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Dual Circuitry for Odor-Shock Conditioning during Infancy:
Corticosterone Switches between Fear and Attraction
via Amygdala

Stephanie Moriceau,' Donald A. Wilson,' Seymour Levine,?> and Regina M. Sullivan'
Department of Zoology, University of Oklahoma, Norman, Oklahoma 73019, and ?Department of Psychiatry, University of California-Davis, Davis,
California 95817

Rat pups must learn maternal odor to support attachment behaviors, including nursing and orientation toward the mother. Neonates
have a sensitive period for rapid, robust odor learning characterized by increased ability to learn odor preferences and decreased ability
to learn odor aversions. Specifically, odor- 0.5 mA shock association paradoxically causes an odor preference and coincident failure of
amygdala activation in pups until postnatal day 10 (P10). Because sensitive-period termination coincides with a declining “stress
hyporesponsive period” when corticosterone release is attenuated, we explored the role of corticosterone in sensitive-period termination.
Odor was paired with 0.5 mA shock in either sensitive-period (P8) or postsensitive-period (P12) pups while manipulating corticosterone.
We then assessed preference/aversion learning and the olfactory neural circuitry underlying its acquisition. Although sensitive-period
control paired odor-shock pups learned an odor preference without amygdala participation, systemic (3 mg/kg, i.p.; 24 h and 30 min
before training) or intra-amygdala corticosterone (50 or 100 ng; during training) permitted precocious odor-aversion learning and
evoked amygdala neural activity similar to that expressed by older pups. In postsensitive-period (P12) pups, control paired odor-shock
pups showed an odor aversion and amygdala activation, whereas corticosterone-depleted (adrenalectomized) paired odor-shock pups
showed odor-preference learning and activation of an odor learning circuit characteristic of the sensitive period. Intra-amygdala corti-
costerone receptor antagonist (0.3 ng; during training) infused into postsensitive-period (P12) paired odor-shock pups also showed
odor-preference learning. These results suggest corticosterone is important in sensitive-period termination and developmental emer-
gence of olfactory fear conditioning, acting via the amygdala as a switch between fear and attraction. Because maternal stimulation of
pups modulates the pups’ endogenous corticosterone, this suggests maternal care quality may alter sensitive-period duration.
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Introduction

Infancy is characterized by rapid learning of orientation and ap-
proach to the caregiver, ensuring attachment to the caregiver.
However, unique infant learning is also characterized by reduced
aversion learning, perhaps to prevent learning to avoid the care-
giver. For example, in classic experiments by Hess (1962), re-
cently hatched chicks were shocked while presented with a sur-
rogate mother. The next day, shocked chicks showed a stronger
following response than unshocked chicks. In chicks a few hours
older, similar pairings resulted in a subsequent aversion to the
surrogate. Additional species exhibiting a similar phenomenon
include nonhuman primates (Harlow and Harlow, 1965), dogs
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[Fisher (1955), cited in Rajecki et al. (1978)], and humans (Helfer
et al., 1997). Our imprinting model in rat pups uses a fear-
conditioning paradigm in which odor paired with 0.5 mA shock
paradoxically causes an odor preference during a temporally de-
fined sensitive period (Sullivan et al., 1986a,b, 2000a; Camp and
Rudy, 1988; Moriceau and Sullivan, 2004b; Roth and Sullivan,
2005), although pups clearly show pain-related responses during
shock (Stehouwer and Campbell, 1978; Emerich et al., 1985; Barr,
1995; Sullivan et al., 2000a). Our data suggest the amygdala does
not participate in the sensitive-period odor—shock conditioning
that may underlie the pups’ attenuated aversion learning (Sulli-
van et al., 2000a; Moriceau and Sullivan, 2004b; Roth and Sulli-
van 2005).

Here we explore the termination of sensitive-period learning
as characterized by the emergence of “adult-like” fear learning
from odor—shock conditioning. Our assessment began with the
stress hormone corticosterone (CORT) for the following reasons.
First, the sensitive period is related to the “stress hyporesponsive
period” when the pups’ low CORT level is not raised by most
stressful stimuli (i.e., restraint, shock) (Rosenfeld et al., 1992;
Grino et al., 1994; Levine, 2001). Second, both unlearned fear,
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such as the pups’ freezing (immobilization) response to unfamil-
iar male odor, and the activation of the amygdala by predator
odor emerge as the sensitive period ends (Takahashi et al., 1991;
Takahashi, 1992; Weidenmayer and Barr, 2001; Moriceau et al.,
2004). Predator odor-induced freezing and coincident amygdala
activation can be evoked precociously by injecting CORT in
sensitive-period pups (Takahashi et al., 1991; Takahashi, 1992;
Weidenmayer and Barr, 2001; Moriceau et al., 2004). Third,
adrenalectomizing pups can prolong the infants’ unique
sensitive-period learning, such as attenuated fear and inhibitory
conditioning (Collier et al., 1979; Blozovski and Cudennec, 1980;
Bialik et al., 1984; Myslivecek, 1997; Moriceau and Sullivan,
2004b), as well as extend the learning-induced changes of the
olfactory bulb characteristic of the sensitive period (Moriceau
and Sullivan, 2004b). Fourth, sensitive-period odor—shock-
induced preference learning and its olfactory bulb neural corre-
lates can be blocked by a single injection of CORT, although pups
did not learn to avoid the odor (Moriceau and Sullivan, 2004b).

Here we extend our sensitive-period CORT manipulations to
two systemic injections (24 h and 30 min before conditioning).
We found that pups in the sensitive period exhibit adult-like fear
conditioning along with amygdala participation and emergence
of the adult-like olfactory learning circuit (posterior piriform
cortex and specific amygdala nuclei). Intra-amygdala CORT in-
fusion limited to the acquisition period also precociously pro-
duced an odor aversion in sensitive-period pups, which suggests
the amygdala is the site of CORT action in sensitive-period ter-
mination. Finally, depletion of CORT or intra-amygdala infusion
of a CORT antagonist in older postsensitive-period pups rein-
states the sensitive-period shock-induced odor-preference learn-
ing and its associated non-amygdala learning circuit.

Materials and Methods

Subjects. The subjects were postnatal day 8 (P8) and P12 male and female
Long—Evans rat pups born and bred in our colony (originally from Har-
lan Lab Animals, Indianapolis, IN). Dams were housed in polypropylene
cages (34 X 29 X 17 cm) lined with pine shavings and kept in a room
controlled for temperature (23°C) and light (7:00 A.M. to 7:00 P.M.).
Food and water were available ad libitum. The day of parturition was
considered PO, and litters were culled to 12 on PO—P1. No more than one
male and one female from a litter were used in each experimental condi-
tion. All procedures were approved by the University of Oklahoma In-
stitutional Animal Care and Use Committee and followed National In-
stitutes of Health guidelines.

Odor—shock conditioning. At P8 or P12, pups were assigned to one of
the following 45 min classical conditioning groups: (1) paired odor—
shock, (2) unpaired odor—shock, and (3) odor-only. Pups were trained in
individual 600 ml plastic beakers and were given a 10 min adaptation
period to recover from experimental handling. During a 45 min training
session, pups received 11 presentations of a 30 s peppermint odor [con-
ditioned stimulus (CS)] and a 1 s, 0.5 mA tail shock (conditioned stim-
ulus), with an intertrial interval of 4 min. Peppermint odor was delivered
by a flow dilution olfactometer (2 liters/min flow rate) at a concentration
of 1:10 peppermint vapor. Paired odor—shock pups received 11 pairings
of the 30 s odor with shock overlapping during the last 1 s of the odor
presentation. Unpaired odor—shock pups received the shock 2 min after
each odor presentation. Odor-only pups received only the peppermint
odor presentations.

To verify learning and ensure CORT injections did not disrupt the
pups’ responsiveness to either the odor or shock, behavioral responsive-
ness to the stimuli presentations were recorded and acquisition curves
were constructed. Responses of these motorically immature animals
were recorded by noting the number of limbs moving (0 = no movement
of the extremities; 5 = movement of all five extremities that includes the
head), as well as specific behaviors (i.e., head up for response to odor, wall
climbing and vocalization to shock). Observations were made 20 s before
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the odor presentation, the first 20 s of the odor presentation, and the 1 s
shock delivery (Hall, 1979; Sullivan et al., 1994; Moriceau and Sullivan,
2004b).

Systemic CORT. P8 and P12 pups were given injections of either CORT
(3.0 mg/kg, i.p.) or saline (Takahashi, 1994; Moriceau and Sullivan,
2004b) either once (30 min before training) or twice (24 h and 30 min
before training). Two injections were used (1) to expose the glucocorti-
coid receptors (GRs) to a more prolonged occupation by CORT and (2)
also because CORT clearance is much slower in pups and the 24 h CORT
would remain in the system longer. For postsensitive-period assessment
of CORT, endogenous CORT was removed by adrenalectomy (ADX) at
P8 for training of P12 pups. Pups were anesthetized using isoflurane, and
dorsal incisions were made to extract the adrenal glands. Sham-operated
controls received dorsal incisions, but the adrenal glands were left intact.
After recovery from surgery (~1 h), pups were returned to the mother
and left undisturbed until training (Moriceau and Sullivan, 2004b).
CORT receptors (mineralocorticoid receptor and GR) are present
throughout both the adult and infant brain (Rosenfeld et al., 1993).

Radioimmunoassay. The levels of circulating CORT were determined
from heart blood of P8 and P12 pups with or without shock. Blood
samples were centrifuged at 14,000 rpm for 6 min. Plasma was stored at
—70°C until radioimmunoassay (RIA) was performed. Duplicate plasma
samples were analyzed for CORT using the Rat CORT Coat-a-Count kit
(Radioassay Systems Labs, Carson, CA). The sensitivity of the assay was 5
ng/ml. The intra-assay coefficient of variation was 1-9%.

Based on RIA done in our laboratory, the 3.0 mg/kg dose of CORT
produces CORT levels similar to those found in nonmaternally deprived
and stressed (endotoxin injection) pups at P6 (Dent et al., 1999; Moric-
eau and Sullivan, 2004b).

Surgery and amygdala/caudate infusion. On P5-P6 or P10-P11, pups
were anesthetized by inhalation with isoflurane and placed in an adult
stereotaxic apparatus modified for use with infants. Stainless steel can-
nulas (30 gauge tubing) were implanted bilaterally in the amygdaloid
complex or caudate through holes drilled in the overlying skull. Stereo-
taxic coordinates, derived from an atlas and previous work from our
laboratory (Paxinos et al., 1991; Sullivan and Wilson, 1993), were used
for implanting cannulas into the amygdaloid complex (P5-P6: caudal,
—0.80 mm; lateral, +3.00 mm from bregma; or P10—P11: caudal, —0.90
mm; lateral, =4.50 mm from bregma) or the caudate nucleus (caudal,
+0.4 mm; lateral, 1.2 mm from bregma). The cannulas were lowered
5.0 mm (P5-P6) or 6.0 mm (P10—P11) for the amygdala and 2.5 mm
(P5-P6) or 3.0 mm (P10-P11) for the caudate from the surface of the
skull, placing the tip near the amygdala or the caudate. The cannulas were
fixed to the skull with dental cement. To ensure patency of the cannulas,
guide wires were placed in the lumen of the tubing until training. After
recovery from surgery (generally within 30 min), pups were returned to
the dam and littermates for a 2 d recovery period until conditioning. On
P7-P8 or P12-P13, pups were placed in individual 600 ml plastic beakers.
Their bilateral cannulas were attached via PE10 tubing to a Harvard
syringe pump driving two Hamilton microliter syringes. The cannulas
were filled (16 s at 0.5 pl/min) with CORT (50 or 100 ng, P7-P8 pups;
Sigma, St. Louis, MO), GR antagonist mifepristone (RU 38486; 0.3 ng,
P12-P13 pups; Sigma), or cholesterol (control; Sigma). Pups were odor—
shock conditioned as described above. During the first 20 min training
period, pups received drug or control solution infused at 0.1 ul/min, for
a total infusion volume of 2.0 ul as described previously (Sullivan et al.,
1992, 2000b; Moriceau and Sullivan, 2004a). After training, pups were
disconnected from the syringe pump and returned to the nest until test-
ing the following day.

GR antagonist RU 38486 doses were chosen similar to adult doses
(Conrad et al.,, 2004; Donley et al., 2005; Yang et al., 2005): (1) the GR
number shows a marked increase from birth to P12 pups (65% of adult
levels) (Rosenfeld et al., 1988, 1993) and (2) the pharmacological profile
(affinity for CORT) of GR in brain seems to be quite similar between P12
pups and adult (Rosenfeld et al., 1988; Meaney et al., 1988; Walker et al.,
2002).

Verifying cannula placement and CORT spread in amygdala. After test-
ing, brains were removed, frozen, sectioned (20 um) ina —20°C cryostat,
and cresyl violet stained for identification of the cannula placement in
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relation to amygdala nuclei or the caudate nucleus using a neonatal atlas
(Paxinos et al., 1991). To characterize the extent of drug diffusion within
and outside of the amygdaloid complex, additional pups were implanted,
with the same surgical and drug infusion paradigms. These additional
pups were infused with 2 wl of a saline solution of [ *H] CORT (1 uCi/ul;
NEN Research Products, Boston, MA). Twenty minutes after infusion,
the brains were quickly removed, frozen in 2-methylbutane at —45°C,
and sliced in 20 wm coronal sections. The slides were apposed to a tritium
storage phosphor screen (Amersham Biosciences, Piscataway, NJ). After
14 d exposure, the screen was scanned at a pixel density of 50 wm (5000
dots per square centimeter) with a STORM 820 PhosphorImager (Mo-
lecular Dynamics, Sunnyvale, CA). Phosphorimaging of the slides results
in a TIFF image file for analysis of *H diffusion (Tucker et al., 2002;
Moriceau and Sullivan, 2004a).

Assessing the neural circuitry involved in pup olfactory learning. P8 and
P12 pups were given injections of '*C 2-deoxyglucose (2-DG; 20 uCi/
100 g, s.c.) 5 min before the 45 min odor—shock conditioning. Immedi-
ately after conditioning, pups were decapitated and their brains were
quickly removed, frozen in 2-methylbutane (—45°C), and stored in a
—70°C freezer. For analysis, brains were sectioned (20 wm) in a —20°C
cryostat, and every other section was saved to be placed on a coverslip and
exposed for 5 d along with 14C standards ( '*C standards, 10 X 0.02 mCi;
American Radiolabeled Chemicals, St. Louis, MO) to x-ray film (Di-
Rocco and Hall, 1981; Coopersmith and Leon, 1986; Sullivan and Wil-
son, 1995; Nudo and Masterton, 2004).

Specific amygdala nuclei are not easily detected with 2-DG and were
identified by counterstaining each 2-DG section with cresyl violet, which
was than used to make an overlay for the 2-DG autoradiography. While
the amygdala continues to develop through adolescence, nuclei are dis-
tinct by P7 and responsive to olfactory information during the early
neonatal period (Schwob et al., 1984; Berdel et al., 1997; Morys et al.,
1999; Nair and Gonzalez-Lima, 1999; Berdel and Morys, 2000; Bouw-
meester et al., 2002; Wilson, 2003). However, at this age, minimal con-
nections exist between the amygdala and other brain areas considered
important in fear conditioning, such as the prefrontal cortex and hip-
pocampus (Nair and Gonzalez-Lima, 1999; Bouwmeester et al., 2002).

The 2-DG uptake was expressed relative to 2-DG uptake in the corpus
callosum (which did not vary with conditioning group) to control for
differences in section thickness and exposure (Sullivan et al., 2000a).
Brain areas examined were the anterior olfactory nucleus (AON) (me-
dial, lateral, ventral, and dorsal nucleus), anterior and posterior piriform
cortex, and basolateral/lateral, cortical, medial, and central amygdaloid
nuclei.

Y-maze to assessing learning. The day after conditioning, pups were
given a behavioral Y-maze test. Pups used in behavioral tests were gen-
erally littermates of pups used for neural analysis and trained together.
This test required pups to choose between two arms of a Plexiglas Y-maze
(start box, 8.5 cm width X 10 cm length X 8 cm height; choice arms,
8.5 X 24 X 8 cm), one containing the peppermint odor CS (20 ul of
peppermint odor on a KimWipe placed at the end of the alley) and the
other containing the familiar odor of pine shavings (20 ml of clean shav-
ings in a Petri dish placed at the end of the alley). The start box was
separated from the alleys by two doors. A pup was placed in the start box
for 5 s before the door to each alley was opened. Each pup was given 60 s
to choose an arm. A response was considered a choice when a pup’s entire
body was past the entrance to the alley. Pups received five sequential trials
with 30 s between trials, and the floor was cleaned between each trial
(Sullivan and Wilson, 1991). Observation during the testing was done
blind to the training condition.

Statistical analysis. Comparisons were made between groups using the
ANOVA test, followed by post hoc Fisher’s tests (Winkler and Hays,
1975).

Results

P8 and P12 CORT response to shock

As shown in Figure 1, P12 but not P8 pups receiving shock (same
shock schedule as conditioning) showed a significant increase in
the CORT level. ANOVA analysis revealed a main effect of age
(F(19) = 15.603; p < 0.005) and shock (F(, o = 7.497; p < 0.05);
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of five trials) for sensitive-period P8 pups receiving a single CORT injection (4) and sensitive-
period P8 pups receiving a double CORT injection (B). *p << 0.05, significant difference from
each of the other groups.

post hoc Fisher’s tests ( p < 0.05 level) revealed that P12 pups
receiving a shock had significantly higher CORT levels compared
with all other groups at both ages.

Increased CORT during the sensitive period permits
odor-aversion learning

At P8, paired odor—shock pups given injections of saline learned
an odor preference, whether given one or two injections of saline
(Fig. 2). Paired pups that received one injection of CORT 30 min
before odor—shock conditioning (Fig. 2A) did not learn either an
odor preference or aversion, suggesting CORT disrupted learn-
ing and replicating our previous results (Moriceau and Sullivan,
2004b). However, double injections of CORT (24 h and 30 min
before paired odor—shock conditioning) (Fig. 2B) prematurely
terminated the sensitive period for odor-preference learning and
permitted pups to learn an odor aversion instead.

The single CORT injection ANOVA analysis revealed a main
effect of drug treatment (F(, 55, = 22.570; p < 0.0001) and a
significant interaction between the training condition and drug
treatment (F(, 59y = 9.237; p < 0.001); post hoc Fisher’s tests
revealed that the saline-paired groups differed significantly from
each of the control groups at the p < 0.05 level, whereas the 3.0
mg/kg CORT-paired group was not significantly different from
control groups (Fig. 2A).

The double CORT injection ANOVA analysis revealed a main
effect of drug treatment (F, 4,) = 11.467; p < 0.01) and a signif-
icant interaction between the training condition and drug treat-
ment (F(,,,, = 13.099; p < 0.0001); post hoc Fisher’s tests re-
vealed that the saline-paired group and the double CORT-paired
groups each differed significantly from each of the control groups
at the p < 0.05 level (Fig. 2B).
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Figure 3.  Effect of a single CORT injection on the 2-DG relative uptake in neonate (P8)

olfactory circuitry. Error bars represent the mean (== SEM) level of 2-DG uptake in the medial,
lateral, dorsal, and ventral nuclei of the AON (4), anterior and posterior piriform cortex (B), and
basolateral/lateral, medial, central, and cortical nuclei of the amygdala (C). *p << 0.05, signif-
icant difference from all other groups. SAL, Saline.

Increased CORT during the sensitive period produces circuit
activation similar to postsensitive period animals

As illustrated in Figures 3 and 4, saline-treated sensitive-period
(P8) paired odor—shock pups had learning-induced enhance-
ment in the anterior piriform cortex activity, which replicates
previous results (Roth and Sullivan, 2005). As shown in Figure 3,
at P8, one injection of CORT 30 min before odor—shock condi-
tioning, which disrupts behavioral learning (Fig. 2A), also pre-
vented learning-associated changes in the anterior piriform cor-
tex. In contrast, as illustrated in Figure 4, double CORT injections
(24 h and 30 min before conditioning), which cause pups to learn
an odor aversion rather than the age-typical odor preference (Fig.
2 B), produced odor—shock-induced enhancement in the poste-
rior piriform cortex and amygdala activity (cortical, basolateral/
lateral, and medial nuclei). Thus, it seems that double CORT
injection during the sensitive period (P8) was sufficient to allow
odor—shock activation of the neural circuitry underlying odor—
shock aversion learning normally expressed in postsensitive-
period pups.
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As illustrated in Figure 3, one CORT injection prevent the
significant enhancement in the anterior piriform cortex (F(5 ,,, =
11.664; p < 0.0001). Post hoc Fisher’s tests indicated that the
saline-paired group differed significantly from each of the other
paired groups and each control group at p < 0.05 levels for the
anterior piriform cortex. No statistical differences were found for
the AON, posterior piriform cortex, basolateral/lateral amygdala,
medial amygdala, central amygdala, or cortical amygdala.

As shown in Figure 4, the double CORT injection caused a
significant enhancement in odor—shock-induced activation of
the posterior piriform cortex (F s,y = 7.297; p < 0.0005), baso-
lateral/lateral amygdala (Fs,5;y = 12.004; p < 0.0001), cortical
amygdala (F5 ;o) = 4.186; p < 0.01), and medial amygdala (Fs ,,
= 5.221; p < 0.005). Post hoc Fisher’s tests revealed that the
anterior piriform cortex of paired saline pups differed from each
of the other groups (similar to saline pups in the CORT one-
injection experiment), whereas the paired double CORT group
differed from the other groups for the posterior piriform, baso-
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lateral/lateral amygdala, cortical amyg-
dala, and medial amygdala at the p < 0.05
level. No statistically significant difference
was found for the AON.

Intra-amygdala infusion of CORT
during the sensitive period permits
odor-aversion learning

As shown in Figure 54, control pups, with
vehicle infused into the amygdala during
the sensitive period (P8) showed age-
typical odor-preference learning. How-
ever, sensitive-period pups given 50 or 100
ng of CORT directly infused into the
amygdala during paired odor—shock con-
ditioning exhibited a subsequent, preco-
cious learned aversion for the peppermint
odor. Control infusions of CORT into the
caudate are shown in Figure 5B and illus-
trate sensitive-period pups given 50 or 100
ng of intra-caudate CORT during paired
odor—shock conditioning still demon-
strated age-typical odor-preference learn-
ing. ANOVA analysis for the amygdala in-
fusion revealed a significant main effect of
training condition (F(, 4, = 7.318; p <
0.005), a main effect of drug treatment
(Fiaa1y = 21.694; p < 0.0001), and a sig-
nificant interaction between the training
condition and drug treatment (F,,,, =
15.183; p < 0.0001); post hoc Fisher’s tests
revealed that pups infused with 50 or 100
ng of CORT into the amygdala spent sig-
nificantly less time over the CS odor than
each of the other groups (p < 0.05).
ANOVA analysis for the caudate infusion
revealed a significant main effect of train-
ing condition (F(,,, = 28.167; p <
0.0001); post hoc Fisher’s tests revealed that
pups infused with 50 or 100 ng of CORT
into the caudate still showed an odor pref-
erence compared with the control groups
(p<0.05). Analysis of activity (first 20 s of
odor) during odor-shock conditioning
with amygdala or caudate infusion dem-
onstrated that the acquisition curves were
significantly different for trial by condi-
tion (data not shown; repeated-measure
ANOVA; amygdala: F, 4,9 = 6.711, p <
0.0001; caudate: Fp,g360) = 11.488, p <
0.0001) but not for trial by drug (amyg-
dala: F 5 410) = 0.667, p = 0.8586; caudate:
F20,360) = 0.950, p = 0.5239). Cannula tip
placements at the amygdala and the cau-
date were verified, and all tip placements
were within 1 mm of the amygdala and
targeted the basolateral nucleus, the lateral
nucleus, or the central nucleus of the
amygdala and the caudate (Fig. 5C,D). The
analysis of ’H CORT diffusion showed in-
fused volumes primarily limited to the
amygdala and immediate peri-amygdala
region (Fig. 5E).
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Figure6. Mean (== SEM) number of choices toward the (S odor during the Y-maze test (total

of five trials) for postsensitive-period P12 pups receiving a single CORT injection (A) and
postsensitive-period P12 pups receiving a double CORT (2*CORT) injection (B). *p << 0.05,
significant difference from all other groups.

Decreasing CORT (ADX) extends the sensitive-period
learning, and replacement CORT reinstates aversion learning
At P12, sham—ADX-paired odor-shock pups learned an odor
aversion (Fig. 6). Pups that received ADX (removal of endoge-
nous CORT) before paired odor—shock conditioning (Fig. 6)
showed an extension of the sensitive period and permitted pups
to learn to approach odors paired with 0.5 mA shock rather than
the age-typical-learned odor avoidance. ADX pups that received
CORT replacement with one injection of CORT (30 min) (Fig.
6A) or with two injections of CORT (24 h and 30 min) (Fig. 6 B)
before paired odor—shock conditioning learned to avoid odors
paired with 0.5 mA shock.

The single CORT injection ANOVA analysis showed a signif-
icant effect of drug treatment (F, 5,y = 10.231; p < 0.0005) and a
significant interaction between the training condition and drug
treatment (F 4,y = 8.724; p < 0.0001); post hoc Fisher’s tests
revealed that the sham, ADX plus CORT, and ADX-paired
groups were significantly different from each of the control
groups at the p < 0.05 level (Fig. 6A).

The double CORT injection ANOVA analysis revealed a sig-
nificant effect of drug treatment (F, ,5) = 4.334; p < 0.05) and a
significant interaction between the training condition and drug
treatment (F,,5) = 6.807; p < 0.001); post hoc Fisher’s tests
revealed that the sham, ADX plus double CORT, and ADX-
paired groups were each significantly different from each of the
control groups at the p < 0.05 level (Fig. 6 B).
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Decreasing CORT (ADX) extends the sensitive period and
alters the neural circuitry of odor—shock associative
conditioning

As illustrated in Figures 7 and 8, sham—ADX-paired odor—shock
pups had learning-induced enhancement of activity within the
posterior piriform cortex and the amygdala (cortical, basolateral/
lateral, and medial nuclei), which replicates previous findings on
the amygdala as a whole (Sullivan et al., 2000a; Roth and Sullivan,
2005) but also provides information on activity within specific
amygdala nuclei. As shown in Figures 7 and 8, P12 ADX pups
(ADX at P8), which permitted the learning of an odor preference
rather than the age-typical odor aversion, resulted in enhanced
odor—shock-induced activity within the anterior piriform cortex
and blocked the age-appropriate odor—shock effects in the pos-
terior piriform cortex and the amygdala (cortical, basolateral/
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lateral, and medial nuclei). As illustrated in Figure 6, CORT re-
placement in ADX P12 pups with one injection of CORT 30 min
before odor—shock conditioning, which permitted odor-
avoidance learning, prevented the learning-associated enhance-
ment in anterior piriform cortex activity seen after ADX but did
not induce aversion-associated changes in either the posterior
piriform cortex or amygdala. As shown in Figure 8, CORT re-
placement in ADX P12 pups with double CORT injections (24 h
and 30 min before conditioning), which also causes pups to learn
an odor aversion, reinstated neural activity patterns in the poste-
rior piriform cortex and the amygdala (cortical, basolateral/lat-
eral, and medial nuclei). As illustrated in Figures 6 and 7, ADX
during the postsensitive period was sufficient to activate the neu-
ral circuit associated with odor-preference learning in sensitive-
period pups.
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ADX caused a significant difference in the anterior piriform
cortex (Fs 15y = 7.856; p << 0.001), the posterior piriform cortex
(Fs18) = 12.976; p < 0.0001), the basolateral/lateral amygdala
(F(s,18) = 16.132; p < 0.0001), the medial amygdala (F(s ;) =
3.776; p < 0.05), and the cortical amygdala (F 5,5, = 6.425; p <
0.05). Post hoc Fisher’s tests indicated that the ADX-paired
groups differed significantly from each of the other paired groups
and each control group at the p < 0.05 level for the anterior
piriform cortex. Additionally, the posterior piriform cortex, ba-
solateral/lateral amygdala, medial amygdala, and cortical amyg-
dala of sham-paired groups differed from the ADX-paired
groups, the ADX—one CORT injection replacement-paired pups,
and the control groups at the p < 0.05 level. No statistical differ-
ences were found for the AON.

A single CORT injection caused a significant increase in the
anterior piriform cortical activity (Fig. 7) (F4,3) = 7.055 p <
0.001). Post hoc Fisher’s tests indicated that the ADX-paired
groups differed significantly from each of the other paired groups
and each control group at the p < 0.05 level for the anterior
piriform cortex. No statistical differences were found for the
AON.

As illustrated in Figure 8, double CORT injection caused a
significant difference compared with controls in activity of the
anterior piriform cortex (Fs 5) = 7.856; p < 0.001), the posterior
piriform cortex (F5 5y = 12.976; p < 0.0001), the basolateral/
lateral amygdala (F(5 ;5) = 16.132; p < 0.0001), the medial amyg-
dala (F5 1) = 3.776; p < 0.05), and the cortical amygdala (Fs ;5
= 6.425; p < 0.05). Post hoc Fisher’s tests revealed that the ante-
rior piriform cortex of ADX-paired pups differed from each of
the other groups, whereas the sham-paired pups and ADX-dou-
ble CORT injection replacement-paired pups differed from each
of the other groups for the posterior piriform cortex, basolateral/
lateral amygdala, cortical amygdala, and medial amygdala at the
p < 0.05 level. No effects of training or drug condition were
found within the AON.

Intra-amygdala infusion of the CORT antagonist
postsensitive period permits the learning of odor-preference
learning
As shown in Figure 9A, control pups with vehicle infused into the
amygdala at the end of the sensitive period (P12) showed age-
typical odor-aversion learning. However, postsensitive-period
pups given 0.3 ng of CORT antagonist directly infused into the
amygdala during paired odor—shock conditioning exhibited a
preference learning for the peppermint odor, whereas sensitive-
period pups given 0.3 ng of CORT antagonist directly infused
into the caudate during paired odor—shock conditioning showed
age-typical odor-aversion learning (Fig. 9B). ANOVA analysis for
the amygdala infusion revealed a significant main effect of drug
treatment (F; ,5) = 28.361; p < 0.0001) and a significant inter-
action between training condition and drug treatment (F, ,5) =
29.563; p < 0.0001); post hoc Fisher’s tests revealed that pups
infused with 0.3 ng of CORT antagonist into the amygdala spent
significantly more time over the CS odor than each of the other
groups (p < 0.05). ANOVA analysis for the caudate infusion
revealed a significant main effect of training condition (F, ,,) =
22.211; p < 0.0001); post hoc Fisher’s tests revealed that pups
infused with 0.3 ng of CORT antagonist into the caudate still
showed an odor aversion compared with the control groups ( p <
0.05).

Analysis of activity (first 20 s of odor) during odor—shock
conditioning with amygdala and caudate infusion demonstrated
that the acquisition curves were significantly different for trial by
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condition (data not shown; repeated-
measure ANOVA; amygdala: Fi,4,50) =
9.662, p < 0.0001; caudate: Fy,40) =
10.667, p < 0.0001). Amygdala and cau-
date cannula tip placements were verified,
and all tip placements were within 1 mm
of the amygdala and targeted the basolat-
eral nucleus, the lateral nucleus, or the
central nucleus of the amygdala (Fig.
9C,D).

Summary of main findings
Supplemental Figure 1 (available at www.
jneurosci.org as supplemental material)
graphically summarizes the findings re-
ported here. Sensitive-period pups or
ADX postsensitive-period pups learn a
preference for odors paired with shock
and have odor—shock-induced activation
of the early stages of the primary olfactory
pathway, including the olfactory bulb and
anterior piriform cortex. In contrast,
postsensitive-period pups or sensitive-
period pups given dual injections of
CORT learn aversions to odors paired
with shock and have odor—shock-induced
activation of the posterior piriform cortex
and the amygdala. Low-level injections of
CORT to sensitive-period odor—shock
pups, which prevents odor-preference
learning but is not sufficient to support
odor-aversion learning, results in no sig-
nificant activation of any of these areas.
CORT thus acts as a switch during early
development between two different cir-
cuits underlying distinctly different
learned behaviors.

Discussion

Our data suggest at least two pathways for
odor—shock conditioning are present in
pups, and CORT determines which path-
way will be used. Indeed, the action of
CORT on the amygdala appears to be crit-
ical in “deciding” which circuit will be
used by incorporating the amygdala into
the odor—shock learning circuit and odor-
avoidance learning. The ecological signif-

—

Figure9. A, Mean (== SEM) number of choices toward the
(S odor during the Y-maze test. Training infusion of amyg-
dala CORT antagonist permitted the learning of a relative
odor preference compared with each of the other groups. B,
Mean (£ SEM) number of choices toward the CS odor during
the Y-maze test. Training infusion of caudate CORT permitted
the learning of a relative odor aversion compared with each
of the other groups. In A and B, the asterisks indicate signifi-
cant differences from the control groups ( p < 0.001). C,
Locations of cannula tips (solid circles) in rats used for CORT
antagonist infusion into the amygdala. D, Locations of can-
nula tips (solid circles) in rats used for CORT antagonist infu-
sion into the caudate.
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icance of this CORT-dependent learning circuit may be to enable
sensitive-period pups, with naturally stable and low levels of
CORT, to rapidly learn olfactory-based attachment to the mother
even when interactions with the mother are painful (i.e., mother
stepping on pups).

Increasing CORT either systemically or directly into the
amygdala permitted the precocious ontogenetic emergence of
fear conditioning in neonatal pups and induced participation of
brain areas implicated in adult fear learning (posterior piriform
cortex and cortical, basolateral/lateral, and medial nuclei of the
amygdala). Similarly, decreasing CORT in older pups prolonged
odor preference learned from odor—shock conditioning and
maintained or reactivated the unique neural circuitry involved in
sensitive-period preference learning (increased olfactory bulb ac-
tivity and anterior piriform cortex neural activity) (Moriceau and
Sullivan, 2004b; Roth and Sullivan, 2005).

Although only one injection of CORT 30 min before condi-
tioning blocked learning and all neural correlates associated with
either preference or avoidance learning from odor—shock condi-
tioning, two injections were able to evoke the adult-like fear con-
ditioning and its related circuitry. The more prolonged two-
injection treatment with CORT required to induce adult-like fear
conditioning suggests altered gene expression may be required
for the switch to be expressed. Indeed, nuclear CORT receptors
move to the cytoplasm under low CORT conditions (e.g.,
sensitive-period, CORT hypo-responsive aged pups) and take
time to return to the nuclear membrane when CORT increases
(Borski, 2000; Orchinik et al., 2002; De Kloet, 2004). However,
although a single systemic injection was insufficient to induce
adult-like aversion learning, a single infusion of CORT directly
into the amygdala during conditioning rapidly enabled pups to
learn an odor aversion and altered the neural circuitry. The fail-
ure of the postsensitive-period ADX CORT replacement group to
show amygdala activation, yet learn an odor aversion, suggests
nonamygdala pathways for odor aversion exist. Although the ol-
factory bulb has been shown previously to code odor aversions
and preferences in pups, this area is not coding for the learned
odor aversion in the postsensitive period ADX CORT pups
(McLean et al., 1999; Zhang et al., 2003; Moriceau and Sullivan,
2004). These pups may be using the nonamygdala odor-aversion
pathway, although this needs to be more carefully assessed in
pups (Poulos and Fanselow, 2005).

Adult and infant circuits for odor—shock conditioning

The adult fear-conditioning literature suggests adults have mul-
tiple pathways to the amygdala that could support learned fear
(LeDoux et al., 1984; Shi and Davis, 1999). Additionally, fear
conditioning both with and without amygdala involvement has
been documented in adult rats (Cahill et al., 1999; Doron and
LeDoux, 1999; Fanselow and LeDoux, 1999; Sullivan et al., 2000a;
Goosens and Maren, 2001; Schafe et al., 2001; Wallace and Rosen,
2001; Walker and Davis, 2002; Fanselow and Gale, 2003; Maren,
2003; McGaugh 2004, Poulos and Fanselow, 2005). However, in
sharp contrast to these adult odor—shock fear circuits, where the
adult animal always learns fear-related behaviors, our pups learn
either a fear-associated odor aversion or an odor preference with
odor—shock conditioning using two distinct pathways.

During the middle preweanling period assessed here, the
odor—shock learning circuit seems to be dependent on the CORT
level, not the pups’ age. This suggests neuroanatomical matura-
tion and connectivity are not primary critical factors. CORT-
associated changes were found in multiple brain areas along the
olfactory pathway, all of which contain CORT receptors, suggest-
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ing the action of CORT on modifying the fear-learning circuit
could occur in multiple brain areas (Sousa et al., 1989; Alexis et
al., 1990; Morimoto et al., 1996).

The site of CORT action is the amygdala

Although CORT-induced learning changes were evident in mul-
tiple brain areas, our intra-amygdala CORT manipulation was
sufficient to induce fear conditioning in pups (Price, 1973;
Meredith, 1991; Aggleton, 2001; Ferguson et al., 2001; Mc-
Donald, 2003; for review, see Wilson and Sullivan, 2003). The
amygdala has a high density of CORT receptors, and glucocorti-
coids modulate excitability and synaptic transmission of amyg-
dala neurons (Stutzmann et al., 1998; Karst et al., 2002;
Roozendaal et al., 2002). Thus, modulation of CORT levels could
and does directly modulate amygdala involvement during odor—
shock conditioning in preweanlings as shown here. Importantly,
however, the amygdala also projects widely to other limbic and
olfactory system structures (Pitkanen et al., 2003) and has been
shown to be a critical modulator of plasticity in those projection
targets. For example, adult hippocampal long-term potentiation
can be modulated by CORT levels and/or stress, but only if the
amygdala is intact (Korz and Frey, 2005). Via these projections,
therefore, the amygdala could serve as a CORT-mediated switch
not only for its own intrinsic excitability and plasticity, but also
for the other components of the attraction and aversion circuits
in the preweanling olfactory system.

Furthermore, the ability of both systemic and intra-amygdala
CORT infusions to alter odor-aversion learning suggests the fail-
ure of the amygdala to become incorporated into the fear circuit
is not attributable to immaturity per se. Rather, the infant amyg-
dala seems dependent on a signal (CORT) to activate a “dor-
mant” amygdala to become incorporated into the pups’ fear-
conditioning circuit and permit odor-aversion learning. A
similar critical role for CORT was found for the ontogeny of
unlearned fear (predator odor) in rat pups, which also emerges at
P10 (Takahashi, 1992, 1994; Takahashi and Rubin, 1993;
Wiedenmayer and Barr, 2001), and is correlated with amygdala
activation (Moriceau et al., 2004). The convergence of the role of
CORT and the amygdala in learned and unlearned fear strength-
ens our working hypothesis of a causal relationship between these
variables.

It is also possible that CORT could modulate fear condition-
ing through corticotrophin-releasing hormone (CRH) produc-
ing neurons within the amygdala. In contrast to the more general
negative feedback action of the glucocorticoids within the amyg-
dala, there seems to be a feedforward regulation of CRH within
the central amygdala (Schulkin et al., 2005). Because clearance of
CORT is delayed in the developing hypothalamic—pituitary—ad-
renal axis, prolonged exposure to CORT may result in an upregu-
lation of CRH. However, at least in adults, the primary target for
CORT-mediated upregulation of CRH is the central amygdala,
although changes in this brain area were not detected in the
present experiments. CRH gene expression in the amygdala does
show a marked increase between P6 and P12 (D. M. Vazquez, C.
Bailey, D. K. Okimoto, G. W. Dent, A. Steffek, L. F. Lopez, and S.
Levine, unpublished data), but the specific nuclei were not
examined.

Although our data suggest direct action of CORT on the
amygdala as the critical site of the pups’ odor-aversion learning,
other possible sites for CORT effects also exist. Specifically, there
are indirect olfactory inputs to the cortical amygdala via both the
anterior and posterior piriform cortex and to the basolateral/
lateral amygdala via the posterior piriform cortex (Price, 1973;
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Schwob and Price, 1984; Shipley et al., 1985; Haberly, 2001; Mc-
Donald, 2003; Pitkanen et al., 2003; for review, see Wilson and
Sullivan, 2003). Our data show CORT shifts learning-induced
changes between the anterior and posterior piriform cortex, sug-
gesting input to the amygdala is altered by CORT. In adults, both
the anterior and posterior piriform cortex appear to be involved
in learning, but the posterior piriform cortex may be more
strongly implicated in associative memory processes (Hasselmo
and Barkai, 1995; Litaudon et al., 1997; Barkai and Sahar, 2001;
Haberly, 2001; Mouly et al., 2001; Tronel and Sara, 2002; Best et
al., 2004; Sevelinges et al., 2004; Wilson et al., 2004).

Contrasting role of CORT in infants and adults

CORT has unique effects in pups because it alters whether pups
learn an aversion or preference from odor—shock conditioning.
This is in sharp contrast to adult CORT effects in which CORT
enhances/attenuates fear-conditioning and inhibitory condition-
ing, but CORT blockade does not lead to a hedonic reversal and
resulting preference (Corodimas et al., 1994; Roozendaal et al.,
1996, 2002; Pugh et al., 1997; Hui et al., 2004; Thompson et al.,
2004). We have hypothesized previously (Wilson and Sullivan,
1994) that the unique characteristics of the neonatal noradrener-
gic system may create a default odor preference tendency in ne-
onates. As this default preference system fades and the CORT
system matures at the end of the sensitive period, learned prefer-
ences are no longer expressed in CORT-impaired adults.

Ecological significance: CORT and maternal behavior

The ability of CORT to alter sensitive-period termination and
determine the odor—shock neural pathway is related to the stress
hyporesponsive period, when the pups’ CORT is unaffected by
most stressful stimuli (i.e., restraint, shock) (Rosenfeld et al.,
1992; Grino et al., 1994; Levine, 2001). The stress hyporesponsive
period declines as the sensitive period ends, suggesting the natu-
rally occurring CORT system change underlies sensitive-period
termination. Moreover, maternal behavior influences the pups’
CORT level in which sensory stimulation provided by the mother
during nursing and grooming maintains the pups’ low CORT
level throughout the stress hyporesponsive period (Van Oers et
al., 1998). This maternal influence continues after the stress hy-
poresponsive period terminates, because maternal stimuli con-
tinue to reduce the pups’ CORT release to stressful and painful
stimuli (Stanton and Levine, 1990; Suchecki et al., 1993). Fur-
thermore, the ability of the environment (stress, CORT passed
through milk, maternal presence, etc.) to modify the pups’ CORT
level suggests both learned and unlearned fear in pups can be
modified to fit environmental demands.
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