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The only evidence-based behavioral treatment for anxiety and
stress-related disorders involves desensitization techniques that
rely on principles of extinction learning. However, 40% of patients
do not respond to this treatment. Efforts have focused on
individual differences in treatment response, but have not exam-
ined when, during development, such treatments may be most
effective. We examined fear-extinction learning across develop-
ment in mice and humans. Parallel behavioral studies revealed
attenuated extinction learning during adolescence. Probing neural
circuitry in mice revealed altered synaptic plasticity of prefrontal
cortical regions implicated in suppression of fear responses across
development. The results suggest a lack of synaptic plasticity in
the prefrontal regions, during adolescence, is associated with
blunted regulation of fear extinction. These findings provide
insight into optimizing treatment outcomes for when, during
development, exposure therapies may be most effective.

Fear learning is a highly adaptive, evolutionarily conserved
process that allows one to respond appropriately to cues as-

sociated with danger. In the case of psychiatric disorders, how-
ever, fear may persist long after an environmental threat has
passed. This unremitting and often debilitating form of fear is
a core component of many anxiety disorders, including post-
traumatic stress disorder (PTSD), and involves exaggerated and
inappropriate fear responses. Existing treatments, such as ex-
posure therapy, are based on principles of fear extinction, during
which cues previously associated with threat are presented in the
absence of the initial aversive event until cues are considered
safe and fear responses are reduced. Extinction-based exposure
therapies have the strongest empirical evidence for benefitting
adult patients suffering from PTSD (1), yet a comparative lack of
knowledge about the development of fear neural circuitry pro-
hibits similarly successful treatment outcomes in children and
adolescents (2). Adolescence, in particular, is a developmental
stage when the incidence of anxiety disorders peaks in humans
(3–6), and it is estimated that over 75% of adults with fear-re-
lated disorders met diagnostic criteria as children and adoles-
cents (7, 8). Because of insufficient or inaccurate diagnoses and
a dearth of pediatric and adolescent specialized treatments,
fewer than one in five children or adolescents are expected to
receive treatment for their anxiety disorders (9), leaving a vast
number with inadequate or no treatment (2, 10). The increased
frequency of anxiety disorders in pediatric and adolescent pop-
ulations highlights the importance of understanding neural
mechanisms of fear regulation from a developmental perspective,
as existing therapies directly rely upon principles of fear-extinc-
tion learning. Converging evidence from human and rodent
studies suggests that insufficient top-down regulation of sub-
cortical structures (11–14), such as the amygdala, may coincide
with diminished prototypical extinction learning (15), as well as
ongoing fine-tuning of excitatory–inhibitory balance in the pre-
frontal cortex that may coincide with diminished prototypical
extinction learning (16). Because top-down prefrontal regulation

has been postulated to mediate extinction learning and may de-
termine the efficacy of exposure therapy often used as part of
cognitive behavioral therapy, it is important to discern how
changes in the development of prefrontal circuitry influences fear
extinction. Studying the development of fear learning and mem-
ory in humans, while examining, in parallel, the underlying neural
mechanisms in rodent models, may offer insights into optimizing
treatment strategies for developing populations by clarifying
when, during development, a particular intervention or treatment
may be more or less effective.

Results
Behavioral Results. Human fear-extinction learning.Because immature
functional connectivity between the ventromedial prefrontal
cortex (vmPFC) and amygdala in adolescents has previously
been shown in tasks of emotion regulation (13), we initially
sought to investigate age-dependent differences in fear-extinc-
tion learning in humans. Using age delineations for children,
adolescents, and adults, we assessed skin conductance response
across development in humans to measure prototypical physio-
logical fear responses during conditioned fear acquisition and
fear memory extinction (17–21) (Fig. 1A). A two-way ANOVA
on skin conductance response during late acquisition (the last of
three acquisition runs) with main factors of age group (children,
adolescents, adults) and stimulus type [paired conditioned
stimulus (CS+) or unpaired (CS−) with an aversive noise] showed
a main effect of stimulus type (CS+ > CS−) [F(1, 79) = 10.786,
P= 0.002] and no Group × Stimulus type interaction [F(2, 79) =
0.032, P = 0.968] (Fig. S1A), demonstrating that all subjects
learned to discriminate between the threat cue and the safety
cue. Furthermore, there was no main effect of age group on
responses to either stimulus type [CS+: F(2,79) = 0.581, P =
0.562; CS−: F(2, 79) = 0.655, P = 0.522] or the differential ac-
quisition measure [CS+ − CS−: F(2, 79) = 0.021, P = 0.979]
during late acquisition. Thus, any subsequent group effects in
extinction learning are not related to differences in fear acqui-
sition. In contrast, analysis of extinction indices revealed a main
effect of age group for humans [F(2, 80) = 3.228, P = 0.038],
such that adolescents showed attenuated fear-extinction learning
compared with children [t(56) = 2.34, P = 0.023] and adults
[t(51) = 1.802, P = 0.078] (Fig. 1B). This effect of age group on
fear extinction was present when sex and trait anxiety are entered
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as covariates [F(2, 73) = 3.086, P = 0.052] (see SI Materials and
Methods). There was no significant difference in extinction learn-
ing between children and adults (P = 0.701).
Mouse extinction learning. To examine the mechanistic basis of this
altered fear-extinction learning, we performed parallel studies in
mice across comparable postnatal ages. Using classic Pavlovian-
based fear conditioning, fear-learning studies were conducted in
preadolescent postnatal day (P)23, adolescent (P29), and adult
(P70) mice to assess developmental differences in conditioned
fear acquisition and extinction learning at ages comparable to
human children, adolescents, and adults (22, 23). Freezing be-
havior was assessed in mice as the prototypical species-specific
fear response. First, consistent with previous reports delineating
erasure of conditioned fear memories in very young mice be-
cause of immature perineuronal net framework in the lateral
amygdala (24), we found that preadolescent mice exhibit rapid
reductions in freezing behavior and a lack of spontaneous re-
covery of fear responses between sessions, demonstrating per-
sistent attenuation of fear memories with multiple extinction
trials [F(2, 21) = 11.563, P < 0.001] (Fig. 1 D and E). However,
preadolescent fear memory does not degrade solely with the
passage of time but requires extinction sessions to weaken the
memory trace (Fig. S1C). Second, adolescent mice, like the hu-
man subjects, display significantly attenuated fear-extinction
learning compared with their preadolescent and adult counter-
parts (Fig. 1 C and D). Analysis of extinction indices revealed
a main effect of age for mice [F(2, 22) = 25.426, P < 0.001],
demonstrating attenuated extinction learning in adolescent mice.

These findings are consistent with previous rodent studies that
show adolescent rats require twice as many extinction trials as
adults, a pharmacological manipulation such as D-cycloserine, or
CS presentations of prolonged duration to achieve comparable
reductions in conditioned fear behavior (23, 25, 26). This lack of
extinction in adolescent mice was not a result of higher baseline
activity levels or heightened auditory sensitivity (Fig. S1B).

Physiological Correlates. Having demonstrated attenuated ado-
lescent extinction learning in both humans and rodents, we
sought to perform detailed immunohistochemical and electro-
physiological experiments across development in mice to exam-
ine potential underlying synaptic changes in the neural circuitry
implicated in fear learning. Strong cross-species preservation
of the neural circuitry implicated in fear-extinction learning is
supported by human and nonhuman animal extinction studies,
further bolstering the translational credibility of rodent experi-
ments to explore mechanistic underpinnings that are otherwise
precluded from experiments with human subjects (18, 27).
Immunohistochemical results.Given the critical role of the vmPFC in
fear-extinction learning and retention of extinction memory, we
hypothesized that there would be alterations in vmPFC synaptic
plasticity across development. We focused on two subregions of
the vmPFC, the dorsally located prelimbic cortex (PL), which is
associated with production of conditioned-fear responses and
expression of conditioned-fear behaviors (28), and the more
ventrally located infralimbic cortex (IL), which is associated with
suppression of conditioned-fear responses typically seen during

Fig. 1. Cued extinction learning and spontaneous recovery across development in mice and humans. (A) Behavioral paradigms for parallel fear conditioning
experiments in humans and mice. (B) Analysis of extinction indices [(averaged first two extinction trials) − (averaged last two extinction trials)] reveals a main
effect of age group for humans, such that adolescents display attenuated fear extinction learning compared with children and adults, (adolescent 0.05916 ±
0.06904; children 0.25435 ± 0.04839; adults 0. 22510 ± 0.05931). (C) A lack of extinction learning and retention of extinction memory in is observed in ad-
olescent mice, as displayed by a significantly decreased differential extinction indices [(Day 1, Tone 1) − (Day 4, Tone 5)] compared with older and younger
ages, (P23 66.5% ± 2.75; P29 14.72% ± 4.79; P70 35.17% ± 4.89). (D) Adolescent mice display attenuated extinction learning over the course of four days
compared with preadolescent and older adult mice. (E) Preadolescent mice demonstrate a lack of spontaneous recovery [(Day 2, Tone 1) − (Day 1, Tone 5)]
compared with older ages. All results are presented as a mean ± SEM ***P < 0.001. See also Table S1 and Fig. S1.
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successful extinction learning and upon recall of extinction
memory (29–32). To investigate neuronal activity levels in each
of these regions, we used immunohistochemical techniques to
measure c-Fos protein levels in vmPFC of P23, P29, and adult
mice after fear-extinction learning. Downstream of the imme-
diate-early gene c-fos, c-Fos activity has been shown to be as-
sociated with successful fear-extinction learning in the IL of
adult rodents (33). Consistent with previous studies, density of
c-Fos–labeled cells in the IL of fear-extinguished mice was sig-
nificantly higher than nonextinguished, fear-conditioned controls
in both P23 and adult mice (Fig. 2E; see also Fig. 4D), whereas
there was no change in density of c-Fos labeling in adolescent
mice (Fig. 3D), suggesting that neural activity in the vmPFC
of adolescent mice differs from the prototypical adult neural
activity observed during fear extinction. These immunohisto-
chemical results suggesting enhanced activity in IL of P23 and
adult mice, compared with adolescents, parallel the lack of ex-
tinction learning in adolescent mice (as shown in Fig. 1 C and D).
In addition to increased c-Fos in the IL of P23 and adult mice,
decreased c-Fos expression was observed in the PL of P23 (Fig.
S8D) and adult (Fig. S10D) fear-extinguished mice compared
with age-matched fear-conditioned mice, with no change in c-Fos
expression pattern for either group during adolescence (Fig. S9D)
(see Fig. S3 for corresponding behavioral data and Figs. S4–S6 for
representative images).
Electrophysiological results. To probe developmental influences
on fear-associated synaptic plasticity within the PL and IL, we
performed electrophysiological recordings in vmPFC brain slices
of mice after both fear acquisition and fear extinction. An earlier
study showed that fear conditioning involved a decrease in in-
trinsic excitability of IL neurons, whereas fear extinction re-
versed this decrease in excitability (34). However, the specific
synaptic mechanisms in the vmPFC that are involved in fear
conditioning or extinction have not been explored. Therefore, we
measured spontaneous excitatory postsynaptic currents (sEPSCs),

evoked excitatory postsynaptic currents (EPSCs), and AMPA/
NMDA ratio in both the IL and PL layer 5 (L5) pyramidal
neurons after fear acquisition and extinction (see Fig. S2 for
corresponding behavioral data and Fig. S7 for representative
images of electrode placement). Although we did not observe
any modification of the sEPSCs, EPSCs, or AMPA/NMDA ratio
in the IL L5 pyramidal neurons from fear-conditioned P23 mice
(Fig. 2 B–D), fear-extinguished P23 mice exhibited a significant
increase in frequency [F(2, 47) = 6.9, P < 0.01] and amplitude
[F(2, 47) = 14, P < 0.001] of sEPSCs, EPSC amplitude [F(2, 27) =
11, P < 0.001], and AMPA/NMDA ratio [F(2, 29) = 7.8, P <
0.01] in the IL L5 pyramidal neurons (Fig. 2 B–D), suggesting
that fear extinction involves an enhancement of glutamatergic
synaptic transmission in the IL. An increase in AMPA/NMDA
ratio [F(2, 29) = 7.8, P < 0.01] suggests that the enhanced ex-
citatory synaptic transmission is primarily mediated by AMPA
receptors (Fig. 2D). Unlike the IL neurons, the PL L5 pyramidal
neurons from fear-conditioned P23 mice exhibited a significant
increase in sEPSC amplitude [F(2, 46) = 6.9, P < 0.01], EPSC
amplitude [F(2, 29) = 5.8, P < 0.01], and AMPA/NMDA ratio
[F(2, 27) = 3.4, P < 0.05] compared with the control group (Fig.
S8 A–C). The fear-extinguished P23 mice showed a significant
decrease in sEPSC amplitude, EPSC amplitude, and AMPA/
NMDA ratio compared with the fear-conditioned group, sug-
gesting a depotentiation of glutamatergic synaptic transmission
after fear extinction (Fig. S8 A–C). Although the PL L5 pyramidal
neurons from fear-conditioned P23 mice showed an increase in
sEPSC frequency, which was depotentiated in extinguished mice,
these effects did not reach statistical significance (Fig. S8A). In
contrast to the synaptic plasticity in the IL and PL of P23 mice
after fear acquisition and extinction, neither fear conditioning
nor extinction trials affected sEPSCs, EPSCs, or AMPA/NMDA
ratio in P29 mice (Fig. 3 A–C and Fig. S9 A–C). The lack of
modification of glutamatergic synapses in the vmPFC of P29
mice is consistent with the absence of fear extinction during this

Fig. 2. Fear extinction modifies glutamatergic synaptic transmission in IL L5 pyramidal neurons of P23 mice. (A) Paradigm design. (B) Frequency and am-
plitude of sEPSCs in IL L5 pyramidal neurons from control (n = 17 neurons, 6 mice), fear-conditioned (Fear Cond, n = 17 neurons, 6 mice), and fear-extinguished
P23 mice (Ext, n = 16 neurons, 6 mice). Both the frequency and amplitude of sEPSCs were significantly increased in fear extinguished mice. (Upper) Examples
of sEPSCs. (C) EPSC amplitude in IL L5 pyramidal neurons from control (n = 10 neurons, 5 mice), fear-conditioned (n = 9 neurons, 5 mice), and fear-extinguished
P23 mice (n = 11 neurons, 5 mice). EPSC amplitude was significantly increased in fear extinguished mice compared with control group. (Upper) Examples of
EPSCs evoked by 100-, 200-, and 300-μA stimulation of L2/3. (D) AMPA/NMDA ratio in IL L5 pyramidal neurons from control (n = 13 neurons, 5 mice), fear-
conditioned (n = 8 neurons, 5 mice), and fear-extinguished P23 mice (n = 11 neurons, 5 mice). AMPA/NMDA ratio was significantly increased in fear extin-
guished mice. (Upper) Examples of EPSCs evoked at −60 and +40 mV by 150-μA stimulation of L2/3. (E) Histograms showing the average density of c-Fos–
labeled nuclei in the IL across behavioral treatment group reveal increased density of c-Fos expression in the IL of P23 fear-extinguished mice compared with
fear-conditioned mice (P23 Fear Cond 1,557 ± 34.15; P23 Ext 2,169 ± 56.06), Student t test, *P < 0.01. See also Figs. S2–S10.
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narrow developmental window. Next, we examined glutamatergic
synaptic transmission in the IL and PL L5 pyramidal neurons of
adult mice after fear acquisition and extinction. Similar to P23
mice, we did not observe any modification of sEPSCs, EPSCs, or
AMPA/NMDA ratio in the adult IL L5 pyramidal neurons after
fear conditioning (Fig. 4 A–C). However, we observed an in-
crease in sEPSC amplitude [F(2, 43) = 3.8, P < 0.05], EPSC
amplitude [F(2, 24) = 3.7, P < 0.05], and AMPA/NMDA ratio
[F(2, 31) = 8.2, P < 0.01] without any effect on sEPSC frequency
in fear-extinguished adult mice (Fig. 4 A–C). Unlike the IL
neurons, we observed a significant increase in frequency [F(2, 50) =
4.9, P < 0.05] and amplitude [F(2, 50) = 12.7, P < 0.001] of
sEPSCs, EPSC amplitude [F(2, 21) = 5.4, P < 0.05], and AMPA/
NMDA ratio [F(2, 31) = 4.8, P < 0.05] in the PL L5 pyramidal
neurons from the fear-conditioned adult mice, and these po-
tentiating effects were reversed in fear-extinguished mice (Fig.
S10 A–C). These results suggest that fear extinction involves an
enhancement of glutamatergic synaptic transmission in the IL L5
pyramidal neurons in P23 and adult mice, but not adolescent
mice. In addition, fear acquisition involves an enhancement of
glutamatergic synaptic transmission at the PL glutamatergic
synapses in preadolescent (P23) and adult mice but not in ado-
lescent (P29) mice. The potentiated glutamatergic synapses in
the PL undergo depotentiation during fear extinction. Although
the basal sEPSC amplitude and EPSC amplitude showed a ten-
dency to increase in P29 mice compared with P23 and adult

mice, only sEPSC amplitude in the PL L5 pyramidal neurons
reached statistical significance [F(2, 48) = 5, P < 0.05]. Although
the mechanism is unclear, this enhanced basal excitatory synaptic
transmission might contribute to a lack of plasticity in the P29
mice. Furthermore, the IL sEPSC frequency in the adult mice
was significantly higher compared with both the P23 and P29
mice, suggesting a protracted development of spontaneous glu-
tamate release mechanism in the IL [F(2, 41) = 9.3, P < 0.001]
(Figs. 2B, 3A, and 4A). In summary, these results suggest that
synaptic plasticity in the vmPFC is involved in fear regulation,
and the lack of synaptic plasticity in the vmPFC may play a role
in altered fear extinction in adolescent mice.

Discussion
Adolescence is a highly conserved developmental stage, both
neurobehaviorally and physiologically, during which all mammals
must meet evolutionary pressures associated with sexual emer-
gence and transition from dependence on parents to indepen-
dence (35). Fear learning plays a critical adaptive role in this
process as the adolescent leaves the relatively protected and
stable family environment and explores a novel and highly variable
outside environment. Conservation of the behavioral demands
associated with adolescence provides face and construct validity
for translational studies of fear learning in this age group. De-
fining the unique attributes of fear acquisition and extinction
during adolescence may have wide clinical implications, as the

Fig. 3. Absence of modification of glutamatergic synaptic transmission in IL L5 pyramidal neurons of P29 mice after fear acquisition and extinction trials. (A)
Frequency and amplitude of sEPSCs in IL L5 pyramidal neurons from control (n = 13 neurons, 8 mice), fear-condition (n = 15 neurons, 8 mice), and fear-
extinction groups (n = 15 neurons, 8 mice). (B) EPSC amplitude in IL L5 pyramidal neurons from control (n = 9 neurons, 5 mice), fear-condition (n = 14 neurons,
7 mice), and fear-extinction groups (n = 13 neurons, 7 mice). (C) AMPA/NMDA ratio in IL L5 pyramidal neurons from control (n = 11 neurons, 4 mice), fear-
condition (n = 9 neurons, 3 mice), and fear-extinction groups (n = 10 neurons, 3 mice). Fear acquisition and extinction trials did not affect sEPSCs, EPSCs, and
AMPA/NMDA ratio in IL L5 pyramidal neurons of P29 mice. (D) Histograms showing the average density of c-Fos–labeled nuclei in the IL across the behavioral
treatment group reveal no change in density of c-Fos expression in the IL of P29 fear-extinguished mice compared with fear-conditioned mice (P29 Fear Cond
1,468 ± 51.25; P29 Ext 1,506 ± 40.49). See also Figs. S2–S10.

Fig. 4. Fear extinction modifies glutamatergic synaptic transmission in IL L5 pyramidal neurons of adult mice. (A) Frequency and amplitude of sEPSCs in IL L5
pyramidal neurons from control (n = 14 neurons, 7 mice), fear-conditioned (n = 17 neurons, 8 mice), and fear-extinguished adult mice (n = 15 neurons, 8 mice).
The amplitude of sEPSCs was significantly increased in fear-extinguished mice. (B) EPSC amplitude in IL L5 pyramidal neurons from control (n = 8 neurons, 5
mice), fear-conditioned (n = 10 neurons, 5 mice), and fear-extinguished adult mice (n = 9 neurons, 5 mice). EPSC amplitude was significantly increased in fear-
extinguished mice. (C) AMPA/NMDA ratio in IL L5 pyramidal neurons from control (n = 9 neurons, 5 mice), fear-conditioned (n = 12 neurons, 5 mice), and fear-
extinguished adult mice (n = 13 neurons, 5 mice). AMPA/NMDA ratio was significantly increased in fear-extinguished mice. (D) Histograms showing the
average density of c-Fos–labeled nuclei in the IL across behavioral treatment group reveal increased density of c-Fos expression in the IL of adult fear-
extinguished mice compared with fear-conditioned mice (Adult Fear Cond 1,650 ± 29.08; Adult Ext 2,257 ± 26.13), Student t test, *P < 0.01. See also Fig. S2–S10.
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most common and validated treatment for anxiety disorders
involves exposure-based therapy, which relies heavily on extinc-
tion principles for reevaluating existing contingencies (1).Although
the ontogeny of conditioned fear expression and extinction has
primarily been focused on infant and juvenile models (36–39),
rodent models have recently started to incorporate older, more
intermediate, adolescent ages (23, 25, 40, 41). Previous studies
have shown that a temporary suppression of hippocampal-de-
pendent contextual fear memory occurs during adolescence
(17), as acquisition and expression of amygdala-dependent cue
fear memory remain intact, highlighting a developmental disso-
ciation between contextual and cue fear learning. Developmental
differences in fear learning have been previously shown in very
young rats and mice. During very early development in pre-
weanling rodents, (<P21), odor-shock conditioning can be mod-
ulated by maternal presence (37), and mechanisms of cued
extinction learning differ from adult-like extinction via alterations
in NMDA receptor requirement (42) and mPFC activity (43).
Furthermore, in early development (<P24), auditory cued ex-
tinction learning appears to be permanent, resulting in little
spontaneous recovery and leading to persistent attenuation of
a fragile memory trace, suggestive of memory degradation and
permanent memory erasure (24, 44, 45).
Collectively, our studies have demonstrated attenuated ex-

tinction learning, at a defined developmental stage, in both mice
and humans. Through performing parallel human and mouse
studies examining fear acquisition and extinction, we have un-
covered similar developmental patterns in fear-extinction learning,
lending credibility to the use of a developmental mouse-model
system for examining human adolescent fear and anxiety. After
confirming that similar developmental patterns in fear-extinction
behavior exist for both mice and humans, we were able exploit
the mouse model system to probe underlying physiological mech-
anisms responsible for the attenuated fear-extinction learning
observed in adolescence. Earlier studies have shown changes in
intrinsic properties of the vmPFC neurons after fear acquisition
and extinction (31, 34, 46). However, the specific involvement of
the vmPFC excitatory synapses in fear learning or extinction was
unclear. Our findings showing potentiation of the PL excitatory
synapses after fear acquisition in P23 and adult mice, and their
subsequent depotentiation upon extinction, suggest that the PL
excitatory synapses dynamically regulate fear expression. More
importantly, the simultaneous potentiation of the IL excitatory
synapses in adult fear-extinguished mice provides an additional
mechanism by which vmPFC excitatory synapses mediate ex-
tinction. The PL projects to the basolateral amygdala and might
exert excitatory effects on the central amygdala to enhance fear
(47, 48), but on depotentiation, the PL L5 pyramidal neurons
might reverse this fear-enhancing effect. In addition, the en-
hanced glutamatergic IL output during fear extinction might
facilitate the intercalated cell-mediated feed-forward inhibition
of the central amygdala, resulting in decreased fear response
(49–53). However, these synaptic plasticity changes in the PL
and IL observed in P23 and adult mice are absent in adolescent
mice, suggesting that the vmPFC is not similarly engaged in the
regulation of learned fear at this age. Given the delayed devel-
opment of cortical GABAergic transmission, it is plausible that
an imbalance in inhibitory synaptic transmission during adoles-
cence interferes with synaptic plasticity in the mPFC (54, 55).
These experiments identify unique synaptic properties in the

vmPFC that underlie developmentally regulated differences in
fear extinction. During adolescence, there is altered vmPFC
synaptic activity and decreased fear-extinction behavior com-
pared with younger and older ages, which may provide insights
into the efficacy of treatments for anxiety disorders that rely on
extinction mechanisms during this developmental period. In
particular, these data suggest that treatment response to expo-
sure-based cognitive behavioral therapy would vary nonlinearly

across age, with the poorest response in adolescents, highlighting
the importance of optimizing treatment strategies based on age.

Materials and Methods
Human Participants. Before participating in the study, subjects were screened
for exclusion criteria, which included hearing impairment and neurological
and psychiatric disorders. All subjects gave written informed consent ap-
proved by the Weill Cornell Medical College Institutional Review Board. In
addition to the consent given by their legal guardian, minor subjects gave
a written assent. All participants were compensated for their participation.
Age, sex, and number of subjects are further defined in SI Materials and
Methods. Experimental design and behavioral paradigms are further de-
fined in the SI Materials and Methods and as shown previously (18, 56).

Animals. Male, C57BL6/J mice were used for all experiments. To eliminate
potential developmentally sensitive, shipping-induced stress effects, breed-
ing pairs of C57BL6/J wild-type mice from Charles River were set up in the
colony and monitored daily. Litters were weaned at P21 and males from
various litters were randomly combined to eliminate any litter-driven effects
on behavior. Mice were housed five per cage in a temperature and humidity
controlled vivarium maintained on a 12-h light/dark cycle. Mice had ad
libitum access to food and water. Separate cohorts of mice (aged P23–P70)
were used for all fear-conditioning, retrieval, and object-placement tasks. All
procedures regarding animal care and treatment were in compliance with
guidelines established by Weill Cornell Medical College’s Institutional Ani-
mal Care and Use Committee and the National Institutes of Health.

Rodent Fear Conditioning. The fear-conditioning apparatus consisted of
a mouse shock-chamber (Coulbourn Instruments) placed in a sound-atten-
uated box. After a 2-min acclimation period to the conditioning chamber
[scented with 0.1% peppermint in 70% (vol/vol) EtOH], mice were fear-
conditioned with three tone-shock pairings, consisting of a 30-s presentation
of a (5 kHz, 70 dB) tone (CS) that coterminated with a 0.7-mA foot shock
(unconditioned stimulus, US) during the last 1.0 s of the tone with an in-
tertrial interval (ITI) of 30 s. After the final tone-shock pairing, mice
remained in the conditioning chamber for 1 min before being returned to
their home cages. Twenty-four hours after fear conditioning, the extinction
procedure began in which mice were exposed to five presentations of the CS
in the absence of the US. To eliminate any confounding interactions of
contextual fear, tones were presented in a novel context, consisting of
a green cylindrical arena [scented with 0.1% lemon in 70% (vol/vol) EtOH].
Tone presentations lasted for 30 s with an ITI of 30 s. After the final tone
presentation, mice remained in the conditioning chamber for 1 min before
being returned to their home cages. Fear-extinction trials were repeated
daily for a total of 4 d of extinction training. Experiments were controlled by
a computer using Graphic State software. Mice were videotaped for sub-
sequent analysis by raters blind to behavioral groups. Freezing was defined
as the absence of visible movement except that required for respiration
(56). The freezing during the initial acclimation period was measured and
used as an assay for unconditioned effects on general locomotor activity.
Percent time spent freezing was calculated by dividing the amount of time
spent freezing during the 30-s tone presentations by the duration of the
tone. Extinction trials were binned into early and late trials, with the early
trials representing the average of the trials on day 1 of extinction (24 h
postconditioning), and late trials representing the average of the trials on
day 4 of extinction (96 h postconditioning).

Electrophysiology. Mice were anesthetized by pentobarbital, perfused in-
tracardially for 2 min with ice-cold artificial cerebrospinal fluid (ACSF)
containing: NaCl (118 mM), KCl (2.5 mM), CaCl2 (1 mM), MgSO4 (2 mM),
NaH2PO4 (1 mM), and D-glucose (10 mM), pH adjusted to 7.4 with NaHCO3,
osmolarity adjusted to 325 mOsm, and aerated by 95% O2/5% CO2. Mice
brains were removed and 300-μM slices were prepared using a vibratome
(Campden Instruments). Brain slices were kept submerged in a brain slice
keeper (Scientific Systems Design) at room temperature for at least 1 h. For
the recording of EPSCs, brain slices were placed in a recording chamber
continuously perfused with ACSF containing NaCl (118 mM), KCl (2.5 mM),
CaCl2 (2 mM), MgSO4 (2 mM), NaH2PO4 (1 mM), and D-glucose (10 mM), pH
adjusted to 7.4 with NaHCO3, osmolarity adjusted to 325 mOsm and bub-
bled with 95% O2/5% CO2 (vol/vol), at 2 mL/min. Recording temperature
was maintained at 32 °C using a TC324B in-line solution heater (Warner
Instruments). Using video-enhanced infrared differential interference con-
trast microscopy (Hamamatsu C5405), with an Olympus BX50WI upright
microscope fitted with a 40× long working distance water-immersion
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objective, the PL and IL L5 pyramidal neurons were identified and the
stimulating electrodes were placed at the L2/3. sEPSCs and EPSCs were
recorded at −60 mV in the presence of GABAA receptor blocker bicuculline
(10 μM) using patch electrodes (2-4 MΩ) filled with an intracellular pipette
solution consisted of: CsCl (145 mM), Hepes (10 mM), EGTA (0.5 mM), QX-
314 (5 mM), GTP (0.2 mM), and MgATP (5 mM), with osmolarity adjusted to
290 mOsm with sucrose, and pH adjusted to 7.4 with CsOH. The AMPA/
NMDA ratio was calculated by dividing the peak EPSC at −60 mV by the
NMDA receptor current measured at 50 ms after the peak at +40 mV. EPSCs
and sEPSCs were analyzed by pClamp 10 (Molecular Devices) and Mini

Analysis (Synaptosoft). Recordings were rejected when holding current or
series resistance changed by 10% or more.
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SI Materials and Methods
Human Participants. Eighty-three healthy volunteers, including 30
children (5–11 y old; 14 male, mean age = 8.8 y), 28 adolescents
(12–17 y old; 15 male; mean age = 13.9 y), and 25 adults (18–28
y old; 12 male, mean age = 22.8 y), completed the study (Table
S1). An additional 42 participants (13 children, 16 adolescents,
13 adults), were excluded from analysis because they either
didn’t show measurable skin conductance response (SCR) (n =
20, 5 children, 10 adolescents, 5 adults), failed to differentiate
between the threat and safety cues [i.e., no difference in mean
galvanic skin response to conditioned stimulus (CS)+ compared
with CS− in any run of the acquisition session or in the first run
of the extinction session] (n = 17, three children, six adolescents,
eight adults) or requested to stop participating before the con-
clusion of the study (five children). In addition, the four youngest
females in the adult cohort were excluded to balance the sex
ratios within each group. Trait anxiety was assessed using the
Spielberg State-Trait Anxiety Inventory trait subscale (STAI-T)
(1). Trait anxiety ratings were collected from all but three par-
ticipants (one child, one adolescent, and one adult). Pubertal
development was assessed through self-report or parent reports
for two standardized scales (2, 3), resulting in an averaged Tan-
ner staging correspondence of Tanner stage 1 to preadolescence,
Tanner stages 2, 3, and 4 to adolescence, and Tanner stage 5 to
postadolescence.

Experimental Design.Participants underwent a partial-reinforcement
discriminative fear-conditioning paradigm spanning 2 d. Two col-
ored squares were used as stimuli. On day 1, one square (CS+) was
paired on 50% of the trials with an aversive sound [unconditioned
stimulus (US)]. The other square was never paired with the aver-
sive sound (CS−). The color of the CS+ and CS− was counter-
balanced across subjects. The partial pairing of the US with the
CS+ allowed us to analyze the response to the CS+ independently
of the response triggered by the tone. One day later, all partic-
ipants underwent extinction training wherein the CS+ and CS−

were presented repeatedly without the US. The paradigm was
adapted from one previously used (4). Participants were not in-
formed about the goals of the study; they were told to attend to the
stimuli, to press a key when each square appeared on the screen
(to ensure attention), and that they may occasionally hear a loud
noise. Each CS was presented for 3 s each, with a 13-s intertrial-
interval (ITI). The duration of the ITI was set to ensure that SCR
responses could return to baseline and allow responses to be de-
coupled between trials. On reinforced CS+US trials, the CS+ co-
terminated with the US. The conditioning session consisted of
12 CS+US, 12 nonreinforced CS+, and 24 CS− trials. Extinction
consisted of 24 CS− and 24 nonreinforced CS+ trials. Stimuli
were presented in pseudorandomized order, avoiding consecutive
CS+USs during the conditioning session and allowing no more
than two consecutives squares of the same color in either session.
Both the conditioning and extinction sessions were divided into
three runs of 16 trials each, with each run lasting 4 min 26 s; a brief
break occurred between each run. The auditory stimulus was
a white noise combined with a 1,000-Hz tone, which was intensity
tiered for smooth onset and offset. It was created using the soft-
ware Audacity 1.2.6 (http://audacity.sourceforge.net) and was rated
as aversive in an independent experiment (5). The sound was de-
livered in both ears, through headphones. Sound intensity was
tested before each experiment using an audiometer, and subjects
chose a sound level that was very unpleasant but not painful. The
sound intensity level ranged from 85 dB to 95 dB (mean ± SD;

92.5 ± 2.9) in children, from 94.5 dB to 107 dB in adolescents
(96.5 ± 2.4), and from 94 dB to 104 dB in adults (96.5 ± 2.4). The
duration of the auditory stimulus was 1 s. Human physiological
assessment and analysis of SCR is further defined herein and as
previously described in ref. 6.

Human Physiological Assessment and Analysis. SCR was acquired
using disposable electrodermal (Biopac) electrodes attached
to the distal phalanx of the second and third digits of the left
hand. The signal was amplified and recorded using a skin con-
ductance recording system (MP35; Biopac), together with the
AcqKnowledge (Biopac) software. E-prime software (Psychology
Software Tools) controlled the presentation of visual and auditory
stimuli and sent timemarkers to the skin conductance module for
each stimulus. The SCR was sampled at a rate of 200 Hz and a 1-
Hz filter was applied (Gain 2 μmho/V). SCR was analyzed offline
using Matlab. For each subject, data were smoothed and peaks
were located within a time window of 1–10 s following stimulus
onset, and considered as stimulus related if the difference be-
tween trough to peak was greater than or equal to 0.02 (6). The
amplitude of the largest SCR detected in each time window was
included in the analysis. When no peak was detected, a zero
value was included in the analysis. SCR scores (magnitudes)
were square root-transformed to normalize the distribution and
were then scaled according to the subject’s maximal square root-
transformed peak detected across the whole experiment. These
magnitudes were then averaged for each stimulus type separately
(CS+, CS−) for each of the three runs of the two phases (con-
ditioning, extinction), for each subject. The first trial of each run
was excluded from analysis to remove the orienting response that
typically occurs at the start of a session. Fear acquisition was
assessed by comparing mean SCR response to CS+ and CS− in
the final run of acquisition (“late acquisition”), during which all
groups exhibited the greatest discrimination between the CS+

and CS−. We conducted a two-way ANOVA with main factors of
age group (children, adolescents, and adults) and stimulus type
(CS+, CS−). Extinction learning was assessed by subtracting the
mean skin conductance response to the last two CS+ trials from
the first two CS+ trials of extinction. This measure closely par-
allels the extinction index used in the mouse; however, two trials
were included to obtain a more stable index of extinction, given
the significant amount of signal noise that is characteristic of skin
conductance data. Extinction was entered into a one-way AN-
OVA, testing for any group effects (children, adolescent, adult).
Effects of sex, pubertal developmental stage, and trait anxiety
upon extinction were also analyzed. Post hoc least-squares dif-
ference tests were performed to further assess the direction of
any significant effect. An α-level of 0.05 was used for all statis-
tical comparisons.

c-Fos Immunohistochemistry. All experiments were carried out at
room temperature unless otherwise specified. Ninety minutes
after exposure to experimental factors, the mice were killed by
intraperitoneal injection of Sleep-Away and perfused trans-
cardially with 30 mL of saline followed by 90 mL of 4% para-
formaldehyde (wt/vol) in 0.1 M sodium phosphate (pH 7.4) at
a flow rate of 30 mL/min. Brains were removed and postfixed
overnight in 4% paraformaldehyde before transferred to 30%
sucrose (wt/vol) in 0.1 M sodium phosphate (pH 7.4) for 48 h at
4 °C. Brains were frozen in powdered dry ice and stored at −20 °C
until sectioning. Coronal sections (40 μm) of whole brain were
cut by using sliding microtome frozen by powdered dry ice. Six
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sets of serial sections were collected in Ependorf tubes each
containing 2 mL cryoprotectant [30% glycerol (vol/vol) and 30%
ethylene glycol (vol/vol) in 0.1 M sodium phosphate, pH 7.4] and
stored at −20 °C. Free-floating serial sections (taken one every
third) were washed (three times for 10 min each) in TBS, in-
cubated for 30 min in a blocking solution containing 4% normal
horse serum (vol/vol), 1% BSA in TBS with 0.2% Triton X-100
(TBS-Tx), and incubated overnight at 4 °C with rabbit anti–c-Fos
primary antibody (c-Fos sc-52, Lot F2209; Santa Cruz Bio-
technology; sc-52 antibody was raised against amino acids 3–16 of
human c-Fos: SGFNADYEASSSRC) diluted 1:1,000 in the
blocking solution mentioned above. Sections were then washed
in TBS and incubated for 2 h with Alexa Fluor-labeled donkey
anti-rabbit IgG secondary antibody (Alexa Fluor-488 or -555)
diluted 1:500 in TBS-Tx. Sections were again washed mounted
onto chrom-alum/gelatin-coated slides, and air-dried for 2 h in
dark. Slides were cover-slipped by water-soluble glycerol-based
mounting medium containing DAPI, and sealed with nail polish.
Estimation of cell density of c-fos+ neurons in the PL and IL was
performed with StereoInvestigator 9.0 (Microbrightfied). Briefly,
randomly selected serial sections in an interval 120 μm (taken
once every third section) on the slide were numbered by rostra-
caudal order, and contours of the prelimbic cortex (PL) and
infralimbic cortex (IL) were traced by referring to the Allen Brain
Map (Allen Company). Systemic random sampling was achieved
by applying 150 × 150-μm grids to each section, and fractionator
probe with a 20 × 20 × 30-μm counting frame was used for
sampling to count cell numbers by abiding by general fractionator
counting guidelines (7). Individual cell density was calculated for
each mouse by dividing the total sampled cell numbers by the
total volumes of fractionators.

Supporting Human Behavioral Results. Although there was a sig-
nificant linear increase in trait anxiety as a function of age (r =
0.231, P = 0.039), trait anxiety was unrelated to both fear ac-
quisition (r = −0.02, P = 0.862) and extinction (r = −0.012, P =
0.914). Furthermore, entering trait anxiety as a covariate in an
ANCOVA analysis of age group effects on extinction showed
a similar effect of age group [F(2, 76) = 3.038, P= 0.054], but no
significant effect of trait anxiety on extinction learning [F(1, 76) =

0.029, P = 0.864]. This result suggests that observed group dif-
ferences in extinction learning are independent of group differ-
ences in trait anxiety. Entering pubertal stage into a one-way
ANOVA revealed no significant effects on either acquisition
[F(4, 78) = 1.224, P= 0.307] or extinction [F(4, 78) = 0.821, P=
0.516], suggesting that altered extinction in adolescents is better
accounted for by an age.
Decibel levels were recorded for all but 1 of the 83 participants

in our analysis. Mean decibel levels were lower in children
(mean = 92.60, SE = 0.53) than in both adolescents [mean =
96.48, SE = 0.48; t(55) = 5.45, P < 0.00001] and adults (mean =
96.60, SE = 0.49; t(52) = 5.52, P < 0.00001]. However, as there
were no group differences in fear acquisition, this suggests that
conditioning was not influenced by sound intensity, but simply
that a lower decibel noise might have been sufficiently aversive to
children to function as an effective reinforcer. Furthermore,
there was no correlation across participants of all ages between
decibel level and either fear acquisition (r= −0.092, P= 0.41) or
fear extinction (r = −0.03, P = 0.80).
A two-way ANOVA revealed no significant effect of sex on

extinction learning [F(1, 79) = 0.653, P = 0.422)], nor any age ×
sex interaction [F(2, 79) = 1.063, P = 0.35]. Differences in ex-
tinction learning might also have been linked to differences in
anxiety. We performed one-way ANOVAs on the trait anxiety
with Age as a between-subject factor, and found a main effect of
Age on the trait anxiety ratings [F(2, 77) = 3.144, P = 0.049],
with the adults showing higher trait anxiety than the children
[t(50) = 2.266, P = 0.028]. Despite these age-related differences
in anxiety, there was no correlation between participants’ ex-
tinction learning and self-reported trait anxiety levels (Pearson’s
correlation, r = 0.047, P = 0.678). Thus, the age-related differ-
ences in the ability to extinguish conditioned fear in healthy in-
dividuals reported here is unrelated to self-reported anxiety. If
we restrict our analysis of the human data to males only, for the
sake of comparison with the male-only mouse sample, we see
a similar age effect on extinction [one-way ANOVA F(2,38) =
2.273, P = 0.117] to that observed in the mouse, as well as in the
complete human sample.
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Fig. S1. Additional behavioral data for corresponding human and mouse data presented in Fig. 1. (A) There were no developmental differences in fear
acquisition for human subjects. (B) The lack of extinction learning observed in postnatal day (P)29 was not because of enhanced auditory sensitivity or a general
increased freezing response to tone, because freezing increased in a linear manner during fear acquisition, with low baseline freezing during tone 1 (the 29 s
before first shock delivery at 30 s). (C) Preadolescent cued fear memory does not degrade with mere passage of time, as evidenced by high freezing response
on day 5 in the absence of extinction learning, demonstrating that extinction trials are necessary for degradation of the fragile memory trace.

Fig. S2. Corresponding behavioral data for electrophysiology experiments presented in Figs. 2–4. (A) Behavioral paradigm schematic. (B–D) Cue test dem-
onstrates decreased freezing behavior in P23 and adult fear-extinguished mice compared with fear conditioned mice, but no difference between P29 fear
extinguished and fear conditioned mice, suggestive of a lack of fear extinction learning.
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Fig. S3. Corresponding behavioral data for c-Fos immunohistochemical experiments presented in Figs. 2–4. (A) Behavioral paradigm schematic. (B–D) Cue test
demonstrates decreased freezing behavior in P23 and adult fear extinguished mice compared with fear conditioned mice, but no difference between P29 fear-
extinguished and fear-conditioned mice, suggestive of a lack of fear-extinction learning.

Fig. S4. Corresponding images for c-Fos histograms presented in Fig. 2. Representative images for c-Fos density in the IL and PL of preadolescent (P23) mice.
(Magnification: 10×.)
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Fig. S5. Corresponding images for c-Fos histograms presented in Fig. 3. Representative images for c-Fos density in the IL and PL of adolescent (P29) mice.
(Magnification: 10×.)

Fig. S6. Corresponding images for c-Fos histograms presented in Fig. 4. Representative images for c-Fos density in the IL and PL of adult mice. (Magnification: 10×.)

Fig. S7. Corresponding images of brain slices from P23, P29 and adult mice showing the positions of stimulating and recording electrodes in PL and IL cortices.

Pattwell et al. www.pnas.org/cgi/content/short/1206834109 5 of 7

www.pnas.org/cgi/content/short/1206834109


Fig. S8. Fear acquisition and extinction modify glutamatergic synaptic transmission in PL L5 pyramidal neurons of P23 mice. (A) Frequency and amplitude of
spontaneous excitatory postsynaptic currents (sEPSCs) in PL L5 pyramidal neurons from control (n = 17 neurons, 6 mice), fear-conditioned (n = 16 neurons, 6
mice), and fear-extinguished P23 mice (n = 13 neurons, 6 mice). sEPSC amplitude was significantly increased in fear conditioned mice. Fear-extinguished mice
showed a significant reversal of sEPSC amplitude. (Upper) Examples of sEPSCs. (B) Evoked excitatory postsynaptic current (EPSC) amplitude in PL L5 pyramidal
neurons from control (n = 10 neurons, 6 mice), fear-conditioned (n = 11 neurons, 6 mice), and fear-extinguished P23 mice (n = 11 neurons, 6 mice). EPSC
amplitude was significantly increased in fear-conditioned mice. Fear-extinguished mice showed a significant reversal of EPSC amplitude. (Upper) Examples of
EPSCs evoked by 100, 200 and 300-μA stimulation of L2/3. (C) AMPA/NMDA ratio in PL L5 pyramidal neurons from control (n = 8 neurons, 5 mice), fear-
conditioned (n = 12 neurons, 5 mice), and fear-extinguished P23 mice (n = 10 neurons, 5 mice). AMPA/NMDA ratio was significantly increased in fear con-
ditioned mice. Fear-extinguished mice showed a significant reversal of AMPA/NMDA ratio. (Upper) Examples of EPSCs evoked at −60 and +40 mV by 150-μA
stimulation of L2/3. (D) Histograms showing the average density of c-Fos–labeled nuclei in the PL across behavioral treatment groups reveal decreased density
of c-Fos expression in the PL of P23 fear extinguished mice compared with fear-conditioned mice (P23 Fear Cond 1,823 ± 52.94; P23 Ext 1,253 ± 62.40), Student
t test, *P < 0.01.

Fig. S9. Absence of modification of glutamatergic synaptic transmission in PL L5 pyramidal neurons of P29 mice after fear acquisition and extinction trials. (A)
Frequency and amplitude of sEPSCs in PL L5 pyramidal neurons from control (n = 16 neurons, 8 mice), fear-condition (n = 19 neurons, 9 mice), and fear-ex-
tinction groups (n = 18 neurons, 9 mice). (B) EPSC amplitude in PL L5 pyramidal neurons from control (n = 10 neurons, 5 mice), fear-conditioned (n = 12 neurons,
6 mice), and fear-extinction groups (n = 12 neurons, 6 mice). (C) AMPA/NMDA ratio in PL L5 pyramidal neurons from control (n = 7 neurons, 3 mice), fear-
condition (n = 7 neurons, 3 mice), and fear-extinction groups (n = 7 neurons, 3 mice). (D) Histograms showing the average density of c-Fos–labeled nuclei in the
PL across behavioral treatment group reveal no change in density of c-Fos expression in the PL of P29 fear-extinguished mice compared with fear-conditioned
mice (P29 Fear Cond 1,737 ± 33.84; P29 Ext 1,685 ± 29.30).
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Fig. S10. Fear acquisition and extinction modify glutamatergic synaptic transmission in PL L5 pyramidal neurons of adult mice. (A) Frequency and amplitude
of sEPSCs in PL L5 pyramidal neurons from control (n = 17 neurons, 8 mice), fear-conditioned (n = 20 neurons, 9 mice), and fear-extinguished adult mice (n = 16
neurons, 8 mice). sEPSC frequency and amplitude were significantly increased in fear conditioned mice. Fear-extinguished mice showed a significant reversal of
both frequency and amplitude of sEPSCs. (B) EPSC amplitude in PL L5 pyramidal neurons from control (n = 8 neurons, 5 mice), fear-conditioned (n = 8 neurons, 5
mice), and fear-extinguished adult mice (n = 8 neurons, 5 mice). EPSC amplitude was significantly increased in fear conditioned mice. Fear-extinguished mice
showed a significant reversal of EPSC amplitude. (C) AMPA/NMDA ratio in PL L5 pyramidal neurons from control (n = 11 neurons, 5 mice), fear-conditioned (n =
13 neurons, 5 mice), and fear-extinguished adult mice (n = 12 neurons, 5 mice). AMPA/NMDA ratio was significantly increased in fear-conditioned mice. Fear-
extinguished mice showed a significant reversal of AMPA/NMDA ratio. (D) Histograms showing the average density of c-Fos–labeled nuclei in PL across be-
havioral treatment group reveal decreased density of c-Fos expression in the PL of adult fear-extinguished mice compared with fear-conditioned mice (Adult
Fear Cond 1,881 ± 45.88; Adult Ext 1,365 ± 57.24), Student t test, *P < 0.01.

Table S1. Participant information for human fear-conditioning experiments presented in Fig. 1

Variable and score Children (n = 30) Adolescents (n = 28) Adults (n = 25)

Sex 14 male, 16 female 15 male, 13 female 12 male, 13 female
Age 5–11 12–17 18–28
Range, mean(SE) mean = 8.8 (0.323) 13.89 (0.279) 22.8 (0.513)
STAI-T, mean(SE) 42.57 (1.858) 45.46 (1.271) 48.71 (1.964)

Table shows ages, sex, and average Spielberg Trait Anxiety scores for all participants.
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