats (PN35), the pres-
ence of a conspecific exerts a significant buffering effect on the
novelty-induced increase in CORT levels. In adult rats, Kiyokawa
et al. (2014) showed that the presence of a conspecific suppresses
the learned fear response and HPA axis response to a level similar
to those observed in the nonconditioned subjects. Interestingly,
as observed for the mother-pup dyad, olfactory signals mediate
the social buffering of conditioned fear responses (Takahashi
et al. 2013; Kiyokawa 2015).

This social buffering at all ages of development also occurs in
nonhuman primates and humans (Hennessy et al. 2009; Gunnar
et al. 2015). In infancy, the parent can buffer the stress response of
the infant (Smotherman et al. 1979; Gunnar and Donzella 2002).
At adulthood, social groups reduce the HPA axis response to stress
depending on the nature of the social bond (Stanton et al. 1985;
Phillips et al. 2009).

Social transmission of fear: mother to infant
In contrast to its role in social buffering, maternal presence can
also induce social transmission of fear learning to its progeny. In
social fear learning, an organism learns fear through exposure to
a conspecific expressing fear to a discrete conditioned stimulus.
Debiec and Sullivan (2014) showed that maternal fear responses
to a conditioned fear odor are sufficient to induce robust fear
learning throughout infancy as early as PN6, with long-term re-
tention. The transmission of fear from the mother to the pups is
mediated by an alarm odor emitted by the frightened mother.
Assessment of the involved mechanisms showed that maternal
fear expression increases pups’ stress hormone corticosterone
and amygdala activation to induce this cue-specific fear learning
(see Fig. 2). Suppressing pups’ amygdala or preventing pups

from mounting a stress response blocked this fear learning.
Specific fears may thus be transferred across generations through
maternal emotional communication and infant’s associative
learning mechanisms.

Social transmission of fear was also reported in adult rats. For
instance, rats exposed to a novel tone in the presence of a cage-
mate previously fear conditioned to that same tone, selectively
showed increased freezing to the stimulus the next day (Bruchey
et al. 2010). This suggests that, during memory retrieval, fear of
a stimulus can be socially transmitted to a cage-mate. Similarly,
Knapska and colleagues carried out an experiment in which rats
were housed in pairs, and one of the two was fear conditioned
to a context. After interacting with the conditioned cage-mate
in the homecage, the remaining rat shows enhanced fear learning
compared with controls when later conditioned (Knapska et al.
2010) and increased c-Fos labeling in the amygdala (Knapska
et al. 2006). In rats, it has been shown that such social transmis-
sion of fear is mediated by alarm pheromones released from peria-
nal region of the pheromone-donor rats (Kiyokawa et al. 2004)
and detected by the vomeronasal organ and the Grueneberg gan-
glion of the receiver rat (Brechbühl et al. 2008; Kiyokawa et al.
2013; Kiyokawa 2015).

In humans, social transmission of fear has been also shown
from the mother to her child: the infant regulates its behavior ac-
cording to the caregiver’s emotional expression. This is known as
social referencing (Frith 2008). Besides, infants can learn from the
pathological fear of their mothers (Murray et al. 2008; Bosquet
Enlow et al. 2011). In adult humans, social transmission of anxi-
ety has also been demonstrated: humans can discriminate stress-
related bodily odors and such odors increase the anxiety of the
smelling subject (Ackerl et al. 2002; Albrecht et al. 2011).

Therefore, throughout the animal’s life, social environment
can modulate fear responses to a threatening event, mainly
through its influence on HPA axis to reduce stress hormone re-
lease. However, the social partner that can socially buffer the stress
response changes with development, with the mother playing
a major role during infancy, and peers/conspecifics being more
potent sources of social buffering as the animal transitions to
adulthood.

Conclusion

Learning about threat is a vital evolutionary ability shared
throughout the phylogeny. However, in altricial species, such
learning would be extremely detrimental if it occurred within

CORT level

Amygdala activation
Social

buffering
Social transmission

of the fear

Figure 2. The social modulation of threat learning. During the post-sensitive period, the mother’s
presence can block fear learning by decreasing CORT levels in pups during acquisition. On the contrary,
the presence of a frightened mother increases CORT levels in pups of all ages allowing them to learn
from the mother’s fear. Similarly in adult animals, presence of peers can modulate fear learning by
acting on CORT levels. The CORT level modulates amygdala activation. While CORT levels can either
increase or decrease fear learning, decreasing CORT’s blockade of amygdala-dependent fear is
unique to infancy. In the drawings, the gray animal is the test animal, while the white one is the con-
specific (mother or peer) either buffering (left side) or transmitting (right side) the fear.
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the nest where the only source of threat is also the only source of
food and warmth, i.e., the caregiver. We reviewed the ontogeny of
threat learning and highlighted the switch between learned pref-
erence and learned aversion as the pup matures and ventures out-
side the nest. Infant and adult learning are supported by distinct
neuronal networks and the transition between these networks is
under the influence of corticosterone levels. Importantly, the
mother in infancy has the ability to modulate stress hormone lev-
els, allowing the complete switch between threat and preference
learning. While social buffering of CORT occurs at all ages and
can modify fear learning in adults, its ability to block fear learning
is unique to infancy (Hostinar et al. 2014).

The characteristics of fear learning in infancy described here
in rats have strong parallels in humans. Indeed, attachment to an
abusive caregiver as well as parental modulation of fear have been
extensively described in human infants, reinforcing the idea
that these phenomena are particularly suitable for translational
studies.
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Albrecht J, Demmel M, Schöpf V, Kleemann AM, Kopietz R, May J,
Schreder T, Zernecke R, Brückmann H, Wiesmann M. 2011. Smelling
chemosensory signals of males in anxious versus nonanxious
condition increases state anxiety of female subjects. Chem Senses 36:
19–27.

Allin JT, Banks EM. 1971. Effects of temperature on ultrasound production
by infant albino rats. Dev Psychobiol 4: 149–156.

Altman J, Sudarshan K. 1975. Postnatal development of locomotion in the
laboratory rat. Anim Behav 23: 896–920.

Anagnostaras SG, Josselyn SA, Frankland PW, Silva AJ. 2000.
Computer-assisted behavioral assessment of Pavlovian fear
conditioning in mice. Learn Mem 7: 58–72.

Anderson AC, Patrick JR. 1934. Some early behavior patterns in the white
rat. Psychol Rev 41: 480–496.

Bader PL, Faizi M, Kim LH, Owen SF, Tadross MR, Alfa RW, Bett GCL,
Tsien RW, Rasmusson RL, Shamloo M. 2011. Mouse model of Timothy
syndrome recapitulates triad of autistic traits. Proc Natl Acad Sci 108:
15432–15437.

Barnes DC, Wilson DA. 2014. Slow-wave sleep-imposed replay modulates
both strength and precision of memory. J Neurosci 34: 5134–5142.

Barnes DC, Chapuis J, Chaudhury D, Wilson DA. 2011. Odor fear
conditioning modifies piriform cortex local field potentials both
during conditioning and during post-conditioning sleep. PLoS One
6: e18130.

Barr GA, Perry RE, Sullivan RM. 2015. Long and short term effects of the
mother’s presence during noxious stimulation in the infant rat. In 2015
Neuroscience Meeting Planner, Chicago, IL. http://www
.abstractsonline.com/Plan/ViewAbstract.aspx?sKey=06236e9c-145a-
4c1e-9ce9-e45431705722&cKey=ec1dfff4-138d-495c-a85e-
d830337d6aa8&mKey=d0ff4555-8574-4fbb-b9d4-04eec8ba0c84.

Bayer SA. 1980. Quantitative 3H-thymidine radiographic analyses of
neurogenesis on the rat amygdala. J Comp Neurol 194: 845–875.
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