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a b s t r a c t

Maltreatment from the caregiver induces vulnerability to later life psychopathologies, yet
attraction and comfort is sometimes provided by cues associated with early life maltreat-
ment. We used a rat model of early life maltreatment with odor–0.5 mA shock conditioning
to produce depressive-like behaviors and questioned whether stimuli associated with
maltreatment would restore emotional neurobehavioral function to control levels. Pups
received daily novel odor–0.5 mA shock conditioning from postnatal day 8 to 12. This
procedure produces a new maternal odor that controls pups’ attachment behaviors. In
adulthood, either with or without the infant odor, animals received a Forced Swim Test,
Sucrose Preference Test or assessment of amygdala and olfactory system functioning using
field potential signal evoked by olfactory bulb paired-pulse electrical stimulation. Following
neonatal odor–shock pairings, but not unpaired controls, adults without the odor present

showed increased depression-like behavior in the Forced Swim Test and Sucrose Preference
Test and a deficit in paired-pulse inhibition in amygdala and piriform (olfactory) cortex. All
effects were brought to control levels when the infant conditioned odor was presented dur-
ing behavioral and neural tests. The ability of cues associated with early life maltreatment
to normalize behavior and amygdala activity suggests these cues provide adaptive value in
adulthood.
Abbreviations: aPC, anterior piriform cortex; BLA, basolateral amyg-
ala; CoA, cortical nucleus of the amygdala; CS, conditioned stimulus; FST,
orced Swim Test; pPC, posterior piriform cortex; PN, postnatal day.
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1. Introduction

Childhood maltreatment is associated with later life
psychiatric disorders and adverse brain development
(Cicchetti and Toth, 2005; Connor et al., 2003; Gunnar,
2003; Heim et al., 2009; Pollak, 2003; Rutter et al., 2006;

Stovall-McClough and Cloitre, 2006; Teicher et al., 2003;
Zeanah et al., 2003) and has been replicated in animal mod-
els (Cameron et al., 2005; Cirulli et al., 2009; McEwen, 2008;
Sanchez et al., 2001). While this relationship is not entirely
clear, maltreatment from the caregiver appears to impart
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particularly strong vulnerability to later life psychiatric dis-
orders, yet a strong attraction and comfort can sometimes
be elicited by the cues associated with the early life mal-
treatment (Freud, 1919 edited in 1997; Haynes-Seman,
1987). To explore the enduring effects of early life mal-
treatment, we used an olfactory fear conditioning paradigm
in infant rats and questioned whether the odor associated
with shock is attractive in later life. We also questioned
whether the presence of this specific odor could restore
depression-like behavior and neurobiological functions in
adulthood to control levels.

Previous work has shown that, while shock is painful to
pups (Barr, 1995; Collier and Bolles, 1980; Emerich et al.,
1985; Fitzgerald, 2005), early life odor–shock learning pro-
duces an odor that has similar qualities to maternal odor.
Indeed, this learned odor (i) induces approach responses in
pups, (ii) can support nipple attachment and (iii) attenu-
ates both amygdala activity and fear (Barr, 1995; Camp and
Rudy, 1988; Haroutunian and Campbell, 1979; Moriceau
and Sullivan, 2006; Raineki et al., 2010; Roth and Sullivan,
2005; Sullivan et al., 1990, 2000). The ecological relevance
of this odor pain learning has been demonstrated within
the nest. Specifically, rearing pups with a mother treated
with a novel peppermint odor results in pups responding
to peppermint as a new maternal odor, and peppermint
activates olfactory structures normally responsive to nat-
ural maternal odor (Sullivan et al., 1990). Furthermore,
the natural maternal odor loses its behavioral effect on
pups and no longer enhances olfactory bulb activity. This
natural learning paradigm is capable of producing a new
maternal odor and its neural correlates even when the
mother handles her pups roughly and fails to nurse (Raineki
et al., 2010; Roth and Sullivan, 2005). This attachment
learning is observed throughout the vertebrate kingdom
when infants are totally dependent on their parents to
survive, including chicks, infant dogs, nonhuman primates
and humans (Harlow and Harlow, 1965; Helfer et al.,
1997; Rajecki et al., 1978; Salzen, 1979; Sanchez et al.,
2001). We suggest that this attachment system permits
altricial animals to easily form a repertoire of proximity-
seeking behaviors to the primary caregiver, regardless of
the quality of the care they receive (Hofer and Sullivan,
2008). This early life maternal odor retains its value in
pups as they mature. Specifically, the odor enhances sex-
ual (Fillion and Blass, 1986; Mainardi et al., 1965; Marr
and Gardner, 1965) and maternal behavior (Shah et al.,
2002), influences mate choice (Moore et al., 1996) and can
attenuate fear learning and amygdala activity (Sevelinges
et al., 2007, 2008). Thus, the odor appears to retain value
into adulthood, although the behaviors it controls change
from mother–infant interactions to behaviors important in
adulthood.

While this early life shock conditioning appears ben-
eficial by producing an odor that enhances interaction
with the mother, other work suggests that early life
stressors and shock have detrimental effects later in

life and impact many brain areas, including the amyg-
dala (Anisman et al., 1998; McEwen, 2003; Ressler and
Mayberg, 2007). Specifically, a myriad of early life stress
paradigms produce depressive-like behaviors as mea-
sured by increased time spent immobile in the Forced
ive Neuroscience 1 (2011) 77–87

Swim Test (FST; Porsolt et al., 1977) and decreased
sucrose consumption (Papp et al., 1991). Therefore, we
next questioned whether early life odor–shock pairing,
similar to other early life stressors (Cirulli et al., 2009;
Ladd et al., 2000; Pryce et al., 2005), would induce
depressive-like behaviors and disrupt amygdala func-
tion.

Furthermore, recent work has shown that depressive-
like behaviors and related abnormal amygdala activity
could be normalized with the presentation of a safety signal
at levels comparable to the administration of the antide-
pressant fluoxetine (Muigg et al., 2007; Pollak et al., 2008;
Roche et al., 2007). Interestingly, safety signals have also
been shown to attenuate amygdala activity (Rogan et al.,
2005). Here, we capitalized on these recent findings and
questioned whether the odor paired with shock in infancy,
which took on characteristics of the maternal odor (Raineki
et al., 2010), might later function as a safety signal to
normalize depressive-like behavior and amygdala activ-
ity in adulthood. In support of this hypothesis, we recently
reported that this infant odor paired with shock retains its
value with maturation and can attenuate fear learning and
its related amygdala activity (Sevelinges et al., 2007, 2008).

In summary, we hypothesized that early life paired
odor–shock results not only in later life depressive-like
behaviors and amygdala dysfunction, but also supports
positive associations to cues (i.e. odor) paired with adver-
sity (i.e. the shock) because of the infant’s unique learning
attachment system. We test this hypothesis by pairing
shock with a novel odor in infancy and assessing the abil-
ity of the odor to normalize adult depressive-like behavior,
amygdala function and olfactory structures.

2. Material and methods

2.1. Subjects and husbandry

Male Long Evans rats (n = 166) were born in the
respective institutions’ animal care facilities from dams
housed in polypropylene cages (34 cm × 29 cm × 17 cm)
lined with abundant pine shavings, ad libitum food and
water, and kept in a temperature (23 ◦C) and light (from
7:00 am to 7:00 pm) controlled room. Mothers were either
purchased pregnant (France) or bred (USA) in the facil-
ities. The day of parturition was considered postnatal
day (PN) 0 and culling of litters to 12 pups occurred
on PN0–1. To prevent litter effects on statistical analy-
sis, no more than one male from a litter was used in
an experimental conditioning/testing condition. Institu-
tional approval was received for all procedures, which
followed the National Institute of Health (USA) and
European guidelines (France). An overlap in personnel
conditioning/testing both infant and adult rats in both
France and the USA ensured consistency of condition-
ing and testing of infant and adult animals between
labs.
2.2. Infant odor–shock conditioning with peppermint

PN8 pups were assigned to one of the following
experimental groups: Paired odor–shock (n = 66), Unpaired
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dor–shock (n = 45), Odor-only (n = 30), Shock-only (n = 9)
r Naïve (n = 16). Pups were trained daily for 5 consecutive
ays in order to induce strong learning that has long-
erm effects lasting into adulthood (Moriceau et al., 2009;
evelinges et al., 2007, 2008; Tyler et al., 2007). Our con-
itioning sessions were begun during the sensitive period
PN8) and continued past the end of the sensitive period
PN10) into the “transitional sensitive period”, which ends
t PN15 (Moriceau and Sullivan, 2006; Upton and Sullivan,
010). The sensitive period is characterized by rapid, robust
dor learning, where the odor takes on qualities of maternal
dor. Specifically, an odor paired with milk, grooming-
ike tactile stimulation (stroking) or mild pain (tailpinch,
.5 mA tail or foot shock) produces an odor that functions
s the maternal odor (Raineki et al., 2010; Sullivan et al.,
986, 2000). The transitional sensitive period is charac-
erized by maternal presence reinstating sensitive period
earning (Moriceau et al., 2009; Raineki et al., 2010). Thus,
rovided odor–shock conditioning is initiated during the
ensitive period (prior to PN10) and ends before the end
f the transitional sensitive period (PN15), the odor–shock
onditioning continues to support the unique sensitive
eriod odor learning. Importantly, pups exhibit this odor
reference despite showing pain related responses to the
hock (Barr, 1995; Collier and Bolles, 1980; Emerich et al.,
985; Fitzgerald, 2005; Shair et al., 1997; Stehouwer and
ampbell, 1978).

The Paired group received 11 presentations of a 30 s con-
itioned stimulus (CS – McCormick Pure Peppermint, Hunt
alley, MD; 2 L/min 1:10 peppermint vapor to air) and a
s unconditioned stimulus (US – hind limb shock; 0.5 mA).
eppermint odor was delivered via an olfactometer con-
rolled by a ChonTrol (ChonTrol Corporation, San Diego,
A) with an inter-trial interval of 4 min. The Unpaired group
as shocked 1.5–2 min following the CS odor presentation.
dor-only and Shock-only groups received only the odor
S or the shock US respectively. Naïve pups did not receive
ither the odor or the shock and were always from a litter
ithout any conditioned pups. Pups were removed from

he nest immediately before conditioning and placed in
ndividual 600 mL clear plastic beakers and given a 10 min
daptation period to recover from experimenter handling
efore conditioning began. Pups were returned immedi-
tely to the nest following the 45 min conditioning.

.3. Pup behavioral study

.3.1. Shock-induced behavioral activation and
ocalization

To verify that shock induced pain, we recorded behav-
oral responses and audible vocalizations to shock during
onditioning in PN8 Paired (n = 6) and Unpaired (n = 6) pups.
ehavioral responses were observed at the same time
oints in control Odor-only pups (n = 6). Due to motor

mmaturity, a general assessment of behavioral activity
as done using a rating score where 0 = no movement of
he four limbs or head, and 5 indicated movement of all four
imbs and the head (Hall, 1979; Roth and Sullivan, 2005;
ullivan and Leon, 1986). Vocalizations were expressed as
he percentage of trials (out of 11) on which vocalizations
ccurred.
ive Neuroscience 1 (2011) 77–87 79

2.3.2. Infant acquisition curve during odor–shock
conditioning

To verify associative learning, we recorded pups’ behav-
ioral responses to CS odor presentation during the 29 s
before the shock to construct acquisition curves. Due to
motor immaturity, a general assessment of behavioral
activity was used to assess learning on the behavioral rating
scale (0–5).

2.3.3. Assessment of conditioned odor to function as a
maternal odor: infant nipple attachment test

To verify that the conditioned odor acquired proper-
ties of the maternal odor, pups were tested using a nipple
attachment test with an anesthetized mother (urethane,
1.5 g/kg, i.p., prevents milk letdown) the day after con-
ditioning. Since the maternal odor is required for pups’
nipple attachment, the natural maternal odor was removed
(chemical wash of the mother’s ventrum – 5 min wash of
acetone, 5 min wash of alcohol, 5 min wash with water, and
dried) (Hofer et al., 1976; Teicher and Blass, 1977). The
washed mother was then placed in the testing chamber
(25 cm × 40 cm × 20 cm) on her side to provide pups access
to nipples. An individual pup was placed in the testing
apparatus, perpendicular to the mother’s ventrum, and the
learned odor (peppermint) was presented in an air stream
2 cm above the center of the mother’s ventrum (2 L/min,
1:10 maternal odor:air). During the 3 min test, the duration
of pups’ nipple attachment was recorded.

2.3.4. Assessment of conditioned odor to function as a
maternal odor: approach responses in the Y-maze test

To further ensure that odor–shock conditioning resulted
in an odor preference, 18 additional pups (Paired, n = 6;
Unpaired, n = 6, Odor-only, n = 6) were given a Y-maze
test the day after conditioning. This test required pups
to choose between two arms of a Plexiglas Y maze
(start box: 8.5 cm (width) × 10 cm (length) × 8 cm (height);
choice arms: 8.5 cm × 24 cm × 8 cm): one containing the
peppermint odor CS (20 �L of peppermint odor placed
on a KimWipe), and the other containing the famil-
iar odor of pine shavings (20 mL of clean shaving in a
Petri dish). A pup was placed in the start box during
the 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 moved
beyond the entrance to the alley. Pups received five tri-
als with 5 s between trials, and the floor was wiped clean
between each trial (Sullivan and Wilson, 1991). Testing
was done blind to the conditioning groups. These pups
were used for assessment of adult behavior and brain func-
tion.

2.4. Adult behavioral and neurobiological studies

2.4.1. Adult assessment of retention of learned infant CS
odor: Y-maze test
Retention of infant learning was assessed with a Y-maze
test in 18 additional rats in adulthood (Infant Unpaired,
n = 8; Infant Paired, n = 10). The Y-maze consisted of a start
box (13 cm width, 18 cm length, 18 cm height) and two
arms (13 cm × 65 cm × 18 cm) separated by two doors. This
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test required rats to choose between two arms of a Plexiglas
Y-maze, one containing the CS odor and the other contain-
ing the familiar wood odor (20 mL of clean shaving in a
Petri dish). To initiate a trial, the adult rat was placed in the
start box for 5 s, the doors to each arm were opened and
the animal was given 60 s to choose an arm. Rats received
three trials and were removed to a holding chamber for
5 s between trials while the Y-maze floor was wiped clean.
Testing was done blind to the conditioning groups.

2.4.2. Adult assessment of depression-like behaviors with
and without the infant odor

To evaluate depression-like behavior at adulthood, rats
were tested either in the FST or in the Sucrose Preference
Test.

For the FST, we used the original Porsolt test (Porsolt et
al., 1977). 49 animals (Infant Paired, n = 10; Infant Unpaired,
n = 10; Infant Odor-only, n = 10; Infant Shock-only, n = 9;
Infant Naïve, n = 10) were placed in a plastic cylinder
(d = 25 cm; h = 65 cm; water temperature 28 ± 1 ◦C) such
that the animal or tail did not touch the cylinder’s floor.
The cylinder was always covered with a clear plastic film
to contain the odor if presented. Time spent immobile, i.e.
the rat floated in upright position with minor movements
necessary to maintain the head above water, and latency to
immobility were analyzed. On day 1, animals were given
a 15 min pretest swim. On day 2, rats were tested in a
5 min swim, either with or without the infant CS odor. The
odor was delivered continuously through a tube inserted
in the cylinder, using the same concentration and flow
rate as used in infancy. Following both sessions, animals
were gently dried, placed in a 32 ◦C chamber and returned
to the home cage. The water was changed between ani-
mals.

For the Sucrose Preference Test, 24 (Infant Paired, n = 8;
Infant Unpaired, n = 8; Infant Odor-only, n = 8) rats were
given a 72 h acclimation period and given access to a 1%
(w/v) sucrose/water solution or tap water in the home
cage, to avoid neophobia during testing. Bottle positions
were switched 2–3 times a day to prevent the formation
of location preference. Before the Sucrose Preference Test,
animals were deprived of water for approximately 3 h. The
test began with two bottles containing either tap water
or the sucrose solution placed into individual cages either
with or without the infant CS present as a contextual cue.
The odor was delivered every 2 min using the same concen-
tration and flow rate as used in infancy. After 60 min, fluid
intake was measured and sucrose preference was calcu-
lated as the percentage of sucrose solution ingested relative
to the total amount of liquid consumed.

2.4.3. Adult odor specificity test and depressive-like
behaviors

To evaluate whether odor presentation nonspecifically
returns the depressive-like behaviors to control levels, we

repeated the FST and Sucrose Preference test with a novel
citral odor. Adult rats from the Infant Paired group were
tested either in the FST (n = 9; n = 4 with and n = 5 without
the novel citral odor) or the Sucrose Preference Test (n = 10;
n = 4 with and n = 6 without the novel citral odor).
ive Neuroscience 1 (2011) 77–87

2.4.4. Adult electrophysiology on amygdala and piriform
cortex with and without the infant odor

Electrophysiological recordings were done in adult-
hood following infant Paired (n = 7), Unpaired (n = 7) or
Naïve (n = 6) experience, in order to evaluate the level of
inhibitory interneuron activity in the amygdala and olfac-
tory cortex under two experimental conditions: either with
or without the infant odor delivered during the record-
ings.

Animals were anesthetized with Equithesin (mixture of
chloral hydrate and sodium pentobarbital; 3 mL/kg, i.p.).
A bipolar stimulating electrode was lowered in the left
olfactory bulb. Four monopolar recording electrodes were
implanted ipsilaterally in the anterior piriform cortex (aPC,
A/P +2.2 mm, L/M 4 mm relative to Bregma), the poste-
rior piriform cortex (pPC, A/P −1.8 mm, L/M 5.5 mm to
Bregma), the basolateral amygdala (BLA, A/P −2.8 mm,
L/M 5.1 mm relative to Bregma) and the cortical nucleus
of the amygdala (CoA, A/P −2.3 mm, L/M 3.3 mm relative
to Bregma). Accurate positioning of recording electrodes
depth was achieved using the field potential profile evoked
in each structure in response to electrical stimulation of
the bipolar olfactory bulb electrodes (Mouly and Di Scala,
2006).

Electrical stimulation was delivered in the olfactory
bulb through a Master-8 stimulator (AMPI, Jerusalem,
Israel). The electrical stimulus was a single monopha-
sic square pulse, 0.1 ms duration, 0.2 Hz frequency,
300–500 �A intensity.

Paired-pulse stimulation of the olfactory bulb, with an
interpulse interval of 20 ms, was used to assess the time
course of short-term inhibition in the different record-
ing sites. This interval allows the study of the functioning
of local inhibitory feedback exerted by local GABAergic
interneurons onto the main glutamatergic projection neu-
rons (piriform cortex: Princivalle et al., 2000; Tseng and
Haberly, 1988; amygdala: Muller et al., 2006; Sah et al.,
2003). The effect of the conditioning (first) pulse was
assessed by measuring changes in the response to the
test (second) pulse. A ratio Test/Conditioning below 1 is
observed when the response to the test pulse is smaller
than the response to the conditioning pulse and char-
acterizes paired-pulse inhibition. Evoked field potentials
were recorded both with and without CS odor presenta-
tion (20 �L of peppermint odor placed on a KimWipe in a
syringe and delivered manually during the recording ses-
sions). Paired-pulse data obtained without odor have been
included in a previous study (Sevelinges et al., 2008).

2.5. Data analyses

Intergroup comparisons were evaluated using Student’s
unpaired t-test or one-factor (groups) analysis of variance
(ANOVA), followed by post hoc Fisher tests for between
group comparisons. Intra-group comparisons during the 11

trials of the learning-curve were made using a repeated
measure ANOVA (number of trial as a dependant factor
and group as an independent factor). For all the statisti-
cal comparisons performed, the significance level was set
at 0.05.
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Fig. 1. Effects of shocks on behavioral activation and vocalizations in pups. The presentation of a 0.5 mA shock induces a similar level of behavioral activation
(A) and vocalizations (B) in Paired and Unpaired odor–shock animals during the conditioning session. During this session, Odor-only animals exhibited none
of these two parameters. *: significant difference from all other groups (p < 0.05).
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ig. 2. Acquisition curve to CS odor presentation during conditioning in
ncrease of odor-induced behavioral activation. Animals from control grou
resentation. *: significant difference from all other groups (p < 0.05).

. Results

.1. Pup behavior

.1.1. Shocks induce behavioral activation and
ocalizations
A one-way ANOVA revealed a significant effect of groups
F(2,15) > 100, p < 0.001) for shock-induced behaviors. The
esults showed that shocks induced a vigorous general-
zed movement of all limbs and head, i.e. a score of 5,
n Paired and Unpaired groups, whereas at the same time

ig. 3. Odor–shock pairing produced an odor similar in quality to maternal odo
upporting nipple attachment. Paired animals learned the odor that was expresse
-maze and (B) support of nipple attachment on a mother with the natural mate

earning in either test. *: significant difference from all other groups (p < 0.05).
During odor–shock conditioning, Paired animals exhibited a progressive
aired and Odor-only) showed no behavioral activation in response to odor

points, Odor-only pups did not move, i.e. they exhibited a
score of 0 (Fig. 1A). Post hoc analyses revealed that Paired
and Unpaired groups exhibited a level of behavioral acti-
vation significantly higher than Odor-only pups (p < 0.001)
but were not different from each other (p = 1.0).

For the shock-induced vocalizations, a one-way ANOVA

revealed a significant effect between groups (F(2,15) > 100,
p < 0.001). The results showed that Paired and Unpaired
groups vocalized for each of the 1 s shocks whereas at the
same time points, Odor-only pups did not vocalize (Fig. 1B).
Post hoc analyses revealed that Paired and Unpaired groups

r since it produced an odor preference/approach to the odor, as well as
d as (A) an odor preference as indicated by an approach to the odor in a

rnal odor removed. Unpaired and Odor-only control animals exhibited no
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exhibited a vocalization score significantly higher than
Odor-only pups (p < 0.001) but were not different from each
other (p = 1).

3.1.2. During conditioning, paired pups showed
acquisition curves

A repeated measure ANOVA carried out on the
behavioral activation scores measured throughout the con-
ditioning session (Fig. 2) showed a significant group effect
(F(2,15) = 31.4, p < 0.001), trial effect (F(10,150) = 4.6, p < 0.001)
and interaction between group × trial (F(20,150) = 8.6,
p < 0.001). A repeated measure ANOVA for each group
revealed that only Paired animals exhibited a significant
odor-induced behavioral activation during the condition-
ing session (F(10,50) = 13.2, p < 0.0001). Finally, a one-way
ANOVA for each trial revealed a significant effect of group
from Trials 3 to 11. Post hoc analyses showed that the
Paired animals exhibited an odor-induced behavioral acti-
vation significantly higher than Unpaired and Odor-only
pups from Trials 3 to 11 (Trial 3: p < 0.05; Trials 4–11:
p < 0.01). These two latter groups were not significantly
different, except for Trial 10 (p = 0.04).

3.1.3. Despite painful shock, paired pups exhibited an
attraction for the CS odor and the odor supported nipple
attachment

In the Y-maze test (Fig. 3A), PN8 Paired pups preferen-
tially chose the arm containing the odor previously paired
with the shock, whereas control pups (Unpaired or Odor-
only) did not exhibit such an attraction. ANOVA confirmed
a main effect of condition (F(2,15) = 76.1, p < 0.001). Post hoc
Fisher tests showed that the Paired group was significantly

different from the two control groups (p < 0.01) which were
not different from each other (p = 0.69).

For the nipple attachment test (Fig. 3B), a one-way
ANOVA revealed a significant effect of group (F(2,15) = 76,1,
p < 0.001). Post hoc Fisher’s test showed that Paired animals

Fig. 5. Effects of infant odor–shock experience on adult depression-like behavior
animals with Infant Paired experience exhibited a lower latency to immobility (A),
Preference Test (C). However, they behaved similarly to control animals when the
differences (p < 0.001).
Fig. 4. Infant odor attraction is maintained at adulthood. During the adult
Y-maze test, Infant Paired, but not Infant Unpaired animals chose prefer-
entially the arm containing the odor paired with shock during infancy. *:
significant intergroup difference (p < 0.05).

spent significantly more time attached to the nipples in the
presence of the infant odor CS than Unpaired and Odor-only
animals (p < 0.001), which were not different from each
other (p = 0.16).

3.2. Adult behavioral and neurobiological studies

3.2.1. Attraction for the CS odor was maintained into
adulthood

Student’s unpaired t-test revealed that in adulthood,
Infant Paired animals preferentially chose the arm contain-
ing the infant peppermint odor while the Infant Unpaired
animals performed close to chance (t = −3.3, p < 0.01; Fig. 4).
This result showed that the odor attraction acquired during
infancy is maintained into adulthood.

3.2.2. Infant odor–shock pairing induced depression-like
behaviors in adulthood, which was specifically restored

by the infant odor

In adulthood, two-way ANOVA for depressive-like
behavior showed a significant interaction of the Infant
condition × Peppermint Odor for immobility in the FST
(immobility latency, F(4,39) = 5.1, p < 0.01, Fig. 5A; immo-

as assessed in the Forced Swim Test and Sucrose Preference Test. Adult
spent more time immobile (B) and exhibited an anhedonia in the Sucrose
infant learned peppermint odor was presented. *: significant intergroup
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Fig. 6. Effects of the novel citral odor on adult depression-like behavior
as assessed in the Forced Swim Test and Sucrose Preference Test. Adult
animals with Infant Paired experience exhibited a lower latency to immo-
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ility, spent more time immobile (A), and exhibited an anhedonia in the
ucrose Preference Test (B). However, contrary to the infant odor paired
ith shock, the novel citral odor failed to restore the behavior to control

evel.

ility time, F(4,39) = 8.8, p < 0.001, Fig. 5B) and sucrose
onsumption (F(2,18) = 11.1, p < 0.001, Fig. 5C). Post hoc tests
evealed that Infant Paired odor–shock animals exhibited
shorter latency and more immobility time in the FST, as
ell as lower levels of sucrose consumption compared to all

ther groups (p < 0.05). However, presentation of the infant
eppermint odor paired with shock reversed these effects:

nfant Paired animals behaved similarly to controls. Post hoc
ests showed that Infant Paired odor–shock adult rats were
ignificantly different from each control group as well as
rom the Paired group with infant peppermint odor for both
he FST and Sucrose Test (p < 0.05).

Moreover, we assessed the effect of the presentation
f the novel citral odor in Infant Paired (peppermint)
dor–shock animals on depressive-like behavior. Student’s
npaired t-test showed that this novel citral odor did not
ttenuate depression-like behavior in the FST (immobility
atency, t = 0.575, p = 0.58; FST immobility time, t < 1) nor
n the Sucrose Preference Test (t < 1; Fig. 6A and B). The
ovelty-reaction cannot explain our results because the
resence of the novel odor neither increased nor decreased
wim levels in either our control or experimental groups.
he results of our sucrose consumption test are consistent
ith this notion since the novel odor also did not change

xperimental or control levels over the course of the 1-h
est, when the novelty effect would be eliminated.

.2.3. Infant odor–shock pairing induced a deficit in
aired-pulse inhibition in amygdala and piriform cortex
hat was restored by the infant odor

In adulthood, animals were also used for evoked field

otential recordings in the piriform cortex and amygdala

n response to paired-pulse stimulation of the olfactory
ulb (Fig. 7). A three-way ANOVA revealed a significant

nteraction of the Infant conditioning group × adult odor
resence × structure (F(2,68) = 59.46, p < 0.001). Further post
ive Neuroscience 1 (2011) 77–87 83

hoc tests showed that Infant Paired odor–shock adult ani-
mals exhibited no paired-pulse inhibition in the posterior
piriform (olfactory) cortex, cortical nucleus of the amyg-
dala and basolateral amygdala in contrast to control Infant
Naïve and Infant Unpaired animals (p < 0.05). Interestingly,
presentation of the infant peppermint odor brought the
Infant Paired animals’ paired-pulse ratios to control lev-
els. However, Infant Paired odor–shock experience did not
induce any detectable changes in the anterior piriform cor-
tex paired-pulse in adult animals.

4. Discussion

4.1. Infant odor–shock pairing induces depression-like
behavior

The present data show that infant odor–0.5 mA shock
pairings result in a learned odor preference and produce
an odor that controls pups’ nipple attachment, despite the
aversiveness of the shocks. These results support previ-
ous work indicating that this aversive conditioning with
slight to moderate pain produces an odor preference in
young infant rats (Camp and Rudy, 1988; Haroutunian and
Campbell, 1979; Sullivan et al., 1986) due to the lack of
amygdala participation in this infant learning (Moriceau et
al., 2006; Sullivan et al., 2000). Following this conditioning,
the odor becomes a new maternal odor that gains control
over pups’ interactions with the mother and attachment
(Moriceau and Sullivan, 2006; Raineki et al., 2010; Roth
and Sullivan, 2005; Sullivan et al., 1986, 2000). However,
the adult consequence of this early life adverse experi-
ence results in higher levels of depression-like behavior, as
assessed through the FST and the Sucrose Preference Test.
These results support previous clinical studies (Cicchetti
and Toth, 2005; Connor et al., 2003; Gunnar, 2003; Heim
et al., 2009; Heim and Nemeroff, 2001; McEwen, 2003;
Nemeroff, 2004; Pollak, 2003; Rutter et al., 2006; Stovall-
McClough and Cloitre, 2006; Teicher et al., 2003; Zeanah et
al., 2003) and animal models (Card et al., 2005; Cameron et
al., 2005; Cirulli et al., 2009; Kosten et al., 2006; McEwen,
2008; Pryce et al., 2002; Sanchez et al., 2001; Sevelinges
et al., 2008) indicating that exposure to early life adverse
experiences increases vulnerability to emotional and cog-
nitive dysfunctions, including depressive-like behaviors in
adulthood.

It is important to note that shock unpaired with the odor
does not result in infant learning (Kucharski and Spear,
1984; Sullivan et al., 2000), nor does it result in detectable
behavioral or neural effects in adulthood (Sevelinges et al.,
2007, 2008), suggesting that the contingency of adversity
in infancy has a significant impact on the enduring effects
of adversity. Indeed, in the present document, we reported
that the neonatal predictability of the shock (via odor)
appears critical in determining both the behavioral and
neurobiological effects since only the Paired (predictable)
shock animals, but not the Unpaired and Shock-only ani-

mals, showed deficits in the FST and the Sucrose Preference
Test.

The clinical literature and early life experience ani-
mal literature indicate that the type, patterning and age
of early life trauma produce different outcomes, although
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Fig. 7. Effects of infant odor–shock experience on field potential responses recorded in the anterior (aPC) and posterior (pPC) piriform cortex, cortical (CoA)
and basolateral (BLA) amygdala in response to paired-pulse electrical stimulation of the olfactory bulb, using a 20 ms inter-pulse interval. (A) Representative
individual mean signals (n = 12 sweeps) recorded in the BLA in response to the conditioning (first) and test (second) pulses delivered to the olfactory bulb
with or without the infant learned odor present. The signal induced by the conditioning pulse (dotted line) is superimposed on the signal resulting from the

an cond
hibition
l anima

ant inte
test pulse. (B) Mean paired-pulse ratios (mean test signal amplitude/me
groups, in the four recording sites. A ratio <1 characterizes paired-pulse in
animals exhibited a deficit in paired-pulse inhibition compared to contro
peppermint odor brought paired-pulse ratios to control values. *: signific

the mechanisms for this divergence are not well under-
stood. Indeed, early life maternal separation, exposure to a
stressed mother or exposure to adverse events (i.e. shock)
produce diverse effects in adulthood using both cognitive
and emotional assessments (Cameron et al., 2005; Cirulli
et al., 2009; McEwen, 2008; Sanchez et al., 2001). Based
on the present results of only paired odor–shock induc-
ing later life depressive-like behavior, we suggest that the
predictability of the adverse effect may be one such vari-
able. Indeed, our previous data indicates the unpredictable
unpaired infant shock is associated with anxiety in adult-
hood as assessed by latency to leave a dark box and enter
a lighted alley (Tyler et al., 2007) and supports previous

work showing that the predictability of shock was associ-
ated with later life impairment (Bell and Denenberg, 1962;
Levine, 2005). Therefore, we propose that early life shock
produces adverse outcomes in early life, unpredictable
shock is associated with an animal model of anxiety, while
itioning signal amplitude ± SEM) obtained in the different experimental
, whereas a ratio >1 corresponds to paired-pulse facilitation. Infant Paired
ls in the pPC, CoA and BLA. However, presentation of the infant learned

rgroup differences (p < 0.05).

predictable shock appears to be associated with an ani-
mal model of depression. These influences of early life
shock and its predictability may be limited to infancy, since
the adult literature suggests that unpredictable adverse
events are associated with depression-like behavior and
related to the “learned helplessness” (Seligman and Maier,
1967; Sherman et al., 1979). One hypothesis to explain this
discrepancy is the “predictive adaptation hypothesis” (for
review see Oitzl et al., 2010) postulating that infant aver-
sive events “program” the individual to the world it will
live in.

4.2. Neurobiological basis of depressive-like behavior

induced by infant odor–shock pairings

Clinical studies have indicated that the amygdala is
associated with depression (Dreverts et al., 2008; Monk
et al., 2008; Nestler et al., 2002a,b; Ressler and Mayberg,
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007; Sheline et al., 1998; Whalen et al., 2002). Animal
odels have also supported the relationship between the

mygdala and depressive-like behaviors (Nestler et al.,
002a,b; Ressler and Mayberg, 2007). Importantly, adverse
ffects of early life trauma are seen in neural processing
ithin the olfactory pathway and the amygdala. Specif-

cally, paired odor–shock experience in infancy result in
dult lower levels of paired-pulse inhibition in a neural
etwork involving the posterior piriform cortex, corti-
al nucleus of the amygdala, and basolateral amygdala
present results; Sevelinges et al., 2007, 2008). This effect
ppears to reflect mainly a decrease in GABAergic interneu-
on function in the inhibitory feedback exerted by local
ABAergic interneurons onto the main glutamatergic pro-

ection neurons (piriform cortex: Princivalle et al., 2000;
seng and Haberly, 1988; amygdala: Muller et al., 2006;
ah et al., 2003). Interestingly, it has been proposed that
ecreased GABA functioning may be associated with anx-

ety and depression in animal models (Brambilla et al.,
003).

.3. The infant odor may function as a safety signal

Since the infant conditioned odor functioned as a
aternal odor and supported attachment to the mother,
e speculated that the odor may have acquired the

alue of a “paradoxical safety signal”, which is known
o reduce conditioned fear responses, normalize FST
decrease immobility) and normalize amygdala activity
Pollak et al., 2008; Rogan et al., 2005; Schiller et al.,
008). A “safety signal” is typically formed when it pre-
icts the non-occurrence of the aversive event and/or
roduces a reduction in fear and/or anxiety (Bolles and
obert, 1970; Candido et al., 2004; Chan et al., 2001;

osselyn et al., 2005; Ostroff et al., 2010; Pollak et al.,
008; Rogan et al., 2005; Schiller et al., 2008). Paradoxi-
ally, as is reviewed above for infant conditioning, a safety
ignal appears to be produced from the odor even when
t is paired with pain. In infancy, this odor blocks fear
onditioning and prevents amygdala plasticity in older
ups by blocking the release of the stress hormone cor-
icosterone (Moriceau and Sullivan, 2006; Shionoya et al.,
007; Stanton and Levine, 1990; Wiedenmayer et al., 2003),
hich prevents infant amygdala plasticity (Moriceau and

ullivan, 2006; Moriceau et al., 2006). Furthermore, this
afety signal appears to be retained into adulthood as indi-
ated by the natural and learned maternal odors’ abilities
o enhance sexual (Fillion and Blass, 1986; Mainardi et
l., 1965; Marr and Gardner, 1965; Moore et al., 1996)
nd maternal behaviors (Shah et al., 2002), improve olfac-
ory discrimination learning (Blais et al., 2006), reduce
onditioned odor aversion (Sevelinges et al., 2009a,b) and
educe fear learning and amygdala activity (Sevelinges et
l., 2007, 2008). The present data suggest this odor also
educes depressive-like behavior, which is also consistent

ith the notion of a safety signal (Pollak et al., 2008;
ogan et al., 2005). Together, these results suggest that
oth learned and natural maternal odors have character-

stics consistent with a safety signal in both infancy and
dulthood.
ive Neuroscience 1 (2011) 77–87 85

4.4. Infant odor normalizes amygdala and piriform
cortex activity

The ability of the learned odor to restore amygdala activ-
ity, a brain area associated with fear and depression (Balu
et al., 2009; Castro et al., 2010; Fanselow and Gale, 2003;
Matsuzawa-Yanagida et al., 2008; Muigg et al., 2007; Roche
et al., 2007; Shishkina et al., 2007; Varea et al., 2007), is also
consistent with the notion of the maternal odor as a safety
signal (Pollak et al., 2008; Rogan et al., 2005; Schiller et al.,
2008). With respect to the present results, the amygdala
appears to be targeted by infant paired odor–shock. How-
ever, unexpectedly, presentation of the odor paired with
shock in infancy was capable of restoring control levels of
the neural measurements. The odor signal, which arrives
in the amygdala either directly from the olfactory bulb or
indirectly through the piriform cortex (Haberly and Price,
1978a,b; Luskin and Price, 1982, 1983; McDonald, 1998;
Price, 1973; Savander et al., 1996; Swanson and Petrovich,
1998), restored neural functioning at various points along
the olfactory pathway to the amygdala.

4.5. Implications

These data complement the existing literature on the
enduring effects of early life aversive experiences indi-
cating lasting effects on emotional dysregulation and
amygdala. However, the present studies also suggest that
other enduring effects of early life trauma can also be
dependent upon learning and expressed in unexpected
ways due to unique learning characteristics during infancy.
Specifically, the odor associated with shock in infancy has
acquired value to attenuate the enduring effects of trauma
on both behavior and brain.
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