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I. INTRODUCTION

The environmental demands on an altricial newborn are simple: procure
food, warmth, and protection from a caregiver, and rapidly form an attach-
ment to the caregiver. While pheromones mediate this attachment in some
species (reviewed in Bartoshuk and Beauchamp, 1994; Hudson and Distel,
1999; Schaal et al., 1995), other species use learning, with avian imprinting
being one of the most widely known examples of the latter. Similar
learning during infancy has also been documented in mammals such as
the human (DeCasper and Fifer, 1980; Sullivan ez al., 1991), sheep (Nowak
and Lindsay, 1992; Nowak et al., 1997), and rat (reviewed in Hofer and
Sullivan, 2001). While this infant learning shares many characteristics with
adult learning, some of the neural structures supporting learning and
memory consolidation in the adult are not yet fully developed in the infant,
suggesting that the neural basis for learning and memory differs between
infants and adults. In this article we present evidence that the infant’s
behavior and its brain are specifically designed to meet the demands of
infancy and to ensure attachment to the caregiver.

John Bowlby (1965) originally documented attachment in human chil-
dren, and the basic characteristics of human attachment and behavior that
he described are briefly reviewed here. First, children form rapid, strong
attachments to their primary caregiver and seek proximity to the caregiver.
Second, as highlighted in clinical reports, children will undergo considerable
abuse yet still remain in contact with the abusive caregiver (Helfer ef al.,
1997) although, clinically, these children show some disturbed attachment
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characteristics (Hesse and Main, 2000; O’Connor and Rutter, 2000; re-
viewed in Morton and Browne, 1998). Finally, Bowlby’s claim that the
infant-caregiver relationship defines subsequent adult relationships can
be documented most clearly in cases in which these abused children later
form adult relationships that often involve insecure attachments and abu-
sive behavior (Mullen et al., 1994; Smallbone and McCabe, 2003; Styron
and Janoff-Bulman, 1997).

Bowlby’s description of attachment applies to other species. Rapid at-
tachment occurs in a variety of species, with imprinting as the classic
example. Moreover, attachment despite abuse is widespread in the animal
kingdom. For example, during the critical period for imprinting, chicks can
be shocked while following the surrogate, yet following still occurs (Hess,
1962). This same treatment of a chick just hours after the critical period
has closed produces an aversion to the surrogate. Similarly, infant dogs
neglected, mishandled, or shocked by the caregiver also form a strong
caregiver attachment, while the same situation produces quickly learned
aversions in older dogs (reviewed in Rajecki et al., 1978). Perhaps one
of the more dramatic examples of infant attachment in an abusive care-
giver rélationship was documented by H. Harlow in nonhuman primates
(Harlow and Harlow, 1965). Specifically, maternally deprived infants were
permitted to mature, mate, and give birth. Lacking mothering skills com-
pounded with having a disturbed nature, these animals severely mistreated
their young, yet the abused infants still developed a strong attachment to
their caregivers. More recently a model of abuse in nonhuman primates at
Yerkes National Primate Research Center has documented attachment
after far more moderate abuse by presumably healthy, normal mothers
(e.g., Maestripieri et al., 1997, 1999). While it may appear maladaptive to
attach to an abusive caregiver, when one considers that survival in altricial
species is greatly compromised without a caregiver (no food, protection, or
warmth), evolution may have carved a learning attachment system in some
species that functions regardless of the quality of parental care.

II. UNIQUE CHARACTERISTICS OF INFANT LEARNING

For many altricial species. at least some learning is required for attach-
ment to the caregiver. Using our rat model of attachment, we suggest that
the unique infant learning characteristics documented below support this
attachment system and ensure that the animal forms a repertoire of prox-
imity-seeking behaviors directed toward the caregiver, regardless of the
quality of care received. Indeed, as is illustrated in this review of the
developmental learning literature on rats, the infant system seems to
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potentiate learned approach responses and attenuate learned avoidance
responses, ultimately supporting attachment under a variety of conditions.
This period of unique infant learning ends at postnatal day (PN) 10 and is
referred to as the sensitive period for learning.

A. ACQUISITION OF INFANT LEARNING

Learning involves the acquisition of a change in behavior to an environ-
mental stimulus (reviewed in Abel and Lattal, 2001). A large body of
literature on the development of learning in rodents suggests that acquiring
new information appears quite similar in infant and adult rats (reviewed in
Campbell, 1984; Fanselow and Rudy, 1998; Hudson et al., 1998; Robinson
and Smotherman, 1995; Spear and Rudy, 1991; Stanton, 2000). Neverthe-
less, unique learning characteristics have been documented in pups.

Rat pup learning seems to have two major periods of developmental
change. The first occurs as pups make the transition from crawling to
walking, which expands their environment to outside the nest. The second
occurs around weaning, when parental assistance ends. We hypothesize that
evolution has worked on each developmental transition to accommodate
the pups’ changing environment. While both transitions are described
below, our emphasis will be the first transition, which has been the focus
of our research efforts. Also, this review focuses on classic condition-
ing with a strong emphasis on olfaction, because of its importance in
mediating a range of neonatal behaviors, from suckling and huddling, to
the formation of incentive-seeking or avoidance behaviors (e.g., Alberts,
1976; Rosenblatt, 1983). Because of the large amount of literature on
infant learning, this is not a comprehensive review, but highlights the litera-
ture that demonstrates the specialization of the infant brain to support
mother-infant attachment.

1. Behavioral Studies on Infant Acquisition

Beiore walking emerges. pups are usuallv confined to the nest and appear
to have a learning system that predisposes them to preference learning.
Both olfactory and somatosensory learning occur rapidly in the neonate,
with robust learning resulting from as little as 10 min of conditioned
stimulus (CS)-reward pairings (reviewed in Hofer and Sullivan, 2001).
Stimuli that function as a reward are broadly defined. Traditional rewards
that support odor preference learning include warmth and milk (Brake,
1981; Guénaire et al., 1982; Thoman et al., 1968; reviewed in Hofer and
Sullivan, 2001); but unconventional rewards, such as tactile stimulation
(called stroking—McLean et al., 1993, 1999; Pedersen et al., 1982; reviewed
in Hofer and Sullivan, 2001), and paradoxical rewards, such as a 0.5-mA
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shock and tail pinch, also produce a subsequent odor preference (Camp
and Rudy, 1988; reviewed in Hofer and Sullivan, 2001). This changing
reward value during development is illustrated in Fig. 1.

The stimuli that function as reward become more narrowly defined as
the learning system matures, coinciding with the emergence of walking
around PN10 (Bolles and Woods, 1965). While traditional rewards (such as
milk) retain their rewarding value throughout development, others (strok-
ing) lose their rewarding value, and still others (shock) change their re-
warding value from supporting an odor preference to supporting an odor
aversion (Camp and Rudy, 1988; Johanson and Hall, 1982; Woo and Leon,
1987; reviewed in Hofer and Sullivan, 2001). Overall, during the sensitive
period, the reward system appears to be designed to support rapid learning
about the mother, at a time when pups are confined to the nest and the
learning demands of the pup are limited to learning a preference for
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Fic. 1. During the first postnatal week. a wide range of stimuli support odor preference
learning. Milk, stroking, and shock each can produce an odor preference in PN6 pups.
However, after the sensitive period, tactile stimulation no longer serves as a rewarding
stimulus, and thus does not produce an odor preference. Conversely. shock in PN12 pups
produces an odor aversion, illustrating a change in the hedonic value of shock. Modified from
Sullivan and Wilson (1994); Hofer and Sullivan (2001).



DEVELOPMENT OF LEARNING AND MEMORY 107

maternal. nest, and peer odors. As the pup matures and begins to walk at
PN10, a more adult-like learning system emerges that provides the pup
with a more complex learning system to accommodate a complicated
extranest environment.

In addition, as compared with the adult or older pup, which focuses on a
select group of salient stimuli, the sensitive period neonate seems to learn
about a wide range of stimuli (Spear er al., 1989). Moreover, while pre-
exposure to a CS, such as an odor, hinders subsequent conditioning to that
CS in adults, CS preexposure facilitates subsequent learning in young pups
(Hoffmann and Spear, 1989; Misanin et al., 1983). This broad sensitive
period learning may help pups to learn about the complex features of the
dam, siblings, and nest.

Perhaps the most dramatic neonate learning characteristic is the limita-
tions put on learning passive avoidance, active avoidance, and inhibitory
conditioning during the sensitive period (Blozovski and Cudennec, 1980,
Camp and Rudy, 1988; Collier et al., 1979; Roth and Sullivan, 2001, 2003;
Sullivan et al., 2000a; reviewed in Myslivecek, 1997). Specifically, odor
paired with moderate pain (0.5-mA shock or tail pinch) results in pups
learning a preference for that odor as indicated by orienting toward the
odor and even climbing an obstacle to approach the odor (Camp and Rudy,
1988; Roth and Sullivan, 2001; Sullivan ef al., 2000a). The 0.5-mA shock is
an intensity similar to that used in adult fear conditioning experiments, and
it should be noted that pups feel pain. Threshold to shock does not appear
to change developmentally, and a 0.5-mA shock elicits both broadband
vocalizations (indicative of pain; White er al., 1992) and escape responses
associated with pain (Emerich et al., 1985; Stehouwer and Campbell, 1978;
Sullivan et al., 2000a).

The end of the sensitive period coincides with the emergence of walking
(Bolles and Woods, 1965), suggesting that a more adult-like learning system
may be needed as pups begin to venture outside the nest. However, it should
be noted that neonatal rats can learn an odor aversion following odor—
malaise pairings. Specifically. odor paired with illness-inducing LiCl or very
strong shock (1.0-1.5 mA) results in a subsequent aversion for that odor
(e.g.. Haroutunian and Campbell. 1979: Martin and Alberts, 1979; Rudy and
Cheatle, 1977: reviewed in Sullivan. 2001). Shock levels of 1.0 mA and
above exceed those typically used in adult fear conditioning experiments
(e.g., LaLumiere er al.,2003; Paschall and Davis, 2002; Wilensky et al., 1999).
Work from the laboratories of J. Rudy and B. Campbell suggests that until
PN9-10, pups easily learn aversions based on interoceptive cues (malaise or
internal shock) but not exteroceptive cues, such as a moderate intensity
external shock (Camp and Rudy, 1988; Haroutunian and Campbell, 1979).
Indeed, Rudy suggests that changes in the categorization of appetitive and
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aversive events occur in pups some time between PN8 and PN12, coinciding
with the end of the sensitive period (Camp and Rudy, 1988).

While dramatic changes in learning occur in the 10-day-old pup, not all
developmental changes in learning occur at this age. For example, con-
ditioned fear emerges at different ages depending on the sensory system:
freezing (immobility) first emerges at PN10, PN16, and PN18, respectively,
for the olfactory, auditory, and visual systems (Hunt et al., 1994, 1997;
Sullivan et al., 2000a), with ear opening at PN12-13 and eye opening around
PN15. Additional learning abilities seem to emerge at weaning. For exam-
ple, potentiated startle, which is the enhancement of a startle response by an
innate (i.e., loud noise) or learned fear (odor previously paired with shock),
does not emerge until PN21-PN23 (Richardson et al., 2000, 2003; reviewed
in Hunt and Campbell, 1999). Similarly, contextual fear conditioning, in
which an animal displays a fear response to a context associated with an
aversive stimulus, does not emerge until approximately PN23-25 (Rudy and
Morledge, 1994; reviewed in Stanton, 2000). Overall, the learning system of
pups seems to change at the time of developmental landmarks, such as
walking and weaning (Hassmannovi et al., 1985).

2. Neural Correlates of Infant Acquisition

One of the perplexing issues concerning the neural basis of odor learning
in neonatal pups during the sensitive period is that they show excellent
learning ability, yet brain areas identified as important in adult odor condi-
tioning (amygdala, hippocampus, and frontal cortex) appear not to partici-
pate, and major neural connections, such as amygdaloid-hippocampal and
hippocampal-entorhinal cortical connections, are immature (Alvarez et al.,
2002; Astic and Saucier, 1982; Crain et al., 1973; Hall, 1987; Landers and
Sullivan, 1999; Litaudon et al., 1997; Nair and Gonzalez-Lima, 1999; Ramus
and Eichenbaum, 2000; Rudy and Morledge, 1994; Rudy et al., 1987;
Saar et al.. 2002: Tronel and Sara, 2002; Verwer et al., 1996; reviewed in
Fanselow and Rudy. 1998: Stanton, 2000).

This suggests that the neural structures supporting classic conditioning
may be different in pups. and the literature suggests that the brain struc-
tures supporting sensitive period learning are the olfactory bulb. the nor-
adrenergic locus coeruleus (LC). and the amygdala (see Fig. 2). The
piriform cortex and the anterior olfactory nucleus also appear to influence
how olfactory information is handled in the neonatal brain, and other brain
areas will certainly be added to this list as more information about the
developing brain emerges.

The classic conditioning learning circuit is diagramed within the olfacto-
ry system in Fig. 2. Relative to other sensory systems, the olfactory system
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Fig. 2. Schematic representation of the olfactory system (not drawn to scale). Information
progresses from the olfactory bulb to either the piriform cortex or amygdala. A small
percentage of neurons also make connections in the anterior olfactory nucleus. Locus
coeruleus fibers terminate in the olfactory bulb, providing rich noradrenergic input that is
both necessary and sufficient for neonate learning.

is simplistic: the information does not pass through the thalamus before
going on to the primary sensory (piriform) cortex, and there is only one
synapse between the olfactory receptors and the piriform cortex. Informa-
tion progresses from the olfactory bulb to either the cortex or amygdala, with
additional connections in the anterior olfactory nucleus (AON) (reviewed in
Brunjes and Frazier, 1986; Shipley and Ennis, 1996; Wilson and Sullivan,
2003). Information about reward appears to reach the olfactory circuit via
the LC directly into the olfactory bulb.

a. The olfactory bulb and the source of norepinephrine, the locus
coeruleus  As illustrated in Fig. 3, during acquisition the olfactory bulb
primary output neurons (mitral cells) exhibit a heightened excitatory re-
sponse in experimental pups (receive paired presentations of odor and
reward) as compared with odor control groups (Wilson and Sullivan,
1992). Indeed. while mitral cells normally quickly habituate to repeated
odor presentations. this habituation is prevented when that odor is paired
with a reward. This heightened mitral cell response during training may be
a critical factor in induction of the behavioral and neural changes discussed
below.
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Fie. 3. During acquisition the olfactory bulb primary output neurons (mitral cells) exhibit a
heightened excitatory response in experimental pups (odor-reward groups) as compared with
control groups. As indicated by mitral/tufted cell single unit responses, control pups (odor
only) habituate to the odor, whereas pups receiving contiguous odor presentations and
stimulation of the medial forebrain bundle/lateral hypothalamus as a reward (paired)
maintain odor responsiveness. Modified from Wilson and Sullivan (1992).

Norepinephrine (NE) is both necessary and sufficient for the enhanced
mitral cell response to the odor and the acquisition of the learning induced
neurobehavioral effects (reviewed in Sullivan and Wilson, 1994, 2003).
Specifically, either blocking NE receptors in the bulb or destroying the
LC (source of NE) prevents odor learning. More importantly, NE is
sufficient to support neonatal odor learning; activation of olfactory bulb
NE -receptors with isoproterenol paired with odor stimulation produces a
learned approach response in rat pups (Langdon et al., 1997; Moriceau and
Sullivan, 2004b; Sullivan et al., 2000b; Yuan et al., 2003; reviewed in
Sullivan and Wilson, 2003). Moreover, increasing olfactory bulb NE by
stimulating the LC during an odor presentation is sufficient to support odor
learning and the learning-induced changes in the olfactory bulb that occur
during the sensitive period (Moriceau and Sullivan, 2004b; Sullivan ef al.,
2000b). This is in sharp contrast to the effects of NE in the adult, where
blocking/activating NE generally has only a modulatory effect on adult
acquisition of such tasks as inhibitory avoidance or escape from a water
maze (e.g., Harris and Fitzgerald, 1991; Liang, 1998; Sara et al., 1995).
However, adult learning critical for survival, such as mating and infant
care, requires NE (reviewed in Brennan and Keverne, 1997; Fleming et al..
1999; Insel and Young, 2001; Levy, 2002).




DEVELOPMENT OF LEARNING AND MEMORY 111

There is no endogenous NE in the olfactory bulby its sole source of NE is
the LC (McLean and Shipley, 1991; Shipley et al., 1985). which releases
copious amounts of NE into the neonatal bulb with almost any moderate
intensity sensory stimulus (Rangel and Leon, 1995; reviewed in Nakamura
and Sakaguchi, 1990). The neonatal LC also releases substantially more
NE into the bulb than the adult LC (Rangel and Leon, 1995). As is
illustrated in Table I, there is a sharp contrast between the functioning of
the neonatal and older LC, with LC developmental changes that dramati-
cally reduce NE release coinciding with the termination of the sensitive
period. The emergence of neonatal LC autoreceptors, receptors that are
activated by the neurotransmitter released from LC neurons (NE), is the
primary cause of developmental changes in the LC. During the second
postnatal week, excitatory ay-autoreceptor function becomes limited and
no longer temporally extends the heightened response of the LC to sensory
stimuli, and inhibitory aj-autoreceptor function emerges, shutting down
the LC within milliseconds of a response onset (Winzer-Serhan and Leslie,
1999; reviewed in Marshall et al., 1991; Nakamura and Sakaguchi, 1990).
These findings suggest that the infant LC is responsible for enhanced odor
preference learning, and that maturation of the LC (via emergence of c,-
autoreceptor function) signals the termination of the sensitive period for
odor-preference learning in rat pups.

Although NE appears particularly important in neural plasticity during
early development, many neurotransmitters have a role in olfactory
learning in neonatal rats [cholecystokinin—Shayit and Weller, 2001;
GABA—Okutani et al., 2002; glutamate—Lincoln ez al., 1988; Mickley
et al., 1988; opioids—e.g., Barr and Rossi, 1992; Kehoe and Blass,
1986; Panksepp et al., 1994; Roth and Sullivan, 2001, 2003; serotonin
(5-HT)—MClLean et al., 1993]. Nitric oxide, an intracellular messenger,
also has a role in early olfactory learning (Samama and Boehm, 1999).
It has also been shown that the interaction of NE and 5-HT within the bulb
mediates acquisition. The NE effect on learning displays an inverted
U-shaped dose-tesponse curve (reviewed in Sullivan and Wilson, 1994)
that can be shifted with manipulations of olfactory bulb 5-HT activity
(McLean er al.. 1993.1999). Specifically. more NE is required for learning
if 5-HT is depieted. while less NE is required if a 5-HT receptor agonist is
added to the bulb. It should be noted that 5-HT without NE is nor sufficient
to support learming. whereas NE alone is sufficient to support learning
(Yuan er al.. 2003,

b. The anterior olfactory nucleus Although there are learning-induced
changes within the olfactory bulb, the mitral cell signal also leaves the bulb,
suggesting that learning-induced changes are likely to occur in other brain




TABLE 1

Evibenci ‘Tnar Diviiorminral, CHANGES IN THE FUNCTIONING oF THE Locus COERULEUS UNDERLIE TERMINATION OF THE UNIQUE I.EARNING

ABILITIES DISPLAYED DURING THE SENSITIVE PERIOD

Physiological and
cellular
characteristic

Infant LC

Adult LC

Ref.

Response to
sensory stimuli

Response to
repeated sensory
stimulation

Response Lo
sensory stimulation

Tyrosine
hydroxylase levels

More responsive
to sensory stimuli,
including both
noxious and
nonnoxious stimuli

Fails to habituate

20 to 30-s response

Electronically
coupled LC

Large output of NE
due to excitatory
autoreceptors

Produces 200-300%
increase in olfactory
bulb NE levels

Greater levels, with
a transient peak on
postnatal day 10

Less responsive,
particularly to
nonnoxious stimuli

Habituates

Few millisecond
response

Less electronically
coupled LC
Smaller output of
NE due to
emergence of
inhibitory
autoreceptors
Produces no
increase in NE
olfactory bulb levels
Decreased levels

Aston-Jones and
Bloom (1981); Aston-Jones
et al. (1994, 1999); Harley
and Sara (1992); Kimura and
Nakamura (1985); Nakamura
and Sakaguchi (1990); Sara
et al. (1995)

Kimura and Nakamura (1985);
Nakamura and Sakaguchi
(1990); Vankov ez al. (1995)

Kimura and Nakamura (1985);
Nakamura and Sakaguchi
(1990)

Christie and Jelinek (1993);
Marshall et al. (1991)

Kimura and Nakamura (1985);
Nakamura and Sakaguchi
(1990)

Rangel and Leon (1995)

Bezin et al. (1994a,b)

Abbreviations: LC, locus cocruleus; NE, norepinephrine.






