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Abstract

Animals have the ability to respond to threatening situations with sets of defensive behaviors. This
review demonstrates that defensive behaviors change during early life in mammals. First, unlearned
responses are reorganized during early ontogeny and expressed in an age-specific way. Second, the
expression of defensive responses is influenced by early experience prior to the first encounter with
a threat. Third, once animals have been exposed to a threatening stimulus they subsequently modify
their behavior. The neural bases of defensive behavior and the processes that alter them during
development are discussed. Maturation of components and connections of the fear circuit seem to
contribute to changes in unlearned fear responses. Early experience and learning modify these
developmental processes and shape the expression of defensive behavior. Continuous reorganization
of the neural substrate and defensive behavior during ontogeny seems to allow the animal to adjust
to the conditions it encounters at a given age in a given environment. It is proposed that the
developmental changes in defensive behavior can be conceptualized as phenotypic plasticity.
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1. Introduction

In the wild, animals live with the constant threat of being attacked, injured and killed by
predators and conspecifics. Animals that are able to respond to potential or actual threat have
increased chances of survival (Lind and Cresswell, 2005; Vermeij, 1982). Behavioral responses
that decrease the probability of the animal being attacked, injured or killed have been classified
in functional terms as defensive behavior. Defensive behavior is phylogenetically old and
exhibited by organisms throughout the animal kingdom (Hofer, 2002; Kats and Dill, 1998;
Kavaliers and Choleris, 2001; Lima and Dill, 1990; Ydenberg and Dill, 1986). The perception
of potential or actual danger activates specialized pathways in the brain that mediate defensive
behavior. On a more conceptual level, it has been suggested that the activity of these neural
circuits is associated with the central emotional states of fear and anxiety (Blanchard et al.,
2003; Hendrie et al., 1996; Ohman and Mineka, 2001). Accordingly, responses to aversive and
threatening stimuli also have been labeled fear- and anxiety-related behaviors (Boissy, 1995;
Bolles and Fanselow, 1980).
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Research on defensive behavior has generally focused on adult animals and several excellent
reviews have described adult responses to threat (Apfelbach etal., 2005; Eilam, 2005; Kavaliers
and Choleris, 2001). This strong interest in adult behavior is based on the commonly held view
that the adult phenotype represents a species’ behavioral repertoire. However, the behavioral
response patterns an animal displays are not fixed but undergo changes during its lifetime.
Some changes are subtle, for instance when a behavior pattern is exhibited more frequently.
Other changes are more profound, when a new behavior appears in the animal’s repertoire or
another behavior is no longer displayed.

This review demonstrates that defensive behaviors change continuously throughout
development. Development, or ontogeny, consists of all phenotypic change during the lifetime
of an individual (Tinbergen, 1963; West-Eberhard, 2003). The focus of this review is on the
early development of defensive behavior in young mammals. To understand proximate
(mechanisms) and ultimate (functions) aspects of behavior (Mayr, 1961; Tinbergen, 1963),
defensive behavior has to be examined under ecologically relevant conditions. Naturally
occurring defensive behaviors are thus emphasized in this review. First, three different types
of developmental changes in defensive behavior are identified. Second, the neural processes
that underlie the developmental changes in defensive behavior are discussed. Third, it is argued
that developmental changes have a function; they help animals to adaptively respond to the
dynamics of environmental threats and dangers. Finally, it is proposed that developmental
changes in defensive behavior can be conceptualized as a form of phenotypic plasticity.

This review aims to bring together findings from disparate disciplines including ethology,
psychology, neurobiology and behavioral ecology to provide a coherent view on the ontogeny
and plasticity of defensive behavior and fear.

2. Developmental changes in defensive behavior

In the wild, the young of several rodent, lagomorph and carnivore species spend the first weeks
of life in enclosed nest areas or burrows (Nowak, 1999). When they emerge from their natal
burrows they are exposed to predators and conspecifics that pose significant threats. Young
animals, however, have the ability to respond to dangerous situations. Belding’s ground
squirrels, for example, are threatened by predators including coyotes, badgers and birds of prey
(Mateo, 1996). On their first day above ground, they immediately respond to alarm and non-
alarm calls emitted by adult colony members. They enter the burrow or freeze above ground.
They also freeze to squeals that are emitted by young ground squirrels when attacked by
infanticidal adult squirrels. This pattern of defensive responses changes during the following
days. The young ground squirrels become more selective and begin to respond more
distinctively to alarm calls that signal predators compared to non-alarm calls. Three weeks
after emergence from the burrow and shortly before dispersal, their defensive behavior has
further changed but is still different from adults. They freeze less, stay alert longer and run to
the burrow more often (Mateo, 1996). Similar developmental changes in response patterns of
defensive behavior are exhibited by the young of other burrow dwelling mammals including
wild rabbits (Vitale, 1989) and mongooses (Clutton-Brock et al., 1999; Hollen and Manser,
2006).

These studies demonstrate that mammals growing up in the wild possess repertoires of
defensive behaviors. Defensive behaviors are exhibited in response to predatory or conspecific
threat and decrease the chances of being injured or killed. They include freezing, flight,
avoidance, hiding and defensive aggression (Albert and Walsh, 1984; Barros and Tomaz,
2002; Blanchard and Blanchard, 1988). Most importantly, these studies show that defensive
behaviors undergo changes during development. The changes in behavior can be grouped in
the following way: 1) The young of some species are able to exhibit an appropriate response
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the first time they encounter a threat. The pattern of the response depends, however, on the age
of the animal, indicating that unlearned responses are reorganized during development. 2)
Environmental conditions influence the animal’s response to threatening situations. Individual
experience in early ontogeny shapes the expression of defensive behavior later in life. 3) When
the animal is exposed to the same threatening stimulus repeatedly during its lifetime, it can
learn about properties of the situation and modify its behavior in subsequent encounters. In the
following, these three types of changes are illustrated and discussed in more detail.

2.1 Changes in unlearned behaviors during development

In the face of an attack, the ability to respond immediately and effectively is crucial for
individual survival. In some mammal species, infant animals exhibit fully functional defensive
behaviors the first time they are confronted with a threat, typically a predator or a conspecific.
As described above, when young animals emerge from their burrows they immediately exhibit
defensive behaviors. Immediate defensive responses can also be detected shortly after birth in
young ungulates. When newborn red deer were exposed to an approaching human or dog barks
they exhibited a freezing response within the first hour after birth (Espmark and Langvatn,
1985).

Conceptually, first encounter responses can be considered to be unlearned if they do not depend
on previous interactions with the stimulus itself and are thus not acquired through associative
learning, habituation, sensitization or other forms of learning. In free-ranging animals, it is
inherently difficult to determine if a behavior is unlearned because encounter histories are in
most cases not known. Individual experience of an animal can be better controlled under
laboratory condition. Naive animals of different ages can be exposed to the same stimulus and
developmental changes in response patterns across ontogeny that are independent of previous
contact with the stimulus can be compared. Working in the laboratory does not necessarily
mean that animals are tested in ‘unnatural’, i.e. ecologically not relevant, situations.
Researchers have become increasingly aware of the relevance of predator threat in the
investigation of unlearned defensive behavior in laboratory rodents (Apfelbach et al., 2005;
Blanchard and Blanchard, 2003; Kavaliers and Choleris, 2001). Several studies have
demonstrated that unlearned defensive behaviors can vary among animals of different ages.

Unlearned defensive behavior to predator threats in the laboratory has been investigated mainly
in the rat. When 20- or 50-day-old rats were placed in an arena with a live cat they suppressed
exploratory behaviors such as rearing and became immobile (Bronstein and Hirsch, 1976). The
older, weaned rats were more attentive and froze longer in more distant areas away from the
cat, indicating that the intensity of the defensive response depends on the age of the rat. Cat
odor cues alone are effective in inducing defensive responses in young rats. When soiled cat
litter was presented to preweaning and weaned rats, they froze at both ages but weaned rats
seem to be more responsive (Wiedenmayer et al., 2005). An age-dependent increase in
responsivity also was found in young rats that were exposed to a wooden block impregnated
with cat odor (Hubbard et al., 2004). Weaned rats showed increased avoidance, decreased
activity and contact with the block compared to preweaning rats.

The early development of defensive behavior has been well studied in young rats in the context
of infanticidal threat. In various mammal groups, including rodents, carnivores and primates,
adult males kill unrelated offspring to increase their own reproductive success (van Schaik and
Janson, 2000). In rats, adult males exhibit a strong tendency to attack and kill preweaning pups
(Brown, 1986; Mennella and Moltz, 1988). Young rats have the ability to respond the first time
they encounter an adult male rat. They stop ongoing behavior and freeze when exposed to an
unfamiliar adult male rat (Moriceau et al., 2004; Takahashi, 1992b; Wiedenmayer and Barr,

1998), but not when exposed to a familiar male rat (Takahashi, 1994). Being immobile appears
to decrease the chances to attract an adult male rat (Thor et al., 1981). When the pups get older,
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freezing decreases gradually and they do not freeze to a male rat after weaning (Takahashi,
1992a; Wiedenmayer and Barr, 1998; Wiedenmayer and Barr, 2001b). Moreover, the
developmental time course of the freezing response differs between individuals. Whereas on
postnatal day 14, variability is small and all rats freeze when in the presence of the male, about
a third of the animals do not freeze on day 21 (Wiedenmayer and Barr, 1998). Therefore,
learning-independent processes lead to changes in defensive behavior during the first weeks
of life and result in differences between animals of the same age.

A more artificial stimulus, electric shock, has been widely used to investigate behavioral
responses to aversive stimulation in laboratory rodents. Electric shocks are not part of the
natural environments in which rodents have evolved and have thus not participated in shaping
defensive mechanisms. Electric shocks nevertheless elicit defensive behaviors and it has been
argued that animals perceive them as part of an attack because they are painful (Fanselow and
Lester, 1988; Suarez and Gallup, 1981). In the shock-probe burying test, an electrified probe
is inserted into the wall of a testing cage (de Boer and Koolhaas, 2003). When a rat explores
the cage and touches the probe, it receives an electric shock. The rat’s response is to push cage
bedding over the probe. Three- but not 2-week-old rats buried a shock probe the first time they
encountered it and received a shock, indicating that this response is not dependent on previous
experience with this situation but dependent on the developmental age of the rat (L6pez-
Rubalcava et al., 1996; Pinel et al., 1989). When rats were tested during weeks 4 — 11, they
increasingly spent more time burying the probe until burying leveled off in young adulthood
(Lépez-Rubalcava et al., 1996).

Taken together, these findings clearly demonstrate that young mammals have the ability to
exhibit defensive behavior the first time they encounter a threat. Intensity, type and patterning
of the unlearned response depend on the age at which the animal expresses the response for
the first time. Findings with naive animals show that processes independent of a direct
interaction with the threatening stimulus appear to contribute to the differences in the defensive
response between age groups. Unlearned age-dependent changes represent the first type of
developmental change in defensive behavior.

2.2. Experience-dependent changes in defensive behavior

‘Unlearned behavior’ does not imply that the behavior is predetermined or independent of
external influences (Samuels, 2004). There is evidence that a range of experiences early in
ontogeny can influence how the animal responds to a threatening stimulus later in life.

Early experience such as rearing condition shapes the development of antipredator behavior
in rodents before emergence from the burrow and before any predator encounter. The responses
to playbacks of alarm calls were compared in captivity-reared and wild Beldings’ ground
squirrels (Mateo and Holmes, 1999b). Captivity-reared juveniles were more responsive to
alarm calls. They ran to a refuge more often, stayed alert longer but did not discriminate
between different types of alarm calls signaling low or high threat. In contrast, free-living
juveniles started discriminating between calls at an earlier age. These behavioral differences
appear to have been the consequence of the rearing history of the ground squirrels before they
emerged (Mateo and Holmes, 1999a; Mateo and Holmes, 1999b). The authors hypothesized
that pups in captivity were exposed to higher levels of auditory stimulation in their burrows
than pups growing up in the wild (Mateo and Holmes, 1999a).

Even though shock-probe burying seems to be an unlearned defensive response (see above),
various early experiences can affect its expression. Young rats that grew up in cages without
bedding were exposed to a shock probe in a cage containing bedding at different ages (Pinel
et al., 1989). They pushed bedding and buried the shock probe for the first time on postnatal
day 40. In contrast, young rats that grew up with bedding performed their first defensive burying
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as early as day 25. Burying in the deprived rats also was less coordinated and differed in
duration from rats that had been exposed to bedding during the first weeks of life. Risk
assessment behavior, however, was not altered, indicating that rats deprived of bedding were
not impaired in perceiving the shock probe as aversive (Pinel et al., 1989).

The development of defensive responses to a shock probe can be influenced by social variables
as well. When they grew up with littermates, adolescent rats displayed more defensive burying
and less freezing after they had come in contact with a shock probe compared to rats that grew
up isolated or with an adult female (Arakawa, 2007). Another important formative factor in
mammals is maternal care. Mothers differ in the quality and quantity of care they provide to
their offspring. Variation in maternal care influences defensive behavior in the offspring
(Champagne and Curley, 2005; Diorio and Meaney, 2007). Rats that had received high
maternal care as pups exhibited less burying of the shock probe and froze less than rats that
had received low maternal care (Menard et al., 2004). The authors argue that high care rats
were less fearful and perceived the shock probe to be less threatening. According to this
interpretation, maternal care seems to affect the development of central emotional states that
later in life control defensive behavior. The maternal environment plays a role in shaping
offspring behavior in primates as well. Bonnet macaques grew up with mothers submitted to
variable and uncertain food supply (Rosenblum et al., 2001). As adolescents, when exposed
to a human intruder, they showed increased fear-related behaviors compared to the offspring
of mothers from stable food environments.

These studies demonstrate that early experience can shape defensive behavior by influencing
the development of perceptual, central or motor components of behavioral systems. Response
patterns of young animals to threatening situations thus depend on previous individual
experience. This represents another type of behavioral change during development.

changes in defensive behavior

It is highly adaptive for an animal to recognize danger and respond effectively during a first
encounter. As previously described, young animals of certain species are born with the capacity
to exhibit unlearned defensive behaviors because evolutionary processes have fixed these traits
in their behavioral repertoires (Blumstein, 2006). Other species, however, lack this capacity.
They either do not recognize a stimulus as dangerous or respond to a stimulus in a non-specific
way. For example, laboratory-reared rhesus monkeys do not exhibit defensive behavior when
exposed to snakes and snake models compared with wild-caught monkeys (Joslin et al.,
1964; Mineka et al., 1984). The same lack of defensive behavior is found in New World
monkeys. Laboratory-reared adult and juvenile squirrel monkeys do not inhibit feeding and do
not display emotional behavior when confronting a snake (Murray and King, 1973). Young
California ground squirrels without previous experience respond to snakes but in a non-specific
way. In the wild, California ground squirrels spray sand at venomous rattlesnakes but not at
non-venomous gopher snakes. When reared in captivity, young California ground squirrels do
not discriminate between dangerous and not dangerous snakes and throw sand at both species
with the same frequency (Coss et al., 1993).

In these cases, animals have to acquire either a defensive response or modify an existing one.
Learning occurs when the animal experiences a dangerous situation and subsequent to the
exposure to specific stimuli modifies its behavior. Studies of predator learning in the wild
demonstrate rapid modifications of defensive behavior. Ungulate prey species can learn within
a generation to avoid and flee large carnivores that are reintroduced in their habitat (Berger,
2007).

Learning about threatening situations in early development has been studied mainly under
controlled conditions with the paradigm of Pavlovian fear conditioning. Pavlovian fear
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conditioning is a form of associative learning when the animal is exposed to two stimuli at the
same time. An unconditioned aversive stimulus, which induces a defensive response, is paired
with a neutral stimulus. Learning is assumed when, after training, the former neutral stimulus,
the conditioned stimulus, has become effective in inducing the defensive response itself. At
the same time the animal learns about the context in which it is exposed to the unconditioned
stimulus. When it is placed back in the same context, it exhibits the defensive response as well.
In this type of research the unconditioned stimulus is typically an electric shock and the
conditioned stimulus a tone or a light. This paradigm has been successfully adopted to
investigate fear learning in young animals and has resulted in an extensive body of literature
(Hunt and Richardson, 2007; Rudy, 1993; Spear and Rudy, 1991; Stanton, 2000). However,
only one study has been published that involves the ecological context of predatory threat.
Eighteen-, 26-and 38-day-old rats were exposed to a wooden block impregnated with cat odor
in atesting chamber (Hubbard etal., 2004). After 24 hrs, the rats were re-exposed to the wooden
block but this time without the odor. The test measured whether the rats had formed an
association between the predator odor and the cues/context in which they had been tested. The
26- and 38-days-old rats exhibited increased avoidance behavior and reduced locomotion. In
addition, the 38-days-old rats showed increased freezing. These findings indicate that rats as
young as 26 days of age are able to learn about cues and contexts in which they have previously
encountered predator cues, whereas younger animals do not have this capacity.

Animals can learn about dangerous stimuli when they directly interact with them. Such
individual learning is, however, costly because direct interactions with a predator or aggressive
conspecific may be fatal. Injury or death can be circumvented when the animal learns from
experienced companions instead (Griffin, 2004). Social learning is given when the animal uses
social information to modify its behavior. In many mammal species, the young learn to
recognize and avoid dangerous situations by observing family or group members. Juvenile
black-tailed prairie dogs were exposed to a snake, hawk or ferret in an outdoor enclosure (Shier
and Owings, 2007). Snake and hawk but not ferret exposure elicited defensive behaviors
including reduced activity, vocalization and withdrawal into a shelter. The prairie dogs were
then repeatedly exposed to the three predators for 5 weeks either in the presence or absence of
an experienced adult female. Juvenile prairie dogs that were trained with an experienced adult
increased defensive behavior to all three predators over time compared to juveniles without a
demonstrator. These findings indicate that initial defensive responses can be modified when
the juveniles observe the behavior of a demonstrator, which indicates social learning. Social
learning seems to be necessary for snake avoidance in another rodent species, the kangaroo
rat. Adult, wild-caught kangaroo rats suppressed their activity when exposed to a snake in a
laboratory setting (Yoerg and Shier, 1997). In contrast, 25-day-old captive-born kangaroo rats
did not respond when exposed to a snake in a test arena. However, when they were exposed
to a snake in the presence of their wild-caught mother, they stayed closer to their mother than
in the control condition without a snake. Close proximity was no longer shown when they were
50 days old. These findings indicate that young kangaroo rats have to learn anti-snake behavior
and that learning is shaped by maternal influences during a certain developmental period
(YYoerg and Shier, 1997). As in rodents, young rhesus monkeys learn to avoid snakes through
social cues (Mineka et al., 1984). Adolescent rhesus monkeys observed the defensive behavior
of their wild-reared parents when they were exposed to snakes and snake models. Within one
observation trial, the adolescent monkeys displayed defensive behavior themselves and still
displayed it when re-exposed three months later. Defensive responses were learned selectively
to relevant threat stimuli only. When monkeys watched observers respond fearfully to flowers,
they did not acquire defensive behaviors to flowers (Cook and Mineka, 1990).

These findings demonstrate that animals can modify their behavior early in ontogeny through
individual and social learning. Direct interactions with threatening stimuli affect subsequent
encounters with these stimuli. Learning results in stimulus-specific and long-lasting changes
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in defensive behavior. Learning is thus another type of behavioral change during development.
It can be concluded that defensive behavior is not characterized by a dichotomy between young
and adult phenotypes but rather by continuous change and reorganization during development
in an age-specific and environment-specific way. It has to be noted that the dynamic change
in behavior over time does not necessarily exclude trait stability. Even when behavioral
expression patterns change during ontogeny, individual animals may consistently be more
fearful or less fearful. For example, the response pattern elicited by threatening situations
changed during this first year of life in rhesus monkey but individual differences in defensive
behavior remained stable (Kalin and Shelton, 1998).

3. Neural processes underlying the developmental changes in defensive

behavior

Three types of developmental changes in defensive behavior have been distinguished: changes
in unlearned behavior, experience-dependent changes and learning sensu stricto. What is the
neural substrate that underlies defensive behavior and what are the neural processes that
mediate these three types of changes in defensive behaviors during early ontogeny?

In adult mammals, defensive behavior is mediated by specific neural pathways, the fear circuit,
that consist of multiple interconnected forebrain and brainstem areas including the amygdala,
the hippocampus and the periaqueductal gray (LeDoux, 2000; Rosen, 2004). The amygdala
receives input from multiple sensory systems, assesses the emotional salience of stimuli and
initiates defensive behaviors. Studies in various species have demonstrated the central role of
the amygdala in responses to predator threat (Kalin et al., 2001; Meredith and Westberry,
2004; Takahashi et al., 2007; Vazdarjanova et al., 2001). The only study that investigated the
role of the amygdala in defensive behavior in young animals was carried out by our group and
used the paradigm of infanticidal threat in preweaning rats. Exposure to an adult male rat
activated the medial amygdala and inactivation of this nucleus abolished the pups’ freezing
response (Chen et al., 2006).

The hippocampus is another forebrain structure that processes predator cues and mediates
defensive responses in adult animals (Beekman et al., 2005; Blanchard and Blanchard, 1972;
Heale et al., 1994; Mesches et al., 1999; Pentkowski et al., 2006). Again, a role of the
hippocampus in defensive behavior in young animals has been demonstrated in the context of
infanticidal threat. Hippocampal lesion and in particular lesion of dentate granule cells reduced
freezing in 14-day-old rats when they were exposed to an unfamiliar adult male rat (Takahashi,
1995).

The periaqueductal gray is organized in longitudinal columns along the midbrain that mediate
different defensive response patterns in adult animals. The dorsolateral column produces
escape behaviors including jumping and running, and the ventrolateral column freezing
behavior (Bandler et al., 2000; Brandao et al., 2008). Lesion of the ventrolateral periaqueductal
gray reduced freezing in adult rats exposed to a cat (De Oca et al., 1998; Farook et al., 2004).
The periaqueductal gray appears to have a similar function in young animals. Stimulation of
the dorsal periaqueductal gray triggered activity and escape behavior in young rats between
postnatal days 7 and 21 (Goodwin and Barr, 1998), and lesion of the ventral periaqueductal
gray reduced freezing in 14-day-old rats exposed to an adult male rat (Wiedenmayer et al.,
2000).

On the circuit level, defensive behavior in young animals seems thus to be controlled by the
same brain structures that mediate adult defensive behavior. But since defensive behavior
changes during development, these structures and their connections must undergo changes as
well. In the following the neural processes that may contribute to developmental changes are
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summarized. They are grouped according to the three types of behavioral changes outlined
above.

3.1. Changes in the neural substrate underlying unlearned behavior

The defensive response a naive animal exhibits the first time it encounters a threatening
stimulus depends on its age. The processes that change the expression of unlearned defensive
behavior during development seem to involve maturation of the components of the fear circuit.
It has been proposed that during early ontogeny perceptual, central and motor components
form, mature and connect with each other (Hogan, 1988) and that the continuous transformation
of the neural substrate results in behaviors characteristic for specific developmental stages
(Prechtl, 1981).

The amygdala of the rat, for example, changes continuously during the perinatal period. It
forms in the embryo and continues to grow postnatally. New neurons are generated and
differentiate (Bayer, 1980; Berdel and Morys, 2000), increasing the size of the nuclei of the
amygdala up to an age of 14 days (Berdel et al., 1997). The expression of receptors on the cell
membrane and their subunits changes over time in a nucleus-specific way (Lopez de Armentia
and Sah, 2003). Accordingly, synaptic transmission shows age-specific patterns (Lopez de
Armentia and Sah, 2003; Thompson et al., 2008). Other areas of the fear circuit including the
hippocampus undergo similar maturational changes (Dumas, 2005).

Unfortunately, it is not well understood how these neural changes relate to age-specific changes
in unlearned defensive behavior. It has been proposed that components of the fear circuit
become functional in early ontogeny and thus contribute to the onset of defensive behavior.
Studies of the rat amygdala have provided strong evidence for this view. As described above,
rat pups freeze in the presence of an adult male rat and this unlearned defensive behavior is
first shown around postnatal day 12 (Takahashi, 1992b). At that age but not in younger animals,
male exposure activates the amygdala (Moriceau et al., 2004). Onset of amygdala function
seems to be induced by glucocorticoids. Corticosterone levels are low between postnatal day
1 and 12 the in the rat (Levine, 2001; Sapolsky and Meaney, 1986). The surge in corticosterone
secretion at the end of this stress-hyporesponsive period could thus act as a switch to initiate
amygdala function and turn on the expression of defensive behavior (Moriceau et al., 2006).
Supporting this model, corticosterone administration in 8-day-old pups induced freezing in the
presence of the male rat and removal of the adrenal glands of 12-day-old pups inhibited freezing
(Moriceau et al., 2004).

Hormones play also a significant role in the developmental activation of another area of the
fear circuit, the hippocampus. When rat pups were adrenalectomized, they did not freeze when
exposed to an adult male rat on postnatal day 14 (Takahashi and Rubin, 1993). The ability to
freeze was restored when corticosterone was infused directly into the dorsal hippocampus of
adrenalectomized pups (Takahashi, 1995). Because adrenal glands were removed and
corticosterone was infused through implants 5 days before exposure to the male rat,
corticosterone seems to play an organizational role in the circuit that mediates unlearned fear
(Takahashi, 1995).

Another process that appears to contribute to changes in unlearned fear involves the maturation
of connections between brain areas. During early development, circuits are assembled and
become functional through increased synaptic connectivity (Rinaman et al., 2000). In the rat,
the connections between the amygdala and other areas of the fear circuit, including prefrontal
cortex and bed nucleus of the stria terminalis, mature postnatally. These projections are
rearranged, become less diffuse and increase in density (Bouwmeester et al., 2002a;
Bouwmeester et al., 2002b; Cooke and Simerly, 2005). The increase in connections is
accompanied by an increase in synapse formation in the target areas (Cunningham et al.,
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2002; Cunningham et al., 2008). A significant increase in synapse formation occurs between
postnatal days 20 and 40 (Andersen and Teicher, 2004).

The functional consequences of circuit formation on behavior are poorly understood. Newly
formed connections could alter the functional output of the fear circuit by promoting or
inhibiting defensive behavior. For example, the maturation of an inhibitory connection could
result in the cessation of a behavior. A brain area known to regulate other brain areas is the
prefrontal cortex (Miller and Cohen, 2001). The medial prefrontal cortex projects to areas of
the fear circuit including the amygdala and the periaqueductal gray and inhibits their activities
(Paré et al., 2004; Quirk and Beer, 2006). Inhibitory effects of the medial prefrontal cortex on
learned fear behavior have been demonstrated in adult rats (Milad and Quirk, 2002). The
prefrontal cortex does not seem to be functional in 12-day-old rats but mediates extinction of
a learned response only 5 days later, in 17-day-old pups (Nair et al., 2001). This inability at a
younger age seems to result from a lack of functional connectivity of the prefrontal cortex with
other brain areas of the neural network (Nair et al., 2001). Changes in the capacity of the
prefrontal cortex to modulate behavior could thus explain the age-related changes in unlearned
fear behavior. It could be argued that the maturation of the prefrontal cortex results in the
inhibition of fear at an age when a stimulus is no longer threatening. For example, the fear
response of young rats when exposed to an adult male rat stops after weaning (Wiedenmayer
and Barr, 2001b). In conclusion, maturation of the components of the fear circuit and their
connections seem to contribute to the changes in unlearned defensive behavior during
development.

3.2. Experience-dependent changes of the fear circuit

The developmental processes that organize the fear circuit are influenced by external factors.
A factor that has recently received considerable attention is maternal care in rodents.
Environmental conditions influence the investment of the dam in her pups and the quality and
quantity of maternal care they receive (Macri and Wirbel, 2006). Through variation in maternal
care, mothers transmit information about local conditions to the offspring and thus influence
their responsivity later in life. A multitude of studies have shown that the behavior of the adult
offspring reflects the care they received. For example, pups that experienced high maternal
licking and grooming are less anxious as adults (Diorio and Meaney, 2007).

During the neonatal period, the maternal environment influences the maturation of components
of the fear circuit including the amygdala and hippocampus (Diorio and Meaney, 2007;
Kaffman and Meaney, 2007). Connections between fear circuit components increase during
the first eight postnatal days in the rat (Rinaman et al., 2000). Connectivity is however
decreased when pups are repeatedly separated from their mother during this brief
developmental period (Card et al., 2005). Maternal separation can also affect synapse
formation. Early development is characterized by an overproduction of synapses that are
subsequently pruned to adult levels. Rat pups were repeatedly separated from their mothers
between postnatal days 2 and 20 and their brains analyzed for the number of synapses
(Andersen and Teicher, 2004). Control rats had an overproduction of synapses in the
hippocampus on day 60 but this overproduction was prevented in rats that had been repeatedly
separated. A similar effect was found in a rodent species with bi-parental rearing. Removal of
the father altered the synaptic organization of the prefrontal cortex in degus pups (Ovtscharoff
et al., 2006). In contrast to maternal separation, increased maternal care stimulates the
development of the hippocampus. New neurons are produced throughout ontogeny in the
dentate gyrus of the hippocampus in rats (Doetsch and Hen, 2005). High maternal care
increased number of surviving cells on postnatal day 21 and this increase lasted into adulthood
(Bredy et al., 2003).
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It has become clear most recently that experience-induced neuronal alterations are the result
of rearrangements of chromatin and DNA structure in the cell nucleus (Duman and Newton,
2007; Jaenisch and Bird, 2003). Insight into the molecular processes contributing to individual
differences in defensive behavior has been gained by comparing the effects of naturally
occurring variation in maternal care (Kaffman and Meaney, 2007; Meaney and Szyf, 2005).
High maternal care during the early postnatal period reverses DNA methylation and makes
DNA more accessible to transcription. This leads to gene expression, which is stable over
extended periods of time, and contributes to alterations in the neural substrate.

In sum, early experience affects the molecular and cellular organization of the fear circuit. It
is, however, poorly understood how fear circuit changes result in differential emotional
responsivity across ontogeny. Studies are needed that compare developmental trajectories and
defensive behavior of animals with different rearing histories.

3.3. Changes in the fear circuit during learning

In contrast to early experience, learning sensu stricto is given when the animal directly interacts
with a threatening stimulus and subsequently modifies its behavior. Our understanding of the
neural mechanisms of learning has considerably improved during the last two decades (Milner
etal., 1998). In particular, Pavlovian fear conditioning has proved to be a highly potent
paradigm to investigate the neural mechanisms of defensive behavior and learning (Fanselow
and Poulos, 2005; LaBar and Cabeza, 2006; Maren and Quirk, 2004; Paré et al., 2004).
Components of the fear pathway are involved in the acquisition, consolidation and retrieval of
fear memories. Input from the unconditioned aversive stimulus is strong and activates neurons
within the fear pathway that mediate the defensive response. In contrast, input from the
conditioned stimulus is weak and does not elicit a response. When unconditioned and
conditioned stimuli are paired, their signals converge on neurons in areas such as the amygdala
and strengthen the synaptic connections between neurons involved. Subsequently,
transmission of the conditioned stimulus is enhanced and it has become strong enough to induce
defensive behavior on its own (Sigurdsson et al., 2007).

The molecular and cellular basis of fear association learning has been thoroughly characterized
in adult animals but virtually nothing is known about fear learning in young animals. The only
study that investigated the neural substrate of fear learning in infancy used odor conditioning
in preweaning rats (Moriceau et al., 2006). Twelve-day-old pups learned to avoid peppermint
odor after it had been paired with tail shocks. Inactivation of the amygdala disrupted this odor-
shock association. In contrast, 8-day-old pups did not avoid the odor after shock pairings.
Avoidance learning was however induced at the younger age when corticosterone was infused
into the amygdala. It seems that a surge in corticosterone before day 12 acts as a switch to turn
on fear conditioning (Moriceau et al., 2006). These findings indicate that the amygdala
mediates fear conditioning in young rats, as it does in adults (Muller et al., 1997), but only
after a certain age. As discussed above, neuroendocrine processes render this area functional
in early postnatal development and allow it to support both conditioned and unconditioned
defensive behavior.

In sum, these studies demonstrate that the fear circuit undergoes profound changes during
ontogeny and that these changes are driven by maturational processes, experience and learning.
In spite of the tremendous progress in revealing the molecular and cellular processes of neural
development our knowledge of how they translate into defensive behavior is still limited.

4. Functional aspects of changes in defensive behavior

To fully understand behavioral changes during development, we need to consider their
functions. Functional considerations address questions about the adaptive value of behavior
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(Tinbergen, 1963). A behavior is adaptive when it increases the chances of survival and
reproduction for the individual displaying it compared to alternative behaviors in a given
environment (Reeve and Sherman, 1993; Ridley, 2004). Two theoretical frameworks have been
used to explain the functional significance and adaptive value of the changes in defensive
behavior during early ontogeny.

From one point of view, the defensive behavior of infant animals is not fully functional in early
ontogeny. Defensive behavior has to be refined and modified during certain periods of
development until it provides maximal protection and survival benefits. As shown above, the
young of some mammal species are equipped with a general ability to respond to potentially
harmful stimuli. When survival is critical, for example under threat of predation, natural
selection may favor fast but unspecific response patterns (Bolles, 1970). However, this initial
response is general and not fully adequate because evolutionary processes do not select for
short-lasting particularities of local conditions. Rather, response patterns have to be adjusted
to local predator threat during development (Griffin, 2004). Individual experience, provided
by maternal care, and learning are processes that modify the animal’s behavior in a way that
it becomes more effective and thus is more likely to decrease chances of injury or death. For
example, as described above, juvenile Belding’s ground squirrels are not able to discriminate
between alarm and non-alarm calls the first day when they emerge from the natal burrow
(Mateo, 1996). They respond to both types of calls with defensive behavior. This indicates that
at that age they have the general ability to recognize and respond to calls of conspecifics.
However, their defensive behavior is not fully functional because responding is unspecific and
thus costly in terms of time and energy expenditure. But young ground squirrels are able to
rapidly modify their behavior and within five days they selectively respond with defensive
behavior to alarm calls only (Mateo, 1996). Young ground squirrels thus adjust their defensive
behavior to local characteristics of predation through learning processes such as association
learning.

In other species, young animals do not have the ability to perform an appropriate response
during the first encounter with a dangerous stimulus. They have to fully acquire defensive
behavior. Monkeys of several species do not exhibit defensive behavior the first time they are
exposed to a snake (Joslin etal., 1964; Mineka et al., 1984; Murray and King, 1973). But young
monkeys are able to rapidly and specifically learn about dangers. During a single trial, juvenile
rhesus monkeys learned to associate their parents’ reactions with snakes (Mineka et al.,
1984) whereas they did not form readily an association between their parents’ defensive
responses and flowers (Cook and Mineka, 1990). The dependency on acquired behavior
becomes evident when animals leave their home range and thus the environment they know.
Vervet monkeys suffer high mortality rates from predation when they migrate into an
unfamiliar area (Isbell et al., 1993). In evolutionary terms, natural selection may favor the
ability to rapidly acquire a defensive response instead of possessing a more general but less
effective unlearned response if environmental conditions are locally variable.

Related to the view that the responses in early ontogeny are not fully formed is the concept of
developmental immaturity. A threatened animal may not show the most appropriate behavior
because sensory or motor components are not yet mature and do not allow the full range of
behaviors typical for older animals. For example, the gradual development of motor control
allows altricial mammals to perform fast locomotion such as running only after a certain age.
During the first days of life, red deer calves become immaobile when a predator approached but
after approximately one week, they flee (Espmark and Langvatn, 1985). The onset of the flight
response did not correlate with age but depended on body weight. Since body weight indicates
physical development, the authors argue that newborn deer calves are limited in their defensive
behavior. Only when their motor system has matured enough young red deer can switch to
running. Brain areas that support defensive behavior may not be functional in early life.
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Neonatal rats do not display fear responses when exposed to an adult male rat (Wiedenmayer
and Barr, 1998) because the critical brain area, the amygdala, is immature at that age and does
not process the threatening stimulus (Moriceau et al., 2004; Wiedenmayer and Barr, 2001a).

In conclusion, maturational processes, experience and learning modify an individual’s
defensive behavior during the course of its early life. The function of these processes is to better
adapt the growing organism to specific environmental conditions. Development is, according
to this view, preparation for maturity (Oppenheim, 1981).

A contrasting viewpoint posits that behavioral differences between age groups do not reflect
ongoing adjustments that result in a more mature phenotype, but rather that these differences
represent age-specific adaptations (Alberts and Cramer, 1988; Oppenheim, 1981). Young
animals have to survive very unique environmental conditions that can be fundamentally
different from those of adults. Specific selection pressures have thus resulted in behavioral
traits that help the growing organism to deal with problems restricted to particular stages of
development.

The risk of being injured or killed by a predator or conspecific is not constant across ontogeny
but varies depending on age. When animals are more vulnerable during a certain developmental
period, the theory of ontogenetic adaptation predicts that they possess enhanced defensive
capabilities during this period. A temporal association between increased risk and increased
defensive reactivity has been found in young rats in the context of infanticide committed by
adult male rats. Infanticide is highest after birth and is no longer shown once the offspring is
weaned (Paul and Kupferschmidt, 1975; Takushi et al., 1983). Following the temporal
dynamics of infanticidal threat, young rats exhibit defensive freezing when exposed to an
unfamiliar adult male rat before but not after weaning (Wiedenmayer et al., 2005). This
decrease of freezing is stimulus specific. Freezing to a loud noise does not change (Chen et al.,
2006). Predation risk can significantly increase when animals change their habitat in the course
of ontogeny. When young mammals emerge from their natal burrows for the first time, they
are confronted with an array of novel dangers such as aerial and terrestrial predators. Emerging
juveniles differ from older animals in their response patterns to threatening stimuli. California
ground squirrel pups spend more time in covered habitat and monitoring their environment
compared to juvenile or adult squirrels (Hanson and Coss, 2001). Infant rabbits are more
responsive to a raptor model and flee faster into their burrows than adult rabbits (Vitale,
1989). Mongoose pups do not discriminate between alarm calls signaling different threat levels
but withdraw readily into their burrows (Hollen and Manser, 2006). After weaning, young rats
leave their natal nest and burrow and expand their home range (Calhoun, 1963), which makes
them more vulnerable to predation. Responsivity to cat odor cues is more pronounced in
weaned than preweaning rats and increases with age (Hubbard et al., 2004; Wiedenmayer et
al., 2005). Because vulnerability is high at these ages, the overreaction of infant animals could
be adaptive and increase chances of survival. Finally, animals can also change their defensive
behavior in accordance with their lifetime histories (Wolf et al., 2007). Older animals at the
end of their reproductive period may take more risks than young animals that have not yet
reproduced (Borowski, 2002). In sum, differential vulnerability can lead to age-specific
response patterns that represent ontogenetic adaptations.

The survival value of specific defensive behaviors has rarely been assessed experimentally in
young mammals. We thus know little of the ultimate reasons for developmental changes in
defensive behavior. It could be argue that the two proposed functional explanations, preparation
for maturity and ontogenetic adaptations, are not mutually exclusive. A young animal has to
survive its current environment and at the same time has to anticipate future conditions. The
functions of developmental changes in defensive behavior could thus be twofold: they are
adaptations and anticipations (Alberts and Cramer, 1988).
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5. Developmental plasticity of defensive behavior

Development has traditionally been viewed as the emergence of new, intrinsically determined
behavior patterns that unfold in a gradual way during the course of a lifetime. According to
this view, the organism is the product of inherited factors that predetermine its form and
function. Genetic information is, however, only one element in the processes that contribute
to phenotypic variation. Several theoretical frameworks have recently conceptualized the
genotype — phenotype relationship, in particular how genes relate to behavior. Even though
these frameworks vary widely in scope, they commonly agree that there are no direct one-to-
one mappings between genes and behavioral phenotypes. Multiple factors are causally
involved in the pathway from genetic elements to phenotypic traits (Bateson, 2001; Gottesman
and Hanson, 2005; Gottlieb, 2007; Johnston and Edwards, 2002; Raser and O’Shea, 2005;
Rutter, 2007). During development internal and external factors interact and produce
behavioral phenotypes that again interact in a reiterate fashion with local conditions (Oyama
et al., 2001). Development is thus a process during which genes, environment and accidents
participate in constructing phenotypes. Gene-environment interactions continue throughout
ontogeny resulting in dynamic changes in phenotypes. At any time point in an organism’s life,
a phenotype is the consequence of the previous form of the phenotype (Lewontin, 1983).
According to this view, a single genotype can result in different phenotypes under different
environmental conditions, or different genotypes can produce the same phenotype under
comparable environmental conditions. The ability of an organism to respond to internal and
external environmental influences and develop distinct morphological, physiological and
behavioral traits is called phenotypic plasticity (Pigliucci, 2001; Stearns, 1989; West-Eberhard,
2003). Itis central to our understanding of phenotypic variation that changes and modifications
in behavioral mechanisms occur during development (West-Eberhard, 2003).

The developmental changes in defensive behavior discussed above can be conceptualized as
forms of phenotypic plasticity. Young animals are equipped with unlearned defensive
responses, a consequence of phylogenetic inheritance. Encounters with predators and
conspecifics have been shaping the behavioral organization of animals through evolutionary
times and have resulted in behavioral adaptations (Blumstein, 2006; Vermeij, 1982).
Evolutionary processes have thus produced mechanisms that allow animals to exhibit
appropriate behaviors the first time they are exposed to a threatening stimulus. But these
response patterns are not fixed but expressed in an age-specific way. The processes that
contribute to the changes of these circuits and thus to age-specific unlearned behaviors are
poorly understood. Intrinsic cellular and molecular processes continue throughout early
ontogeny to construct, transform and reorganize behavioral mechanisms. Changes in the
patterns of gene expression (Jablonka and Lamb, 2002; Wu and Morris, 2001) seem to underlie
these maturational processes and to contribute to variation in behavioral phenotypes. The
formation of the neural mechanisms mediating defensive behavior is influenced by external
factors. As discussed above, social and ecological variables affect the molecular processes that
construct the components and connections of the fear circuit. Postnatal experience, for instance,
modifies the underlying neural substrate and hence the expression of the defensive response
later in life. Because individuals vary in their experience they develop different defensive
phenotypes. Finally, learning sensu stricto further helps animals to adjust their defensive
responses to local conditions. Young animals learn about threatening and non-threatening
stimuli and modify their behavior accordingly. Because environments differ in threat levels,
learning produces individual variation in defensive behavior. Taken together, the three different
types of changes in defensive behavior all contribute to variation in behavior during
development and thus to phenotypic plasticity.

Another aspect of developmental plasticity that needs to be considered here is the problem of
abnormal development. It is beyond the scope of this review to discuss the relationship between
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plasticity of defensive behavior and developmental psychopathology. But the distinction of
different types of developmental changes could inform the investigation of the processes that
result in maladaptive behavior. It could help to identify the factors that influence the
developmental trajectory of an individual animal and drive it towards a maladaptive outcome.
Disruption of maturational processes, early aversive experience and learning about a traumatic
event can all contribute to an impaired neurobehavioral development that results in pathological
fear, anxiety and depression (Grossman et al., 2003; Leonardo and Hen, 2008; Pittenger and
Duman, 2008; Tsankova et al., 2007).

In conclusion, the studies discussed in this review provide clear evidence that defensive
behavior is not static but is continuously reorganized during development. Maturational
processes and individual experience participate in shaping the neural substrate and hence the
expression of defensive responses. The processes that modify the neural mechanisms
underlying defensive behavior and thus contribute to their developmental changes result in
phenotypic plasticity. The alterations in brain and behavior appear to be adaptive because they
allow animals to meet the demands of a dynamic environment and changes in threat levels.
Ultimately, the function of plasticity is to adjust defensive mechanisms to local ecological and
social conditions during the different stages of ontogeny.
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