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Fear Extinction across Development: The Involvement
of the Medial Prefrontal Cortex as Assessed by Temporary
Inactivation and Immunohistochemistry
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Extinction in adult animals, including humans, appears to involve the medial prefrontal cortex (mPFC). However, the role of mPFC in extinction
across development has not yet been studied. Given several recent demonstrations of developmental differences in extinction of conditioned fear
at a behavioral level, different neural circuitries may mediate fear extinction across development. In all experiments, noise conditioned stimulus
(CS) and shock unconditioned stimulus (US) were used. In experiment 1A, temporary unilateral inactivation of the mPFC during extinction
training impaired long-term extinction the following day in postnatal day 24 (P24) rats but not in P17 rats. In experiment 1B, bilateral inactiva-
tion of the mPFC again failed to disrupt long-term extinction in P17 rats. In experiment 2, extinction training increased phosphorylated mitogen-
activated protein kinase (pMAPK) in the mPFC for P24 rats but not for P17 rats, whereas rats of both ages displayed elevated pMAPK in the
amygdala. Across both ages, “not trained,” “reactivated,” and “no extinction” control groups expressed very low numbers of pMAPK-
immunoreactive (IR) neurons across both neural structures. This result indicates that the mere conditioning experience, the exposure to the CS,
or the expression of CS-elicited fear in and of itself is not sufficient to explain the observed increase in pMAPK-IR neurons in the mPFC and/or the
amygdala after extinction. Together, these findings show that extinction in P17 rats does not involve the mPFC, which has important theoretical
and clinical implications for the treatment of anxiety disorders in humans.

Introduction
It is a long-held belief that early experiences have a profound
impact on later behavior. In particular, several theories suggest
that a traumatic event early in life forms the basis of adult anxiety
disorders (Jacobs and Nadel, 1999; Mineka and Zinbarg, 2006).
Further, anxiety disorders emerge quite early in life and individ-
uals first diagnosed with an anxiety disorder in childhood express
more severe symptoms than do individuals first diagnosed in
adulthood (Newman et al., 1996). It is surprising then that not
much is known about the treatment of anxiety disorders in chil-
dren and adolescents (Pine et al., 2009).

The most used treatment for anxiety disorders is some type of
exposure therapy that relies on the process of extinction (Davis
and Myers, 2002). Extinction is the decrease in conditioned re-
sponse to a previously trained conditioned stimulus (CS) after
nonreinforced presentations of the CS (Pavlov, 1927). Despite
suggestions that fear acquired early in development is particularly
resistant to extinction (e.g., Jacobs and Nadel, 1999), recent stud-
ies report not only that fear is extinguished but also that it may
even be erased early in development (Kim and Richardson,
2008). For example, adult rats typically show a relapse in extin-

guished fear (e.g., renewal and reinstatement). However,
preweanling-aged rats [i.e., postnatal day 17 (P17)] do not ex-
hibit renewal or reinstatement, whereas postweanling-aged rats
(e.g., P24) do (Kim and Richardson, 2007a,b). Also, systemic
injection of the GABA receptor inverse agonist FG7142 reverses
extinction in adult rats and P24 rats but not in P17 rats (Harris
and Westbrook, 1998; Kim and Richardson, 2007a).

These studies on fear extinction across development strongly
suggest that once extinguished, fear does not return in P17 rats. It
appears that qualitatively different neural mechanisms underlie
extinction across development. However, virtually nothing is
known about the neural circuitry subserving fear extinction in
developing rats. It is well documented that the mPFC is critical
for extinction retention in adult rats (for review, see Quirk and
Mueller, 2008). For example, permanent and temporary lesions
of the ventral mPFC impair long-term extinction (e.g., Morgan et
al., 2003; Sierra-Mercado et al., 2006), and neural activity in this
structure predicts the strength of extinction expression (Milad
and Quirk, 2002). Additionally, extinction is disrupted by blockade
of mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) signaling pathway in the mPFC (Hugues et al.,
2004, 2006); this pathway is a part of the intracellular cascade that is
involved in producing long-lasting changes in synaptic efficacy
(Kandel, 2001). Despite the importance of the mPFC in extinction in
adult rats, however, no one has yet examined whether the mPFC is
also necessary for extinction in younger rats.

In experiments 1A and 1B we show that temporary inactivation
of the mPFC during extinction training impaired long-term
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extinction in P24 rats but not in P17 rats. In a follow-up
experiment, we observed increased numbers of phosphory-
lated MAPK-immunoreactive (pMAPK-IR) neurons in the
mPFC and amygdala in P24 rats after extinction training.
However, an elevated number of pMAPK-IR neurons was ob-
served only in the amygdala in P17 rats after extinction
training.

Materials and Methods
Subjects and surgery
Male Sprague Dawley-derived rats were bred and housed in the School of
Psychology, University of New South Wales, as described in previous
studies (Kim and Richardson, 2007a,b). No more than one rat per litter
was used per group. Group sizes were six to nine in experiments 1A and
1B and four to seven in experiment 2. All surgical procedures were similar
to those previously described (Kim and Richardson, 2008). One day
before training, rats were anesthetized with isoflurane (Laser Animal
Health) mixed with oxygen and nitrous oxide. A 26-gauge guide cannula
(Bioscientific) was unilaterally implanted in the mPFC in experiment 1A
and identical double cannula (center-to-center distance, 1.2 mm) was
bilaterally implanted in the mPFC in experiment 1B. The stereotaxic
coordinates were 2.7 mm anterior, 0.6 mm lateral/bilateral, 3.8 mm ven-
tral to bregma. After surgery, rats were injected subcutaneously with 0.03
ml each of a 100 mg/ml solution of cephazolin and a 300 mg/ml solution
of benacillin. It has previously been shown that rats these ages recover
from surgery well within 24 h (Weber and Richardson, 2001; Kim and
Richardson, 2008). Rats were decapitated �1 h after the final test, and
tissue sections were collected and stained for Nissl substance for verifi-
cation of cannula placement. In experiment 1A, data of two rats from the
P24 –saline group and one rat from the P24 –vehicle group were removed
from statistical analyses because of lesions of the mPFC. All other cannula
placements were within the mPFC. In experiment 1B, data of one rat
from the saline group and three rats from the muscimol group were
removed from statistical analyses because of lesions of the mPFC. All
other cannula placements were within the mPFC.

Drug infusion
Five minutes before extinction training, the cannula stylets were removed
and 33-gauge injection cannulas, extending 1 mm below the tip of the guide
cannula, were inserted for infusion of muscimol (Sigma-Aldrich) or saline.
Muscimol was dissolved in 0.9% (weight/volume) sterile physiological saline
and given in a dose of 0.6 �g in 0.5 �l infused over 2 min using a microsy-
ringe driven by a microinfusion pump (syringe pump SP101IZ, World Pre-
cision Instruments) via PE50 tubing. The injection cannulas were left in
position for an additional 2 min before withdrawal.

Apparatus and procedures
Two types of experimental chambers were used to provide different con-
texts and they were the same as those previously described (Kim and
Richardson, 2007a,b). One type was rectangular (13.5 cm long � 9 cm
wide � 9 cm high), with the front wall, rear wall, and ceiling constructed
of clear Plexiglas (the two side walls consisted of 3 mm stainless steel rods
set 1 cm apart). The second type was rectangular (30 cm long � 30 cm
wide � 23 cm high) and wholly constructed of Plexiglas with two side walls
that consisted of vertical black and white stripes. The floor of both chambers
consisted of 3 mm stainless steel rods set 1 cm apart connected to a custom
built constant-current shock generator. All training occurred in the first type,
and all extinction and test sessions occurred in the second type of chamber.
The CS was a white noise (8 dB above background).

Training. After a 2-min adaptation period, the CS was presented for
10 s. The shock unconditioned stimulus (US) (0.6 mA, 1 s) was admin-
istered during the last second of the CS. P17 rats received six pairings and
P24 rats received three pairings of the CS and US to equate the initial
levels of learning. The intertrial interval (ITI) ranged from 85 s to 135 s
with a mean of 110 s.

Extinction. The extinction session consisted of the presentation of five
blocks of 6 CS presentations in the absence of shock (total of 30 CS
presentations). After a 2-min adaptation period, the 10 s CS was pre-
sented with a 10 s ITI.

Testing. The baseline level of freezing in the absence of the CS was
scored for 1 min. The CS was then presented for 2 min.

Freezing. Freezing is defined as the absence of all movement other than
that required for respiration (Fanselow, 1980). Freezing was scored by a
time sampling procedure whereby each rat was scored every 3 s as freez-
ing or not freezing by a blind observer. A second-scorer unaware of the
experimental conditions scored 70% of rats across all experiments. The
inter-rater reliability was very high (r � 0.95).

Tissue processing, immunohistochemistry, and neuronal counting
Tissue processing. One hour after extinction in experiment 2, rats were

deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused with 50 ml of 0.9% saline, containing 1% sodium
nitrite and heparin (5000 i.u./ml), followed by 150 ml of 4% paraformal-
dehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were postfixed for
1 h in the same fixative and placed in 20% sucrose solution overnight.
Brains were blocked using a matrix (Stoelting) aligned to the rat brain
atlas (Paxinos and Watson, 1998), and 40 �m coronal sections were cut
using a cryostat (Microm HM 560) in four serially adjacent sets and
stored in 0.1% sodium azide in 0.1 M PB saline (pH 7.2).

Immunohistochemistry. Series of sections were selected from each rat
and immunohistochemistry was used to reveal phospho-p44-42MAPK.
Free-floating sections were washed repeatedly in 0.1 M PB (pH 7.4) fol-
lowed by two 30 min washes in 50% ethanol, the second of which con-
tained 3% H2O2, and were then incubated in 5% normal horse serum
(NHS) in PB (pH 7.4) for 30 min. Sections were then incubated in rabbit
antiserum against pMAPK [1:500; phospho-p44-42MAPK (Thr202/
Tyr204), Cell Signaling Technology] for 48 h at 4°C, with gentle agita-
tion. The primary antibody was diluted in PBT-X, which consisted of
0.1 M PB (pH 7.4) containing 2% NHS and 0.2% Triton X-100. After
washing off unbound primary antibody, sections were incubated over-
night at room temperature in biotinylated donkey anti-rabbit IgG (1:
1,000; Jackson ImmunoResearch Laboratories) diluted in PBT-X. After
being washed, sections were then incubated for 2 h at room temperature
in ABC reagent (6 �l/ml avidin and 6 �l/ml biotin; Vector Elite kit;
Vector Laboratories). Black immunoreactive cytoplasm labeled for
pMAPK was revealed by a nickel-intensified diaminobenzidine (DAB)
reaction, with peroxide being generated by glucose oxidase. In this DAB
reaction, sections were washed in PB (pH 7.4) followed by 0.1 M acetate
buffer (pH 6.0) and then incubated for 15 min in 0.1 M acetate buffer (pH
6.0) containing 2% nickel sulfate, 0.025% 3,3-DAB, 0.04% ammonium
chloride, and 0.02% D-glucose. The peroxidase reaction was started by
adding 0.2 �l/ml glucose oxidase and stopped using acetate buffer (pH
6.0). Brain sections were then washed in PB (pH 7.4). Sections were
mounted onto gelatin-treated slides, dehydrated, cleared in xylene, and
coverslipped with DPX (Biolab).

Neuronal counting. The quantification of phospho-MAPK immuno-
reactivity was performed at 100� magnification using manual blind
counts of neurons. All sections counted were 160 �m apart. The brain
regions analyzed were as follows: mPFC over three sections (3.20 mm–
2.88 mm anterior to bregma) and bed nucleus of the stria terminalis
intra-amygdaloid division (BSTIA) and basolateral amygdala (BLA) over
six sections (2.20 mm–3.10 mm posterior to bregma). In each rat,
pMAPK-IR was quantified within predefined boundaries delineating
each neural structure according to the rat brain atlas of Paxinos and
Watson (1998). The top border of the prelimbic cortex (PrL) was iden-
tified by aligning the counting grid with the top border of the corpus
callosum (2.5 mm ventral to bregma).

Results
Experiments 1A and 1B: the mPFC is critical for extinction in
P24 rats but not in P17 rats
To test the involvement of the mPFC in fear extinction across
development, in experiment 1A we trained P17 and P24 rats on a
Pavlovian fear conditioning procedure in which we gave pairings
of a white noise CS and a footshock US. One day later, all rats
received CS-alone presentations (i.e., extinction). Before extinc-
tion training, rats were microinfused with either saline or the
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GABAergic agonist muscimol into the
mPFC (Fig. 1A shows the cannula tip
placements). During extinction training,
all groups exhibited substantial levels of
CS-elicited freezing in the first block that
decreased by the last block (mixed-design
ANOVA; F(4,100) � 105.77; p � 0.0001)
(Fig. 1B, left). There were no significant
differences across age or drug condition,
nor any significant interactions.

At testing the next day (drug free),
there were no differences in baseline
levels of freezing (Table 1). More im-
portantly, P24 rats that received a pre-
extinction microinfusion of muscimol
exhibited substantially higher levels of
CS-elicited freezing compared with P24
rats that had received saline, whereas P17 rats showed very low
levels of freezing (i.e., good extinction retention) regardless of
drug condition (Fig. 1B, right). ANOVA revealed significant ef-
fects of age (F(1,25) � 4.70; p � 0.05), drug (F(1,25) � 4.43; p �
0.05), and an age � drug interaction (F(1,25) � 5.43; p � 0.05). To
understand the significant age � drug interaction, we per-
formed t tests at each age. These analyses revealed that micro-
infusion of muscimol blocked long-term extinction in P24 rats
(t(11) � 3.63; p � 0.005) but had no effect in P17 rats (t � 1).
These results show that the mPFC is not necessary for extinction
of conditioned fear in P17 rats.

In experiment 1B, we trained P17 rats as described in experi-
ment 1A. One day later, two groups of rats received CS-alone
presentations (i.e., extinction), whereas another group was ex-
posed to the context for the equal amount of time without any CS
presentations (the no-extinction group). Before extinction train-
ing, rats were microinfused with either saline or the GABAergic
agonist muscimol into the mPFC. The no-extinction group re-
ceived either saline or muscimol before the context exposure.
Figure 2A shows the cannula tip placements. The two extinction
groups exhibited substantial levels of CS-elicited freezing in the
first block that decreased by the last block (F(4,52) � 13.93; p �
0.0001) (Fig. 2B, left). There were no significant differences
across drug condition, nor any significant interactions.

At testing the next day (drug free), there were no differences in
baseline levels of freezing (Table 1). There were also no differ-
ences between rats that were infused with saline or muscimol in
the no-extinction group ( p � 0.58); therefore, the data were
collapsed into a single no-extinction group. Bilateral inactivation
of the mPFC had no effects on long-term extinction in P17 rats
(Fig. 2B, right). One-way ANOVA indicated that there were
group differences in CS-elicited freezing at testing (F(2,21) � 8.78;
p � 0.005), and post hoc comparisons [Tukey’s Honestly Signifi-
cant Difference (HSD)] showed that the no-extinction group dis-
played significantly higher CS-elicited freezing at testing
compared with either of the extinction groups ( p values � 0.05).
This result replicates the findings of experiment 1A and shows
that the mPFC is not critical for fear extinction in P17 rats.

Experiment 2: P24 but not P17 rats show elevated pMAPK in
the mPFC after extinction
To gain a further insight into the neural circuitry underlying fear
extinction across development, experiment 2 examined activa-
tion of the mPFC and the amygdala by quantifying the phosphor-
ylation of MAPK in these structures after extinction training. It
has been shown in adult rats that extinction led to increased

MAPK/ERK in the BLA (Herry et al., 2006). In the present exper-
iment, P17 and P24 rats were trained with CS–US pairings or
received CS presentations without the US (groups not trained).
One day later, trained rats received either five blocks of CS-alone
presentations as described in experiments 1A and 1B (extinction
groups), context exposure only (no-extinction groups), or one
block of CS-alone presentation (reactivated groups). Groups not
trained received equivalent CS-alone presentations as the extinc-
tion groups. All rats were perfused 1 h after the end of the extinc-
tion, reactivation, or context exposure session.

Extinction training proceeded uneventfully (Fig. 3A). CS-
elicited freezing data for the first block were initially analyzed
separately to assess whether groups reactivated displayed equal
levels of fear as extinction groups. ANOVA with post hoc pairwise
comparisons (Tukey’s HSD) revealed that reactivated and extinc-
tion groups did not differ ( p � 0.76) and both groups froze
significantly more than groups not trained (F(2,25) � 58.68; p �
0.0001). There was no effect of age or interaction of age and group
( p values � 0.8). Subsequent mixed-design ANOVA of extinc-
tion data included extinction and untrained groups. There were
significant effects of block (F(4,76) � 8.69; p � 0.0001) and group
(F(1,19) � 76.85; p � 0.0001) and a significant block � group
interaction (F(4,76) � 9.8; p � 0.0001). There were no significant
differences across age, nor any other significant interactions.
These analyses indicate that P24 and P17 rats that received train-
ing showed significant within-session extinction whereas rats not
trained showed negligible CS-elicited freezing.

Figure 3B, left and right, presents the number of pMAPK-IR
neurons observed in the prelimbic and infralimbic cortices of the
mPFC, respectively. Extinction of conditioned fear led to an ele-
vated phosphorylation of MAPK in the mPFC in P24 rats; in
contrast, P17 rats showed negligible numbers of pMAPK-IR neu-
rons in the mPFC across all conditions. Analysis of the data from
the PrL revealed a significant effect of age (F(1,34) � 24.52; p �

Figure 1. The effect of reversible unilateral inactivation of the mPFC in extinction in the developing rat. A, Histological reconstruction of
coronal sections showing cannula placements in the mPFC. �, P17; F, P24. B, Mean (�SEM) CS-elicited freezing at extinction and test.
Unilateral inactivation of the mPFC during extinction disrupted long-term extinction in P24 rats but not in P17 rats. *Significant difference
(p � 0.005) from the other groups.

Table 1. Mean levels of baseline freezing at test in experiments 1A and 1B

Experiment Group Mean % freezing at baseline (�SEM)

1A P17–saline 7.5 (�2)
P17–muscimol 9.4 (�6)
P24 –saline 24.2 (�9)
P24 –muscimol 10.7 (�5)

1B No extinction 13.9 (�4)
Saline 11.9 (�3)
Muscimol 12.1 (�2)

No significant differences were found between any groups.
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0.0001), but the effect of group and age � group interaction failed
to reach significance ( p values � 0.16). Despite the nonsignifi-
cant interaction, post hoc Tukey’s HSD comparisons were per-
formed for P24 rats because the means appear to be quite
different. Nevertheless, there were no significant differences
between any groups ( p values � 0.17). Analysis of the data from
the infralimbic cortex (IL) revealed significant effects of age
(F(1,34) � 133.34; p � 0.0001), group (F(3,34) � 15.28; p �
0.0001), and an age � group interaction (F(3,34) � 10.09; p �
0.0001). To understand the significant age � group interaction,
post hoc comparisons (Tukey’s HSD) were done at each age. In P24
rats, the extinction group expressed a significantly higher number of
pMAPK-IR neurons in the IL compared with the other groups

( p values � 0.05). Also, the no-extinction
group displayed a significantly higher num-
ber of pMAPK-IR neurons than the reacti-
vated group ( p � 0.05). This result may
have been caused by the rats in the no-
extinction group having some general-
ized freezing that may have been
extinguished as a result of the prolonged
exposure to the novel context; however,
no conclusions can be drawn from the
present study. In P17 rats, no differences
were found among any groups ( p values
� 0.23). Together, these data show that
extinction training in P24 leads to phos-
phorylation of MAPK in the mPFC, espe-
cially in the IL. However, extinction has
no effects on the number of pMAPK-IR
neurons in the mPFC in P17 rats. These
results are consistent with experiment 1,
where it was shown that reversible inactiva-
tion of the mPFC impaired long-term ex-
tinction in P24 rats but not in P17 rats.
Photomicrographs of the immunostained
neurons in the mPFC are shown in Figure
3C,D.

In contrast to the developmental dif-
ferences observed in the mPFC, extinction
led to increased numbers of pMAPK-IR
neurons in the amygdala in both P17 and
P24 rats. Specifically, rats in the extinction
condition at both ages showed signifi-
cantly higher phosphorylation of MAPK
in the BLA (Fig. 4A) and in the BSTIA
(Fig. 4B). In the BLA, there were signifi-
cant effects of group (F(3,34) � 4.29; p �
0.05) and age (F(1,34) � 5.12; p � 0.05) but
no age � group interaction ( p � 0.66). It
appears that P24 rats generally express
more pMAPK-IR neurons in the BLA
across different conditions, as indicated
by the main effect of age. Post hoc Tukey’s
HSD comparisons showed that extinction
groups had significantly higher numbers
of pMAPK-IR neurons than other groups
across the ages. In the BSTIA, there was a
significant effect of group (F(3,34) � 5.75;
p � 0.005) but no effect of age or age �
group interaction ( p values � 0.99); post
hoc comparisons (Tukey’s HSD) showed
that extinction groups had significantly

higher numbers of pMAPK-IR neurons than other groups in
both P24 and P17 rats. These results indicate that extinction ac-
tivates the BLA and the BSTIA in P17 and P24 rats. The present
finding that extinction leads to an increase in activity in the amyg-
dala across development is consistent with a previous study re-
porting that temporary inactivation of the amygdala impairs
extinction in both P17 and P24 rats (Kim and Richardson, 2008).
Photomicrographs of the immunostained neurons in the amyg-
dala are shown in Figure 4C–E.

We also examined whether there were age-related differences
in the correlations between the PrL, IL, BLA, and BSTIA in the
phosphorylation of MAPK after extinction (Table 2). Of partic-
ular interest was the correlation between activity in the amygdala

Figure 2. The effect of reversible bilateral inactivation of the mPFC in extinction in the developing rat. P17 (F). A, Histological
reconstruction of coronal sections showing cannula placements in the mPFC. B, Mean (�SEM) CS-elicited freezing at extinction
and test. Bilateral inactivation of the mPFC during extinction had no effects on long-term extinction in P17 rats. *Significant
difference (p � 0.05) from the other groups.

Figure 3. A, Mean (�SEM) CS-elicited freezing at extinction. Reactivated rats showed amounts of CS-elicited freezing equal to those of
extinction rats during the first block of extinction. Only rats that were trained and extinguished showed significant extinction across trial;
rats not trained did not show any CS-elicited freezing. B, Numbers of pMAPK-IR neurons in the PrL and IL after extinction training in P17 and
P24 rats. Extinction of conditioned fear led to an elevated number of pMAPK-IR neurons in IL in P24 rats but not in P17 rats. *Significant
difference (p�0.005) from not trained and reactivated groups of the same age. **Significant difference (p�0.005) from all other groups
of the same age. C, D, Photomicrograph of pMAPK-IR neuronal staining in the medial prefrontal cortex (C) and pMAPK-IR neuronal staining
in the IL in the trained– extinction group from a P17 rat (left) and a P24 rat (right) (D).
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subnuclei and the mPFC subnuclei. In
adult rats, the amygdala and mPFC are
densely interconnected (Sesack et al.,
1989; Condé et al., 1995) and extinction of
fear in adulthood appears to critically de-
pend on these connections (Milad and
Quirk, 2002; Hobin et al., 2003). There-
fore, activity in the amygdala and the
mPFC as measured by pMAPK-IR neu-
rons may correlate as a result of extinction
training in P24 rats. In P17 rats, however,
we may observe a different pattern of
correlation. Statistical analyses in P24 rats
with Pearson’s correlation coefficient
showed that phosphorylation of MAPK in
the BLA significantly correlated with
those in the IL (r � 0.45) but not with
those in the BSTIA (r � �0.08) or the PrL
(r � 0.14). Also, pMAPK-IR neuron
counts in the BSTIA significantly corre-
lated with those in the PrL (r � 0.68) and
the IL (r � 0.58). The PrL and IL also
showed correlated activity with each other
(r � 0.67). In P17 rats, however, only the
PrL and the IL showed significant correlated
phosphorylation of MAPK (r � 0.56). No
other significant correlations were found at
this age. These results suggest that by 24 d of
age the mPFC is working in conjunction
with the amygdala. On the other hand, the
mPFC and the amygdala may not to be
working together during extinction of fear
in P17 rats.

Discussion
Here we show that temporary inactivation
of the mPFC at the time of extinction
training blocks extinction retention the
following day in P24 rats but not in P17 rats. Further, immuno-
histochemical analyses revealed that extinction of conditioned
fear involves intracellular activation of the IL and the amygdala in
P24 rats, whereas only the amygdala is activated in P17 rats. It is
interesting that the BSTIA of the amygdala showed a significant
increase in numbers of pMAPK-IR neurons after extinction, be-
cause the GABAergic intercalated cells that are strongly impli-
cated in extinction (Likhtik et al., 2008) have been shown to be
located mainly in the BSTIA (McDonald, 1985; Millhouse, 1986),
although it cannot be verified that the neurostaining observed in
the BSTIA in the present study includes the intercalated cells. It
should also be noted that the increased number of pMAPK-IR
neurons observed in the extinction groups was over and above
that of untrained, reactivated, and no-extinction groups. That is,
the increase in phosphorylation of MAPK was specifically be-
cause of extinction training rather than the mere experience of
being exposed to 30 CS presentations, expressing fear, or being
conditioned. Together, the present experiments show that ex-
tinction at 17 d of age does not involve the mPFC, suggesting that
the neural mechanisms underlying extinction at this age are fun-
damentally different from those in older rats.

Theoretically, it is widely accepted that extinction training in
adult rats leads to a CS–no-US association that coexists with the
original CS–US association learned during conditioning (e.g.,
Bouton, 2002). This dual memory of the CS then allows the rat to

express the appropriate response according to the contextual in-
formation provided at the time of test. This flexibility in the
expression of memory is possible because the formation and
the storage of extinction learning do not depend on a single
neural structure but rather depend on a network of several
neural structures. Specifically, current dominant models pro-
pose that extinction is expressed when the mPFC activates the
GABAergic intercalated neurons, which then inhibit the output
of the amygdala. However, in a context that is different from
where extinction had occurred, the hippocampus inhibits the
mPFC, thereby releasing the amygdala from inhibition, which
results in the expression of fear (Hobin et al., 2003; Sotres-Bayon
et al., 2006; Quirk and Mueller, 2008). Therefore, having the
mPFC, amygdala, and hippocampus involved in fear extinction
allows the adult rat to flexibly express the CS–no-US (i.e., extinc-

Figure 4. A, Numbers of pMAPK-IR neurons in the BLA after extinction training in P24 and P17 rats. *Significant effect of
extinction across both ages (p � 0.05). B, Numbers of pMAPK-IR neurons in the BSTIA after extinction training in P24 and P17 rats.
*Significant effect of extinction across both ages (p � 0.05). Extinction of conditioned fear led to an elevated number of pMAPK-IR
neurons in the BLA and BSTIA at both ages. C, Photomicrograph of pMAPK-IR neuronal staining in the amygdala. D, E, pMAPK-IR
neuronal staining in the BLA in the trained– extinction group from a P17 rat (left) and a P24 rat (right) (D) and pMAPK-IR neuronal
staining in the BSTIA in trained– extinction group from a P17 rat (left) and a P24 rat (right) (E). CeA, Central amygdala.

Table 2. Correlations between PrL, IL, BLA, and BSTIA in pMAPK expression in P24
and P17 rats

P24 P17

PrL IL BLA BSTIA PrL IL BLA BSTIA

PrL 1 0.669** 0.136 0.683** 1 0.556* �0.053 0.416
IL 0.669** 1 0.448* 0.584* 0.556* 1 0.337 0.257
BLA 0.136 0.448* 1 �0.078 �0.053 0.337 1 0.017
BSTIA 0.683** 0.584* �0.078 1 0.416 0.257 0.017 1

*Correlation is significant at the 0.05 level (two tailed); **correlation is significant at the 0.01 level (two tailed).
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tion) or the CS–US (i.e., conditioning) memory depending on its
environment. The data reported here suggest that this network is
mature in P24 rats because the mPFC was critical for long-term
extinction at this age. Alongside previous findings that extinction
in P24 rats is N-methyl-D-aspartate (NMDA), GABA, and amyg-
dala dependent and context specific, the present findings indicate
that fear extinction at this age is similarly flexible as it is in the
adult rat because of the similar neural circuitry. That is, the
present results show that extinction training leads to phosphor-
ylation of MAPK in the IL and the amygdala in P24 rats. Previous
studies have shown that inhibiting the MAPK pathway in these
neural structures significantly impairs extinction in adult rats
(Hugues et al., 2004, 2006; Herry et al., 2006). Although it is
likely, based on the present findings, that inhibition of the MAPK
pathway in these structures will impair extinction learning in P24
rats, future research is required to definitively address that issue.
It should also be noted that caution should be taken in interpret-
ing the pMAPK data in the PrL of P24 extinguished rats in this
study. That is, these data were not statistically significant but the
pattern of results was strikingly similar to that observed in the IL,
only with much more variability. Future research will need to
examine the exact role of the PrL in extinction.

Overall, the results show that the mPFC is not a part of the
neural circuitry underlying fear extinction in P17 rats. As a con-
sequence, we propose that extinction in P17 rats relies on an
inflexible system that does not allow for the expression of a pre-
viously learned fear once it has been extinguished. In other
words, extinction may be unlearning at this age, at least in a
functional sense. This idea is consistent with previous findings
that show extinction in P17 rats may involve erasure because
extinguished fear does not return after changes in the context,
pretest reminders, or a pretest reduction in GABAergic inhibi-
tion. Further evidence for extinction as erasure in P17 rats
comes from a report that pre-extinction systemic injection of
the NMDA antagonist MK-801 does not disrupt extinction in
17-d-old rats (Langton et al., 2007; J. H. Kim and R. Richardson,
unpublished observations). The NMDA-dependent molecular
cascade of fear acquisition and extinction in the adult rat is taken
as evidence for the new learning account of extinction (Falls et al.,
1992; for review, see Lattal et al., 2006). Hence, NMDA-
independent extinction in P17 rats suggests that extinction may
not be new learning. Also supporting this position is the recent
finding that the amygdala is critical for re-extinction in P17 rats
(Kim and Richardson, 2008). In the P24 and adult rat, the amyg-
dala is important only if extinction happens for the first time but
appears unimportant for re-extinction (Kim and Richardson,
2008; Laurent et al., 2008). That is, when a fear-eliciting CS was
extinguished, reconditioned, and then re-extinguished, rats ex-
hibited low levels of freezing (i.e., good extinction) the next day
regardless of whether the amygdala was inactivated or not at the
time of re-extinction. From this, it appears that the amygdala is
involved in the initial learning of the CS–no-US memory ac-
quired in extinction training, but once that memory has been
acquired then the amygdala is no longer needed for subsequent
extinction training episodes, at least in postweanling-aged rats.
We have shown that re-extinction is amygdala dependent if ini-
tial extinction occurs at 17 d of age and amygdala independent if
initial extinction occurred at 24 d of age, even when training,
retraining, re-extinction, and test age were kept constant. This
finding suggests that extinction involves unlearning of the origi-
nal CS–US association in P17 rats; thus, subsequent re-extinction
still requires the amygdala. Interestingly, a recent study demon-
strated that endogenous opioids are necessary for extinction acqui-

sition in P17 rats, as has been demonstrated in P24 rats (Kim and
Richardson, 2009) and adult rats (e.g., McNally and Westbrook,
2003). Therefore, a potential neural mechanism for extinction in
P17 rats may be opioid-mediated erasure of conditioned fear (for
more detail, see Kim and Richardson, 2009) or opioid-induced
inhibition of the amygdala (Faber and Sah, 2004); however, it is
clear that more studies are necessary to delineate the processes
underlying extinction early in development.

We have shown that extinction of learned fear in preweanling
rats depends on a fundamentally different neural circuitry com-
pared with older rats. Current neural models of extinction do not
predict this developmental dissociation; therefore, further re-
search in this area appears necessary, considering the potential
clinical implications of this finding. Specifically, anxiety disor-
ders are thought to originate from traumatic memories from
infancy (e.g., Jacobs and Nadel, 1999). However, the present find-
ings suggest that because of the qualitatively different neural pro-
cesses underlying extinction across development, fear acquired
early in life can be much more effectively extinguished if treated
early in life. Numerous recent reviews on extinction now suggest
both “new learning” and “erasure” as mechanisms for extinction
(Delamater, 2004; Barad et al., 2006; Lattal et al., 2006; Myers and
Davis, 2007). One of the reasons for this reintroduction of “un-
learning” as a potential mechanism for extinction is that recovery
of extinguished fear (e.g., renewal, spontaneous recovery) is sel-
dom complete. Another reason is that extinction leads to perma-
nent reductions in synaptic potentials in some amygdala neurons
that expressed increased synaptic potentials as a result of previous
conditioning (for review, see Barad et al., 2006). Therefore, the
dominant mechanism for extinction may be new learning, but
that does not rule out erasure as a possible mechanism mediating
extinction in the adult rat (Lattal and Stafford, 2008). This bal-
ance between erasure and new learning may be simply shifted
when extinction occurs early in development compared with
when it occurs in adulthood, such that extinction relies more on
erasure than on new learning.
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