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Abstract
Odor-shock conditioning produces either olfactory preference or aversion in preweanling (12–15
days old) rats, depending on the context. In the mother’s absence, odor-shock conditioning produces
amygdala activation and learned odor avoidance. With maternal presence, this same conditioning
yields an odor preference without amygdala activation. Maternal presence acts through modulation
of pup corticosterone and corticosterone’s regulation of amygdala activity. Over-riding maternal
suppression of corticosterone through intra-amygdala corticosterone infusions permits fear
conditioning and amygdala activation.

Here we show two circuits for odor-shock conditioning, with maternal presence providing the
‘switch’ by lowering pups’ corticosterone levels. Because pups must learn the diet-dependent
maternal odor for interactions with the mother (such as nipple attachment and approach), this
system ensures that pups only learn to approach maternal odor. The mother’s ability to modify
fear learning circuitry may provide clues to abusive attachment and predisposition for mental
illness and altered emotional expression later in life1–3. The validity of an animal model of
abusive attachment is strengthened by the wide phylogenetic representation of abusive
attachment, which has been documented in chicks, infant dogs, rodents and nonhuman
primates4,5. Moreover, these data provide insight into the timing and mechanisms of functional
emergence of brain areas during development.

During early life when pups are confined to the nest (the ‘sensitive period’), they exhibit
potentiated preference learning and attenuated aversion learning, characterized by odor
preferences induced by conditioning with an odor and a 0.5-mA shock6–8. This paradoxical
learning does not reflect the pups’ inability to feel pain or threshold differences9, but reflects
the inability of odor-shock conditioning to engage the amygdala8,10–12. The sensitive period
ends as the pups’ ability to walk emerges and life outside the nest begins (at age 10 d), with a
rapid transition to independence by age 21–23 d. In this ‘postsensitive period’, preweanling
rats are in a transitional period from dependence to independence. At this stage, the pups need
both continued interactions with the mother as well as the engagement of contingency-
dependent learning for survival outside the nest. The effects of maternal presence on odor-pain
conditioning may ensure that pups continue to only learn approach responses to her odors,
whereas in her absence they learn complex contingencies required for survival outside the nest.

Here we present data illustrating that odor-shock learning (0.5-mA shock) in pups
accommodates their changing developmental needs. Odor-shock conditioning resulted in an
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odor preference at an age when pups were confined to the nest (Fig. 1a; 8 d sensitive period;
analysis of variance (ANOVA), F3,16 = 3.917, P < 0.005; post-hoc Fisher tests between each
group). However, pups between 12 and 15 d old (that is, postsensitive period), an age that
represents a transition from nest life to independent life, learned an odor preference while with
the mother and an odor aversion while alone (Fig. 1b; ANOVA, F3,28 = 25.563, P < 0.0001;
post-hoc Fisher tests between each group). In pups of weaning age (21–23 d old), odor-shock
conditioning produced an odor aversion with or without the mother (Fig. 1c; ANOVA, F3,15
= 9.404, P < 0.005; post-hoc Fisher tests between each group). This dual learning system may
ensure that pups still only learn to approach the maternal odor, but also learn to avoid odors
they encounter outside the nest. The work presented here explored the mechanisms responsible
for pups’ dual learning system using a systems-level analysis.

Our rationale for assessing how the mother could function as a ‘switch’ between the two
learning systems was based on previous data. First, the termination of the sensitive period is
coincident with the gradual decline of the pups’ ‘stress hyporesponsive period’ when stressors
such as shock begin to produce a surge in corticosterone release11,13. In preweanling pups,
odor-shock conditioning requires that corticosterone produce odor aversion learning and
basolateral amygdala plasticity11,12. Indeed, giving corticosterone to 7-d-old (that is, sensitive
period) pups permits aversion learning and engages the amygdala, whereas depleting 12-d-old
(that is, postsensitive period) pups of corticosterone (by adrenalectomy) reinstates the sensitive
period11,12. Second, maternal presence suppresses shock-induced corticosterone release in
preweanling pups14.

Here we used 12- to 15-d-old (postsensitive period) pups in an odor-shock fear conditioning
protocol (0.5-mA shock) similar to one that engages the amygdala in adult rats15. For the paired
presentations, pups were administered 11 0.5-mA, 1-s-long tail shocks during the last second
of a 30-s-long presentation of a peppermint odor. Controls received either the odor only or
unpaired presentations of odor and shock (details in Supplementary Methods online). Pups
were conditioned in either the presence or the absence of an anesthetized mother and were
tested the next day in a Y-maze (conditioned odor versus the familiar odor of clean bedding).
Pups subjected to odor-shock without maternal presence learned to avoid the odor. In contrast,
pups subjected to odor-shock with maternal presence developed the paradoxical shock-induced
odor preference (Fig. 1b). The olfactory bulb only participated in the conditioning for the
‘paired with maternal presence’ pups that expressed an odor preference (Fig. 2a). This
enhanced responding of the olfactory bulb is typical of learning-associated changes in younger
(sensitive period) pups and is associated with learning the maternal odor4,13 (ANOVA,
F4,21 = 7.798, P < 0.001; post-hoc Fisher tests between each group). We performed auto-
radiographic analysis of the basolateral complex (Fig. 2b) and other nuclei (Supplementary
Figs. 1 and 2 online) of the amygdala during conditioning. The amygdala’s cortical, medial,
basolateral and lateral nuclei only participated in odor-shock conditioning in the mother’s
absence (ANOVAs: basolateral, F4,20 = 16.577, P < 0.0001; lateral, F4,20 = 27.940, P < 0.0001;
cortical, F4,19 = 10.796, P < 0.0001; medial, F4,20 = 7.425, P < 0.001; post-hoc Fisher tests
between each group; details in Supplementary Methods). Next, we reversibly silenced the
amygdala with muscimol (0.5 nmol; GABAA receptor antagonist) and found a causal
relationship between maternal presence, odor-shock conditioning and amygdala participation.
The amygdala silencing disrupted odor aversions learned from odor-shock pairings in the
‘without maternal presence’ condition, suggesting that the amygdala is important in aversion-
induced odor-shock conditioning. However, this manipulation did not disrupt paired
conditioning in the ‘with maternal presence’ condition (Fig. 2c; ANOVA, F3,24 = 3.667, P <
0.05; post-hoc Fisher tests between each group; placements of infusion cannulae shown in
Supplementary Fig. 3 online).
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Due to the important role of corticosterone in infant rat learning and in the mother’s ability to
reduce shock-induced corticosterone release in pups, we assessed corticosterone’s effect on
learning and amygdala activity10,11. Corticosterone levels during conditioning were
significantly higher in pups subjected to paired conditioning without maternal presence than
in those with maternal presence, including shock and nonshock groups (Fig. 3a; ANOVA
F3,16 = 11.794, P < 0.0005; post-hoc Fisher tests between each group). Maternal effects on
corticosterone and fear learning were further supported through systemic and intra-amygdala
infusions of corticosterone. In pups subjected to paired odor-shock with maternal presence, the
systemic administration of corticosterone (3 mg) 30 min before conditioning enabled odor
aversion learning, as well as the incorporation of the amygdala into the learning circuit12,13
(Fig. 3b; behavior ANOVA, F2,12 = 11-400, P < 0.005; post-hoc Fisher tests between each
group; olfactory bulb and amygdala data are included in Figs. 2a and 2b, respectively, along
with the associated statistics). Furthermore, in these pups (odor-shock with maternal presence),
direct infusion of corticosterone (50 ng) into the amygdala during conditioning resulted in the
learning of an odor aversion12 (Fig. 3c; ANOVA, F2,20 = 35.362, P < 0.0001; post-hoc Fisher
tests between each group; placement of infusion cannulae are shown in Supplementary Fig.
4 online).

In summary, our data suggest that preweanling pups have two odor-shock learning circuits,
with maternal presence providing suppression of stress-induced corticosterone release and
engaging the odor-shock circuit for odor preference learning supporting infant-mother
attachment. These data provide insight into the timing and mechanisms of functional
emergence of the amygdala and suggests ways in which the functional maturation of brain
development may be disrupted by stress.
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Figure 1.
Pup learning from odor-shock conditioning (0.5-mA shock) changes over development and is
influenced by maternal (anesthetized) presence. Behavior was examined using a Y-maze test,
(a) 8-d-old rats learned to prefer an odor paired with a shock, with or without maternal presence,
(b) When conditioned without maternal presence, 12- to 15-d-old pups subjected to paired
odor-shock learned an odor aversion. Pups that were conditioned with maternal presence
learned an odor preference. (c) Pups of weaning age (21 to 23 d old) learned odor avoidance
with or without maternal presence. *P < 0.05. Error bars represent s.e.m.
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Figure 2.
Maternal presence activates a non-amygdala dependent odor-shock circuit and yields odor
preference, (a) Olfactory bulb activity during odor-shock acquisition was assessed by
relative 14C 2-deoxyglucose (14C 2-DG) uptake. Enhanced uptake was found in pups subjected
to paired odor-shocks with maternal presence that expressed an odor preference, (b) Activity
in the basolateral and lateral nuclei of the amygdala were enhanced during odor-shock
presentation only without maternal presence, as assessed by relative 14C 2-DG uptake.
Additional amygdala nuclei and a representative 14C 2-DG/Nissl-stained amygdala section are
shown in Supplementary Figs. 1 and 2, respectively. (c) Reversibly silencing the amygdala
with the GABA agonist muscimol disrupted the odor aversion learning in pups subjected to
odor-shock pairings without maternal presence but had no effect on the pups subjected to odor-
shock pairings with maternal presence. *P < 0.05. Error bars represent s.e.m.
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Figure 3.
Assessment of the association between corticosterone, learning and the amygdala, (a)
Radioimmunoassay (RIA) corticosterone levels were low in pups receiving shock with
maternal presence, but high in those receiving shock without maternal presence, (b) Pups
subject to paired odor-shock with maternal presence were given systemic corticosterone 30
min before conditioning. These pups showed odor aversion learning, (c) Intra-amygdala
corticosterone permitted these pups to learn an odor aversion. *P < 0.05. Error bars represent
s.e.m.
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