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Abstract

The hippocampus is a part of the limbic system and is important for the formation of associative
memories, such as acquiring information about the context (e.g. the place where an experience
occurred) during emotional learning (e.g. fear conditioning). Here, we assess whether the
hippocampus is responsible for pups’ newly emerging context learning. In all experiments,
postnatal day (PN) 21 and PN24 rat pups received 10 pairings of odor-0.5mA shock or control
unpaired odor-shock, odor only and shock only. Some pups were used for context, cue or odor
avoidance tests, while the remaining pups were used for c-Fos immunohistochemistry to assess
hippocampal activity during acquisition. Our results show that cue and odor avoidance learning
were similar at both ages, while contextual fear learning and learning-associated hippocampal
(CAL, CA3 and dentate gyrus) activity (c-Fos) only occurred in PN24 paired pups. To assess a
causal relationship between the hippocampus and context conditioning, we infused muscimol into
the hippocampus, which blocked acquisition of context fear learning in the PN24 pups. Muscimol
or vehicle infusions did not affect cue learning or aversion to the odor at PN21 or PN24. The
results suggest that the newly emerging contextual learning exhibited by PN24 pups is supported
by the hippocampus.
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Introduction

Fear is a highly adaptive emotion, helping animals learn about aversive events and/or the
context of where the aversive events took place. Fear conditioning is a procedure where the
emotion of fear becomes associated with a neutral stimulus (e.g. odor or tone; called cue
learning) but also becomes associated with a neutral context (e.g. a room or conditioning
chamber; called contextual fear learning) simply by pairing those stimuli with an aversive
stimulus (e.g. electric shock). After repeatedly pairing these neutral and aversive stimuli
together, the neutral stimulus and context begin eliciting conditional responses such as
freezing (Fanselow, 2000; LeDoux, 2000; Maren, 2001; Rudy et al., 2004; Ji and Maren,
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2007). The fear conditioning paradigm has proven to be one of the more prolific and
valuable animal models for assessment of human psychiatric disorders associated with
abnormally heightened fear and anxiety (LeDoux, 1998; Lissek at al., 2005; Debiec and
LeDoux, 2006; Jackson et al., 2006; Mineka and Oehlberg, 2008).

Many studies have demonstrated that the hippocampus is a fundamental structure supporting
adult fear conditioning, especially contextual fear learning (O’Keefe and Nadel, 1978;
Eichenbaum, 1996; Fanselow, 2000; LeDoux, 2000; Otto et al., 2000; Anagnostaras et a.,
2001; Otto and Giardino, 2001; Debiec et al., 2002; Rudy et al., 2002; Sanders et al., 2003;
Matus-Amat et al., 2004; Wiltgen et al., 2006). Several studies in infant rats have analyzed
contextual fear learning (Rudy, 1993, 1994; Rudy and Morledge, 1994; Brasser and Spear,
1998, 2004; Esmoris-Arranz et al., 2008) and other behaviors that are dependent on the
hippocampus in adulthood, such as spontaneous alternation and spatial navigation (Castro et
al., 1987; Green and Stanton, 1989; Lilliquist et al., 1993; Kraemer and Randall, 1995; Nair
and Gonzalez-Lima, 1999; Brown and Whishaw, 2000). However, no studies to date have
directly assessed the role of the hippocampus in mediating the development of these
behaviors. While a causal link between the ontogeny of context fear learning and
hippocampus may seem to be a foregone conclusion, recent advances in brain development
research have highlighted the importance of not assuming that adult functional brain-
behavior interactions are consistent throughout development (Johnson, 2000, 2001; Raineki
et al., 2009). Indeed, work in our lab on the development of odor malaise learning suggests
this learning is initially supported by the olfactory bulb and switches to the amygdala as the
animal approaches weaning (Shionoya et al., 2006; Raineki et al., 2009). Thus, the purpose
of the present series of experiments was first to correlate the ontogeny of context fear
learning with hippocampal plasticity and secondly, to assess a causal link between the
hippocampus and emerging context fear learning.

While anatomical development is not necessarily associated with functional development,
this assessment can at least provide an age range when a brain area can become functional
(Johnson, 2000, 2001). The hippocampus is divided into distinct sections, most basically a
trisynaptic circuit relaying information through the dentate gyrus (DG) to CAS3, and after to
CAL, with each hippocampal subdivision implicated in context fear learning, albeit with
different roles (Gilbert and Kesner, 2003; Lee and Kesner, 2004; Daumas et al., 2005; Li et
al., 2005; Hunsaker et al., 2008). These anatomical subdivisions of the hippocampus are
clearly visible during the first week of life (Bayer, 1980b). Hippocampus development is
protracted and continues through adolescence, although each subdivision has a distinct
developmental time frame (Nurse and Lacaille, 1999; Swann et al., 1999; Tarazi and
Baldessarini, 2000; Toscano et al., 2003; Crews et al., 2007), with long-term potentiation
(LTP), which is a presumed measure of plasticity, emerging during the second postnatal
week in CA1L, and during the third postnatal week in DG (Harris and Teyler, 1984; Wilson,
1984; Swann et al., 1990; Bekenstein and Lothaman, 1991b). Neurotransmitter systems
associated with plasticity, such as glutamatergic synapses, achieve maturity after PN14
(Michelson and Lothman, 1989; Kudryashov and Kudryashova, 2001), and GABAergic
synaptic transmission has been observed at PN5-6 in CA3, though just at PN9 in CAl
(Swann et al., 1989, 1990).

Since the hippocampus appears sufficiently developed to participate in contextual fear
learning at PN21, we assessed the role of the hippocampus in the ontogeny of contextual
fear learning. We hypothesize that functional emergence of context fear learning is
dependent on hippocampal functional emergence into the fear conditioning circuit.

Hippocampus. Author manuscript; available in PMC 2011 September 1.
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Materials and Methods

Subjects

We used male and female Long-Evans rat pups (PN21 and PN24) born and bred in our
colony at the University of Oklahoma (originally from Harlan Lab Animals, Houston, USA).
Animals were housed in polypropylene cages (34 x 29 x 17 cm) with an abundant amount of
aspen wood shavings for nest building, and kept in a 20°C environment with a 12:12 light
cycle. Food and water were available ad libitum. The day of birth was considered PNO and
the litters were culled to 12 pups (6 males and 6 females) on PN1. For all experiments the
animals were not weaned and no more than one male and one female from a litter were used
in each experimental condition. The University of Oklahoma Institutional Animal Care and
Use Committee, which follows guidelines from the National Institutes of Health, approved
all animal care and experimental procedures.

Odor-shock conditioning

Cue test

Context test

Pups were randomly assigned to one of the following classical conditioning groups: (1)
Paired odor-0.5mA shock (2) Unpaired odor—0.5mA shock, (3) Odor only and (4) Shock
only. All conditioning took place in Lafayette conditioning chambers (Lafayette
Instruments, Lafayette, IN; 14 cm long x 20 cm wide x 21 cm high) consisting of one
aluminum side and a Plexiglas side, front and back, under a 25W red light bulb. The floor of
each chamber had 9 stainless steel rods (3 mm diameter, 1 cm apart) connected to a shock
generator (Lafayette Instruments, Lafayette, IN). Animals were placed in the conditioning
chamber and given a 10 min adaptation period before initiating the 40 min conditioning
session. Pups received 10 presentations of a 30 sec peppermint odor (CS) and a 1 sec 0.5mA
footshock, with an intertrial interval (IT1) 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 to air. A fume hood provided constant background noise and removed the odor from
the conditioning chamber. A chrontrol (ChronTrol Corporation, San Diego, CA), controlled
shock and odor delivery. Paired odor-shock pups received 10 pairings of the 30 sec odor
with shock overlapping during the last 1 sec of the odor presentation. Unpaired odor-shock
pups received the shock 2 min after each onset of odor presentation. Odor only pups
received only peppermint odor presentations. Shock only pups received only shock
presentations. After conditioning, pups were returned to the home cage until testing, which
occurred 24 hours later.

Fear to the odor (cue) was assessed by measuring freezing behavior, which was defined as
the absence of any visible movement, except that required for breathing (Blanchard and
Blanchard, 1969). Pups were removed from the nest, placed in individual 2000 mL beakers
and given a 10 min adaptation period. Afterwards, pups received 5 odor presentations with
the same ITI, concentration and duration as during conditioning and total time of freezing
behavior was observed for 30 sec during odor presentation. Testing occurred under a 25W
red light bulb and observations were made blind to the training condition.

Fear to the context was assessed by measuring freezing behavior. Pups were removed from
the nest, placed in Lafayette conditioning chambers (as described in odor-shock
conditioning section) and total time of freezing was recorded. Testing lasted for 8 min and
was conducted under a 25W red light bulb by an experimenter blind to the training
condition. For some unpaired pups, the cue (odor - same ITI, concentration and duration as
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during training) was presented 2 times during the context test starting at 1 min and 30 sec
after beginning the 8 min test to control for learning the cue odor as part of the context.

A Y-maze test was used to assess pups’ expression of an odor aversion. This test requires
pups to choose between two arms of a Plexiglas Y-maze (start box: 9 cm width, 12 cm
length, 9 cm height; choice arms: 9 x 30 x 9 cm), one containing the peppermint odor (20 pl
of peppermint odor on a Kim Wipe placed at the end of the alley) and the other a familiar
odor (20 ml of clean aspen shavings in a Petri dish, same used as bedding). Pups were
placed in the start box (direction was counterbalanced) for 5 sec, and the door to each alley
was opened, at which time the pups were given 60 sec to choose an arm. A response was
considered a choice when a pup’s entire body moved past the entrance to the alley. Each pup
received 5 sequential trials and between trials, the pup was placed in a holding cage for 10
sec and the floor was cleaned with water and dried. Observations of each pup were made
blind to the training condition.

c-Fos immunohistochemistry

Ninety minutes following conditioning, when c-Fos expression peaks (Moriceau et al., 2004;
Roth and Sullivan 2005; Roth et al., 2006; Koehnle and Rinaman, 2007; Lanuza et al.,
2008), brains were removed and frozen in 2-methylbutane (—45°C) and placed in a —70°C
freezer until cutting and post-fixation. Every sixth section (coronal section, 20 pm) was
collected on pretreated slides (Fisherbrand Plus, Fisher) for c-Fos processing, and every
seventh section was colleted for cresyl violet staining. c-Fos sections received a 1 h post-fix
in 4% paraformaldehyde/0.1 M phosphate buffer (PB, pH 7.2). To eliminate peroxidase
activity, sections were incubated in 0.1 M PB saline (PBS, pH 7.2) containing 3% H,0, and
10% methanol for 5 min. Following PBS rinses and 15 min incubation in 0.2% Triton
X-100, slides were incubated in 3% bovine serum albumin for 1 h. Slides were treated
overnight at 4°C with the primary antibody (c-Fos, sc-52, Santa Cruz Biotechnology) diluted
1:500 in PBS. Afterward, they were incubated in the secondary biotinylated antibody (goat
anti-rabbit, Vector Laboratories) for 2 h at room temperature and then incubated for 90 min
in avidin-biotin-peroxidase (ABC) complex solution. Slides were then treated with PB
containing 0.1% 3.3’-diaminobenzidine and H,O, and subsequently dehydrated in alcohol
and Histoclear, and coverslipped for microscope examination (Moriceau et al., 2004; Roth
and Sullivan 2005; Roth et al., 2006).

c-Fos-positive cells were counted bilaterally using a microscope (Olympus with 10x
objective) equipped with a drawing tube. With aid of a stereotaxic atlas (Paxinos and
Watson 1986), brain areas were outlined using the correspondent cresyl violet sections. All
c-Fos-positive cells were counted without knowledge of the training condition. c-Fos-
positive cells were distinguished from the background by density of staining, shape, and size
of cells. The mean number of c-Fos cells per brain area for an animal was determined by
averaging the counts from all sections (three sections counted for each brain area). Brain
areas examined were subdivisions of dorsal hippocampus (CA1, CA3 and DG).

Surgery and hippocampus infusion

On PN19 or PN22, pups were anesthetized by inhalation with isoflurane and place in an
adult stereotaxic apparatus modified for use with weanlings. Stainless steel cannulas (30
gauge tubing) were implanted bilaterally in the dorsal hippocampus through holes drilled in
the overlying skull. Stereotaxic coordinates, derived from Paxinos and Watson (1986) atlas,
were used for implanting cannulas into the hippocampus (caudal: 2.0 mm, lateral: 2.5 mm
from bregma). The cannulas were lowered 1.5 mm from the surface of the skull, placing the
tip near the hippocampus. The cannulas were fixed to the skull with dental cement. To
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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-day recovery period until conditioning. On PN21 or PN24, in
preparation for muscimol infusions, pups’ bilateral cannulas were attached via PE10 tubing
to a Harvard syringe pump driving two Hamilton microliter syringes. The cannulas were
filled (5 sec at 0.5 pL/min) with muscimol (2mM; GABA receptor agonist, Sigma, St.
Louis, MO) or physiological saline (0.9%). Pups received muscimol or saline infused at 0.1
pL/min for 5 min, for a total infusion volume of 0.5 pL, 45 min before training.

Verifying cannula placement

After testing, brains were removed, frozen, sectioned (20 um) in a —20°C cryostat, and
cresyl violet stained for identification of the cannula placement in relation to dorsal
hippocampus using an atlas (Paxinos and Watson, 1986).

Statistical analysis

Results

For all experiments, comparisons were made between groups using analysis of variance
(ANOVA) followed by post hoc Fisher tests or Student t-test (Figure 1D).

Context fear learning emerges at PN24

Our results (Figure 1) show that cue fear learning and odor avoidance learning (Y-maze test)
were similar at both ages (PN21 and PN24), while contextual fear learning only occurred in
PN24 paired.

Y-maze test—Paired PN21 and PN24 pups showed an odor aversion compared with
unpaired, odor only and shock only rat pups (Figure 1A). No significant interaction between
condition and age was detected (F(3 42) = 0.316). However, a significant main effect for
condition was detected (F(3 42) = 17.562, P < 0.0001). Post hoc Fisher test revealed that all
paired groups (PN21 and PN24) differed from the control groups.

Cue test—~Paired PN21 and PN24 pups showed an increase in freezing behavior when in
the presence of the cue (odor) compared with unpaired, odor only and shock only pups
(Figure 1B). No significant interaction between condition and age was detected (F(3 42) =
0.034). However, a significant main effect for condition was detected (F (3 42) = 33.904, P <
0.0001). Post hoc Fisher test revealed that all paired groups (PN21 and PN24) differed from
the control groups.

Context test—Only PN24 paired pups showed increased freezing behavior when placed in
the same context as conditioning compared with PN21 paired pups and PN21 and PN24
unpaired, odor only and shock only pups (Figure 1C). A significant interaction between
condition and age was detected (F(3 42) = 3.979, P < 0.01). Post hoc Fisher test revealed that
PN24 paired group differed from all other groups.

The cue (odor) presentation during context testing did not elicit context fear responses in
PN24 unpaired rat pups (Figure 1D). No significant difference was detected (t;0) = 0.203)
in freezing response to the context between PN24 unpaired rat pups that have cue
presentations during the context test and PN24 unpaired rat pups that have no cue
presentations during context test.

Hippocampus. Author manuscript; available in PMC 2011 September 1.
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Fear learning induces hippocampal neural activity (c-Fos) at PN24 but not at PN21

Hippocampal neural activity results correlate well with the context fear behavioral analyses:
PN24 paired but not PN21 paired pups show significantly increased neural activity in all
subdivisions of the hippocampus (CAL, CA3 and DG; Figure 2). A significant interaction
between condition and age was detected for CAL (F(2,30) = 52.532, P < 0.0001), CA3 (F(2,30)
=30.769, P < 0.0001) and DG (F2,30) = 117.599, P < 0.0001). Post hoc Fisher test revealed
that pairing an odor with shock at PN24 significantly increases the presence of c-Fos
positive cells in all subdivisions of the hippocampus compared with all other groups.

Muscimol temporary inactivation of the hippocampus prevents context fear learning at

PN24

Temporary deactivation of the hippocampus during conditioning with muscimol (a GABAa
receptor agonist) blocked context learning in PN24 paired pups and suggests a causal
relationship between the hippocampus and contextual fear learning. Intra-hippocampal
muscimol or vehicle (saline) infusions did not affect cue learning or aversion to the odor at
either PN21 or PN24.

Y-maze test—Muscimol infusion into the hippocampus did not prevent the odor aversion
in PN21 and PN24 paired pups. PN21 and PN24 paired pups infused with muscimol or
saline showed odor aversion compared with unpaired and odor only rat pups (Figure 3A).
No significant interaction between condition, age and infusion was detected (F2 51) =
0.907). However, a significant main effect for condition was detected (F 51) = 93.741, P <
0.0001). Post hoc Fisher test revealed that all paired groups (PN21 and PN24, muscimol or
saline) differed from the control groups.

Cue test—Muscimol infusion into the hippocampus did not prevent cue freezing in PN21
and PN24 paired pups when in the presence of the cue (odor) compared with unpaired and
odor only rat pups (Figure 3B). No significant interaction between condition, age and
infusion was detected (F(,,51) = 0.640). However, a significant main effect for condition was
detected (F(2,51) = 765.784, P < 0.0001). Post hoc Fisher test revealed that all paired groups
(PN21 and PN24, muscimol or saline) differed from the control groups.

Context test—Muscimol infusion into the hippocampus prevented context fear learning in
PN24 paired pups. PN24 paired pups infused with saline into the hippocampus showed an
increase in freezing behavior when placed in the same context as training. However,
hippocampal muscimol infusion prevented the context freezing behavior in PN24 paired
pups (Figure 3C). A significant interaction between condition, age and infusion was detected
(F(2,51) = 205.186, P < 0.0001). Post hoc Fisher test revealed that the PN24 paired group
infused with saline significantly differed from all other groups.

Discussion

The present results show that PN24 paired pups, but not PN21 paired pups, show contextual
fear learning following odor-0.5mA shock fear conditioning; however, cue fear learning and
odor avoidance learning were similar at both ages. We extend these behavioral results by
demonstrating that the contextual fear learning is supported by the hippocampus.
Specifically, only pups that showed contextual fear conditioning (PN24 paired pups)
presented learning-induced changes (c-Fos expression) in the hippocampus (CAL, CA3 and
DG). Importantly, a causal relationship between hippocampus and context learning was
demonstrated through temporary deactivation of the hippocampus, with GABA agonist
muscimol infusion, during acquisition and the blocking of contextual fear learning in PN24
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paired pups. The specificity of our manipulations is demonstrated by the inability of the
intrahippocampal muscimol infusion to alter cue and odor aversion learning.

Behavioral ontogeny of context fear learning

Behavioral dissociation between cue and contextual fear conditioning is well documented in
the developmental literature with context conditioning emerging at an older age (Rudy,
1993, 1994; Rudy and Morledge, 1994; Brasser and Spear, 1998, 2004; Sullivan et al., 2000;
Moriceau et al, 2006; Esmoris-Arranz et al., 2008; Raineki et al., 2009). Differences in the
age of behavioral measures of contextual fear conditioning can be found in the literature,
although the age range is consistent with the peri-weanling period (PN17-23). Several
variables, including the salience of the contextual environment, appear to modulate the
acquisition and expression of context learning during this developmental time period (Rudy,
1993, 1994; Rudy and Morledge, 1994; Brasser and Spear, 1998, 2004; Esmoris-Arranz et
al., 2008).

Context fear learning and the hippocampus

Several studies have demonstrated that the hippocampus is a fundamental structure
supporting fear conditioning, especially contextual fear learning (O’Keefe and Nadel, 1978;
Eichenbaum, 1996; Fanselow, 2000; LeDoux, 2000; Otto et al., 2000; Anagnostaras et a.,
2001; Otto and Giardino, 2001; Debiec et al., 2002; Rudy et al., 2002; Sanders et al., 2003;
Matus-Amat et al., 2004; Wiltgen et al., 2006). The notion that the hippocampus is involved
in contextual fear conditioning is also supported by knockout/transgenic mice studies.
Specifically, mutant mice with deficient LTP in the hippocampus also exhibit deficits in
contextual fear conditioning (Abeliovich et al., 1993; Bourtchuladze et al., 1994).
Additionally, brain-derived neurotropic factor (BDNF) infusion into the hippocampus can
rescue contextual fear learning deficits in BDNF knockout mice (Liu et al., 2004).

Hippocampus development supports context fear learning at PN24

In rats, maturation and differentiation of the hippocampus continue into postnatal life
(Bayer, 1980a; Baudry et al., 1981; Muller et al., 1989; Altman and Bayer, 1990; DiScenna
and Teyler, 1994; Gould and Cameron, 1996). For example, during the first postnatal weeks,
neuronal birth, differentiation and migration are ongoing (Altman and Bayer, 1990; Gould
and Cameron, 1996). Based on slice physiology, both inhibitory and excitatory responses
have been found in the infant hippocampus, although inhibitory responses are just beginning
to develop around PN 9-12 and reach adult values between PN14-18 (Baudry et al., 1981,
Michelson and Lothman, 1989; Muller et al., 1989; Bekenstein and Lothman, 1991a;
DiScenna and Teyler, 1994; Kudryashov and Kudryashova, 2001). Neurogenesis of granule
cells peaks just during the second week of life in rodents (Bayer, 1980a) with major synaptic
maturation occurring later in the preweaning period (Crain et al., 1973; Muller et al., 1989).
Hippocampal LTP similarly emerges during the second postnatal week in CA1 and third
postnatal week in DG, both in vivo (Wilson, 1984; Bekenstein and Lothaman, 1991b) and in
vitro (Harris and Teyler, 1984; Wilson, 1984; Swann et al., 1990). Neurotransmitter
systems, such as GABA, glutamate and BDNF, that are associated with plasticity continue
to develop throughout the preweaning period (Swann et al., 1989, 1990; Michelson and
Lothman, 1989; Katoh-Semba et al., 1997; Kudryashov and Kudryashova, 2001; Solum and
Handa, 2002). The dynamic nature of hippocampal development is also illustrated by
excitatory/inhibitory switches in function, as well transformations in the molecular
underpinnings of LTP (Harris and Teyler, 1984; Wilson, 1984; Ben-Avri et al., 1989;
Michelson and Lothman, 1989; Swann et al., 1989, 1990; Bekenstein and Lothaman, 1991b;
Cherubini et al., 1991; Berninger et al., 1995; Kudryashov and Kudryashova, 2001). Thus,
the hippocampus seems sufficiently mature to support the emergence of contextual fear
learning, despite ongoing, significant development.
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It is difficult to determine the age of functional onset for a brain area from these studies,
although they can indicate that the hippocampus seems to be sufficiently developed to
participate in learning-induced plasticity in the range of age and fear conditioning paradigm
that we used in this work. In fact, only PN24 odor-0.5mA shock paired pups show an
increase in c-Fos positive cells in CA1, CA3 and DG. This increased neural activity
correlates well with the emergence of context fear behavior seen in PN24 paired pups.

Muscimol temporary suppression of hippocampus neural activity prevents context fear
learning at PN24

Our results from muscimol infusion into the hippocampus in PN24 pups are consistent with
adult literature showing that suppression of hippocampus activity impairs contextual fear
conditioning without affecting fear to the cue (Bellgowan and Helmstetter, 1995; Daumas et
al., 2005). Electrolytic lesion of the dorsal hippocampus and excitotoxic lesion of the ventral
hippocampus also impair acquisition of context fear conditioning in adult rats (Selden et al.,
1991; Phillips and LeDoux, 1992, 1994; Kim et al., 1993; Young et al., 1994; Maren and
Fanselow, 1997). Lidocaine reversible lesions of the hippocampus (CAL or CA3) before
training decrease contextual fear learning (Daumas et al., 2005), a result that is analogous to
our muscimol hippocampal infusions in rat pups. Together, these results indicate that
temporary suppression of the hippocampus with muscimol infusions during conditioning can
prevent the rat pups from building a unified representation of the environment and thus
exhibit decreased contextual learning. Moreover, NMDA-receptor antagonist infusion into
the hippocampus of adult rats impairs acquisition of context fear conditioning, but not cue
fear learning (Young et al., 1994; Bast et al., 2003; Schenberg and Oliveira, 2008). Similar
results were found with a cholinergic antagonist infusion into the hippocampus (Gale et al.,
2001; Wallenstein and Vago, 2001). It is important to note, though, that the adult literature
on contextual fear learning is not straightforward; there are also reports that prior lesion to
the hippocampus has no effect on contextual fear learning (Maren et al., 1997; Richmond et
al., 1999; Wiltgen et al., 2006).

Context fear learning in unpaired rats

While our PN24 paired pups learned context fear, both PN24 and PN21 unpaired pups did
not. The adult literature consistently shows that unpaired animals display more freezing in a
contextual fear test than paired (Phillips and LeDoux, 1994; Brasser and Spear, 1998, 2004;
Esmoris-Arranz et al., 2008). Our results, while differing from the adult literature, are
consistent with the infant pattern of contextual fear learning, in which paired animals display
more freezing than unpaired, indicating a potentiation of context learning by cue learning in
infancy (Brasser and Spear, 1998, 2004; Esmoris-Arranz et al., 2008). The absence of
context fear learning in unpaired pups also correlates well with hippocampal neural activity,
since the PN21 and PN24 unpaired pups have no changes in c-Fos expression in any
subdivision of the hippocampus (CA1, CA3 and DG). It is possible that, for the PN24
unpaired rat pups, the unified representation of the context could include the cue (odor) that
was presented during conditioning. However, our results show that cue presentation during
the context test did not produce contextual fear learning in PN24 unpaired pup rats.

Cue learning and odor aversion are not supported by the hippocampus

At both ages used in this work (PN21 and PN24), paired pups learned an odor aversion and
showed an increase in the freezing behavior in the presence of the cue (odor). Additionally,
temporary neural activity suppression of the hippocampus with muscimol did not affect the
cue learning and odor aversion in all groups, indicating that the hippocampus does not
support cue learning. While many parts of the brain are involved in emotional fear learning,
the literature suggests that cue learning is dependent upon the amygdala (LeDoux, 1998,
2000; Fanselow and LeDoux, 1999; McGaugh et al., 1999; Fanselow and Gale 2003; Maren,
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2003). In fact, previous results from our laboratory (Raineki et al., 2009) show that at PN23,
odor aversion induced by odor fear conditioning is associated with increased learning
activity in the amygdala. Amygdala-dependent cue fear conditioning emerges at PN10
(Sullivan et al., 2000; Moriceau et al, 2006). These results are supported by developmental
experiments showing that amygdala neurogenesis continues until PN14, although major
nuclei subdivisions occur around PN7 (Bayer, 1980c; Berdel et al., 1997; Morys et al., 1999;
Berdel and Morys, 2000).

Implications for understanding the ontogeny of contextual fear learning

Early life emotional memories are particularly enduring and appear to play an important role
in adult mental health. Indeed, adverse experiences during childhood, such as abuse, neglect,
or trauma, increase the incidence of fear disorders in children and adults (Kaufman et al.,
2000; Heim and Nemeroff, 2001; Bremner, 2003; McEwen, 2003). As part of the limbic
system, the hippocampus has been highlighted as an important area mediating these effects
of enduring early life trauma (Wilson et al., 1986; Meaney et al., 1996; Tanapat et al., 1998;
Bremner, 2003; McEwen, 2003; Ladd et al., 2004). The specific mechanisms underlying
early life trauma’s effects, however, are still not completely understood; perhaps in part
because of the limited understanding of how the infant processes trauma and aversive
stimuli. Work describing the neural basis of fear conditioning learning during development
is important as it may help characterize unique ways in which early adverse experience
influences the immature organism.
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Figure 1.

Odor avoidance (A) and cue fear learning (B) were similar at PN21 and PN24, while
contextual fear learning (C) only occurred in PN24 paired pups. Cue presentation during
context test did not change the lack of contextual fear learning in PN24 unpaired pup rats
(D). *P < 0.05 between groups (n=6-7 for all groups).
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Figure 2.

Fear conditioning produces learning-induced changes in c-Fos protein expression in CA1
(A), CA3 (B) and DG (C) subdivisions of the hippocampus just in PN24 paired pups. Bars
represent the mean (x SEM) number of c-Fos-positive cells counted bilaterally in the CAL,
CA3 and DG of PN21 and PN24 rats. *P < 0.05 between groups (n=6 for all groups).
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Figure 3.

Muscimol infusion into the hippocampus did not change odor avoidance (A) and cue fear
learning (B) at PN21 and PN24, though it blocked acquisition of context fear learning (C) in
PN24 paired pups. *P < 0.05 between groups (n=5- 6 for all groups). (D) Representative
cannula placements in the hippocampus for animals receiving either muscimol or saline
infusions at PN21 and PN24. Schematic brain section images are displayed from most
rostral to most caudal. Images were adapted from Paxinos and Watson (1986).
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