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Abstract
In adult animals, the medial prefrontal cortex (mPFC) plays a significant role in regulating
emotions and projects to the amygdala and periaqueductal gray (PAG) to modulate emotional
responses. However, little is known about the development of this neural circuit and its relevance
to unlearned fear in pre-adulthood. To address these issues, we examined the mPFC of 14
(infants), 26 (juveniles), and 38–42 (adolescents) day old rats, to represent different developmental
and social milestones. The expression patterns of the neuronal marker FOS were used to assess
neurological activity. Muscimol, a GABA agonist, was used to inactivate the prelimbic and
infralimbic mPFC subdivisions (400 ng in 200 nl). Animals were exposed to either a threatening
or non-threatening stimulus that was ecologically relevant and age-specific. Freezing was
measured as an indicator of innate fear behavior. The data indicated that the mPFC is neither
active nor responsive to innate fear in infant rats. In juveniles, the prelimbic mPFC became
responsive in processing aversive sensory stimulation, but did not regulate freezing behavior.
Finally, during adolescence, inactivation of the prelimbic mPFC significantly attenuated freezing,
and decreased FOS expression in the ventral PAG. Surprisingly, across all ages, there were no
significant differences in FOS levels in the medial and basolateral/lateral amygdala when either
mPFC subdivision was inactivated. Taken together, unlearned fear has a unique developmental
course with different brain areas involved in unlearned fear in the immature animal than the adult.
In particular, the mPFC neural circuitry is different in young animals and progressively develops
more capacities as the animal matures.

Introduction
Animals continually monitor their environment and must respond appropriately in order to
avoid being harmed, injured or killed. They respond with defensive behaviors and fear if
they perceive a stimulus to be dangerous. Animals possess a specialized neural circuit that
allows them to assess the valence of sensory stimuli and to generate defensive responses if
the stimulus poses a threat. This fear circuit consists of interconnected brain areas, that
include the medial prefrontal cortex (mPFC), the amygdala and the periaqueductal gray
(PAG), that participate in stimulus processing and the generation of defensive behavior
(LeDoux, 2000; Öhman and Mineka, 2001; Rosen, 2004).
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It has been proposed that the mPFC regulates fear behavior by modulating the activity of the
amygdala and PAG (Paré et al., 2004; Price, 2005; Peters et al., 2009; Ulrich-Lai and
Herman, 2009). According to this model, two subdivisions of the mPFC play opposing roles
in fear behavior regulation. The prelimbic subdivision promotes the expression of fear by
increasing amygdala output. The infralimbic subdivision, on the other hand, exerts
inhibitory control on fear expression by decreasing amygdala output. The infralimbic and
the prelimbic mPFC also influence fear behavior through direct projections to columns of
the PAG that generate defensive behaviors (An et al., 1998; Floyd et al., 2000; Keay and
Bandler, 2001; Gabbott et al., 2005). Findings in adult rodents support this model:
inactivation of the prelimbic mPFC decreased conditioned freezing and stimulation
increased it; whereas stimulation of the infralimbic mPFC decreased freezing (Vidal-
Gonzalez et al., 2006; Corcoran and Quirk, 2007).

Even though animals are able to respond to threats throughout life, little is known about the
role of the mPFC in fear regulation in young animals. Fear behavior changes dynamically
during early development, with young animals exhibiting different fear reactivity than adult
animals (Bronson, 1968; Curio, 1993; Wiedenmayer, 2009). Stimulus assessment is
particularly demanding for animals in early development because a stimulus may pose a
threat at one age but not at a later age. For example, an unfamiliar male conspecific poses a
threat to infant but not juvenile rats (Wiedenmayer et al., 2005). Furthermore, the mPFC
may not have the same regulatory function in early life as in adulthood because it continues
to develop postnatally (van Eden et al., 1990; Benes et al., 2000). For example, the mPFC
does not support fear memory extinction in infant rats but becomes functional only in
juvenile rats (Kim et al., 2009).

The present study investigates whether the mPFC contributes to unlearned fear behavior in
young rats and whether its function changes during development. In particular, we examine
whether the two subdivisions have opposing roles in fear expression. Rats of three different
age groups – infants, juveniles and adolescents – were exposed to an age-specific
threatening or non-threatening stimulus and the function of the mPFC was assessed. We
hypothesized that mPFC subdivisions differentially regulate amygdala and PAG activity and
thus fear responsivity, and that the mPFC has this function in juvenile and adolescent rats
but not in infant rats.

Material and Methods
Animals

Male Long-Evans hooded rats were bred and housed in standard laboratory cages, which
were maintained in a colony room with a temperature of 22–24°C. The animals were given
ad libitum access to food and water, and light in the room was set to a 12:12 h light/dark
cycle with light onset at 6:00 A.M. Adult males and females were housed together for a
three-week period and then the males were separated from the impregnated females. The
cages of the impregnated females were checked daily, and rat pups found were considered as
day 0. Offspring were weaned at 23 days of age and same sex littermates were kept together
in groups of 2–4 until the completion of the experiments. The age groups used spanned
across three stages of ontogeny: 14-day-old rats (P14) as preweaned infants, P26 as weaned
juveniles, and P40-42 as adolescents.

Lactating females nursing infant pups, non-lactating females, and sexually experienced
unfamiliar male rats were used as stimulus animals and were housed in the same room. All
tests and treatment procedures were approved by and were in accordance with the
Institutional Animal Care and Use Committee of New York State Psychiatric Institute.
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Surgery
One day before testing, four male rats from each tested litter were randomly selected for
bilateral cannula intracranial implantation surgery. All rats undergoing surgery were
anaesthetized with isoflurane (Henry Schein, Melville, NY) mixed with oxygen and nitrous
oxide, which was regulated by an Open Tabletop Isoflurane Vaporizing System (Stoelting
Company, Wood Dale, IL). For surgery, rats were placed in a stereotaxic apparatus
(Stoelting Company, Wood Dale, IL), which was fitted with an adapter for infant and
juvenile rats.

For infant rats, bilateral burr holes were drilled 1.6 mm anterior and 1.9 mm lateral to
bregma for the infralimbic mPFC, and 1.6 mm anterior and 2.0 mm lateral to bregma for the
prelimbic mPFC. 23-gauge guide cannulas were then inserted to a depth of 4.2 mm for the
infralimbic and 3.2 mm for the prelimbic mPFC. For juvenile rats, bilateral burr holes were
drilled 2.0 mm anterior and 2.0 mm lateral to bregma for the infralimbic mPFC, and 2.0 mm
anterior and 2.2 mm lateral to bregma for the prelimbic mPFC. 23-gauge guide cannulas
were then inserted to a depth of 4.2 mm for the infralimbic and 3.3 mm for the prelimbic
mPFC. For adolescent rats, bilateral burr holes were drilled 2.6 mm anterior and 2.2 mm
lateral to bregma for the infralimbic mPFC, and 2.6 mm anterior and 2.5 mm lateral to
bregma for the prelimbic mPFC. 23-gauge guide cannulas were then inserted to a depth of
4.3 mm for the infralimbic and 3.5 mm for the prelimbic mPFC. Vertical insertion of the
cannulas into the infralimbic mPFC may damage the prelimbic mPFC, and insertion into the
prelimbic mPFC may damage the cingulate mPFC. Therefore, for all ages, guide cannulas
were inserted at a 24° angle for the prelimbic mPFC and at 16° angle for the infralimbic
mPFC to prevent damage to overlying mPFC structures. The cannulas were secured to the
skull with dental cement. Rats were returned to their home cage and littermates after they
had recovered from the anesthesia. Rats gained weight between surgery and testing the next
day, which suggests that the recovery was successful.

Testing Procedure
Infant and juvenile rats were tested in groups of three to decrease isolation-induced stress,
which itself can alter freezing (Hofer and Shair, 1980; Hennessy and Weinberg, 1990). At
these ages a single pup of the group of three was identified a priori to provide a single data
point. When the pups were in different experimental conditions, each contributed to the data.
Adolescent rats were tested individually. Infusions were given immediately before the start
of the testing. Cannulated rats were infused with either 200nl of 400ng GABA agonist,
muscimol (Sigma-Aldrich, St. Louis, MO) or 200nl of vehicle solution (0.9% saline). The
30-gauge injection cannula was connected to a 10μl glass syringe (Hamilton Company,
Reno, NV) operated by hand, and was left in the guide cannula for 30 seconds after the
injection to permit maximal diffusion. Injection cannulas for all ages were constructed so
that they extended 0.5 mm beyond the tip of the guide cannula. Previous radiolabeling
results (Chen et al 2006) found that this volume of muscimol spreads to a maximum radius
of 0.5 mm from the cannula tip, restricting the pharmacological inactivation effect to the
mPFC subdivisions. Cannula placements were verified in later histology procedures (see
below).

After the infusion, each group or animal was placed into one compartment of a testing cage.
A wire-mesh screen divided the testing cage (46 × 25 × 21 cm) into two equal
compartments. The compartment containing the rats had soiled bedding collected from the
home cage just prior to the test. The other compartment was used to present threatening and
non-threatening stimuli. Animals were given a 3 min adaptation period. Then the stimulus
was placed in the experimental compartment for 5 min. In the control condition the
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experimental compartment was left empty. After testing, rats were kept in holding cages
until perfusion.

Use of age-specific ecological threatening or non-threatening stimuli
We used different stimuli to provide age appropriate threats. Thus different stimuli were
used at different ages. Had we used the same stimulus, for example the strange male, the
resultant interaction would be different depending on age: the strange male is infanticidal for
the 14 day old, neutral to the 26 day old, but a combatant for the adolescent. Similar changes
occur in the response of the lactating female to different aged animals. Thus we chose
“functionally” neutral stimuli based on ecological criteria.

For infant rats, an unfamiliar, unrelated adult male rat or a cat odor was used as a threatening
stimulus. Adult males are a significant threat to infant rats, as they often kill unrelated
offspring during the suckling period (Rosenberg, 1974; Brown, 1986; Mennella and Moltz,
1988). Cats pose a less likely threat to infant rats that remain largely in the burrow, but cat
odor does elicit defensive behavior at this age (Wiedenmayer and Barr, 2001). Cat odor was
derived from a cat pad. The fleece pad (38 × 61 cm, Flexi-mat, Chicago, IL) had been used
by cats as resting place for approximately 12 months and probably contained fur, skin, and
gland secretions. The pad was cut in pieces (9 × 10 cm) that were kept in zip-lock bags at
−80° Celsius. Several hours before the training, the pad was thawed and kept in a closed
container. At the start of the training session, the cover of the container was removed and the
container was placed on the stimulus side of the cage behind the mesh. An unfamiliar
lactating female rat was used as the non-threatening stimulus. Lactating females do not pose
an infanticidal threat; in fact, lactating females behave maternally towards any pups (Beach
and Jaynes, 1956).

For juvenile rats, an unfamiliar adult male rat was used as a non-threatening stimulus. The
danger of infanticide stops at weaning (van Schaik and Janson, 2000) and adult male rats do
not pose a threat or attack juvenile rats (Paul and Kupferschmidt, 1975). Cat odor was used
as described above as the threatening stimulus because young rats are exposed to multiple
predatory species (Caro, 2005).

For adolescent rats, cat odor was again used as a threatening stimulus. As rats of this age
expand their home range and migrate away from their natal burrow environment, predation
poses a significant threat to survival (Calhoun, 1963). A non-lactating female rat was used
as a non-threatening stimulus. Lactating females were not used because they exhibit
aggression towards intruders to protect their pups (Neumann et al., 2001; Deschamps et al.,
2003), and adult male rats were not used because they react to intruding adolescent males
with aggression and may even kill them (Thor and Flannelly, 1976).

Immunocytochemistry
Two hours after testing, when FOS expression levels peak (Morgan and Curran, 1991), the
rats were removed from the holding cage and given an overdose volume of sodium
pentobarbital (Abbott Laboratories, North Chicago, IL) or a ketamine (100mg/kg) xylazine
(15mg/kg) mixture. Transcardial perfusion of the rats was carried out using a 4%
paraformaldehyde solution (Electron Microscopy Sciences, Hatfield, PA) as the fixative, and
the brains were removed and stored in formalin overnight. The brains were placed in a 30%
sucrose buffer for cryoprotection before they were frozen, and 30μm coronal sections were
cut using a cryostat. Sections were collected for the prefrontal cortex, amygdala, and PAG in
phosphate buffer solution (PBS). Free-floating brain sections were processed using a
modified protocol provided by a commercial antibody staining kit (ABC kit, Vectastain
Elite, Vector Laboratories, Burlingame, CA), which uses the diaminobenzedine-peroxidase

Chan et al. Page 4

J Neurosci. Author manuscript; available in PMC 2011 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



method of visualizing antigen-binding sites. The sections were first incubated for 48 hours at
4°C in the primary antibody, rabbit anti-FOS (H-125, Santa Cruz Biotechnology Inc., Santa
Cruz, CA), diluted 1:5,000 in PBS with Triton-X and 1% Normal Goat Serum. The sections
were then rinsed and incubated with the secondary antibody (goat anti-rabbit, Vector
Laboratories, Burlingame, CA) for one hour, and processed using the ABC kit protocol.
Stained sections were mounted on vectabond-covered slides, dehydrated in alcohol, cleared
in xylene, and cover slipped with DPX (Sigma Aldrich).

FOS Data Acquisition and Analysis
Positive labeled FOS like immunoreactive cells were visualized using a microscope (Nikon
Labophot-2) with a 20x objective attached to a digital camera (Nikon DS-Fi1) connected to
a computer. The subdivisions of the mPFC, amygdala, and PAG were determined with the
cresyl violet stained sections using an atlas of the rat brain (Paxinos and Watson, 2007). All
FOS positive cells were counted bilaterally in the relevant brain nuclei with NIS-Elements
(Nikon, Melville, NY) by an experimenter blind to the condition of the specimen. For a cell
to be considered FOS positive, it had to be distinct from the background regardless of the
intensity of the staining. The profiles of FOS like immunoreactive cells in single optical
planes were thus counted (Coggeshall and Lekan, 1996). Sections of different rats were
matched for corresponding neuroanatomical levels and the mean number of cell counts per
brain area was calculated by averaging the counts from all sections of each animal.

Histology
To verify cannula placements, 50μm coronalsections were taken through the mPFC,
mounted on glass slides, stained with cresyl violet, and cover slipped. Cannula placement
was determined for each rat using a brain atlas (Paxinos and Watson, 2007).

Behavioral Scoring
A digital camera (Sony DCR-SR45) was used to record behaviors. Video files were
transferred to and scored in the Observer XT 7.0 (Noldus Information Technologies,
Leesburg, VA). The scorer was blind to all conditions. The dependent variable quantifying
fear was freezing. Freezing was defined as any posture in which the pup did not exhibit any
movement except that necessary for respiration, and is expressed in the final analysis as a
percentage of total observation time. In addition we measured other exploratory behaviors
including: walking and sniffing around the cage, rearing (when they stand on their hind legs
and sniff around), sniffing and walking around specifically the wire-mesh, rearing at the
mesh and social interaction with littermates.

Statistical Analysis
All data were analyzed by factorial analyses of variance (ANOVA). For the freezing
behavior and FOS cell counts in intact animals, one-way ANOVA’s were used with the
stimulus type being the factor. Newman-Keuls tests were used for posthoc comparisons. In
the studies where either the prelimbic or infralimbic structures were inactivated by
muscimol injection, freezing and FOS counts were analyzed by two-way ANOVA’s with the
factors being injection (vehicle/infralimbic, muscimol/infralimbic, vehicle/prelimbic,
muscimol/prelimbic) and stimulus type. The Bonferroni method was used for posthoc
multiple comparisons in these analyses.
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Results
Infant rats

Behavior—Infant rats with intact mPFCs were exposed to an age-specific threatening or
non-threatening stimulus, an unfamiliar adult male, cat odor or a female rat. The behavioral
response differed significantly across infant rats exposed to each of these stimuli (ANOVA;
F(3,23) = 21.0; p < 0.001). Infant rats exposed to the male froze significantly more than rats
exposed all other conditions and froze more to the cat odor more than to the female or the
control condition (Newman-Keuls; p < 0.001 for the male vs control, female or cat odor; <.
05 for cat odor compared to the control and female, Figure 1A). Control rats did not differ
from female exposed rats in their behavior.

FOS cell counts—A representative photomicrograph of FOS staining in the medial
amygdala is shown in Figure 1B. The number of FOS positive cells in the infralimbic and
prelimbic mPFC did not differ between control, female, cat odor or male exposed rats
(Figure 1C). To map activation of other areas of the fear circuit, FOS expression was
assessed in the amygdala and PAG (Figure 1D). Significant differences were found in the
medial amygdala (F(3,24) = 17.0, p < 0.001), dPAG (F(3,24=10.3, p<.001) and vPAG
(F(3,24) = 23.20, p < 0.001). Female and male exposure increased the number of FOS
positive cells in the medial amygdala and dPAG compared to cat odor or controls (p < 0.01),
which did not differ from each other. Male exposure increased FOS positive cells in the
vPAG compared to cat odor or female exposed and control rats (p <.001 for each). Cat odor
had higher levels of FOS positive cells than did the controls (P<.05) but not the female.
Females and controls did not differ. The number of FOS positive cells did not differ across
stimulus conditions in the basolateral/lateral amygdala.

Inactivation of the mPFC—To examine if the subdivisions of the mPFC are involved in
fear regulation, the infralimbic and prelimbic mPFC were pharmacologically inactivated.
Figure 2C shows the cannula placements for cannulas implanted in an angle to prevent
damage to the overlying mPFC subdivisions. Cannula tips were located in the infralimbic
and prelimbic mPFC (Figure 2C). Four rats were excluded because cannulas were located
outside the target area. Inactivation of the infralimbic and prelimbic mPFC did not affect
fear behavior (Figure 2A) and did not affect activation of the projection areas. The number
of FOS positive cells in the amygdala and PAG did not differ between vehicle and muscimol
injected rats (Figure 2B).

Juvenile rats
Behavior—Juvenile rats with intact mPFCs responded differently to cat odor, a male rat or
control (empty cage) (F(2,18) = 6.5; p < 0.01). Rats exposed to cat odor froze significantly
more than rats exposed to the unfamiliar male rat or controls (p < 0.01 and <0.05
respectively, Figure 3A). Controls did not differ from male exposed rats.

FOS cell counts—Exposure to the three stimuli differentially activated the subdivisions
of the mPFC. There was no effect on the infralimbic mPFC but there was a significant main
effect for the prelimbic mPFC (F(2,18) = 17.1; p < 0.001). Cat odor exposed rats expressed
significantly more FOS positive cells than male or control exposed rats (p < 0.001, Figure
3B). The number of cells did not differ between male exposed and control rats. FOS
expression differed in the mPFC projection areas as well (Figure 3C). Significant differences
were found in the medial amygdala (F(2,18) = 65.2, p < 0.001), basolateral/lateral amygdala
(F(2,18) = 7.3, p < 0.01) and vPAG (F(2,18) = 10.6, p < 0.01). Cat odor exposed rats had
significantly more FOS positive cells in the medial amygdala than male (p < 0.001) and
control exposed (p < 0.001) rats, with male exposed rats having higher expression than
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controls (p< 0.001). Male exposed rats had significantly more FOS positive cells in the
basolateral/lateral amygdala (p < 0.01). Cat odor exposed rats had significantly more FOS
positive cells in the vPAG (p < 0.01) compared to control (p<.001) and male exposed (p<.
01) rats. There were no significant differences in the dPAG.

Inactivation of the mPFC—To investigate the role of the mPFC in fear regulation in
juvenile rats, the infralimbic and prelimbic subdivisions were inactivated. The tips of the
intracranial cannulas were located within the infralimbic and the prelimbic mPFC (Figure
4C). Two animals were excluded because cannulas were placed outside target area.
Muscimol or vehicle was infused and rats were exposed to the adult male rat or cat odor.
Inactivation of the infralimbic and prelimbic mPFC did not affect fear behavior (Figure 4A)
and did not affect levels of FOS expression in the projection areas (Figure 4B).

Adolescent rats
Behavior—Cat odor was used as threatening stimulus and an unfamiliar adult non-lactating
female rat as a non-threatening stimulus. Adolescent rats with intact mPFCs responded
differently to the female rat, cat odor, and control (an empty cage) (F(2,15) = 16.2; p <
0.001). Rats exposed to cat odor froze significantly more than rats exposed to the female or
controls (p < 0.001, Figure 5A). Control rats did not differ from female-exposed rats.

FOS cell counts—Exposure to the three stimulus conditions differentially activated the
subdivisions of the mPFC. There was no effect on the infralimbic mPFC but there was a
significant main effect for the prelimbic mPFC (F(2,15) = 17.7; p < 0.001). In the prelimbic
mPFC, cat odor exposed rats expressed significantly more FOS positive cells than female or
control exposed rats (p < 0.001, Figure 5B). Number of cells did not differ between female
exposed and control rats. Significant differences were found in the medial amygdala
(F(2,18) = 25.4, p < 0.001), basolateral/lateral amygdala (F(2,18) = 11.1, p < 0.001) and
vPAG (F(2,18) = 22.7, p < 0.001). Cat odor exposed rats had significantly more FOS
positive cells in the medial amygdala than female (p < 0.001) and control exposed (p <
0.001) rats, and female exposed rats had significantly higher expression than controls (p<
0.01, Figure 5C). Cat odor exposed rats had significantly more FOS positive cells in the
basolateral/lateral amygdala than controls (p < 0.001) and female exposed rats (p < 0.01).
There were no differences between control and female exposed rats in the basolateral/lateral
amygdala. Cat odor exposed rats had significantly more FOS positive cells in the vPAG (p <
0.001) compared to control and female exposed rats. There were no differences in the
dPAG.

Inactivation of the mPFC—The infralimbic and prelimbic subdivisions were
pharmacologically inactivated to assess their role in fear regulation. The tips of the
intracranial cannulas were located within the infralimbic and the prelimbic mPFC (Figure
6C). Six animals were excluded because cannulas were placed outside the target area.
Muscimol or vehicle was infused and rats were exposed to the adult female rat or cat odor.
For the freezing behavior, there was a significant interaction between the treatment and the
stimulus type (F(3,48)=6.99, p<.001). Post test comparisons showed that inactivation of the
infralimbic mPFC did not affect fear behavior (Figure 6A whereas rats infused with
muscimol into the prelimbic mPFC froze significantly less when exposed to cat odor than all
other groups exposed to the cat odor (p < 0.001, Figure 6A). There was no significant
difference in the female exposed rats. Inactivation of the prelimbic mPFC did not affect FOS
expression in the amygdala or dPAG but reduced FOS expression in the vPAG in the cat
odor condition (F(3,50)=4.29, p < 0.01; Figure 6B). In the vPAG, rats infused with
muscimol into the prelimbic mPFC and exposed to the cat odor had significantly fewer FOS
positive cells than all other infused groups exposed to the cat odor [posthoc comparisons: vs
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prelimbic vehicle (p< 0.001), vs infralimbic muscimol (p< 0.001), and vs infralimbic vehicle
(p< 0.01)].

To test if muscimol injection into the prelimbic mPFC had unspecific effects, behavior
during a three-minute period immediately before stimulus presentation (empty experimental
compartment) was assessed in muscimol and vehicle infused rats. The two groups did not
significantly differ in freezing (muscimol: 3.1% ± 1.2, vehicle: 3.8% ± 1.3) or explorative
behavior (muscimol: 25.2% ± 3.3, vehicle: 30.4% ± 2.8).

Discussion
Although young rats respond to threatening stimuli throughout development, the prefrontal
cortex does not participate in fear behavior at very young ages but rather becomes
progressively functional as the rats mature. By adolescence, the prelimbic mPFC contributes
to unlearned fear behavior through modulation of PAG activity.

Infants
Infant rats froze when exposed to an unfamiliar adult male or cat odor but not to the female
rat. Male rats are infanticidal to infants and pose a significant threat but less so to the infant
protected in the burrow (Rosenberg, 1974; Brown, 1986; Mennella and Moltz, 1988);
lactating females however, behave maternally towards pups (Beach and Jaynes, 1956).
Infant rats thus exhibit a fear response selectively to threatening stimuli and not the
unthreatening stimuli. Because the infant rats had no experience with adult male rats or cat
odor, their fear response is unlearned and provides immediate protection from high risk
encounters (Wiedenmayer, 2009).

Infant rats detect conspecifics by olfaction (Hepper, 1986; Chen et al., 2006). Chemosensory
information is relayed to the amygdala, which is critically involved in the detection and
assessment of threatening stimuli (Davis, 2000; LeDoux, 2000; Fanselow and Gale, 2003;
Rosen, 2004). Male and female rat exposure activated the medial amygdala in infant rats but
cat odor did not. It has been hypothesized that the medial amygdala processes socially
relevant stimuli and assesses potential threats; it is considered the major amygdaloid nucleus
for social recognition in mammals (Brennan and Kendrick, 2006; Sanchez-Andrade and
Kendrick, 2009). Here we found specificity in the medial nucleus, which was activated by a
conspecific independently of threat potential, but not activated by the cat odor. Whether this
is a function of a live stimulus versus an odor or conspecific versus non-conspecific stimuli
is not known. Nonetheless, these data imply a developmental continuity in the function of
the medial amygdala. The amygdala projects to the PAG, which organizes defensive
responding (LeDoux, 2000; Price, 2005). The ventrolateral columns of the PAG mediate
passive defensive behaviors including freezing whereas the dorsolateral columns mediate
active defensive behaviors such as flight (Keay and Bandler, 2001). Male and cat odor
exposure increased FOS expression in the vPAG, consistent with the induction of freezing;
lesions of the vPAG decrease male-induced freezing in infant rats (Wiedenmayer et al.,
2000). In contrast there was a small increase in the number of FOS positive cells in the
dorsal PAG, replicating the pattern seen in the medial amygdala.

The two subdivisions of the mPFC were not activated by female or male exposure and
pharmacological inactivation did not affect FOS expression in the amygdala and PAG, or
the behavioral response. Thus mPFC does not play a role in the regulation of unlearned fear
in infant rats.

Chan et al. Page 8

J Neurosci. Author manuscript; available in PMC 2011 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Juveniles
Adult male rats do not pose an infanticidal threat to young rats after weaning (Paul and
Kupferschmidt, 1975). Juvenile rats did not show fear during male exposure but did freeze
when exposed to the odor of a natural predator, a cat. Under feral conditions, juvenile rats
leave the natal burrow for brief periods of time (Boice, 1977; Galef, 1981), increasing
predation risk (Caro, 2005). Juvenile rats thus respond appropriately to the threat of
predation, as do adult animals (Apfelbach et al., 2005).

Cat odor increased FOS expression in the same regions of the amygdala and PAG as the
adult male did for infant rats and as predator odor does in adult rats (Dielenberg et al., 2001;
McGregor et al., 2004; Campeau et al., 2008), indicating developmental continuity in
processing threatening stimuli. As in infant rats, the non-threatening stimulus activated the
medial amygdala, demonstrating its role in the processing of ecologically relevant stimuli
such as unfamiliar conspecifics. Unexpectedly, the adult male also induced FOS expression
in the basolateral amygdala, an area typically involved in association and discrimination
learning (Gall et al., 1998; Tronel and Sara, 2002; Kippin et al., 2003; Reijmers et al., 2007).
Thus, basolateral activation may reflect the interaction of weaned rats with other colony
members as they leave the natal burrow (Calhoun, 1963).

Exposure to cat odor activated the prelimbic but not infralimbic mPFC. This represents a
significant change from infant rats and indicates that the mPFC is engaged in stimulus
processing at this later age. However, the mPFC does not seem to play a role in fear
behavior because mPFC inactivation did not affect amygdala or PAG activity or the
behavioral response. Whether this is due to immaturity of the mPFC, its projections to the
amygdala and PAG, or the inability of these latter two structures to respond to mPFC inputs
is not known.

Adolescents
Adolescent wild rats leave the nest site to forage in novel environments and eventually
disperse from the natal area (Calhoun, 1963; Galef, 1981). This transition is facilitated by
increased motivation for exploration, novelty seeking and risk-taking (Spear, 2000), but
increases vulnerability to predation (Caro, 2005). However, increased activity during
adolescence brings young rats in contact with conspecifics other than mother and siblings
(Calhoun, 1963; Galef, 1981). Accordingly, adolescent rats froze when exposed to cat odor
but not to an unfamiliar female rat, demonstrating the ability to discriminate between
threatening and non-threatening stimuli.

Like juveniles, cat odor exposure increased FOS expression in the prelimbic mPFC, medial
amygdala and vPAG. Similar to infants and juveniles, exposure to the non-threatening
stimulus activated the medial amygdala, again indicating that this nucleus processes not only
aversive but more generally ecologically relevant stimuli.

In contrast to infant and juvenile rats, inactivation of the prelimbic mPFC decreased freezing
to threat. Prelimbic mPFC inactivation also reduced FOS expression in the vPAG. Adult
animals exposed to predator odor show similar activation patterns (Dielenberg et al., 2001;
McGregor et al., 2004; Campeau et al., 2008). There are, however, also differences: predator
odor induced FOS expression in the infralimbic mPFC (Staples et al., 2008) and the
basolateral amygdala (Campeau et al., 2008; Staples et al., 2008) in the adult but not the
adolescent. Therefore, the adolescent mPFC is not fully mature.
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Fear regulation across ages
The mPFC progressively matures during early ontogeny and becomes functional in
adolescence where it mediates unlearned fear response to an ecologically relevant threat.
Our data suggest a nuanced process by which the mPFC that continues to mature even
through adolescence to engage more caudal structures and to modify freezing. Few other
studies have examined the role of the mPFC in unlearned fear and those findings are not
conclusive. Inactivation of the prelimbic mPFC by tetrodotoxin infusion in adult rats
through a cannula placed between the two hemispheres did not affect freezing to a cat or
open field activity (Corcoran and Quirk, 2007). This inactivation may be sufficient to block
learned but not unlearned fear. Lesion studies have also produced mixed results. Prelimbic
mPFC lesion in rats reduced (Maaswinkel et al., 1996) or increased anxiety in the elevated
plus-maze (Jinks and McGregor, 1997), increased anxiety in the open field test (Jinks and
McGregor, 1997) or had no effect (Burns et al., 1996; Maaswinkel et al., 1996). Lesion of
both the infralimbic and prelimbic mPFC decreased fear behavior in the elevated plus-maze
and open field (Lacroix et al., 2000). It remains to be investigated what features of a
threatening situation are processed by the mPFC and what response patterns are regulated by
it.

The accepted model of fear regulation is based on adult animals that possess a fully matured
mPFC. In young animals, the mPFC is maturing and the existent neural circuitry regulates
behavior specific for that age and ontogenetic niche. Components are added as the animal
matures, leaves the protection of the nest and requires more complicated circuitry to allow
for survival.

The mPFC did not play a role in unlearned fear in infant or juvenile rats. Even in the
absence of a fully functional mPFC, pups froze to the threat on first exposure. Other areas of
the fear circuit must mediate differential fear responsiveness at these ages. A possible
mPFC-independent mechanism could involve subpopulations of neurons within the medial
amygdala. Female and male odors activate different subdivisions of the medial amygdala in
male rodents, indicating regional specialization of neurons in odor classification (Samuelsen
and Meredith, 2009; Donato et al., 2010). Alternatively, other areas that were not examined
here but have been implicated in unlearned fear (Mongeau et al., 2003; Engin and Treit,
2008) could contribute to the expression of freezing.

Finally, the model of mPFC fear regulation predicts that fear is promoted or inhibited
through mPFC effects on amygdala, which in turn activates the PAG to co-ordinate both the
physiological and behavioral responses to potential threats (An et al., 1998; Floyd et al.,
2000; Keay and Bandler, 2001; Gabbott et al., 2005). The PAG matures within the
developmental time frame that requires the animal to engage in defensive behavior. Lesions
of the ventral PAG but not the lateral PAG suppressed freezing to a unfamiliar male rat at 14
days of age and injection of either kainate or a kappa opioid agonists enhanced defensive
behavior at 14 but not 7 days of age, (Goodwin and Barr, 1998; Wiedenmayer et al., 2000;
Goodwin and Barr, 2005). Here, the PAG showed higher levels of FOS expression in the
infants to the appropriate threat, consistent with prior work (Wiedenmayer and Barr, 2001).
Therefore we hypothesize that the PAG is poised first to engage in defense by the end of the
second week of life.

In conclusion, the “fear” circuit develops in a complex stepwise fashion with the amygdala
and PAG serving this function in infants. The prelimbic mPFC is activated for the first time
in juvenile animals but does not participate fully in the circuit until adolescence.
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Figure 1.
Fear response and fos expression in infant rats with intact mPFC. (A) Percent time freezing
(mean ± SEM) during exposure to an adult female rat, cat fur odor, or an adult male rat.
Controls were exposed to an empty cage. Male-exposed rats froze significantly more than
cat odor, female or control exposed rats (p<.001 for all). Pups exposed to the cat odor froze
more than pups exposed to either the control or female (p<.05 for each). (B) Representative
micrograph to show FOS staining in the medial amygdala of a male exposed 14 day old pup.
(C) FOS expression in the mPFC subdivisions in infant rats with intact mPFC. There were
no differences in the number of FOS positive cells (mean ± SEM) in infralimbic and
prelimbic mPFC. (D) Activation of the amygdala and PAG in infant rats with intact mPFC.
Exposure to the non-threatening stimulus (adult female) or the threatening stimulus (adult
male), but not the cat odor, increased the number of FOS positive cells in the medial
amygdala and dPAG. Exposure to the adult male and to a lesser extent the cat odor increased
FOS in the ventrolateral PAG. MA: medial amygdala, BL/LA: basolateral/lateral amygdala,
dPAG: dorsolateral PAG, vPAG: ventrolateral PAG. N=6–9 for all conditions. *** p <
0.001, **P<.01 compared to controls; ^ p<.05 compared to control or female exposed. Note
the Y-axis scale differs for Figures 1, 3, and 5 for the prefrontal cortex FOS counts.
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Figure 2.
Fear response and brain activation in infant rats infused with muscimol or vehicle in mPFC.
(A) Percent time freezing in infant rats infused with muscimol or vehicle in mPFC and
exposed to a non-threatening female or threatening male rat. Mean ± SEM. (B) Number of
FOS positive cells in the amygdala and PAG of infant rats injected with vehicle or muscimol
into infralimbic and prelimbic mPFC and exposed to a non-threatening female or threatening
male rat. Mean ± SE. N = 6–9 in each condition. (C) Cannula placement in mPFC of infant
rats. Photographs of cresyl violet-stained sections with placement in prelimbic (pr) and
infralimbic (i) mPFC; fm: forceps minor corpus callosum; arrow: cannula tip. Drawing of
placement in infralimbic (middle) and prelimbic mPFC (right). Open circles represent the
location of cannula tips in rats infused with vehicle; filled circles represent the location of
cannula tips in rats infused with muscimol. Numbers indicate the distance in millimeters
from bregma.
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Figure 3.
Fear response and FOS expression in juvenile rats with intact mPFC. (A) Percent time
freezing (mean ± SE) during exposure to an adult male rat or cat fur odor. Controls were
exposed to an empty cage. Cat odor exposed rats froze significantly more than male or
control exposed rats. (B) Activation of the mPFC in juvenile rats with intact mPFC. Number
of FOS positive cells (mean ± SE) was significantly increased in prelimbic mPFC of rats
exposed to the threatening stimulus (cat odor). (C) Activation of the amygdala and PAG in
juvenile rats with intact mPFC. Exposure to the threatening stimulus (cat odor) increased the
number of FOS positive cells (mean ± SE) in the medial amygdala and ventrolateral PAG.
Exposure to the non-threatening stimulus (adult male) increased FOS in the medial and
basolateral/lateral amygdala. MA: medial amygdala, BL/LA: basolateral/lateral amygdala,
dPAG: dorsolateral PAG, vPAG: ventrolateral PAG, *** p < 0.001, ** p < 0.01, * p < 0.05
compared to control; ^p<.01 vs male exposure. N = 6–7 in each condition
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Figure 4.
Fear response and brain activation in juvenile rats infused with muscimol or vehicle in
mPFC. (A) Percent time freezing in juvenile rats infused with vehicle or muscimol in mPFC
and exposed to a non-threatening male or threatening cat odor. Mean ± SE. (B) Number of
FOS positive cells in the amygdala and PAG of juvenile rats injected with vehicle or
muscimol into infralimbic and prelimbic mPFC and exposed to a non-threatening male or
threatening cat odor. Mean ± SE. N = 6–7 in each condition. (C) Cannula placement in
infralimbic (left) and prelimbic mPFC (right) of juvenile rats. Open circles represent the
location of cannula tips in rats infused with vehicle, and filled circles represent the location
of cannula tips in rats infused with muscimol. Numbers indicate the distance in millimeters
from bregma.
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Figure 5.
Fear response and brain activation in adolescent rats with intact mPFC. (A) Percent time
freezing in adolescent rats exposed to an adult female rat or cat fur odor. Controls were
exposed to empty cage. Cat odor exposed rats froze significantly more than female or
control exposed rats. N = 6–7 in each condition. (B) Activation of the mPFC in adolescent
rats with intact mPFC. Number of FOS positive cells was significantly increased in
prelimbic mPFC of rats exposed to the threatening stimulus (cat odor). N = 6 in each
condition. (C) Activation of the amygdala and PAG in adolescent rats with intact mPFC.
Exposure to the threatening stimulus (cat odor) increased the number of FOS positive cells
in the medial and basolateral/lateral amygdala and vPAG and exposure to the non-
threatening stimulus (adult female) increased FOS in the medial amygdala. MA: medial
amygdala, BL/LA: basolateral/lateral amygdala, dPAG: dorsolateral PAG, vPAG:
ventrolateral PAG, *** p < 0.001, ** p < 0.01, * p < 0.05, N = 7 in each condition.
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Figure 6.
Fear response and brain activation in adolescent rats infused with muscimol or vehicle in
mPFC. (A) Percent time freezing in adolescent rats infused with vehicle or muscimol in the
infralimbic and prelimbic mPFC and exposed to a non-threatening female or threatening cat
odor (Mean ± SEM). There were no significant differences for rats infused in the infralimbic
mPFC but when infused into the Prelimbic mPFC, freezing to the cat was significantly
reduced (p<.001). (B) Number of FOS positive cells in the amygdala and PAG of adolescent
rats injected with vehicle or muscimol into infralimbic or prelimbic mPFC and exposed to a
non-threatening female or threatening cat odor. Mean ± SEM. FOS expression was
selectively reduced in the vPAG only by prelimbic infustion (p < 0.01). N = 6–8 in each
condition. (C) Cannula placement in infralimbic (left) and prelimbic mPFC (right) of
adolescent rats. Open circles represent the location of cannula tips in rats infused with
vehicle, and filled circles represent the location of cannula tips in rats infused with
muscimol. Numbers indicate the distance in millimeters from bregma.
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